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Machinery's Handbook has served as the principal reference work in metalworking,
design and manufacturing facilities, and in technical schools and colleges throughout the
world, for nearly 100 years of continuous publication. Throughout this period, the inten-
tion of the Handbook editors has always been to create a comprehensive and practical tool,
combining the most basic and essential aspects of sophisticated manufacturing practice. A
tool to be used in much the same way that other tools are used, to make and repair products
of high quality, at the lowest cost, and in the shortest time possible.

The essential basics, material that is of proven and everlasting worth, must always be
included if the Handbook is to continue to provide for the needs of the manufacturing com-
munity. But, it remains a difficult task to select suitable material from the almost unlimited
supply of data pertaining to the manufacturing and mechanical engineering fields, and to
provide for the needs of design and production departments in all sizes of manufacturing
plants and workshops, as well as those of job shops, the hobbyist, and students of trade,
technical, and engineering schools. 

The editors rely to a great extent on conversations and written communications with
users of the Handbook for guidance on topics to be introduced, revised, lengthened, short-
ened, or omitted. At the request of users, in 1997 the first ever large-print or “desktop” edi-
tion of the Handbook was published, followed in 1998 by the publication of the first
Machinery's Handbook CD-ROM including hundreds of additional pages of material
restored from earlier editions. The large-print and CD-ROM editions have since become
permanent additions to the growing family of Machinery's Handbook products.

Regular users of the Handbook will quickly discover some of the many changes embod-
ied in the present edition. One is the combined Mechanics and Strength of Materials sec-
tion, arising out of the two former sections of similar name. The Plastics section, formerly
a separate thumb tab, has been incorporated into the Properties of Materials section.“Old
style” numerals, in continuous use in the first twenty-five editions, are now used only in the
index for page references, and in cross references throughout the text. The entire text of
this edition, including all the tables and equations, has been reset, and a great many of the
numerous figures have been redrawn. The current edition has expanded to 2800 pages. 

The 29th edition of the Handbook contains major revisions of existing content, as well as
new material on a variety of topics. The detailed tables of contents located at the beginning
of each section have been expanded and fine tuned to simplify locating topics; numerous
major sections have been extensively reworked and renovated throughout, including
Mathematics, Mechanics and Strength of Materials, Properties of Materials, Dimension-
ing, Gaging and Measuring, Machining Operations, Manufacturing Process, Fasteners,
Threads and Threading, and Machine Elements. New and recent material in this edition
include a new section on micromachining, expanded material on calculation of hole coor-
dinates, an introduction to metrology, further contributions to the sheet metal and presses
section, shaft alignment, taps and tapping, helical coil screw thread inserts, solid geometry,
distinguishing between bolts and screws, statistics, calculating thread dimensions, keys
and keyways, miniature screws, metric screw threads, and fluid mechanics.

Other subjects in the Handbook that are new or have been recently revised, expanded, or
updated are lubrication, CNC programming and CNC thread cutting, metric wrench clear-
ances, ANSI and ISO drafting practices, and ISO surface texture.

The metric content of the Handbook has been greatly expanded in the 29th edition.
Throughout the book, where practical, metric units are shown adjacent to the US cus-
tomary units in the text. Many formulas are now presented with equivalent metric expres-
sions, and additional metric examples have been added.

The large-print edition is identical to the traditional toolbox edition, only the size is
increased by a comfortable 140% for easier reading, making it ideal as a desktop reference.
Other than size, there are no differences between the toolbox and large-print editions.
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PREFACE

The Machinery's Handbook 29 CD-ROM contains the complete contents of the printed
edition, presented in Adobe PDF format. This popular and well known format allows
viewing and printing of pages that are identical to those of the printed book, permits rapid
searching of the entire Handbook, and includes the ability to magnify the view of any page.
Navigation aids in the form of thousands of clickable bookmarks, page cross references,
and index entries take you quickly to any page referenced.

New and revised Handbook topics often requires cutting or removal of some older topics
to gain space for the new. Those topics removed from the print book are generally added to
the CD, which also contains much other material not available in the print editions.
Included are extensive indexes of materials and standards referenced in the Handbook,
numerous mathematical tables including trig, logarithms, and sine-bar tables, material on
cement and concrete, adhesives and sealants, recipes for coloring and etching metals, forge
shop equipment, silent chain, worm gearing and other material on gears, keys and key-
ways, numerous other topics, new and old, and more than five hundred additional pages.

Also found on the CD are numerous interactive math problems. The math solutions are
accessed directly from the CD by clicking an icon, located in the page margin adjacent to a
covered problem, (see figure shown here). An internet connection is required to use these
problems. A list of currently available interactive math solutions, arranged by topic, can be
found in the Index of Interactive Equations on Machinery’s Handbook 29 CD. A single
click on a page number in the index takes you to the page containing the topic of interest
and the icon to access the solution. Additional interactive solutions are added from time to
time as the need arises.

Those users involved in aspects of machining and grinding will be interested in the topics
Micromachining, Machining Econometrics and Grinding Feeds and Speeds, presented in
the Machining section. The core of all manufacturing methods start with the cutting edge
and the metal removal process. Improving the control of the machining process is a major
component necessary to achieve a Lean chain of manufacturing events. These sections
describe the means that are necessary to get metal cutting processes under control and how
to properly evaluate the decision making.

A major goal of the editors is to make the Handbook easier to use. The 29th edition of the
Handbook continues to incorporate the timesaving thumb tabs, much requested by users in
the past. The table of contents pages beginning each major section, first introduced for the
25th edition, have proven very useful to readers. Consequently, the number of contents
pages has been increased to several pages each for many of the larger sections, to thor-
oughly reflect the contents of these sections.

The editors are greatly indebted to readers who call attention to possible errors and
defects in the Handbook, who offer suggestions concerning the omission of some matter
that is considered to be of general value, or who have technical questions concerning the
solution of difficult or troublesome Handbook problems. Such dialog is often invaluable
and helps to identify topics that require additional clarification or are the source of reader
confusion. Queries involving Handbook material usually entail an in depth review of the
topic in question, and may result in the addition of new material to the Handbook intended
to resolve or clarify the issue. The material on the mass moment of inertia of hollow circu-
lar rings, page 244, and on the effect of temperature on the radius of thin circular rings,
page 378, are good examples. 

Our goal is to increase the usefulness of the Handbook as much as possible. All criticisms
and suggestions about revisions, omissions or inclusion of new material, and requests for
assistance with manufacturing problems encountered in the shop are welcome.

Christopher J. McCauley 
Senior Editor 
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SECTION 1

DIMENSIONS AND AREAS OF CIRCLES

HANDBOOK Pages  73 and  83

Circumferences of circles are used in calculating speeds of
rotating machine parts, including drills, reamers, milling cutters,
grinding wheels, gears, and pulleys. These speeds are variously
referred to as surface speed, circumferential speed, and peripheral
speed; meaning for each, the distance that a point on the surface or
circumference would travel in one minute. This distance usually is
expressed as feet per minute. Circumferences are also required in
calculating the circular pitch of gears, laying out involute curves,
finding the lengths of arcs, and in solving many geometrical prob-
lems. Letters from the Greek alphabet frequently are used to desig-
nate angles, and the Greek letter π (pi) always is used to indicate
the ratio between the circumference and the diameter of a circle:

For most practical purposes the value of π = 3.1416 may be used.

Example 1:Find the circumference and area of a circle whose
diameter is 8 inches.

On Handbook page 73, the circumference C of a circle is given
as 3.1416d. Therefore, 3.1416 × 8 = 25.1328 inches.

On the same page, the area is given as 0.7854d2. Therefore, A

(area) = 0.7854 × 82 = 0.7854 × 64 = 50.2656 square inches.

Example 2:  From page 83 of the Handbook, the area of a cylin-
drical surface equals S = 3.1416 × d × h. For a diameter of 8 inches
and a height of 10 inches, the area is 3.1416 × 8 × 10 = 251.328
square inches.

Example 3:  For the cylinder in Example 2 but with the area of
both ends included, the total area is the sum of the area found in
Example 2 plus two times the area found in Example 1. Thus,

π 3.14159265… circumference of circle

diameter of circle
-------------------------------------------------------= =
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251.328 + 2 × 50.2656 = 351.8592 square inches. The same result
could have been obtained by using the formula for total area given

on Handbook page 83: A = 3.1416 × d × (1⁄2d + h) = 3.1416 × 8 ×

(1⁄2 × 8 + 10) = 351.8592 square inches.

Example 4:If the circumference of a tree is 96 inches, what is its
diameter? Since the circumference of a circle C = 3.1416 × d, 96 =
3.1416 × d so that d = 96 ÷ 3.1416 = 30.558 inches.

Example 5:The tables starting on page 1017 of the Handbook
provides values of revolutions per minute required producing vari-
ous cutting speeds for workpieces of selected diameters. How are
these speeds calculated? Cutting speed in feet per minute is calcu-
lated by multiplying the circumference in feet of a workpiece by
the rpm of the spindle: cutting speed in fpm = circumference in
feet × rpm. By transposing this formula as explained in Formulas
And Their Rearrangement starting on page 10,

For a 3-inch diameter workpiece (1⁄4-foot diameter) and for a cut-

ting speed of 40 fpm, rpm = 40 ÷ (3.1416 × 1⁄4) = 50.92 = 51 rpm,

approximately, which is the same as the value given on page 1017

of the Handbook.

Area of Square Inscribed in Circle.—The  a r ea  o f  a  squa re
inscribed in a circle can be found by drawing a circle and dividing
it by two diameters drawn at right angles through the center.

Line AB forms one side of the square ABCD, and the length of

AB can be found using the right-triangle formula a2 + b2 = c2,
Handbook page 96, where lengths a and b are equal to the length
of radius r, and c is the length of line AB. Therefore, 

rpm
cutting speed, fpm

circumference in feet
---------------------------------------------------=

A

D

r

C

B

r

O



EXERCISES 3

Because the sides of a square are of equal length, the area of the

square inscribed in the circle is AB × AB = (AB)2 = 2r2.

PRACTICE EXERCISES FOR SECTION 1

 (See Answers to Practice Exercises For Section 1 on page 223)

1) Find the area and circumference of a circle 10 mm in diameter.

2) On Handbook page 1019, for a 5-mm diameter tool or work-
piece rotating at 318 rpm, the corresponding cutting speed is given
as 5 meters per minute. Check this value.

3) For a cylinder 100 mm in diameter and 10 mm high, what is
the surface area not including the top or bottom?

4) A steel column carrying a load of 10,000 pounds has a diame-
ter of 10 inches. What is the pressure on the floor in pounds per
square inch?

5) What is the ratio of the area of a square of any size to the area
of a circle having the same diameter as one side of the square?

6) What is the ratio of the area of a circle to the area of a square
inscribed in that circle? 

7) The drilling speed for cast iron is assumed to be 70 feet per
minute. Find the time required to drill two holes in each of 500

castings if each hole has a diameter of 3⁄4 inch and is 1 inch deep.

Use 0.010 inch feed and allow one-fourth minute per hole for
setup.

8) Find the weight of a cast-iron column 10 inches in diameter
and 10 feet high. Cast iron weighs 0.26 pound per cubic inch.

9) If machine steel has a tensile strength of 55,000 pounds per
square inch, what should be the diameter of a rod to support 36,000
pounds if the safe working stress is assumed to be one-fifth of the
tensile strength?

c2 a2 b2+=

AB( )2 r2 r2+ 2r2= =
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10) Moving the circumference of a 16-inch automobile flywheel
2 inches moves the camshaft through how many degrees? (The
camshaft rotates at one-half the flywheel speed.)

11) What is the area within a circle that surrounds a square
inscribed in the circle (shaded area)?

12) A hydraulic cylinder, rated for 2000 psi, is said to have 5-inch
bore and 2.5-inch piston diameter. If operated at the rated pressure,
what forces could be developed on extension and return strokes?

rr
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SECTION 2

CHORDS, SEGMENTS, HOLE CIRCLES, AND 
SPHERES

HANDBOOK Pages  51, 78, 85, 686, and 692— 704

A chord of a circle is the distance along a straight line from one
point to any other point on the circumference. A segment of a cir-
cle is that part or area between a chord and the arc it intercepts.
The lengths of chords and the dimensions and areas of segments
are often required in mechanical work.

Lengths of Chords.—The table of chords, Handbook  704, can be
applied to a circle of any diameter as explained and illustrated by
examples on  695 and 704. The table is given to six decimal places
so that it can be used in connection with precision tool work. Addi-
tional related formulas are given on page 686.

Example 1:A circle has 56 equal divisions and the chordal dis-
tance from one division to the next is 2.156 inches. What is the
diameter of the circle?

The chordal length in the table for 56 divisions and a diameter
of 1 equals 0.05607; therefore, in this example,

Example 2:A drill jig is to have eight holes equally spaced
around a circle 6 inches in diameter. How can the chordal distance
between adjacent holes be determined when the table on Hand-
book page 704 is not available?

One-half the angle between the radial center lines of adjacent
holes = 180 ÷ number of holes. If the sine of this angle is multi-
plied by the diameter of the circle, the product equals the chordal
distance. In this example, we have 180 ÷ 8 = 22.5 degrees. The
sine of 22.5 degrees from a calculator is 0.38268; hence, the

2.156 0.05607 Diameter×=

Diameter
2.156

0.05607
------------------- 38.452 inches= =
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chordal distance = 0.38268 × 6 = 2.296 inches. The result is the
same as would be obtained with the table on Handbook page 704

because the figures in the column “Length of the Chord” represent
the sines of angles equivalent to 180 divided by the different num-
bers of spaces.

Use of the Table of Segments of Circles—Handbook
page 78 .—This table is of the unit type in that the values all apply
to a radius of 1. As explained above the table, the value for any
other radius can be obtained by multiplying the figures in the table
by the given radius. For areas, the square of the given radius is
used. Thus, the unit type of table is universal in its application.

Example 3:Find the area of a segment of a circle, the center angle

of which is 57 degrees, and the radius 21⁄2 inches. 

First locate 57 degrees in the center angle column; opposite this
figure in the area column will be found 0.0781. Since the area is

required, this number is multiplied by the square of 21⁄2. Thus,

0.0781 × (21⁄2)
2 = 0.488 square inch

Example 4:A cylindrical oil tank is 41⁄2 feet in diameter, 10 feet

long, and is in a horizontal position. When the depth of the oil is 3
feet, 8 inches, what is the number of gallons of oil?

The total capacity of the tank equals 0.7854 × (41⁄2)
2 × 10 = 159

cubic feet. One U.S. gallon equals 0.1337 cubic foot (see Hand-
book page 2678); hence, the total capacity of the tank equals 159 ÷
0.1337 = 1190 gallons.

The unfilled area at the top of the tank is a segment having a

height of 10 inches or 10⁄27 (0.37037) of the tank radius. The nearest

decimal equivalent to 10⁄27 in Column h of the table starting on

page 78 is 0.3707; hence, the number of cubic feet in the segment-

shaped space = (272 × 0.401 × 120) ÷ 1728 = 20.3 cubic feet and
20.3 ÷ 0.1337 = 152 gallons. Therefore, when the depth of oil is 3
feet, 8 inches, there are 1190 − 152 = 1038 gallons. (See also
Handbook page 68 for additional information on the capacity of
cylindrical tanks.)

Example 5:Use the tank from Example 4 and the table on Hand-
book page 78 to estimate the height of fuel in the tank when the
tank contains 150 gallons.
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When the tank contains 150 gallons, it is 150⁄1190 × 100 = 12.6%

full. In the table starting on page 78, locate the value in the A⁄π col-

umn closest to 12.6 and find the corresponding value of h. For A⁄π =
12.4, h = .36392, and the approximate height of fuel in the tank is h
× r = 0.36392 × 2.25 ×12 = 9.83 inches.

Coordinates of Hole Circles.—A discussion of techniques avail-
able for calculating the coordinates of hole circles begins on Hand-
book page 692, and tables of calculated hole circle coordinates are
given starting on page 696. In these tables, the coordinates given
are based on a hole circle diameter of one unit. 

Example 6:If the hole circle described in Example 2 is oriented
with respect to its coordinate axis as in Fig. 1b, Handbook
page 692, what are the coordinates of the holes.

As illustrated below, the unit coordinates for each hole given in
8-hole list of Table 1b, page 698 of the Handbook is multiplied by
6, the diameter of the hole circle. 

Spheres.—Handbook page 85 gives formulas for calculating
spherical areas and volumes. Additional formulas are given start-
ing on page 51.

Example 7:If the diameter of a sphere is 245⁄8 inches, what is the

volume, given the formula:

Volume = 0.5236d3

The cube of 245⁄8 = 14,932.369; hence, the volume of this sphere

= 0.5236 × 14,932.369 = 7818.5 cubic inches

 8 holes around 1-inch
 diameter circle

 8 holes around 6-inch
 diameter circle

# x y # x y
1 0.50000 0.00000 1 3.00000 0.00000
2 0.14645 0.14645 2 0.87870 0.87870
3 0.00000 0.50000 3 0.00000 3.00000
4 0.14645 0.85355 4 0.87870 5.12130
5 0.50000 1.00000 5 3.00000 6.00000
6 0.85355 0.85355 6 5.12130 5.12130
7 1.00000 0.50000 7 6.00000 3.00000
8 0.85355 0.14645 8 5.12130 0.87870
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Example 8:If the sphere in Example 7 is hollow and 1⁄4 inch

thick, what is its weight?

The volume can be obtained using the formula for Gv in the

table starting on Handbook page 52, and the density of steel from
the table of specific gravity on Handbook page 380.

PRACTICE EXERCISES FOR SECTION 2

 (See Answers to Practice Exercises For Section 2 on page 223)

1) Find the lengths of chords when the number of divisions of a

circumference and the radii are as follows: 30 and 4; 14 and 21⁄2; 18

and 31⁄2.

2) Find the chordal distance between the graduations for thou-
sandths on the following dial indicators: (a) Starrett has 100 divi-

sions and 13⁄8-inch dial. (b) Brown & Sharpe has 100 divisions and

13⁄4 inch dial. (c) Ames has 50 divisions and 15⁄8 - inch dial.

3) The teeth of gears are evenly spaced on the pitch circumfer-
ence. In making a drawing of a gear, how wide should the dividers
be set to space 28 teeth on a 3-inch diameter pitch circle?

4) In a drill jig, 8 holes, each 1⁄2 inch diameter, were spaced evenly

on a 6-inch diameter circle. To test the accuracy of the jig, plugs
were placed in adjacent holes. The distance over the plugs was
measured by micrometer. What should be the micrometer reading?

5) In the preceding problem, what should be the distance over
plugs placed in alternate holes?

6) What is the length of the arc of contact of a belt over a pulley 2
feet, 3 inches in diameter if the arc of contact is 215 degrees?

Gv
4π
3

------ R1
3 R2

3–( )
π
6
--- d1

3 d2
3–( )= =

volume of sphere wall
π
6
--- 24.6253 24.1253–( ) 466.65 in3= =

466.65 in3 1ft3

1728 in3
---------------------× 0.27 ft3=

weight of sphere 491 0.27× 132.6 lb= =
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7) Find the areas, lengths, and heights of chords of the following
segments: (a) radius 2 inches, angle 45 degrees; (b) radius 6
inches, angle 27 degrees.

8) Find the number of gallons of oil in a tank 6 feet in diameter
and 12 feet long if the tank is in a horizontal position, and the oil
measures 2 feet deep.

9) Find the surface area of the following spheres, the diameters of

which are: 11⁄2; 3
3⁄8; 65; 203⁄4.

10) Find the volume of each sphere in the above exercise.
11) The volume of a sphere is 1,802,725 cubic inches. What are

its surface area and diameter?

12) The tables beginning on Handbook page 704 give lengths of
chords for spacing off circumferences of circles into equal parts. Is
another method available?
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SECTION 3

FORMULAS AND THEIR REARRANGEMENT

HANDBOOK Page 30

A formula may be defined as a mathematical rule expressed by
signs and symbols instead of in actual words. In formulas, letters
are used to represent numbers or quantities, the term “quantity”
being used to designate any number involved in a mathematical
process. The use of letters in formulas, in place of the actual num-
bers, simplifies the solution of problems and makes it possible to
condense into small space the information that otherwise would be
imparted by long and cumbersome rules. The figures or values for
a given problem are inserted in the formula according to the
requirements in each specific case. When the values are thus
inserted, in place of the letters, the result or answer is obtained by
ordinary arithmetical methods. There are two reasons why a for-
mula is preferable to a rule expressed in words. 1.) The formula is
more concise, it occupies less space, and it is possible to see at a
glance the whole meaning of the rule laid down. 2.) It is easier to
remember a brief formula than a long rule, and it is, therefore, of
greater value and convenience.

Example 1:In spur gears, the outside diameter of the gear can be
found by adding 2 to the number of teeth and dividing the sum
obtained by the diametral pitch of the gear. This rule can be
expressed very simply by a formula. Assume that we write D for
the outside diameter of the gear, N for the number of teeth, and P
for the diametral pitch. Then the formula would be:

This formula reads exactly as the rule given above. It says that
the outside diameter (D) of the gear equals 2 added to the number
of teeth (N), and this sum is divided by the pitch (P).

D
N 2+

P
-------------=
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If the number of teeth in a gear is 16 and the diametral pitch 6,
then simply put these figures in the place of N and P in the for-
mula, and the outside diameter as in ordinary arithmetic.

Example 2:The formula for the horsepower generated by a steam
engine is as follows:

in which H =  indicated horsepower of engine;

P =  mean effective pressure on piston in pounds per
square inch;

L =length of piston stroke in feet;

A =area of piston in square inches;

N =number of strokes of piston per minute.

Assume that P = 90, L = 2, A = 320, and N = 110; what would
be the horsepower?

If we insert the given values in the formula, we have:

From the examples given, we may formulate the following general
rule: In formulas, each letter stands for a certain dimension or
quantity; when using a formula for solving a problem, replace the
letters in the formula by the values given for a certain problem,
and find the required answer as in ordinary arithmetic.

Omitting Multiplication Signs in Formulas.—In formulas, the
sign for multiplication (×) is often left out between letters the val-
ues of which are to be multiplied. Thus AB means A × B, and the

formula  can also be written .

If A = 3, and B = 5, then: AB = A × B = 3 × 5 = 15.

It is only the multiplication sign (×) that can be thus left out
between the symbols or letters in a formula. All other signs must
be indicated the same as in arithmetic. The multiplication sign can
never be left out between two figures: 35 always means thirty-five,
and “three times five” must be written 3 × 5 but “three times A”

D
16 2+

6
---------------

18

6
------ 3 inches= = =

H
P L A N×××

33 000,
---------------------------------=

H
90 2 320 110×××

33 000,
--------------------------------------------- 192= =

H
P L A N×××

33 000,
---------------------------------= H

PLAN

33 000,
------------------=



FORMULAS12

may be written 3A. As a general rule, the figure in an expression
such as “3A” is written first and is known as the coefficient of A. If
the letter is written first, the multiplication sign is not left out, but
the expression is written "A × 3."

Rearrangement of Formulas.—A formula can be rearranged or
“transposed” to determine the values represented by different let-
ters of the formula. To illustrate by a simple example, the formula
for determining the speed (s) of a driven pulley when its diameter
(d), and the diameter (D) and speed (S) of the driving pulley are
known is as follows: s = (S × D)/d . If the speed of the driven pul-
ley is known, and the problem is to find its diameter or the value of
d instead of s, this formula can be rearranged or changed. Thus:

Rearranging a formula in this way is governed by four general
rules.

Rule 1. An independent term preceded by a plus sign (+) may be
transposed to the other side of the equals sign (=) if the plus sign is
changed to a minus sign (−).

Rule 2. An independent term preceded by a minus sign may be
transposed to the other side of the equals sign if the minus sign is
changed to a plus sign.

As an illustration of these rules, if A = B − C, then C = B − A,
and if A = C + D − B, then B = C + D − A. That the foregoing are
correct may be proved by substituting numerical values for the dif-
ferent letters and then transposing them as shown.

Rule 3. A term that multiplies all the other terms on one side of
the equals sign may be moved to the other side if it is made to
divide all the terms on that side.

As an illustration of this rule, if A = BCD, then A/(BC) = D or
according to the common arrangement D = A/(BC). Suppose, in the
preceding formula, that B = 10, C = 5, and D = 3; then A = 10 × 5 ×
3 = 150 and 150/(10 × 5) = 3.

Rule 4. A term that divides all the other terms on one side of the
equals sign may be moved to the other side if it is made to multiply
all the terms on that side.

d S D×( ) s⁄=
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To illustrate, if s = SD/d, then sd = SD, and, according to Rule

3., d = SD/s. This formula may also be rearranged for determining
the values of S and D; thus ds/D = S, and ds/S = D.

If, in the rearrangement of formulas, minus signs precede quan-
tities, the signs may be changed to obtain positive rather than
minus quantities. All the signs on both sides of the equals sign or
on both sides of the equation may be changed. For example, if −2A
= −B + C, then 2A = B − C. The same result would be obtained by
placing all the terms on the opposite side of the equals sign, which
involves changing signs. For instance, if −2A = −B + C, then B − C
= 2A.

Fundamental Laws Governing Rearrangement.—After a few
fundamental laws that govern any formula or equation are under-
stood, its solution usually is very simple. An equation states that
one quantity equals another quantity. So long as both parts of the
equation are treated exactly alike, the values remain equal. Thus,

in the equation A = 1⁄2 ab, which states that the area A of a triangle

equals one-half the product of the base a times the altitude b, each
side of the equation would remain equal if we added the same

amount: A + 6 = 1⁄2 ab + 6; or we could subtract an equal amount

from both sides: A − 8 = 1⁄2 ab − 8; or multiply both parts by the

same number: 7A = 7(1⁄2ab); or we could divide both parts by the

same number, and we would still have a true equation.

One formula for the total area T of a cylinder is: 

where: r = radius and h = height of the cylinder. Suppose we
want to solve this equation for h. Transposing the part that does not
contain h to the other side by changing its sign, we get: 2πrh = T −

2πr2. To obtain h, we can divide both sides of the equation by any
quantity that will leave h on the left-hand side; thus:

It is clear that, in the left-hand member, the 2πr will cancel out,

leaving: h = (T − 2πr2)/(2πr). The expression 2πr in the right-hand

T 2πr2 2πrh+=

2πrh

2πr
------------

T 2πr
2

–

2πr
---------------------=
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member cannot be cancelled because it is not an independent fac-

tor, since the numerator equals the difference between T and 2πr2.

Example 3:Rearrange the formula for a trapezoid (Handbook
page 71) to obtain h.

Example 4:The formula for determining the radius of a sphere
(Handbook page 85) is as follows:

Rearrange to obtain a formula for finding the volume V.

The procedure has been shown in detail to indicate the underlying
principles involved. Rearrangement could be simplified somewhat
by direct application of the rules previously given. To illustrate:

 2A = (a + b)h (multiply both members by 2)

(a + b)h = 2A (transpose both members so as to get the 
multiple of h on the left-hand side)

(divide both members by a + b)

(cancel a + b from the left-hand member)

(cube each side)

(multiply each side by 4π)

(transpose both members)

(divide each side by 3)

(cancel 3 from left-hand member)

A
a b+( )h

2
--------------------=

a b+( )h

a b+
--------------------

2A

a b+
------------=

h
2A

a b+
------------=

r
3V

4π
-------3=

r
3 3V

4π
-------=

4πr
3

3V=

3V 4πr
3

=

3V

3
-------

4πr
3

3
------------=

V
4πr

3

3
------------=
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This final equation would, of course, be reversed to locate V at the
left of the equals sign as this is the usual position for whatever let-
ter represents the quantity or value to be determined.

Example 5:It is required to determine the diameter of cylinder
and length of stroke of a steam engine to deliver 150 horsepower.
The mean effective steam pressure is 75 pounds, and the number
of strokes per minute is 120. The length of the stroke is to be 1.4
times the diameter of the cylinder.

First, insert the known values into the horsepower formula
(Example 2, page 11):

The last expression is found by cancellation. 

Assume now that the diameter of the cylinder in inches equals
D. Then, L = 1.4D/12 = 0.117D according to the requirements in
the problem; the divisor 12 is introduced to change the inches to

feet, L being in feet in the horsepower formula. The area A = D2 ×
0.7854. If we insert these values in the last expression in our for-
mula, we have:

The diameter of the cylinder should be about 181⁄4 inches, and

the length of the stroke 18.15 × 1.4 = 25.41, or about 251⁄2 inches.

(cube each side)

(applying Rule 4. move 4π to left-hand side)

(move 3 to left-hand side—Rule 3.)

r
3 3V

4π
-------=

4πr
3

3V=

4πr
3

3
------------ V=

150
75 L A 120×××

33 000,
----------------------------------------

3 L A××
11

----------------------= =

150
3 0.117D 0.7854D

2
××

11
---------------------------------------------------------

0.2757D
3

11
------------------------= =

0.2757D
3

150 11× 1650= =

D
3 1650

0.2757
----------------= D

1650

0.2757
----------------3 5984.83 18.15= = =
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Solving Equations or Formulas by Trial.—One of the equations
used for spiral gear calculations, when the shafts are at right
angles, the ratios are unequal, and the center distance must be
exact, is as follows:

In this equation

 R = ratio of number of teeth in large gear to number in small
gear

C = exact center distance

Pn =normal diametral pitch

n = number of teeth in small gear

The exact spiral angle α of the large gear is found by trial using
the equation just given.

Equations of this form are solved by trial by selecting an angle
assumed to be approximately correct and inserting the secant and
cosecant of this angle in the equation, adding the values thus
obtained, and comparing the sum with the known value to the right
of the equals sign in the equation. An example will show this more
clearly. By using the problem given in the Example near the top of
Handbook page 2201 to illustrate, R = 3; C = 10; Pn= 8; n = 28.

Hence, the whole expression 

from which it follows that:

R sec α + csc α = 5.714

In the problem given, the spiral angle required is 45 degrees.
The spiral gears, however, would not meet all the conditions given
in the problem if the angle could not be slightly modified. To
determine whether the angle should be greater or smaller than 45
degrees, insert the values of the secant and cosecant of 45 degrees
in the formula. The secant of 45 degrees is 1.4142, and the cose-
cant is 1.4142. Then,

3 × 1.4142 + 1.4142 = 5.6568

The value 5.6568 is too small, as it is less than 5.714 which is
the required value. Hence, try 46 degrees. The secant of 46 degrees
is 1.4395, and the cosecant, 1.3902. Then,

R αsec αcsc+
2CPn

n
--------------=

2CPn

n
--------------

2 10 8××
28

------------------------ 5.714= =
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3 × 1.4395 + 1.3902 = 5.7087

Obviously, an angle of 46 degrees is also too small. Proceed,
therefore, to try an angle of 46 degrees, 30 minutes. This angle will
be found too great. Similarly 46 degrees, 15 minutes, if tried, will
be found too great, and by repeated trials it will finally be found
that an angle of 46 degrees, 6 minutes, the secant of which is
1.4422, and the cosecant, 1.3878, meets the requirements. Then,

3 × 1.4422 + 1.3878 = 5.7144

which is as close to the required value as necessary.

In general, when an equation must be solved by the trial-and-
error method, all the known quantities may be written on the right-
hand side of the equal sign, and all the unknown quantities on the
left-hand side. A value is assumed for the unknown quantity. This
value is substituted in the equation, and all the values thus obtained
on the left-hand side are added. In general, if the result is greater
than the values on the right-hand side, the assumed value of the
unknown quantity is too great. If the result obtained is smaller than
the sum of the known values, the assumed value for the unknown
quantity is too small. By thus adjusting the value of the unknown
quantity until the left-hand member of the equation with the
assumed value of the unknown quantity will just equal the known
quantities on the right-hand side of the equal sign, the correct value
of the unknown quantity may be determined.

Derivation of Formulas.—Most formulas in engineering hand-
books are given without showing how they have been derived or
originated, because engineers and designers usually want only the
final results; moreover, such derivations would require consider-
able additional space, and they belong in textbooks rather than in
handbooks, which are primarily works of reference. Although
Machinery’s Handbook contains thousands of standard and special
formulas, it is apparent that no handbook can include every kind of
formula, because a great many formulas apply only to local
designing or manufacturing problems. Such special formulas are
derived by engineers and designers for their own use. The exact
methods of deriving formulas are based upon mathematical princi-
ples as they are related to the particular factors that apply. A few
examples will be given to show how several different types of spe-
cial formulas have been derived.
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Example 6:The problem is to deduce the general formula for
finding the point of intersection of two tapers with reference to
measured diameters on those tapers. In the diagram, Fig. 1,

L =distance between the two measured diameters, D and d;

X =the required distance from one measured diameter to the
intersection of tapers;

a = angle of long taper as measured from center line; 

a1 =angle of short taper as measured from center line.

Then,

Fig. 1. To find Dimension X from a Given Diameter D
to the Intersection of Two Conical Surfaces

Therefore:

and

(1)

E
D d–

2
------------- Z Y+= =

Z L X–( ) a1tan=

Y X atan=

D d–

2
------------- L X–( ) a1tan X atan+=

D d– 2 a1tan L X–( ) 2X atan+=
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But

in which T and T1 represent the long and short tapers per inch,

respectively.

Therefore, from Equation (1),

Example 7:A flywheel is 16 feet in diameter (outside measure-
ment), and the center of its shaft is 3 feet above the floor. Derive a
formula for determining how long the hole in the floor must be to
permit the flywheel to turn.

Fig. 2. To Find Length of Hole in Floor for Flywheel

The conditions are as represented in Fig. 2. The line AB is the
floor level and is a chord of the arc ABD; it is parallel to the hori-
zontal diameter through the center O. CD is the vertical diameter
and is perpendicular to AB. It is shown in geometry that the diame-
ter CD bisects the chord AB at the point of intersection E.

One of the most useful theorems of geometry is that when a
diameter bisects a chord, the product of the two parts of the diame-
ter is equal to the square of one half the chord; in other words,

2 a1tan T1        and        2 atan T= =

D d– T1 L X–( ) TX+=

D d– T1L T1X– TX+=

X T1 T–( ) T1L D d–( )–=

X
T1L D d–( )–

T1 T–
----------------------------------=
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(AE)2 = ED × EC. If AB is represented by L and OE by a, ED = r −
a and EC = r + a, in which r = the radius OC; hence, 

By substituting the values given,

The length of the hole, therefore, should be at least 15 feet, to
allow sufficient clearance.

Empirical Formulas.—Many formulas used in engineering cal-
culations cannot be established fully by mathematical derivation
but must be based upon actual tests instead of relying upon mere
theories or assumptions that might introduce excessive errors.
These formulas are known as “empirical formulas.” Usually such a
formula contains a constant (or constants) that represents the result
of the tests; consequently, the value obtained by the formula is
consistent with these tests or with actual practice.

A simple example of an empirical formula will be found in the
following formula for the breaking load of chain in pounds, given
on Machinery’s Handbook 29 CD, page 3440:

This particular formula contains the constant 54,000, which was
established by tests, and the formula is used to obtain the breaking
load of wrought-iron crane chains to which a factor of safety of 3,
4, or 5 is then applied to obtain the working load. Other examples
of empirical formulas will be found on Handbook page 277.

Handbook page 295 contains an example of an empirical for-
mula based upon experiments made with power-transmitting
shafts. This formula gives the diameter of shaft required to prevent
excessive twisting during transmission of power.

Parentheses.—Two important rules related to the use of parenthe-
ses are based upon the principles of positive and negative numbers:

L

2
---
 
 

2
r a–( ) r a+( ) r

2
a

2
–= =

L

2
--- r

2
a

2
–  and L 2 r

2
a

2
–==

L 2 8
2

3
2

– 14.8324 feet = 14 feet, 10 inches.= =

W 54 000D
2

,=
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1) If a parenthesis is preceded by a + sign, it may be removed, if
the terms within the parentheses retain their signs. 

a + (b − c) = a + b − c

2) If a parenthesis is preceded by a − sign, it may be removed, if
the signs preceding each of the terms inside of the parentheses are
changed (+ changed to −, and − to +). Multiplication and division
signs are not affected.

a − (b − c)   = a − b + c

a − (−b + c) = a + b − c

Knowledge of algebra is not necessary to make successful use
of formulas of the general type such as are found in engineering
handbooks; it is only necessary to understand thoroughly the use of
letters or symbols in place of numbers, and to be well versed in the
methods, rules, and processes of ordinary arithmetic. Knowledge
of algebra becomes necessary only where a general rule or formula
that gives the answer to a problem directly is not available. In other
words, algebra is useful in developing or originating a general rule
or formula, but the formula can be used without recourse to alge-
braic processes.

Constants.—A constant is a value that does not change or is not
variable. Constants at one stage of a mathematical investigation
may be variables at another stage, but an absolute constant has the
same value under all circumstances. The ratio of the circumference
to the diameter of a circle, or 3.1416, is a simple example of an
absolute constant. In a common formula used for determining the
indicated horsepower of a reciprocating steam engine, the product
of the mean effective pressure in psi, the length of the stroke in
feet, the area of the piston in square inches, and the number of pis-
ton strokes per minute is divided by the constant 33,000, which
represents the number of foot-pounds of work per minute equiva-
lent to 1 horsepower. Constants occur in many mathematical for-
mulas.

Mathematical Signs and Abbreviations.—Every divis ion of
mathematics has its traditions, customs, and signs that are fre-
quently of ancient origin. Hence, we encounter Greek letters in
many problems (see Handbook page 2652) where it would seem
that English letters would do as well or better. Many of the signs
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and abbreviations on Handbook pages 2652 to 2654 will be used
frequently. They should, therefore, be understood.

Conversion Tables.—It may sometimes be necessity to convert
English units of measurement into metric units and vice versa. The
tables provided at the back of the Handbook will be found useful in
this connection. A table of metric conversion factors is also pro-
vided in this book starting on page 258.

PRACTICE EXERCISES FOR SECTION 3

 (See Answers to Practice Exercises For Section 3 on page 224)

1) An approximate formula for determining the horsepower H of

automobile engines is: H = D2SN/3, where D = diameter of bore,
inches; S = length of stroke, inches; and N = number of cylinders.
Find the horsepower of the following automobile engine: a) bore,

31⁄2 inches; stroke, 41⁄4 inches; cylinders, 6. b) By using the recipro-

cal of 3, how could this formula be stated?

2) Using the right-angle triangle formula: , where

a = one side, b = the other side, and C = the hypotenuse, find the
hypotenuse of a right triangle whose sides are 16 inches and 63
inches.

3) The formula for finding the blank diameter of a cylindrical

shell is: , where D = blank diameter; d =

diameter of the shell; h = height of the shell. Find the diameter of
the blank to form a cylindrical shell of 3 inches diameter and 2
inches high.

4) If D = diagonal of a cube; d = diagonal of face of a cube; s =

side of a cube; and V = volume of a cube; then ;

; and V = s3. Find the side, volume of a cube, and

diagonal of the face of a cube if the diagonal of the cube is 10.

5) The area of an equilateral triangle equals one fourth of the
square of the side times the square root of 3, or

C a
2

b
2

+=

D d d 4h+( )×=

d 2D
2

3⁄=

s D
2

3⁄=

A S
2

4⁄( ) 3 0.43301S
2

= =
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Find the area of an equilateral triangle whose side is 14.5 inches.

6) The formula for the volume of a sphere is: 4πr3/3 or πd3 /6.
What constants may be used in place of 4π/3 and π /6?

7) The formula for the volume of a solid ring is 2π2Rr2, where r =
radius of cross section and R = radius from the center of the ring to
the center of the cross section. Find the volume of a solid ring
made from 2-inch round stock if the mean diameter of the ring is 6
inches.

8) Explain these signs: ±, >, <, sin−1a, tan, ∠, , log, θ, β, ::

9) The area A of a trapezoid (see Handbook page 71) is found by
the formula:

Transpose the formula for determining width a.

10) ; solve for r.

11) ; solve for a.

12) ; solve for sin A.

13)   solve for a, b, sin A, sin B.

4

A
a b+( )h

2
--------------------=

R r
2

s
2

4⁄+=

P 3.1416 2 a
2

b
2

+( )=

Acos 1 A
2

sin–=

a Asin⁄ b Bsin⁄ ;=
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SECTION 4

SPREADSHEET CALCULATIONS

Spreadsheet computer programs or spreadsheets are versatile,
powerful tools for doing repetitive or complicated algebraic calcu-
lations. They are used in diverse technological fields including
manufacturing, design, and finance. Spreadsheets blend the power
of high level computer languages with the simplicity of hand cal-
culators. They are ideal for doing "what-if" calculations such as
changing a problem’s parameters and comparing the new result to
the initial answer. The visual nature of spreadsheets allows the
user to grasp quickly and simultaneously the interaction of many
variables in a given problem. 

 Generally only 5 to 10% of a spreadsheet program functionality
needs to be understood to begin doing productive spreadsheet cal-
culations. Since the underlying concepts of all spreadsheets are the
same, it is easy transfer this basic understanding from one spread-
sheet program to another with very little learning curve. Only a
small percentage of the actual spreadsheet commands will be cov-
ered in this section but understanding these core concepts will
allow the reader to do productive work immediately. 

There are many varieties of spreadsheet programs. It is impossi-
ble to cover all these spreadsheet programs individually in this
brief overview. The formulas listed below are for conceptual
understanding and may not work when plugged directly into a par-
ticular program. The user should consult the spreadsheet’s manual
or built in help system for examples. Generally for any given topic
a spreadsheet’s help system will list a properly constructed exam-
ple of what the user is trying to do. The reader can use this as a
guide and template to get started.

Spreadsheet Basic Concepts.—To begin using spreadsheets, sev-
eral key spreadsheet concepts must be understood.
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Cell Content: The basic calculating unit of all spreadsheets are
cells. Cells may either contain formulas, which are discussed fur-
ther on; or numbers, words, dates, percentages, and currency. A
cell normally has to be formatted using the spreadsheet’s cell for-
mat commands to display its contents correctly. The formatting
usually does not affect the internal representation of the cell, e.g.
the actual value of the number. For example, a cell formatted as a
percentage such as 12% would actually contain a value of "0.12"
in the cell. If the cell were left unformatted "0.12" would be dis-
played. A cell formatted for currency would display "3.4" as
"$3.40."

Cells containing numbers may be formatted to display an arbi-
trary level of precision. Again the displayed precision has no affect
on actual calculations. For example, the contents of a particular
cell containing "3.1415" could be formatted to display “3.141” or
“3.14” or “3”. Regardless of what is displayed “3.1415” will be
used internally by the program for all calculations that refer to that
cell.

Formatting cells while not absolutely necessary, is usually a
good idea for several reasons. Formatted cells help others under-
stand your spreadsheet. 12% is easily identifiable as an interest
rate, ".12" is not. Formatting can also help to avoid input mistakes
in large spreadsheets such as accidently placing an interest rate
percentage in a payment currency-formatted cell. The interest rate
will be displayed as "$0.12" immediately telling the user some-
thing is wrong. For quick "back of the envelope calculations" for-
matting can be dispensed with to save time.

Cell Address: In addition to content, cells also have addresses. A
cell address is created by combining the column and row names of
that cell. In the spreadsheet in Table 1a, Parts would have an
address of A1, Machine 2 would be C1, and "$13.76" would be B3.
Spreadsheets use these cell addresses to combine and manipulate
the cell contents using formulas. 

Number Currency Text Percentage

12.7854 $12.05 Feed Rate 12% or 0.12
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Table 1a. Machine Cost Spreadsheet (Display)

Formulas: Instead of containing values, a cell may have a for-
mula assigned to it. Spreadsheets use these formulas to manipulate,
combine, and chain cells mathematically. The specific format or
syntax for properly constructing a formula varies from spreadsheet
to spreadsheet. The two most common formula construction tech-
niques are illustrated using the spreadsheet in Table 1b.

Table 1b. Machine Cost Spreadsheet (Formulas)

Cell by Cell: Each cell is added, subtracted, multiplied or divided
individually. For example in Table 1b, the total cost of Machine 1

A B C D

1 Parts Machine 1 Machine 2 Total

2 Motor 12.89 $18.76 $31.65

3 Controls 13.76 $19.56 $33.32

4 Chassis 15 $21.87 $36.87

5 Rebate −7.5 −$10.00 −$17.50

6 Total 34.15 $50.19 $84.34

A B C D

1 Parts Machine 1 Machine 2 Total

2 Motor 12.89 a

a This cell is unformatted. This does not change the value of the intermediate calculations
or final results. 

$18.76
= +B2+C2b

= $31.65

3 Controls 13.76 a $19.56
= Sum(B3:C3)b

= $33.32

4 Chassis   15a $21.87
= Sum(B4:C4)b

= $36.87

5 Rebate −7.5a −∃10.00
= Sum (B5:C5)b

= −∃17.50

6 Total

= +B2+B3+B4    

+B5b

b Cells cannot contain more than one value or formula. The double values and formulas
listed in this cell are for illustration only and would not be allowed in a working spreadsheet.

= Sum(C2:C5)b

= $50.19

= Sum(D2:D5)b,c

= Sum(B6:C6)d

= $84.34

c Sum of the machine Parts.
d Sum of Machine 1 and Machine 2.

= Sum(B2:B5)

= 34.15a
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would be the values of each individual part cost in column B added
vertically in cell B6.

B6 =+ B2+B3+B4+B5 = $34.15

Sum Function:  For long columns or rows of cells, individual cell
addition becomes cumbersome. Built-in functions simplify multi-
ple cell manipulation by applying a specific function, like addition,
over a range of cells. All spreadsheets have a summation or Sum
function that adds all the cells that are called out in the function’s
address range. The Sum function adds cells horizontally or verti-
cally. Again in Table 1b, the total cost of Machine 1 using the Sum
function would be:

B6 = Sum(B2:B5) = $34.15

Either method yields the same result and may be used interchange-
ably. The cell by cell method must be used for cells that are not
aligned horizontally or vertically. The compact Sum method is use-
ful for long chains or ranges of cells. Spreadsheets contain many,
many built-in functions that work with math, text strings, dates
etc..

Adding Formulas: Cells containing formulas can themselves be
combined, i.e. formulas containing formulas. In Table 1b, the total
of the motor parts (row 2) for Machine 1 and Machine 2, is calcu-
lated by the formula in cell D2, the total of the control parts D3,
the total of all chassis parts D4, and the total of the rebates in D5.
These formulas are summed together vertically in the first formula
in cell D6 to get the total cost of all the parts, in this case $84.34.
Note that a spreadsheet cell may only contain one formula or
value. The multiple formulas in D6 are for illustration only.

Alternatively, the cost of Machine 1, B6 and Machine 2, C6
could be added together horizontally to get the cost of all the
machines which, in this case, equals the cost of all parts $84.34.
This illustrates that it is possible to set up a spreadsheet to find a
solution in more than one way. In this case the total cost of all
machines was calculated by adding the parts’ subtotals or the indi-
vidual machines’ subtotals.

Positive and Negative: Spreadsheets usually display negative
numbers with a minus sign “−” in front of them. Sometimes a neg-
ative cell number may be formatted to display parentheses around
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a number instead of a minus sign. For example, −12.874 would be
equivalent to (12.874). As with general formatting, this has no
effect on the actual cell value. 

It is extremely important to treat positive and negative cell val-
ues consistently. For example, cell values representing a loan
amount of $22,000 and a payment of $500 might be entered as
+$22,000 and −$500 if you are receiving a loan or -$22,000 and
+$500 if you are loaning the money to someone. Switching one of
the signs will create an error in the spreadsheet. 

Generally it doesn’t matter how positive and negative numbers
are assigned, so long as the user is consistent throughout the spread
sheet and the people using the spreadsheet understand the positive-
negative frame of reference. Failure to be consistent will lead to
errors in your results.

Basic Mathematical Operators: Spreadsheets generally use the
following conventions for basic mathematical operators. These
operators may be applied to cell values or cell formulas.

Basic Spreadsheet Mathematical Operators

Consult the spreadsheet’s help system to properly construct
other mathematical operations such as sine, cosine, tangent, loga-
rithms, etc..

Built-In Functions: As previously mentioned, spreadsheets con-
tain many built-in functions to aid the user in setting up equations.
For example, most spreadsheets have built-in interest functions
sometimes referred to as Time Value of Money or TVM equations.
Generally the names of the variables in the built-in equations do
not always exactly match the generally accepted mathematical
names used in particular field such as economics. 

To illustrate this point, let’s compare the TVM terms found in
Interest Formulas on page 134 to the variable names found in a

Function Operator Function Operator

Add + Divide /

Subtract − Square ^2

Multiply * Square Root ^.5

Grouping ((5+B2)/A2) −(6*((9+16)^0.5))
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spreadsheet’s Future Value (FV) built-in function. Then redo the
Compound Interest problem found on Handbook page 135.

Example 1, Compound Interest:At 10 per cent interest com-
pounded annually for 3 years, a principal amount P of $1000

becomes a sum F = 1000(1+ 10 / 100)3 = $1,331.93.

 To solve this problem using a spreadsheet use the Future Value,
FV built-in equation. FV(Rate, Nper, Pmt, Pv)

where

FV = F or the Future Value of the amount owed or received.

Rate = I or nominal annual interest rate per period. In this yearly
case divide by 1, for monthly payments divide by 12.

Nper = n or number of interest periods. In this case 3. If the
interest were compounded monthly then Nper = 3 years
× 12 periods ⁄yr. = 36 periods

Pmt = R or the payments made or received. For a compound
interest loan Pmt =$0.00

PV =P or principle amount lent or borrowed.

Plugging in the appropriate values give the answer. Again note
that leaving column B unformatted or formatting column C makes
no difference for the final answer but does make it easier to under-
stand the spreadsheet values. 

Table 2. Compound Interest Calculations Spreadsheet

Spreadsheet Advanced Concepts.—One of the great strengths of
spreadsheets is their ability to quickly and easily do what-if calcu-
lations. The two key concepts required to do this are cell content

A B C D

1 Value Value

2 Rate .1a

a Unformatted cell. 

10%b

b Formatted cell. 

3 Nper 3a 3b

4 Pmt 0a $0.00b

5 PV −1000a,c

c This number is negative because you are loaning the money out to collect interest. 

−$1,000.00b,c

6 FV
= FV(B2,B3,B4,B5)

= 1,331.93a  = $1,331.93b
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and formula "copying and pasting" and "relative and absolute" cell
addressing.

Copying and Pasting: Spreadsheets allow cells to be moved, or
copied and pasted into new locations. Since a chain of cells can
represent a complete problem and solution, copying these chains
and pasting them repeatedly into adjacent areas allows several
experimental "what-if" scenarios to be set up. It is then easy to
vary the initial conditions of the problem and compare the results
side by side. This is illustrated in the following example. 

Example 2, What-if Compound Interest Comparison:Refer r ing
back to the compound interest problem in Example 1, compare the
effects of different interest rates from three banks using the same
loan amount and loan period. The banks offer a 10%, 11%, and
12% rate. In the spreadsheet, enter 10%, 11%, and 12% into B2,
C2, and D2 respectively. Instead of typing in the initial amounts
and formulas for the other values for other banks type them in once
in, B3, B4, B5 and B6. Copy these cells one column over, into col-
umn C and column D. The spreadsheet will immediately solve all
three interest rate solutions. 

Table 3. Interest Calculations Spreadsheet 
Using Relative Addressing

Relative vs. Absolute Address:  In row 6 of Table 3, notice how
the FV function cell addresses changed as they were copied from

A B C D E

1 Term Bank A Bank B Bank C

2 Rate 10% 11% 12%

4 cells 
above
“rela-

tive” to 
E5

3 Nper 3 3 3 3

4 Pmt $0.00 $0.00 $0.00 2

5 PV −$1,000 −$1,000 −$1,000 1

6 FV

=FV(B2,B3,
B4,B5)

=FV(C2,C3,
C4,C5)

=FV(D2,D3,
D4,D5) Cell E5

=$1,331.93 =$1,367.63 =$1,404.93
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column B and pasted into the columns C and D. The formula cell
addresses were changed from B to C in column C and B to D in
column D. This is known as relative addressing. Instead of the for-
mulas pointing to the original or “absolute” locations in the B col-
umn they were changed by the spreadsheet program as they were
pasted to match a cell location with the same relative distance and
direction as the original cell. To clarify, In column E, the cell E2 is
4 cells up relative to E5. This is known as “relative” addressing.
Relative addressing while pasting allows spreadsheets users to eas-
ily copy and paste multiple copies of a series of calculations. This
easy what-if functionality is a cornerstone of spreadsheet useful-
ness.

Absolute Addressing: For large complicated spreadsheets the
user may want to examine several what-if conditions while varying
one basic parameter. For this type of problem it is useful to use
"absolute" addressing. There are several formats for creating abso-
lute addresses. Some spreadsheets require a "$" be placed in front
of each address. The relative address "B2" would become an abso-
lute address when entered as "$B$2." When a formula with an
absolute address is copied and pasted the copied formula refers to
the same cell as the original. The power of this is best illustrated by
an example. Formulas can use a combination of relative and abso-
lute addressing, as in $B2 or B$2, where the absolute portion of the
cell address is preceded by the $ symbol.

Example 3, Absolute and Relative Addressing :Suppose that in
Example 1 we wanted to find the future value of $1,000, $1,500
and $2,000 for 10% and 11% interest rates. Using the previous
example as a starting point we enter values for Rate, Nper, Pmt,
and Pv. We also enter the function FV into cell B6. This time we
enter the absolute address $B$2 for the Rate variable. Now when
we copy cell B6 into C6 and D6, the Rate variable continues to
point to cell B2 (absolute addresses) while the other variables
Nper, Pmt, and  Pv  point to locations in columns C and D (relative
addresses).
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Table 4a. 10% Interest Rate Calculations Spreadsheet Using 
Absolute Addressing

Table 4b. 11% Interest Rate Calculations Spreadsheet Using 
Absolute Addressing

From the Table 4a we find the future value for different starting
amounts for a 10% rate. We change cell B2 from 10% to 11% and
the spreadsheet updates all the loan calculations based on the new
interest rate. These new values are displayed in Table 4b. All we
had to do was change one cell to try a new "what-if." By combin-
ing relative and absolute addresses we were able to compare the
effects of three different loan amounts using two interest rates by
changing one cell value.

Other Capabilities: In addition to mathematical manipulations,
most spreadsheets can create graphs, work with dates and text
strings, link results to other spreadsheets, create conditional pro-
gramming algorithms to name a few advanced capabilities. While
these features may be useful in some situations, many real world

A B C D

1 Term Loan Amount A Loan Amount B Loan Amount C

2 Rate 10%

3 Nper 5 4 3

4 Pmt $0.00 $0.00 $0.00

5 PV −$1,000 −$1,500 −$2,000

6 FV

=FV($B$2,B3,
B4,B5)

=FV($B$2,C3,
C4,C5)

=FV($B$2,D3,
D4,D5)

=$1,610.51 =$2,196.15 =$2,662.00

A B C D

1 Term Loan Amount A Loan Amount B Loan Amount C

2 Rate 11%

3 Nper 5 4 3

4 Pmt $0.00 $0.00 $0.00

5 PV −$1,000 −$1,500 −$2,000

6 FV

=FV($B$2,B3,
B4,B5)

=FV($B$2,C3,
C4,C5)

=FV($B$2,D3,
D4,D5)

=$1,685.06 =$2,277.11 =$2,735.26
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problems can be solved using spreadsheets by using a few simple
operators and concepts.

PRACTICE EXERCISES FOR SECTION 4

 (See Answers to Practice Exercises For Section 4 on page 224)

1) Use a spreadsheet to format a cell in different ways. Enter the
number 0.34 in the first cell. Using the spreadsheet menu bar and
online help, change the formatting of the cell to display this num-
ber as a percentage, a dollar amount, and then back to a general
number.

2) Create a multiplication table. Enter the numbers 1 through 10
in the first column (A), and in the first row (1). In cell B2 enter the
formula B1 × A2. In cell B3, enter the formula B1× A3. Repeat
this operation down the column. The last cell in column B should
have the formula B1× A10. For column C, formulas are C1× A2,
C1× A3, C1× A4, ..., C1× A10. Complete entering formulas for
columns C through J in the same manner. Use your spreadsheet to
look up the value of 2 × 2, 5 × 7, and 8 × 9.

3) Write a single formula that can be entered into cell B2 of the
previous problem and then copied into each blank cell (B2..J10) to
complete the multiplication table (Hint: Use relative and absolute
addressing). Explain how the formula changes as it is copied into
different locations.

4) Using a spreadsheet to recreate Table 1b on page 26. Make
sure to format currency cells where required.

A B C D E F G H I J

1 1 2 3 4 5 6 7 8 9 10
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9
10 10
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5) Using your spreadsheet’s online help for guidance, recreate the
compound interest calculation in Table 2 on page 29 using the
spreadsheet’s Future Value interest rate function. Make sure to
format currency and percentage cells correctly. 

6) Using the spreadsheet you created in the previous question,
calculate the Future Value of $2,500 compounded annually for 12
years at 7.5% interest. What would the Future Value be if the inter-
est was compounded monthly?

7) Use a spreadsheet to adjust the 8-hole circle coordinates given
in Handbook Table 1b, page 698, for a 6-inch hole circle diameter.
Refer to Example 6, page 7.

8) An equation for wind chill temperature is given on Handbook
page 2700. Build a wind chill temperature table. What is the wind
chill temperature for: a) 15°F and 20 mph wind; b) 55°F and 20
mph windspeed; c) 5° and 5 mph wind?

9) The wind chill equation on Handbook page 2700 contains two
sets of parentheses. Are these parentheses required when entering
the formula into a spreadsheet? Why?
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SECTION 5

CALCULATIONS INVOLVING LOGARITHMS

HANDBOOK Page 17

The purpose of logarithms is to facilitate and shorten calcula-
tions involving multiplication and division, obtaining the powers
of numbers, and extracting the roots of numbers. By means of log-
arithms, long multiplication problems become simple addition of
logarithms; cumbersome division problems are easily solved by
simple subtraction of logarithms; the fourth root or, say, the 10.4th
root of a number can be extracted easily, and any number can be
raised to the twelfth power as readily as it can be squared.

The availability of inexpensive hand-held calculators, and com-
puters, has eliminated much of the need to use logarithms for such
purposes; there are, however, many applications in which the loga-
rithm of a number is used in obtaining the solution of a problem.
For example, in the section Compound Interest on page 134 of the
Handbook, there is a formula to find the number of years n
required for a sum of money to grow a specified amount. The
example accompanying the formula shows the calculations that
include the logarithms 3, 2.69897, and 0.025306, which corre-
spond to the numbers 1000, 500, and 1.06, respectively. These log-
arithms were obtained directly from a hand-held calculator and are
the common or Briggs system of logarithms, which have a base 10.
Any other system of logarithms such as that of base e (e =
2.71828…) could have been used with the same result. Base e log-
arithms are sometimes referred to as “natural logarithms.”

There are other types of problems in which logarithms of a spe-
cific base, usually 10 or e, must be used to obtain the correct result.
On the logarithm keys of most calculators, base 10 logs are identi-
fied by the word “log” and those of base e are referred to as “ln.”

In the common or Briggs system of logarithms, which is used
ordinarily, the base of the logarithms is 10; that is, the logarithm is
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the exponent that would be affixed to 10 to produce the number
corresponding to the logarithm. To illustrate:

Logarithm of 10 = 1 because 101 = 10

Logarithm of 100 = 2 because 102 = 100

Logarithm of 1000 = 3 because 103 = 1000

In each case, it will be seen that the exponent of 10 equals the
logarithm of the number. The logarithms of all numbers between
10 and 100 equal 1 plus some fraction. For example: The loga-
rithm of 20 = 1.301030.

The logarithms of all numbers between 100 and 1000 = 2 plus
some fraction; between 1000 and 10,000 = 3 plus some fraction;
and so on. The tables of logarithms in engineering handbooks give
only this fractional part of a logarithm, which is called the man-
tissa. The whole number part of a logarithm, which is called the
characteristic, is not given in the tables because it can easily be
determined by simple rules. The logarithm of 350 is 2.544068. The
whole number 2 is the characteristic (see Handbook page 17) and
the decimal part 0.544068, the mantissa, is found in the table
(Machinery’s Handbook 29 CD, page 2993). Logarithms can most
easily be found by using a scientific calculator.

Principles Governing the Application of Logarithms.—W h e n
logarithms are used, the product of two numbers can be obtained
as follows: Add the logarithms of the two numbers; the sum equals
the logarithm of the product. For example: The logarithm of 10
(commonly abbreviated log 10) equals 1; log 100 = 2; 2 + 1 = 3,
which is the logarithm of 1000 and the product of 100 × 10.

Logarithms would not be used for such a simple example of
multiplication; these particular numbers are employed merely to
illustrate the principle involved.

For division by logarithms, subtract the logarithm of the divisor
from the logarithm of the dividend to obtain the logarithm of the
quotient. To use another simple example, divide 1000 by 100 using
logarithms. As the respective logarithms of these numbers are 3
and 2, the difference of equals the logarithm of the quotient 10.

In using logarithms to raise a number to any power, simply mul-
tiply the logarithm of the number by the exponent of the number;
the product equals the logarithm of the power. To illustrate, find
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the value of 103 using logarithms. The logarithm of 10 = 1 and the

exponent is 3; hence, 3 × 1 = 3 = log of 1000; hence, 103 = 1000.

To extract any root of a number, merely divide the logarithm of
this number by the index of the root; the quotient is the logarithm
of the root. Thus, to obtain the cube root of 1000 divide 3 (log
1000) by 3 (index of root); the quotient equals 1 which is the loga-
rithm of 10. Therefore, 

Logarithms are of great value in many engineering and shop
calculations because they make it possible to solve readily cumber-
some and also difficult problems that otherwise would require
complicated formulas or higher mathematics. Keep constantly in
mind that logarithms are merely exponents. Any number might be
the base of a system of logarithms. Thus, if 2 were selected as a

base, then the logarithm of 256 would equal 8 because 28 = 256.
However, unless otherwise mentioned, the term “logarithm” is
used to apply to the common or Briggs system, which has 10 for a
base.

The tables of common logarithms are found on Machinery’s
Handbook 29 CD, pages 2993 and 2994. The natural logarithms,
Machinery’s Handbook 29 CD, pages 2995 and 2996, are based
upon the number 2.71828. These logarithms are used in higher
mathematics and also in connection with the formula to determine
the mean effective pressure of steam in engine cylinders.

Finding the Logarithms of Numbers.—There is nothing compli-
cated about the use of logarithms, but a little practice is required to
locate readily the logarithm of a given number or to reverse this
process and find the number corresponding to a given logarithm.
These corresponding numbers are sometimes called “antiloga-
rithms.”

Carefully study the rules for finding logarithms given on Hand-
book pages 17 and in the section Logarithms starting on page

2989, Machinery’s Handbook 29 CD. Although the characteristic
or whole-number part of a logarithm is easily determined, the fol-
lowing table will assist the beginner in memorizing the rules.

10003 10=
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For common logarithms: For numbers greater than or equal to 1, the characteristic is
one less than the number of places to the left of the decimal point. For numbers smaller
than 1 and greater than 0, the characteristic is negative and its numerical value is one
more than the number of zeros immediately to the right of the decimal point. 

Example 1:Use of the table of numbers and their characteristics.

What number corresponds to the log 2.55145? Find 0.551450 in
the log tables to correspond to 356. From the table of characteris-
tics, note that a 2 characteristic calls for one zero in front of the
first integer; hence, point off 0.0356 as the number corresponding
to the log 2.55145. Evaluating logarithms with negative character-
istics is explained more thoroughly later.

Example 2:Find the logarithm of 46.8.

The mantissa of this number is 0.670246. When there are two
whole-number places, the characteristic is 1; hence, the log of 46.8
is 1.670246.

After a little practice with the above table, one becomes familiar
with the rules governing the characteristic so that reference to the
table is no longer necessary.

Obtaining More Accurate Values Than Given Directly by
Tables.—The method of using the tables of logarithms to obtain
more accurate values than are given directly, by means of interpo-
lation, is explained on Machinery’s Handbook 29 CD, page 2990.
These instructions should be read carefully in order to understand
the procedure in connection with the following example:

Example 3

Sample Numbers and Their Characteristics

Number Characteristic Number Characteristic

0.008 3 88 1

0.08 2 888 2

0.8 1 8888 3

8.0 0 88888 4

76824 52.076×
435.21

------------------------------------- =
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The number corresponding to the logarithm 3.96343 is 9192.4.
The logarithms just given for the dividend and divisor are obtained
by interpolation from the log table in the following manner:

In the log tables on Machinery’s Handbook 29 CD, page 2993,
find the mantissa corresponding to the first three digits of the num-
ber 76824, and the mantissa of the next higher 3-digit number in
the table, 769. The mantissa of 76824 is the mantissa of 768 plus
24⁄100 times the difference between the mantissas of 769 and 768.

Thus, log 76824 = 0.24 × 0.000565 + log 76800 = 4.885497.
The characteristic 4 is obtained as previously illustrated in the
table on page 38. By again using interpolation as explained in the
Handbook, the corrected mantissas are found for the logarithms of
52.076 and 435.21.

After obtaining the logarithm of the quotient, which is 3.96343,
interpolation is again used to determine the corresponding number
more accurately than would be possible otherwise. The mantissa
.96343 (see Machinery’s Handbook 29 CD, page 2994) is found,
in the table, between 0.963316 and 0.963788, the mantissas corre-
sponding to 919 and 920, respectively.

Note that the first line gives the difference between the two
mantissas nearest .96343, and the second line gives the difference
between the mantissa of the quotient and the nearest smaller man-
tissa in the Handbook table. The characteristic 3 in the quotient
3.96343 indicates 4 digits before the decimal point in the answer,

thus the number sought is 9190 + 114⁄472(9200 −9190) = 9192.4.

log 76824 = 4.88549 log numerator = 6.60213

log 52.076 = 1.71664 − log 435.21 = 2.63870

log numerator = 6.60213 log quotient = 3.96343

Mantissa 769 = .885926

Mantissa 768 = .885361

Difference = .000565

0.963788 − 0.963316 = 0.000472

0.96343 − 0.963316 = 0.000114
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Changing Form of Logarithm Having Negative Characteris-
tic.—The characteristic is frequently rearranged for easier manip-
ulation. Note that 8 − 8 is the same as 0; hence, the log of 4.56
could be stated: 0.658965 or 8.658965 − 8. Similarly, the log of
0.075 = 2.875061 or 8.875061 − 10 or 7.875061 − 9. Any similar
arrangement could be made, as determined by case in multiplica-
tion or division.

Example 4:

In the first line above, 9 − 9 was added to log 0.47 because 3
(the index of the root) will divide evenly into 9; 11 − 12 or 5 − 6
could have been used as well. (Refer also to Example 7 on
Machinery’s Handbook 29 CD, page 2992. The procedure differs
from that just described but the same result is obtained.)

To find the number corresponding to 1.89070, locate the nearest
mantissa. Mantissa .890421 is found in the table and corresponds
to 777. The 1 characteristic indicates that the decimal point imme-
diately precedes the first integer; therefore, the number equivalent
to the log1.89070 is 0.777. If desired, additional accuracy can be
obtained by interpolation, as explained previously. Thus,

.

Cologarithms.—The cologarithm of a number is the logarithm of
the reciprocal of that number. “Cologs” have no properties differ-
ent from those of ordinary logarithms, but they enable division to
be earned out by addition because the addition of a colog is the
same as the subtraction of a logarithm.

Example 5:

Note that this problem could be stated: 742 × 6.31 × 1/55 ×
1/0.92. Then the logs of each number could be added because the
process is one of multiplication only.

0.473 ?=

0.47log 1.672098  or  8.672098 9–=

0.473log 8.672098 9–( ) 3÷ 2.890699 3÷ 1.89070= = =

0.473 0.777=

742 6.31×
55 0.92×
------------------------- ?=
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log 1/55 can be obtained readily in two ways

This number 2.259637 is called the colog of 55; hence, to find
the colog of any number, subtract the logarithm of that number
from 10.000000 − 10; this is the same as dividing 1 by the number
whose colog is sought.

To find the colog of 0.92. subtract log 0.92 (or 1.96379) from
10.00000 − 10; thus:

(In subtracting negative characteristics, change the sign of the
lower one and add.)

Another method is to use log 0.92 = 1.96379 or 9.96379 − 10,
and proceeding as above:

Example 5 may then be solved by adding logs; thus:

log 1/55 = log 1 − log 55

log 1 = 10.000000 − 10

−log 55 = −1.740363

8.259637 − 10 = 2.259637

or

log 1/55 = log 0.0181818 (see reciprocals)

log 0.0181818 =  2.25964

10.000000 − 10

log 0.92 = 1.963788

colog 0.92 = 9.963788 − 10 = 0.036212

10.000000 − 10

log 0.92 = 1.96378 = 9.963788 − 10

colog 0.92 = 0.036212

log 742 = 2.870404

log 6.31 = 0.800029

colog 55 = 2.259637

colog 0.92 = 0.036212

log quotient = 1.966282
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The number corresponding to the logarithm of the quotient =
92.53.

Example 6:The initial absolute pressure of the steam in a steam
engine cylinder is 120 psi; the length of the stroke is 26 inches; the

clearance 11⁄2 inches; and the period of admission, measured from

the beginning of the stroke, 8 inches. Find the mean effective pres-
sure.

The mean effective pressure is found by the formula:

in which p =mean effective pressure in pounds per square inch;

P =initial absolute pressure in pounds per square inch;

R =ratio of expansion, which in turn is found from the
formula:

in which L =length of stroke in inches;

l = period of admission in inches; 

C =clearance in inches.

The given values are P = 120; L = 26; 1 = 8; and C = 1. By
inserting the last three values in the formula for R, we have:

If we now insert the value of P and the found value of R in the
formula for p, we have:

The natural logarithm (hyp. log.) may be found from tables or a
calculator. The natural logarithm for 2.89 is 1.061257 (see
Machinery’s Handbook 29 CD, pages 2995). Inserting this value
in the formula, we have:

p
P 1 Relog+( )

R
--------------------------------=

R
L C+

l C+
-------------=

R
26 11⁄2+

8 11⁄2+
-------------------

27.5

9.5
---------- 2.89= = =

p
120 1 2.89elog+( )

2.89
--------------------------------------------=

p
120 1 1.061257+( )

2.89
----------------------------------------------

120 2.061257×
2.89

------------------------------------- 85.6 lb/in
2

= = =
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PRACTICE EXERCISES FOR SECTION 5

 (See Answers to Practice Exercises For Section 5 on page 225)

1) What are the rules governing the characteristics?

2) Find the mantissas of: 762; 478; 26; 0.0098; 6743; 24.82.

3) What are the characteristics of the numbers just given?

4) What numbers could correspond to the following mantissas:
0.085016; 0.88508; 0.22763?

5) (a) If the characteristic of each of the mantissas just given is 1,
what would the corresponding numbers be? (b) Using the follow-
ing characteristics (2, 0, 3) for each mantissa, find the antiloga-
rithms or corresponding numbers.

6) log 765.4 = ? log 87.2 = ?; log 0.00874 = ?

7)  What are the antilogarithms of: 2.89894; 1.24279; 0.18013;
2.68708?

8) Find by interpolation the logarithm of: 75186; 42.037.

9) Find the numbers corresponding to the following logarithms:
1.82997; 0.67712.

10) (2.71)5 = ? (4.23)2.5 = ? 

11)

12)

13) (2/19)7 = ?

14) (9.16)2.47 = ?

15)

16) The area of a circular sector = 0.008727ar2 where a = angle
in degrees and r = radius of the circle. Find the area of a circular

97.65 ?= 46875 ?= 44.52.3 ?=

62876 54.2 0.0326××
1728 231×

------------------------------------------------------ ?=

75( )
2

5.23( )
2 3⁄

×

0.00036 51.7×
--------------------------------------------3 =
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sector the radius of which is 6.25 inches and the central angle is
42° 15′.

17) The diameter of a lineshaft carrying pulleys may be found

from the formula:  Find the diameter of shaft-

ing necessary to transmit 50 hp at 250 rpm.

18) The horsepower of a steam engine is found from the formula:
hp = PLAN/33000, where

P =mean effective pressure in pounds per square inch;

L =length of stroke in feet; 

A =area of piston in square inches;

 N = number of strokes per minute = revolutions per minute × 2. 

Find the horsepower of a steam engine if the pressure is 120
pounds, stroke 18 inches, piston 10 inches in diameter, and the
number of revolutions per minute is 125.

19)  Can the tables of logarithms be used for addition and sub-
traction?

20) Can logarithms be used to solve gear-ratio problems?

d 53.5hp/rpm3 .=
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SECTION 6

DIMENSIONS, AREAS, AND VOLUMES OF 
GEOMETRICAL FIGURES

HANDBOOK Pages 37 to 81

The formulas given for the solution of different problems relat-
ing to the areas of surfaces and volumes of various geometrical fig-
ures are derived from plane and solid geometry. For purposes of
shop mathematics, all that is necessary is to select the appropriate
figure and use the formula given. Keep in mind the tables that have
been studied and use them in the solution of the formulas when-
ever such usage can be done to advantage.

Many rules may be developed directly from the table for poly-
gons on Handbook page 76. These rules will permit easy solution
of nearly every problem involving a regular polygon. For instance,

in the first “A” columns at the left, A/S2 = 7.6942 for a decagon; by

transposition, . In the first “R” column, R =

1.3066S for an octagon; hence, S = R ÷ 1.3066.

The frequent occurrence of such geometrical figures as squares,
hexagons, spheres, and spherical segments in shop calculations
makes the tables dealing with these figures very useful.

Example 1:A rectangle 12 inches long has an area of 120 square
inches; what is the length of its diagonal?

The area of a rectangle equals the product of the two sides;

hence, the unknown side of this rectangle equals 120⁄12 = 10 inches.

Example 2:If the diameter of a sphere, the diameter of the base,
and the height of a cone are all equal, find the volume of the sphere
if the volume of the cone is 250 cubic inches.

S A 7.6942÷=

Length of diagonal 12
2

10
2

+ 244 15.6205= = =
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The formula on Handbook page 84 for the volume of a cone

shows that the value for 250 = 0.2618d2h, in which d = diameter of
cone base and h = vertical height of cone; hence,

Since in this example d and h are equal,

and

By referring to the formula on Handbook page 85, the volume of a

sphere = 0.5236d3 = 0.5236 × (9.8474)3 = 500 cubic inches.

In solving the following exercises, first, construct the figure
carefully, and then apply the formula. Use the examples in the
Handbook as models.

PRACTICE EXERCISES FOR SECTION 6

 (See Answers to Practice Exercises For Section 6 on page 226)

1)  Find the volume of a cylinder having a base radius of 12.5 and
a height of 16.3 inches.

2) Find the area of a triangle with sides that are 12, 14, and 18
inches in length.

3) Find the volume of a torus or circular ring made from 11⁄2 inch

round stock if its outside diameter is 14 inches.

4) A bar of hexagonal screw stock measures 0.750 inch per side.
What is the largest diameter that can be turned from this bar?

5) Using the prismoidal formula (Handbook page 66), find the
volume of the frustum of a regular triangular pyramid if its lower
base is 6 inches per side, upper base 2 inches per side, and height 3
inches. (Use the table on Handbook page 76 for areas. The side of
the midsection equals one-half the sum of one side of the lower
base and one side of the upper base.)

d
2 250

0.2618h
-------------------=

d
3 250

0.2618
----------------=

d
250

0.2618
----------------3 9.8474  inches= =
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6) What is the diameter of a circle the area of which is equivalent
to that of a spherical zone whose radius is 4 inches and height 2
inches?

7) Find the volume of a steel ball 3⁄8 inch in diameter.

8) What is the length of the side of a cube if the volume equals
the volume of a frustum of a pyramid with square bases, 4 inches
and 6 inches per side, and 3 inches high?

9) Find the volume of a bronze bushing if its inside diameter is

one inch, outside diameter is 11⁄2 inches, and length is 2 inches.

10) Find the volume of material making up a hollow sphere with
an outside diameter of 10 inches and an inside diameter of 6
inches.

11) Find the area of a 10-equal-sided polygon inscribed in a 6-
inch diameter circle.

12) What is the radius of a fillet if its chord is 2 inches? What is
its area?

13) Find the area of the conical surface and volume of a frustum
of a cone if the diameter of its lower base is 3 feet, diameter of
upper base 1 foot, and height 3 feet.

14) Find the total area of the sides and the volume of a triangular
prism 10 feet high, having a base width of 8 feet.

15) The diagonal of a square is 16 inches. What is the length of
its side?

16) How many gallons can be contained in a barrel having the

following dimensions: height 21⁄2 feet; bottom diameter 18 inches;

bilge diameter 21 inches? (The sides are formed to the arc of a cir-
cle.)

17) Find the area of a sector of a circle if the radius is 8 inches
and the central angle is 32 degrees.

18) Find the height of a cone if its volume is 17.29 cubic inches
and the radius of its base is 4 inches.

19) Find the volume of a rectangular pyramid having a base 4 × 5
inches and height 6 inches.
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20) Find the distance across the corners of both hexagons and

squares when the distance across flats in each case is: 1⁄2; 1
5⁄8; 3

3⁄10;

5; 8.

21) The diagonal of one square is 2.0329 and of the other square
is 4.6846. Find the lengths of the sides of both squares.

22) In measuring the distance over plugs in a die that has six 3⁄4 -

inch holes equally spaced on a circle, what should be the microme-
ter reading over opposite plugs if the distance over alternate plugs

is 41⁄2 inches?

23) To what diameter should a shaft be turned in order to mill on
one end a hexagon 2 inches on a side; an octagon 2 inches on a
side?
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SECTION 7

GEOMETRICAL PROPOSITIONS AND 
CONSTRUCTIONS

HANDBOOK Pages 56 to 65

Geometry is the branch of mathematics that deals with the rela-
tions of lines, angles, surfaces, and solids. Plane geometry treats
the relations of lines, angles, and surfaces in one plane only, and
since this branch of geometry is of special importance in mechani-
cal work, the various propositions or fundamental principles are
given in the Handbook, as well as various problems or construc-
tions. This information is particularly useful in mechanical draft-
ing and in solving problems in mensuration.

Example 1:A segment-shaped casting (see Fig. 1) has a chordal
length of 12 inches, and the height of the chord is 2 inches; deter-
mine by the application of a geometrical principle the radius R of
the segment.

This problem may be solved by the application of the second
geometrical proposition given on Handbook page 60. In this
example, one chord consists of two sections a and b, each 6 inches
long; the other intersecting chord consists of one section d, 2
inches long; and the length of section c is to be determined in order
to find radius R. Since a × b = c × d, it follows that:

therefore,

In this example, one chordal dimension, c + d = the diameter; but,
the geometrical principle given in the Handbook applies regardless
of the relative lengths of the intersecting chords.

c
a b×

d
------------

6 6×
2

------------ 18   inches= = =

R
c d+

2
------------

18 2+

2
--------------- 10   inches= = =
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Example 2:The center lines of three holes in a jig plate form a tri-
angle. The angle between two of these intersecting center lines is
52 degrees. Another angle between adjacent center lines is 63
degrees. What is the third angle?

Fig. 1. 

This problem is solved by application of the first geometrical
principle on Handbook page 56. The unknown angle = 180 − (63 +
52) = 65 degrees.

Example 3:The center lines of four holes in a jig plate form a
four-sided figure. Three of the angles between the different inter-
secting center lines are 63 degrees, 105 degrees, and 58 degrees,
respectively. What is the fourth angle?

According to the geometrical principle at the middle of Hand-
book page 58, the unknown angle = 360 − (63 + 105 + 58) = 134
degrees.

Example 4:The centers of three holes are located on a circle. The
angle between the radial center lines of the first and second holes is
22 degrees, and the center-to-center distance measured along the

circle is 21⁄2 inches. The angle between the second and third holes is

44 degrees. What is the center-to-center distance along the circle?

This problem is solved by application of the fourth principle on
Handbook page 60. Since the lengths of the arcs are proportional
to the angles, the center distance between the second and third
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holes = (44 × 21⁄2)/22 = 5 inches. (See also rules governing propor-

tion starting on Handbook page 5.)

The following practice exercises relate to the propositions and
constructions given and should be answered without the aid of the
Handbook.

PRACTICE EXERCISES FOR SECTION 7

 (See Answers to Practice Exercises For Section 7 on page 226)

1) If any two angles of a triangle are known, how can the third
angle be determined?

2) State three instances where one triangle is equal to another.

3) When are triangles similar?

4) What is the purpose of proving triangles similar?

5) If a triangle is equilateral, what follows?

6) What are the properties of the bisector of any angle of an equi-
lateral triangle?

7) What is an isosceles triangle?

8) How do the size of an angle and the length of a side of a trian-
gle compare?

9) Can you draw a triangle whose sides are 5, 6, and 11 inches?

10) What is the length of the hypotenuse of a right triangle the
sides of which are 12 and 16 inches?

11) What is the value of the exterior angle of any triangle?

12) What are the relations of angles formed by two intersecting
lines?

13) Draw two intersecting straight lines and a circle tangent to
these lines.

14) Construct a right triangle given the hypotenuse and one side.

15) When are the areas of two parallelograms equal?

16) When are the areas of two triangles equal?

17) If a radius of a circle is perpendicular to a chord, what fol-
lows?
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18) What is the relation between the radius and tangent of a cir-
cle?

19) What lines pass through the point of tangency of two tangent
circles?

20) What are the attributes to two tangents drawn to a circle from
an external point?

21) What is the value of an angle between a tangent and a chord
drawn from the point of tangency?

22) Are all angles equal if their vertices are on the circumference
of a circle, and they are subtended by the same chord?

23) If two chords intersect within a circle, what is the value of the
product of their respective segments?

24) How can a right angle be drawn using a semicircle?

25) Upon what does the length of circular arcs in the same circle
depend?

26) To what are the circumferences and areas of two circles pro-
portional?
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SECTION 8

FUNCTIONS OF ANGLES

HANDBOOK Pages 95 to 114

The basis of trigonometry is proportion. If the sides of any angle
are indefinitely extended and perpendiculars from various points
on one side are drawn to intersect the other side, right triangles will
be formed, and the ratios of the respective sides and hypotenuses
will be identical. If the base of the smallest triangle thus formed is

1 inch, and the altitude is 1⁄2 inch (see Fig. 1), the ratio between

these sides is 1 ÷ 1⁄2 = 2 or 1⁄2 ÷ 1 = 1⁄2 depending upon how the ratio

is stated. If the next triangle is measured, the ratio between the

base and altitude will likewise be either 2 or 1⁄2, and this will always

be true for any number of triangles, if the angle remains

unchanged. For example, 3 ÷ 11⁄2 = 2 and 41⁄2 ÷ 21⁄4 = 2 or 11⁄2 ÷ 3 = 1⁄2
and 21⁄4 ÷ 41⁄2 = 1⁄2.

Fig. 1. For a Given Angle, the Radio of the Base to the Altitude 
Is the Same for All Triangle Sizes 
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 This relationship explains why rules can be developed to find

the length of any side of a triangle when the angle and one side are

known or to find the angle when any two sides are known. Since

there are two relations between any two sides of a triangle, there

can be, therefore, a total of six ratios with three sides. These ratios

are defined and explained in the Handbook. Refer to pages 95 and

96 and note explanations of the terms side adjacent, side opposite,

and hypotenuse.

The abbreviations of the trigonometric functions begin with a

small letter and are not followed by periods.

Functions of Angles and Use of Trigonometric Tables.—On

page 95 of the Handbook are given certain rules for determining

the functions of angles. These rules, which should be memorized,

may also be expressed as simple formulas:

Note that these functions are arranged in pairs to include sine

and cosecant, cosine and secant, tangent and cotangent, and that

each pair consists of a function and its reciprocal. Also, note that

the different functions are merely ratios, the sine being the ratio of

the side opposite to the hypotenuse, cosine the ratio of the side

adjacent to the hypotenuse, etc. Tables of trigonometric functions

are, therefore, tables of ratios and these functions can be obtained

easily and quickly from most pocket calculators. For example, tan

20° 30′ = 0.37388; this means that in any right triangle having an

acute angle of 20° 30′, the side opposite that angle is equal in

length to 0.37388 times the length of the side adjacent. Cos 50°22′
= 0.63787; this means that in any right triangle having an angle of

50°22′, if the hypotenuse equals a certain length, say, 8, the side

adjacent to the angle will equal 0.63787 × 8 or 5.10296.

sine
side opposite

hypotenuse
-------------------------------= cosecant

hypotenuse

side opposide
--------------------------------=

cosine
side adjacent

hypotenuse
-------------------------------= secant

hypotenuse

side adjacent
-------------------------------=

tangent
side opposite

side adjacent
-------------------------------= cotangent

side adjacent

side opposite
-------------------------------=
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Referring to Fig. 1, tan angle C = 21⁄4 ÷ 41⁄2 = 11⁄2 ÷ 3 = 1⁄2 ÷ 1 =

0.5; therefore, for this particular angle C, the side opposite is

always equal to 0.5 times side adjacent, thus: 1 × 0.5 =1⁄2; 3 × 0.5 =

11⁄2; and 41⁄2 × 0.5 = 21⁄4. The side opposite angle B equals 41⁄2;

hence, tan B = 41⁄2 ÷ 21⁄4 = 2.

Finding Angle Equivalent to Given Function.—After determin-
ing the tangent of angle C or of angle B, the values of these angles
can be determined readily. As tan C = 0.5, find the number nearest
to this in the tangent column. On Handbook page 108 will be
found 0.498582, corresponding to 26 degrees, 30 minutes, and
0.502219 corresponding to the angle 26 degrees, 40 minutes.
Because 0.5 is approximately midway between 0.498582 and
0.502219, angle C can be accurately estimated as 26 degrees, 35
minutes. This degree of accuracy is usually sufficient, however,
improved accuracy may be obtained by interpolation, as explained
in the examples to follow.

Since angle A = 90 degrees, and, as the sum of three angles of a
triangle always equals 180 degrees, it is evident that angle C + B =
90 degrees; therefore, B = 90 degrees minus 26 degrees, 35 min-
utes = 63 degrees, 25 minutes. The table on Handbook page 108

also shows that  tan 63 degrees ,  25 minutes  is  midway
between 1.991164 and 2.005690, or approximately 2 within
0.0002.

Note that for angles 45° to 90°, Handbook pages 107 to 109, the
table is used by reading from the bottom up, using the function
labels across the bottom of the table, as explained on Handbook
page 106.

In the foregoing example, the tangent is used to determine the
unknown angles because the known sides are the side adjacent and
the side opposite the unknown angles, these being the sides
required for determining the tangent. If the side adjacent and the
length of hypotenuse had been given instead, the unknown angles
might have been determined by first finding the cosine because the
cosine equals the side adjacent divided by the hypotenuse.

The acute angles (like B and C, Fig. 1) of any right triangle must
be complementary, so the function of any angle equals the cofunc-
tion of its complement; thus, the sine of angle B = the cosine of
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angle C; the tangent of angle B = the cotangent of angle C; etc.

Thus, tan b = 41⁄2 ÷ 21⁄4 and cotangent C also equals 41⁄2 ÷ 21⁄4. The

tangent of 20° 30′ = 0.37388, which also equals the cotangent of
20°30′. For this reason, it is only necessary to calculate the trigo-
nometric ratios to 45° when making a table of trigonometric func-
tions for angles between 45° and 90°, and this is why the functions
of angles between 45° and 90° are located in the table by reading it
backwards or in reverse order, as previously mentioned.

Example 1:Find the tangent of 44 degrees, 59 minutes.

Following instructions given on page 106 of the Handbook,
find 44 degrees, 50 minutes, and 45 degrees, 0 minutes at the bot-
tom of page 109; and find their respective tangents, 0.994199 and
1.0000000, in the column “tan” labeled across the top of the table.
The tangent of 44° 59′ is 0.994199 + 0.9 × (1 − 0.994199) =
0.99942.

Example 2:Find the tangent of 45 degrees, 5 minutes.

At the bottom of Handbook page 109, and above “tan” at the
bottom right of the table, are the tangents of 45° 0′ and 45°10′,
1.000000 and 1.005835, respectively. The required tangent is mid-
way between these two values and can be found from 1.000000 +
0.5 × (1.005835 − 1) = 1.00292.

How to Find More Accurate Functions and Angles Than Are
Given in the Table.—In the Handbook, the values of trigonomet-
ric functions are given to degrees and 10-minute increments;
hence, if the given angle is in degrees, minutes, and seconds, the
value of the function is determined from the nearest given values
by interpolation.

Example 3:Assume that the sine of 14°22′ 26″ is to be deter-
mined. It is evident that this value lies between the sine of 14°20′
and the sine of 14°30′.

Sine 14°20′  = 0.247563 and Sine 14°30′ = 0.250380; the differ-
ence = 0.250389 − 0.247563 = 0.002817. Consider this difference
as a whole number (2817) and multiply it by a fraction having as
its numerator the number of additional minutes and fractions of
minutes (number of seconds divided by 60) in the given angle (2 +
26⁄60), and as its denominator the number of minutes in the interval

between 14°20′ and the sine of 14°30′. Thus, (2 + 26⁄60)/10 × 2817
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= [(2 × 60) + 26]/(10 × 60) × 2817 = 685.47; hence, by adding
0.000685 to sine of 14° 20′, we find that sine 14° 22′ 26″ =
0.247563 + 0.000685 = 0.24825.

The correction value (represented in this example by 0.000685)
is added to the function of the smaller angle nearest the given
angle in dealing with sines or tangents, but this correction value is
subtracted in dealing with cosines or cotangents.

Example 4:Find the angle whose cosine is 0.27052.

The table of trigonometric functions shows that the desired
angle is between 74°10′ and 74°20′ because the cosines of these
angles are, respectively, 0.272840 and 0.270040. The difference =
0.272840 − 0.270040 = 0.00280′. From the cosine of the smaller
angle (i.e., the larger cosine) or 0.272840, subtract the given
cosine; thus, 0.272840 − 0.27052 = 0.00232; hence 232/280 × 10 =
8.28571′ or the number of minutes to add to the smaller angle to
obtain the required angle. Thus, the angle for a cosine of 0.27052
is 74°18.28571′, or 74°18′17″. Angles corresponding to given
sines, tangents, or cotangents may be determined by the same
method.

Trigonometric Functions of Angles Greater Than 90
Degrees.—In obtuse triangles, one angle is greater than 90
degrees, and the Handbook tables can be used for finding the func-
tions of angles larger than 90 degrees, but the angle must be first
expressed in terms of an angle less than 90 degrees.

The sine of an angle greater than 90 degrees but less than 180
degrees equals the sine of an angle that is the difference between
180 degrees and the given angle.

Example 5:Find the sine of 118 degrees.

sin 118° = sin (180° − 118°) = sin 62°. By referring to page 108,
it will be seen that the sine given for 62 degrees is 0.882948.

The cosine, tangent, and cotangent of an angle greater than 90
but less than 180 degrees equals, respectively, the cosine, tangent,
and cotangent of the difference between 180 degrees and the given
angle; but the angular function has a negative value and must be
preceded by a minus sign.

Example 6:Find tan 123 degrees, 20 minutes.

tan 123°20′ = −tan (180° − 123°20′) = −tan 56°40′ = −1.520426
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Example 7:  Find csc 150 degrees.

Cosecent, abbreviated csc or cosec, equals 1/sin, and is positive
for angels 90 to 180 degrees (see Handbook page 106)

csc 15° = 1/sin(180° − 150°) = 1/sin 30° = 1/0.5 = 2.0 

In the calculation of triangles, it is very important to include the
minus sign in connection with the sines, cosines, tangents, and
cotangents of angles greater than 90 degrees. The diagram, Signs
of Trigonometric Functions, Fractions of π, and Degree-Radian
Conversion on page 105 of the Handbook, shows clearly the nega-
tive and positive values of different functions and angles between
0 and 360 degrees. The table, Useful Relationships Among Angles

on page 106, is also helpful in determining the function, sign, and
angle less than 90 degrees that is equivalent to the function of an
angle greater than 90 degrees.

Use of Functions for Laying Out Angles.—Trigonometric func-
tions may be used for laying out angles accurately either on draw-
ings or in connection with template work, etc. The following
example illustrates the general method:

Example 8:Construct or lay out an angle of 27 degrees, 29 min-
utes by using its sine instead of a protractor.

First, draw two lines at right angles, as in Fig. 2, and to any con-
venient length. Find, from a calculator, the sine of 27 degrees, 29
minutes, which equals 0.46149. If there is space enough, lay out
the diagram to an enlarged scale to obtain greater accuracy.
Assume that the scale is to be 10 to 1: therefore, multiply the sine

of the angle by 10, obtaining 4.6149 or about 439⁄64. Set the dividers

or the compass to this dimension and with a (Fig. 2) as a center,
draw an arc, thus obtaining one side of the triangle ab. Now set the
compass to 10 inches (since the scale is 10 to 1) and, with b as the
center, describe an arc so as to obtain intersection c. The hypote-
nuse of the triangle is now drawn through the intersections c and b,
thus obtaining an angle C of 27 degrees, 29 minutes within fairly
close limits. The angle C, laid out in this way, equals 27 degrees,
29 minutes because:

Side Opposite

Hypotenuse
---------------------------------

4.6149

10
---------------- 0.46149 27°29′sin= = =
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Fig. 2. Method of Laying out Angle by Using Its Sine 

Tables of Functions Used in Conjunction with Formulas.—

When milling keyways, it is often desirable to know the total
depth from the outside of the shaft to the bottom of the keyway.
With this depth known, the cutter can be fed down to the required
depth without taking any measurements other than that indicated
by the graduations on the machine. To determine the total depth, it
is necessary to calculate the height of the arc, which is designated
as dimension A in Fig. 3. The formula usually employed to deter-
mine A for a given diameter of shaft D and width of key W is as
follows:

Another formula, which is simpler than the one above, is used in
conjunction with a calculator, as follows:

Fig. 3. To Find Height A for Arc of Given Radius and Width W

A
D

2
----

D

2
----
 
 

2 W

2
-----
 
 –

2

–=

A
D

2
----  versed sine of an angle whose sine is 

W

D
-----×=
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Example 9:To illustrate the application of this formula, let it be

required to find the height A when the shaft diameter is 7⁄8 inch and

the width W of the key is 7⁄32 inch. Then, W/D= (7⁄32)/(
7⁄8) = 7⁄32 × 8⁄7 =

0.25. Using the formula at the bottom of Handbook page 110 for
versed sin θ = 1 − cos θ, and a calculator, the angle corresponding
to sin 0.25 = 14.4775 degrees, or 14 degrees, 28 minutes, 39 sec-
onds. The cosine of this angle is 0.9682, and subtracting this value
from 1 gives 0.03175 for the versed sine. Then, the height of the
circular segment A = D/2 × 0.03175 = (7 × 0.03175)/(8 × 2) =
0.01389, so the total depth of the keyway equals dimension H plus
0.01389 inch.

PRACTICE EXERCISES FOR SECTION 8

 (See Answers to Practice Exercises For Section 8 on page 227)

1) How should a scientific pocket calculator be used to solve tri-
angles?

2) Explain the meaning of sin 30° = 0.50000.

3) Find sin 18°26′ 30″; tan 27°16′15″; cos 32°55′17″.

4) Find the angles that correspond to the following tangents:
0.52035; 0.13025; to the following cosines: 0.06826; 0.66330.

5) Give two rules for finding the side opposite a given angle.

6) Give two rules for finding the side adjacent to a given angle.

7) Explain the following terms: equilateral; isosceles; acute
angle; obtuse angle; oblique angle.

8) What is meant by complement; side adjacent; side opposite?

9) Can the elements referred to in Exercise 8 be used in solving
an isosceles triangle?

10) Without referring to the Handbook, show the relationship
between the six trigonometric functions and an acute angle, using
the terms side opposite, side adjacent, and hypotenuse or abbrevia-
tions SO, SA, and Hyp.

11) Construct by use of tangents an angle of 42°20′.

12) Construct by use of sines an angle of 68°15′.

13) Construct by use of cosines an angle of 55°5′.
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SECTION 9

SOLUTION OF RIGHT-ANGLE TRIANGLES

HANDBOOK Page 98 to 100

A thorough knowledge of the solution of triangles or trigonome-
try is essential in drafting, layout work, bench work, and for con-
venient and rapid operation of some machine tools. Calculations
concerning gears, screw threads, dovetails, angles, tapers, solution
of polygons, gage design, cams, dies, and general inspection work
are dependent upon trigonometry. Many geometrical problems
may be solved more rapidly by trigonometry than by geometry.

In shop trigonometry, it is not necessary to develop and memo-
rize the various rules and formulas, but it is essential that the six
trigonometric functions be mastered thoroughly. It is well to
remember that a thorough, working knowledge of trigonometry
depends upon drill work; hence a large number of problems should
be solved.

The various formulas for the solution of right-angle triangles are
given on Handbook page 98 and 100; and examples showing their
application are given on page 99. These formulas may, of course,
be applied to a large variety of practical problems in drafting
rooms, tool rooms, and machine shops, as indicated by the follow-
ing examples.

Whenever two sides of a right-angle triangle are given, the third
side can always be found by a simple arithmetical calculation, as
shown by the second and third examples on Handbook page 99.
To find the angles, however, it is necessary to use tables of sines,
cosines, tangents, and cotangents, or a calculator, and, if only one
side and one of the acute angles are given, the natural trigonomet-
ric functions (trig tables, pages 107 to 109) must be used for find-
ing the lengths of the other sides.

Example 1:The Jarno taper is 0.600 inch per foot for all numbers.
What is the included angle?
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As the angle measured from the axis or center line is 0.600 ÷ 2 =
0.300 inch per foot, the tangent of one-half the included angle =
0.300 ÷ 12 = 0.25 = tan 1° 26′; hence the included angle = 2° 52′. A
more direct method is to find the angle whose tangent equals the
taper per foot divided by 24 as explained on Handbook page 684.

Example 2:Determine the width W (see Fig. 1) of a cutter for
milling a splined shaft having 6 splines 0.312 inch wide, and a
diameter B of 1.060 inches.

Dimension W may be computed by using the following formula:

in which N = number of splines; B = diameter of body or of the
shaft at the root of the spline groove.

Fig. 1. To Find Width W of Spline-Groove Milling Cutter

W

360°
N

----------- 2a–

2
------------------------

 
 
 
 

B×sin=
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Angle a must first be computed, as follows:

where T = width of spline; B = diameter at the root of the spline
groove. In this example,

This formula has also been used frequently in connection with
broach design, but it is capable of a more general application. If the
splines are to be ground on the sides, suitable deduction must be
made from dimension W to leave sufficient stock for grinding.

If the angle b is known or is first determined, then 

As there are 6 splines in this example, angle b = 60° − 2a = 60° −
34°14′ = 25°46′; hence,

W = 1.060 × sin 12°53′ = 1.060 × 0.22297 = 0.236 inch

Example 3:In sharpening the teeth of thread milling cutters, if the
teeth have rake, it is necessary to position each tooth for the grind-
ing operation so that the outside tip of the tooth is at a horizontal
distance x from the vertical center line of the milling cutter as
shown in Fig. 2b. What must this distance x be if the outside radius
to the tooth tip is r, and the rake angle is to be A? What distance x

off center must a 41⁄2-inch diameter cutter be set if the teeth are to

have a 3-degree rake angle?

In Fig. 2a, it will be seen that, assuming the tooth has been
properly sharpened to rake angle A, if a line is drawn extending the
front edge of the tooth, it will be at a perpendicular distance x from
the center of the cutter. Let the cutter now be rotated until the tip of
the tooth is at a horizontal distance x from the vertical center line

asin
T

2
---

B

2
---÷   or asin

T

B
---= =

asin
0.312

1.060
------------- 0.29434= =

a 17°7′;  hence=

W

360°
6

-----------sin 2– 17°7′×

2
-------------------------------------------------

 
 
 
 

1.060× 0.236 inch= =

W B
b

2
---sin×=
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of the cutter as shown in Fig. 2b. It will be noted that an extension
of the front edge of the cutter is still at perpendicular distance x
from the center of the cutter, indicating that the cutter face is paral-
lel to the vertical center line or is itself vertical, which is the
desired position for sharpening using a vertical wheel. Thus, x is
the proper offset distance for grinding the tooth to rake angle A if
the radius to the tooth tip is r. Since r is the hypotenuse, and x is
one side of a right-angled triangle,

For a cutter diameter of 41⁄2  inches and a rake angle of 3 degrees,

Example 4:Forming tools are to be made for different sizes of
poppet valve heads, and a general formula is required for finding
angle x from dimensions given in Fig. 3.

The values for b, h, and r can be determined easily from the
given dimensions. Angle x can then be found in the following
manner:

Referring to the lower diagram, 

(1)

(2)

To Find Horizontal Distance for Positioning Milling Cutter 
Tooth for Grinding Rake Angle A

Fig. 2a. Fig. 2b. 

x r Asin=

x 4.5 2÷( ) 3°sin 2.25 0.05234×= =

0.118 inch=

Atan
h

b
---=

c
h

Asin
-----------=
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Also,

(3)

Fig. 3. To Find Angle x, Having the Dimensions 
Given on the Upper Diagram

From Equations  (2) and (3) by comparison,

(4a)

(4b)

From the dimensions given, it is obvious that b = 0.392125 inch,
h = 0.375 inch, and r = 0.3125 inch. Substituting these values in
Equation (1) and (4b) and solving, angle A will be found to be 43
degrees, 43 minutes and angle (A − x) to be 35 degrees, 10 min-
utes. By subtracting these two values, angle x will be found to
equal 8 degrees, 33 minutes.

Example 5:In tool designing, it frequently becomes necessary to
determine the length of a tangent to two circles. In Fig. 4, R =

c
r

Bsin
-----------

r

A x–( )sin
-------------------------= =

r

A x–( )sin
-------------------------

h

Asin
-----------=

A x–( )sin
r Asin

h
--------------=
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radius of large circle = 13⁄16 inch; r = radius of small circle = 3⁄8 inch;

W = center distance between circles = 111⁄16 inches.

Fig. 4. To Find Dimension E or Distance Between 
Points of Tangency

With the values given, it is required to find the following: E =
length of tangent, B = length of horizontal line from point of tan-
gency on large circle to the vertical line, and C = length of horizon-
tal line from point of tangency on small circle to the vertical center
line.

Example 6:A circle is inscribed in a right triangle having the
dimensions shown in Fig. 5. Find the radius of the circle.

In Fig. 5, BD = BE and AD = AF, because “tangents drawn to a
circle from the same point are equal.” EC = CF, and EC = radius
OF. Then, let R = radius of inscribed circle. AC − R = AD and BC −
R = DB. Adding,

asin
R r–

W
------------

13 16⁄ 3 8⁄–

1
11

16
------

-------------------------------- 0.25925= = =

Angle a 15°1′ nearly=

E W acos 1
11

16
------ 0.9658× 1.63 inches= = =

B R asin= and C r asin=
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Fig. 5. To Find Radius of Circle Inscribed in Triangle

Stated as a rule: The diameter of a circle inscribed in a right tri-
angle is equal to the difference between the lengths of the hypote-
nuse and the sum of the lengths of the other sides. Substituting the
given dimensions, we have 1.396 + 1.8248 − 2.2975 = 0.9233 =
2R, and R = 0.4616.

Example 7:A part is to be machined to an angle b of 30 degrees
(Fig. 6) by using a vertical forming tool having a clearance angle a
of 10 degrees. Calculate the angle of the forming tool as measured
in a plane Z-Z, which is perpendicular to the front or clearance sur-
face of the tool.

Assume that B represents the angle in plane Z-Z.

(1)

Also,

(2)

Now, substituting the values of Y and X in Equation (1):

hence,

AC BC 2R–+ AD DB+=

AD DB+ AB=

AC BC AB–+ 2R=

Btan
Y

X
--- and Y y acos×==

y X b and tan× X
y

btan
-----------==

Btan
y acos×

y

btan
-----------

--------------------=
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Clearing this equation of fractions,

Fig. 6. The Problem is to Determine Angle of 
Forming Tool in Plane Z-Z

In  th i s  example ,  ;

hence,  nearly.

Example 8:A method of checking the diameter at the small end
of a taper plug gage is shown by Fig. 7. The gage is first mounted
on a sine bar so that the top of the gage is parallel with the surface
plate. A disk of known radius r is then placed in the corner formed
by the end of the plug gage and the top side of the sine bar. Now by
determining the difference X in height between the top of the gage

Btan a btan×cos=

Btan 0.98481 0.57735× 0.56858= =

B 29°37′=
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and the top edge of the disk, the accuracy of the diameter B can be
checked readily. Derive formulas for determining dimension X.

Fig. 7. The Problem is to Determine Height X in Order to 
Check Diameter B of Taper Plug

The known dimensions are:

e = angle of taper

r = radius of disk

B =  required diameter at end of plug gage

g =  90 degrees − 1⁄2e and k = 1⁄2g

By trigonometry,

; ; and F
r

ktan
----------= E B F–= mtan

r

E
---=
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Also

; ; and 

Therefore, X = H − r or r − H, depending on whether or not the
top edge of the disk is above or below the top of the plug gage. In
Fig. 7, the top of the disk is below the top surface of the plug gage
so that it is evident that X = H − r.

To illustrate the application of these formulas, assume that e = 6
degrees, r = 1 inch, and B = 2.400 inches. The dimension X is then
found as follows:

g = 90 − 6⁄2  = 87°; and k = 43°30′

By trigonometry,

 and m = 36°36′22″

The disk here is below the top surface of the plug gage; hence,
the formula X = H − r was applied.

Example 9:In Fig. 8, a = 11⁄4 inches, h = 4 inches, and angle A =

12 degrees. Find dimension x and angle B.

Draw an arc through points E, F, and G, as shown, with r as a
radius. According to a well-known theorem of geometry, which is
given on Handbook page 59, if an angle at the circumference of a
circle, between two chords, is subtended by the same arc as the
angle at the center, between two radii, then the angle at the circum-
ference is equal to one-half the angle at the center. This being true,
angle C  is twice the magnitude of angle A, and angle D = angle A
= 12 degrees. Thus,

and H = 1.6769 × 0.77044 = 1.2920 inches

Therefore, X = H − r = 1.2920 − 1 = 0.2920 inch

P
r

msin
------------= n g m–= H P nsin=

F
1

0.9896
---------------- 1.0538″; E 2.400 1.0538– 1.3462 inches= == =

mtan
1

1.3462
---------------- 0.74283= =

P
1

0.59631
------------------- 1.6769″; n 87° 36°36′22″– 50°23′38″= == =
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Fig. 8. Find Dimension x and Angle B, Given a, h, and Angle A

and

z = h − w = 4 − 2.9404 = 1.0596

 Now

and

Finally,

and

B = 28 degrees, 40 minutes, 47 seconds

r
a

2 Dsin
---------------

1.25

2 0.20791×
---------------------------- 3.0061= = =

w
a

2
--- Dcot 0.625 4.7046× 2.9404= = =

y r
2

z
2

– 7.9138505 2.8131= = =

x y
a

2
---– 2.8131 0.625– 2.1881   inches= = =

Btan
x

h
---

2.1881

4
---------------- 0.54703= = =
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Example 10:A steel ball is placed inside a taper gage as shown in
Fig. 9. If the angle of the taper, length of taper, radius of ball, and
its position in the gage are known, how can the end diameters X
and Y of the gage be determined by measuring dimension C?

The ball should be of such size as to project above the face of
the gage. Although not necessary, this projection is preferable, as it
permits the required measurements to be obtained more readily.
After measuring the distance C, the calculation of dimension X is
as follows: First obtain dimension A, which equals R multiplied by
csc a. Then adding R to A and subtracting C we obtain dimension
B. Dimension X may then be obtained by multiplying 2B by the
tangent of angle a. The formulas for X and Y can therefore be writ-
ten as follows:

Fig. 9. Checking Dimensions X and Y by Using 
One Ball of Given Size

If, in Fig. 9, angle a = 9 degrees, T = 1.250 inches, C = 0.250
inch and R = 0.500 inch, what are the dimensions X and Y? Apply-
ing the formula,

X = 2 × 0.500 × 1.0125 + 2 × 0.15838(0.500 − 0.250)

By solving this equation,  X = 1.0917 inches. Then

Y = 1.0917 − (2.500 × 0.15838) = 0.6957

X 2 R acsc R C–+( ) atan=

2 R asec 2 a R C–( )tan+( )=

Y X 2T atan–=
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Example 11:In designing a motion of the type shown in Fig. 10,
it is essential, usually, to have link E swing equally above and
below the center line M-M. A mathematical solution of this prob-
lem follows. In the illustration, G represents the machine frame; F,
a lever shown in extreme positions; E, a link; and D, a slide. The
distances A and B are fixed, and the problem is to obtain A + X, or
the required length of the lever. In the right triangle:

Squaring, we have:

Fig. 10. Determining Length F so that Link E will Swing 
Equally Above and Below the Center Line

A X+ A X–( )
2 B

2
---
 
 

2
+=

A
2

2AX X
2

+ + A
2

2AX– X
2 B

2

4
------+ +=

4AX
B

2

4
------=

X
B

2

16A
----------=

A X+ A
B

2

16A
----------+ length of lever= =
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To illustrate the application of this formula, assume that the
length of a lever is required when the distance A = 10 inches, and
the stroke B of the slide is 4 inches.

Thus, it is evident that the pin in the lower end of the lever will
be 0.100 inch below the center line M-M when half the stroke has
been made, and, at each end of the stroke, the pin will be 0.100
inch above this center line.

Example 12:The spherical hubs of bevel gears are checked by
measuring the distance x (Fig. 11) over a ball or plug placed
against a plug gage that fits into the bore. Determine this distance
x.

Fig. 11. Method of Checking the Spherical Hub of a 
Bevel Gear with Plug Gages

Length of lever A
B

2

16A
----------+ 10

16

16 10×
------------------+= =

10.100  inches=
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First find H by means of the formula for circular segments on
Handbook page 73.

Applying the formula on Handbook page 98 for a right triangle
with side a and hypotenuse c known,

Example 13:The accuracy of a gage is to be checked by placing a
ball or plug between the gage jaws and measuring to the top of the
ball or plug as shown by Fig. 12. Dimension x is required, and the
known dimensions and angles are shown by the illustration.

Fig. 12. Finding Dimension x to Check Accuracy of Gage

H 2.531 1 2⁄ 4 2.531( )
2

1.124( )
2

–×– 0.0632   inch= =

AB
1.124

2
------------- 0.25+ 0.812 inch= =

BC 2.531 0.25+ 2.781inches= =

AC 2.781( )
2

0.812( )
2

– 2.6599 inches= =

AD AC DC– 2.6599 2.531– 0.1289 inch= = =

x 1.094 0.0632 0.1289 0.25+ + + 1.536 inches= =



RIGHT-ANGLE TRIANGLES76

One-half of the included angle between the gage jaws equals

one-half of 13° × 49′ or 6° × 541⁄2′, and the latter equals angle a.

DE is perpendicular to AB and angle CDE = angle a; hence,

If surface JD is parallel to the bottom surface of the gage, the
distance between these surfaces might be added to x to make it
possible to use a height gage from a surface plate.

Helix Angles of Screw Threads, Hobs, and Helical Gears.—
The terms “helical” and “spiral” often are used interchangeably in
drafting rooms and shops, although the two curves are entirely dif-
ferent. As the illustration on Handbook page 65 shows, every
point on a helix is equidistant from the axis, and the curve
advances at a uniform rate around a cylindrical area. The helix is
illustrated by the springs shown on Handbook page 317. A spiral
is flat like a clock spring. A spiral may be defined mathematically
as a curve having a constantly increasing radius of curvature.

AB
0.500

6°541⁄2′sin
-------------------------- 4.1569   inches= =

DE
CD

6°541⁄2′cos
---------------------------

0.792

6°541⁄2′cot
-------------------------- 0.79779  inch= = =

AF
DE

2
-------- 6°541⁄2′cot× 3.2923 inches= =

Angle CDK 90° 13°49′+ 103°49′= =

Angle CDJ 103°49′ 88°49′– 15°==

Angle EDJ 15° 6°541⁄2′– 8°51⁄2′= =

GF
DE

2
-------- 8°51⁄2′tan× 0.056711 inch= =

Angle HBG angle EDJ 8°51⁄2′= =

BG AB GF AF+( )– 0.807889 inch= =

BH BG 8°51⁄2′cos× 0.79984 inch= =

x BH 0.500+ 1.2998 inches= =
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Fig. 13. Helix Represented by a Triangular Piece of Paper 
Wound Upon a Cylinder

If a piece of paper is cut in the form of a right triangle and
wrapped around a cylinder, as indicated by the diagram (Fig. 13),
the hypotenuse will form a helix. The curvature of a screw thread
represents a helix. From the properties of a right triangle, simple
formulas can be derived for determining helix angles. Thus, if the
circumference of a part is divided by the lead or distance that the
helix advances axially in one turn, the quotient equals the tangent
of the helix angle as measured from the axis. The angles of helical
curves usually (but not always) are measured from the axis. The
helix angle of a helical or “spiral” gear is measured from the axis,
but the helix angle of a screw thread is measured from a plane per-
pendicular to the axis. In a helical gear, the angle is a (Fig. 13),
whereas for a screw thread, the angle is b; hence, for helical gears,
tan a of helix angle = C/L; for screw threads, tan b of helix angle =
L/C. The helix angle of a hob, such as is used for gear cutting, also
is measured as indicated at b and often is known as the “end angle”
because it is measured from the plane of the end surface of the hob.
In calculating helix angles of helical gears, screw threads, and
bobs, the pitch circumference is used.

Example 14:If the pitch diameter of a helical gear = 3.818 inches
and the lead = 12 inches, what is the helix angle?

Tan helix angle = (3.818 × 3.1416)/12 = 1 very nearly; hence
the angle = 45 degrees.
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PRACTICE EXERCISES FOR SECTION 9

 (See Answers to Practice Exercises For Section 9 on page 228)

1) The No. 4 Morse taper is 0.6233 inch per foot; calculate the
included angle.

2) ANSI Standard pipe threads have a taper of 3⁄4 inch per foot.

What is the angle on each side of the center line?

3) To what dimension should the dividers be set to space 8 holes
evenly on a circle of 6 inches diameter?

4) Explain the derivation of the formula

For notation, see Example 2 on page 62 and the diagram Fig. 1.

5) The top of a male dovetail is 4 inches wide. If the angle is 55

degrees, and the depth is 5⁄8 inch, what is the width at the bottom of

the dovetail?

6) Angles may be laid out accurately by describing an arc with a
radius of given length and then determining the length of a chord
of this arc. In laying out an angle of 25 degrees, 20 minutes, using
a radius of 8 inches, what should the length of the chord opposite
the named angle be?

7) What is the largest square that may be milled on the end of a

21⁄2-inch bar of round stock?

8) A guy wire from a smoke stack is 120 feet long. How high is
the stack if the wire is attached 10 feet from the top and makes an
angle of 57 degrees with the stack?

9) In laying out a master jig plate, it is required that holes F and

H, Fig. 14, shall be on a straight line that is 13⁄4 inch distant from

hole E. The holes must also be on lines making, respectively, 40-
and 50-degree angles with line EG, drawn at right angles to the
sides of the jig plate through E, as shown in the figure. Find the
dimensions a, b, c, and d.

W

360°
N

----------- 2a–

2
------------------------

 
 
 
 

B×sin=
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Fig. 14. Find Dimensions a, b, c, and d

10) Figure 15 shows a template for locating a pump body on a
milling fixture, the inside contour of the template corresponding
with the contour of the pump flange. Find the angle a  from the
values given.

Fig. 15. To find Angle a Having the Dimensions Given

11) Find the chordal distances as measured over plugs placed in
holes located at different radii in the taximeter drive ring shown in

Fig. 16. All holes are 7⁄32 inch diameter; the angle between the cen-

ter line of each pair of holes is 60 degrees.



EXERCISES80

Fig. 16. To Find the Chordal Distances of Irregularly Spaced 
Holes Drilled in a Taximeter Drive Ring

12) An Acme screw thread has an outside diameter of 11⁄4 inches

and has 6 threads per inch. Find the helix angle using the pitch
diameter as a base. Find, also, the helix angle if a double thread is
cut on the screw.

13) What is the lead of the flutes in a 7⁄8- inch drill if the helix

angle, measured from the center line of the drill, is 27° 30′?

14) A 4-inch diameter milling cutter has a lead of 68.57 inches.
What is the helix angle measured from the axis?



81

SECTION 10

SOLUTION OF OBLIQUE TRIANGLES

HANDBOOK Pages 101- 102

In solving problems for dimensions or angles, it is often conve-
nient to work with oblique triangles. In an oblique triangle, none of
the angles is a right angle. One of the angles may be over 90
degrees, or each of the three angles may be less than 90 degrees.
Any oblique triangle may be solved by constructing perpendiculars
to the sides from appropriate vertices, thus forming right triangles.
The methods, previously explained, for solving right triangles, will
then solve the oblique triangles. The objection to this method of
solving oblique triangles is that it is a long, tedious process.

Two of the examples in the Handbook on page 101, which arc
solved by the formulas for oblique triangles, will be solved by the
right-angle triangle method. These triangles have been solved to
show that all oblique triangles can be solved thus and to give an
opportunity to compare the two methods. There are four classes of
oblique triangles:

1) Given one side and two angles

2) Given two sides and the included angle

3) Given two sides and the angle opposite one of them

4) Given the three sides

Example 1:Solve the first example on Handbook page 101 by the
right-angle triangle method. By referring to the accompanying Fig.

1:

Draw a line DC perpendicular to AB.

In the right triangle BDC, DC/BC = sin 62°.

Angle C 180° 62° 80°+( )– 38°= =

DC

5
-------- 0.88295; DC 5 0.88295× 4.41475= = =
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Fig. 1. Oblique Triangle Solved by Right-Angle 
Triangle Method

Angle BCD = 90° − 62° = 28°; DCA =38° − 28° =10°

In triangle ADC, AC/DC = sec 10°.

Example 2:Apply the right-angle triangle method to the solution
of the second example on Handbook page 101.
Referring to Fig. 2, draw a line BD perpendicular to CA.
In the right triangle BDC, BD/9 = sin 35°.

In the right triangle BDA, .

BD

5
-------- 62°; BDcos 5 0.46947× 2.34735= = =

AC 4.41475 1.0154× 4.4827= =

AD

4.41475
------------------- 10°; ADtan 4.41475 0.17633× 0.7785= = =

 and AB AD BD+ 0.7785 2.34735+ 3.1258= = =

C 38°; b 4.4827; c 3.1258= = =

BD 9 0.57358× 5.16222= =

CD

9
-------- 35°; CDcos 9 0.81915× 7.37235= = =

DA 8 7.37235– 0.62765= =

BD

DA
--------

5.16222

0.62765
------------------- Atan= =
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tan A = 8.2246 and A = 83°4′

; ; 

; ; 

Fig. 2. Another Example of the Right-Angle Triangle Solution 
of an Oblique Triangle Equation

Use of Formulas for Oblique Triangles.—Oblique triangles are
not encountered as frequently as right triangles, and, therefore, the
methods of solving the latter may be fresh in the memory whereas
methods for solving the former may be forgotten. All the formulas
involved in the solution of the four classes of oblique triangles are
derived from: (1) the law of sines; (2) the law of cosines; and (3)
the sum of angles of a triangle equal 180°.

The law of sines is that, in any triangle, the lengths of the sides
are proportional to the sines of the opposite angles. (See diagrams
on Handbook page 101.)

(1)

Solving this equation, we get:

B 180° 83°4′ 35°+( )– 61°56′= =

BA

BD
--------

BA

5.1622
---------------- 83°4′;csc= = BA 5.1622 1.0074×=

5.2004=

BA 5.1622 1.0074× 5.2004= =

A 83°4′= B 61°56′= C 35°=

a 9= b 8= c 5.2004=

a

Asin
-----------

b

Bsin
-----------

c

Csin
-----------= =
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; then a × sinB = b × sinA and

;

In like manner,  and

a × sinC = c ×Sin A; hence 

and  or 

Thus, twelve formulas may be derived. As a general rule, only
Formula (1) is remembered, and special formulas are derived
from it as required.

The law of cosines states that, in any triangle, the square of any
side equals the sum of the squares of the other two sides minus
twice their product multiplied by the cosine of the angle between
them. These relations are stated as formulas thus:

(1)

(2)

(3)

By solving  (1),  for cos A,

a

Asin
-----------

b

Bsin
-----------=

a
b Asin×

Bsin
--------------------= Bsin

b Asin×
a

--------------------=

b
a Bsin×

Asin
-------------------- ; Asin

a Bsin×
b

--------------------= =

a

Asin
-----------

c

Csin
-----------=

Asin
a Csin×

c
---------------------=

b

Bsin
-----------

c

Csin
-----------= b Csin× c Bsin×=

a
2

b
2

c
2

2bc A     orcos×–+=

a b
2

c
2

2bc Acos×–+=

b
2

a
2

c
2

2ac B     orcos×–+=

b a
2

c
2

2ac Bcos×–+=

c
2

a
2

b
2

2ab C    orcos×–+=

c a
2

b
2

2ab Ccos×–+=

a
2

b
2

c
2

2bc Acos×–+=

2bc Acos× b
2

c
2

a
2
   (transposing)–+=
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In like manner, formulas for cos B and cos C may be found.

Fig. 3. Diagram Illustrating Example 3

Example 3:A problem quite often encountered in layout work is
illustrated in Fig. 3. It is required to find the dimensions x and y
between the holes, these dimensions being measured from the
intersection of the perpendicular line with the center line of the two
lower holes. The three center-to-center distances are the only
known values.

The method that might first suggest itself is to find the angle A
(or B) by some such formulas as:

and then solve the right triangle for y by the formula 

Formula (1) and (2) can be combined as follows:

Acos
b

2
c

2
a

2
–+

2bc
-----------------------------=

Acos
b

2
c

2
a

2
–+

2bc
-----------------------------=

y b Acos=

y
b

2
c

2
a

2
–+

2c
-----------------------------=
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The value of x can be determined in a similar manner.

The second solution of this problem involves the following geo-
metrical proposition: In any oblique triangle where the three sides
are known, the ratio of the length of the base to the sum of the
other two sides equals the ratio of the difference between the
length of the two sides to the difference between the lengths x and
y. Therefore, if a = 14, b = 12, and c = 16 inches, then

When Angles Have Negative Values.—In the solution of oblique
triangles having one angle larger than 90 degrees, it is sometimes
necessary to use angles whose functions are negative. (Review
Handbook pages 4 and 106.) Notice that for angles between 90
degrees and 180 degrees, the cosine, tangent, cotangent, and secant
are negative.

Example 4:By referring to Fig. 4, two sides and the angle
between them are shown. Find angles A and B. (See Handbook
page 101.)

It will be seen that in the denominator of the fraction above, the
number to be subtracted from 3 is greater than 3; the numbers are
therefore reversed, 3 being subtracted from 3.75876, the remainder
then being negative. Hence:

The final result is negative because a positive number (1.36808)
is divided by a negative number (−0.75876). The tangents of

c: a b+( ) a b–( ): x y–( )=

16:26 2: x y–( )=

x y–( ) 26 2×
16

--------------- 31⁄4  inches= =

x
x y+( ) x y–( )+

2
---------------------------------------

16 31⁄4+

2
------------------- 9.625  inches= = =

y
x y+( ) x y–( )–

2
--------------------------------------

16 31⁄4–

2
------------------- 6.375  inches= = =

Atan
4 20°sin×

3 4 20°cos×–
------------------------------------

4 0.34202×
3 4 0.93969×–
-------------------------------------

1.36808

3 3.75876–
----------------------------= = =

Atan
1.36808

3 3.75876–
----------------------------

1.36808

0.75876–
---------------------- 1.80305–= = =
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angles greater than 90 degrees and smaller than 180 degrees are
negative. To illustrate an angle whose tangent is negative, enter the
value −1.80305 in the calculator and find the corresponding angle,
which −60.986558 degrees, or −60 degrees, 59 minutes, 59 sec-
onds. Because the tangent is negative, angle A must be subtracted
from 180 degrees, giving 119.01344 degrees, or 119 degrees, 0
minutes, 49 seconds as the angle. Now angle B is found from the
formula,

Fig. 4. Finding Angles A and B from the Dimensions Given

When Either of Two Triangles Conforms to the Given Dimen-
sions.—When two sides and the angle opposite one of the given
sides are known, if the side opposite the given angle is shorter than
the other given side, two triangles can be drawn, having sides of
the required length (as shown by Fig. 5) and the required angle
opposite one of the sides. The lengths of the two known sides of
each triangle are 8 and 9 inches, and the angle opposite the 8-inch
side is 49 degrees, 27 minutes in each triangle; but it will be seen
that the angle B of the lower triangle is very much larger than the
corresponding angle of the upper triangle, and there is a great dif-
ference in the area. When two sides and one of the opposite angles
are given, the problem is capable of two solutions when (and only
when) the side opposite the given angle is shorter than the other
given side. When the triangle to be calculated is drawn to scale, it

B 180° A C+( )– 180° 119°0′11″ 20°+( )–= =

180° 139°0′11″– 40°59′49″==
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is possible to determine from the shape of the triangle which of the
two solutions applies.

Fig. 5. Diagrams Showing Two Possible Solutions of the Same 
Problem, Which Is to Find Angle B

Example 5:Find angle B, Fig. 5, from the formula, sinB = (b ×
sinA)/a, where b = 9 inches; A = 49 degrees, 27 minutes; a is the
side opposite angle A = 8 inches.

SinB = 9 × 0.75984/8 = 0.85482 = sin 58°44′34″ or sin B =
121°15′36″. The practical requirements of the problem doubtless
will indicate which of the two triangles shown in Fig. 5 is the cor-
rect one.
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Fig. 6. Another Example that Has Two Possible Solutions

Example 6:In Fig. 6, a = 2 inches, b = 3 inches, and A = 30
degrees. Find B.

We find from the calculator that sine 0.75000 is the sine of
48°35′. From Fig. 6 it is apparent, however, that B is greater than
90 degrees, and as 0.75000 is the sine not only of 48°35′, but also
of 180° − 48°35′ = 131°25′, angle B in this triangle equals 131°25′.

This example illustrates how the practical requirements of the
problem indicate which of two angles is correct.

PRACTICE EXERCISES FOR SECTION 10

 (See Answers to Practice Exercises For Section 10 on page 229)

1) Three holes in a jig are located as follows:

Hole No. 1 is 3.375 inches from hole No. 2 and 5.625 inches from
hole No. 3; the distance between No. 2 and No. 3 is 6.250 inches.
What three angles between the center lines are thus formed?

2) In Fig. 7 is shown a triangle one side of which is 6.5 feet, and
the two angles A and C are 78 and 73 degrees, respectively. Find
angle B, sides b and c, and the area.

3) In Fig. 8, side a equals 3.2 inches, angle A, 118 degrees, and
angle B, 40 degrees. Find angle C, sides b and c, and the area.

4) In Fig. 9, side b = 0.3 foot, angle B = 35°40′, and angle C =
24°10′. Find angle A, sides a and c, and the area.

5)  Give two general rules for finding the areas of triangles.

Bsin
b Asin×

a
--------------------

30°sin

2
---------------- 0.75000= = =
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Fig. 7. Example for Practice Exercise No. 2

Fig. 8. Example for Practice Exercise No. 3

Fig. 9. Example for Practice Exercise No. 4
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SECTION 11

FIGURING TAPERS

HANDBOOK Pages 681 - 685

The term “taper,” as applied in shops and drafting rooms, means
the difference between the large and small dimensions where the
increase in size is uniform. Since tapering parts generally are coni-
cal, taper means the difference between the large and small diame-
ters. Taper is ordinarily expressed as a certain number of inches

per foot; thus, 1⁄2″ per ft; 3⁄4″ per ft; etc. In certain kinds of work,

taper is also expressed as a decimal part of an inch per inch, as:
0.050″ per inch. The length of the work is always measured paral-
lel to the center line (axis) of the work, and never along the tapered
surface.

Suppose that the diameter at one end of a tapering part is 1 inch,
and the diameter at the other end, 1.5 inches, and that the length of

the part is 1 foot. This piece, then, tapers 1⁄2 inch per foot, because

the difference between the diameters at the ends is 1⁄2 inch. If the

diameters at the ends of a part are 7⁄16 inch and 1⁄2 inch, and the

length is 1 inch, this piece tapers 1⁄16 inch per inch. The usual prob-

lems met when figuring tapers may be divided into seven classes.
The rule to be used is found on Handbook page 684.

Example 1:The diameter at the large end of a part is 25⁄8 inches,

the diameter at the small end, 23⁄16 inches, and the length of the

work, 7 inches. Find the taper per foot. 

By referring to the third rule on Handbook page 684,

Example 2:The diameter at the large end of a tapering part is 15⁄8
inches, the length is 31⁄2 inches, and the taper is 3⁄4 inch per foot. The

problem is to find the diameter at the small end.

Taper per foot
25⁄8 23⁄16–

7
----------------------- 12× 3⁄4  inch= =
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By applying the fourth rule on Handbook page 684,

Example 3:What is the length of the taper if the two end diameter
are 2.875 inches and 2.542 inches, the taper being 1 inch per foot?

By applying the sixth rule on Handbook page 684,

Example 4:If the length of the taper is 10 inches, and the taper is
3⁄4 inch per foot, what is the taper in the given length?

By applying the last rule on Handbook page 684,

Example 5:The small diameter is 1.636 inches, the length of the

work is 5 inches, and the taper is 1⁄4 inch per foot; what is the large

diameter?

By referring to the fifth rule on Handbook page 684,

Example 6:Sketch A, Fig. 1, shows a part used as a clamp bolt.

The diameter, 31⁄4 inches, is given 3 inches from the large end of

the taper. The total length of the taper is 10 inches. The taper is 3⁄8
inch per foot. Find the diameter at the large and small ends of the
taper.

First find the diameter of the large and using the fifth rule on
Handbook page 684.

To find the diameter at the small and, use the fourth rule on
Handbook page 684.

Diameter at small end 15⁄8
3⁄4
12
------ 31⁄2× 
 – 113⁄32= =

Distance between the two diameters 
2.875 2.542–

1
--------------------------------- 12×=

4  inches nearly=

Taper in given length
3⁄4
12
------ 10× 0.625  inch= =

Diameter at large end
1⁄4
12
------ 5× 
  1.636+ 1.740 inches= =

Diameter at large end
3⁄8
12
------ 3× 
  31⁄4+ 311⁄32  inches= =
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Fig. 1. Illustrations for Examples 6 and 7

Example 7:At B, Fig. 1, is shown a taper master gage intended
for inspecting taper ring gages of various dimensions. The smallest

diameter of the smallest ring gage is 13⁄4 inches, and the largest

diameter of the largest ring gage is 23⁄4 inches. The taper is 11⁄2
inches per foot. It is required that the master gage extend 1 inch
outside of the ring gages at both the small and the large ends, when
these ring gages are tested. How long should the taper be on the
master gage?

The sixth rule on Handbook page 684 may be applied here.

Table for Converting Taper per Foot to Degrees.—  Some types
of machines, such as milling machines, are graduated in degrees,
making it necessary to convert the taper per foot to the correspond-
ing angle in degrees. This conversion is quickly done by means of
the table, Handbook page 684.

Diameter at small end 311⁄32

3⁄8
12
------ 10× 
 – 31⁄32  inches= =

Distance between the two diameters
23⁄4 13⁄4–

11⁄2
--------------------- 12×=

8 inches=

Total length of taper = 8 2+ 10 inches=



FIGURING TAPERS94

Example 8:If a taper of 11⁄2 inches per foot is to be milled on a

piece of work, at what angle must the machine table be set if the
taper is measured from the axis of the work?

By referring to the table on Handbook page 684, the angle cor-

responding to a taper of 11⁄2 inches to the foot is 3° 34′ 35″ as mea-

sured from the center line.

Note that the taper per foot varies directly as the tangent of one-
half the included angle. Two mistakes frequently made in figuring
tapers are assuming that the taper per foot varies directly as the
included angle or that it varies directly as the tangent of the
included angle. In order to verify this point, refer to the table on
Handbook page 683, where it will be seen that the included angle
for a taper of 4 inches per foot (18° 55′ 29″) is not twice the
included angle for a taper of 2 inches per foot (9° 31′ 38″). Neither
is the tangent of 18° 55′ 29″ (0.3428587) twice the tangent of 9°
31′ 38″ (0.1678311).

Tapers for Machine Tool Spindles.—The holes in machine tool
spindles, for receiving tool shanks, arbors, and centers, are tapered
to ensure a tight grip, accuracy of location, and to facilitate
removal of arbors, cutters, etc. The most common tapers are the
Morse, the Brown & Sharpe, and the Jarno. The Morse has been
very generally adopted for drilling machine spindles. Most engine
lathe spindles also have the Morse taper, but some lathes have the
Jarno or a modification of it, and others, a modified Morse taper,
which is longer than the standard. A standard milling machine
spindle was adopted in 1927 by the milling machine manufacturers
of the National Machine Tool Builders’ Association. A compara-

tively steep taper of 31⁄2 inches per foot was adopted in connection

with this standard spindle to ensure instant release of arbors. Prior
to the adoption of the standard spindle, the Brown & Sharpe taper
was used for practically all milling machines and is also the taper
for dividing-head spindles. There is considerable variation in
grinding machine spindles. The Brown & Sharpe taper is the most
common, but the Morse and the Jarno have also been used. Tapers

of 5⁄8 inch per foot and 3⁄4 inch per foot also have been used to some

extent on miscellaneous classes of machines requiring a taper hole
in the spindle.
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PRACTICE EXERCISES FOR SECTION 11

 (See Answers to Practice Exercises For Section 11 on page 229)

1) What tapers, per foot, are used with the following tapers:
a) Morse taper; b) Jarno taper; c) milling machine spindle; d) and
taper pin?

2) What is the taper per foot on a part if the included angle is 10°
30′; 55° 45′?

3) In setting up a taper gage like that shown on Handbook
page 682, what should be the center distance between 1.75-inch
and 2-inch disks to check either the taper per foot or angle of a No.
4 Morse taper?

4) If it is required to check an angle of 141⁄2°, using two disks in

contact, and the smaller disk is 1-inch diameter, what should the
diameter of the larger disk be?

5) What should be the center distance, using disks of 2-inch and
3-inch diameter, to check an angle of 18° 30′ if the taper is mea-
sured from one side?

6) In grinding a reamer shank to fit a standard No. 2 Morse taper

gage, it was found that the reamer stopped 3⁄8 inch short of going

into the gage to the gage mark. How much should be ground off
the diameter?

7) A milling machine arbor has a shank 61⁄2 inches long with a No.

10 B. & S. taper. What is the total taper in this length?

Fig. 2. Finding Angle a by Means of a Sine Bar and 
Handbook Instructions
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8) A taper bushing for a grinding machine has a small inside

diameter of 7⁄8 inch. It is 3 inches long with 1⁄2-inch taper per toot.

Find the large inside diameter.

9) If a 5-inch sine bar is used for finding the angle of the tapering
bloc A (Fig. 2), and the heights of the sine-bar plug are as shown,
find the corresponding angle a by means of the instructions begin-
ning on Handbook page 679.
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SECTION 12

TOLERANCES AND ALLOWANCES FOR 
MACHINE PARTS

HANDBOOK Pages 628 - 674

In manufacturing machine parts according to modern methods,
certain maximum and minimum dimensions are established, par-
ticularly for the more important members of whatever machine or
mechanism is to be constructed. These limiting dimensions serve
two purposes: they prevent both unnecessary accuracy and exces-
sive inaccuracies. A certain degree of accuracy is essential to the
proper functioning of the assembled parts of a mechanism, but it is
useless and wasteful to make parts more precise than needed to
meet practical requirements. Hence, the use of proper limiting
dimensions promotes efficiency in manufacturing and ensures
standards of accuracy and quality that are consistent with the func-
tions of the different parts of a mechanical device.

Parts made to specified limits usually are considered inter-
changeable or capable of use without selection, but there are sev-
eral degrees of interchangeability in machinery manufacture.
Strictly speaking, interchangeability consists of making the differ-
ent parts of a mechanism so uniform in size and contour that each
part of a certain model will fit any mating part of the same model,
regardless of the lot to which it belongs or when it was made.
However, as often defined, interchangeability consists in making
each part fit any mating part in a certain series; that is, the inter-
changeability exists only in the same series. Selective assembly is
sometimes termed interchangeability, but it involves a selection or
sorting of parts as explained later. It will be noted that the strict
definition of interchangeability does not imply that the parts must
always be assembled without handwork, although that is usually
considered desirable. It does mean, however, that when whatever
process finishes the mating parts, they must assemble and function
properly without fitting individual parts one to the other.
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When a machine having interchangeable parts has been
installed, possibly at some distant point, a broken part can readily
be replaced by a new one sent by the manufacturer, but this feature
is secondary as compared with the increased efficiency in manu-
facturing on an interchangeable basis. To make parts interchange-
able, it is necessary to use gages and measuring tools, to provide
some system of inspection, and to adopt suitable tolerances.
Whether absolute interchangeability is practicable or not may
depend upon the tolerances adopted the relation between the dif-
ferent parts, and their form.

Meanings of the Terms “Limit”, “Tolerance”, and “Allow-
ance”.—The terms “limit” and “tolerance” and “allowance” are
often used interchangeably, but each of these three terms has a dis-
tinct meaning and refers to different dimensions. As shown by Fig.

1, the limits of a hole or shaft are its diameters. Tolerance is the
difference between two limits and limiting dimensions of a given
part, and the term means that a certain amount of error is tolerated
for practical reasons. Allowance is the difference between limiting
dimensions on mating parts that are to be assembled either loosely
or tightly, depending upon the amount allowed for the fit.

Example 1:Limits and fits for cylindrical parts are given starting
on page 634 in the Handbook. These data provide a series of stan-
dard types and classes of fits. From the table on page 641, estab-
lish limits of size and clearance for a 2-inch diameter hole and
shaft for a class RC-1 fit (hole H5, shaft g4).

Example 2:Beginning on Handbook page 1815, there are tables
of dimensions for the Standard Unified Screw Thread Series—
Class 1A, 2A, and 3A and B Fits. Determine the pitch-diameter
tolerance of both screw and nut and the minimum and maximum

Max. hole 2 0.0005+ 2.0005= =

Min. hole 2 0– 2= =

Max. shaft 2 0.0004– 1.9996= =

Min. shaft 2 0.0007– 1.9993= =

Min. allow. min. hole max. shaft– 2 1.996– 0.0004= = =

Max. allow. max. hole min. shaft–=

 2.0005 1.9993– 0.0012= =
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allowance between screw and nut at the pitch diameter, assuming
that the nominal diameter is 1 inch, the pitch is 8 threads per inch,
and the fits are Class 2A and 2B for screw and nut, respectively.

Diagram Showing Differences Among “Limit,”
“Tolerance,” and “Allowance”

The maximum pitch diameter or limit of the screw = 0.9168,
and the minimum pitch diameter = 0.9100; hence, the tolerance =
0.9168 − 0.9100 = 0.0068 inch. The nut tolerance = 0.9276 −
0.9100 = 0.0176 inch. The maximum allowance for medium fit =
maximum pitch diameter of nut − minimum pitch diameter of
screw = 0.9276 − 0.9168 = 0.0108 inch. The minimum allowance
= minimum pitch diameter of nut − maximum pitch diameter of
screw = 0.9188 − 0.9168 = 0.0020.

Relation of Tolerances to Limiting Dimensions and How Basic
Size Is Determined.—The absolute limits of the various dimen-
sions and surfaces indicate danger points, in as much as parts made
beyond these limits are unserviceable. A careful analysis of a
mechanism shows that one of these danger points is more sharply

Fig. 1. 

L
im

it
s

B =maximum limit of 
bore

b =minimum limit of 
bore

S =maximum limit of 
shaft

s =minimum limit of 
shaft

T
o
le

ra
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ce

s  B − b = maximum toler-
ance of bore

 S − s = maximum toler-
ance of shaft

Allowances

 B − s = maximum allowance, or if s is greater than B (as for tight 
or forced fits) then s − B = minimum allowance for fit.

 b − S = minimum allowance, or if S is greater than b (as for tight 
or forced fits) then S − b = maximum allowance for fit.



TOLERANCES AND ALLOWANCES100

defined than the other. For example, a certain stud must always
assemble into a certain hole. If the stud is made beyond its maxi-
mum limit, it may be too large to assemble. If it is made beyond its
minimum limit, it may be too loose or too weak to function. The
absolute maximum limit in this case may cover a range of 0.001
inch, whereas the absolute minimum limit may have a range of at
least 0.004 inch. In this case the maximum limit is the more
sharply defined.

Fig. 2. Graphic Illustration of the Meaning of the Term Basic 
Size or Dimension

The basic size expressed on the component drawing is that limit
that defines the more vital of the two danger points, while the tol-
erance defines the other. In general, the basic dimension of a male
part such as a shaft is the maximum limit that requires a minus tol-
erance. Similarly, the basic dimension of a female part is the mini-
mum limit requiring a plus tolerance, as shown in Fig. 2. There
are, however, dimensions that define neither a male nor a female
surface, such as, for example, dimensions for the location of holes.
In a few such instances, a variation in one direction is less danger-
ous than a variation in the other. Under these conditions, the basic
dimension represents the danger point, and the unilateral tolerance
permits a variation only in the less dangerous direction. At other
times, the conditions are such that any variation from a fixed point
In either direction is equally dangerous. The basic size then repre-
sents this fixed point, and tolerances on the drawing are bilateral
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and extend equally in both directions. (See Handbook page 628 for
explanation of unilateral and bilateral tolerances.)

When Allowance Provides Clearance Between Mating
Parts.—When one part must fit freely into another part like a shaft
in its bearing, the allowance between the shaft and bearing repre-
sents a clearance space. It is evident that the amount of clearance
varies widely for different classes of work. The minimum clear-
ance should be as small as will permit the ready assembly and
operation of the parts, while the maximum clearance should be as
great as the functioning of the mechanism will allow. The differ-
ence between the maximum and minimum clearances defines the
extent of the tolerances. In general, the difference between the
basic sizes of companion parts equals the minimum clearance (see
Fig. 3), and the term “allowance,” if not defined as maximum or
minimum, is quite commonly applied to the minimum clearance.

Fig. 3. Graphic Illustration of the Meaning of the 
Terms Maximum and Minimum Clearance 

When “Interference of Metal” Is Result of Allowance.—  If a
shaft or pin is larger in diameter than the hole into which it is
forced, there is, of course, interference between the two parts. The
metal surrounding the hole is expanded and compressed as the
shaft or other part is forced into place.

 Engine crankpins, car axles, and various other parts are assem-
bled in this way (see paragraph Allowance for Forced Fits, Hand-
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book page 630). The force and shrink fits in Table 11 (starting on
Handbook page 646) all represent interference of metal.

If interchangeable parts are to be forced together, the minimum
interference establishes the danger point. Thus, for force fits, the
basic dimension of the shaft or pin is the minimum limit requiring
a plus tolerance, and the basic dimension of the hole is the maxi-
mum limit requiring a minus tolerance, see Fig. 4.

Obtaining Allowance by Selection of Mating Parts.—The term
“selective assembly” is applied to a method of manufacturing that
is similar in many of its details to interchangeable manufacturing.
In selective assembly, the mating parts are sorted according to size
and assembled or interchanged with little or no further machining
nor hand work. 

Fig. 4. Illustration of the Meaning of the Terms
Maximum and Minimum Interference

The chief purpose of manufacturing by selective assembly is the
production of large quantities of duplicate parts as economically as
possible. As a general rule, the smaller the tolerances, the more
exacting and expensive will be the manufacturing processes. How-
ever, it is possible to use comparatively large tolerances and then
reduce them, in effect, by selective assembly, provided the quan-
tity of parts is large enough to make such selective fitting possible.
To illustrate, Fig. 5 shows a plug or stud that has a plus tolerance
of 0.001 inch and a hole that also has a plus tolerance of 0.001
inch. Assume that this tolerance of 0.001 inch represents the nor-
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mal size variation on each part when manufactured efficiently.
With this tolerance, a minimum plug in a maximum hole would
have a clearance 0.2510 − 0.2498 = 0.0012 inch, and a maximum
plug in a minimum hole would have a “metal interference” of
0.2508 − 0.2500 = 0.0008 inch. Suppose, however, that the clear-
ance required for these parts must range from zero to 0.0004 inch.
This reduction can be obtained by dividing both plugs and holes
into five groups. (See below.) Any studs in Group A, for example,
will assemble in any hole in Group A, but the studs in one group
will not assemble properly in the holes in another group. When the
largest stud in Group A is assembled in the smallest hole in Group
A, the clearance equals zero. When the smallest stud in Group A is
assembled in the largest hole in Group A, the clearance equals
0.0004 inch. Thus, in selective assembly manufacturing, there is a
double set of limits, the first being the manufacturing limits and
the second the assembling limits. Often, two separate drawings are
made of a part that is to be graded before assembly. One shows the
manufacturing tolerances only, so as not to confuse the operator,
and the other gives the proper grading information.

Fig. 5. Information Placed on Drawings in Selective 
Assembly Manufacturing to Facilitate Grading of Parts
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Example 3:Force and shrink fit data are given in Table 11, page
646 of the Handbook. Establish the limits of size and interference
of the hole and shaft for a Class FN-1 fit of 2-inch diameter.

In the second column of the table, the minimum and maximum
interference are given as 0.0006 and 0.0018 inch, respectively, for
a FN-1 fit of 2-inch diameter. For a “selected” fit, shafts are
selected that are 0.0012 inch larger than the mating holes; that is,
for any mating pair, the shaft is larger than the hole by an amount
midway between the minimum (0.0006-inch) and maximum
(0.0018 inch) interference.

Dimensioning Drawings to Ensure Obtaining Required Toler-
ances.—In dimensioning the drawings of parts requiring toler-
ances, there are certain fundamental rules that should be applied.

Rule 1: In interchangeable manufacturing there is only one
dimension (or group of dimensions) in the same straight line that
can be controlled within fixed tolerances. This dimension is the
distance between the cutting surface of the tool and the locating or
registering surface of the part being machined. Therefore, it is
incorrect to locate any point or surface with tolerances from more
than one point in the same straight line.

Rule 2: Dimensions should be given between those points that it
is essential to hold in a specific relation to each other. Most dimen-
sions, however, are relatively unimportant in this respect. It is
good practice to establish common location points in each plane
and give, as far as possible, all such dimensions from these points.

Rule 3: Basic dimensions given on component drawings for
interchangeable parts should be, except for force fits and other
unusual conditions, the “maximum metal” size (maximum shaft or
plug and minimum hole). The direct comparison of the basic sizes
should check the danger zone, which is the minimum clearance
condition in most instances. It is evident that these sizes are the
most important ones, as they control interchangeability, and should
be the first determined. Once established, they should remain fixed
if the mechanism functions properly, and the design is unchanged.

Max. hole 2 0.0007+ 2.0007; min. hole 2 0– 2= = = =

Max. shaft 2 0.0018+ 2.0018; min. shaft 2 0.0013+= = =

2.0013=
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The direction of the tolerances, then, would be such as to recede
from the danger zone. In most instances, this directionality means
that the direction of the tolerances is such as will increase the
clearance. For force fits, basic dimensions determine the minimum
interference, and tolerances limit the maximum interference.

Rule 4: Dimensions must not be duplicated between the same
points. The duplication of dimensions causes much needless trou-
ble, due to changes being made in one place and not in the others.
It is easier to search a drawing to find a dimension than it is to have
them duplicated and more readily found but inconsistent.

Rule 5:  As far as possible, the dimensions on comparison parts
should be given from the same relative locations. Such a procedure
assists in detecting interference's and other improper conditions.

In attempting to work in accordance with general laws or princi-
ples, one other elementary rule should always be kept in mind.
Special requirements need special consideration. The following
detailed examples are given to illustrate the application of the five
rules and to indicate results of their violation.

Violations of Rules for Dimensioning.— Fig. 6 shows a very
common method of dimensioning a part such as the stud shown,
but one that is bad practice as it violates the first and second rules.
The dimensions given for the diameters are correct, so they are
eliminated from the discussion. The dimensions given for the vari-
ous lengths are wrong: First, because they give no indication as to
the essential lengths; second, because of several possible
sequences of operations, some of which would not maintain the
specified conditions.

Fig. 7 shows one possible sequence of operations indicated
alphabetically. If we first finish the dimension a and then finish b,
the dimension c will be within the specified limits. However, the
dimension c is then superfluous. Fig. 8 gives another possible
sequence of operations. If we first establish a, and then b, the
dimension c may vary 0.030 instead of 0.010 inch as is specified in
Fig. 6. Fig. 9 gives a third possible sequence of operations. If we
first finish the overall length a, and then the length of the body b,
the stem c may vary 0.030 inch instead of 0.010 inch as specified
in Fig. 6.
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Fig. 6. Common but Incorrect Method of Dimensioning

Fig. 7. One Interpretation of Dimensioning in Fig. 6
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Fig. 8. Another Interpretation of Dimensioning in Fig. 6

Fig. 9. A Third Interpretation of Dimensioning in Fig. 6



TOLERANCES AND ALLOWANCES108

Fig. 10. Correct Dimensioning if Length of Body and 
Length of Stem Are Most Important

Fig. 11. Correct Dimensioning if Length of Body and 
Overall Length Are Most Important
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If three different plants were manufacturing this part, each one
using a different sequence of operations, it is evident from the
foregoing that a different product would be received from each
plant. The example given is the simplest one possible. As the parts
become more complex, and the number of dimensions increases,
the number of different combinations possible and the extent of the
variations in size that will develop also increase.

Fig. 10 shows the correct way to dimension this part if the
length of the body and the length of the stem are the essential
dimensions. Fig. 11 is the correct way if the length of the body and
the length overall are the most important. Fig. 12 is correct if the
length of the stem and the length overall are the most important. If
the part is dimensioned in accordance with Fig. 10, Fig. 11, or Fig.

12, then the product from any number of factories should be alike.

PRACTICE EXERCISES FOR SECTION 12

 (See Answers to Practice Exercises For Section 12 on page 230)

1) What factors influence the allowance for a forced fit?

2) What is the general practice in applying tolerances to center
distances between holes?

3) A 2-inch shaft is to have a tolerance of 0.003 inch on the diam-
eter. Show, by examples, three ways of expressing the shaft
dimensions.

Fig. 12. Correct Dimensioning if Overall Length and 
Length of Stem Are Most Important
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4) In what respect does a bilateral tolerance differ from a unilat-
eral tolerance? Give an example that demonstrates this difference.

5) What is the relationship between gagemaker’s tolerance and
workplace tolerance?

6) Name the different class of fits for screw thread included in the
American standards.

7) How does the Unified screw for screw threads differ from the
former American standard with regard to clearance between mat-
ing parts? With regard toward working tolerance?

8) Under what conditions is one limiting dimension or “limit”
also a basic dimension?

9) What do the letter symbols RC, LC, LN, signify with regard
American Standards

10) According to table at the bottom of Handbook page 635,
broaching will produce work within tolerance grades 5 through 8.
What does this mean in terms of thousands of an inch, considering
a 1-inch diameter broached hole?

11) Does surface roughness affect the ability to work within the
tolerance grades specified in Exercise 10?
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SECTION 13

USING STANDARDS DATA AND 
INFORMATION

(References to Standards appear throughout the HANDBOOK)

Standards are needed in metalworking manufacturing to estab-
lish dimensional and physical property limits for parts that are to
be interchangeable. Standards make it possible for parts such as
nuts, screws, bolts, splines, gears, etc., to be manufactured at dif-
ferent times and places with the assurance that they will meet
assembly requirements. Standards are also needed for tools such as
twist drills, reamers, milling cutters, etc., so that only a given num-
ber of sizes need be made available to cover a given range and to
ensure adequate performance. Also, performance standards often
are established to make sure that machines and equipment will sat-
isfy their application requirements.

A standard may be established by a company on a limited basis
for its own use. An industry may find that a standard is needed, and
its member companies working through their trade association
come to an agreement as to what requirements should be included.
Sometimes, industry standards sponsored by a trade association or
an engineering society become acceptable by a wide range of con-
sumers, manufacturers, and government agencies as national stan-
dards and are made available through a national agency such as the
American National Standards Institute (ANSI). More and more
countries are coming to find that standards should be universal and
are working to this end through the International Standards Orga-
nization (ISO).

In the United States and some other English-speaking countries,
there are two systems of measurement in use: the inch system and
the metric system. As a result, standards for, say, bolts, nuts, and
screws have been developed for both inch and metric dimensions
as will be found in Machinery’s Handbook. However, an increas-
ing number of multinational corporations and their local suppliers
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are finding it prohibitively expensive to operate with two systems
of measurements and standards. Thus, in order to use available
expertise in one plant location, a machine may be designed in an
“inch” nation only to be produced later in a “metric” country or
vice versa. This situation generates additional costs in the conver-
sion of drawings, substitution of equivalent standard steel sizes
and fasteners, and conversion of testing and material specifica-
tions, etc. Because of these problems, more and more standards are
being developed in the United States and throughout the world that
are based, wherever practicable, upon ISO standards.

In the Handbook, the user will find that a large number of both
inch and metric standards data and information are provided. It
should be noted that at the head of each table of standards data the
source is given in parentheses, such as (ANSI B18.3-1982). ANSI
indicates the American National Standards Institute; B18.3 is the
identifying number of the standard; and 1982 is the date the stan-
dard was published, or revised, and became effective.

Generally, new products are produced to the metric standards;
older products and replacement parts for them may require refer-
ence to older inch standards, and some products such as inch-unit
pipe threads are considered as standard for the near future because
of widespread use throughout the world.

Important Objectives of Standardization.—The  pu rpose  o f
standardization is to manufacture goods for less direct and indirect
costs and to provide finished products that meet the demands of the
marketplace. A more detailed description of the objectives could
be as follows:

Lower the production costs when the aim is to:

1) Facilitate and systematize the work of skilled designers;

2) Ensure optimum selection of materials, components, and semi-
finished products;

3) Reduce stocks of materials, semifinished products, and fin-
ished products;

4) Minimize the number of different products sold; and

5) Facilitate and reduce the cost of procurement of purchased
goods.

Meet the demands of the market place, when the objective is to:
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1) Conform to regulations imposed by government and trade
organizations;

2) Stay within safety regulations set forth by governments; and

3) Facilitate interchangeability requirements with existing prod-
ucts.

Standardization Technique.—The two commonly used basic
principles for the preparation of a standard are:

1) Analytical standardization − Standard developed from scratch.

2) Conservative standardization − Standard based, so far as is
possible, on existing practice.

In practice, it appears that a standard cannot be prepared com-
pletely by one or the other of the two methods but emerges from a
compromise between the two. The goal of the standardization
technique, then, should be to utilize the basic material and the rules
and the aids available in such a way that a valid and practical com-
promise solution is reached.

The basic material could consist of such items as former com-
pany standards, vendor catalog data, national and international
standards, requirements of the company’s customers, and competi-
tor’s material. Increasingly important are the national and interna-
tional standards in existence on the subject; they should always
play an important part in any conservative standardization work.
For example, it would be foolish to create a new metric standard
without first considering some existing European metric standards.

Standards Information in the Handbook.—Among the many
kinds of material and data to be found in the Handbook, the user
will note that extensive coverage is given to standards of several
types: American National Standards, British Standards, ISO Stan-
dards, engineering society standards, trade association standards,
and, in certain instances, company product standards. Both inch
and metric system standards are given wherever appropriate. Inch
dimension standards sometimes are provided only for use during
transition to metric standards or to provide information for the
manufacture of replacement parts.

In selecting  standards to be presented in the Handbook, the edi-
tors have chosen those standards most appropriate to the needs of
Handbook users. Text, illustrations, formulas, tables of data, and
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examples have been arranged in the order best suitable for direct
and quick use. As an example of this type of presentation, the sec-
tion on bevel gearing, starting on Handbook page 2177, begins
with text material that provides the basis for understanding infor-
mation presented in the AGMA standards; the illustrations on
Handbook pages 2182 and 2183 provide visual definition of essen-
tial parts and dimensions of a bevel gear; the formulas on Hand-
book page 2171 show how to calculate dimensions of milled bevel
gears; the tables on starting on Handbook page 2185 give numbers
of formed cutters used to mill teeth in mating bevel gear and pinion
sets with shafts at right angles; and finally, the worked-out exam-
ples beginning on Handbook page 2187 give a step-by-step proce-
dure for selecting formed cutters for milling bevel gears. Also,
where combinations of tables and formulas are given, the formulas
have been arranged in the best sequence for computation with the
aid of a pocket calculator.

“Soft” Conversion of Inch to Metric Dimensions.—The dimen-
sions of certain products, when specified in inches, may be con-
verted to metric dimensions, or vice versa, by multiplying by the
appropriate conversion factor so that the parts can be fabricated
either to inch or to the equivalent metric dimensions and still be
fully interchangeable. Such a conversion is called a “soft” conver-
sion. An example of a “soft” conversion is available on Handbook
page 2394, which gives the inch dimensions of standard lockwash-
ers for ball bearings. The footnote to the table indicates that multi-
plication of the tabulated inch dimensions by 25.4 and rounding
the results to two decimal places will provide the equivalent metric
dimensions.

“Hard” Metric or Inch Standard Systems.—In a “hard” sys-
tem, those dimensions in the system that have been standardized
cannot be converted to another dimensional system that has been
standardized independently of the first system. As stated in the
footnote on page 2272 of the Handbook, “In a ‘hard’ system the
tools of production, such as hobs, do not bear a usable relation to
the tools in another system; i.e., a 10 diametral pitch hob calculates
to be equal to a 2.54 module hob in the metric module system, a
hob that does not exist in the metric standard.”
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Interchangeability of Parts Made to Revised Standards.—

Where a standard has been revised, there may still remain some
degree of interchangeability between older parts and those made to
the new standard. As an example, starting on page 2263 of the
Handbook, there are two tables showing which of the internal and
external involute splines made to older standards will mate with
those made to newer standards.

PRACTICE EXERCISES FOR SECTION 13

 (See Answers to Practice Exercises For Section 13 on page 231)

1) What is the breaking strength of a 6 × 7 fiber-core wire rope 1⁄4
inch in diameter if the rope material is mild plow steel?

2) What factor of safety should be applied to the rope in Exercise
1?

3) How many carbon steel balls of 1⁄4-inch diameter would weigh

1 lb? How would this information be obtained without the table?

4) For a 1-inch diameter of shaft, what size square key is appro-
priate?

5) Find the hole size needed for a 5⁄32-inch standard cotter pin.

6) Find the limits of size for a 0.1250-inch diameter hardened and
ground dowel pin.

7) For a 3AM1-17 retaining ring (snap ring), what is the maxi-
mum allowable speed of rotation?

8) Find the hole size required for a type AB steel thread-forming
screw of number 6 size in 0.105-inch-thick stainless steel.
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SECTION 14

STANDARD SCREW AND PIPE THREADS

HANDBOOK Pages 1806 - 2015

Different screw-thread forms and standards have been origi-
nated and adopted at various times, either because they were con-
sidered superior to other forms or because of the special
requirements of screws used for a certain class of work.

A standard thread conforms to an adopted standard with regard
to the form or contour of the thread itself and as to the pitches or
numbers of threads per inch for different screw diameters.

The United States Standard formerly used in the United States
was replaced by an American Standard having the same thread
form as the former standard and a more extensive series of pitches,
as well as tolerances and allowances for different classes of fits.
This American Standard was revised in 1949 to include a Unified
Thread Series, which was established to obtain screw-thread inter-
changeability among the United Kingdom, Canada, and the United
States.

The Standard was revised again in 1959. The Unified threads
are now the standard for use in the United States and the former
American Standard threads are now used only in certain applica-
tions where the changeover in tools, gages, and manufacturing has
not been completed. The differences between Unified and the
former National Standard threads are explained on pages 1806 and
1813 in the Handbook.

As may be seen in the table on Handbook page 1816, the Uni-
fied Series of screw threads consists of three standard series having
graded pitches (UNC, UNF, and UNEF) and eight standard series
of uniform (constant) pitch. In addition to these standard series.
There are places in the table beginning on Handbook page 1817

where special threads (UNS) are listed. These UNS threads are for
use only if standard series threads do not meet requirements.
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Example 1:The table on Handbook page 1844 shows that the
pitch diameter of a 2-inch screw thread is 1.8557 inches. What is
meant by the term “pitch diameter” as applied to a screw thread
and how is it determined?

According to a definition of “pitch diameter” given in connec-
tion with American Standard screw threads, the pitch diameter of a
straight (nontapering) screw thread is the diameter of an imaginary
cylinder, the surface of which would pass through the threads at
such points as to make equal the width of the threads and the width
of the spaces cut by the surface of the cylinder.

The basic pitch diameter equals the basic major (outside) diam-
eter minus two times the addendum of the external thread (Hand-
book page 1815), so the basic pitch diameter for the 2-inch

example, with 41⁄2 threads per inch, is 2.00 − 2 × 0.07217 = 1.8557

inches.

Example 2:The tensile strength of a bolt, 31⁄2 inches in diameter at

a stress of 6000 pounds per square inch may be calculated by
means of the formulas on Handbook page 1536. This formula uses
the largest diameter of the bolt, avoiding the need to take account
of the reduced diameter at the thread root, and gives a tensile
strength of 35, 175 pounds for the conditions noted.

If the second formula on page 1536, based on the area of the
smallest diameter, is used for the same bolt and stress, and the
diameter of the thread root is taken as 3.1 inches, then the tensile
strength is calculated as 40,636 pounds. The difference in these
formulas is that the first uses a slightly greater factor of safety than
the second, taking account of possible variations in thread depth.

Example 3:Handbook page 1995 gives formulas for checking the
pitch diameter of screw threads by the three-wire method (when
effect of lead angle is ignored). Show how these formulas have
been derived using the one for the American National Standard
Unified thread as an example.

It is evident from the diagram, Fig. 1, that:

(1)M D 2z– 2x+=
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Fig. 1. Diagram Illustrating the Derivation of Formulas for 
Three-Wire Measurements of Screw-Thread Pitch Diameters

If, in Formula (1), we substitute the value of 2z or 2 ×
0.75775P and the value of 2x, we have:

(2)

This Formula (2) is the one found in previous editions of the
Handbook. In the 22nd and subsequent editions of the Handbook
use of the outside diameter D in Formula (2) above was elimi-
nated to provide a formula in terms of the pitch diameter E. Such a
formula is useful for finding the wire measurement corresponding
to the actual pitch diameter, whether it be correct, undersize, or
oversize.

x R
R

asin
----------  and   2x+ 2R

2R

0.5
------- ; hence,+= =

2x
2 0.5 2+×( )R

0.5
-----------------------------------

3R

0.5
------- 6R 3W= = = =

z d d1+ 0.6495P f αcot×+= =

f 0.0625P; therefore,=

z 0.6495P 0.10825P+ 0.75775P= =

M D 1.5155 P 3W+×–=
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According to the last paragraph of Example 1, above, E = D −
2 × thread addendum. On Handbook page 1815, the formula for
thread addendum given at the top of the last column is 0.32476P.
Therefore, E = D − 2 × 0.32476P, or, transposing this formula, D =
E + 2 × 0.32476P = E + 0.64952P. Substituting this value of D into
Formula (2) gives: M = E + 0.64952P − 1.5155P + 3W = E −
0.8660P + 3W, which is the current Handbook formula.

Example 4:On Handbook page 2002, a formula is given for
checking the angle of a screw thread by a three-wire method. How
is this formula derived? By referring to the diagram, Fig. 2,

(1)

If D = diameter of larger wires and d = diameter of smaller wires,

If B = difference in measurement over wires, then the difference S
between the centers of the wires is:

Fig. 2. Diagram Illustrating the Derivation of Formula for 
Checking the Thread Angle by the Three-Wire System

asin
W

S
-----=

W
D d–

2
-------------=

S
B D d–( )–

2
---------------------------=



STANDARD SCREW THREADS120

By inserting these expressions for W and S in Formula (1) and
canceling, the formula given in the Handbook is obtained if A is
substituted for D − d.

Example 5:A vernier gear-tooth caliper (like the one shown on
Handbook page 2148) is to be used for checking the width of an
Acme screw by measuring squarely across or perpendicular to the
thread. Since standard screw-thread dimensions are in the plane of
the axis, how is the width square or normal to the sides of the
thread determined? Assume that the width is to be measured at the
pitch line and that the number of threads per inch is two.

The table on Handbook page 1923 shows that for two threads
per inch, the depth is 0.260 inch; hence, if the measurement is to be
at the pitch line, the vertical scale of the caliper is set to (0.260 −
0.010) ÷ 2 = 0.125 inch. The pitch equals

The width A, Fig. 3, in the plane of the axis equals 1⁄2 the pitch,

or 1⁄4 inch. The width B perpendicular to the sides of the thread =

width in axial plane × cosine helix angle. 

Fig. 3. Determining the Width Perpendicular to the sides of a 
Thread at the Pitch Line

(The helix angle, which equals angle a, is based upon the pitch
diameter and is measured from a plane perpendicular to the axis of
the screw thread.) The width A in the plane of the axis represents

asin
A

B A–
-------------=

1

No. of threads per inch
------------------------------------------------------- 1⁄2 inch=



STANDARD SCREW THREADS 121

the hypotenuse of a right triangle, and the required width B equals
the side adjacent; hence width B = A × cosine of helix angle. The
angle of the thread itself (29° for an Acme Thread) does not affect
the solution.

Width of Flat End of Unified Screw-Thread and American
Standard Acme Screw-Thread Tools.—The widths of the flat or
end of the threading tool for either of these threads may be mea-
sured by using a micrometer as illustrated at A, Fig. 4. In measur-
ing the thread tool, a scale is held against the spindle and anvil of
the micrometer, and the end of the tool is placed against this scale.
The micrometer is then adjusted to the position shown and 0.2887
inch subtracted from the reading for an American Standard screw-
thread tool. For American Standard Acme threads, 0.1293 inch is
subtracted from the micrometer reading to obtain the width of the
tool point. The constants (0.2887 and 0.1293), which are sub-
tracted from the micrometer reading, are only correct when the
micrometer spindle has the usual diameter of 0.25 inch.

An ordinary gear-tooth vernier caliper also may be used for test-
ing the width of a thread tool point, as illustrated at B. If the mea-

surement is made at a vertical distance x of 1⁄4 inch from the points

of the caliper jaws, the constants previously given for American
Standard caliper reading to obtain the actual width of the cutting
end of the tool.

Fig. 4. Measuring Width of Flat on Threading Tool (A) with a 
Micrometer; (B) with a Gear-Tooth Vernier

Example 6:Explain how the constants 0.2887 and 0.1293 referred
to in a preceding paragraph are derived and deduce a general rule
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applicable regardless of the micrometer spindle diameter or verti-
cal dimension x, Fig. 4.

The dimension x (which also is equivalent to the micrometer
spindle diameter) represents one side of a right triangle (the side
adjacent), having an angle of 29 ÷ 2 = 14 degrees and 30 minutes,
in the case of an Acme thread. The side opposite or y = side adja-
cent × tangent = dimension x × tan 14° 30′.

If x equals 0.25 inch, then side opposite or y = 0.25 × 0.25862 =
0.06465; hence, the caliper reading minus 2 × 0.06465 = width of
the flat end (2 × 0.06465 = 0.1293 = constant).

The same result would be obtained by multiplying 0.25862 by
2x; hence, the following rule: To determine the width of the end of
the threading tool, by the general method illustrated in Fig. 4, mul-
tiply twice the dimension x (or spindle diameter in the case of the
micrometer) by the tangent of one-half the thread tool angle, and
subtract this product from the width w to obtain the width at the
end of the tool.

Example 7:A gear-tooth vernier caliper is to be used for measur-
ing the width of the flat of an American Standard external screw-

thread tool. The vertical scale is set to 1⁄8 inch (corresponding to the

dimension x, Fig. 4). How much is subtracted from the reading on
the horizontal scale to obtain the width of the flat end of the tool?

Hence, the width of the flat equals w, Fig. 4, minus 0.1443. This
width should be equal to one-eighth of the pitch of the thread to be
cut, since this is the width of flat at the minimum minor diameter
of American Standard external screw threads.

PRACTICE EXERCISES FOR SECTION 14

 (See Answers to Practice Exercises For Section 14 on page 231)

1) What form of screw thread is most commonly used (a) in the
United States? (b) in Britain? 

2) What is the meaning of abbreviations 3″- 4NC-2?

3) What are the advantages of an Acme thread compared to a
square thread?

4) For what reason would a Stub Acme thread be preferred in
some applications?

1⁄8 2 30°tan×× 1⁄4 0.57735× 0.1443  inch= =
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5) Find the pitch diameters of the following screw threads of

American Standard Unified form: 1⁄4 - 28 (meaning 1⁄4-inch diame-

ter and 28 threads per inch); 3⁄4 - 10?

6) How much taper is used on a standard pipe thread?

7) Under what conditions are straight, or nontapering, pipe
threads used?

8) In cutting a taper thread, what is the proper position for the
lathe tool?

9) If a lathe is used for cutting a British Standard pipe thread, in
what position is the tool set?

10) A thread tool is to be ground for cutting an Acme thread hav-
ing 4 threads per inch; what is the correct width of the tool at the
end?

11) What are the common shop and toolroom methods of check-
ing the pitch diameters of American Standard screw threads requir-
ing accuracy?

12) In using the formula, Handbook page 1815, for measuring an
American Standard screw thread by the three-wire method, why
should the constant 0.86603 be multiplied by the pitch before sub-
tracting from measurement M, even if not enclosed by parenthe-
ses?

13) What is the difference between the pitch and the lead (a) of a
double thread? (b) of a triple thread?

14) In using a lathe to cut American Standard Unified threads,
what should be the truncations of the tool points and the thread
depths for the following pitches: 0.1, 0.125, 0.2, and 0.25 inch?

15) In using the three-wire method of measuring a screw thread,

what is the micrometer reading for a 3⁄4-12 special thread of Amer-

ican Standard form if the wires have a diameter of 0.070 inch?

16) Are most nuts made to the United States Standard dimen-
sions?

17) Is there, at the present time, a Manufacturing Standard for
bolts and nuts?

18) The American standard for machine screws includes a
coarse-thread series and a fine thread series as shown by the tables
starting on Handbook page 1844. Which series is commonly used?
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19) How is the length (a) of a flat head or countersunk type of
machine screw measured? (b) of a fillister head machine screw?

20) What size tap drill should be used for an American standard
machine screw of No. 10 size, 24 threads per inch?

21) What is the diameter of a No. 10 drill?

22) Is a No. 6 drill larger than a No. 16?

23) What is the relation between the letter size drills and the num-
bered sizes?

24) Why is it common practice to use tap drills that leave about 3⁄4
of the full thread depth after tapping, as shown by the tables start-
ing on page 2029 in the Handbook?

25) What form of a screw thread is used on (a) machine screws?
(b) cap screws?

26) What standard governs the pitches of cap screw threads?

27) What form of thread is used on the National Standard fire
hose couplings? How many standards diameters are there?

28) In what way do hand taps differ from machine screw taps?

29) What are tapper taps?

30) The diameter of a 3⁄4 - 10 American Standard Thread is to be

checked by the three wire method. What is the largest size wire
that can be used?

31) Why is the advance of some threading dies positively con-
trolled by a lead screw instead of relying upon the die to lead
itself?

32) What is the included angle of the heads of American Standard
(a) flat head Machine screws? (b) flat head cap screws? (c) flat
head wood screws?
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SECTION 15

PROBLEMS IN MECHANICS

HANDBOOK Pages 149  - 171

In the design of machines or other mechanical devices, it is
often necessary to deal with the actions of forces and their effects.
For example, the problem may be to determine what force is
equivalent to two or more forces acting in the same plane but in
different directions. Another type of problem is to determine the
change in the magnitude of a force resulting from the application
of mechanical appliances such as levers, pulleys, and screws used
either separately or in combination. It also may be necessary to
determine the magnitude of a force in order to proportion machine
parts to resist the force safely; or, possibly, to ascertain if the force
is great enough to perform a given amount of work. Determining
the amount of energy stored in a moving body or its capacity to
perform work, and the power developed by mechanical apparatus,
or the rate at which work is performed, are additional examples of
problems frequently encountered in originating or developing
mechanical appliances. The section in Machinery’s Handbook on
Mechanics, beginning on page 149, deals with fundamental princi-
ples and formulas applicable to a wide variety of mechanical prob-
lems.

The Moment of a Force.—The tendency of a force acting upon a
body is, in general, to produce either a motion of translation (that
is, to cause every part of the body to move in a straight line) or to
produce a motion of rotation. A moment, in mechanics, is the mea-
sure of the turning effect of a force that tends to produce rotation.
For example, suppose a force acts upon a body that is supported by
a pivot. Unless the line of action of the force happens to pass
through the pivot, the body will tend to rotate. Its tendency to
rotate, moreover, will depend upon two things: (1) the magnitude
of the force acting, and (2) the distance of the force from the pivot,
measuring along a line at right angles to the line of action of the
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force. (See Fig. 9 on Handbook page 155 and the accompanying
text.)

Fig. 1. Diagram Showing How the Turning Moment of a Crank 
Disk Varies from Zero to Maximum

Example 1:A force F of 300 pounds is applied to a crank disk A
(Fig. 1) and in the direction of the arrow. If the radius R = 5 inches,
what is the turning moment? Also, determine how much the turn-
ing moment is reduced when the crankpin is in the position shown
by the dashed lines, assuming that the force is along line f and that

r = 21⁄2 inches.

When the crankpin is in the position shown by the solid lines,
the maximum turning moment is obtained, and it equals F × R =
300 × 5 = 1500 inch-pounds or pound-inches. When the crankpin
is in the position shown by the dashed lines, the turning moment is

reduced one-half and equals f × r = 300 × 21⁄2 = 750 inch-pounds.

Note: Foot-pound is the unit for measurement of work and is in
common use in horsepower calculations. However, torque, or turn-
ing moment, is also a unit of measurement of work. To differenti-
ate between these two similar terms, which have the same essential
meaning, it is convenient to express torque in terms of pound-feet
(or pound-inches). This reversal of word sequence will readily
indicate the different meanings of the two terms for units of mea-
surement - the unit of horsepower and the unit of turning moment.
A strong reason for expressing the unit of turning moment as
pound-inches (rather than as foot-pounds) is because the dimen-
sions of shafts and other machine parts ordinarily are stated in
inches.
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Example 2:Assume that the force F (diagram B, Fig. 1) is applied
to the crank through a rod connecting with a crosshead that slides
along center line c-c. If the crank radius R = 5 inches, What will be
the maximum and minimum turning moments?

The maximum turning moment occurs when the radial line R is
perpendicular to the force line F and equals in inch-pounds, F × 5
in this example. When the radial line R is in line with the center
line c-c, the turning moment is 0, because F × 0 = 0. This is the
“deadcenter” position for steam engines and explains why the
crankpins on each side of a locomotive are located 90 degrees
apart, or, in such a position that the maximum turning moment,
approximately, occurs when the turning moment is zero on the
opposite side. With this arrangement, it is always possible to start
the locomotive since only one side at a time can be in the dead-
center position.
The Principle of Moments in Mechanics.—When two or more
forces act upon a rigid body and tend to turn it about an axis, then,
for equilibrium to exist, the sum of the moments of the forces that
tend to turn the body in one direction must be equal to the sum of
the moments of those that tend to turn it in the opposite direction
about the same axis.

Example 3:In Fig. 2, a lever 30 inches long is pivoted at the ful-
crum F. At the right, and 10 inches from F, is a weight, B, of 12
pounds tending to turn the bar in a right-hand direction about its
fulcrum F. At the left end, 12 inches from F, the weight A, of 4
pounds tends to turn the bar in a left-hand direction, while weight
C, at the other end, 18 inches from F, has a like effect, through the
use of the string and pulley P.

Fig. 2. Lever in Equilibrium Because the Turning Moment of a 
Crank Disk Varies from Zero to Maximum
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Taking moments about F, which is the center of rotation, we
have:

Opposed to this are the moments of A and C:

Hence, the moments are equal, and, if we suppose, for simplic-
ity, that the lever is weightless, it will balance or be in equilibrium.
Should weight A be increased, the negative moments would be
greater, and the lever would turn to the left, while if B should be
increased or its distance from F be made greater, the lever would
turn to the right. (See Handbook Fig. 9 and the accompanying text
on page 155.)

Example 4:Another application of the principle of moments is
given in Fig. 3. A beam of uniform cross section, weighing 200
pounds, rests upon two supports, R and S, that are 12 feet apart.
The weight of the beam is considered to be concentrated at its cen-
ter of gravity G, at a distance 6 feet from each supports react or
push upward, with a force equal to the downward pressure of the
beam.

To make this clear, suppose two people take hold of the beam,
one at each end, and that the supports are withdrawn. Then, in
order to hold the beam in position, the two people must together
lift or pull upward an amount equal to the weight of the beam and
its load, or 250 pounds. Placing the supports in position again, and
resting the beam upon them, does not change the conditions. The
weight of the beam acts downward, and the supports react by an
equal amount.

Fig. 3. The Weight on Each Support is Required

Moment of A = 4 × 12 =  48 inch-pounds

Moment of C = 4 × 18 =  72 inch-pounds

Sum of negative numbers = 120 inch-pounds

Moment of B 10 12× 120  inch-pounds= =
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Now, to solve the problem, assume the beam to be pivoted at
one support, say, at S. The forces or weights of 50 pounds and 200
pounds tend to rotate the beam in a left-hand direction about this
point, while the reaction of R in an upward direction tends to give
it a right-hand rotation. As the beam is balanced and has no ten-
dency to rotate, it is in equilibrium, and the opposing moments of
these forces must balance; hence, taking moments,

By letting R represent the reaction of support,

By the principle of moments, R × 12 = 1650. That is, if R, the
quantity that we wish to obtain, is multiplied by 12, the result will
be 1650; hence, to obtain R, divide 1650 by 12. Therefore, R =
137.5 pounds, which is also the weight of that end of the beam. As
the total load is 250 pounds, the weight at the other end must be
250 − 137.5 = 112.5 pounds.

The Principle of Work in Mechanics.—Another principle of
more importance than the principle of moments, even in the study
of machine elements, is the principle of work. According to this
principle (neglecting frictional or other losses), the applied force,
multiplied by the distance through which it moves, equals the
resistance overcome, multiplied by the distance through which it is
overcome. The principle of work may also be stated as follows:

This principle holds absolutely in every case. It applies equally
to a simple lever, the most complex mechanism, or to a so-called
“perpetual motion” machine. No machine can be made to perform
work unless a somewhat greater amount-enough to make up for
the losses- is applied by some external agent. In the “perpetual
motion” machine no such outside force is supposed to be applied,
hence such a machine is impossible, and against all the laws of
mechanics.

Example 5:Assume that a rope exerts a pull F of 500 pounds
(upper diagram, Handbook page 170) and that the pulley radius

9 × 50 = 450 pound-feet

6 × 200 = 1200 pound-feet

Sum of negative numbers = 1650 pound-feet

Moment of R R 12× pound-feet= =

Work put in lost work work done by machine+=
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R = 10 inches and the drum radius r = 5 inches. How much weight
W can be lifted (ignoring frictional losses) and upon what mechan-
ical principle is the solution based?

According to one of the formulas accompanying the diagram at
the top of Handbook page 170,

This formula (and the others for finding the values of F, R, etc.)
agrees with the principle of moments, and with the principle of
work. The principle of moments will be applied first.

The moment of the force F about the center of the pulley, which
corresponds to the fulcrum of a lever, is F multiplied by the per-
pendicular distance R, it being a principle of geometry that a radius
is perpendicular to a line drawn tangent to a circle, at the point of
tangency. Also, the opposing moment of W is W × r. Hence, by the
principle of moments,

Now, for comparison, we will apply the principle of work.
Assuming this principle to be true, force F multiplied by the dis-
tance traversed by this force or by a given point on the rim of the
large pulley should equal the resistance W multiplied by the dis-
tance that the load is raised. In one revolution, force F passes
through a distance equal to the circumference of the pulley, which
is equal to 2 × 3.1416 × R = 6.2832 × R, and the hoisting rope
passes through a distance equal to 2 × 3.1416 × r. Hence, by the
principle of work,

The statement simply shows that F × R multiplied by 6.2832
equals W × r multiplied by the same number, and it is evident
therefore, that the equality will not be altered by canceling the
6.2832 and writing:

F × R = W × r

However, this statement is the same as that obtained by apply-
ing the principle of moments; hence, we see that the principle of
moments and the principle of work are in harmony.

W
F R×

r
-------------

500 10×
5

--------------------- 1000  pounds= = =

F R× W r×=

6.2832 F R×× 6.2832 W r××=



PROBLEMS IN MECHANICS 131

The basis of operation of a train of wheels is a continuation of
the principle of work. For example, in the gear train represented by
the diagram at the bottom of Handbook page 170, the continued
product of the applied force F and the radii of the driven wheels
equals the continued product of the resistance W and the radii of
the drivers. In calculations, the pitch diameters or the numbers of
teeth in gear wheels may be used instead of the radii.

Efficiency of a Machine or Mechanism.—The efficiency of a
machine is the ratio of the power delivered by the machine to the
power received by it. For example, the efficiency of an electric
motor is the ratio between the power delivered by the motor to the
machinery it drives and the power it receives from the generator.
Assume, for example, that a motor receives 50 kilowatts from the
generator, but that the output of the motor is only 47 kilowatts.
Then, the efficiency of the motor is 47 ÷ 50 = 94 per cent. The effi-
ciency of a machine tool is the ratio of the power consumed at the
cutting tool to the power delivered by the driving belt. The effi-
ciency of gearing is the ratio between the power obtained from the
driven shaft to the power used by the driving shaft. Generally
speaking, the efficiency of any machine or mechanism is the ratio
of the “output” of power to the “input.” The percentage of power
representing the difference between the “input” and “output” has
been dissipated through frictional and other mechanical losses.

Mechanical Efficiency: If E represents the energy that a machine
transforms into useful work or delivers at the driven end, and L
equals the energy loss through friction or dissipated in other ways,
then,

In this equation, the total energy F + L is assumed to be the
amount of energy that is transformed into useful and useless work.
The actual total amount of energy, however, may be considerably
larger than the amount represented by E + L. For example, in a
steam engine, there are heat losses due to radiation and steam con-
densation, and considerable heat energy supplied to an internal
combustion engine is dissipated either through the cooling water or
direct to the atmosphere. In other classes of mechanical and elec-

Mechanical efficiency
E

E L+
-------------=
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trical machinery, the total energy is much larger than that repre-
sented by the amount transformed into useful and useless work.

Absolute Efficiency: If E1 equals the full amount of energy or the

true total, then,

It is evident that absolute efficiency of a prime mover, such as a
steam or gas engine, will be much lower than the mechanical effi-
ciency. Ordinarily, the term efficiency as applied to engines and
other classes of machinery means the mechanical efficiency. The
mechanical efficiency of reciprocating steam engines may vary
from 85 to 95 per cent, but the thermal efficiency may range from
5 to 25 per cent, the smaller figure representing noncondensing
engines of the cheaper class and the higher figure the best types.

Example 6:Assume that a motor driving through a compound
train of gearing (see diagram, Fig. 4) is to lift a weight W of 1000
pounds. The pitch radius R = 6 inches; R1 = 8 inches; pitch radius

of pinion r = 2 inches; and radius of winding drum r1 = 21⁄2 inches.

What motor horsepower will be required if the frictional loss in the
gear train and bearings is assumed to be 10 per cent? The pitch-line
velocity of the motor pinion M is 1200 feet per minute.

The problem is to determine first the tangential force F required
at the pitch line of the motor pinion; then, the equivalent horse-
power is easily found. According to the formula at the bottom of
Handbook page 170, which does not take into account frictional
losses,

The pitch-line velocity of the motor pinion is 1200 feet per
minute and, as the friction loss is assumed to be 10 per cent, the
mechanical efficiency equals 90 ÷ (90 + 10) = 0.90 or 90 per cent
as commonly written; thus,

Absolute efficiency
E

E1

------=

F
1000 2 21⁄2××

6 8×
----------------------------------- 104  pounds= =

Horsepower
104 1200×

33 000, 0.90×
---------------------------------- 41⁄4  approximately= =
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Fig. 4. Determining the Power Required for Lifting a Weight 
by Means of a Motor and a Compound Train of Gearing

Example 7:In designing practice, a motor of horsepower, or
larger, might be selected for the drive referred to in Example 6

(depending upon conditions) to provide extra power should it be
needed. However, to illustrate the procedure, assume that the gear
train is to be modified so that the calculated horsepower will be 4

instead of 41⁄4; conditions otherwise are the same as in Example 6.

Hence, since W = 1000 pounds,

Insert any values for the pitch radii R, R1, etc., that will balance

the equation, so that the right-hand side equals 1000, at least
approximately. Several trial solutions may be necessary to obtain a
total of about 1000, at the same time, secure properly proportional
gears that meet other requirements of the design. Suppose the same

radii are used here, except R1, which is increased from 8 to 81⁄2
inches. Then

F
33 000 4×,

1200
--------------------------- 110 pounds= =

1000
110 0.90 R R1×××

r r1×
------------------------------------------------=
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This example shows that the increase in the radius of the last

driven gear from 8 to 81⁄2 inches makes it possible to use the 4-

horsepower motor. The hoisting speed has been decreased some-

what, and the center distance between the gears has been

increased. These changes might or might not be objectionable in

actual designing practice, depending upon the particular require-

ments.

Force Required to Turn a Screw Used for Elevating or Lower-

ing Loads.—  In determining the force that must be applied at the

end of a given lever arm in order to turn a screw (or nut surround-

ing it), there are two conditions to be considered: (1) when rotation

is such that the load resists the movement of the screw, as in rais-

ing a load with a screw jack; (2) when rotation is such that the load

assists the movement of the screw, as in lowering a load. The for-

mulas at the bottom of the table on Handbook page 171 apply to

both these conditions. When the load resists the screw movement,

use the formula “for motion in a direction opposite to Q.” When

the load assists the screw movement, use the formula “for motion

in the same direction as Q.”

If the lead of the thread is large in proportion to the diameter so

that the helix angle is large, the force F may have a negative value,

which indicates that the screw will turn due to the load alone,

unless resisted by a force that is great enough to prevent rotation of

a nonlocking screw.

Example 8:A screw is to be used for elevating a load Q of 6000

pounds. The pitch diameter is 4 inches, the lead is 0.75 inch, and

the coefficient of friction µ between screw and nut is assumed to

be 0.150. What force F will be required at the end of a lever arm R

of 10 inches? In this example, the load is in the direction opposite

to the arrow Q (see diagram at bottom of the table on Handbook

page 171).

110 0.90 6 81⁄2×××
2 21⁄2×

------------------------------------------------ 1000 approximately=
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Example 9:What force F will be required to lower a load of 6000
pounds using the screw referred to in Example 8? In this case, the
load assists in turning the screw; hence,

Coefficients of Friction for Screws and Their Efficiency.—

According to experiments Professor Kingsbury made with
square-threaded screws, a friction coefficient µ of 0.10 is about
right for pressures less than 3000 pounds per square inch and
velocities above 50 feet per minute, assuming that fair lubrication
is maintained. If the pressures vary from 3000 to 10,000 pounds
per square inch, a coefficient of 0.15 is recommended for low
velocities. The coefficient of friction varies with lubrication and
the materials used for the screw and nut. For pressures of 3000
pounds per square inch and by using heavy machinery oil as a
lubricant, the coefficients were as follows: Mild steel screw and
cast-iron nut, 0.132; mild-steel nut, 0.147; cast-brass nut, 0.127.
For pressures of 10,000 pounds per square inch using a mild-steel
screw, the coefficients were, for a cast-iron nut, 0.136; for a mild-
steel nut, 0.141 for a cast-brass nut, 0.136. For dry screws, the
coefficient may be 0.3 to 0.4 or higher.

Frictional resistance is proportional to the normal pressure, and
for a thread of angular form, the increase in the coefficient of fric-
tion is equivalent practically to µsecβ, in which β equals one-half
the included thread angle; hence, for a sixty-degree thread, a coef-
ficient of 1.155µ may be used. The square form of thread has a
somewhat higher efficiency than threads with sloping sides,
although when the angle of the thread form is comparatively small,
as in an Acme thread, there is little increase in frictional losses.
Multiple-thread screws are much more efficient than single-thread
screws, as the efficiency is affected by the helix angle of the
thread.

F 6000
0.75 6.2832 0.150 2××+

6.2832 2 0.150 0.75×–×
--------------------------------------------------------------×

2

10
------×

254 pounds

=

=

F 6000
6.2832 0.150 2 0.75–××
6.2832 2 0.150 0.75×+×
--------------------------------------------------------------×

2

10
------× 107 pounds= =
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The efficiency between a screw and nut increases quite rapidly
for helix angles up to 10 to 15 degrees (measured from a plane per-
pendicular to the screw axis). The efficiency remains nearly con-
stant for angles between about 25 and 65 degrees, and the angle of
maximum efficiency is between 40 and 50 degrees. A screw will
not be self-locking if the efficiency exceeds 50 per cent. For exam-
ple, the screw of a jack or other lifting or hoisting appliance would
turn under the action of the load if the efficiency were over 50 per
cent. It is evident that maximum efficiency for power transmission
screws often is impractical, as for example, when the smaller helix
angles are required to permit moving a given load by the applica-
tion of a smaller force or turning moment than would be needed for
a multiple screw thread.

In determining the efficiency of a screw and a nut, the helix
angle of the thread and the coefficient of friction are the important
factors. If E equals the efficiency, A equals the helix angle, mea-
sured from a plane perpendicular to the screw axis, and µ equals
the coefficient of friction between the screw thread and nut, then
the efficiency may be determined by the following formula, which
does not take into account any additional friction losses, such as
may occur between a thrust collar and its bearing surfaces:

This formula would be suitable for a screw having ball-bearing
thrust collars. Where collar friction should be taken into account, a
fair approximation may be obtained by changing the denominator
of the foregoing formula to tanA + 2µ. Otherwise, the formula
remains the same.

Angles and Angular Velocity Expressed in Radians.—There
are three systems generally used to indicate the sizes of angles,
which are ordinarily measured by the number of degrees in the arc
subtended by the sides of the angle. Thus, if the arc subtended by
the sides of the angle equals one-sixth of the circumference, the
angle is said to be 60 degrees. Angles are also designated as multi-
ples of a right angle. As an example, the sum of the interior angles
of any polygon equals the number of sides less two, times two
right angles. Thus the sum of the interior angles of an octagon

E
A 1 µ Atan–( )tan

A µ+tan
-----------------------------------------=
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equals (8 − 2) × 2 × 90 = 6 × 180 = 1080 degrees. Hence each inte-
rior angle equals 1080 ÷ 8 = 135 degrees.

A third method of designating the size of an angle is very help-
ful in certain problems. This method makes use of radians. A
radian is defined as a central angle, the subtended arc of which
equals the radius of the arc.

By using the symbols on Handbook page 95, v may represent
the length of an arc as well as the velocity of a point on the periph-
ery of a body. Then, according to the definition of a radian:
ω = v/r, or the angle in radians equals the length of the arc divided
by the radius. Both the length of the arc and the radius must, of
course, have the same unit of measurement - both must be in feet
or inches or centimeters, etc. By rearranging the preceding equa-
tion:

These three formulas will solve practically every problem
involving radians.

The circumference of a circle equals πd or 2πr, which equals
6.2832r, which indicates that a radius is contained in a circumfer-
ence 6.2832 times; hence there are 6.2832 radians in a circumfer-
ence. Since a circumference represents 360 degrees, 1 radian
equals 360 ÷ 6.2832 = 57.2958 degrees. Since 57.2958 degrees = 1
radian, 1 degree = 1 radian ÷ 57.2958 = 0.01745 radian.

Example 10:  2.5 radians equal how many degrees? One radian =
57.2958 degrees; hence, 2.5 radians = 57.2958 × 2.5 = 143.239
degrees.

Example 11:  22° 31′ 12″ = how many radians? 12 seconds = 12⁄60

= 1⁄5 = 0.2 minute; 31.2′ ÷ 60 = 0.52 degree. One radian = 57.3

degrees approximately. 22.52° = 22.52 + 57.3 = 0.393 radian.

Example 12:  In the figure on Handbook page 78, let l = v = 30

inches; and radius r = 50 inches; find the central angle ω = v/r = 30⁄50

= 3⁄5 = 0.6 radian.

57.2958 × 0.6 = 34°22.6′

Example 13:  3π⁄4 radians equal how many degrees? 2π radians =

360°; π radians = 180°. 3π⁄4 = 3⁄4 × 180 = 135 degrees.

v ωr   and r
v

ω
----= =
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Example 14:A 20-inch grinding wheel has a surface speed of
6000 feet per minute. What is the angular velocity? 

The radius (r) = 10⁄12 foot; the velocity (n) in feet per second =
6000⁄60; hence,

Example 15:Use the table on Handbook page 103 to solve
Example 11.

Example 16:7.23 radians equals how many degrees? On Hand-
book page 104, find:

PRACTICE EXERCISES FOR SECTION 15

 (See Answers to Practice Exercises For Section 15 on page 233)

1) In what respect does a foot-pound differ from a pound?

2) If a 100-pound weight is dropped, how much energy will it be
capable of exerting after falling 10 feet?

3) Can the force of a hammer blow be expressed in pounds?

4) If a 2-pound hammer is moving 30 feet per second, what is its
kinetic energy?

5) If the hammer referred to in Exercise 4 drives a nail into a 1⁄4-

inch board, what is the average force of the blow?

6) What relationship is there between the muzzle velocity of a
projectile fired upward and the velocity with which the projectile
strikes the ground?

20° = 0.349066 radian

2° = 0.034907 radian

31′ = 0.009018 radian

12″ = 0.000058 radian

22°31′
12″ = 0.393049 radian

7.0 radians = 401° 4′ 14″

0.2 radian = 11° 27′ 33″

0.03 radian =  1° 43′ 8″

7.23 radians =  414° 14′ 55″

ω 6000

60 10⁄12×
-------------------- 120   radians per second= =
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7) What is the difference between the composition of forces and
the resolution of forces?

8) If four equal forces act along lines 90 degrees apart through a
given point, what is the shape of the corresponding polygon of
forces?

9) Skids are to be employed for transferring boxed machinery
from one floor to the floor above. If these skids are inclined at an
angle of 35 degrees, what force in pounds, applied parallel to the
skids, will be required to slide a boxed machine weighing 2500
pounds up the incline, assuming that the coefficient of friction is
0.20?

10) Refer to Exercise 9. If the force or pull were applied in a hor-
izontal direction instead of in line with the skids, what increase, if
any, would be required?

11) Will the boxed machine referred to in Exercise 9 slide down
the skids by gravity?

12) At what angle will the skids require to be before the boxed
machine referred to in Exercise 9 begins to slide by gravity?

13) What name is applied to the angle that marks the dividing line
between sliding and nonsliding when a body is placed on an
inclined plane?

14) How is the “angle of repose” determined?

15) What figure or value is commonly used in engineering calcu-
lations for acceleration due to gravity?

16) Is the value commonly used for acceleration due to gravity
strictly accurate for any locality?

17) A flywheel 3 feet in diameter has a rim speed of 1200 feet per
minute, and another flywheel 6 feet in diameter has the same rim
speed. Will the rim stress or the force tending to burst the larger
flywheel be greater than the force in the rim of the smaller fly-
wheel?

18) What factors of safety are commonly used in designing fly-
wheels?

19) Does the stress in the rim of a flywheel increase in proportion
to the rim velocity?

20) What is generally considered the maximum safe speed for the
rim of a solid or one-piece cast-iron flywheel?
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21) Why is a well-constructed wood flywheel better adapted to
higher speeds than one made of cast iron?

22) What is the meaning of the term “critical speed” as applied to
a rotating body?

23) How is angular velocity generally expressed?

24) What is a radian, and how is its angle indicated?

25) How many degrees are there in 2.82 radians?

26) How many degrees are in the following radians: π⁄3;
2π⁄5;

27) Reduce to radians: 63°; 45°32′; 6°37′46″; 22°22′ 22″.

28) Find the angular velocity in radians per second of the follow-
ing: 157 rpm; 275 rpm; 324 rpm.

29) Why do the values in the l column starting on Handbook
page 78 equal those in the radian column on page 103?

30) If the length of the arc of a sector is 47⁄8 inches, and the radius

is 67⁄8 inches, find the central angle.

31) A 12-inch grinding wheel has a surface speed of a mile a
minute. Find its angular velocity and its revolutions per minute.

32) The radius of a circle is 11⁄2 inches, and the central angle is 60

degrees. Find the length of the arc.

33) If an angle of 34°12′ subtends an arc of 16.25 inches, find the
radius of the arc.
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SECTION 16

STRENGTH OF MATERIALS

HANDBOOK Pages 199 - 221

The Strength of Materials section of Machinery’s Handbook
contains fundamental formulas and data for use in proportioning
parts that are common to almost every type of machine or mechan-
ical structure. In designing machine parts, factors other than
strength often are of vital importance. For example, some parts are
made much larger than required for strength alone to resist extreme
vibrations, deflection, or wear; consequently, many machine parts
cannot be designed merely by mathematical or strength calcula-
tions, and their proportions should, if possible, be based upon
experience or upon similar designs that have proved successful. It
is evident that no engineering handbook can take into account the
endless variety of requirements relating to all types of mechanical
apparatus, and it is necessary for the designer to determine these
local requirements for each, but, even when the strength factor is
secondary due to some other requirement, the strength, especially
of the more important parts, should be calculated, in many
instances, merely to prove that it will be sufficient.

In designing for strength, the part is so proportioned that the
maximum working stress likely to be encountered will not exceed
the strength of the material by a suitable margin. The design is
accomplished by the use of a factor of safety. The relationship
between the working stress sw, the strength of the material, Sm , and

the factor of safety, fs is given by Equation (1) on page 204 of the

Handbook:

(a)

The value selected for the strength of the material, Sm depends

on the type of material, whether failure is expected to occur

sw

Sm

fs
------=
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because of tensile, compressive, or shear stress, and on whether the
stresses are constant, fluctuating, or are abruptly applied as with
shock loading. In general, the value of Sm is based on yield strength

for ductile materials, ultimate strength for brittle materials, and
fatigue strength for parts subject to cyclic stresses. Moreover, the
value for Sm must be for the temperature at which the part operates.

Values of Sm for common materials at 68°F can be obtained from

the tables in Machinery’s Handbook from page 432 and  513. Fac-
tors from the table given on Handbook page 395, Influence of

Temperature on the Strength of Metals, can be used to convert
strength values at 68°F to values applicable at elevated tempera-
tures. For heat-treated carbon and alloy steel parts, see data starting
on Handbook page 426.

The factor of safety depends on the relative importance of reli-
ability, weight, and cost. General recommendations are given in
the Handbook on page 204.

Working stress is dependent on the shape of the part, hence on a
stress concentration factor, and on a nominal stress associated with
the way in which the part is loaded. Equations and data for calcu-
lating nominal stresses, stress concentration factors, and working
stresses are given starting on Handbook page 204.

Example 1:Determine the allowable working stress for a part that
is to be made from SAE 1112 free-cutting steel; the part is loaded
in such a way that failure is expected to occur in tension when the
yield strength has been exceeded. A factor of safety of 3 is to be
used.

From the table, Strength Data for Iron and Steel, on page 432

of the Handbook, a value of 30,000 psi is selected for the strength
of the material, Sm.Working stress Sw is calculated from Equation

(a) as follows: 

Finding Diameter of Bar to Resist Safely Under a Given 
Load.—Assume that a direct tension load, F, is applied to a bar
such that the force acts along the longitudinal axis of the bar. From
Handbook page 209, the following equation is given for calculat-
ing the nominal stress:

sw
30 000,

3
------------------ 10 000    psi,= =
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(b)

 where A is the cross-sectional area of the bar. Equation (2) on
Handbook page 204 related the nominal stress to the stress con-
centration factor, K, and working stress, Sw:

(c)

Combining Equations (a),  (b), and  (c) results in the following:

(d)

Example 2:A structural steel bar supports in tension a load of
40,000 pounds. The load is gradually applied and, then, after hav-
ing reached its maximum value, is gradually removed. Find the
diameter of round bar required.

According to the table on Handbook page 432, the yield
strength of structural steel is 33,000 psi. Suppose that a factor of
safety of 3 and a stress concentration factor of 1.1 are used. Then,
inserting known values in Equation (d):

Hence, the cross-section of the bar must be about 4 square
inches. As the bar is circular in section, the diameter must then be

about 21⁄4 inches.

Diameter of Bar to Resist Compression.—If a short bar is sub-
jected to compression in such a way that the line of application of
the load coincides with the longitudinal axis of the bar, the formula
for nominal stress is the same as for direct tension loading. Equa-

tion (b) and hence Equation (d) also may be applied to direct
compression loading.

Example 3:A short structural steel bar supports in compression a
load of 40,000 pounds.  (See Fig. 1.) The load is steady. Find the
diameter of the bar required.

From page 432 in the Handbook, the yield strength of structural
steel is 33,000 psi. If a stress concentration factor of 1.1 and a fac-

σ F

A
---=

sw Kσ=

Sm

Kfs
--------

F

A
---=

33 000,
1.1 3×
------------------

40 000,
A

------------------; A
40 000 3.3×,

33 000,
-------------------------------; A 4 square inches= = =
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tor of safety of 2.5 are used, then, substituting values into Equa-

tion (d):

Fig. 1. Calculating Diameter x to Support a Given Load Safely

The diameter of a bar, the cross-section of which is 3.33 square

inches, is about 21⁄16 inches.

According to a general rule, the simple formulas that apply to
compression should be used only if the length of the member being
compressed is not greater than 6 times the least cross-sectional
dimension. For example, these formulas should be applied to
round bars only when the length of the bar is less than 6 times the
diameter. If the bar is rectangular, the formulas should be applied
only to bars having a length less than 6 times the shortest side of
the rectangle. When bars are longer than this, a compressive stress
causes a sidewise bending action, and an even distribution of the
compression stresses over the total area of the cross-section should
no longer be depended upon. Special formulas for long bars or col-
umns will be found on Handbook page 283; see also text begin-
ning on page 281, Strength of Columns or Struts.

Diameter of Pin to Resist Shearing Stress.—The pin E shown in
the illustration, Fig. 2, is subjected to shear. Parts G and B are held

33 000,
1.1 2.5×
---------------------

40 000,
A

------------------; A 3.33 square inches= =
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together by the pin and tend to shear it off at C and D. The areas
resisting the shearing action are equal to the pin at these points.

Fig. 2. Finding the Diameter of Connecting-Rod Pin to Resist a 
Known Load G

From the Table of Simple Stresses on page 209 of the Hand-
book, the equation for direct shear is:

(e)

τ is a simple stress related to the working stress, sw, by Equation

(3) on Handbook page 204:

(f)

where K is a stress concentration factor. Combining Equation (a),
(e), and  (f) gives Equation (d) on page 143, where Sm is, of

course, the shearing strength of the material.

If a pin is subjected to shear as in Fig. 2, so that two surfaces, as
at C and D, must fail by shearing before breakage occurs, the areas
of both surfaces must be taken into consideration when calculating
the strength. The pin is then said to be in double shear. If the lower
part F of connecting rod B were removed, so that member G were
connected with B by a pin subjected to shear at C only, the pin
would be said to be in single shear.

Example 4:Assume that in Fig. 2 the load at G pulling on the
connecting rod is 20,000 pounds. The material of the pin is SAE

τ F

A
---=

sw Kτ=
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1025 steel. The load is applied in such a manner that shocks are
liable to occur. Find the required dimensions for the pin.

Since the pins are subjected to shock loading, the nominal stress
resulting from the application of the 20,000-pound load must be
assumed to be twice as great (see Handbook starting on page 278)
as it would be if the load were gradually applied or steady. From
Handbook page 432, the ultimate strength in shear for SAE 1025
steel is 75 per cent of 60,000 or 45,000 psi. A factor of safety of 3
and a stress concentration factor of 1.8 are to be used. By substitut-
ing values into Equation (d):

As the pin is in double shear, that is, as there are two surfaces C
and D over which the shearing stress is distributed, each surface
must have an area of one-half the total shearing area A. Then, the
cross-sectional area of the pin will be 2.4 square inches, and the
diameter of the pin, to give a cross-sectional area of 2.4 square

inches, must be 13⁄4 inches.

Beams, and Stresses to Which They Are Subjected.—Parts  of
machines and structures subjected to bending are known mechani-
cally as beams. Hence, in this sense, a lever fixed at one end and
subjected to a force at its other end, a rod supported at both ends
and subjected to a load at its center, or the overhanging arm of a jib
crane would all be known as beams.

The stresses in a beam are principally tension and compression
stresses. If a beam is supported at the ends, and a load rests upon
the upper side, the lower fibers will be stretched by the bending
action and will be subjected to a tensile stress, while the upper
fibers will be compressed and be subjected to a compressive stress.
There will be a slight lengthening of the fibers in the lower part of
the beam, while those on the upper side will be somewhat shorter,
depending upon the amount of deflection. If we assume that the
beam is either round or square in cross-section, there will be a
layer or surface through its center line, which will be neither in
compression nor in tension. 

45 000,
1.8 3×
------------------

2 20 000,×
A

---------------------------; A
10.8 20 000,×

45 000,
----------------------------------= =

4.8   sq. in.=
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This surface is known as the neutral surface. The stresses of the
individual layers or fibers of the beam will be proportional to their
distances from the neutral surface, the stresses being greater the
farther away from the neutral surface the fiber is located. Hence,
there is no stress on the fibers in the neutral surface, but there is a
maximum tension on the fibers at the extreme lower side and a
maximum compression on the fibers at the extreme upper side of
the beam. In calculating the strength of beams, it is, therefore, only
necessary to determine that the fibers of the beam that are at the
greatest distance from the neutral surface are not stressed beyond
the safe working stress of the material. If this condition exists, all
the other parts of the section of the beam are not stressed beyond
the safe working stress of the material.

In addition to the tension and compression stresses, a loaded
beam is also subjected to a stress that tends to shear it. This shear-
ing stress depends upon the magnitude and kind of load. In most
instances, the shearing action can be ignored for metal beams,
especially if the beams are long and the loads far from the sup-
ports. If the beams are very short and the load quite close to a sup-
port, then the shearing stress may become equal to or greater than
the tension or compression stresses in the beam and the beam
should then be calculated for shear.

Beam Formulas.—  The bending action of a load upon a beam is
called the bending moment. For example, in Fig. 3 the load P act-
ing downward on the free end of the cantilever beam has a moment
or bending action about the support at A equal to the load multi-
plied by its distance from the support. The bending moment is
commonly expressed in inch-pounds, the load being expressed in
pounds and the lever arm or distance from the support in inches.
The length of the lever arm should always be measured in a direc-
tion at right angles to the direction of the load. Thus, in Fig. 4, the
bending moment is not P × a, but is P × l, because l is measured in
a direction at right angles to the direction of the load P.

The property of a beam to resist the bending action or the bend-
ing moment is called the moment of resistance of the beam. It is
evident that the bending moment must be equal to the moment of
resistance. The moment of resistance, in turn, is equal to the stress
in the fiber farthest away from the neutral plane multiplied by the
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section modulus. The section modulus is a factor that depends
upon the shape and size of the cross-section of a beam and is given
for different cross-sections in all engineering handbooks. (See
table, Moments of Inertia, Section Moduli, and Radii of Gyration

starting on Handbook page 234.) The section modulus, in turn,
equals the moment of inertia of the cross-section, divided by the
distance from the neutral surface to the most extreme fiber. The
moment of inertia formulas for various cross-sections also will be
found in the table just mentioned.

Fig. 3. Diagrams Illustrating Principle of Bending Moments

The following formula on Handbook page 209 may be given as
the fundamental formula for bending of beams:

(g)

The moment of inertia I is a property of the cross-section that
determines its relative strength. In calculations of strength of mate-
rials, a handbook is necessary because of the tabulated formulas
and data relating to section moduli and moments of inertia, areas
of cross-sections, etc., to be found therein.

There are many different ways in which a beam can be sup-
ported and loaded, and the bending moment caused by a given load
varies greatly according to whether the beam is supported at one
end only or at both ends, also whether it is freely supported at-the
ends or is held firmly. The load may be equally distributed over the
full length of the beam or may be applied at one point either in the
center or near to one or the other of the supports. The point where
stress is maximum is generally called the critical point. The stress
at the critical point equals bending moment divided by section
modulus.

σ
M

Z
-----±

My

I
--------±= =
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Formulas for determining the stresses at the critical points will
be found in the table of beam formulas, starting on Handbook
page 257.

Example 5:A rectangular steel bar 2 inches thick and firmly built
into a wall, as shown in Fig. 4, is to support 3000 pounds at its
outer end 36 inches from the wall. What would be the necessary
depth h of the beam to support this weight safely?

The bending moment equals the load times the distance from
the point of support, or 3000 × 36 = 108,000 inch-pounds.

By combining Equation (a),  (c), and (g), the following equa-
tion is obtained:

(h)

If the beam is made from structural steel, the value for Sm, based

on yield strength, from page 432 in the Handbook, is 33,000 psi.
By using a stress concentration factor of 1.1 and a factor of safety
of 2.5, values may be inserted into the above equation:

The section modulus for a rectangle equals bd2/6, in which b is
the length of the shorter side and d of the longer side of the rectan-

gle (see Handbook page 235), hence, Z = bd2/6.

Fig. 4. Determining the Depth h of a Beam to Support a Known 
Weight

But Z = 9 and b = 2. Inserting these values into the formula, we
have:

Sm

Kfs
--------

M

Z
-----=

33 000,
1.1 2.5×
---------------------

108 000,
Z

---------------------; Z
2.75 108 000,×

33 000,
-------------------------------------; Z 9 inches

3
= = =
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from which d2 = 27, and d = 5.2 inches. This value d corresponds
to dimension h in Fig. 4 Hence, the required depth of the beam to
support a load of 3000 pounds at the outer end with a factor of
safety of 3 would be 5.2 inches.

In calculating beams having either rectangular or circular cross-
sections, the formulas on Handbook page 269 are convenient to
use. A beam loaded as shown by Fig. 4 is similar to the first dia-
gram on Handbook page 269. If the formula on this page in the
Handbook for determining height h is applied to Example 5, Fig.

4, then,

In the above calculation the stress value f is equivalent to Sm/Kfs.

Example 6:A steel I-beam is to be used as a crane trolley track.
This I-beam is to be supported at the ends, and the unsupported
span is 20 feet long. The maximum load is 6000 pounds, and the
nominal stress is not to exceed 10,000 pounds per square inch.
Determine the size of the standard I-beam; also determine the max-
imum deflection when the load is at the center of the beam.

The foregoing conditions are represented by Case 2, Handbook
page 257. A formula for the stress at the critical point is Wl/4Z. As
explained on Handbook page 256, all dimensions are in inches,
and the minus sign preceding a formula merely denotes compres-
sion of the upper fibers and tension in the lower fibers.

By inserting the known values in the formula:

The table of standard I-beams on Handbook page 2598 shows
that a 12-inch I-beam, which weighs 31.8 pounds per foot, has a
section modulus of 36.4.

9
2d

2

6
---------=

h
6lW

bf
----------

6 36 3000××
2 12 000,×

--------------------------------- 5.2  inches= = =

10 000,
6000 240×

4Z
---------------------------;  hence=

Z
6000 240×
10 000 4×,
--------------------------- 36= =
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The formula for maximum deflection (see Handbook starting on

page 257, Case 2) is Wl3/48EI. According to the table on Hand-
book page 432, the modulus of elasticity (E) of structural steel is
29,000,000.

As Z = moment of inertia I ÷ distance from neutral axis to
extreme fiber (see Handbook page 256), then for a 12-inch I-beam
I = 6Z = 216; hence,

Example 7:All conditions are the same as in Example 6, except
that the maximum deflection at the “critical point,” or center of the

I-beam, must not exceed 1⁄8 inch. What size I-beam is required?

To meet the requirement regarding deflection,

If x = distance from neutral axis to most remote fiber (1⁄2 beam

depth in this case), then Z = I/x, and the table on Handbook
page 2598 shows that a 15-inch, 50-pound I-beam should be used
because it has a section modulus of 64.8 and 476/7.5 = 63.5 nearly.

If 476 were divided by 6 (1⁄2 depth of a 12-inch I-beam), the

result would be much higher than the section modulus of any stan-
dard 12-inch I-beam (476 ÷ 6 = 79.3); moreover, 576 ÷ 9 = 53,
which shows that an 18-inch I-beam is larger than is necessary
because the lightest beam of this size has a section modulus of
81.9.

Example 8:If the speed of a motor is 1200 revolutions per minute
and if its driving pinion has a pitch diameter of 3 inches, determine
the torsional moment to which the pinion shaft is subjected,
assuming that 10 horsepower is being transmitted.

If W = tangential load in pounds, H = the number of horse-
power, and V = pitch-line velocity in feet per minute,

Maximum deflection
6000 240( )

3
×

48 29 000 000 216×, ,×
--------------------------------------------------------- 0.27 inch= =

1

8
---

Wl
3

48EI
------------;    therefore,=

I
8Wl

3

48E
-------------

8 6000 240( )
3

××
48 29 000 000, ,×
-------------------------------------------- 476= = =
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The torsional moment = W × pitch radius of pinion = 350 × 1.5
= 525 pound-inches (or inch-pounds).

Example 9:If the pinion referred to in Example 8 drives a gear
having a pitch diameter of 12 inches, to what torsional or turning
moment is the gear shaft subjected?

The torque or torsional moment in any case = pitch radius of
gear × tangential load. The latter is the same for both gear and pin-
ion; hence, torsional moment of gear = 350 × 6 = 2100 inch-
pounds.

The torsional moment or the turning effect of a force that tends
to produce rotation depends upon (1) the magnitude of the force
acting, and (2) the distance of the force from the axis of rotation,
measuring along a line at right angles to the line of action of the
force.

PRACTICE EXERCISES FOR SECTION 16

 (See Answers to Practice Exercises For Section 16 on page 235)

1) What is a “factor of safety,” and why are different factors used
in machine design?

2) If the ultimate strength of a steel rod is 60,000 pounds per
square inch, and the factor of safety is 5, what is the equivalent
working stress?

3) If a steel bar must withstand a maximum pull of 9000 pounds
and if the maximum nominal stress must not exceed 12,000
pounds per square inch, what diameter bar is required?

4) Is a steel rod stronger when at ordinary room temperature or
when heated to 500°F?

5) What is the meaning of the term “elastic limit”?

6) Approximately what percentages of copper and zinc in brass
result in the greatest tensile strength?

7) If four 10-foot-long pipes are to be used to support a water
tank installation weighing 100,000 pounds, what diameter standard
weight pipe is required?

W
33 000 H×,

V
----------------------------

33 000 10×,
943

------------------------------ 350  pounds

=

= =



153

SECTION 17

DESIGN OF SHAFTS AND KEYS FOR POWER 
TRANSMISSION

HANDBOOK Pages 295 - 303 and Pages 2460 - 2483

This section is a review of the general procedure in designing
shafts to resist both torsional and combined torsional and bending
stresses. The diameter of a shaft through which power is transmit-
ted depends, for a given shaft material, upon the amount and kind
of stress or stresses to which the shaft is subjected. To illustrate the
general procedure, we shall assume first that the shaft is subjected
only to a uniform torsional or twisting stress and that there is no
additional bending stress that needs to be considered in determin-
ing the diameter.

Example 1:A lineshaft carrying pulleys located close to the bear-
ings is to transmit 50 horsepower at 1200 revolutions per minute.
If the load is applied gradually and is steady, what diameter steel
shaft is required, assuming that the pulleys are fastened to the shaft
by means of keys and that the bending stresses caused by the pull
of the belts are negligible?

According to the former American Standard Association’s Code
for the Design of Transmission Shafting, the diameter of shaft
required to meet the stated conditions can be determined by using
Formula (16b), Handbook page 300.

In this formula, D = required shaft diameter in inches; B = a fac-
tor, which for solid shafts is taken as 1; Kt = combined shock and

fatigue factor; P = maximum horsepower transmitted by shaft; Ss =

maximum allowable torsional shearing stress in pounds per square
inch; and N = shaft speed in revolutions per minute.

D B
321 000KtP,

SsN
-------------------------------3×=
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From Table 1 on Handbook page 301, Kt = 1.0 for gradually

applied and steady loads, and from Table 2 the recommended
maximum allowable working stress for “Commercial Steel” shaft-
ing with keyways subjected to pure torsion loads is 6000 pounds
per square inch. By substituting in the formula,

The nearest standard size transmission shafting from the table

on Handbook page 299 is 17⁄16 inches.

Example 2:If, in Example 1, the shaft diameter had been deter-
mined by using Formula (5b), Handbook page 295, what would
the result have been and why?

This formula gives the same shaft diameter as was previously
determined because it is simplified form of the first formula used
and contains the same values of Kt and Ss , but combined as the sin-

gle constant 53.5. For lineshafts carrying pulleys under conditions
ordinarily encountered, this simplified formula is usually quite sat-
isfactory; but, where conditions of shock loading are known to
exist, it is safer to use Formula (16b), Handbook page 300, which
takes such conditions into account.

Shafts Subjected to Combined Stresses.—The preceding formu-
las are based on the assumption that the shaft is subjected to tor-
sional stresses only. However, many shafts must withstand stresses
that result from combinations of torsion, bending, and shock load-
ing. In such conditions it is necessary to use formulas that take
such stresses into account.

Example 3:Suppose that, after the lineshaft in Example 1 was
installed, it became necessary to relocate a machine that was being
driven by one of the pulleys on the shaft. Because of the new
machine location, it was necessary to move the pulley on the line-
shaft farther away from the nearest bearing, and, as a result, a

bending moment of 2000 inch-pounds was introduced. Is the 17⁄16-

D 1
321 000 1.0 50××,

6000 1200×
-----------------------------------------------3× 1.306 inches= =

D
53.5P

N
--------------3

53.5 5× 0

1200
-----------------------3 1.306 inches= = =
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inch diameter shaft sufficient to take this additional stress, or will
it be necessary to relocate the bearing to provide better support?

Since there are now both bending and torsional loads acting on
the shaft, Formula (18b), Handbook page 300 should be used to
compute the required shaft diameter. This diameter is then com-

pared with the 17⁄16 inch diameter previously determined.

In this formula B, Kt, P, and N are quantities previously defined

and pt = maximum allowable shearing stress under combined load-

ing conditions in pounds per square inch; Km = combined shock

and fatigue factor; and M = maximum bending moment in inch-
pounds.

From Table 1 on Handbook page 301, Km = 1.5 for gradually

applied and steady loads and from Table 2, pt = 6000 pounds per

square inch. By substituting in the formula,

This diameter is larger than the 17⁄16-inch diameter used for the

shaft in Example 1, so it will be necessary to relocate the bearing

closer to the pulley, thus reducing the bending moment. The 17⁄16-

inch diameter shaft will then be able to operate within the allow-
able working stress for which it was originally designed.

Design of Shafts to Resist Torsional Deflection.—Shafts must
often be proportioned not only to provide the strength required to
transmit a given torque, but also to prevent torsional deflection
(twisting) through a greater angle than has been found satisfactory
for a given type of service. This requirement is particularly true for
machine shafts and machine-tool spindles.

D B
5.1

pt

------- KmM( )
2 63 000Kt, P

N
---------------------------
 
 

2

+3×=

D 1
5.1

6000
------------ 1.5 2000×( )

2 63 000 1 50××,

1200
--------------------------------------
 
 

2
+3×=

5.1

6000
------------ 9000000 6 890 625, ,+3=

5.1

6000
------------ 3986×3=

3.388
3

= 1.502 inches or about 11⁄2 inches=
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For ordinary service, it is customary that the angle of twist of

machine shafts be limited to 1⁄10 degree per foot of shaft length, and

for machine shafts subject to load reversals, 1⁄20 degree per foot of

shaft length. As explained in the Handbook, the usual design pro-
cedure for shafting that is to have a specified maximum angular
deflection is to compute the diameter of shaft required based on
both deflection and strength considerations and then to choose the
larger of the two diameters thus determined.

Example 4:A 6-foot-long feed shaft is to transmit a torque of 200
inch-pounds. If there are no bending stresses, and the shaft is to be

limited to a torsional deflection of 1⁄20 degree per foot of length,

what diameter shaft should be used? The shaft is to be made of
cold drawn steel and is to be designed for a maximum working
stress of 6000 pounds per square inch in torsion.

The diameter of shaft required for a maximum angular deflec-
tion a is given by Formula (13), Handbook page 297.

In this formula T = applied torque in inch-pounds; l = length of
shaft in inches; G = torsional modulus of elasticity, which, for
steel, is 11,500,000 pounds per square inch; and α = angular
deflection of shaft in degrees.

In the problem at hand, T = 200 inch-pounds; l = 6 × 12 = 72
inches; and α = 6 × 1/20 = 0.3 degree.

The diameter of the shaft based on strength considerations is
obtained by using Formula (3a), Handbook page 295.

From the above calculations, the diameter based on torsional
deflection considerations is the larger of the two values obtained,

so the nearest standard diameter, 11⁄4 inches, should be used.

D 4.9 
Tl

Gα
--------4=

D 4.9 
200 72×

11 500 000 0.3×, ,
-------------------------------------------4 4.9 0.00417394= =

4.9 0.254×= 1.24 inches=

D
5.1T

Ss

-----------3
5.1 200×

6000
----------------------3 0.173 0.55  inch= = = =
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Selection of Key Size Based on Shaft Size.—Keys are generally
proportioned in relation to shaft diameter instead of in relation to
torsional load to be transmitted because of practical reasons such
as standardization of keys and shafts. Standard sizes are listed in
the table, Key Size Versus Shaft Diameter  ANSI B17.1-1967

(R2008) on Handbook page 2472. Dimensions of both square and
rectangular keys are given, but for shaft diameters up to and

including 61⁄2 inches, square keys are preferred. For larger shafts,

rectangular keys are commonly used.

Two rules that base key length on shaft size are: (1) L = 1.5D

and (2) L = 0.3D2 ÷ T, where L = length of key, D = diameter of
shaft, and T = key thickness.

If the keyset is to have fillets, and the key is to be chamfered,
suggested dimensions for these modifications are given on Hand-
book page 2477. If a set screw is to be used over the key, sug-
gested sizes are given in the table on Handbook page 2477.

Example 5:If the maximum torque output of a 2-inch diameter
shaft is to be transmitted to a keyed pulley, what should be the pro-
portions of the key?

According to the table on Handbook page 2472, a 1⁄2-inch square

key would be preferred. If a rectangular key were selected, its

dimensions would be 1⁄2 inch by 3⁄8 inch. According to rule 1 above,

its length would be 3 inches.

The key and keyseat may be proportioned so as to provide a
clearance or an interference fit. The table on Handbook page 2476

gives tolerances for widths and depths of keys and keyseats to pro-
vide Class 1 (clearance) and Class 2 (interference) fits. An addi-
tional Class 3 (interference) fit, which has not been standardized, is
mentioned on Handbook page 2472 together with suggested toler-
ances.

Keys Proportioned According to Transmitted Torque.—As
previously stated, if key sizes are based on shaft diameter, the
dimensions of the key sometimes will be excessive, usually when a
gear or pulley transmits only a portion of the total torque capacity
of the shaft to which it is keyed. If excessively large keys are to be
avoided, it may be advantageous to base the determination on the
torque to be transmitted rather than on the shaft diameter and to
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use the dimensions thus determined as a guide in selecting a stan-
dard size key.

A key proportioned to transmit a specified torque may fail in
service either by shearing or by crushing, depending on the propor-
tions of the key and the manner in which it is fitted to the shaft and
hub. The best proportions for a key are those that make it equally
resistant to failure by shearing and by crushing. The safe torque in
inch-pounds that a key will transmit, based on the allowable shear-
ing stress of the key material, may be found from the formula:

(1)

The safe torque based on the allowable compressive stress of
the key material is found from the formula:

(2)

(For Woodruff keys the amount that the key projects above the
shaft is substituted for H/2.)

In these formulas, Ts = safe torque in shear; Tc = safe torque in

compression; Ss = allowable shearing stress; Sc = allowable com-

pressive stress; L = key length in inches; W = key width in inches;
H = key thickness in inches; and D = shaft diameter in inches.

To satisfy the condition that the key be equally resistant to
shearing and crushing, Ts should equal Tc, Thus, by equating For-

mulas (1) and (2), it is found that the width of the keyway in terms
of the height of the keyway is:

(3)

For the type of steel commonly used in making keys, the allow-
able compressive stress Sc may be taken as twice the allowable

shearing stress Ss, of the material if the key is properly fitted on all

four sides. By substituting Sc = 2Ss in Formula (3) it will be found

that W = H, so that for equal strength in compression and shear a
square key should be used.

If a rectangular key is used, and the thickness H is less than the
width W, then the key will be weaker in compression than in shear

Ts L W
D

2
---- Ss×××=

Tc L
H

2
----

D

2
---- Sc×××=

W
HSc

2Ss

----------=
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so that it is sufficient to check the torque capacity of the key using
Formula (2).

Example 6:A 3-inch shaft is to deliver 100 horsepower at 200
revolutions per minute through a gear keyed to the shaft. If the hub
of the gear is 4 inches long, what size key, equally strong in shear
and compression, should be used? The allowable compressive
stress in the shaft is not to exceed 16,000 pounds per square inch
and the key material has an allowable compressive stress of 20,000
pounds per square inch and an allowable shearing stress of 15,000
pounds per square inch.

The first step is to decide on the length of the key. Since the hub
of the gear is 4 inches long, a key of the same length may be used.
The next step is to determine the torque that the key will have to
transmit. By using Formula (2), Handbook page 295,

To determine the width of the key, based on the allowable
shearing stress of the key material, Equation (1) above is used.

In using Equation (2) to determine the thickness of the key,
however, it should be noted that, if the shaft material has a differ-
ent allowable compressive stress than the key material, then the
lower of the two values should be used. The shaft material then has
the lower allowable compressive stress, and the keyway in the
shaft would fail by crushing before the key would fail. Therefore,

T
63 000P,

N
----------------------

63 000 100×,
200

--------------------------------- 31 500  inch-pounds,= = =

Ts L W
D

2
---- Ss×××=

31 500, 4 W
D

2
---- 15 000,×××=

or                  

W
31 500 2×,

15 000 4 3××,
------------------------------------ 0.350   say, 3⁄8  inch,= =
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Therefore, the dimensions of the key for equal resistance to fail-

ure by shearing and crushing are 3⁄8 inch wide, 21⁄32 inch thick, and 4

inches long. If, for some reason, it is desirable to use a key shorter
than 4 inches, say, 2 inches, then it will be necessary to increase
both the width and thickness by a factor of 4 ÷ 2 if equal resistance
to shearing and crushing is to be maintained. Thus the width would

be 3⁄8 × 4⁄2 = 3⁄4 inch, and the thickness would be 21⁄32 ×  4⁄2 = 15⁄16

inch for a 2-inch-long key.

Set-Screws Used to Transmit Torque.—For certain applica-
tions it is common practice to use set-screws to transmit torque
because they are relatively inexpensive to install and permit axial
adjustment of the member mounted on the shaft. However, set-
screws depend primarily on friction and the shearing force at the
point of the screw, so they are not especially well-suited for high
torques or where sudden load changes take place.

One rule for determining the proper size of a set-screw states

that the diameter of the screw should equal 5⁄16 inch plus one-eighth

the shaft diameter. The holding power of set-screws selected by
this rule can be checked using the formula on page 1699 of the
Handbook.

PRACTICE EXERCISES FOR SECTION 17

 (See Answers to Practice Exercises For Section 17 on page 235)

1) What is the polar section modulus of a 2 inch diameter shaft ?

2) Using the information in the note at the bottom of page 250,
redo Exercise 1 using the tables Section Moduli and Moments of
Inertia for Round Shafts starting on page 250 . 

Tc L
H

2
----

D

2
---- Sc×××=

31 500, 4
H

2
----

3

2
--- 16 000,×××=                  

H
31 500 2 2××,
16 000 4 3××,
------------------------------------ 0.656

21

32
------  inch= = =
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3) If a 3-inch shaft is subjected to a torsional or twisting moment
of 32,800 pound-inches, what is the equivalent torsional or shear-
ing stress?

4) Is the shaft referred to in Exercise 2 subjected to an excessive
torsional stress?

5) If a 10-horsepower motor operating at its rated capacity con-
nects by a belt with a 16-inch pulley on the driving shaft of a
machine, what is the load tangential to the pulley rim and the
resulting twisting moment on the shaft, assuming that the rim
speed of the driven pulley is 600 feet per minute?

6) How is the maximum distance between bearings for steel line-
shafting determined?

7) What are “gib-head” keys, and why are they used on some
classes of work?

8) What is the distinctive feature of Woodruff keys?

9) What are the advantages of Woodruff keys?

10) If a 3⁄8-inch wide keyseat is to be milled into a 11⁄2-inch diame-

ter shaft and if the keyseat depth is 3⁄16 inch (as measured at one

side), what is the depth from the top surface of the shaft or the
amount to sink the cutter after it grazes the top of the shaft?



162

SECTION 18

SPLINES

HANDBOOK Pages 2252 - 2284

This section of the Handbook shows how to calculate the
dimensions of involute splines and how to provide specifications
for manufacturing drawings. Many types of mechanical connec-
tions between shafts and hubs are available for both fixed and slid-
ing applications. Among these connections are the ordinary key
and keyway (Handbook page 2460 to 2484), multiple keys and
keyways, three- and four-lobed polygon shaft and hub connec-
tions, and involute splines of both inch dimension and metric mod-
ule sizes.

The major advantages of involute splines are that they may be
manufactured on the same equipment used to manufacture gears,
they may be used for fixed and interference fit connections as well
as for sliding connections, and they are stronger than most other
connections with the exception of polygon-shaped members.

The section in the Handbook on involute splines, page 2252 to
2271, provides tables, data, formulas, and diagrams for American
Standard splines made to both inch and metric module systems.
Both systems share common definitions of terms, although the
symbols used to identify dimensions and angles may differ, as
shown on Handbook page 2273. The two systems do not provide
for interchangeability of parts; the new metric module standard is
the American National Standards Institute version of the Interna-
tional Standards Organization involute spline standard, which is
based upon metric, not inch, dimensions.

Example 1:  A metric module involute spline pair is required to
meet the following specification: pressure angle αD = 30°; module

m = 5; number of teeth Z = 32; fit class = H/h; tolerance class 5 for
both the internal and external splines; flat root design for both
members; length of engagement of the splines is 100 mm.
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Table 13 beginning on Handbook page 2275 provides all the
formulas necessary to calculate the dimensions of these splines. 

Pitch diameter:

(1)

Base diameter:

(2)

Circular pitch:

(3)

Base pitch:

(4)

Tooth thickness modification:

(5)

in accordance with footnote to Table 14, Handbook page 2276,
and the Fit Classes paragraph on page 2273 that refers to H/h fits. 

Minimum major diameter, internal spline,

(6)

Maximum major diameter, internal spline, 

(7)

In this last calculation, the value of (T + λ) = 0.248 for class 7 was
calculated using the formula in Table 15, Handbook page 2276, as
follows:

(8a)

(8b)

D mZ 5 32× 160  mm= = =

DB mZ αDcos 160 αDcos× 160 30°cos×= = =

160 0.86603×= 138.5641  mm=

p πm 3.1416 5× 15.708= = =

pb πm αDcos π 5 0.86603×× 13.60350= = =

es 0=

DEI min m Z 1.8+( ) 5 32 1.8+( )× 169.000= = =

DEI max DEI min T λ+( ) αDtan( )⁄+=

169.000 0.248 30°tan⁄+=

169.4295  mm=

i* 0.001 0.45 D3 0.001D+( )=

0.001 0.45 1603 0.001 160×+( )=

0.00260=

i** 0.001 0.45 7.853983 0.001 7.85398×+( )=

0.00090=
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In Equation (8b), 7.85398 is the value of Sbsc calculated from the

formula Sbsc = 0.5πm given in the table starting on Handbook

page 2275.

(8c)

Form diameter, internal spline,

(9)

In the above calculation the value of cF = 0.1m is taken from the

diagram on Handbook page 2277, and the corresponding formula
for form clearance on Handbook page 2275. Minimum minor
diameter, internal spline,

(10)

The DFE value of 154.3502 used in this calculation was calculated
from the formula on Handbook page 2275 as follows: DB =
138.564 from step (2); D = 160 from step (1); hs = 0.6m = 3.0 from

the last formula in the table starting on Handbook page 2275; es =
0 from step (5); sin 30° = 0.50000; tan 30° = 0.57735. Therefore,

(11)

T λ+( ) 40i* 160i*+=

40 0.00260 160 0.00090×+×=

0.248  mm=

DFI m Z 1+( ) 2cF+=

5 32 1+( ) 2 0.1× m+=

5 32 1+( ) 2 0.1 5××+=

166  mm =

DII min DFE 2cF+=

154.3502 2 0.1 5××+=

155.3502  mm=

DFE 2 0.5 138.564×( )
2 0.5 160 0.50000××+×=

0.6 5
0.5 0×
0.57735
-------------------
 
 +×

0.50000
------------------------------------------------

2

–

154.3502=
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Maximum minor diameter, internal spline,

(12)

The value 0.58 used in this calculation comes from the footnote c
to the table on Handbook page 2275. Circular space width, basic,

(13)

Circular space width, minimum effective,

(14)

Circular space width, maximum actual,

(15)

The value of (T + λ) calculated in step (16c) is based upon class 5
fit stated at the beginning of the example. The value calculated in
step (8c), on the other hand, is based upon class 7 fit as required by
the formula in step (7). For class 5 fit, using the formula given in
Table 15, Handbook page 2276:

(16a)

(16b)

(16c)

Circular space width, minimum actual,

(17)

The value of λ used in this formula was calculated from the formu-
las for class 5 fit in the Table 16 and the formula in the text on
Handbook page 2277 as follows:

DII max DII min 0.2m
0.667

0.1m
0.5–

–( )+=

155.3502= 0.58+

155.9302  mm=

Ebsc 0.5πm 0.5 3.1416 5×× 7.854  mm= = =

EV min Ebsc 7.854  mm= =

E max EV min T λ+( )+=

7.854 0.0992    from step (16c)+=

7.9532  mm=

i* 0.00260   from step (8a)=

i** 0.00090   from step (8b)=

T λ+( ) 16i* 64i**+ 16 0.00260 64 0.00090×+×= =

0.0992  mm=

E min EV min λ+ 7.854 0.045+ 7.899  mm= = =
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(18a)

(18b)

(18c)

(18d)

Circular space width, maximum effective,

(19)

Maximum major diameter, external spline,

(20)

The value 0 in this last calculation is from Table 17, Handbook
page 2277, for h class fit.

Minimum major diameter, external spline, is calculated using
the results of step  (20) and footnote c on Handbook page 2276,

(21)

Maximum minor diameter, external spline,

(22)

The value 0 in this calculation is from Table 17, Handbook
page 2277, for h class fit.

Minimum minor diameter, external spline, is calculated using
the results of steps  (22) and  (7),

Fp 0.001 3.55 5 32 3.1416 2⁄×× 9+( ) 0.065  mm= =

ff 0.001 2.5 5 1 0.0125 32×+( )× 16+[ ] 0.034  mm= =

Fβ 0.001 1 100 5××( ) 0.015  mm= =

λ 0.6 0.065( )2 0.034( )2 0.015( )2+ + 0.045  mm= =

EV max E max λ–=

7.9532 from step (15) 0.045 from step (18d)–=

7.9082  mm=

DEE max m Z 1+( ) es αDtan⁄– 5 32 1+( ) 0–= =

165  mm=

DEE min DEE max 0.2m0.667 0.01m 0.5––( )–

165 0.58– 164.42  mm

=

= =

DIE max m Z 1.8–( ) es αDtan⁄–=

5 32 1.8–( ) 0–=

151  mm=
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(23)

Circular tooth thickness, basic, has been taken from step  (13),

(24)

Circular tooth thickness, maximum effective, is calculated using
the results of steps  (13) and step  (5),

(25)

Circular tooth thickness, minimum actual, is calculated using
the results of steps  (25) and  (16c),

(26)

Circular tooth thickness, maximum actual, is calculated using
the results of steps  (25) and  (18d),

(27)

Circular tooth thickness, minimum effective, is calculated using
the results of steps (26) and  (18d),

(28)

Example 2:As explained on Handbook page 2270, spline gages
are used for routine inspection of production parts. However, as
part of an analytical procedure to evaluate effective space width or
effective tooth thickness, measurements with pins are often used.
Measurements with pins are also used for checking the actual
space width and tooth thickness of splines during the machining
process. Such measurements help in making the necessary size
adjustments both during the setup process and as manufacturing

DIE min DIE max T λ+( ) αDtan⁄–=

151= 0.248 30°tan⁄–

151 0.4295–=

150.570 mm=

Sbsc 7.854 mm=

SV max Sbsc es–=

7.854 0–=

7.854  mm=

S min SV max T λ+( )– 7.854 0.0992– 7.7548 mm= = =

S max SV max λ–=

7.854 0.045–=

7.809  mm=

SV min S min λ+=

7.754 0.045+=

7.799  mm=
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proceeds. For the splines calculated in Example 1, what are the pin
measurements for the tooth thickness and space width?

The maximum space width for the internal spline is 7.953 mm
from step (15) in Example 1. The minimum tooth thickness for the
external spline is 7.755 mm from step (26).

Handbook page 2271 gives a method for calculating pin mea-
surements for splines. This procedure was developed for inch-
dimension splines. However, it may be used for metric module
splines simply by replacing P wherever it appears in a formula by
1/m; and by using millimeters instead of inches as dimensional
units throughout.

For two-pin measurement between pins for the internal spline,
steps  1,  2, and  3 on Handbook page 2271 are used as follows:

(1)

The numbers used in this calculation are taken from the results
in Example 1 except for the involute of 30°, which is from the
table on page 112 of the Handbook, and 8.64 is the diameter of the
wire as calculated from the formula on Handbook page 2271,
1.7280/P in which 1/m has been substituted for P to give 1.7280m
= 1.7280 × 5 = 8.64. Note that the symbols on page 2271 are not
the same as those used in Example 1. This is because the metric
standard for involute splines uses different symbols for the same
dimensions. The table on page 2273 of the Handbook shows how
these different symbols compare.

The value of inv φi = 0.041103 is used to enter the table on

Handbook page 112 to find, by interpolation,

(2)

From a calculator find

(3)

Calculate the measurement between wires:

(4)

inv φi 7.953 160 inv 30°+⁄ 8.64 138.564⁄–=

0.049706 0.053751 0.062354–+= 0.041103=

φi 27°36′20″=

27°36′20″sec 1.1285=

Mi Db φi di–sec 138.564 1.1285 8.64–×= =

147.729  mm=
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For two-pin measurement over the teeth of external splines,
steps 1, 2, and 3 on Handbook page 2271 are used as follows: 

(5)

Therefore, from Handbook page 113, φe = 32°59 ′ and, from a

calculator, sec 32°59 ′ = 1.1921. From the formula in step 3 on
Handbook page 2271:

(6)

The pin diameter 9.6 in this calculation was calculated from the
formula in step 3 on Handbook page 2271 by substituting 1/m for
P in the formula de = 1.9200/P = 1.9200m.

Specifying Spline Data on Drawings.—As stated on Handbook
page 2265, if the data specified on a spline drawing are suitably
arranged and presented in a consistent manner, it is usually not
necessary to provide a graphic illustration of the spline teeth.
Table 6 on Handbook page 2264 illustrates a flat root spline simi-
lar to the one in Example 1 except that it is an inch-dimension
spline. The method of presenting drawing data for metric module
splines differs somewhat from that shown on page 2264 in that the
number of decimal places used for metric spline data is sometimes
less than that for the corresponding inch-dimension system.

Example 3:  How much of the data calculated or given in Exam-

ple 1 and  2 should be presented on the spline drawing?

For the internal spline the data required to manufacture the
spline should be presented as follows, including the number of
decimal places shown:

Internal Involute Spline Data 

Flat Root Side Fit Tolerance class 5H

Number of Teeth 32

Module 5

Pressure Angle 30 deg

Base Diameter 138.5641 REF

inv φe 7.755 160 0.053751 9.6 138.564 3.1416 32⁄–⁄+ +⁄=

0.073327=

Me 138.564 1.1921 9.6+× 174.782  mm= =
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For the external spline:

Pitch Diameter 160.0000 REF

Major Diameter 169.42 Max

Form Diameter 166.00

Minor Diameter 155.35/155.93

Circular Space Width:

Max Actual 7.953

Mm Effective 7.854

Max Measurement Between Pins 147.729 REF

Pin Diameter 8.640

External Involute Spline Data

Flat Root Side Fit Tolerance Class 5h

Number of Teeth 32

Module 5

Pressure Angle 30 deg

Base Diameter 138.5641 REF

Pitch Diameter 160.0000 REF

Major Diameter 164.42/165.00

Form Diameter 154.35

Minor Diameter 150.57 MIN

Circular Tooth Thickness:

Mm Actual 7.854

Max Effective 7.809

Min Measurement Over Pins: 74.782 REF

Pin Diameter 9.6

Internal Involute Spline Data (Continued)

Flat Root Side Fit Tolerance class 5H
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    PRACTICE EXERCISES FOR SECTION 18

 (See Answers to Practice Exercises For Section 18 on page 236)

1) What is the difference between a “soft” conversion of a stan-
dard and a “hard” system?

2) The standard for metric module splines does not include a
major diameter fit. What standard does provide for a major diame-
ter fit?

3) What is an involute serration and is it still called this in Amer-
ican standards?

4) What are some of the advantages of involute splines?

5) What is the meaning of the term “effective tooth thickness”?

6) What advantage is there in using an odd number of spline
teeth?

7) If a spline connection is misaligned, fretting can occur at cer-
tain combinations of torque, speed, and misalignment angle. Is
there any method for diminishing such damage?

8) For a given design of spline is there a method for estimating
the torque capacity based upon wear? Based on shearing stress?

9) What does REF following a dimension of a spline mean?

10) Why are fillet root splines sometimes preferred over flat root
splines?
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SECTION 19

PROBLEMS IN DESIGNING AND CUTTING 
GEARS

HANDBOOK Pages 2125 - 2251

In the design of gearing, there may be three distinct types of
problems. These are: (1) determining the relative sizes of two or
more gears to obtain a given speed or series of speeds; (2) deter-
mining the pitch of the gear teeth so that they will be strong
enough to transmit a given amount of power; and (3) calculating
the dimensions of a gear of a given pitch, such as the outside diam-
eter, the depth of the teeth, and other dimensions needed in cutting
the gear.

When the term “diameter” is applied to a spur gear, the pitch
diameter is generally referred to and not the outside diameter. In
calculating the speeds of gearing, the pitch diameters are used and
not the outside diameters, because when gears are in mesh, the
imaginary pitch circles roll in contact with each other.

Calculating Gear Speeds.—The simple rules for calculating the
speeds of pulleys beginning on Handbook page 2484 may be
applied to gearing, provided either the pitch diameters of the gears
or the numbers of teeth are substituted for the pulley diameters.
Information on gear speeds, especially as applied to compound
trains of gearing, also will be found in the section dealing with
lathe change gears beginning on Handbook page 2042. When gear
trains must be designed to secure unusual or fractional gear ratios,
the directions beginning on Handbook page 2043 will be found
very useful. A practical application of these methods is shown by
examples beginning on Handbook page 2047.

Planetary or epicyclic gearing is an increasingly important class
of power transmission in various industries because of compact-
ness, efficiency, and versatility. The rules for calculating rotational
speeds and ratios are different from those for other types of gear-
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ing. Formulas for the most commonly used types of planetary
gears are provided on Handbook pages 2212 to 2215.

Fig. 1. Combination Pulley and Compound Gear Drive

Example 1:The following example illustrates the method of cal-
culating the speed of a driven shaft in a combination belt and gear
drive when the diameters of the pulleys and the pitch diameters of
the gears are known, and the number of revolutions per minute of
the driving shaft is given. If driving pulley A, Fig. 1, is 16 inches in
diameter, and driven pulley B, 6 inches in diameter, and the pitch
diameter of driving gear C is 12 inches, driving gear D is 14
inches, driven gear E, 7 inches, driven gear F, 6 inches, and driv-
ing pulley A makes 60 revolutions per minute, determine the num-
ber of revolutions per minute of F.

The calculations required in solving problems of this kind can
be simplified if the gears are considered as pulleys having diame-
ters equal to their pitch diameters. When this is done, the rules that
apply to compound belt drives can be used in determining the
speed or size of the gears or pulleys.

Substituting the numbers of teeth in each gear for the pitch
diameter gives the same result as when the pitch diameters are
used.

Example 2:If driving spur gear A (Fig. 2) makes 336 revolutions
per minute and has 42 teeth, driven spur gear B, 21 teeth, driving
bevel gear C, 33 teeth, driven bevel gear D, 24 teeth, driving worm
E, one thread, and driven worm-wheel F, 42 teeth, determine the
number of revolutions per minute of F.

When a combination of spur, bevel, and wormgearing is
employed to transmit motion and power from one shaft to another,

16 12 14××
6 7 6××

------------------------------ 60× 640  revolutions per minute=
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the speed of the driven shaft can be found by the following
method: Consider the worm as a gear having one tooth if it is sin-
gle-threaded and as a gear having two teeth if double-threaded, etc.
The speed of the driving shaft can then be found by applying the
rules for ordinary compound spur gearing. In this example,

Fig. 2. Combination of Spur, Bevel, and Worm Gearing

If the pitch diameters of the gears are used instead of the num-
ber of teeth in making calculations, the worm should be considered
as a gear having a pitch diameter of 1 inch if single-threaded, and 2
inches if a double-threaded worm, etc.

Example 3:If a worm is triple-threaded and makes 180 revolu-
tions per minute, and the worm-wheel is required to make 5 revo-
lutions per minute, determine the number of teeth in the worm-
wheel.

Rule: Multiply the number of threads in the worm by its number
of revolutions per minute, and divide the product by the number of
revolutions per minute of the worm-wheel. By applying this rule,

Example 4:A 6-inch grinding machine with a spindle speed of
1773 revolutions per minute, for a recommended peripheral speed
of 6500 feet per minute (as figured for a full-size 14-inch wheel for
this size of machine), has two steps on the spindle pulley; the large
step is 5.5 inches in diameter and the small step, 4 inches. What
should be the minimum diameter of the wheel before the belt is
shifted to the smaller step in order to select a peripheral wheel
speed of 6500 feet per minute?

42 33 1××
21 24 42××
------------------------------ 336× 22  revolutions per minute=

3 180×
5

------------------ 108  teeth=
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As the spindle makes 1773 revolutions per minute when the belt
is on the large pulley, its speed with the belt on the smaller pulley
may be determined as follows: 5.5:4 = x:1773, or (5.5 × 1773)/4 =
2438 revolutions per minute, approximately. To obtain the same
peripheral speed as when the belt is on the large pulley, the diame-
ters of the grinding wheel should be 14:x = 2438:1773, or (14 ×
1773)/2438 = 10.18 inches. Therefore, when the grinding wheel
has been worn down to a diameter of 10.18 inches, or approxi-

mately 103⁄16 inches, the spindle belt should be shifted to the

smaller step of the spindle pulley to obtain a peripheral speed of
6500 feet per minute. The method used in this example may be
reduced to a formula for use with any make of grinding machine
having a two-step spindle pulley.

Let

D =diameter of wheel, full size

D1 =diameter of wheel, reduced size

d =diameter of large pulley step

d1 =diameter of small pulley step

V =spindle rpm, using large pulley step

v =spindle rpm, using small pulley step
 Then,

Example 5:Planetary gear sets are widely used in power trans-
mission because of their compactness and relatively high effi-
c iency when proper ly  des igned.  The s imple  planetary
configuration shown in Fig. 10 on Handbook page 2213 is typical
of high-efficiency designs. If A = 20 and C = 40, what is the rota-
tion of the driver D per revolution of the follower?

Using the formula given on Handbook page 2213,

Example 6:If, in Example 5, the diameter of the fixed gear is
doubled to C = 80, what effect does that produce in the rotation of
the drive D?

v
dV

d1

------- D1
DV

v
--------=;=

D 1
C

A
----+ 1

40

20
------+ 3= = =
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Note that doubling the size of the fixed gear C does not double
the ratio or the driver speed of the gear set because the overall ratio
is always plus the ratio of C to A.

Example 7:The compound type of planetary gear shown in
Fig.13 on Handbook page 2212 can provide high revolution ratios,
although the efficiency decreases as the ratio increases. What is the
rotation of the follower F when B = 61, C = 60, x = 19, and y = 20?

Example 8:In Example 7, what is the rotation of the driver per
revolution of the follower?

Note that in compound planetary gear drives the sum of mesh-
ing tooth pairs must be equal for proper meshing. Thus, C + y = x +
B.

Diametral Pitch of a Gear.—  The diametral pitch represents the
number of gear teeth for each inch of pitch diameter and, therefore,
equals the number of teeth divided by the pitch diameter. The term
diametral pitch as applied to bevel gears has the same meaning as
with spur gears. This method of basing the pitch on the relation
between the number of teeth and the pitch diameter is used almost
exclusively in connection with cut gearing and to some extent for
cast gearing. The circular pitch or the distance between, the centers
of adjacent teeth measured along the pitch circle is used for cast
gearing but very little for cut gearing except very large sizes. If
3.1416 is divided by the diametral pitch, the quotient equals the
circular pitch, or, if the circular pitch is known, the diametral pitch
may be found by dividing 3.1416 by the circular pitch. The pitch of
the gear teeth may depend primarily upon the strength required to
transmit a given amount of power. 

Power Transmitting Capacity of Bevel Gears.—The design of
bevel gears to meet a set of operating conditions is best accom-
plished in four steps: (1) determine the design load upon which the

D 1
80

20
------+ 5= =

F 1
C x×
y B×
------------
 
 – 1

60 19×
20 61×
------------------
 
 – 1

57

61
------– 0.06557= = = =

Driver
1

follower
--------------------

1

0.06557
------------------- 15.25= = =
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bevel gear sizes will be based; (2) using design literature and
charts available from gear manufacturers and distributors, select
approximate gear and pinion sizes to satisfy the load requirements;
(3) determine the maximum safe tooth load, based on gear geome-
try and material, using manufacturer’s and/or AGMA formulas;
and (4) determine the safe horsepower capacity of the gears, based
on safe tooth load and tooth surface durability. The horsepower
capacity of the gears should meet or exceed the design load
requirements. To check the capacity of an existing bevel gear
drive, only steps (3) and (4) are necessary.

Dimensions and Angles Required in Producing Gears.—Many
of the rules and formulas given in the gear section of the Handbook
beginning on page 2125 are used in determining tooth dimensions,
gear blank sizes, also angles in bevel, helical, and wormgearing.
These dimensions or angles are required on the working drawings
used in connection with machining operations, such as turning
gear blanks and cutting the teeth.

Example 9:If a spur gear is to have 40 teeth of 8 diametral pitch,
to what diameter should the blank be turned? By applying For-

mula (4a), Handbook page 2131, (40 + 2)/8 = 5.25 inches. There-
fore, the outside diameter of this gear or the diameter to which the

blank would be turned is 51⁄4 inches.

For internal spur gears, the inside diameter to which the gear
blank would be bored may be obtained by subtracting 2 from the
number of teeth and dividing the remainder by the diametral pitch.

Example 10:A sample spur gear has 22 teeth, and the outside
diameter, or diameter measured across the tops of the teeth, is 6
inches. Determine the diametral pitch. According to Formula

(4a), Handbook page 2131,

Hence,

Do
N 2+

P
-------------=

P
N 2+

Do

-------------
22 2+

6
--------------- 4  diametral  pitch= = =



GEAR PROBLEMS178

The table, Handbook page 2131, also shows that when the sam-
ple gear has American Standard Stub teeth, Formula (6a) should
be used to determine the outside diameter, or diametral pitch.

Example 11:A 25-degree involute full-depth spur gear is to be
produced by hobbing. How is the hob tip radius found?

As shown on Handbook page 2156, the maximum hob tip
radius, rc (max), is found by the formula:

where φ is the pressure angle, here, 25°, and b is the dedendum
constant, which is 1.250 according to Table 2 on Handbook
page 2131. Thus,

Example 12:If a 20-degree involute full-depth pinion having 24
teeth of 6 diametral pitch is to mesh with a rack, determine the
whole depth of the rack teeth and the linear pitch of the teeth.

The teeth of a rack are of the same proportions as the teeth of a
spur gear or pinion that is intended to mesh with the rack; hence
the pitch of the rack teeth is equal to the circular pitch of the pinion
and is found by dividing 3.1416 by the diametral pitch.

The pitch = 3.1416 ÷ 6 = 0.5236 inch = linear pitch of a rack to
mesh with a pinion of 6 diametral pitch. This dimension (0.5236)
represents the distance that the cutter would be indexed when mill-
ing rack teeth or the distance that the planer tool would be moved
for cutting successive teeth if a planer were used. The whole depth
of a full-depth rack tooth of 20-degree pressure angle equals 2.157
divided by the diametral pitch of the meshing gear, or the whole
depth equals the circular pitch multiplied by 0.6866. Here, the cir-
cular pitch is 0.5236, and the whole depth equals 0.5236 × 0.6866
= 0.3595 inch.

Example 13:If the teeth of a spur gear are to be cut to a certain
diametral pitch, is it possible to obtain any diameter that may be
desired? Thus, if the diametral pitch is 4, is it possible to make the

pitch diameter 51⁄8 inches?

rc  (max)
0.785398 φcos b φsin–

1 φsin–
-------------------------------------------------------=

rc (max)
0.785398 0.90631 1.25 0.42262×–×

1 0.42262–
------------------------------------------------------------------------------------------=

0.3179  inch for a 1 diametral pitch gear=
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The diametral pitch system is so arranged as to provide a series
of tooth sizes, just as the pitches of screw threads are standardized.
In as much as there must be a whole number of teeth in each gear,
it is apparent that gears of a given pitch vary in diameter according
to the number of teeth. Suppose, for example, that a series of gears
are of 4 diametral pitch. Then the pitch diameter of a gear having,

say, 20 teeth will be 5 inches; 21 teeth, 51⁄4 inches; 22 teeth, 51⁄2
inches, and so on. It will be seen that the increase in diameter for

each additional tooth is equal to 1⁄4 inch for 4 diametral pitch. Simi-

larly, for 2 diametral pitch, the variations for successive numbers

of teeth would equal 1⁄2 inch, and for 10 diametral pitch the varia-

tions would equal 1⁄10 inch, etc.

The center-to-center distance between two gears is equal to one-
half the total number of teeth in the gears divided by the diametral
pitch. It may be desirable at times to have a center distance that
cannot be obtained exactly by any combination of gearing of given
diametral pitch, but this condition is unusual, and, ordinarily, the
designer of a machine can alter the center distance whatever slight
amount may be required for gearing of the desired ratio and pitch.
By using a standard system of pitches, all calculations are simpli-
fied, and it is also possible to obtain the benefits of standardization
in the manufacturing of gears and gear-cutters.

Proportioning Spur Gears When Center Distance Is Fixed.—

If the center-to-center distance between two shafts is fixed, and
it is desired to use gears of a certain pitch, the number of teeth in
each gear for a given speed may be determined as follows: Since
the gears must be of a certain pitch, the total number of teeth avail-
able should be determined and then the number of teeth in the driv-
ing and the driven gears. The total number of teeth equals twice the
product of the center distance multiplied by the diametral pitch. If
the center distance is 6 inches, and the diametral pitch to, the total
number of teeth equals 6 × 2 × 10 = 120 teeth. The next step is to
find the number of teeth in the driving and the driven gears for a
given rate of speed.

Rule: Divide the speed of the driving gear in revolutions per
minute by the speed of the driven gear and add one to the quotient.
Next divide the total number of teeth in both gears by the sum pre-
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viously obtained, and the quotient will equal the number of teeth
required in the driving gear. This number subtracted from the total
number of teeth will equal the number of teeth required in the
driven gear. 

Example 14:If the center-to-center distance is 6 inches, and the
diametral pitch is 10, the total number of teeth available will be
120. If the speeds of the driving and the driven gears are to be 100
and 60 revolutions per minute, respectively, find the number of
teeth for each gear.

100⁄60 = 12⁄3 and 12⁄3 +1 = 22⁄3

120 ÷ 22⁄3 = 120⁄1 × 3⁄8 = 45 = number of teeth in driving gear

The number of teeth in the driven gear equals 120 - 45 = 75
teeth.

When the center distance and the velocity ratios are fixed by
some essential construction of a machine, it is often impossible to
use standard diametral pitch gear teeth. If cast gears are to be used,
it does not matter so much, as a pattern maker can lay out the teeth
according to the pitch desired, but if cut gears are required, an
effort should be made to alter the center distance so that standard
diametral pitch cutters can be used since these are usually carried
in stock.

Dimensions in Generated Bevel Gears.—Example 15:Find all
the dimensions and angles necessary to manufacture a pair of
straight bevel gears if the number of teeth in the pinion is 16, the
number of teeth in the mating gear is 49, the diametral pitch is 5,
and the face width is 1.5 inches. The gears are to have a 20-degree
pressure angle, a 90 degree shaft angle, and must be in accordance
with the Gleason System.

On page 181 of this guide, Table 1 gives formulas for Gleason
System 20-degree pressure angle straight bevel gears with 90-
degree shaft angle. These formulas are given in the same order as
is normally used in computation. Computations of the gear dimen-
sions should be arranged as shown in the table on the following
pages to establish a consistent procedure when calculations for
bevel gears are required frequently.
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Given:

Number of pinion teeth, n = 16 ( 1 )
Number of gear teeth, N = 49 ( 2 )
Diametral pitch, P = 5 ( 3 )
Face width, F = 1.5 ( 4 )
Pressure angle, φ = 20° = 20° ( 5 )
Shaft angle, ∑ = 90° = 90° ( 6 )

Table 1. Formulas for Gleason System 20-Degree Straight 
Bevel Gears—90-Degree Shaft Angle

To Find

No. Item

Formula

Pinion Gear

7 Working Depth Same as pinion

8 Whole Depth Same as pinion

9 Pitch Diameter

10 Pitch Angle

11 Cone Distance Same as pinion

12 Circular Pitch Same as pinion

13 Addendum

14 Dedenduma

15 Clearance Same as pinion

16 Dedendum Angle 

17
Face Angle of 

Blank

18 Root Angle

19 Outside Diameter

hk
2.000

P
-------------=

ht
2.188

P
------------- 0.002+=

d
n

P
---= D

N

P
----=

γ tan−1 n

N
----= Γ 90° γ–=

AO
D

2 Γsin
---------------=

p
3.1416

P
----------------=

ap ht aG–=
aG

0.540

P
-------------

0.460

P
N

n
----
 
 

2
----------------+=

bp
2.188

P
------------- ap–= bG

2.188

P
------------- aG–=

c ht hk–=

δP tan−1
bp

AO

-------= δG tan−1
bG

AO

-------=

γO γ δG+= ΓO Γ δp+=

γr γ δp–= ΓR Γ δG–=

dO d 2ap γcos+= DO D 2aG Γcos+=
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All linear dimensions are in inches.

The tooth angle (Item 25, Table 1) is a machine setting and is
only computed if a Gleason two-tool type straight bevel gear gen-
erator is to be used. Calculations continue on page 183.

Dimensions of Milled Bevel Gears.—As explained on Handbook
page 2181, the tooth proportions of milled bevel gears differ in
some respects from those of generated bevel gears. To take these
differences into account, a separate table of formulas is given on
Handbook page 2183 for use in calculating dimensions of milled
bevel gears.

Example 16:Compute the dimensions and angles of a pair of mat-
ing bevel gears that are to be cut on a milling machine using rotary
formed milling cutters if the data given are as follows:

20
Pitch Apex to 

Crown

21
Circular

Thickness

22 Backlash B = (See table on Handbook page 2164)

23
Chordal

Thickness

24
Chordal

Addendum

25 Tooth Angle

26
Limit Point 

Width

a The actual dedendum will be 0.002-inch greater than calculated due to tool advance 

Table 1. (Continued) Formulas for Gleason System 20-Degree 
Straight Bevel Gears—90-Degree Shaft Angle

To Find

No. Item

Formula

Pinion Gear

xO
D

2
---- ap γsin–= XO

d

2
--- aG Γsin–=

t p T–=
T

p

2
--- ap aG–( ) φtan–

K

P
----–=

K Chart  1( )=

tc t
t
3

6d2
---------–

B

2
---–= Tc T

T
3

6D
2

----------–
B

2
---–=

acp ap
t2 γcos

4d
----------------+= aCG aG

T
2

γcos

4D
-----------------+=

3438

AO

------------ t

2
--- bp φtan+
 
   minutes

3438

AO

------------ T

2
--- bG φtan+
 
   minutes

AO F–

AO

---------------- T 2bp φtan–( ) 0.0015–
AO F–

AO

---------------- t 2bG φtan–( ) 0.0015–



Table 2. Calculations of Dimensions for Example 15

Dimension Pinion Gear

orking depth 2.000/5 = 0.400 Same as Pinion

Whole depth 2.188/5 + 0.002 = 0.440 Same as Pinion

itch diameter 16⁄5 = 3.2000 49⁄5 = 9.8000

Pitch angle tan-1(16⁄49) = 18° 5′ 90° - 18°5′ = 71°55′

Cone distance Same as pinion

Circular pitch 3.1416 / 5 = 0.6283 Same as pinion 

Addendum 0.400 - 0.118 = 0.282

Dedendum 2.188/5 - 0.282 = 0.1554 2.188/5 - 0.118 = 0.3196

Clearance 0.440 - 0.400 = 0.040 Same as pinion

Dedendum angle

Face angle of blank 18°5′+ 3°34′ = 21°39′ 71°55′+ 1°42′ = 73 °37′

Root angle 18°5′∠ 1°42′ = 16°23′ 71°55′∠ 3°34′ = 68°21′

Outside diameter 3.2000 + 2 × 0.282 cos 18°5′ = 3.735 9.8000 + 2 × 0.118 cos 71°55′ = 9.875

Pitch apex to crown

Circular thickness 0.6283 - 0.2467 = 0.3816

Backlash 0.006 0.006

Chordal thickness

Chordal addendum

9.8000 2 71°55 ′sin×( )⁄ 5.1546=

0.540 5⁄ 0.460 5 49 16⁄( )
2

( )⁄+ 0.118=

tan−1 0.1536 5.1546⁄( ) 1°42 ′= tan−1 0.3214 5.1546⁄( ) 3°34 ′=

9.8000 2⁄ 0.284 18°5 ′sin– 4.812= 3.2000 2⁄ 0.118 71°55 ′sin– 1.488=

0.6283 2⁄ 0.284 0.118–( ) 20°tan– 0.038 chart  1( )( ) 5⁄–

0.3816
0.3816( )

3

6 3.2000( )
2

×
---------------------------------–

0.006

2
-------------– 0.378= 0.2467

0.2467( )
3

6 9.8000( )
2

×
---------------------------------–

0.006

2
-------------– 0.244=

0.282
0.3816

2
18°5 ′cos

4 3.2000×
------------------------------------------+ 0.293= 0.118

0.2467
2

71°55 ′cos

4 9.8000×
---------------------------------------------+ 0.118=

Copyright 2012, Industrial Press Inc., New York, NY - http://industrialpress.com
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By using the formulas on Handbook page 2183,
tanαp = 15 ÷ 60 = 0.25 = tan 14° 2.2′, say, 14° 2′

αG =90° − 14° 2′ = 75° 57.8′, say, 75° 58′
Dp =15 ÷ 3 = 5.0000 inches
DG =60 ÷ 3 = 20.0000 inches

S =1÷ 3 = 0.3333 inch
S + A = 1.157 ÷ 3 = 0.3857 inch

W =2.157 ÷ 3 = 0.7190 inch
T =1.571 ÷ 3 = 0.5236 inch

C =

(In determining C, the sine of unrounded value of αp, 14° 2.2′,

is used.)
F =8 ÷ 3 = 22⁄3, say, 25⁄8 inches

s =

t =

tan θ = 0.3333 ÷ 10.308 = tan 1° 51′
tan φ = 0.3857 ÷ 10.308 = tan 2° 9′

γP =14°2′ + 1°51′ = 15°53′
γG =75°58′ + 1°51′ = 77°49′
δP =90° − 15°53′ = 74°7′
δG =90° − 77°49′ = 12°11′
ξP =14°2′ + 2°9′ = 11°53′
ξG =75°582′ + 2°9′ = 73°49′
KP =0.3333 × 0.97015 = 0.3234 inch
KG =0.3333 × 0.24249 = 0.0808 inch
OP =5.000 + 2 × 0.3234 = 5.6468 inches

Number of pinion teeth = 15

Number of gear teeth = 60

Diametral pitch = 3

Face width = 1.5

Pressure angle = 141⁄2°

Shaft angle = 90°

5.000

2 0.24249×
---------------------------- 10.308  inches=

0.3333
10.308 25⁄8–

10.308
------------------------------× 0.2484  inch=

0.5236
10.308 25⁄8–

10.308
------------------------------× 0.3903  inch=
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OG =20.000 + 2 × 0.0808 = 20.1616 inches

JP =

JG =

jp =

jg =

N′P =

N′G =

If these gears are to have uniform clearance at the bottom of the
teeth, in accordance with the recommendation given in the last
paragraph on Handbook page 2181, then the cutting angles ζP and

ζG should be determined by subtracting the addendum angle from

the pitch cone angles. Thus,

ζP = 14°2' − 1°51' = 12°11'

ζG = 75°58' − 1°51' = 74°7'

Selection of Formed Cutters for Bevel Gears.—Example 17:In
Example 16, the numbers of teeth for which to select the cutters
were calculated as 15 and 247 for the pinion and gear, respectively.
Therefore, as explained on page 2187 of the Handbook, the cutters
selected from the table on page 2150 are the No. 7. and the No.1
cutters. As further noted on page 2187, bevel gear milling cutters
may be selected directly from the table beginning on page 2185,
when the shaft angle is 90 degrees, instead of using the computed
value of N′ to enter the table on page 2150. Thus, for a 15-tooth
pinion and a 60-tooth gear, the table on page 2185 shows that the
numbers of the cutters to use are 1 and 7 for gear and pinion,
respectively.

5.6468

2
---------------- 3.5144× 9.9226 inches=

20.1616

2
------------------- 0.21590× 2.1764 inches=

9.9226
10.3097 25⁄8–

10.3097
---------------------------------× 7.3961 inches=

2.1764
10.3097 25⁄8–

10.3097
---------------------------------× 1.6222 inches=

15

0.97015
------------------- 15.4, say, 15 teeth=

60

0.24249
------------------- 247 teeth=
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Pitch of Hob for Helical Gears.—Example 18:A he l ica l  gear
that is to be used for connecting shafts has 83 teeth, a helix angle
of 7 degrees, and a pitch diameter of 47.78 inches. Determine the
pitch of hob to use in cutting this gear.

As explained on Handbook page 2196, the normal diametral
pitch and the pitch of the hob are determined as follows: the trans-
verse diametral pitch equals 83 ÷ 47.78 = 1.737. The cosine of the
helix angle of the gear (7 degrees) is 0.99255; hence the normal
diametral pitch equals 1.737 ÷ 0.99255 = 1.75; therefore, a hob of

13⁄4 diametral pitch should be used. This hob is the same as would

be used for spur gears of 13⁄4 diametral pitch, and it will cut any

spur or helical gear of that pitch regardless of the number of teeth,

provided 13⁄4 is the diametral pitch of the spur gear and the normal

diametral pitch of the helical gear.

Determining Contact Ratio.—As pointed out on Handbook
page 2156, if a smooth transfer of load is to be obtained from one
pair of teeth to the next pair of teeth as two mating gears rotate
under load, the contact ratio must be well over 1.0. Usually, this
ratio should be 1.4 or more, although in extreme cases it may be as
low as 1.15.

Example 19:Find the contact ratio for a pair of 18-diametral
pitch, 20-degree pressure gears, one having 36 teeth and the other
90 teeth. From Formula (1) given on Handbook page 2155:

From Formula (4) given on Handbook page 2155:

From Formula (5) given on Handbook page 2155:

Acos
90 20°cos×
5.111 18×

------------------------------
90 0.93969×

91.9998
------------------------------- 0.91926   and= = =

A 23°11′=

acos
36 20°cos×
2.111 18×

------------------------------
36 0.93969×

37.9998
------------------------------- 0.89024   and= = =

a 27°6′=

Btan 20°tan
36

90
------ 27°6′tan 20°tan–( )–=

0.36397
36

90
------ 0.51172 0.36397–( ) 0.30487=–=
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From Formula (7a) given on Handbook page 2155, the contact
ratio mf is found:

which is satisfactory.

Dimensions Required When Using Enlarged Fine-Pitch Pin-
ions.—On Handbook pages 2151 to 2154, there are tables of
dimensions for enlarged fine-pitch pinions. These tables show how
much the dimensions of enlarged pinions must differ from stan-
dard when the number of teeth is small, and undercutting of the
teeth is to be avoided.

Example 20:If a 10- and a 31-tooth mating pinion and gear of 20

diametral pitch and 141⁄2
° pressure angle have both been enlarged

to avoid undercutting of the teeth, what increase over the standard
center distance is required?

The amount by which the center distance must be increased
over standard can be obtained by taking the sum of the amounts
shown in the eighth column of Table 9b on Handbook page 2151

and dividing this sum by the diametral pitch. Thus, the increase
over the standard center distance is (0.6866 + 0.0283)/20 = 0.0357
inch.

Example 21:At what center distance would the gears in Example

20 have to be meshed if there were to be no backlash?

Obtaining the two thicknesses of both gears at the standard pitch
diameters from Table 9b on Handbook page 2151, dividing them
by 20, and using the formulas on Handbook page 2155:

The involute of 141⁄2° is found on Handbook page 111 to be

0.0055448. Therefore,

mf
90

6.28318
------------------- 0.42826 0.30487–( )=

1.77=

Standard  center distance
n N+

2P
-------------

10 31+

2 20×
------------------ 1.0250  inches= = =

inv φ1 inv 141⁄2° 20 0.09630 0.07927+( ) 3.1416–

10 31+
-------------------------------------------------------------------------------+=

inv φ1 0.0055448 0.0090195+ 0.0145643= =
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By referring again to the table on Handbook page 111:

End Thrust of Helical Gears Applied to Parallel Shafts.—

Example 22:The diagrams on Handbook pages 2197 to 2198

show the application of helical or spiral gears to parallel shaft
drives. If a force of 7 horsepower is to be transmitted at a pitch-line
velocity of 200 feet per minute, determine the end thrust in pounds,
assuming that the helix angle of the gear is 15 degrees.

To determine the end thrust of helical gearing as applied to par-
allel shafts, first calculate the tangential load on the gear teeth.

(This formula is derived from the formulas for power given on
Handbook page 186.)

The axial or end thrust may now be determined approximately
by multiplying the tangential load by the tangent of the tooth
angle. Thus, in this instance, the thrust = 1155 × tan 15 degrees =
about 310 pounds. (Note that this formula agrees with the one on
Handbook page 169 for determining force P parallel to base of
inclined plane.) The end thrust obtained by this calculation will be
somewhat greater than the actual end thrust, because frictional
losses in the shaft bearings, etc., have not been taken into account,
although a test on a helical gear set, with a motor drive, showed

that the actual thrust of the 71⁄2-degree helical gears tested was not

much below the values calculated as just explained.

According to most textbooks, the maximum angle for single
helical gears should be about 20 degrees, although one prominent
manufacturer mentions that the maximum angle for industrial
drives ordinarily does not exceed 10 degrees, and this will give
quiet running without excessive end thrust. On some of the heavier
single helical gearing used for street railway transmissions, etc., an
angle of 7 degrees is employed.

φ1 19°51′6″=

C
n N+

2P
-------------

10 31+

2 20×
------------------ 1.025 inch= = =

C1
141⁄2°cos

19°51′6″cos
-------------------------------- 1.025×

0.96815

0.94057
------------------- 1.025× 1.0551 inch= = =

Tangential  load
33 000 7×,

200
--------------------------- 1155  pounds= =
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Dimensions of Wormgear Blank and the Gashing Angle.—

Example 23:A wormgear having 45 teeth is to be driven by a

double threaded worm having an outside diameter of 21⁄2 inches

and a lead of 1 inch, the linear pitch being 1⁄2 inch. The throat diam-

eter and throat radius of the wormgear are required as well as the
angle for gashing the blank.

The throat diameter Dt equals the pitch diameter D plus twice

the addendum A; thus, Dt = D + 2A. The addendum of the worm

thread equals the linear pitch multiplied by 0.3183, and here, 0.5 ×
0.3183 = 0.1591 inch. The pitch diameter of the wormgear = 45 ×
0.5 ÷ 3.1416 = 7.162 inches; hence, the throat diameter equals
7.162 + 2 × 0.1591 = 7.48 inches.

The radius of the wormgear throat is found by subtracting twice

the addendum of the worm thread from 1⁄2 the outside diameter of

the worm. The addendum of the worm thread equals 0.1591 inch,
and the radius of the throat, therefore, equals (2.5 ÷ 2) − 2 × 0.1591
= 0.931 inch.

When a wormgear is hobbed in a milling machine, gashes are
milled before the hobbing operation. The table must be swiveled
around while gashing, the amount depending upon the relation
between the lead of the worm thread and the pitch circumference.
The first step is to find the circumference of the pitch circle of the
worm. The pitch diameter equals the outside diameter minus twice
the addendum of the worm thread; hence, the pitch diameter equals
2.5 − 2 × 0.1591 = 2.18 inches, and the pitch circumference equals
2.18 × 3.1416 = 6.848 inches.

Next, divide the lead of the worm thread by the pitch circumfer-
ence to obtain the tangent of the desired angle, and then refer to a
table of tangents or a calculator to determine what this angle is. For

this example, it is 1 ÷ 6.848 = 0.1460, which is the tangent of 81⁄3
degrees from its normal position.

Change Gear Ratio for Diametral-Pitch Worms.—

Example 24:In cutting worms to a given diametral pitch, the ratio
of the change gears is 22 × threads per inch / 7 × diametral pitch.

The reason why the constants 22 and 7 are used in determining

the ratio of change-gears for cutting worm threads is because 22⁄7



GEAR PROBLEMS190

equals, very nearly, 3.1416, which is the circular pitch equivalent
to diametral pitch.

Assume that the diametral pitch of the wormgear is 5, and the
lathe screw constant is 4. (See Handbook page 2042 for the mean-
ing of “lathe screw constant.”) Then, (4 × 22)/(5 × 7) = 88/35. If
this simple combination of gearing were used, the gear on the stud
would have 88 teeth and the gear on the lead screw, 35 teeth. Of
course, any other combination of gearing having this same ratio
could be used, as, for example, the following compound train of
gearing: (24× 66)/(30 × 21).

If the lathe screw constant is 4, as previously assumed, then the
number of threads per inch obtained with gearing having a ratio of
88/35 = (4 × 35)/88 = 1.5909; hence, the pitch of the worm thread
equals 1÷1.5909 = 0.6284 inch, which is the circular pitch equiva-
lent to 5 diametral pitch, correct to within 0.0001 inch.

Bearing Loads Produced by Bevel Gears.—In  app l i ca t i ons
where bevel gears are used, not only must the gears be propor-
tioned with regard to the power to be transmitted, but also the bear-
ings supporting the gear shafts must be of adequate size and design
to sustain the radial and thrust loads that will be imposed on them.
Assuming that suitable gear and pinion proportions have been
selected, the next step is to compute the loads needed to determine
whether or not adequate bearings can be provided. To find the
loads on the bearings, first, use the formulas on the following
pages to compute the tangential, axial, and separating components
of the load on the tooth surfaces. Second, use the principle of
moments, together with the components determined in the first
step, to find the radial loads on the bearings. To illustrate the pro-
cedure, the following example will be used.

Example 25:A 16-tooth left-hand spiral pinion rotating clockwise
at 1800 rpm transmits 71 horsepower to a 49-tooth mating gear. If
the pressure angle is 20 degrees, the spiral angle is 35 degrees, the
face width is 1.5 inches, and the diametral pitch is 5 what are the
radial and thrust loads that govern the selection of bearings?

In Fig. 3, the locations of the bearings for the gear shafts are
shown. It should be noted that distances J, K, L, and M are mea-
sured from the center line of the bearings and from the midfaces of
the gears at their mean pitch diameters. In this example, it will be
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assumed that these distances are given and are as follows: J = 3.5
inches; K = 2.5 inches; L = 1.5 inches; and M = 5.0 inches.

Also given:

Number of pinion teeth, n = 16 ( 1 )
Number of gear teeth, N = 49 ( 2 )
Diametral pitch, P = 5 ( 3 )
Face width, F = 1.5 ( 4 )
Pressure angle, φ = 20° = 20° ( 5 )
Shaft angle, ∑ = 90° = 90° ( 6 )

Table 3. Formulas for Gleason System 20-Degree Pressure 
Angle, Spiral Bevel Gears—90-Degree Shaft Angle

No Item

Formula

Pinion Gear

7 Working Depth Same as pinion

8 Whole Depth Same as pinion

9 Pitch Diameter

10 Pitch Angle

11
Cone

Distance
Same as pinion

12 Circular Pitch Same as pinion

13 Addendum

14 Dedendum

15 Clearance Same as pinion

16
Dedendum

Angle 

17
Face Angle of 

Blank

hk
1.700

P
-------------=

ht
2.188

P
-------------=

d
n

P
---= D

N

P
----=

γ tan−1 n

N
----= Γ 90° γ–=

AO
D

2 Γsin
---------------=

p
3.1416

P
----------------=

ap hk aG–=
aG

0.540

P
-------------

0.390

P
N

n
----
 
 

2
----------------+=

bp ht ap–= bG ht aG–=

c ht hk–=

δP tan−1
bp

AO

-------= δG tan−1
bG

AO

-------=

γO γ δG+= ΓO Γ δp+=
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All linear dimensions are in inches.

Fig. 3. Diagram Showing Location of Bearings for Bevel Gear 
Drive in Example 25

Other quantities that will be required in the solution of this
example are the pitch diameter, pitch angle, and mean pitch diame-
ter of both the gear and pinion. These are computed using formulas
given in Table 3 on the previous page as follows:

By using Formula 9 in Table 3,

Pitch dia. of pinion d = 3.2 inches

Pitch dia. of gear D = 9.8 inches

By using Formula 10 in Table 3,

Pitch angle of pinion γ = 18° 5′

18 Root Angle

19
Outside

Diameter

20
Pitch Apex to 

Crown

21
Circular

Thickness

22 Backlasha B = (See table on Handbook page 2163)

a When the gear is cut spread-blade, all the backlash is taken from the pinion thickness.
When both members are cut single-side, each thickness is reduced by half of the backlash.

Table 3. (Continued) Formulas for Gleason System 20-Degree 
Pressure Angle, Spiral Bevel Gears—90-Degree Shaft Angle

No Item

Formula

Pinion Gear

γR γ δp–= ΓR Γ δG–=

dO d 2ap γcos+= DO D 2aG Γcos+=

xO
D

2
---- ap γsin–= XO

d

2
--- aG Γsin–=

t p T–=

T
1.5708 K–( )

P
-------------------------------=

φtan

ψcos
------------- ap aG–( )–
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Pitch angle of gear Γ = 71° 55'

By using the formula given below,

Mean pitch diameter of pinion

Mean pitch diameter of gear

The first step in determining the bearing loads is to compute the
tangential Wt, axial Wx, and separating Ws, components of the tooth

load, using the formulas that follow.

dm d F γsin–=

3.2 1.5 0.31040×–=

2.734 inches=

Dm D F Γsin–=

9.8 1.5 0.95061×–=

8.374 inches=

Wt
126 050P,

ndm

-------------------------
126 050, 71×
1800 2.734×
--------------------------------- 1819 pounds= = =

Wx(pinion)
Wt

ψcos
------------- φ γdsintan ψ γdcossin+( )=

1819

0.81915
------------------- 0.36397 0.31040× 0.57358 0.95061×+( )=

1462 pounds=

Wx (gear) 
Wt

ψcos
------------- φ γDsintan ψ γDcossin–( )=

1819

0.81915
------------------- 0.36397 0.95061× 0.57358 0.31040×–( )=

373 pounds=

Ws(pinion) 
Wt

ψcos
------------- φ γdcostan ψ γdcossin–( )=

1819

0.81915
------------------- 0.36397 0.95061× 0.57358 0.31040×–( )=

373 pounds=
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The axial thrust load on the bearings is equal to the axial com-
ponent of the tooth load Wx. Since thrust loads are always taken up

at only one mounting point, either bearing A or bearing B must be a
bearing capable of taking a thrust of 1462 pounds, and either bear-
ing C or bearing D must be capable of taking a thrust of 373
pounds.

The next step is to determine the magnitudes of the radial loads
on the bearings A, B, C, and D. For an overhung mounted gear, or
pinion, it can be shown, using the principle of moments, that the
radial load on bearing A is:

(1)

And the radial load on bearing B is:

(2)

For a straddle mounted gear or pinion the radial load on bearing
C is:

(3)

And the radial load on bearing D is:

(4)

In these formulas, r is the mean pitch radius of the gear or pin-
ion.

These formulas will now be applied to the gear and pinion bear-
ings in the example. An overhung mounting is used for the pinion,
so Formula (1) and (2) are used to determine the radial loads on
the pinion bearings:

Ws (gear) 
Wt

ψcos
------------- φ γDcostan ψ γDcossin+( )=

1819

0.81915
------------------- 0.36397 0.31040× 0.57358 0.95061×+( )=

1462 pounds=

RA
1

M
----- Wt L M+( )[ ]

2
Ws L M+( ) Wxr–[ ]

2
+=

RB
1

M
----- WtL( )

2
WsL Wxr–( )

2
+=

RC
1

J K+
------------- WtK( )

2
WsK Wxr–( )

2
+=

RD
1

J K+
------------- WtJ( )

2
WsJ Wxr+( )

2
+=
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Because of the straddle mounting used for the gear, Formula

(3) to (4) are used to determine the radial loads on the gear bear-
ings:

These radial loads, and the thrust loads previously computed,
are then used to select suitable bearings from manufacturers’ cata-
logs.

It should be noted, in applying Formula (1) to (4), that if both
gear and pinion had overhung mountings, then Formulas (1) and
(2) would have been used for both; if both gear and pinion had
straddle mountings, then Formulas (3) and (4) would have been
used for both. In any arrangement, the dimensions and loads for
the corresponding member must be used. Also, in applying the for-
mulas, the computed values of Wx and Ws, if they are negative,

must be used in accordance with the rules applicable to negative
numbers.

Gear Strength Calculations.—Methods  of  ca lcu la t ing  the
strength and power capacity for gears used in all types of applica-
tions are provided in American Gear Manufacturers Association
(AGMA) standards. These standards are revised as needed by
improvements in gear materials, calculation methods, and
increased field experience with typical designs and application fac-
tors.

RA
1

5
--- 1819 1.5 5+( )[ ]

2
373 1.5 5+( ) 1462 1.367×–[ ]

2
+=

2365pounds=

RB
1

5
--- 1819 1.5×( )

2
373 1.5× 1462 1.367×–[ ]

2
+=

618pounds=

RC
1

3.5 2.5+
--------------------- 1819 2.5×( )

2
1462 2.5× 373 4.187×–( )

2
+=

833pounds=

RD
1

3.5 2.5+
--------------------- 1819 3.5×( )

2
1462 3.5× 373 4.187×+( )

2
+=

1533pounds=
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AGMA Standard 2001-B88, Fundamental Rating Factors and
Calculation Methods for Involute Spur and Helical Gear Teeth, is
a revision of, and supersedes, AGMA 218.01.

The AGMA Standard presents general formulas for rating the
pitting resistance and the bending strength of spur and helical invo-
lute gear teeth. It is intended to establish a common base for rating
various types of gears for differing applications and to encourage
the maximum practical degree of uniformity and consistency
between rating practices in the gear industry. The Standard pro-
vides the basis from which more detailed AGMA Application
Standards are developed and is a means for calculation of approxi-
mate ratings in the absence of such Standards. Where applicable
AGMA standards exist, they should be used in preference to this
Standard. Where no application standard exists, numerical values
may be estimated for the factors used in the general equations pre-
sented in the Standard. The values of these factors may vary signif-
icantly, depending on the application, system effects, gear
accuracy, manufacturing practice, and definition of what consti-
tutes gear failure.

Information on geometry factors used in pitting resistance inde-
pendent strength calculations for AGMA 908-B89, Geometry Fac-
tors for Determining the Pitting Resistance and Bending Strength
of Spur, Helical, and Herringbone Gear Teeth, is used in conjunc-
tion with AGMA 2001-B88 formulas.

PRACTICE EXERCISES FOR SECTION 19

 (See Answers to Practice Exercises For Section 19 on page 237)

1) A spur gear of 6 diametral pitch has an outside diameter of
3.3333 inches. How many teeth has it? What is the pitch diameter?
What is the tooth thickness measured along the pitch circle?

2) A gear of 6 diametral pitch has 14 teeth. Find the outside diam-
eter, the pitch diameter, and the addendum.

3) When is the 25-degree tooth form standard preferred?

4) What dimension does a gear-tooth vernier caliper measure?

5) What are the principal 20-degree pressure angle tooth dimen-
sions for the following diametral pitches: 4; 6; 8; 18?
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6) Give the important 141⁄2 degree pressure angle tooth dimen-

sions for the following circular pitches: 1⁄2 inch; 3⁄4 inch; 9⁄16 inch.

7) What two principal factors are taken into consideration in
determining the power transmitting capacity of spur gears?

8) The table on Handbook page 2150 shows that a No. 8 formed
cutter (involute system) would be used for milling either a12- or
13-tooth pinion, whereas a No. 7 would be used for tooth numbers
from 14 to 16, inclusive. If the pitch is not changed, why is it nec-
essary to use different cutter numbers?

9) Are hobs made in series or numbers for each pitch similar to
formed cutters?

10) If the teeth of a gear have a 6⁄8 pitch, what name is applied to

the tooth form?

11) A stub-tooth gear has 8⁄10 pitch. What do the figures 8 and 10

indicate?

12) What is the module of a gear?

13) Explain the use of the table of chordal thicknesses on Hand-
book page 2143.

14) Give the dimensions of a 20-degree stub tooth of 12 pitch.

15) What are the recommended diametral pitches for fine-pitch
standard gears?

16) What tooth numbers could be used in pairs of gears having
the following ratios: 0.2642; 0.9615?

17) What amount of backlash is provided for general-purpose
gearing, and how is the excess depth of cut to obtain it calculated?

18)  What diametral pitches correspond to the following modules:
2.75; 4; 8?

19) Can bevel gears be cut by formed milling cutters?

20) Can the formed cutters used for cutting spur gears also be
used for bevel gears?

21) What is the pitch angle of a bevel gear?

22) When is the term “miter” applied to bevel gears?
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23) What is the difference between the terms “whole depth” and
“working depth” as applied to gear teeth?

24) Why do perceived gears have a greater dedendum than gears
that are finish-hobbled?

25) Are gear teeth of 8 diametral pitch larger or smaller than teeth
of 4 diametral pitch, and how do these two pitches compare in
regard to tooth depth and thickness?

26) Where is the pitch diameter of a bevel gear measured?

27) What is the relation between the circular pitch of a wormgear
and the linear pitch of the mating worm?

28) In what respect does the helix angle of a worm differ from the
helix angle of a helical or spiral gear?

29) How do the terms “pitch” and “lead,” as applied to a worm,
compare with the same terms as applied to screw threads?

30) Why is the outside diameter of a hob for cutting a wormgear
somewhat larger than the outside diameter of the worm?

31) Why are triple, quadruple, or other multiple-threaded worms
used when an efficient transmission is required?

32) In designing worm drives having multi threaded worms, it is
common practice to select a number of wormgear teeth that is not
an exact multiple of the number of worm threads. Why is this
done? When should this practice be avoided?

33) Explain the following terms used in connection with helical
or spiral gears: transverse diametral pitch; normal diametral pitch.
What is the relation between these terms?

34) Are helical gear calculations based upon diametral pitch or
circular pitch?

35)  Can helical gears be cut with the formed cutters used for spur
gears?

36) In spiral gearing, the tangent of the tooth or helix angle = the
circumference ÷ lead. Is this circumference calculated from the
outside diameter, the pitch diameter, or the root diameter?

37) What advantages are claimed for gearing of the herringbone
type?
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SECTION 20

SPEEDS, FEEDS, AND MACHINING POWER

HANDBOOK Pages 1008 - 1091 and  1092 -  1131

Metal cutting operations such as turning and drilling may not be
as productive as they could be unless the material removal rate is at
or near the maximum permitted by the available power of the
machine. It is not always possible to use the machine’s full power
owing to limitations imposed by a combination of part configura-
tion, part material, tool material, surface finish and tolerance
requirements, coolant employed, and tool life. However, even with
such restrictions, it is practical to find a combination of depth of
cut, feed rate, and cutting speed to achieve the best production rate
for the job at hand.

The information on Handbook pages 1008 to 1091 is useful in
determining how to get the most out of machining operations. The
tabular data are based on actual shop experience and extensive
testing in machining laboratories. A list of machining data tables is
given on Handbook page 1021, and these tables are referred to in
the following.

Machining operations such as milling, drilling and turning using
very small tooling requires special concideration as such tools eas-
ily break, even at conservative values of cutting speed, feed and
depth of cut of conventional machining. The information on Hand-
book pages 1092 to 1131 explores the requirements and techniques
of sucessful micromachining operations. 

Most materials can be machined over a wide range of speeds;
however, there is usually a narrower spread of speeds within which
the most economical results are obtained. This narrower spread is
determined by the economical tool life for the job at hand as, for
example, when a shorter tool life is tolerable the speed can be
increased. On the other hand, if tool life is too short, causing
excessive down time, then speed can be reduced to lengthen tool
life.
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To select the best cutting conditions for machining a part the
following procedure may be followed:

1) Select the maximum depth of cut consistent with the job.

2) Select the maximum feed rate that can be used consistent with
such job requirements as surface finish and the rigidity of the cut-
ting tool, workpiece, and the machine tool. Use Table 15a to assist
in feed selection for milling. When possible, use the combined
feed/ speed portions of the tables to select two pairs of feed and
speed data and determine the spindle speed as illustrated by Exam-

ple 1.

3) If the combined feed/speed data are not used, select the cutting
speed and determine the spindle speed (for turning use Table 5a

also). This order of selection is based on the laws governing tool
life; i.e., the life of a cutting tool is affected most by the cutting
speed, then by the feed, and least by the depth of cut.

By using the same order of selection, when very heavy cuts are
to be taken, the cutting speed that will utilize the maximum power
available on the machine tool can be estimated by using a rear-
rangement of the machining power formulas on Handbook pages

1083 to 1087. These formulas are used together with those on
Handbook pages 1015 and  1039 which are used when taking ordi-
nary cuts, as well as heavy cuts. Often, the available power on the
machine will limit the size of the cut that can be taken. The maxi-
mum depth of cut and feed should then be used and the cutting
speed adjusted to utilize the maximum available power. When the
cutting speed determined in this manner is equal to or less than rec-
ommended, the maximum production and the best possible tool
life will be achieved. When the estimated cutting speed is greater
than recommended, the depth of cut or feed may be increased, but
the cutting speed should not be increased beyond the value that
will provide a reasonable tool life.

Example 1:An ASTM Class 25 (160-180 Bhn) grey-iron casting
is to be turned on a geared head lathe using a cemented carbide
cutting tool. The heaviest cut will be 0.250 inch (6.35 mm) deep,
taken on an 8-inch (203.2-mm) diameter of the casting; a feed rate
of 0.020 in/rev (0.51 mm/rev) is selected for this cut. Calculate the
spindle speed of the lathe, and estimate the power required to take
this cut.
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Locate the selected work material in Table 4a, and select the
feed/speed pairs that correspond to the chosen cutter material. For
an uncoated carbide tool, the given feed/speed pairs are: optimum
28/240, and average 13/365.

Factors to correct for feed and depth of cut are found in Table

5a. First, determine the ratios of chosen feed⁄optimum feed = 20⁄28 = 0.71 and

Vavg /Vopt = 365⁄240 = 1.52, then, by estimation or interpolation, deter-

mine Ff and Fd, and calculate V and N as follows:

Ff = 1.22; Fd = 0.86

V = Vopt × Ff × Fd = 240 × 1.22 × 0.86 = 252 ft/min

Next, estimate the power requirements using: Kp = 0.52 (Table

1a, page 1083), C = 0.90 (Table 2), Q = 12Vfd (Table 5), W = 1.30
(Table 3), and E = 0.80 (Table 4).

Q = 12Vfd = 12 × 252 × 0.020 × 0.250 = 15.12 in3/min

The equivalent results, expressed in the metric system, can be
obtained by converting the cutting speed V, the metal removal rate
Q, and the power at the motor Pm into metric units using factors

found starting on page 2661 of the Handbook, as illustrated in the
following.

V = 252 ft/min = 252 × 0.3 = 76 m/min

Q = 15.12 in3/min = 15.12 × 16.4 ÷ 60 = 4.13 cm3/s

Pm= 11.5 hp = 11.5 × 0.745 = 8.6 kw

Alternatively, if metric units are used throughout the problem,
Ff and Fd are determined in the same manner as above. However, if

V is in meters per minute, and D and d are in millimeters, then N =
1000V/πD, and Q = Vfd/60.

Example 2:If the lathe in Example 1 has only a 10-hp motor,
estimate the cutting speed and spindle speed that will utilize the
maximum available power. Use inch units only.

N
12V

πD
----------

12 252×
π 8×

--------------------- 120  rpm= = =

Pm

KpCQW

E
---------------------

0.52 0.90 15.12 1.30×××
0.80

--------------------------------------------------------------- 11.5  hp= = =
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Example 3:A slab milling operation is to be performed on 120-
140 HB AISI 1020 steel using a 3-inch diameter high-speed-steel
plain milling cutter having 8 teeth. The width of this cut is 2
inches; the depth is 0.250 inch, and the feed rate is 0.004 in/tooth.
Estimate the power at the motor required to take this cut.

Example 4:A 16-inch diameter cemented carbide face milling
cutter having 18 teeth is to be used to take a 14-inch wide and
0.125-inch deep cut on an H12 tool steel die block having a hard-
ness of 250−275 HB. The feed used will be 0.008 in/tooth, and the
milling machine has a 20-hp motor. Estimate the cutting speed and
the spindle speed to be used that will utilize the maximum horse-
power available on the machine.

V =110 fpm (Table 11, page 1044)

Kp = 0.69 (Table 1b, page 1085)

C =1.25 (Table 2)

Q =fm wd (Table 5)

W =1.10 (Table 3)

E =0.80 (Table 4)

Kp =0.98 fpm (Table 1a)

C =1.08 (Table 2, page 1086)

Q =fm wd (Table 5)

W =1.25 (Table 3 )

E =0.80 (Table 4 )

Qmax

PmE

KpCW
----------------

10 0.80×
0.52 0.90 1.30××
-------------------------------------------- Pm

KpCQW

E
---------------------=

 
 = =

13.15    in3  min⁄( )=

V
Qmax

12fd
--------------

13.15

12 0.020 0.250××
--------------------------------------------- Q 12Vfd=( )= =

219   fpm=

N
12V

πD
----------

12 219×
π 8×

--------------------- 105  rpm= = =

N
12V

πD
----------

12 110×
π 3×

--------------------- 140  rpm= = =

fm ftntN 0.004 8 140×× 4.5  in/min  = = =

Pm

KpCQW

E
---------------------

0.69 1.25 2.25 1.10×××
0.80

------------------------------------------------------------ 2.67  hp= = =
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Formulas for estimating the thrust, torque, and power for drill-

ing are given on Handbook page 1089. Thrust is the force required

to push or feed the drill when drilling. This force can be very large.

It is sometimes helpful to know the magnitude of this force and the

torque exerted by the drill when designing drill jigs or work-hold-

ing fixtures; it is essential to have this information as well as the

power required to drill when designing machine tools on which

drilling operations are to be performed. In the ordinary shop, it is

often helpful to be able to estimate the power required to drill

larger holes in order to determine if the operation is within the

capacity of the machine to be used.

Example 5:Estimate the thrust, torque, and power at the motor

required to drill a 3⁄4-inch diameter hole in a part made from AISI

1117 steel, using a conventional twist drill and a feed rate of 0.008

in/rev.

Kd =12,000 (Table 6, page 

1089)

Ff =0.021(Table 8)

FT =0.794 (Table 9)

FM =0.596 (Table 9)

A =1.085 (Table 7)

B =1.355 (Table 7)

J =0.030 (Table 7)

E =0.80 (Table 4)

W =1.30 (Table 3)

V =101 fpm (Table 17, page 
1060)

Qmax

PmE

KpCW
----------------

20 0.80×
0.98 1.08 1.25××
-------------------------------------------- Pm

KpCQW

E
---------------------= 

 = =

12.1   in
3

 min⁄( )=

fm

Qmax

wd
--------------

12

14 0.125×
------------------------- Q fmwd=( )= =

6.9   in/min;  use  7 in/min  =

N
fm

ftnt

--------
7

0.008 18×
------------------------- fm ftntN=( )= =

48.6   rpm;  use 50 rpm=

V
πDN

12
------------

π 16 50××
12

--------------------------- 209 fpm= = =
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T =2KdFf FTBW + Kdd2JW

= 2 × 12,000 × 0.021 × 0.794 × 1.355 × 1.30 + 12,000 ×

0.752 × 0.030 × 1.30

= 968 lb

M = KdFfFMAW

=  12,000 × 0.021 × 0.596 × 1.085 × 1.30

= 212 in-lb

N =

Pc =

Pm =

PRACTICE EXERCISES FOR SECTION 20

 (See Answers to Practice Exercises For Section 20 on page 239)

1) Calculate the spindle speeds for turning 1⁄2-inch and 4-inch bars

made from the following steels, using a high-speed steel cutting
tool and the cutting conditions given as follows:

2) Calculate the spindle speeds for turning 6-inch diameter sec-
tions of the following materials, using a cemented carbide cutting
tool and the cutting conditions given below:

Steel Designation Feed, in/rev
Depth of 
Cut, inch

AISI 1108, Cold Drawn 0.012 0.062

12L13, 150 — 200 HB 0.008 0.250

1040, Hot Rolled 0.015 0.100

1040, 375 — 425 HB 0.015 0.100

41L40, 200 — 250 HB 0.015 0.100

4140, Hot Rolled 0.015 0.100

O2, Tool Steel 0.012 0.125

M2, Tool Steel 0.010 0.200

12V

πD
----------

12 101×
π 0.750×
----------------------- 514  rpm= =

MN

63 025,
----------------

212 514×
63 025,

------------------------ 1.73 hp= =

Pc

E
------

1.73

0.80
---------- 2.16 hp= =



EXERCISES 205

3) A 200 HB AISI 1030 forged steel shaft is being turned at a
constant spindle speed of 400 rpm, using a cemented carbide cut-

ting tool. The as-forged diameters of the shaft are 11⁄2, 3, and 4

inches. Calculate the cutting speeds (fpm) at these diameters, and
check to see if they are within the recommended cutting speed.

4) A 75-mm diameter bar of cold drawn wrought aluminum is to
be turned with a high-speed steel cutting tool, using a cutting speed
of 180 m/mm. Calculate the spindle speed that should be used.

5) Calculate the spindle speed required to mill a 745 nickel silver

part using a 1⁄2 inch end milling cutter.

6) An AISI 4118 part having a hardness of 200 HB is to be
machined on a milling machine. Calculate the spindle speeds for
each of the operations below and the milling machine table feed
rates for Operations a) and b).

a) Face mill top surface, using an 8-inch diameter cemented car-
bide face milling cutter having to teeth. (Use ft = 0.008 in/

tooth.)

b) Mill 1⁄4 inch deep slot, using a 3⁄4 inch diameter two-fluted

high-speed steel end milling cutter.

c) Drill a 23⁄64 inch hole.

d) Ream the hole 3⁄8 inch, using HSS reamer.

7) A 3-inch diameter high-speed steel end milling cutter having
12 teeth is used to mill a piece of D2 high carbon, high chromium
cold work tool steel having a hardness of 220 HB. The spindle
speed used is 75 rpm, and the milling machine table feed rate is 10
in/mm. Check the cutting conditions with respect to the recom-
mended values, and make recommendations for improvements, if
possible.

Material Feed, in/rev
Depth of 
Cut, inch

AISI 1330, 200 HB 0.030 0.150

201 Stainless Steel, Cold Drawn 0.012 0.100

ASTM Class 50 Gray Cast Iron 0.016 0.125

6A1-4V Titanium Alloy 0.018 0.188

Waspaloy 0.020 0.062
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8) A 100-150 HB low carbon steel casting is to be machined with
a 12-inch diameter cemented carbide face milling cutter having 14
teeth, using a spindle speed of 60 rpm and a table feed rate of 5 in/
mm. Check these cutting conditions and recommend improve-
ments, if possible.

9) Estimate the cutting speed and the power at the cutter and at
the motor required to turn 210 HB AISI 1040 steel in a geared head
lathe, using an uncoated carbide tool, a depth of cut of 0.125 in., a
feed of 0.015 in/rev, and efficiency E of 0.80.

10) A 165 HB A286 high temperature alloy, or superalloy, is to
be turned on a 3-hp geared head lathe using a cemented carbide
cutting tool. The depth of cut selected is 0.100 inch, and the feed is
0.020 in/rev. Estimate the cutting speed that will utilize the maxi-
mum power available on the lathe.

11) An AISI 8642 steel having a hardness of 210 HB is to be
milled with a 6-inch diameter cemented carbide face milling cutter
having 8 teeth on a 10 hp milling machine. The depth of cut is to
be 0.200 inch, the width is 4 inches, and the feed is to be 0.010 in/
tooth. Estimate the cutting speed that will utilize the maximum
power available on the machine.

12) Estimate the thrust, torque, and power at the motor required
to drill 200 HB steel using the following drill sizes, feeds, and
spindle speeds.

13) Estimate the thrust, torque, and power at the motor for the 1-
inch drill in Exercise 12 if the drill is ground to have a split point.

14) Describe the general characteristics of high speed steels that
make them suitable for use as cutting tool materials.

15) What guidelines should be followed in selecting a grade of
cemented carbide?

16) How does the cutting speed, feed, and depth of cut influence
tool life?

Drill Size Feed Spindle Speed

1⁄4 in. 0.0005 in/rev 1500 rpm

1⁄2 in. 0.002 in/rev 750 rpm

1 in. 0.008 in/rev 375 rpm

19 mm 0.15 mm/rev 500 rpm
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17) List the steps for selecting the cutting conditions in their cor-
rect order and explain why.

18) What are the advantages of coated carbides, and how should
they be used?

19) Name the factors that must be considered when selecting a
cutting speed for tapping.

20) Why is it important to calculate the table feed rate for mill-
ing?

21) Name the factors that affect the basic feed rate for milling.

22) When should the power required to take a cut be estimated?
Why?

23) Name the factors that affect the power constant, Kp This con-

stant is unaffected by what?

24) Why is it necessary to have a separate method for estimating
the drilling thrust, torque, and power?

25) Why are traditional speeds and feeds generally inappropriate
for micromachining?

26) What is pecking or peck drilling and why is it used?
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SECTION 21

NUMERICAL CONTROL

HANDBOOK Pages  968 and  1279 −  1318

Numerical control (NC) is defined by the Electronic Industries
Association as “a system in which actions are controlled by the
direct insertion of numerical data at some point. The system must
automatically interpret at least some portion of these data.”
Applied to machine tools, NC is used to tell the unit what to do in
such explicit detail that it can produce a component part or parts in
a completely automatic cycle without intervention from the opera-
tor. This cycle may extend from loading of a raw casting or other
workpiece through unloading of a finished component ready for
assembly and can be repeated precisely, as often as required. An
important aspect of NC is that machines so equipped can often be
set up to process even single components economically.

Apart from systems that are designed to load, locate, and clamp
the part to be machined, and to select the tool and the spindle speed
to be used, for instance, NC installations use programs designed to
control movements of the cutting edge of the tool relative to the
work (or the work relative to the tool). These machining control
instructions, called part programs, may be put together by a
machine operator with a push-button panel on the machine if the
part is simple, or they may be written in an engineering office,
often with the aid of a computer. Some part programs may provide
for simply moving the tool or workpiece from one position, at
which a fixed machining cycle (known as a subroutine or subpro-
gram) is to be performed, to other positions where the same cycle
is to be repeated and triggering the subroutine at each position.
Such a program is called point-to-point positioning. There are sub-
routines for drilling, reaming, counterboring, and tapping, for
which tools will be inserted into, clamped, and removed from the
spindle automatically.
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More complex programs may be written to cause the workpiece
to move past the cutting tool in a series of curves, to generate con-
toured surfaces on the work. Such a program is called continuous-
path or contouring program, see Handbook page 1300. In the asso-
ciated machining operation, the movement of the table carrying the
workpiece along (usually) two axis, and (sometimes) of the spindle
head holding the cutter along one axis, is coordinated by control-
lers connected to the units powering the slides. Measuring equip-
ment attached to each lead screw or slide provides continuous
feedback information of the slide position to the control system for
comparison with the command program.

Information in the Handbook, starting on page 1279 gives an
overview of the most important CNC concepts and opertions.
Additional information starting on Machinery’s Handbook 29 CD,
page 3160 is arranged by subject matter for ease of reference and,
because of the complexity of the subject, depends to some extent
on definitions to explain the various aspects. The use of the Auto-
matic Programmed Tool (APT) language in part programming,
and examples of typical computational and geometric programs
are also discussed starting on Machinery’s Handbook 29 CD,
page 3184, although APT programming of this type is no longer
required with modern CNC machines.

Point-to-Point Programming.—Point-topoint programming is
covered beginning on Handbook page 1294. As an example of the
use of CNC for point-to-point part programs, consider the rectan-
gular plate shown in Fig. 1, in which it is required to machine eight
holes as shown. Dimensions for the positions of the holes are here
provided in terms of their distances from X and Y axes, which are
conveniently located at a central point on the part. This positioning
information is easily entered at the machine console or other
means used to feed it to the machine. Instructions for the tooling to
be loaded into the spindle for the work to be performed are also
included in the part program, in accordance with the special codes,
many of which are listed in the Handbook. The hole location infor-
mation in the table following Fig. 1 is entered in a part program-
ming manuscript, together with coded details such as spindle speed
and feed rates, and is subsequently saved in a form that will be
read by the CNC machine when the machining work is started.
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Fig. 1.  Alternative Methods of Dimensioning for the Positions 
of Eight Holes to Be Machined in a Rectangular Plate

Continuous-Path Programming.—  Surfaces at angles to the
axes and curved surfaces are produced by continuous-path, or con-
touring, programs. See the section Contouring on page 1300 of the
Handbook. These programs coordinate two or more machine
motions simultaneously and precisely, so that the movement of the
workpiece relative to the cutting tool generates the required curved
shape. Angular shapes are generated by straight-line or linear
interpolation programs that coordinate movements of two slides to
produce the required angle. Circular arcs can be generated by
means of a circular interpolation program that controls the slide
movements automatically to produce the curved outline. Arcs that
are not circular generally must be broken down into a sequence of

Point

Dimensions on Axes

Point

Dimensions on Axes

X Y X Y

A + 1.000 + 0.750 E − 1.000 + 0.750

B + 1.000 − 0.750 F − 1.000 − 0.750

C + 2.500 + 2.250 G − 2.500 + 2.250

D + 2.500 − 2.250 H − 2.500 − 2.250
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straight-line segments. Surfaces generated by this method can be
held within tolerance by using a large number of segments closely
spaced together.

Fig. 2. Curved Path of Cutter Produced by a
Circular Interpolation

For example, in programming the movement of a cutter, relative
to the workpiece, along the curved line shown in the diagram, Fig.

2, it is first necessary to indicate that the cutter is to move in a
clockwise and circular path by inserting code G02 into the pro-
gram. Next, the movements along the X and Y axes, which define
the component lengths of the arc, are inserted. In Fig. 2, the X
movement is +1.4000 inches and the Y movement is −1.5000
inches. The I dimension of 0.5000 inch parallel to the X axis is the
horizontal distance of point A from the arc center and is next
included in the program. The vertical distance J of 1.9000 inches
from the arc center to the circle is next entered, and the feed rate
also must be entered.
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PRACTICE EXERCISES FOR SECTION 21

 (See Answers to Practice Exercises For Section 21 on page 241)

1) List five or more machine tools on which point-to-point pro-
gramming is used.

2) List five or more applications of continuous-path, or contour-
ing, programs.

3) Give some reasons why NC machines are being used increas-
ingly.

4) Which of the following applications of NC is the most used?
(a) Grinding, (b) turning, (c) broaching.

5) A  is a rotary device used to feed signals to the control sys-
tem to close the servo loop of an NC installation.

6) CNC systems are far superior to their hardwire predecessors.
Name several advantages of CNC systems.

7) What purpose is served by the feedbacks in an NC servo sys-
tem?

8) If a stepping motor connected directly to a lead screw
rotates1.8 degrees per pulse, how far would a 5-pitch lead screw
move a slide if the motor received 254 pulses?

9) With a CNC system, the F or feedrate word is most commonly
described as (a) Ratio of rpm feed divided by the distance moved.
(b) Directly in rpm.

10) The word that identifies a block is called a .

11) The word address letter for the velocity of a slide on an NC
machine is .

12) What is the difference between cutter offset and cutter com-
pensation?

13) Circular interpolation reduces the number of straight−line
segments required to be calculated when a machine is moving
about a circular arc. (True, False.)

14) With most control systems, how many blocks would be
needed to move around a complete circle (360 degrees) when cir-
cular interpolation is used?

15) In the first column below are shown various subroutines or
canned cycles. In the second column are some preparatory codes.
Match the functions with the codes.
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16) A parametric subroutine is used exclusively for describing
the path around the outside of a part. (True, False.)

17) What is a G word?

18) Explain the rule that describes the orientation and directions
of the motions of slides and spindles on a machine tool.

a.   Drill plus dwell 1.    G89

b.   Deep hole drill 2.    G81

c.   Boring, spindle rotating on withdrawal at feedrate 3.    G85

d.   Drill 4.    G84

e.   Tapping 5.    G82

f.   Boring, spindle rotating on withdrawal at 
      feedrate plus dwell

6.    G83
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SECTION 22

GENERAL REVIEW QUESTIONS

 (See Answers to General Review Questions on page 243)

1) If a regular polygon of 20 sides is to have an area of 100 square
inches what formula may be used to calculate the length of one
side of the polygon?

2) What does the number of a Jarno taper indicate?

3) What is the general rule for determining the direction in which
to apply tolerances?

4) Why is 1 horsepower equivalent to 33,000 foot-pounds of
work per minute? Why not 30,000 or some other number?

5) What is the chief element in the composition of babbitt metals?

6) If the pitch of a stub-tooth gear is 8⁄10, what is the tooth depth?

7) What does the figure 8 mean if the pitch of a stub-tooth gear is
8⁄10?

8) Explain how to determine the diametral pitch of a spur gear
from a sample gear.

9) If a sample gear is cut to circular pitch, how can this pitch be
determined?

10) What gage is used for seamless tubing, and does it apply to
all metals?

11) How does the strength of iron wire rope compare with steel
rope?

12) Is the friction between two bearing surfaces proportional to
the pressure?

13) If the surfaces are well lubricated, upon what does frictional
resistance depend?

14) What is the general rule for subtracting a negative number
from a positive number? For example, 8 - (- 4) =?

15) Is 1 meter longer than 1 yard?
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16) On Handbook page 2690, two of the equivalents of horse-
power-hour are: 1,980,000 foot-pounds and 2.64 pounds of water
evaporated at 212°F. How is this relationship between work and
heat established?

17) Are “extra strong” and “double extra strong” wrought or steel
pipe larger in diameter than standard weight pipe?

18) In the design of plain bearings, what is the general relation-
ship between surface finish and hardness of journal?

19) Are the nominal sizes of wrought or steel pipe ever desig-
nated by giving the outside diameter?

20) What are the advantages of plastics pipe?

21) Will charcoal ignite at a lower temperature than dry pine?

22) What general classes of steel are referred to as “stainless”?

23) What are free cutting steels?

24) Does the nominal length of a file include the tang? For exam-
ple, is a 12-inch file 12 inches long over all?

25) Is steel heavier (denser) than cast iron?

26) What is meant by specific heat?

27) What is the specific gravity (a) of solid bodies, (b) of liquids,
(c) of gases?

28) A system of four-digit designations for wrought aluminum
and aluminum alloys was adopted by The Aluminum Association
in 1954. What do the various digits signify?

29) What alloys are known as “red brass,” and how do they com-
pare with “yellow brass”?

30) What is the difference between adiabatic expansion or com-
pression and isothermal expansion or compression?

31) Are the sizes of all small twist drills designated by numbers?

32) Why are steel tools frequently heated in molten baths to
harden them?

33) In hardening tool steel, what is the best temperature for refin-
ing the grain of the steel?

34) In cutting a screw thread on a tap assume that the pitch is to
be increased from 0.125 inch to 0.1255 inch to compensate for
shrinkage in hardening. How can this be done?

35) What is the general rule for reading a vernier scale (a) for lin-
ear measurements; (b) for angular measurements?
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36) The end of a shaft is to be turned to a taper of 3⁄8 inch per foot

for a length of inches without leaving a shoulder at the end of the
cut. How is the diameter of the small end determined?

37) Is there a simple way of converting the function of 90° plus
an angle to the function of the angle itself?

38) What decimal part of a degree is 53 minutes?

39) If 10x - 5 = 3x + 16, what is the value of x?

40) Approximately what angle is required for a cone clutch to
prevent either slipping or excessive wedging action?

41) What is the coefficient of friction?

42) Is Stub’s steel wire gage used for the same purpose as Stub’s
iron wire gage?

43) Why are some ratchet mechanisms equipped with two pawls
of different lengths?

44) How does the modulus of elasticity affect the application of
flat belts?

45) What is the effect of centrifugal force on flat and V-belts?

46) Is the ultimate strength of a crane or hoisting chain equal to
twice the ultimate strength of the bar or rod used for making the
links?

47) How would you determine the size of chain required for lift-
ing a given weight?

48) If a shaft 31⁄2inches in diameter is to be turned at a cutting

speed of 90 feet per minute, what number of revolutions per
minute will be required?

49) In lapping by the “wet method,” what kind of lubricant is
preferable (a) with a steel lap, (b) with a cast-iron lap?

50) What is the meaning of the terms right-hand and left-hand as
applied to helical or spiral gears, and how is the “hand” of the gear
determined?

51) Are mating helical or spiral gears always made to the same
hand?

52) How would you determine the total weight of 100 feet of 11⁄2
inch standard weight pipe?

53) What is the difference between casehardening and packhard-
ening?
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54) What is the nitriding process of heat-treating steel?

55) What is the difference between single-cut and double-cut
files?

56) For general purposes, what is the usual height of work
benches?

57) What do the terms “major diameter” and ‘minor diameter”
mean as applied to screw threads in connection with the American
Standard?

58) Is the present SAE Standard for screw threads the same as the
Unified and American Standard?

59) Does the machinability of steel depend only upon its hard-
ness?

60) Is there any direct relationship between the hardness of steel
and its strength?

61) What is the millimeter equivalent of 33⁄64ths of an inch?

62) How is the sevolute function of an angle calculated?

63) What is the recommended cutting speed in feet per minute for
turning normalized AISI 4320 alloy steel with a Bhn hardness of
250, when using a coated, tough carbide tool?

64) The diametral pitch of a spur gear equals the number of teeth
divided by pitch diameter. Is the diametral pitch of the cutter or
hob for a helical or spiral gear determined in the same way?

65) Why are casehardening steels preferred for some gears and
what special heat treatment is recommended?

66) Are the symbols for dimensions and angles used in spline cal-
culations the same for both inch-dimension and metric module
involute splines?

67) What kind of bearing surface and tool insert rake are pro-
vided by an indexable insert tool holder?

68) Is it necessary in making ordinary working drawings of gears
to lay out the tooth curves? Why?

69) In milling plate cams on a milling machine, how is the cam
rise varied other than by changing the gears between the dividing
head and feed screw?

70) How is the angle of the dividing head spindle determined for
milling plate cams?
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71) How is the center-to-center distance between two gears deter-
mined if the number of teeth and diametral pitch are known?

72) How is the center-to-center distance determined for internal
gears?

73) In the failure of riveted joints, rivets may fail through one or
two cross-sections or by crushing. How may plates fail?

74) What gage is used in Britain to designate wire sizes?

75) What is a transmission dynamometer?

76) What is the advantage of a dynamometer for measuring
power?

77) If a beam supported at each end is uniformly loaded through-
out its length, will its load capacity exceed that of a similar beam
loaded at the center only?

78) Is there any relationship between Brinell hardness and tensile
strength of steel?

79) Is the outside diameter of a 2-inch pipe about 2 inches?

80) The hub of a lever 10 inches long is secured to a 1-inch shaft
by a taper pin. If the maximum pull at the end of the lever equals
60 pounds, what pin diameter is required? (Give mean diameter or
diameter at center.)

81) What are the two laws that form the basis of all formulas
relating to the solution of triangles?

82) What are the sine and the cosine of the angle 45 degrees?

83) How is the pressure of water in pounds per square inch deter-
mined for any depth?

84) When calculating the basic load rating for a unit consisting of
two bearings mounted in tandem, is the rated load of the combina-
tion equal to 2 times the capacity of a single bearing?

85) If a machine producing 50 parts per day is replaced by a
machine that produces 100 parts per day, what is the percentage of
increase?

86) If production is decreased from 100 to 50, what is the per-
centage of reduction?

87) What kind of steel is used ordinarily for springs in the auto-
motive industry?

88) What is the heat-treating process known as “normalizing”?

89) What important standards apply to electric motors?
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90) Is there an American standard for section linings to represent
different materials on drawings?

91) Is the taper per foot of the Morse standard uniform for all
numbers or sizes?

92) Is there more than one way to remove a tap that has broken in
the hole during tapping?

93) The center-to-center distance between two bearings for gears
is to be 10 inches, with a tolerance of 0.005 inch. Should this toler-
ance be (a) unilateral and plus, (b) unilateral and minus, (c) bilat-
eral?

94) How are the available pitch diameter tolerances for Acme
screw threads obtained?

95) On Handbook page 1342, there is a rule for determining the
pressure required for punching circular holes into steel sheets or
plates. Why is the product of the hole diameter and stock thickness
multiplied by 80 to obtain the approximate pressure in tons?

96) What gage is used in the United States for cold-rolled sheet
steel?

97) What gage is used for brass wire and is the same gage used
for brass sheets?

98) Is the term “babbitt metal” applied to a single composition?

99) What are the chief elements in high-grade babbitt metal?

100) How many bars of stock 20 feet long will be needed to make
20,000 dowel-pins 2 inches long if the tool for cutting them off is
0.100 inch wide?

101) What is the melting point and density of cast iron; steel;
lead; copper; nickel?

102) What lubricant is recommended for machining aluminum?

103) What relief angles are recommended for cutting copper,
brass, bronze, and aluminum?

104) Why is stock annealed between drawing operations in pro-
ducing parts in drawing dies?

105) When is it advisable to mill screw threads?

106) How does a fluted chucking reamer differ from a rose
chucking reamer?

107) What kind of material is commonly used for gage blocks?

108) What grade of gage blocks is used as shop standards?
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109) What is the “lead” of a milling machine?

110) The table on Handbook page 2068 shows that a lead of
9.625 inches will be obtained if the numbers of teeth in the driven
gears are 44 and 28 and the numbers of teeth on the driving gears
32 and 40. Prove that this lead of 9.625 inches is correct.

111) Use the prime number and factor table beginning on Hand-
book page 21 to reduce the following fractions to their lowest

terms: 210⁄462; 2765⁄6405; 741⁄1131.

112) If a bevel gear and a spur gear each have 30 teeth of 4
diametral pitch, how do the tooth sizes compare?

113) For what types of work are the following machinists’ files
used: (a) flat files? (b) half round files? (c) hand files? (d) knife
files? (e) general-purpose files? (f) pillar files?

114) Referring to the illustration on Handbook page 682, what is
the dimension x over the rods used for measuring the dovetail slide
if a is 4 inches, angle α is 60 degrees, and the diameter of the rods

used is 5⁄8 inch?

115) Determine the diameter of the bar or rod for making the
links of a single chain required to lift safely a load of 6 tons.

116) Why will a helical gear have a greater tendency to slip on an
arbor while the teeth are being milled than when milling a straight
tooth gear?

117) What is meant by “trepanning”?

118) When is a removable or “slip” bushing used in a jig?

119) What are the relative ratings and properties of an H43
molybdenum high-speed tool steel?

120) What systematic procedure may be used in designing a
roller chain drive to meet certain requirements as to horsepower,
center distance, etc.?

121) In the solution of oblique triangles having two sides and the
angle opposite one of the sides known, it is possible to have no
solution or more than one solution. Under what condition will
there be no solution?

122) What gear steels would you use (1) for casehardened gears?
(2) for fully hardened gears? (3) for gears that are to be machined
after heat treatment?
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123) Is it practicable to tap holes and obtain (1) Class 2B fits? (2)
Class 3B fits?

124) What is the maximum safe operating speed of an organic
bonded Type grinding wheel when used in a bench grinder?

125) What is the recommended type of diamond wheel and abra-
sive specification for internal grinding?

126) Is there a standard direction of rotation for all types of 
nonreversing electric motors?

127) Antifriction bearings are normally grease-lubricated. Is oil
ever used? If so, when?

128) In the example on Handbook page 2041, the side relief
angle at the leading edge of the single-point Acme thread cutting
tool was calculated to be 19.27°, or 19°16′, which provides an
effective relief angle (ae) between the flank of the tool and the side

of the thread of 10° at the minor diameter. What is the effective
relief angle of this tool at the pitch diameter (E) and at the major
diameter (D)? The pitch diameter of the thread is 0.900 inch, the
major diameter is 1.000 inch, and the lead of the thread is 0.400
inch.

129) Helical flute milling cutters having eccentric relief are
known to provide better support of the cutting edge than cutters
ground with straight or concave relief. For a 1-inch diameter mill-
ing cutter having a 35-degree helix angle, what is the measured
indicator drop according to the methods described beginning on
Handbook page 838 if the radial relief angle is to be 7°?

130) On Handbook page 2361, Table 4 shows that TFE fabric
bearings have a load capacity of 60,000 pounds per square inch.
Also shown in the table is a PV limit of 25,000 for this material. At
what maximum surface speed in feet per minute can this material
operate when the load is 60,000 psi?

131) Is there a standard for shaft diameter and housing bore toler-
ance limits that applies to rolling element bearings?

132) In designing an aluminum bronze plain bearing, what hard-
ness should the steel journal have?

133) Steel balls are usually sold by the pound. How many pounds

will provide 100 balls of 13⁄32-inch diameter carbon steel?
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134) If a 3AM1-18 steel retaining ring were used on a rotating
shaft, what is the maximum allowable speed of rotation?

135) What procedure applies to 3-wire measurements of Acme
threads when the lead angle is greater than 5 degrees?

136) Twelve 11⁄2-inch diameter rods are to be packed in a tube.

What is the minimum inside diameter of the tube?

137) A four wheel dolly supports a rack that holds six 5-gallon
bottles filled with water that must be moved up a ramp onto the
bed of a truck. What force is required to pull the loaded dolly up
the ramp into the truck if the ramp is 14 feet long and the truck bed
is 44 inches high? Neglect the weight of the dolly and rack, and
friction in the dolly wheels. What if the ramp was 8 feet long?
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SECTION 23

ANSWERS TO PRACTICE EXERCISES

All references are to Handbook and Handbook CD page numbers

Answers to Practice Exercises For Section 1

Number of
 Question

Answers
(Or where information is given in Handbook)

1 78.54 mm2; 31.416 mm
2 4.995 or 5, approx.
3 3141.6 mm2

4 127.3 psi
5 1.27
6 1.5708
7 8 hours, 50 minutes
8 2450.448 pounds
9 21⁄16 inches

10 7 degrees, 10 minutes
11 (π−2)r2 = 1.1416r2

12 See formula, Handbook 29 CD page 3417

Answers to Practice Exercises For Section 2

Number of
 Question

Answers
(Or where information is given in Handbook)

1 Handbook pages 695 and  704
2 (a) 0.043 inch, (b) 0.055 inch, (c) 0.102 inch
3 0.336 inch
4 2.796 inches
5 4.743 inches
6 4.221 feet
7 Handbook page 70 and  78
8 740 gallons, approximately
9 Formula on Handbook page 85
10 Formula on Handbook page 85
11 Formulas on Handbook page 85
12 Yes. The x, y coordinates given in tables of hole coor-

dinates, Handbook pages 696 to 702, may be used
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Answers to Practice Exercises For Section 3

Number of
 Question

Answers
(Or where information is given in Handbook)

1
(a) 104 horsepower; 

(b) if reciprocal is used, H = 0.33 D2 SN
2 65 inches
3 5.74 inches

4
Side s = 5.77 inches; diagonal d = 8.165 inches, and 

volume = 192.1 cubic inches
5 91.0408 square inches
6 4.1888 and 0.5236
7 59.217 cubic inches
8 Handbook page 2654

9

10

11

12

13

Answers to Practice Exercises For Section 4

Number of
 Question

Answers
(Or where information is given in Handbook)

2 4; 35; 72
3 $A2 × B$1. The dollar sign ($) indicates an absolute 

reference to the row or column it precedes. For 
$A2, the referenced cell is in column A, and row 
changes are relative to starting row 2. For B$1, the 
referenced cell is in row 1, and the column changes 
relative to column B.

6 $5,954.45; $6,131.81

a
2A

h
------- b–=

r R
2 s

2

4
-----–=

a
P π⁄( )

2

2
------------------ b

2
–=

Sin A 1 Cos
2
 A–=

a
b Sin A×

Sin B 
-----------------------   b 

a Sin B×
Sin A 

----------------------=;=

Sin A
a Sin B×

b
-------------------------= Sin B

b Sin A ×
a

------------------------=
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8 −2; undefined; −16
9 No, operations with exponents are performed before 

multiplication, division, addition, or subtraction. 
Refer to spreadsheet documentation for operator pre-
cedence rules.

Answers to Practice Exercises For Section 5

Number of
 Question

Answers
(Or where information is given in Handbook)

1 Guide page 38
2 Calculator, or table beginning on Handbook 29 CD 

page 2993

3 2; 2; 1; 3; 3; 1
4 As location of decimal point is indicated by charac-

teristic, which is not given, the number might be 
7082, 708.20, 70.82, 7.082, 0.7082, 0.07082, etc.; 
7675, 767.5, etc.; 1689, 168.9, etc.

5 (a) 70.82; 76.75; 16.89; (b) 708.2; 767.5, 168.9; 
7.082, 7.675, 1.689; 7082, 7675, 1689

6 2.88389; 1.94052; 3.94151
7 792.4; 17.49; 1.514; 486.5
8 4.87614; 1.62363
9 67.603; 4.7547
10 146.17; 36.8
11 9.88; 5.422; 5.208
12 0.2783
13 0.0000001432
14 237.6
15 187.08
16 14.403 square inches
17 2.203 or, say, 21⁄4 inches

18 107 horsepower
19 No
20 Yes, see page 2046

Answers to Practice Exercises For Section 4 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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Answers to Practice Exercises For Section 6

Number of
 Question

Answers
(Or where information is given in Handbook)

1 8001.3 cubic inches
2 83.905 square inches
3 69.395 cubic inches
4 1.299 inches
5 22.516 cubic inches
6 8 inches

7 0.0276 cubic inch
8 4.2358 inches
9 1.9635 cubic inches
10 410.5024 cubic inches
11 26.4501 square inches
12 Radius; 1.4142 inches; area, 0.43 square inch
13 Area, 19.869 square feet; volume, 10.2102 cubic feet
14 Area, 240 square feet; volume, 277.12 cubic feet
15 11.3137 inches
16 41.03 gallons
17 17.872 square gallons
18 1.032 inches
19 40 cubic inches
20 Table Handbook page 81
21 Table Handbook page 81
22 5.0801 inches
23 4 inches; 5226 inches

Answers to Practice Exercises For Section 7

Number of
 Question

Answers
(Or where information is given in Handbook)

1 Handbook page 56
2 Handbook page 56
3 Handbook page 56
4 Handbook page 56
5 Handbook page 57
6 Handbook page 57
7 Handbook page 57
8 Handbook page 57
9 Handbook page 58

10 Handbook page 58
11 Handbook page 58
12 Handbook page 58
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13 Handbook page 59

14 Handbook page 58

15 Handbook page 58

16 Handbook page 58

17 Handbook page 58

18 Handbook page 58

19 Handbook page 58

20 Handbook page 59

21 Handbook page 59

22 Handbook page 59

23 Handbook page 60

23 Handbook page 60

24 Handbook page 60

25 Handbook page 60

26 Handbook page 60

Answers to Practice Exercises For Section 8

Number of
 Question

Answers
(Or where information is given in Handbook)

1 See Handbook pages 98 - 103
2 In any right-angle triangle having an acute angle of 

30 degrees, the side opposite that angle equals 
0.5 × hypotenuse

3 Sine = 0.31634; tangent = 0.51549;
 cosine = 0.83942

4 Angles equivalent to tangents are 27°29′24″ and 
7°25′16″; angles equivalents to cosines are 
86°5′8″ and 48°26′52″

5 Rule 1: Side opposite = hypotenuse × sine; 
Rule 2: Side opposite = side adjacent × tangent

6 Rule 1: Side adjacent = hypotenuse × cosine; 
Rule 2: Side adjacent = side opposite × cotangent

7 Handbook page 98

8 Handbook page 96

Answers to Practice Exercises For Section 7 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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9 After dividing the isosceles triangle into two right 
angle triangles

10 Page 98

Answers to Practice Exercises For Section 9

Number of
 Question

Answers
(Or where information is given in Handbook)

1 2 degrees, 58 minutes

2 1 degree, 47 minutes

3 2.296 inches, as shown by the table on 

4  360°/N - 2a = angle intercepted by width W. The 

sine of 1⁄2 this angle; 1⁄2B = 1⁄2W hence, 

this sine × B= W

5 3.1247 inches

6 3.5085 inches

7 1.7677 inches

8 75 feet approximately

9 a = 1.0316 inches; b = 3.5540 inches; c = 2.2845 
inches; d = 2.7225 inches

10 a = 18°22′. For solution of similar problem, see 
Guide. Example 4 of Section 8, page 53

11 A = 5.8758″; B = 6.0352″; C = 6.2851″;
D = 6.4378″; E = 6.1549″; F = 5.8127″.
apply formula on Handbook page 101

12 2°37′33″; 5°15′6″

13 5.2805 inches

14 10 degrees, 23 minutes

Answers to Practice Exercises For Section 8 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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Answers to Practice Exercises For Section 10

Number of
 Question

Answers
(Or where information is given in Handbook)

1 84°; 63°31′; 32°29′

2 B = 29°; b = 3.222 feet; c = 6.355 feet; 
area = 10.013 square feet

3 C = 22°; b = 2.33 inches; c = 1.358 inches; 
area = 1.396 square inches

4 A = 120°10′; a = 0.445 foot; c = 0.211 foot; 
area = 0.027 square feet

5 The area of a triangle equals one-half the product 
of two of its sides multiplied by the sine of the 
angle between them. The area of a triangle may 
also be found by taking one-half of the product of 
the base and the altitude

Answers to Practice Exercises For Section 11

Number of
 Question

Answers
(Or where information is given in Handbook)

1 Handbook page 948 for Morse
Handbook page 959 for Jarno
Handbook page 959 for milling machine 
Handbook page 1756 for taper pins

2 2.205 inches; 12.694 inches

3 4.815 inches. Handbook page 685

4 1.289 inches. Handbook page 685

C
D d–

2
-------------

1
T

24
------

2
+

T

24
------

----------------------×=

2 1.75–

2
-------------------

1
0.62326

24
-------------------
 
 

2
+

0.62326

24
-------------------

-----------------------------------------×=
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5 3.110 inches. Handbook page 680

6 0.0187 inch

7 0.2796 inch

8 1.000 inch

9 26 degrees, 7 minutes

Answers to Practice Exercises For Section 12

Number of
 Question

Answers
(Or where information is given in Handbook)

1 Handbook pages 630,  632

2 Handbook page 629

3 Handbook page 629

4 Handbook page 628

5 Handbook page 661

6 Handbook page 1813

7 Handbook pages 1806,  1817

8 When the tolerance is unilateral

9 See Handbook page 629

10 It means that a tolerance of 0.0004 to 0.0012 inch 
could normally be worked to. See table on 
Handbook page 635

11 Yes. See Handbook page 738

Answers to Practice Exercises For Section 11 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)



ANSWERS TO PRACTICE EXERCISES 231

Answers to Practice Exercises For Section 13

Number of
 Question

Answers
(Or where information is given in Handbook)

1 4000 pounds. Handbook page 2616

2 Handbook page 2621

3

430 balls. Handbook 29 CD page 3361. To calcu-
late, use density ρ from Handbook page 376

4 1⁄4 inch. Handbook page 2472

5 0.172 inch. Handbook page 1799

6 0.1251 to 0.1252. Handbook page 1749

7 24,000 rpm. Handbook page 1767

8 0.128 inch. Handbook page 1711

Answers to Practice Exercises For Section 14

Number of
 Question

Answers
(Or where information is given in Handbook)

1 Both countries have used the Unified Standard, but 
Britain is changing to the ISO Metric. See 
Handbook page 1806 and page 1910

2 The symbol is used to specify an American Stan-
dard screw thread 3 inches in diameter, 4 threads 
per inch or the coarse series, and Class 2 fit

3 An Acme thread is stronger, easier to cut with a 
die, and more readily engaged by a split nut used 
with a lead screw

4 The Stub Acme form of thread is preferred for 
those applications where a coarse thread of shal-
low depth is required

5 See tables, Handbook pages 1844, 1845

6 3⁄4 inch per foot measured on the diameter-

American and British standards

balls

lb
-----------

1

ρV
-------

6

ρπd
3

-------------= =
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7 Handbook page 1930

8 Center line of tool is set square to axis of screw 
thread

9 Present practice is to set center line of tool square 
to axis of pipe

10 See formulas for Frn and Frs, Handbook page 1930

11 By three-wire method or by use of special 
micrometers. See Handbook pages 1989 to 2010

12 Two quantities connected by a multiplication sign 
are the same as if enclosed by parentheses. See 
instructions about order of operations, Handbook 
page 5

13 (a) Lead of double thread equals twice the pitch; 
(b) lead of triple thread equals three times the 
pitch. See Handbook page 1989

14 See Handbook page 1815

15 0.8337 inch. See page 1997

16 No. Bulk of production is made to American Stan-
dard dimensions given in Handbook

17 This standard has been superseded by the 
American Standard

18 Most Machine screws (about 80% of the produc-
tion) have the coarse series of pitches

19 (a) Length includes head; (b) Length does not 
include head

20
No. 25. See table, Handbook page 2030

21
0.1935 inch. See table, Handbook page 868

22 Yes. The diameters decrease as the numbers 
increase

23 The numbered sizes range in diameter from 0.0059 
to 0.228 inch, and the letter sizes from 0.234 to 
0.413 inch. See Handbook pages 866 to  876

Answers to Practice Exercises For Section 14 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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24 A thread of  3⁄4 standard depth has sufficient 

strength, and tap breakage is reduced
25

(a) and (b) the American Standard Unified form

26 Cap-screws are made in the same pitches as the 
Coarse-, Fine-, and 8- thread series of the Ameri-
can standard, class 2A

27 For thread form, see Handbook page 1968. There 
are seven standard diameters as shown on 
page 1969.

28 Handbook page 904

29 Handbook page 904

30 0.90 × pitch. See Handbook pages 1992

31 To reduce errors in the finished thread

32 Included angle is 82° for each

Answers to Practice Exercises For Section 15

Number of
 Question

Answers
(Or where information is given in Handbook)

1 A foot-pound in mechanics is a unit of work and is 
the work equivalent to raising 1 pound 1 foot 
high

2 1000 foot-pounds

3 Only as an average value. See Handbook page 183

4 28 foot-pounds. See Handbook pages 181 and  183

5 1346 pounds

6 Neglecting air resistance, the muzzle velocity is 
the same as the velocity with which the projectile 
strikes the ground. See Handbook page 175

7 See Handbook page 156

Answers to Practice Exercises For Section 14 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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8 Square

9 1843 pounds approximately

10 The pull will have been increased from 1843 
pounds to about 2617 pounds. See Handbook 
page 169

11 Yes

12 About 11 degrees

13 The angle of repose 

14 The coefficient of friction equals the 
tangent of the angle of repose

15 32.16 feet per second2

16 No. 32.16 feet per second2 is the value at sea level 
at a latitude of about 40 degrees, but this figure is 
commonly used. See Hand book page 150

17 No. The rim stress is independent of the diameter 
and depends upon the velocity. See 

18
10 to 13. See Machinery’s Handbook 29 CD, 

page 3007
19 No. The increase in stress is proportional to the 

square of the rim velocity
20 110 feet per second or approximately 1.25 miles 

per minute
21 Because the strength of wood is greater in 

proportion to its weight than cast iron

22 See Handbook page 197

23 In radians per second

24 A radian equals the angle subtended by the arc 
of circle; this angle is 57.3 degrees nearly

25 Handbook page 104

26 60 degrees; 72 degrees; 360 degrees

27 Handbook page 104

Answers to Practice Exercises For Section 15 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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28 Handbook page 197 (see Guide page 138 for 
example illustrating method of using tables)

29 Length of arc = radians × radius. As radius = 1 in 
the table segments, l = radians

30 40 degrees, 37.5 minutes

31 176 radians per second; 
1680.7 revolutions per minute

32 1.5705 inches

33 27.225 inches

Answers to Practice Exercises For Section 16

Number of
 Question

Answers
(Or where information is given in Handbook)

1 Handbook page 204

2 12,000 pounds

3 1 inch

4 Handbook page 513

5 Handbook page 199

6 Handbook page 513

7 3-inch diameter. See Handbook page 286

Answers to Practice Exercises For Section 17

Number of
 Question

Answers
(Or where information is given in Handbook)

1 1.568 (See formula on Handbook page 245)

2 1.571

3 6200 pounds per square inch approximately

4 It depends upon the class of service.
See Handbook page 299

5 Tangential load = 550 pounds; 
twisting moment = 4400 inch-pounds

6 See formulas on Handbook page 298

Answers to Practice Exercises For Section 15 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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7 The head is useful for withdrawing the key, 
especially when it is not possible to drive against 
the inner end. See Handbook page 2475

8 Key is segment-shaped and fits into circular key-
seat. See Handbook pages 2478, 2479

9 These keys are inexpensive to make from round 
bar stock, and keyseats are easily formed by 
milling

10 0.211 inch. See table, Handbook page 2483

Answers to Practice Exercises For Section 18

Number of
 Question

Answers
(Or where information is given in Handbook)

1 See text and footnote on Handbook page 2272; see 
also Guide page 114

2 American Standard B92.1, Handbook pages 2252

and  2258
3 See text, Handbook page 2252

4 See text, Handbook page 2252

5 See definitions, Handbook page 2254

6 None. See text, Handbook page 2258

7 Yes, a crowned spline permits small amount of 
misalignment. See Handbook page 2270.

8 The torque capacity of splines may be calculated 
using the formulas and charts on Handbook 
page 2266 to 2270

9  Handbook page 2265

10 The fillet radius permits heavier loading and 
effects greater fatigue resistance than flat roots 
through absence of stress raisers

Answers to Practice Exercises For Section 17 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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Answers to Practice Exercises For Section 19

Number of
 Question

Answers
(Or where information is given in Handbook)

1 18 teeth; 3 inches; 0.2618 inch

2 2.666 inches; 2.333 inches; 0.166 inches

3 Handbook page 2135 and page 2136

4
Chordal thickness at intersections of pitch circle 

with sides of tooth

5 Table, Handbook page 2134

6 Calculate using table, Handbook page 2136

7 Surface durability stress and tooth fillet tensile 
stress are the two principle factors to be found in 
determining the power transmitting capacity of 
spur gears.

8 Because the tooth shape varies as the number of 
teeth is changed

9 No; one hob may be used for all tooth numbers, 
and the same applies to any generating process

10 Stub

11 Handbook (see Fellows Stub Tooth on page 2137)

12 Handbook page 2217

13 Handbook page 2147

14 Handbook page 2137

15 See table on Handbook page 2136

16 Handbook page 2046

17 Handbook pages 2163 to  2168

18 Handbook page 2218

19
Yes, but accurate tooth form is obtained only by a 

generating process

20 See paragraph on Handbook page 2187

21 Handbook page 2181

22 When the numbers of teeth in both the pinion and 
the gear are the same, the pitch angle being 45 
degrees for each
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23 The whole depth minus the clearance between the 
bottom of a tooth space and the end of a mating 
tooth = the working depth

24 See Handbook page 2141

25 See Handbook pages 2129 and  2131

26 See diagram, Handbook page 2182

27 Circular pitch of gear equals linear pitch of worm

28 Helix angle or lead angle of worm is measured 
from a plane perpendicular to the axis; helix 
angle of a helical gear is measured from the axis

29 These terms each have the same meaning

30 To provide a grinding allowance and to increase 
hob life over repeated sharpening

31 See explanation beginning on Machinery’s Hand-
book 29 CD, page 3332

32 Machinery’s Handbook 29 CD, page 3332

33 Handbook page 2196

34 Normal diameter pitch is commonly used

35 Yes (See Handbook page 2196), but the hobbing 
process is generally applied

36 Pitch diameter

37 Handbook page 2210

Answers to Practice Exercises For Section 19 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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Answers to Practice Exercises For Section 20

Number of
 Question

Answers
(Or where information is given in Handbook)

1 AISI 1108 CD 1⁄2 in. dia. = 1008 rpm

12L13, 150-200 HB :  = 1192 rpm
1040, HR :  = 611 rpm

1040, 375-425 HB : = 214 rpm
41L40, 200-250 HB : = 718 rpm

4140, HR : = 611 rpm
O2, Tool Stee : = 535 rpm

M2, Tool Steel : = 497 rpm

AISI 1108 CD : 4 in.dia. = 126 rpm
12L13, 150-200 HB : = 149 rpm

1040, HR :  = 576 rpm
1040, 375-425 HB : = 27 rpm

41L40, 200-250 HB : = 90 rpm
4140, HR  : = 76 rpm

O2, Tool Steel : = 67 rpm

M2, Tool Steel : = 62 rpm

2 AISI 1330, 200 HB : 153 rpm
201 Stainless Steel, CD : 345 rpm

 ASTM Class 50 Gray Cast Iron : 145 rpm
6A1 - 4V Titanium Alloy : 52 rpm

Waspaloy : 20 rpm
 (V = 60 fpm)

3 11⁄2-in. Dia.: 157 fpm—OK 

3-in. Dia. : 314 fpm—OK
4-in. Dia. : 419 fpm—Too Fast

4 764 rpm

5 840 rpm (V = 110 fpm)

6 Operation:
1: N = 167 rpm; fm = 13 in. /min.

2: N = 127 rpm; fm = 2.0 in. /min.

3: N = 744 rpm 
4: N = 458 rpm 
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7 Existing operation:
V = 59 fpm (Too Fast)
ft  = 0.011 in./ tooth (Too Severe)

Change to:
V = 40 fpm N = 50 rpm
ft = 0.006 in./ tooth; fm = 3.6 in./min

8 Existing operation:
 V = 188 fpm (Too slow)

ft = 0.006 in./ tooth (Too Slow)

Change to:
V = 375 fpm N = 120 rpm
ft = 0.012 in/ tooth; fm  = 520 in./min

9 V = 414 fpm, Pc = 9.0 hp, Pm = 11.24 hp

10 V = 104 fpm
11 V = 205 fpm 

(Qmax = 8.55 in3/ min.;

fm = 10.5 in/ min;

N = 131 rpm)
12 1⁄4 in.:T = 123 lb; M = 6.38 in-lb; 

Pm = 0.19 up
1⁄2 in.: T = 574 lb; M = 68 in-lb; 

Pm = 1.0 hp

1 in.: T = 2712 lb; M = 711 in-lb; 
Pm = 5.3 hp

19 mm.: T = 7244 N; M = 37.12 N-m; 
Pm = 2.43 kw

13 T = 1473 lb; M = 655 in-lb; Pm = 4.9 hp

14 Handbook page 1008
15 Handbook page 1009
16 Handbook page 1013
17 Handbook page 1013
18 Handbook page 788 and  1010

Answers to Practice Exercises For Section 20 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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19 Handbook pages 1071 and 1073
20 Handbook pages 1039 and 1042
21 Handbook page 1039
22 Handbook page 1083
23 Handbook pages 1083 and 1084
24 Handbook page 1089
25 Handbook page 1093
26 Handbook page 1125

Answers to Practice Exercises For Section 21

Number of
 Question

Answers
(Or where information is given in Handbook)

1 Drill press, Jig-borer, turret punch press, 
spot welder, riveting machine, shear, inspection 
machine

2 Contour milling machine, lathe, grinder, 
vertical mill, flame cutting machine

3 CNC machines are more productive, more accu-
rate, and produce less scrap, see Handbook 29 
CD page 3150

4 (b)

5
Resolver. See Machinery’s Handbook 29 CD, 

page 3158
6 CNC systems are less costly, more reliable, and 

have greater capability than hardwire predeces-
sors.

7 They provide data of slide position and 
velocity. See Machinery’s Handbook 29 CD, 
page 3158

8 At 1.8 degrees per pulse, 200 pulses would be 
needed to turn the lead screw 360 degrees, or one 
revolution. With a 5-pitch screw, the linear move-
ment of the slide would be 0.200 inch, or 0.001 
inch per pulse. With 254 pulses, the slide would 
move 0.254 inch.

9 (b). See Handbook page 1288

Answers to Practice Exercises For Section 20 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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10 Sequence number. See Handbook page 1281

11 F. See Handbook page 1288

12 Cutter offset is an adjustment parallel to one of the 
axes. Cutter compensation is an adjustment that 
is normal to the part, whether or not the adjust-
ment is parallel to an axis. See Handbook pages

1289 and  1292
13 False. Circular interpolation eliminates the need 

for approximating straight lines. See Handbook 
page 1290

14 One. See Handbook page 1290

15 a-5, b-6, c-3, d-2, e-4, f-1. See pages starting at 
Handbook page 1284

16 False. See Handbook page 1305

17 A G word is a preparatory code word consisting of 
the three address G, and two digits, that is used to 
tell the control system to accept the remainder of 
the block in the required way. See pages starting 
at Handbook page 1284

18 The “right hand rule” says that if a right hand is 
laid palm up on the table of a vertical milling 
machine, the thumb will point in the positive X
direction, the forefinger in the positive Y direc-
tion, and the erect middle finger in the positive Z
direction. See Handbook page 1315

Answers to Practice Exercises For Section 21 (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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Answers to General Review Questions

Number of
 Question

Answers
(Or where information is given in Handbook)

1 Handbook page 76 gives the formula for length of 
side S in terms of the given area A

2 The diameter of each end and the length of the 
taper; see explanation on Handbook page 949,
also table, page 959

3 Tolerance is applied in whatever direction is likely 
to be the least harmful; see page 630

4 It is said that James Watt found, by experiment, 
that an average carthorse can develop 22,000 
foot-pounds per minute, and added 50 percent to 
ensure good measure to purchasers of his engines 
(22,000 × 1.50 = 33,000)

5 Tin in the high grades, and lead in the lower grades

6 Same depth as ordinary gear of 10 diametral pitch
7 The tooth thickness and the number of teeth are the 

as an ordinary gear of 8 diametral pitch
8 Add 2 to the number of teeth and divide by the out-

side diameter
9 Multiply the outside diameter by 3.1416 and 

divide the product by the number of teeth plus 2
10 Birmingham or Stub’s iron wire gage is used for 

seamless steel, brass, copper, and aluminium 
tubing

11 Iron wire rope has the least strength of all wire 
rope materials. 

12 If surfaces are well lubricated, the friction is 
almost independent of the pressure, but if the 
surfaces are unlubricated, the friction is directly 
proportional to the normal pressure except for 
the higher pressures

13 It depends very largely upon temperature. See 
Handbook section, Lubricated Surfaces on 
page 165
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14 8 − (− 4) = 12. See rules for positive and negative 
numbers, Handbook page 4

15 Yes. One meter equals 3.2808 feet; see other 
equivalents on Handbook page 2661

16 Experiments have shown that there is a definite 
relationship between heat and work and that 1 
British thermal unit equals 778 foot-pounds. To 
change 1 pound of water at 212°F into steam at 
that temperature requires about 966 British 
thermal units, or 966 × 788 = about 751,600 foot-
pounds; hence, the number of pounds of water 
evaporated 212°F, equivalent to 1 horsepower-
hour = 1,980,000 ÷ 751,600 = 2.64 pounds of 
water as given in Handbook, page 2690

17 No. The thickness of the pipe is increased by 
reducing the inside diameter; compare thickness 
in the table on Machinery’s Handbook 29 CD, 
page 3393

18 As a general rule, smoother finishes are required 
for harder materials, for high loads, and for high 
speeds. See Handbook page 2321

19 Yes. The so-called “O.D. pipe” begins, usually, 

with the 1⁄4-inch size, see Handbook 29 CD page

3398
20 It is light in weight and resists deterioration from 

corrosive or caustic fluids. See Machinery’s 
Handbook 29 CD, page 3398

21 Yes. About 140 degrees lower. See page 376
22 Low-carbon alloy steels of high-chromium 

content. See Handbook page 397
23 Low-carbon steels containing 0.20% sulfur or less 

and usually from 0.90 to 1.20% manganese.
See Handbook page 412

Answers to General Review Questions (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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24 No. The nominal length of a file indicates the 
distance from the point to the “heel” and does 
not include the tang

25 Yes. See table, Handbook page 380
26 Specific heat is a ratio of the amount of heat 

required to raise the temperature of a certain 
weight of substance 1°F to the amount of heat 
required to raise the temperature of an equivalent 
of water 1°F. See Handbook page 372

27 (a) and (b) A number indicating how a given vol-
ume of the material or liquid compares in weight 
with an equal volume of water. (c) A number 
indicating a comparison in weight with an equal 
volume of air. See Handbook pages 380 - 381

28 The first digit identifies the alloy type; the second, 
the impurity control; etc. See Handbook page 534

29 Red brass contains 84 to 86% copper, about 5% 
tin, 5% lead, and 5% zinc whereas yellow brass 
contains 62 to 67% copper, about 30% zinc, 1.5 
to 3.5% lead and not even 1% tin. See UNS 
Designations on Handbook pages 515, 530

30 See Machinery’s Handbook 29 CD, pages 3030

and 3033
31 No. Twenty-six sizes ranging from 0.234 to 0.413 

inch are indicated by capital letters of the 
alphabet (see table, Handbook page 868- 876).
Fractional sizes are also listed in manufacturers’ 

catalogues beginning either at 1⁄32 inch ,1⁄16 inch, or 
1⁄8 inch, the smallest size varying with different 

firms
32 To ensure uniform heating at a given temperature 

and protect the steel against oxidation. See 
Handbook page 474

Answers to General Review Questions (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)
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33 Hardening temperature vary for different steels; 
see critical temperatures and how they are 
determined, Handbook pages 473 and 474

34 Set the taper attachment to an angle the cosine of 
which equals 0.125 ÷ 0.1255. See Handbook 
page 2060

35 See Handbook page 675

36 Divide 3⁄4 by 12; multiply the taper per inch found 

by 5 and subtract the result from the large diame-
ter. See rules for figuring tapers, Handbook 
page 682

37 Yes. See “Useful Relationships Among Angles,” 
Handbook page 106

38 0.8833. See Handbook page 104

39 x = 3

40 About 121⁄2 degrees. See Handbook page 2448

41 Ratio between resistance to the motion of a body 
due to friction, and the perpendicular pressure 
between the sliding and fixed surfaces. See for-
mula, Handbook page 165

42 No. Stub’s steel wire gage applies to tool steel 
rod and wire, and the most important applications 
of Stub’s iron wire gage (also known as 
Birmingham) are to seamless tubing, steel strips, 
and telephone and telegraph wire

43 If the difference between the length of the pawls 
equals one-half of the pitch of the ratchet wheel 
teeth, the practical effect is that of reducing the 
pitch of one-half. See Ratchet Gearing starting 
on page 2215, Machinery’s Handbook 29 CD

44 The high modulus of elasticity eliminates the need 
for periodic retensioning that is normally 
required with V-belts. See Handbook page 2487

Answers to General Review Questions (Continued)

Number of
 Question
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(Or where information is given in Handbook)
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45 Increasing centrifugal force has less effect on flat 
belts because of the low center of gravity. See 
Handbook Flat Belting starting on page 2487

46 The ultimate strength is less due to bending action. 
See Machinery’s Handbook 29 CD, page 3440,
and also see table, Close-link Hoisting, Sling and 

Crane Chain on page 3444

47 Refer to Handbook 29 CD page 3444

48 Multiply 90 by 12 and divide the circumference of 
the shaft to obtain rpm. See cutting speed calcula-
tions, Handbook pages 1015- 1017

49
(a) Lard oil; (b) gasoline

50 If the teeth advance around the gear to the right, as 
viewed from one end, the gear is right handed; 
and, if they advance to the left, it is a left hand 
gear. See illustrations, Handbook page 2195

51 No. They may be opposite hand depending upon 
the helix angle. See Handbook pages 2195 and 
2196

52 Multiply the total length by the weight per foot for 
plain end and coupled pipe, given in the table, 

53 The processes are similar but the term 
“packhardening” usually is applied to the 
casehardening of tool steel. See Handbook pages

484 and  485
54 A gas process of surface hardening. See Handbook 

page 485

55 See definitions for these terms given on Handbook 
page 986

Answers to General Review Questions (Continued)

Number of
 Question
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56 About 34 inches, but the height may vary from 32 
to 36 inches for heavy and light assembling, 
respectively

57 Major diameter is the same as outside diameter, 
and the minor diameter is the same as root 
diameter. See definitions, on Handbook 
page 1810

58 The SAE Standards conforms, in general, with the 
Unified and American Standard Screw Thread 
Series as revised in 1959 and may, therefore, be 
considered to be the same for all purpose

59 See informations on work materials, Handbook 
page 1008

60 Yes. See Handbook page 471 and page 510

61 13.097 millimeters. See the tables on Handbook 
page 3 and page 2664, which gives millimeter 
equivalents of inch fractions and decimals

62 The sevolute of an angle is obtained by subtracting 
the involute of the angle from the secant of that 
angle. See Handbook page 110. The involute 
functions of angels are found in the tables 
beginning on Handbook page 111

63 In Table 1 starting on Handbook page 1026, two 
feed-speed pairs are given, Opt. 28 in/tooth, 685 
ft/min, and Avg., 13 in/tooth, 960 ft/min. These 
feed-speed pairs represent values for optimum 
and average conditions respectively and are 
intended as a starting point and generally require 
adjustment for actual cutting conditions. It is 
important to understand the factors that affect the 
cutting speed and feed, as covered in the footnote 
to Table 1, and How to Use the Feeds and Speeds 

Tables on Handbook page 1021

Answers to General Review Questions (Continued)

Number of
 Question
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64 No. First determine the diametral pitch the same as 
for a spur gear; then divide this “real diametral 
pitch” by the cosine of “real diametral pitch” by 
the cosine of the helix angle to obtain the 
“normal diametral pitch.” which is the pitch of 
the cutter. See Handbook page 2196

65 Casehardening steels can have hard, fine grained 
surfaces and a soft, ductile core giving good 
strength combined with wear resistance. See 
Handbook page 2240

66 Not in every instance. See Handbook page 2272

67 A cemented carbide seat provides a flat bearing 
surface and a positive-, negative-, or neutral-rake 
orientation to the tool insert. See Handbook 
page 766

68 No. The size of the gear blank, the pitch of the 
teeth, and depth of cut are sufficient for the 
operator in the shop. The tooth curvature is the 
result of the gear-cutting process. Tooth curves 
on the working drawing are of no practical value

69 By changing the inclination of the dividing head 
spindle. See Handbook page 2308

70 See formula and example on Handbook page 2308

71 Divide the total number of teeth in both gears by 
twice the diametral pitch to obtain the theoretical 
center-to-center distance. (See formula in the 
table of Formulas for Dimensions of Standard 
Spur Gears, Handbook page 2131)

72 Subtract number of teeth on pinion from number 
of teeth on gear and divide the remainder by two 
times the diametral pitch (See Rule at bottom of 
Handbook page 2171)

73 See Handbook page 1730

Answers to General Review Questions (Continued)

Number of
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74 The Standard Wire Gage (S.W.G), also known as 
the Imperial Wire Gage and as the English Legal 
Standard, is used in Britain for all wires

75 A simple type of apparatus for measuring power

76 With a dynamometer, the actual amount of power 
delivered may be determined; that is, the power 
input minus losses. See Handbook page 2457

77 The uniformly loaded beam has double the load 
capacity of a beam loaded at the center only. See 
formulas, Handbook page 257

78 Refer to Handbook page 472 for graph of SAE-
determined relationships.

79 No. The nominal size of steel pipe, except for sizes 
above 12 inches, is approximately equal to the 
inside diameter. See tables, Machinery’s Hand-
book 29 CD, pages 3393 and  3395

80 0.357 inch. See formula, Handbook page 220

81 The laws of sines and cosines are stated on 
Handbook page 96

82 Both the sine and cosines of 45 degrees are 
0.70711

83 Multiply depth in feet by 0.4335

84 No. See Handbook page 2410

85 100%

86 50%

87 Various steels are used, depending on kind of 
spring. See Handbook page 408

88 Normalizing is a special annealing process.The 
steel is heated above the critical range and 
allowed to cool in still air at ordinary tempera-
ture, Handbook page 484. Normalizing tempera-
tures for steels are given on Handbook pages 490

and 491

Answers to General Review Questions (Continued)

Number of
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89 The standard mounting dimensions, frame sizes, 
horsepower, and speed ratings. See section 
beginning on Handbook page 2565

90 Yes. The American standard drafting room 
practice includes section lining, etc. See 
Handbook page 611

91 No. There are different tapers per foot, ranging 
from 0.5986 to 0.6315 inch. See table, 
Handbook page 948

92 Yes. See Handbook page 2037

93 Unilateral and plus. See Handbook page 629

94 See table, Handbook page 1928

95 If D = diameter of hole in inches; T = stock thick-
ness in inches; shearing strength of steel = 51,000 
pounds per square inch, then tonnage for 
punching = 51,000DπT/2000 = 80DT

96 See Handbook pages 2608 to  2609

97 The Brown & Sharpe or American wire gage is 
used for each. See Handbook pages 2604 to 
2609

98 No, this name is applied to several compositions 
that vary widely

99 Antimony and copper

100 177 nearly. See table on Handbook page 1176

101 See Handbook pages 371, 376,  380

102 See Handbook page 1186

103 See Handbook page 1187

104 See Machinery’s Handbook 29 CD, page 3226

105 See Handbook page 2060

Answers to General Review Questions (Continued)
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106 See Handbook page 845

107 Steel, chromium-plated steel, chromium 
carbide, tungsten carbide, and other materials.
See Handbook page 707

108 See text on Handbook page 707

109 The lead of a milling machine equals lead of helix 
or spiral milled when gears of equal size are 
placed on feed screw and wormgear stud; see rule 
for finding lead on Handbook page 2077

110 Multiply product of driven gears by lead of 
machine and divide by product of driving gears. 
If lead of machine is 10, divide 10 times product 
of driven gears by product of drivers

111 5⁄11 ;
79⁄183; 19⁄29

112 The whole depth and tooth thickness at the large 
ends of the bevel gear teeth are the same as the 
whole depth and thickness of spur gear teeth of 
the same pitch

113 See Text on Handbook page 987

114 5.7075 inches

115 Use the formula () for finding the breaking load, 
which in this case is taken as three times the 
actual load. Transposing,

7⁄8 inch diameter

116 Because the direction of the cutter thrust tends to 
cause the gear to rotate upon the arbor. See Hand-
book Milling the Helical Teeth on page 2205

Answers to General Review Questions (Continued)

Number of
 Question
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D
6 2000 3××

54 000,
------------------------------ 0.816 say,,= =
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117 Trepanning describes use of a fly-cutter or circular 
toothed cutter to cut a groove to the full depth of 
a plate, producing a hole of the required size. See 
Handbook page 1080

118 Chiefly when a hole is to be tapped or reamed 
after drilling. See page 3131

119 See table on Handbook page 450

120 See Handbook page 2560

121 See Handbook page 102

122 See Handbook page 2240 and  2241

123 See Handbook page 932

124 See table Handbook page 1249

125 See table Handbook page 1233

126 Motor rotation has been standardized by the 
National Electrical Manufacturers Association. 
See Handbook page 2567

127 Yes. See section starting on Handbook page 2433

Answers to General Review Questions (Continued)
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128 To solve this problem, the helix angle φ of the 
thread at the pitch and major diameters must be 
found, which is accomplished by substituting 
these diameters (E and D) for the minor diame-
ters (K ) in the formula for φ. Thus, at the pitch 
diameter:

129 0.0037 inch

130 5⁄12 foot (5 inches) per minute obtained by dividing 

25,000 by 60,000. Note that this speed is consid-
erably less than maximum surface speed at any 
load to prevent excess heat and wear

131 Yes. See Table 14, Handbook page 2383, and 
following tables

132 550 to 600 Bhn (Brinell hardness number) 
(See Handbook page 2321)

133 1 pound. See Handbook 29 CD page 3361

134 23,000 rpm. See Handbook page 1767

135 See Handbook page 2001

136 See footnote, Table 2, Handbook page 89

137

See Handbook pages 2678 and 380, and table on 
Handbook page 168. Rope tension on 14 foot ramp 
= 64.3 lb; rope tension on 8 foot ramp= 111.1 lb

Answers to General Review Questions (Continued)

Number of
 Question

Answers
(Or where information is given in Handbook)

φtan
lead of thread

πE
---------------------------------

0.400

π 0.900×
-----------------------= =

φ 8.052° 8°3 ′= =

a ae φ+=

ae a φ– 19°16 ′ 8°3 ′– 11°13 ′= = =

At the major diameter:

φtan
lead of thread 

πD
----------------------------------

0.400

π 1.000×
-----------------------= =

φ 7.256° 7°15 ′= =

ae a φ– 19°16 ′ 7°15′– 12°1 ′= = =
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SECTION 24

HOW TO USE INTERACTIVE MATH

Interactive Math Solutions.—The CD-ROM editions of Machin-
ery’s Handbook and Machinery’s Handbook Guide contains inter-
active math equations that provide solutions to many typical shop
and engineering problems. These interactive equations can be
modified by the user to try new values and act as a problem spe-
cific calculator. Clicking on the “light bulb” icon (Figs. 1a and
Figs. 1b) in the margin next to an equation or problem will auto-
matically launch your computer’s default web browser. The
browser connects to the Internet to locate the math problem and
displays the appropriate interactive math problem in “LiveMath”
format.

Fig. 1a. Interactive Math Icon

Locating Math Solutions: In the Handbook, a complete list of
interactive solutions is given in the Index of Interactive Equations,
located under Indexes on the bookmark panel. In the Guide, a list
of interactive solutions is given in the List of Interactive Equations
starting on page 279. In either list, click on the page number corre-
sponding to a problem of interest to navigate to the Handbook or
Guide page containing the icon linking to the solution.

Setting up LiveMath.—Installing the component required to use
the interactive math solutions is straight forward. After installing
Machinery’s Handbook, open the Handbook and in Adobe Reader
or Acrobat and click on one of the light bulb icons found in the
margins. This will automatically launch your computer’s default
web browser and load the selected problem. Some users may have
to right mouse click on the icon to open a menu and select “Open
Weblink in Browser.” Note: You must be able to access the Inter-
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net from your computer to be able to use the interactive online
LiveMath equations.

Installing the LiveMath Plug-in: The first time you launch a
LiveMath problem your web browser will prompt you to install an
“ActiveX control” or install an “LM ActiveX Plug-in.” After you
install the LiveMath plug-in, close the browser and relaunch the
math problem from Machinery’s Handbook. From this time for-
ward the math problems will display automatically. 

Occasionally the plug-in may fail to install automatically. If that
happens go to the LiveMath web site, www.livemath.com, and
download and install the free LiveMath plug-in suitable for your
particular browser. You should experience no further problems.
For questions about compatability with a specific web browser,
consult the livemath.com website.

LiveMath Components.—Each interactive math solution win-
dow contains a banner, a title, a description of the problem, a list of
assigned variable values, and the solution to the problem displayed
numerically and sometimes graphically. Where a problem has
multiple parts, each subproblem is surrounded by its own bound-
ing box outline. A example LiveMath problem is shown in Fig. 2.

Fig. 1b. Interactive Math on Handbook Page 101

OBLIQUE-ANGLE TRIANGLES 101

Solution of Oblique-Angled Triangles

One Side and Two Angles Known (Law of Sines):

One Side and Two Angles Known

Call the known side a, the angle opposite it A, and the 
other known angle B. Then,  C = 180° − (A + B). If angles 
B and C are given, but not A, then  A = 180° − (B + C).

a = 5 centimeters; A = 80°; B = 62°

C 180° A B+( )–=

b
a Bsin×

Asin
---------------------= c

a Csin×
Asin

---------------------=

Area
a b× Csin×

2
------------------------------=

C 180° 80° 62°+( )– 180° 142°– 38°= = =

b
a Bsin×

Asin
---------------------

5 62sin °×
80sin °

--------------------------
5 0.88295×

0.98481
----------------------------= = =

4.483 centimeters=
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Fig. 2. Sample LiveMath Problem

Using LiveMath.—  LiveMath is very intuitive. To use LiveMath
as a calculator, select a variable and highlight the number to the
right of the “=” with the mouse and then type in a new value for
that variable. The updated solution to the problem is displayed
immediately, see Fig. 3. If a graph is included, it is also updated
immediately.

Values for variables can be entered in a variety of ways, as frac-
tions or as calculations, for example. 

Fig. 3. Modified LiveMath Variables

Solution:

a = r cos (�� )

a = 5.1962

Machinery's Handbook

Convert the polar coordinates to rectangular form

Variables: (adjust values below as required)

   r = 6

   � = 30

b = r cos (�� )

b = 3

Solution:

a = r cos (�� )

a = 10.392

Machinery's Handbook

Convert the polar coordinates to rectangular form

Variables: (adjust values below as required)

   r = 12

   � = 30

b = r cos (�� )

b = 6

Highlight the variable you 

wish to modify and type in 

a new value.

Answers are updated

automatically.
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SECTION 25

CONVERSION FACTORS

In the table of conversion factors that follows, the symbols for
SI units, multiples and submultiples are given in parentheses in the

right hand column. The symbol “a” following a number indicates
that the conversion factor is exact.

Table 1. Metric Conversion Factors
Multiply By To Obtain

Length

centimeter 0.03280840 foot

centimeter 0.3937008 inch

fathom 1.8288a meter (m)

foot 0.3048a meter (m)

foot 30.48a centimeter (cm)

foot 304.8a millimeter (mm)

inch 0.0254a meter (m)

inch 2.54a centimeter (cm)

inch 25.4a millimeter (mm)

kilometer 0.6213712 mile [U.S. statute]

meter 39.37008 inch

meter 0.5468066 fathom

meter 3.280840 foot

meter 0.1988388 rod

meter 1.093613 yard

meter 0.0006213712 mile [U. S. statute]

microinch 0.0254a micrometer [micron] (µm)

micrometer [micron] 39.37008 microinch

mile [U. S. statute] 1609.344a meter (m)

mile [U. S. statute] 1.609344a kilometer (km)

millimeter 0.003280840 foot

millimeter 0.03937008 inch

rod 5.0292a meter (m)

yard 0.9144a meter (m)

Area

acre 4046.856 meter2 (m2)

acre 0.4046856 hectare

centimeter2 0.1550003 inch2

centimeter2 0.001076391 foot2

foot2 0.09290304a meter2 (m2)

foot2 929.0304a centimeter2 (cm2)

foot2 92,903.04a millimeter2 (mm2)
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hectare 2.471054 acre

inch2 645.16a millimeter2 (mm2)

inch2 6.4516a centimeter2 (cm2)

inch2 0.00064516a meter2 (m2)

meter2 1550.003 inch2

meter2 10.763910 foot2

meter2 1.195990 yard2

meter2 0.0002471054 acre

mile2 2.5900 kilometer2

millimeter2 0.00001076391 foot2

millimeter2 0.001550003 inch2

yard2 0.8361274 meter2 (m2)

Volume (including Capacity)

centimeter3 0.06102376 inch3

foot3 28.31685 Liter

foot3 28.31685 Liter

gallon [U.K. liquid] 0.004546092 meter3 (m3)

gallon [U.K. liquid] 4.546092 Liter

gallon [U. S. liquid] 0.003785412 meter3 (m3)

gallon [U.S. liquid] 3.785412 Liter

inch3 16,387.06 millimeter3 (mm3)

inch3 16.38706 centimeter3 (cm3)

inch3 0.00001638706 meter3 (m3)

Liter 0.001a meter3 (m3)

Liter 0.2199692 gallon [U. K. liquid]

Liter 0.2641720 gallon [U. S. liquid]

Liter 0.03531466 foot3

meter3 219.9692 gallon [U. K. liquid]

meter3 264.1720 gallon [U. S. liquid]

meter3 35.31466 foot3

meter3 1.307951 yard3

meter3 1000.a Liter

meter3 61,023.76 inch3

millimeter3 0.00006102376 inch3

quart[U.S. Liquid] 0.946 Liter

quart[U.K. Liquid] 1.136 Liter

yard3 0.7645549 meter3 (m3)

Velocity, Acceleration, and Flow

centimeter⁄second 1.968504 foot⁄minute

centimeter⁄second 0.03280840 foot⁄second

centimeter⁄minute 0.3937008 inch⁄minute

foot⁄hour 0.00008466667 meter⁄second (m⁄s)

foot⁄hour 0.00508a meter⁄minute

foot⁄hour 0.3048a meter⁄hour

foot⁄minute 0.508a centimeter⁄second

foot⁄minute 18.288a meter⁄hour

foot⁄minute 0.3048a meter⁄minute

foot⁄minute 0.00508a meter⁄second (m⁄s)

Table 1. Metric Conversion Factors
Multiply By To Obtain
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foot⁄second 30.48a centimeter⁄second

foot⁄second 18.288a meter⁄minute

foot⁄second 0.3048a meter⁄second (m⁄s)

foot⁄second2 0.3048a meter⁄second2 (m⁄s2)

foot3⁄minute 28.31685 Liter⁄minute

foot3⁄minute 0.0004719474 meter3⁄second (m3⁄s)

gallon [U. S. liquid]⁄min. 0.003785412 meter3⁄minute

gallon [U. S. liquid]⁄min. 0.00006309020 meter3⁄second (m3⁄s)

gallon [U. S. liquid]⁄min. 0.06309020 Liter⁄second

gallon [U. S. liquid]⁄min. 3.785412 Liter⁄minute

gallon [U. K. liquid]⁄min. 0.004546092 meter3⁄minute

gallon [U. K. liquid]⁄min. 0.00007576820 meter3⁄second (m3⁄s)

inch⁄minute 25.4a millimeter⁄minute

inch⁄minute 2.54a centimeter⁄minute

inch⁄minute 0.0254a meter⁄minute

inch⁄second2 0.0254a meter⁄second2 (m⁄s2)

kilometer⁄hour 0.6213712 mile⁄hour [U. S. statute]

Liter⁄minute 0.03531466 foot3⁄minute

Liter⁄minute 0.2641720 gallon [U.S. liquid]⁄minute

Liter⁄second 15.85032 gallon [U. S. liquid]⁄minute

mile⁄hour 1.609344a kilometer⁄hour

millimeter⁄minute 0.03937008 inch⁄minute

meter⁄second 11,811.02 foot⁄hour

meter⁄second 196.8504 foot⁄minute

meter⁄second 3.280840 foot⁄second

meter⁄second2 3.280840 foot⁄second2

meter⁄second2 39.37008 inch⁄second2

meter⁄minute 3.280840 foot⁄minute

meter⁄minute 0.05468067 foot⁄second

meter⁄minute 39.37008 inch⁄minute

meter⁄hour 3.280840 foot⁄hour

meter⁄hour 0.05468067 foot⁄minute

meter3⁄second 2118.880 foot3⁄minute

meter3⁄second 13,198.15 gallon [U. K. liquid]⁄minute

meter3⁄second 15,850.32 gallon [U. S. liquid]⁄minute

meter3⁄minute 219.9692 gallon [U. K. liquid]⁄minute

meter3⁄minute 264.1720 gallon [U. S. liquid]⁄minute

Mass and Density

grain [1⁄7000 1b avoirdupois] 0.06479891 gram (g)

gram 15.43236 grain

gram 0.001a kilogram (kg)

gram 0.03527397 ounce [avoirdupois]

gram 0.03215074 ounce [troy]

gram⁄centimeter3 0.03612730 pound⁄inch3

hundredweight [long] 50.80235 kilogram (kg)

hundredweight [short] 45.35924 kilogram (kg)

Table 1. Metric Conversion Factors
Multiply By To Obtain
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kilogram 1000.a gram (g)

kilogram 35.27397 ounce [avoirdupois]

kilogram 32.15074 ounce [troy]

kilogram 2.204622 pound [avoirdupois]

kilogram 0.06852178 slug

kilogram 0.0009842064 ton [long]

kilogram 0.001102311 ton [short]

kilogram 0.001a ton [metric]

kilogram 0.001a tonne

kilogram 0.01968413 hundredweight [long]

kilogram 0.02204622 hundredweight [short]

kilogram⁄meter3 0.06242797 pound⁄foot3

kilogram⁄meter3 0.01002242 pound⁄gallon [U. K. liquid]

kilogram⁄meter3 0.008345406 pound⁄gallon [U. S. liquid]

ounce [avoirdupois] 28.34952 gram (g)

ounce [avoirdupois] 0.02834952 kilogram (kg)

ounce [troy] 31.10348 gram (g)

ounce [troy] 0.03110348 kilogram (kg)

pound [avoirdupois] 0.4535924 kilogram (kg)

pound⁄foot3 16.01846 kilogram⁄meter3 (kg⁄m3)

pound⁄inch3 27.67990 gram⁄centimeter3 (g⁄cm3)

pound⁄gal [U. S. liquid] 119.8264 kilogram⁄meter3 (kg⁄m3)

pound⁄gal [U. K. liquid] 99.77633 kilogram⁄meter3 (kg⁄m3)

slug 14.59390 kilogram (kg)

ton [long 2240 lb] 1016.047 kilogram (kg)

ton [short 2000 lb] 907.1847 kilogram (kg)

ton [metric] 1000.a kilogram (kg)

ton [Metric] 0.9842 ton[long 2240 lb]

ton [Metric] 1.1023 ton[short 2000 lb]

tonne 1000.a kilogram (kg)

Force and Force⁄Length

dyne 0.00001a newton (N)

kilogram-force 9.806650a newton (N)

kilopound 9.806650a newton (N)

newton 0.1019716 kilogram-force

newton 0.1019716 kilopound

newton 0.2248089 pound-force

newton 100,000.a dyne

newton 7.23301 poundal

newton 3.596942 ounce-force

newton⁄meter 0.005710148 pound⁄inch

newton⁄meter 0.06852178 pound⁄foot

ounce-force 0.2780139 newton (N)

pound-force 4.448222 newton (N)

poundal 0.1382550 newton (N)

pound⁄inch 175.1268 newton⁄meter (N⁄m)

pound⁄foot 14.59390 newton⁄meter (N⁄m)

Table 1. Metric Conversion Factors
Multiply By To Obtain
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Bending Moment or Torque

dyne-centimeter 0.0000001a newton-meter (N · m)

kilogram-meter 9.806650a newton-meter (N · m)

ounce-inch 7.061552 newton-millimeter

ounce-inch 0.007061552 newton-meter (N · m)

newton-meter 0.7375621 pound-foot

newton-meter 10,000,000.a dyne-centimeter

newton-meter 0.1019716 kilogram-meter

newton-meter 141.6119 ounce-inch

newton-millimeter 0.1416119 ounce-inch

pound-foot 1.355818 newton-meter (N · m)

Moment Of Inertia and Section Modulus

moment of inertia [kg · m2] 23.73036 pound-foot2

moment of inertia [kg · m2] 3417.171 pound-inch2

moment of inertia [lb · ft2] 0.04214011 kilogram-meter2 (kg · m2)

moment of inertia [lb · inch2] 0.0002926397 kilogram-meter2 (kg · m2)

moment of section [foot4] 0.008630975 meter4 (m4)

moment of section [inch4] 41.62314 centimeter4

moment of section [meter4] 115.8618 foot4

moment of section [cm4] 0.02402510 inch4

section modulus [foot3] 0.02831685 meter3 (m3)

section modulus [inch3] 0.00001638706 meter3 (m3)

section modulus [meter3] 35.31466 foot3

section modulus [meter3] 61,023.76 inch3

Momentum

kilogram-meter⁄second 7.233011 pound-foot⁄second

kilogram-meter⁄second 86.79614 pound-inch⁄second

pound-foot⁄second 0.1382550 kilogram-meter⁄second (kg · m⁄s)

pound-inch⁄second 0.01152125 kilogram-meter⁄second (kg · m⁄s)

Pressure and Stress

atmosphere [14.6959 lb⁄inch2] 101,325. pascal (Pa)

bar 100,000.a pascal (Pa)

bar 14.50377 pound⁄inch2

bar 100,000.a newton⁄meter2 (N⁄m2)

hectobar 0.6474898 ton [long]⁄inch2

kilogram⁄centimeter2 14.22334 pound⁄inch2

kilogram⁄meter2 9.806650a newton⁄meter2 (N⁄m2)

kilogram⁄meter2 9.806650a pascal (Pa)

kilogram⁄meter2 0.2048161 pound⁄foot2

kilonewton⁄meter2 0.1450377 pound⁄inch2

newton⁄centimeter2 1.450377 pound⁄inch2

newton⁄meter2 0.00001a bar

newton⁄meter2 1.0a pascal (Pa)

newton⁄meter2 0.0001450377 pound⁄inch2

newton⁄meter2 0.1019716 kilogram⁄meter2

newton⁄millimeter2 145.0377 pound⁄inch2

Table 1. Metric Conversion Factors
Multiply By To Obtain
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pascal 0.00000986923 atmosphere

pascal 0.00001a bar

pascal 0.1019716 kilogram⁄meter2

pascal 1.0a newton⁄meter2 (N⁄m2)

pascal 0.02088543 pound⁄foot2

pascal 0.0001450377 pound⁄inch2

pound⁄foot2 4.882429 kilogram⁄meter2

pound⁄foot2 47.88026 pascal (Pa)

pound⁄inch2 0.06894757 bar

pound⁄inch2 0.07030697 kilogram⁄centimeter2

pound⁄inch2 0.6894757 newton⁄centimeter2

pound⁄inch2 6.894757 kilonewton⁄meter2

pound⁄inch2 6894.757 newton⁄meter2 (N⁄m2)

pound⁄inch2 0.006894757 newton⁄millimeter2 (N⁄mm2)

pound⁄inch2 6894.757 pascal (Pa)

ton [long]⁄inch2 1.544426 hectobar

Energy and Work

Btu [International Table] 1055.056 joule (J)

Btu [mean] 1055.87 joule (J)

calorie [mean] 4.19002 joule (J)

foot-pound 1.355818 joule (J)

foot-poundal 0.04214011 joule (J)

joule 0.0009478170 Btu [International Table]

joule 0.0009470863 Btu [mean]

joule 0.2386623 calorie [mean]

joule 0.7375621 foot-pound

joule 23.73036 foot-poundal

joule 0.9998180 joule [International U. S.]

joule 0.9999830 joule [U. S. legal, 1948]

joule [International U. S.] 1.000182 joule (J)

joule [U. S. legal, 1948] 1.000017 joule (J)

joule .0002777778 watt-hour

watt-hour 3600.a joule (J)

Power

Btu [International Table]⁄hour 0.2930711 watt (W)

foot-pound⁄hour 0.0003766161 watt (W)

foot-pound⁄minute 0.02259697 watt (W)

horsepower [550 ft-lb⁄s] 0.7456999 kilowatt (kW)

horsepower [550 ft-lb⁄s] 745.6999 watt (W)

horsepower [electric] 746.a watt (W)

horsepower [metric] 735.499 watt (W)

horsepower [U. K.] 745.70 watt (W)

kilowatt 1.341022 horsepower [550 ft-lb⁄s]

watt 2655.224 foot-pound⁄hour

watt 44.25372 foot-pound⁄minute

watt 0.001341022 horsepower [550 ft-lb⁄s]

watt 0.001340483 horsepower [electric]

watt 0.001359621 horsepower [metric]

watt 0.001341022 horsepower [U. K.]

watt 3.412141 Btu [International Table]⁄hour

Table 1. Metric Conversion Factors
Multiply By To Obtain
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Viscosity

poise 0.1a pascal-second (Pa · s)

centipoise 0.001a pascal-second (Pa · s)

stoke 0.0001a meter2⁄second (m2⁄s)

centistoke 0.000001a meter2⁄second (m2⁄s)

meter2⁄second 1,000,000.a centistoke

meter2⁄second 10,000.a stoke

pascal-second 1000.a centipoise

pascal-second 10.a poise

Temperature

temperature Celsius, tC temperature Kelvin, tK tK = tC + 273.15

temperature Fahrenheit, tF temperature Kelvin, tK tK = (tF + 459.67)⁄1.8

temperature Celsius, tC temperature Fahrenheit, tF tF = 1.8 tC + 32

temperature Fahrenheit, tF temperature Celsius, tC tC = (tF − 32)⁄1.8

temperature Kelvin, tK temperature Celsius, tC tC = tK − 273.15

temperature Kelvin, tK temperature Fahrenheit, tF tF = 1.8 tK − 459.67

temperature Kelvin, tK temperature Rankine, tR tR = 9 ⁄5 tK
temperature Rankine, tR temperature Kelvin, tK tK = 5 ⁄9 tR

a The figure is exact. 

Table 1. Metric Conversion Factors
Multiply By To Obtain
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45 Side of Decagon
45 Diagonal of Rectangle
45 Volume of Sphere Given Base and Height of 

Cone of Equal Diameter

Geometrical 

Propositions And 
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Figuring Tapers 91 Find Taper Per Foot
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MATHEMATICS 3

NUMBERS, FRACTIONS, AND DECIMALS

Table 1. Fractional and Decimal Inch to Millimeter, Exacta Values 

a Table data are based on 1 inch = 25.4 mm, exactly. Inch to millimeter conversion values are exact.
Whole number millimeter to inch conversions are rounded to 9 decimal places.

Fractional Inch Decimal Inch Millimeters Fractional Inch Decimal Inch Millimeters

  1/64 0.015625 0.396875 0.511811024 13
  1/32 0.03125 0.79375  33/64 0.515625 13.096875

0.039370079 1  17/32 0.53125 13.49375
  3/64 0.046875 1.190625  35/64 0.546875 13.890625
  1/16 0.0625 1.5875 0.551181102 14
  5/64 0.078125 1.984375   9/16 0.5625 14.2875

0.078740157 2  37/64 0.578125 14.684375

1/12 0.0833b

b Numbers with an overbar, repeat indefinitely after the last figure, for example 0.0833 = 0.08333... 

2.1166 7/12 0.5833 14.8166

  3/32 0.09375 2.38125 0.590551181 15
  7/64 0.109375 2.778125  19/32 0.59375 15.08125

0.118110236 3  39/64 0.609375 15.478125
  1/8 0.125 3.175   5/8 0.625 15.875
  9/64 0.140625 3.571875 0.62992126 16
  5/32 0.15625 3.96875  41/64 0.640625 16.271875

0.157480315 4  21/32 0.65625 16.66875
1/6 0.166 4.233  2/3 0.66 16.933

 11/64 0.171875 4.365625 0.669291339 17
  3/16 0.1875 4.7625  43/64 0.671875 17.065625

0.196850394 5  11/16 0.6875 17.4625
 13/64 0.203125 5.159375  45/64 0.703125 17.859375
  7/32 0.21875 5.55625 0.708661417 18
 15/64 0.234375 5.953125  23/32 0.71875 18.25625

0.236220472 6  47/64 0.734375 18.653125
  1/4 0.25 6.35  0.748031496 19

 17/64 0.265625 6.746875 3/4 0.75 19.05
0.275590551 7  49/64 0.765625 19.446875

  9/32 0.28125 7.14375  25/32 0.78125 19.84375
 19/64 0.296875 7.540625 0.787401575 20
  5/16 0.3125 7.9375  51/64 0.796875 20.240625

0.31496063 8  13/16 0.8125 20.6375
 21/64 0.328125 8.334375 0.826771654 21

1/3 0.33 8.466  53/64 0.828125 21.034375
 11/32 0.34375 8.73125  27/32 0.84375 21.43125

0.354330709 9  55/64 0.859375 21.828125
 23/64 0.359375 9.128125 0.866141732 22
  3/8 0.375 9.525   7/8 0.875 22.225

 25/64 0.390625 9.921875  57/64 0.890625 22.621875
0.393700787 10 0.905511811 23

 13/32 0.40625 10.31875  29/32 0.90625 23.01875
5/12 0.4166 10.5833 11/12 0.9166 23.2833

 27/64 0.421875 10.715625  59/64 0.921875 23.415625
0.433070866 11  15/16 0.9375 23.8125

  7/16 0.4375 11.1125 0.94488189 24
 29/64 0.453125 11.509375  61/64 0.953125 24.209375
 15/32 0.46875 11.90625  31/32 0.96875 24.60625

0.472440945 12 0.984251969 25
 31/64 0.484375 12.303125  63/64 0.984375 25.003125
  1/2 0.5 12.7



4 POSITIVE AND NEGATIVE NUMBERS

Numbers

Numbers are the basic instrumentation of computation. Calculations are made by opera-
tions of numbers. The whole numbers greater than zero are called natural numbers. The
first ten numbers 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 are called numerals. Numbers follow certain for-
mulas. The following properties hold true:

Associative law: x + (y + z) = (x + y) + z, x(yz) = (xy)z
Distributive law: x(y + z) = xy + xz

Commutative law: x + y = y + x

Identity law: 0 + x = x, 1x = x

Inverse law: x − x = 0, x/x = 1
Positive and Negative Numbers.—The degrees on a thermometer scale extending
upward from the zero point may be called positive and may be preceded by a plus sign; thus
+5 degrees means 5 degrees above zero. The degrees below zero may be called negative
and may be preceded by a minus sign; thus, − 5 degrees means 5 degrees below zero. In the
same way, the ordinary numbers 1, 2, 3, etc., which are larger than 0, are called positive
numbers; but numbers can be conceived of as extending in the other direction from 0, num-
bers that, in fact, are less than 0, and these are called negative. As these numbers must be
expressed by the same figures as the positive numbers they are designated by a minus sign
placed before them, thus: (−3). A negative number should always be enclosed within
parentheses whenever it is written in line with other numbers; for example: 17 + (−13) − 3
× (−0.76).

Negative numbers are most commonly met with in the use of logarithms and natural trig-
onometric functions. The following rules govern calculations with negative numbers.

A negative number can be added to a positive number by subtracting its numerical value
from the positive number.

Example:4 + (−3) = 4 − 3 = 1
A negative number can be subtracted from a positive number by adding its numerical

value to the positive number.
Example:4 − (−3) = 4 + 3 = 7
A negative number can be added to a negative number by adding the numerical values

and making the sum negative.
Example:(−4) + (−3) = −7
A negative number can be subtracted from a larger negative number by subtracting the

numerical values and making the difference negative.
Example:(−4) − (−3) = −1
A negative number can be subtracted from a smaller negative number by subtracting the

numerical values and making the difference positive.
Example:(−3) − (−4) = 1
If in a subtraction the number to be subtracted is larger than the number from which it is

to be subtracted, the calculation can be carried out by subtracting the smaller number from
the larger, and indicating that the remainder is negative.

Example:3 − 5 = − (5 − 3) = −2
When a positive number is to be multiplied or divided by a negative numbers, multiply or

divide the numerical values as usual; the product or quotient, respectively, is negative. The
same rule is true if a negative number is multiplied or divided by a positive number.

Examples:

When two negative numbers are to be multiplied by each other, the product is positive.
When a negative number is divided by a negative number, the quotient is positive.

4 3–( )× 12 4–( ) 3× 12–=–=

15 3–( )÷ 5 15–( ) 3÷ 5–=–=
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Examples:(−4) × (−3) = 12; (−4) ÷ (−3) = 1.333
The two last rules are often expressed for memorizing as follows: “Equal signs make

plus, unequal signs make minus.”

Sequence of Performing Arithmetic Operations.—When several numbers or quanti-
ties in a formula are connected by signs indicating that additions, subtractions, multiplica-
tions, and divisions are to be made, the multiplications and divisions should be carried out
first, in the sequence in which they appear, before the additions or subtractions are per-
formed.

Example:

When it is required that certain additions and subtractions should precede multiplications
and divisions, use is made of parentheses ( ) and brackets [ ]. These signs indicate that the
calculation inside the parentheses or brackets should be carried out completely by itself
before the remaining calculations are commenced. If one bracket is placed inside another,
the one inside is first calculated.

Example:

The parentheses are considered as a sign of multiplication; for example: 
6(8 + 2) = 6 × (8 + 2).

The line or bar between the numerator and denominator in a fractional expression is to be
considered as a division sign. For example,

In formulas, the multiplication sign (×) is often left out between symbols or letters, the
values of which are to be multiplied. Thus,

Ratio and Proportion.—The ratio between two quantities is the quotient obtained by
dividing the first quantity by the second. For example, the ratio between 3 and 12 is 1⁄4, and
the ratio between 12 and 3 is 4. Ratio is generally indicated by the sign (:); thus, 12 : 3 indi-
cates the ratio of 12 to 3.

A reciprocal, or inverse ratio, is the opposite of the original ratio. Thus, the inverse ratio
of 5 : 7 is 7 : 5.

In a compound ratio, each term is the product of the corresponding terms in two or more
simple ratios. Thus, when

then the compound ratio is

Proportion is the equality of ratios. Thus,

10 26+ 7× 2– 10 182 2–+ 190= =

18 6÷ 15+ 3× 3 45+ 48= =

12 14 2÷ 4–+ 12 7 4–+ 15= =

6 2–( ) 5× 8+ 4 5 8+× 20 8+ 28= = =

6 4 7+( )× 22÷ 6 11 22÷× 66 22÷ 3= = =

2 10 6 8 2+( ) 4–×[ ] 2×+ 2 10 6× 10 4–×[ ] 2×+=

2 600 4–[ ] 2×+ 2 596 2×+ 2 1192+ 1194= = ==

12 16 22+ +
10

------------------------------ 12 16 22+ +( ) 10÷ 50 10÷ 5= = =

AB A B×= and ABC

D
------------ A B× C×( ) D÷=

8:2 4= 9:3 3= 10:5 2=

8 9× 10:2 3× 5×× 4 3× 2×=

720:30 24=

6:3 10:5= or 6:3::10:5
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The first and last terms in a proportion are called the extremes; the second and third, the
means. The product of the extremes is equal to the product of the means. Thus,

If three terms in a proportion are known, the remaining term may be found by the follow-
ing rules:

The first term is equal to the product of the second and third terms, divided by the fourth.
The second term is equal to the product of the first and fourth terms, divided by the third.
The third term is equal to the product of the first and fourth terms, divided by the second.
The fourth term is equal to the product of the second and third terms, divided by the first.
Example:Let x be the term to be found, then,

If the second and third terms are the same, that number is the mean proportional between
the other two. Thus, 8 : 4 = 4 : 2, and 4 is the mean proportional between 8 and 2. The mean
proportional between two numbers may be found by multiplying the numbers together and
extracting the square root of the product. Thus, the mean proportional between 3 and 12 is
found as follows:

which is the mean proportional.
Practical Examples Involving Simple Proportion: If it takes 18 days to assemble 4

lathes, how long would it take to assemble 14 lathes?
Let the number of days to be found be x. Then write out the proportion as follows:

Now find the fourth term by the rule given:

Ten linear meters (32.81 feet) of bar stock are required as blanks for 100 clamping bolts.
What total length x of stock would be required for 912 bolts?

Inverse Proportion: In an inverse proportion, as one of the items involved increases, the
corresponding item in the proportion decreases, or vice versa. For example, a factory
employing 270 men completes a given number of typewriters weekly, the number of work-
ing hours being 44 per week. How many men would be required for the same production if
the working hours were reduced to 40 per week?

or

25:2 100:8= and 25 8× 2 100×=

x  : 12 3.5 : 21=              x 12 3.5×
21

------------------- 42
21
------ 2= = =

1⁄4  : x 14 : 42=         x
1⁄4 42×

14
----------------

1
4
--- 3× 3

4
---= = =

5 : 9 x  : 63=               x 5 63×
9

--------------- 315
9

--------- 35= = =

1⁄4  : 7⁄8 4 : x= x
7⁄8 4×

1⁄4
------------- 31⁄2

1⁄4
------- 14= = =

3 12× 36= and 36 6=

4:18 14:x=

lathes : days lathes : days=( )

x
18 14×

4
------------------ 63 days= =

10:100 x:912=

meters:bolts meters:bolts=( )

x
10 912×

100
--------------------- 91.2 m= =

32.81:100 x:912=

feet:bolts feet:bolts=( )

x
32.81 912×

100
---------------------------- 299.2 ft= =
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The time per week is in an inverse proportion to the number of men employed; the shorter
the time, the more men. The inverse proportion is written:

(men, 44-hour basis: men, 40-hour basis = time, 40-hour basis: time, 44-hour basis) 
Thus

Problems Involving Both Simple and Inverse Proportions: If two groups of data are
related both by direct (simple) and inverse proportions among the various quantities, then
a simple mathematical relation that may be used in solving problems is as follows:

Example:If a man capable of turning 65 studs in a day of 10 hours is paid $6.50 per hour,
how much per hour ought a man be paid who turns 72 studs in a 9-hour day, if compensated
in the same proportion?

The first group of data in this problem consists of the number of hours worked by the first
man, his hourly wage, and the number of studs which he produces per day; the second
group contains similar data for the second man except for his unknown hourly wage, which
may be indicated by x.

The labor cost per stud, as may be seen, is directly proportional to the number of hours
worked and the hourly wage. These quantities, therefore, are used in the numerators of the
fractions in the formula. The labor cost per stud is inversely proportional to the number of
studs produced per day. (The greater the number of studs produced in a given time the less
the cost per stud.) The numbers of studs per day, therefore, are placed in the denominators
of the fractions in the formula. Thus,

Percentage.—If out of 100 pieces made, 12 do not pass inspection, it is said that 12 per
cent (12 of the hundred) are rejected. If a quantity of steel is bought for $100 and sold for
$140, the profit is 28.6 per cent of the selling price.

The per cent of gain or loss is found by dividing the amount of gain or loss by the original
number of which the percentage is wanted, and multiplying the quotient by 100.

Example:Out of a total output of 280 castings a day, 30 castings are, on an average,
rejected. What is the percentage of bad castings?

If by a new process 100 pieces can be made in the same time as 60 could formerly be
made, what is the gain in output of the new process over the old, expressed in per cent?

Original number, 60; gain 100 − 60 = 40. Hence,

Care should be taken always to use the original number, or the number of which the per-
centage is wanted, as the divisor in all percentage calculations. In the example just given, it

270 : x 40 : 44=

270
x

--------- 40
44
------= and x

270 44×
40

--------------------- 297 men= =

Product of all directly proportional items in first group
Product of all inversely proportional items in first group
--------------------------------------------------------------------------------------------------------------------------------------

Product of all directly proportional items in second group
Product of all inversely proportional items in second group
---------------------------------------------------------------------------------------------------------------------------------------------=

10 6.50×
65

---------------------- 9 x×
72

-----------=

x
10 6.50× 72×

65 9×
----------------------------------- $8.00 per hour= =

30
280
--------- 100× 10.7 per cent=

40
60
------ 100× 66.7 per cent=
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is the percentage of gain over the old output 60 that is wanted and not the percentage with
relation to the new output too. Mistakes are often made by overlooking this important
point.

Fractions

Common Fractions.—  Common fractions consist of two basic parts, a denominator, or
bottom number, and a numerator, or top number. The denominator shows how many parts
the whole unit has been divided into. The numerator indicates the number of parts of the
whole that are being considered. A fraction having a value of 5⁄32, means the whole unit has
been divided into 32 equal parts and 5 of these parts are considered in the value of the frac-
tion.

The following are the basic facts, rules, and definitions concerning common fractions.
A common fraction having the same numerator and denominator is equal to 1. For exam-

ple, 2⁄2, 4⁄4, 8⁄8, 16⁄16, 32⁄32, and 64⁄64 all equal 1.
 Proper Fraction: A proper fraction is a common fraction having a numerator smaller

than its denominator, such as 1⁄4, 1⁄2, and 47⁄64.
 Improper Fraction: An improper fraction is a common fraction having a numerator

larger than its denominator. For example, 3⁄2, 5⁄4, and 10⁄8. To convert a whole number to an
improper fractions place the whole number over 1, as in 4 = 4⁄1 and  3 = 3⁄1

 Reducible Fraction: A reducible fraction is a common fraction that can be reduced to
lower terms. For example, 2⁄4 can be reduced to 1⁄2, and 28⁄32 can be reduced to 7⁄8. To reduce a
common fraction to lower terms, divide both the numerator and the denominator by the
same number. For example, 24⁄32 ÷ 8⁄8 = 3⁄4 and 6⁄8 ÷ 2⁄2 = 3⁄4.

 Least Common Denominator: A least common denominator is the smallest denomina-
tor value that is evenly divisible by the other denominator values in the problem. For exam-
ple, given the following numbers, 1⁄2 , 1⁄4 , and  3⁄8, the least common denominator is 8.

 Mixed Number: A mixed number is a combination of a whole number and a common
fraction, such as 21⁄2, 17⁄8, 315⁄16 and 19⁄32.

To convert mixed numbers to improper fractions, multiply the whole number by the
denominator and add the numerator to obtain the new numerator. The denominator
remains the same. For example, 

To convert an improper fraction to a mixed number, divide the numerator by the denom-
inator and reduce the remaining fraction to its lowest terms. For example, 

17⁄8 = 17 ÷ 8 = 21⁄8 and 26⁄16 = 26 ÷ 16 = 110⁄16 = 15⁄8
A fraction may be converted to higher terms by multiplying the numerator and denomi-

nator by the same number. For example, 1⁄4 in 16ths = 1⁄4 × 4⁄4 = 4⁄16 and  3⁄8 in 32nds = 3⁄8 × 4⁄4 =
12⁄32.

To change a whole number to a common fraction with a specific denominator value, con-
vert the whole number to a fraction and multiply the numerator and denominator by the
desired denominator value.

Example: 4 in 16ths = 4⁄1 × 16⁄16 = 64⁄16 and 3 in 32nds = 3⁄1 × 32⁄32 =  96⁄32

Reciprocals.—The reciprocal R of a number N is obtained by dividing 1 by the number; R
= 1/N. Reciprocals are useful in some calculations because they avoid the use of negative
characteristics as in calculations with logarithms and in trigonometry. In trigonometry, the

2
1
2
--- 2 2 1+×

2
--------------------- 5

2
---= =

3
7
16
------ 3 16 7+×

16
------------------------ 55

16
------= =
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values cosecant, secant, and cotangent are often used for convenience and are the recipro-
cals of the sine, cosine, and tangent, respectively (see page 95). The reciprocal of a frac-
tion, for instance 3⁄4, is the fraction inverted, since 1 ÷ 3⁄4 = 1 × 4⁄3 = 4⁄3.

Adding Fractions and Mixed Numbers

 To Add Common Fractions: 1) Find and convert to the least common denominator;  2 )
Add the numerators;  3) Convert the answer to a mixed number, if necessary;  an d
4) Reduce the fraction to its lowest terms.

To Add Mixed Numbers: 1) Find and convert to the least common denominator;  2)  Add
the numerators;  3) Add the whole numbers;  and  4) Reduce the answer to its lowest terms.

Subtracting Fractions and Mixed Numbers

 To Subtract Common Fractions: 1) Convert to the least common denominator;  2) Sub-
tract the numerators;  and  3) Reduce the answer to its lowest terms.

To Subtract Mixed Numbers: 1) Convert to the least common denominator;  2) Subtract
the numerators;  3) Subtract the whole numbers;  and  4) Reduce the answer to its lowest
terms.

Multiplying Fractions and Mixed Numbers

To Multiply Common Fractions: 1) Multiply the numerators;  2) Multiply the denomi-
nators;  and  3) Convert improper fractions to mixed numbers, if necessary.

To Multiply Mixed Numbers: 1) Convert the mixed numbers to improper fractions;  2 )
Multiply the numerators;  3) Multiply the denominators;  and  4) Convert improper frac-
tions to mixed numbers, if necessary.

Dividing Fractions and Mixed Numbers

To Divide Common Fractions: 1) Write the fractions to be divided;  2) Invert (switch)
the numerator and denominator in the dividing fraction;  3) Multiply the numerators and
denominators;  and  4) Convert improper fractions to mixed numbers, if necessary.

Example, Addition of Common Fractions: Example, Addition of Mixed Numbers:

Example, Subtraction of Common Fractions: Example, Subtraction of Mixed Numbers:

Example, Multiplication of Common Fractions: Example, Multiplication of Mixed Numbers:

1
4
--- 3

16
------ 7

8
---+ + =

1
4
--- 4

4
---
 
  3

16
------

7
8
--- 2

2
---
 
 + + =

4
16
------ 3

16
------ 14

16
------+ + 21

16
------=

2
1
2
--- 4

1
4
--- 1

15
32
------+ + =

2
1
2
--- 16

16
------
 
  4

1
4
--- 8

8
---
 
  1

15
32
------+ + =

2
16
32
------ 4

8
32
------ 1

15
32
------+ + 7

39
32
------ 8

7
32
------= =

15
16
------ 7

32
------– =

15
16
------ 2

2
---
 
  7

32
------– =

30
32
------ 7

32
------– 23

32
------=

2
3
8
--- 1–

1
16
------ =

2
3
8
--- 2

2
---
 
  1–

1
16
------ =

2
6

16
------ 1

1
16
------– 1

5
16
------=

3
4
--- 7

16
------× 3 7×

4 16×
--------------- 21

64
------= = 2

1
4
--- 3

1
2
---× 9 7×

4 2×
------------ 63

8
------ 7

7
8
---= = =
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To Divide Mixed Numbers: 1) Convert the mixed numbers to improper fractions;
2) Write the improper fraction to be divided;  3) Invert (switch) the numerator and denom-
inator in the dividing fraction;  4) Multiplying numerators and denominators;  an d
5) Convert improper fractions to mixed numbers, if necessary.

Decimal Fractions.—Decimal fractions are fractional parts of a whole unit, which have
implied denominators that are multiples of 10. A decimal fraction of 0.1 has a value of
1/10th, 0.01 has a value of 1/100th, and 0.001 has a value of 1/1000th. As the number of
decimal place values increases, the value of the decimal number changes by a multiple of
10. A single number placed to the right of a decimal point has a value expressed in tenths;
two numbers to the right of a decimal point have a value expressed in hundredths; three
numbers to the right have a value expressed in thousandths; and four numbers are
expressed in ten-thousandths. Since the denominator is implied, the number of decimal
places in the numerator indicates the value of the decimal fraction. So a decimal fraction
expressed as a 0.125 means the whole unit has been divided into 1000 parts and 125 of
these parts are considered in the value of the decimal fraction.

In industry, most decimal fractions are expressed in terms of thousandths rather than
tenths or hundredths. So a decimal fraction of 0.2 is expressed as 200 thousandths, not 2
tenths, and a value of 0.75 is expressed as 750 thousandths, rather than 75 hundredths. In
the case of four place decimals, the values are expressed in terms of ten-thousandths. So a
value of 0.1875 is expressed as 1 thousand 8 hundred and 75 ten-thousandths. When whole
numbers and decimal fractions are used together, whole units are shown to the left of a dec-
imal point, while fractional parts of a whole unit are shown to the right.

Example:

Adding Decimal Fractions: 1) Write the problem with all decimal points aligned verti-
cally;  2) Add the numbers as whole number values;  and  3) Insert the decimal point in the
same vertical column in the answer.

Subtracting Decimal Fractions: 1) Write the problem with all decimal points aligned
vertically;  2) Subtract the numbers as whole number values;  and  3) Insert the decimal
point in the same vertical column in the answer.

Multiplying Decimal Fractions: 1) Write the problem with the decimal points aligned;
2) Multiply the values as whole numbers;  3) Count the number of decimal places in both
multiplied values;  and  4) Counting from right to left in the answer, insert the decimal
point so the number of decimal places in the answer equals the total number of decimal
places in the numbers multiplied.

Example, Division of Common Fractions: Example, Division of Mixed Numbers:

10.125
Whole
Units

Fraction
Units

Example, Adding Decimal Fractions: Example, Subtracting Decimal Fractions:

3
4
--- 1

2
---÷ 3 2×

4 1×
------------ 6

4
--- 1

1
2
---= = = 2

1
2
--- 1

7
8
---÷ 5 8×

2 15×
--------------- 40

30
------ 1

1
3
---= = =

0.125

1.0625

2.50

0.1875

3.8750

or

1.750

0.875

0.125

2.0005

4.7505

1.750

0.250–

1.500

or

2.625

1.125–

1.500
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Continued Fractions.—In dealing with a cumbersome fraction, or one which does not
have satisfactory factors, it may be possible to substitute some other, approximately equal,
fraction which is simpler or which can be factored satisfactorily. Continued fractions pro-
vide a means of computing a series of fractions each of which is a closer approximation to
the original fraction than the one preceding it in the series.

A continued fraction is a proper fraction (one whose numerator is smaller than its denom-
inator) expressed in the form shown at the left below; or, it may be convenient to write the
left expression as shown at the right below.

The continued fraction is produced from a proper fraction N/D by dividing the numerator
N both into itself and into the denominator D. Dividing the numerator into itself gives a
result of 1; dividing the numerator into the denominator gives a whole number D1 plus a
remainder fraction R1. The process is then repeated on the remainder fraction R1 to obtain
D2 and R2; then D3, R3, etc., until a remainder of zero results. As an example, using N/D =
2153 ⁄9277,

from which it may be seen that D1 = 4, R1 = 665 ⁄2153; D2 = 3, R2 = 158 ⁄665; and, continu-
ing as was explained previously, it would be found that: D3 = 4, R3 = 33 ⁄158; …; D9 = 2, R9
= 0. The complete set of continued fraction elements representing 2153 ⁄9277 may then be
written as

By following a simple procedure, together with a table organized similar to the one below
for the fraction 2153 ⁄9277, the denominators D1, D2, …of the elements of a continued frac-
tion may be used to calculate a series of fractions, each of which is a successively closer
approximation, called a convergent, to the original fraction N/D.

1) The first row of the table contains column numbers numbered from 1 through 2 plus
the number of elements, 2 + 9 = 11 in this example.

Example, Multiplying Decimal Fractions:

0.75

0.25

375

150

0.1875

(four decimal places)

1.625

0.033

4875

4875

0.053625

(six decimal places)

N

D
---- 1

D1
1

D2
1

D3 …+
-------------------+

--------------------------------+
----------------------------------------------=

N

D
----

1
D1
------

+
1

D2
------

+
1

D3
------

+
1

D4
------

+…=

2153
9277
------------ 2153 2153÷

9277 2153÷
------------------------------ 1

4 665
2153
------------+

--------------------- 1
D1 R1+
-------------------= = =

R1
665
2153
------------ 1

3 158
665
---------+

------------------
1

D2 R2+
-------------------  etc.= = =

2153
9277
------------

1
4
---+

1
3
---+

1
4
---+

1
4
---+

1
1
---+

1
3
---+

1
1
---+

1
2
---+

1
2
---=

D1 . . . . . . . . . . .D5 . . . . . . . . . . . . .D9
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2) The second row contains the denominators of the continued fraction elements in
sequence but beginning in column 3 instead of column 1 because columns 1 and 2 must be
blank in this procedure.

3) The third row contains the convergents to the original fraction as they are calculated
and entered. Note that the fractions 1 ⁄0 and 0 ⁄1 have been inserted into columns 1 and 2.
These are two arbitrary convergents, the first equal to infinity, the second to zero, which
are used to facilitate the calculations.

4) The convergent in column 3 is now calculated. To find the numerator, multiply the
denominator in column 3 by the numerator of the convergent in column 2 and add the
numerator of the convergent in column 1. Thus, 4 × 0 + 1 = 1.

5) The denominator of the convergent in column 3 is found by multiplying the denomina-
tor in column 3 by the denominator of the convergent in column 2 and adding the denomi-
nator of the convergent in column 1. Thus, 4 × 1 + 0 = 4, and the convergent in column 3 is
then 1⁄4 as shown in the table.

6) Finding the remaining successive convergents can be reduced to using the simple
equation

in which n = column number in the table; Dn = denominator in column n; NUMn−1 and
NUMn−2 are numerators and DENn−1 and DENn−2 are denominators of the convergents in
the columns indicated by their subscripts; and CONVERGENTn is the convergent in col-
umn n.

Convergents of the Continued Fraction for 2153 ⁄9277

Notes: The decimal values of the successive convergents in the table are alternately larger and
smaller than the value of the original fraction 2153 ⁄9277. If the last convergent in the table has the
same value as the original fraction 2153 ⁄9277, then all of the other calculated convergents are cor-
rect.

Conjugate Fractions.—In addition to finding approximate ratios by the use of continued
fractions and logarithms of ratios, conjugate fractions may be used for the same purpose,
independently, or in combination with the other methods.

Two fractions a ⁄b and c ⁄d are said to be conjugate if ad − bc = ± 1. Examples of such pairs
are: 0 ⁄1 and 1 ⁄1; 1 ⁄2 and 1 ⁄1; and 9 ⁄10 and 8 ⁄9. Also, every successive pair of the conver-
gents of a continued fraction are conjugate. Conjugate fractions have certain properties
that are useful for solving ratio problems:

1) No fraction between two conjugate fractions a ⁄b and c ⁄d can have a denominator
smaller than either b or d.

2) A new fraction, e ⁄ f, conjugate to both fractions of a given pair of conjugate fractions,
a ⁄b and c ⁄d, and lying between them, may be created by adding respective numerators, a +
c, and denominators, b + d, so that e ⁄ f = (a + c) ⁄(b + d).

3) The denominator f = b + d of the new fraction e ⁄f is the smallest of any possible fraction
lying between a ⁄b and c ⁄d. Thus, 17 ⁄19 is conjugate to both 8 ⁄9 and 9 ⁄10 and no fraction
with denominator smaller than 19 lies between them. This property is important if it is
desired to minimize the size of the factors of the ratio to be found.

The following example shows the steps to approximate a ratio for a set of gears to any
desired degree of accuracy within the limits established for the allowable size of the factors
in the ratio.

Column Number, n 1 2 3 4 5 6 7 8 9 10 11
Denominator, Dn — — 4 3 4 4 1 3 1 2 2

Convergentn

CONVERGENTn

Dn( ) NUMn 1–( ) NUMn 2–+

Dn( ) DENn 1–( ) DENn 2–+
---------------------------------------------------------------------=

1
0
--- 0

1
--- 1

4
--- 3

13
------ 13

56
------ 55

237
--------- 68

293
--------- 259

1116
------------ 327

1409
------------ 913

3934
------------ 2153

9277
------------
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Example:Find a set of four change gears, ab ⁄cd, to approximate the ratio 2.105399 accu-
rate to within ± 0.0001; no gear is to have more than 120 teeth.

Step 1. Convert the given ratio R to a number r between 0 and 1 by taking its reciprocal:
1 ⁄R = 1 ⁄2.105399 = 0.4749693 = r.

Step 2. Select a pair of conjugate fractions a ⁄b and c ⁄d that bracket r. The pair a ⁄b = 0 ⁄1
and c ⁄d = 1 ⁄1, for example, will bracket 0.4749693.

Step 3. Add the respective numerators and denominators of the conjugates 0 ⁄1 and 1 ⁄1 to
create a new conjugate e ⁄f between 0 and 1: e ⁄ f = (a + c) ⁄(b + d) = (0 +1) ⁄(1 + 1) = 1 ⁄2.

Step 4. Since 0.4749693 lies between 0 ⁄1 and 1 ⁄2, e ⁄ f must also be between 0 ⁄1 and 1 ⁄2:
e ⁄f = (0 + 1) ⁄(1 + 2) = 1 ⁄3.

Step 5. Since 0.4749693 now lies between 1 ⁄3 and 1 ⁄2, e ⁄ f must also be between 1 ⁄3 and
1 ⁄2: e ⁄f = (1 + 1) ⁄(3 + 2) = 2 ⁄5.

Step 6. Continuing as above to obtain successively closer approximations of e ⁄ f to
0.4749693, and using a handheld calculator and a scratch pad to facilitate the process, the
fractions below, each of which has factors less than 120, were determined:

Factors for the numerators and denominators of the fractions shown above were found
with the aid of the Prime Numbers and Factors tables beginning on page 21. Since in Step
1 the desired ratio of 2.105399 was converted to its reciprocal 0.4749693, all of the above
fractions should be inverted. Note also that the last fraction, 759 ⁄1598, when inverted to
become 1598 ⁄759, is in error from the desired value by approximately one-half the amount
obtained by trial and error using earlier methods.

Using Continued Fraction Convergents as Conjugates.—Since successive conver-
gents of a continued fraction are also conjugate, they may be used to find a series of addi-
tional fractions in between themselves. As an example, the successive convergents 55 ⁄237
and 68 ⁄293 from the table of convergents for 2153 ⁄9277 on page 12 will be used to demon-
strate the process for finding the first few in-between ratios.

Desired Fraction N ⁄D = 2153 ⁄9277 = 0.2320793

Step 1. Check the convergents for conjugateness: 55 × 293 − 237 × 68 = 16115 − 16116 =
−1 proving the pair to be conjugate.

Fraction Numerator Factors Denominator Factors Error

19 ⁄40 19 2 × 2 × 2 × 5 + .000031
28 ⁄59 2 × 2 × 7 59 − .00039
47 ⁄99 47 3 × 3 × 11 − .00022
104 ⁄219 2 × 2 × 2 × 13 3 × 73 −.000083
123 ⁄259 3 × 41 7 × 37 − .000066
142 ⁄299 2 × 71 13 × 23 − .000053
161 ⁄339 7 × 23 3 × 113 − .000043
218 ⁄459 2 × 109 3 × 3 × 3 × 17 − .000024
256 ⁄539 2 × 2 × 2 × 2 × 2 × 2 ×2 ×2 7 × 7 × 11 − .000016
370 ⁄779 2 × 5 × 37 19 × 41 − .0000014
759 ⁄1598 3 × 11 × 23 2 × 17 × 47 − .00000059

a/b e/f c/d

(1)  55 ⁄ 237 = .2320675 a123 ⁄ 530 = .2320755 error = −.0000039

a Only these ratios had suitable factors below 120. 

68 ⁄ 293 = .2320819

(2)  123 ⁄ 530 = .2320755 191 ⁄ 823 = .2320778 error = −.0000016 68 ⁄ 293 = .2320819
(3)  191 ⁄ 823 = .2320778 a259 ⁄ 1116 = .2320789 error = −.0000005 68 ⁄ 293 = .2320819

(4)  259 ⁄ 1116 = .2320789 327 ⁄ 1409 = .2320795 error = + .0000002 68 ⁄ 293 = .2320819
(5)  259 ⁄ 1116 = .2320789 586 ⁄ 2525 = .2320792 error = − .0000001 327 ⁄1409 = .2320795
(6)  586 ⁄ 2525 = .2320792 913 ⁄ 3934 = .2320793 error = − .0000000 327 ⁄1409 = .2320795
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Step 2. Set up a table as shown above. The leftmost column of line (1) contains the con-
vergent of lowest value, a ⁄b; the rightmost the higher value, c ⁄d; and the center column the
derived value e ⁄f found by adding the respective numerators and denominators of a ⁄b and
c ⁄d. The error or difference between e ⁄f and the desired value N ⁄D, error = N ⁄D − e ⁄f, is also
shown.

Step 3. On line (2), the process used on line (1) is repeated with the e ⁄f value from line (1)
becoming the new value of a ⁄b while the c ⁄d value remains unchanged. Had the error in e ⁄f
been + instead of −, then e ⁄ f would have been the new c ⁄d value and a ⁄b would be
unchanged.

Step 4. The process is continued until, as seen on line (4), the error changes sign to + from
the previous −. When this occurs, the e ⁄ f value becomes the c ⁄d value on the next line
instead of a ⁄b as previously and the a ⁄b value remains unchanged.

Powers and Roots

The square of a number (or quantity) is the product of that number multiplied by itself.
Thus, the square of 9 is 9 × 9 = 81. The square of a number is indicated by the exponent (2),
thus: 92 = 9 × 9 = 81.

The cube or third power of a number is the product obtained by using that number as a
factor three times. Thus, the cube of 4 is 4 × 4 × 4 = 64, and is written 43.

If a number is used as a factor four or five times, respectively, the product is the fourth or
fifth power. Thus, 34 = 3 × 3 × 3 × 3 = 81, and 25 = 2 × 2 × 2 × 2 × 2 = 32. A number can be
raised to any power by using it as a factor the required number of times.

The square root of a given number is that number which, when multiplied by itself, will

give a product equal to the given number. The square root of 16 (written ) equals 4,
because 4 × 4 = 16.

The cube root of a given number is that number which, when used as a factor three times,

will give a product equal to the given number. Thus, the cube root of 64 (written )
equals 4, because 4 × 4 × 4 = 64.

The fourth, fifth, etc., roots of a given number are those numbers which when used as fac-

tors four, five, etc., times, will give as a product the given number. Thus, ,
because 2 × 2 × 2 × 2 = 16.

In some formulas, there may be such expressions as (a2)3 and a3 ⁄2. The first of these, (a2)3,
means that the number a is first to be squared, a2, and the result then cubed to give a6. Thus,
(a2)3 is equivalent to a6 which is obtained by multiplying the exponents 2 and 3. Similarly,

a3 ⁄2 may be interpreted as the cube of the square root of a, , or (a1 ⁄2)3, so that, for

example, .

The multiplications required for raising numbers to powers and the extracting of roots are
greatly facilitated by the use of logarithms. Extracting the square root and cube root by the
regular arithmetical methods is a slow and cumbersome operation, and any roots can be
more rapidly found by using logarithms.

When the power to which a number is to be raised is not an integer, say 1.62, the use of
either logarithms or a scientific calculator becomes the only practical means of solution.

Powers of Ten Notation.—Powers of ten notation is used to simplify calculations and
ensure accuracy, particularly with respect to the position of decimal points, and also sim-
plifies the expression of numbers which are so large or so small as to be unwieldy. For
example, the metric (SI) pressure unit pascal is equivalent to 0.00000986923 atmosphere
or 0.0001450377 pound/inch2. In powers of ten notation, these figures are 9.86923 × 10−6

16

643

164 2=

a( )3

163 2⁄ 16( )3 64= =
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atmosphere and 1.450377 × 10−4 pound/inch2. The notation also facilitates adaptation of
numbers for electronic data processing and computer readout.
Expressing Numbers in Powers of Ten Notation.—In this system of notation, every
number is expressed by two factors, one of which is some integer from 1 to 9 followed by a
decimal and the other is some power of 10.

Thus, 10,000 is expressed as 1.0000 × 104 and 10,463 as 1.0463 × 104. The number 43 is
expressed as 4.3 × 10 and 568 is expressed. as 5.68 × 102.

In the case of decimals, the number 0.0001, which as a fraction is 1⁄10,000 and is expressed
as 1 × 10−4 and 0.0001463 is expressed as 1.463 × 10−4. The decimal 0.498 is expressed as
4.98 × 10−1 and 0.03146 is expressed as 3.146 × 10−2.
Rules for Converting Any Number to Powers of Ten Notation.—Any number can be
converted to the powers of ten notation by means of one of two rules.

Rule 1:  If the number is a whole number or a whole number and a decimal so that it has
digits to the left of the decimal point, the decimal point is moved a sufficient number of
places to the left to bring it to the immediate right of the first digit. With the decimal point
shifted to this position, the number so written comprises the first factor when written in
powers of ten notation.

The number of places that the decimal point is moved to the left to bring it immediately to
the right of the first digit is the positive index or power of 10 that comprises the second fac-
tor when written in powers of ten notation.

Thus, to write 4639 in this notation, the decimal point is moved three places to the left
giving the two factors: 4.639 × 103. Similarly,

Rule 2:  If the number is a decimal, i.e., it has digits entirely to the right of the decimal
point, then the decimal point is moved a sufficient number of places to the right to bring it
immediately to the right of the first digit. With the decimal point shifted to this position, the
number so written comprises the first factor when written in powers of ten notation.

The number of places that the decimal point is moved to the right to bring it immediately
to the right of the first digit is the negative index or power of 10 that follows the number
when written in powers of ten notation.

Thus, to bring the decimal point in 0.005721 to the immediate right of the first digit,
which is 5, it must be moved three places to the right, giving the two factors: 5.721 × 10−3.
Similarly,

Multiplying Numbers Written in Powers of Ten Notation.—When multiplying two
numbers written in the powers of ten notation together, the procedure is as follows:

1) Multiply the first factor of one number by the first factor of the other to obtain the first
factor of the product.

2) Add the index of the second factor (which is some power of 10) of one number to the
index of the second factor of the other number to obtain the index of the second factor
(which is some power of 10) in the product. Thus:

In the preceding calculations, neither of the results shown are in the conventional powers
of ten form since the first factor in each has two digits. In the conventional powers of ten
notation, the results would be

38.844 × 10−1 = 3.884 × 100 = 3.884, since 100 =1, and 26.189 × 107 = 2.619 × 108

in each case rounding off the first factor to three decimal places.

431.412 4.31412 102×= 986388 9.86388 105×=

0.469 4.69 10 1–×= 0.0000516 5.16 10 5–×=

4.31 10 2–×( ) 9.0125 10×( )×  4.31 9.0125×( ) 10 2– 1+× 38.844 10 1–×= =

5.986 104×( ) 4.375 103×( )×  5.986 4.375×( ) 104 3+× 26.189 107×= =
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When multiplying several numbers written in this notation together, the procedure is the
same. All of the first factors are multiplied together to get the first factor of the product and
all of the indices of the respective powers of ten are added together, taking into account
their respective signs, to get the index of the second factor of the product. Thus, (4.02 ×
10−3) × (3.987 × 10) × (4.863 × 105) = (4.02 × 3.987 × 4.863) × 10(−3+1+5) = 77.94 × 103 =
7.79 × 104 rounding off the first factor to two decimal places.

Dividing Numbers Written in Powers of Ten Notation.—When dividing one number
by another when both are written in this notation, the procedure is as follows:

1) Divide the first factor of the dividend by the first factor of the divisor to get the first
factor of the quotient.

2) Subtract the index of the second factor of the divisor from the index of the second fac-
tor of the dividend, taking into account their respective signs, to get the index of the second
factor of the quotient. Thus:

It can be seen that this system of notation is helpful where several numbers of different
magnitudes are to be multiplied and divided.

Example:Find the quotient of 

Solution:  Changing all these numbers to powers of ten notation and performing the oper-
ations indicated:

Constants Frequently Used in Mathematical Expressions

4.31 10 2–×( ) 9.0125 10×( )÷ =

4.31 9.0125÷( ) 10 2– 1–( )× 0.4782 10 3–× 4.782 10 4–×= =

250 4698× 0.00039×
43678 0.002× 0.0147×
---------------------------------------------------------

2.5 102×( ) 4.698 103×( )× 3.9 10 4–×( )×
4.3678 104×( ) 2 10 3–×( )× 1.47 10 2–×( )×

----------------------------------------------------------------------------------------------------------  =

2.5 4.698× 3.9×( ) 102 3 4–+( )
4.3678 2 1.47××( ) 104 3– 2–( )

--------------------------------------------------------------------------- 45.8055 10×
12.8413 10 1–×
------------------------------------==

3.5670 101 1–( )–×= 3.5670 102× 356.70= =

0.00872665 π
360
---------=

0.01745329 π
180
---------=

0.26179939 π
12
------=

0.39269908 π
8
---=

0.52359878 π
6
---=

0.57735027 3
3

-------=

0.62035049 3
4π
------3=

0.78539816 π
4
---=

0.8660254 3
2

-------=

1.0471975 π
3
---=

1.1547005 2 3
3

----------=

1.2247449 3
2
---=

1.4142136 2=

1.5707963 π
2
---=

1.7320508 3=

2.4674011 π2

4
-----=

2.0943951 2π
3

------=

2.3561945 3π
4

------=

2.5980762 3 3
2

----------=

2.6179939 5π
6

------=

3.1415927 π=

3.6651914 7π
6

------=

3.9269908 5π
4

------=

4.1887902 4π
3

------=

4.712389 3π
2

------=

5.2359878 5π
3

------=

5.4977871 7π
4

------=

5.7595865 11π
6

---------=

6.2831853 2π=

9.8696044 π2=

9.424778 3π=

12.566371 4π=

57.29578 180
π

---------=

114.59156 360
π

---------=
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Logarithms

Logarithms have long been used to facilitate and shorten calculations involving multipli-
cation, division, the extraction of roots, and obtaining powers of numbers; however, since
the advent of hand-held calculators logarithms are rarely used for multiplication and divi-
sion problems. Logarithms still come up in other problems, and the following properties of
logarithms are useful:

The logarithm of a number is defined as the exponent of a base number raised to a power.
For example, log10 3.162277 = 0.500 means the logarithm of 3.162277 is equal to 0.500.
Another way of expressing the same relationship is 100.500 = 3.162277, where 10 is the base
number and the exponent 0.500 is the logarithm of 3.162277. A common example of a log-
arithmic expression 102 = 100 means that the base 10 logarithm of 100 is 2, that is, log10
100 = 2.00. There are two standard systems of logarithms in use: the “common” system
(base 10) and the so-called “natural” system (base e = 2.71828…). Logarithms to base e are
frequently written using “ln” instead of “loge” such as ln 6.1 = 1.808289. Logarithms of a
number can be converted between the natural- and common-based systems as follows: lne

A = 2.3026 × log10 A and log10 A = 0.43430 × lne A.

A logarithm consists of two parts, a whole number and a decimal. The whole number,
which may be positive, negative, or zero, is called the characteristic; the decimal is called
the mantissa. As a rule, only the decimal or mantissa is given in tables of common loga-
rithms; tables of natural logarithms give both the characteristic and mantissa. Abbreviated
tables of logarithms and examples are given in MATHEMATICS in the ADDITIONAL
material on Machinery’s Handbook 29 CD.

Natural Logarithms.—In certain formulas and in some branches of mathematical analy-
sis, use is made of logarithms (formerly also called Napierian or hyperbolic logarithms).
As previously mentioned, the base of this system, e = 2.7182818284…, is the limit of cer-
tain mathematical series. The logarithm of a number A to the base e is usually written loge

A or ln A. Tables of natural logarithms for numbers ranging from 1 to 10 and 1.00 to 1.01
are given in this Handbook after the table of common logarithms. To obtain natural logs of
numbers less than 1 or greater than 10, proceed as in the following examples: loge 0.239 =
loge 2.39 − loge 10; loge 0.0239 = loge 2.39 − 2 loge 10; loge 239 = loge 2.39 + 2 loge 10; loge

2390 = loge 2.39 + 3 loge 10, etc.

Using Calculators to Find Logarithms.—A scientific calculator is usually the quickest
and most accurate method of finding logarithms and numbers corresponding to given log-
arithms. On most scientific calculators, the key labeled log is used to find common loga-
rithms (base 10) and the key labeled ln is used for finding natural logarithms (base e). The
keystrokes to find a logarithm will vary slightly from one calculator to another, so specific
instructions are not given. To find the number corresponding to a given logarithm: use the
key labeled 10x if a common logarithm is given or use the key labeled ex if a natural loga-
rithm is given; calculators without the 10x or ex keys may have a key labeled xy that can be
used by substituting 10 or e (2.718281…), as required, for x and substituting the logarithm
whose corresponding number is sought for y. On some other calculators, the log and ln
keys are used to find common and natural logarithms, and the same keys in combination
with the INV, or inverse, key are used to find the number corresponding to a given loga-
rithm.

cclog 1= cp
clog p= 1clog 0=

a b×( )clog aclog bclog+=

ap( )clog p aclog=

a b÷( )clog aclog bclog–=

ap( )clog 1 p⁄ aclog=
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Imaginary and Complex Numbers

Complex or Imaginary Numbers.—Complex or imaginary numbers represent a class of
mathematical objects that are used to simplify certain problems, such as the solution of
polynomial equations. The basis of the complex number system is the unit imaginary num-
ber i that satisfies the following relations:

In electrical engineering and other fields, the unit imaginary number is often represented
by j rather than i. However, the meaning of the two terms is identical.

Rectangular or Trigonometric Form: Every complex number, Z, can be written as the
sum of a real number and an imaginary number. When expressed as a sum, Z = a + bi, the
complex number is said to be in rectangular or trigonometric form. The real part of the
number is a, and the imaginary portion is bi because it has the imaginary unit assigned to it. 

Polar Form: A complex number Z = a + bi can also be expressed in polar form, also
known as phasor form. In polar form, the complex number Z is represented by a magnitude
r and an angle θ as follows: 

Z =

= a direction, the angle whose tangent is b ÷ a, thus  and

r =  is the magnitude

A complex number can be plotted on a real-imaginary coordinate system known as the
complex plane. The figure below illustrates the relationship between the rectangular coor-
dinates a and b, and the polar coordinates r and θ.

 Complex Number in the Complex Plane

The rectangular form can be determined from r and θ as follows:

The rectangular form can also be written using Euler’s Formula:

Complex Conjugate: Complex numbers commonly arise in finding the solution of poly-
nomials. A polynomial of nth degree has n solutions, an even number of which are complex
and the rest are real. The complex solutions always appear as complex conjugate pairs in
the form a + bi and a − bi. The product of these two conjugates, (a + bi) × (a − bi) = a2 + b2,
is the square of the magnitude r illustrated in the previous figure.

Operations on Complex Numbers

Example 1, Addition:When adding two complex numbers, the real parts and imaginary
parts are added separately, the real parts added to real parts and the imaginary to imaginary
parts. Thus,

i
2

i–( )2
1–= = i 1–= i– 1––=

r θ∠

θ∠ θ b

a
---atan=

a2 b2+

b
a + bi

areal axis

r
imaginary

axis

a r θcos= b r θsin= a bi+ r θcos ir θsin+ r θcos i θsin+( )= =

e
iθ± θcos i θsin±= θsin e

iθ
e

iθ–
–
2i

----------------------= θcos e
iθ

e
iθ–

+
2

----------------------=
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Example 2, Multiplication:Multiplication of two complex numbers requires the use of
the imaginary unit, i2 = −1 and the algebraic distributive law.

Multiplication of two complex numbers, Z1 = r1(cosθ1 + isinθ1) and Z2 = r2(cosθ2 +
isinθ2), results in the following:

Z1 × Z2 = r1(cosθ1 + isinθ1) × r2(cosθ2 + isinθ2) = r1r2[cos(θ1 + θ2) + isin(θ1 + θ2)]

Example 3, Division:Divide the following two complex numbers, 2 + 3i and 4 − 5i.
Dividing complex numbers makes use of the complex conjugate.

Example 4:Convert the complex number 8+6i into phasor form.
 First find the magnitude of the phasor vector and then the direction.

magnitude = direction =

phasor =

Factorial.—A factorial is a mathematical shortcut denoted by the symbol ! following a
number (for example, 3! is three factorial). A factorial is found by multiplying together all
the integers greater than zero and less than or equal to the factorial number wanted, except
for zero factorial (0!), which is defined as 1. For example: 3! = 1 × 2 × 3 = 6; 4! = 1 × 2 × 3
× 4 = 24; 7! = 1 × 2 × 3 × 4 × 5 × 6 × 7 = 5040; etc.

Example:How many ways can the letters X, Y, and Z be arranged?
Solution: The numbers of possible arrangements for the three letters are 3! = 3 × 2 × 1 = 6.

Permutations.—The number of ways r objects may be arranged from a set of n elements

is given by 

Example:There are 10 people are participating in the final run. In how many different
ways can these people come in first, second and third.

Solution: Here r is 3 and n is 10. So the possible numbers of winning number will be

Combinations.—The number of ways r distinct objects may be chosen from a set of n ele-

ments is given by 

Example:How many possible sets of 6 winning numbers can be picked from 52 numbers.

a1 ib1+( ) a2 ib2+( )+ a1 a2+( ) i b1 b2+( )+=

a1 ib1+( ) a2 ib2+( )– a1 a2–( ) i b1 b2–( )+=

3 4i+( ) 2 i+( )+ 3 2+( ) 4 1+( )i+ 5 5i+= =

a1 ib1+( ) a2 ib2+( ) a1a2 ia1b2 ia2b1 i
2
b1b2+ + +=

a1a2= ia1b2 ia2b1 b1b2–+ +

7 2i+( ) 5 3i–( )× 7( ) 5( ) 7( ) 3i( )– 2i( ) 5( ) 2i( ) 3i( )–+=

35 21i– 10i 6i
2

–+=

35 21i– 10i 6( ) 1–( )–+= 41 11i–=

2 3i+
4 5i–
-------------- 2 3i+( ) 4 5i+( )

4 5i–( ) 4 5i+( )
--------------------------------------- 8 12i 10i 15i

2
+ + +

16 20i 20i– 25i
2

–+
--------------------------------------------------- 7– 22i+

16 25+
----------------------

7–
41
------
 
  i

22
41
------
 
 += = = =

8
2

6
2

+ 10= 6
8
---atan 36.87°=

10 36.87°∠

P
n

r
n!

n r–( )!
------------------=

P
10

3
10!

10 3–( )!
--------------------- 10!

7!
-------- 10 9 8×× 720= = = =

C
n

r
n!

n r–( )!r!
----------------------=
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Solution: Here r is 6 and n is 52. So the possible number of winning combinations will be

Prime Numbers and Factors of Numbers

The factors of a given number are those numbers which when multiplied together give a
product equal to that number; thus, 2 and 3 are factors of 6; and 5 and 7 are factors of 35.

A prime number is one which has no factors except itself and 1. Thus, 2, 3, 5, 7, 11, etc.,
are prime numbers. A factor which is a prime number is called a prime factor.

The accompanying “Prime Number and Factor Tables,” starting on page 21, give the
smallest prime factor of all odd numbers from 1 to 9600, and can be used for finding all the
factors for numbers up to this limit. For example, find the factors of 931. In the column
headed “900” and in the line indicated by “31” in the left-hand column, the smallest prime
factor is found to be 7. As this leaves another factor 133 (since 931 ÷ 7 = 133), find the
smallest prime factor of this number. In the column headed “100” and in the line “33”, this
is found to be 7, leaving a factor 19. This latter is a prime number; hence, the factors of 931
are 7 × 7 × 19. Where no factor is given for a number in the factor table, it indicates that the
number is a prime number.

The last page of the tables lists all prime numbers from 9551 through 18691; and can be
used to identify quickly all unfactorable numbers in that range.

For factoring, the following general rules will be found useful:

2 is a factor of any number the right-hand figure of which is an even number or 0. Thus,
28 = 2 × 14, and 210 = 2 × 105.

3 is a factor of any number the sum of the figures of which is evenly divisible by 3. Thus,
3 is a factor of 1869, because 1 + 8 + 6 + 9 = 24 ÷ 3 = 8.

4 is a factor of any number the two right-hand figures of which, considered as one num-
ber, are evenly divisible by 4. Thus, 1844 has a factor 4, because 44 ÷ 4 = 11.

5 is a factor of any number the right-hand figure of which is 0 or 5. Thus, 85 = 5 × 17; 70
= 5 × 14.

Tables of prime numbers and factors of numbers are particularly useful for calculations
involving change-gear ratios for compound gearing, dividing heads, gear-generating
machines, and mechanical designs having gear trains.

Example 1:A set of four gears is required in a mechanical design to provide an overall
gear ratio of 4104 ÷ 1200. Furthermore, no gear in the set is to have more than 120 teeth or
less than 24 teeth. Determine the tooth numbers.

First, as explained previously, the factors of 4104 are determined to be: 2 × 2 × 2 × 3 × 3
× 57 = 4104. Next, the factors of 1200 are determined: 2 × 2 × 2 × 2 × 5 × 5 × 3 = 1200.

Therefore . If the factors had been com-

bined differently, say, to give , then the 16-tooth gear in the denominator would

not satisfy the requirement of no less than 24 teeth.

Example 2:Factor the number 25078 into two numbers neither of which is larger than
200.

The first factor of 25078 is obviously 2, leaving 25078 ÷ 2 = 12539 to be factored further.
However, from the last table, Prime Numbers from 9551 to 18691, it is seen that 12539 is a
prime number; therefore, no solution exists.

C
52

6
52!

52 6–( )!6!
--------------------------- 52!

46!6!
------------- 52 51 50 49 48 47×××××

1 2 3 4 5 6×××××
------------------------------------------------------------------- 20358520= = = =

4104
1200
------------ 2 2× 2× 3× 3× 57×

2 2× 2× 2× 5× 5× 3×
---------------------------------------------------------- 72 57×

24 50×
------------------= =

72 57×
16 75×
------------------
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Prime Number and Factor Table for 1 to 1199

From
To

0
100

100
200

200
300

300
400

400
500

500
600

600
700

700
800

800
900

900
1000

1000
1100

1100
1200

1 P P 3 7 P 3 P P 3 17 7 3

2 P 2 2 2 2 2 2 2 2 2 2 2

3 P P 7 3 13 P 3 19 11 3 17 P

5 P 3 5 5 3 5 5 3 5 5 3 5

7 P P 3 P 11 3 P 7 3 P 19 3

9 3 P 11 3 P P 3 P P 3 P P

11 P 3 P P 3 7 13 3 P P 3 11

13 P P 3 P 7 3 P 23 3 11 P 3

15 3 5 5 3 5 5 3 5 5 3 5 5

17 P 3 7 P 3 11 P 3 19 7 3 P

19 P 7 3 11 P 3 P P 3 P P 3

21 3 11 13 3 P P 3 7 P 3 P 19

23 P 3 P 17 3 P 7 3 P 13 3 P

25 5 5 3 5 5 3 5 5 3 5 5 3

27 3 P P 3 7 17 3 P P 3 13 7

29 P 3 P 7 3 23 17 3 P P 3 P

31 P P 3 P P 3 P 17 3 7 P 3

33 3 7 P 3 P 13 3 P 7 3 P 11

35 5 3 5 5 3 5 5 3 5 5 3 5

37 P P 3 P 19 3 7 11 3 P 17 3

39 3 P P 3 P 7 3 P P 3 P 17

41 P 3 P 11 3 P P 3 29 P 3 7

43 P 11 3 7 P 3 P P 3 23 7 3

45 3 5 5 3 5 5 3 5 5 3 5 5

47 P 3 13 P 3 P P 3 7 P 3 31

49 7 P 3 P P 3 11 7 3 13 P 3

51 3 P P 3 11 19 3 P 23 3 P P

53 P 3 11 P 3 7 P 3 P P 3 P

55 5 5 3 5 5 3 5 5 3 5 5 3

57 3 P P 3 P P 3 P P 3 7 13

59 P 3 7 P 3 13 P 3 P 7 3 19

61 P 7 3 19 P 3 P P 3 31 P 3

63 3 P P 3 P P 3 7 P 3 P P

65 5 3 5 5 3 5 5 3 5 5 3 5

67 P P 3 P P 3 23 13 3 P 11 3

69 3 13 P 3 7 P 3 P 11 3 P 7

71 P 3 P 7 3 P 11 3 13 P 3 P

73 P P 3 P 11 3 P P 3 7 29 3

75 3 5 5 3 5 5 3 5 5 3 5 5

77 7 3 P 13 3 P P 3 P P 3 11

79 P P 3 P P 3 7 19 3 11 13 3

81 3 P P 3 13 7 3 11 P 3 23 P

83 P 3 P P 3 11 P 3 P P 3 7

85 5 5 3 5 5 3 5 5 3 5 5 3

87 3 11 7 3 P P 3 P P 3 P P

89 P 3 17 P 3 19 13 3 7 23 3 29

91 7 P 3 17 P 3 P 7 3 P P 3

93 3 P P 3 17 P 3 13 19 3 P P

95 5 3 5 5 3 5 5 3 5 5 3 5

97 P P 3 P 7 3 17 P 3 P P 3

99 3 P 13 3 P P 3 17 29 3 7 11



22 FACTORS AND PRIME NUMBERS

Prime Number and Factor Table for 1201 to 2399

From
To

1200
1300

1300
1400

1400
1500

1500
1600

1600
1700

1700
1800

1800
1900

1900
2000

2000
2100

2100
2200

2200
2300

2300
2400

1 P P 3 19 P 3 P P 3 11 31 3

3 3 P 23 3 7 13 3 11 P 3 P 7

5 5 3 5 5 3 5 5 3 5 5 3 5

7 17 P 3 11 P 3 13 P 3 7 P 3

9 3 7 P 3 P P 3 23 7 3 47 P

11 7 3 17 P 3 29 P 3 P P 3 P

13 P 13 3 17 P 3 7 P 3 P P 3

15 3 5 5 3 5 5 3 5 5 3 5 5

17 P 3 13 37 3 17 23 3 P 29 3 7

19 23 P 3 7 P 3 17 19 3 13 7 3

21 3 P 7 3 P P 3 17 43 3 P 11

23 P 3 P P 3 P P 3 7 11 3 23

25 5 5 3 5 5 3 5 5 3 5 5 3

27 3 P P 3 P 11 3 41 P 3 17 13

29 P 3 P 11 3 7 31 3 P P 3 17

31 P 11 3 P 7 3 P P 3 P 23 3

33 3 31 P 3 23 P 3 P 19 3 7 P

35 5 3 5 5 3 5 5 3 5 5 3 5

37 P 7 3 29 P 3 11 13 3 P P 3

39 3 13 P 3 11 37 3 7 P 3 P P

41 17 3 11 23 3 P 7 3 13 P 3 P

43 11 17 3 P 31 3 19 29 3 P P 3

45 3 5 5 3 5 5 3 5 5 3 5 5

47 29 3 P 7 3 P P 3 23 19 3 P

49 P 19 3 P 17 3 43 P 3 7 13 3

51 3 7 P 3 13 17 3 P 7 3 P P

53 7 3 P P 3 P 17 3 P P 3 13

55 5 5 3 5 5 3 5 5 3 5 5 3

57 3 23 31 3 P 7 3 19 11 3 37 P

59 P 3 P P 3 P 11 3 29 17 3 7

61 13 P 3 7 11 3 P 37 3 P 7 3

63 3 29 7 3 P 41 3 13 P 3 31 17

65 5 3 5 5 3 5 5 3 5 5 3 5

67 7 P 3 P P 3 P 7 3 11 P 3

69 3 37 13 3 P 29 3 11 P 3 P 23

71 31 3 P P 3 7 P 3 19 13 3 P

73 19 P 3 11 7 3 P P 3 41 P 3

75 3 5 5 3 5 5 3 5 5 3 5 5

77 P 3 7 19 3 P P 3 31 7 3 P

79 P 7 3 P 23 3 P P 3 P 43 3

81 3 P P 3 41 13 3 7 P 3 P P

83 P 3 P P 3 P 7 3 P 37 3 P

85 5 5 3 5 5 3 5 5 3 5 5 3

87 3 19 P 3 7 P 3 P P 3 P 7

89 P 3 P 7 3 P P 3 P 11 3 P

91 P 13 3 37 19 3 31 11 3 7 29 3

93 3 7 P 3 P 11 3 P 7 3 P P

95 5 3 5 5 3 5 5 3 5 5 3 5

97 P 11 3 P P 3 7 P 3 13 P 3

99 3 P P 3 P 7 3 P P 3 11 P
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Prime Number and Factor Table for 2401 to 3599

From
To

2400
2500

2500
2600

2600
2700

2700
2800

2800
2900

2900
3000

3000
3100

3100
3200

3200
3300

3300
3400

3400
3500

3500
3600

1 7 41 3 37 P 3 P 7 3 P 19 3

3 3 P 19 3 P P 3 29 P 3 41 31

5 5 3 5 5 3 5 5 3 5 5 3 5

7 29 23 3 P 7 3 31 13 3 P P 3

9 3 13 P 3 53 P 3 P P 3 7 11

11 P 3 7 P 3 41 P 3 13 7 3 P

13 19 7 3 P 29 3 23 11 3 P P 3

15 3 5 5 3 5 5 3 5 5 3 5 5

17 P 3 P 11 3 P 7 3 P 31 3 P

19 41 11 3 P P 3 P P 3 P 13 3

21 3 P P 3 7 23 3 P P 3 11 7

23 P 3 43 7 3 37 P 3 11 P 3 13

25 5 5 3 5 5 3 5 5 3 5 5 3

27 3 7 37 3 11 P 3 53 7 3 23 P

29 7 3 11 P 3 29 13 3 P P 3 P

31 11 P 3 P 19 3 7 31 3 P 47 3

33 3 17 P 3 P 7 3 13 53 3 P P

35 5 3 5 5 3 5 5 3 5 5 3 5

37 P 43 3 7 P 3 P P 3 47 7 3

39 3 P 7 3 17 P 3 43 41 3 19 P

41 P 3 19 P 3 17 P 3 7 13 3 P

43 7 P 3 13 P 3 17 7 3 P 11 3

45 3 5 5 3 5 5 3 5 5 3 5 5

47 P 3 P 41 3 7 11 3 17 P 3 P

49 31 P 3 P 7 3 P 47 3 17 P 3

51 3 P 11 3 P 13 3 23 P 3 7 53

53 11 3 7 P 3 P 43 3 P 7 3 11

55 5 5 3 5 5 3 5 5 3 5 5 3

57 3 P P 3 P P 3 7 P 3 P P

59 P 3 P 31 3 11 7 3 P P 3 P

61 23 13 3 11 P 3 P 29 3 P P 3

63 3 11 P 3 7 P 3 P 13 3 P 7

65 5 3 5 5 3 5 5 3 5 5 3 5

67 P 17 3 P 47 3 P P 3 7 P 3

69 3 7 17 3 19 P 3 P 7 3 P 43

71 7 3 P 17 3 P 37 3 P P 3 P

73 P 31 3 47 13 3 7 19 3 P 23 3

75 3 5 5 3 5 5 3 5 5 3 5 5

77 P 3 P P 3 13 17 3 29 11 3 7

79 37 P 3 7 P 3 P 11 3 31 7 3

81 3 29 7 3 43 11 3 P 17 3 59 P

83 13 3 P 11 3 19 P 3 7 17 3 P

85 5 5 3 5 5 3 5 5 3 5 5 3

87 3 13 P 3 P 29 3 P 19 3 11 17

89 19 3 P P 3 7 P 3 11 P 3 37

91 47 P 3 P 7 3 11 P 3 P P 3

93 3 P P 3 11 41 3 31 37 3 7 P

95 5 3 5 5 3 5 5 3 5 5 3 5

97 11 7 3 P P 3 19 23 3 43 13 3

99 3 23 P 3 13 P 3 7 P 3 P 59
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Prime Number and Factor Table for 3601 to 4799

From
To

3600
3700

3700
3800

3800
3900

3900
4000

4000
4100

4100
4200

4200
4300

4300
4400

4400
4500

4500
4600

4600
4700

4700
4800

1 13 P 3 47 P 3 P 11 3 7 43 3

3 3 7 P 3 P 11 3 13 7 3 P P

5 5 3 5 5 3 5 5 3 5 5 3 5

7 P 11 3 P P 3 7 59 3 P 17 3

9 3 P 13 3 19 7 3 31 P 3 11 17

11 23 3 37 P 3 P P 3 11 13 3 7

13 P 47 3 7 P 3 11 19 3 P 7 3

15 3 5 5 3 5 5 3 5 5 3 5 5

17 P 3 11 P 3 23 P 3 7 P 3 53

19 7 P 3 P P 3 P 7 3 P 31 3

21 3 61 P 3 P 13 3 29 P 3 P P

23 P 3 P P 3 7 41 3 P P 3 P

25 5 5 3 5 5 3 5 5 3 5 5 3

27 3 P 43 3 P P 3 P 19 3 7 29

29 19 3 7 P 3 P P 3 43 7 3 P

31 P 7 3 P 29 3 P 61 3 23 11 3

33 3 P P 3 37 P 3 7 11 3 41 P

35 5 3 5 5 3 5 5 3 5 5 3 5

37 P 37 3 31 11 3 19 P 3 13 P 3

39 3 P 11 3 7 P 3 P 23 3 P 7

41 11 3 23 7 3 41 P 3 P 19 3 11

43 P 19 3 P 13 3 P 43 3 7 P 3

45 3 5 5 3 5 5 3 5 5 3 5 5

47 7 3 P P 3 11 31 3 P P 3 47

49 41 23 3 11 P 3 7 P 3 P P 3

51 3 11 P 3 P 7 3 19 P 3 P P

53 13 3 P 59 3 P P 3 61 29 3 7

55 5 5 3 5 5 3 5 5 3 5 5 3

57 3 13 7 3 P P 3 P P 3 P 67

59 P 3 17 37 3 P P 3 7 47 3 P

61 7 P 3 17 31 3 P 7 3 P 59 3

63 3 53 P 3 17 23 3 P P 3 P 11

65 5 3 5 5 3 5 5 3 5 5 3 5

67 19 P 3 P 7 3 17 11 3 P 13 3

69 3 P 53 3 13 11 3 17 41 3 7 19

71 P 3 7 11 3 43 P 3 17 7 3 13

73 P 7 3 29 P 3 P P 3 17 P 3

75 3 5 5 3 5 5 3 5 5 3 5 5

77 P 3 P 41 3 P 7 3 11 23 3 17

79 13 P 3 23 P 3 11 29 3 19 P 3

81 3 19 P 3 7 37 3 13 P 3 31 7

83 29 3 11 7 3 47 P 3 P P 3 P

85 5 5 3 5 5 3 5 5 3 5 5 3

87 3 7 13 3 61 53 3 41 7 3 43 P

89 7 3 P P 3 59 P 3 67 13 3 P

91 P 17 3 13 P 3 7 P 3 P P 3

93 3 P 17 3 P 7 3 23 P 3 13 P

95 5 3 5 5 3 5 5 3 5 5 3 5

97 P P 3 7 17 3 P P 3 P 7 3

99 3 29 7 3 P 13 3 53 11 3 37 P
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Prime Number and Factor Table for 4801 to 5999

From
To

4800
4900

4900
5000

5000
5100

5100
5200

5200
5300

5300
5400

5400
5500

5500
5600

5600
5700

5700
5800

5800
5900

5900
6000

1 P 13 3 P 7 3 11 P 3 P P 3

3 3 P P 3 11 P 3 P 13 3 7 P

5 5 3 5 5 3 5 5 3 5 5 3 5

7 11 7 3 P 41 3 P P 3 13 P 3

9 3 P P 3 P P 3 7 71 3 37 19

11 17 3 P 19 3 47 7 3 31 P 3 23

13 P 17 3 P 13 3 P 37 3 29 P 3

15 3 5 5 3 5 5 3 5 5 3 5 5

17 P 3 29 7 3 13 P 3 41 P 3 61

19 61 P 3 P 17 3 P P 3 7 11 3

21 3 7 P 3 23 17 3 P 7 3 P 31

23 7 3 P 47 3 P 11 3 P 59 3 P

25 5 5 3 5 5 3 5 5 3 5 5 3

27 3 13 11 3 P 7 3 P 17 3 P P

29 11 3 47 23 3 73 61 3 13 17 3 7

31 P P 3 7 P 3 P P 3 11 7 3

33 3 P 7 3 P P 3 11 43 3 19 17

35 5 3 5 5 3 5 5 3 5 5 3 5

37 7 P 3 11 P 3 P 7 3 P 13 3

39 3 11 P 3 13 19 3 29 P 3 P P

41 47 3 71 53 3 7 P 3 P P 3 13

43 29 P 3 37 7 3 P 23 3 P P 3

45 3 5 5 3 5 5 3 5 5 3 5 5

47 37 3 7 P 3 P 13 3 P 7 3 19

49 13 7 3 19 29 3 P 31 3 P P 3

51 3 P P 3 59 P 3 7 P 3 P 11

53 23 3 31 P 3 53 7 3 P 11 3 P

55 5 5 3 5 5 3 5 5 3 5 5 3

57 3 P 13 3 7 11 3 P P 3 P 7

59 43 3 P 7 3 23 53 3 P 13 3 59

61 P 11 3 13 P 3 43 67 3 7 P 3

63 3 7 61 3 19 31 3 P 7 3 11 67

65 5 3 5 5 3 5 5 3 5 5 3 5

67 31 P 3 P 23 3 7 19 3 73 P 3

69 3 P 37 3 11 7 3 P P 3 P 47

71 P 3 11 P 3 41 P 3 53 29 3 7

73 11 P 3 7 P 3 13 P 3 23 7 3

75 3 5 5 3 5 5 3 5 5 3 5 5

77 P 3 P 31 3 19 P 3 7 53 3 43

79 7 13 3 P P 3 P 7 3 P P 3

81 3 17 P 3 P P 3 P 13 3 P P

83 19 3 13 71 3 7 P 3 P P 3 31

85 5 5 3 5 5 3 5 5 3 5 5 3

87 3 P P 3 17 P 3 37 11 3 7 P

89 P 3 7 P 3 17 11 3 P 7 3 53

91 67 7 3 29 11 3 17 P 3 P 43 3

93 3 P 11 3 67 P 3 7 P 3 71 13

95 5 3 5 5 3 5 5 3 5 5 3 5

97 59 19 3 P P 3 23 29 3 11 P 3

99 3 P P 3 7 P 3 11 41 3 17 7
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Prime Number and Factor Table for 6001 to 7199

From
To

6000
6100

6100
6200

6200
6300

6300
6400

6400
6500

6500
6600

6600
6700

6700
6800

6800
6900

6900
7000

7000
7100

7100
7200

1 17 P 3 P 37 3 7 P 3 67 P 3

3 3 17 P 3 19 7 3 P P 3 47 P

5 5 3 5 5 3 5 5 3 5 5 3 5

7 P 31 3 7 43 3 P 19 3 P 7 3

9 3 41 7 3 13 23 3 P 11 3 43 P

11 P 3 P P 3 17 11 3 7 P 3 13

13 7 P 3 59 11 3 17 7 3 31 P 3

15 3 5 5 3 5 5 3 5 5 3 5 5

17 11 3 P P 3 7 13 3 17 P 3 11

19 13 29 3 71 7 3 P P 3 11 P 3

21 3 P P 3 P P 3 11 19 3 7 P

23 19 3 7 P 3 11 37 3 P 7 3 17

25 5 5 3 5 5 3 5 5 3 5 5 3

27 3 11 13 3 P 61 3 7 P 3 P P

29 P 3 P P 3 P 7 3 P 13 3 P

31 37 P 3 13 59 3 19 53 3 29 79 3

33 3 P 23 3 7 47 3 P P 3 13 7

35 5 3 5 5 3 5 5 3 5 5 3 5

37 P 17 3 P 41 3 P P 3 7 31 3

39 3 7 17 3 47 13 3 23 7 3 P 11

41 7 3 79 17 3 31 29 3 P 11 3 37

43 P P 3 P 17 3 7 11 3 53 P 3

45 3 5 5 3 5 5 3 5 5 3 5 5

47 P 3 P 11 3 P 17 3 41 P 3 7

49 23 11 3 7 P 3 61 17 3 P 7 3

51 3 P 7 3 P P 3 43 13 3 11 P

53 P 3 13 P 3 P P 3 7 17 3 23

55 5 5 3 5 5 3 5 5 3 5 5 3

57 3 47 P 3 11 79 3 29 P 3 P 17

59 73 3 11 P 3 7 P 3 19 P 3 P

61 11 61 3 P 7 3 P P 3 P 23 3

63 3 P P 3 23 P 3 P P 3 7 13

65 5 3 5 5 3 5 5 3 5 5 3 5

67 P 7 3 P 29 3 59 67 3 P 37 3

69 3 31 P 3 P P 3 7 P 3 P 67

71 13 3 P 23 3 P 7 3 P P 3 71

73 P P 3 P P 3 P 13 3 19 11 3

75 3 5 5 3 5 5 3 5 5 3 5 5

77 59 3 P 7 3 P 11 3 13 P 3 P

79 P 37 3 P 11 3 P P 3 7 P 3

81 3 7 11 3 P P 3 P 7 3 73 43

83 7 3 61 13 3 29 41 3 P P 3 11

85 5 5 3 5 5 3 5 5 3 5 5 3

87 3 23 P 3 13 7 3 11 71 3 19 P

89 P 3 19 P 3 11 P 3 83 29 3 7

91 P 41 3 7 P 3 P P 3 P 7 3

93 3 11 7 3 43 19 3 P 61 3 41 P

95 5 3 5 5 3 5 5 3 5 5 3 5

97 7 P 3 P 73 3 37 7 3 P 47 3

99 3 P P 3 67 P 3 13 P 3 31 23
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Prime Number and Factor Table for 7201 to 8399

From
To

7200
7300

7300
7400

7400
7500

7500
7600

7600
7700

7700
7800

7800
7900

7900
8000

8000
8100

8100
8200

8200
8300

8300
8400

1 19 7 3 13 11 3 29 P 3 P 59 3

3 3 67 11 3 P P 3 7 53 3 13 19

5 5 3 5 5 3 5 5 3 5 5 3 5

7 P P 3 P P 3 37 P 3 11 29 3

9 3 P 31 3 7 13 3 11 P 3 P 7

11 P 3 P 7 3 11 73 3 P P 3 P

13 P 71 3 11 23 3 13 41 3 7 43 3

15 3 5 5 3 5 5 3 5 5 3 5 5

17 7 3 P P 3 P P 3 P P 3 P

19 P 13 3 73 19 3 7 P 3 23 P 3

21 3 P 41 3 P 7 3 89 13 3 P 53

23 31 3 13 P 3 P P 3 71 P 3 7

25 5 5 3 5 5 3 5 5 3 5 5 3

27 3 17 7 3 29 P 3 P 23 3 19 11

29 P 3 17 P 3 59 P 3 7 11 3 P

31 7 P 3 17 13 3 41 7 3 47 P 3

33 3 P P 3 17 11 3 P 29 3 P 13

35 5 3 5 5 3 5 5 3 5 5 3 5

37 P 11 3 P 7 3 17 P 3 79 P 3

39 3 41 43 3 P 71 3 17 P 3 7 31

41 13 3 7 P 3 P P 3 11 7 3 19

43 P 7 3 19 P 3 11 13 3 17 P 3

45 3 5 5 3 5 5 3 5 5 3 5 5

47 P 3 11 P 3 61 7 3 13 P 3 17

49 11 P 3 P P 3 47 P 3 29 73 3

51 3 P P 3 7 23 3 P 83 3 37 7

53 P 3 29 7 3 P P 3 P 31 3 P

55 5 5 3 5 5 3 5 5 3 5 5 3

57 3 7 P 3 13 P 3 73 7 3 23 61

59 7 3 P P 3 P 29 3 P 41 3 13

61 53 17 3 P 47 3 7 19 3 P 11 3

63 3 37 17 3 79 7 3 P 11 3 P P

65 5 3 5 5 3 5 5 3 5 5 3 5

67 13 53 3 7 11 3 P 31 3 P 7 3

69 3 P 7 3 P 17 3 13 P 3 P P

71 11 3 31 67 3 19 17 3 7 P 3 11

73 7 73 3 P P 3 P 7 3 11 P 3

75 3 5 5 3 5 5 3 5 5 3 5 5

77 19 3 P P 3 7 P 3 41 13 3 P

79 29 47 3 11 7 3 P 79 3 P 17 3

81 3 11 P 3 P 31 3 23 P 3 7 17

83 P 3 7 P 3 43 P 3 59 7 3 83

85 5 5 3 5 5 3 5 5 3 5 5 3

87 3 83 P 3 P 13 3 7 P 3 P P

89 37 3 P P 3 P 7 3 P 19 3 P

91 23 19 3 P P 3 13 61 3 P P 3

93 3 P 59 3 7 P 3 P P 3 P 7

95 5 3 5 5 3 5 5 3 5 5 3 5

97 P 13 3 71 43 3 53 11 3 7 P 3

99 3 7 P 3 P 11 3 19 7 3 43 37
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Prime Number and Factor Table for 8401 to 9599

From
To

8400
8500

8500
8600

8600
8700

8700
8800

8800
8900

8900
9000

9000
9100

9100
9200

9200
9300

9300
9400

9400
9500

9500
9600

1 31 P 3 7 13 3 P 19 3 71 7 3

3 3 11 7 3 P 29 3 P P 3 P 13

5 5 3 5 5 3 5 5 3 5 5 3 5

7 7 47 3 P P 3 P 7 3 41 23 3

9 3 67 P 3 23 59 3 P P 3 97 37

11 13 3 79 31 3 7 P 3 61 P 3 P

13 47 P 3 P 7 3 P 13 3 67 P 3

15 3 5 5 3 5 5 3 5 5 3 5 5

17 19 3 7 23 3 37 71 3 13 7 3 31

19 P 7 3 P P 3 29 11 3 P P 3

21 3 P 37 3 P 11 3 7 P 3 P P

23 P 3 P 11 3 P 7 3 23 P 3 89

25 5 5 3 5 5 3 5 5 3 5 5 3

27 3 P P 3 7 79 3 P P 3 11 7

29 P 3 P 7 3 P P 3 11 19 3 13

31 P 19 3 P P 3 11 23 3 7 P 3

33 3 7 89 3 11 P 3 P 7 3 P P

35 5 3 5 5 3 5 5 3 5 5 3 5

37 11 P 3 P P 3 7 P 3 P P 3

39 3 P 53 3 P 7 3 13 P 3 P P

41 23 3 P P 3 P P 3 P P 3 7

43 P P 3 7 37 3 P 41 3 P 7 3

45 3 5 5 3 5 5 3 5 5 3 5 5

47 P 3 P P 3 23 83 3 7 13 3 P

49 7 83 3 13 P 3 P 7 3 P 11 3

51 3 17 41 3 53 P 3 P 11 3 13 P

53 79 3 17 P 3 7 11 3 19 47 3 41

55 5 5 3 5 5 3 5 5 3 5 5 3

57 3 43 11 3 17 13 3 P P 3 7 19

59 11 3 7 19 3 17 P 3 47 7 3 11

61 P 7 3 P P 3 13 P 3 11 P 3

63 3 P P 3 P P 3 7 59 3 P 73

65 5 3 5 5 3 5 5 3 5 5 3 5

67 P 13 3 11 P 3 P 89 3 17 P 3

69 3 11 P 3 7 P 3 53 13 3 17 7

71 43 3 13 7 3 P 47 3 73 P 3 17

73 37 P 3 31 19 3 43 P 3 7 P 3

75 3 5 5 3 5 5 3 5 5 3 5 5

77 7 3 P 67 3 47 29 3 P P 3 61

79 61 23 3 P 13 3 7 67 3 83 P 3

81 3 P P 3 83 7 3 P P 3 19 11

83 17 3 19 P 3 13 31 3 P 11 3 7

85 5 5 3 5 5 3 5 5 3 5 5 3

87 3 31 7 3 P 11 3 P 37 3 53 P

89 13 3 P 11 3 89 61 3 7 41 3 43

91 7 11 3 59 17 3 P 7 3 P P 3

93 3 13 P 3 P 17 3 29 P 3 11 53

95 5 3 5 5 3 5 5 3 5 5 3 5

97 29 P 3 19 7 3 11 17 3 P P 3

99 3 P P 3 11 P 3 P 17 3 7 29
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Prime Numbers from 9551 to 18691

9551 10181 10853 11497 12157 12763 13417 14071 14747 15361 16001 16693 17387 18043
9587 10193 10859 11503 12161 12781 13421 14081 14753 15373 16007 16699 17389 18047
9601 10211 10861 11519 12163 12791 13441 14083 14759 15377 16033 16703 17393 18049
9613 10223 10867 11527 12197 12799 13451 14087 14767 15383 16057 16729 17401 18059
9619 10243 10883 11549 12203 12809 13457 14107 14771 15391 16061 16741 17417 18061
9623 10247 10889 11551 12211 12821 13463 14143 14779 15401 16063 16747 17419 18077
9629 10253 10891 11579 12227 12823 13469 14149 14783 15413 16067 16759 17431 18089
9631 10259 10903 11587 12239 12829 13477 14153 14797 15427 16069 16763 17443 18097
9643 10267 10909 11593 12241 12841 13487 14159 14813 15439 16073 16787 17449 18119
9649 10271 10937 11597 12251 12853 13499 14173 14821 15443 16087 16811 17467 18121
9661 10273 10939 11617 12253 12889 13513 14177 14827 15451 16091 16823 17471 18127
9677 10289 10949 11621 12263 12893 13523 14197 14831 15461 16097 16829 17477 18131
9679 10301 10957 11633 12269 12899 13537 14207 14843 15467 16103 16831 17483 18133
9689 10303 10973 11657 12277 12907 13553 14221 14851 15473 16111 16843 17489 18143
9697 10313 10979 11677 12281 12911 13567 14243 14867 15493 16127 16871 17491 18149
9719 10321 10987 11681 12289 12917 13577 14249 14869 15497 16139 16879 17497 18169
9721 10331 10993 11689 12301 12919 13591 14251 14879 15511 16141 16883 17509 18181
9733 10333 11003 11699 12323 12923 13597 14281 14887 15527 16183 16889 17519 18191
9739 10337 11027 11701 12329 12941 13613 14293 14891 15541 16187 16901 17539 18199
9743 10343 11047 11717 12343 12953 13619 14303 14897 15551 16189 16903 17551 18211
9749 10357 11057 11719 12347 12959 13627 14321 14923 15559 16193 16921 17569 18217
9767 10369 11059 11731 12373 12967 13633 14323 14929 15569 16217 16927 17573 18223
9769 10391 11069 11743 12377 12973 13649 14327 14939 15581 16223 16931 17579 18229
9781 10399 11071 11777 12379 12979 13669 14341 14947 15583 16229 16937 17581 18233
9787 10427 11083 11779 12391 12983 13679 14347 14951 15601 16231 16943 17597 18251
9791 10429 11087 11783 12401 13001 13681 14369 14957 15607 16249 16963 17599 18253
9803 10433 11093 11789 12409 13003 13687 14387 14969 15619 16253 16979 17609 18257
9811 10453 11113 11801 12413 13007 13691 14389 14983 15629 16267 16981 17623 18269
9817 10457 11117 11807 12421 13009 13693 14401 15013 15641 16273 16987 17627 18287
9829 10459 11119 11813 12433 13033 13697 14407 15017 15643 16301 16993 17657 18289
9833 10463 11131 11821 12437 13037 13709 14411 15031 15647 16319 17011 17659 18301
9839 10477 11149 11827 12451 13043 13711 14419 15053 15649 16333 17021 17669 18307
9851 10487 11159 11831 12457 13049 13721 14423 15061 15661 16339 17027 17681 18311
9857 10499 11161 11833 12473 13063 13723 14431 15073 15667 16349 17029 17683 18313
9859 10501 11171 11839 12479 13093 13729 14437 15077 15671 16361 17033 17707 18329
9871 10513 11173 11863 12487 13099 13751 14447 15083 15679 16363 17041 17713 18341
9883 10529 11177 11867 12491 13103 13757 14449 15091 15683 16369 17047 17729 18353
9887 10531 11197 11887 12497 13109 13759 14461 15101 15727 16381 17053 17737 18367
9901 10559 11213 11897 12503 13121 13763 14479 15107 15731 16411 17077 17747 18371
9907 10567 11239 11903 12511 13127 13781 14489 15121 15733 16417 17093 17749 18379
9923 10589 11243 11909 12517 13147 13789 14503 15131 15737 16421 17099 17761 18397
9929 10597 11251 11923 12527 13151 13799 14519 15137 15739 16427 17107 17783 18401
9931 10601 11257 11927 12539 13159 13807 14533 15139 15749 16433 17117 17789 18413
9941 10607 11261 11933 12541 13163 13829 14537 15149 15761 16447 17123 17791 18427
9949 10613 11273 11939 12547 13171 13831 14543 15161 15767 16451 17137 17807 18433
9967 10627 11279 11941 12553 13177 13841 14549 15173 15773 16453 17159 17827 18439
9973 10631 11287 11953 12569 13183 13859 14551 15187 15787 16477 17167 17837 18443

10007 10639 11299 11959 12577 13187 13873 14557 15193 15791 16481 17183 17839 18451
10009 10651 11311 11969 12583 13217 13877 14561 15199 15797 16487 17189 17851 18457
10037 10657 11317 11971 12589 13219 13879 14563 15217 15803 16493 17191 17863 18461
10039 10663 11321 11981 12601 13229 13883 14591 15227 15809 16519 17203 17881 18481
10061 10667 11329 11987 12611 13241 13901 14593 15233 15817 16529 17207 17891 18493
10067 10687 11351 12007 12613 13249 13903 14621 15241 15823 16547 17209 17903 18503
10069 10691 11353 12011 12619 13259 13907 14627 15259 15859 16553 17231 17909 18517
10079 10709 11369 12037 12637 13267 13913 14629 15263 15877 16561 17239 17911 18521
10091 10711 11383 12041 12641 13291 13921 14633 15269 15881 16567 17257 17921 18523
10093 10723 11393 12043 12647 13297 13931 14639 15271 15887 16573 17291 17923 18539
10099 10729 11399 12049 12653 13309 13933 14653 15277 15889 16603 17293 17929 18541
10103 10733 11411 12071 12659 13313 13963 14657 15287 15901 16607 17299 17939 18553
10111 10739 11423 12073 12671 13327 13967 14669 15289 15907 16619 17317 17957 18583
10133 10753 11437 12097 12689 13331 13997 14683 15299 15913 16631 17321 17959 18587
10139 10771 11443 12101 12697 13337 13999 14699 15307 15919 16633 17327 17971 18593
10141 10781 11447 12107 12703 13339 14009 14713 15313 15923 16649 17333 17977 18617
10151 10789 11467 12109 12713 13367 14011 14717 15319 15937 16651 17341 17981 18637
10159 10799 11471 12113 12721 13381 14029 14723 15329 15959 16657 17351 17987 18661
10163 10831 11483 12119 12739 13397 14033 14731 15331 15971 16661 17359 17989 18671
10169 10837 11489 12143 12743 13399 14051 14737 15349 15973 16673 17377 18013 18679
10177 10847 11491 12149 12757 13411 14057 14741 15359 15991 16691 17383 18041 18691
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ALGEBRA AND EQUATIONS

An unknown number can be represented by a symbol or a letter which can be manipu-
lated like an ordinary numeral within an arithmetic expression. The rules of arithmetic are
also applicable in algebra.

Rearrangement and Transposition of Terms in Formulas

A formula is a rule for a calculation expressed by using letters and signs instead of writing
out the rule in words; by this means, it is possible to condense, in a very small space, the
essentials of long and cumbersome rules. The letters used in formulas simply stand in place
of the figures that are to be substituted when solving a specific problem.

As an example, the formula for the horsepower transmitted by belting may be written

where P = horsepower transmitted; S = working stress of belt per inch of width in
pounds; V = velocity of belt in feet per minute; and, W = width of belt in inches.

If the working stress S, the velocity V, and the width W are known, the horsepower can be
found directly from this formula by inserting the given values. Assume S = 33; V = 600; and
W = 5. Then

Assume that the horsepower P, the stress S, and the velocity V are known, and that the
width of belt, W, is to be found. The formula must then be rearranged so that the symbol W
will be on one side of the equals sign and all the known quantities on the other. The rear-
ranged formula is as follows:

The quantities (S and V) that were in the numerator on the right side of the equals sign are
moved to the denominator on the left side, and “33,000,” which was in the denominator on
the right side of the equals sign, is moved to the numerator on the other side. Symbols that
are not part of a fraction, like “P” in the formula first given, are to be considered as being
numerators (having the denominator 1).

Thus, any formula of the form A = B/C can be rearranged as follows:

The method given is only directly applicable when all the quantities in the numerator or
denominator are standing independently or are factors of a product. If connected by + or −
signs, the entire numerator or denominator must be moved as a unit, thus,

Suppose a formula to be of the form 

Then

Given:

To solve for F, rearrange in 
two steps as follows:

   and

P
SVW

33 000,
----------------=

P
33 600× 5×

33 000,
------------------------------ 3= =

P 33 000,×
SV

-------------------------- W=

A C× B= and C
B

A
---=

A
B C×

D
-------------=

D
B C×

A
-------------= A D×

C
-------------- B= A D×

B
-------------- C=

B C+
A

-------------- D E+
F

--------------=

F

A
--- D E+

B C+
--------------= F

A D E+( )
B C+

-----------------------=
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A quantity preceded by a + or − sign can be transposed to the opposite side of the equals
sign by changing its sign; if the sign is +, change it to − on the other side; if it is −, change it
to +. This process is called transposition of terms.

Example:

Principal Algebraic Expressions and Formulas

B C+ A D–= then A B C D+ +=

B A D– C–=

C A D– B–=

a a× aa a2= =

a a× a× aaa a3= =

a b× ab=

a2b2 ab( )2=

a2a3 a2 3+ a5= =

a4 a3÷ a4 3– a= =

a0 1=

a2 b2– a b+( ) a b–( )=

a b+( )2 a2 2ab b2+ +=

a b–( )2 a2 2ab– b2+=

ab
a b+

2
------------
 
 

2 a b–
2

------------
 
 

2
–=

a3

b3
-----

a

b
---
 
 

3
=

1
a3
-----

1
a
---
 
 

3
a 3–= =

a2( )3 a2 3× a3( )2 a6= = =

a3 b3+ a b+( ) a2 ab– b2+( )=

a3 b3– a b–( ) a2 ab b2+ +( )=

a b+( )3
a

3
3a

2
b 3ab

2
b

3
+ + +=

a b–( )3
a

3
3a

2
b– 3ab

2
b

3
–+=

a3 b3+ a b+( )3
3ab a b+( )–=

a
3

b
3

– a b–( )3
3ab a b–( )+=

a a× a=

a3 a3× a3× a=

a3( )3
a=

a23 a3( )2
a2 3/= =

a34
a4 3× a43= =

a b+ a b 2 ab+ +=

ab3 a3 b3×=

a

b
---3

a3

b3
-------=

1
a
---3

1

a3
------- a

1⁄3–= =

When a b× x= then alog blog+ xlog=

a b÷ x= then alog blog– xlog=

a3 x= then 3 alog xlog=

a3 x= then alog
3

----------- xlog=
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Equation Solving

An equation is a statement of equality between two expressions, as 5x = 105. The
unknown quantity in an equation is frequently designated by the letter such as x. If there is
more than one unknown quantity, the others are designated by letters also usually selected
from the end of the alphabet, as y, z, u, t, etc.

An equation of the first degree is one which contains the unknown quantity only in the
first power, as in 3x = 9. A quadratic equation is one which contains the unknown quantity
in the second, but no higher, power, as in x2 + 3x = 10.
Solving Equations of the First Degree with One Unknown.—Transpose all the terms
containing the unknown x to one side of the equals sign, and all the other terms to the other
side. Combine and simplify the expressions as far as possible, and divide both sides by the
coefficient of the unknown x. (See the rules given for transposition of formulas.)

Example:

Solution of Equations of the First Degree with Two Unknowns.—The form of the sim-
plified equations is

Example:

The value of y can now be most easily found by inserting the value of x in one of the equa-
tions:

Solution of Quadratic Equations with One Unknown.—If the form of the equation is
ax2 + bx + c = 0, then

Example:Given the equation, 1x2 + 6x + 5 = 0, then a = 1, b = 6, and c = 5.

If the form of the equation is ax2 + bx = c, then

Example:A right-angle triangle has a hypotenuse 5 cm long and one side which is one cm
longer than the other; find the lengths of the two sides.

a1x + b1y = c1
a2x + b2y = c2

Then,

22x 11– 15x 10+=

22x 15x– 10 11+=

7x 21=

x 3=

x
c1b2 c2b1–

a1b2 a2b1–
-----------------------------= y

a1c2 a2c1–

a1b2 a2b1–
-----------------------------=

3x 4y+ 17=

5x 2y– 11=

x
17 2–( )× 11– 4×
3 2–( )× 5– 4×

-------------------------------------------- 34– 44–
6– 20–

---------------------- 78–
26–

--------- 3= = = =

5 3 2y–× 11= 2y 15 11– 4= = y 2=

x
b– b2 4ac–±

2a
---------------------------------------=

x
6– 62 4– 1× 5×±

2 1×
--------------------------------------------------- 6–( ) 4+

2
-------------------- 1–= = =     or    

6–( ) 4–
2

-------------------- 5–=

x
b– b2 4ac+±

2a
---------------------------------------=
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Let x = one side and x + 1 = other side; then x2 + (x + 1)2 = 52 or x2 + x2 + 2x + 1 = 25; or 2x2

+ 2x = 24; or x2 + x = 12. Now referring to the basic formula, ax2 + bx = c, we find that a =
1, b = 1, and c = 12; hence,

Since the positive value (3) would apply in this case, the lengths of the two sides are x = 3
cm and x + 1 = 4 cm.

Factoring a Quadratic Expression.—The method described below is useful in deter-
mining factors of the quadratic equation in the form ax2 + bx + c = 0. First, obtain the prod-
uct ac from the coefficients a and c, and then determine two numbers, f1 and f2, such that f1
× f2 = |ac|,  and f1 + f2 = b if ac is positive, or f1 − f2 = b if ac is negative.

The numbers f1 and f2 are used to modify or rearrange the bx term to simplify factoring the
quadratic expression. The roots of the quadratic equation can be easily obtained from the
factors.

Example:Factor 8x2 + 22x + 5 = 0 and find the values of x that satisfy the equation.

Solution: In this example, a = 8, b = 22, and c=5. Therefore, ac = 8 × 5 = 40, and ac is
positive, so we are looking for two factors of ac, f1 and f2, such that f1 × f2 = 40,  and f1 + f2
= 22. 

The ac term can be written as 2 × 2 × 2 × 5 = 40, and the possible combination of numbers
for f1 and f2 are (20 and 2), (8 and 5), (4 and 10) and (40 and 1). The requirements for f1 and
f2 are satisfied by f1=20 and f2 = 2, i.e.,  20 × 2 = 40 and 20 + 2 = 22. Using f1 and f2, the
original quadratic expression is rewritten and factored as follows:

If the product of the two factors equals zero, then each of the factors equals zero, thus, 2x

+ 5 = 0 and 4x +1 = 0.  Rearranging and solving, x = −5⁄2 and x = −1⁄4.

Example:Factor 8x2 + 3x − 5 = 0 and find the solutions for x.

Solution: Here a = 8, b = 3, c = −5, and ac = 8 × (−5) = −40. Because ac is negative, the
required numbers, f1 and f2,  must satisfy f1 × f2 = |ac| = 40 and f1 − f2 = 3.

 As in the previous example, the possible combinations for f1 and f2 are (20 and 2), (8 and
5), (4 and 10) and (40 and 1). The numbers f1 = 8 and f2 = 5 satisfy the requirements because
8 × 5 = 40 and 8 − 5 = 3.  In the second line below, 5x is both added to and subtracted from
the original equation, making it possible to rearrange and simplify the expression.

Solving, for x + 1 = 0, x = −1; and, for 8x − 5 = 0, x = 5⁄8.

x
1– 1 4+ 1× 12×±

2 1×
---------------------------------------------------- 1–( ) 7+

2
-------------------- 3    or = = = x

1–( ) 7–
2

-------------------- 4–= =

8x
2

22x 5+ + 0=

8x
2

20x 2x 5+ + + 0=

4x 2x 5+( ) 1 2x 5+( )+ 0=

2x 5+( ) 4x 1+( ) 0=

8x
2

3x 5–+ 0=

8x
2

8x 5x– 5–+ 0=

8x x 1+( ) 5 x 1+( )– 0=

x 1+( ) 8x 5–( ) 0=
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Cubic Equations.—If the given equation has the form: x3 + ax + b = 0 then

The equation x3 + px2 + qx + r = 0, may be reduced to the form x1
3 + ax1 + b = 0 by substi-

tuting  for x in the given equation.

Solving Numerical Equations Having One Unknown.—The Newton-Raphson method
is a procedure for solving various kinds of numerical algebraic and transcendental equa-
tions in one unknown. The steps in the procedure are simple and can be used with either a
handheld calculator or as a subroutine in a computer program.

Examples of types of equations that can be solved to any desired degree of accuracy by
this method are

The procedure begins with an estimate, r1, of the root satisfying the given equation. This
estimate is obtained by judgment, inspection, or plotting a rough graph of the equation and
observing the value r1 where the curve crosses the x axis. This value is then used to calcu-
late values r2, r3,…, rn progressively closer to the exact value.

Before continuing, it is necessary to calculate the first derivative. f ′(x), of the function. In
the above examples, f ′(x) is, respectively, 2x, 3x2 − 4x, and 2.9 + sin x. These values were
found by the methods described in Derivatives and Integrals of Functions on page 35.

In the steps that follow,
r1 is the first estimate of the value of the root of f(x) = 0;
f(r1) is the value of f(x) for x = r1;
f ′(x) is the first derivative of f(x);
f ′(r1) is the value of f ′(x) for x = r1.
The second approximation of the root of f(x) = 0, r2, is calculated from

and, to continue further approximations,

Example:Find the square root of 101 using the Newton-Raphson method. This problem

can be restated as an equation to be solved, i.e., 
Step 1. By inspection, it is evident that r1 = 10 may be taken as the first approximation of

the root of this equation. Then, 

Step 2. The first derivative, f ′(x), of x2 − 101 is 2x as stated previously, so that

Step 3. The next, better approximation is

f ′(10) = 2(10) = 20.
Then, r2 = r1 − f(r1)/f ′(r1) = 10 − (−1)/20 = 10 + 0.05 = 10.05

Check: 10.052 = 101.0025; error = 0.0025

x
b

2
---– a3

27
------ b2

4
-----++ 

 
1 3/

b

2
---– a3

27
------ b2

4
-----+– 

 
1 3/

+=

x1
p

3
---–

f x( ) x2 101– 0    , f x( ) x3 2x2– 5– 0  = = = =

and f x( ) 2.9x xcos– 1– 0= =

r2 r1 f r1( ) f ′ r1( )⁄[ ]–=

rn rn 1– f rn 1–( ) f ′ rn 1–( )⁄[ ]–=

f x( ) x2 101– 0= =

f r1( ) f 10( ) 102 101– 1–= = =

r3 r2 f r2( ) f ′ r2( )⁄[ ]– 10.05 f 10.05( ) f ′ 10.05( )⁄[ ]–= =

10.05 10.052 101–( ) 2 10.05( )⁄[ ]–= 10.049875=

Check:10.0498752 100.9999875  error; 0.0000125= =
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Series.—Some hand calculations, as well as computer programs of certain types of math-
ematical problems, may be facilitated by the use of an appropriate series. For example, in
some gear problems, the angle corresponding to a given or calculated involute function is
found by using a series together with an iterative procedure such as the Newton-Raphson
method described on page 34. The following are those series most commonly used for
such purposes. In the series for trigonometric functions, the angles x are in radians (1
radian = 180/π degrees). The expression exp(−x2) means that the base e of the natural log-
arithm system is raised to the −x2 power; e = 2.7182818.

Derivatives and Integrals of Functions.—The following are formulas for obtaining the
derivatives and integrals of basic mathematical functions. In these formulas, the letters a
and c denotes constants; the letter x denotes a variable; and the letters u and v denote func-
tions of the variable x. The expression d/dx means the derivative with respect to x, and as
such applies to whatever expression in parentheses follows it. Thus, d/dx (ax) means the
derivative with respect to x of the product (ax) of the constant a and the variable x.

(1) sin x = x − x3/3! + x5/5! − x7/7! + ··· for all values of x.

(2) cos x = 1 − x2/2! + x4 /4! − x6/6! + ··· for all values of x.

(3) tan x = x + x3/3 + 2x5/15 + 17x7/315 + 62x9/2835 + ··· for |x| < π/2.

(4) arcsin x = x + x3/6 + 1 · 3 · x5/(2 · 4 · 5) + 1 · 3 · 5 · x7/(2 · 4 · 6 · 7) + ··· for |x| ≤ 1.
(5) arccos x = π/2 − arcsin x
(6) arctan x = x − x3/3 + x5/5 − x7/7 + ··· for |x| ≤ 1.
(7) π/4 =1 − 1/3 + 1/5 − 1/7 + 1/9 ··· ±1/(2x − 1)� ··· for all values of x.
(8) e =1 + 1/1! + 2/2! + 1/3! + ··· for all values of x.
(9) ex =1 + x + x2/2! + x3/3! + ··· for all values of x.

(10) exp(− x2) = 1 − x2 + x4/2! − x6/3! + ··· for all values of x.

(11) ax = 1 + x loge a + (x loge a)2/2! + (x loge a)3/3! + ··· for all values of x.

(12) 1/(1 + x) = 1 − x + x2 − x3 + x4 − ··· for |x| < 1.

(13) 1/(1 − x) = 1 + x + x2 + x3 + x4 + ··· for |x| < 1.

(14) 1/(1 + x)2 = 1 − 2x + 3x2 − 4x3 + 5x4 − ··· for |x| < 1.

(15) 1/(1 − x)2 = 1 + 2x + 3x2 + 4x3 + 5x5 + ··· for |x| < 1.

(16)  = 1 + x/2 − x2/(2 · 4) + 1 · 3 · x3/(2 · 4 · 6)
− 1 · 3 · 5 · x4/(2 · 4 · 6 · 8) − ···

for |x| < 1.

(17)  = 1 − x/2 + 1 · 3 · x2/(2 · 4) − 1 · 3 · 5 · x3/(2 · 4 · 6) + ··· for |x| < 1.

(18) (a + x)n = an + nan−1 x + n(n − 1)an−2 x2/2! + n(n − 1)(n − 2)an−3 x3/3! + ··· for x2 < a2.

Formulas for Differential and Integral Calculus 

Derivative Value Integral Value

1 x+( )

1 1 x+( )⁄

xd

d
c( ) 0 c xd∫ cx

xd

d
x( ) 1 1 xd∫ x

xd

d
x

n( ) nx
n 1– xn xd∫

x
n 1+

n 1+
------------

xd

d
g u( )( )

ud

d
g u( )

xd

du xd

ax b+
---------------∫

1
a
--- ln ax b+

xd

d
u x( ) v x( )+( )

xd

d
u x( )

xd

d
v x( )+ u x( ) v x( )±( ) xd∫ u x( ) x v x( ) xd∫±d∫

xd

d
u x( ) v x( )×( ) u x( )

xd

d
v x( ) v x( )

xd

d
u x( )+ u x( )v x( ) xd∫ u x( )v x( ) v x( ) u x( )d∫–
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Formulas for Differential and Integral Calculus (Continued)

Derivative Value Integral Value

xd

d u x( )
v x( )
----------
 
  v x( )

xd

d
u x( ) u x( )

xd

d
v x( )–

v x( )2
---------------------------------------------------------------

xd

x
------∫ 2 x

xd

d
xsin( ) xcos xcos xd∫ xsin

xd

d
xcos( ) xsin– xsin xd∫ xcos–

xd

d
xtan( ) sec2

x xtan xd∫ xcoslog–

xd

d
xcot( ) cosec– 2

x xcot xd∫ xsinlog

xd

d
xsec( ) xsec xtan sin2

x xd∫
1
4
---–

 
  2x( )sin

1
2
---x+

xd

d
xcsc( ) xcsc xcot– cos2

x xd∫
1
4
--- 2x( )sin

1
2
---x+

xd

d
e

x( ) e
x e

x
xd∫ e

x

xd

d
xlog( ) 1

x
--- 1

x
--- xd∫ xlog

xd

d
a

x( ) a
x

alog a
x

xd∫ a
x

alog
-----------

xd

d
xasin( )

1

1 x
2–

------------------ xd

b
2

x
2–

--------------------∫ x

b
---asin

xd

d
xacos( )

1–

1 x
2–

------------------ xd

x
2

b
2–

--------------------∫ x

b
---acosh x x

2
b

2–+( )log=

xd

d
xatan( )

1

1 x
2+

-------------- xd

b
2

x
2+

-----------------∫ 1
b
--- x

b
---atan

xd

d
xacot( )

1–

1 x
2+

-------------- xd

b
2

x
2–

----------------∫ 1
b
--- x

b
---atanh

1–
2b
------ x b–( )

x b+( )
-------------------log=

xd

d
xasec( )

1

x x2 1–
--------------------- xd

x
2

b
2–

----------------∫ 1
b
---– x

b
---acoth

1
2b
------ x b–( )

x b+( )
-------------------log=

xd

d
xacsc( )

1–

x x2 1–
--------------------- xd

ax2 bx c+ +
------------------------------∫

2

4ac b
2–

------------------------- 2ax b+( )

4ac b
2–

-------------------------atan

xd

d
xsinlog( ) xcot e

ax
bxsin xd∫

bxasin b bxcos–( )

a
2

b
2+

----------------------------------------------e
ax

xd

d
xcoslog( ) xtan– e

ax
bx( )cos xd∫

bx( )acos b bx( )sin+( )

a
2

b
2+

--------------------------------------------------------e
ax

xd

d
xtanlog( ) 2

2xsin
-------------- 1

xsin
---------- xd∫

x

2
---tanlog

xd

d
xcotlog( ) 2–

2xsin
-------------- 1

xcos
----------- xd∫

π
4
--- x

2
---+

 
 tanlog

xd

d
x( )

1

2 x
---------- 1

1 xcos+
--------------------- xd∫

x

2
---tan

xd

d
log10x( )

log10e

x
--------------- xlog xd∫ x xlog x–
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GEOMETRY

Arithmetical Progression

An arithmetical progression is a series of numbers in which each consecutive term differs
from the preceding one by a fixed amount called the common difference, d. Thus, 1, 3, 5, 7,
etc., is an arithmetical progression where the difference d is 2. The difference here is added
to the preceding term, and the progression is called increasing. In the series 13, 10, 7, 4,
etc., the difference is ( −3), and the progression is called decreasing. In any arithmetical
progression (or part of progression), let

a =first term considered
l = last term considered
n =number of terms
d =common difference
S =sum of n terms

Then the general formulas are

In these formulas, d is positive in an increasing and negative in a decreasing progression.
When any three of the preceding live quantities are given, the other two can be found by the
formulas in the accompanying table of arithmetical progression.

Example:In an arithmetical progression, the first term equals 5, and the last term 40. The
difference is 7. Find the sum of the progression.

Geometrical Progression

A geometrical progression or a geometrical series is a series in which each term is
derived by multiplying the preceding term by a constant multiplier called the ratio. When
the ratio is greater than 1, the progression is increasing; when less than 1, it is decreasing.
Thus, 2, 6, 18, 54, etc., is an increasing geometrical progression with a ratio of 3, and 24,
12, 6, etc., is a decreasing progression with a ratio of 1 ⁄2.

In any geometrical progression (or part of progression), let
a =first term
l = last (or nth) term
n =number of terms
r =ratio of the progression
S =sum of n terms

Then the general formulas are

When any three of the preceding five quantities are given, the other two can be found by
the formulas in the accompanying table. For instance, geometrical progressions are used
for finding the successive speeds in machine tool drives, and in interest calculations.

Example:The lowest speed of a lathe is 20 rpm. The highest speed is 225 rpm. There are
18 speeds. Find the ratio between successive speeds.

l a n 1–( )d        and+= S
a l+

2
----------- n×=

S
a l+
2d

----------- l d a–+( ) 5 40+
2 7×

--------------- 40 7 5–+( ) 135= = =

l arn 1–           and= S
rl a–
r 1–
-------------=

Ratio r
l

a
---

n 1– 225
20
---------

17
11.2517 1.153= = = =
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Formulas for Arithmetical Progression

To Find Given Use Equation

a

d l n

d n S

d l S

l n S

d

a l n

a n S

a l S

l n S

l

a d n

a d S

a n S

d n S

n

a d l

a d S

a l S

d l S

S

a d n

a d l

a l n

d l n

a l n 1–( )d–=

a
S

n
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n 1–
2

------------ d×–=

a
d

2
--- 1

2
--- 2l d+( )2 8dS–±=

a
2S

n
------ l–=

d
l a–
n 1–
------------=

d
2S 2an–
n n 1–( )
----------------------=

d
l2 a2–

2S l– a–
-----------------------=

d
2nl 2S–
n n 1–( )
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l a n 1–( )d+=

l
d

2
---–

1
2
--- 8dS 2a d–( )2+±=

l
2S

n
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l
S

n
---

n 1–
2
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n 1 l a–
d

----------+=

n
d 2a–

2d
--------------- 1

2d
------ 8dS 2a d–( )2+±=

n
2S

a l+
-----------=

n
2l d+

2d
-------------- 1

2d
------ 2l d+( )2 8dS–±=

S
n

2
--- 2a n 1–( )d+[ ]=

S
a l+

2
----------- l2 a2–

2d
---------------+

a l+
2d

----------- l d a–+( )= =

S
n

2
--- a l+( )=

S
n

2
--- 2l n 1–( )d–[ ]=
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Formulas for Geometrical Progression

To Find Given Use Equation

a

l n r

n r S

l r S

l n S

l

a n r

a r S

a n S

n r S

n

a l r

a r S

a l S

l r S

r

a l n

a n S

a l S

l n S

S

a n r

a l r

a l n

l n r

a
l

rn 1–
-----------=

a
r 1–( )S

rn 1–
-------------------=

a lr r 1–( )S–=

a S a–( )n 1– l S l–( )n 1–=

l arn 1–=

l
1
r
--- a r 1–( )S+[ ]=

l S l–( )n 1– a S a–( )n 1–=

l
S r 1–( )rn 1–

rn 1–
--------------------------------=

n
llog alog–

rlog
--------------------------- 1+=

n
a r 1–( )S+[ ]log alog–

rlog
-----------------------------------------------------------=

n
llog alog–

S a–( )log S l–( )log–
------------------------------------------------------ 1+=

n
llog lr r 1–( )S–[ ]log–

rlog
----------------------------------------------------------- 1+=

r
l

a
---

n 1–
=

rn Sr

a
----- a S–

a
------------+=

r
S a–
S l–
------------=

rn Srn 1–

S l–
--------------- l

S l–
----------–=

S
a rn 1–( )

r 1–
----------------------=

S
lr a–
r 1–
-------------=

S
lnn 1– ann 1––

ln 1– an 1––
---------------------------------------=

S
l rn 1–( )
r 1–( )rn 1–

----------------------------=
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Analytical Geometry

Straight Line.—A straight line is a line between two points with the minimum distance.

Coordinate System: It is possible to locate any point on a plane by a pair of numbers
called the coordinates of the point. If P is a point on a plane, and perpendiculars are drawn
from P to the coordinate axes, one perpendicular meets the X-axis at the x- coordinate of P
and the other meets the Y-axis at the y-coordinate of P. The pair of numbers (x1, y1), in that
order, is called the coordinates or coordinate pair for P.

Fig. 1. Coordinate Plan

Distance Between Two Points: The distance d between two points P1(x1,y1) and P2(x2,y2)
is given by the formula:

Example 1:What is the distance AB between points A(4,5) and B(7,8)?

Solution: The length of line AB is

Intermediate Point: An intermediate point, P(x, y) on a line between two points, P1(x1,y1)
and P2(x2,y2), Fig. 2, can be obtained by linear interpolation as follows, 

where r1 is the ratio of the distance of P1 to P to the distance of P1 to P2, and r2 is the ratio of
the distance of P2 to P to the distance of P1 to P2. If the desired point is the midpoint of line
P1P2, then r1 = r2 = 1, and the coordinates of P are:

Example 2:What is the coordinate of point P(x,y), if P divides the line defined by points
A(0,0) and B(8,6) at the ratio of 5:3.

Solution:

1 2 3 4

1

2

3

4

−1

−2

−2 −1−3

−3

−4

−4

X

Y

P(x ,y )1 1

d P1 P2,( ) x2 x1–( )2
y2 y1–( )2

+=

d 7 4–( )2
8 5–( )2

+ 3
2

3
2

+ 18 3 2= = = =

x
r1x1 r2x2+

r1 r2+
---------------------------= and y

r1y1 r2y2+

r1 r2+
---------------------------=

x
x1 x2+

2
----------------= and y

y1 y2+

2
----------------=

x
5 0× 3 8×+

5 3+
------------------------------- 24

8
------ 3= = = y

5 0× 3 6×+
5 3+

------------------------------- 18
8

------ 2.25= = =
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External Point: A point, Q(x, y) on the line P1P2, and beyond the two points, P1(x1,y1) and
P2(x2,y2), can be obtained by external interpolation as follows, 

where r1 is the ratio of the distance of P1 to Q to the distance of P1 to P2, and r2 is the ratio of
the distance of P2 to Q to the distance of P1 to P2.

Fig. 2. Finding Intermediate and External Points on a Line

Equation of a line P1P2: The general equation of a line passing through points P1(x1,y1)

and P2(x2,y2) is . 

The previous equation is frequently written in the form 

where  is the slope of the line, m, and thus becomes   where  y1

is the coordinate of the y-intercept (0, y1) and x1 is the coordinate of the x-intercept (x1, 0).
If the line passes through point (0,0), then x1 = y1 = 0 and the equation becomes y = mx. The
y-intercept is the y-coordinate of the point at which a line intersects the Y-axis  at x = 0. The
x-intercept is the x-coordinate of the point at which a line intersects the X-axis  at y = 0.

If a line AB intersects the X-axis at point A(a,0) and the Y-axis at point B(0,b) then the
equation of line AB is

Slope: The equation of a line in a Cartesian coordinate system is  y = mx + b, where x and
y are coordinates of a point on a line, m is the slope of the line, and  b is the y-intercept. The
slope is the rate at which the x coordinates are increasing or decreasing relative to the y
coordinates.

 Another form of the equation of a line is the point-slope form (y − y1) = m(x − x1). The
slope, m, is defined as a ratio of the change in the y coordinates, y2 − y1, to the change in the
x coordinates, x2 − x1,

x
r1x1 r2x2–

r1 r2–
---------------------------= and y

r1y1 r2y2–

r1 r2–
---------------------------=

Y

XO

m 2

P (x ,y )1 11

P (x , y )2 22

m 1 P(x, y)

Q (x, y)

y y1–

y1 y2–
----------------

x x1–

x1 x2–
----------------=

y y1–
y1 y2–

x1 x2–
---------------- x x1–( )=

y1 y2–

x1 x2–
---------------- y y1– m x x1–( )=

x

a
--- y

b
---+ 1=

m
∆y

∆x
------

y2 y1–

x2 x1–
----------------= =
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Example 3:What is the equation of a line AB between points A(4,5) and B(7,8)?

Solution:

Example 4:Find the general equation of a line passing through the points (3, 2) and (5, 6),
and its intersection point with the y-axis.

First, find the slope using the equation above

The line has a general form of y = 2x + b, and the value of the constant b can be determined
by substituting the coordinates of a point on the line into the general form. Using point
(3,2), 2 = 2 × 3 + b and rearranging, b = 2 − 6 = −4. As a check, using another point on the
line, (5,6), yields equivalent results, y = 6 = 2 × 5 + b and b = 6 − 10 = −4.

The equation of the line, therefore, is y = 2x − 4, indicating that line y = 2x − 4 intersects
the y-axis at point (0,−4), the y-intercept.

Example 5:Use the point-slope form to find the equation of the line passing through the
point (3,2) and having a slope of 2. 

The slope of this line is positive and crosses the y-axis at the y-intercept, point (0,−4).

Parallel Lines: The two lines, P1P2 and Q1Q2, are parallel if both lines have the same
slope, that is, if m1= m2.

Perpendicular Lines: The two lines P1P2 and Q1Q2 are perpendicular if  the product of
their slopes equal −1, that is,  m1m2 = −1.

Example 6:Find an equation of a line that passes through the point (3,4) and is (a) parallel
to and (b) perpendicular to the line 2x − 3y = 16?

Solution (a): Line 2x − 3y = 16 in standard form is y = 2⁄3 x − 16⁄3, and the equation of a line

passing through (3,4) is . 

Fig. 3. Parallel Lines Fig. 4. Perpendicular Lines
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If the lines are parallel, their slopes are equal. Thus,   is parallel to line

2x − 3y = −6 and passes through point  (3,4).
Solution (b): As illustrated in part (a), line 2x − 3y = −6 has a slope of 2⁄3. The product of

the slopes of perpendicular lines = −1, thus the slope m of a line passing through point (4,3)
and perpendicular to 2x − 3y = −6 must  satisfy the following:

The equation of a line passing through point (4,3) and perpendicular to the line 2x − 3y =
16 is y − 4 = −3⁄2(x − 3), which rewritten is 3x + 2y = 17.

Angle Between Two Lines: For two non-perpendicular lines with slopes m1 and m2, the
angle between the two lines is given by

Note: The straight brackets surrounding a symbol or number, as in |x|, stands for absolute
value and means use the positive value of the bracketed quantity, irrespective of its sign. 

Example 7:Find the angle between the following two lines: 2x − y = 4 and 3x + 4y =12
Solution: The slopes are 2 and −3⁄4, respectively. The angle between two lines is given by

Distance Between a Point and a Line: The distance between a point (x1,y1) and a line
given by A x + B y + C = 0 is

Example 8:Find the distance between the point (4,6) and the line 2x + 3y − 9 = 0.
Solution: The distance between a point and the line is

Coordinate Systems.—Rectangular, Cartesian Coordinates: In a Cartesian coordinate
system the coordinate axes are perpendicular to one another, and the same unit of length is
chosen on the two axes. This rectangular coordinate system is used in the majority of cases.

Polar Coordinates:  Another coordinate system is determined by a fixed point O, the ori-
gin or pole, and a zero direction or axis through it, on which positive lengths can be laid off
and measured, as a number line. A point P can be fixed to the zero direction line at a dis-
tance r away and then rotated in a positive sense at an angle θ. The angle, θ, in polar coor-
dinates can take on values from 0° to 360°. A point in polar coordinates takes the form of
(r, θ).
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Changing Coordinate Systems: For simplicity it may be assumed that the origin on a
Cartesian coordinate system coincides with the pole on a polar coordinate system, and its
axis with the x-axis. Then, if point P has polar coordinates of (r,θ) and Cartesian coordi-
nates of (x, y), by trigonometry x = r × cos(θ) and y = r × sin(θ). By the Pythagorean theo-
rem and trigonometry 

Example 1:Convert the Cartesian coordinate (3, 2) into polar coordinates. 

Therefore the point (3.6, 33.69) is the polar form of the Cartesian point (3, 2).

Graphically, the polar and Cartesian coordinates are related in the following figure

Example 2:Convert the polar form (5, 608) to Cartesian coordinates. By trigonometry, x
= r × cos(θ) and y = r × sin(θ). Then x = 5 cos(608) = −1.873 and y = 5 sin(608) = −4.636.
Therefore, the Cartesian point equivalent is (−1.873, −4.636).

Spherical Coordinates: It is convenient in certain problems, for example, those con-
cerned with spherical surfaces, to introduce non-parallel coordinates. An arbitrary point P
in space can be expressed in terms of the distance r between point P and the origin O, the
angle φ that OP ′makes with the x-y plane, and the angle λ that the projection OP ′ (of the
segment OP onto the x-y plane) makes with the positive x-axis.

The rectangular coordinates of a point in space can therefore be calculated by the formu-
las in the following table.
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Relationship Between Spherical and Rectangular Coordinates

Example 3:What are the spherical coordinates of the point P(3, −4, −12)?

The spherical coordinates of P are therefore r = 13, φ = − 67.38°, and λ = 306.87°.

Cylindrical Coordinates: For problems on the surface of a cylinder it is convenient to use
cylindrical coordinates. The cylindrical coordinates r, θ, z, of P coincide with the polar
coordinates of the point P ′ in the x-y plane and the rectangular z-coordinate of P. This gives
the conversion formula. Those for θ hold only if x2 + y2 ≠ 0; θ is undetermined if x = y = 0.

Example 4:Given the cylindrical coordinates of a point P, r = 3, θ = −30°, z = 51, find the
rectangular coordinates. Using the above formulas x = 3cos (−30°) = 3cos (30°) = 2.598; y
= 3sin (−30°) = −3 sin(30°) = −1.5; and z = 51. Therefore, the rectangular coordinates of
point P are x = 2.598, y = −1.5, and z = 51.

Spherical to Rectangular Rectangular to Spherical

(for x2 + y2 ≠ 0)

(for x > 0, y > 0)

(for x < 0)

(for x > 0, y < 0)

Cylindrical to Rectangular Rectangular to Cylindrical

x r φ λcoscos=

y r φ λsincos=

z r φsin=

r x
2

y
2

z
2

+ +=

φ z

x
2

y
2

+
---------------------atan=

λ y

x
--atan=

λ π y
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λ 2π y
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r 3
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Circle.—The general form for the equation of a circle is x2 + y2 + 2gx + 2fy + c = 0, where

−g and −f  are the coordinates of the center and the radius is .

The center radius form of the circle equation is 

where r = radius and point (h, k) is the center.
When the center of circle is at point (0,0), the equation of

circle reduces to 

Example:Point (4,6) lies on a circle whose center is at 
(−2,3). Find the circle equation?

Solution: The radius is the distance between the center 
(−2,3) and point (4,6), found using the method of Example 1 on page 40.

The equation of the circle is 

Additional Formulas: Listed below are additional formulas for determining the geome-
try of plane circles and arcs. Although trigonometry and circular measure are related, they
both deal with angles in entirely different ways.

Example 1:Find the area of a circular section with included angle of 30° and radius of 7
cm.

Solution: Referring to Fig. 1b,

L =perimeter of circle = 

R =radius = 

D =diameter of circle = 

N = total area of a circle = 

X = Y =

M =area of complement section =

I =distance from center to start of section T

H =height of section T

Q =chord length for segment S

T + S = area of segment = 
Fig. 1a. 
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Example 2:Find the chord length E of a circular segment (Fig. 1b), with a depth of 2 cm
at the center, that is formed in a circle whose radius 12 cm.

Solution: The chord length is 

Example 3:Find the area S of the circular segment from Example 2.

Solution: First determine angle φ, then find the perimeter L of the segment, and then
solve for area S, as follows:

Another way to find angle φ is divide one half of the chord length by the radius to obtain 

Areas K and S

L =perimeter of φ degrees = 

R =radius = 

S =area of segment = 

E =chord length = 

F =chord height = 

φ =angle at center of circle = 

K =area of section = 

Fig. 1b. 

Donut

R1 =radius of outer circle of donut

R2 =radius of inner circle of donut

U =area of segment of donut = 

W = total area of donut = 

Fig. 1c. 
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Ellipse.—The ellipse with eccentricity e, focus F and a directrix L is the set of all points P
such that the distance PF is e times the distance from P to the line L. The general equation
of an ellipse is 

The ellipse has two foci separated along the major axis by a distance 2c. The line passing
through the focus perpendicular to the major axis is called the latus rectum. The line pass-
ing through the center, perpendicular to the major axis, is called the minor axis. The dis-
tances 2a and 2b are the major distance, and the minor distance.The ellipse is the locus of
points such that the sum of the distances from the two foci to a point on the ellipse is 2a,
thus,  PF1 + PF2 = 2a

If (h, k) are the center, the general equation of an ellipse is 

The eccentricity of the ellipse, , is always less than 1. 

The distance between the two foci is . 
The aspect ratio of the ellipse is a/b.

The equation of an ellipse centered at (0, 0) with  foci at (±c, 0) is , and the

ellipse is symmetric about both coordinate axes. Its x-intercepts are (±a, 0) and y-intercepts
are (0, ±b). The line joining (0, b) and (0, −b) is called the minor axis.The vertices of the
ellipse are (±a, 0), and the line joining vertices is the major axis of the ellipse.

Example:Determine the values of h, k, a, b, c, and  e of the ellipse 

Solution: Rearrange the ellipse equation into the general form as follows:

Ellipse
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Comparing to the general form, , and solving for c and e gives:

Additional Formulas: An ellipse is the locus of points the sum of whose distances from
two fixed points, called focus, is a constant. An ellipse can be represented parametrically
by the equations x = acosθ and y = bsinθ, where x and y are the rectangular coordinates of
any point on the ellipse, and the parameter θ is the angle at the center measured from the x-
axis anticlockwise.

R1 =radius of director circle = 

R2 =radius of equivalent circle = 

P =center to focus distance = 

A =major radius = 

B =minor radius = 

distance, origin to latus rectum = 

J =any point (X,Y) on curve where X =  and Y = 

φ =angle with major axis = θ =angle with minor axis = 
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Example 4:Find area of section K, and complement area M, given the major radius of
ellipse is 10 cm, minor radius of ellipse is 7 cm, dimension X = 8.2266 cm.

Solution: The sectional area K

Solution: Complement area M

Example 5:Find the area of elliptical section S, T + S, provided that major radius of
ellipse is 10 cm, minor radius of ellipse is 7 cm, dimension X1 = 8.2266 cm, dimension Y1 =
4.4717 cm, and dimension X2 = 6.0041 cm.

Solution: The sectional area S

Solution: Sectional area T + S

Example 6:Find the area of elliptical section V, if the major radius of ellipse is 4 inches,
minor radius of ellipse is 3 inches, dimension X = 2.3688 inches, dimension Y = 2.4231
inches.

L =total perimeter (approximate) = 

L =perimeter (sections) = 

Area Calculations
N =total surface area of ellipse = 

W =sectional area between outer and inner ellipse = 

M =area of complement section = 

S =area of section = 

T+S = combined area of sections T + S = 

V =area of section = 

K =area of section = 

A 1.2
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Solution: Sectional area V

Four-Arc Oval that Approximates an Ellipse*.—The method of constructing an
approximate ellipse by circular arcs, described on page 64, fails when the ratio of the major
to minor diameter equals four or greater. Additionally, it is reported that the method always
draws a somewhat larger minor axes than intended. The method described below presents
an alternative.

An oval that approximates an ellipse, illustrated in Fig. 2, can be constructed from the fol-
lowing equations:

(1)

where A and B are dimensions of the major and minor axis, respectively, and r is the radius
of the curve at the long ends.

The radius R and its location are found from Equations (2) and  (3):

Fig. 2. Four Arc Oval Ellipse

To make an oval thinner or fatter than that given, select a smaller or larger radius r than
calculated by Equation (1) and then find X and R using Equations (2) and  (3).
Spheres.—The standard form for the equation of a sphere with radius R and centered at
point (h, k, l) can be expressed by the equation:

The general form for the equation of a sphere can be written as follows, where A cannot
be zero.

The general and standard forms of the sphere equations are related as follows:
* Four-Arc Oval material contributed by Manfred K. Brueckner 
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R =radius of sphere D =diameter of sphere
Ns = total surface area of sphere Nv =total volume of sphere
R1 =radius of outer sphere R2 =radius of inner sphere

Ga, Ka, Sa, Ta, Ua, Wa, Za = sectional surface areas
Gv, Kv, Sv, Tv, Uv, Wv, Zv = sectional volumes

Formulas for Spherical Areas and Volumes 
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Example 7:Find the inside and outside surface area Ga and volume Gv of wall G, pro-
vided that R1 is 12.5 cm and R2 is 10.0 cm.

Solution: Sectional area Ga and sectional volume Gv

Example 8:Find the surface area Ka and volume Kv of section K of a sphere of radius 15.0
cm, if included angle φ = 90° and depth F = 5.0 cm.

Solution: Sectional area Ka and sectional volume Kv

Example 9:Find the outside surface area Sa and sectional volume Sv of section S of a
sphere if E = 20.0 cm and F = 5.0 cm.

Solution: Sectional area Sa and sectional volume Sv

Example 10:Find the outside and inside surface area Ua and volume Uv of section U of a
sphere, if R1 = 5.00 inches, R2 = 4.0 inches, and included angle φ = 30°.

Solution: Sectional area Ua and sectional volume Uv

Section G Volume

Section K Volume

Section S Volume

Section T Volume

Section U Volume

Section W Volume

Section Z Volume

Formulas for Spherical Areas and Volumes (Continued)

To Find Formula To Find Formula
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Example 11:Find the total surface area Wa and volume Wv of ring W, if R1 = 5.00 inches
and R2= 4.0 inches.

Solution: Sectional area Wa and sectional volume Wv

Parabola.—A parabola is the set of all points P in the plane that are equidistant from focus
F and a line called the directrix. A parabola is symmetric with respect to its parabolic axis.
The line perpendicular to the parabolic axis which passing through the focus is known as
latus rectum. 

The general equation of a parabola is given by , where the vertex
is located at point (h, k), the focus F is located at point (h + p, k), the directrix is located at x
= h − p, and the latus rectum is located at x = h + p.

Example:Determine the focus, directrix, axis, vertex, and latus rectum of the parabola 

Solution: Format the equation into the general form of a parabolic equation

Thus, k = 3⁄2, h = −1 and p = 1⁄2. Focus F is located at point (h + p, k)  =  ( 1⁄2,  3⁄2); the directrix
is located at x = h − p = −1 −  1⁄2  =  − 3⁄2; the parabolic axis is the horizontal line y = 3⁄2; the
vertex V(h,k) is located at point  (−1,  3⁄2); and the latus rectum is located at x = h + p = −1⁄2.

Hyperbola.—The hyperbola with eccentricity e, focus F and a directrix L is the set of all
points P such that the distance PF is e times the distance from P to the line L.The general
equation of an hyperbola is 

The hyperbola has two foci separated along the transverse axis by a distance 2c. Lines
perpendicular to the transverse axis passing through the foci are the conjugate axis. The
distance between two vertices is 2a. The distance along a conjugate axis between two
points on the hyperbola is 2b.The hyperbola is the locus of points such that the difference
of the distances from the two foci is 2a, thus, PF2− PF1 = 2a
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If point (h,k) is the center, the general equation of an ellipse is 

Hyperbola

The eccentricity of hyperbola,  is always less than 1. 

The distance between the two foci is . 

The equation of a hyperbola with center at (0, 0) and focus at (±c, 0) is .

Example:Determine the values of h, k, a, b, c, and  e of the hyperbola 

Solution: Convert the hyperbola equation into the general form

Comparing the results above with the general form  and calcu-

lating the eccentricity from  and c from  gives
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Geometrical Propositions

The sum of the three angles in a triangle always equals 180 
degrees. Hence, if two angles are known, the third angle can 
always be found.

If one side and two angles in one triangle are equal to one side 
and similarly located angles in another triangle, then the remaining 
two sides and angle also are equal.

If a = a1, A = A1, and B = B1, then the two other sides and the 
remaining angle also are equal.

If two sides and the angle between them in one triangle are equal 
to two sides and a similarly located angle in another triangle, then 
the remaining side and angles also are equal.

If a = a1, b = b1, and A = A1, then the remaining side and angles 
also are equal.

If the three sides in one triangle are equal to the three sides of 
another triangle, then the angles in the two triangles also are equal.

If a = a1, b = b1, and c = c1, then the angles between the respec-
tive sides also are equal.

If the three sides of one triangle are proportional to correspond-
ing sides in another triangle, then the triangles are called similar,
and the angles in the one are equal to the angles in the other.

If the angles in one triangle are equal to the angles in another tri-
angle, then the triangles are similar and their corresponding sides 
are proportional.

If the three sides in a triangle are equal—that is, if the triangle is 
equilateral—then the three angles also are equal.

Each of the three equal angles in an equilateral triangle is 60 
degrees.

If the three angles in a triangle are equal, then the three sides also 
are equal.
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Geometrical Propositions

A line in an equilateral triangle that bisects or divides any of the 
angles into two equal parts also bisects the side opposite the angle 
and is at right angles to it.

If line AB divides angle CAD into two equal parts, it also divides 
line CD into two equal parts and is at right angles to it.

If two sides in a triangle are equal—that is, if the triangle is an 
isosceles triangle—then the angles opposite these sides also are 
equal.

If side a equals side b, then angle A equals angle B.

If two angles in a triangle are equal, the sides opposite these 
angles also are equal.

If angles A and B are equal, then side a equals side b.

In an isosceles triangle, if a straight line is drawn from the point 
where the two equal sides meet, so that it bisects the third side or 
base of the triangle, then it also bisects the angle between the equal 
sides and is perpendicular to the base.

In every triangle, that angle is greater that is opposite a longer 
side. In every triangle, that side is greater which is opposite a 
greater angle.

If a is longer than b, then angle A is greater than B. If angle A is 
greater than B, then side a is longer than b.

In every triangle, the sum of the lengths of two sides is always 
greater than the length of the third.

Side a + side b is always greater than side c.

In a right-angle triangle, the square of the hypotenuse or the side 
opposite the right angle is equal to the sum of the squares on the 
two sides that form the right angle.

30

90

30

1/2 a 1/2 a

A

C D
B

a b

AB

a b

AB

b
1/2 b 1/2 b

1/2 B

B 90

a b

BA

ab

b

a

c

b

c
a

a2 b2 c2+=



58 GEOMETRICAL PROPOSITIONS

Geometrical Propositions

If one side of a triangle is produced, then the exterior angle is 
equal to the sum of the two interior opposite angles.

If two lines intersect, then the opposite angles formed by the 
intersecting lines are equal.

If a line intersects two parallel lines, then the corresponding 
angles formed by the intersecting line and the parallel lines are 
equal.

Lines ab and cd are parallel. Then all the angles designated A are 
equal, and all those designated B are equal.

In any figure having four sides, the sum of the interior angles 
equals 360 degrees.

The sides that are opposite each other in a parallelogram are 
equal; the angles that are opposite each other are equal; the diago-
nal divides it into two equal parts. If two diagonals are drawn, they 
bisect each other.

The areas of two parallelograms that have equal base and equal 
height are equal.

If a = a1 and h = h1, then

The areas of triangles having equal base and equal height are 
equal.

If a = a1 and h = h1, then

If a diameter of a circle is at right angles to a chord, then it 
bisects or divides the chord into two equal parts.
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Geometrical Propositions

If a line is tangent to a circle, then it is also at right angles to a 
line drawn from the center of the circle to the point of tangency—
that is, to a radial line through the point of tangency.

If two circles are tangent to each other, then the straight line that 
passes through the centers of the two circles must also pass through 
the point of tangency.

If from a point outside a circle, tangents are drawn to a circle, the 
two tangents are equal and make equal angles with the chord join-
ing the points of tangency.

The angle between a tangent and a chord drawn from the point of 
tangency equals one-half the angle at the center subtended by the 
chord.

The angle between a tangent and a chord drawn from the point of 
tangency equals the angle at the periphery subtended by the chord.

Angle B, between tangent ab and chord cd, equals angle A sub-
tended at the periphery by chord cd.

All angles having their vertex at the periphery of a circle and sub-
tended by the same chord are equal.

Angles A, B, and C, all subtended by chord cd, are equal.

If an angle at the circumference of a circle, between two chords, 
is subtended by the same arc as the angle at the center, between two 
radii, then the angle at the circumference is equal to one-half of the 
angle at the center.
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Geometrical Propositions

An angle subtended by a chord in a circular segment larger than 
one-half the circle is an acute angle—an angle less than 90 degrees. 
An angle subtended by a chord in a circular segment less than one-
half the circle is an obtuse angle—an angle greater than 90 degrees.

If two chords intersect each other in a circle, then the rectangle of 
the segments of the one equals the rectangle of the segments of the 
other.

If from a point outside a circle two lines are drawn, one of which 
intersects the circle and the other is tangent to it, then the rectangle 
contained by the total length of the intersecting line, and that part 
of it that is between the outside point and the periphery, equals the 
square of the tangent.

If a triangle is inscribed in a semicircle, the angle opposite the 
diameter is a right (90-degree) angle.

All angles at the periphery of a circle, subtended by the diameter, 
are right (90-degree) angles.

The lengths of circular arcs of the same circle are proportional to 
the corresponding angles at the center.

The lengths of circular arcs having the same center angle are pro-
portional to the lengths of the radii.

If A = B, then a : b = r : R.

The circumferences of two circles are proportional to their radii.

The areas of two circles are proportional to the squares of their 
radii.
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Geometrical Constructions

To divide a line AB into two equal parts:

With the ends A and B as centers and a radius greater than one-
half the line, draw circular arcs. Through the intersections C and D,
draw line CD. This line divides AB into two equal parts and is also 
perpendicular to AB.

To draw a perpendicular to a straight line from a point A on that 
line:

With A as a center and with any radius, draw circular arcs inter-
secting the given line at B and C. Then, with B and C as centers and 
a radius longer than AB, draw circular arcs intersecting at D. Line 
DA is perpendicular to BC at A.

To draw a perpendicular line from a point A at the end of a line 
AB:

With any point D, outside of the line AB, as a center, and with AD
as a radius, draw a circular arc intersecting AB at E. Draw a line 
through E and D intersecting the arc at C; then join AC. This line is 
the required perpendicular.

To draw a perpendicular to a line AB from a point C at a distance 
from it:

With C as a center, draw a circular arc intersecting the given line 
at E and F. With E and F as centers, draw circular arcs with a 
radius longer than one-half the distance between E and F. These 
arcs intersect at D. Line CD is the required perpendicular.

To divide a straight line AB into a number of equal parts:

Let it be required to divide AB into five equal parts. Draw line AC
at an angle with AB. Set off on AC five equal parts of any conve-
nient length. Draw B-5 and then draw lines parallel with B-5
through the other division points on AC. The points where these 
lines intersect AB are the required division points.
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Geometrical Constructions

To draw a straight line parallel to a given line AB, at a given dis-
tance from it:

With any points C and D on AB as centers, draw circular arcs 
with the given distance as radius. Line EF, drawn to touch the cir-
cular arcs, is the required parallel line.

To bisect or divide an angle BAC into two equal parts:

With A as a center and any radius, draw arc DE. With D and E as 
centers and a radius greater than one-half DE, draw circular arcs 
intersecting at F. Line AF divides the angle into two equal parts.

To draw an angle upon a line AB, equal to a given angle FGH:

With point G as a center and with any radius, draw arc KL. With 
A as a center and with the same radius, draw arc DE. Make arc DE
equal to KL and draw AC through E. Angle BAC then equals angle 
FGH.

To lay out a 60-degree angle:

With A as a center and any radius, draw an arc BC. With point B
as a center and AB as a radius, draw an arc intersecting at E the arc 
just drawn. EAB is a 60-degree angle.

A 30-degree angle may be obtained either by dividing a 60-
degree angle into two equal parts or by drawing a line EG perpen-
dicular to AB. Angle AEG is then 30 degrees.

To draw a 45-degree angle:

From point A on line AB, set off a distance AC. Draw the perpen-
dicular DC and set off a distance CE equal to AC. Draw AE. Angle 
EAC is a 45-degree angle.

To draw an equilateral triangle, the length of the sides of which 
equals AB:

With A and B as centers and AB as radius, draw circular arcs 
intersecting at C. Draw AC and BC. Then ABC is an equilateral tri-
angle.
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Geometrical Constructions

To draw a circular arc with a given radius through two given 
points A and B:

With A and B as centers, and the given radius as radius, draw cir-
cular arcs intersecting at C. With C as a center, and the same 
radius, draw a circular arc through A and B.

To find the center of a circle or of an arc of a circle:

Select three points on the periphery of the circle, as A, B, and C.
With each of these points as a center and the same radius, describe 
arcs intersecting each other. Through the points of intersection, 
draw lines DE and FG. Point H, where these lines intersect, is the 
center of the circle.

To draw a tangent to a circle from a given point on the circumfer-
ence:

Through the point of tangency A, draw a radial line BC. At point 
A, draw a line EF at right angles to BC. This line is the required 
tangent.

To divide a circular arc AB into two equal parts:

With A and B as centers, and a radius larger than half the distance 
between A and B, draw circular arcs intersecting at C and D. Line 
CD divides arc AB into two equal parts at E.

To describe a circle about a triangle:

Divide the sides AB and AC into two equal parts, and from the 
division points E and F, draw lines at right angles to the sides. 
These lines intersect at G. With G as a center and GA as a radius, 
draw circle ABC.

To inscribe a circle in a triangle:

Bisect two of the angles, A and B, by lines intersecting at D.
From D, draw a line DE perpendicular to one of the sides, and with 
DE as a radius, draw circle EFG.
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Geometrical Constructions

To describe a circle about a square and to inscribe a circle in a 
square:

The centers of both the circumscribed and inscribed circles are 
located at the point E, where the two diagonals of the square inter-
sect. The radius of the circumscribed circle is AE, and of the 
inscribed circle, EF.

To inscribe a hexagon in a circle:

Draw a diameter AB. With A and B as centers and with the radius 
of the circle as radius, describe circular arcs intersecting the given 
circle at D, E, F, and G. Draw lines AD, DE, etc., forming the 
required hexagon.

To describe a hexagon about a circle:

Draw a diameter AB, and with A as a center and the radius of the 
circle as radius, cut the circumference of the given circle at D. Join 
AD and bisect it with radius CE. Through E, draw FG parallel to 
AD and intersecting line AB at F. With C as a center and CF as 
radius, draw a circle. Within this circle, inscribe the hexagon as in 
the preceding problem.

To describe an ellipse with the given axes AB and CD:

Describe circles with O as a center and AB and CD as diameters. 
From a number of points, E, F, G, etc., on the outer circle, draw 
radii intersecting the inner circle at e, f, and g. From E, F, and G,
draw lines perpendicular to AB, and from e, f, and g, draw lines 
parallel to AB. The intersections of these perpendicular and parallel 
lines are points on the curve of the ellipse.

To construct an approximate ellipse by circular arcs:

Let AC be the major axis and BN the minor. Draw half circle 
ADC with O as a center. Divide BD into three equal parts and set 
off BE equal to one of these parts. With A and C as centers and OE
as radius, describe circular arcs KLM and FGH; with G and L as 
centers, and the same radius, describe arcs FCH and KAM.
Through F and G, drawn line FP, and with P as a center, draw the 
arc FBK. Arc HNM is drawn in the same manner.
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Geometrical Constructions

To construct a parabola:

Divide line AB into a number of equal parts and divide BC into 
the same number of parts. From the division points on AB, draw 
horizontal lines. From the division points on BC, draw lines to 
point A. The points of intersection between lines drawn from points 
numbered alike are points on the parabola.

To construct a hyperbola:

From focus F, lay off a distance FD equal to the transverse axis, 
or the distance AB between the two branches of the curve. With F
as a center and any distance FE greater than FB as a radius, 
describe a circular arc. Then with F1 as a center and DE as a radius, 
describe arcs intersecting at C and G the arc just described. C and 
G are points on the hyperbola. Any number of points can be found 
in a similar manner.

To construct an involute:

Divide the circumference of the base circle ABC into a number of 
equal parts. Through the division points 1, 2, 3, etc., draw tangents 
to the circle and make the lengths D-1, E-2, F-3, etc., of these tan-
gents equal to the actual length of the arcs A-1, A-2, A-3, etc.

To construct a helix:

Divide half the circumference of the cylinder, on the surface of 
which the helix is to be described, into a number of equal parts. 
Divide half the lead of the helix into the same number of equal 
parts. From the division points on the circle representing the cylin-
der, draw vertical lines, and from the division points on the lead, 
draw horizontal lines as shown. The intersections between lines 
numbered alike are points on the helix.
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Areas and Volumes

The Prismoidal Formula.—The prismoidal formula is a general formula by which the
volume of any prism, pyramid, or frustum of a pyramid may be found.

A1 =area at one end of the body

A2 =area at the other end

Am =area of middle section between the two end surfaces

h =height of body

Then, volume V of the body is 

Pappus or Guldinus Rules.—By means of these rules the area of any surface of revolu-
tion and the volume of any solid of revolution may be found. The area of the surface swept
out by the revolution of a line ABC (see illustration) about the axis DE equals the length of
the line multiplied by the length of the path of its center of gravity, P. If the line is of such a
shape that it is difficult to determine its center of gravity, then the line may be divided into
a number of short sections, each of which may be considered as a straight line, and the areas
swept out by these different sections, as computed by the rule given, may be added to find
the total area. The line must lie wholly on one side of the axis of revolution and must be in
the same plane.

The volume of a solid body formed by the revolution of a surface FGHJ about axis KL
equals the area of the surface multiplied by the length of the path of its center of gravity.
The surface must lie wholly on one side of the axis of revolution and in the same plane.

Example:By means of these rules, the area and volume of a cylindrical ring or torus may
be found. The torus is formed by a circle AB being rotated about axis CD. The center of
gravity of the circle is at its center. Hence, with the dimensions given in the illustration, the
length of the path of the center of gravity of the circle is 3.1416 × 10 = 31.416 inches. Mul-
tiplying by the length of the circumference of the circle, which is 3.1416 × 3 = 9.4248
inches, gives  which is the area of the torus.

The volume equals the area of the circle, which is 0.7854 × 9 = 7.0686 square inches,
multiplied by the path of the center of gravity, which is 31.416, as before; hence,

V
h

6
--- A1 4Am A2+ +( )=

31.416 9.4248× 296.089 square inches=

Volume 7.0686 31.416× 222.067 cubic inches= =
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Approximate Method for Finding the Area of a Surface of Revolution.—The accom-
panying illustration is shown in order to give an example of the approximate method based
on Guldinus' rule, that can be used for finding the area of a symmetrical body. In the illus-
tration, the dimensions in common fractions are the known dimensions; those in decimals
are found by actual measurements on a figure drawn to scale. 

The method for finding the area is
as follows: First, separate such
areas as are cylindrical, conical, or
spherical, as these can be found by
exact formulas. In the illustration
ABCD is a cylinder, the area of the
surface of which can be easily
found. The top area EF is simply a
circular area, and can thus be com-
puted separately. The remainder of
the surface generated by rotating
line AF about the axis GH is found
by  the  approx imate  me thod
explained in the previous section.
From point A, set off equal dis-
tances on line AF. In the illustra-
tion, each division indicated is 1⁄8
inch long. From the central or mid-
dle point of each of these parts draw a line at right angles to the axis of rotation GH, mea-
sure the length of these lines or diameters (the length of each is given in decimals), add all
these lengths together and multiply the sum by the length of one division set off on line AF

(in this case, 1⁄8 inch), and multiply this product by π to find the approximate area of the sur-
face of revolution.

In setting off divisions 1⁄8 inch long along line AF, the last division does not reach exactly
to point F, but only to a point 0.03 inch below it. The part 0.03 inch high at the top of the cup
can be considered as a cylinder of 1⁄2 inch diameter and 0.03 inch height, the area of the
cylindrical surface of which is easily computed. By adding the various surfaces together,
the total surface of the cup is found as follows:

Area of Plane Surfaces of Irregular Outline.—One of the most useful and accurate
methods for determining the approximate area of a plane figure or irregular outline is
known as Simpson's Rule. In applying Simpson's Rule to find an area the work is done in
four steps:

1) Divide the area into an even number, N, of parallel strips of equal width W; for exam-
ple, in the accompanying diagram, the area has been divided into 8 strips of equal width.

2) Label the sides of the strips V0, V1, V2, etc., up to VN.
3) Measure the heights V0, V1, V2,…, VN of the sides of the strips.
4) Substitute the heights V0, V1, etc., in the following formula to find the area A of the fig-

ure:

Cylinder, 1 5⁄8 inch diameter, 0.41 inch high 2.093 square inches

Circle, 1⁄2 inch diameter 0.196 square inch

Cylinder, 1⁄2 inch diameter, 0.03 inch high 0.047 square inch

Irregular surface 3.868 square inches

Total 6.204 square inches
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Example:The area of the accompanying figure was divided into 8 strips on a full-size
drawing and the following data obtained. Calculate the area using Simpson's Rule.

Substituting the given data in the Simpson’s formula,

In applying Simpson's Rule, it should be noted that the larger the number of strips into
which the area is divided the more accurate the results obtained.

Areas Enclosed by Cycloidal Curves.—The area between a cycloid and the straight line
upon which the generating circle rolls, equals three times the area of the generating circle
(see diagram, page 73). The areas between epicycloidal and hypocycloidal curves and the
“fixed circle” upon which the generating circle is rolled, may be determined by the follow-
ing formulas, in which a = radius of the fixed circle upon which the generating circle rolls;
b = radius of the generating circle; A = the area for the epicycloidal curve; and A1 = the area
for the hypocycloidal curve.

Find the Contents of Cylindrical Tanks at Different Levels.—In conjunction with the
table Segments of Circles for Radius = 1 starting on page 78, the following relations can
give a close approximation of the liquid contents, at any level, in a cylindrical tank.

A long measuring rule calibrated in length units or simply a plain stick can be used for
measuring contents at a particular level. In turn, the rule or stick can be graduated to serve
as a volume gauge for the tank in question. The only requirements are that the cross-section
of the tank is circular; the tank's dimensions are known; the gauge rod is inserted vertically
through the top center of the tank so that it rests on the exact bottom of the tank; and that
consistent metric or English units are used throughout the calculations.

W =1 cm
V0 =0 cm
V1 =1.91  cm
V2 =3.18  cm
V3 =3.81  cm
V4 =4.13  cm
V5 =5.27  cm
V6 =6.35  cm
V7 =4.45 cm
V8 =1.27  cm

A
W

3
----- V0 VN+( ) 4 V1 V3

… VN 1–+ + +( ) 2 V2 V4
… VN 2–+ + +( )+ +[ ]=

A
1
3
--- 0 1.27+( ) 4 1.91 3.81 5.27 4.45+ + +( ) 2 3.18 4.13 6.35+ +( )+ +[ ]=

1
3
--- 1.27 4 15.44( ) 2 13.66( )+ +[ ]= 30.12  cm

2
=

A
3.1416b2 3a 2b+( )

a
-----------------------------------------------= A1

3.1416b2 3a 2b–( )
a

----------------------------------------------=
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K =Cr2L = Tank Constant (remains the same for any given tank) (1) 

VT =πK, for a tank that is completely full (2) 

Vs =KA (3)

V =Vs when tank is less than half full (4) 

V =VT − Vs = VT − KA, when tank is more than half full (5) 

where C = liquid volume conversion factor, the exact value of which depends on the
length and liquid volume units being used during measurement: 0.00433 U.S.
gal/in3; 7.48 U.S. gal/ft3; 0.00360 U.K. gal/in3; 6.23 U.K. gal/ft3; 0.001
liter/cm3; or 1000 liters/m3

VT =total volume of liquid tank can hold

Vs =volume formed by segment of circle having depth = x in given tank (see dia-
gram)

V =volume of liquid at particular level in tank

d =diameter of tank; L = length of tank; r = radius of tank ( = 1⁄2 diameter)

A =segment area of a corresponding unit circle taken from the table starting on
page 78

y =actual depth of contents in tank as shown on a gauge rod or stick

x =depth of the segment of a circle to be considered in given tank. As can be seen
in above diagram, x is the actual depth of contents (y) when the tank is less than
half full, and is the depth of the void (d − y) above the contents when the tank is
more than half full. From pages 78 and  81 it can also be seen that h, the height
of a segment of a corresponding unit circle, is x/r

Example:A tank is 20 feet long and 6 feet in diameter. Convert a long inch-stick into a
gauge that is graduated at 1000 and 3000 U.S. gallons.

From Formula (1): K = 0.00433(36)2(240) = 1346.80

From Formula (2): VT = 3.1416 × 1347 = 4231.1 US gal.

The 72-inch mark from the bottom on the inch-stick can be graduated for the rounded full
volume “4230”; and the halfway point 36″ for 4230 ⁄2 or “2115.” It can be seen that the
1000-gal mark would be below the halfway mark. From Formulas (3) and (4):

from the table starting on page 78, h can be interpolated as

0.5724; and x = y = 36 × 0.5724 = 20.61. If the desired level of accuracy permits,
interpolation can be omitted by choosing h directly from the table on page 78 for the value
of A nearest that calculated above.

Therefore, the 1000-gal mark is graduated 205⁄8″ from bottom of rod.

It can be seen that the 3000 mark would be above the halfway mark. Therefore, the circu-
lar segment considered is the cross-section of the void space at the top of the tank. From
Formulas (3) and (5):

Therefore, the 3000-gal mark is 72.00 − 23.93 = 48.07, or at the 48 1⁄16″ mark from the
bottom.

L 20 12× 240in.= = r 6⁄2 12× 36in.= =

A1000
1000
1347
------------ 0.7424= =

A3000
4230 3000–

1347
------------------------------ 0.9131 h; 0.6648 x; 36 0.6648× 23.93″= = = = =
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Areas and Dimensions of Plane Figures

In the following tables are given formulas for the areas of plane figures, together with
other formulas relating to their dimensions and properties; the surfaces of solids; and the
volumes of solids. The notation used in the formulas is, as far as possible, given in the illus-
tration accompanying them; where this has not been possible, it is given at the beginning of
each set of formulas.

Examples are given with each entry, some in English and some in metric units, showing
the use of the preceding formula.

Square:

Rectangle:

Parallelogram:

Example: Assume that the side s of a square is 15 inches. Find the area and the length of the diagonal.

Example: The area of a square is 625 cm2. Find the length of the side s and the diagonal d.

Example: The side a of a rectangle is 12 centimeters, and the area 70.5 square centimeters. Find the 
length of the side b, and the diagonal d.

Example: The sides of a rectangle are 30.5 and 11 centimeters long. Find the area.

Note: The dimension a is measured at right angles to line b.

Example: The base b of a parallelogram is 16 feet. The height a is 5.5 feet. Find the area.

Example: The area of a parallelogram is 12 square inches. The height is 1.5 inches. Find the length of 
the base b.

Area A s2 1⁄2d2= = =

s 0.7071d A= =

d 1.414s 1.414 A= =

Area A s2 152 225  square inches= = = =

Diagonal d 1.414s 1.414 15× 21.21  inches= = = =

s A 625 25  cm= = =

d 1.414 A 1.414 25× 35.35  cm= = =

Area A ab a d
2

a
2– b d

2
b

2–= = = =

d a2 b2+=

a d2 b2– A b÷= =

b d2 a2– A a÷= =

b A a÷ 70.5 12÷ 5.875  centimeters= = =

d a2 b2+ 122 5.8752+ 178.516 13.361  centimeters= = = =

Area A a b× 30.5 11× 335.5  square centimeters= = = =

Area A ab= =

a A b÷=

b A a÷=

Area A a b× 5.5 16× 88  square feet= = = =

b A a÷ 12 1.5÷ 8  inches= = =
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Right-Angled Triangle: 

Acute-Angled Triangle: 

Obtuse-Angled Triangle: 

Trapezoid:

Example: The sides a and b in a right-angled triangle are 6 and 8 inches. Find side c and the area A:

Example: If c = 10 and a = 6 had been known, but not b, the latter would have been found as follows:

Example: If a = 10, b = 9, and c = 8 centimeters, what is the area of the triangle?

Example: The side a = 5, side b = 4, and side c = 8 inches. Find the area.

Note: In Britain, this figure is called a trapezium and the one 
below it is known as a trapezoid, the terms being reversed.

Example: Side a = 23 meters, side b = 32 meters, and height h = 
12 meters. Find the area.

Area A
ab

2
------= =

c a2 b2+=

a c2 b2–=

b c2 a2–=

c a2 b2+ 62 82+ 36 64+ 100 10  inches= = = = =

A
a b×

2
------------ 6 8×

2
------------ 48

2
------ 24  square inches= = = =

b c2 a2– 102 62– 100 36– 64 8  inches= = = = =

Area A
bh

2
------

b

2
--- a

2 a2 b2 c2–+
2b

----------------------------
 
 

2
–= = =

If S 1⁄2 a b c+ +( ),  then=

A S S a–( ) S b–( ) S c–( )=

A
b

2
--- a2 a2 b2 c2–+

2b
----------------------------
 
 

2
–

9
2
--- 102 102 92 82–+

2 9×
--------------------------------
 
 

2
– 4.5 100

117
18

---------
 
 

2
–= = =

4.5 100 42.25– 4.5 57.75 4.5 7.60× 34.20  square centimeters= = ==

Area A
bh

2
------

b

2
--- a2 c2 a2– b2–

2b
----------------------------
 
 

2
–= = =

If  S 1⁄2 a b c+ +( ) ,  then=

A S S a–( ) S b–( ) S c–( )=

S 1⁄2 a b c+ +( ) 1⁄2 5 4 8+ +( ) 1⁄2 17× 8.5= = = =

A S S a–( ) S b–( ) S c–( ) 8.5 8.5 5–( ) 8.5 4–( ) 8.5 8–( )= =

8.5 3.5× 4.5 0.5×× 66.937 8.18  square inches= ==

Area A
a b+( )h

2
--------------------= =

A
a b+( )h

2
-------------------- 23 32+( )12

2
----------------------------- 55 12×

2
------------------ 330  square meters= = = =
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Trapezium:

Regular Hexagon: 

Regular Octagon: 

Regular Polygon: 

A trapezium can also be divided into two triangles as indicated 
by the dashed line. The area of each of these triangles is computed, 
and the results added to find the area of the trapezium.

Example: Let a = 10, b = 2, c = 3, h = 8, and H = 12 inches. Find the area.

A =2.598s2 = 2.598R2 = 3.464r2

R = s = radius of circumscribed circle = 1.155r

r =radius of inscribed circle = 0.866s = 0.866R

s =R = 1.155r

Example: The side s of a regular hexagon is 40 millimeters. Find 
the area and the radius r of the inscribed circle.

Example: What is the length of the side of a hexagon that is drawn around a circle of 50 millimeters 
radius? — Here r = 50. Hence, 

A =area = 4.828s2 = 2.828R2 = 3.3 14r2

R =radius of circumscribed circle = 1.307s = 1.082r

r =radius of inscribed circle = 1.207s = 0.924R

s =0.765R = 0.828r

Example: Find the area and the length of the side of an octagon 
that is inscribed in a circle of 12 inches diameter.

Diameter of circumscribed circle = 12 inches; hence, R = 6 
inches.

Example: Find the area of a polygon having 12 sides, inscribed in a circle of 8 centimeters radius. The 
length of the side s is 4.141 centimeters.

Area A
H h+( )a bh cH+ +

2
------------------------------------------------= =

A
H h+( )a bh cH+ +

2
------------------------------------------------ 12 8+( )10 2 8 3 12×+×+

2
-------------------------------------------------------------------= =

20 10 16 36+ +×
2

------------------------------------------- 252
2

--------- 126  square inches= ==

A 2.598s2 2.598 402× 2.598 1600× 4156.8  square millimeters= = = =

r 0.866s 0.866 40× 34.64  millimeters= = =

s 1.155r 1.155 50× 57.75  millimeters= = =

A 2.828R2 2.828 62× 2.828 36× 101.81  square inches= = = =

s 0.765R 0.765 6× 4.590  inches= = =

A area= n number of sides=

α 360° n÷= β 180° α–=

A
nsr

2
--------

ns

2
----- R2 s2

4
----–= =

R r2 s2

4
----+= r R2 s2

4
----–= s 2 R2 r2–=

A
ns

2
----- R2 s2

4
----–

12 4.141×
2

------------------------- 82 4.1412

4
----------------– 24.846 59.713= = =

24.846 7.727× 191.98  square centimeters==
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Circle:

Circular Sector: 

Circular Segment: 

Cycloid:

Length of arc for center angle of 1° = 0.008727d

Length of arc for center angle of n° = 0.008727nd

Example: Find the area A and circumference C of a circle with a diameter of 23⁄4 inches.

Example: The area of a circle is 16.8 square inches. Find its diameter.

Example: The radius of a circle is 35 millimeters, and angle α of a sector of the circle is 60 degrees. 
Find the area of the sector and the length of arc l.

See also, Circular Segments starting on page 77.

Example: The radius r is 60 inches and the height h is 8 inches. Find the length of the chord c.

Example: If c = 16, and h = 6 inches, what is the radius of the circle of which the segment is a part?

See also, Areas Enclosed by Cycloidal Curves on page 68.

Example: The diameter of the generating circle of a cycloid is 6 inches. Find the length l of the cycloi-
dal curve, and the area enclosed between the curve and the base line.

Area A πr2 3.1416r2 0.7854d2= = = =

Circumference C 2πr 6.2832r 3.1416d= = = =

r C 6.2832÷ A 3.1416÷ 0.564 A= = =

d C 3.1416÷ A 0.7854÷ 1.128 A= = =

A 0.7854d2 0.7854 2.752× 0.7854 2.75× 2.75× 5.9396  square inches= = = =

C 3.1416d 3.1416 2.75× 8.6394  inches= = =

d 1.128 A 1.128 16.8 1.128 4.099× 4.624 inches= = = =

Length of arc l
r α× 3.1416×

180
----------------------------------- 0.01745rα 2A

r
-------= = = =

Area A 1⁄2rl 0.008727αr2= = =

Angle, in degrees α 57.296 l
r

--------------------= = r
2A

l
------- 57.296 l

α
--------------------= =

A 0.008727αr2 0.008727 60× 352× 641.41mm2 6.41cm2= = = =

l 0.01745rα 0.01745 35× 60× 36.645 millimeters= = =

A area= l length of arc= α angle, in degrees=

c 2 h 2r h–( )= A 1⁄2 rl c r h–( )–[ ]=

r
c2 4h2+

8h
--------------------= l 0.01745rα=

h r 1⁄2 4r2 c2–– r 1 α 2⁄( )cos–[ ]= = α 57.296 l
r

--------------------=

c 2 h 2r h–( ) 2 8 2 60 8–×( )× 2 896 2 29.93× 59.86 inches= = = = =

r
c2 4h2+

8h
-------------------- 162 4 62×+

8 6×
----------------------------- 256 144+

48
------------------------ 400

48
--------- 81⁄3  inches= = = = =

Area A 3πr2 9.4248r2 2.3562d2= = = =

3 area of generating circle×=

Length of cycloid l 8r 4d= = =

l 4d 4 6× 24 inches= = = A 2.3562d2 2.3562 62× 84.82 square inches= = =
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Circular Ring: 

Circular Ring Sector: 

Spandrel or Fillet: 

Parabola:

Example: Let the outside diameter D = 12 centimeters and the inside diameter d = 8 centimeters. Find 
the area of the ring.

By the alternative formula:

Example: Find the area, if the outside radius R = 5 inches, the inside radius r = 2 inches, and α = 72 
degrees.

Example: Find the area of a spandrel, the radius of which is 0.7 inch.

Example: If chord c were given as 2.2 inches, what would be the area?

(The area is equal to two-thirds of a rectangle which has x for its 
base and y for its height.)

Example: Let x in the illustration be 15 centimeters, and y, 9 cen-
timeters. Find the area of the shaded portion of the parabola.

Area A π R2 r2–( ) 3.1416 R2 r2–( )= = =

3.1416 R r+( ) R r–( )=

0.7854 D2 d2–( ) 0.7854 D d+( ) D d–( )==

A 0.7854 D2 d2–( ) 0.7854 122 82–( ) 0.7854 144 64–( ) 0.7854 80×= = = =

62.83 square centimeters=

A 0.7854 D d+( ) D d–( ) 0.7854 12 8+( ) 12 8–( ) 0.7854 20× 4×= = =

62.83 square centimeters=

A area= α angle, in degrees=

A
απ
360
--------- R2 r2–( ) 0.00873α R2 r2–( )= =

απ
4 360×
------------------ D2 d2–( ) 0.00218α D2 d2–( )==

A 0.00873α R2 r2–( ) 0.00873 72 52 22–( )×= =

0.6286 25 4–( ) 0.6286 21× 13.2 square inches= ==

Area A r2 πr2

4
--------– 0.215r2 0.1075c2= = = =

A 0.215r2 0.215 0.72× 0.105 square inch= = =

A 0.1075c2 0.1075 2.22× 0.520 square inch= = =

Area A 2⁄3xy= =

A 2⁄3 xy× 2⁄3 15× 9× 10 9× 90 square centimeters= = = =
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Parabola:

Segment of Parabola: 

Hyperbola:

Ellipse:

When x is small in proportion to y, the following is a close 
approximation:

Example: If x = 2 and y = 24 feet, what is the approximate length l of the parabolic curve?

If FG is the height of the segment, measured at right angles to 
BC, then: 

Example: The length of the chord BC = 19.5 inches. The distance between lines BC and DE, mea-
sured at right angles to BC, is 2.25 inches. This is the height of the segment. Find the area.

Example: The half-axes a and b are 3 and 2 inches, respectively. 
Find the area shown shaded in the illustration for x = 8 and y = 5.

Inserting the known values in the formula:

An approximate formula for the perimeter is 

A closer approximation is 

Example: The larger or major axis is 200 millimeters. The smaller or minor axis is 150 millimeters. 
Find the area and the approximate circumference. Here, then, a = 100, and b = 75.

l length of arc
p

2
--- 2x

p
------ 1 2x

p
------+

 
  2x

p
------ 1 2x

p
------++

 
 ln+= =

l y 1
2
3
--- x

y
--
 
 

2 2
5
--- x

y
--
 
 

4
–+ ,= or l y2 4

3
---x2+=

l y 1
2
3
--- x

y
--
 
 

2 2
5
--- x

y
--
 
 

4
–+ 24 1

2
3
--- 2

24
------
 
 

2 2
5
--- 2

24
------
 
 

4
–+= =

24 1
2
3
--- 1

144
---------

2
5
--- 1

20,736
----------------×–×+ 24 1.0046× 24.11 feet= ==

Area BFC A 2⁄3 area of parallelogram BCDE= =

Area of segment BFC 2⁄3BC FG×=

Area A 2⁄3BC FG× 2⁄3 19.5× 2.25× 29.25 square inches= = = =

Area BCD A
xy

2
-----

ab

2
------ x

a
--- y

b
---+

 
 ln–= =

A
8 5×

2
------------

3 2×
2

------------ 8
3
--- 5

2
---+

 
 ln×– 20 3 5.167ln×–= =

20 3 1.6423×– 20 4.927– 15.073 square inches= ==

Area A πab 3.1416ab= = =

Perimeter P 3.1416 2 a2 b2+( )= =

P 3.1416 2 a2 b2+( ) a b–( )2

2.2
-------------------–=

A 3.1416ab 3.1416 100× 75× 23,562 square millimeters 235.62 square centimeters= = = =

P 3.1416 2 a2 b2+( ) 3.1416 2 1002 752+( ) 3.1416 2 15,625×= = =

3.1416 31,250 3.1416 176.78× 555.37 millimeters= == 55.537 centimeters( )=
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Formulas and Table for Regular Polygons.—The following formulas and table can be
used to calculate the area, length of side, and radii of the inscribed and circumscribed cir-
cles of regular polygons (equal sided).

where N = number of sides; S = length of side; R = radius of circumscribed circle; r =

radius of inscribed circle; A = area of polygon; ανδ, α = 180° ÷ N = one-half center angle
of one side. See also Regular Polygon on page 72.

Area, Length of Side, and Inscribed and Circumscribed Radii of Regular Polygons

Example 1:A regular hexagon is inscribed in a circle of 6 inches diameter. Find the area
and the radius of an inscribed circle. Here R = 3. From the table, area A = 2.5981R2 = 2.5981
× 9 = 23.3829 square inches. Radius of inscribed circle, r = 0.866R = 0.866 × 3 = 2.598
inches.

Example 2:An octagon is inscribed in a circle of 100 millimeters diameter. Thus R = 50.
Find the area and radius of an inscribed circle. A = 2.8284R2 = 2.8284 × 2500 = 7071 mm2

= 70.7 cm2. Radius of inscribed circle, r = 0.9239R = 09239 × 50 = 46.195 mm.

Example 3:Thirty-two bolts are to be equally spaced on the periphery of a bolt-circle, 16
inches in diameter. Find the chordal distance between the bolts. Chordal distance equals
the side S of a polygon with 32 sides. R = 8. Hence, S = 0.196R = 0.196 × 8 = 1.568 inch.

Example 4:Sixteen bolts are to be equally spaced on the periphery of a bolt-circle, 250
millimeters diameter. Find the chordal distance between the bolts. Chordal distance equals
the side S of a polygon with 16 sides. R = 125. Thus, S = 0.3902R = 0.3902 × 125 = 48.775
millimeters.

No.
of

Sides

3 0.4330 1.2990 5.1962 0.5774 2.0000 1.7321 3.4641 0.5000 0.2887 
4 1.0000 2.0000 4.0000 0.7071 1.4142 1.4142 2.0000 0.7071 0.5000 
5 1.7205 2.3776 3.6327 0.8507 1.2361 1.1756 1.4531 0.8090 0.6882 
6 2.5981 2.5981 3.4641 1.0000 1.1547 1.0000 1.1547 0.8660 0.8660 
7 3.6339 2.7364 3.3710 1.1524 1.1099 0.8678 0.9631 0.9010 1.0383 
8 4.8284 2.8284 3.3137 1.3066 1.0824 0.7654 0.8284 0.9239 1.2071 
9 6.1818 2.8925 3.2757 1.4619 1.0642 0.6840 0.7279 0.9397 1.3737 

10 7.6942 2.9389 3.2492 1.6180 1.0515 0.6180 0.6498 0.9511 1.5388 
12 11.196 3.0000 3.2154 1.9319 1.0353 0.5176 0.5359 0.9659 1.8660 
16 20.109 3.0615 3.1826 2.5629 1.0196 0.3902 0.3978 0.9808 2.5137 
20 31.569 3.0902 3.1677 3.1962 1.0125 0.3129 0.3168 0.9877 3.1569 
24 45.575 3.1058 3.1597 3.8306 1.0086 0.2611 0.2633 0.9914 3.7979 
32 81.225 3.1214 3.1517 5.1011 1.0048 0.1960 0.1970 0.9952 5.0766 
48 183.08 3.1326 3.1461 7.6449 1.0021 0.1308 0.1311 0.9979 7.6285 
64 325.69 3.1365 3.1441 10.190 1.0012 0.0981 0.0983 0.9988 10.178 

A NS2 αcot 4÷ NR2 α αcossin Nr2 αtan= = =

r R αcos S αcot( ) 2÷ A αcot×( ) N÷= = =

R S 2 αsin( )÷ r αcos÷ A N αsin αcos( )÷= = =

S 2R αsin 2r αtan 2 A αtan×( ) N÷= = =

A

S2
----- A

R2
------ A

r2
---- R

S
--- R

r
--- S

R
--- S

r
--- r

R
--- r

S
---
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Circular Segments.—The table that follows gives the principle formulas for dimensions
of circular segments. The dimensions are illustrated in the figures on pages 73 and  78.
When two of the dimensions found together in the first column are known, the other
dimensions are found by using the formulas in the corresponding row. For example, if
radius r and chord c are known, solve for angle α using Equation (13), then use Equations
(14) and  (15) to solve for h and l, respectively. In these formulas, the value of α is in
degrees between 0 and 180°.

Angle α is in degrees, 0 < α < 180
Formulas for Circular Segments contributed by Manfred Brueckner

Formulas for Circular Segments 

Given Formulas

α, r (1) (2) (3)

α, c
(4)

(5)
(6)

α, h
(7) (8) (9)

α, l (10)
(11) (12)

r, c (13) (14) (15)

r, h (16) (17) (18)

r, l (19) (20) (21)

c, h (22) (23) (24)

Given Formula To Find Given Formula To Find

c, l

(25)

Solve Equation (25) for α by iterationa,
then

r =Equation (10)
h =Equation (5)

a Equations (25) and  (26) can not be easily solved by ordinary means. To solve these equations, test
various values of α until the left side of the equation equals the right side. For example, if given c = 4
and l = 5, the left side of Equation (25) equals 143.24, and by testing various values of α it will be found
that the right side equals 143.24 when α = 129.62°.

h, l

(26)

Solve Equation (26) for α by iterationa,
then

r =Equation (10)
c =Equation (11)

c 2r
α
2
---sin= h r 1 α

2
---cos– 

 = l
πrα
180
----------=

r
c

2 α
2
---sin

---------------=
h

c

2
--- α

4
---tan–=

l
πcα

360 α
2
---sin

---------------------=

r
h

1 α
2
---cos–

----------------------= c
2h

α
4
---tan

------------= l
πhα

180 1 α
2
---cos–

 
 

-------------------------------------=

r
180
π

--------- l

α
---=

c

360l
α
2
---sin

πα
-----------------------= h

180l 1 α
2
---cos– 

 

πα
---------------------------------------=

α 1 c
2

2r
2

--------–
 
 
 

acos= h r
4r

2
c

2–
2

-----------------------–= l
π
90
------r

c

2r
-----
 
 asin=

α 2 1 h

r
---–

 
 acos= c 2 h 2r h–( )= l

π
90
------r 1 h

r
---– 

 acos=

α 180
π

--------- l

r
--= c 2r

90l

πR
--------sin= h r 1 90l

πr
--------cos– 

 =

α 4 2h

c
------atan= r

c
2

4h
2

+
8h

--------------------= l π c2 4h2+
360h

--------------------
 
  2h

c
------atan=

360
π

--------- l

c
-- α

α
2
---sin

------------=
180
π

--------- l

h
--- α

1 α
2
---cos–

----------------------=
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Segments of Circles for Radius = 1.—Formulas for segments of circles are given on
pages 73 and 77. When the central angle α and radius r are known, the following table can
be used to find the length of arc l, height of segment h, chord length c, and segment area A.

Column A⁄π is the ratio of segment area A to the area of a circle with radius r = 1, in percent.

When angle α and radius r are not known, but segment
height h and chord length c are known, ratio h/c can be
used to find α, l, and A by linear interpolation. Radius r
is found by the formula on page 73 or  77. The value of l
is then multiplied by the radius r and the area A by r2.

Angle α can be found thus with an accuracy of about
0.001 degree; arc length l with an error of about 0.02 per
cent; and area A with an error ranging from about 0.02
per cent for the highest entry value of h/c to about 1 per cent for values of h/c of about
0.050. For lower values of h/c, and where greater accuracy is required, area A should be
found by the formula on page 73.

Example:A 3-foot diameter cylindrical tank, mounted horizontally, contains fuel. What
is the fuel depth, in inches, when the tank is 20% full? Locate 20% in table column A/π%.
The depth equals h multiplied by the radius:  h × r = 0.50758 × 1.5 × 12 = 9.14 inches 

 Segments of Circles for Radius = 1 (English or metric units)

α,
Deg. l h c Area A

A⁄π
% h/c

α,
Deg. l h c Area A

A⁄π
% h/c

1 0.01745 0.00004 0.01745 0.0000 0.0 0.00218 41 0.71558 0.06333 0.70041 0.0298 0.9 0.09041
2 0.03491 0.00015 0.03490 0.0000 0.0 0.00436 42 0.73304 0.06642 0.71674 0.0320 1.0 0.09267
3 0.05236 0.00034 0.05235 0.0000 0.0 0.00655 43 0.75049 0.06958 0.73300 0.0342 1.1 0.09493
4 0.06981 0.00061 0.06980 0.0000 0.0 0.00873 44 0.76794 0.07282 0.74921 0.0366 1.2 0.09719
5 0.08727 0.00095 0.08724 0.0001 0.0 0.01091 45 0.78540 0.07612 0.76537 0.0391 1.2 0.09946
6 0.10472 0.00137 0.10467 0.0001 0.0 0.01309 46 0.80285 0.07950 0.78146 0.0418 1.3 0.10173
7 0.12217 0.00187 0.12210 0.0002 0.0 0.01528 47 0.82030 0.08294 0.79750 0.0445 1.4 0.10400
8 0.13963 0.00244 0.13951 0.0002 0.0 0.01746 48 0.83776 0.08645 0.81347 0.0473 1.5 0.10628
9 0.15708 0.00308 0.15692 0.0003 0.0 0.01965 49 0.85521 0.09004 0.82939 0.0503 1.6 0.10856

10 0.17453 0.00381 0.17431 0.0004 0.0 0.02183 50 0.87266 0.09369 0.84524 0.0533 1.7 0.11085
11 0.19199 0.00460 0.19169 0.0006 0.0 0.02402 51 0.89012 0.09741 0.86102 0.0565 1.8 0.11314
12 0.20944 0.00548 0.20906 0.0008 0.0 0.02620 52 0.90757 0.10121 0.87674 0.0598 1.9 0.11543
13 0.22689 0.00643 0.22641 0.0010 0.0 0.02839 53 0.92502 0.10507 0.89240 0.0632 2.0 0.11773
14 0.24435 0.00745 0.24374 0.0012 0.0 0.03058 54 0.94248 0.10899 0.90798 0.0667 2.1 0.12004
15 0.26180 0.00856 0.26105 0.0015 0.0 0.03277 55 0.95993 0.11299 0.92350 0.0704 2.2 0.12235
16 0.27925 0.00973 0.27835 0.0018 0.1 0.03496 56 0.97738 0.11705 0.93894 0.0742 2.4 0.12466
17 0.29671 0.01098 0.29562 0.0022 0.1 0.03716 57 0.99484 0.12118 0.95432 0.0781 2.5 0.12698
18 0.31416 0.01231 0.31287 0.0026 0.1 0.03935 58 1.01229 0.12538 0.96962 0.0821 2.6 0.12931
19 0.33161 0.01371 0.33010 0.0030 0.1 0.04155 59 1.02974 0.12964 0.98485 0.0863 2.7 0.13164
20 0.34907 0.01519 0.34730 0.0035 0.1 0.04374 60 1.04720 0.13397 1.00000 0.0906 2.9 0.13397
21 0.36652 0.01675 0.36447 0.0041 0.1 0.04594 61 1.06465 0.13837 1.01508 0.0950 3.0 0.13632
22 0.38397 0.01837 0.38162 0.0047 0.1 0.04814 62 1.08210 0.14283 1.03008 0.0996 3.2 0.13866
23 0.40143 0.02008 0.39874 0.0053 0.2 0.05035 63 1.09956 0.14736 1.04500 0.1043 3.3 0.14101
24 0.41888 0.02185 0.41582 0.0061 0.2 0.05255 64 1.11701 0.15195 1.05984 0.1091 3.5 0.14337
25 0.43633 0.02370 0.43288 0.0069 0.2 0.05476 65 1.13446 0.15661 1.07460 0.1141 3.6 0.14574
26 0.45379 0.02563 0.44990 0.0077 0.2 0.05697 66 1.15192 0.16133 1.08928 0.1192 3.8 0.14811
27 0.47124 0.02763 0.46689 0.0086 0.3 0.05918 67 1.16937 0.16611 1.10387 0.1244 4.0 0.15048
28 0.48869 0.02970 0.48384 0.0096 0.3 0.06139 68 1.18682 0.17096 1.11839 0.1298 4.1 0.15287
29 0.50615 0.03185 0.50076 0.0107 0.3 0.06361 69 1.20428 0.17587 1.13281 0.1353 4.3 0.15525
30 0.52360 0.03407 0.51764 0.0118 0.4 0.06583 70 1.22173 0.18085 1.14715 0.1410 4.5 0.15765
31 0.54105 0.03637 0.53448 0.0130 0.4 0.06805 71 1.23918 0.18588 1.16141 0.1468 4.7 0.16005
32 0.55851 0.03874 0.55127 0.0143 0.5 0.07027 72 1.25664 0.19098 1.17557 0.1528 4.9 0.16246
33 0.57596 0.04118 0.56803 0.0157 0.5 0.07250 73 1.27409 0.19614 1.18965 0.1589 5.1 0.16488
34 0.59341 0.04370 0.58474 0.0171 0.5 0.07473 74 1.29154 0.20136 1.20363 0.1651 5.3 0.16730
35 0.61087 0.04628 0.60141 0.0186 0.6 0.07696 75 1.30900 0.20665 1.21752 0.1715 5.5 0.16973
36 0.62832 0.04894 0.61803 0.0203 0.6 0.07919 76 1.32645 0.21199 1.23132 0.1781 5.7 0.17216
37 0.64577 0.05168 0.63461 0.0220 0.7 0.08143 77 1.34390 0.21739 1.24503 0.1848 5.9 0.17461
38 0.66323 0.05448 0.65114 0.0238 0.8 0.08367 78 1.36136 0.22285 1.25864 0.1916 6.1 0.17706
39 0.68068 0.05736 0.66761 0.0257 0.8 0.08592 79 1.37881 0.22838 1.27216 0.1986 6.3 0.17952
40 0.69813 0.06031 0.68404 0.0277 0.9 0.08816 80 1.39626 0.23396 1.28558 0.2057 6.5 0.18199

r

c

�

l

h
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81 1.41372 0.23959 1.29890 0.2130 6.8 0.18446 131 2.28638 0.58531 1.81992 0.7658 24.4 0.32161

82 1.43117 0.24529 1.31212 0.2205 7.0 0.18694 132 2.30383 0.59326 1.82709 0.7803 24.8 0.32470

83 1.44862 0.25104 1.32524 0.2280 7.3 0.18943 133 2.32129 0.60125 1.83412 0.7950 25.3 0.32781

84 1.46608 0.25686 1.33826 0.2358 7.5 0.19193 134 2.33874 0.60927 1.84101 0.8097 25.8 0.33094

85 1.48353 0.26272 1.35118 0.2437 7.8 0.19444 135 2.35619 0.61732 1.84776 0.8245 26.2 0.33409

86 1.50098 0.26865 1.36400 0.2517 8.0 0.19696 136 2.37365 0.62539 1.85437 0.8395 26.7 0.33725

87 1.51844 0.27463 1.37671 0.2599 8.3 0.19948 137 2.39110 0.63350 1.86084 0.8546 27.2 0.34044

88 1.53589 0.28066 1.38932 0.2682 8.5 0.20201 138 2.40855 0.64163 1.86716 0.8697 27.7 0.34364

89 1.55334 0.28675 1.40182 0.2767 8.8 0.20456 139 2.42601 0.64979 1.87334 0.8850 28.2 0.34686

90 1.57080 0.29289 1.41421 0.2854 9.1 0.20711 140 2.44346 0.65798 1.87939 0.9003 28.7 0.35010

91 1.58825 0.29909 1.42650 0.2942 9.4 0.20967 141 2.46091 0.66619 1.88528 0.9158 29.2 0.35337

92 1.60570 0.30534 1.43868 0.3032 9.7 0.21224 142 2.47837 0.67443 1.89104 0.9314 29.6 0.35665

93 1.62316 0.31165 1.45075 0.3123 9.9 0.21482 143 2.49582 0.68270 1.89665 0.9470 30.1 0.35995

94 1.64061 0.31800 1.46271 0.3215 10.2 0.21741 144 2.51327 0.69098 1.90211 0.9627 30.6 0.36327

95 1.65806 0.32441 1.47455 0.3309 10.5 0.22001 145 2.53073 0.69929 1.90743 0.9786 31.1 0.36662

96 1.67552 0.33087 1.48629 0.3405 10.8 0.22261 146 2.54818 0.70763 1.91261 0.9945 31.7 0.36998

97 1.69297 0.33738 1.49791 0.3502 11.1 0.22523 147 2.56563 0.71598 1.91764 1.0105 32.2 0.37337

98 1.71042 0.34394 1.50942 0.3601 11.5 0.22786 148 2.58309 0.72436 1.92252 1.0266 32.7 0.37678

99 1.72788 0.35055 1.52081 0.3701 11.8 0.23050 149 2.60054 0.73276 1.92726 1.0428 33.2 0.38021

100 1.74533 0.35721 1.53209 0.3803 12.1 0.23315 150 2.61799 0.74118 1.93185 1.0590 33.7 0.38366

101 1.76278 0.36392 1.54325 0.3906 12.4 0.23582 151 2.63545 0.74962 1.93630 1.0753 34.2 0.38714

102 1.78024 0.37068 1.55429 0.4010 12.8 0.23849 152 2.65290 0.75808 1.94059 1.0917 34.7 0.39064

103 1.79769 0.37749 1.56522 0.4117 13.1 0.24117 153 2.67035 0.76655 1.94474 1.1082 35.3 0.39417

104 1.81514 0.38434 1.57602 0.4224 13.4 0.24387 154 2.68781 0.77505 1.94874 1.1247 35.8 0.39772

105 1.83260 0.39124 1.58671 0.4333 13.8 0.24657 155 2.70526 0.78356 1.95259 1.1413 36.3 0.40129

106 1.85005 0.39818 1.59727 0.4444 14.1 0.24929 156 2.72271 0.79209 1.95630 1.1580 36.9 0.40489

107 1.86750 0.40518 1.60771 0.4556 14.5 0.25202 157 2.74017 0.80063 1.95985 1.1747 37.4 0.40852

108 1.88496 0.41221 1.61803 0.4669 14.9 0.25476 158 2.75762 0.80919 1.96325 1.1915 37.9 0.41217

109 1.90241 0.41930 1.62823 0.4784 15.2 0.25752 159 2.77507 0.81776 1.96651 1.2084 38.5 0.41585

110 1.91986 0.42642 1.63830 0.4901 15.6 0.26028 160 2.79253 0.82635 1.96962 1.2253 39.0 0.41955

111 1.93732 0.43359 1.64825 0.5019 16.0 0.26306 161 2.80998 0.83495 1.97257 1.2422 39.5 0.42328

112 1.95477 0.44081 1.65808 0.5138 16.4 0.26585 162 2.82743 0.84357 1.97538 1.2592 40.1 0.42704

113 1.97222 0.44806 1.66777 0.5259 16.7 0.26866 163 2.84489 0.85219 1.97803 1.2763 40.6 0.43083

114 1.98968 0.45536 1.67734 0.5381 17.1 0.27148 164 2.86234 0.86083 1.98054 1.2934 41.2 0.43464

115 2.00713 0.46270 1.68678 0.5504 17.5 0.27431 165 2.87979 0.86947 1.98289 1.3105 41.7 0.43849

116 2.02458 0.47008 1.69610 0.5629 17.9 0.27715 166 2.89725 0.87813 1.98509 1.3277 42.3 0.44236

117 2.04204 0.47750 1.70528 0.5755 18.3 0.28001 167 2.91470 0.88680 1.98714 1.3449 42.8 0.44627

118 2.05949 0.48496 1.71433 0.5883 18.7 0.28289 168 2.93215 0.89547 1.98904 1.3621 43.4 0.45020

119 2.07694 0.49246 1.72326 0.6012 19.1 0.28577 169 2.94961 0.90415 1.99079 1.3794 43.9 0.45417

120 2.09440 0.50000 1.73205 0.6142 19.6 0.28868 170 2.96706 0.91284 1.99239 1.3967 44.5 0.45817

121 2.11185 0.50758 1.74071 0.6273 20.0 0.29159 171 2.98451 0.92154 1.99383 1.4140 45.0 0.46220

122 2.12930 0.51519 1.74924 0.6406 20.4 0.29452 172 3.00197 0.93024 1.99513 1.4314 45.6 0.46626

123 2.14675 0.52284 1.75763 0.6540 20.8 0.29747 173 3.01942 0.93895 1.99627 1.4488 46.1 0.47035

124 2.16421 0.53053 1.76590 0.6676 21.3 0.30043 174 3.03687 0.94766 1.99726 1.4662 46.7 0.47448

125 2.18166 0.53825 1.77402 0.6813 21.7 0.30341 175 3.05433 0.95638 1.99810 1.4836 47.2 0.47865

126 2.19911 0.54601 1.78201 0.6950 22.1 0.30640 176 3.07178 0.96510 1.99878 1.5010 47.8 0.48284

127 2.21657 0.55380 1.78987 0.7090 22.6 0.30941 177 3.08923 0.97382 1.99931 1.5184 48.3 0.48708

128 2.23402 0.56163 1.79759 0.7230 23.0 0.31243 178 3.10669 0.98255 1.99970 1.5359 48.9 0.49135

129 2.25147 0.56949 1.80517 0.7372 23.5 0.31548 179 3.12414 0.99127 1.99992 1.5533 49.4 0.49566

130 2.26893 0.57738 1.81262 0.7514 23.9 0.31854 180 3.14159 1.00000 2.00000 1.5708 50.0 0.50000

 Segments of Circles for Radius = 1 (English or metric units) (Continued)

α,
Deg. l h c Area A

A⁄π
% h/c

α,
Deg. l h c Area A

A⁄π
% h/c
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Diameters of Circles and Sides of Squares of Equal Area (English or metric units)

The table below will be found useful for determining the diameter of a 
circle of an area equal to that of a square, the side of which is known, or 
for determining the side of a square which has an area equal to that of a 
circle, the area or diameter of which is known. For example, if the diam-
eter of a circle is 171⁄2 inches, it is found from the table that the side of a 
square of the same area is 15.51 inches.

Dia. of
Circle, D

Side of 
Square, S

Area of Circle 
or Square

Dia. of 
Circle, D

Side of 
Square, S

Area of Circle 
or Square

Dia. of 
Circle, D

Side of 
Square, S

Area of Circle 
or Square

1⁄2 0.44 0.196 201⁄2 18.17 330.06 401⁄2 35.89 1288.25

1 0.89 0.785 21 18.61 346.36 41 36.34 1320.25

11⁄2 1.33 1.767 211⁄2 19.05 363.05 411⁄2 36.78 1352.65

2 1.77 3.142 22 19.50 380.13 42 37.22 1385.44

21⁄2 2.22 4.909 221⁄2 19.94 397.61 421⁄2 37.66 1418.63

3 2.66 7.069 23 20.38 415.48 43 38.11 1452.20

31⁄2 3.10 9.621 231⁄2 20.83 433.74 431⁄2 38.55 1486.17

4 3.54 12.566 24 21.27 452.39 44 38.99 1520.53

41⁄2 3.99 15.904 241⁄2 21.71 471.44 441⁄2 39.44 1555.28

5 4.43 19.635 25 22.16 490.87 45 39.88 1590.43

51⁄2 4.87 23.758 251⁄2 22.60 510.71 451⁄2 40.32 1625.97

6 5.32 28.274 26 23.04 530.93 46 40.77 1661.90

61⁄2 5.76 33.183 261⁄2 23.49 551.55 461⁄2 41.21 1698.23

7 6.20 38.485 27 23.93 572.56 47 41.65 1734.94

71⁄2 6.65 44.179 271⁄2 24.37 593.96 471⁄2 42.10 1772.05

8 7.09 50.265 28 24.81 615.75 48 42.54 1809.56

81⁄2 7.53 56.745 281⁄2 25.26 637.94 481⁄2 42.98 1847.45

9 7.98 63.617 29 25.70 660.52 49 43.43 1885.74

91⁄2 8.42 70.882 291⁄2 26.14 683.49 491⁄2 43.87 1924.42

10 8.86 78.540 30 26.59 706.86 50 44.31 1963.50

101⁄2 9.31 86.590 301⁄2 27.03 730.62 501⁄2 44.75 2002.96

11 9.75 95.033 31 27.47 754.77 51 45.20 2042.82

111⁄2 10.19 103.87 311⁄2 27.92 779.31 511⁄2 45.64 2083.07

12 10.63 113.10 32 28.36 804.25 52 46.08 2123.72

121⁄2 11.08 122.72 321⁄2 28.80 829.58 521⁄2 46.53 2164.75

13 11.52 132.73 33 29.25 855.30 53 46.97 2206.18

131⁄2 11.96 143.14 331⁄2 29.69 881.41 531⁄2 47.41 2248.01

14 12.41 153.94 34 30.13 907.92 54 47.86 2290.22

141⁄2 12.85 165.13 341⁄2 30.57 934.82 541⁄2 48.30 2332.83

15 13.29 176.71 35 31.02 962.11 55 48.74 2375.83

151⁄2 13.74 188.69 351⁄2 31.46 989.80 551⁄2 49.19 2419.22

16 14.18 201.06 36 31.90 1017.88 56 49.63 2463.01

161⁄2 14.62 213.82 361⁄2 32.35 1046.35 561⁄2 50.07 2507.19

17 15.07 226.98 37 32.79 1075.21 57 50.51 2551.76

171⁄2 15.51 240.53 371⁄2 33.23 1104.47 571⁄2 50.96 2596.72

18 15.95 254.47 38 33.68 1134.11 58 51.40 2642.08

181⁄2 16.40 268.80 381⁄2 34.12 1164.16 581⁄2 51.84 2687.83

19 16.84 283.53 39 34.56 1194.59 59 52.29 2733.97

191⁄2 17.28 298.65 391⁄2 35.01 1225.42 591⁄2 52.73 2780.51

20 17.72 314.16 40 35.45 1256.64 60 53.17 2827.43
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Distance Across Corners of Squares and Hexagons.—The table below gives values of
dimensions D and E  described in the figures and equations that follow.

A desired value not given directly in the table can be obtained directly from the equations
above, or by the simple addition of two or more values taken directly from the table. Fur-
ther values can be obtained by shifting the decimal point.

Example 1: Find D when d = 2 5⁄16 inches. From the table, for d = 2, D = 2.3094, and for d
= 5⁄16, D = 0.3608. Therefore, D = 2.3094 + 0.3608 = 2.6702 inches.

Example 2: Find E when d = 20.25 millimeters. From the table, for d = 20, E = 28.2843;
for d = 0.2, E = 0.2828; and d = 0.05, E = 0.0707 (obtained by shifting the decimal point one
place to the left at d = 0.5). Thus, E = 28.2843 + 0.2828 + 0.0707 = 28.6378 millimeters.

Distance Across Corners of Squares and Hexagons (English or metric units)
d D E d D E d D E d D E

1⁄32 0.0361 0.0442 0.9 1.0392 1.2728 32 36.9504 45.2548 67 77.3650 94.7523
1⁄16 0.0722 0.0884 29⁄32 1.0464 1.2816 33 38.1051 46.6691 68 78.5197 96.1666
3⁄32 0.1083 0.1326 15⁄16 1.0825 1.3258 34 39.2598 48.0833 69 79.6744 97.5808

0.1 0.1155 0.1414 31⁄32 1.1186 1.3700 35 40.4145 49.4975 70 80.8291 98.9950
1⁄8 0.1443 0.1768 1.0 1.1547 1.4142 36 41.5692 50.9117 71 81.9838 100.409
5⁄32 0.1804 0.2210 2.0 2.3094 2.8284 37 42.7239 52.3259 72 83.1385 101.823
3⁄16 0.2165 0.2652 3.0 3.4641 4.2426 38 43.8786 53.7401 73 84.2932 103.238

0.2 0.2309 0.2828 4.0 4.6188 5.6569 39 45.0333 55.1543 74 85.4479 104.652
7⁄32 0.2526 0.3094 5.0 5.7735 7.0711 40 46.1880 56.5686 75 86.6026 106.066
1⁄4 0.2887 0.3536 6.0 6.9282 8.4853 41 47.3427 57.9828 76 87.7573 107.480
9⁄32 0.3248 0.3977 7.0 8.0829 9.8995 42 48.4974 59.3970 77 88.9120 108.894

0.3 0.3464 0.4243 8.0 9.2376 11.3137 43 49.6521 60.8112 78 90.0667 110.309
5⁄16 0.3608 0.4419 9.0 10.3923 12.7279 44 50.8068 62.2254 79 91.2214 111.723
11⁄32 0.3969 0.4861 10 11.5470 14.1421 45 51.9615 63.6396 80 92.3761 113.137
3⁄8 0.4330 0.5303 11 12.7017 15.5564 46 53.1162 65.0538 81 93.5308 114.551

0.4 0.4619 0.5657 12 13.8564 16.9706 47 54.2709 66.4681 82 94.6855 115.966
13⁄32 0.4691 0.5745 13 15.0111 18.3848 48 55.4256 67.8823 83 95.8402 117.380
7⁄16 0.5052 0.6187 14 16.1658 19.7990 49 56.5803 69.2965 84 96.9949 118.794
15⁄32 0.5413 0.6629 15 17.3205 21.2132 50 57.7351 70.7107 85 98.1496 120.208

0.5 0.5774 0.7071 16 18.4752 22.6274 51 58.8898 72.1249 86 99.3043 121.622
17⁄32 0.6134 0.7513 17 19.6299 24.0416 52 60.0445 73.5391 87 100.459 123.037
9⁄16 0.6495 0.7955 18 20.7846 25.4559 53 61.1992 74.9533 88 101.614 124.451
19⁄32 0.6856 0.8397 19 21.9393 26.8701 54 62.3539 76.3676 89 102.768 125.865

0.6 0.6928 0.8485 20 23.0940 28.2843 55 63.5086 77.7818 90 103.923 127.279
5⁄8 0.7217 0.8839 21 24.2487 29.6985 56 64.6633 79.1960 91 105.078 128.693

21⁄32 0.7578 0.9281 22 25.4034 31.1127 57 65.8180 80.6102 92 106.232 130.108
11⁄16 0.7939 0.9723 23 26.5581 32.5269 58 66.9727 82.0244 93 107.387 131.522

0.7 0.8083 0.9899 24 27.7128 33.9411 59 68.1274 83.4386 94 108.542 132.936
23⁄32 0.8299 1.0165 25 28.8675 35.3554 60 69.2821 84.8528 95 109.697 134.350
3⁄4 0.8660 1.0607 26 30.0222 36.7696 61 70.4368 86.2671 96 110.851 135.765

25⁄32 0.9021 1.1049 27 31.1769 38.1838 62 71.5915 87.6813 97 112.006 137.179

0.8 0.9238 1.1314 28 32.3316 39.5980 63 72.7462 89.0955 98 113.161 138.593
13⁄16 0.9382 1.1490 29 33.4863 41.0122 64 73.9009 90.5097 99 114.315 140.007
27⁄32 0.9743 1.1932 30 34.6410 42.4264 65 75.0556 91.9239 100 115.470 141.421
7⁄8 1.0104 1.2374 31 35.7957 43.8406 66 76.2103 93.3381 … … …

dD E
D

2 3
3

----------d 1.154701 d= =

E d 2 1.414214 d= =
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Volumes of Solids

Cube:

Square Prism: 

Prism:

Pyramid:

Example: The side of a cube equals 9.5 centimeters. Find its volume.

Example: The volume of a cube is 231 cubic centimeters. What is the length of the side?

Example: In a square prism, a = 6, b = 5, c = 4. Find the volume.

Example: How high should a box be made to contain 25 cubic feet, if it is 4 feet long and 21⁄2 feet wide? 
Here, a = 4, c = 2.5, and V = 25. Then,

V =volume
A =area of end surface
V =h × A

The area A of the end surface is found by the formulas for areas 
of plane figures on the preceding pages. Height h must be mea-
sured perpendicular to the end surface.

Example: A prism, having for its base a regular hexagon with a side s of 7.5 centimeters, is 25 centi-
meters high. Find the volume.

If the base is a regular polygon with n sides, and s = length of 
side, r = radius of inscribed circle, and R = radius of circumscribed 
circle, then:

Example: A pyramid, having a height of 9 feet, has a base formed by a rectangle, the sides of which 
are 2 and 3 feet, respectively. Find the volume.

Diagonal of cube face d s 2= =

Diagonal of cube D
3d2

2
--------- s 3 1.732s= = = =

Volume V s3= =

s V3=

Volume V s3 9.53 9.5 9.5× 9.5× 857.375 cubic centimeters= = = = =

s V3 2313 6.136 centimeters= = =

Volume V abc= =

a
V

bc
------= b

V

ac
------= c

V

ab
------=

V a b× c× 6 5× 4× 120 cubic inches= = =

b depth V

ac
------ 25

4 2.5×
---------------- 25

10
------ 2.5 feet= = = = =

Area of hexagon A 2.598s2 2.598 56.25× 146.14 square centimeters= = = =

Volume of prism h A× 25 146.14× 3653.5 cubic centimeters= = =

Volume V 1⁄3h area of base×= =

V
nsrh

6
------------

nsh

6
--------- R2 s2

4
----–= =

Area of base 2 3× 6 square feet; h 9 feet= = =

Volume V 1⁄3h area of base× 1⁄3 9× 6× 18 cubic feet= = = =
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Frustum of Pyramid: 

Wedge:

Cylinder:

Portion of Cylinder: 

Example: The pyramid in the previous example is cut off 41⁄2 feet from the base, the upper part being 
removed. The sides of the rectangle forming the top surface of the frustum are, then, 1 and 11⁄2 feet long, 
respectively. Find the volume of the frustum.

Example: Let a = 4 inches, b = 3 inches, and c = 5 inches. The 
height h = 4.5 inches. Find the volume.

Total area A of cylindrical surface and end surfaces:

Example: The diameter of a cylinder is 2.5 inches. The length or height is 20 inches. Find the volume 
and the area of the cylindrical surface S.

Example: A cylinder 125 millimeters in diameter is cut off at an angle, as shown in the illustration. 
Dimension h1 = 150, and h2 = 100 mm. Find the volume and the area S of the cylindrical surface.

Volume V
h

3
--- A1 A2 A1 A2×+ +( )= =

Area of top A1 1 11⁄2× 11⁄2  sq. ft.= = = Area of base A2 2 3× 6 sq. ft.= = =

V
4 5⋅

3
---------- 1.5 6 1.5 6×+ +( ) 1.5 7.5 9+( ) 1.5 10.5× 15.75 cubic feet= = = =

Volume V
2a c+( )bh

6
---------------------------= =

V
2a c+( )bh

6
--------------------------- 2 4 5+×( ) 3 4.5××

6
------------------------------------------------- 8 5+( ) 13.5×

6
----------------------------------= = =

175.5
6

------------- 29.25 cubic inches==

Volume V 3.1416r2h 0.7854d2h= = =

Area of cylindrical surface S 6.2832rh 3.1416dh= = =

A 6.2832r r h+( ) 3.1416d 1⁄2d h+( )= =

V 0.7854d2h 0.7854 2.52× 20× 0.7854 6.25× 20× 98.17 cubic inches= = = =

S 3.1416dh 3.1416 2.5× 20× 157.08 square inches= = =

Volume V 1.5708r2 h1 h2+( )= =

0.3927d2 h1 h2+( )=

Cylindrical surface area S 3.1416r h1 h2+( )= =

1.5708d h1 h2+( )=

V 0.3927d2 h1 h2+( ) 0.3927 1252× 150 100+( )×= =

0.3927 15 625,× 250× 1 533 984 cubic millimeters,, 1534 cm3= ==

S 1.5708d h1 h2+( ) 1.5708 125× 250×= =

49 087.5 square millimeters, 490.9 square centimeters==
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Portion of Cylinder: 

Hollow Cylinder: 

Cone:

Frustum of Cone: 

Use + when base area is larger, and − when base area is less than 
one-half the base circle.

Example: Find the volume of a cylinder so cut off that line AC passes through the center of the base 
circle — that is, the base area is a half-circle. The diameter of the cylinder = 5 inches, and the height h = 
2 inches.

In this case, a = 2.5; b = 0; area ABC = 0.5 × 0.7854 × 52 = 9.82; r = 2.5.

Example: A cylindrical shell, 28 centimeters high, is 36 centi-
meters in outside diameter, and 4 centimeters thick. Find its vol-
ume.

Example: Find the volume and area of the conical surface of a cone, the base of which is a circle of 6 
inches diameter, and the height of which is 4 inches.

Example: Find the volume of a frustum of a cone of the follow-
ing dimensions: D = 8 centimeters; d = 4 centimeters; h = 5 centi-
meters.

Volume V 2⁄3a3 b area ABC×±( ) h

r b±
-----------= =

Cylindrical surface area S ad b length of arc ABC×±( ) h

r b±
-----------= =

V
2
3
--- 2.53× 0 9.82×+
 
  2

2.5 0+
---------------- 2

3
--- 15.625× 0.8× 8.33 cubic inches= = =

Volume V 3.1416h R2 r2–( ) 0.7854h D2 d2–( )= = =

3.1416ht 2R t–( ) 3.1416ht D t–( )==

3.1416ht 2r t+( ) 3.1416ht d t+( )==

3.1416ht R r+( ) 1.5708ht D d+( )==

V 3.1416ht D t–( ) 3.1416 28× 4 36 4–( )× 3.1416 28× 4× 32×= = =

11 259.5 cubic centimeters,=

Volume V
3.1416r2h

3
------------------------- 1.0472r2h 0.2618d2h= = = =

Conical surface area A 3.1416r r2 h2+ 3.1416rs= = =

1.5708ds=

s r2 h2+ d2

4
----- h2+= =

V 0.2618d2h 0.2618 62× 4× 0.2618 36× 4× 37.7 cubic inches= = = =

A 3.1416r r2 h2+ 3.1416 3× 32 42+× 9.4248 25×= = =

47.124 square inches=

V volume= A area of conical surface=

V 1.0472h R2 Rr r2+ +( ) 0.2618h D2 Dd d2+ +( )= =

A 3.1416s R r+( ) 1.5708s D d+( )= =

a R r–= s a2 h2+ R r–( )2 h2+= =

V 0.2618 5 82 8 4 42+×+( )× 0.2618 5 64 32 16+ +( )×= =

0.2618 5× 112× 146.61 cubic centimeters==
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Sphere:

Spherical Sector: 

Spherical Segment: 

Ellipsoid:

Example: Find the volume and the surface of a sphere 6.5 centimeters diameter.

Example: The volume of a sphere is 64 cubic centimeters. Find its radius.

Example: Find the volume of a sector of a sphere 6 inches in diameter, the height h of the sector being 
1.5 inch. Also find the length of chord c. Here r = 3 and h = 1.5.

Example: A segment of a sphere has the following dimensions: h = 50 millimeters; c = 125 millime-
ters. Find the volume V and the radius of the sphere of which the segment is a part.

In an ellipsoid of revolution, or spheroid, where c = b:

Example: Find the volume of a spheroid in which a = 5, and
b = c = 1.5 inches.

Volume V
4πr3

3
------------ πd3

6
--------- 4.1888r3 0.5236d3= = = = =

Surface area A 4πr2 πd2 12.5664r2 3.1416d2= = = = =

r
3V

4π
-------3 0.6204 V3= =

V 0.5236d3 0.5236 6.53× 0.5236 6.5× 6.5 6.5×× 143.79 cm3= = = =

A 3.1416d2 3.1416 6.52× 3.1416 6.5× 6.5× 132.73 cm2= = = =

r 0.6204 643 0.6204 4× 2.4816 centimeters= = =

V
2πr2h

3
--------------- 2.0944r2h Volume= = =

A 3.1416r 2h 1⁄2c+( )=

total area of conical and spherical surface=

c 2 h 2r h–( )=

V 2.0944r2h 2.0944 32× 1.5× 2.0944 9× 1.5× 28.27 cubic inches= = = =

c 2 h 2r h–( ) 2 1.5 2 3× 1.5–( ) 2 6.75 2 2.598× 5.196 inches= = = = =

V volume= A area of spherical surface=

V 3.1416h2 r
h

3
---–

 
  3.1416h

c2

8
----- h2

6
-----+

 
 = =

A 2πrh 6.2832rh 3.1416 c2

4
----- h2+
 
 = = =

c 2 h 2r h–( )= ; r
c2 4h2+

8h
--------------------=

V 3.1416 50× 1252

8
----------- 502

6
--------+

 
 × 157.08 15 625,

8
---------------- 2500

6
------------+

 
 × 372 247 mm, 3 372 cm3= = = =

r
1252 4 502×+

8 50×
----------------------------------- 15 625, 10 000,+

400
---------------------------------------- 25 625,

400
---------------- 64 millimeters= = = =

Volume V
4π
3

------abc 4.1888abc= = =

V 4.1888ab2=

V 4.1888 5× 1.52× 47.124 cubic inches= =
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Spherical Zone: 

Spherical Wedge: 

Hollow Sphere: 

Paraboloid:

Example: In a spherical zone, let c1 = 3; c2 = 4; and h = 1.5 inch. Find the volume.

Example: Find the area of the spherical surface and the volume of a wedge of a sphere. The diameter 
of the sphere is 100 millimeters, and the center angle α is 45 degrees.

Example: Find the volume of a hollow sphere, 8 inches in outside diameter, with a thickness of mate-
rial of 1.5 inch.

Here R = 4; r = 4 − 1.5 = 2.5.

Example: Find the volume of a paraboloid in which h = 300 millimeters and d = 125 millimeters.

Volume V 0.5236h
3c1

2

4
--------

3c2
2

4
-------- h2+ +

 
 = =

A 2πrh 6.2832rh area of spherical surface= = =

r
c2

2

4
-----

c2
2 c1

2– 4h2–

8h
-------------------------------
 
 

2

+=

V 0.5236 1.5× 3 32×
4

-------------- 3 42×
4

-------------- 1.52+ +
 
 × 0.5236 1.5× 27

4
------ 48

4
------ 2.25+ +

 
 × 16.493 in3= = =

V volume= A area of spherical surface=

α center angle in degrees=

V
α

360
--------- 4πr3

3
------------× 0.0116αr3= =

A
α

360
--------- 4πr2× 0.0349αr2= =

V 0.0116 45× 503× 0.0116 45× 125 000,× 65 250 mm3, 65.25 cm3= = = =

A 0.0349 45× 502× 3926.25 square millimeters 39.26 cm2= = =

V volume of material used=

to make a hollow sphere

V
4π
3

------ R3 r3–( ) 4.1888 R3 r3–( )= =

π
6
--- D3 d3–( ) 0.5236 D3 d3–( )==

V 4.1888 43 2.53–( ) 4.1888 64 15.625–( ) 4.1888 48.375× 202.63 cubic inches= = = =

Volume V 1⁄2πr2h 0.3927d2h= = =

Area A
2π
3p
------ d2

4
----- p2+
 
 

3
p3–= =

in which p d2

8h
------=

V 0.3927d2h 0.3927 1252× 300× 1 840 781,,  mm3 1 840.8,  cm3= = = =
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Paraboloidal Segment: 

Torus:

Barrel:

Ratio of Volumes: 

Example: Find the volume of a segment of a paraboloid in which 
D = 5 inches, d = 3 inches, and h = 6 inches.

Example: Find the volume and area of surface of a torus in which d = 1.5 and D = 5 inches.

V = approximate volume.
If the sides are bent to the arc of a circle:

If the sides are bent to the arc of a parabola:

Example: Find the approximate contents of a barrel, the inside dimensions of which are D = 60 centi-
meters, d = 50 centimeters; h = 120 centimeters.

If d = base diameter and height of a cone, a paraboloid and a cyl-
inder, and the diameter of a sphere, then the volumes of these bod-
ies are to each other as follows:

Example: Assume, as an example, that the diameter of the base of a cone, paraboloid, and cylinder is 
2 inches, that the height is 2 inches, and that the diameter of a sphere is 2 inches. Then the volumes, 
written in formula form, are as follows:

Volume V
π
2
---h R2 r2+( ) 1.5708h R2 r2+( )= = =

π
8
---h D2 d2+( ) 0.3927h D2 d2+( )==

V 0.3927h D2 d2+( ) 0.3927 6× 52 32+( )×= =

0.3927 6× 34× 80.11 cubic inches==

Volume V 2π2Rr2 19.739Rr2= = =

π2

4
-----Dd2 2.4674Dd2==

Area of  surface A 4π2Rr 39.478Rr= = =

π2Dd 9.8696Dd==

V 2.4674 5× 1.52× 2.4674 5× 2.25× 27.76 cubic inches= = =

A 9.8696 5× 1.5× 74.022 square inches= =

V
1

12
------πh 2D2 d2+( ) 0.262h 2D2 d2+( )= =

V 0.209h 2D2 Dd 3⁄4d2+ +( )=

V 0.262h 2D2 d2+( ) 0.262 120× 2 602 502+×( )×= =

0.262 120× 7200 2500+( )× 0.262 120× 9700×==

304 968 cubic centimeters, 0.305 cubic meter==

Cone:paraboloid:sphere:cylinder 1⁄3 : 1⁄2 : 2⁄3 : 1=

Cone Paraboloid Sphere Cylinder

3.1416 22× 2×
12

------------------------------------- :
3.1416 2p( )2× 2×

8
--------------------------------------------- :

3.1416 23×
6

---------------------------- :3.1416 22× 2×
4

------------------------------------- 1⁄3 : 1⁄2 : 2⁄3 : 1=
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Packing Circles in Circles and Rectangles

Diameter of Circle Enclosing a Given Number of Smaller Circles.—Four  o f  many
possible compact arrangements of circles within a circle are shown at A, B, C, and D in Fig.
1. To determine the diameter of the smallest enclosing circle for a particular number of
enclosed circles all of the same size, three factors that influence the size of the enclosing
circle should be considered. These are discussed in the paragraphs that follow, which are
based on the article “How Many Wires Can Be Packed into a Circular Conduit,” by
Jacques Dutka, Machinery, October 1956.

1) Arrangement of Center or Core Circles: The four most common arrangements of cen-
ter or core circles are shown cross-sectioned in Fig. 1. It may seem, offhand, that the “A”
pattern would require the smallest enclosing circle for a given number of enclosed circles
but this is not always the case since the most compact arrangement will, in part, depend on
the number of circles to be enclosed.

Fig. 1. Arrangements of Circles within a Circle

2) Diameter of Enclosing Circle When Outer Layer of Circles Is Complete: Successive,
complete “layers” of circles may be placed around each of the central cores, Fig. 1, of 1, 2,
3, or 4 circles as the case may be. The number of circles contained in arrangements of com-
plete “layers” around a central core of circles, as well as the diameter of the enclosing cir-
cle, may be obtained using the data in Table 1. Thus, for example, the “A” pattern in Fig. 1
shows, by actual count, a total of 19 circles arranged in two complete “layers” around a
central core consisting of one circle; this agrees with the data shown in the left half of Table
1 for n = 2.

To determine the diameter of the enclosing circle, the data in the right half of Table 1 is
used. Thus, for n = 2 and an “A” pattern, the diameter D is 5 times the diameter d of the
enclosed circles.

3) Diameter of Enclosing Circle When Outer Layer of Circles Is Not Complete: In most
cases, it is possible to reduce the size of the enclosing circle from that required if the outer
layer were complete. Thus, for example, the “B” pattern in Fig. 1 shows that the central
core consisting of 2 circles is surrounded by 1 complete layer of 8 circles and 1 partial,
outer layer of 4 circles, so that the total number of circles enclosed is 14. If the outer layer
were complete, then (from Table 1) the total number of enclosed circles would be 24 and
the diameter of the enclosing circle would be 6d; however, since the outer layer is com-
posed of only 4 circles out of a possible 14 for a complete second layer, a smaller diameter
of enclosing circle may be used. Table 2 shows that for a total of 14 enclosed circles
arranged in a “B” pattern with the outer layer of circles incomplete, the diameter for the
enclosing circle is 4.606d.

Table 2 can be used to determine the smallest enclosing circle for a given number of cir-
cles to be enclosed by direct comparison of the “A,” “B,” and “C” columns. For data out-
side the range of Table 2, use the formulas in Dr. Dutka's article.
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Table 1. Number of Circles Contained in Complete Layers of Circles
and Diameter of Enclosing Circle (English or metric units)

No. Com-
plete Layers 
Over Core, n

Number of Circles in Center Pattern

1 2 3 4 1 2 3 4

Arrangement of Circles in Center Pattern (see Fig. 1)

“A” “B” “C” “D” “A” “B” “C” “D”

Number of Circles, N, Enclosed Diameter, D, of Enclosing Circlea

a Diameter D is given in terms of d, the diameter of the enclosed circles. 

0 1 2 3 4 d 2d 2.155d 2.414d

1 7 10 12 14 3d 4d 4.055d 4.386d

2 19 24 27 30 5d 6d 6.033d 6.379d

3 37 44 48 52 7d 8d 8.024d 8.375d

4 61 70 75 80 9d 10d 10.018d 10.373d

5 91 102 108 114 11d 12d 12.015d 12.372d

n b

b For n complete layers over core, the number of enclosed circles N for the “A” center pattern is 3n2

+ 3n + 1; for “B,” 3n2 + 5n + 2; for “C,” 3n2 + 6n + 3; for “D,” 3n2 + 7n + 4. The diameter D of the

enclosing circle for “A” center pattern is (2n + 1)d; for “B,” (2n + 2)d; for “C,” 

and for “D,” . 

b b b b b b b

Table 2. Factors for Determining Diameter, D, of Smallest Enclosing
Circle for Various Numbers, N, of Enclosed Circles (English or metric units)

No.
N

Center Circle Pattern

No.
N

Center Circle Pattern

No.
N

Center Circle Pattern

“A” “B” “C” “A” “B” “C” “A” “B” “C”

Diameter Factor K Diameter Factor K Diameter Factor K

2 3 2 ... 34 7.001 7.083 7.111 66 9.718 9.545 9.327
3 3 2.733 2.155 35 7.001 7.245 7.111 67 9.718 9.545 9.327
4 3 2.733 3.310 36 7.001 7.245 7.111 68 9.718 9.545 9.327
5 3 3.646 3.310 37 7.001 7.245 7.430 69 9.718 9.661 9.327
6 3 3.646 3.310 38 7.929 7.245 7.430 70 9.718 9.661 10.019
7 3 3.646 4.056 39 7.929 7.558 7.430 71 9.718 9.889 10.019
8 4.465 3.646 4.056 40 7.929 7.558 7.430 72 9.718 9.889 10.019
9 4.465 4 4.056 41 7.929 7.558 7.430 73 9.718 9.889 10.019

10 4.465 4 4.056 42 7.929 7.558 7.430 74 10.166 9.889 10.019
11 4.465 4.606 4.056 43 7.929 8.001 8.024 75 10.166 10 10.019
12 4.465 4.606 4.056 44 8.212 8.001 8.024 76 10.166 10 10.238
13 4.465 4.606 5.164 45 8.212 8.001 8.024 77 10.166 10.540 10.238
14 5 4.606 5.164 46 8.212 8.001 8.024 78 10.166 10.540 10.238
15 5 5.359 5.164 47 8.212 8.001 8.024 79 10.166 10.540 10.452
16 5 5.359 5.164 48 8.212 8.001 8.024 80 10.166 10.540 10.452
17 5 5.359 5.164 49 8.212 8.550 8.572 81 10.166 10.540 10.452
18 5 5.359 5.164 50 8.212 8.550 8.572 82 10.166 10.540 10.452
19 5 5.583 5.619 51 8.212 8.550 8.572 83 10.166 10.540 10.452
20 6.292 5.583 5.619 52 8.212 8.550 8.572 84 10.166 10.540 10.452
21 6.292 5.583 5.619 53 8.212 8.811 8.572 85 10.166 10.644 10.866
22 6.292 5.583 6.034 54 8.212 8.811 8.572 86 11 10.644 10.866
23 6.292 6.001 6.034 55 8.212 8.811 9.083 87 11 10.644 10.866
24 6.292 6.001 6.034 56 9.001 8.811 9.083 88 11 10.644 10.866
25 6.292 6.197 6.034 57 9.001 8.938 9.083 89 11 10.849 10.866
26 6.292 6.197 6.034 58 9.001 8.938 9.083 90 11 10.849 10.866
27 6.292 6.568 6.034 59 9.001 8.938 9.083 91 11 10.849 11.067
28 6.292 6.568 6.774 60 9.001 8.938 9.083 92 11.393 10.849 11.067
29 6.292 6.568 6.774 61 9.001 9.186 9.083 93 11.393 11.149 11.067
30 6.292 6.568 6.774 62 9.718 9.186 9.083 94 11.393 11.149 11.067
31 6.292 7.083 7.111 63 9.718 9.186 9.083 95 11.393 11.149 11.067
32 7.001 7.083 7.111 64 9.718 9.186 9.327 96 11.393 11.149 11.067
33 7.001 7.083 7.111 65 9.718 9.545 9.327 97 11.393 11.441 11.264

1 2 n2 n 1⁄3+ ++( )d

1 4n2 5.644n 2+ ++( )d
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98 11.584 11.441 11.264 153 14.115 14 14.013 208 16.100 16 16.144
99 11.584 11.441 11.264 154 14.115 14 14.013 209 16.100 16.133 16.144

100 11.584 11.441 11.264 155 14.115 14.077 14.013 210 16.100 16.133 16.144
101 11.584 11.536 11.264 156 14.115 14.077 14.013 211 16.100 16.133 16.144
102 11.584 11.536 11.264 157 14.115 14.077 14.317 212 16.621 16.133 16.144
103 11.584 11.536 12.016 158 14.115 14.077 14.317 213 16.621 16.395 16.144
104 11.584 11.536 12.016 159 14.115 14.229 14.317 214 16.621 16.395 16.276
105 11.584 11.817 12.016 160 14.115 14.229 14.317 215 16.621 16.395 16.276
106 11.584 11.817 12.016 161 14.115 14.229 14.317 216 16.621 16.395 16.276
107 11.584 11.817 12.016 162 14.115 14.229 14.317 217 16.621 16.525 16.276
108 11.584 11.817 12.016 163 14.115 14.454 14.317 218 16.621 16.525 16.276
109 11.584 12 12.016 164 14.857 14.454 14.317 219 16.621 16.525 16.276
110 12.136 12 12.016 165 14.857 14.454 14.317 220 16.621 16.525 16.535
111 12.136 12.270 12.016 166 14.857 14.454 14.317 221 16.621 16.589 16.535
112 12.136 12.270 12.016 167 14.857 14.528 14.317 222 16.621 16.589 16.535
113 12.136 12.270 12.016 168 14.857 14.528 14.317 223 16.621 16.716 16.535
114 12.136 12.270 12.016 169 14.857 14.528 14.614 224 16.875 16.716 16.535
115 12.136 12.358 12.373 170 15 14.528 14.614 225 16.875 16.716 16.535
116 12.136 12.358 12.373 171 15 14.748 14.614 226 16.875 16.716 17.042
117 12.136 12.358 12.373 172 15 14.748 14.614 227 16.875 16.716 17.042
118 12.136 12.358 12.373 173 15 14.748 14.614 228 16.875 16.716 17.042
119 12.136 12.533 12.373 174 15 14.748 14.614 229 16.875 16.716 17.042
120 12.136 12.533 12.373 175 15 14.893 15.048 230 16.875 16.716 17.042
121 12.136 12.533 12.548 176 15 14.893 15.048 231 16.875 17.094 17.042
122 13 12.533 12.548 177 15 14.893 15.048 232 16.875 17.094 17.166
123 13 12.533 12.548 178 15 14.893 15.048 233 16.875 17.094 17.166
124 13 12.533 12.719 179 15 15.107 15.048 234 16.875 17.094 17.166
125 13 12.533 12.719 180 15 15.107 15.048 235 16.875 17.094 17.166
126 13 12.533 12.719 181 15 15.107 15.190 236 17 17.094 17.166
127 13 12.790 12.719 182 15 15.107 15.190 237 17 17.094 17.166
128 13.166 12.790 12.719 183 15 15.178 15.190 238 17 17.094 17.166
129 13.166 12.790 12.719 184 15 15.178 15.190 239 17 17.463 17.166
130 13.166 12.790 13.056 185 15 15.178 15.190 240 17 17.463 17.166
131 13.166 13.125 13.056 186 15 15.178 15.190 241 17 17.463 17.290
132 13.166 13.125 13.056 187 15 15.526 15.469 242 17.371 17.463 17.290
133 13.166 13.125 13.056 188 15.423 15.526 15.469 243 17.371 17.523 17.290
134 13.166 13.125 13.056 189 15.423 15.526 15.469 244 17.371 17.523 17.290
135 13.166 13.125 13.056 190 15.423 15.526 15.469 245 17.371 17.523 17.290
136 13.166 13.125 13.221 191 15.423 15.731 15.469 246 17.371 17.523 17.290
137 13.166 13.289 13.221 192 15.423 15.731 15.469 247 17.371 17.523 17.654
138 13.166 13.289 13.221 193 15.423 15.731 15.743 248 17.371 17.523 17.654
139 13.166 13.289 13.221 194 15.423 15.731 15.743 249 17.371 17.523 17.654
140 13.490 13.289 13.221 195 15.423 15.731 15.743 250 17.371 17.523 17.654
141 13.490 13.530 13.221 196 15.423 15.731 15.743 251 17.371 17.644 17.654
142 13.490 13.530 13.702 197 15.423 15.731 15.743 252 17.371 17.644 17.654
143 13.490 13.530 13.702 198 15.423 15.731 15.743 253 17.371 17.644 17.773
144 13.490 13.530 13.702 199 15.423 15.799 16.012 254 18.089 17.644 17.773
145 13.490 13.768 13.859 200 16.100 15.799 16.012 255 18.089 17.704 17.773
146 13.490 13.768 13.859 201 16.100 15.799 16.012 256 18.089 17.704 17.773
147 13.490 13.768 13.859 202 16.100 15.799 16.012 257 18.089 17.704 17.773
148 13.490 13.768 13.859 203 16.100 15.934 16.012 258 18.089 17.704 17.773
149 13.490 14 13.859 204 16.100 15.934 16.012 259 18.089 17.823 18.010
150 13.490 14 13.859 205 16.100 15.934 16.012 260 18.089 17.823 18.010
151 13.490 14 14.013 206 16.100 15.934 16.012 261 18.089 17.823 18.010
152 14.115 14 14.013 207 16.100 16 16.012 262 18.089 17.823 18.010

Table 2. (Continued) Factors for Determining Diameter, D, of Smallest Enclosing
Circle for Various Numbers, N, of Enclosed Circles (English or metric units)

No.
N

Center Circle Pattern

No.
N

Center Circle Pattern

No.
N

Center Circle Pattern

“A” “B” “C” “A” “B” “C” “A” “B” “C”

Diameter Factor K Diameter Factor K Diameter Factor K
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The diameter D of the enclosing circle is equal to the diameter factor, K, multiplied by d, the diam-
eter of the enclosed circles, or D = K × d. For example, if the number of circles to be enclosed, N, is
12, and the center circle arrangement is “C,” then for d = 11⁄2 inches, D = 4.056 × 11⁄2 = 6.084 inches. If
d = 50 millimeters, then D = 4.056 × 50 = 202.9 millimeters.

Approximate Formula When Number of Enclosed Circles Is Large: When a large num-
ber of circles are to be enclosed, the arrangement of the center circles has little effect on the
diameter of the enclosing circle. For numbers of circles greater than 10,000, the diameter
of the enclosing circle may be calculated within 2 per cent from the formula

. In this formula, D = diameter of the enclosing circle; d = diam-
eter of the enclosed circles; and N is the number of enclosed circles.

An alternative approach relates the area of each of the same-sized circles to be enclosed
to the area of the enclosing circle (or container), as shown in Figs. 1 through  27. The table
shows efficient ways for packing various numbers of circles N, from 2 up to 97.

In the table, D = the diameter of each circle to be enclosed, d = the diameter of the enclos-
ing circle or container, and Φ = Nd2/D2 = ratio of the area of the N circles to the area of the
enclosing circle or container, which is the packing efficiency. Cross-hatching in the dia-
grams indicates loose circles that may need packing constraints.

Data for Numbers of Circles in Circles

Packing of large numbers of circles, such as the 97 in Fig. 27, may be approached by
drawing a triangular pattern of circles, as shown in Fig. 28, which represents three circles
near the center of the array. The point of a compass is then placed at A, B, or C, or anywhere
within triangle ABC, and the radius of the compass is gradually enlarged until it encom-
passes the number of circles to be enclosed. As a first approximation of the diameter,

 may be tried.

N D/d Φ Fig. N D/d Φ Fig.

2 2.0000 0.500 1 17 4.7920 0.740 15
3 2.1547 0.646 2 18 4.8637 0.761 16
4 2.4142 0.686 3 19 4.8637 0.803 16
5 2.7013 0.685 4 20 5.1223 0.762 17
6 3.0000 0.667 5 21 5.2523 0.761 18
7 3.0000 0.778 5 22 5.4397 0.743 19
8 3.3048 0.733 6 23 5.5452 9.748 20
9 3.6131 0.689 7 24 5.6517 0.751 21

10 3.8130 0.688 8 25 5.7608 0.753 22
11 3.9238 0.714 9 31 6.2915 0.783 23
12 4.0296 0.739 10 37 6.7588 0.810 24
13 4.2361 0.724 11 55 8.2111 0.816 25
14 4.3284 0.747 12 61 8.6613 0.813 26
15 4.5214 0.734 13 97 11.1587 0.779 27
16 4.6154 0.751 14 ... ... ... ...

Fig. 1. N = 2 Fig. 2. N = 3 Fig. 3. N = 4 Fig. 4. N = 5

D d 1 N 0.907÷+( )=

D 1.14d N=
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Fig. 5. N = 7 Fig. 6. N = 8 Fig. 7. N = 9 Fig. 8. N = 10

Fig. 9. N = 11 Fig. 10. N = 12 Fig. 11. N = 13 Fig. 12. N = 14

Fig. 13. N = 15 Fig. 14. N = 16 Fig. 15. N = 17 Fig. 16. N = 19

Fig. 17. N = 20 Fig. 18. N = 21 Fig. 19. N = 22 Fig. 20. N = 23

Fig. 21. N = 24 Fig. 22. N = 25 Fig. 23. N = 31 Fig. 24. N = 37

Fig. 25. N = 55 Fig. 26. N = 61 Fig. 27. N = 97 Fig. 28. 
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Circles within Rectangles.—For small numbers N of circles, packing (for instance, of
cans) is less vital than for larger numbers and the number will usually govern the decision
whether to use a rectangular or a triangular pattern, examples of which are seen in Figs. 29
and  30.

If D is the can diameter and H its height, the arrangement in Fig. 29 will hold 20 circles or
cans in a volume of 5D × 4D × H = 20D2 H. The arrangement in Fig. 30 will pack the same
20 cans into a volume of 7D × 2.732D × H = 19.124D2H, a reduction of 4.4 per cent. When
the ratio of H/D is less than 1.196:1, the rectangular pattern requires less surface area
(therefore less material) for the six sides of the box, but for greater ratios, the triangular pat-
tern is better. Some numbers, such as 19, can be accommodated only in a triangular pattern.

The following table shows possible patterns for 3 to 25 cans, where N = number of cir-
cles, P = pattern (R rectangular or T triangular), and r and c = numbers of rows and col-
umns, respectively. The final table column shows the most economical application, where
V = best volume, S = best surface area (sometimes followed by a condition on H/D). For the
rectangular pattern, the area of the container is rD × cD, and for the triangular pattern, the

area is , or cD2[1 + 0.866(r − 1)].

Numbers of Circles in Rectangular Arrangements

Fig. 29. Rectangular Pattern (r = 4, c = 5)

Fig. 30. Triangular Pattern (r = 3, c = 7)

N P r c Application N P r c Application

3 T 2 2 V, S 15
R 3 5 (S, H/D > 0.038)

T 2 8 V, (S, H/D < 0.038)

4 R 2 2 V, S 16 R 4 4 V, S

5 T 3 2 V, S 17 T 3 6 V, S

6 R 2 3 V, S 18 T 5 4 V, S

7 T 2 4 V, S 19 T 2 10 V, S

8
R 4 2 V, (S, H/D < 0.732)

20
R 4 5 (S, H/D > 1.196)

T 3 3 (S, H/D > 0.732) T 3 7 V, (S, H/D < 1.196)

9 R 3 3 V, S

21

R 3 7 (S, 0.165 < H/D < 0.479)

10
R 5 2 V, (S, H/D > 1.976) T 6 4 (S, H/D > 0.479)

T 4 3 (S, H/D > 1.976) T 2 11 V, (S, H/D < 0.165)

11 T 3 4 V, S 22 T 4 6 V, S

12 R 3 4 V, S
23

T 5 5 (S, H/D > 0.366)

13
T 5 3 (S, H/D > 0.236) T 3 8 V, (S, H/D < 0.366)

T 2 7 V, (S, H/D < 0.236) 24 R 4 6 V, S

14

T 4 4 (S, H/D > 5.464)

25

R 5 5 (S, H/D > 1.10)

T 3 5 V, (S, H/D < 5.464) T 7 4 (S, 0.113 < H/D < 1.10)

T 2 13 V, (S, H/D < 0.133)

cD 1 r 1–( )+ 3 2⁄[ ]× D
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Rollers on a Shaft*.—The following formulas illustrate the geometry of rollers on a
shaft. In Fig. 31, D is the diameter of the center line of the roller circle, d is the diameter of
a roller, DS = D − d is the shaft diameter, and C is the clearance between two rollers, as indi-
cated below. In the equations that follow, N is the number of rollers, and N ≥ 3.

Equation (1a) applies when the clearance C = 0 

(1a)

Equation (1b) applies when clearance C > 0 then 

(1b)

Fig. 31. 

Example:Forty bearings are to be placed around a 3-inch diameter shaft with no clear-
ance. What diameter bearings are needed?

Solution: Rearrange Equation (1a), and substitute in the value of N. Use the result to
eliminate d, using DS = D − d . Finally, solve for D and d.

* Rollers on a Shaft contributed by Manfred K. Brueckner. 

D
d

180
N

---------
 
 sin

----------------------=

C D 180° N 1–( ) d

D
----
 
 asin– 

 sin d–=

D

C

d

DS

d D
180
N

---------
 
 sin D

180
40

---------
 
 sin 0.078459D= = =

D DS d+ 3 0.078459D+= =

D
3

0.92154
------------------- 3.2554= =

d D DS– 0.2554= =
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SOLUTION OF TRIANGLES

Any figure bounded by three straight lines is called a triangle. Any one of the three lines
may be called the base, and the line drawn from the angle opposite the base at right angles
to it is called the height or altitude of the triangle.

If all three sides of a triangle are of equal length, the triangle is called equilateral. Each of
the three angles in an equilateral triangle equals 60 degrees. If two sides are of equal length,
the triangle is an isosceles triangle. If one angle is a right or 90-degree angle, the triangle is
a right or right-angled triangle. The side opposite the right angle is called the hypotenuse.

If all the angles are less than 90 degrees, the triangle is called an acute or acute-angled
triangle. If one of the angles is larger than 90 degrees, the triangle is called an obtuse-
angled triangle. Both acute and obtuse-angled triangles are known under the common
name of oblique-angled triangles. The sum of the three angles in every triangle is 180
degrees.

The sides and angles of any triangle that are not known can be found when: 1 )  a l l  t he
three sides;  2) two sides and one angle; and  3) one side and two angles are given.

In other words, if a triangle is considered as consisting of six parts, three angles and three
sides, the unknown parts can be determined when any three parts are given, provided at
least one of the given parts is a side.

Functions of Angles

For every right triangle, a set of six ratios is defined; each is the length of one side of the
triangle divided by the length of another side. The six ratios are the trigonometric (trig)
functions sine, cosine, tangent, cosecant, secant, and cotangent (abbreviated sin, cos, tan,
csc, sec, and cot). Trig functions are usually expressed in terms of an angle in degree or
radian measure, as in cos 60° = 0.5. “Arc” in front of a trig function name, as in arcsin or
arccos, means find the angle whose function value is given. For example, arcsin 0.5 = 30°
means that 30° is the angle whose sin is equal to 0.5. Electronic calculators frequently use
sin−1, cos−1, and tan−1 to represent the arc functions.

Example: tan 53.1° = 1.332; arctan 1.332 = tan−1 1.332 = 53.1° = 53° 6 ′
The sine of an angle equals the opposite side divided by the hypotenuse. Hence, sin B = b

÷ c, and sin A = a ÷ c.

The cosine of an angle equals the adjacent side
divided by the hypotenuse. Hence, cos B = a ÷ c, and
cos A = b ÷ c.
The tangent of an angle equals the opposite side
divided by the adjacent side. Hence, tan B = b ÷ a, and
tan A = a ÷ b.
The cotangent of an angle equals the adjacent side
divided by the opposite side. Hence, cot B = a ÷ b, and

cot A = b ÷ a.
The secant of an angle equals the hypotenuse divided by the adjacent side. Hence, sec B

= c ÷ a, and sec A = c ÷ b.
The cosecant of an angle equals the hypotenuse divided by the opposite side. Hence, csc

B = c ÷ b, and csc A = c ÷ a.
It should be noted that the functions of the angles can be found in this manner only when

the triangle is right-angled.
If in a right-angled triangle (see preceding illustration), the lengths of the three sides are

represented by a, b, and c, and the angles opposite each of these sides by A, B, and C, then
the side c opposite the right angle is the hypotenuse; side b is called the side adjacent to
angle A and is also the side opposite to angle B; side a is the side adjacent to angle B and the

cB

C = 90˚

b

A

a
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side opposite to angle A. The meanings of the various functions of angles can be explained
with the aid of a right-angled triangle. Note that the cosecant, secant, and cotangent are the
reciprocals of, respectively, the sine, cosine, and tangent.

The following relation exists between the angular functions of the two acute angles in a
right-angled triangle: The sine of angle B equals the cosine of angle A; the tangent of angle
B equals the cotangent of angle A, and vice versa. The sum of the two acute angles in a
right-angled triangle always equals 90 degrees; hence, when one angle is known, the other
can easily be found. When any two angles together make 90 degrees, one is called the com-
plement of the other, and the sine of the one angle equals the cosine of the other, and the
tangent of the one equals the cotangent of the other.

The Law of Sines.—In any triangle, any side is to the sine of the angle opposite that side
as any other side is to the sine of the angle opposite that side. If a, b, and c are the sides, and
A, B, and C their opposite angles, respectively, then:

The Law of Cosines.—In any triangle, the square of any side is equal to the sum of the
squares of the other two sides minus twice their product times the cosine of the included
angle; or if a, b and c are the sides and A, B, and C are the opposite angles, respectively,
then:

These two laws, together with the proposition that the sum of the three angles equals 180
degrees, are the basis of all formulas relating to the solution of triangles.

Formulas for the solution of right-angled and oblique-angled triangles, arranged in tabu-
lar form, are given on the following pages.

Signs of Trigonometric Functions.—The diagram, Fig. 1 on page 105, shows the proper
sign (+ or −) for the trigonometric functions of angles in each of the four quadrants, 0 to 90,
90 to 180, 180 to 270, and 270 to 360 degrees. Thus, the cosine of an angle between 90 and
180 degrees is negative; the sine of the same angle is positive.

Trigonometric Identities.—Trigonometric identities are formulas that show the relation-
ship between different trigonometric functions. They may be used to change the form of
some trigonometric expressions to simplify calculations. For example, if a formula has a
term, 2sinAcosA, the equivalent but simpler term sin2A may be substituted. The identities
that follow may themselves be combined or rearranged in various ways to form new iden-
tities.

a

Asin
----------- b

Bsin
-----------

c

Csin
------------       so that:,= =

a
b Asin

Bsin
---------------= or a

c Asin
Csin

--------------=

b
a Bsin

Asin
---------------= or b

c Bsin
Csin

--------------=

c
a Csin

Asin
---------------= or c

b Csin
Bsin

---------------=

a2 b2 c2 2bc Acos–+=

b2 a2 c2 2ac Bcos–+=

c2 a2 b2 2ab Ccos–+=
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Basic

Negative Angle

Pythagorean

Sum and Difference of Angles

Double-Angle

Half-Angle

Product-to-Sum

Sum and Difference of Functions

Atan Asin
Acos

------------ 1
Acot

------------= = Asec 1
Acos

------------= Acsc 1
Asin

-----------=

A–( )sin Asin–= A–( )cos Acos= A–( )tan Atan–=

Asin2 Acos2+ 1= 1 Atan2+ Asec2= 1 Acot2+ Acsc2=

A B+( )tan Atan Btan+
1 Atan Btan–
---------------------------------= A B–( )tan Atan Btan–

1 Atan Btan+
----------------------------------=

A B+( )cot Acot Bcot 1–
Bcot Acot+

---------------------------------= A B–( )cot Acot Bcot 1+
Bcot Acot–

----------------------------------=

A B+( )sin Asin Bcos Acos Bsin+= A B–( )sin Asin Bcos Acos Bsin–=

A B+( )cos Acos Bcos Asin Bsin–= A B–( )cos Acos Bcos Asin Bsin+=

2Acos Acos2 Asin2– 2 Acos2 1– 1 2 Asin2–= = =

2Asin 2 Asin Acos= 2Atan 2 Atan
1 Atan2–
----------------------- 2

Acot Atan–
------------------------------= =

1⁄2Asin 1⁄2 1 Acos–( )= 1⁄2Acos 1⁄2 1 Acos+( )=

1⁄2Atan 1 Acos–
1 Acos+
---------------------- 1 Acos–

Asin
--------------------- Asin

1 Acos+
----------------------= = =

Asin Bcos 1⁄2 A B+( )sin A B–( )sin+[ ]=

Acos Bcos 1⁄2 A B+( ) A B–( )cos+cos[ ]=

Asin Bsin 1⁄2 A B–( ) A B+( )cos–cos[ ]=

Atan Btan Atan Btan+
Acot Bcot+

------------------------------=

Asin Bsin+ 2 1⁄2sin A B+( ) 1⁄2cos A B–( )[ ]=

Asin Bsin– 2 1⁄2sin A B–( ) 1⁄2cos A B+( )[ ]=

Acos Bcos+ 2 1⁄2cos A B+( ) 1⁄2cos A B–( )[ ]=

Acos Bcos– 2– 1⁄2sin A B+( ) 1⁄2sin A B–( )[ ]=

Atan Btan+ A B+( )sin
Acos Bcos

--------------------------= Atan Btan– A B–( )sin
Acos Bcos

--------------------------=

Acot Bcot+ B A+( )sin
Asin Bsin

--------------------------= Acot Bcot– B A–( )sin
Asin Bsin

--------------------------=
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Solution of Right-Angled Triangles

As shown in the illustration, the sides of the right-
angled triangle are designated a and b and the hypote-
nuse, c. The angles opposite each of these sides are des-
ignated A and B, respectively.

Angle C, opposite the hypotenuse c is the right angle, 
and is therefore always one of the known quantities.

Sides and Angles Known Formulas for Sides and Angles to be Found

Side a; side b B = 90° − A

Side a; hypotenuse c B = 90° − A

Side b; hypotenuse c A = 90° − B

Hypotenuse c; angle B b = c × sin B a = c × cos B A = 90° − B

Hypotenuse c; angle A b = c × cos A a = c × sin A B = 90° − A

Side b; angle B a = b × cot B A = 90° − B

Side b; angle A a = b × tan A B = 90° − A

Side a; angle B b = a × tan B A = 90° − B

Side a; angle A b = a × cot A B = 90° − A

 Trig Functions Values for Common Angles

c a2 b2+= Atan a

b
---=

b c2 a2–= Asin a

c
---=

a c2 b2–= Bsin b

c
---=

c
b

Bsin
-----------=

c
b

Acos
------------=

c
a

Bcos
------------=

c
a

Asin
-----------=

0°sin 0=

30°sin π
6
---sin 0.5= =

45°sin π
4
---sin 0.70710678= =

60°sin π
3
---sin 0.8660254= =

90°sin π
2
---sin 1= =

0°cos 1=

30°cos π
6
---cos 0.8660254= =

45°cos π
4
---cos 0.70710678= =

60°cos π
3
---cos 0.5= =

90°cos π
2
---cos 0= =

0°tan 0=

30°tan π
6
---tan 0.57735027= =

45°tan π
4
---tan 1= =

60°tan π
3
---tan 1.7320508= =

90°tan π
2
---tan ∞= =
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Examples of the Solution of Right-Angled Triangles (English or metric units)

Hypotenuse and One Angle 
Known

c = 22 inches; B = 41° 36 ′.

Hypotenuse and One Side Known

c = 25 centimeters; a = 20 centimeters.

Hence,

Two Sides Known

a = 36 mm; b = 15 mm.

Hence,

One Side and One Angle Known

a = 12 meters; A = 65°.

a c Bcos× 22 41°cos 36 ′× 22 0.74780×= = =

16.4516 inches=

b c Bsin× 22 41°sin 36 ′× 22 0.66393×= = =

14.6065 inches=

A 90° B– 90° 41°36 ′– 48°24′= = =

b c2 a2– 252 202– 625 400–= = =

225 15 centimeters==

Asin a

c
--- 20

25
------ 0.8= = =

A 53°8 ′=

B 90° A– 90° 53°8 ′– 36°52 ′= = =

c a2 b2+ 362 152+ 1296 225+= = =

1521= 39 mm=

Atan a

b
--- 36

15
------ 2.4= = =

A 67°23 ′=

B 90° A– 90° 67°23′– 22°37′= = =

c
a

Asin
----------- 12

65°sin
---------------- 12

0.90631
------------------- 13.2405 meters= = = =

b a Acot× 12 65°cot× 12 0.46631×= = =

5.5957 meters=

B 90° A– 90° 65°– 25°= = =
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Chart For The Rapid Solution of Right-Angle and Oblique-Angle Triangles

A

C

B
90�

C A2 B2= �

A
B

90�

dsin B

A
-=

d
B

90� d

e 90 ° d= �

e

A

C

B
90�

B A2 C2= �

A

C

90�

e

esin C

A
----=

90�

e

d

d 90 ° e= �

A

C

B
90�

A B2 C2= �

C

B
90�

dtan B

C
----=

d

A
B

90� d

B A dsin×=

A

C

90�

C A dcos×=

d

A
B

90�

e

B A ecos×=

A

C

90�

e

C A esin×=

A
B

90� d

A B
dsin

-----------=

C

B
90� d

C B dcot×=

A
B

90�

e

A B
ecos-----------=

C B etan×=

90�

C

B
e

A

90� d

A C
dcos

------------=

C
C

B
90� d

B = C
cot d

A

C

90�

A C
esin

----------=

e B
90� d

e

C

B C ecot×=

f

d B

A

B A fsin×
dsin-------------------=

f e

d

e 180°� d f+( )= C
A esin×

dsin
--------------------=

e

d

A

C

e

d

A

dtan A esin×
B A e× cos

=
�

B

f e

d

180°� d e+( )=f C A esin×
dsin

--------------------=

e

d

A

C
f

d B

A

fsin B dsin×
A

---------------------=

f e

d

e 180°� d f+( )=

e

d

A

B

 Area A B esin××
2

=

d A

C

B

dcos B2 C2 A2+
2 B C××

----------------------= �

f

d B

A

fsin B dsin×
A

---------------------=

f e

d

e 180°� d f+( )=
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Solution of Oblique-Angled Triangles

One Side and Two Angles Known (Law of Sines): 

Two Sides and the Angle Between Them Known: 

One Side and Two Angles Known

Call the known side a, the angle opposite it A, and the 
other known angle B. Then,  C = 180° − (A + B). If angles 
B and C are given, but not A, then  A = 180° − (B + C).

Side and Angles Known

a = 5 centimeters; A = 80°; B = 62°

Two Sides and the Angle
Between Them Known

Call the known sides a and b, and the known angle 
between them C. Then, 

Side c may also be found directly as below:

Sides and Angle Known

a = 9 inches; b = 8 inches; C = 35°.

C 180° A B+( )–=

b
a Bsin×

Asin
---------------------= c

a Csin×
Asin

---------------------=

Area a b× Csin×
2

------------------------------=

C 180° 80° 62°+( )– 180° 142°– 38°= = =

b
a Bsin×

Asin
--------------------- 5 62sin °×

80sin °
-------------------------- 5 0.88295×

0.98481
----------------------------= = =

4.483 centimeters=

c
a Csin×

Asin
--------------------- 5 38sin °×

80sin °
-------------------------- 5 0.61566×

0.98481
----------------------------= = =

3.126 centimeters=

Atan a Csin×
b a Ccos×( )–
------------------------------------=

B 180° A C+( )–= c
a Csin×

Asin
---------------------=

c a2 b2 2ab Ccos×( )–+=

Area a b× Csin×
2

------------------------------=

Atan a Csin×
b a Ccos×( )–
------------------------------------ 9 35sin °×

8 9 35cos °×( )–
-----------------------------------------= =

9 0.57358×
8 9 0.81915×( )–
------------------------------------------= 5.16222

0.62765
------------------- 8.22468= =

Hence, A 83°4 ′=

B 180° A C+( )– 180° 118°4′– 61°56′= = =

c
a Csin×

Asin
--------------------- 9 0.57358×

0.99269
---------------------------- 5.2 inches= = =
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Two Sides and the Angle Opposite One of the Sides Known: 

All Three Sides are Known: 

Two Sides and the Angle Opposite 
One of the Sides Known

Call the known angle A, the side opposite it a, and the 
other known side b. Then,

If, in the above, angle B > angle A but <90°, then a sec-
ond solution B 2, C 2, c 2 exists for which: B 2 = 180° − B;
C 2 = 180° − (A + B 2); c 2 = (a × sin C 2) ÷ sin A; area = (a
× b × sin C 2) ÷ 2. If a ≥ b, then the first solution only 
exists. If a < b × sin A, then no solution exists.

Sides and Angle Known

a = 20 centimeters; b = 17 centimeters; A = 61°.

All Three Sides Known

Call the sides a, b, and c, and the angles opposite them, 
A, B, and C. Then,

Sides and Angle Known

a = 8 inches; b = 9 inches; c = 10 inches.

Bsin b Asin×
a

---------------------= C 180° A B+( )–=

c
a Csin×

Asin
---------------------= Area a b× Csin×

2
------------------------------=

Bsin b Asin×
a

--------------------- 17 61sin °×
20

-----------------------------= =

17 0.87462×
20

-------------------------------= 0.74343=

Hence, B 48= °1 ′
C 180° A B+( )– 180° 109°1 ′– 70°59 ′= = =

c
a Csin×

Asin
--------------------- 20 70°59 ′sin×

61°sin
------------------------------------- 20 0.94542×

0.87462
-------------------------------= = =

21.62 centimeters=

Acos b2 c2 a2–+
2bc

----------------------------= Bsin b Asin×
a

---------------------=

C 180° A B+( )–= Area a b× Csin×
2

------------------------------=

Acos b2 c2 a2–+
2bc

---------------------------- 92 102 82–+
2 9× 10×

--------------------------------= =

81 100 64–+
180

---------------------------------= 117
180
--------- 0.65000= =

Hence, A 49°27 ′=

Bsin b Asin×
a

--------------------- 9 0.75984×
8

---------------------------- 0.85482= = =

Hence, B 58°44 ′=

C 180° A B+( )– 180° 108°11′– 71°49 ′= = =
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Conversion Tables of Angular Measure.—The accompanying tables of degrees, min-
utes, and seconds into radians; radians into degrees, minutes, and seconds; radians into
degrees and decimals of a degree; and minutes and seconds into decimals of a degree and
vice versa facilitate the conversion of measurements.

Example 1:The Degrees, Minutes, and Seconds into Radians table is used to find the
number of radians in 324 degrees, 25 minutes, 13 seconds as follows:

Example 2:The Radians into Degrees and Decimals of a Degree, and Radians into
Degrees, Minutes and Seconds tables are used to find the number of decimal degrees or
degrees, minutes and seconds in 0.734 radian as follows:

300 degrees = 5.235988 radians
20 degrees = 0.349066 radian
4 degrees = 0.069813 radian

25 minutes = 0.007272 radian
13 seconds = 0.000063 radian

324°25 ′13″ = 5.662202 radians

0.7  radian = 40.1070 degrees 0.7  radian = 40° 6 ′25″
0.03  radian = 1.7189 degrees 0.03  radian = 1°43 ′8″
0.004 radian = 0.2292 degree 0.004 radian = 0°13 ′45″
0.734 radian = 42.0551 degrees 0.734 radian = 41°62 ′78″ or 42°3 ′18″

Degrees, Minutes, and Seconds into Radians (Based on 180 degrees = π radians)
Degrees into Radians

Deg. Rad. Deg. Rad. Deg. Rad. Deg. Rad. Deg. Rad. Deg. Rad.

1000 17.453293 100 1.745329 10 0.174533 1 0.017453 0.1 0.001745 0.01 0.000175
2000 34.906585 200 3.490659 20 0.349066 2 0.034907 0.2 0.003491 0.02 0.000349
3000 52.359878 300 5.235988 30 0.523599 3 0.052360 0.3 0.005236 0.03 0.000524
4000 69.813170 400 6.981317 40 0.698132 4 0.069813 0.4 0.006981 0.04 0.000698
5000 87.266463 500 8.726646 50 0.872665 5 0.087266 0.5 0.008727 0.05 0.000873
6000 104.719755 600 10.471976 60 1.047198 6 0.104720 0.6 0.010472 0.06 0.001047
7000 122.173048 700 12.217305 70 1.221730 7 0.122173 0.7 0.012217 0.07 0.001222
8000 139.626340 800 13.962634 80 1.396263 8 0.139626 0.8 0.013963 0.08 0.001396
9000 157.079633 900 15.707963 90 1.570796 9 0.157080 0.9 0.015708 0.09 0.001571

10000 174.532925 1000 17.453293 100 1.745329 10 0.174533 1.0 0.017453 0.10 0.001745

Minutes into Radians

Min. Rad. Min. Rad. Min. Rad. Min. Rad. Min. Rad. Min. Rad.

1 0.000291 11 0.003200 21 0.006109 31 0.009018 41 0.011926 51 0.014835
2 0.000582 12 0.003491 22 0.006400 32 0.009308 42 0.012217 52 0.015126
3 0.000873 13 0.003782 23 0.006690 33 0.009599 43 0.012508 53 0.015417
4 0.001164 14 0.004072 24 0.006981 34 0.009890 44 0.012799 54 0.015708
5 0.001454 15 0.004363 25 0.007272 35 0.010181 45 0.013090 55 0.015999
6 0.001745 16 0.004654 26 0.007563 36 0.010472 46 0.013381 56 0.016290
7 0.002036 17 0.004945 27 0.007854 37 0.010763 47 0.013672 57 0.016581
8 0.002327 18 0.005236 28 0.008145 38 0.011054 48 0.013963 58 0.016872
9 0.002618 19 0.005527 29 0.008436 39 0.011345 49 0.014254 59 0.017162

10 0.002909 20 0.005818 30 0.008727 40 0.011636 50 0.014544 60 0.017453

Seconds into Radians

Sec. Rad. Sec. Rad. Sec. Rad. Sec. Rad. Sec. Rad. Sec. Rad.

1 0.000005 11 0.000053 21 0.000102 31 0.000150 41 0.000199 51 0.000247
2 0.000010 12 0.000058 22 0.000107 32 0.000155 42 0.000204 52 0.000252
3 0.000015 13 0.000063 23 0.000112 33 0.000160 43 0.000208 53 0.000257
4 0.000019 14 0.000068 24 0.000116 34 0.000165 44 0.000213 54 0.000262
5 0.000024 15 0.000073 25 0.000121 35 0.000170 45 0.000218 55 0.000267
6 0.000029 16 0.000078 26 0.000126 36 0.000175 46 0.000223 56 0.000271
7 0.000034 17 0.000082 27 0.000131 37 0.000179 47 0.000228 57 0.000276
8 0.000039 18 0.000087 28 0.000136 38 0.000184 48 0.000233 58 0.000281
9 0.000044 19 0.000092 29 0.000141 39 0.000189 49 0.000238 59 0.000286

10 0.000048 20 0.000097 30 0.000145 40 0.000194 50 0.000242 60 0.000291
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Radians into Degrees and Decimals of a Degree
(Based on π radians = 180 degrees)

Radians into Degrees, Minutes, and Seconds
(Based on π radians = 180 degrees)

Minutes and Seconds into Decimal of a Degree and Vice Versa
(Based on 1 second = 0.00027778 degree)

Example 3:  Convert 11 ′37″ to decimals of a degree. From the left table, 11 ′ = 0.1833 degree. From the
right table, 37″ = 0.0103 degree. Adding, 11 ′37″ = 0.1833 + 0.0103 = 0.1936 degree.

Example 4:  Convert 0.1234 degree to minutes and seconds. From the left table, 0.1167 degree = 7 ′.
Subtracting 0.1167 from 0.1234 gives 0.0067. From the right table, 0.0067 = 24″ so that 0.1234 = 7 ′24″.

Rad. Deg. Rad. Deg. Rad. Deg. Rad. Deg. Rad. Deg. Rad. Deg.

10 572.9578 1 57.2958 0.1 5.7296 0.01 0.5730 0.001 0.0573 0.0001 0.0057
20 1145.9156 2 114.5916 0.2 11.4592 0.02 1.1459 0.002 0.1146 0.0002 0.0115
30 1718.8734 3 171.8873 0.3 17.1887 0.03 1.7189 0.003 0.1719 0.0003 0.0172
40 2291.8312 4 229.1831 0.4 22.9183 0.04 2.2918 0.004 0.2292 0.0004 0.0229
50 2864.7890 5 286.4789 0.5 28.6479 0.05 2.8648 0.005 0.2865 0.0005 0.0286
60 3437.7468 6 343.7747 0.6 34.3775 0.06 3.4377 0.006 0.3438 0.0006 0.0344
70 4010.7046 7 401.0705 0.7 40.1070 0.07 4.0107 0.007 0.4011 0.0007 0.0401
80 4583.6624 8 458.3662 0.8 45.8366 0.08 4.5837 0.008 0.4584 0.0008 0.0458
90 5156.6202 9 515.6620 0.9 51.5662 0.09 5.1566 0.009 0.5157 0.0009 0.0516

100 5729.5780 10 572.9578 1.0 57.2958 0.10 5.7296 0.010 0.5730 0.0010 0.0573

Rad. Angle Rad. Angle Rad. Angle Rad. Angle Rad. Angle Rad. Angle

10 572°57 ′28″ 1 57°17 ′45″ 0.1 5°43 ′46″ 0.01 0°34 ′23″ 0.001 0°3 ′26″ 0.0001 0°0 ′21″
20 1145°54 ′56″ 2 114°35 ′30″ 0.2 11°27 ′33″ 0.02 1°8 ′45″ 0.002 0°6 ′53″ 0.0002 0°0 ′41″
30 1718°52 ′24″ 3 171°53 ′14″ 0.3 17°11 ′19″ 0.03 1°43 ′8″ 0.003 0°10 ′19″ 0.0003 0°1 ′ 2″
40 2291°49 ′52″ 4 229°10 ′59″ 0.4 22°55 ′6″ 0.04 2°17 ′31″ 0.004 0°13 ′45″ 0.0004 0°1 ′23″
50 2864°47 ′20″ 5 286°28 ′44″ 0.5 28°38 ′52″ 0.05 2°51 ′53″ 0.005 0°17 ′11″ 0.0005 0°1 ′43″
60 3437°44 ′48″ 6 343°46 ′29″ 0.6 34°22 ′39″ 0.06 3°26 ′16″ 0.006 0°20 ′38″ 0.0006 0°2 ′ 4″
70 4010°42 ′16″ 7 401°4 ′14″ 0.7 40°6 ′25″ 0.07 4°0 ′39″ 0.007 0°24 ′4″ 0.0007 0°2 ′24″
80 4583°39 ′44″ 8 458°21 ′58″ 0.8 45°50 ′12″ 0.08 4°35 ′1″ 0.008 0°27 ′30″ 0.0008 0°2 ′45″
90 5156°37 ′13″ 9 515°39 ′43″ 0.9 51°33 ′58″ 0.09 5°9 ′24″ 0.009 0°30 ′56″ 0.0009 0°3 ′6″

100 5729°34 ′41″ 10 572°57 ′28″ 1.0 57°17 ′45″ 0.10 5°43 ′46″ 0.010 0°34 ′23″ 0.0010 0°3 ′26″

Minutes into Decimals of a Degree Seconds into Decimals of a Degree

Min. Deg. Min. Deg. Min. Deg. Sec. Deg. Sec. Deg. Sec. Deg.

1 0.0167 21 0.3500 41 0.6833 1 0.0003 21 0.0058 41 0.0114
2 0.0333 22 0.3667 42 0.7000 2 0.0006 22 0.0061 42 0.0117
3 0.0500 23 0.3833 43 0.7167 3 0.0008 23 0.0064 43 0.0119
4 0.0667 24 0.4000 44 0.7333 4 0.0011 24 0.0067 44 0.0122
5 0.0833 25 0.4167 45 0.7500 5 0.0014 25 0.0069 45 0.0125
6 0.1000 26 0.4333 46 0.7667 6 0.0017 26 0.0072 46 0.0128
7 0.1167 27 0.4500 47 0.7833 7 0.0019 27 0.0075 47 0.0131
8 0.1333 28 0.4667 48 0.8000 8 0.0022 28 0.0078 48 0.0133
9 0.1500 29 0.4833 49 0.8167 9 0.0025 29 0.0081 49 0.0136

10 0.1667 30 0.5000 50 0.8333 10 0.0028 30 0.0083 50 0.0139
11 0.1833 31 0.5167 51 0.8500 11 0.0031 31 0.0086 51 0.0142
12 0.2000 32 0.5333 52 0.8667 12 0.0033 32 0.0089 52 0.0144
13 0.2167 33 0.5500 53 0.8833 13 0.0036 33 0.0092 53 0.0147
14 0.2333 34 0.5667 54 0.9000 14 0.0039 34 0.0094 54 0.0150
15 0.2500 35 0.5833 55 0.9167 15 0.0042 35 0.0097 55 0.0153
16 0.2667 36 0.6000 56 0.9333 16 0.0044 36 0.0100 56 0.0156
17 0.2833 37 0.6167 57 0.9500 17 0.0047 37 0.0103 57 0.0158
18 0.3000 38 0.6333 58 0.9667 18 0.0050 38 0.0106 58 0.0161
19 0.3167 39 0.6500 59 0.9833 19 0.0053 39 0.0108 59 0.0164
20 0.3333 40 0.6667 60 1.0000 20 0.0056 40 0.0111 60 0.0167
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Fig. 1. Signs of Trigonometric Functions, Fractions of π, and Degree-Radian Conversion

Graphic Illustrations of the Functions of Angles.—Fig. 1 shows the sign (+ or −) and
the limits between which the numerical values of trigonometric functions vary for angles
in each of the four quadrants, 0 to 90, 90 to 180, 180 to 270, and 270 to 360 degrees. The
chart indicates, for example, that all the functions are positive for angles between 0 and 90
degrees. In the same way, the cotangent of an angle between 180 and 270 degrees is posi-
tive and has a value between infinity and 0; in other words, the cotangent for 180 degrees is
infinitely large and then the cotangent gradually decreases for increasing angles, so that the
cotangent for 270 degrees equals 0. The cosine, tangent and cotangent for angles between
90 and 180 degrees are negative, although they have the same numerical values as for
angles from 0 to 90 degrees. Negative values should be preceded by a minus sign; thus, tan
123° 20′ = −1.5204. The chart also illustrates the relationship between degrees, radian, and
fractions of pi (π).

In Fig. 2, illustrating the functions of angles, it is assumed that all distances measured in
the horizontal direction to the right of line AB are positive. Those measured horizontally to
the left of AB are negative. All distances measured vertically, are positive above line CD
and negative below it. It can then be readily seen that the sine is positive for all angles less
than 180 degrees. For angles larger than 180 degrees, the sine would be measured below
CD, and is negative. The cosine is positive up to 90 degrees, but for angles larger than 90
and less than 270 degrees, the cosine is measured to the left of line AB and is negative.
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Fig. 2. Graphic Illustration of the Functions of Angles

Tables of Trigonometric Functions.—The trigonometric (trig) tables on the following
pages give numerical values for sine, cosine, tangent, and cotangent functions of angles
from 0 to 90 degrees. Function values for all other angles can be obtained from the tables
by applying the rules for signs of trigonometric functions and the useful relationships
among angles given in the following. Secant and cosecant functions can be found from sec
A = 1/cos A and csc A = 1/sin A.

The trig tables are divided by a double line. The body of each half table consists of four
labeled columns of data between columns listing angles. The angles listed to the left of the
data increase moving down the table, and angles listed to the right of the data increase mov-
ing up the table. Labels above the data identify the trig functions corresponding to angles
listed in the left column of each half table. Labels below the data correspond to angles
listed in the right column of each half table. To find the value of a function for a particular
angle, first locate the angle in the table, then find the appropriate function label across the
top or bottom row of the table, and find the function value at the intersection of the angle
row and label column. Angles opposite each other are complementary angles (i.e., their
sum equals 90°) and related. For example, sin 10° = cos 80° and cos 10° = sin 80°.
Expanded trig tables are also available on Machinery’s Handbook CD.

All trig functions of angles between 0° and 90° have positive values. For other angles,
consult Fig. 1 to find the sign of the function in the quadrant where the angle is located. To
determine trig functions of angles greater than 90° subtract 90, 180, 270, or 360 from the
angle to get an angle less than 90° and use Table 1, Useful Relationships Among Angles, to
find the equivalent first-quadrant function and angle to look up in the trig tables.

Table 1. Useful Relationships Among Angles

Example:Find the cosine of 336°40 ′. The diagram Fig. 1 shows that the cosine of every
angle in Quadrant IV (270° to 360°) is positive. To find the angle and trig function to use
when entering the trig table, subtract 270 from 336 to get cos 336°40 ′ = cos (270° + 66°40 ′)
and then find the intersection of the cos row and the 270 ± θ column in Table 1. Because cos
(270 ± θ) in the fourth quadrant is equal to ± sin θ in the first quadrant, find sin 66°40 ′ in the
trig table. Therefore, cos 336°40 ′ = sin 66°40 ′ = 0.918216.

Angle Function θ −θ 90° ± θ 180° ± θ 270° ± θ 360° ± θ

sin sin θ −sin θ +cos θ �sin θ −cos θ ±sin θ
cos cos θ +cos θ �sin θ −cos θ ±sin θ +cos θ
tan tan θ −tan θ �cot θ ±tan θ �cot θ ±tan θ
cot cot θ −cot θ �tan θ ±cot θ �tan θ ±cot θ
sec sec θ +sec θ �csc θ −sec θ ±csc θ +sec θ
csc csc θ −csc θ +sec θ �csc θ −sec θ ±csc θ

Examples: cos (270° − θ) = −sin θ; tan (90° + θ) = −cot θ.
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Trigonometric Functions of Angles from 0° to 15° and 75° to 90°

For angles 0° to 15° 0 ′ (angles found in a column to the left of the data), use the column labels at the
top of the table; for angles 75° to 90° 0 ′ (angles found in a column to the right of the data), use the
column labels at the bottom of the table.

Angle sin cos tan cot Angle sin cos tan cot

0° 0 ′ 0.000000 1.000000 0.000000 — 90° 0 ′ 7° 30 ′ 0.130526 0.991445 0.131652 7.595754 82° 30 ′

10 0.002909 0.999996 0.002909 343.7737 50 40 0.133410 0.991061 0.134613 7.428706 20

20 0.005818 0.999983 0.005818 171.8854 40 50 0.136292 0.990669 0.137576 7.268725 10

30 0.008727 0.999962 0.008727 114.5887 30 8° 0 ′ 0.139173 0.990268 0.140541 7.115370 82° 0 ′

40 0.011635 0.999932 0.011636 85.93979 20 10 0.142053 0.989859 0.143508 6.968234 50

50 0.014544 0.999894 0.014545 68.75009 10 20 0.144932 0.989442 0.146478 6.826944 40

1° 0 ′ 0.017452 0.999848 0.017455 57.28996 89° 0 ′ 30 0.147809 0.989016 0.149451 6.691156 30

10 0.020361 0.999793 0.020365 49.10388 50 40 0.150686 0.988582 0.152426 6.560554 20

20 0.023269 0.999729 0.023275 42.96408 40 50 0.153561 0.988139 0.155404 6.434843 10

30 0.026177 0.999657 0.026186 38.18846 30 9° 0 ′ 0.156434 0.987688 0.158384 6.313752 81° 0 ′

40 0.029085 0.999577 0.029097 34.36777 20 10 0.159307 0.987229 0.161368 6.197028 50

50 0.031992 0.999488 0.032009 31.24158 10 20 0.162178 0.986762 0.164354 6.084438 40

2° 0 ′ 0.034899 0.999391 0.034921 28.63625 88° 0 ′ 30 0.165048 0.986286 0.167343 5.975764 30

10 0.037806 0.999285 0.037834 26.43160 50 40 0.167916 0.985801 0.170334 5.870804 20

20 0.040713 0.999171 0.040747 24.54176 40 50 0.170783 0.985309 0.173329 5.769369 10

30 0.043619 0.999048 0.043661 22.90377 30 10° 0 ′ 0.173648 0.984808 0.176327 5.671282 80° 0 ′

40 0.046525 0.998917 0.046576 21.47040 20 10 0.176512 0.984298 0.179328 5.576379 50

50 0.049431 0.998778 0.049491 20.20555 10 20 0.179375 0.983781 0.182332 5.484505 40

3° 0 ′ 0.052336 0.998630 0.052408 19.08114 87° 0 ′ 30 0.182236 0.983255 0.185339 5.395517 30

10 0.055241 0.998473 0.055325 18.07498 50 40 0.185095 0.982721 0.188349 5.309279 20

20 0.058145 0.998308 0.058243 17.16934 40 50 0.187953 0.982178 0.191363 5.225665 10

30 0.061049 0.998135 0.061163 16.34986 30 11° 0 ′ 0.190809 0.981627 0.194380 5.144554 79° 0 ′

40 0.063952 0.997953 0.064083 15.60478 20 10 0.193664 0.981068 0.197401 5.065835 50

50 0.066854 0.997763 0.067004 14.92442 10 20 0.196517 0.980500 0.200425 4.989403 40

4° 0 ′ 0.069756 0.997564 0.069927 14.30067 86° 0 ′ 30 0.199368 0.979925 0.203452 4.915157 30

10 0.072658 0.997357 0.072851 13.72674 50 40 0.202218 0.979341 0.206483 4.843005 20

20 0.075559 0.997141 0.075775 13.19688 40 50 0.205065 0.978748 0.209518 4.772857 10

30 0.078459 0.996917 0.078702 12.70621 30 12° 0 ′ 0.207912 0.978148 0.212557 4.704630 78° 0 ′

40 0.081359 0.996685 0.081629 12.25051 20 10 0.210756 0.977539 0.215599 4.638246 50

50 0.084258 0.996444 0.084558 11.82617 10 20 0.213599 0.976921 0.218645 4.573629 40

5° 0 ′ 0.087156 0.996195 0.087489 11.43005 85° 0 ′ 30 0.216440 0.976296 0.221695 4.510709 30

10 0.090053 0.995937 0.090421 11.05943 50 40 0.219279 0.975662 0.224748 4.449418 20

20 0.092950 0.995671 0.093354 10.71191 40 50 0.222116 0.975020 0.227806 4.389694 10

30 0.095846 0.995396 0.096289 10.38540 30 13° 0 ′ 0.224951 0.974370 0.230868 4.331476 77° 0 ′

40 0.098741 0.995113 0.099226 10.07803 20 10 0.227784 0.973712 0.233934 4.274707 50

50 0.101635 0.994822 0.102164 9.788173 10 20 0.230616 0.973045 0.237004 4.219332 40

6° 0 ′ 0.104528 0.994522 0.105104 9.514364 84° 0 ′ 30 0.233445 0.972370 0.240079 4.165300 30

10 0.107421 0.994214 0.108046 9.255304 50 40 0.236273 0.971687 0.243157 4.112561 20

20 0.110313 0.993897 0.110990 9.009826 40 50 0.239098 0.970995 0.246241 4.061070 10

30 0.113203 0.993572 0.113936 8.776887 30 14° 0 ′ 0.241922 0.970296 0.249328 4.010781 76° 0 ′

40 0.116093 0.993238 0.116883 8.555547 20 10 0.244743 0.969588 0.252420 3.961652 50

50 0.118982 0.992896 0.119833 8.344956 10 20 0.247563 0.968872 0.255516 3.913642 40

7° 0 ′ 0.121869 0.992546 0.122785 8.144346 83° 0 ′ 30 0.250380 0.968148 0.258618 3.866713 30

10 0.124756 0.992187 0.125738 7.953022 50 40 0.253195 0.967415 0.261723 3.820828 20

20 0.127642 0.991820 0.128694 7.770351 40 50 0.256008 0.966675 0.264834 3.775952 10

7° 30 ′ 0.130526 0.991445 0.131652 7.595754 82° 30 15° 0 ′ 0.258819 0.965926 0.267949 3.732051 75° 0 ′

cos sin cot tan Angle cos sin cot tan Angle
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Trigonometric Functions of Angles from 15° to 30° and 60° to 75°

For angles 15° to 30° 0 ′ (angles found in a column to the left of the data), use the column labels at
the top of the table; for angles 60° to 75° 0 ′ (angles found in a column to the right of the data), use the
column labels at the bottom of the table.

Angle sin cos tan cot Angle sin cos tan cot

15° 0 ′ 0.258819 0.965926 0.267949 3.732051 75° 0 ′ 22° 30 ′ 0.382683 0.923880 0.414214 2.414214 67° 30

10 0.261628 0.965169 0.271069 3.689093 50 40 0.385369 0.922762 0.417626 2.394489 20

20 0.264434 0.964404 0.274194 3.647047 40 50 0.388052 0.921638 0.421046 2.375037 10

30 0.267238 0.963630 0.277325 3.605884 30 23° 0 ′ 0.390731 0.920505 0.424475 2.355852 67° 0 ′

40 0.270040 0.962849 0.280460 3.565575 20 10 0.393407 0.919364 0.427912 2.336929 50

50 0.272840 0.962059 0.283600 3.526094 10 20 0.396080 0.918216 0.431358 2.318261 40

16° 0 ′ 0.275637 0.961262 0.286745 3.487414 74° 0 ′ 30 0.398749 0.917060 0.434812 2.299843 30

10 0.278432 0.960456 0.289896 3.449512 50 40 0.401415 0.915896 0.438276 2.281669 20

20 0.281225 0.959642 0.293052 3.412363 40 50 0.404078 0.914725 0.441748 2.263736 10

30 0.284015 0.958820 0.296213 3.375943 30 24° 0 ′ 0.406737 0.913545 0.445229 2.246037 66° 0′

40 0.286803 0.957990 0.299380 3.340233 20 10 0.409392 0.912358 0.448719 2.228568 50

50 0.289589 0.957151 0.302553 3.305209 10 20 0.412045 0.911164 0.452218 2.211323 40

17° 0 ′ 0.292372 0.956305 0.305731 3.270853 73° 0 ′ 30 0.414693 0.909961 0.455726 2.194300 30

10 0.295152 0.955450 0.308914 3.237144 50 40 0.417338 0.908751 0.459244 2.177492 20

20 0.297930 0.954588 0.312104 3.204064 40 50 0.419980 0.907533 0.462771 2.160896 10

30 0.300706 0.953717 0.315299 3.171595 30 25° 0 ′ 0.422618 0.906308 0.466308 2.144507 65° 0 ′

40 0.303479 0.952838 0.318500 3.139719 20 10 0.425253 0.905075 0.469854 2.128321 50

50 0.306249 0.951951 0.321707 3.108421 10 20 0.427884 0.903834 0.473410 2.112335 40

18° 0 ′ 0.309017 0.951057 0.324920 3.077684 72° 0 ′ 30 0.430511 0.902585 0.476976 2.096544 30

10 0.311782 0.950154 0.328139 3.047492 50 40 0.433135 0.901329 0.480551 2.080944 20

20 0.314545 0.949243 0.331364 3.017830 40 50 0.435755 0.900065 0.484137 2.065532 10

30 0.317305 0.948324 0.334595 2.988685 30 26° 0 ′ 0.438371 0.898794 0.487733 2.050304 64° 0 ′

40 0.320062 0.947397 0.337833 2.960042 20 10 0.440984 0.897515 0.491339 2.035256 50

50 0.322816 0.946462 0.341077 2.931888 10 20 0.443593 0.896229 0.494955 2.020386 40

19° 0 ′ 0.325568 0.945519 0.344328 2.904211 71° 0 ′ 30 0.446198 0.894934 0.498582 2.005690 30

10 0.328317 0.944568 0.347585 2.876997 50 40 0.448799 0.893633 0.502219 1.991164 20

20 0.331063 0.943609 0.350848 2.850235 40 50 0.451397 0.892323 0.505867 1.976805 10

30 0.333807 0.942641 0.354119 2.823913 30 27° 0 ′ 0.453990 0.891007 0.509525 1.962611 63° 0 ′

40 0.336547 0.941666 0.357396 2.798020 20 10 0.456580 0.889682 0.513195 1.948577 50

50 0.339285 0.940684 0.360679 2.772545 10 20 0.459166 0.888350 0.516875 1.934702 40

20° 0 ′ 0.342020 0.939693 0.363970 2.747477 70° 0 ′ 30 0.461749 0.887011 0.520567 1.920982 30

10 0.344752 0.938694 0.367268 2.722808 50 40 0.464327 0.885664 0.524270 1.907415 20

20 0.347481 0.937687 0.370573 2.698525 40 50 0.466901 0.884309 0.527984 1.893997 10

30 0.350207 0.936672 0.373885 2.674621 30 28° 0 ′ 0.469472 0.882948 0.531709 1.880726 62° 0 ′

40 0.352931 0.935650 0.377204 2.651087 20 10 0.472038 0.881578 0.535446 1.867600 50

50 0.355651 0.934619 0.380530 2.627912 10 20 0.474600 0.880201 0.539195 1.854616 40

21° 0 ′ 0.358368 0.933580 0.383864 2.605089 69° 0 ′ 30 0.477159 0.878817 0.542956 1.841771 30

10 0.361082 0.932534 0.387205 2.582609 50 40 0.479713 0.877425 0.546728 1.829063 20

20 0.363793 0.931480 0.390554 2.560465 40 50 0.482263 0.876026 0.550513 1.816489 10

30 0.366501 0.930418 0.393910 2.538648 30 29° 0 ′ 0.484810 0.874620 0.554309 1.804048 61° 0 ′

40 0.369206 0.929348 0.397275 2.517151 20 10 0.487352 0.873206 0.558118 1.791736 50

50 0.371908 0.928270 0.400646 2.495966 10 20 0.489890 0.871784 0.561939 1.779552 40

22° 0 ′ 0.374607 0.927184 0.404026 2.475087 68° 0 ′ 30 0.492424 0.870356 0.565773 1.767494 30

10 0.377302 0.926090 0.407414 2.454506 50 40 0.494953 0.868920 0.569619 1.755559 20

20 0.379994 0.924989 0.410810 2.434217 40 50 0.497479 0.867476 0.573478 1.743745 10

22° 30 0.382683 0.923880 0.414214 2.414214 67° 30 30° 0 ′ 0.500000 0.866025 0.577350 1.732051 60° 0 ′

cos sin cot tan Angle cos sin cot tan Angle
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Trigonometric Functions of Angles from 30° to 60°

For angles 30° to 45° 0 ′ (angles found in a column to the left of the data), use the column labels at
the top of the table; for angles 45° to 60° 0 ′ (angles found in a column to the right of the data), use the
column labels at the bottom of the table.

Angle sin cos tan cot Angle sin cos tan cot

30° 0 ′ 0.500000 0.866025 0.577350 1.732051 60° 0 ′ 37° 30 ′ 0.608761 0.793353 0.767327 1.303225 52° 30 ′

10 0.502517 0.864567 0.581235 1.720474 50 40 0.611067 0.791579 0.771959 1.295406 20

20 0.505030 0.863102 0.585134 1.709012 40 50 0.613367 0.789798 0.776612 1.287645 10

30 0.507538 0.861629 0.589045 1.697663 30 38° 0 ′ 0.615661 0.788011 0.781286 1.279942 52° 0 ′

40 0.510043 0.860149 0.592970 1.686426 20 10 0.617951 0.786217 0.785981 1.272296 50

50 0.512543 0.858662 0.596908 1.675299 10 20 0.620235 0.784416 0.790697 1.264706 40

31° 0 ′ 0.515038 0.857167 0.600861 1.664279 59° 0 ′ 30 0.622515 0.782608 0.795436 1.257172 30

10 0.517529 0.855665 0.604827 1.653366 50 40 0.624789 0.780794 0.800196 1.249693 20

20 0.520016 0.854156 0.608807 1.642558 40 50 0.627057 0.778973 0.804979 1.242268 10

30 0.522499 0.852640 0.612801 1.631852 30 39° 0 ′ 0.629320 0.777146 0.809784 1.234897 51° 0 ′

40 0.524977 0.851117 0.616809 1.621247 20 10 0.631578 0.775312 0.814612 1.227579 50

50 0.527450 0.849586 0.620832 1.610742 10 20 0.633831 0.773472 0.819463 1.220312 40

32° 0 ′ 0.529919 0.848048 0.624869 1.600335 58° 0 ′ 30 0.636078 0.771625 0.824336 1.213097 30

10 0.532384 0.846503 0.628921 1.590024 50 40 0.638320 0.769771 0.829234 1.205933 20

20 0.534844 0.844951 0.632988 1.579808 40 50 0.640557 0.767911 0.834155 1.198818 10

30 0.537300 0.843391 0.637070 1.569686 30 40° 0 ′ 0.642788 0.766044 0.839100 1.191754 50° 0 ′

40 0.539751 0.841825 0.641167 1.559655 20 10 0.645013 0.764171 0.844069 1.184738 50

50 0.542197 0.840251 0.645280 1.549715 10 20 0.647233 0.762292 0.849062 1.177770 40

33° 0 ′ 0.544639 0.838671 0.649408 1.539865 57° 0 ′ 30 0.649448 0.760406 0.854081 1.170850 30

10 0.547076 0.837083 0.653551 1.530102 50 40 0.651657 0.758514 0.859124 1.163976 20

20 0.549509 0.835488 0.657710 1.520426 40 50 0.653861 0.756615 0.864193 1.157149 10

30 0.551937 0.833886 0.661886 1.510835 30 41° 0 ′ 0.656059 0.754710 0.869287 1.150368 49° 0 ′

40 0.554360 0.832277 0.666077 1.501328 20 10 0.658252 0.752798 0.874407 1.143633 50

50 0.556779 0.830661 0.670284 1.491904 10 20 0.660439 0.750880 0.879553 1.136941 40

34° 0 ′ 0.559193 0.829038 0.674509 1.482561 56° 0 ′ 30 0.662620 0.748956 0.884725 1.130294 30

10 0.561602 0.827407 0.678749 1.473298 50 40 0.664796 0.747025 0.889924 1.123691 20

20 0.564007 0.825770 0.683007 1.464115 40 50 0.666966 0.745088 0.895151 1.117130 10

30 0.566406 0.824126 0.687281 1.455009 30 42° 0 ′ 0.669131 0.743145 0.900404 1.110613 48° 0 ′

40 0.568801 0.822475 0.691572 1.445980 20 10 0.671289 0.741195 0.905685 1.104137 50

50 0.571191 0.820817 0.695881 1.437027 10 20 0.673443 0.739239 0.910994 1.097702 40

35° 0 ′ 0.573576 0.819152 0.700208 1.428148 55° 0 ′ 30 0.675590 0.737277 0.916331 1.091309 30

10 0.575957 0.817480 0.704551 1.419343 50 40 0.677732 0.735309 0.921697 1.084955 20

20 0.578332 0.815801 0.708913 1.410610 40 50 0.679868 0.733334 0.927091 1.078642 10

30 0.580703 0.814116 0.713293 1.401948 30 43° 0 ′ 0.681998 0.731354 0.932515 1.072369 47° 0 ′

40 0.583069 0.812423 0.717691 1.393357 20 10 0.684123 0.729367 0.937968 1.066134 50

50 0.585429 0.810723 0.722108 1.384835 10 20 0.686242 0.727374 0.943451 1.059938 40

36° 0 ′ 0.587785 0.809017 0.726543 1.376382 54° 0 ′ 30 0.688355 0.725374 0.948965 1.053780 30

10 0.590136 0.807304 0.730996 1.367996 50 40 0.690462 0.723369 0.954508 1.047660 20

20 0.592482 0.805584 0.735469 1.359676 40 50 0.692563 0.721357 0.960083 1.041577 10

30 0.594823 0.803857 0.739961 1.351422 30 44° 0 ′ 0.694658 0.719340 0.965689 1.035530 46° 0 ′

40 0.597159 0.802123 0.744472 1.343233 20 10 0.696748 0.717316 0.971326 1.029520 50

50 0.599489 0.800383 0.749003 1.335108 10 20 0.698832 0.715286 0.976996 1.023546 40

37° 0 ′ 0.601815 0.798636 0.753554 1.327045 53° 0 ′ 30 0.700909 0.713250 0.982697 1.017607 30

10 0.604136 0.796882 0.758125 1.319044 50 40 0.702981 0.711209 0.988432 1.011704 20

20 0.606451 0.795121 0.762716 1.311105 40 50 0.705047 0.709161 0.994199 1.005835 10

37° 30 0.608761 0.793353 0.767327 1.303225 52° 30 45° 0 ′ 0.707107 0.707107 1.000000 1.000000 45° 0 ′

cos sin cot tan Angle cos sin cot tan Angle
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Using a Calculator to Find Trig Functions.—A scientific calculator is quicker and
more accurate than tables for finding trig functions and angles corresponding to trig func-
tions. On scientific calculators, the keys labeled sin, cos, and tan are used to find the com-
mon trig functions. The other functions can be found by using the same keys and the 1/x
key, noting that csc A = 1/sin A, sec A = 1/cos A, and cot A = 1/tan A. The specific keystrokes
used will vary slightly from one calculator to another. To find the angle corresponding to a
given trig function use the keys labeled sin−1, cos−1, and tan−1. On some other calculators,
the sin, cos, and tan are used in combination with the INV, or inverse, key to find the num-
ber corresponding to a given trig function.

If a scientific calculator or computer is not available, tables are the easiest way to find trig
values. However, trig function values can be calculated very accurately without a scientific
calculator by using the following formulas:

where the angle A is expressed in radians (convert degrees to radians by multiplying
degrees by π/180 = 0.0174533). The three dots at the ends of the formulas indicate that the
expression continues with more terms following the sequence established by the first few
terms. Generally, calculating just three or four terms of the expression is sufficient for
accuracy. In these formulas, a number followed by the symbol ! is called a factorial (for
example, 3! is three factorial). Except for 0!, which is defined as 1, a factorial is found by
multiplying together all the integers greater than zero and less than or equal to the factorial
number wanted. For example: 3! = 1 × 2 × 3 = 6; 4! = 1 × 2 × 3 × 4 = 24; 7! = 1 × 2 × 3 × 4 ×
5 × 6 × 7 = 5040; etc.

Versed Sine and Versed Cosine.—These functions are sometimes used in formulas for
segments of a circle and may be obtained using the relationships:

Sevolute Functions.—Sevolute functions are used in calculating the form diameter of
involute splines. They are computed by subtracting the involute function of an angle from
the secant of the angle (1/cosine = secant). Thus, sevolute of 20 degrees = secant of 20
degrees − involute function of 20 degrees = 1.064178 − 0.014904 = 1.049274.

Involute Functions.—Involute functions are used in certain formulas relating to the
design and measurement of gear teeth as well as measurement of threads over wires. See,
for example, pages 1997 through 2000,  2207, and  2271.

The tables on the following pages provide values of involute functions for angles from 14
to 51 degrees in increments of 1 minute. These involute functions were calculated from the
following formulas: Involute of θ = tan θ − θ, for θ in radians, and involute of θ = tan θ − π
× θ/180, for θ in degrees.

Example:For an angle of 14 degrees and 10 minutes, the involute function is found as fol-
lows: 10 minutes = 10 ⁄60 = 0.166666 degrees, 14 + 0.166666 = 14.166666 degree, so that
the involute of 14.166666 degrees = tan 14.166666 − π × 14.166666 ⁄180 = 0.252420 −
0.247255 = 0.005165. This value is the same as that in the table Involute Functions for
Angles from 14 to 23 Degrees for 14 degrees and 10 minutes. The same result would be
obtained from using the conversion tables beginning on page 103 to convert 14 degrees
and 10 minutes to radians and then applying the first of the formulas given above.

Asin A
A3

3!
------ A5

5!
------

A7

7!
------ …±–+–=

Asin 1– 1
2
--- A3

3
------

1
2
--- 3

4
--- A5

5
------ …+××+×=

Acos 1 A2

2!
------ A4

4!
------

A6

6!
------ …±–+–=

Atan 1– A
A3

3
------ A5

5
------

A7

7
------ …±–+–=

versed θsin 1 θcos ; versed θcos– 1 θsin– .= =
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Involute Functions for Angles from 14 to 23 Degrees

Minutes

Degrees

14 15 16 17 18 19 20 21 22

Involute Functions

0 0.004982 0.006150 0.007493 0.009025 0.010760 0.012715 0.014904 0.017345 0.020054
1 0.005000 0.006171 0.007517 0.009052 0.010791 0.012750 0.014943 0.017388 0.020101
2 0.005018 0.006192 0.007541 0.009079 0.010822 0.012784 0.014982 0.017431 0.020149
3 0.005036 0.006213 0.007565 0.009107 0.010853 0.012819 0.015020 0.017474 0.020197
4 0.005055 0.006234 0.007589 0.009134 0.010884 0.012854 0.015059 0.017517 0.020244
5 0.005073 0.006255 0.007613 0.009161 0.010915 0.012888 0.015098 0.017560 0.020292
6 0.005091 0.006276 0.007637 0.009189 0.010946 0.012923 0.015137 0.017603 0.020340
7 0.005110 0.006297 0.007661 0.009216 0.010977 0.012958 0.015176 0.017647 0.020388
8 0.005128 0.006318 0.007686 0.009244 0.011008 0.012993 0.015215 0.017690 0.020436
9 0.005146 0.006340 0.007710 0.009272 0.011039 0.013028 0.015254 0.017734 0.020484

10 0.005165 0.006361 0.007735 0.009299 0.011071 0.013063 0.015293 0.017777 0.020533
11 0.005184 0.006382 0.007759 0.009327 0.011102 0.013098 0.015333 0.017821 0.020581
12 0.005202 0.006404 0.007784 0.009355 0.011133 0.013134 0.015372 0.017865 0.020629
13 0.005221 0.006425 0.007808 0.009383 0.011165 0.013169 0.015411 0.017908 0.020678
14 0.005239 0.006447 0.007833 0.009411 0.011196 0.013204 0.015451 0.017952 0.020726
15 0.005258 0.006469 0.007857 0.009439 0.011228 0.013240 0.015490 0.017996 0.020775
16 0.005277 0.006490 0.007882 0.009467 0.011260 0.013275 0.015530 0.018040 0.020824
17 0.005296 0.006512 0.007907 0.009495 0.011291 0.013311 0.015570 0.018084 0.020873
18 0.005315 0.006534 0.007932 0.009523 0.011323 0.013346 0.015609 0.018129 0.020921
19 0.005334 0.006555 0.007957 0.009552 0.011355 0.013382 0.015649 0.018173 0.020970
20 0.005353 0.006577 0.007982 0.009580 0.011387 0.013418 0.015689 0.018217 0.021019
21 0.005372 0.006599 0.008007 0.009608 0.011419 0.013454 0.015729 0.018262 0.021069
22 0.005391 0.006621 0.008032 0.009637 0.011451 0.013490 0.015769 0.018306 0.021118
23 0.005410 0.006643 0.008057 0.009665 0.011483 0.013526 0.015809 0.018351 0.021167
24 0.005429 0.006665 0.008082 0.009694 0.011515 0.013562 0.015850 0.018395 0.021217
25 0.005448 0.006687 0.008107 0.009722 0.011547 0.013598 0.015890 0.018440 0.021266
26 0.005467 0.006709 0.008133 0.009751 0.011580 0.013634 0.015930 0.018485 0.021316
27 0.005487 0.006732 0.008158 0.009780 0.011612 0.013670 0.015971 0.018530 0.021365
28 0.005506 0.006754 0.008183 0.009808 0.011644 0.013707 0.016011 0.018575 0.021415
29 0.005525 0.006776 0.008209 0.009837 0.011677 0.013743 0.016052 0.018620 0.021465
30 0.005545 0.006799 0.008234 0.009866 0.011709 0.013779 0.016092 0.018665 0.021514
31 0.005564 0.006821 0.008260 0.009895 0.011742 0.013816 0.016133 0.018710 0.021564
32 0.005584 0.006843 0.008285 0.009924 0.011775 0.013852 0.016174 0.018755 0.021614
33 0.005603 0.006866 0.008311 0.009953 0.011807 0.013889 0.016215 0.018800 0.021665
34 0.005623 0.006888 0.008337 0.009982 0.011840 0.013926 0.016255 0.018846 0.021715
35 0.005643 0.006911 0.008362 0.010011 0.011873 0.013963 0.016296 0.018891 0.021765
36 0.005662 0.006934 0.008388 0.010041 0.011906 0.013999 0.016337 0.018937 0.021815
37 0.005682 0.006956 0.008414 0.010070 0.011939 0.014036 0.016379 0.018983 0.021866
38 0.005702 0.006979 0.008440 0.010099 0.011972 0.014073 0.016420 0.019028 0.021916
39 0.005722 0.007002 0.008466 0.010129 0.012005 0.014110 0.016461 0.019074 0.021967
40 0.005742 0.007025 0.008492 0.010158 0.012038 0.014148 0.016502 0.019120 0.022018
41 0.005762 0.007048 0.008518 0.010188 0.012071 0.014185 0.016544 0.019166 0.022068
42 0.005782 0.007071 0.008544 0.010217 0.012105 0.014222 0.016585 0.019212 0.022119
43 0.005802 0.007094 0.008571 0.010247 0.012138 0.014259 0.016627 0.019258 0.022170
44 0.005822 0.007117 0.008597 0.010277 0.012172 0.014297 0.016669 0.019304 0.022221
45 0.005842 0.007140 0.008623 0.010307 0.012205 0.014334 0.016710 0.019350 0.022272
46 0.005862 0.007163 0.008650 0.010336 0.012239 0.014372 0.016752 0.019397 0.022324
47 0.005882 0.007186 0.008676 0.010366 0.012272 0.014409 0.016794 0.019443 0.022375
48 0.005903 0.007209 0.008702 0.010396 0.012306 0.014447 0.016836 0.019490 0.022426
49 0.005923 0.007233 0.008729 0.010426 0.012340 0.014485 0.016878 0.019536 0.022478
50 0.005943 0.007256 0.008756 0.010456 0.012373 0.014523 0.016920 0.019583 0.022529
51 0.005964 0.007280 0.008782 0.010486 0.012407 0.014560 0.016962 0.019630 0.022581
52 0.005984 0.007303 0.008809 0.010517 0.012441 0.014598 0.017004 0.019676 0.022633
53 0.006005 0.007327 0.008836 0.010547 0.012475 0.014636 0.017047 0.019723 0.022684
54 0.006025 0.007350 0.008863 0.010577 0.012509 0.014674 0.017089 0.019770 0.022736
55 0.006046 0.007374 0.008889 0.010608 0.012543 0.014713 0.017132 0.019817 0.022788
56 0.006067 0.007397 0.008916 0.010638 0.012578 0.014751 0.017174 0.019864 0.022840
57 0.006087 0.007421 0.008943 0.010669 0.012612 0.014789 0.017217 0.019912 0.022892
58 0.006108 0.007445 0.008970 0.010699 0.012646 0.014827 0.017259 0.019959 0.022944
59 0.006129 0.007469 0.008998 0.010730 0.012681 0.014866 0.017302 0.020006 0.022997
60 0.006150 0.007493 0.009025 0.010760 0.012715 0.014904 0.017345 0.020054 0.023049
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Involute Functions for Angles from 23 to 32 Degrees

Minutes

Degrees

23 24 25 26 27 28 29 30 31

Involute Functions

0 0.023049 0.026350 0.029975 0.033947 0.038287 0.043017 0.048164 0.053752 0.059809
1 0.023102 0.026407 0.030039 0.034016 0.038362 0.043100 0.048253 0.053849 0.059914
2 0.023154 0.026465 0.030102 0.034086 0.038438 0.043182 0.048343 0.053946 0.060019
3 0.023207 0.026523 0.030166 0.034155 0.038514 0.043264 0.048432 0.054043 0.060124
4 0.023259 0.026581 0.030229 0.034225 0.038590 0.043347 0.048522 0.054140 0.060230
5 0.023312 0.026639 0.030293 0.034294 0.038666 0.043430 0.048612 0.054238 0.060335
6 0.023365 0.026697 0.030357 0.034364 0.038742 0.043513 0.048702 0.054336 0.060441
7 0.023418 0.026756 0.030420 0.034434 0.038818 0.043596 0.048792 0.054433 0.060547
8 0.023471 0.026814 0.030484 0.034504 0.038894 0.043679 0.048883 0.054531 0.060653
9 0.023524 0.026872 0.030549 0.034574 0.038971 0.043762 0.048973 0.054629 0.060759

10 0.023577 0.026931 0.030613 0.034644 0.039047 0.043845 0.049064 0.054728 0.060866
11 0.023631 0.026989 0.030677 0.034714 0.039124 0.043929 0.049154 0.054826 0.060972
12 0.023684 0.027048 0.030741 0.034785 0.039201 0.044012 0.049245 0.054924 0.061079
13 0.023738 0.027107 0.030806 0.034855 0.039278 0.044096 0.049336 0.055023 0.061186
14 0.023791 0.027166 0.030870 0.034926 0.039355 0.044180 0.049427 0.055122 0.061292
15 0.023845 0.027225 0.030935 0.034997 0.039432 0.044264 0.049518 0.055221 0.061400
16 0.023899 0.027284 0.031000 0.035067 0.039509 0.044348 0.049609 0.055320 0.061507
17 0.023952 0.027343 0.031065 0.035138 0.039586 0.044432 0.049701 0.055419 0.061614
18 0.024006 0.027402 0.031130 0.035209 0.039664 0.044516 0.049792 0.055518 0.061721
19 0.024060 0.027462 0.031195 0.035280 0.039741 0.044601 0.049884 0.055617 0.061829
20 0.024114 0.027521 0.031260 0.035352 0.039819 0.044685 0.049976 0.055717 0.061937
21 0.024169 0.027581 0.031325 0.035423 0.039897 0.044770 0.050068 0.055817 0.062045
22 0.024223 0.027640 0.031390 0.035494 0.039974 0.044855 0.050160 0.055916 0.062153
23 0.024277 0.027700 0.031456 0.035566 0.040052 0.044940 0.050252 0.056016 0.062261
24 0.024332 0.027760 0.031521 0.035637 0.040131 0.045024 0.050344 0.056116 0.062369
25 0.024386 0.027820 0.031587 0.035709 0.040209 0.045110 0.050437 0.056217 0.062478
26 0.024441 0.027880 0.031653 0.035781 0.040287 0.045195 0.050529 0.056317 0.062586
27 0.024495 0.027940 0.031718 0.035853 0.040366 0.045280 0.050622 0.056417 0.062695
28 0.024550 0.028000 0.031784 0.035925 0.040444 0.045366 0.050715 0.056518 0.062804
29 0.024605 0.028060 0.031850 0.035997 0.040523 0.045451 0.050808 0.056619 0.062913
30 0.024660 0.028121 0.031917 0.036069 0.040602 0.045537 0.050901 0.056720 0.063022
31 0.024715 0.028181 0.031983 0.036142 0.040680 0.045623 0.050994 0.056821 0.063131
32 0.024770 0.028242 0.032049 0.036214 0.040759 0.045709 0.051087 0.056922 0.063241
33 0.024825 0.028302 0.032116 0.036287 0.040839 0.045795 0.051181 0.057023 0.063350
34 0.024881 0.028363 0.032182 0.036359 0.040918 0.045881 0.051274 0.057124 0.063460
35 0.024936 0.028424 0.032249 0.036432 0.040997 0.045967 0.051368 0.057226 0.063570
36 0.024992 0.028485 0.032315 0.036505 0.041077 0.046054 0.051462 0.057328 0.063680
37 0.025047 0.028546 0.032382 0.036578 0.041156 0.046140 0.051556 0.057429 0.063790
38 0.025103 0.028607 0.032449 0.036651 0.041236 0.046227 0.051650 0.057531 0.063901
39 0.025159 0.028668 0.032516 0.036724 0.041316 0.046313 0.051744 0.057633 0.064011
40 0.025214 0.028729 0.032583 0.036798 0.041395 0.046400 0.051838 0.057736 0.064122
41 0.025270 0.028791 0.032651 0.036871 0.041475 0.046487 0.051933 0.057838 0.064232
42 0.025326 0.028852 0.032718 0.036945 0.041556 0.046575 0.052027 0.057940 0.064343
43 0.025382 0.028914 0.032785 0.037018 0.041636 0.046662 0.052122 0.058043 0.064454
44 0.025439 0.028976 0.032853 0.037092 0.041716 0.046749 0.052217 0.058146 0.064565
45 0.025495 0.029037 0.032920 0.037166 0.041797 0.046837 0.052312 0.058249 0.064677
46 0.025551 0.029099 0.032988 0.037240 0.041877 0.046924 0.052407 0.058352 0.064788
47 0.025608 0.029161 0.033056 0.037314 0.041958 0.047012 0.052502 0.058455 0.064900
48 0.025664 0.029223 0.033124 0.037388 0.042039 0.047100 0.052597 0.058558 0.065012
49 0.025721 0.029285 0.033192 0.037462 0.042120 0.047188 0.052693 0.058662 0.065123
50 0.025778 0.029348 0.033260 0.037537 0.042201 0.047276 0.052788 0.058765 0.065236
51 0.025834 0.029410 0.033328 0.037611 0.042282 0.047364 0.052884 0.058869 0.065348
52 0.025891 0.029472 0.033397 0.037686 0.042363 0.047452 0.052980 .058973 0.065460
53 0.025948 0.029535 0.033465 0.037761 0.042444 0.047541 0.053076 0.059077 0.065573
54 0.026005 0.029598 0.033534 0.037835 0.042526 0.047630 0.053172 0.059181 0.065685
55 0.026062 0.029660 0.033602 0.037910 0.042608 0.047718 0.053268 0.059285 0.065798
56 0.026120 0.029723 0.033671 0.037985 0.042689 0.047807 0.053365 0.059390 0.065911
57 0.026177 0.029786 0.033740 0.038060 0.042771 0.047896 0.053461 0.059494 0.066024
58 0.026235 0.029849 0.033809 0.038136 0.042853 0.047985 0.053558 0.059599 0.066137
59 0.026292 0.029912 0.033878 0.038211 0.042935 0.048074 0.053655 0.059704 0.066251
60 0.026350 0.029975 0.033947 0.038287 0.043017 0.048164 0.053752 0.059809 0.066364
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Involute Functions for Angles from 32 to 41 Degrees

Minutes

Degrees

32 33 34 35 36 37 38 39 40

Involute Functions

0 0.066364 0.073449 0.081097 0.089342 0.098224 0.107782 0.118061 0.129106 0.140968
1 0.066478 0.073572 0.081229 0.089485 0.098378 0.107948 0.118238 0.129297 0.141173
2 0.066591 0.073695 0.081362 0.089628 0.098532 0.108113 0.118416 0.129488 0.141378
3 0.066705 0.073818 0.081494 0.089771 0.098686 0.108279 0.118594 0.129679 0.141584
4 0.066820 0.073941 0.081627 0.089914 0.098840 0.108445 0.118773 0.129870 0.141789
5 0.066934 0.074064 0.081760 0.090058 0.098994 0.108611 0.118951 0.130062 0.141995
6 0.067048 0.074188 0.081894 0.090201 0.099149 0.108777 0.119130 0.130254 0.142201
7 0.067163 0.074312 0.082027 0.090345 0.099303 0.108943 0.119309 0.130446 0.142408
8 0.067277 0.074435 0.082161 0.090489 0.099458 0.109110 0.119488 0.130639 0.142614
9 0.067392 0.074559 0.082294 0.090633 0.099614 0.109277 0.119667 0.130832 0.142821

10 0.067507 0.074684 0.082428 0.090777 0.099769 0.109444 0.119847 0.131025 0.143028
11 0.067622 0.074808 0.082562 0.090922 0.099924 0.109611 0.120027 0.131218 0.143236
12 0.067738 0.074932 0.082697 0.091067 0.100080 0.109779 0.120207 0.131411 0.143443
13 0.067853 0.075057 0.082831 0.091211 0.100236 0.109947 0.120387 0.131605 0.143651
14 0.067969 0.075182 0.082966 0.091356 0.100392 0.110114 0.120567 0.131799 0.143859
15 0.068084 0.075307 0.083101 0.091502 0.100549 0.110283 0.120748 0.131993 0.144068
16 0.068200 0.075432 0.083235 0.091647 0.100705 0.110451 0.120929 0.132187 0.144276
17 0.068316 0.075557 0.083371 0.091793 0.100862 0.110619 0.121110 0.132381 0.144485
18 0.068432 0.075683 0.083506 0.091938 0.101019 0.110788 0.121291 0.132576 0.144694
19 0.068549 0.075808 0.083641 0.092084 0.101176 0.110957 0.121473 0.132771 0.144903
20 0.068665 0.075934 0.083777 0.092230 0.101333 0.111126 0.121655 0.132966 0.145113
21 0.068782 0.076060 0.083913 0.092377 0.101490 0.111295 0.121837 0.133162 0.145323
22 0.068899 0.076186 0.084049 0.092523 0.101648 0.111465 0.122019 0.133358 0.145533
23 0.069016 0.076312 0.084185 0.092670 0.101806 0.111635 0.122201 0.133553 0.145743
24 0.069133 0.076439 0.084321 0.092816 0.101964 0.111805 0.122384 0.133750 0.145954
25 0.069250 0.076565 0.084458 0.092963 0.102122 0.111975 0.122567 0.133946 0.146165
26 0.069367 0.076692 0.084594 0.093111 0.102280 0.112145 0.122750 0.134143 0.146376
27 0.069485 0.076819 0.084731 0.093258 0.102439 0.112316 0.122933 0.134339 0.146587
28 0.069602 0.076946 0.084868 0.093406 0.102598 0.112486 0.123117 0.134537 0.146799
29 0.069720 0.077073 0.085005 0.093553 0.102757 0.112657 0.123300 0.134734 0.147010
30 0.069838 0.077200 0.085142 0.093701 0.102916 0.112829 0.123484 0.134931 0.147222
31 0.069956 0.077328 0.085280 0.093849 0.103075 0.113000 0.123668 0.135129 0.147435
32 0.070075 0.077455 0.085418 0.093998 0.103235 0.113172 0.123853 0.135327 0.147647
33 0.070193 0.077583 0.085555 0.094146 0.103395 0.113343 0.124037 0.135525 0.147860
34 0.070312 0.077711 0.085693 0.094295 0.103555 0.113515 0.124222 0.135724 0.148073
35 0.070430 0.077839 0.085832 0.094443 0.103715 0.113688 0.124407 0.135923 0.148286
36 0.070549 0.077968 0.085970 0.094593 0.103875 0.113860 0.124592 0.136122 0.148500
37 0.070668 0.078096 0.086108 0.094742 0.104036 0.114033 0.124778 0.136321 0.148714
38 0.070788 0.078225 0.086247 0.094891 0.104196 0.114205 0.124964 0.136520 0.148928
39 0.070907 0.078354 0.086386 0.095041 0.104357 0.114378 0.125150 0.136720 0.149142
40 0.071026 0.078483 0.086525 0.095190 0.104518 0.114552 0.125336 0.136920 0.149357
41 0.071146 0.078612 0.086664 0.095340 0.104680 0.114725 0.125522 0.137120 0.149572
42 0.071266 0.078741 0.086804 0.095490 0.104841 0.114899 0.125709 0.137320 0.149787
43 0.071386 0.078871 0.086943 0.095641 0.105003 0.115073 0.125896 0.137521 0.150002
44 0.071506 0.079000 0.087083 0.095791 0.105165 0.115247 0.126083 0.137722 0.150218
45 0.071626 0.079130 0.087223 0.095942 0.105327 0.115421 0.126270 0.137923 0.150434
46 0.071747 0.079260 0.087363 0.096093 0.105489 0.115595 0.126457 0.138124 0.150650
47 0.071867 0.079390 0.087503 0.096244 0.105652 0.115770 0.126645 0.138326 0.150866
48 0.071988 0.079520 0.087644 0.096395 0.105814 0.115945 0.126833 0.138528 0.151083
49 0.072109 0.079651 0.087784 0.096546 0.105977 0.116120 0.127021 0.138730 0.151299
50 0.072230 0.079781 0.087925 0.096698 0.106140 0.116296 0.127209 0.138932 0.151517
51 0.072351 0.079912 0.088066 0.096850 0.106304 0.116471 0.127398 0.139134 0.151734
52 0.072473 0.080043 0.088207 0.097002 0.106467 0.116647 0.127587 0.139337 0.151952
53 0.072594 0.080174 0.088348 0.097154 0.106631 0.116823 0.127776 0.139540 0.152169
54 0.072716 0.080306 0.088490 0.097306 0.106795 0.116999 0.127965 0.139743 0.152388
55 0.072838 0.080437 0.088631 0.097459 0.106959 0.117175 0.128155 0.139947 0.152606
56 0.072960 0.080569 0.088773 0.097611 0.107123 0.117352 0.128344 0.140151 0.152825
57 0.073082 0.080700 0.088915 0.097764 0.107288 0.117529 0.128534 0.140355 0.153044
58 0.073204 0.080832 0.089057 0.097917 0.107452 0.117706 0.128725 0.140559 0.153263
59 0.073326 0.080964 0.089200 0.098071 0.107617 0.117883 0.128915 0.140763 0.153482
60 0.073449 0.081097 0.089342 0.098224 0.107782 0.118061 0.129106 0.140968 0.153702
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Involute Functions for Angles from 41 to 50 Degrees

Minutes

Degrees

41 42 43 44 45 46 47 48 49

Involute Functions

0 0.153702 0.167366 0.182024 0.197744 0.214602 0.232679 0.252064 0.272855 0.295157
1 0.153922 0.167602 0.182277 0.198015 0.214893 0.232991 0.252399 0.273214 0.295542
2 0.154142 0.167838 0.182530 0.198287 0.215184 0.233304 0.252734 0.273573 0.295928
3 0.154362 0.168075 0.182784 0.198559 0.215476 0.233616 0.253069 0.273933 0.296314
4 0.154583 0.168311 0.183038 0.198832 0.215768 0.233930 0.253405 0.274293 0.296701
5 0.154804 0.168548 0.183292 0.199104 0.216061 0.234243 0.253742 0.274654 0.297088
6 0.155025 0.168786 0.183547 0.199377 0.216353 0.234557 0.254078 0.275015 0.297475
7 0.155247 0.169023 0.183801 0.199651 0.216646 0.234871 0.254415 0.275376 0.297863
8 0.155469 0.169261 0.184057 0.199924 0.216940 0.235186 0.254753 0.275738 0.298251
9 0.155691 0.169500 0.184312 0.200198 0.217234 0.235501 0.255091 0.276101 0.298640

10 0.155913 0.169738 0.184568 0.200473 0.217528 0.235816 0.255429 0.276464 0.299029
11 0.156135 0.169977 0.184824 0.200747 0.217822 0.236132 0.255767 0.276827 0.299419
12 0.156358 0.170216 0.185080 0.201022 0.218117 0.236448 0.256106 0.277191 0.299809
13 0.156581 0.170455 0.185337 0.201297 0.218412 0.236765 0.256446 0.277555 0.300200
14 0.156805 0.170695 0.185594 0.201573 0.218708 0.237082 0.256786 0.277919 0.300591
15 0.157028 0.170935 0.185851 0.201849 0.219004 0.237399 0.257126 0.278284 0.300983
16 0.157252 0.171175 0.186109 0.202125 0.219300 0.237717 0.257467 0.278649 0.301375
17 0.157476 0.171415 0.186367 0.202401 0.219596 0.238035 0.257808 0.279015 0.301767
18 0.157701 0.171656 0.186625 0.202678 0.219893 0.238353 0.258149 0.279381 0.302160
19 0.157925 0.171897 0.186883 0.202956 0.220190 0.238672 0.258491 0.279748 0.302553
20 0.158150 0.172138 0.187142 0.203233 0.220488 0.238991 0.258833 0.280115 0.302947
21 0.158375 0.172380 0.187401 0.203511 0.220786 0.239310 0.259176 0.280483 0.303342
22 0.158601 0.172621 0.187661 0.203789 0.221084 0.239630 0.259519 0.280851 0.303736
23 0.158826 0.172864 0.187920 0.204067 0.221383 0.239950 0.259862 0.281219 0.304132
24 0.159052 0.173106 0.188180 0.204346 0.221682 0.240271 0.260206 0.281588 0.304527
25 0.159279 0.173349 0.188440 0.204625 0.221981 0.240592 0.260550 0.281957 0.304924
26 0.159505 0.173592 0.188701 0.204905 0.222281 0.240913 0.260895 0.282327 0.305320
27 0.159732 0.173835 0.188962 0.205185 0.222581 0.241235 0.261240 0.282697 0.305718
28 0.159959 0.174078 0.189223 0.205465 0.222881 0.241557 0.261585 0.283067 0.306115
29 0.160186 0.174322 0.189485 0.205745 0.223182 0.241879 0.261931 0.283438 0.306513
30 0.160414 0.174566 0.189746 0.206026 0.223483 0.242202 0.262277 0.283810 0.306912
31 0.160642 0.174811 0.190009 0.206307 0.223784 0.242525 0.262624 0.284182 0.307311
32 0.160870 0.175055 0.190271 0.206588 0.224086 0.242849 0.262971 0.284554 0.307710
33 0.161098 0.175300 0.190534 0.206870 0.224388 0.243173 0.263318 0.284927 0.308110
34 0.161327 0.175546 0.190797 0.207152 0.224690 0.243497 0.263666 0.285300 0.308511
35 0.161555 0.175791 0.191060 0.207434 0.224993 0.243822 0.264014 0.285673 0.308911
36 0.161785 0.176037 0.191324 0.207717 0.225296 0.244147 0.264363 0.286047 0.309313
37 0.162014 0.176283 0.191588 0.208000 0.225600 0.244472 0.264712 0.286422 0.309715
38 0.162244 0.176529 0.191852 0.208284 0.225904 0.244798 0.265062 0.286797 0.310117
39 0.162474 0.176776 0.192116 0.208567 0.226208 0.245125 0.265412 0.287172 0.310520
40 0.162704 0.177023 0.192381 0.208851 0.226512 0.245451 0.265762 0.287548 0.310923
41 0.162934 0.177270 0.192646 0.209136 0.226817 0.245778 0.266113 0.287924 0.311327
42 0.163165 0.177518 0.192912 0.209420 0.227123 0.246106 0.266464 0.288301 0.311731
43 0.163396 0.177766 0.193178 0.209705 0.227428 0.246433 0.266815 0.288678 0.312136
44 0.163628 0.178014 0.193444 0.209991 0.227734 0.246761 0.267167 0.289056 0.312541
45 0.163859 0.178262 0.193710 0.210276 0.228041 0.247090 0.267520 0.289434 0.312947
46 0.164091 0.178511 0.193977 0.210562 0.228347 0.247419 0.267872 0.289812 0.313353
47 0.164323 0.178760 0.194244 0.210849 0.228654 0.247748 0.268225 0.290191 0.313759
48 0.164556 0.179009 0.194511 0.211136 0.228962 0.248078 0.268579 0.290570 0.314166
49 0.164788 0.179259 0.194779 0.211423 0.229270 0.248408 0.268933 0.290950 0.314574
50 0.165021 0.179509 0.195047 0.211710 0.229578 0.248738 0.269287 0.291330 0.314982
51 0.165254 0.179759 0.195315 0.211998 0.229886 0.249069 0.269642 0.291711 0.315391
52 0.165488 0.180009 0.195584 0.212286 0.230195 0.249400 0.269998 0.292092 0.315800
53 0.165722 0.180260 0.195853 0.212574 0.230504 0.249732 0.270353 0.292474 0.316209
54 0.165956 0.180511 0.196122 0.212863 0.230814 0.250064 0.270709 0.292856 0.316619
55 0.166190 0.180763 0.196392 0.213152 0.231124 0.250396 0.271066 0.293238 0.317029
56 0.166425 0.181014 0.196661 0.213441 0.231434 0.250729 0.271423 0.293621 0.317440
57 0.166660 0.181266 0.196932 0.213731 0.231745 0.251062 0.271780 0.294004 0.317852
58 0.166895 0.181518 0.197202 0.214021 0.232056 0.251396 0.272138 0.294388 0.318264
59 0.167130 0.181771 0.197473 0.214311 0.232367 0.251730 0.272496 0.294772 0.318676
60 0.167366 0.182024 0.197744 0.214602 0.232679 0.252064 0.272855 0.295157 0.319089
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Spherical Trigonometry

Spherical trigonometry deals with the measurement of triangles that are on the surface of
spheres. The sides of a spherical triangle curve across the surface of the sphere, and unlike
a plane triangle, the angles at the three corners of the triangle total 180 degrees or more.

Right-Angle Spherical Trigonometry.—The heavy black lines A, B, and C of Fig. 1 rep-
resent a right spherical triangle. The lines J and K are radii of the sphere as they extend from
the center of the sphere to the corners of the triangle. The several plane triangles, indicated
by the various broken lines are formed from the radii and corner points of the spherical tri-
angle. Note in Fig. 1 that both J and K are radii and thus have the same value.

Fig. 1. Right-angle Spherical Triangle

Formulas for Right-angle Spherical Triangles

Formulas for Lengths

Formulas for Angles

Angle Angular Relationships

D

E

F

G

H

Area Formula

E

F
H

D

C

C
en

te
r 

o
f 

S
p

h
er

e

A

K

B
J

G

A K
π

180
--------- F°××= B J

π
180
--------- G°××= C J

π
180
--------- H°××= J

180
π

--------- B

G°
-------×= K

180
π

--------- A

F°
------×=

F° 180
π

--------- A

K
----×= G° 180

π
--------- B

J
---×= H° 180

π
--------- C

J
----×=

D( )sin F( )sin cosec H( )×= D( )cos G( )tan H( )cot×= D( )tan F( )tan cosec G( )×=

E( )cos G( )cos D( )sin×= E( )tan G( )tan cosec F( )×=

F( )sin G( )tan E( )cot×= F( )cos G( )sec H( )cos×= F( )tan D( )tan G( )sin×=

G( )cos H( )cos F( )sec×= G( )tan F( )sin E( )tan×=

H( )cos G( )cos F( )cos×= H( )cos D( )cot E( )cot×=

Area K
2 π

180
--------- D° E° 90° 180°–+ +( )× K

2 π
180
--------- D° E° 90°–+( )×= =
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Example 1:Find the length of arc A of a right-angle spherical triangle on the surface of a
sphere where radius K = 30.00 inches and angle F = 10°.

Solution:

Example 2:Find the length of arc B, on a sphere of radius J = 11.20 inches if angle G =
10°.

Solution:

Example 3:A right spherical triangle is to be constructed on the surface of a sphere
22.400 inches in diameter. Side A is 7.125 inches and angle E is 57° 59′ 19″. Determine the
lengths of sides B and C, and angle D, and the area of the triangle.

Solution: The radius of the sphere, J = K = 11.200, and the length of side A is used to find
the value of angle F. Angle E is converted to decimal degree format for simplicity, then
angles E and F are used to solve the equation for angle tan(G). Side B and angle D can then
be found. Angle H can be calculated using either of the two equations given for cos(H), and
finally the length of side C can be found. Notice that the sum of angles D + E + 90° is not
equal to 180°, but 194.98°. Calculation details are as follows:

Example 4:A right spherical triangle on a 20mm diameter sphere has two 90° angles, and
the distance B between the 90° angles is 1⁄3 of the circumference of the sphere. Find angle E,

the area of the triangle, and check using the conventional formula for area of a sphere. 

Solution: By inspection, angle G is 360°/3 = 120°. Because angles D and G are known,
angle E can be calculated using . Therefore, 

A K
π

180
--------- F( )× 30

π
180
--------- 10( )× 5.2359  in= = =

B J
π

180
--------- G( )× 11.20

π
180
--------- 10( )× 1.9547  in= = =

F° 180
π

--------- A

K
----× 180

π
--------- 7.125

11.200
---------------- 36.449324°= = =

E 57°59 ′19″ 57 59
60
------ 19

3600
------------+ + 57.988611°= = =

G( )tan F( )sin E( )tan× 36.449324°( )sin 57.988611°( )tan× 0.950357= = =

G 0.950357atan 43.541944°= =

B J
π

180
--------- G°×× 11.200

π
180
--------- 43.541944×× 8.511443= = =

D( )tan F( )tan cosec G( )× 36.449324°( )tan cosec 43.541944°( )× 1.0721569= = =

D
180
π

--------- 1.0721569( )atan× 46.994354°= =

H( )cos G( )cos F( )cos× 43.541944°( )cos 36.449324°( )cos× 0.58307306= = =

H
180
π

--------- 0.58307306( )acos× 54.333023°= =

C J
π

180
--------- H°×× 11.200

π
180
--------- 54.333023×× ° 10.62085= = =

Angles D E 90°+ +( ) 46.994354° 57.988611° 90°+ + 194.98297°= =

Area 11.2002 194.98297 180–( )× 50.142591 in2= =

E( )cos G( )cos D( )sin×=

E( )cos G( )cos D( )sin× 120°( )cos 90°( )sin× 0.5–= = =

E 0.5–( )acos 120°= =

Area 10
2 π

180
--------- 120° 90° 90° 180°–+ +( )× 100 2.0943951× 209.4 mm

2
= = =

Check: Total area of 20 mm dia. sphere/6 4πR
2

6
------------- 4π 100( )

6
--------------------- 209.4 mm

2
= = =
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Oblique-Angle Spherical Trigonometry.—The heavy black lines B, C, and S of Fig. 1
represent a right spherical triangle. The lines J and L are radii of the sphere as they extend
from the center of the sphere to the corners of the triangle. The several plane triangles, indi-
cated by the various broken lines are formed from the radii and corner points of the spheri-
cal triangle. Note in Fig. 1 that both J and L are radii and thus have the same value.

Fig. 2. Oblique-angle Spherical Triangle

Formulas for Oblique Spherical Triangles

Formulas for Lengths

Formulas for Angles

Angular Relationships

Angle Relationships Angle Relationships

D E

G E1

N E2

N H

R

Area of Oblique Spherical Triangle Formula

R
H

S

D

C

C
en

te
r 

o
f 

S
p

h
er

e

A

NL

BJ
G

E

E1
E2

B J
π

180
--------- G°××= C J

π
180
--------- H°××= S L

π
180
--------- R°××= J

180
π

--------- B

G°
-------×= L

180
π

--------- S

R°
------×=

G° 180
π

--------- B

J
---×= H° 180

π
--------- C

J
----×= R° 180

π
--------- S

L
---×=

D( )sin R( )sin E( )sin cosec G( )××= E( )sin D( )sin G( )sin cosec R( )××=

G( )sin R( )sin E( )sin cosec D( )××= E1( )cot D( )tan H( )cos×=

N( )cos D( )cos cosec E1( ) E2( )sin××= E2( )cot N( )tan R( )cos×=

N

2
----
 
 cot

R G+
2

--------------
 
 sin

R G–
2

--------------
 
 sin

---------------------------- D E–
2

--------------
 
 tan×=

H

2
----
 
 tan

D E+
2

--------------
 
 sin

D E–
2

--------------
 
 sin

---------------------------- R G–
2

--------------
 
 tan×=

Rsin Dsin Gsin× Ecsc×=

Area L
2 π

180
--------- D E N 180°–+ +( )×=
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Example 1:A oblique spherical triangle is to be constructed on the surface of a sphere of
unknown size. The length of side S will be 5.470 inches; the spherical angle of arc S must
be 51° 17′ 31″ (angle R in Fig. 2). Angle D must be 59° 55′ 10″, and angle E must be 85° 36′
32″. Find the size of the sphere, lengths of sides B and C, and the value of angle N.

Solution: Convert known angles to decimal degrees format to simplify calculations:

Find the radius of the sphere:

Find value of angles of G and H in order to get length of sides B and C. Then solve for the
value of angle N, and finally the area. Remember that both J and L are radii, thus J = L.

The triangle is an isosceles spherical triangle with legs B and S each being 5.470 inches. 

Any problem of oblique spherical triangles can also be solved as two right spherical tri-
angles if a value is known for E1 or E2; in that case, the equations for right spherical trian-
gles are used.

R 51° 17
60
------ 31

3600
------------+ + 51.291944°= =

D 59° 55
60
------ 10

3600
------------+ + 59.919444°= =

E 85° 36
60
------ 32

3600
------------+ + 85.608889°= =

L
180
π

--------- S

R°
------× 180

π
--------- 5.470

51.291944°
----------------------------× 6.11 inches= = =

G( )sin R( )sin E( )sin cosec D( )×× 0.780342 0.997065( ) 1.15564⋅ ⋅= =

0.899148=

G 0.899148( )asin 64.046301°= =

B B J
π

180
--------- G°×× 6.11

π
180
--------- 64.046301°⋅ ⋅ 6.829873 inches= = = =

H

2
----
 
 tan

D E+
2

--------------
 
 sin

D E–
2

--------------
 
 sin

---------------------------- R G–
2

--------------
 
 tan× 72.76417( )sin

12.844723–( )sin
----------------------------------------- 6.377185–( )tan×= =

0.955093
0.222310–

------------------------- 0.111765–( )= 0.480167=

H

2
---- 0.480167( )atan 25.648772°= = H 51.297543°=

C J
π

180
--------- H°×× 6.11

π
180
--------- 51.297543°×× 5.470350 inches= = =

N

2
----
 
 cot

R G+
2

--------------
 
 sin

R G–
2

--------------
 
 sin

---------------------------- D E–
2

--------------
 
 tan× 57.669123( )sin

6.377185–( )sin
-------------------------------------- 12.844723–( )tan×= =

0.844974
0.111073–

------------------------- 0.228015–( )= 1.7345957=

N

2
---- 1.7345957( )acot 29.963587°= = N 59.927175°=

Area L
2 π

180
--------- D E N 180°–+ +( )× 16.585 in2= =
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Compound Angles

Three types of compound angles are illustrated by Figs. 1 through  6. The first type is
shown in Figs. 1,  2, and  3; the second in Fig. 4; and the third in Figs. 5 and  6.

In Fig. 1 is shown what might be considered as a thread-cutting tool without front clear-
ance. A is a known angle in plane y-y of the top surface. C is the corresponding angle in
plane x-x that is at some given angle B with plane y-y. Thus, angles A and B are components
of the compound angle C.

Example Problem Referring to Fig. 1:Angle 2A in plane y-y is known, as is also angle B
between planes x-x and y-y. It is required to find compound angle 2C in plane x-x.

Solution: Let 2A = 60 and B = 15

Fig. 2 shows a thread-cutting tool with front clearance angle B. Angle A equals one-half
the angle between the cutting edges in plane y-y of the top surface and compound angle C
is one-half the angle between the cutting edges in a plane x-x at right angles to the inclined
front edge of the tool. The angle between planes y-y and x-x is, therefore, equal to clearance
angle B.

Example Problem Referring to Fig. 2:Find the angle 2C between the front faces of a
thread-cutting tool having a known clearance angle B, which will permit the grinding of
these faces so that their top edges will form the desired angle 2A for cutting the thread.

Solution: Let 2A = 60 and B = 15

In Fig. 3 is shown a form-cutting tool in which the angle A is one-half the angle between
the cutting edges in plane y-y of the top surface; B is the front clearance angle; and C is one-
half the angle between the cutting edges in plane x-x at right angles to the front edges of the
tool. The formula for finding angle C when angles A and B are known is the same as that for
Fig. 2.

Example Problem Referring to Fig. 3:Find the angle 2C between the front faces of a
form-cutting tool having a known clearance angle B that will permit the grinding of these
faces so that their top edges will form the desired angle 2A for form cutting.

Solution: Let 2A = 46 and B = 12

In Fig. 4 is shown a wedge-shaped block, the top surface of which is inclined at com-
pound angle C with the base in a plane at right angles with the base and at angle R with the
front edge. Angle A in the vertical plane of the front of the plate and angle B in the vertical
plane of one side that is at right angles to the front are components of angle C.

Example Problem Referring to Fig. 4:Find the compound angle C of a wedge-shaped
block having known component angles A and B in sides at right angles to each other.

Then tan C = tan A cos B = tan 30 cos 15
tan C = 0.57735 × 0.96592 = 0.55767

C = 29° 8.8 ′ 2C = 58° 17.6 ′

Then

tan C = 0.59772
C = 30° 52 ′ 2C = 61° 44 ′

Then

tan C = 0.43395
C = 23° 27.5 ′ 2C = 46° 55 ′

Ctan Atan
Bcos

------------ 30°tan
15°cos

----------------- 0.57735
0.96592
-------------------= = =

Ctan Atan
Bcos

------------ 23°tan
12°cos

----------------- 0.42447
0.97815
-------------------= = =
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Formulas for Compound Angles

Fig. 1. Fig. 2. Fig. 3. 

For given angles A and B, find the resultant 
angle C in plane x-x. Angle B is measured in 
vertical plane y-y of midsection.

(Fig. 1)

(Fig. 2)

(Fig. 3) (Same formula as for Fig. 2)

Fig. 4. 

Fig. 4. In machining plate to angles A and 
B, it is held at angle C in plane x-x. Angle of 
rotation R in plane parallel to base (or com-
plement of R) is for locating plate so that 
plane x-x is perpendicular to axis of pivot on 
angle-plate or work-holding vise.

Fig. 5. 

Fig. 5. Angle R in horizontal plane parallel 
to base is angle from plane x-x to side having 
angle A.

tan C = tan A cos R = tan B sin R
Compound angle C is angle in plane x-x from 
base to corner formed by intersection of 
planes inclined to angles A and B. This for-
mula for C may be used to find cot of com-
plement of C1, Fig. 6.

Fig. 6. 

Fig. 6. Angles A1 and B1 are measured in 
vertical planes of front and side elevations. 
Plane x-x is located by angle R from center-
line or from plane of angle B1.

The resultant angle C1 would be required in 
drilling hole for pin.

C = compound angle in plane x-x and is the resultant of angles A and B

Ctan Atan Bcos×=

Ctan Atan
Bcos

------------=

Rtan
Btan
Atan

------------ ; Ctan Atan
Rcos

------------= =

Rtan Atan
Btan

------------=

Rtan
A1tan

B1tan
--------------=

C1tan
A1tan

Rsin
--------------

B1tan

Rcos
--------------= =
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Solution: Let A = 47°14 ′ and B = 38°10 ′

In Fig. 5 is shown a four-sided block, two sides of which are at right angles to each other
and to the base of the block. The other two sides are inclined at an oblique angle with the
base. Angle C is a compound angle formed by the intersection of these two inclined sides
and the intersection of a vertical plane passing through x-x, and the base of the block. The
components of angle C are angles A and B and angle R is the angle in the base plane of the
block between the plane of angle C and the plane of angle A.

Example Problem Referring to Fig. 5:Find the angles C and R in the block shown in Fig.
5 when angles A and B are known.

Solution: Let angle A = 27° and B = 36°

Example Problem Referring to Fig. 6:A rod or pipe is inserted into a rectangular block at
an angle. Angle C1 is the compound angle of inclination (measured from the vertical) in a
plane passing through the center line of the rod or pipe and at right angles to the top surface
of the block. Angles A1 and B1 are the angles of inclination of the rod or pipe when viewed
respectively in the front and side planes of the block. Angle R is the angle between the
plane of angle C1 and the plane of angle B1. Find angles C1 and R when a rod or pipe is
inclined at known angles A1 and B1.

Solution: Let A1 = 39° and B1 = 34°

Interpolation.—In mathematics, interpolation is the process of finding a value in a table
or in a mathematical expression which falls between two given tabulated or known values.
In engineering handbooks, the values of trigonometric functions are usually given to
degrees and minutes; hence, if the given angle is to degrees, minutes and seconds, the value
of the function is determined from the nearest given values, by interpolation.

Interpolation to Find Functions of an Angle: Assume that the sine of 14°22 ′26″ is to be
determined. It is evident that this value lies between the sine of 14° 22 ′ and the sine of 14°
23 ′. Sine 14° 23 ′ = 0.24841 and sine 14° 22 ′ = 0.24813. The difference = 0.24841 −
0.24813 = 0.00028. Consider this difference as a whole number (28) and multiply it by a
fraction having as its numerator the number of seconds (26) in the given angle, and as its
denominator 60 (number of seconds in one minute). Thus 26⁄60 × 28 = 12 nearly; hence, by
adding 0.00012 to sine of 14° 22 ′ we find that sine 14°22 ′26″ = 0.24813 + 0.00012 =
0.24825. The correction value (represented in this example by 0.00012) is added to the
function of the smaller angle nearest the given angle in dealing with sines or tangents but
this correction value is subtracted in dealing with cosines or cotangents.

Then

Then

Then

Rtan Btan
Atan

------------ 38°10 ′tan
47°14 ′tan

------------------------- 0.78598
1.0812
------------------- 0.72695= = = = R 36°

·
0.9 ′=

Ctan Atan
Rcos

------------ 47°14′tan
36cos °0.9 ′

--------------------------- 1.0812
0.80887
------------------- 1.3367= = = = C 53°12′=

Ccot Acot2 Bcot2+=

C 22°38.6 ′=
1.9626

2
1.3764

2
+ 5.74627572 2.3971= = =

Rtan Bcot
Acot

------------ 36°cot
27°cot

----------------- 1.3764
1.9626
---------------- 0.70131= = = = R 35°2.5 ′=

C1tan A1tan2 B1tan2+ 0.809782 0.674512+ 1.0539= = =

C1 46°30.2 ′=

Rtan
Atan 1

Btan 1
-------------- 0.80978

0.67451
------------------- 1.2005= = = R 50°12.4 ′=
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MATRICES

A matrix is a set of real numbers arranged in rows and columns to form a rectangular
array. A matrix with m rows and n columns is an m × n matrix (m by n) and may be written
as

The aij terms are called the entries or elements of the matrix.The first subscript i identifies
the row position of an entry, and the second subscript j identifies the column position in the
matrix.

Some common matrix types have special names, as follows:

Column Matrix: A matrix that has only one column (m × 1).

Diagonal Matrix: A square matrix in which all values are zero except for those on one of
the diagonals. If the diagonal entries are all 1, the matrix is an identity matrix.

Identity Matrix: A diagonal matrix in which the diagonal entries are all 1. 

Row Matrix: A matrix that has only one row (1× n).

Square Matrix: A matrix in which the number of rows and columns are equal, i.e., m = n.

Zero Matrix: A matrix in which all the entries of the matrix are zero. The zero matrix is
also called the null matrix.

Matrix Operations

Matrix Addition and Subtraction.—Matrices can be added or subtracted if they have
the same shape, that is, if number of columns in each matrix is the same, and the number of
rows in each matrix is the same. The sum or difference of the matrices are determined by
adding or subtracting the corresponding elements of each matrix. Thus, each element in the
resultant matrix is formed using cij = aij ± bij as illustrated below:

Example 1

Matrix Multiplication.—Two matrices can be multiplied only when the number of col-
umns in the first matrix is equal to the number of rows of the second matrix. Matrix multi-
plication is not commutative, thus, A × B is not necessarily equal to B × A.

Each resulting entry cij in the product matrix, C = A × B, is the sum of the products of each
element in the ith row of matrix A multiplied by the corresponding element in the jth column
of matrix B, as illustrated in the following:

Amn

a11 a12 … a1n

a21 a22 … a2n

… … … …
am1 am2 … amn

=

c11 c12 c13

c21 c22 c23

c31 c32 c33

a11 a12 a13

a21 a22 a23

a31 a32 a33

b11 b12 b13

b21 b22 b23

b31 b32 b33

±
a11 b11±( ) a12 b12±( ) a13 b13±( )

a21 b21±( ) a22 b22±( ) a23 b23±( )

a31 b31±( ) a32 b32±( ) a33 b33±( )

= =

4 6 5–
5 7– 8
8– 6 7–

8 2– 6
6– 9 5

9 2– 2

+
4 8+( ) 6 2–( ) 5– 6+( )
5 6–( ) 7– 9+( ) 8 5+( )
8– 9+( ) 6 2–( ) 7– 2+( )

12 4 1
1– 2 13

1 4 5–

= =
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Example 2

Transpose of a Matrix.—If the rows of a matrix Amn are interchanged with its columns,
the new matrix is called the transpose of matrix A, or AT

nm. The first row of the matrix
becomes the first column in the transposed matrix, the second row of the matrix becomes
second column, and the third row of the matrix becomes third column. 

Example 3:

Determinant of a Square Matrix.—  Every square matrix A is associated with a real
number, its determinant, which may be written det (A) or .

For , the determinant of A is 

For a 3 × 3 matrix B, the determinant is 

 The determinant of an n × n matrix results in n successive terms with alternating signs (+
or −). The troublesome task of keeping track of the proper sign for each term can be
avoided by multiplying each term by (−1)i+j and adding all the terms. For example, using
this rule, the last line of the previous equation can be rewritten as follows:

Example 4:Find the determinant of the following matrix.

a11 a12 a13

a21 a22 a23

a31 a32 a33

b11 b12 b13

b21 b22 b23

b31 b32 b33

×

a11b11 a12b21 a13b31+ +( ) a11b12 a12b22 a13b32+ +( ) a11b13 a12b23 a13b33+ +( )

a21b11 a22b21 a23b31+ +( ) a21b12 a22b22 a23b32+ +( ) a21b13 a22b23 a23b33+ +( )

a31b11 a32b21 a33b31+ +( ) a31b12 a32b22 a33b32+ +( ) a31b13 a32b23 a33b33+ +( )

=

1 2 3
4 5 6
3 2 1

7 8 9
1 2 3
4 5 7

×
1 7⋅ 2 1⋅ 3 4⋅+ +( ) 1 8⋅ 2 2⋅ 3 5⋅+ +( ) 1 9⋅ 2 3⋅ 3 7⋅+ +( )
4 7⋅ 5 1⋅ 6 4⋅+ +( ) 4 8⋅ 5 2⋅ 6 5⋅+ +( ) 4 9⋅ 5 3⋅ 6 7⋅+ +( )
3 7⋅ 2 1⋅ 1 4⋅+ +( ) 3 8⋅ 2 2⋅ 1 5⋅+ +( ) 3 9⋅ 2 3⋅ 1 7⋅+ +( )

=

7 2 12+ +( ) 8 4 15+ +( ) 9 6 21+ +( )
28 5 24+ +( ) 32 10 30+ +( ) 36 15 42+ +( )
21 2 4+ +( ) 24 4 5+ +( ) 27 6 7+ +( )

=
21 27 36
57 72 93
27 33 40

=

A

21 27 36
57 72 93
27 33 40

= A
T

21 57 27
27 72 33
36 93 40

=

A

A
a11 a12

a21 a22

=

det A( ) A
a11 a12

a21 a22

a11a22 a12a21–= = =

det B( )
b11 b12 b13

b21 b22 b23

b31 b32 b33

=

b11b22b33 b11b23b32–( ) b12b21b33 b12b23b31–( )– b13b21b32 b13b22b31–( )+=

b11 b22b33 b23b32–( ) b12 b21b33 b23b31–( )– b13 b21b32 b22b31–( )+=

1–( ) 1 1+( )b11 b22b33 b23b32–( ) 1–( ) 1 2+( )b12 b21b33 b23b31–( ) 1–( ) 1 3+( )b13 b21b32 b22b31–( )+ +=
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Solution:

Minors and Cofactors.—  The minor Mij of a matrix A is the determinant of a submatrix
resulting from the elimination of row i and of column j. If A is a square matrix, the minor
Mij of the entry aij is the determinant of the matrix obtained by deleting the ith row and jth

column of A.
The cofactor Cij of the entry aij is given by Cij = (−1)(i+j)Mij. When the matrix is formed by

the cofactors, then it is called a cofactors matrix. 
Example 5:Find the minors and cofactors of 

Solution: To determine the minor M11, delete the first row and first column of A and find
the determinant of the resulting matrix.

Similarly to find M12, delete the first row and second column of A and find the determi-
nant of the resulting matrix.

Continuing this way, we obtain the following minors:

To find the cofactor Cij = (−1)(i+j) × Mij, thus C11 = (−1)(1+1) × M11 = 1 × (−7) = −7

Similarly C12 = (−1)(1+2) × M12 = −1 × −14 = 14, and continuing this way we obtain the
following cofactors

Adjoint of a Matrix.—The transpose of cofactor matrix is called the adjoint matrix. First
determine the cofactor matrix and then transpose it to obtain the adjoint matrix.

Example 6:Find the adjoint matrix of A

A

5 6 7
1 2 3
4 5 6

=

det A( ) 1–( ) 1 1+( ) 5 2 6×( ) 5 3×( )–[ ]⋅ ⋅
1–( ) 1 2+( ) 6 1 6×( ) 4 3×( )–[ ]⋅ ⋅
1–( ) 1 3+( ) 7 1 5×( ) 2 4×( )–[ ]⋅ ⋅

+
+

=

det A( ) 5 12 15–( ) 6 6 12–( )– 7 5 8–( )+=

5 3–( ) 6 6–( )– 7 3–( )+= 15– 36 21–+ 0= =

A

1 2 3
4 5 6
3 2 1

=

M11
5 6
2 1

5 1×( ) 6 2×( )– 5 12– 7–= = = =

M12
4 6
3 1

4 1×( ) 6 3×( )– 4 18– 14–= = = =

M11 7–= M12 14–= M13 7–=

M21 4–= M22 8–= M23 4–=

M31 3–= M32 6–= M33 3–=

C11 7–=

C21 4=

C31 3–=

C12 14=

C22 8–=

C32 6=

C13 7–=

C23 4=

C33 3–=

A

1 2 3
4 5 6
3 2 1

=
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Solution: The cofactor matrix from the above example is shown below at the left, and the
adjoint matrix on the right.

Singularity and Rank of a Matrix.— A singular matrix is one whose determinant is
zero. The rank of a matrix is the maximum number of linearly independent row or column
vectors.

Inverse of a Matrix.—A square non-singular matrix A has an inverse A−1 such that the
product of matrix A and inverse matrix A−1, is the identity matrix I. Thus, AA−1 = I. The
inverse is the ratio of adjoint of the matrix and the determinant of that matrix. 

Example 7:What is the inverse of the following matrix? 

Solution: The basic formula of an inverse of a matrix is 

The determinant of A is 

The cofactors are

The matrix of cofactors is  and the adjoint matrix is 

Then the inverse of matrix A is 

Simultaneous Equations.—Matrices can be used to solve systems of simultaneous equa-
tions with a large number of unknowns. Generally, this method is less cumbersome than
using substitution methods. The coefficients of the equations are placed in matrix form.
The matrix is then manipulated into the Identity matrix, see below, to yield a solution. 

Cofactor A( )
7– 14 7–

4 8– 4
3– 6 3–

= Adjoint A( )
7– 14 7–

4 8– 4
3– 6 3–

T
7– 4 3–

14 8– 6
7– 4 3–

= =

A
1– Adjoint A( )

A
-----------------------------=

A

2 3 5
4 1 6
1 4 0

=

A
1– Adjoint A( )

A
-----------------------------=

A 2 1 0 4 6×–×( ) 3 4 0 1 6×–×( )– 5 4 4 1 1×–×( )+=

2 0 24–( ) 3 0 6–( )– 5 16 1–( )+=

48– 18 75+ += 45=

a11 1–( )1 1+ 1 6
4 0

24–= = a12 1–( )1 2+ 4 6
1 0

6= = a13 1–( )1 3+ 4 1
1 4

15= =

a21 1–( )2 1+ 3 5
4 0

20= = a22 1–( )2 2+ 2 5
1 0

5–= = a23 1–( )2 3+ 2 3
1 4

5–= =

a31 1–( )3 1+ 3 5
1 6

13= = a32 1–( )3 2+ 2 5
4 6

8= = a33 1–( )3 3+ 2 3
4 1

10–= =

24– 6 15
20 5– 5–
13 8 10–

24– 20 13
6 5– 8

15 5– 10–

A
1– Adjoint A( )

A
-----------------------------

1
45
------

24– 20 13
6 5– 8

15 5– 10–

= =
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Identity Matrix
Example 8:  Solve the three simultaneous equations using matrix operations. 

Solution: First, place the equation coefficients and constants into matrix form. The object
is to transform the coefficient matrix into the form shown below, thereby obtaining a solu-
tion to the system of equations.

Transform the coefficient matrix so that element c11 is 1 and all other elements in the first
column are 0, as follows: a) Divide Row 1 (R1) by −4;  b) multiply new R1 by −3, then add
to R2;  and  c) multiply R1 by −1, then add to R3.

Transform the resulting matrix so that element c22 is 1 and all other elements in the sec-
ond column are 0, as follows: a) Divide R3 by 9;  b) multiply new R3 by −5, then add to R2;
c) multiply R3 by 2, then add to R1;  and  d) swap R2 and R3.

Transform the resulting matrix so that element c33 is 1 and all other elements in the third
column are 0, as follows: a) Divide R3 by 6;  b) multiply new R3 by -1, then add to R2;  and
c) add R3 to R1.

Finally, when the identity matrix has been formed, the last column contains the values of
x1, x2, and x3 that satisfy the original equations.

1 0 0
0 1 0
0 0 1

4x1– 8x2 12x3+ + 16=

3x1 x2– 2x3+ 5=

x1 7x2 6x3+ + 10=

4– 8 12 16
3 1– 2 5
1 7 6 10

1 0 0 x1

0 1 0 x2

0 0 1 x3

⇔

4
4–

------–
8
4–

------ 12
4–

------ 16
4–

------

3 1– 2 5
1 7 6 10

1 2– 3– 4–
3 3–( ) 1– 6+( ) 2 9+( ) 5 12+( )
1 1–( ) 7 2+( ) 6 3+( ) 10 4+( )

1 2– 3– 4–
0 5 11 17
0 9 9 14

⇒ ⇒

1 2– 3– 4–
0 5 11 17
0
9
--- 9

9
--- 9

9
--- 14

9
------

1 2– 2+( ) 3– 2+( ) 4– 28
9

------+
 
 

0 5 5–( ) 11 5–( ) 17 70
9

------–
 
 

0 1 1
14
9

------

1 0 1– 8
9
---–

0 0 6
83
9

------

0 1 1
14
9

------

1 0 1– 8
9
---–

0 1 1
14
9

------

0 0 6
83
9

------

⇒ ⇒ ⇒

1 0 1– 8
9
---–

0 1 1
14
9

------

0 0
6
6
--- 83

9 6( )
-----------

1 0 1– 1+( ) 8
9
---– 83

54
------+

 
 

0 1 1 1–( ) 14
9

------ 83
54
------–

 
 

0 0 1
83
54
------

1 0 0
35
54
------

0 1 0
1
54
------

0 0 1
83
54
------

⇒ ⇒

x1
35
54
------= x2

1
54
------= x3

83
54
------=
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Checking the solutions:

Example 9:Use matrix operations to find the currents (I1, I2, I3) in the following electrical
network.

By combining all the above equations, a linear system of three independent equations is
formed. Solve the system for the currents I1, I2, and I3.

Solution: If A is the matrix of coefficients of the currents, B is the matrix of currents (vari-
ables), and C be the matrix of constants from the right side of the equations, then the prob-
lem can be written in the following form: AB = C, and B = A−1C, where A−1 is the inverse of
matrix A.

Thus,

Using the method of Example 7, the inverse of matrix A is

and finally, matrix B can be found as follows:

Thus, I1 = 5.625 amps, I2 = 0.125 amps, and I3 = 5.75 amps.

By Kirchoff’s Current Law:

By Kirchoff’s Voltage Law, and Ohm’s Law:

4x1– 8x2 12x3+ + 16=

16 16=

3x1 x2– 2x3+ 5=

5 5=

x1 7x2 6x3+ + 10=

10 10=

I1 I2+ I3=

I1 I2 I3–+ 0=
I1

+

−
40V

+−
30V

I3

I2

2Ω

5Ω
10Ω

A

B

2I1 5I3 40–+ 0=

10I2 5I3 30–+ 0=

I1 I2 I3–+ 0=

2I1 5I3+ 40=

10I2 5I3+ 30=

A

1 1 1–
2 0 5
0 10 5

= B

I1

I2

I3

= C

0
40
30

= and

I1

I2

I3

1 1 1–
2 0 5
0 10 5

1–
0

40
30

=

A
1–

1 1 1–
2 0 5
0 10 5

1–

1
80
------–

50 15 5–
10 5– 7
20– 10 2

5
8
--- 3

16
------ 1

16
------–

1
8
--- 1

16
------–

7
80
------

1
4
---–

1
8
--- 1

40
------

= = =

B A
1–
C

5
8
--- 3

16
------ 1

16
------–

1
8
--- 1

16
------–

7
80
------

1
4
---–

1
8
--- 1

40
------

0
40
30

5.625
0.125
5.75

= = =
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STATISTICAL ANALYSIS OF MANUFACTURING DATA

Statistics Theory

High volume manufacturing production, unlike prototype design work, typically
involves repeating the same machining operations and processes hundreds, thousands, or
millions of times during a given product’s or product family’s production run. Understand-
ing the failure mechanisms in a product’s tooling and improving the efficiency of these
operations by adjusting manufacturing parameters can save on: tool wear of indexable
inserts, milling cutters, reamers, twist drills; improve speed, feeds, and power consump-
tion profiles; reduce machine tool accuracy drift; and reduce lubrication and other mainte-
nance related failures. Improving these and other related process, by even a tiny amount,
can result in huge cost savings in large production run environments.

The first step is to take measurements and test the values of production processes so that
patterns can be found. Most testing procedures include the collection and tabulation of
experimental data. Without mathematical statistical analysis and interpretation it would be
impossible to know whether or not the testing was comprehensive enough to offer valid
experimental conclusions that can then be used to make manufacturing process changes.
Statistical Distribution Curves.—Statistical analysis depends on the type of statistical
distributions that apply to various properties of the data being examined. 

There are six statistical distributions:  1) Normal;  2) Log Normal;  3 )  Exponen t i a l ;
4) Binomial;  5) Weibull;  and  6) Poisson.
Normal Distribution Curve.—The normal distribution is the most widely used and best-
understood statistical distribution. It is used to model mechanical, physical, electrical, and
chemical properties which scatter randomly about a well-defined mean value without
either positive or negative bias. This curve is frequently called a bell curve. The following
describes the characteristics of the normal distribution curve.
Statistical Analysis.—  Statistically analyzing data is a very important scientific and engi-
neering tool which defines the characteristics of samples (limited number of observations,
trials, data points, etc.). If a sample of data is randomly selected from the population, its
statistical characteristics converge towards the statistical characteristics of the population
as the sample size increases. Because economic constraints, such as testing time and cost,
prevent a large number of repeat tests, it is important to understand how a sample of data
represents an approximation of the real population of data.The following parameters must
be calculated to evaluate the sample of data with respect to the population of data:

X = Sample mean S =  Sample standard deviation V =  Coefficient of variation
Ax = Absolute error of the sample mean
Rx = Relative error of the sample mean

t = Critical value of t-distribution (or Student’s Distribution)
µ = Population mean

X± t × Ax = Confidence interval for the population mean 
Sample Mean, (X): The sample mean, sometimes called the measure of average, is a

value about which the data is “centered around.” There are several types of such “average”
measures, the most common of which is the arithmetic mean, or the sample mean. The
sample mean X is calculated as:

(1)

where xi =  individual data point
n =  number of data points 

Sample Standard Deviation, (S)  is a measure of the dispersion of data about its standard
mean X. The sample standard deviation is calculated by the formula:

X
1
n
--- xi

i 1=

n

∑=
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(2)

where  n - 1 = the number of degrees of freedom (d. f.)
Degrees of freedom, (d.f.)  can be defined as the number of observations made in excess

of the minimum needed to estimate a statistical parameter or quantity. For example, only
one measurement is required to identify the width of an indexable insert’s flank wear that
occurred while machining a workpiece. If the measurements are repeated seven times, then
the sample variance of flank wear measurement has six degrees of freedom.

Coefficient of Variation, (V)  is used to evaluate or control the variability in data points.
The coefficient of variation is calculated by dividing the sample standard deviation S by
the sample mean X and expressing the result in per cent: 

(3)

Absolute Error of the Sample Mean, (Ax)  is calculated by dividing the sample standard
deviation by the square root of the number of data points. The result is expressed in the
same unit of measure as the sample standard deviation and the sample mean:

(4)

Relative Error of the Sample Mean, (Rx) is calculated by dividing the absolute error of
the sample mean by the sample mean and expressing the result in per cent:

(5)

Critical Value of “t-Distribution” (Student distribution): The “t-Distribution” was dis-
covered in 1908 by W. S. Gosset, who wrote under the name “Student”. The critical value
of t depends on the number of degrees of freedom and the probability of error. If a 95%
two-sided confidence is used for statistical analysis, then the probability of error is 5% or
2.5% per side. A 5% probability of error provides practical accuracy, which is commonly
acceptable in various engineering calculations.

For a 5% probability of error, the critical value of t-Distribution can be determined from
Table 1, page 131, at the intersection of the column under the heading t0.025 and the row
corresponding to the number of degrees of freedom shown in the column heading d.f.

Population Mean (µ): The normal distribution has two parameters: the population mean
µ and the population standard deviation S. The sample mean X is an estimate of the popu-
lation mean (µ = X), and the sample standard deviation is an estimate of the population
standard deviation (σ = S). A graph of the normal distribution is symmetric about its mean
µ. Virtually, all of the area (99.74%) under the graph is contained within the interval: 

Thus, almost all of the probability associated with a normal distribution falls within
± three standard deviations of the population mean µ. Also, 95.44% of the area falls within
± two standard deviations of µ, and 68.26% within ± one standard deviation. 

Confidence Interval for the Population Mean: The degree of confidence associated with
a confidence interval or limit is known as its confidence level. Confidence levels of 90%,
95%, and 99% are commonly used. For example, a 95% confidence limit for the unknown
population mean, estimated by use of the sample mean and sample standard deviation, pro-

S

xi X–( )2

i 1=

n

∑

n 1–
-------------------------------=

V
S

X
------100%=

Ax
S

n
-------=

Rx

Ax

X
-----100%=

µ 3σ ,– µ 3σ+
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vides a value above which the unknown population mean is expected to lie with 95% con-
fidence.

Equations (1) through (5) describe a sample mean that is only an estimate of the true
(population) mean. Therefore, it is important to define a confidence interval that deter-
mines a range within which the population mean lies. Such an interval depends on the sam-
ple mean, X, absolute error of the sample mean, Ax, and t-distribution (Student’s) value. A
confidence interval for the population mean satisfies the inequality:

(6)

Applying Statistics

Minimum Numbers of Tests, or Data Points .—Minimum numbers of the data points,
which represent the sample size can be determined through the formulas for the coefficient
of variation V, Equation (3), the absolute error of the sample mean Ax, Equation (4), and the
relative error of the sample mean Rx, Equation (5).

According to Equation (4), the absolute error of the sample mean is:

The other expression for the absolute error of the sample mean from Equation (5) is: 

(7)

Because the values to the left from the equal sign in Equations (4) and  (7) are equal, the
values to the right from the equal sign are also equal and, therefore:

(8)

Solving for  in Equation (8) produces:

(9)

Because S/X is the coefficient of variation V, see Equation (3), then:

(10)

The coefficient of variation of the sample mean must be known or selected according to
previously collected data of a similar kind, or, if necessary, preliminary tests should be
conducted to estimate its value. Based on numerous studies of cutting tool performance
and publications on mechanical properties of cutting tool materials, the values of the coef-
ficient of variation within 25 to 45% are considered as typical. The relative error of the
sample mean between 6 and 12% is also considered typical. The coefficient of variation
and the relative error are used to estimate how many tests are required. For example, if V =
30% and Rx = 8%, then the numbers of tests required are n = 302/82 = 14.

Comparing Products with Respect to Average Performance.—Lab and field tests are
usually conducted to compare the average performance of two or more products. The term
“average performance” is a quantitative value, which can be any mechanical, physical, or
chemical characteristics of a product. For example, the average tool life of drills and index-
able cutting inserts, the average hardness of cemented carbide grades, etc. The products
may differ in manufacturing procedure (CVD or PVD coatings), in chemical composition
(alloying elements and their amount), and in other parameters. Data collected during the
experiments must be statistically treated to determine whether the products have the same

X Ax t×– µ X Ax t×+≤ ≤

Ax
S

n
-------=

Ax X Rx×=

S

n
------- X Rx×=

n

n
S

X Rx×
---------------=

n
V

Rx

-----= and n
V

2

Rx

2
------=
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performance characteristics or not. For example, is there a difference in the sample means
or not?

Statistical treatment of data obtained from experiments with two products, includes the
following steps:

a) Calculation of the samples mean X1 and X2 using Equation (1)

b) Calculation of the samples standard deviation S1 and S2 using Equation (2)

c) Calculation of a weighted, or pooled standard deviation using the following formula:

(11)

where n1and n2the number of data points for products 1 and 2 respectively.

d) Selection of a confidence level. A 95% two-sided confidence level is recommended.
At this confidence level, the probability of error is ±2.5% per side. The values of t-Distri-
bution versus degrees of freedom (d.f.) are provided in Table 1, and for a 95% confidence
level are located in the column under the heading “t0.025” with respect to given degrees of
freedom (d. f. = n1 + n2 - 2).

e) Calculation of Decision Criterion (d.c.) using the following formula:

(12)

f) Comparison of the value of Decision Criterion with the difference of the samples
mean: take X1 - X2 if X1 > X2, or X2 - X1 if X2 > X1

The products average performance is statistically significant if the difference in the two
sample means is greater than Decision Criterion, i.e.

Table 1. Critical Values of t-Distribution

d.f. t0.100 t0.050 t0.025 t0.010 t0.005 d.f. d.f. t0.100 t0.050 t0.025 t0.010 t0.005 d.f.

1 3.078 6.314 12.706 31.821 63.657 1 16 1.337 1.746 2.120 2.583 2.921 16
2 1.886 2.920 4.303 6.965 9.925 2 17 1.333 1.740 2.110 2.567 2.898 17
3 1.638 2.353 3.182 4.541 5.841 3 18 1.330 1.734 2.101 2.552 2.878 18
4 1.533 2.132 2.776 3.747 4.604 4 19 1.328 1.729 2.093 2.539 2.861 19
5 1.476 2.015 2.571 3.365 4.032 5 20 1.325 1.725 2.086 2.528 2.845 20

6 1.440 1.943 2.447 3.143 3.707 6 21 1.323 1.721 2.080 2.518 2.831 21
7 1.415 1.895 2.365 2.998 3.499 7 22 1.321 1.717 2.074 2.508 2.819 22
8 1.397 1.860 2.306 2.896 3.355 8 23 1.319 1.714 2.069 2.500 2.807 23
9 1.383 1.833 2.262 2.821 3.250 9 24 1.318 1.711 2.064 2.492 2.797 24

10 1.372 1.812 2.228 2.764 3.169 10 25 1.316 1.708 2.060 2.485 2.787 25

11 1.363 1.796 2.201 2.718 3.106 11 26 1.315 1.706 2.056 2.479 2.779 26
12 1.356 1.782 2.179 2.681 3.055 12 27 1.314 1.703 2.052 2.473 2.771 27
13 1.350 1.771 2.160 2.650 3.012 13 28 1.313 1.701 2.048 2.467 2.763 28
14 1.345 1.761 2.145 2.624 2.977 14 29 1.311 1.699 2.045 2.462 2.756 29
15 1.341 1.753 2.131 2.602 2.947 15 Inf. 1.282 1.645 1.960 2.326 2.576 Inf.

Sp

n1 1–( ) S1
2

n2 1–( ) S2
2×+×

n1 1–( ) n2 1–( )+
--------------------------------------------------------------------=

d.c. t0.025 S×
p

n1 n2+

n1 n2×
-----------------=

X1 X2– d.c.> or X2 X1– d.c.>

�
t�
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Example 1:

Example 2:

Tool Life Tests of CNMG-432 Indexable Inserts Made of 
Two Different Carbide Grades (A and B)

Carbide Grade A Carbide Grades

Test 
Number

Data, xi

minutes
Treatment of Data Characteristics of Normal Distribution A B

xi – X (xi–X)2 Number of data points, n 7 7

1 15.0 –2.1 4.41 Number of degrees of freedom, n – 1 6 6

2 19.0 1.9 3.61 Sample mean (s.m.), Equation (1) 17.1 14.8
3 16.9 –0.2 0.04 Sample standard deviation, Equation (2) 1.6 2.1
4 16.6 –0.5 0.25 Coefficient of variation, Equation (3) 9.4% 14.2%
5 16.6 –0.5 0.25 Absolute error of the s.m., Equation (4) 0.6 0.8
6 16.1 –1.0 1.00 Relative error of the s.m., Equation (5) 3.5% 5.4%
7 19.4 2.3 5.29 t-value at 95% confidence level at given 

degrees of freedom, d.f. = 6, Table 1
2.447 2.447

n = 7 X = 17.1

∑xι= 119.6 ∑(xi – X)2 = 14.85 Population mean is greater than: 15.6 12.8

Population mean is less than: 18.6 16.8
Carbide Grade B Comparison of Grades A and B

Test
Number

Data, xi

minutes

Treatment of Data Pooled standard deviation, Equation (11) 1.9

xi – X (xi– X)2 t-value at 95% confidence level at given degrees 
of freedom, d.f. = 6 + 6 = 12, Table 1

2.179

1 14.6 –0.2 0.04 Decision Criterion, Equation (12) 2.2

2 13.5 –1.3 1.69 The difference between the two sample means 2.3

3 15.6 0.8 0.64 Conclusion:

4 12.4 –2.4 5.76 Sample means of the tool life of carbide grades A and B are 
statistically significant at the 95% confidence level, since 
the difference of the sample means (17.1 – 14.8 = 2.3 min.) 
is greater than the Decision Criterion (2.2 min.).

5 14.6 –0.2 0.04
6 13.8 –1.0 1.00
7 19.1 4.3 18.49

n = 7 X = 14.8 Note: ni = ith test or data point, xi = ith value of the data 
point∑xι= 103.6 ∑(xi – X)2 = 27.66

Tensile Strength of Carbon Steel Specimens Versus Heat Treatment

Carbon Steel Sample A Samples

Test 
Number

Data, xi

MPa
Treatment of Data Characteristics of Normal Distribution A B

xi – X (xi– X)2 Number of data points, n 5 5

1 522.0 6.9 47.61 Number of degrees of freedom, n – 1 4 4
2 511.0 –4.1 16.81 Sample mean (s.m.), Equation (1) 515.1 504.7
3 488.9 –26.2 686.44 Sample standard deviation, Equation (2) 24.8 11.1
4 553.7 38.6 1490.00 Coefficient of variation, Equation (3) 4.8% 2.2%
5 499.9 –15.1 228.01 Absolute error of the s.m., Equation (4) 11.1 5.0

n = 5 X = 515.1 Relative error of the s.m., Equation (5) 2.2% 1.0%

∑xι= 2575.5 ∑(xi – X)2 = 2468.9 t-value at 95% confidence level at given 
degrees of freedom, d.f. = 4, Table 1

2.776 2.776

Carbon Steel Sample B Population mean is greater than: 484.3 490.8

Test
Number

Data, xi

 MPa
Treatment of Data Population mean is less than: 545.9 518.6

xi – X (xi– X)2 Comparison of Samples A and B

1 517.1 12.4 153.76 Pooled standard deviation, Equation (11) 19.2
2 490.2 –14.5 210.25 t-value at 95% confidence level at given degrees 

of freedom, d.f. = 4 + 4 = 8, Table 1

2.306
3 499.1 –5.6 31.36
4 514.4 9.7 94.09 Decision Criterion, Equation (12) 28.0
5 502.6 –2.1 4.41 The difference between the two sample means 10.4

n = 5 X = 504.7 Conclusion:

∑xι= 2523.4 ∑(xi – X)2 = 493.87 Sample means of the tensile strength of samples A and B 
are statistically insignificant at the 95% confidence level, 
since the difference of the sample means (515.1 – 504.7 = 
10.4 MPa) is less than the Decision Criterion (28.0 MPa).

 Note: ni = ith test or data point, xi = ith value of the data 
point
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Example 3:

Machinability and Hardness.—In cutting steels, the allowable cutting speed for a given
tool life between grindings is, as a general rule, inversely proportional to the hardness of a
given steel. To illustrate, tests in turning an alloy steel with a high-speed steel tool showed
a cutting speed of 70 feet per minute (21.3 meter per minute) when the hardness of the steel
was 180 Brinell; the cutting speed had to be reduced to about 35 feet per minute (10.7 meter
per minute) when the hardness was increased to 360 Brinell, the life between tool grindings
for these tests being 20 minutes in each case. The machinability of other steels of the same
hardness might vary. For example, the tests just referred to showed more or less variation
in the cutting speeds for steels of the same hardness, but having different compositions or
properties. Thus, while there is a constant relationship between the hardness of a steel and
its tensile strength, there is not the same constant relationship between steel hardness and
machinability as applied to different steels.

Tool Life Tests of 6.0 mm Diameter Drills with Different Web Thickness

Drills with 2.0 mm Web, Group A Drill Groups

Test 
Number

Data, xi

minutes

Treatment of Data Characteristics of Normal Distribution A B

xi – X (xi– X)2 Number of data points, n 14 16

1 15.68 –11.06 122.3236 Number of degrees of freedom, n – 1 13 15

2 18.88 –7.86 61.7796 Sample mean (s.m.), Equation (1) 26.74 15.01
3 19.20 –7.54 56.8516 Sample standard deviation, Equation (2) 6.94 7.30
4 22.56 –4.18 17.4724 Coefficient of variation, Equation (3) 26.0% 48.6%
5 23.20 –3.54 12.5316 Absolute error of the s.m., Equation (4) 1.85 1.83
6 24.40 –2.34 5.4756 Relative error of the s.m., Equation (5) 6.9% 12.2%
7 24.64 –2.10 4.4100

t-value at 95% confidence level at given 
degrees of freedom, Table 1

2.160
d.f.=13

2.131
d.f. =158 26.56 0.18 0.0324

9 27.20 0.46 0.2116
10 30.24 3.50 12.2500 Population mean is greater than: 22.74 11.11
11 32.16 5.42 29.3764 Population mean is less than: 30.74 18.91
12 33.60 6.86 47.0596 Comparison of Grades A and B

13 36.80 10.06 101.2036 Pooled standard deviation, Equation (11) 7.14
14 39.20 12.46 155.2516 t-value at 95% confidence level at given degrees 

of freedom, d.f. = 13 + 15 = 28, Table 1
2.048

n = 14 X = 26.74

∑xι= 374.32 ∑(xi – X)2 = 626.2296 Decision Criterion, Equation (12) 5.35

The difference between the two sample means 11.73

Drills with 0.9 mm Web, Group B

Test
Number

Data, xi

minutes

Treatment of Data
Test

Number
Data, xi

minutes

Treatment of Data

xi – X (xi– X)2 xi – X (xi– X)2

1 5.04 –9.97 99.4009 7 12.16 –2.85 8.1225
2 6.48 –8.53 72.7609 8 14.24 –0.77 0.5929
3 7.12 –7.89 62.2521 9 15.68 0.67 0.4489
4 7.20 –7.81 60.9961 10 16.32 1.31 1.7161
5 9.44 –5.57 31.0249 11 17.84 2.83 8.0089
6 11.36 –3.65 13.3225 12 18.00 2.99 8.9401

Conclusion: 13 21.28 6.27 39.3129

Sample means of the tool life of the drills in Group A 
and B are statistically significant at the 95% confidence 
level, since the difference of the sample means (26.74 – 
15.01 = 11.73 min.) is greater than the Decision Crite-

rion (5.35 min.).Note: ni = ith test or data point, xi = ith

value of the data point

14 23.04 8.03 64.4809
15 24.60 9.59 91.9681
16 30.40 15.39 236.8521

n = 16 X = 15.01

∑xι= 240.20 ∑(xi – X)2 = 800.2008
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ENGINEERING ECONOMICS

Engineers, managers, purchasing agents, and others are often required to plan and evalu-
ate project alternatives, and make economic decisions that may greatly affect the success
or failure of a project. 

The goals of a project, such as reducing manufacturing cost or increasing production,
selection of machine tool alternatives, or reduction of tooling, labor and other costs, deter-
mine which of the available alternatives may bring the most attractive economic return.

 Various cost analysis techniques that may be used to obtain the desired outcome are dis-
cussed in the material that follows. 

Interest

Interest is money paid for the use of money lent for a certain time. Simple interest is the
interest paid on the principal (money lent) only. When simple interest that is due is not
paid, and its amount is added to the interest-bearing principal, the interest calculated on
this new principal is called compound interest. The compounding of the interest into the
principal may take place yearly or more often, according to circumstances.

Interest Formulas.—The symbols used in the formulas to calculate various types of
interest are:

P =principal or amount of money lent
I =nominal annual interest rate stated as a percentage, i.e., 10 per cent per annum

Ie =effective annual interest rate when interest is compounded more often than
once a year (see Nominal vs. Effective Interest Rates)

i =nominal annual interest rate per cent expressed as a decimal, i.e., if I = 12 per
cent, then i = 12 ⁄100 = 0.12

n =number of annual interest periods
m =number of interest compounding periods in one year
F =a sum of money at the end of n interest periods from the present date that is

equivalent to P with added interest i
A =the payment at the end of each period in a uniform series of payments continu-

ing for n periods, the entire series equivalent to P at interest rate i

Note:  The exact amount of interest for one day is 1 ⁄365 of the interest for one year.
Banks, however, customarily take the year as composed of 12 months of 30 days, making
a total of 360 days to a year. This method is also used for home-mortgage-type payments,
so that the interest rate per month is 30 ⁄360 = 1 ⁄12 of the annual interest rate. For example,
if I is a 12 per cent per annum nominal interest rate, then for a 30-day period, the interest
rate is (12 × 1 ⁄12) = 1.0 per cent per month. The decimal rate per month is then 1.0 ⁄100 =
0.01.

Simple Interest.—The formulas for simple interest are:

Example:For $250 that has been lent for three years at 6 per cent simple interest: P = 250;
I = 6; i = I/100 = 0.06; n = 3.

Compound Interest.—The following formulas apply when compound interest is to be
computed and assuming that the interest is compounded annually.

Interest for n  years P i× n×=

Total amount after n  years, S P P i× n×+=

F 250 250 0.06× 3×( )+ 250 45+ $295= = =
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Example:At 10 per cent interest compounded annually for 10 years, a principal amount
P of $1000 becomes a sum F of

If a sum F = $2593.74 is to be accumulated, beginning with a principal P = $1,000 over a
period n = 10 years, the interest rate i to accomplish this would have to be i =
(2593.74 ⁄1000)1 ⁄10 − 1 = 0.09999, which rounds to 0.1, or 10 per cent.

For a principal P = $500 to become F = $1,000 at 6 per cent interest compounded annu-
ally, the number of years n would have to be

To triple the principal P = $500 to become F = $1,500, the number of years would have to
be

Interest Compounded More Often Than Annually.—If interest is payable m times a
year, it will be computed m times during each year, or nm times during n years. The rate for
each compounding period will be i/m if i is the nominal annual decimal interest rate. There-
fore, at the end of n years, the amount F will be: F = P(1 + i/m)nm.

As an example, if P = $1,000; n is 5 years, the interest payable quarterly, and the annual
rate is 6 per cent, then n = 5; m = 4; i = 0.06; i/m = 0.06 ⁄4 = 0.015; and nm = 5 × 4 = 20, so that

Nominal vs. Effective Interest Rates.—Deposits in savings banks, automobile loans,
interest on bonds, and many other transactions of this type involve computation of interest
due and payable more often than once a year. For such instances, there is a difference
between the nominal annual interest rate stated to be the cost of borrowed money and the
effective rate that is actually charged.

For example, a loan with interest charged at 1 per cent per month is described as having
an interest rate of 12 per cent per annum. To be precise, this rate should be stated as being a
nominal 12 per cent per annum compounded monthly; the actual or effective rate for
monthly payments is 12.7 per cent. For quarterly compounding, the effective rate would be
12.6 per cent:

In this formula, Ie is the effective annual rate, I is the nominal annual rate, and m is the
number of times per year the money is compounded.

Example:For a nominal per annum rate of 12 per cent, with monthly compounding, the
effective per annum rate is

Example:Same as before but with quarterly compounding:

F P 1 i+( )n=

P F 1 i+( )n⁄=

i F P⁄( )1 n⁄
1–=

n Flog Plog–( ) 1 i+( )log⁄=

F 1000 1 10+ 100⁄( )10 $2 593.74,= =

n 1000log 500log–( ) 1 0.06+( )log⁄=

3 2.69897–( ) 0.025306⁄= 11.9 years=

n 1500log 500log–( ) 1 0.06+( )log⁄=

3.17609 2.69897–( ) 0.025306⁄= 18.85 years=

F 1000 1 0.015+( )20 $1 346.86,= =

Ie 1 I m⁄+( )m 1–=

Ie 1 0.12 12⁄+( )12 1– 0.1268 12.7 per cent effective per annum rate= = =

Ie 1 0.12 4⁄+( )4 1– 0.1255 12.6 per cent effective per annum rate= = =
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Finding Unknown Interest Rates.—If a single payment of P dollars is to produce a sum
of F dollars after n annual compounding periods, the per annum decimal interest rate is
found using:

Cash Flow and Equivalence

The sum of money receipts or disbursement in a project’s financial report are called cash
flows. Due to the time value of money, the timing of cash flows over the project life plays
a vital role in project success. Engineering economy problems involve the following four
patterns of cash flow, both separately and in combination.Two cash flow patterns are said
to be equivalent if they have the same value at a particular time.

Present Value and Discount.—The present value or present worth P of a given amount F
is the amount P that, when placed at interest i for a given time n, will produce the given
amount F.

The true discount D is the difference between F and P: D = F − P.
These formulas are for an annual interest rate. If interest is payable other than annually,

modify the formulas as indicated in the formulas in the section Interest Compounded More
Often Than Annually on page 135.

Example:Find the present value and discount of $500 due in six months at 6 per cent sim-
ple interest. Here, F = 500; n = 6 ⁄12 = 0.5 year; i = 0.06. Then, P = 500/(1 + 0.5 × 0.06) =
$485.44.

Example:Find the sum that, placed at 5 per cent compound interest, will in three years
produce $5,000. Here, F = 5000; i = 0.05; n = 3. Then,

Annuities.—An annuity is a fixed sum paid at regular intervals. In the formulas that fol-
low, yearly payments are assumed. It is customary to calculate annuities on the basis of
compound interest. If an annuity A is to be paid out for n consecutive years, the interest rate
being i, then the present value P of the annuity is

If at the beginning of each year a sum A is set aside at an interest rate i, the total value F of
the sum set aside, with interest, at the end of n years, will be

If at the end of each year a sum A is set aside at an interest rate i, then the total value F of
the principal, with interest, at the end of n years will be

If a principal P is increased or decreased by a sum A at the end of each year, then the value
of the principal after n years will be

i
F

P
---n 1–=

At simple interest, P F 1 ni+( )⁄=

At compound interest, P F 1 i+( )n⁄=

P 5000 1 0.05+( )3⁄ $4 319.19,= =

P A
1 i+( )n 1–
i 1 i+( )n

---------------------------=

F A
1 i+( ) 1 i+( )n 1–[ ]

i
------------------------------------------------=

F A
1 i+( )n 1–

i
---------------------------=

F P 1 i+( )n A
1 i+( )n 1–

i
---------------------------±=
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If the sum A by which the principal P is decreased each year is greater than the total yearly
interest on the principal, then the principal, with the accumulated interest, will be entirely
used up in n years:

Example:If an annuity of $200 is to be paid for 10 years, what is the present amount of
money that needs to be deposited if the interest is 5 per cent. Here, A = 200; i = 0.05; n = 10:

The annuity a principal P drawing interest at the rate i will give for a period of n years is

Example:A sum of $10,000 is placed at 4 per cent. What is the amount of the annuity pay-
able for 20 years out of this sum: Here, P = 10000; i = 0.04; n = 20:

Sinking Funds.—Amortization is “the extinction of debt, usually by means of a sinking
fund.” The sinking fund is created by a fixed investment A placed each year at compound
interest for a term of years n, and is therefore an annuity of sufficient size to produce at the
end of the term of years the amount F necessary for the repayment of the principal of the
debt, or to provide a definite sum for other purposes. Then,

Example:If $2,000 is invested annually for 10 years at 4 per cent compound interest, as a
sinking fund, what would be the total amount of the fund at the expiration of the term?
Here, A= 2000; n = 10; i = 0.04:

Cash Flow Diagrams.—The following conventions are used to standardize cash flow
diagrams. The horizontal (time) axis is marked off in equal increments, one per period, up
to the duration of the project. Receipts are represented by arrows directed upwards and dis-
bursements are represented by arrows directed downwards. The arrow length is propor-
tional to the magnitude of cash flow. In the following, i = interest rate, and n = number of
payments or periods.

Table 1. Cash Flow Patterns 

P-pattern
P = present value

A single amount P occurring at the 
beginning of n years. P represents 
“Present” amount.

F-pattern
F = future value

A single amount F occurring at the 
end of n years. F represents “Future”
amount.

n
Alog A iP–( )log–

1 i+( )log
----------------------------------------------=

P 200
1 0.05+( )10 1–

0.05 1 0.05+( )10
---------------------------------------- $1 544.35,= =

A P
i 1 i+( )n

1 i+( )n 1–
---------------------------=

A 10 000
0.04 1 0.04+( )20

1 0.04+( )20 1–
----------------------------------------, $735.82= =

F A
1 i+( )n 1–

i
---------------------------= and A F

i

1 i+( )n 1–
---------------------------=

F 2000
1 0.04+( )10 1–

0.04
-------------------------------------- $24 012.21,= =

P

t = 0

F

t = n
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Example:A rental property pays $2000/month with a $10 per month increase starting the
second year. Based on 10 year period and 8% annual interest, compute the unified average
annuity, considering the gradient.

A-pattern
A = annual value

Equal amounts A occurring at the end 
of each of n years. A represents 
“annual” amount.

G-pattern
G = uniform
gradient of 

expense

G is increasing by an equal amount 
over the period of life n.
G represents “Gradient” amount.

Table 2. Standard Cash Flow Factors 

Symbol To
 F

in
d

Formula G
iv

en

Symbol

F
(F/P, i%, n)

P

P

(P/F, i%, n)

F

A

(A/P, i%, n)

P

P

(P/A, i%, n)

A

A

(A/F, i%, n)

F

F

(F/A, i%, n)

A

P

(P/G, i%, n)

G

F

(F/G, i%, n)

G

A

(A/G, i%, n)

G

Table 1. (Continued) Cash Flow Patterns 

A  each

t = 1 t = n

G 2G (n-1)G
t = 2 t = n

F

t = n
F P 1 i+( )n=

P

t = 0

P

t = 0
P

F

1 i+( )n
------------------=

F

t = n

A  each

t = 1 t = n
A P

i 1 i+( )n

1 i+( )n 1–
---------------------------=

P

t = 0

P

t = 0
P A

1 i+( )n 1–

i 1 i+( )n
---------------------------=

A  each

t = 1 t = n

A  each

t = 1 t = n
A F

i

1 i+( )n 1–
---------------------------=

F

t = n

F

t = n
F A

1 i+( )n 1–
i

---------------------------
 
 =

A  each

t = 1 t = n

P

t = 0
P G

1
i
--- 1 i+( )n 1–

i 1 i+( )n
--------------------------- n

1 i+( )n
------------------–= G 2G (n-1)G

t = 2 t = n

F

t = n
F G

1
i
--- 1 i+( )n 1–

i
--------------------------- n–= G 2G (n-1)G

t = 2 t = n

A  each

t = 1 t = n
A G

1
i
--- n

1 i+( )n 1–
---------------------------–= G 2G (n-1)G

t = 2 t = n
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Solution:

Depreciation

Depreciation is the allocation of the cost of an asset over its depreciable life. A machine
may decline in value because it is wearing out and no longer performing its function as well
as when it is new. Depreciation is a economical technique that spreads the purchase price
of an asset or other property over a number of years. Tax regulations do not allow the cost
of an asset to be treated as a deductible expense in the year of purchase. Portions of the
expense must be allocated to each of the years of the asset’s depreciation period. The
amount that is allocated each year is called the depreciation. 
Straight Line Depreciation.—Straight line depreciation is a constant depreciation
charge over the period of life. If P is the principal value, L is the salvage value and n is the
period of life. The depreciation will be

Sum of the Years Digits.—Another method for allocating the cost of an asset minus sal-
vage value over its useful life is called sum of the years digits depreciation. This method
results in larger than straight line depreciation charges during the early years of an asset
and smaller charges near the end period.

Double Declining Balance Method.—A constant depreciation is applied to the book
value of the property.

Statutory Depreciation System.—  The latest depreciation method is used in U.S.
income tax purpose is called accelerated cost recovery system (ACRS) depreciation. The
first step in ACRS is to determine the property class of the asset being depreciated. All per-
sonal property falls into one of six classes.

Average rental G
1
i
--- n

1 i+( )n
1–

---------------------------– A+=

10 1
8 1200⁄( )

----------------------- 120

1 8 1200⁄+( )120
1–

-------------------------------------------------– 2000+=

516 2000+= $2516=

Depreciation at xth year Dx
P L–

n
-------------=

Book Value after x years BVx
P L–( ) n x–( )

n
---------------------------------- L+=

After Tax Depreciation Recovery ATDR TR
P L–

n
-------------
 
  1 i+( )n

1–

i 1 i+( )n
---------------------------
 
 
 

=

Depreciation at xth year Dx
2 P L–( ) n x– 1+( )

n n 1+( )
-----------------------------------------------=

Book Value after x years BVx P P L–( ) 2n x– 1+( ) x

n n 1+( )
--------------------–=

Depreciation at xth year Dx 2
P

n
---
 
  n 2–

n
------------
 
 

x 1–( )
=

Book Value after x years BVx P
n 2–

n
------------
 
 

x

=

Depreciation at xth year Dx P Factor×=
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Table 3. Property Class and Factor

Evaluating Alternatives

Two or more mutually exclusive investments compete for limited funds. There are a
number of ways for selecting the superior alternative from a group of proposals. This sec-
tion concerns strategies for selecting alternatives in such a way that net value is maxi-
mized.
Net Present Value.—One of the easiest way to compare mutually exclusive alternatives
is to resolve their consequences to the present time. It is most frequently used to determine
the present value of future money receipts and disbursements. There are three economic
criteria for present worth analysis described in the table that follows. If investment cost is
same, consider only the output money. If the output result is known, then minimize the
investment cost. If neither input nor output is fixed, then maximize the output minus the
input. This method is widely applied when alternatives have the same period of time.

The symbol used in this table are defined as follows:
P =Present value NPV = Net present value AR =Annual revenue

AE =Annual expense G =Uniform gradient of expense TR =Tax rate as percentage
i =Interest rate n =Number of payments or periods L =Salvage value

The previous formulas do not consider depreciation. To include depreciation, the after tax depreci-
ation recovery (ATDR) must be added to get the net present value.

Example :A pharmaceutical company produces a product from different chemical com-
positions. Two mixing processes, batch and continuous, are available.

ACRS Classes of Depreciable Property Depreciation Rate for Recovery Period (n)

Property
Class Personal Property

Year
(x) 3 Years 5 Years 7 Years 10 Years

3
Handling device for food and beverage manu-
facture, plastic products, fabricated metal 
products

1 33.33% 20.00% 14.29% 10.00%
2 44.45% 32.00% 24.49% 18.00%
3 14.81% 19.20% 17.49% 14.40%

5
Automobiles, trucks, computer, aircraft, 
petroleum drilling equipment, research and 
experimentation equip.

4 7.41% 11.52% 12.49% 11.52%

5 11.52% 8.93% 9.22%

7 Office furniture, fixtures, and equip. 6 5.76% 8.92% 7.37%

10 Railroad cars, manufacture of tobacco prod-
ucts

7 8.93% 6.55%
8 4.46% 6.55%

15 Telephone distribution line, municipal sewers 
plant

9 6.56%
10 6.55%

20 Municipal sewers 11 3.28%

With uniform annual 
expense before tax

With uniform gradi-
ent on annual 
expense before tax

With uniform annual 
expense after tax

With uniform gradi-
ent on annual 
expense after tax

NPV P– AR AE–( ) 1 i+( )n 1–

i 1 i+( )n
---------------------------
 
 
  L

1 i+( )n
------------------+ +=

NPV P– AR AE– A G i n, ,⁄( )G–( ) 1 i+( )n 1–

i 1 i+( )n
---------------------------
 
 
  L

1 i+( )n
------------------+ +=

NPV P– AR AE–( ) 1 TR–( ) 1 i+( )n 1–

i 1 i+( )n
---------------------------
 
 
  L

1 i+( )n
------------------+ +=

NPV P– AR AE– A G i n, ,⁄( )G–( ) 1 TR–( ) 1 i+( )n 1–

i 1 i+( )n
---------------------------
 
 
  L

1 i+( )n
------------------+ +=
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The company uses straight line depreciation, pays 40% of its net income as income tax,
and has an after tax minimum attractive rate of return of 15%. The company can sell the
product at $1.00 per unit. Which manufacturing process should the company invest in?

Solution: Because the lifetimes are equal, we can make a comparison using the present
worth method by applying the formulas for NPV and also for ATDR.

Based on above calculations, the batch production process is selected because it gives a
greater net present value (NPV) than the continuous process.

Capitalized Cost.—In governmental analyses, there are some circumstances where a ser-
vice is required for an infinite period of time such as with roads, dams, pipelines, etc.
Present worth of a project with an infinite life is known as capitalized cost. Capitalized cost
is the amount of money at n = 0 needed to perpetually support the projection the earned
interest only. Capitalized cost is the present sum of money that would need to be set aside
now, at some interest rate, to yield the funds required to provide the service.

 CC = P + A(P/A, i%, n) − L(P/F, i%, n) + G(P/G, i%, n)

where  CC = capitalized cost; P = initial cost; L = salvage value; A = annual cost; RC =

renovation cost; i = interest rate; and,  n = effective period of time.

Process Continuous Batch
Initial cost $75000 $35000
Lifetime (years) 10 10
Maintenance (per year) $5000 $8000
Capacity (units/year) 25000 20000

NPVContinuous P– AR AE–( ) 1 TR–( ) 1 i+( )n 1–

i 1 i+( )n
---------------------------
 
 
 

TR
P L–

n
-------------
 
  1 i+( )n 1–

i 1 i+( )n
---------------------------
 
 
 

+ +=

75000– 25000 1 5000–×( ) 1 0.40–( )
1 15

100
---------+

 
 

10
1–

15
100
---------
 
  1 15

100
---------+

 
 

10
--------------------------------------------

 
 
 
 
 
 

0.40
75000

10
---------------
 
 

1 15
100
---------+

 
 

10
1–

15
100
---------
 
  1 15

100
---------+

 
 

10
--------------------------------------------

 
 
 
 
 
 

+ +=

14775– 15056+= 281=

NPVBatch P– AR AE–( ) 1 TR–( ) 1 i+( )n 1–

i 1 i+( )n
---------------------------
 
 
 

TR
P L–

n
-------------
 
  1 i+( )n 1–

i 1 i+( )n
---------------------------
 
 
 

+ +=

35000– 20000 1×[ ] 8000–( ) 1 0.40–( )
1 15

100
---------+

 
 

10
1–

15
100
---------
 
  1 15

100
---------+

 
 

10
--------------------------------------------

 
 
 
 
 
 

0.40
35000

10
---------------
 
 

1 15
100
---------+

 
 

10
1–

15
100
---------
 
  1 15

100
---------+

 
 

10
--------------------------------------------

 
 
 
 
 
 

+ +=

1135 7026+= 8161=

Without Periodical Replacement CC P
A

i
---+=

With 100% Periodical Replacement CC P
P L–

1 i+( )n
1–

--------------------------- A

i
---+ +=

With Periodical Renovation Cost CC P
RC

1 i+( )n
1–

--------------------------- A

i
---+ +=
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Equivalent Uniform Annual Cost.—This method is applied when the alternatives have
unequal periods of life. To avoid unequal periods of time, the present value and future
value is converted to an annual value.The alternatives must be mutually exclusive and
repeatedly renewed up to the duration of the longest lived alternative. 

A = P(A/P, i%, n) − L(A/F, i%, n) + G(A/G, i%, n) + AE

Example:An investment of $15,000 is being considered to reduce labor and labor-asso-
ciated costs in a materials handling operation from $8,200 a year to $3,300. This operation
is expected to be used for 10 years before being changed or discontinued entirely. In addi-
tion to the initial investment of $15,000 and the annual cost of $3,300 for labor, there are
additional annual costs for power, maintenance, insurance, and property taxes of $1,800
associated with the revised operation. Based on comparisons of annual costs, should the
$15,000 investment be made or the present operation continued?

The present annual cost of the operation is $8,200 for labor and labor-associated costs.
The proposed operation has an annual cost of $3,300 for labor and labor extras plus $1,800
for additional power, maintenance, insurance, and taxes, plus the annual cost of recovering
the initial investment of $15,000 at some interest rate (minimum acceptable rate of return).

Assuming that 10 per cent would be an acceptable rate of return on this investment over a
period of 10 years, the annual amount to be recovered on the initial investment would be
$15,000 multiplied by the capital recovery factor.

Putting this value into (A/P, i%, n) yields:

Adding this amount to the $5,100 annual cost associated with the investment ($3,300 +
$1,800 = $5,100) gives a total annual cost of $7,542, which is less than the present annual
cost of $8,200. Thus, the investment is justified unless there are other considerations such
as the effects of income taxes, salvage values, expected life, uncertainty about the required
rate of return, changes in the cost of borrowed funds, and others.

A tabulation of annual costs of alternative plans A, B, C, etc., is a good way to compare
costs item by item. For this example:

With Sinking Fund
Depreciation

With Sinking Fund
Depreciation and

Uniform Gradient G

Straight Line
Depreciation

Item Plan A Plan B

1 Labor and labor extras $8,200.00 $3,300.00
2 Annual cost of $15,000 investment 2,442.00
3 Power 400.00
4 Maintenance 1,100.00
5 Property taxes and insurance 300.00

Total annual cost $8,200.00 $7,542.00

A P L–( ) i 1 i+( )n

1 i+( )n
1–

--------------------------- Li AE+ +=

A P L–( ) i 1 i+( )n

1 i+( )n
1–

--------------------------- Li AE G
1
i
--- n

1 i+( )n
1–

---------------------------– 
 + + +=

A
P L–

n
------------- Li AE

P L–( ) n 1+( )i

2n
-------------------------------------+ + +=

A
i 1 i+( )n

1 i+( )n
1–

---------------------------P AE+
10 100⁄( ) 1 10 100⁄+( )10

1 10 100⁄+( )10
1–

--------------------------------------------------------------15000 5100+ 7541.18= = =
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Example, (Annual Cost Considering Salvage Value):If in the previous example the sal-
vage value of the equipment installed was $5,000 at the end of 10 years, what effect does
this have on the annual cost of the proposed investment of $15,000?

The only item in the annual cost of the previous example that will be affected is the capi-
tal recovery amount of $2,442. The following formula gives the amount of annual capital
recovery when salvage value is considered:

Adding this amount to the $5,100 annual cost determined previously gives a total annual
cost of $7,227, which is $315 less than the previous annual cost of $7,542 for the proposed
investment.
Rate of Return.—The estimated interest rate produced by an investment. Rate of return
(ROR) is the interest rate at which the benefits are equivalent to the costs. It is defined as the
interest rate paid on the unpaid balance of a loan such that the payment schedule makes the
unpaid loan balance equal to zero when the final payment is made. It may be computed by
finding the interest rate in such a way that the estimated expenditures are equal to the capi-
tal gain. Net Present Worth = 0, or PW of benefits − PW of costs = 0

The rate of return can only be calculated by trial and error solution.To find out the present
worth, select a reasonable interest rate, calculate the present worth. Choose another rate,
calculate the present worth. Interpolate or extrapolate the value of ROR to find the zero
value of present worth.
Benefit-Cost Ratio.—It is the ratio of present worth of benefit and present worth of cost.
This method is applied to municipal project evaluations where benefits (B) and costs (C)
accrue to different segments of the community. The project is considered acceptable if the
ratio equals or exceeds 1. For fixed input maximize the B/C ≥ 1 and for fixed output maxi-
mize the B/C ≥ 1and if neither input nor output is fixed, to compute the incremental benefit
cost ratio (∆B/∆C), choose ∆B/∆C ≥ 1.

Example:To build a bridge over a river costs $1,200,000, benefits of $2,000,000, and
disbenefits of $500,000. (a) What is the benefit cost ratio? (b) What is the excess of benefits
over costs?

Solution: The benefit cost ratio is 

The excess of benefits over cost equal 2,000,000 − 1,200,000 − 500,000 = 300,000.
Payback Period.—This is the period of time required for the profit or other benefits of an
investment to equal the cost of investment. The criterion in all situations is to minimize the
payback period.
Break-Even Analysis.—Break-even analysis is a method of comparing two or more
alternatives to determine which works best. Frequently, cost is the basis of the comparison,
with the least expensive alternative being the most desirable. Break-even analysis can be
applied in situations such as: to determine if it is more efficient and cost effective to use
HSS, carbide, or ceramic tooling; to compare coated versus uncoated carbide tooling; to
decide which of several machines should be used to produce a part; or to decide whether to
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buy a new machine for a particular job or to continue to use an older machine. The tech-
niques used to solve any of these problems are the same; however, the details will be differ-
ent, depending on the type of comparison being made. The remainder of this section deals
with break-even analysis based on comparing the costs of manufacturing a product using
different machines.

Choosing a Manufacturing Method:  The object of this analysis is to decide which of
several machines can produce parts at the lowest cost. In order to compare the cost of pro-
ducing a part, all the costs involved in making that part must be considered. The cost of
manufacturing any number of parts can be expressed as the sum: CT = CF + n × CV, where
CT is the total cost of manufacturing one part, CF is the sum of the fixed costs of making the
parts, n is the number of parts made, and CV is the total variable costs per piece made.

Fixed costs are manufacturing costs that have to be paid whatever number of parts are
produced and usually before any parts can be produced. They include the cost of drafting
and CNC part programs, the cost of special tools and equipment required to make the part,
and the cost of setting up the machine for the job. Fixed costs are generally one-time
charges that occur at the beginning of a job or are recurrent charges that do not depend on
the number of pieces made, such as those that might occur each time a job is run again.

Variable costs depend on the number of parts produced and are expressed as the cost per
part made. The variable costs include the cost of materials, the cost of machine time, the
cost of the labor directly involved in making the part, and the portion of the overhead that
is attributable to production of the part. Variable costs can be expressed as: CV = material
cost + machine cost + labor cost + overhead cost. When comparing alternatives, if the same
cost is incurred by each alternative, then that cost can be eliminated from the analysis with-
out affecting the result. For example, the cost of material is frequently omitted from a man-
ufacturing analysis if each machine is going to make parts from the same stock and if there
is not going to be a significant difference in the amount of scrap produced by each method.
The time to produce one part is needed to determine the machine, labor, and overhead
costs. The total time expressed in hours per part is tT = tf + ts, where tf equals the floor-to-
floor production time for one part and ts the setup time per part. The setup time, ts, is the
time spent setting up the machine and periodically reconditioning tooling, divided by the
number of parts made per setup.

Material cost equals the cost of the materials divided by the number of parts made.

Machine cost is the portion of a machine's total cost that is charged toward the production
of each part. It is found by multiplying the machine rate (cost of the machine per hour) by
the machine time per part, tf. The machine hourly rate is calculated by dividing the lifetime
costs (including purchase price, insurance, maintenance, etc.) by the estimated lifetime
hours of operation of the machine. The total operating hours may be difficult to determine
but a reasonable number can be based on experience and dealer information.

Labor costs are the wages paid to people who are directly involved in the manufacture of
the part. The labor cost per part is the labor rate per hour multiplied by the time needed to
manufacture each part, tT. Indirect labor, which supports but is not directly involved in the
manufacture of the part, is charged as overhead.

Overhead cost is the cost of producing an item that is not directly related to the cost of
manufacture. Overhead includes the cost of management and other support personnel,
building costs, heating and cooling, and similar expenses. Often, overhead is estimated as
a percentage of the largest component cost of producing a part. For example, if direct labor
is the largest expense in producing a part, the overhead can be estimated as a percentage of
the direct labor costs. On the other hand, if equipment costs are higher, the overhead would
be based on a percentage of the machine cost. Depending on the company, typical over-
head charges range from about 150 to 800 per cent of the highest variable cost.
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Most of the time, the decision to use one machine or another for making parts depends on
how many pieces are needed. For example, given three machines A, B, and C, if only a few
parts need to be produced, then, in terms of cost, machine A might be the best; if hundreds
of parts are needed, then machine B might be best; and, if thousands of components are to
be manufactured, then machine C may result in the lowest cost per part. Break-even analy-
sis reveals how many components need to be produced before a particular machine
becomes more cost effective than another.

To use break-even analysis, the cost of operating each machine needs to be established.
The costs are plotted on a graph as a function of the number of components to be manufac-
tured to learn which machine can make the required parts for the least cost. The following
graph is a plot of the fixed and variable costs of producing a quantity of parts on two differ-
ent machines, Machine 1 and Machine 2. Fixed costs for each machine are plotted on the
vertical cost axis. Variable costs for each machine are plotted as a line that intersects the
cost axis at the fixed cost for each respective machine. The variable cost line is constructed
with a slope that is equal to the cost per part, that is, for each part made, the line rises by an
amount equal to the cost per part. If the calculations necessary to produce the graph are
done carefully, the total cost of producing any quantity of parts can be found from the data
plotted on the graph.

As an example, the graph shown in Fig. 7 is a comparison of the cost of manufacturing a
quantity of a small part on a manually operated milling machine (Machine 1) and on a CNC
machining center (Machine 2). The fixed costs (fixed costs = lead time × lead time rate +
setup time × setup rate) for the manual machine are $190 and the fixed costs for the CNC
machine are higher at $600. The fixed cost for each machine is the starting point of the line
representing the cost of manufacturing a quantity of parts with that machine. The variable
costs plotted are: $18 per piece for the manual machine and $5 per piece for the CNC mill.

The variable costs are calculated using the machine, labor, and overhead costs. The cost
of materials is not included because it is assumed that materials cost will be the same for
parts made on either machine and there will be no appreciable difference in the amount of
scrap generated. The original cost of Machine 1 (the manual milling machine) is $19,000
with an estimated operating life of 16,000 hours, so the hourly operating cost is 19,000/
16,000 = $1.20 per hour. The labor rate is $17 per hour and the overhead is estimated as 1.6
times the labor rate, or $17 × 1.6 = $27.20 per hour. The time, tf, needed to complete each
part on Machine 1 is estimated as 24 minutes (0.4 hour). Therefore, by using Machine 1,
the variable cost per part excluding material is (1.20 + 17.00 + 27.20) $/h × 0.4 h/part = $18
per part. For Machine 2 (the CNC machining center), the machine cost is calculated at $3
per hour, which is based on a $60,000 initial cost (including installation, maintenance,
insurance, etc.) and 20,000 hours of estimated lifetime. The cost of labor is $15 per hour for
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Machine 2 and the overhead is again calculated at 1.6 times the labor rate, or $24 per hour.
Each part is estimated to take 7.2 minutes (0.12 h) to make, so the variable cost per part
made on Machine 2 is (3 + 15 + 24) $/h × 0.12 h/part = $5 per part.

The lines representing the variable cost of operating each machine intersect at only one
point on the graph. The intersection point corresponds to a quantity of parts that can be
made by either the CNC or manual machine for the same cost, which is the break-even
point. In the figure, the break-even point is 31.5 parts and the cost of those parts is $757, or
about $24 apiece, excluding materials. The graph shows that if fewer than 32 parts need to
be made, the total cost will be lowest if the manual machine is used because the line repre-
senting Machine 1 is lower (representing lower cost) than the line representing Machine 2.
On the other hand, if more than 31 parts are going to be made, the CNC machine will pro-
duce them for a lower cost. It is easy to see that the per piece cost of manufacturing is lower
on the CNC machine because the line for Machine 2 rises at a slower rate than the line for
Machine 1. For producing only a few parts, the manual machine will make them less
expensively than the CNC because the fixed costs are lower, but once the CNC part pro-
gram has been written, the CNC can also run small batches efficiently because very little
setup work is required.

The quantity of parts corresponding to the break-even point is known as the break-even
quantity Qb. The break-even quantity can be found without the use of the graph by using
the following break-even equation: Qb = (CF1 − CF2)/(CV2 − CV1). In this equation, the CF1
and CF2 are the fixed costs for Machine 1 and Machine 2, respectively: CV1 and CV2 are the
variable costs for Machine 1 and Machine 2, respectively.

Break-even analysis techniques are also useful for comparing performance of more than
two machines. Plot the manufacturing costs for each machine on a graph as before and then
compare the costs of the machines in pairs using the techniques described. For example, if
an automatic machine such as a rotary transfer machine is included as Machine 3 in the pre-
ceding analysis, then three lines representing the costs of operating each machine would be
plotted on the graph. The equation to find the break-even quantities is applied three times
in succession, for Machines 1 and 2, for Machines 1 and 3, and again for Machines 2 and 3.
The result of this analysis will show the region (range of quantities) within which each
machine is most profitable.

Overhead Expenses.—Machine-Hour Distribution: The machine-hour rate method con-
sists of distributing all the manufacturing expenses of an establishment by a charge to each
job of the overhead cost of operating the machines and other facilities used on that job. This
overhead charge is not an average for the whole plant or department, but is, as nearly as
possible, the actual overhead cost of maintaining and operating each of the machines,
group of machines, benches, etc., which are found in the plant. By the proper use of this
method it is possible to show the difference between the expense cost of a boring mill and
a lathe, a gear-cutter and a splining machine, etc.

Man-Hour Distribution: The man-hour method of distributing overhead has for its base
the number of hours spent on a job instead of the amount of wages paid. The assumption is
made that the overhead expenses have a fixed ratio to the number of hours of time spent on
a job. Certain items of expense bear a direct relation to the number of hours worked, and
include the expenses of the payroll, compensation, insurance, and supervision. 

Man-Rate Distribution: The man-rate method of distributing overhead costs is the one in
most general use because of its simplicity. To use this method, find the ratio of total
expenses to total labor for a given business, and to apply this ratio to the labor cost of each
job. For a factory making one kind of product, this method of distributing overhead is quite
satisfactory, but where the product itself is varied and the tools used are different for each
of the products, this method is incorrect and misleading as to final results. 
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MECHANICS

Throughout this section in this Handbook, both English and metric SI data and for-
mulas are given to cover the requirements of working in either system of measure-
ment. Except for the passage entitled The Use of the Metric SI System in Mechanics
Calculations, formulas and text relating exclusively to SI are given in bold face type.

Terms and Definitions

Definitions.—The science of mechanics deals with the effects of forces in causing or pre-
venting motion. Statics is the branch of mechanics that deals with bodies in equilibrium,
i.e., the forces acting on them cause them to remain at rest or to move with uniform veloc-
ity. Dynamics is the branch of mechanics that deals with bodies not in equilibrium, i.e., the
forces acting on them cause them to move with non-uniform velocity. Kinetics is the
branch of dynamics that deals with both the forces acting on bodies and the motions that
they cause. Kinematics is the branch of dynamics that deals only with the motions of bodies
without reference to the forces that cause them.

Definitions of certain terms and quantities as used in mechanics follow:
 Force may be defined simply as a push or a pull; the push or pull may result from the

force of contact between bodies or from a force, such as magnetism or gravitation, in which
no direct contact takes place.

 Matter is any substance that occupies space; gases, liquids, solids, electrons, atoms,
molecules, etc., all fit this definition.

 Inertia is the property of matter that causes it to resist any change in its motion or state of
rest.

 Mass is a measure of the inertia of a body.
 Work, in mechanics, is the product of force times distance and is expressed by a combi-

nation of units of force and distance, as foot-pounds, inch-pounds, meter-kilograms, etc.
The metric SI unit of work is the joule, which is the work done when the point of appli-
cation of a force of one newton is displaced through a distance of one meter in the
direction of the force.

 Power, in mechanics, is the product of force times distance divided by time; it measures
the performance of a given amount of work in a given time. It is the rate of doing work and
as such is expressed in foot-pounds per minute, foot-pounds per second, kilogram-meters
per second, etc. The metric SI unit is the watt, which is one joule per second.

 Horsepower is the unit of power that has been adopted for engineering work. One horse-
power is equal to 33,000 foot-pounds per minute or 550 foot-pounds per second. The kilo-
watt, used in electrical work, equals 1.34 horsepower; or 1 horsepower equals 0.746
kilowatt. However, in the metric SI, the term horsepower is not used, and the basic
unit of power is the watt. This unit, and the derived units milliwatt and kilowatt, for
example, are the same as those used in electrical work.

 Torque or moment of a force is a measure of the tendency of the force to rotate the body
upon which it acts about an axis. The magnitude of the moment due to a force acting in a
plane perpendicular to some axis is obtained by multiplying the force by the perpendicular
distance from the axis to the line of action of the force. (If the axis of rotation is not perpen-
dicular to the plane of the force, then the components of the force in a plane perpendicular
to the axis of rotation are used to find the resultant moment of the force by finding the
moment of each component and adding these component moments algebraically.)
Moment or torque is commonly expressed in pound-feet, pound-inches, kilogram-meters,
etc. The metric SI unit is the newton-meter (N · m).

 Velocity is the time-rate of change of distance and is expressed as distance divided by
time, that is, feet per second, miles per hour, centimeters per second, meters per second,
etc.
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 Acceleration is defined as the time-rate of change of velocity and is expressed as veloc-
ity divided by time or as distance divided by time squared, that is, in feet per second, per
second or feet per second squared; inches per second, per second or inches per second
squared; centimeters per second, per second or centimeters per second squared; etc. The
metric SI unit is the meter per second squared.

Unit Systems.—In mechanics calculations, both absolute and gravitational systems of
units are employed. The fundamental units in absolute systems are length, time, and mass,
and from these units, the dimension of force is derived. Two absolute systems which have
been in use for many years are the cgs (centimeter-gram-second) and the MKS (meter-
kilogram-second) systems. Another system, known as MKSA (meter-kilogram-second-
ampere), links the MKS system of units of mechanics with electro magnetic units.

The Conference General des Poids et Mesures (CGPM), which is the body responsi-
ble for all international matters concerning the metric system, adopted in 1954 a
rationalized and coherent system of units based on the four MKSA units and includ-
ing the kelvin as the unit of temperature, and the candela as the unit of luminous
intensity. In 1960, the CGPM formally named this system the ‘Systeme International
d'Unites,’ for which the abbreviation is SI in all languages. In 1971, the 14th CGPM
adopted a seventh base unit, the mole, which is the unit of quantity (“amount of sub-
stance”). Further details of the SI are given in the section MEASURING UNITS start-
ing on page 2656, and its application in mechanics calculations, contrasted with the
use of the English system, is considered on page 150.

The fundamental units in gravitational systems are length, time, and force, and from
these units, the dimension of mass is derived. In the gravitational system most widely used
in English measure countries, the units of length, time, and force are, respectively, the foot,
the second, and the pound. The corresponding unit of mass, commonly called the slug, is
equal to 1 pound second2 per foot and is derived from the formula, M = W ÷ g in which M =
mass in slugs, W = weight in pounds, and g = acceleration due to gravity, commonly taken
as 32.16 feet per second2. A body that weighs 32.16 lbs. on the surface of the earth has,
therefore, a mass of one slug.

Many engineering calculations utilize a system of units consisting of the inch, the sec-
ond, and the pound. The corresponding units of mass are pounds second2 per inch and the
value of g is taken as 386 inches per second2.

In a gravitational system that has been widely used in metric countries, the units of
length, time, and force are, respectively, the meter, the second, and the kilogram. The cor-
responding units of mass are kilograms second2 per meter and the value of g is taken as
9.81 meters per second2.
Acceleration of Gravity g Used in Mechanics Formulas.—The acceleration of a freely
falling body has been found to vary according to location on the earth’s surface as well as
with height, the value at the equator being 32.09 feet per second, per second while at the
poles it is 32.26 ft/sec2. In the United States it is customary to regard 32.16 as satisfactory
for most practical purposes in engineering calculations.

Standard Pound Force: For use in defining the magnitude of a standard unit of force,
known as the pound force, a fixed value of 32.1740 ft/sec2, designated by the symbol g0,
has been adopted by international agreement. As a result of this agreement, whenever the
term mass, M, appears in a mechanics formula and the substitution M = W/g is made, use of
the standard value g0 = 32.1740 ft/sec2 is implied although as stated previously, it is cus-
tomary to use approximate values for g except where extreme accuracy is required.
The Use of the Metric SI System in Mechanics Calculations.—The SI  system is  a
development of the traditional metric system based on decimal arithmetic; fractions are
avoided. For each physical quantity, units of different sizes are formed by multiplying or
dividing a single base value by powers of 10. Thus, changes can be made very simply by
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adding zeros or shifting decimal points. For example, the meter is the basic unit of length;
the kilometer is a multiple (1,000 meters); and the millimeter is a sub-multiple (one-thou-
sandth of a meter).

In the older metric system, the simplicity of a series of units linked by powers of 10 is an
advantage for plain quantities such as length, but this simplicity is lost as soon as more
complex units are encountered. For example, in different branches of science and engi-
neering, energy may appear as the erg, the calorie, the kilogram-meter, the liter-atmo-
sphere, or the horsepower-hour. In contrast, the SI provides only one basic unit for each
physical quantity, and universality is thus achieved.

There are seven base-units, and in mechanics calculations three are used, which are for
the basic quantities of length, mass, and time, expressed as the meter (m), the kilogram
(kg), and the second (s). The other four base-units are the ampere (A) for electric current,
the kelvin (K) for thermodynamic temperature, the candela (cd) for luminous intensity,
and the mole (mol) for amount of substance.

The SI is a coherent system. A system of units is said to be coherent if the product or quo-
tient of any two unit quantities in the system is the unit of the resultant quantity. For exam-
ple, in a coherent system in which the foot is a unit of length, the square foot is the unit of
area, whereas the acre is not. Further details of the SI, and definitions of the units, are given
in the section MEASURING UNITS starting on page 2656, near the end of the book.

Other physical quantities are derived from the base-units. For example, the unit of veloc-
ity is the meter per second (m/s), which is a combination of the base-units of length and
time. The unit of acceleration is the meter per second squared (m/s2). By applying New-
ton's second law of motion — force is proportional to mass multiplied by acceleration —
the unit of force is obtained, which is the kg · m/s2. This unit is known as the newton, or N.
Work, or force times distance, is the kg · m2/s2, which is the joule, (1 joule = 1 newton-
meter) and energy is also expressed in these terms. The abbreviation for joule is J. Power,
or work per unit time, is the kg · m2/s3, which is the watt (1 watt = 1 joule per second = 1
newton-meter per second). The abbreviation for watt is W.

More information on Newton’s laws may be found in the section Newton' s Laws of
Motion on page 175.

The coherence of SI units has two important advantages. The first, that of uniqueness and
therefore universality, has been explained. The second is that it greatly simplifies technical
calculations. Equations representing physical principles can be applied without introduc-
ing such numbers as 550 in power calculations, which, in the English system of measure-
ment have to be used to convert units. Thus conversion factors largely disappear from
calculations carried out in SI units, with a great saving in time and labor.

Mass, Weight, Force, Load: SI is an absolute system (see Unit Systems on page 150), and
consequently it is necessary to make a clear distinction between mass and weight. The
mass of a body is a measure of its inertia, whereas the weight of a body is the force exerted
on it by gravity. In a fixed gravitational field, weight is directly proportional to mass, and
the distinction between the two can be easily overlooked. However, if a body is moved to a
different gravitational field, for example, that of the moon, its weight alters, but its mass
remains unchanged. Since the gravitational field on earth varies from place to place by
only a small amount, and weight is proportional to mass, it is practical to use the weight of
unit mass as a unit of force, and this procedure is adopted in both the English and older met-
ric systems of measurement. In common usage, they are given the same names, and we say
that a mass of 1 pound has a weight of 1 pound. In the former case the pound is being used
as a unit of mass, and in the latter case, as a unit of force. This procedure is convenient in
some branches of engineering, but leads to confusion in others.

As mentioned earlier, Newton's second law of motion states that force is proportional to
mass times acceleration. Because an unsupported body on the earth's surface falls with
acceleration g (32 ft/s2 approximately), the pound (force) is that force which will impart an
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acceleration of g ft/s2 to a pound (mass). Similarly, the kilogram (force) is that force which
will impart an acceleration of g (9.8 meters per second2 approximately), to a mass of one
kilogram. In the SI, the newton is that force which will impart unit acceleration (1 m/s2) to
a mass of one kilogram. It is therefore smaller than the kilogram (force) in the ratio 1:g
(about 1:9.8). This fact has important consequences in engineering calculations. The factor
g now disappears from a wide range of formulas in dynamics, but appears in many formu-
las in statics where it was formerly absent. It is however not quite the same g, for reasons
which will now be explained.

In the article on page 179, the mass of a body is referred to as M, but it is immediately
replaced in subsequent formulas by W/g, where W is the weight in pounds (force), which
leads to familiar expressions such as WV2 / 2g for kinetic energy. In this treatment, the M
which appears briefly is really expressed in terms of the slug (page 150), a unit normally
used only in aeronautical engineering. In everyday engineers’ language, weight and mass
are regarded as synonymous and expressions such as WV2 / 2g are used without pondering
the distinction. Nevertheless, on reflection it seems odd that g should appear in a formula
which has nothing to do with gravity at all. In fact the g used here is not the true, local value
of the acceleration due to gravity, but an arbitrary standard value which has been chosen as
part of the definition of the pound (force) and is more properly designated go (page 150).
Its function is not to indicate the strength of the local gravitational field, but to convert from
one unit to another.

In the SI the unit of mass is the kilogram, and the unit of force (and therefore weight) is
the newton.

The following are typical statements in dynamics expressed in SI units:
A force of R newtons acting on a mass of M kilograms produces an acceleration of R/M

meters per second2. The kinetic energy of a mass of M kg moving with velocity V m/s is 1⁄2
MV2 kg (m/s)2 or 1⁄2 MV2 joules. The work done by a force of R newtons moving a distance
L meters is RL Nm, or RL joules. If this work were converted entirely into kinetic energy
we could write RL = 1⁄2MV2 and it is instructive to consider the units. Remembering that the
N is the same as the kg · m/s2, we have (kg · m/s2) × m = kg (m/s)2, which is obviously cor-
rect. It will be noted that g does not appear anywhere in these statements.

In contrast, in many branches of engineering where the weight of a body is important,
rather than its mass, using SI units, g does appear where formerly it was absent. Thus, if a
rope hangs vertically supporting a mass of M kilograms the tension in the rope is Mg N.
Here g is the acceleration due to gravity, and its units are m/s2. The ordinary numerical
value of 9.81 will be sufficiently accurate for most purposes on earth. The expression is
still valid elsewhere, for example, on the moon, provided the proper value of g is used. The
maximum tension the rope can safely withstand (and other similar properties) will also be
specified in terms of the newton, so that direct comparison may be made with the tension
predicted.

Words like load and weight have to be used with greater care. In everyday language we
might say “a lift carries a load of five people of average weight 70 kg,” but in precise tech-
nical language we say that if the average mass is 70 kg, then the average weight is 70g N,
and the total load (that is force) on the lift is 350g N.

If the lift starts to rise with acceleration a · m/s2, the load becomes 350 (g + a) N; both g
and a have units of m/s2, the mass is in kg, so the load is in terms of kg · m/s2, which is the
same as the newton.

Pressure and stress: These quantities are expressed in terms of force per unit area. In the
SI the unit is the pascal (Pa), which expressed in terms of SI derived and base units is the
newton per meter squared (N/m2). The pascal is very small—it is only equivalent to 0.15 ×
10−3 lb/in2 — hence the kilopascal (kPa = 1000 pascals), and the megapascal (MPa = 106
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pascals) may be more convenient multiples in practice. Thus, note: 1 newton per millime-
ter squared = 1 meganewton per meter squared = 1 megapascal.

In addition to the pascal, the bar, a non-SI unit, is in use in the field of pressure measure-
ment in some countries, including England. Thus, in view of existing practice, the Interna-
tional Committee of Weights and Measures (CIPM) decided in 1969 to retain this unit for
a limited time for use with those of SI. The bar = 105 pascals and the hectobar = 107 pascals.

Force Systems

Scalar and Vector Quantities.—The quantities dealt with in mechanics are of two kinds
according to whether magnitude alone or direction as well as magnitude must be known in
order to completely specify them. Quantities such as time, volume and density are com-
pletely specified when their magnitude is known. Such quantities are called scalar quanti-
ties. Quantities such as force, velocity, acceleration, moment, and displacement which
must, in order to be specified completely, have a specific direction as well as magnitude,
are called vector quantities.

Graphical Representation of Forces.—A force has three characteristics which, when
known, determine it. They are direction, point of application, and magnitude. The direc-
tion of a force is the direction in which it tends to move the body upon which it acts. The
point of application is the place on the line of action where the force is applied. Forces may
conveniently be represented by straight lines and arrow heads. The arrow head indicates
the direction of the force, and the length of the line, its magnitude to any suitable scale. The
point of application may be at any point on the line, but it is generally convenient to assume
it to be at one end. In the accompanying illustration, a force is supposed to act along line AB
in a direction from left to right. The length of line AB shows the magnitude of the force. If
point A is the point of application, the force is exerted as a pull, but if point B be assumed to
be the point of application, it would indicate that the force is exerted as a push.

Vector

Velocities, moments, displacements, etc. may similarly be represented and manipulated
graphically because they are all of the same class of quantities called vectors. (See Scalar
and Vector Quantities.)

Addition and Subtraction of Forces: The resultant of two forces applied at the same point
and acting in the same direction, as in Fig. 1, is equal to the sum of the forces. For example,
if the two forces AB and AC, one equal to two and the other equal to three pounds, are
applied at point A, then their resultant AD equals the sum of these forces, or five pounds.

If two forces act in opposite directions, as in Fig. 2, then their resultant is equal to their
difference, and the direction of the resultant is the same as the direction of the greater of the
two forces. For example, AB and AC are both applied at point A; then, if AB equals four and
AC equals six newtons, the resultant AD equals two newtons and acts in the direction of
AC.

Fig. 1. Fig. 2. 
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Parallelogram of Forces: If two forces applied at a point are represented in magnitude
and direction by the adjacent sides of a parallelogram (AB and AC in Fig. 3), their resultant
will be represented in magnitude and direction by the diagonal AR drawn from the intersec-
tion of the two component forces.

If two forces P and Q do not have the same point of application, as in Fig. 4, but the lines
indicating their directions intersect, the forces may be imagined as applied at the point of
intersection between the lines (as at A), and the resultant of the two forces may be found by
constructing the parallelogram of forces. Line AR shows the direction and magnitude of
the resultant, the point of application of which may be assumed to be at any point on line AR
or its extension.

If the resultant of three or more forces having the same point of application is to be found,
as in Fig. 5, first find the resultant of any two of the forces (AB and AC) and then find the
resultant of the resultant just found (AR1) and the third force (AD). If there are more than
three forces, continue in this manner until the resultant of all the forces has been found.

Parallel Forces: If two forces are parallel and act in the same direction, as in Fig. 6, then
their resultant is parallel to both lines, is located between them, and is equal to the sum of
the two components. The point of application of the resultant divides the line joining the
points of application of the components inversely as the magnitude of the components.
Thus,

AB : CE = CD : AD

The resultant of two parallel and unequal forces acting in opposite directions, Fig. 7, is
parallel to both lines, is located outside of them on the side of the greater of the compo-
nents, has the same direction as the greater component, and is equal in magnitude to the
difference between the two components. The point of application on the line AC produced
is found from the proportion:

AB : CD = CE : AE

Polygon of Forces: When several forces are applied at a point and act in a single plane,
Fig. 8, their resultant may be found more simply than by the method just described, as fol-
lows: From the extreme end of the line representing the first force, draw a line representing
the second force, parallel to it and of the same length and in the direction of the second
force. Then through the extreme end of this line draw a line parallel to, and of the same

Fig. 3. Fig. 4. Fig. 5. 

Fig. 6. Fig. 7. 
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length and direction as the third force, and continue this until all the forces have been thus
represented. Then draw a line from the point of application of the forces (as A) to the
extreme point (as 51) of the line last drawn. This line (A 51) is the resultant of the forces.

Moment of a Force: The moment of a force with respect to a point is the product of the
force multiplied by the perpendicular distance from the given point to the direction of the
force. In Fig. 9, the moment of the force P with relation to point A is P × AB. The perpen-
dicular distance AB is called the lever-arm of the force. The moment is the measure of the
tendency of the force to produce rotation about the given point, which is termed the center
of moments. If the force is measured in pounds and the distance in inches, the moment is
expressed in inch-pounds. In metric SI units, the moment is expressed in newton-
meters (N · m), or newton-millimeters (N · mm).

The moment of the resultant of any number of forces acting together in the same plane is
equal to the algebraic sum of the moments of the separate forces.

Couples.—If the forces AB and CD are equal and parallel but act in opposite directions,
then the resultant equals 0, or, in other words, the two forces have no resultant and are
called a couple. A couple tends to produce rotation. The measure of this tendency is called
the moment of the couple and is the product of one of the forces multiplied by the distance
between the two.

Two Examples of Couples

As a couple has no resultant, no single force can balance or counteract the tendency of the
couple to produce rotation. To prevent the rotation of a body acted upon by a couple, two
other forces are therefore required, forming a second couple. In the illustration, E and F
form one couple and G and H are the balancing couple. The body on which they act is in
equilibrium if the moments of the two couples are equal and tend to rotate the body in
opposite directions. A couple may also be represented by a vector in the direction of the
axis about which the couple acts. The length of the vector, to some scale, represents the
magnitude of the couple, and the direction of the vector is that in which a right-hand screw
would advance if it were to be rotated by the couple.

Fig. 8. Fig. 9. 
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Composition of a Single Force and Couple.—A single force and a couple in the same
plane or in parallel planes may be replaced by another single force equal and parallel to the
first force, at a distance from it equal to the moment of the couple divided by the magnitude
of the force. The new single force is located so that the moment of the resultant about the
point of application of the original force is of the same sign as the moment of the couple.

In the next figure, with the couple N − N in the position shown, the resultant of P, − N, and
N is O (which equals P) acting on a line through point c so that (P − N) × ac = N × bc.

Thus, it follows that,

Single Force and Couple Composition

Algebraic Composition and Resolution of Force Systems.—The graphical methods
given beginning on page 153 are convenient for solving problems involving force systems
in which all of the forces lie in the same plane and only a few forces are involved. If many
forces are involved, however, or the forces do not lie in the same plane, it is better to use
algebraic methods to avoid complicated space diagrams. Systematic procedures for solv-
ing force problems by algebraic methods are outlined beginning on page 156. In connec-
tion with the use of these procedures, it is necessary to define several terms applicable to
force systems in general.

The single force which produces the same effect upon a body as two or more forces acting
together is called their resultant. The separate forces which can be so combined are called
the components. Finding the resultant of two or more forces is called the composition of
forces, and finding two or more components of a given force, the resolution of forces.
Forces are said to be concurrent when their lines of action can be extended to meet at a
common point; forces that are parallel are, of course, nonconcurrent. Two forces having
the same line of action are said to be collinear. Two forces equal in magnitude, parallel,
and in opposite directions constitute a couple. Forces all in the same plane are said to be
coplanar; if not in the same plane, they are called noncoplanar forces.

The resultant of a system of forces is the simplest equivalent system that can be deter-
mined. It may be a single force, a couple, or a noncoplanar force and a couple. This last type
of resultant, a noncoplanar force and a couple, may be replaced, if desired, by two skewed
forces (forces that are nonconcurrent, nonparallel, and noncoplanar). When the resultant of
a system of forces is zero, the system is in equilibrium, that is, the body on which the force
system acts remains at rest or continues to move with uniform velocity.

ac
N ac bc+( )

P
--------------------------- Moment of Couple

P
---------------------------------------------= =
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Algebraic Solution of Force Systems—All Forces in the Same Plane

Finding Two Concurrent Components of a Single Force: 

Finding the Resultant of Two Concurrent Forces: 

Finding the Resultant of Three or More Concurrent Forces: 

Case I: To find two components F1 and F2 at 
angles θ and φ, φ not being 90°.

Case II: Components F1 and F2 form 90° angle.

Case I: Forces F1 and F2 do not form 90° angle.

Case II: Forces F1 and F2 form 90° angle.

To determine resultant of forces F1, F2, F3, etc. 
making angles, respectively, of θ1, θ2, θ3, etc. with 
the x axis, find the x and y components Fx and Fy of 
each force and arrange in a table similar to that 
shown below for a system of three forces. Find the 
algebraic sum of the Fx and Fy components (∑Fx

and∑Fy) and use these to determine resultant R.

Force Fx Fy

F1 F1 cos θ1 F1 sin θ1

F2 F2 cos θ2 F2 sin θ2

F3 F3 cos θ3 F3 sin θ3

∑Fx ∑Fy

F1
F θsin

φsin
---------------=

F2
F φ θ–( )sin

φsin
-----------------------------=

F1 F θsin=

F2 F θcos=

R
F1 φsin

θsin
-----------------  or R

F2 φsin

φ θ–( )sin
-------------------------  or= =

R F1
2 F2

2 2F1F2 φcos+ +=

θtan
F1 φsin

F1 φcos F2+
-------------------------------=

R
F2

θcos
------------=     or R

F1

θsin
-----------  or=

R F1
2 F2

2+=

θtan
F1

F2
------=

R ΣFx( )2 ΣFy( )2+=

θRcos
ΣFx

R
---------=

or θRtan
ΣFy

ΣFx

---------=
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Finding a Force and a Couple Which Together are Equivalent to a Single Force: 

Finding the Resultant of a Single Force and a Couple: 

Finding the Resultant of a System of Parallel Forces: 

To resolve a single force F into a couple of 
moment M and a force P passing through any cho-
sen point O at a distance d from the original force 
F, use the relations

The moment M must, of course, tend to produce 
rotation about O in the same direction as the origi-
nal force. Thus, as seen in the diagram, F tends to 
produce clockwise rotation; hence M is shown 
clockwise.

The resultant of a single force F and a couple M
is a single force R equal in magnitude and direc-
tion to F and parallel to it at a distance d to the left 
or right of F.

Resultant R is placed to the left or right of point 
of application O of the original force F depending 
on which position will give R the same direction of 
moment about O as the original couple M.

To find the resultant of a system of coplanar par-
allel forces, proceed as indicated below.

1) Select any convenient point O from which perpendicular distances d1, d2, d3, etc. to parallel forces 
F1, F2, F3, etc. can be specified or calculated.

2) Find the algebraic sum of all the forces; this will give the magnitude of the resultant of the system.

3) Find the algebraic sum of the moments of the forces about O; clockwise moments may be taken as 
negative and counterclockwise moments as positive:

4) Calculate the distance d from O to the line of action of resultant R:

This distance is measured to the left or right from O depending on which position will give the 
moment of R the same direction of rotation about O as the couple ∑MO, that is, if ∑MO is negative, then 
d is left or right of O depending on which direction will make R × d negative.

Note Concerning Interpretation of Results: If R = 0, then the resultant of the system is a couple ∑MO;
if∑MO = 0 then the resultant is a single force R; if both R and ∑MO = 0, then the system is in equilibrium.

P F=

M F d×=

R F=

d M R÷=

R ΣF F1 F2 F3 …+ + += =

ΣMO F1d1 F2d2 …+ +=

d ΣMO R÷=
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Finding the Resultant of Forces Not Intersecting at a Common Point: 

To determine the resultant of a 
coplanar, nonconcurrent, nonpar-
allel force system as shown in the 
diagram, proceed as shown 
below.

1) Draw a set of x and y coordinate axes through any convenient point O in the plane of the forces as 
shown in the diagram.

2) Determine the x and y coordinates of any convenient point on the line of action of each force and 
the angle θ, measured in a counterclockwise direction, that each line of action makes with the positive 
x axis. For example, in the diagram, coordinates x4, y4, and θ4 are shown for F4. Similar data should be 
known for each of the forces of the system.

3) Calculate the x and y components (Fx, Fy) of each force and the moment of each component about 
O. Counterclockwise moments are considered positive and clockwise moments are negative. Tabulate 
all results in a manner similar to that shown below for a system of three forces and find ∑Fx,∑Fy,∑MO

by algebraic addition.

Force Coordinates of F Components of F Moment of F about O

F x y θ Fx Fy MO = xFy − yFx

F1 x1 y1 θ1 F1 cos θ1 F1 sin θ1 x1F1 sin θ1 − y1F1 cos θ1

F2 x2 y2 θ2 F2 cos θ2 F2 sin θ2 x2F2 sin θ2 − y2F2 cos θ2

F3 x3 y3 θ3 F3 cos θ3 F3 sin θ3 x3F3 sin θ3 − y3F3 cos θ3

∑Fx ∑Fy ∑MO

4. Compute the resultant of the system and the angle θR it makes with the x axis by using the formulas:

5. Calculate the distance d from O to the line of action of the resultant R:

Distance d is in such direction from O as will make the moment of R about O have the same sign as 
∑MO.

Note Concerning Interpretation of Results: If R = 0, then the resultant is a couple ∑MO; if ∑MO = 0, 
then R passes through O; if both R = 0 and ∑MO = 0, then the system is in equilibrium.

R ΣFx( )2 ΣFy( )2+=

θRcos ΣFx R÷  or θRtan ΣFy ΣFx÷= =

d ΣMO R÷=
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Example:Find the resultant of three coplanar nonconcurrent forces for which the follow-
ing data are given.

Note: When working in metric SI units, pounds are replaced by newtons (N); inches by 
meters or millimeters, and inch-pounds by newton-meters (N · m) or newton-millimeters 
(N · mm).

Force Coordinates of F Components of F Moment
of F about O

F x y θ Fx Fy

F1 = 10 5 −1 270° 0 −10.00 −50.00

F2 = 20 4 1.5 50° 12.86 15.32 41.99

F3 = 30 2 2 60° 15.00 25.98 21.96

∑Fx = 27.86 ∑Fy = 31.30 ∑MO = 13.95

measured as shown on the diagram.

F1 10 lbs;  x1 5 in.;  y1 1–  in.;   θ1 270°= = = =

F2 20 lbs;  x2 4 in.;  y2 1.5 in.;  θ2 50°= = = =

F3 30 lbs;  x3 2 in.;  y3 2 in.;  θ3 60°= = = =

Fx1
10 270°cos 10 0× 0 lbs.= = =

Fx2
20 50°cos 20 0.64279× 12.86 lbs.= = =

Fx3
30 60°cos 30 0.5000× 15.00 lbs.= = =

Fy1
10 270sin °× 10 1–( )× 10.00–  lbs.= = =

Fy2
20 50sin °× 20 0.76604× 15.32 lbs.= = =

Fy3
30 60sin °× 30 0.86603× 25.98 lbs.= = =

Mo1
5 10–( )× 1–( )– 0× 50–  in. lbs.= =

Mo2
4 15.32× 1.5– 12.86× 41.99 in. lbs.= =

Mo3
2 25.98× 2– 15× 21.96 in. lbs.= =

R 27.86( )2 31.30( )2+=

41.90=  lbs.

θtan R
31.30
27.86
------------- 1.1235= =

θR 48°20 ′=

d
13.95
41.90
------------- 0.33 inches= =
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Algebraic Solution of Force Systems — Forces Not in Same Plane

Resolving a Single Force Into Its Three Rectangular Components: 

Finding the Resultant of Any Number of Concurrent Forces: 

The diagram shows how a force F may be 
resolved at any point O on its line of action into 
three concurrent components each of which is per-
pendicular to the other two.

The x, y, z components Fx, Fy, Fz of force F are 
determined from the accompanying relations in 
which θx, θy, θz are the angles that the force F
makes with the x, y, z axes.

To find the resultant of any number of noncopla-
nar concurrent forces F1, F2, F3, etc., use the pro-
cedure outlined below.

1) Draw a set of x, y, z axes at O, the point of concurrency of the forces. The angles each force makes 
measured counterclockwise from the positive x, y, and z coordinate axes must be known in addition to 
the magnitudes of the forces. For force F2, for example, the angles are θx2, θy2, θz2 as indicated on the 
diagram.

2) Apply the first three formulas given under the heading “Resolving a Single Force Into Its Three 
Rectangular Components” to each force to find its x, y, and z components. Tabulate these calculations 
as shown below for a system of three forces. Algebraically add the calculated components to find ∑Fx,
∑Fy, and ∑Fz which are the components of the resultant.

Force Angles Components of Forces

F θx θy θz Fx Fy Fz

F1 θx1 θy1 θz1 F1 cos θx1 F1 cos θy1 F1 cos θz1

F2 θx2 θy2 θz2 F2cos θx2 F2 cos θy2 F2 cos θz2

F3 θx3 θy3 θz3 F3 cos θx3 F3 cos θy3 F3 cos θz3

∑Fx ∑Fy ∑Fz

3. Find the resultant of the system from the formula

4. Calculate the angles θxR, θyR, and θzR that the resultant R makes with the respective coordinate axes:

Fx F θxcos=

Fy F θycos=

Fz F θzcos=

F Fx
2 Fy

2 Fz
2+ +=

R ΣFx( )2 ΣFy( )2 ΣFz( )2+ +=

θcos xR

ΣFx

R
---------=

θcos yR

ΣFy

R
---------=

θcos zR

ΣFz

R
---------=



162 FORCE SYSTEMS

Finding the Resultant of Parallel Forces Not in the Same Plane: 

In the diagram, forces F1, F2, etc. 
represent a system of noncoplanar 
parallel forces. To find the resultant 
of such systems, use the procedure 
shown below.

1) Draw a set of x, y, and z coordinate axes through any point O in such a way that one of these axes, 
say the z axis, is parallel to the lines of action of the forces. The x and y axes then will be perpendicular 
to the forces.

2) Set the distances of each force from the x and y axes in a table as shown below. For example, x1 and 
y1 are the x and y distances for F1 shown in the diagram.

3) Calculate the moment of each force about the x and y axes and set the results in the table as shown 
for a system consisting of three forces. The algebraic sums of the moments ∑Mx and ∑My are then 
obtained. (In taking moments about the x and y axes, assign counterclockwise moments a plus ( + ) sign 
and clockwise moments a minus (−) sign. In deciding whether a moment is counterclockwise or clock-
wise, look from the positive side of the axis in question toward the negative side.)

Force Coordinates of Force F Moments Mx and My due to F

F x y Mx My

F1 x1 y1 F1y1 F1x1

F2 x2 y2 F2y2 F2x2

F3 x3 y3 F3y3 F3x3

∑F ∑Mx ∑My

4. Find the algebraic sum ∑F of all the forces; this will be the resultant R of the system.

5. Calculate x R and y R, the moment arms of the resultant:

These moment arms are measured in such direction along the x and y axes as will give the resultant a 
moment of the same direction of rotation as ∑Mx and ∑My.
Note Concerning Interpretation of Results: If ∑Mx and ∑My are both 0, then the resultant is a single 
force R along the z axis; if R is also 0, then the system is in equilibrium. If R is 0 but ∑Mx and ∑My are 
not both 0, then the resultant is a couple

that lies in a plane parallel to the z axis and making an angle θR measured in a counterclockwise direc-
tion from the positive x axis and calculated from the following formula:

R ΣF F1 F2 …+ += =

xR ΣMy R÷=

yR ΣMx R÷=

MR ΣMx( )2 ΣMy( )2+=

θsin R

ΣMx

MR

-----------=
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Finding the Resultant of Nonparallel Forces Not Meeting at a Common Point: 

The diagram shows a system of 
noncoplanar, nonparallel, noncon-
current forces F1, F2, etc. for which 
the resultant is to be determined. 
Generally speaking, the resultant 
will be a noncoplanar force and a 
couple which may be further com-
bined, if desired, into two forces 
that are skewed.

This is the most general force sys-
tem that can be devised, so each of 
the other systems so far described 
represents a special, simpler case of 
this general force system. The 
method of solution described below 
for a system of three forces applies 
for any number of forces.

1) Select a set of coordinate x, y, and z axes at any desired point O in the body as shown in the diagram.
2) Determine the x, y, and z coordinates of any convenient point on the line of action of each force as 

shown for F2. Also determine the angles, θx, θy, θz that each force makes with each coordinate axis. 
These angles are measured counterclockwise from the positive direction of the x, y, and z axes. The data 
is tabulated, as shown in the table accompanying Step 3, for convenient use in subsequent calculations.

3) Calculate the x, y, and z components of each force using the formulas given in the accompanying 
table. Add these components algebraically to get ∑Fx,∑Fy and ∑Fz which are the components of the 
resultant, R, given by the formula,

Force Coordinates of Force F Components of F

F x y z θx θy θz Fx Fy Fz

F1 x1 y1 z1 θx1 θy1 θz1 F1 cos θx1 F1 cos θy1 F1 cos θz1

F2 x2 y2 z2 θx2 θy2 θz2 F2 cos θx2 F2 cos θy2 F2 cos θz2

F3 x3 y3 z3 θx3 θy3 θz3 F3 cos θx3 F3 cos θy3 F3 cos θz3

∑Fx ∑Fy ∑Fz

The resultant force R makes angles of θxR, θyR, and θzR with the x, y, and z axes, respectively, and passes 
through the selected point O. These angles are determined from the formulas,

R ΣFx( )2 ΣFy( )2 ΣFz( )2+ +=

θcos xR ΣFx R÷=

θcos yR ΣFy R÷=

θcos zR ΣFz R÷=
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General Method of Locating Resultant When Its Components are Known: To determine
the position of the resultant force of a system of forces, proceed as follows:

From the origin, point O, of a set of coordinate axes x, y, z, lay off on the x axis a length A
representing the algebraic sum ∑Fx of the x components of all the forces. From the end of
line A lay off a line B representing ∑Fy, the algebraic sum of the y components; this line B
is drawn in a direction parallel to the y axis. From the end of line B lay off a line C represent-
ing∑Fz. Finally, draw a line R from O to the end of C; R will be the resultant of the system.

4. Calculate the moments Mx, My, Mz about x, y, and z axes, respectively, due to the Fx, Fy, and Fz com-
ponents of each force and set them in tabular form. The formulas to use are given in the accompanying 
table.

In interpreting moments about the x, y, and z axes, consider counterclockwise moments a plus ( + ) 
sign and clockwise moments a minus (− ) sign. In deciding whether a moment is counterclockwise or 
clockwise, look from the positive side of the axis in question toward the negative side.

Force Moments of Components of F (Fx, Fy, Fz) about x, y, z axes

F Mx = yFz − zFy My = zFx − xFz Mz = xFy − yFx

F1 Mx1 = y1Fz1 − z1Fy1 My1 = z1Fx1 − x1Fz1 Mz1 = x1Fy1 − y1Fx1

F2 Mx2 = y2Fz2 − z2Fy2 My2 = z2Fx2 − x2Fz2 Mz2 = x2Fy2 − y2Fx2

F3 Mx3 = y3Fz3 − z3Fy3 My3 = z3Fx3 − x3Fz3 Mz3 = x3Fy3 − y3Fx3

∑Mx ∑My ∑Mz

5. Add the component moments algebraically to get ∑Mx,∑My and ∑Mz which are the components of 
the resultant couple, M, given by the formula,

The resultant couple M will tend to produce rotation about an axis making angles of βx, βy, and βz with 
the x, y, z axes, respectively. These angles are determined from the formulas,

M ΣMx( )2 ΣMy( )2 ΣMz( )2+ +=

βxcos
ΣMx

M
-----------= βycos

ΣMy

M
-----------= βzcos

ΣMz

M
----------=
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Friction

Properties of Friction.—Friction is the resistance to motion that takes place when one
body is moved upon another, and is generally defined as “that force which acts between
two bodies at their surface of contact, so as to resist their sliding on each other.” According
to the conditions under which sliding occurs, the force of friction, F, bears a certain relation
to the force between the two bodies called the normal force N. The relation between force
of friction and normal force is given by the coefficient of friction, generally denoted by the
Greek letter µ. Thus:

Example:A body weighing 28 pounds rests on a horizontal surface. The force required to
keep it in motion along the surface is 7 pounds. Find the coefficient of friction.

If a body is placed on an inclined plane, the friction between the body and the plane will
prevent it from sliding down the inclined surface, provided the angle of the plane with the
horizontal is not too great. There will be a certain angle, however, at which the body will
just barely be able to remain stationary, the frictional resistance being very nearly over-
come by the tendency of the body to slide down. This angle is termed the angle of repose,
and the tangent of this angle equals the coefficient of friction. The angle of repose is fre-
quently denoted by the Greek letter θ. Thus, µ = tan θ.

A greater force is required to start a body moving from a state of rest than to merely keep
it in motion, because the friction of rest is greater than the friction of motion.
Laws of Friction.—Unlubricated or Dry Surfaces: 

1) For low pressures (normal force per unit area) the friction is directly proportional to
the normal force between the two surfaces. As the pressure increases, the friction does not
rise proportionally; but when the pressure becomes abnormally high, the friction increases
at a rapid rate until seizing takes place.

2) The friction both in its total amount and its coefficient is independent of the areas in
contact, so long as the normal force remains the same. This is true for moderate pressures
only. For high pressures, this law is modified in the same way as in the first case.

3) At very low velocities the friction is independent of the velocity of rubbing. As the
velocities increase, the friction decreases.

Lubricated Surfaces:  For well lubricated surfaces, the laws of friction are considerably
different from those governing dry or poorly lubricated surfaces.

1) The frictional resistance is almost independent of the pressure (normal force per unit
area) if the surfaces are flooded with oil.

2) The friction varies directly as the speed, at low pressures; but for high pressures the
friction is very great at low velocities, approaching a minimum at about two feet per second
(0.61 meter per second), linear velocity, and afterwards increasing approximately as the
square root of the speed.

3) For well lubricated surfaces the frictional resistance depends, to a very great extent, on
the temperature, partly because of the change in the viscosity of the oil and partly because,
for a journal bearing, the diameter of the bearing increases with the rise of temperature
more rapidly than the diameter of the shaft, thus relieving the bearing of side pressure.

4) If the bearing surfaces are flooded with oil, the friction is almost independent of the
nature of the material of the surfaces in contact. As the lubrication becomes less ample, the
coefficient of friction becomes more dependent upon the material of the surfaces.
Influence of Friction on the Efficiency of Small Machine Elements.—Fr i c t i on
between machine parts lowers the efficiency of a machine. Average values of the effi-
ciency, in per cent, of the most common machine elements when carefully made are ordi-

F µ N×= and µ F

N
----=

µ F

N
---- 7

28
------ 0.25= = =
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nary bearings, 95 to 98; roller bearings, 98; ball bearings, 99; spur gears with cut teeth,
including bearings, 99; bevel gears with cut teeth, including bearings, 98; belting, from 96
to 98; high-class silent power transmission chain, 97 to 99; roller chains, 95 to 97.

Coefficients of Friction.—Tables 1 and 2 provide representative values of static friction
for various combinations of materials with dry (clean, unlubricated) and lubricated sur-
faces. The values for static or breakaway friction shown in these tables will generally be
higher than the subsequent or sliding friction. Typically, the steel-on-steel static coeffi-
cient of 0.8 unlubricated will drop to 0.4 when sliding has been initiated; with oil lubrica-
tion, the value will drop from 0.16 to 0.03.

Many factors affect friction, and even slight deviations from normal or test conditions
can produce wide variations. Accordingly, when using friction coefficients in design cal-
culations, due allowance or factors of safety should be considered, and in critical applica-
tions, specific tests conducted to provide specific coefficients for material, geometry,
and/or lubricant combinations.

Table 1. Coefficients of Static Friction for Steel on Various Materials

Tables 1 and 2 used with permission from The Friction and Lubrication of Solids, Vol. 1, by
Bowden and Tabor, Clarendon Press, Oxford, 1950.

Table 2. Coefficients of Static Friction for Various Materials Combinations

Material

Coefficient of Friction, µ

Material

Coefficient of Friction, µ

Clean Lubricated Clean Lubricated

Steel 0.8 0.16 Hard carbon 0.14 0.11-0.14
Copper-lead alloy 0.22 Graphite 0.1 0.1
Phosphor-bronze 0.35 Tungsten carbide 0.4-0.6 0.1-0.2
Aluminum-bronze 0.45 Plexiglas 0.4-0.5 0.4-0.5
Brass 0.35 0.19 Polystyrene 0.3-0.35 0.3-0.35
Cast iron 0.4 0.21 Polythene 0.2 0.2
Bronze 0.16 Teflon 0.04 0.04
Sintered bronze 0.13

Material Combination

Coefficient of Friction, µ

Material Combination

Coefficient of Friction, µ

Clean Lubricated Clean Lubricated

Aluminum-aluminum 1.35 0.30 Tungsten carbide-tungsten 
carbide 0.2-0.25 0.12

Cadmium-cadmium 0.5 0.05 Plexiglas-Plexiglas 0.8 0.8
Chromium-chromium 0.41 0.34 Polystyrene-polystyrene 0.5 0.5
Copper-copper 1.0 0.08 Teflon-Teflon 0.04 0.04
Iron-iron 1.0 0.15 -0.20 Nylon-nylon 0.15-0.25
Magnesium-magnesium 0.6 0.08 Solids on rubber 1- 4
Nickel-nickel 0.7 0.28 Wood on wood (clean) 0.25-0.5
Platinum-platinum 1.2 0.25 Wood on wood (wet) 0.2
Silver-silver 1.4 0.55 Wood on metals (clean) 0.2-0.6
Zinc-zinc 0.6 0.04 Wood on metals (wet) 0.2
Glass-glass 0.9-1.0 0.1-0.6 Brick on wood 0.6
Glass-metal 0.5-0.7 0.2-0.3 Leather on wood 0.3-0.4
Diamond-diamond 0.1 0.05-0.1 Leather on metal (clean) 0.6
Diamond-metal 0.1-0.15 0.1 Leather on metal (wet) 0.4
Sapphire-sapphire 0.2 0.2 Leather on metal (greasy) 0.2
Hard carbon on carbon 0.16 0.12-0.14 Brake material on cast iron 0.4
Graphite-graphite

 (in vacuum) 0.5-0.8 Brake material on cast iron 
(wet) 0.2

Graphite-graphite 0.1 0.1
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Rolling Friction.—When a body rolls on a surface, the force resisting the motion is
termed rolling friction or rolling resistance. Let W = total weight of rolling body or load on
wheel, in pounds (newtons); r = radius of wheel, in inches (centimeters); f = coefficient of
rolling resistance, in inches (centimeters). Then, resistance to rolling , in pounds (newtons)
equals (W × f) ÷ r.

Coefficient of rolling resistance varies with conditions. For wood on wood 0.06 inch
(0.152 cm) may be used; for iron on iron, 0.02 inch (0.051 cm); iron on granite, 0.085 inch
(0.216 cm); iron on asphalt, 0.15 inch (0.381 cm); and iron on wood, 0.22 inch (0.559 cm).

The coefficient of rolling resistance, f, is in inches (or centimeters) and is not the same as
the sliding or static coefficient of friction given in Tables 1 and 2, which is a dimensionless
ratio between frictional resistance and normal load. Various investigators are not in close
agreement on the true values for these coefficients and the foregoing values should only be
used for the approximate calculation of rolling resistance.

Mechanisms

Levers

The above formulas are valid using metric SI units, with forces expressed in newtons, and

lengths in meters. However, it should be noted that the weight of a mass W kilograms is equal to

Types of Levers Examples

A pull of 80 pounds is exerted at the end of the 
lever, at W; l = 12 inches and L = 32 inches.

Find the value of force F required to balance the 
lever.

If F = 20; W = 180; and l = 3; how long must L
be made to secure equilibrium?

Total length L of a lever is 25 centimeters. A 
weight of 400 newtons supported at W; l is 10 cen-
timeters. Find the value of F.

If F = 400 newtons, W = 9000 pounds, and a = 
1.5 m, what should L equal to secure equilibrium?

When three or more forces act on lever:

Let W = 20, P = 30, and Q = 15 pounds; a = 4,
b = 7, and c = 10 inches.

If x = 6 inches, find F.

Assuming F = 20 pounds in the example above, 
how long must lever arm x be made?

F:W l:L= F L× W l×=

F
W l×

L
------------= W

F L×
l

-------------=

L
W a×
W F+
--------------- W l×

F
------------= = l

F a×
W F+
--------------- F L×

W
-------------= =

F
80 12×

32
------------------ 960

32
--------- 30 pounds= = =

L
180 3×

20
------------------ 27= =

F:W l:L= F L× W l×=

F
W l×

L
------------= W

F L×
l

-------------=

L
W a×
W F–
-------------- W l×

F
------------= = l

F a×
W F–
-------------- F L×

W
-------------= =

F
400 10×

25
--------------------- 160 newtons= =

L
9000 1.5×

9000 400 100( )–
----------------------------------------- 5.24 feet= =

F x× W a× P+ b× Q+ c×=

x
W a× P+ b× Q+ c×

F
-----------------------------------------------------=

F
W a× P+ b× Q+ c×

x
-----------------------------------------------------=

F
20 4× 30+ 7× 15+ 10×

6
------------------------------------------------------------- 73

1
3
---  lbs= =

x
20 4× 30+ 7× 15+ 10×

20
------------------------------------------------------------- 22 inches= =
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a force of Wg newtons, where g is approximately 9.81 m/s2. Thus, supposing that in the first

example l = 0.4 m, L = 1.2 m, and W = 30 kg, then the weight of W is 30g newtons, so that the

force F required to balance the lever is 

This force could be produced by suspending a mass of 10 kg at F.

Table of Forces on Inclined Planes

Tensions and pressures in pounds.

The table below makes it possible to find the force required for moving a body on an 
inclined plane. The friction on the plane is not taken into account. The column headed 
“Tension P in Cable per Ton of 2000 Pounds” gives the pull in pounds required for 
moving one ton along the inclined surface. The fourth column gives the perpendicular 
or normal pressure. If the coefficient of friction is known, the added pull required to 
overcome friction is thus easily determined:

Per Cent
of Grade.
Rise, Ft.

per 100 Ft.

Angle α

Tension
P in Cable
per Ton of
2000 Lbs.

Perpendicular
Pressure Q
 on Plane
per Ton of
2000 Lbs.

Per Cent
of Grade.
Rise, Ft.

per 100 Ft.

Angle α

Tension
P in Cable
per Ton of
2000 Lbs.

Perpendicular
Pressure Q
 on Plane
per Ton of
2000 Lbs.

1 0.57 20.00 1999.90 51 27.02 908.65 1781.67
2 1.15 39.99 1999.60 52 27.47 922.71 1774.43
3 1.72 59.97 1999.10 53 27.92 936.59 1767.15
4 2.29 79.94 1998.40 54 28.37 950.30 1759.81
5 2.86 99.88 1997.50 55 28.81 963.84 1752.43
6 3.43 119.78 1996.41 56 29.25 977.21 1745.01
7 4.00 139.66 1995.12 57 29.68 990.41 1737.55
8 4.57 159.49 1993.63 58 30.11 1003.44 1730.06
9 5.14 179.28 1991.95 59 30.54 1016.30 1722.54
10 5.71 199.01 1990.07 60 30.96 1028.99 1714.99
11 6.28 218.68 1988.01 61 31.38 1041.52 1707.41
12 6.84 238.29 1985.75 62 31.80 1053.88 1699.81
13 7.41 257.83 1983.31 63 32.21 1066.08 1692.18
14 7.97 277.30 1980.68 64 32.62 1078.11 1684.54
15 8.53 296.68 1977.87 65 33.02 1089.98 1676.89
16 9.09 315.98 1974.88 66 33.42 1101.68 1669.22
17 9.65 335.19 1971.71 67 33.82 1113.23 1661.54
18 10.20 354.31 1968.37 68 34.22 1124.62 1653.85
19 10.76 373.32 1964.85 69 34.61 1135.85 1646.16
20 11.31 392.23 1961.16 70 34.99 1146.92 1638.46
21 11.86 411.03 1957.31 71 35.37 1157.84 1630.77
22 12.41 429.72 1953.29 72 35.75 1168.61 1623.07
23 12.95 448.30 1949.11 73 36.13 1179.22 1615.37
24 13.50 466.75 1944.77 74 36.50 1189.69 1607.68
25 14.04 485.07 1940.29 75 36.87 1200.00 1600.00
26 14.57 503.27 1935.65 76 37.23 1210.17 1592.32
27 15.11 521.33 1930.86 77 37.60 1220.19 1584.66
28 15.64 539.26 1925.93 78 37.95 1230.06 1577.00
29 16.17 557.05 1920.86 79 38.31 1239.80 1569.36
30 16.70 574.70 1915.65 80 38.66 1249.39 1561.74
31 17.22 592.20 1910.31 81 39.01 1258.84 1554.13
32 17.74 609.55 1904.85 82 39.35 1268.16 1546.54
33 18.26 626.76 1899.26 83 39.69 1277.34 1538.96
34 18.78 643.81 1893.55 84 40.03 1286.38 1531.41
35 19.29 660.70 1887.72 85 40.36 1295.30 1523.88
36 19.80 677.44 1881.77 86 40.70 1304.08 1516.37
37 20.30 694.02 1875.72 87 41.02 1312.73 1508.89
38 20.81 710.44 1869.57 88 41.35 1321.26 1501.43
39 21.31 726.69 1863.31 89 41.67 1329.65 1493.99
40 21.80 742.78 1856.95 90 41.99 1337.93 1486.59
41 22.29 758.71 1850.50 91 42.30 1346.08 1479.21
42 22.78 774.47 1843.96 92 42.61 1354.11 1471.86
43 23.27 790.06 1837.34 93 42.92 1362.03 1464.54
44 23.75 805.48 1830.63 94 43.23 1369.82 1457.26
45 24.23 820.73 1823.84 95 43.53 1377.50 1450.00
46 24.70 835.81 1816.98 96 43.83 1385.06 1442.77
47 25.17 850.72 1810.05 97 44.13 1392.52 1435.58
48 25.64 865.46 1803.05 98 44.42 1399.86 1428.43
49 26.10 880.03 1795.98 99 44.71 1407.09 1421.30
50 26.57 894.43 1788.85 100 45.00 1414.21 1414.21

F
30g 0.4×

1.2
----------------------- 10g 98.1 newtons.= = =

Q coefficient of friction× additional pull required.=
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Inclined Plane—Wedge

W = weight of body

Neglecting friction:

If friction is taken into account, then

Force P to pull body up is:

Force P1 to pull body down is:

Force P2 to hold body stationary:

in which µ is the coefficient of friction.

W = weight of body W = weight of body

Neglecting friction: With friction: Neglecting friction: With friction:

Neglecting friction:

With friction:
Coefficient of friction = µ.

Neglecting friction:

With friction:
Coefficient of friction = µ = tan φ.

Force Moving Body on Horizontal Plane.—F tends to 
move B along line CD; Q is the component which actually 
moves B; P is the pressure, due to F, of the body on CD.

P W
h

l
---× W αsin×= =

W P
l

h
---× P

αsin
----------- P cosecα×= = =

Q W
b

l
---× W αcos×= =

P W µ αcos αsin+( )=

P1 W µ αcos αsin–( )=

P2 W αsin µ αcos–( )=

P W
αsin
βcos

------------×=

W P
βcos
αsin

------------×=

Q W
α β+( )cos

βcos
---------------------------×=

Coefficient of friction
µ= φtan=

P W
α φ+( )sin
β φ–( )cos

--------------------------×=

P W
h

b
---× W αtan×= =

W P
b

h
---× P αcot×= =

Q
W

αcos
------------ W αsec×= =

Coefficient of friction
µ= φtan=

P W α φ+( )tan=

P 2Q
b

l
---× 2Q αsin×= =

Q P
l

2b
------× 1

2
---P cosecα×= =

P 2Q µ αcos αsin+( )=

P 2Q
b

h
---× 2Q αtan×= =

Q P
h

2b
------× 1

2
---P αcot×= =

P 2Q α φ+( )tan=

Q F αcos×= P F2 Q2–=
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Wheels and Pulleys

Note: The above formulas are valid using metric SI units, with forces expressed in newtons, and
lengths in meters or millimeters. (See note on page 167 concerning weight and mass.)

The radius of a drum on which is wound the 
lifting rope of a windlass is 2 inches. What force 
will be exerted at the periphery of a gear of 24 
inches diameter, mounted on the same shaft as 
the drum and transmitting power to it, if one ton 
(2000 pounds) is to be lifted? Here W = 2000; R
= 12; r = 2.

A, B, C and D are the pitch circles of gears.

Let the pitch diameters of gears A, B, C and D be 
30, 28, 12 and 10 inches, respectively. Then R2 = 
15; R1 = 14; r1 = 6; and r = 5. Let R = 12, and r2 = 
4. Then the force F required to lift a weight W of 

2000 pounds, friction being neglected, is:

The velocity with which 
weight W will be raised 
equals one-half the veloc-
ity of the force applied at 
F.

n = number of strands or 
parts of rope (n1, n2, etc.).

The velocity with which 

W will be raised equals  

of the velocity of the force 
applied at F.

In the illustration is shown a combination of a 
double and triple block. The pulleys each turn 
freely on a pin as axis, and are drawn with differ-
ent diameters, to show the parts of the rope more 
clearly. There are 5 parts of rope. Therefore, if 
200 pounds is to be lifted, the force F required at 
the end of the rope is:

F:W r:R=

F R× W r×=

F
W r×

R
-------------=

W
F R×

r
-------------=

R
W r×

F
-------------=

r
F R×

W
-------------=

F
2000 2×

12
--------------------- 333 pounds= =

F
W r× r1× r2×

R R1× R2×
-----------------------------------=

W
F R× R1× R2×

r r1× r2×
--------------------------------------=

F
2000 5× 6× 4×

12 14× 15×
--------------------------------------- 95 pounds= =

F 1⁄2W=
F:W αsec :2=

F
W αsec×

2
-----------------------=

W 2F αcos×=

F
1
n
--- W×=

1
n
---

F 1⁄5 200× 40 pounds= =
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Differential Pulley

Screw

Geneva Wheel

In the differential pulley a chain must be used, 
engaging sprockets, so as to prevent the chain 
from slipping over the pulley faces.

Chinese Windlass

The Chinese windlass is of the differential 
motion principle, in that the resultant motion is 
the difference between two original motions. The 
hoisting rope is arranged to unwind from one part 
of a drum or pulley onto another part differing 
somewhat in diameter. The distance that the load 
or hook moves for one revolution of the com-
pound hoisting drum is equal to half the differ-
ence between the circumferences of the two drum 
sections.

F = force at end of handle or wrench; R = lever-arm of F;
r = pitch radius of screw; p = lead of thread; Q = load. Then, 
neglecting friction:

If µ is the coefficient of friction, then:
For motion in direction of load Q which assists it:

For motion opposite load Q which resists it:

Geneva wheels are frequently used on machine tools for indexing or rotating some part 
of the machine through a fractional part of a revolution. 

The driven wheel shown in the illustration has four radial slots located 90 degrees 
apart, and the driver carries a roller k which engages one of these slots each time it makes 
a revolution, thus turning the driven wheel one-quarter revolution. The concentric surface 
b engages the concave surface c between each pair of slots before the driving roller is dis-
engaged from the driven wheel, which prevents the latter from rotating while the roller is 
moving around to engage the next successive slot. The circular boss b on the driver is cut 
away at d to provide a clearance space for the projecting arms of the driven wheel. In 
designing gearing of the general type illustrated, it is advisable to so proportion the driv-
ing and driven members that the angle a will be approximately 90 degrees. 

The radial slots in the driven part will then be tangent to the circular path of the driving 
roller at the time the roller enters and leaves the slot. When the gearing is designed in this 
way, the driven wheel is started gradually from a state of rest and the motion is also grad-
ually checked.

P R× 1⁄2W R r–( )=

P
W R r–( )

2R
----------------------=

W
2PR

R r–
------------=

F Q
p

6.2832R
--------------------×= Q F

6.2832R

p
--------------------×=

F Q
6.2832µr p–
6.2832r µp+
--------------------------------× r

R
---×=

F Q
p 6.2832µr+
6.2832r µp–
--------------------------------× r

R
---×=
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Toggle-joints with Equal Arms

Toggle Joint

A link mechanism commonly known as a toggle joint is applied to 
machines of different types, such as drawing and embossing presses, stone 
crushers, etc., for securing great pressure. The principle of the toggle joint 
is shown by Fig. 10. There are two links, b and c, which are connected at 
the center. Link b is free to swivel about a fixed pin or bearing at d, and 
link e is connected to a sliding member e. Rod f joins links b and c at the 
central connection. When force is applied to rod f in a direction at right 
angles to center-line xx, along which the driven member e moves, this 
force is greatly multiplied at e, because a movement at the joint g pro-
duces a relatively slight movement at e. As the angle α becomes less, 
motion at e decreases and the force increases until the links are in line. If 
R = the resistance at e, P = the applied power or force, and α= the angle 
between each link, and a line x-x passing through the axes of the pins, 
then:

2R sin α = P cos α

If arms ED and EH are of unequal length then
P = (F × a) ÷ b

The relation between P and F changes constantly 
as F moves downward.

If arms ED and EH are equal, then
P = (F × a) ÷ 2h

A double toggle-joint does not increase the pres-
sure exerted so long as the relative distances moved 
by F and P remain the same.

Fig. 10. Toggle Joint Principle

where = F = force applied; P = resistance; ανδ, α = given
angle.

Equivalent expressions (see diagram):

To use the table, measure angle α, and find the coefficient 
in the table corresponding to the angle found. The coeffi-
cient is the ratio of the resistance to the force applied, and 
multiplying the force applied by the coefficient gives the 
resistance, neglecting friction.

Angle ° Coefficient Angle ° Coefficient Angle ° Coefficient Angle ° Coefficient

0.01 2864.79 1.00 28.64 5.25 5.44 23 1.18
0.02 1432.39 1.10 26.04 5.50 5.19 24 1.12
0.03 954.93 1.20 23.87 5.75 4.97 25 1.07
0.04 716.20 1.30 22.03 6.00 4.76 26 1.03
0.05 572.96 1.40 20.46 6.50 4.39 27 0.98
0.10 286.48 1.50 19.09 7.00 4.07 28 0.94
0.15 190.99 1.60 17.90 7.50 3.80 29 0.90
0.20 143.24 1.70 16.85 8.00 3.56 30 0.87
0.25 114.59 1.80 15.91 8.50 3.35 31 0.83
0.30 95.49 1.90 15.07 9.00 3.16 32 0.80
0.35 81.85 2.00 14.32 10.00 2.84 33 0.77
0.40 71.62 2.25 12.73 11.00 2.57 34 0.74
0.45 63.66 2.50 11.45 12.00 2.35 35 0.71
0.50 57.29 2.75 10.41 13.00 2.17 36 0.69
0.55 52.09 3.00 9.54 14.00 2.01 37 0.66
0.60 47.74 3.25 8.81 15.00 1.87 38 0.64
0.65 44.07 3.50 8.17 16.00 1.74 39 0.62
0.70 40.92 3.75 7.63 17.00 1.64 40 0.60
0.75 38.20 4.00 7.15 18.00 1.54 41 0.58
0.80 35.81 4.25 6.73 19.00 1.45 42 0.56
0.85 33.70 4.50 6.35 20.00 1.37 43 0.54
0.90 31.83 4.75 6.02 21.00 1.30 44 0.52
0.95 30.15 5.00 5.72 22.00 1.24 45 0.50

2P αsin F αcos=

P

F
--- αcos

2 αsin
--------------- coefficient= =

P F coefficient×=

P
FS

4h
-------= P

Fs

H
------=
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Pendulums

A compound or physical pendulum consists of any rigid body suspended from a fixed
horizontal axis about which the body may oscillate in a vertical plane due to the action of
gravity.

A simple or mathematical pendulum is similar to a compound pendulum except that the
mass of the body is concentrated at a single point which is suspended from a fixed horizon-
tal axis by a weightless cord. Actually, a simple pendulum cannot be constructed since it is
impossible to have either a weightless cord or a body whose mass is entirely concentrated
at one point. A good approximation, however, consists of a small, heavy bob suspended by
a light, fine wire. If these conditions are not met by the pendulum, it should be considered
as a compound pendulum.

A conical pendulum is similar to a simple pendulum except that the weight suspended by
the cord moves at a uniform speed around the circumference of a circle in a horizontal
plane instead of oscillating back and forth in a vertical plane. The principle of the conical
pendulum is employed in the Watt fly-ball governor.

Four Types of Pendulum

W = Weight of Disk

A torsional pendulum in its simplest form consists of a disk fixed to a slender rod, the
other end of which is fastened to a fixed frame. When the disc is twisted through some
angle and released, it will then oscillate back and forth about the axis of the rod because of
the torque exerted by the rod.

Pendulum Formulas.—From the formulas that follow, the period of vibration or time
required for one complete cycle back and forth may be determined for the types of pendu-
lums shown in the accompanying diagram.

Physical Pendulum Simple Pendulum

Conical Pendulum Torsional Pendulum
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For a simple pendulum,

(1)

where T = period in seconds for one complete cycle; g = acceleration due to gravity = 32.17
feet per second per second (approximately); and l is the length of the pendulum in feet as
shown on the accompanying diagram.

For a physical or compound pendulum,

(2)

where k0 = radius of gyration of the pendulum about the axis of rotation, in feet, and r is the
distance from the axis of rotation to the center of gravity, in feet.

The metric SI units that can be used in the two above formulas are T = time in sec-
onds; g = approximately 9.81 meters per second squared, which is the value for accel-
eration due to gravity; l = the length of the pendulum in meters; k0 = the radius of

gyration in meters, and r = the distance from the axis of rotation to the center of grav-
ity, in meters.

Formulas (1) and (2) are accurate when the angle of oscillation θ shown in the diagram is
very small. For θ equal to 22 degrees, these formulas give results that are too small by 1 per
cent; for θ equal to 32 degrees, by 2 per cent.

For a conical pendulum, the time in seconds for one revolution is:

For a torsional pendulum consisting of a thin rod and a disk as shown in the figure

(4)

where W = weight of disk in pounds; r = radius of disk in feet; l = length of rod in feet; d =
diameter of rod in feet; and G = modulus of elasticity in shear of the rod material in pounds
per square inch.

The formula using metric SI units is:

where T = time in seconds for one complete oscillation; M = mass in kilograms; r =
radius in meters; l = length of rod in meters; d = diameter of rod in meters; G = mod-
ulus of elasticity in shear of the rod material in pascals (newtons per meter squared).
The same formula can be applied using millimeters, providing dimensions are
expressed in millimeters throughout, and the modulus of elasticity in megapascals
(newtons per millimeter squared).

Harmonic.—A harmonic is any component of a periodic quantity which is an integral
multiple of the fundamental frequency. For example, a component the frequency of which
is twice the fundamental frequency is called the second harmonic.

A harmonic, in electricity, is an alternating-current electromotive force wave of higher
frequency than the fundamental, and superimposed on the same so as to distort it from a
true sine-wave shape. It is caused by the slots, the shape of the pole pieces, and the pulsa-
tion of the armature reaction. The third and the fifth harmonics, i.e., with a frequency three
and five times the fundamental, are generally the predominating ones in three-phase
machines.

(3a) or (3b)

T 2π l

g
---=

T 2π
ko

2

gr
-----=

T 2π l φcos
g

--------------= T 2π r φcot
g

--------------=

T
2
3
--- πWr2l

gd4G
----------------=

T 8
πMr2l

d4G
----------------=
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VELOCITY, ACCELERATION, WORK, AND ENERGY

Velocity and Acceleration

Motion is a progressive change of position of a body. Velocity is the rate of motion, that
is, the rate of change of position. When the velocity of a body is the same at every moment
during which the motion takes place, the latter is called uniform motion. When the velocity
is variable and constantly increasing, the rate at which it changes is called acceleration.
Acceleration is the rate at which the velocity of a body changes in a unit of time, as the
change in feet or meters per second, in one second. When the motion is decreasing instead
of increasing, it is called retarded motion, and the rate at which the motion is retarded is
frequently called the deceleration. If the acceleration is uniform, the motion is called uni-
formly accelerated motion. An example of such motion is found in that of falling bodies.
Newton's Laws of Motion.—The first clear statement of the fundamental relations exist-
ing between force and motion was made in the seventeenth century by Sir Isaac Newton,
the English mathematician and physicist. It was put in the form of three laws, which are
given as originally stated by Newton: 

1)  Every body continues in its state of rest, or uniform motion in a straight line, except in
so far as it may be compelled by force to change that state.

2) Change of motion is proportional to the force applied and takes place in the direction
in which that force acts.

3) To every action there is always an equal reaction; or, the mutual actions of two bodies
are always equal and oppositely directed.

Motion with Constant Velocity.—In the formulas that follow, S = distance moved; V =
velocity; t = time of motion, θ = angle of rotation, and ω = angular velocity; the usual units
for these quantities in the US Customary System are, respectively, feet, feet per second,
seconds, radians, and radians per second. The usual metric units are meters, meters per sec-
ond, seconds, radians, and radians per second. Any consistent set of units may be
employed.

Constant Linear Velocity: 

Constant Angular Velocity: 

Relation between Angular Motion and Linear Motion: The relation between the angular
velocity of a rotating body and the linear velocity of a point at a distance r from the center
of rotation is:

Similarly, the distance moved by the point during rotation through angle θ is:

Linear Motion with Constant Acceleration.—The relations between distance, velocity,
and time for linear motion with constant or uniform acceleration are given by the formulas
in the accompanying Table 1. In these formulas, the acceleration is assumed to be in the
same direction as the initial velocity; hence, if the acceleration in a particular problem
should happen to be in a direction opposite that of the initial velocity, then a should be
replaced by − a. Thus, for example, the formula Vf = Vo + at becomes Vf = Vo − at when a
and Vo are opposite in direction.

Example:A car is moving at 100 kmph when the brakes are suddenly locked and the car
begins to skid. If it takes 2 seconds to slow the car to 50 kmph, at what rate is it being decel-
erated, how long is it before the car comes to a halt, and how far will it have traveled?

The initial velocity Vo of the car is 100 kmph or 27.78 m/sec and the acceleration a due to
braking is opposite in direction to Vo, since the car is slowed to 50 kmph or 13.89 m/sec.

S V t×= V S t÷= t S V÷=

θ ωt= ω θ t÷= t θ ω÷=

V ft/s( ) r ft( ) ω radians/s( )×= V m/s( ) r m( ) ω radians/s( )×=

S ft( ) r ft( ) θ radians( )×= S m( ) r m( ) θ radians( )×=
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Since Vo, Vf, and t are known, a can be determined from the formula

The time required to stop the car can be determined from the formula

The distance traveled by the car is obtained from the formula

Angular Velocity of Rotating Bodies.—The angular velocity of a rotating body is the
angle through which the body turns in a unit of time. Angular velocity is commonly
expressed in terms of revolutions per minute, but in certain engineering applications it is
necessary to express it as radians per second. By definition there are 2π radians in 360
degrees, or one revolution, so that one radian = 360 ÷2π = 57.3 degrees. To convert angular
velocity in revolutions per minute, n, to angular velocity in radians per second, ω, multiply
by π and divide by 30:

(1)

Table 1. Linear Motion with Constant Acceleration

To Find Known Formula To Find Known Formula

Motion Uniformly Accelerated From Rest (Vo = 0)

S

a, t S = 1⁄2at2

t

S, Vf t = 2S ÷ Vf

Vf , t S = 1⁄2Vft S, a

Vf , a S = Vf
2 ÷ 2a a, Vf t = Vf ÷ a

Vf

a, t Vf = at

a

S, t a = 2S ÷ t2

S, t Vf = 2S ÷ t S, V a = Vf
2 ÷ 2S

a, S Vf , t a = Vf ÷ t

Motion Uniformly Accelerated From Initial Velocity Vo

S

a, t, Vo S = Vot + 1⁄2at2

t
Vo, Vf , a t = (Vf − Vo) ÷ a

Vo, Vf , t S = (Vf + Vo)t ÷ 2 Vo, Vf , S t = 2S ÷ (Vf + Vo)

Vo, Vf , a S = (Vf
2 − Vo

2) ÷ 2a

a

Vo, Vf , S a = (Vf
2 − Vo

2) ÷ 2S

Vf , a, t S = Vft − 1⁄2at2 Vo, Vf , t a = (Vf − Vo) ÷ t

Vf

Vo, a, t Vf = Vo + at Vo, S, t a = 2(S − Vot) ÷ t2

Vo, S, t Vf = (2S ÷ t) − Vo Vf , S, t a = 2(Vft − S) ÷ t2

Vo, a, S
Meanings of Symbols

S, a, t Vf = (S ÷ t) + 1⁄2at
S = distance moved in feet or meters

Vf = final velocity, feet or meters per second
Vo = initial velocity, feet or meters per second
a = acceleration, feet or meters per second per

second
t = time of acceleration in seconds

Vo

Vf , a, S

Vf , S, t Vo = (2S ÷ t) − Vf

Vf , a, t Vo = Vf − at

S, a, t Vo = (S ÷ t) − 1⁄2 at

t 2S a÷=

Vf 2aS=

Vf Vo
2 2+ aS=

Vo Vf
2 2– aS=

a Vf Vo–( ) t÷ 13.89 27.78–( ) 2÷ 6.95–  m/sec2= = =

t Vf Vo–( ) a÷ 0 27.78–( ) 6.95–( )÷ 4 seconds= = =

S V= ot
1
2
---at

2
+ 27.78 4×( ) 1

2
--- 6.95–( ) 4

2× 
 + 111.12 55.6–( ) 55.52 meters= = = =

ω πn

30
------=



VELOCITY AND ACCELERATION 177

The following Table 2 may be used to obtain angular velocity in radians per second for all
numbers of revolutions per minute from 1 to 239.

Example:To find the angular velocity in radians per second of a flywheel making 97 rev-
olutions per minute, locate 90 in the left-hand column and 7 at the top of the columns; at the
intersection of the two lines, the angular velocity is read off as equal to 10.16 radians per
second.

Linear Velocity of Points on a Rotating Body.—The linear velocity, ν, of any point on a
rotating body expressed in feet per second may be found by multiplying the angular veloc-
ity of the body in radians per second, ω, by the radius, r, in feet from the center of rotation
to the point:

(2)

The metric SI units are ν = meters per second; ω = radians per second, r = meters.

Rotary Motion with Constant Acceleration.—The relations among angle of rotation,
angular velocity, and time for rotation with constant or uniform acceleration are given in
the accompanying Table 3.

In these formulas, the acceleration is assumed to be in the same direction as the initial
angular velocity; hence, if the acceleration in a particular problem should happen to be in a
direction opposite that of the initial angular velocity, then α should be replaced by −α.
Thus, for example, the formula ωf = ωo + αt becomes ωf = ωo − αt when α and ωo are oppo-
site in direction.

Linear Acceleration of a Point on a Rotating Body: A point on a body rotating about a
fixed axis has a linear acceleration a that is the resultant of two component accelerations.
The first component is the centripetal or normal acceleration which is directed from the
point P toward the axis of rotation; its magnitude is rω2 where r is the radius from the axis
to the point P and ω is the angular velocity of the body at the time acceleration a is to be

Table 2. Angular Velocity in Revolutions per Minute 
Converted to Radians per Second

R.P.M.

Angular Velocity in Radians per Second

0 1 2 3 4 5 6 7 8 9

0 0.00 0.10 0.21 0.31 0.42 0.52 0.63 0.73 0.84 0.94
10 1.05 1.15 1.26 1.36 1.47 1.57 1.67 1.78 1.88 1.99
20 2.09 2.20 2.30 2.41 2.51 2.62 2.72 2.83 2.93 3.04
30 3.14 3.25 3.35 3.46 3.56 3.66 3.77 3.87 3.98 4.08
40 4.19 4.29 4.40 4.50 4.61 4.71 4.82 4.92 5.03 5.13
50 5.24 5.34 5.44 5.55 5.65 5.76 5.86 5.97 6.07 6.18
60 6.28 6.39 6.49 6.60 6.70 6.81 6.91 7.02 7.12 7.23
70 7.33 7.43 7.54 7.64 7.75 7.85 7.96 8.06 8.17 8.27
80 8.38 8.48 8.59 8.69 8.80 8.90 9.01 9.11 9.21 9.32
90 9.42 9.53 9.63 9.74 9.84 9.95 10.05 10.16 10.26 10.37

100 10.47 10.58 10.68 10.79 10.89 11.00 11.10 11.20 11.31 11.41
110 11.52 11.62 11.73 11.83 11.94 12.04 12.15 12.25 12.36 12.46
120 12.57 12.67 12.78 12.88 12.98 13.09 13.19 13.30 13.40 13.51
130 13.61 13.72 13.82 13.93 14.03 14.14 14.24 14.35 14.45 14.56
140 14.66 14.76 14.87 14.97 15.08 15.18 15.29 15.39 15.50 15.60
150 15.71 15.81 15.92 16.02 16.13 16.23 16.34 16.44 16.55 16.65
160 16.75 16.86 16.96 17.07 17.17 17.28 17.38 17.49 17.59 17.70
170 17.80 17.91 18.01 18.12 18.22 18.33 18.43 18.53 18.64 18.74
180 18.85 18.95 19.06 19.16 19.27 19.37 19.48 19.58 19.69 19.79
190 19.90 20.00 20.11 20.21 20.32 20.42 20.52 20.63 20.73 20.84
200 20.94 21.05 21.15 21.26 21.36 21.47 21.57 21.68 21.78 21.89
210 21.99 22.10 22.20 22.30 22.41 22.51 22.62 22.72 22.83 22.93
220 23.04 23.14 23.25 23.35 23.46 23.56 23.67 23.77 23.88 23.98
230 24.09 24.19 24.29 24.40 24.50 24.61 24.71 24.82 24.92 25.03

v ωr=
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determined. The second component of a is the tangential acceleration which is equal to rα
where α is the angular acceleration of the body.

The acceleration of point P is the resultant of rω2 and rα and is given by the formula

When α = 0, this formula reduces to: a = rω2

Example:A flywheel on a press rotating at 120 rpm is slowed to 102 rpm during a punch-
ing operation that requires 3⁄4 second for the punching portion of the cycle. What angular
deceleration does the flywheel experience?

From the table on page 177, the angular velocities corresponding to 120 rpm and 102
rpm, respectively, are 12.57 and 10.68 radians per second. Therefore, using the formula

which is, from the table on page 177, − 24 rpm per second. The minus sign in the answer
indicates that the acceleration α acts to slow the flywheel, that is, the flywheel is being
decelerated.

Table 3. Rotary Motion with Constant Acceleration

To
Find Known Formula

To
Find Known Formula

Motion Uniformly Accelerated From Rest (ωo = 0)

θ

α, t θ = 1⁄2αt2

t

θ, ωf t = 2θ ÷ ωf

ωf, t θ = 1⁄2ωft θ, α

ωf, α θ = ωf
2 ÷ 2α α, ωf t = ωf ÷ α

ωf

α, t ωf = αt

α

θ, t α = 2θ ÷ t2

θ, t ωf = 2θ ÷ t θ, ωf α = ωf
2 ÷ 2θ

α, θ ωf, t α = ωf ÷ t

Motion Uniformly Accelerated From Initial Velocity ωo

θ

α, t, ωo θ = ωot + 1⁄2αt2

α

ωo, ωf, θ α = (ωf
2 − ωo

2) ÷ 2θ
ωo, ωf, t θ = (ωf + ωo)t ÷ 2 ωo, ωf, t α = (ωf − ωo) ÷ t

ωo, ωf, α θ = (ωf
2 − ωo

2) ÷ 2α ωo, θ t α = 2(θ − ωot) ÷ t2

ωf, α, t θ = ωft − 1⁄2αt2 ωf, θ t α = 2(ωft − θ) ÷ t2

ωf

ωo, α, t ωf = ωo + αt Meanings of Symbols

ωo, θ, t ωf = (2θ ÷ t) − ωo

θ =angle of rotation, radians
ωf =final angular velocity, radians per second
ωo = initial angular velocity, radians per sec-

ond
α =angular acceleration, radians per second, 

per second
t =time in seconds

ωo, α, θ

θ, α, t ωf = (θ ÷ t) + 1⁄2αt

ωo

ωf, α, θ

ωf, θ, t ωo = (2θ ÷ t) − ωf

ωf, α, t ωo = ωf − αt

θ, α, t ωo = (θ ÷ t) − 1⁄2αt

t
ωo, ωf, α t = (ωf − ωo) ÷ α 1 degree = 0.01745 radians

(See conversion table on page 103)ωo, ωf, θ t = 2θ ÷ (ωf + ωo)

t 2θ α÷=

ωf 2αθ=

ωf ωo
2 2+ αθ=

ωo ωf
2 2– αθ=

a rω2( )2 rα( )2+=

α ωf ωo–( ) t÷=

α 10.68 12.57–( ) 3⁄4÷ 1.89– 3⁄4÷= =

α 2.52–  radians per second per second=
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Force, Work, Energy, and Momentum

Accelerations Resulting from Unbalanced Forces.—In the section describing the reso-
lution and composition of forces it was stated that when the resultant of a system of forces
is zero, the system is in equilibrium, that is, the body on which the force system acts
remains at rest or continues to move with uniform velocity. If, however, the resultant of a
system of forces is not zero, the body on which the forces act will be accelerated in the
direction of the unbalanced force. To determine the relation between the unbalanced force
and the resulting acceleration, Newton's laws of motion must be applied. These laws may
be stated as follows:

First Law: Every body continues in a state of rest or in uniform motion in a straight line,
until it is compelled by a force to change its state of rest or motion.

Second Law: Change of motion is proportional to the force applied, and takes place along
the straight line in which the force acts. The “force applied” represents the resultant of all
the forces acting on the body. This law is sometimes worded: An unbalanced force acting
on a body causes an acceleration of the body in the direction of the force and of magnitude
proportional to the force and inversely proportional to the mass of the body. Stated as a for-
mula, R = Ma where R is the resultant of all the forces acting on the body, M is the mass of
the body (mass = weight W divided by acceleration due to gravity g), and a is the accelera-
tion of the body resulting from application of force R.

Third Law: To every action there is always an equal reaction, or, in other words, if a force
acts to change the state of motion of a body, the body offers a resistance equal and directly
opposite to the force.

Newton's second law may be used to calculate linear and angular accelerations of a body
produced by unbalanced forces and torques acting on the body; however, it is necessary
first to use the methods described under Algebraic Composition and Resolution of Force
Systems starting on page 156 to determine the magnitude and direction of the resultant of
all forces acting on the body. Then, for a body moving with pure translation,

where R is the resultant force in pounds acting on a body weighing W pounds; g is the grav-
itational constant, usually taken as 32.16 ft/sec2, approximately; and a is the resulting
acceleration in ft/sec2 of the body due to R and in the same direction as R.

Using metric SI units, the formula is R = Ma, where R = force in newtons (N), M =
mass in kilograms, and a = acceleration in meters/second squared. It should be noted
that the weight of a body of mass M kg is Mg newtons, where g is approximately 9.81
m/s2.

Free Body Diagram: In order to correctly determine the effect of forces on the motion of
a body it is necessary to resort to what is known as a free body diagram. Th i s  d i ag ram
shows 1) the body removed or isolated from contact with all other bodies that exert force
on the body;  and  2) all the forces acting on the body.

Thus, for example, in Fig. 1a the block being pulled up the plane is acted upon by certain
forces; the free body diagram of this block is shown at Fig. 1b. Note that all forces acting on
the block are indicated. These forces include: 1) the force of gravity (weight);  2) the pull
of the cable, P;  3) the normal component, W cos φ, of the force exerted on the block by the
plane;  and  4) the friction force, µW cos φ, of the plane on the block.

R Ma
W

g
-----a= =
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In preparing a free body diagram, it is important to realize that only those forces exerted
on the body being considered are shown; forces exerted by the body on other bodies are
disregarded. This feature makes the free body diagram an invaluable aid in the solution of
problems in mechanics.

Example:A 100-pound body is being hoisted by a winch, the tension in the hoisting cable
being kept constant at 110 pounds. At what rate is the body accelerated?

Two forces are acting on the body, its weight, 100 pounds downward, and the pull of the
cable, 110 pounds upward. The resultant force R, from a free body diagram, is therefore
110 − 100. Thus, applying Newton's second law,

It should be noted that since in this problem the resultant force R was positive (110 − 100
= + 10), the acceleration a is also positive, that is, a is in the same direction as R, which is in
accord with Newton's second law.

Example using SI metric units:A body of mass 50 kilograms is being hoisted by a
winch, and the tension in the cable is 600 newtons. What is the acceleration? The
weight of the 50 kg body is 50g newtons, where g = approximately 9.81 m/s2 (see Note
on page 187). Applying the formula R = Ma, the calculation is: (600 − 50g) = 50a.
Thus,

Formulas Relating Torque and Angular Acceleration: For a body rotating about a fixed
axis the relation between the unbalanced torque acting to produce rotation and the resulting
angular acceleration may be determined from any one of the following formulas, each
based on Newton's second law:

where To is the unbalanced torque in pounds-feet; JM in ft-lbs-sec2 is the moment of inertia
of the body about the axis of rotation; ko in feet is the radius of gyration of the body with
respect to the axis of rotation, and α in radians per second, per second is the angular accel-
eration of the body.

Example:A flywheel has a diameter of 3 feet and weighs 1000 pounds. What torque must
be applied, neglecting bearing friction, to accelerate the flywheel at the rate of 100 revolu-
tions per minute, per second?

Fig. 1a. Fig. 1b. 

110 100–
100

32.16
-------------a=

a
32.16 10×

100
------------------------- 3.216 ft/sec2  upward= =

a
600 50g–

50
------------------------ 600 50 9.81×( )–

50
------------------------------------------ 2.19 m/s2= = =

To JMα=

To Mko
2α=

To

Wko
2α

g
---------------

Wko
2α

32.16
---------------= =
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From page 246 the moment of inertia of a solid cylinder with respect to a gravity axis at
right angles to the circular cross-section is given as 1⁄2 Mr2. From page 177, 100 rpm =
10.47 radians per second, hence an acceleration of 100 rpm per second = 10.47 radians per
second, per second. Therefore, using the first of the preceding formulas,

Using metric SI units, the formulas are: To = JMα = Mko
2α, where To = torque in

newton-meters; JM = the moment of inertia in kg · m2, and α = the angular accelera-

tion in radians per second squared.

Example:A flywheel has a diameter of 1.5 m, and a mass of 800 kg. What torque is
needed to produce an angular acceleration of 100 revolutions per minute, per sec-
ond? As in the preceding example, α = 10.47 rad/s2. Thus:

Therefore: To = JMα = 225 × 10.47 = 2356 N · m.

Energy.—A body is said to possess energy when it is capable of doing work or overcom-
ing resistance. The energy may be either mechanical or non-mechanical, the latter includ-
ing chemical, electrical, thermal, and atomic energy.

Mechanical energy includes kinetic energy (energy possessed by a body because of its
motion) and potential energy (energy possessed by a body because of its position in a field
of force and/or its elastic deformation).

Kinetic Energy: The motion of a body may be one of pure translation, pure rotation, or a
combination of rotation and translation. By translation is meant motion in which every line
in the body remains parallel to its original position throughout the motion, that is, no rota-
tion is associated with the motion of the body.

The kinetic energy of a translating body is given by the formula

(3a)

where M = mass of body (= W ÷ g); V = velocity of the center of gravity of the body in feet
per second; W = weight of body in pounds; and g = acceleration due to gravity = 32.16 feet
per second, per second.

The kinetic energy of a body rotating about a fixed axis O is expressed by the formula:

(3b)

where JMO is the moment of inertia of the body about the fixed axis O in pounds-feet-
seconds2, and ω = angular velocity in radians per second.

For a body that is moving with both translation and rotation, the total kinetic energy is
given by the following formula as the sum of the kinetic energy due to translation of the
center of gravity and the kinetic energy due to rotation about the center of gravity:

(3c)

where JMG is the moment of inertia of the body about its gravity axis in pounds-feet-
seconds2, k is the radius of gyration in feet with respect to an axis through the center of
gravity, and the other quantities are as previously defined.

In the metric SI system, energy is expressed as the joule (J). One joule = 1 newton-
meter. The kinetic energy of a translating body is given by the formula EKT = 1⁄2MV2,

To JMα 1
2
---
 
  1000

32.16
------------- 3

2
---
 
 

2
10.47× 366 ft-lbs= = =

JM
1⁄2Mr2 1⁄2 800 0.752×× 225 kg m2⋅= = =

Kinetic Energy in ft-lbs due to translation EKT
1⁄2MV2 WV2

2g
-----------= = =

Kinetic Energy in ft-lbs due to rotation EKR
1⁄2JMOω2= =

Total Kinetic Energy in ft-lbs ET
1⁄2= MV2 1⁄2JMGω2+=

WV2

2g
----------- 1⁄2JMGω2+= WV2

2g
----------- 1⁄2

Wk2ω2

g
-----------------+

W

2g
------ V2 k2ω2+( )= =
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where M = mass in kilograms, and V = velocity in meters per second. Kinetic energy
due to rotation is expressed by the formula EKR = 1⁄2JMOω2, where JMO = moment of

inertia in kg · m2, and ω = the angular velocity in radians per second. Total kinetic
energy ET = 1⁄2MV2 + 1⁄2JMOω2 joules = 1⁄2M(V2 + k2ω2) joules, where k = radius of gyra-

tion in meters.

Potential Energy: The most common example of a body having potential energy because
of its position in a field of force is that of a body elevated to some height above the earth.
Here the field of force is the gravitational field of the earth and the potential energy EPF of
a body weighing W pounds elevated to some height S in feet above the surface of the earth
is WS foot-pounds. If the body is permitted to drop from this height its potential energy EPF

will be converted to kinetic energy. Thus, after falling through height S the kinetic energy
of the body will be WS ft-lbs.

In metric SI units, the potential energy EPF of a body of mass M kilograms elevated

to a height of S meters, is MgS joules. After it has fallen a distance S, the kinetic energy
gained will thus be MgS joules.

Another type of potential energy is elastic potential energy, such as possessed by a spring
that has been compressed or extended. The amount of work in ft lbs done in compressing
the spring S feet is equal to KS2/2, where K is the spring constant in pounds per foot. Thus,
when the spring is released to act against some resistance, it can perform KS2/2 ft-lbs of
work which is the amount of elastic potential energy EPE stored in the spring.

Using metric SI units, the amount of work done in compressing the spring a dis-
tance S meters is KS2/2 joules, where K is the spring constant in newtons per meter.

Work Performed by Forces and Couples.—The work U done by a force F in moving an
object along some path is the product of the distance S the body is moved and the compo-
nent F cos α of the force F in the direction of S.

where U = work in ft-lbs; S = distance moved in feet; F = force in lbs; and α = angle
between line of action of force and the path of S.

If the force is in the same direction as the motion, then cos α = cos 0 = 1 and this formula
reduces to:

Similarly, the work done by a couple T turning an object through an angle θ is:

where T = torque of couple in pounds-feet and θ = the angular rotation in radians.
The above formulas can be used with metric SI units: U is in joules; S is in meters; F

is in newtons, and T is in newton-meters.

Relation between Work and Energy.—Theoretically, when work is performed on a
body and there are no energy losses (such as due to friction, air resistance, etc.), the energy
acquired by the body is equal to the work performed on the body; this energy may be either
potential, kinetic, or a combination of both.

In actual situations, however, there may be energy losses that must be taken into account.
Thus, the relation between work done on a body, energy losses, and the energy acquired by
the body can be stated as:

U FS αcos=

U FS=

U Tθ=

Work Performed Losses– Energy Acquired=

U Losses– ET=
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Example 1:A 12-inch cube of steel weighing 490 pounds is being moved on a horizontal
conveyor belt at a speed of 6 miles per hour (8.8 feet per second). What is the kinetic energy
of the cube?

Since the block is not rotating, Formula (3a) for the kinetic energy of a body moving with
pure translation applies:

A similar example using metric SI units is as follows: If a cube of mass 200 kg is
being moved on a conveyor belt at a speed of 3 meters per second, what is the kinetic
energy of the cube? It is:

Example 2:If the conveyor in Example 1 is brought to an abrupt stop, how long would it
take for the steel block to come to a stop and how far along the belt would it slide before
stopping if the coefficient of friction µ between the block and the conveyor belt is 0.2 and
the block slides without tipping over?

The only force acting to slow the motion of the block is the friction force between the
block and the belt. This force F is equal to the weight of the block, W, multiplied by the
coefficient of friction; F = µW = 0.2 × 490 = 98 lbs.

The time required to bring the block to a stop can be determined from the impulse-
momentum Formula (4c) on page 184.

The distance the block slides before stopping can be determined by equating the kinetic
energy of the block and the work done by friction in stopping it:

If metric SI units are used, the calculation is as follows (for the cube of 200 kg mass):
The friction force = µ multiplied by the weight Mg where g = approximately 9.81 m/s2.
Thus, µMg = 0.2 × 200g = 392.4 newtons. The time t required to bring the block to a
stop is (− 392.4)t = 200(0 − 3). Therefore,

The kinetic energy of the block is equal to the work done by friction, that is 392.4 ×
S = 900 joules. Thus, the distance S which the block moves before stopping is

Force of a Blow.—A body that weighs W pounds and falls S feet from an initial position of
rest is capable of doing WS foot-pounds of work. The work performed during its fall may
be, for example, that necessary to drive a pile a distance d into the ground. Neglecting
losses in the form of dissipated heat and strain energy, the work done in driving the pile is
equal to the product of the impact force acting on the pile and the distance d which the pile
is driven. Since the impact force is not accurately known, an average value, called the

Kinetic Energy WV2

2g
----------- 490 8.8( )2×

2 32.16×
------------------------------ 590 ft-lbs= = =

Kinetic Energy 1⁄2MV2 1⁄2 200× 32× 900 joules= = =

R t× W

g
----- Vf Vo–( ) 98–( )t

490
32.16
------------- 0 8.8–( )×= = =

t
490 8.8×
98 32.16×
------------------------- 1.37 seconds= =

 Kinetic energy of block WV 2 2g⁄( ) Work done by friction F S×( )=

590 98 S×=

S
590
98

--------- 6.0 feet= =

t
200 3×
392.4

------------------ 1.53 seconds= =

S
900

392.4
------------- 2.29 meters= =
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“average force of the blow,” may be assumed. Equating the work done on the pile and the
work done by the falling body, which in this case is a pile driver:

where, S =total height in feet through which the driver falls, including the distance d that
the pile is driven

W =weight of driver in pounds
d =distance in feet which pile is driven

When using metric SI units, it should be noted that a body of mass M kilograms has
a weight of Mg newtons, where g = approximately 9.81 m/s2. If the body falls a dis-
tance S meters, it can do work equal to MgS joules. The average force of the blow is
MgS/d newtons, where d is the distance in meters that the pile is driven.

Example:A pile driver weighing 200 pounds strikes the top of the pile after having fallen
from a height of 20 feet. It forces the pile into the ground a distance of 1⁄2 foot. Before the
ram is brought to rest, it will  200 × (20 + 1⁄2) = 4100 foot-pounds of work, and as this energy
is expended in a distance of one-half foot, the average force of the blow equals 4100 ÷ 1⁄2 =
8200 pounds.

A similar example using metric SI units is as follows: A pile driver of mass 100 kilo-
grams falls 10 meters and moves the pile a distance of 0.3 meters. The work done =
100g(10 + 0.3) joules, and it is expended in 0.3 meters. Thus, the average force is

Impulse and Momentum.—The linear momentum of a body is defined as the product of
the mass M of the body and the velocity V of the center of gravity of the body:

(4a)

It should be noted that linear momentum is a vector quantity, the momentum being in the
same direction as V.

Linear impulse is defined as the product of the resultant R of all the forces acting on a
body and the time t that the resultant acts:

(4b)

The change in the linear momentum of a body is numerically equal to the linear impulse
that causes the change in momentum:

(4c)

where V f, the final velocity of the body after time t, and V o, the initial velocity of the body,
are both in the same direction as the applied force R. If Vo, and Vf are in opposite directions,
then the minus sign in the formula becomes a plus sign.

In metric SI units, the formulas are: Linear Momentum = MV kg · m/s, where M =
mass in kg, and V = velocity in meters per second; and Linear Impulse = Rt newton-
seconds, where R = force in newtons, and t = time in seconds. In Formula (4c) above,
W/g is replaced by M when SI units are used.

or,

Average force of blow d× WS=

Average force of blow WS

d
--------=

100g 10.3×
0.3

----------------------------- 33680 newtons or 33.68 kN=

Linear momentum MV  or since M W g÷==

Linear momentum WV

g
---------=

Linear Impulse Rt=

Linear Impulse change in Linear Momentum=

Rt
W

g
-----Vf

W

g
-----Vo–

W

g
----- Vf Vo–( )= =
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Example:A 1000-pound block is pulled up a 2-degree incline by a cable exerting a con-
stant force F of 600 pounds. If the coefficient of friction µ between the block and the plane
is 0.5, how fast will the block be moving up the plane 10 seconds after the pull is applied?

The resultant force R causing the body to be accelerated up the plane is the difference
between F, the force acting up the plane, and P, the force acting to resist motion up the
plane. This latter force for a body on a plane is given by the formula at the top of page 169
as P = W (µ cos α + sin α) where α is the angle of the incline.

Formula (4c) can now be applied to determine the speed at which the body will be mov-
ing up the plane after 10 seconds.

A similar example using metric SI units is as follows: A 500 kg block is pulled up a 2
degree incline by a constant force F of 4 kN. The coefficient of friction µ between the
block and the plane is 0.5. How fast will the block be moving 10 seconds after the pull
is applied?

The resultant force R is:

Formula (4c) can now be applied to determine the speed at which the body will be
moving up the plane after 10 seconds. Replacing W/g by M in the formula, the calcu-
lation is:

Angular Impulse and Momentum: In a manner similar to that for linear impulse and
moment, the formulas for angular impulse and momentum for a body rotating about a fixed
axis are:

(5a)

(5b)

where JM is the moment of inertia of the body about the axis of rotation in pounds-feet-
seconds2, ω is the angular velocity in radians per second, To, is the torque in pounds-feet
about the axis of rotation, and t is the time in seconds that To, acts.

The change in angular momentum of a body is numerically equal to the angular impulse
that causes the change in angular momentum:

(5c)

 Thus, R = F − P = F − W(µ cos α + sin α)

= 600 − 1000(0.5 cos2° + sin 2°) =  600 − 1000(0.5 × 0.99939 + 0.03490)

R = 600 − 535 =  65 pounds.

Rt
W

g
-----Vf

W

g
-----Vo–=

65 10× 1000
32.2
------------Vf

1000
32.2
------------ 0×–=

Vf
65 10 32.2××

1000
----------------------------------- 20.9 ft per sec 14.3 miles per hour= = =

R F Mg µ αcos αsin+( )–=

4000 500– 9.81 0.5 0.99939× 0.03490+( )×= 1378N or 1.378 kN=

Rt MVf MVo–=

1378 10× 500 Vf 0–( )=

Vf
1378 10×

500
------------------------ 27.6 m/s= =

Angular momentum JMω=

Angular impulse Tot=

Angular Impulse Change in Angular Momentum=

Tot JMωf JMωo– JM ωf ωo–( )= =
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where ωf and ωo are the final and initial angular velocities, respectively.

Example:A flywheel having a moment of inertia of 25 lbs-ft-sec2 is revolving with an
angular velocity of 10 radians per second when a constant torque of 20 lbs-ft is applied to
reverse its direction of rotation. For what length of time must this constant torque act to
stop the flywheel and bring it up to a reverse speed of 5 radians per second?

Applying Formula (5c),

A similar example using metric SI units is as follows: A flywheel with a moment of
inertia of 20 kilogram-meters2 is revolving with an angular velocity of 10 radians per
second when a constant torque of 30 newton-meters is applied to reverse its direction
of rotation. For what length of time must this constant torque act to stop the flywheel
and bring it up to a reverse speed of 5 radians per second? Applying Formula (5c), the
calculation is:

Formulas for Work and Power.—The formulas in the accompanying Table 4 may be
used to determine work and power in terms of the applied force and the velocity at the point
of application of the force.

Table 4. Formulasa for Work and Power

To Find Known Formula To Find Known Formula

S

P, t, F S = P × t ÷ F

K

F, S K = F × S

K, F S = K ÷ F P, t K = P × t

t, F, hp S = 550 × t × hp ÷ F F, V, t K = F × V × t

V

P, F V = P ÷ F t, hp K = 550 × t × hp

K, F, t V = K ÷ (F × t)

hp

F, S, t hp = F × S ÷ (550 × t)

F, hp V = 550 × hp ÷ F P hp = P ÷ 550

t

F, S, P t = F × S ÷ P F, V hp = F × V ÷ 550

K, F, V t = K ÷ (F × V) K, t hp = K ÷ (550 × t)

F, S, hp t = F × S ÷ (550 × hp)
Meanings of Symbols: (metric units see note a)

F

P, V F = P ÷ V

K, S F = K ÷ S S =distance in feet
V =constant or average velocity in feet per 

second
t = time in seconds

F =constant or average force in pounds
P =power in foot-pounds per second

hp = horsepower
K =work in foot-pounds

K, V, t F = K ÷ (V × t)

V, hp F = 550 × hp ÷ V

P

F, V P = F × V

F, S, t P = F × S ÷ t

K, t P = K ÷ t

hp P = 550 × hp

Tot JM ωf ωo–( )=

20t 25 10 5–[ ]–( ) 250 125+= =

t 375 20÷ 18.8 seconds= =

Tot JM ωf ωo–( ),=

30t 20 10 5–[ ]–( ) .=

Thus, t
20 15×

30
------------------ 10 seconds= =
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Example:A casting weighing 300 pounds is to be lifted by means of an overhead crane.
The casting is lifted 10 feet in 12 seconds. What is the horsepower developed? Here F =
300; S = 10; t = 12.

A similar example using metric SI units is as follows: A casting of mass 150 kg is
lifted 4 meters in 15 seconds by means of a crane. What is the power? Here F = 150g
N, S = 4 m, and t = 15 s. Thus:

Centrifugal Force

Centrifugal Force.—When a body rotates about any axis other than one at its center of
mass, it exerts an outward radial force called centrifugal force upon the axis or any arm or
cord from the axis that restrains it from moving in a straight (tangential) line. In the follow-
ing formulas:

F =centrifugal force in pounds
W =weight of revolving body in pounds
v =velocity at radius R on body in feet per second
n =number of revolutions per minute
g =acceleration due to gravity = 32.16 feet per second per second
R =perpendicular distance in feet from axis of rotation to center of mass, or for

practical use, to center of gravity of revolving body

Note: If a body rotates about its own center of mass, R equals zero and v equals zero. This
means that the resultant of the centrifugal forces of all the elements of the body is equal to
zero or, in other words, no centrifugal force is exerted on the axis of rotation. The centrifu-
gal force of any part or element of such a body is found by the equations given below,
where R is the radius to the center of gravity of the part or element. In a flywheel rim, R is
the mean radius of the rim because it is the radius to the center of gravity of a thin radial
section.

(If n is the number of revolutions per second instead of per minute, then F = 1227WRn2.)
If metric SI units are used in the foregoing formulas, W/g is replaced by M, which is

the mass in kilograms; F = centrifugal force in newtons; v = velocity in meters per sec-
ond; n = number of revolutions per minute; and R = the radius in meters. Thus:

a Note: The metric SI unit of work is the joule (one joule = 1 newton-meter), and the unit of

power is the watt (one watt = 1 joule per second = 1 N · m/s). The term horsepower is not used.

Thus, those formulas above that involve horsepower and the factor 550 are not applicable when

working in SI units. The remaining formulas can be used, and the units are: S = distance in

meters; V = constant or average velocity in meters per second; t = time in seconds; F = force in

newtons; P = power in watts; K = work in joules. 

hp F S×
550t
------------ 300 10×

550 12×
--------------------- 0.45= = =

Power
FS

t
-------

150g 4×
15

---------------------
150 9.81× 4×

15
----------------------------------- 392 watts or 0.392 kW= = = =

F
Wv2

gR
---------- Wv2

32.16R
----------------- 4WRπ2n2

60 60g×
------------------------- WRn2

2933
--------------- 0.000341WRn2= = = = =

W
FRg

v2
----------- 2933F

Rn2
----------------= = v

FRg

W
-----------=

R
Wv2

Fg
---------- 2933F

Wn2
----------------= = n

2933F

WR
----------------=
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If the rate of rotation is expressed as n1 = revolutions per second, then F = 39.48

MRn1
2; if it is expressed as ω radians per second, then F = MRω2.

Calculating Centrifugal Force.—In the ordinary formula for centrifugal force, F =
0.000341 WRn2; the mean radius R of the flywheel or pulley rim is given in feet. For small
dimensions, it is more convenient to have the formula in the form:

in which F = centrifugal force, in pounds; W = weight of rim, in pounds; r = mean radius of
rim, in inches; n = number of revolutions per minute.

In this formula let C = 0.000028416n2. This, then, is the centrifugal force of one pound,
one inch from the axis. The formula can now be written in the form,

C is calculated for various values of the revolutions per minute n, and the calculated val-
ues of C are given in Table 5. To find the centrifugal force in any given case, simply find
the value of C in the table and multiply it by the product of W and r, the four multiplications
in the original formula given thus having been reduced to two.

Example:A cast-iron flywheel with a mean rim radius of 9 inches, is rotated at a speed of
800 revolutions per minute. If the weight of the rim is 20 pounds, what is the centrifugal
force?

From Table 5, for n = 800 revolutions per minute, the value of C is 18.1862.
Thus,

Using metric SI units, 0.01097n2 is the centrifugal force acting on a body of 1 kilo-
gram mass rotating at n revolutions per minute at a distance of 1 meter from the axis.
If this value is designated C1, then the centrifugal force of mass M kilograms rotating

at this speed at a distance from the axis of R meters, is C1MR newtons. To simplify cal-

culations, values for C1 are given in Table 6. If it is required to work in terms of milli-

meters, the force is 0.001 C1MR1 newtons, where R1 is the radius in millimeters.

Example:A steel pulley with a mean rim radius of 120 millimeters is rotated at a
speed of 1100 revolutions per minute. If the mass of the rim is 5 kilograms, what is the
centrifugal force?

From Table 6, for n = 1100 revolutions per minute, the value of C1 is 13,269.1.

Thus,

Centrifugal Casting.—The centrifugal casting of metals is an old art. This process has
become important in such work as the manufacture of paper-mill rolls, railroad car wheels,
and cast-iron pipe. The centrifugal casting process has been successfully applied in the
production of non-metallic tubes, such as concrete pipe, in the production of solid castings
by locating the molds around the rim of a spinning wheel, and to a limited extent in the pro-
duction of solid ingots by a largely similar process. Hollow objects such as cast-iron pipe
are cast by introducing molten metal into a spinning mold. If the chilling of the metal is
extremely rapid, for example in casting cast-iron pipe against a water-cooled chilled mold,
it is imperative to use a movable spout. The particular feature that determines the field of
application of hot-mold centrifugal casting is the ability to produce long cast shapes of
comparatively thin metal.

F Mv2 R⁄ Mn2 2πR2( )
602R

------------------------------ 0.01097 MRn2= = =

F 0.2842
-4×10 Wrn2=

F WrC=

F WrC 20 9× 18.1862× 3273.52 pounds= = =

F 0.001 C1MR1 0.001 13 269.1,× 5× 120× 7961.50 newtons = = =
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Table 5. Factors C for Calculating Centrifugal Force (English units)

n C n C n C n C

50 0.07104 100 0.28416 470 6.2770 5200 768.369
51 0.07391 101 0.28987 480 6.5470 5300 798.205
52 0.07684 102 0.29564 490 6.8227 5400 828.611
53 0.07982 103 0.30147 500 7.1040 5500 859.584
54 0.08286 104 0.30735 600 10.2298 5600 891.126
55 0.08596 105 0.31328 700 13.9238 5700 923.236
56 0.08911 106 0.31928 800 18.1862 5800 955.914
57 0.09232 107 0.32533 900 23.0170 5900 989.161
58 0.09559 108 0.33144 1000 28.4160 6000 1022.980
59 0.09892 109 0.33761 1100 34.3834 6100 1057.360
60 0.10230 110 0.34383 1200 40.9190 6200 1092.310
61 0.10573 115 0.37580 1300 48.0230 6300 1127.830
62 0.10923 120 0.40921 1400 55.6954 6400 1163.920
63 0.11278 125 0.44400 1500 63.9360 6500 1200.580
64 0.11639 130 0.48023 1600 72.7450 6600 1237.800
65 0.12006 135 0.51788 1700 82.1222 6700 1275.590
66 0.12378 140 0.55695 1800 92.0678 6800 1313.960
67 0.12756 145 0.59744 1900 102.5820 6900 1352.890
68 0.13140 150 0.63936 2000 113.6640 7000 1392.380
69 0.13529 160 0.72745 2100 125.3150 7100 1432.450
70 0.13924 170 0.82122 2200 137.5330 7200 1473.090
71 0.14325 180 0.92067 2300 150.3210 7300 1514.290
72 0.14731 190 1.02590 2400 163.6760 7400 1556.060
73 0.15143 200 1.1367 2500 177.6000 7500 1598.400
74 0.15561 210 1.2531 2600 192.0920 7600 1641.310
75 0.15984 220 1.3753 2700 207.1530 7700 1684.780
76 0.16413 230 1.5032 2800 222.7810 7800 1728.830
77 0.16848 240 1.6358 2900 238.9790 7900 1773.440
78 0.17288 250 1.7760 3000 255.7400 8000 1818.620
79 0.17734 260 1.9209 3100 273.0780 8100 1864.370
80 0.18186 270 2.0715 3200 290.9800 8200 1910.690
81 0.18644 280 2.2278 3300 309.4500 8300 1957.580
82 0.19107 290 2.3898 3400 328.4890 8400 2005.030
83 0.19576 300 2.5574 3500 348.0960 8500 2053.060
84 0.20050 310 2.7308 3600 368.2710 8600 2101.650
85 0.20530 320 2.9098 3700 389.0150 8700 2150.810
86 0.21016 330 3.0945 3800 410.3270 8800 2200.540
87 0.21508 340 3.2849 3900 432.2070 8900 2250.830
88 0.22005 350 3.4809 4000 454.6560 9000 2301.700
89 0.22508 360 3.6823 4100 477.6730 9100 2353.130
90 0.23017 370 3.8901 4200 501.2580 9200 2405.130
91 0.23531 380 4.1032 4300 525.4120 9300 2457.700
92 0.24051 390 4.3220 4400 550.1340 9400 2510.840
93 0.24577 400 4.5466 4500 575.4240 9500 2564.540
94 0.25108 410 4.7767 4600 601.2830 9600 2618.820
95 0.25645 420 5.0126 4700 627.7090 9700 2673.660
96 0.26188 430 5.2541 4800 654.7050 9800 2729.070
97 0.26737 440 5.5013 4900 682.2680 9900 2785.050
98 0.27291 450 5.7542 5000 710.4000 10000 2841.600
99 0.27851 460 6.0128 5100 739.1000
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Table 6. Factors C1 for Calculating Centrifugal Force (Metric SI units)

n C1 n C1 n C1 n C1

50 27.4156 100 109.662 470 2,422.44 5200 296,527
51 28.5232 101 111.867 480 2,526.62 5300 308,041
52 29.6527 102 114.093 490 2,632.99 5400 319,775
53 30.8041 103 116.341 500 2,741.56 5500 331,728
54 31.9775 104 118.611 600 3,947.84 5600 343,901
55 33.1728 105 120.903 700 5,373.45 5700 356,293
56 34.3901 106 123.217 800 7,018.39 5800 368,904
57 35.6293 107 125.552 900 8,882.64 5900 381,734
58 36.8904 108 127.910 1000 10,966.2 6000 394,784
59 38.1734 109 130.290 1100 13,269.1 6100 408,053
60 39.4784 110 132.691 1200 15,791.4 6200 421,542
61 40.8053 115 145.028 1300 18,532.9 6300 435,250
62 42.1542 120 157.914 1400 21,493.8 6400 449,177
63 43.5250 125 171.347 1500 24,674.0 6500 463,323
64 44.9177 130 185.329 1600 28,073.5 6600 477,689
65 46.3323 135 199.860 1700 31,692.4 6700 492,274
66 47.7689 140 214.938 1800 35,530.6 6800 507,078
67 49.2274 145 230.565 1900 39,588.1 6900 522,102
68 50.7078 150 246.740 2000 43,864.9 7000 537,345
69 52.2102 160 280.735 2100 48,361.1 7100 552,808
70 53.7345 170 316.924 2200 53,076.5 7200 568,489
71 55.2808 180 355.306 2300 58,011.3 7300 584,390
72 56.8489 190 395.881 2400 63,165.5 7400 600,511
73 58.4390 200 438.649 2500 68,538.9 7500 616,850
74 60.0511 210 483.611 2600 74,131.7 7600 633,409
75 61.6850 220 530.765 2700 79,943.8 7700 650,188
76 63.3409 230 580.113 2800 85,975.2 7800 667,185
77 65.0188 240 631.655 2900 92,226.0 7900 684,402
78 66.7185 250 685.389 3000 98,696.0 8000 701,839
79 68.4402 260 741.317 3100 105,385 8100 719,494
80 70.1839 270 799.438 3200 112,294 8200 737,369
81 71.9494 280 859.752 3300 119,422 8300 755,463
82 73.7369 290 922.260 3400 126,770 8400 773,777
83 75.5463 300 986.960 3500 134,336 8500 792,310
84 77.3777 310 1,053.85 3600 142,122 8600 811,062
85 79.2310 320 1,122.94 3700 150,128 8700 830,034
86 81.1062 330 1,194.22 3800 158,352 8800 849,225
87 83.0034 340 1,267.70 3900 166,796 8900 868,635
88 84.9225 350 1,343.36 4000 175,460 9000 888,264
89 86.8635 360 1,421.22 4100 184,342 9100 908,113
90 88.8264 370 1,501.28 4200 193,444 9200 928,182
91 90.8113 380 1,583.52 4300 202,766 9300 948,469
92 92.8182 390 1,667.96 4400 212,306 9400 968,976
93 94.8469 400 1,754.60 4500 222,066 9500 989,702
94 96.8976 410 1,843.42 4600 232,045 9600 1,010,650
95 98.9702 420 1,934.44 4700 242,244 9700 1,031,810
96 101.065 430 2,027.66 4800 252,662 9800 1,053,200
97 103.181 440 2,123.06 4900 263,299 9900 1,074,800
98 105.320 450 2,220.66 5000 274,156 10000 1,096,620
99 107.480 460 2,320.45 5100 285,232
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Balancing Rotating Parts

Static Balancing.—There are several methods of testing the standing or static balance of
a rotating part. A simple method that is sometimes used for flywheels, etc., is illustrated by
the diagram, Fig. 1. An accurate shaft is inserted through the bore of the finished wheel,
which is then mounted on carefully leveled “parallels” A. If the wheel is in an unbalanced
state, it will turn until the heavy side is downward. When it will stand in any position as the
result of counterbalancing and reducing the heavy portions, it is said to be in standing or
static balance. Another test which is used for disk-shaped parts is shown in Fig. 2. The disk
D is mounted on a vertical arbor attached to an adjustable cross-slide B. The latter is carried
by a table C, which is supported by a knife-edged bearing. A pendulum having an adjust-
able screw-weight W at the lower end is suspended from cross-slide B. To test the static
balance of disk D, slide B is adjusted until pointer E of the pendulum coincides with the
center of a stationary scale F. Disk D is then turned halfway around without moving the
slide, and if the indicator remains stationary, it shows that the disk is in balance for this par-
ticular position. The test is then repeated for ten or twelve other positions, and the heavy
sides are reduced, usually by drilling out the required amount of metal. Several other
devices for testing static balance are designed on this same principle.

Running or Dynamic Balance.—A cylindrical body may be in perfect static balance and
not be in a balanced state when rotating at high speed. If the part is in the form of a thin disk,
static balancing, if carefully done, may be accurate enough for high speeds, but if the rotat-
ing part is long in proportion to its diameter, and the unbalanced portions are at opposite
ends or in different planes, the balancing must be done so as to counteract the centrifugal
force of these heavy parts when they are rotating rapidly. This process is known as a run-
ning balance or dynamic balancing. To illustrate, if a heavy section is located at H (Fig. 3),
and another correspondingly heavy section at H1, one may exactly counterbalance the
other when the cylinder is stationary, and this static balance may be sufficient for a part rig-
idly mounted and rotating at a comparatively slow speed; but when the speed is very high,
as in turbine rotors, etc., the heavy masses H and H1, being in different planes, are in an
unbalanced state owing to the effect of centrifugal force, which results in excessive strains
and injurious vibrations. Theoretically, to obtain a perfect running balance, the exact posi-
tions of the heavy sections should be located and the balancing effected either by reducing
their weight or by adding counterweights opposite each section and in the same plane at the
proper radius; but if the rotating part is rigidly mounted on a stiff shaft, a running balance
that is sufficiently accurate for practical purposes can be obtained by means of compara-
tively few counterbalancing weights located with reference to the unbalanced parts.

Balancing Calculations.—As indicated previously, centrifugal forces caused by an
unbalanced mass or masses in a rotating machine member cause additional loads on the
bearings which are transmitted to the housing or frame and to other machine members.
Such dynamically unbalanced conditions can occur even though static balance (balance at

Fig. 1. Fig. 2. Fig. 3. 
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zero speed) exists. Dynamic balance can be achieved by the addition of one or two masses
rotating about the same axis and at the same speed as the unbalanced masses. A single
unbalanced mass can be balanced by one counterbalancing mass located 180 degrees
opposite and in the same plane of rotation as the unbalanced mass, if the product of their
respective radii and masses are equal; i.e., M1r1 = M2r2. Two or more unbalanced masses
rotating in the same plane can be balanced by a single mass rotating in the same plane, or
by two masses rotating about the same axis in two separate planes. Likewise, two or more
unbalanced masses rotating in different planes about a common axis can be balanced by
two masses rotating about the same axis in separate planes. When the unbalanced masses
are in separate planes they may be in static balance but not in dynamic balance; i.e., they
may be balanced when not rotating but unbalanced when rotating. If a system is in dynamic
balance, it will remain in balance at all speeds, although this is not strictly true at the critical
speed of the system. (See Critical Speeds on page 197.)

In all the equations that follow, the symbol M denotes either mass in kilograms or in
slugs, or weight in pounds. Either mass or weight units may be used and the equations may
be used with metric or with customary English units without change; however, in a given
problem the units must be all metric or all customary English.

Counterbalancing Several Masses Located in a Single Plane.—In all balancing prob-
lems, it is the product of counterbalancing mass (or weight) and its radius that is calculated;
it is thus necessary to select either the mass or the radius and then calculate the other value
from the product of the two quantities. Design considerations usually make this decision
self-evident. The angular position of the counterbalancing mass must also be calculated.
Referring to Fig. 4:

(1)

(2)

Fig. 4. 

MBrB ΣMr θcos( )2 ΣMr θsin( )2+=

θtan B
ΣMr θsin( )–
ΣMr θcos( )–

-------------------------------- y

x
--= =
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Table 1. Relationship of the Signs of the Functions of the Angle 
with Respect to the Quadrant in Which They Occur

where:
M1, M2, M3, . . . Mn = any unbalanced mass or weight, kg or lb

MB =counterbalancing mass or weight, kg or lb

r =radius to center of gravity of any unbalanced mass or weight, mm or
inch

rB =radius to center of gravity of counterbalancing mass or weight, mm
or inch

θ =angular position of r of any unbalanced mass or weight, degrees

θB =angular position of rB of counterbalancing mass or weight, degrees

x and  y = see Table 1

Table 1 is helpful in finding the angular position of the counterbalancing mass or weight.
It indicates the range of the angles within which this angular position occurs by noting the
plus and minus signs of the numerator and the denominator of the terms in Equation (2). In
a like manner, Table 1 is helpful in determining the sign of the sine or cosine functions for
angles ranging from 0 to 360 degrees. Balancing problems are usually solved most conve-
niently by arranging the arithmetical calculations in a tabular form.

Example:Referring to Fig. 4, the particular values of the unbalanced weights have been
entered in the table below. Calculate the magnitude of the counterbalancing weight if its
radius is to be 10 inches.

Angle θ
0° to 90° 90° to 180° 180° to 270° 270° to 360°

Signs of the Functions

tan

sine

cosine

M r
in.

θ
deg. cos θ sin θ Mr cos θ Mr sin θ

No. lb.

1 10 10 30 0.8660 0.5000 86.6 50.0
2 5 20 120 −0.5000 0.8660 −50.0 86.6
3 15 15 200 −0.9397 −0.3420 −211.4 −77.0

−174.8  = ∑Mr cos θ 59.6  = ∑Mr sin θ

+y
+x
------ +y

x–
------ y–

x–
------ y–

+x
------

+y
+r
------ +y

+r
------ y–

+r
------ y–

+r
------

+x
+r
------ x–

+r
------ x–

+r
------ +x

+r
------

MB
ΣMr θcos( )2 ΣMr θsin( )2+

rB

------------------------------------------------------------------------- 174.8–( )2 59.6( )2+
10

----------------------------------------------------= =

MB 18.5 lb=

θBtan ΣMr θsin( )–
ΣMr θcos( )–

-------------------------------- 59.6( )–
174.8–( )–

------------------------
y–

+x
------ ; θB 341°10′= = = =
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Fig. 5. 

Counterbalancing Masses Located in Two or More Planes.—Unbalanced masses or
weights rotating about a common axis in two separate planes of rotation form a couple,
which must be counterbalanced by masses or weights, also located in two separate planes,
call them planes A and B, and rotating about the same common axis (see Couples on page
155). In addition, they must be balanced in the direction perpendicular to the axis, as
before. Since two counterbalancing masses are required, two separate equations are
required to calculate the product of each mass or weight and its radius, and two additional
equations are required to calculate the angular positions. The planes A and B selected as
balancing planes may be any two planes separated by any convenient distance c, along the
axis of rotation. In Fig. 5:

For balancing plane A:

(3)

(4)

For balancing plane B:

(5)

(6)

Where: MA and MB are the mass or weight of the counterbalancing masses in the balanc-
ing planes A and B, respectively; rA and rB are the radii; and θA and θB are the angular posi-
tions of the balancing masses in these planes. M, r, and θ are the mass or weight, radius, and
angular positions of the unbalanced masses, with the subscripts defining the particular
mass to which the values are assigned. The length c, the distance between the balancing
planes, is always a positive value. The axial dimensions, a and b, may be either positive or
negative, depending upon their position relative to the balancing plane; for example, in
Fig. 5, the dimension b2 would be negative.

Example:Referring to Fig. 5, a set of values for the masses and dimensions has been
selected and put into convenient table form below. The separation of balancing planes, c, is
assumed as being 15 inches. If in balancing plane A, the radius of the counterbalancing

MArA
ΣMrb θcos( )2 ΣMrb θsin( )2+

c
--------------------------------------------------------------------------------=

θAtan ΣMrb θsin( )–
ΣMrb θcos( )–

------------------------------------ y

x
--= =

MBrB
ΣMra θcos( )2 ΣMra θsin( )2+

c
--------------------------------------------------------------------------------=

θBtan ΣMra θsin( )–
ΣMra θcos( )–

------------------------------------ y

x
--= =
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weight is selected to be 10 inches; calculate the magnitude of the counterbalancing mass
and its position. If in balancing plane B, the counterbalancing mass is selected to be 10 lb;
calculate its radius and position.

For balancing plane A:

For balancing plane B:

Balancing Lathe Fixtures.—Lathe fixtures rotating at a high speed require balancing.
Often it is assumed that the center of gravity of the workpiece and fixture, and of the coun-
terbalancing masses are in the same plane; however, this is not usually the case. Counter-
balancing masses are required in two separate planes to prevent excessive vibration or
bearing loads at high speeds.

Plane
M
lb

r
in.

θ
deg.

Balancing Plane A

b
in. Mrb Mrb cos θ Mrb sin θ

1 10 8 30 6 480 415.7 240.0

2 8 10 135 −6 −480 339.4 −339.4

3 12 9 270 12 1296 0.0 −1296.0

A ? 10 ? 15a

a 15 inches = distance c between planes A and B.

755.1 −1395.4

B 10 ? ? 0 = ∑Mrb cos θ =∑Mrb sin θ

Plane
M
lb

r
in.

θ
deg.

Balancing Plane B

a
in. Mra Mra cos θ Mra sin θ

1 10 8 30 9 720 623.5 360.0

2 8 10 135 21 1680 −1187.9 1187.9

3 12 9 270 3 324 0.0 −324.0

A ? 10 ? 0 −564.4 1223.9

B 10 ? ? 15a

a 15 inches = distance c between planes A and B.

 =∑Mra cos θ  =∑Mra sin θ

MA
ΣMrb θcos( )2 ΣMrb θsin( )2+

rAc
-------------------------------------------------------------------------------- 755.1( )2 1395.4–( )2+

10 15( )
----------------------------------------------------------= =

MA 10.6 lb=

θAtan ΣMrb θsin( )–
ΣMrb θcos( )–

------------------------------------ 1395.4–( )–
755.1( )–

--------------------------- +y

x–
------= = =

θA 118°25 ′=

rB
ΣMra θcos( )2 ΣMra θsin( )2+

MBc
-------------------------------------------------------------------------------- 564.4–( )2 1223.9( )2+

10 15( )
----------------------------------------------------------= =

8.985 in.=

θBtan ΣMra θsin( )–
ΣMra θcos( )–

------------------------------------ 1223.9( )–
564.4–( )–

------------------------ y–
+x
------= = =

θB 294°45 ′=
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Fig. 6. 
Usually a single counterbalancing mass is placed in one plane selected to be 180 degrees

directly opposite the combined center of gravity of the workpiece and the fixture. Two
equal counterbalancing masses are then placed in the second counterbalancing plane,
equally spaced on each side of the fixture. Referring to Fig. 6, the two counterbalancing
masses MA and the two angles θ are equal. For the design in this illustration, the following
formulas can be used to calculate the magnitude of the counterbalancing masses. Since
their angular positions are fixed by the design, they are not calculated.

(7)

(8)

In these formulas Mw and rw denote the mass or weight and the radius of the combined
center of gravity of the workpiece and the fixture.

Example:In Fig. 6 the combined weight of the workpiece and the fixture is 18.5 lb. The
following dimensions were determined from the layout of the fixture and by calculating
the centers of gravity: rw = 2 in.; rA = 6.25 in.; rB = 6 in.; l1 = 3 in.; l2 = 5 in.; and θ = 30°.
Calculate the weights of the counterbalancing masses.

l2l1

CG

MA

MB MB

rB

rW

rArA

MA MA
MA

MB

MWFixture

CG

WorkpieceCG

Schematic View

Lathe Fixture

θ θ
MW MW

MB

Mwrw l1 l2+( )
rBl1

----------------------------------=

MA

MBrB Mwrw–

2rA θsin
----------------------------------=

MB

Mwrw l1 l2+( )
rBl1

---------------------------------- 18.5 2× 8×
6 3×

----------------------------- 16.44 lb= = =

MA

MBrB Mwrw–

2rA θsin
---------------------------------- 16.44 6×( ) 18.5 2×( )–

2 6.25×( ) 30°sin
---------------------------------------------------------- 9.86 lb (each weight)= = =
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Critical Speeds

Critical Speeds of Rotating Bodies and Shafts.—If a body or disk mounted upon a shaft
rotates about it, the center of gravity of the body or disk must be at the center of the shaft, if
a perfect running balance is to be obtained. In most cases, however, the center of gravity of
the disk will be slightly removed from the center of the shaft, owing to the difficulty of per-
fect balancing. Now, if the shaft and disk be rotated, the centrifugal force generated by the
heavier side will be greater than that generated by the lighter side geometrically opposite to
it, and the shaft will deflect toward the heavier side, causing the center of the disk to rotate
in a small circle. A rotating shaft without a body or disk mounted on it can also become
dynamically unstable, and the resulting vibrations and deflections can result in damage not
only to the shaft but to the machine of which it is a part. These conditions hold true up to a
comparatively high speed; but a point is eventually reached (at several thousand revolu-
tions per minute) when momentarily there will be excessive vibration, and then the parts
will run quietly again. The speed at which this occurs is called the critical speed of the
wheel or shaft, and the phenomenon itself for the shaft-mounted disk or body is called the
settling of the wheel. The explanation of the settling is that at this speed the axis of rotation
changes, and the wheel and shaft, instead of rotating about their geometrical center, begin
to rotate about an axis through their center of gravity. The shaft itself is then deflected so
that for every revolution its geometrical center traces a circle around the center of gravity
of the rotating mass.

Critical speeds depend upon the magnitude or location of the load or loads carried by the
shaft, the length of the shaft, its diameter and the kind of supporting bearings. The normal
operating speed of a machine may or may not be higher than the critical speed. For
instance, some steam turbines exceed the critical speed, although they do not run long
enough at the critical speed for the vibrations to build up to an excessive amplitude. The
practice of the General Electric Co. at Schenectady is to keep below the critical speeds. It is
assumed that the maximum speed of a machine may be within 20 per cent high or low of the
critical speed without vibration troubles. Thus, in a design of steam turbine sets, critical
speed is a factor that determines the size of the shafts for both the generators and turbines.
Although a machine may run very close to the critical speed, the alignment and play of the
bearings, the balance and construction generally, will require extra care, resulting in a
more expensive machine; moreover, while such a machine may run smoothly for a consid-
erable time, any looseness or play that may develop later, causing a slight imbalance, will
immediately set up excessive vibrations.

The formulas commonly used to determine critical speeds are sufficiently accurate for
general purposes. There are cases, however, where the torque applied to a shaft has an
important effect on its critical speed. Investigations have shown that the critical speeds of
a uniform shaft are decreased as the applied torque is increased, and that there exist critical
torques which will reduce the corresponding critical speed of the shaft to zero. A detailed
analysis of the effects of applied torques on critical speeds may be found in a paper, “Crit-
ical Speeds of Uniform Shafts under Axial Torque,” by Golumb and Rosenberg, presented
at the First U.S. National Congress of Applied Mechanics in 1951.
Formulas for Critical Speeds.—The critical speed formulas given in the accompanying
table (from the paper on Critical Speed Calculation presented before the ASME by S. H.
Weaver) apply to (1) shafts with single concentrated loads and (2) shafts carrying uni-
formly distributed loads. These formulas also cover different conditions as regards bear-
ings. If the bearings are self-aligning or very short, the shaft is considered supported at the
ends; whereas, if the bearings are long and rigid, the shaft is considered fixed. These for-
mulas, for both concentrated and distributed loads, apply to vertical shafts as well as hori-
zontal shafts, the critical speeds having the same value in both cases. The data required for
the solution of critical speed problems are the same as for shaft deflection. As the shaft is
usually of variable diameter and its stiffness is increased by a long hub, an ideal shaft of
uniform diameter and equal stiffness must be assumed.
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Critical Speed Formulas

N =critical speed, RPM

N1 =critical speed of shaft alone

d =diameter of shaft, in inches

W =load applied to shaft, in pounds

l =distance between centers of bearings, in inches

a and  b = distances from bearings to load

In calculating critical speeds, the weight of the shaft is either neglected or, say, one-half
to two-thirds of the weight is added to the concentrated load. The formulas apply to steel
shafts having a modulus of elasticity E = 29,000,000. Although a shaft carrying a number
of loads or a distributed load may have an infinite number of critical speeds, ordinarily it is
the first critical speed that is of importance in engineering work. The first critical speed is
obtained by the formulas given in the distributed loads portion of the table Critical Speed
Formulas.

Formulas for Single Concentrated Load

Bearings supported Bearings supported Bearings fixed

 Bearings fixed One-fixed — One supported One fixed — One free end

Formulas for Distributed Loads—First Critical Speed

Bearings supported Bearings fixed One fixed—One free end

N 387 000
d

2

ab
------ l

W
-----,= N 1 550 500

d
2

l Wl
-------------, ,= N 387 000

d
2
l

ab
------- l

Wab
-----------,=

N 3 100 850
d

2

l Wl
-------------, ,= N 775 200

d
2
l

ab
------- l

Wa 3l b+( )
----------------------------,= N 387 000

d
2

l Wl
-------------,=

N 2 232 500
d

2

l Wl
-------------, ,=

N1 4 760 000
d

l
2

----, ,=

N 4 979 250
d

2

l Wl
-------------, ,=

N1 10 616 740
d

l
2

----, ,=

N 795 200
d

2

l Wl
-------------,=

N1 1 695 500
d

l
2

----, ,=
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STRENGTH OF MATERIALS

Introduction

Strength of materials deals with the relations between the external forces applied to elas-
tic bodies and the resulting deformations and stresses. In the design of structures and
machines, the application of the principles of strength of materials is necessary if satisfac-
tory materials are to be utilized and adequate proportions obtained to resist functional
forces.

Forces are produced by the action of gravity, by accelerations and impacts of moving
parts, by gasses and fluids under pressure, by the transmission of mechanical power, etc. In
order to analyze the stresses and deflections of a body, the magnitudes, directions and
points of application of forces acting on the body must be known. Information given in the
Mechanics section provides the basis for evaluating force systems.

The time element in the application of a force on a body is an important consideration.
Thus a force may be static or change so slowly that its maximum value can be treated as if
it were static; it may be suddenly applied, as with an impact; or it may have a repetitive or
cyclic behavior.

The environment in which forces act on a machine or part is also important. Such factors
as high and low temperatures; the presence of corrosive gases, vapors and liquids; radia-
tion, etc. may have a marked effect on how well parts are able to resist stresses.

Throughout the Strength of Materials section in this Handbook, both English and
metric SI data and formulas are given to cover the requirements of working in either
system of measurement. Formulas and text relating exclusively to SI units are given
in bold-face type.

Mechanical Properties of Materials.—Many mechanical properties of materials are
determined from tests, some of which give relationships between stresses and strains as
shown by the curves in the accompanying figures.

Stress is force per unit area and is usually expressed in pounds per square inch. If the
stress tends to stretch or lengthen the material, it is called tensile stress; if to compress or
shorten the material, a compressive stress; and if to shear the material, a shearing stress.
Tensile and compressive stresses always act at right-angles to (normal to) the area being
considered; shearing stresses are always in the plane of the area (at right-angles to com-
pressive or tensile stresses).

Fig. 1. Stress-strain curves

In the SI, the unit of stress is the pascal (Pa), the newton per meter squared (N/m2).
The megapascal (newtons per millimeter squared) is often an appropriate sub-multi-
ple for use in practice.

Unit strain is the amount by which a dimension of a body changes when the body is sub-
jected to a load, divided by the original value of the dimension. The simpler term strain is
often used instead of unit strain.

Proportional limit  is the point on a stress-strain curve at which it begins to deviate from
the straight-line relationship between stress and strain.
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Elastic limit is the maximum stress to which a test specimen may be subjected and still
return to its original length upon release of the load. A material is said to be stressed within
the elastic region when the working stress does not exceed the elastic limit, and to be
stressed in the plastic region when the working stress does exceed the elastic limit. The
elastic limit for steel is for all practical purposes the same as its proportional limit.

Yield point is a point on the stress-strain curve at which there is a sudden increase in strain
without a corresponding increase in stress. Not all materials have a yield point. Some rep-
resentative values of the yield point (in ksi and MPa) are as follows:

Yield strength, Sy, is the maximum stress that can be applied without permanent deforma-
tion of the test specimen. This is the value of the stress at the elastic limit for materials for
which there is an elastic limit. Because of the difficulty in determining the elastic limit, and
because many materials do not have an elastic region, yield strength is often determined by
the offset method as illustrated by the accompanying figure at (3). Yield strength in such a
case is the stress value on the stress-strain curve corresponding to a definite amount of per-
manent set or strain, usually 0.1 or 0.2 per cent of the original dimension. Yield strength
data for various materials are given in tables starting on pages  391,  393,  421,  422,  424,
426,  430,  513,  515,  519,  528,  529,  534,  534,  539,  547,  549,  550, and elsewhere.

Ultimate strength, Su, (also called tensile strength) is the maximum stress value obtained
on a stress-strain curve.

Modulus of elasticity, E, (also called Young's modulus) is the ratio of unit stress to unit
strain within the proportional limit of a material in tension or compression. Some represen-
tative values of Young's modulus in both US Customary and metric units are as follows:

Modulus of elasticity in shear, G, is the ratio of unit stress to unit strain within the propor-
tional limit of a material in shear.

Poisson's ratio, µ, is the ratio of lateral strain to longitudinal strain for a given material
subjected to uniform longitudinal stresses within the proportional limit. The term is found
in certain equations associated with strength of materials. Values of Poisson's ratio for
common materials are as follows:

Material
Yield Point

Material
Yield Point

ksi MPa ksi MPa
Aluminum, wrought, 2014-T6 60 414 Titanium, pure 55–70 379-483
Aluminum, wrought, 6061-T6 35 241 Titanium, alloy, 5Al, 2.5Sn 110 758
Beryllium copper 140 965 Steel for bridges and buildings, ASTM A7-61T,

all shapes
33 227

Brass, naval 25–50 172-345
Cast iron, malleable 32–45 221-310 Steel, castings, high strength, for structural

purposes, ASTM A148.60 (seven grades)
40–145 276-1000

Cast iron, nodular 45–65 311-448
Magnesium, AZ80A-T5 38 262 Steel, stainless (0.08–0.2C, 17Cr, 7Ni) 1⁄4 hard 78 538

Material
Young’s Modulus

Material
Young’s Modulus

106 psi 109 Pa 106 psi 109 Pa
Aluminum, cast, pure 9 62.1 Magnesium, AZ80A-T5 6.5 44.8
Aluminum, wrought, 2014-T6 10.6 73.1 Titanium, pure 15.5 106.9
Beryllium copper 19 131 Titanium, alloy, 5 Al, 2.5 Sn 17 117.2
Brass, naval 15 103.4 Steel for bridges and buildings, 

ASTM A7-61T, all shapes
29 199.9

Bronze, phosphor, ASTM B159 15 103.4
Cast iron, malleable 26 179.3 Steel, castings, high strength,

for structural purposes, ASTM A148-60 
29 199.9

Cast iron, nodular 23.5 162

Aluminum 0.334 Nickel silver 0.322
Beryllium copper 0.285 Phosphor bronze 0.349
Brass 0.340 Rubber 0.500
Cast iron, gray 0.211 Steel, cast 0.265
Copper 0.340 high carbon 0.295
Inconel 0.290 mild 0.303
Lead 0.431 nickel 0.291
Magnesium 0.350 Wrought iron 0.278
Monel metal 0.320 Zinc 0.331
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Compressive Properties.—From compression tests, compressive yield strength, Scy, and
compressive ultimate strength, Scu, are determined. Ductile materials under compression
loading merely swell or buckle without fracture, hence do not have a compressive ultimate
strength.

Shear Properties.—The properties of shear yield strength, Ssy, shear ultimate strength,
Ssu, and the modulus of rigidity, G, are determined by direct shear and torsional tests. The
modulus of rigidity is also known as the modulus of elasticity in shear. It is the ratio of the
shear stress, τ, to the shear strain, γ, in radians, within the proportional limit: G = τ/γ.

Creep.—Continuing changes in dimensions of a stressed material over time is called
creep, and it varies with different materials and periods under stress, also with temperature.
Creep tests may take some time as it is necessary to apply a constant tensile load to a spec-
imen under a selected temperature. Measurements are taken to record the resulting elonga-
tion at time periods sufficiently long for a relationship to be established. The data are then
plotted as elongation against time. The load is applied to the specimen only after it has
reached the testing temperature, and causes an initial elastic elongation that includes some
plastic deformation if the load is above the proportional limit for the material.

Some combinations of stress and temperature may cause failure of the specimen. Others
show initial high rates of deformation, followed by decreasing, then constant, rates over
long periods. Generally testing times to arrive at the constant rate of deformation are over
1000 hours.

Creep Rupture.—Tests for creep rupture are similar to creep tests but are prolonged until
the specimen fails. Further data to be obtained from these tests include time to rupture,
amount of elongation, and reduction of area. Stress-rupture tests are performed without
measuring the elongation, so that no strain data are recorded, time to failure, elongation
and reduction of area being sufficient. Sometimes, a V-notch is cut in the specimen to
allow measurement of notch sensitivity under the testing conditions.

Stress Analysis.—Stresses, deflections, strains, and loads may be determined by applica-
tion of strain gages or lacquers to the surface of a part, then applying loads simulating those
to be encountered in service. Strain gages are commercially available in a variety of con-
figurations and are usually cemented to the part surface. The strain gages are then cali-
brated by application of a known moment, load, torque, or pressure. The electrical
characteristics of the strain gages change in proportion to the amount of strain, and the
magnitude of changes in these characteristics under loads to be applied in service indicate
changes caused by stress in the shape of the components being tested.

Lacquers are compounded especially for stress analysis and are applied to the entire part
surface. When the part is loaded, and the lacquer is viewed under light of specific wave-
length, stresses are indicated by color shading in the lacquer. The presence and intensity of
the strains can then be identified and measured on the part(s) or on photographs of the set-
up. From such images, it is possible to determine the need for thicker walls, strengthening
ribs and other modifications to component design that will enable the part to withstand
stresses in service.

Most of these tests have been standardized by the American Society for Testing and
Materials (ASTM), and are published in their Book of Standards in separate sections for
metals, plastics, rubber, and wood. Many of the test methods are also adopted by the Amer-
ican National Standards Institute (ANSI).

Fatigue Properties.—When a material is subjected to many cycles of stress reversal or
fluctuation (variation in magnitude without reversal), failure may occur, even though the
maximum stress at any cycle is considerably less than the value at which failure would
occur if the stress were constant. Fatigue properties are determined by subjecting test spec-
imens to stress cycles and counting the number of cycles to failure. From a series of such
tests in which maximum stress values are progressively reduced, S-N diagrams can be
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plotted as illustrated by the accompanying figures. The S-N diagram Fig. 2a shows the
behavior of a material for which there is an endurance limit, Sen. Endurance limit is the
stress value at which the number of cycles to failure is infinite. Steels have endurance lim-
its that vary according to hardness, composition, and quality; but many non-ferrous metals
do not. The S-N diagram Fig. 2b does not have an endurance limit. For a metal that does not
have an endurance limit, it is standard practice to specify fatigue strength as the stress value
corresponding to a specific number of stress reversals, usually 100,000,000 or
500,000,000.

The Influence of Mean Stress on Fatigue.—Most published data on the fatigue proper-
ties of metals are for completely reversed alternating stresses, that is, the mean stress of the
cycle is equal to zero. However, if a structure is subjected to stresses that fluctuate between
different values of tension and compression, then the mean stress is not zero.

When fatigue data for a specified mean stress and design life are not available for a mate-
rial, the influence of nonzero mean stress can be estimated from empirical relationships
that relate failure at a given life, under zero mean stress, to failure at the same life under
zero mean cyclic stress. One widely used formula is Goodman's linear relationship, 

where Sa is the alternating stress associated with some nonzero mean stress, Sm. S is the
alternating fatigue strength at zero mean stress. Su is the ultimate tensile strength.

Goodman's linear relationship is usually represented graphically on a so-called Good-
man Diagram, shown in Fig. 3a. The alternating fatigue strength or the alternating stress
for a given number of endurance cycles is plotted on the ordinate (y-axis) and the static ten-
sile strength is plotted on the abscissa (x-axis). The straight line joining the alternating
fatigue strength, S, and the tensile strength, Su, is the Goodman line.

The value of an alternating stress Sax at a known value of mean stress Smx is determined as
shown by the dashed lines on the diagram.

For ductile materials, the Goodman law is usually conservative, since approximately 90
per cent of actual test data for most ferrous and nonferrous alloys fall above the Goodman
line, even at low endurance values where the yield strength is exceeded. For many brittle

Fig. 2a. S-N endurance limit Fig. 2b. S-N no endurance limit

Fig. 3a. Goodman Diagram Fig. 3b. Mean Tensile Stress
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materials, however, actual test values can fall below the Goodman line, as illustrated in
Fig. 3b

As a rule of thumb, materials having an elongation of less than 5 per cent in a tensile test
may be regarded as brittle. Those having an elongation of 5 per cent or more may be
regarded as ductile.
Cumulative Fatigue Damage.—Most data are determined from tests at a constant stress
amplitude. This is easy to do experimentally, and the data can be presented in a straightfor-
ward manner. In actual engineering applications, however, the alternating stress amplitude
usually changes in some way during service operation. Such changes, referred to as “spec-
trum loading,” make the direct use of standard S-N fatigue curves inappropriate. A prob-
lem exists, therefore, in predicting the fatigue life under varying stress amplitude from
conventional, constant-amplitude S-N fatigue data.

The assumption in predicting spectrum loading effects is that operation at a given stress
amplitude and number of cycles will produce a certain amount of permanent fatigue dam-
age and that subsequent operation at different stress amplitude and number of cycles will
produce additional fatigue damage and a sequential accumulation of total damage, which
at a critical value will cause fatigue failure. Although the assumption appears simple, the
amount of damage incurred at any stress amplitude and number of cycles has proven diffi-
cult to determine, and several “cumulative damage” theories have been advanced.

One of the first and simplest methods for evaluating cumulative damage is known as
Miner's law or the linear damage rule, where it is assumed that n1 cycles at a stress of S1, for
which the average number of cycles to failure is N1, cause an amount of damage n1/N1.
Failure is predicted to occur when

The term n/N is known as the “cycle ratio” or the damage fraction.
The greatest advantages of the Miner rule are its simplicity and prediction reliability,

which approximates that of more complex theories. For these reasons the rule is widely
used. It should be noted, however, that it does not account for all influences, and errors are
to be expected in failure prediction ability.
Modes of Fatigue Failure.—Several modes of fatigue failure are:

Low/High-Cycle Fatigue: This fatigue process covers cyclic loading in two significantly
different domains, with different physical mechanisms of failure. One domain is charac-
terized by relatively low cyclic loads, strain cycles confined largely to the elastic range,
and long lives or a high number of cycles to failure; traditionally, this has been called
“high-cycle fatigue.” The other domain has cyclic loads that are relatively high, significant
amounts of plastic strain induced during each cycle, and short lives or a low number of
cycles to failure. This domain has commonly been called “low-cycle fatigue” or cyclic
strain-controlled fatigue.

The transition from low- to high-cycle fatigue behavior occurs in the range from approx-
imately 10,000 to 100,000 cycles. Many define low-cycle fatigue as failure that occurs in
50,000 cycles or less.

Thermal Fatigue: Cyclic temperature changes in a machine part will produce cyclic
stresses and strains if natural thermal expansions and contractions are either wholly or par-
tially constrained. These cyclic strains produce fatigue failure just as though they were
produced by external mechanical loading. When strain cycling is produced by a fluctuat-
ing temperature field, the failure process is termed “thermal fatigue.”

While thermal fatigue and mechanical fatigue phenomena are very similar, and can be
mathematically expressed by the same types of equations, the use of mechanical fatigue
results to predict thermal fatigue performance must be done with care. For equal values of
plastic strain range, the number of cycles to failure is usually up to 2.5 times lower for ther-
mally cycled than for mechanically cycled samples.

Σn N⁄ 1=
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Corrosion Fatigue: Corrosion fatigue is a failure mode where cyclic stresses and a corro-
sion-producing environment combine to initiate and propagate cracks in fewer stress
cycles and at lower stress amplitudes than would be required in a more inert environment.
The corrosion process forms pits and surface discontinuities that act as stress raisers to
accelerate fatigue cracking. The cyclic loads may also cause cracking and flaking of the
corrosion layer, baring fresh metal to the corrosive environment. Each process accelerates
the other, making the cumulative result more serious.

Surface or Contact Fatigue: Surface fatigue failure is usually associated with rolling
surfaces in contact, and results in pitting, cracking, and spalling of the contacting surfaces
from cyclic Hertz contact stresses that cause the maximum values of cyclic shear stresses
to be slightly below the surface. The cyclic subsurface shear stresses generate cracks that
propagate to the contacting surface, dislodging particles in the process.

Combined Creep and Fatigue: In this failure mode, all of the conditions for both creep
failure and fatigue failure exist simultaneously. Each process influences the other in pro-
ducing failure, but this interaction is not well understood.

Factors of Safety.—There is always a risk that the working stress to which a member is
subjected will exceed the strength of its material. The purpose of a factor of safety is to
minimize this risk.

Factors of safety can be incorporated into design calculations in many ways. For most
calculations the following equation is used:

(1)

where fs is the factor of safety, Sm is the strength of the material in pounds per square inch,
and sw is the allowable working stress, also in pounds per square inch. Since the factor of
safety is greater than 1, the allowable working stress will be less than the strength of the
material.

In general, Sm is based on yield strength for ductile materials, ultimate strength for brittle
materials, and fatigue strength for parts subjected to cyclic stressing. Most strength values
are obtained by testing standard specimens at 68°F. in normal atmospheres. If, however,
the character of the stress or environment differs significantly from that used in obtaining
standard strength data, then special data must be obtained. If special data are not available,
standard data must be suitably modified.

General recommendations for values of factors of safety are given in the following list.

Working Stress.—Calculated working stresses are the products of calculated nominal
stress values and stress concentration factors. Calculated nominal stress values are based
on the assumption of idealized stress distributions. Such nominal stresses may be simple
stresses, combined stresses, or cyclic stresses. Depending on the nature of the nominal
stress, one of the following equations applies:

fs Application
1.3-1.5 For use with highly reliable materials where loading and environmental conditions are not 

severe, and where weight is an important consideration.
1.5-2 For applications using reliable materials where loading and environmental conditions are not 

severe.
2-2.5 For use with ordinary materials where loading and environmental conditions are not severe.
2.5-3 For less tried and for brittle materials where loading and environmental conditions are not 

severe.
3-4 For applications in which material properties are not reliable and where loading and environ-

mental conditions are not severe, or where reliable materials are to be used under difficult 
loading and environmental conditions.

sw =Kσ (2)
sw =Kτ (3)

sw =Kσ′ (4)
sw =Kτ′ (5)

sw =Kσcy (6)
sw =Kτcy (7)

sw Sm fs⁄=
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where K is a stress concentration factor; σ and τ are, respectively, simple normal (tensile or
compressive) and shear stresses; σ′ and τ′ are combined normal and shear stresses; σcy and
τcy are cyclic normal and shear stresses.

Where there is uneven stress distribution, as illustrated in the table (on page 209) of sim-
ple stresses for Cases 3, 4 and 6, the maximum stress is the one to which the stress concen-
tration factor is applied in computing working stresses. The location of the maximum
stress in each case is discussed under the section Simple Stresses and the formulas for these
maximum stresses are given in the Table of Simple Stresses on page 209.

Stress Concentration Factors.—Stress concentration is related to type of material, the
nature of the stress, environmental conditions, and the geometry of parts. When stress con-
centration factors that specifically match all of the foregoing conditions are not available,
the following equation may be used:

(8)

Kt is a theoretical stress concentration factor that is a function only of the geometry of a
part and the nature of the stress; q is the index of sensitivity of the material. If the geometry
is such as to provide no theoretical stress concentration, Kt = 1.

Curves for evaluating Kt are on pages 205 through 208. For constant stresses in cast iron
and in ductile materials, q = 0 (hence K = 1). For constant stresses in brittle materials such
as hardened steel, q may be taken as 0.15; for very brittle materials such as steels that have
been quenched but not drawn, q may be taken as 0.25. When stresses are suddenly applied
(impact stresses) q ranges from 0.4 to 0.6 for ductile materials; for cast iron it is taken as
0.5; and, for brittle materials, 1.

Fig. 4. Stress-concentration factor, Kt , for a filleted shaft in tension
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Fig. 5. Stress-concentration factor, Kt, for a filleted shaft in torsiona

Fig. 6. Stress-concentration factor, Kt , for a shaft with shoulder fillet in bendinga
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Fig. 7. Stress-concentration factor, Kt , for a shaft, with a transverse hole, in torsiona

Fig. 8. Stress-concentration factor, Kt , for a grooved shaft in bendinga

4.0

3.5

3.0

2.5

S
tr

es
s-

co
n

ce
n

tr
at

io
n

 f
ac

to
r,

 K
t

0 0.05 0.10 0.15 0.20 0.25 0.30

T T

da

J
c

πd3

16
ad2

6
(approx.)–=

a/d

2.5

2.0

1.5

1.0

S
tr

es
s-

co
n

ce
n

tr
at

io
n

 F
ac

to
r,

 K
t

0 0.05 0.10

∞

0.15

r/d

5

1.05

1.01

0.20 0.25 0.30

D/d

1.10

M Md

r

D

LIVE GRAPH
Click here to view

LIVE GRAPH
Click here to view

/knovel2/view_hotlink.jsp?hotlink_id=444758109
/knovel2/view_hotlink.jsp?hotlink_id=444758110


208 STRESS CONCENTRATION FACTORS

Fig. 9. Stress-concentration factor, Kt , for a grooved shaft in torsiona

Fig. 10. Stress-concentration factor, Kt , for a shaft, with a transverse hole, in bendinga

a Source: R. E. Peterson, Design Factors for Stress Concentration, Machine Design, vol. 23, 1951.
For other stress concentration charts, see Lipson and Juvinall, The Handbook of Stress and Strength,
The Macmillan Co., 1963. 
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Simple Stresses.—Simple stresses are produced by constant conditions of loading on ele-
ments that can be represented as beams, rods, or bars. The table on page 209 summarizes
information pertaining to the calculation of simple stresses. Following is an explanation of
the symbols used in simple stress formulae: σ = simple normal (tensile or compressive)
stress in pounds per square inch; τ = simple shear stress in pounds per square inch; F =
external force in pounds; V = shearing force in pounds; M = bending moment in inch-
pounds; T = torsional moment in inch-pounds; A = cross-sectional area in square inches; Z
= section modulus in inches3; Zp = polar section modulus in inches3; I = moment of inertia
in inches4; J = polar moment of inertia in inches4; a = area of the web of wide flange and I
beams in square inches; y = perpendicular distance from axis through center of gravity of
cross-sectional area to stressed fiber in inches; c = radial distance from center of gravity to
stressed fiber in inches.

SI metric units can be applied in the calculations in place of the English units of
measurement without changes to the formulas. The SI units are the newton (N),
which is the unit of force; the meter; the meter squared; the pascal (Pa) which is the

Table 2. Table of Simple Stresses 

Case Type of
Loading Illustration Stress

Distribution
Stress

Equations

1 Direct
tension Uniform (9)

2 Direct
compression Uniform (10)

3 Bending

Bending moment diagram Neutral plane

(11)

4 Shear

Shearing force diagram
Neutral plane

For beams of rectangular 
cross-section:

(12)

For beams of solid circular 
cross-section:

(13)

For wide flange and I beams 
(approximately):

(14)

5 Direct
shear Uniform (15)

6 Torsion (16)

σ F

A
---=

σ F

A
---–=

σ M

Z
-----± My

I
--------±= =

τ 3V

2A
-------=

τ 4V

3A
-------=

τ V

a
---=

τ F

A
---=

τ T

Zp
------ Tc

J
------= =
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newton per meter squared (N/M2); and the newton-meter (N · m) for moment of
force. Often in design work using the metric system, the millimeter is employed
rather than the meter. In such instances, the dimensions can be converted to meters
before the stress calculations are begun. Alternatively, the same formulas can be
applied using millimeters in place of the meter, providing the treatment is consistent
throughout. In such instances, stress and strength properties must be expressed in
megapascals (MPa), which is the same as newtons per millimeter squared (N/mm2),
and moments in newton-millimeters (N · mm2). Note: 1 N/mm2 = 1 N/10−6m2 = 106

N/m2 = 1 meganewton/m2 = 1 megapascal.

For direct tension and direct compression loading, Cases 1 and 2 in the table on page 209,
the force F must act along a line through the center of gravity of the section at which the
stress is calculated. The equation for direct compression loading applies only to members
for which the ratio of length to least radius of gyration is relatively small, approximately
20, otherwise the member must be treated as a column.

The table Stresses and Deflections in Beams starting on page 257 give equations for cal-
culating stresses due to bending for common types of beams and conditions of loading.
Where these tables are not applicable, stress may be calculated using Equation (11) in the
table on page 209. In using this equation it is necessary to determine the value of the bend-
ing moment at the point where the stress is to be calculated. For beams of constant cross-
section, stress is ordinarily calculated at the point coinciding with the maximum value of
bending moment. Bending loading results in the characteristic stress distribution shown in
the table for Case 3. It will be noted that the maximum stress values are at the surfaces far-
thest from the neutral plane. One of the surfaces is stressed in tension and the other in com-
pression. It is for this reason that the ± sign is used in Equation (11). Numerous tables for
evaluating section moduli are given in the section starting on page 232.

Shear stresses caused by bending have maximum values at neutral planes and zero values
at the surfaces farthest from the neutral axis, as indicated by the stress distribution diagram
shown for Case 4 in the Table of Simple Stresses. Values for V in Equations (12),  (13) and
(14) can be determined from shearing force diagrams. The shearing force diagram shown
in Case 4 corresponds to the bending moment diagram for Case 3. As shown in this dia-
gram, the value taken for V is represented by the greatest vertical distance from the x axis.
The shear stress caused by direct shear loading, Case 5, has a uniform distribution. How-
ever, the shear stress caused by torsion loading, Case 6, has a zero value at the axis and a
maximum value at the surface farthest from the axis.

Deflections.—For direct tension and direct compression loading on members with uni-
form cross sections, deflection can be calculated using Equation (17). For direct tension
loading, e is an elongation; for direct compression loading, e is a contraction. Deflection is
in inches when the load F is in pounds, the length L over which deflection occurs is in
inches, the cross-sectional area A is in square inches, and the modulus of elasticity E is in
pounds per square inch. The angular deflection of members with uniform circular cross
sections subject to torsion loading can be calculated with Equation (18).

The angular deflection θ is in radians when the torsional moment T is in inch-pounds, the
length L over which the member is twisted is in inches, the modulus of rigidity G is in
pounds per square inch, and the polar moment of inertia J is in inches4.

Metric SI units can be used in Equations (17) and  (18), where F = force in newtons
(N); L = length over which deflection or twisting occurs in meters; A = cross-sectional
area in meters squared; E = the modulus of elasticity in (newtons per meter squared);
θ = radians; T = the torsional moment in newton-meters (N·m); G = modulus of rigid-
ity, in pascals; and J = the polar moment of inertia in meters4. If the load (F) is applied
as a weight, it should be noted that the weight of a mass M kilograms is Mg newtons,

(17) (18)e FL AE⁄= θ TL GJ⁄=
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where g = 9.81 m/s2. Millimeters can be used in the calculations in place of meters,
providing the treatment is consistent throughout.

Combined Stresses.—A member may be loaded in such a way that a combination of sim-
ple stresses acts at a point. Three general cases occur, examples of which are shown in the
accompanying illustration Fig. 11.

Superposition of Stresses: Fig. 11 at (1) illustrates a common situation that results in sim-
ple stresses combining by superposition at points a and b. The equal and opposite forces F1
will cause a compressive stress σ1 = − F1/A. Force F2 will cause a bending moment M to
exist in the plane of points a and b. The resulting stress σ2 = ± M/Z. The combined stress at
point a,

where the minus sign indicates a compressive stress and the plus sign a tensile stress. Thus,
the stress at a will be compressive and at b either tensile or compressive depending on
which term in the equation for σb ′ has the greatest value.

Normal Stresses at Right Angles: This is shown in Fig. 11 at (2). This combination of
stresses occurs, for example, in tanks subjected to internal or external pressure. The princi-
ple normal stresses are σx = F1/A1, σy = F2/A2, and σz = 0 in this plane stress problem. Deter-
mine the values of these three stresses with their signs, order them algebraically, and then
calculate the maximum shear stress:

(21)

Normal and Shear Stresses: The example in Fig. 11 at (3) shows a member subjected to a
torsional shear stress, τ = T/Zp, and a direct compressive stress, σ = − F/A. At some point a
on the member the principal normal stresses are calculated using the equation,

(22)

The maximum shear stress is calculated by using the equation,

(23)

The point a should ordinarily be selected where stress is a maximum value. For the exam-
ple shown in the figure at (3), the point a can be anywhere on the cylindrical surface
because the combined stress has the same value anywhere on that surface.

Fig. 11. Types of Combined Loading

Tables of Combined Stresses.—Beginning on page 212, these tables list equations for
maximum nominal tensile or compressive (normal) stresses, and maximum nominal shear
stresses for common machine elements. These equations were derived using general Equa-
tions (19),  (20),  (22), and  (23). The equations apply to the critical points indicated on the
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figures. Cases 1, 2, 3, and 4 are cantilever beams. These may be loaded with a combination
of a vertical and horizontal force, or by a single oblique force. If the single oblique force F
and the angle θ are given, then horizontal and vertical forces can be calculated using the
equations Fx = F cos θ and Fy = F sin θ. In cases 9 and 10 of the table, the equations for σa ′
can give a tensile and a compressive stress because of the ± sign in front of the radical.
Equations involving direct compression are valid only if machine elements have relatively
short lengths with respect to their sections, otherwise column equations apply.

Calculation of Worst Stress Condition: Stress failure can occur at any critical point if
either the tensile, compressive, or shear stress properties of the material are exceeded by
the corresponding working stress. It is necessary to evaluate the factor of safety for each
possible failure condition.

The following rules apply to calculations using equations in the Table of Simple Stresses
on page 209, and to calculations based on Equations (19) and  (20). Rule 1: For every cal-
culated normal stress there is a corresponding induced shear stress; the value of the shear
stress is equal to half that of the normal stress. Rule 2: For every calculated shear stress
there is a corresponding induced normal stress; the value of the normal stress is equal to
that of the shear stress. The tables of combined stress formulas, below, include equations
for calculating both maximum nominal tensile or compressive stresses, and maximum
nominal shear stresses.

Formulas for Combined Stresses
(1) Circular Cantilever Beam in Direct Compression and Bending: 

(2) Circular Cantilever Beam in Direct Tension and Bending: 

(3) Rectangular Cantilever Beam in Direct Compression and Bending: 

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

σa
′ 1.273

d
2

-------------
8LFy

d
------------- Fx–
 
 = τa

′ 0.5σa
′=

σb
′ 1.273

d
2

-------------
8LFy

d
------------- Fx+
 
 –= τb

′ 0.5σb
′=

σa
′ 1.273

d
2

------------- Fx

8LFy

d
-------------+

 
 = τa

′ 0.5σa
′=

σb
′ 1.273

d
2

------------- Fx

8LFy

d
-------------–

 
 = τb

′ 0.5σb
′=

σa
′ 1

bh
------

6LFy

h
------------- Fx– 
 = τa

′ 0.5σa
′=

σb
′ 1

bh
------

6LFy

h
------------- Fx+ 
 –= τb

′ 0.5σb
′=
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(4) Rectangular Cantilever Beam in Direct Tension and Bending: 

(5) Circular Beam or Shaft in Direct Compression and Bending: 

(6) Circular Beam or Shaft in Direct Tension and Bending: 

(7) Rectangular Beam or Shaft in Direct Compression and Bending: 

(8) Rectangular Beam or Shaft in Direct Tension and Bending: 

(9) Circular Shaft in Direct Compression and Torsion: 

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

a anywhere on surface

σa
′ 1

bh
------ Fx

6LFy

h
-------------+ 

 = τa
′ 0.5σa
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σb
′ 1
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(10) Circular Shaft in Direct Tension and Torsion: 

(11) Offset Link, Circular Cross Section, in Direct Tension: 

(12) Offset Link, Circular Cross Section, in Direct Compression: 

(13) Offset Link, Rectangular Section, in Direct Tension: 

(14) Offset Link, Rectangular Section, in Direct Compression: 

Formulas from the simple and combined stress tables, as well as tension and shear
factors, can be applied without change in calculations using metric SI units. Stresses
are given in newtons per meter squared (N/m2) or in N/mm2.

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

a anywhere on surface

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tensile or Compressive Stress

Maximum Nominal
Shear Stress

σa
′

0.637
d2

------------- F F2 8T

d
------
 
 

2
+±

= τa
′

0.637
d2

------------- F2 8T

d
------
 
 

2
+

=

σa
′ 1.273F

d2
----------------- 1 8e

d
------– 

 = τa
′ 0.5σa

′=

σb
′ 1.273F

d2
----------------- 1 8e

d
------+ 

 = τb
′ 0.5σb

′=

σa ′ 1.273F

d2
----------------- 8e

d
------ 1– 
 = τa

′ 0.5σa
′=

σb ′ 1.273F

d2
-----------------– 8e

d
------ 1+ 
 = τb

′ 0.5σb
′=

σa ′ F

bh
------ 1 6e

h
------– 

 = τa
′ 0.5σa

′=

σb ′ F

bh
------ 1 6e

h
------+

 
 = τb

′ 0.5σb
′=

σa ′ F

bh
------ 6e

h
------ 1– 
 = τa

′ 0.5σa
′=

σb ′ F

bh
------– 6e

h
------ 1+ 
 = τb

′ 0.5σb
′=
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Three-Dimensional Stress.—Three-dimensional or triaxial stress occurs in assemblies
such as a shaft press-fitted into a gear bore or in pipes and cylinders subjected to internal or
external fluid pressure. Triaxial stress also occurs in two-dimensional stress problems if
the loads produce normal stresses that are either both tensile or both compressive. In either
case the calculated maximum shear stress, based on the corresponding two-dimensional
theory, will be less than the true maximum value because of three-dimensional effects.
Therefore, if the stress analysis is to be based on the maximum-shear-stress theory of fail-
ure, the triaxial stress cubic equation should first be used to calculate the three principal
stresses and from these the true maximum shear stress. The following procedure provides
the principal maximum normal tensile and compressive stresses and the true maximum
shear stress at any point on a body subjected to any combination of loads.

The basis for the procedure is the stress cubic equation

and Sx, Sy, etc., are as shown in Fig. 12.
The coordinate system XYZ in Fig. 12 shows the positive directions of the normal and

shear stress components on an elementary cube of material. Only six of the nine compo-
nents shown are needed for the calculations: the normal stresses Sx, Sy, and Sz on three of
the faces of the cube; and the three shear stresses Sxy, Syz, and Szx. The remaining three shear
stresses are known because Syx = Sxy, Szy = Syz, and Sxz = Szx. The normal stresses Sx, Sy, and
Sz are shown as positive (tensile) stresses; the opposite direction is negative (compressive).
The first subscript of each shear stress identifies the coordinate axis perpendicular to the
plane of the shear stress; the second subscript identifies the axis to which the stress is par-
allel. Thus, Sxy, is the shear stress in the YZ plane to which the X axis is perpendicular, and
the stress is parallel to the Y axis.

Fig. 12. XYZ Coordinate System Showing Positive Directions of Stresses

Step 1. Draw a diagram of the hardware to be analyzed, such as the shaft shown in Fig. 13,
and show the applied loads P, T, and any others.

S3 − AS2 + BS − C = 0
in which:

A = Sx + Sy + Sz

B = SxSy + SySz + SzSx − Sxy
2 − Syz

2 − Szx
2

C = SxSySz + 2SxySyzSzx − SxSyz
2 − SySzx

2 − SzSxy
2
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Step 2. For any point at which the stresses are to be analyzed, draw a coordinate diagram
similar to Fig. 12 and show the magnitudes of the stresses resulting from the applied loads
(these stresses may be calculated by using standard basic equations from strength of mate-
rials, and should include any stress concentration factors).

Step 3. Substitute the values of the six stresses Sx, Sy, Sz, Sxy, Syz, and Szx, including zero
values, into the formulas for the quantities A through K. The quantities I, J, and K represent
the principal normal stresses at the point analyzed. As a check, if the algebraic sum I + J +
K equals A, within rounding errors, then the calculations up to this point should be correct.

D =A2/3 − B E =A × B/3 − C − 2 × A3/27

F = G =arccos(− E/(2 × F))

H = I =2 × H × cos(G/3) + A/3
J =2 × H × [cos(G/3 + 120°)] + A/3 K =2 × H × [cos(G/3 + 240°)] + A/3

Step 4. Calculate the true maximum shear stress, Ss(max) using the formula

in which Slarge is equal to the algebraically largest of the calculated principal stresses I, J, or
K and Ssmall is algebraically the smallest.

The maximum principal normal stresses and the maximum true shear stress calculated
above may be used with any of the various theories of failure.

Fig. 13. Example of Triaxial Stress on an Element a of Shaft Surface
Caused by Load P, Torque T, and 5000 psi Hydraulic Pressure

Example:A torque T on the shaft in Fig. 13 causes a shearing stress Sxy of 8000 psi in the
outer fibers of the shaft; and the loads P at the ends of the shaft produce a tensile stress Sx of
4000 psi. The shaft passes through a hydraulic cylinder so that the shaft circumference is
subjected to the hydraulic pressure of 5000 psi in the cylinder, causing compressive
stresses Sy and Sz of − 5000 psi on the surface of the shaft. Find the maximum shear stress
at any point A on the surface of the shaft.

From the statement of the problem Sx = + 4000 psi, Sy = − 5000 psi, Sz = − 5000 psi, Sxy =
+ 8000 psi, Syz = 0 psi, and Szx = 0 psi.

A =4000 − 5000 − 5000 = − 6000
B =(4000 × − 5000) + (− 5000 × − 5000) + (− 5000 × 4000) − 80002 − 02 − 02 = −

7.9 × 107

C =(4000 × − 5000 × − 5000) + 2 × 8000 × 0 × 0 − (4000 × 02) − (− 5000 × 02) − (−
5000 × 80002) = 4.2 × 1011

D =A2/3 − B = 9.1 × 107 E =A × B/3 − C − 2 × A3/27 = − 2.46 × 1011

F =  = 1.6706 × 1011 G =arccos(− E/(2 × F)) = 42.586 degrees

D
3

27⁄( )
D 3⁄( )

Ss max( ) 0.5 Slarge Ssmall–( )×=

D
3

27⁄( )
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H =   = 5507.57 I =2 × H × cos(G/3 + A/3 = 8678.8, say, 8680 psi
J =2 × H × [cos(G/3 + 120°)] + A/3 = − 9678.78, say, − 9680 psi
K =2 × H [cos(G/3 + 240°)] + A/3 = − 5000 psi

Check: 8680 + (− 9680) + (− 5000) = − 6000 within rounding error.
Ss(max) = 0.5 × (8680 − (− 9680)) = 9180 psi

Sample Calculations.—The following examples illustrate some typical strength of
materials calculations, using both English and metric SI units of measurement.

Example 1(a):A round bar made from SAE 1025 low carbon steel is to support a direct
tension load of 50,000 pounds. Using a factor of safety of 4, and assuming that the stress
concentration factor K = 1, a suitable standard diameter is to be determined. Calculations
are to be based on a yield strength of 40,000 psi.

Because the factor of safety and strength of the material are known, the allowable work-
ing stress sw may be calculated using Equation (1): 40,000 ⁄4 = 10,000 psi. The relationship
between working stress sw and nominal stress σ is given by Equation (2). Since K = 1, σ =
10,000 psi. Applying Equation (9) in the Table of Simple Stresses, the area of the bar can be
solved for: A = 50,000 ⁄10,000 or 5 square inches. The next largest standard diameter cor-
responding to this area is 29⁄16 inches.

Example 1(b):A similar example to that given in  1(a), using metric SI units is as fol-
lows. A round steel bar of 300 meganewtons/meter 2 yield strength, is to withstand a
direct tension of 200 kilonewtons. Using a safety factor of 4, and assuming that the
stress concentration factor K = 1, a suitable diameter is to be determined.

Because the factor of safety and the strength of the material are known,  the allow-
able working stress sw may be calculated using Equation (1): 300 ⁄4 = 75 mega-new-

tons/meter2. The relationship between working stress and nominal stress σ is given
by Equation (2). Since K = 1, σ = 75 MN/m2. Applying Equation (9) in the Table of Sim-
ple Stresses on page 209, the area of the bar can be determined from:

 The diameter corresponding to this area is 0.058 meters, or approximately 0.06 m.

Millimeters can be employed in the calculations in place of meters, providing the
treatment is consistent throughout. In this instance the diameter would be 60 mm.

Note: If the tension in the bar is produced by hanging a mass of M kilograms from
its end, the value is Mg newtons, where g = approximately 9.81 meters per second2.

Example 2(a):What would the total elongation of the bar in Example 1(a) be if its length
were 60 inches? Applying Equation (17),

Example 2(b):What would be the total elongation of the bar in Example 1(b) if its
length were 1.5 meters? The problem is solved by applying Equation (17) in which F
= 200 kilonewtons; L = 1.5 meters; A = π0.062/4 = 0.00283 m2. Assuming a modulus of
elasticity E of 200 giganewtons/meter2, then the calculation is: 

 The calculation is less unwieldy if carried out using millimeters in place of meters;
then F = 200 kN; L = 1500 mm; A = 2830 mm2, and E = 200,000 N/mm2. Thus: 

D 3⁄( )

A
200 kN

75 MN m
2⁄

-----------------------------
200 000 N,

75 000 000 N m
2⁄,,

----------------------------------------------- 0.00267m
2

= = =

e
50 000, 60×

5.157 30 000 000,,×
----------------------------------------------- 0.019 inch= =

e
200 000, 1.5×

0.00283 200 000 000 000,,,×
------------------------------------------------------------------- 0.000530 m= =

e
200 000, 1500×
2830 200 000,×
-------------------------------------- 0.530 mm= =
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Example 3(a):Determine the size for the section of a square bar which is to be held firmly
at one end and is to support a load of 3000 pounds at the outer end. The bar is to be 30 inches
long and is to be made from SAE 1045 medium carbon steel with a yield point of 60,000
psi. A factor of safety of 3 and a stress concentration factor of 1.3 are to be used.

From Equation (1) the allowable working stress sw = 60,000 ⁄3 = 20,000 psi. The applica-
ble equation relating working stress and nominal stress is Equation (2); hence, σ =
20,000 ⁄1.3 = 15,400 psi. The member must be treated as a cantilever beam subject to a
bending moment of 30 × 3000 or 90,000 inch-pounds. Solving Equation (11) in the Table

of Simple Stresses for section modulus: Z = 90,000 ⁄15,400 = 5.85 inch3. The section mod-
ulus for a square section with neutral axis equidistant from either side is a3/6, where a is the

dimension of the square, so  inches. The bar size can be 35⁄16 inches.

Example 3(b):A similar example to that given in Example 3(a), using metric SI units
is as follows. Determine the size for the section of a square bar which is to be held
firmly at one end and is to support a load of 1600 kilograms at the outer end. The bar
is to be 1 meter long, and is to be made from steel with a yield strength of 500  new-
tons/mm2. A factor of safety of 3, and a stress concentration factor of 1.3 are to be
used. The calculation can be performed using millimeters throughout.

From Equation (1) the allowable working stress sw = 500 N/mm2/3 = 167 N/mm2.

The formula relating working stress and nominal stress is Equation (2); hence σ =
167 ⁄1.3 = 128 N/mm2. Since a mass of 1600 kg equals a weight of 1600 g newtons,
where g = 9.81 meters/second2, the force acting on the bar is 15,700 newtons. The
bending moment on the bar, which must be treated as a cantilever beam, is thus 1000
mm × 15,700 N = 15,700,000 N · mm. Solving Equation (11) in the Table of Simple

Stresses for section modulus: Z = M/σ = 15,700,000 ⁄128 = 123,000 mm3. Since the sec-
tion modulus for a square section with neutral axis equidistant from either side is
a3/6, where a is the dimension of the square,

Example 4(a):Find the working stress in a 2-inch diameter shaft through which a trans-
verse hole 1⁄4 inch in diameter has been drilled. The shaft is subject to a torsional moment of
80,000 inch-pounds and is made from hardened steel so that the index of sensitivity q = 0.2.

The polar section modulus is calculated using the equation shown in the stress concentra-
tion curve for a Round Shaft in Torsion with Transverse Hole, Fig. 7, page 207.

The nominal shear stress due to torsion loading is computed using Equation (16) in the
Table of Simple Stresses:

Referring to the previously mentioned stress concentration curve on page 207, Kt is 2.82
since d/D is 0.125. The stress concentration factor may now be calculated by means of
Equation (8): K = 1 + 0.2(2.82 − 1) = 1.36. Working stress calculated with Equation (3) is
sw = 1.36 × 57,200 = 77,800 psi.

Example 4(b):A similar example to that given in  4(a), using metric SI units is as fol-
lows. Find the working stress in a 50 mm diameter shaft through which a transverse
hole 6 mm in diameter has been drilled. The shaft is subject to a torsional moment of
8000 newton-meters, and has an index of sensitivity of q = 0.2. If the calculation is
made in millimeters, the torsional moment is 8,000,000 N · mm.

The polar section modulus is calculated using the equation shown in the stress con-
centration curve for a Round Shaft in Torsion with Transverse Hole, Fig. 7, page 207:

a 35.13 3.27= =

a 6 123 000,×3 90.4 mm= =

J

c
-- Zp

π 23×
16

--------------- 22

4 6×
------------– 1.4 inches3= = =

τ 80 000, 1.4⁄ 57 200 psi,= =
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The nominal shear stress due to torsion loading is computed using Equation (16) in
the Table of Simple Stresses:

 Referring to the previously mentioned stress concentration curve on page 207, Kt is

2.85, since a/d = 6 ⁄50 = 0.12. The stress concentration factor may now be calculated by
means of Equation (8): K = 1 + 0.2(2.85 − 1) = 1.37. From Equation (3), working stress
sw = 1.37 × 363 = 497 N/mm2 = 497 megapascals.

Example 5(a):For Case 3 in the Tables of Combined Stresses, calculate the least factor of
safety for a 5052-H32 aluminum beam is 10 inches long, one inch wide, and 2 inches high.
Yield strengths are 23,000 psi tension; 21,000 psi compression; 13,000 psi shear. The
stress concentration factor is 1.5; Fy is 600 lbs; Fx 500 lbs.

From Tables of Combined Stresses, Case 3:

The other formulas for Case 3 give σa ′ = 8750 psi (in tension); τa ′ = 4375 psi, and τb ′ =
4625 psi. Using Equation (4) for the nominal compressive stress of 9250 psi: Sw = 1.5 ×
9250 = 13,900 psi. From Equation (1) fs = 21,000 ⁄13,900 = 1.51. Applying Equations (1),
(4) and  (5) in appropriate fashion to the other calculated nominal stress values for tension
and shear will show that the factor of safety of 1.51, governed by the compressive stress at
b on the beam, is minimum.

Example 5(b):What maximum F can be applied in Case 3 if the aluminum beam is
200 mm long; 20 mm wide; 40 mm high; θ = 30°; fs = 2, governing for compression, K

= 1.5, and Sm = 144N/mm2 for compression.

From Equation (1) Sw = − 144N/mm2. Therefore, from Equation (4), σb ′ = −72/1.5=

− 48N/mm2. Since Fx = F cos 30° = 0.866F, and Fy = F sin 30° = 0.5 F:

Stresses and Deflections in a Loaded Ring.—For thin rings, that is, rings in which the
dimension d shown in the accompanying diagram is small compared with D, the maximum
stress in the ring is due primarily to bending moments produced by the forces P. The max-
imum stress due to bending is:

(24)

For a ring of circular cross section where d is the diame-
ter of the bar from which the ring is made,

(25)

The increase in the vertical diameter of the ring due to
load P is:

(26)

J

c
--- Zp

π 503×
16

------------------
6 502×

6
-----------------– 24 544, 2500– 22 044,=  mm3= = =

τ 8 000 000,, 22 000,⁄ 363 N mm2⁄ 363 megapascals= = =

σb ′ 1
1 2×
------------ 6 10× 600×

2
------------------------------ 500+ 
 – 9250 psi (in compression)–= =

48–
1

20 40×
------------------ 0.866F

6 200× 0.5F×
40

------------------------------------+ 
 –= F 2420 N=

S
PDd

4πI
-----------=

S
1.621PD

d3
---------------------- or= P

0.617Sd3

D
-----------------------=

Increase in vertical diameter
0.0186PD3

EI
----------------------------  inches=
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The decrease in the horizontal diameter will be about 92% of the increase in the vertical
diameter given by Formula (26). In the above formulas, P = load on ring in pounds; D =
mean diameter of ring in inches; S = tensile stress in pounds per square inch, I = moment of
inertia of section in inches4; and E = modulus of elasticity of material in pounds per square
inch.
Strength of Taper Pins.—The mean diameter of taper pin required to safely transmit a
known torque, may be found from the formulas:

in which formulas T = torque in inch-pounds; S = safe unit stress in pounds per square inch;
HP = horsepower transmitted; N = number of revolutions per minute; and d and D denote
dimensions shown in the figure.

Formula (27) can be used with metric SI units where d and D denote dimensions
shown in the figure in millimeters; T = torque in newton-millimeters (N · mm); and S
= safe unit stress in newtons per millimeter2 (N/mm2). Formula (28a) is replaced by: 

(28b)

where d and D denote dimensions shown in the figure in millimeters; S = safe unit
stress in N/mm2; N = number of revolutions per minute, and Power = power transmit-
ted in watts.

Example 6(a):A lever secured to a 2-inch round shaft by a steel tapered pin (dimension d
= 3⁄8 inch) has a pull of 50 pounds at a 30-inch radius from shaft center. Find S, the unit
working stress on the pin. By rearranging Formula (27):

6770 pounds per square inch is a safe unit working stress for
machine steel in shear.
Let P = 50 pounds, R = 30 inches, D = 2 inches, and S = 6000
pounds unit working stress. Using Formula (27) to find d:

Example 6(b):A similar example using SI units is as follows: A lever secured to a 50
mm round shaft by a steel tapered pin (d = 10 mm) has a pull of 200 newtons at a
radius of 800 mm. Find S, the working stress on the pin. By rearranging Formula
(27):

If a shaft of 50 mm diameter is to transmit power of 12 kilowatts at a speed of 500
rpm, find the mean diameter of the pin for a material having a safe unit stress of 40
N/mm2. Using Equation (28b):

(27)  and (28a)d 1.13 T

DS
-------= d 283 HP

NDS
------------=

d 110.3
Power

NDS
----------------=

S
1.27T

Dd2
--------------

1.27 50× 30×

2
3
8
---
 
 

2
×

----------------------------------- 6770 psi≅= =

d 1.13 T

DS
------- 1.13 50 30×

2 6000×
--------------------- 1.13 1

8
--- 0.4 inch= = = =

S
1.27T

Dd
2

--------------
1.27 200× 800×

50 10
2×

----------------------------------------- 40.6 N mm
2⁄ 40.6 megapascals= = = =

d 110.3
Power

NDS
----------------= then d 110.3

12 000,

500 50× 40×
---------------------------------=

110.3 0.1096×= 12.09 mm=
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PROPERTIES OF BODIES

Center of Gravity

Center of Gravity.—The center of gravity of a body, volume, area, or line is that point at
which if the body, volume, area, or line were suspended it would be perfectly balanced in
all positions. For symmetrical bodies of uniform material it is at the geometric center. The
center of gravity of a uniform round rod, for example, is at the center of its diameter half-
way along its length; the center of gravity of a sphere is at the center of the sphere. For sol-
ids, areas, and arcs that are not symmetrical, the determination of the center of gravity may
be made experimentally or may be calculated by the use of formulas.

The tables that follow give such formulas for some of the more important shapes. For
more complicated and unsymmetrical shapes the methods outlined on page 227 may be
used.

Example:A piece of wire is bent into the form of a semi-circular arc of 10-inch (25.4 cm)
radius. How far from the center of the arc is the center of gravity located?

Accompanying the Circular Arc diagram on page 222 is a formula for the distance from
the center of gravity of an arc to the center of the arc: a = 2r ÷ π. Therefore,

Formulas for Center of Gravity

Triangle:

Perimeter or Area of a Parallelogram : 

Perimeter

If A, B and C are the middle points of the sides of 
the triangle, then the center of gravity is at the cen-
ter of the circle that can be inscribed in triangle 
ABC. The distance d of the center of gravity from 
side a is:

where h is the height perpendicular to a.

Area

The center of gravity is at the intersection of 
lines AD and BE, which bisect the sides BC and 
AC. The perpendicular distance from the center of 
gravity to any one of the sides is equal to one-third 
the height perpendicular to that side. Hence, a = h
÷ 3.

The center of gravity is at the intersection of the 
diagonals.

a
2 10×
3.1416
---------------- 6.366 inches= = a

2 25.4×
3.1416

------------------- 16.17 cm= =

d
h b c+( )

2 a b c+ +( )
-----------------------------=



222 CENTER OF GRAVITY

Area of Trapezoid: 

Any Four-sided Figure : 

Circular Arc: 

Circle Segment : 

The center of gravity is on the line joining the 
middle points of parallel lines AB and DE.

The trapezoid can also be divided into two trian-
gles. The center of gravity is at the intersection of 
the line joining the centers of gravity of the trian-
gles, and the middle line FG.

Two cases are possible, as shown in the illustra-
tion. To find the center of gravity of the four-sided 
figure ABCD, each of the sides is divided into three 
equal parts. A line is then drawn through each pair 
of division points next to the points of intersection 
A, B, C, and D of the sides of the figure. These lines 
form a parallelogram EFGH; the intersection of 
the diagonals EG and FH locates center of gravity.

The center of gravity is on the line that bisects 

the arc, at a distance  

from the center of the circle.
For an arc equal to one-half the periphery:

For an arc equal to one-quarter of the periphery:

For an arc equal to one-sixth of the periphery:

An approximate formula is very nearly exact for 
all arcs less than one-quarter of the periphery is: 

The error is only about one per cent for a quarter 
circle, and decreases for smaller arcs.

The distance of the center of gravity from the 
center of the circle is:

in which A = area of segment.

c
h a 2b+( )
3 a b+( )

------------------------= d
h 2a b+( )
3 a b+( )

------------------------=

e
a2 ab b2+ +

3 a b+( )
------------------------------=

a
r c×

l
----------- c c2 4h2+( )

8lh
----------------------------= =

a 2r π÷ 0.6366r= =

a 2r 2 π÷ 0.9003r= =

a 3r π÷ 0.9549r= =

a 2⁄3h=

b
c3

12A
---------- 2⁄3

r3 αsin3

A
-------------------×= =
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Circle Sector : 

Part of Circle Ring : 

Spandrel or Fillet : 

Segment of an Ellipse : 

Spherical Surface of Segments and Zones of Spheres : 

Distance b from center of gravity to center of cir-
cle is:

in which A = area of sector, and α is expressed in 
degrees.

For the area of a half-circle:

For the area of a quarter circle:

For the area of a sixth of a circle:

Distance b from center of gravity to center of cir-
cle is:

Angle α is expressed in degrees.

The center of gravity of an elliptic segment ABC,
symmetrical about one of the axes, coincides with 
the center of gravity of the segment DBF of a cir-
cle, the diameter of which is equal to that axis of 
the ellipse about which the elliptic segment is sym-
metrical.

Distances a and b which determine the center of 
gravity, are:

b
2rc

3l
-------- r2c

3A
-------- 38.197

r αsin
α

--------------= = =

b 4r 3π÷ 0.4244r= =

b 4 2 r× 3π÷ 0.6002r= =

b 2r π÷ 0.6366r= =

b 38.197
R3 r3–( ) αsin

R2 r2–( )α
----------------------------------=

Area 0.2146R2=
x 0.2234R=

y 0.2234R=

a
h

2
---= b

H

2
----=
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Area of a Parabola : 

Cylinder : 

Portion of Cylinder : 

For the complete parabolic area, the center of 
gravity is on the center line or axis, and

For one-half of the parabola:

For the complement area ABC:

The center of gravity of a solid cylinder (or 
prism) with parallel end surfaces, is located at the 
middle of the line that joins the centers of gravity 
of the end surfaces.

The center of gravity of a cylindrical surface or 
shell, with the base or end surface in one end, is 
found from:

The center of gravity of a cylinder cut off by an 
inclined plane is located by:

where α is the angle between the obliquely cut off 
surface and the base surface.

For a solid portion of a cylinder, as shown, the 
center of gravity is determined by:

For the cylindrical surface only:

If the cylinder is hollow, the center of gravity of 
the solid shell is found by:

a
3h

5
------=

a
3h

5
------=  and b 3w

8
-------=

c 0.3h=  and d 0.75w=

a
2h2

4h d+
---------------=

a
h

2
--- r2 αtan2

8h
-------------------+= b

r2 αtan
4h

-----------------=

a 3⁄16 3.1416r×= b 3⁄32 3.1416h×=

a 1⁄4 3.1416r×= b 1⁄8 3.1416h×=

a 3⁄16 3.1416
R4 r4–
R3 r3–
-----------------×=

b 3⁄32 3.1416
H4 h4–
H3 h3–
------------------×=
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Center of Gravity of Two Bodies : 

Pyramid : 

Frustum of Pyramid : 

Cone : 

Frustum of Cone : 

If the weights of the bodies are P and Q, and the 
distance between their centers of gravity is a, then:

In a solid pyramid the center of gravity is located 
on the line joining the apex with the center of grav-
ity of the base surface, at a distance from the base 
equal to one-quarter of the height; or a = 1⁄4 h.

The center of gravity of the triangular surfaces 
forming the pyramid is located on the line joining 
the apex with the center of gravity of the base sur-
face, at a distance from the base equal to one-third 
of the height; or a = 1⁄3 h.

The center of gravity is located on the line that 
joins the centers of gravity of the end surfaces. If 
A1 = area of base surface, and A2 area of top sur-
face,

The same rules apply as for the pyramid.
For the solid cone:

For the conical surface:

The same rules apply as for the frustum of a pyr-
amid. For a solid frustum of a circular cone the for-
mula below is also used:

The location of the center of gravity of the coni-
cal surface of a frustum of a cone is determined by:

b
Qa

P Q+
--------------= c

Pa

P Q+
--------------=

a
h A1 2 A1 A2× 3A2+ +( )

4 A1 A1 A2× A2+ +( )
---------------------------------------------------------------=

a 1⁄4h=

a 1⁄3h=

a
h R2 2Rr 3r2+ +( )

4 R2 Rr r2+ +( )
---------------------------------------------=

a
h R 2r+( )
3 R r+( )

------------------------=
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Wedge : 

Paraboloid : 

Half of a Hollow Sphere : 

Spherical Segment : 

Spherical Sector : 

Segment of Ellipsoid or Spheroid : 

The center of gravity is on the line joining the 
center of gravity of the base with the middle point 
of the edge, and is located at:

The center of gravity of a solid paraboloid of 
rotation is at:

The center of gravity is located at:

The center of gravity of a solid segment is deter-
mined by:

For a half-sphere, a = b = 3⁄8r

The center of gravity of a solid sector is at:

The center of gravity of a solid segment ABC,
symmetrical about the axis of rotation, coincides 
with the center of gravity of the segment DBF of a 
sphere, the diameter of which is equal to the axis of 
rotation of the spheroid.

a
h b c+( )

2 2b c+( )
-----------------------=

a 1⁄3h=

a
3 R4 r4–( )
8 R3 r3–( )
-------------------------=

a
3 2r h–( )2

4 3r h–( )
-------------------------=

b
h 4r h–( )
4 3r h–( )
-----------------------=

a 3⁄8 1 αcos+( )r 3⁄8 2r h–( )= =
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Center of Gravity of Figures of any Outline.—If the figure is symmetrical about a cen-
ter line, as in Fig. 1, the center of gravity will be located on that line. To find the exact loca-
tion on that line, the simplest method is by taking moments with reference to any
convenient axis at right angles to this center line. Divide the area into geometrical figures,
the centers of gravity of which can be easily found. In the example shown, divide the figure
into three rectangles KLMN, EFGH and OPRS. Call the areas of these rectangles A, B and
C, respectively, and find the center of gravity of each. Then select any convenient axis, as
X-X, at right angles to the center line Y-Y, and determine distances a, b and c. The distance
y of the center of gravity of the complete figure from the axis X-X is then found from the
equation:

Example 1:Assume that the area A is 24 square inches, B, 14 square inches, and C, 16
square inches, and that a = 3 inches, b = 7.5 inches, and c = 12 inches. Then:

If the figure, the center of gravity of which is to be found, is not symmetrical about any
axis, as in Fig. 2, then moments must be taken with relation to two axes X-X and Y-Y, cen-
ters of gravity of which can be easily found, the same as before. The center of gravity is
determined by the equations:

Example 2:In Fig. 2, let A = 14 cm2, B = 18 cm2, and C = 20 cm2. Let a = 3 cm, b = 7 cm,
and c = 11.5 cm. Let a1 = 6.5 cm, b1 = 8.5 cm, and c1 = 7 cm. Then:

In other words, the center of gravity is located at a distance of 7.65 cm from the axis
X–X and 7.38 cm from the axis Y–Y.

Fig. 1. Fig. 2. 

y
Aa Bb Cc+ +

A B C+ +
----------------------------------=

y
24 3× 14+ 7.5× 16+ 12×

24 14 16+ +
------------------------------------------------------------------ 369

54
--------- 6.83 inches= = =

x
Aa1 Bb1 Cc1+ +

A B C+ +
-----------------------------------------= y

Aa Bb Cc+ +
A B C+ +

----------------------------------=

x
14 6.5× 18+ 8.5× 20+ 7×

14 18 20+ +
-------------------------------------------------------------------

384

52
--------- 7.38 cm= = =

y
14 3× 18+ 7× 20+ 11.5×

14 18 20+ +
------------------------------------------------------------------

398

52
--------- 7.65 cm= = =
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Radius of Gyration

The radius of gyration with reference to an axis is that distance from the axis at which the
entire mass of a body may be considered as concentrated, the moment of inertia, mean-
while, remaining unchanged. If W is the weight of a body; JM, its moment of inertia with
respect to some axis; and ko, the radius of gyration with respect to the same axis, then:

When using metric SI units, the formulas are:

where ko = the radius of gyration in meters, JM = moment of inertia in kilogram-

meter2, and M = mass in kilograms.

To find the radius of gyration of an area, such as for the cross-section of a beam, divide
the moment of inertia of the area by the area and extract the square root.

When the axis, the reference to which the radius of gyration is taken, passes through the
center of gravity, the radius of gyration is the least possible and is called the principal
radius of gyration. If k is the radius of gyration with respect to such an axis passing through
the center of gravity of a body, then the radius of gyration, ko, with respect to a parallel axis

at a distance d from the gravity axis is given by: 

Tables of radii of gyration for various bodies and axes follows.

Formulas for Radius of Gyration

Bar of Small Diameter: 

Bar of Small Diameter Bent to Circular Shape: 

Parallelogram (Thin Flat Plate): 

Axis at end Axis at center

Axis, a diameter of the ring Axis through center of ring

Axis at base Axis at mid-height

ko

JMg

W
----------= and JM

Wko
2

g
----------=

ko

JM

M
-------= and JM Mko

2=

ko k2 d2+=

k 0.5773l=

k
2 1

3
--- l

2
=

k 0.2886l=

k
2 1

12
------ l

2
=

k 0.7071r=

k
2 1

2
---r

2
=

k r=

k
2

r
2

=

k 0.5773h=

k
2 1

3
---h

2
=

k 0.2886h=

k
2 1

12
------h

2
=



RADIUS OF GYRATION 229

Thin Circular Disk: 

Thin, Flat, Circular Ring : 

Cylinder:

Parallelepiped:

Axis through center Axis its diameter

Axis its diameter

Axis through center Axis, diameter at mid-length

Axis, diameter at end Axis at a distance

Axis at one end, central Axis at distance from end

k 0.7071r=

k
2 1

2
---r

2
=

k
1
2
---r=

k
2 1

4
---r

2
=

k 1⁄4 D2 d2+=

k2 D2 d2+
16

------------------=

k
r

2
-------=

k
2 1

2
---r

2=

k
l2 3r2+

12
-----------------------=

k2 l2

12
------ r2

4
----+=

k
4l2 3r2+

12
--------------------------=

k2 l2

3
---- r2

4
----+=

k a2 1⁄2r2+=

k2 a2 1⁄2r2+=

k
4l2 b2+

12
-----------------------=

k2 4l2 b2+
12

-------------------=

k
4l2 b2+

12
------------------- a2 al+ +=
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Rectangular Prism: 

Thin Hollow Cylinder: 

Hollow Cylinder: 

Cone:

Frustum of Cone: 

Axis through center

Axis, diameter at mid-length

Axis, diameter at mid-length Longitudinal Axis

Axis at base

Axis at apex

Axis through its center line

Axis at large end

k 0.577 b2 c2+=

k2 1⁄3 b2 c2+( )=

k 0.289 l2 6r2+=

k2 l2

12
------ r2

2
----+=

k
l2 3 R2 r2+( )+

12
----------------------------------------=

k2 l2

12
------ R2 r2+

4
-----------------+=

k
R2 r2+

2
---------------------=

k2 1⁄2 R2 r2+( )=

k
2h2 3r2+

20
-----------------------=

k1
12h2 3r2+

20
--------------------------=

k 0.5477r=

k
2

0.3r
2

=

k
h2

10
------ R2 3Rr 6r2+ +

R2 Rr r2+ +
-------------------------------------
 
  3

20
------ R5 r5–

R3 r3–
-----------------
 
 +=
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Sphere:

Hollow Sphere and Thin Spherical Shell: 

Ellipsoid and Paraboloid: 

Center and Radius of Oscillation.—If a body oscillates about a horizontal axis which
does not pass through its center of gravity, there will be a point on the line drawn from the
center of gravity, perpendicular to the axis, the motion of which will be the same as if the
whole mass were concentrated at that point. This point is called the center of oscillation.
The radius of oscillation is the distance between the center of oscillation and the point of
suspension. In a straight line, or in a bar of small diameter, suspended at one end and oscil-
lating about it, the center of oscillation is at two-thirds the length of the rod from the end by
which it is suspended.

When the vibrations are perpendicular to the plane of the figure, and the figure is sus-
pended by the vertex of an angle or its uppermost point, the radius of oscillation of an isos-
celes triangle is equal to 3⁄4 of the height of the triangle; of a circle, 5⁄8 of the diameter; of a
parabola, 5⁄7 of the height.

If the vibrations are in the plane of the figure, then the radius of oscillation of a circle
equals 3⁄4 of the diameter; of a rectangle, suspended at the vertex of one angle, 2⁄3 of the diag-
onal.

Center of Percussion.—For a body that moves without rotation, the resultant of all the
forces acting on the body passes through the center of gravity. On the other hand, for a body
that rotates about some fixed axis, the resultant of all the forces acting on it does not pass
through the center of gravity of the body but through a point called the center of percus-

Axis its diameter Axis at a distance

Hollow Sphere
Axis its diameter Thin Spherical Shell

Ellipsoid
Axis through center

Paraboloid
Axis through center

k 0.6325r=

k
2 2

5
---r

2
=

k a2 2⁄5r2+=

k2 a2 2⁄5r2+=

k 0.6325 R5 r5–
R3 r3–
-----------------=

k2 2 R5 r5–( )
5 R3 r3–( )
-------------------------=

k 0.8165r=

k
2 2

3
---r

2
=

k
b2 c2+

5
---------------------=

k2 1⁄5 b2 c2+( )=

k 0.5773r=

k
2 1

3
---r

2
=
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sion. The center of percussion is useful in determining the position of the resultant in
mechanics problems involving angular acceleration of bodies about a fixed axis.

Finding the Center of Percussion when the Radius of Gyration and the Location of the
Center of Gravity are Known: The center of percussion lies on a line drawn through the
center of rotation and the center of gravity. The distance from the axis of rotation to the cen-
ter of percussion may be calculated from the following formula

in which q = distance from the axis of rotation to the center of percussion; ko = the radius of
gyration of the body with respect to the axis of rotation; and r = the distance from the axis
of rotation to the center of gravity of the body.

Moment of Inertia

An important property of areas and solid bodies is the moment of inertia. Standard for-
mulas are derived by multiplying elementary particles of area or mass by the squares of
their distances from reference axes. Moments of inertia, therefore, depend on the location
of reference axes. Values are minimum when these axes pass through the centers of grav-
ity.

Three kinds of moments of inertia occur in engineering formulas:
1) Moments of inertia of plane area, I, in which the axis is in the plane of the area, are

found in formulas for calculating deflections and stresses in beams. When dimensions are
given in inches, the units of I are inches4. A table of formulas for calculating the I of com-
mon areas can be found beginning on page 234.

2) Polar moments of inertia of plane areas, J, in which the axis is at right angles to the
plane of the area, occur in formulas for the torsional strength of shafting. When dimensions
are given in inches, the units of J are inches4. If moments of inertia, I, are known for a plane
area with respect to both x and y axes, then the polar moment for the z axis may be calcu-
lated using the equation,

A table of formulas for calculating J for common areas can be found on page 245 in this
section.

When metric SI units are used, the formulas referred to in (1) and (2) above, are
valid if the dimensions are given consistently in meters or millimeters. If meters are
used, the units of I and J are in meters4; if millimeters are used, these units are in
millimeters4.

3) Polar moments of inertia of masses, JM
*, appear in dynamics equations involving rota-

tional motion. JM bears the same relationship to angular acceleration as mass does to linear
acceleration. If units are in the foot-pound-second system, the units of JM are ft-lbs-sec2 or
slug-ft2. (1 slug = 1 pound second2 per foot.) If units are in the inch-pound-second system,
the units of JM are inch-lbs-sec2.

If metric SI values are used, the units of JM are kilogram-meter squared. Formulas
for calculating JM for various bodies are given beginning on page 246. If the polar moment
of inertia J is known for the area of a body of constant cross section, JM may be calculated
using the equation,

where ρ is the density of the material, L the length of the part, and g the gravitational con-
stant. If dimensions are in the foot-pound-second system, ρ is in lbs per ft3, L is in ft, g is
* In some books the symbol I denotes the polar moment of inertia of masses; JM is used in this handbook
to avoid confusion with moments of inertia of plane areas. 

q ko
2 r÷=

Jz Ix Iy+=

JM

ρL

g
-------J=
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32.16 ft per sec2, and J is in ft4. If dimensions are in the inch-pound-second system, ρ is in
lbs per in3, L is in inches, g is 386 inches per sec2, and J is in inches4.

Using metric SI units, the above formula becomes JM = ρLJ, where ρ = the density in

kilograms/meter3, L = the length in meters, and J = the polar moment of inertia in
meters4. The units of JM are kg · m2.

Moment of Inertia of Built-up Sections.—The usual method of calculating the moment
of inertia of a built-up section involves the calculations of the moment of inertia for each
element of the section about its own neutral axis, and the transferring of this moment of
inertia to the previously found neutral axis of the whole built-up section. A much simpler
method that can be used in the case of any section which can be divided into rectangular
elements bounded by lines parallel and perpendicular to the neutral axis is the so-called
tabular method based upon the formula: I = b(h1

3 - h3)/3 in which I = the moment of inertia
about axis DE, Fig. 1, and b, h and h1 are dimensions as given in the same illustration.

Example:The method may be illustrated by applying it to the section shown in Fig. 2, and
for simplicity of calculation shown “massed” in Fig. 3. The calculation may then be tabu-
lated as shown in the accompanying table. The distance from the axis DE to the neutral axis
xx (which will be designated as d) is found by dividing the sum of the geometrical moments
by the area. The moment of inertia about the neutral axis is then found in the usual way by
subtracting the area multiplied by d2 from the moment of inertia about the axis DE.

Tabulated Calculation of Moment of Inertia

The distance d from DE, the axis at the base of the configuration, to the neutral axis xx is:

The moment of inertia of the entire section with reference to the neutral axis xx is:

Fig. 1. Fig. 2. Fig. 3. 

Section
Breadth

b

Height
h1

Area
b(h1 - h) h1

2

Moment

h1
3

I about axis DE

A 1.500 0.125 0.187 0.016 0.012 0.002 0.001

B 0.531 0.625 0.266 0.391 0.100 0.244 0.043

C 0.219 1.500 0.191 2.250 0.203 3.375 0.228

ΣA = 0.644 ΣM = 0.315 ΣIDE = 0.272

b h1
2 h

2–( )
2

-------------------------
b h1

3 h
3–( )

3
-------------------------

d
M

A
----- 0.315

0.644
------------- 0.49= = =

IN IDE Ad
2

–=

0.272 0.644 0.49
2×–=

0.117=
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Formulas for Moments of Inertia, Section Moduli, etc.—On the following pages are
given formulas for the moments of inertia and other properties of forty-two different cross-
sections. The formulas give the area of the section A, and the distance y from the neutral
axis to the extreme fiber, for each example. Where the formulas for the section modulus
and radius of gyration are very lengthy, the formula for the section modulus, for example,

has been simply given as . The radius of gyration is sometimes given as  to
save space.

Moments of Inertia, Section Moduli, and Radii of Gyration 

Section
A = area

y = distance from axis to 
extreme fiber

Moment of
Inertia

I

Section Modulus Radius of Gyration

Square and Rectangular Sections 

A = a2 y = a⁄2

A = a2 y = a

A = a2

A = a2 − b2 y = a⁄2

I y÷ I A÷

Z
I

y
--= k

I

A
---=

a
4

12
------

a
3

6
-----

a

12
---------- 0.289a=

a
4

3
----- a

3

3
-----

a

3
------- 0.577a=

y
a

2
------- 0.707a= =

a
4

12
------

a
3

6 2
---------- 0.118a

3
=

a

12
---------- 0.289a=

a
4

b
4

–
12

-----------------
a

4
b

4
–

6a
-----------------

a
2

b
2

+
12

-----------------

0.289 a
2

b
2

+=

A a
2

b
2–= y

a

2
-------=

a
4

b
4

–
12

-----------------

2 a
4

b
4

–( )
12a

-----------------------------

0.118
a

4
b

4
–
a

-----------------=

a
2

b
2

+
12

-----------------

0.289 a
2

b
2

+=
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A = bd y = d⁄2

A = bd y = d

A = bd

y = 1⁄2 (d cos α + b sin α)

A = bd − hk

y = d⁄2

Moments of Inertia, Section Moduli, and Radii of Gyration 

Section
A = area

y = distance from axis to 
extreme fiber

Moment of
Inertia

I

Section Modulus Radius of Gyration

Square and Rectangular Sections 

Z
I

y
--= k

I

A
---=

bd
3

12
--------- bd

2

6
---------

d

12
---------- 0.289d=

bd3

3
---------

bd2

3
---------

d

3
------- 0.577d=

A bd=

y
bd

b2 d2+
---------------------=

b3d3

6 b2 d2+( )
-------------------------

b2d2

6 b2 d2+
-------------------------

bd

6 b2 d2+( )
------------------------------

0.408
bd

b2 d2+
---------------------=

bd

12
------ d( 2 αcos2

+b2 αsin2 )

bd

6
------

d2 αcos2 b2 αsin2+
d αcos b αsin+

-----------------------------------------------
 
 

×
d2 αcos2 b2 αsin2+

12
-----------------------------------------------

0.289  ×=

d2 αcos2 b2 αsin2+

bd3 hk3–
12

-----------------------
bd3 hk3–

6d
-----------------------

bd3 hk3–
12 bd hk–( )
-----------------------------

0.289 bd3 hk3–
bd hk–

-----------------------=
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236 Moments of Inertia, Section Moduli, and Radii of Gyration (Continued)

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Triangular Sections

1⁄2 bd 2⁄3d

1⁄2 bd d

Polygon Sections

Z I y⁄= k I A⁄=

bd3

36
---------

bd2

24
---------

d

18
---------- 0.236d=

bd3

12
--------- bd2

12
---------

d

6
------- 0.408d=

d a b+( )
2

--------------------
d a 2b+( )
3 a b+( )

------------------------ d
3

a
2 4ab b

2+ +( )
36 a b+( )

-------------------------------------------- d
2

a
2 4ab b

2+ +( )
12 a 2b+( )

-------------------------------------------- d
2

a
2 4ab b

2+ +( )
18 a b+( )2

--------------------------------------------

3d
2 30tan °

2
--------------------------

0.866d
2=

d

2
---

A

12
------ d

2 1 2 30cos2 °+( )
4 30cos2 °

-------------------------------------------

0.06d
4=

A

6
--- d 1 2 30cos2 °+( )

4 30cos2 °
-----------------------------------------

0.12d
3=

d
2 1 2cos230°+( )

48cos230°
-------------------------------------------

0.264d=
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2d2tan 221⁄2 = 0.828d2

Circular, Elliptical, and Circular Arc Sections

 Moments of Inertia, Section Moduli, and Radii of Gyration (Continued)

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

3d
2 30tan °

2
--------------------------

0.866d
2=

d

2 30cos °
--------------------- 0.577d=

A

12
------ d

2 1 2 30cos2 °+( )
4 30cos2 °

-------------------------------------------

0.06d
4=

A

6.9
------- d 1 2 30cos2 °+( )

4 30cos2 °
-----------------------------------------

0.104d
3=

d
2 1 2cos230°+( )

48cos230°
-------------------------------------------

0.264d=

d

2
---

A

12
------ d

2 1 2 221⁄2°cos2+( )
4 221⁄2°cos2

-----------------------------------------------

0.055d
4=

A

6
--- d 1 2cos2221⁄2°+( )

4cos2221⁄2°
---------------------------------------------

0.109d
3=

d
2 1 2cos2221⁄2°+( )

48cos2221⁄2°
------------------------------------------------

0.257d=

πd
2

4
--------- 0.7854d

2=
d

2
--- πd

4

64
--------- 0.049d

4= πd
3

32
--------- 0.098d

3=
d

4
---

πd
2

8
--------- 0.393d

2=

3π 4–( )d

6π
------------------------

0.288d=

9π2 64–( )d
4

1152π
--------------------------------

0.007d
4=

9π2 64–( )d
3

192 3π 4–( )
--------------------------------

0.024d
3=

9π2 64–( )d
2

12π
------------------------------------

0.132d=

π D
2

d
2–( )

4
--------------------------

0.7854 D
2

d
2–( )=

D

2
----

π D
4

d
4–( )

64
--------------------------

0.049 D
4

d
4–( )=

π D
4

d
4–( )

32D
--------------------------

0.098
D

4
d

4–
D

------------------=

D
2

d
2+

4
----------------------
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πab = 3.1416ab a

π(ab − cd)
 = 3.1416(ab − cd) a

I-Sections

bd − h(b − t)

 Moments of Inertia, Section Moduli, and Radii of Gyration (Continued)

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

π R
2

r
2–( )

2
-------------------------

1.5708 R
2

r
2–( )=

4 R
3

r
3–( )

3π R
2

r
2–( )

-----------------------------

0.424
R

3
r

3–

R
2

r
2–

----------------=

0.1098 R
4

r
4–( )

0.283R
2
r

2
R r–( )

R r+
------------------------------------------–

I

y
-- I

A
---

πa3b

4
------------ 0.7854a3b=

πa2b

4
------------ 0.7854a2b= a

2
---

π
4
--- a3b c3d–( )

0.7854= a3b c3d–( )

π a3b c3d–( )
4a

--------------------------------

0.7854
a3b c3d–

a
-----------------------=

1⁄2
a3b c3d–
ab cd–

-----------------------

b

2
--- 2sb3 ht3+

12
-------------------------

2sb3 ht3+
6b

------------------------- 2sb3 ht3+
12 bd h b t–( )–[ ]
------------------------------------------
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dt + 2a(s + n) in which g = slope of
flange = (h − l)/(b − t)

=10.0⁄6
for standard I-beams.

bd − h(b − t)

dt + 2a(s + n)

in which g = slope of
flange = (h − l)/(b − t) =1⁄6

for standard I-beams.

bs + ht + as
d − [td2 + s2 (b − t)

 + s (a − t) (2d − s)]÷2A

1⁄3[b(d − y)3 + ay3

− (b − t)(d − y − s)3

− (a − t)(y − s)3]

 Moments of Inertia, Section Moduli, and Radii of Gyration (Continued)

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

d

2
---

1⁄12 bd3 1
4g
------ h4 l4–( )–

1
6d
------ bd3 1

4g
------ h4 l4–( )–

1⁄12 bd3 1
4g
------ h4 l4–( )–

dt 2a s n+( )+
-------------------------------------------------------

d

2
---

bd3 h3 b t–( )–
12

------------------------------------ bd3 h3 b t–( )–
6d

------------------------------------ bd3 h3 b t–( )–
12 bd h b t–( )–[ ]
------------------------------------------

b

2
---

1⁄12 b3 d h–( ) lt3

g

4
--- b4 t4–( )

+

+
1

6b
------ b3 d h–( ) lt3

g

4
--- b4 t4–( )

+

+

I

A
---

I

y
-- I

A
---

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



M
O

M
E

N
T

 O
F IN

E
R

T
IA

, SE
C

T
IO

N
 M

O
D

U
L

U
S

240

C-Sections

dt + a(s + n) g = slope of flange 

for standard channels.

dt + a(s + n)

g = slope of flange

g = slope of flange 

for standard channels.

bd − h(b − t)

 Moments of Inertia, Section Moduli, and Radii of Gyration (Continued)

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

d

2
---

1⁄12 bd3 1
8g
------ h4 l4–( )–

h l–
2 b t–( )
------------------= 1⁄6=

1
6d
------ bd3 1

8g
------ h4 l4–( )–

1⁄12 bd3 1
8g
------ h4 l4–( )–

dt a s n+( )+
-------------------------------------------------------

b b
2
s

ht
2

2
-------

g

3
--- b t–( )2

b 2t+( )×

+

+

A÷

–

h l–
2 b t–( )
------------------=

1⁄3 2sb3 lt3 g

2
--- b4 t4–( )+ +

A b y–( )2–

h l–
2 b t–( )
------------------= 1⁄6=

I

y
-- I

A
---

d

2
---

bd3 h3 b t–( )–
12

------------------------------------ bd3 h3 b t–( )–
6d

------------------------------------ bd3 h3 b t–( )–
12 bd h b t–( )–[ ]
------------------------------------------
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bd − h(b − t)

T-Sections

bs + ht
1⁄3[ty3 + b(d − y)3

− (b − t)(d − y − s)3]

1⁄12[l3(T + 3t) + 4bn3 −
2am3] − A (d − y − n)2

d − [3bs2 + 3ht (d + s)
 + h (T − t)(h + 3s)]÷6A

1⁄12[4bs3 + h3(3t + T)]
− A (d − y − s)2

 Moments of Inertia, Section Moduli, and Radii of Gyration (Continued)

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

b
2b2s ht2+

2bd 2h b t–( )–
--------------------------------------–

2sb3 ht3+
3

------------------------- A b y–( )2– I

y
-- I

A
---

d
d2t s2 b t–( )+

2 bs ht+( )
----------------------------------–

I

y
--

1
3 bs ht+( )
------------------------- t[ y3 b d y–( )3+

b t–( ) d y– s–( )3 ]–

l T t+( )
2

------------------ Tn a s n+( )+ +

d 3s
2

b T–( )
2am m 3s+( ) 3Td

2

l T t–( ) 3d l–( )–
+ +

[

] 6A÷

–
I

y
-- I

A
---

bs
h T t+( )

2
-------------------+

I

y
-- I

A
---
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L-, Z-, and X-Sections

t(2a − t)
1⁄3[ty3 + a(a − y)3

− (a − t)(a − y − t)3]

t(a + b − t)
1⁄3[ty3 + a(b − y)3

− (a − t)(b − y − t)3]

t(a + b − t)
1⁄3[ty3 + b(a − y)3

− (b − t)(a − y − t)3]

 Moments of Inertia, Section Moduli, and Radii of Gyration (Continued)

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

l T t+( )
2

------------------ Tn

a s n+( )

+

+

b

2
---

sb3 mT3 lt3+ +
12

--------------------------------------

am 2a2 2a 3T+( )2+[ ]
36

-------------------------------------------------------

l T t–( ) T t–( )2 2 T 2t+( )2+[ ]
144

-------------------------------------------------------------------------

+

+

I

y
-- I

A
---

a
a2 at t2–+
2 2a t–( )

---------------------------–
I

y
-- I

A
---

b
t 2d a+( ) d2+

2 d a+( )
----------------------------------–

I

y
--

1
3t a b t–+( )
------------------------------ t[ y3 a b y–( )3+

a t–( ) b y– t–( )3 ]–

a
t 2c b+( ) c2+

2 c b+( )
----------------------------------–

I

y
--

1
3t a b t–+( )
------------------------------ t[ y3 b a y–( )3+

b t–( ) a y– t–( )3 ]–
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t(2a − t)

in which b = (a − t)

t[b + 2(a − t)]

t[b + 2(a − t)]

dt + s(b − t)

 Moments of Inertia, Section Moduli, and Radii of Gyration (Continued)

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

a2 at t2–+
2 2a t–( ) 45°cos
----------------------------------------

A

12
------ 7 a2 b2+( ) 12y2–[ ]

2ab2 a b–( )–
I

y
-- I

A
---

b

2
---

ab3 c b 2t–( )3–
12

--------------------------------------- ab3 c b 2t–( )3–
6b

--------------------------------------- ab3 c b 2t–( )3–
12t b 2 a t–( )+[ ]
-----------------------------------------

2a t–
2

--------------
b a c+( )3 2c3d– 6a2cd–

12
-------------------------------------------------------------- b a c+( )3 2c3d– 6a2cd–

6 2a t–( )
-------------------------------------------------------------- b a c+( )3 2c3d– 6a2cd–

12t b 2 a t–( )+[ ]
--------------------------------------------------------------

d

2
---

td3 s3 b t–( )+
12

---------------------------------- td3 s3 b t–( )–
6d

---------------------------------- td3 s3 b t–( )+
12 td s b t–( )+[ ]
-----------------------------------------

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



244 MOMENT OF INERTIA, SECTION MODULUS

Polar Area Moment of Inertia and Section Modulus.—The polar moment of inertia, J,
of a cross-section with respect to a polar axis, that is, an axis at right angles to the plane of
the cross-section, is defined as the moment of inertia of the cross-section with respect to the
point of intersection of the axis and the plane. The polar moment of inertia may be found by
taking the sum of the moments of inertia about two perpendicular axes lying in the plane of
the cross-section and passing through this point. Thus, for example, the polar moment of
inertia of a circular or a square area with respect to a polar axis through the center of gravity
is equal to two times the moment of inertia with respect to an axis lying in the plane of the
cross-section and passing through the center of gravity.

The polar moment of inertia with respect to a polar axis through the center of gravity is
required for problems involving the torsional strength of shafts since this axis is usually the
axis about which twisting of the shaft takes place.

The polar section modulus (also called section modulus of torsion), Zp, for circular sec-
tions may be found by dividing the polar moment of inertia, J, by the distance c from the
center of gravity to the most remote fiber. This method may be used to find the approxi-
mate value of the polar section modulus of sections that are nearly round. For other than
circular cross-sections, however, the polar section modulus does not equal the polar
moment of inertia divided by the distance c.

The accompanying table Polar Moment of Inertia and Polar Section Modulus on page
245 gives formulas for the polar section modulus for several different cross-sections. The
polar section modulus multiplied by the allowable torsional shearing stress gives the
allowable twisting moment to which a shaft may be subjected, see Formula (7) on page
296.

Mass Moments of Inertia*,  JM.—Starting on page 246, formulas for mass moment of
inertia of various solids are given in a series of tables. The example that follows illustrates
the derivaion of JM for one of the bodes given on page 246.

Example, Polar Mass Moment of Inertia of a Hollow Circular Section:Referring to the
figure Hollow Cylinder on page 246, consider a strip of width dr on a hollow circular sec-
tion, whose inner radius is r and outer radius is R.

The mass of the strip = 2πrdrρ, where ρ is the density of material. In order to get the mass
of an individual section, integrate the mass of the strip from r to R.

The 2nd moment of the strip about the AA axis = 2πrdrρr2. To find the polar moment of
inertia about the AA axis, integrate the 2nd moment from r to R.

* In some books the symbol I denotes the polar moment of inertia of masses; JM is used in this handbook
to avoid confusion with moments of inertia of plane areas. 

M 2πr rd( )ρ
r

R

∫ 2πρ r rd( )
r

R

∫ 2πρ r
2

2
----

r

R

= = =

2πρ R
2

2
------ r

2

2
----– 

 = πρ R
2

r
2

–( )=

JM 2πr rd( )ρr
2

r

R

∫ 2πρ r
3

rd( )
r

R

∫ 2πρ r
4

4
----

r

R

= = =

2πρ R
4

4
------ r

4

4
----– 

 =
πρ
2

------- R
2

r
2

–( ) R
2

r
2

+( )=

πρ R
2

r
2

–( ) R
2

r
2

+( )
2

---------------------- M R
2

r
2

+( )
2

---------------------------==
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Polar Moment of Inertia and Polar Section Modulus 

Section
Polar Moment of Inertia,

J

Polar Section Modulus,
Zp

(d is the shorter side)

(see also footnote, page 250) (see also footnote, page 250)

��
��

ad

a

a
4

6
----- 0.1667a

4
= 0.208a3 0.074d3=

��
��

d

b

bd b
2

d
2
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12
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D
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Formulas for Polar Moment of Inertia of Masses, JM

Prism:

Cylinder:

Hollow Cylinder: 

Pyramid, Rectangular Base: 

Sphere:

With reference to axis A − A:

With reference to axis B − B:

With reference to axis A − A:

With reference to axis B − B:

With reference to axis A − A:

With reference to axis B − B:

With reference to axis A − A:

With reference to axis B − B (through the center of grav-
ity):

With reference to any axis through the center:

JM

M

12
------ h2 b2+( )=

JM M
l2

3
---- h2

12
------+

 
 =

JM
1⁄2Mr2=

JM M
l2

3
---- r2

4
----+ 

 =

JM
1⁄2M R2 r2+( )=

JM M
l2

3
---- R2 r2+

4
-----------------+ 

 =

JM

M

20
------ a2 b2+( )=

JM M
3

80
------h2 b2

20
------+ 

 =

JM
2⁄5Mr2=
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Spherical Sector: 

Spherical Segment: 

Torus:

Paraboloid:

Ellipsoid:

With reference to axis A − A:

Spherical Segment: With reference to axis A − A:

With reference to axis A − A:

With reference to axis B − B:

With reference to axis A − A:

With reference to axis B − B (through the center of grav-
ity):

With reference to axis A − A:

With reference to axis B − B:

With reference to axis C − C:

JM

M

5
----- 3rh h2–( )=

JM M r2 3rh

4
---------– 3h2

20
---------+ 

  2h

3r h–
--------------=

JM M
R2

2
------ 5r2

8
--------+ 

 =

JM M R2 3⁄4r2+( )=

JM
1⁄3Mr2=

JM M
r2

6
---- h2

18
------+ 

 =

JM

M

5
----- b2 c2+( )=

JM

M

5
----- a2 c2+( )=

JM

M

5
----- a2 b2+( )=
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Cone:

Frustrum of Cone: 

Moments of Inertia of Complex Areas and Masses may be evaluated by the addition and
subtraction of elementary areas and masses. For example, the accompanying figure shows
a complex mass at (1); its mass polar moment of inertia can be determined by adding
together the moments of inertia of the bodies shown at (2) and (3), and subtracting that at
(4). Thus, JM1 = JM2 + JM3 − JM4. All of these moments of inertia are with respect to the axis
of rotation z − z. Formulas for JM2 and JM3 can be obtained from the tables beginning on
page 246. The moment of inertia for the body at (4) can be evaluated by using the following
transfer-axis equation: JM4 = JM4 ′ + d2M. The term JM4 ′ is the moment of inertia with
respect to axis z ′ − z ′; it may be evaluated using the same equation that applies to JM2 where
d is the distance between the z − z and the z ′ − z ′ axes, and M is the mass of the body (=
weight in lbs ÷ g).

Moments of Inertia of Complex Masses

Similar calculations can be made when calculating I and J for complex areas using the
appropriate transfer-axis equations are I = I ′ + d2A and J = J ′ + d2A. The primed term, I ′ or
J ′, is with respect to the center of gravity of the corresponding area A; d is the distance
between the axis through the center of gravity and the axis to which I or J is referred.

With reference to axis A − A:

With reference to axis B − B (through the center of grav-
ity):

With reference to axis A − A:

JM

3M

10
--------r2=

JM

3M

20
-------- r2 h2

4
-----+ 

 =

JM
3M R5 r5–( )
10 R3 r3–( )
-------------------------------=

�
�
�

d

��
��
��

��
��

z

zz

zz z

�
�z′z′

zz

(2)

(4)

(1)

(3)

��
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 Moments of Inertia and Section Moduli
 for Rectangles and Round Shafts

Moments of inertia and section modulus values shown here are for rectan-
gles 1 millimeter wide (b). To obtain moment of inertia or section modulus
for rectangle of given side length (d), multiply appropriate table value by
given width. (See the text starting on page 234 for basic formulas.)

Moments of Inertia and Section Moduli for Rectangles
(Metric Units)

Length
of Side
(mm)

Moment
of

Inertia
Section

Modulus

Length
of Side
(mm)

Moment
of

Inertia
Section

Modulus

Length
of Side
(mm)

Moment
of

Inertia
Section

Modulus

5 10.4167 4.16667 56 14634.7 522.667 107 102087 1908.17
6 18.0000 6.00000 57 15432.8 541.500 108 104976 1944.00
7 28.5833 8.16667 58 16259.3 560.667 109 107919 1980.17
8 42.6667 10.6667 59 17114.9 580.167 110 110917 2016.67
9 60.7500 13.5000 60 18000.0 600.000 111 113969 2053.50

10 83.3333 16.6667 61 18915.1 620.167 112 117077 2090.67
11 110.917 20.1667 62 19860.7 640.667 113 120241 2128.17
12 144.000 24.0000 63 20837.3 661.500 114 123462 2166.00
13 183.083 28.1667 64 21845.3 682.667 115 126740 2204.17
14 228.667 32.6667 65 22885.4 704.167 116 130075 2242.67
15 281.250 37.5000 66 23958.0 726.000 117 133468 2281.50
16 341.333 42.6667 67 25063.6 748.167 118 136919 2320.67
17 409.417 48.1667 68 26202.7 770.667 119 140430 2360.17
18 486.000 54.0000 69 27375.8 793.500 120 144000 2400.00
19 571.583 60.1667 70 28583.3 816.667 121 147630 2440.17
20 666.667 66.6667 71 29825.9 840.167 122 151321 2480.67
21 771.750 73.5000 72 31104.0 864.000 123 155072 2521.50
22 887.333 80.6667 73 32418.1 888.167 124 158885 2562.67
23 1013.92 88.1667 74 33768.7 912.667 125 162760 2604.17
24 1152.00 96.0000 75 35156.3 937.500 126 166698 2646.00
25 1302.08 104.1667 76 36581.3 962.667 127 170699 2688.17
26 1464.67 112.6667 77 38044.4 988.167 128 174763 2730.67
27 1640.25 121.5000 78 39546.0 1014.00 130 183083 2816.67
28 1829.33 130.6667 79 41086.6 1040.17 132 191664 2904.00
29 2032.42 140.167 80 42666.7 1066.67 135 205031 3037.50
30 2250.00 150.000 81 44286.8 1093.50 138 219006 3174.00
31 2482.58 160.167 82 45947.3 1120.67 140 228667 3266.67
32 2730.67 170.667 83 47648.9 1148.17 143 243684 3408.17
33 2994.75 181.500 84 49392.0 1176.00 147 264710 3601.50
34 3275.33 192.667 85 51177.1 1204.17 150 281250 3750.00
35 3572.92 204.167 86 53004.7 1232.67 155 310323 4004.17
36 3888.00 216.000 87 54875.3 1261.50 160 341333 4266.67
37 4221.08 228.167 88 56789.3 1290.67 165 374344 4537.50
38 4572.67 240.667 89 58747.4 1320.17 170 409417 4816.67
39 4943.25 253.500 90 60750.0 1350.00 175 446615 5104.17
40 5333.33 266.667 91 62797.6 1380.17 180 486000 5400.00
41 5743.42 280.167 92 64890.7 1410.67 185 527635 5704.17
42 6174.00 294.000 93 67029.8 1441.50 190 571583 6016.67
43 6625.58 308.167 94 69215.3 1472.67 195 617906 6337.50
44 7098.67 322.667 95 71447.9 1504.17 200 666667 6666.67
45 7593.75 337.500 96 73728.0 1536.00 210 771750 7350.00
46 8111.33 352.667 97 76056.1 1568.17 220 887333 8066.67
47 8651.92 368.167 98 78432.7 1600.67 230 1013917 8816.67
48 9216.00 384.000 99 80858.3 1633.50 240 1152000 9600.00
49 9804.08 400.167 100 83333.3 1666.67 250 1302083 10416.7
50 10416.7 416.667 101 85858.4 1700.17 260 1464667 11266.7
51 11054.3 433.500 102 88434.0 1734.00 270 1640250 12150.0
52 11717.3 450.667 103 91060.6 1768.17 280 1829333 13066.7
53 12406.4 468.167 104 93738.7 1802.67 290 2032417 14016.7
54 13122.0 486.000 105 96468.8 1837.50 300 2250000 15000.0
55 13864.6 504.167 106 99251.3 1872.67 … … …
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Section Moduli for Rectangles

Section modulus values are shown for rectangles 1 inch wide. To obtain section modulus for rect-
angle of given side length, multiply value in table by given width.

Section Moduli and Moments of Inertia for Round Shafts

In this and succeeding tables, the Polar Section Modulus for a shaft of given diameter can be
obtained by multiplying its section modulus by 2. Similarly, its Polar Moment of Inertia can be
obtained by multiplying its moment of inertia by 2.

Length
of Side

Section
Modulus

Length
of Side

Section
Modulus

Length
of Side

Section
Modulus

Length
of Side

Section
Modulus

1⁄8 0.0026 23⁄4 1.26 12 24.00 25 104.2
3⁄16 0.0059 3 1.50 121⁄2 26.04 26 112.7
1⁄4 0.0104 31⁄4 1.76 13 28.17 27 121.5
5⁄16 0.0163 31⁄2 2.04 131⁄2 30.38 28 130.7
3⁄8 0.0234 33⁄4 2.34 14 32.67 29 140.2
7⁄16 0.032 4 2.67 141⁄2 35.04 30 150.0
1⁄2 0.042 41⁄2 3.38 15 37.5 32 170.7
5⁄8 0.065 5 4.17 151⁄2 40.0 34 192.7
3⁄4 0.094 51⁄2 5.04 16 42.7 36 216.0
7⁄8 0.128 6 6.00 161⁄2 45.4 38 240.7

1 0.167 61⁄2 7.04 17 48.2 40 266.7

11⁄8 0.211 7 8.17 171⁄2 51.0 42 294.0

11⁄4 0.260 71⁄2 9.38 18 54.0 44 322.7

13⁄8 0.315 8 10.67 181⁄2 57.0 46 352.7

11⁄2 0.375 81⁄2 12.04 19 60.2 48 384.0

15⁄8 0.440 9 13.50 191⁄2 63.4 50 416.7

13⁄4 0.510 91⁄2 15.04 20 66.7 52 450.7

17⁄8 0.586 10 16.67 21 73.5 54 486.0

2 0.67 101⁄2 18.38 22 80.7 56 522.7

21⁄4 0.84 11 20.17 23 88.2 58 560.7

21⁄2 1.04 111⁄2 22.04 24 96.0 60 600.0

Dia.
Section

Modulus
Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

1⁄8 0.00019 0.00001 27⁄64 0.00737 0.00155 23⁄32 0.03645 0.01310
9⁄64 0.00027 0.00002 7⁄16 0.00822 0.00180 47⁄64 0.03888 0.01428
5⁄32 0.00037 0.00003 29⁄64 0.00913 0.00207 3⁄4 0.04142 0.01553
11⁄64 0.00050 0.00004 15⁄32 0.01011 0.00237 49⁄64 0.04406 0.01687
3⁄16 0.00065 0.00006 31⁄64 0.01116 0.00270 25⁄32 0.04681 0.01829
13⁄64 0.00082 0.00008 1⁄2 0.01227 0.00307 51⁄64 0.04968 0.01979
7⁄32 0.00103 0.00011 33⁄64 0.01346 0.00347 13⁄16 0.05266 0.02139
15⁄64 0.00126 0.00015 17⁄32 0.01472 0.00391 53⁄64 0.05576 0.02309
1⁄4 0.00153 0.00019 35⁄64 0.01606 0.00439 27⁄32 0.05897 0.02488

17⁄64 0.00184 0.00024 9⁄16 0.01747 0.00491 55⁄64 0.06231 0.02677
9⁄32 0.00218 0.00031 37⁄64 0.01897 0.00548 7⁄8 0.06577 0.02877
19⁄64 0.00257 0.00038 19⁄32 0.02055 0.00610 57⁄64 0.06936 0.03089
5⁄16 0.00300 0.00047 39⁄64 0.02222 0.00677 29⁄32 0.07307 0.03311
21⁄64 0.00347 0.00057 5⁄8 0.02397 0.00749 59⁄64 0.07692 0.03545
11⁄32 0.00399 0.00069 41⁄64 0.02581 0.00827 15⁄16 0.08089 0.03792
23⁄64 0.00456 0.00082 21⁄32 0.02775 0.00910 61⁄64 0.08501 0.04051
3⁄8 0.00518 0.00097 43⁄64 0.02978 0.01000 31⁄32 0.08926 0.04323

25⁄64 0.00585 0.00114 11⁄16 0.03190 0.01097 63⁄64 0.09364 0.04609
13⁄32 0.00658 0.00134 45⁄64 0.03413 0.01200 … … …
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Section Moduli and Moments of Inertia for Round Shafts (English or Metric Units)

Dia.
Section

Modulus
Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

1.00 0.0982 0.0491 1.50 0.3313 0.2485 2.00 0.7854 0.7854

1.01 0.1011 0.0511 1.51 0.3380 0.2552 2.01 0.7972 0.8012

1.02 0.1042 0.0531 1.52 0.3448 0.2620 2.02 0.8092 0.8173

1.03 0.1073 0.0552 1.53 0.3516 0.2690 2.03 0.8213 0.8336

1.04 0.1104 0.0574 1.54 0.3586 0.2761 2.04 0.8335 0.8501

1.05 0.1136 0.0597 1.55 0.3656 0.2833 2.05 0.8458 0.8669

1.06 0.1169 0.0620 1.56 0.3727 0.2907 2.06 0.8582 0.8840

1.07 0.1203 0.0643 1.57 0.3799 0.2982 2.07 0.8708 0.9013

1.08 0.1237 0.0668 1.58 0.3872 0.3059 2.08 0.8835 0.9188

1.09 0.1271 0.0693 1.59 0.3946 0.3137 2.09 0.8963 0.9366

1.10 0.1307 0.0719 1.60 0.4021 0.3217 2.10 0.9092 0.9547

1.11 0.1343 0.0745 1.61 0.4097 0.3298 2.11 0.9222 0.9730

1.12 0.1379 0.0772 1.62 0.4174 0.3381 2.12 0.9354 0.9915

1.13 0.1417 0.0800 1.63 0.4252 0.3465 2.13 0.9487 1.0104

1.14 0.1455 0.0829 1.64 0.4330 0.3551 2.14 0.9621 1.0295

1.15 0.1493 0.0859 1.65 0.4410 0.3638 2.15 0.9757 1.0489

1.16 0.1532 0.0889 1.66 0.4491 0.3727 2.16 0.9894 1.0685

1.17 0.1572 0.0920 1.67 0.4572 0.3818 2.17 1.0032 1.0885

1.18 0.1613 0.0952 1.68 0.4655 0.3910 2.18 1.0171 1.1087

1.19 0.1654 0.0984 1.69 0.4739 0.4004 2.19 1.0312 1.1291

1.20 0.1696 0.1018 1.70 0.4823 0.4100 2.20 1.0454 1.1499

1.21 0.1739 0.1052 1.71 0.4909 0.4197 2.21 1.0597 1.1710

1.22 0.1783 0.1087 1.72 0.4996 0.4296 2.22 1.0741 1.1923

1.23 0.1827 0.1124 1.73 0.5083 0.4397 2.23 1.0887 1.2139

1.24 0.1872 0.1161 1.74 0.5172 0.4500 2.24 1.1034 1.2358

1.25 0.1917 0.1198 1.75 0.5262 0.4604 2.25 1.1183 1.2581

1.26 0.1964 0.1237 1.76 0.5352 0.4710 2.26 1.1332 1.2806

1.27 0.2011 0.1277 1.77 0.5444 0.4818 2.27 1.1484 1.3034

1.28 0.2059 0.1318 1.78 0.5537 0.4928 2.28 1.1636 1.3265

1.29 0.2108 0.1359 1.79 0.5631 0.5039 2.29 1.1790 1.3499

1.30 0.2157 0.1402 1.80 0.5726 0.5153 2.30 1.1945 1.3737

1.31 0.2207 0.1446 1.81 0.5822 0.5268 2.31 1.2101 1.3977

1.32 0.2258 0.1490 1.82 0.5919 0.5386 2.32 1.2259 1.4221

1.33 0.2310 0.1536 1.83 0.6017 0.5505 2.33 1.2418 1.4468

1.34 0.2362 0.1583 1.84 0.6116 0.5627 2.34 1.2579 1.4717

1.35 0.2415 0.1630 1.85 0.6216 0.5750 2.35 1.2741 1.4971

1.36 0.2470 0.1679 1.86 0.6317 0.5875 2.36 1.2904 1.5227

1.37 0.2524 0.1729 1.87 0.6420 0.6003 2.37 1.3069 1.5487

1.38 0.2580 0.1780 1.88 0.6523 0.6132 2.38 1.3235 1.5750

1.39 0.2637 0.1832 1.89 0.6628 0.6264 2.39 1.3403 1.6016

1.40 0.2694 0.1886 1.90 0.6734 0.6397 2.40 1.3572 1.6286

1.41 0.2752 0.1940 1.91 0.6841 0.6533 2.41 1.3742 1.6559

1.42 0.2811 0.1996 1.92 0.6949 0.6671 2.42 1.3914 1.6836

1.43 0.2871 0.2053 1.93 0.7058 0.6811 2.43 1.4087 1.7116

1.44 0.2931 0.2111 1.94 0.7168 0.6953 2.44 1.4262 1.7399

1.45 0.2993 0.2170 1.95 0.7280 0.7098 2.45 1.4438 1.7686

1.46 0.3055 0.2230 1.96 0.7392 0.7244 2.46 1.4615 1.7977

1.47 0.3119 0.2292 1.97 0.7506 0.7393 2.47 1.4794 1.8271

1.48 0.3183 0.2355 1.98 0.7621 0.7545 2.48 1.4975 1.8568

1.49 0.3248 0.2419 1.99 0.7737 0.7698 2.49 1.5156 1.8870
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Section Moduli and Moments of Inertia for Round Shafts (English or Metric Units)

Dia.
Section

Modulus
Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

2.50 1.5340 1.9175 3.00 2.6507 3.9761 3.50 4.2092 7.3662

2.51 1.5525 1.9483 3.01 2.6773 4.0294 3.51 4.2454 7.4507

2.52 1.5711 1.9796 3.02 2.7041 4.0832 3.52 4.2818 7.5360

2.53 1.5899 2.0112 3.03 2.7310 4.1375 3.53 4.3184 7.6220

2.54 1.6088 2.0432 3.04 2.7582 4.1924 3.54 4.3552 7.7087

2.55 1.6279 2.0755 3.05 2.7855 4.2479 3.55 4.3922 7.7962

2.56 1.6471 2.1083 3.06 2.8130 4.3038 3.56 4.4295 7.8844

2.57 1.6665 2.1414 3.07 2.8406 4.3604 3.57 4.4669 7.9734

2.58 1.6860 2.1749 3.08 2.8685 4.4175 3.58 4.5054 8.0631

2.59 1.7057 2.2089 3.09 2.8965 4.4751 3.59 4.5424 8.1536

2.60 1.7255 2.2432 3.10 2.9247 4.5333 3.60 4.5804 8.2248

2.61 1.7455 2.2779 3.11 2.9531 4.5921 3.61 4.6187 8.3368

2.62 1.7656 2.3130 3.12 2.9817 4.6514 3.62 4.6572 8.4295

2.63 1.7859 2.3485 3.13 3.0105 4.7114 3.63 4.6959 8.5231

2.64 1.8064 2.3844 3.14 3.0394 4.7719 3.64 4.7348 8.6174

2.65 1.8270 2.4208 3.15 3.0685 4.8329 3.65 4.7740 8.7125

2.66 1.8478 2.4575 3.16 3.0979 4.8946 3.66 4.8133 8.8083

2.67 1.8687 2.4947 3.17 3.1274 4.9569 3.67 4.8529 8.9050

2.68 1.8897 2.5323 3.18 3.1570 5.0197 3.68 4.8926 9.0025

2.69 1.9110 2.5703 3.19 3.1869 5.0831 3.69 4.9326 9.1007

2.70 1.9324 2.6087 3.20 3.2170 5.1472 3.70 4.9728 9.1998

2.71 1.9539 2.6476 3.21 3.2472 5.2118 3.71 5.0133 9.2996

2.72 1.9756 2.6869 3.22 3.2777 5.2771 3.72 5.0539 9.4003

2.73 1.9975 2.7266 3.23 3.3083 5.3429 3.73 5.0948 9.5018

2.74 2.0195 2.7668 3.24 3.3391 5.4094 3.74 5.1359 9.6041

2.75 2.0417 2.8074 3.25 3.3702 5.4765 3.75 5.1772 9.7072

2.76 2.0641 2.8484 3.26 3.4014 5.5442 3.76 5.2187 9.8112

2.77 2.0866 2.8899 3.27 3.4328 5.6126 3.77 5.2605 9.9160

2.78 2.1093 2.9319 3.28 3.4643 5.6815 3.78 5.3024 10.0216

2.79 2.1321 2.9743 3.29 3.4961 5.7511 3.79 5.3446 10.1281

2.80 2.1551 3.0172 3.30 3.5281 5.8214 3.80 5.3870 10.2354

2.81 2.1783 3.0605 3.31 3.5603 5.8923 3.81 5.4297 10.3436

2.82 2.2016 3.1043 3.32 3.5926 5.9638 3.82 5.4726 10.4526

2.83 2.2251 3.1486 3.33 3.6252 6.0360 3.83 5.5156 10.5625

2.84 2.2488 3.1933 3.34 3.6580 6.1088 3.84 5.5590 10.6732

2.85 2.2727 3.2385 3.35 3.6909 6.1823 3.85 5.6025 10.7848

2.86 2.2967 3.2842 3.36 3.7241 6.2564 3.86 5.6463 10.8973

2.87 2.3208 3.3304 3.37 3.7574 6.3313 3.87 5.6903 11.0107

2.88 2.3452 3.3771 3.38 3.7910 6.4067 3.88 5.7345 11.1249

2.89 2.3697 3.4242 3.39 3.8247 6.4829 3.89 5.7789 11.2401

2.90 2.3944 3.4719 3.40 3.8587 6.5597 3.90 5.8236 11.3561

2.91 2.4192 3.5200 3.41 3.8928 6.6372 3.91 5.8685 11.4730

2.92 2.4443 3.5686 3.42 3.9272 6.7154 3.92 5.9137 11.5908

2.93 2.4695 3.6178 3.43 3.9617 6.7943 3.93 5.9591 11.7095

2.94 2.4948 3.6674 3.44 3.9965 6.8739 3.94 6.0047 11.8292

2.95 2.5204 3.7176 3.45 4.0314 6.9542 3.95 6.0505 11.9497

2.96 2.5461 3.7682 3.46 4.0666 7.0352 3.96 6.0966 12.0712

2.97 2.5720 3.8194 3.47 4.1019 7.1168 3.97 6.1429 12.1936

2.98 2.5981 3.8711 3.48 4.1375 7.1992 3.98 6.1894 12.3169

2.99 2.6243 3.9233 3.49 4.1733 7.2824 3.99 6.2362 12.4412
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Section Moduli and Moments of Inertia for Round Shafts (English or Metric Units)

Dia.
Section

Modulus
Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

4.00 6.2832 12.566 4.50 8.946 20.129 5.00 12.272 30.680

4.01 6.3304 12.693 4.51 9.006 20.308 5.01 12.346 30.926

4.02 6.3779 12.820 4.52 9.066 20.489 5.02 12.420 31.173

4.03 6.4256 12.948 4.53 9.126 20.671 5.03 12.494 31.423

4.04 6.4736 13.077 4.54 9.187 20.854 5.04 12.569 31.673

4.05 6.5218 13.207 4.55 9.248 21.039 5.05 12.644 31.925

4.06 6.5702 13.337 4.56 9.309 21.224 5.06 12.719 32.179

4.07 6.6189 13.469 4.57 9.370 21.411 5.07 12.795 32.434

4.08 6.6678 13.602 4.58 9.432 21.599 5.08 12.870 32.691

4.09 6.7169 13.736 4.59 9.494 21.788 5.09 12.947 32.949

4.10 6.7663 13.871 4.60 9.556 21.979 5.10 13.023 33.209

4.11 6.8159 14.007 4.61 9.618 22.170 5.11 13.100 33.470

4.12 6.8658 14.144 4.62 9.681 22.363 5.12 13.177 33.733

4.13 6.9159 14.281 4.63 9.744 22.558 5.13 13.254 33.997

4.14 6.9663 14.420 4.64 9.807 22.753 5.14 13.332 34.263

4.15 7.0169 14.560 4.65 9.871 22.950 5.15 13.410 34.530

4.16 7.0677 14.701 4.66 9.935 23.148 5.16 13.488 34.799

4.17 7.1188 14.843 4.67 9.999 23.347 5.17 13.567 35.070

4.18 7.1702 14.986 4.68 10.063 23.548 5.18 13.645 35.342

4.19 7.2217 15.130 4.69 10.128 23.750 5.19 13.725 35.616

4.20 7.2736 15.275 4.70 10.193 23.953 5.20 13.804 35.891

4.21 7.3257 15.420 4.71 10.258 24.158 5.21 13.884 36.168

4.22 7.3780 15.568 4.72 10.323 24.363 5.22 13.964 36.446

4.23 7.4306 15.716 4.73 10.389 24.571 5.23 14.044 36.726

4.24 7.4834 15.865 4.74 10.455 24.779 5.24 14.125 37.008

4.25 7.5364 16.015 4.75 10.522 24.989 5.25 14.206 37.291

4.26 7.5898 16.166 4.76 10.588 25.200 5.26 14.288 37.576

4.27 7.6433 16.319 4.77 10.655 25.412 5.27 14.369 37.863

4.28 7.6972 16.472 4.78 10.722 25.626 5.28 14.451 38.151

4.29 7.7513 16.626 4.79 10.790 25.841 5.29 14.533 38.441

4.30 7.8056 16.782 4.80 10.857 26.058 5.30 14.616 38.732

4.31 7.8602 16.939 4.81 10.925 26.275 5.31 14.699 39.025

4.32 7.9150 17.096 4.82 10.994 26.495 5.32 14.782 39.320

4.33 7.9701 17.255 4.83 11.062 26.715 5.33 14.866 39.617

4.34 8.0254 17.415 4.84 11.131 26.937 5.34 14.949 39.915

4.35 8.0810 17.576 4.85 11.200 27.160 5.35 15.034 40.215

4.36 8.1369 17.738 4.86 11.270 27.385 5.36 15.118 40.516

4.37 8.1930 17.902 4.87 11.339 27.611 5.37 15.203 40.819

4.38 8.2494 18.066 4.88 11.409 27.839 5.38 15.288 41.124

4.39 8.3060 18.232 4.89 11.480 28.068 5.39 15.373 41.431

4.40 8.3629 18.398 4.90 11.550 28.298 5.40 15.459 41.739

4.41 8.4201 18.566 4.91 11.621 28.530 5.41 15.545 42.049

4.42 8.4775 18.735 4.92 11.692 28.763 5.42 15.631 42.361

4.43 8.5351 18.905 4.93 11.764 28.997 5.43 15.718 42.675

4.44 8.5931 19.077 4.94 11.835 29.233 5.44 15.805 42.990

4.45 8.6513 19.249 4.95 11.907 29.471 5.45 15.892 43.307

4.46 8.7097 19.423 4.96 11.980 29.710 5.46 15.980 43.626

4.47 8.7684 19.597 4.97 12.052 29.950 5.47 16.068 43.946

4.48 8.8274 19.773 4.98 12.125 30.192 5.48 16.156 44.268

4.49 8.8867 19.951 4.99 12.198 30.435 5.49 16.245 44.592
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Section Moduli and Moments of Inertia for Round Shafts (English or Metric Units)

Dia.
Section

Modulus
Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

5.5 16.3338 44.9180 30 2650.72 39760.8 54.5 15892.4 433068

6 21.2058 63.6173 30.5 2785.48 42478.5 55 16333.8 449180

6.5 26.9612 87.6241 31 2924.72 45333.2 55.5 16783.4 465738

7 33.6739 117.859 31.5 3068.54 48329.5 56 17241.1 482750

7.5 41.4175 155.316 32 3216.99 51471.9 56.5 17707.0 500223

8 50.2655 201.062 32.5 3370.16 54765.0 57 18181.3 518166

8.5 60.2916 256.239 33 3528.11 58213.8 57.5 18663.9 536588

9 71.5694 322.062 33.5 3690.92 61822.9 58 19155.1 555497

9.5 84.1726 399.820 34 3858.66 65597.2 58.5 19654.7 574901

10 98.1748 490.874 34.5 4031.41 69541.9 59 20163.0 594810

10.5 113.650 596.660 35 4209.24 73661.8 59.5 20680.0 615230

11 130.671 718.688 35.5 4392.23 77962.1 60 21205.8 636173

11.5 149.312 858.541 36 4580.44 82448.0 60.5 21740.3 657645

12 169.646 1017.88 36.5 4773.96 87124.7 61 22283.8 679656

12.5 191.748 1198.42 37 4972.85 91997.7 61.5 22836.3 702215

13 215.690 1401.98 37.5 5177.19 97072.2 62 23397.8 725332

13.5 241.547 1630.44 38 5387.05 102354 62.5 23968.4 749014

14 269.392 1885.74 38.5 5602.50 107848 63 24548.3 773272

14.5 299.298 2169.91 39 5823.63 113561 63.5 25137.4 798114

15 331.340 2485.05 39.5 6050.50 119497 64 25735.9 823550

15.5 365.591 2833.33 40 6283.19 125664 64.5 26343.8 849589

16 402.124 3216.99 40.5 6521.76 132066 65 26961.2 876241

16.5 441.013 3638.36 41 6766.30 138709 65.5 27588.2 903514

17 482.333 4099.83 41.5 7016.88 145600 66 28224.9 931420

17.5 526.155 4603.86 42 7273.57 152745 66.5 28871.2 959967

18 572.555 5153.00 42.5 7536.45 160150 67 29527.3 989166

18.5 621.606 5749.85 43 7805.58 167820 67.5 30193.3 1019025

19 673.381 6397.12 43.5 8081.05 175763 68 30869.3 1049556

19.5 727.954 7097.55 44 8362.92 183984 68.5 31555.2 1080767

20 785.398 7853.98 44.5 8651.27 192491 69 32251.3 1112670

20.5 845.788 8669.33 45 8946.18 201289 69.5 32957.5 1145273

21 909.197 9546.56 45.5 9247.71 210385 70 33673.9 1178588

21.5 975.698 10488.8 46 9555.94 219787 70.5 34400.7 1212625

22 1045.36 11499.0 46.5 9870.95 229499 71 35137.8 1247393

22.5 1118.27 12580.6 47 10192.8 239531 71.5 35885.4 1282904

23 1194.49 13736.7 47.5 10521.6 249887 72 36643.5 1319167

23.5 1274.10 14970.7 48 10857.3 260576 72.5 37412.3 1356194

24 1357.17 16286.0 48.5 11200.2 271604 73 38191.7 1393995

24.5 1443.77 17686.2 49 11550.2 282979 73.5 38981.8 1432581

25 1533.98 19174.8 49.5 11907.4 294707 74 39782.8 1471963

25.5 1627.87 20755.4 50 12271.8 306796 74.5 40594.6 1512150

26 1725.52 22431.8 50.5 12643.7 319253 75 41417.5 1553156

26.5 1827.00 24207.7 51 13023.0 332086 75.5 42251.4 1594989

27 1932.37 26087.0 51.5 13409.8 345302 76 43096.4 1637662

27.5 2041.73 28073.8 52 13804.2 358908 76.5 43952.6 1681186

28 2155.13 30171.9 52.5 14206.2 372913 77 44820.0 1725571

28.5 2272.66 32385.4 53 14616.0 387323 77.5 45698.8 1770829

29 2394.38 34718.6 53.5 15033.5 402147 78 46589.0 1816972

29.5 2520.38 37175.6 54 15459.0 417393 78.5 47490.7 1864011
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Section Moduli and Moments of Inertia for Round Shafts (English or Metric Units)

Dia.
Section

Modulus
Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

79 48404.0 1911958 103.5 108848 5632890 128 205887 13176795

79.5 49328.9 1960823 104 110433 5742530 128.5 208310 13383892

80 50265.5 2010619 104.5 112034 5853762 129 210751 13593420

80.5 51213.9 2061358 105 113650 5966602 129.5 213211 13805399

81 52174.1 2113051 105.5 115281 6081066 130 215690 14019848

81.5 53146.3 2165710 106 116928 6197169 130.5 218188 14236786

82 54130.4 2219347 106.5 118590 6314927 131 220706 14456231

82.5 55126.7 2273975 107 120268 6434355 131.5 223243 14678204

83 56135.1 2329605 107.5 121962 6555469 132 225799 14902723

83.5 57155.7 2386249 108 123672 6678285 132.5 228374 15129808

84 58188.6 2443920 108.5 125398 6802818 133 230970 15359478

84.5 59233.9 2502631 109 127139 6929085 133.5 233584 15591754

85 60291.6 2562392 109.5 128897 7057102 134 236219 15826653

85.5 61361.8 2623218 110 130671 7186884 134.5 238873 16064198

86 62444.7 2685120 110.5 132461 7318448 135 241547 16304406

86.5 63540.1 2748111 111 134267 7451811 135.5 244241 16547298

87 64648.4 2812205 111.5 136089 7586987 136 246954 16792893

87.5 65769.4 2877412 112 137928 7723995 136.5 249688 17041213

88 66903.4 2943748 112.5 139784 7862850 137 252442 17292276

88.5 68050.2 3011223 113 141656 8003569 137.5 255216 17546104

89 69210.2 3079853 113.5 143545 8146168 138 258010 17802715

89.5 70383.2 3149648 114 145450 8290664 138.5 260825 18062131

90 71569.4 3220623 114.5 147372 8437074 139 263660 18324372

90.5 72768.9 3292791 115 149312 8585414 139.5 266516 18589458

91 73981.7 3366166 115.5 151268 8735703 140 269392 18857410

91.5 75207.9 3440759 116 153241 8887955 140.5 272288 19128248

92 76447.5 3516586 116.5 155231 9042189 141 275206 19401993

92.5 77700.7 3593659 117 157238 9198422 141.5 278144 19678666

93 78967.6 3671992 117.5 159262 9356671 142 281103 19958288

93.5 80248.1 3751598 118 161304 9516953 142.5 284083 20240878

94 81542.4 3832492 118.5 163363 9679286 143 287083 20526460

94.5 82850.5 3914688 119 165440 9843686 143.5 290105 20815052

95 84172.6 3998198 119.5 167534 10010172 144 293148 21106677

95.5 85508.6 4083038 120 169646 10178760 144.5 296213 21401356

96 86858.8 4169220 120.5 171775 10349469 145 299298 21699109

96.5 88223.0 4256760 121 173923 10522317 145.5 302405 21999959

97 89601.5 4345671 121.5 176088 10697321 146 305533 22303926

97.5 90994.2 4435968 122 178270 10874498 146.5 308683 22611033

98 92401.3 4527664 122.5 180471 11053867 147 311854 22921300

98.5 93822.8 4620775 123 182690 11235447 147.5 315047 23234749

99 95258.9 4715315 123.5 184927 11419254 148 318262 23551402

99.5 96709.5 4811298 124 187182 11605307 148.5 321499 23871280

100 98174.8 4908739 124.5 189456 11793625 149 324757 24194406

100.5 99654.8 5007652 125 191748 11984225 149.5 328037 24520802

101 101150 5108053 125.5 194058 12177126 150 331340 24850489

101.5 102659 5209956 126 196386 12372347 … … …

102 104184 5313376 126.5 198734 12569905 … … …

102.5 105723 5418329 127 201100 12769820 … … …

103 107278 5524828 127.5 203484 12972110 … … …
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BEAMS
Beam Calculations

Reaction at the Supports.—When a beam is loaded by vertical loads or forces, the sum of
the reactions at the supports equals the sum of the loads. In a simple beam, when the loads
are symmetrically placed with reference to the supports, or when the load is uniformly dis-
tributed, the reaction at each end will equal one-half of the sum of the loads. When the
loads are not symmetrically placed, the reaction at each support may be ascertained from
the fact that the algebraic sum of the moments must equal zero. In the accompanying illus-
tration, if moments are taken about the support to the left, then: R2 × 40 − 8000 × 10 −
10,000 × 16 − 20,000 × 20 = 0; R2 = 16,000 pounds. In the same way, moments taken about
the support at the right give R1 = 22,000 pounds.

The sum of the reactions equals 38,000 pounds, which is also the sum of the loads. If part
of the load is uniformly distributed over the beam, this part is first equally divided between
the two supports, or the uniform load may be considered as concentrated at its center of
gravity.

If metric SI units are used for the calculations, distances may be expressed in meters
or millimeters, providing the treatment is consistent, and loads in newtons. Note: If
the load is given in kilograms, the value referred to is the mass. A mass of M kilograms
has a weight (applies a force) of Mg newtons, where g = approximately 9.81 meters
per second2.

Stresses and Deflections in Beams.—On the following pages Table 1 gives an extensive
list of formulas for stresses and deflections in beams, shafts, etc. It is assumed that all the
dimensions are in inches, all loads in pounds, and all stresses in pounds per square inch.
The formulas are also valid using metric SI units, with all dimensions in millimeters,
all loads in newtons, and stresses and moduli in newtons per millimeter2 (N/mm2).
Note: A load due to the weight of a mass of M kilograms is Mg newtons, where g =
approximately 9.81 meters per second2. In the tables:

E =modulus of elasticity of the material
I =moment of inertia of the cross-section of the beam
Z =section modulus of the cross-section of the beam = I ÷ distance from neutral

axis to extreme fiber
W = load on beam
s =stress in extreme fiber, or maximum stress in the cross-section considered, due

to load W. A positive value of s denotes tension in the upper fibers and com-
pression in the lower ones (as in a cantilever). A negative value of s denotes the
reverse (as in a beam supported at the ends). The greatest safe load is that value
of W which causes a maximum stress equal to, but not exceeding, the greatest
safe value of s

y =deflection measured from the position occupied if the load causing the deflec-
tion were removed. A positive value of y denotes deflection below this posi-
tion; a negative value, deflection upward

u, v, w, x = variable distances along the beam from a given support to any point
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Table 1. Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections
General Formula for Stress

 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa

Case 1. — Supported at Both Ends, Uniform Load

Stress at center, 

If cross-section is constant, 
this is the maximum stress.

Maximum deflection, at center,

Case 2. — Supported at Both Ends, Load at Center

Between each support and load, Stress at center, 

If cross-section is constant, 
this is the maximum stress.

Between each support and load, Maximum deflection, at load, 

Case 3. — Supported at Both Ends, Load at any Point

For segment of length a,

For segment of length b,

Stress at load, 

If cross-section is constant, 
this is the maximum stress.

For segment of length a,

For segment of length b,

Deflection at load, 

Let a be the length of the shorter 
segment and b of the longer one. 
The maximum deflection 

is in the longer segment, at

s
W

2Zl
--------x l x–( )–=

Wl

8Z
-------–

y
Wx l x–( )

24EIl
----------------------- l2 x l x–( )+[ ]=

5
384
--------- Wl3

EI
---------

s
Wx

2Z
--------–= Wl

4Z
-------– y

Wx

48EI
------------ 3l2 4x2–( )= Wl3

48EI
------------

s
Wbx

Zl
-----------–=

s
Wav

Zl
-----------–=

Wab

Zl
-----------– y

Wbx

6EIl
----------- l2 x2– b2–( )=

y
Wav

6EIl
----------- l2 v2– a2–( )=

Wa2b2

3EIl
-----------------

Wav1
3

3EIl
--------------

v b 1⁄3
2a

3b
------+ v1= =

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



B
E

A
M

 ST
R

E
SS A

N
D

 D
E

FL
E

C
T

IO
N

 T
A

B
L

E
S

258

Case 4. — Supported at Both Ends, Two Symmetrical Loads

Between each support and
 adjacent load,

Between loads,

Stress at each load, and at 

all points between, 

Between each support and adjacent load,

Between loads,

Maximum deflection at center,

Deflection at loads 

Case 5. — Both Ends Overhanging Supports Symmetrically, Uniform Load

Between each support and 
adjacent end,

Between supports,

Stress at each support, 

Stress at center,

If cross-section is constant, 
the greater of these is the 
maximum stress.

If l is greater than 2c, the 
stress is zero at points 

 on both sides 

of the center.
If cross-section is constant 

and if l = 2.828c, the stresses 
at supports and center are 
equal and opposite, and are 

Between each support and adjacent end,

Between supports,

Deflection at ends,

Deflection at center,

If l is between 2c and 2.449c,
there are maximum upward deflec-

tions at points  on 

both sides of the center, which are, 

Table 1. (Continued) Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections
General Formula for Stress

 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa

s
Wx

Z
--------–=

s
Wa

Z
--------–=

Wa

Z
--------– y

Wx

6EI
--------- 3a l a–( ) x2–[ ]=

y
Wa

6EI
--------- 3v l v–( ) a2–[ ]=

Wa

24EI
------------ 3l2 4a2–( )

Wa2

6EI
----------- 3l 4a–( )

s
W

2Zl
-------- c u–( )2=

s
W

2ZL
---------- c2 x l x–( )–[ ]=

2Wc

2ZL
----------

W

2ZL
---------- c2 1⁄4l2–( )

1⁄4l2 c2–

WL

46.62Z
-----------------±

y
Wu

24EIL
---------------- 6c2 l u+( )

u2 4c u–( )– l3–

[

]

=

y
Wx l x–( )

24EIL
----------------------- x l x–( ) l2 6c2–+[ ]=

Wc

24EIL
---------------- 3c2 c 2l+( ) l3–[ ]

Wl2

384EIL
------------------- 5l2 24c2–( )

3 1⁄4l2 c2–( )

W

96EIL
----------------– 6c2 l2–( )2
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Case 6.  — Both Ends Overhanging Supports Unsymmetrically, Uniform Load

For overhanging end of length c,

Between supports,

For overhanging end of length d,

Stress at support next to 

end of length c,

Critical stress between 
supports is at

and is 

Stress at support next to 

end of length d,

If cross-section is constant, 
the greatest of these three is 
the maximum stress.

If x1 > c, the stress is zero 

at points  on both 

sides of x = x1.

For overhanging end of length c,

Between supports,

For overhanging end of length d,

Deflection at end c,

Deflection at end d,

This case is so complicated that 
convenient general expressions for 
the critical deflections between 
supports cannot be obtained.

Case 7. — Both Ends Overhanging Supports, Load at any Point Between

Between supports:
For segment of length a,

For segment of length b,

Beyond supports s = 0.

Stress at load,

If cross-section is constant, 
this is the maximum stress.

Between supports, same as Case 3.
For overhanging end of length c,

For overhanging end of length d,

Between supports, same as Case 
3.

Deflection at end c,

Deflection at end d,

Table 1. (Continued) Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections
General Formula for Stress

 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa

s
W

2ZL
---------- c u–( )2=

s
W

2ZL
---------- c2 l x–

l
----------
 
 





=

+d2x

l
-- x– l x–( )





s
W

2ZL
---------- d w–( )2=

Wc2

2ZL
----------

x
l2 c2 d2–+

2l
--------------------------- x1= =

W

2ZL
---------- c2 x1

2–( )

Wd2

2ZL
-----------

x1
2 c2–

y
Wu

24EIL
---------------- 2l d2 2c2+( )

6c2u u2 4c u–( )– l3– ]+

[=

y
Wx l x–( )

24EIL
----------------------- x l x–( )

l2 2–+

{

d2 c2+( )

2
l
--- d2x c2 l x–( )+[ ] }–

=

y
Ww

24EIL
---------------- 2l c2 2d2+( )[=

+6d2w w2 4d w–( )– l3– ]

Wc

24EIL
---------------- 2l d2 2c2+( )

3c3 l3–+

[

]

Wd

24EIL
---------------- 2l c2 2d2+( )

3d3 l3–+

[

]

s
Wbx

Zl
-----------–=

s
Wav

Zl
-----------–=

Wab

Zl
-----------–

y
Wabu

6EIl
---------------– l b+( )=

y
Wabw

6EIl
----------------– l a+( )=

Wabc

6EIl
---------------– l b+( )

Wabd

6EIl
---------------– l a+( )
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Case 8. — Both Ends Overhanging Supports, Single Overhanging Load

Between load and adjacent sup-
port,

Between supports,

Between unloaded end and 
adjacent supports, s = 0.

Stress at support adjacent 
to load, 

If cross-section is constant, 
this is the maximum stress.

Stress is zero at other sup-
port.

Between load and adjacent support,

Between supports,

Between unloaded end and adjacent sup-

port,

Deflection at load, 

Maximum upward deflection is 

at x = .42265l, and is 

Deflection at unloaded end, 

Case 9. — Both Ends Overhanging Supports, Symmetrical Overhanging Loads

Between each load and adjacent 
support,

Between supports,

Stress at supports and at all 
points between, 

If cross-section is constant, 
this is the maximum stress.

Between each load and adjacent support,

Between supports, 

Deflections at loads, 

Deflection at center, 

The above expressions involve the usual approximations of the theory of flexure, 
and hold only for small deflections. Exact expressions for deflections of any magni-
tude are as follows:

Between supports the curve is a circle of radius 

Deflection at any point x between supports

Deflection at center, 

Table 1. (Continued) Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections
General Formula for Stress

 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa

s
W

Z
----- c u–( )=

s
Wc

Zl
-------- l x–( )=

Wc

Z
--------

y
Wu

6EI
--------- 3cu u2– 2cl+( )=

y
Wcx

6EIl
-----------– l x–( ) 2l x–( )=

y
Wclw

6EI
--------------=

Wc2

3EI
---------- c l+( )

Wcl2

15.55EI
--------------------–

Wcld

6EI
-------------

s
W

Z
----- c u–( )=

s
Wc

Z
--------=

Wc

Z
--------

y
Wu

6EI
--------- 3c l u+( ) u2–[ ]=

y
Wcx

2EI
----------- l x–( )–=

Wc2

6EI
---------- 2c 3l+( )

Wcl2

8EI
------------–

r
EI

Wc
--------=

y r2 1⁄4l2– r2 1⁄2l x–( )2––=

r2 1⁄4l2– r–
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Case 10.  — Fixed at One End, Uniform Load

Stress at support,

If cross-section is constant, 
this is the maximum stress.

Maximum deflection, at end, 

Case 11. — Fixed at One End, Load at Other

Stress at support, 

If cross-section is constant, 
this is the maximum stress.

Maximum deflection, at end, 

Case 12. — Fixed at One End, Intermediate Load

Between support and load,

Beyond load, s = 0.

Stress at support, 

If cross-section is constant, 
this is the maximum stress.

Between support and load,

Beyond load,

Deflection at load, 

Maximum deflection, at end,

Table 1. (Continued) Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections
General Formula for Stress

 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa

s
W

2Zl
-------- l x–( )2=

Wl

2Z
-------

y
Wx2

24EIl
-------------- 2l2 2l x–( )2+[ ]=

Wl3

8EI
---------

s
W

Z
----- l x–( )=

Wl

Z
-------

y
Wx2

6EI
---------- 3l x–( )=

Wl3

3EI
---------

s
W

Z
----- l x–( )=

Wl

Z
------- y

Wx2

6EI
---------- 3l x–( )=

y
Wl2

6EI
--------- 3v l–( )=

Wl3

3EI
---------

Wl2

6EI
--------- 2l 3b+( )
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Case 13. — Fixed at One End, Supported at the Other, Load at Center

Between point of fixture and load, 

Between support and load, 

Maximum stress at point 

of fixture, 

Stress is zero at x = 3⁄11l

Greatest negative stress at 

center, 

Between point of fixture and load, 

Between support and load, 

Maximum deflection is at v = 

0.4472l, and is 

Deflection at load, 

Case 14.  — Fixed at One End, Supported at the Other, Load at any Point

Between point of fixture and load,

Between support and load,

Greatest positive stress, at 
point of fixture, 

Greatest negative stress, at 
load,

If a < 0.5858l, the first is 
the maximum stress. If a = 
0.5858l, the two are equal 

and are  If a > 

0.5858l, the second is the 
maximum stress.

Stress is zero at 

Between point of fixture and load,

Between support and load,

Deflection at load, 

If a < 0.5858l, maximum deflec-

tion is and 

located between load and support, 

at

If a = 0.5858l, maximum deflec-

tion is at load and is 

If a > 0.5858l, maximum deflec-

tion is  and located 

between load and point of fixture, 

at

Table 1. (Continued) Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections
General Formula for Stress

 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa

s
W

16Z
--------- 3l 11x–( )=

s 5⁄16–
Wv

Z
--------=

3⁄16
Wl

Z
-------

5⁄32–
Wl

Z
-------

y
Wx2

96EI
------------ 9l 11x–( )=

y
Wv

96EI
------------ 3l2 5v2–( )=

Wl3

107.33EI
-----------------------

7
768
---------Wl3

EI
---------

m l a+( ) l b+( ) al+=

n al l b+( )=

s
Wb

2Zl3
----------- n mx–( )=

s
Wa2v

2Zl3
--------------– 3l a–( )=

Wab

2Zl2
----------- l b+( )

Wa2b

2Zl3
--------------– 3l a–( )

Wl

5.83Z
--------------±

x
n

m
----=

y
Wx2b

12EIl3
----------------- 3n mx–( )=

y
Wa2v

12EIl3
----------------- 3l2b v2 3l a–( )–[ ]=

Wa3b2

12EIl3
----------------- 3l b+( )

Wa2b

6EI
-------------- b

2l b+
--------------

v l
b

2l b+
--------------=

Wl3

101.9EI
--------------------

Wbn3

3EIm2l3
---------------------

x
2n

m
------=
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Case 15. — Fixed at One End, Supported at the Other, Uniform Load

Maximum stress at point 

of fixture, 

Stress is zero at x = 1⁄4l.
Greatest negative stress is 

at x = 5⁄8l and is 

Maximum deflection is at x = 

0.5785l, and is 

Deflection at center, 

Deflection at point of greatest 
negative stress, at x = 5⁄8l is 

Case 16. — Fixed at One End, Free but Guided at the Other, Uniform Load

Maximum stress, at sup-

port,

Stress is zero at x = 
0.4227l

Greatest negative stress, at 

free end, 

Maximum deflection, at free end,

Case 17. — Fixed at One End, Free but Guided at the Other, with Load

Stress at support, 

Stress at free end 

These are the maximum 
stresses and are equal and 
opposite.

Stress is zero at center.

Maximum deflection, at free end,

Table 1. (Continued) Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections
General Formula for Stress

 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa

s
W l x–( )

2Zl
-------------------- 1⁄4l x–( )= Wl

8Z
-------

9
128
---------–

Wl

Z
-------

y
Wx2 l x–( )

48EIl
-------------------------- 3l 2x–( )= Wl3

185EI
---------------

Wl3

192EI
---------------

Wl3

187EI
---------------

s
Wl

Z
------- 1⁄3

x

l
-- 1⁄2

x

l
--
 
 

2
+–

 
 
 

= Wl

3Z
-------

Wl

6Z
-------–

y
Wx2

24EIl
-------------- 2l x–( )2=

Wl3

24EI
------------

s
W

Z
----- 1⁄2l x–( )=

Wl

2Z
-------

Wl

2Z
-------–

y
Wx2

12EI
------------ 3l 2x–( )=

Wl3

12EI
------------
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Case 18.  — Fixed at Both Ends, Load at Center

Between each end and load, 
Stress at ends  

Stress at load 

These are the maximum 
stresses and are equal and 
opposite.

Stress is zero at x = 1⁄4l

Maximum deflection, at load,

Case 19. — Fixed at Both Ends, Load at any Point

For segment of length a,

For segment of length b,

Stress at end next to 

segment of length a,

Stress at end next to 

segment of length b,

Maximum stress is at end 
next to shorter segment.

Stress is zero at 

 and

Greatest negative stress, at 

load,

For segment of length a,

For segment of length b,

Deflection at load, 

Let b be the length of the longer 
segment and a of the shorter one.

The maximum deflection is in 
the longer segment, at 

 and is

Table 1. (Continued) Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections
General Formula for Stress

 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa

s
W

2Z
------ 1⁄4l x–( )=

Wl

8Z
-------

Wl

8Z
-------–

y
Wx2

48EI
------------ 3l 4x–( )=
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---------------
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Zl
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Wab2

Zl2
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Wa2b

Zl2
--------------

x
al

l 2a+
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v
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l 2b+
--------------=

2Wa2b2

Zl3
--------------------–

y
Wx2b2

6EIl3
---------------- 2a l x–( ) l a x–( )+[ ]=

y
Wv2a2

6EIl3
---------------- 2b l v–( ) l b v–( )+[ ]=

Wa3b3

3EIl3
-----------------

v
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l 2b+
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2Wa
2
b

3
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Case 20. — Fixed at Both Ends, Uniform Load

Maximum stress, at ends, 

Stress is zero at 
x = 0.7887l and at 
x = 0.2113l

Greatest negative stress, at 

center, 

Maximum deflection, at center,

Case 21. — Continuous Beam, with Two Unequal Spans, Unequal, Uniform Loads

Between R1 and R,

Between R2 and R,

Stress at support R,

Greatest stress in the first 
span is at 

 and is 

Greatest stress in the sec-
ond span is at 

 and is, 

Between R1 and R,

Between R2 and R,

This case is so complicated that 
convenient general expressions for 
the critical deflections cannot be 
obtained.

Table 1. (Continued) Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections
General Formula for Stress

 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa
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Case 22. — Continuous Beam, with Two Equal Spans, Uniform Load

Maximum stress at 

point A,

Stress is zero at x = 1⁄4l
Greatest negative stress is 

at x = 5⁄8l and is, 

Maximum deflection is at 

x = 0.5785l, and is 

Deflection at center of span, 

Deflection at point of greatest 
negative stress, at x = 5⁄8l is 

Case 23.  — Continuous Beam, with Two Equal Spans, Equal Loads at Center of Each

Between point A and load,

Between point B and load,

Maximum stress at 

point A,

Stress is zero at

Greatest negative stress at 
center of span,

Between point A and load,

Between point B and load,

Maximum deflection is at 

v = 0.4472l, and is 

Deflection at load, 

Table 1. (Continued) Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections
General Formula for Stress

 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa

s
W l x–( )

2Zl
-------------------- 1⁄4l x–( )= Wl

8Z
-------

9
128
---------–

Wl

Z
-------

y
Wx2 l x–( )

48EIl
-------------------------- 3l 2x–( )= Wl3

185EI
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Wl3

192EI
---------------

Wl3

187EI
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s
W

16Z
--------- 3l 11x–( )=

s
5

16
------Wv

Z
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3
16
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Z
-------

x
3

11
------ l=

5
32
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Z
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y
Wx2

96EI
------------ 9l 11x–( )=

y
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In the diagrammatical illustrations of the beams and their loading, the values indicated near, but below, the supports are the “reactions” or upward forces at the sup-
ports. For Cases 1 to 12, inclusive, the reactions, as well as the formulas for the stresses, are the same whether the beam is of constant or variable cross-section. For the
other cases, the reactions and the stresses given are for constant cross-section beams only.

The bending moment at any point in inch-pounds (newton-meters if metric units are used) is s × Z and can be found by omitting the divisor Z in the formula for the
stress given in the tables. A positive value of the bending moment denotes tension in the upper fibers and compression in the lower ones. A negative value denotes the
reverse, The value of W corresponding to a given stress is found by transposition of the formula. For example, in Case 1, the stress at the critical point is s = − Wl ÷ 8Z.
From this formula we find W = − 8Zs ÷ l. Of course, the negative sign of W may be ignored.

Case 24. — Continuous Beam, with Two Unequal Spans, Unequal Loads at any Point of Each

Between R1 and W1,

Between R and W1, s = 

Between R and W2, s = 

Between R2 and W2,

Stress at load W1,

Stress at support R,

Stress at load W2,

The greatest of these is the 
maximum stress.

Between R1 and W1,

Between R and W1,

Between R and W2

Between R2 and W2,

Deflection at load W1,

Deflection at load W2,

This case is so complicated that 
convenient general expressions for 
the maximum deflections cannot be 
obtained.

a The deflections apply only to cases where the cross section of the beam is constant for its entire length. 

Table 1. (Continued) Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections
General Formula for Stress

 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa
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In Table 1, if there are several kinds of loads, as, for instance, a uniform load and a load at
any point, or separate loads at different points, the total stress and the total deflection at any
point is found by adding together the various stresses or deflections at the point considered
due to each load acting by itself. If the stress or deflection due to any one of the loads is
negative, it must be subtracted instead of added.

Tables 2a and 2b give expressions for determining dimensions of rectangular and round
beams in terms of beam stresses and load. 

Deflection of Beam Uniformly Loaded for Part of Its Length.—In the following for-
mulas, lengths are in inches, weights in pounds. W = total load; L = total length between
supports; E = modulus of elasticity; I = moment of inertia of beam section; a = fraction of
length of beam at each end, that is not loaded = b ÷ L; and f = deflection.

The expression for maximum bending moment is: Mmax = 1⁄8WL (1 + 2a).

Table 2a. Rectangular Solid Beams

Style of Loading
and Support

Breadth of 
Beam, b

inch (mm)
Beam Height, h

inch (mm)

Stress in 
Extreme
Fibers, f

lb/in2 (N/mm2)
Beam Length, l

inch (mm)
Total Load, W

lb (N)

Beam fixed at one end, loaded at the other

Beam fixed at one end, uniformly loaded

Beam supported at both ends, single load in middle

Beam supported at both ends, uniformly loaded

Beam supported at both ends, single unsymmetrical load

a + c = l

Beam supported at both ends, two symmetrical loads

l, any length 

6lW

fh2
---------- b=

6lW

bf
---------- h=

6lW

bh2
---------- f= bfh2

6W
----------- l= bfh2

6l
----------- W=

3lW

fh2
---------- b=

3lW

bf
---------- h=

3lW

bh2
---------- f= bfh2

3W
----------- l= bfh2

3l
----------- W=

3lW

2fh2
----------- b=

3lW

2bf
---------- h=

3lW

2bh2
------------ f= 2bfh2

3W
-------------- l= 2bfh2

3l
-------------- W=

3lW

4fh2
----------- b=

3lW

4bf
---------- h=

3lW

4bh2
------------ f= 4bfh2

3W
-------------- l= 4bfh2

3l
-------------- W=

6Wac

fh2l
--------------- b=

6Wac

bfl
--------------- h=

6Wac

bh2l
--------------- f= bh2fl

6ac
------------- W=

3Wa

fh2
----------- b=

3Wa

bf
----------- h=

3Wa

bh2
----------- f= bh2f

3W
----------- a=

bh2f

3a
----------- W=

f
WL3

384EI 1 2a–( )
------------------------------------ 5 24a2 16a4+–( )=
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These formulas apply to simple beams resting on supports at the ends.

If the formulas are used with metric SI units, W = total load in newtons; L = total
length between supports in millimeters; E = modulus of elasticity in newtons per
millimeter2; I = moment of inertia of beam section in millimeters4; a = fraction of
length of beam at each end, that is not loaded = b ÷ L; and f = deflection in millimeters.
The bending moment Mmax is in newton-millimeters (N · mm).

Note: A load due to the weight of a mass of M kilograms is Mg newtons, where g =
approximately 9.81 meters per second 2.

Table 2b. Round Solid Beams

Style of Loading
and Support

Diameter of Beam, d
inch (mm)

Stress in Extreme
Fibers, f

lb/in2 (N/mm2)
Beam Length, l

inch (mm)
Total Load, W

lb (N)

Beam fixed at one end, loaded at the other

Beam fixed at one end, uniformly loaded

Beam supported at both ends, single load in middle

Beam supported at both ends, uniformly loaded

Beam supported at both ends, single unsymmetrical load

a + c = l

Beam supported at both ends, two symmetrical loads

l, any length 

10.18lW

f
---------------------3 d=

10.18lW

d3
--------------------- f= d3f

10.18W
------------------ l= d3f

10.18l
--------------- W=

5.092Wl

f
---------------------3 d=

5.092Wl

d3
--------------------- f= d3f

5.092W
------------------ l= d3f

5.092l
--------------- W=

2.546Wl

f
---------------------3 d=

2.546Wl

d3
--------------------- f= d3f

2.546W
------------------ l= d3f

2.546l
--------------- W=

1.273Wl

f
---------------------3 d=

1.273Wl

d3
--------------------- f= d3f

1.273W
------------------ l= d3f

1.273l
--------------- W=

10.18Wac

fl
-------------------------3 d=

10.18Wac

d3l
------------------------- f= d3fl

10.18ac
-------------------- W=

5.092Wa

f
----------------------3 d=

5.092Wa

d3
---------------------- f= d3f

5.092W
------------------ a=

d3f

5.092a
---------------- W=
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Bending Stress Due to an Oblique Transverse Force.—The following illustration
shows a beam and a channel being subjected to a transverse force acting at an angle φ to the
center of gravity. To find the bending stress, the moments of inertia I around axes 3-3 and
4-4 are computed from the following equations: I3 = Ixsin2φ + Iycos2φ, and I4 = Ixcos2φ +
Iysin2φ.

The computed bending stress fb is then found from  where M

is the bending moment due to force F.

Beams of Uniform Strength Throughout Their Length.—The bending moment in a
beam is generally not uniform throughout its length, but varies. Therefore, a beam of uni-
form cross-section which is made strong enough at its most strained section, will have an
excess of material at every other section. Sometimes it may be desirable to have the cross-
section uniform, but at other times the metal can be more advantageously distributed if the
beam is so designed that its cross-section varies from point to point, so that it is at every
point just great enough to take care of the bending stresses at that point. Tables 3a and 3b
are given showing beams in which the load is applied in different ways and which are sup-
ported by different methods, and the shape of the beam required for uniform strength is
indicated. It should be noted that the shape given is the theoretical shape required to resist
bending only. It is apparent that sufficient cross-section of beam must also be added either
at the points of support (in beams supported at both ends), or at the point of application of
the load (in beams loaded at one end), to take care of the vertical shear.

It should be noted that the theoretical shapes of the beams given in the two tables that fol-
low are based on the stated assumptions of uniformity of width or depth of cross-section,
and unless these are observed in the design, the theoretical outlines do not apply without
modifications. For example, in a cantilever with the load at one end, the outline is a parab-
ola only when the width of the beam is uniform. It is not correct to use a strictly parabolic
shape when the thickness is not uniform, as, for instance, when the beam is made of an I- or
T-section. In such cases, some modification may be necessary; but it is evident that what-
ever the shape adopted, the correct depth of the section can be obtained by an investigation
of the bending moment and the shearing load at a number of points, and then a line can be
drawn through the points thus ascertained, which will provide for a beam of practically
uniform strength whether the cross-section be of uniform width or not.

fb M
y

Ix

---- φsin
x

Iy

---- φcos+ 
 =
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Table 3a. Beams of Uniform Strength Throughout Their Length

Type of Beam Description Formulaa

a In the formulas, P = load in pounds; S = safe stress in pounds per square inch; and a, b, c, h, and l are
in inches. If metric SI units are used, P is in newtons; S = safe stress in N/mm2; and a, b, c, h, and
l are in millimeters.

Load at one end. Width of beam uniform. 
Depth of beam decreasing towards loaded end. 
Outline of beam-shape, parabola with vertex at 
loaded end.

Load at one end. Width of beam uniform. 
Depth of beam decreasing towards loaded end. 
Outline of beam, one-half of a parabola with 
vertex at loaded end. Beam may be reversed so 
that upper edge is parabolic.

Load at one end. Depth of beam uniform. 
Width of beam decreasing towards loaded end. 
Outline of beam triangular, with apex at loaded 
end.

Beam of approximately uniform strength. 
Load at one end. Width of beam uniform. Depth 
of beam decreasing towards loaded end, but not 
tapering to a sharp point.

Uniformly distributed load. Width of beam 
uniform. Depth of beam decreasing towards 
outer end. Outline of beam, right-angled trian-
gle.

Uniformly distributed load. Depth of beam 
uniform. Width of beam gradually decreasing 
towards outer end. Outline of beam is formed by 
two parabolas which tangent each other at their 
vertexes at the outer end of the beam.

P
Sbh2

6l
------------=

P
Sbh2

6l
------------=

P
Sbh2

6l
------------=

P
Sbh2

6l
------------=

P
Sbh2

3l
------------=

P
Sbh2

3l
------------=



272 BEAMS OF UNIFORM STRENGTH

Table 3b. Beams of Uniform Strength Throughout Their Length

Type of Beam Description Formulaa

a For details of English and metric SI units used in the formulas, see footnote on page 271.

Beam supported at both ends. Load concentrated 
at any point. Depth of beam uniform. Width of 
beam maximum at point of loading. Outline of 
beam, two triangles with apexes at points of sup-
port.

Beam supported at both ends. Load concentrated 
at any point. Width of beam uniform. Depth of 
beam maximum at point of loading. Outline of 
beam is formed by two parabolas with their ver-
texes at points of support.

Beam supported at both ends. Load concentrated 
in the middle. Depth of beam uniform. Width of 
beam maximum at point of loading. Outline of 
beam, two triangles with apexes at points of sup-
port.

Beam supported at both ends. Load concentrated 
at center. Width of beam uniform. Depth of beam 
maximum at point of loading. Outline of beam, 
two parabolas with vertices at points of support.

Beam supported at both ends. Load uniformly 
distributed. Depth of beam uniform. Width of 
beam maximum at center. Outline of beam, two 
parabolas with vertexes at middle of beam.

Beam supported at both ends. Load uniformly 
distributed. Width of beam uniform. Depth of 
beam maximum at center. Outline of beam one-
half of an ellipse. 

P
Sbh2l

6ac
--------------=

P
Sbh2l

6ac
--------------=

P
2Sbh2

3l
----------------=

P
2Sbh2

3l
----------------=

P
4Sbh2

3l
----------------=

P
4Sbh2

3l
----------------=
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Deflection as a Limiting Factor in Beam Design.—For some applications, a beam must
be stronger than required by the maximum load it is to support, in order to prevent exces-
sive deflection. Maximum allowable deflections vary widely for different classes of ser-
vice, so a general formula for determining them cannot be given. When exceptionally stiff
girders are required, one rule is to limit the deflection to 1 inch per 100 feet of span; hence,
if l = length of span in inches, deflection = l ÷ 1200. According to another formula, deflec-
tion limit = l ÷ 360 where beams are adjacent to materials like plaster which would be bro-
ken by excessive beam deflection. Some machine parts of the beam type must be very rigid
to maintain alignment under load. For example, the deflection of a punch press column
may be limited to 0.010 inch or less. These examples merely illustrate variations in prac-
tice. It is impracticable to give general formulas for determining the allowable deflection
in any specific application, because the allowable amount depends on the conditions gov-
erning each class of work.

Procedure in Designing for Deflection: Assume that a deflection equal to l ÷ 1200 is to
be the limiting factor in selecting a wide-flange (W-shape) beam having a span length of
144 inches. Supports are at both ends and load at center is 15,000 pounds. Deflection y is to
be limited to 144 ÷ 1200 = 0.12 inch. According to the formula on page 257 (Case 2), in
which W = load on beam in pounds, l = length of span in inches, E = modulus of elasticity
of material, I = moment of inertia of cross section:

A structural wide-flange beam, see Steel Wide-Flange Sections on page 2596, having a
depth of 12 inches and weighing 35 pounds per foot has a moment of inertia I of 285 and a
section modulus (Z or S) of 45.6. Checking now for maximum stress s (Case 2, page 257):

Although deflection is the limiting factor in this case, the maximum stress is checked to
make sure that it is within the allowable limit. As the limiting deflection is decreased, for a
given load and length of span, the beam strength and rigidity must be increased, and, con-
sequently, the maximum stress is decreased. Thus, in the preceding example, if the maxi-
mum deflection is 0.08 inch instead of 0.12 inch, then the calculated value for the moment
of inertia I will be 402; hence a W 12 × 53 beam having an I value of 426 could be used
(nearest value above 402). The maximum stress then would be reduced to 7640 pounds per
square inch and the calculated deflection is 0.076 inch.

A similar example using metric SI units is as follows. Assume that a deflection equal
to l ÷ 1000 millimeters is to be the limiting factor in selecting a W-beam having a span
length of 5 meters. Supports are at both ends and the load at the center is 30 kilonew-
tons. Deflection y is to be limited to 5000 ÷ 1000 = 5 millimeters. The formula on
page 257 (Case 2) is applied, and W = load on beam in newtons; l = length of span in
mm; E = modulus of elasticity (assume 200,000 N/mm2 in this example); and I =
moment of inertia of cross-section in millimeters4. Thus,

Although deflection is the limiting factor in this case, the maximum stress is
checked  to make sure that it is within the allowable limit, using the formula from
page 257 (Case 2):

hence

Deflection y
Wl3

48EI
------------=    hence, I Wl3

48yE
------------- 15 000, 1443×

48 0.12× 29 000 000,,×
--------------------------------------------------------- 268.1= = =

s
Wl

4Z
------- 15 000, 144×

4 46.0×
-------------------------------- 11 842 lbs/in2,= = =

Deflection y
Wl3

48EI
-------------=

I
Wl3

48yE
-------------

30 000, 50003×
48 5× 200 000,×
----------------------------------------- 78 125 000,,   mm4= = =
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The units of s are newtons per square millimeter; W is the load in newtons; l is the
length in mm; and Z = section modulus of the cross-section of the beam = I ÷ distance
in mm from neutral axis to extreme fiber.

Curved Beams.—The formula S = Mc/I used to compute stresses due to bending of beams
is based on the assumption that the beams are straight before any loads are applied. In
beams having initial curvature, however, the stresses may be considerably higher than pre-
dicted by the ordinary straight-beam formula because the effect of initial curvature is to
shift the neutral axis of a curved member in from the gravity axis toward the center of cur-
vature (the concave side of the beam). This shift in the position of the neutral axis causes an
increase in the stress on the concave side of the beam and decreases the stress at the outside
fibers.

Hooks, press frames, and other machine members which as a rule have a rather pro-
nounced initial curvature may have a maximum stress at the inside fibers of up to about 31⁄2
times that predicted by the ordinary straight-beam formula.

Stress Correction Factors for Curved Beams: A simple method for determining the
maximum fiber stress due to bending of curved members consists of 1) calculating the
maximum stress using the straight-beam formula S = Mc/I; and;  and  2) multiplying the
calculated stress by a stress correction factor. Table 4 on page 275 gives stress correction
factors for some of the common cross-sections and proportions used in the design of
curved members.

An example in the application of the method using English units of measurement is given
at the bottom of the table. A similar example using metric SI units is as follows: The
fiber stresses of a curved rectangular beam are calculated as 40 newtons per
millimeter2, using the straight beam formula, S = Mc/I. If the beam is 150 mm deep
and its radius of curvature is 300 mm, what are the true stresses? R/c = 300 ⁄75 = 4.
From Table 4 on page 275, the K factors corresponding to R/c = 4 are 1.20 and 0.85.
Thus, the inside fiber stress is 40 × 1.20 = 48 N/mm2 = 48 megapascals; and the outside
fiber stress is 40 × 0.85 = 34 N/mm2 = 34 megapascals.

Approximate Formula for Stress Correction Factor: The stress correction factors given
in Table 4 on page 275 were determined by Wilson and Quereau and published in the Uni-
versity of Illinois Engineering Experiment Station Circular No. 16, “A Simple Method of
Determining Stress in Curved Flexural Members.” In this same publication the authors
indicate that the following empirical formula may be used to calculate the value of the
stress correction factor for the inside fibers of sections not covered by the tabular data to
within 5 per cent accuracy except in triangular sections where up to 10 per cent deviation
may be expected. However, for most engineering calculations, this formula should prove
satisfactory for general use in determining the factor for the inside fibers.

(Use 1.05 instead of 0.5 in this formula for circular and elliptical sections.)
I =Moment of inertia of section about centroidal axis
b =maximum width of section
c =distance from centroidal axis to inside fiber, i.e., to the extreme fiber nearest

the center of curvature
R =radius of curvature of centroidal axis of beam

s
Wl

4Z
-------=

K 1.00 0.5
I

bc2
-------- 1

R c–
------------ 1

R
---++=
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Table 4. Values of Stress Correction Factor K for Various Curved Beam Sections

Section R⁄c

Factor K

y0
a

a y0 is the distance from the centroidal axis to the neutral axis of curved beams subjected to pure
bending and is measured from the centroidal axis toward the center of curvature. 

Section R⁄c

Factor K

y0
a

Inside
Fiber

Outside
Fiber

Inside
Fiber

Outside
Fiber

1.2 3.41 .54 .224R 1.2 3.63 .58 .418R

1.4 2.40 .60 .151R 1.4 2.54 .63 .299R

1.6 1.96 .65 .108R 1.6 2.14 .67 .229R

1.8 1.75 .68 .084R 1.8 1.89 .70 .183R

2.0 1.62 .71 .069R 2.0 1.73 .72 .149R

3.0 1.33 .79 .030R 3.0 1.41 .79 .069R

4.0 1.23 .84 .016R 4.0 1.29 .83 .040R

6.0 1.14 .89 .0070R 6.0 1.18 .88 .018R

8.0 1.10 .91 .0039R 8.0 1.13 .91 .010R

10.0 1.08 .93 .0025R 10.0 1.10 .92 .0065R

1.2 2.89 .57 .305R 1.2 3.55 .67 .409R

1.4 2.13 .63 .204R 1.4 2.48 .72 .292R

1.6 1.79 .67 .149R 1.6 2.07 .76 .224R

1.8 1.63 .70 .112R 1.8 1.83 .78 .178R

2.0 1.52 .73 .090R 2.0 1.69 .80 .144R

3.0 1.30 .81 .041R 3.0 1.38 .86 .067R

4.0 1.20 .85 .021R 4.0 1.26 .89 .038R

6.0 1.12 .90 .0093R 6.0 1.15 .92 .018R

8.0 1.09 .92 .0052R 8.0 1.10 .94 .010R

10.0 1.07 .94 .0033R 10.0 1.08 .95 .0065R

1.2 3.01 .54 .336R 1.2 2.52 .67 .408R

1.4 2.18 .60 .229R 1.4 1.90 .71 .285R

1.6 1.87 .65 .168R 1.6 1.63 .75 .208R

1.8 1.69 .68 .128R 1.8 1.50 .77 .160R

2.0 1.58 .71 .102R 2.0 1.41 .79 .127R

3.0 1.33 .80 .046R 3.0 1.23 .86 .058R

4.0 1.23 .84 .024R 4.0 1.16 .89 .030R

6.0 1.13 .88 .011R 6.0 1.10 .92 .013R

8.0 1.10 .91 .0060R 8.0 1.07 .94 .0076R

10.0 1.08 .93 .0039R 10.0 1.05 .95 .0048R

1.2 3.09 .56 .336R 1.2 3.28 .58 .269R

1.4 2.25 .62 .229R 1.4 2.31 .64 .182R

1.6 1.91 .66 .168R 1.6 1.89 .68 .134R

1.8 1.73 .70 .128R 1.8 1.70 .71 .104R

2.0 1.61 .73 .102R 2.0 1.57 .73 .083R

3.0 1.37 .81 .046R 3.0 1.31 .81 .038R

4.0 1.26 .86 .024R 4.0 1.21 .85 .020R

6.0 1.17 .91 .011R 6.0 1.13 .90 .0087R

8.0 1.13 .94 .0060R 8.0 1.10 .92 .0049R

10.0 1.11 .95 .0039R 10.0 1.07 .93 .0031R

1.2 3.14 .52 .352R 1.2 2.63 .68 .399R

1.4 2.29 .54 .243R 1.4 1.97 .73 .280R

1.6 1.93 .62 .179R 1.6 1.66 .76 .205R

1.8 1.74 .65 .138R 1.8 1.51 .78 .159R

2.0 1.61 .68 .110R 2.0 1.43 .80 .127R

3.0 1.34 .76 .050R 3.0 1.23 .86 .058R

4.0 1.24 .82 .028R 4.0 1.15 .89 .031R

6.0 1.15 .87 .012R 6.0 1.09 .92 .014R

8.0 1.12 .91 .0060R 8.0 1.07 .94 .0076R

10.0 1.10 .93 .0039R 10.0 1.06 .95 .0048R

1.2 3.26 .44 .361R

Example: The fiber stresses of a curved rectangular beam 
are calculated as 5000 psi using the straight beam for-
mula, S = Mc/I. If the beam is 8 inches deep and its radius 
of curvature is 12 inches, what are the true stresses? R/c = 
12 ⁄4 = 3. The factors in the table corresponding to R/c = 
3 are 0.81 and 1.30. Outside fiber stress = 5000 × 0.81 = 
4050 psi; inside fiber stress = 5000 × 1.30 = 6500 psi.

1.4 2.39 .50 .251R

1.6 1.99 .54 .186R

1.8 1.78 .57 .144R

2.0 1.66 .60 .116R

3.0 1.37 .70 .052R

4.0 1.27 .75 .029R

6.0 1.16 .82 .013R

8.0 1.12 .86 .0060R

10.0 1.09 .88 .0039R
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Example:The accompanying diagram shows the dimensions of a clamp frame of rectan-
gular cross-section. Determine the maximum stress at points A and B due to a clamping
force of 1000 pounds.

The cross-sectional area = 2 × 4 = 8 square inches; the bending moment at section AB is
1000 (24 + 6 + 2) = 32,000 inch pounds; the distance from the center of gravity of the sec-
tion at AB to point B is c = 2 inches; and using the formula on page 235, the moment of iner-
tia of the section is 2 × (4)3 ÷ 12 = 10.667 inches4.

Using the straight-beam formula, page 274, the stress at points A and B due to the bend-
ing moment is:

The stress at A is a compressive stress of 6000 psi and that at B is a tensile stress of 6000
psi.

These values must be corrected to account for the curvature effect. In Table 4 on
page 275 for R/c = (6 + 2)/(2) = 4, the value of K is found to be 1.20 and 0.85 for points B
and A respectively. Thus, the actual stress due to bending at point B is 1.20 × 6000 = 7200
psi in tension and the stress at point A is 0.85 × 6000 = 5100 psi in compression.

To these stresses at A and B must be added, algebraically, the direct stress at section AB
due to the 1000-pound clamping force. The direct stress on section AB will be a tensile
stress equal to the clamping force divided by the section area. Thus 1000 ÷ 8 = 125 psi in
tension.

The maximum unit stress at A is, therefore, 5100 − 125 = 4975 psi in compression and the
maximum unit stress at B is 7200 + 125 = 7325 psi in tension.

The following is a similar calculation using metric SI units, assuming that it is
required to determine the maximum stress at points A and B due to clamping force of
4 kilonewtons acting on the frame. The frame cross-section is 50 by 100 millimeters,
the radius R = 200 mm, and the length of the straight portions is 600 mm. Thus, the
cross-sectional area = 50 × 100 = 5000 mm2; the bending moment at AB is 4000(600 +
200) = 3,200,000 newton-millimeters; the distance from the center of gravity of the
section at AB to point B is c = 50 mm; and the moment of inertia of the section is, using
the formula on page 235, 50 × (100)3 /12 = 4,170,000 mm4.

Using the straight-beam formula, page 274, the stress at points A and B due to the
bending moment is: 

The stress at A is a compressive stress of 38.4 N/mm2, while that at B is a tensile
stress of 38.4 N/mm2. These values must be corrected to account for the curvature

S
Mc

I
-------- 32 000 2×,

10.667
-------------------------- 6000 psi= = =

s
Mc

I
--------

3 200 000 50×,,

4 170 000,,
-------------------------------------= =

38.4 newtons per millimeter2 38.4 megapascals==
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effect. From the table on page 275, the K factors are 1.20 and 0.85 for points A and B
respectively, derived from R/c = 200 ⁄50 = 4. Thus, the actual stress due to bending at
point B is 1.20 × 38.4 = 46.1 N/mm2 (46.1 megapascals) in tension; and the stress at
point A is 0.85 × 38.4 = 32.6 N/mm2 (32.6 megapascals) in compression.

To these stresses at A and B must be added, algebraically, the direct stress at section
AB due to the 4 kN clamping force. The direct stress on section AB will be a tensile
stress equal to the clamping force divided by the section area. Thus, 4000 ⁄5000 = 0.8
N/mm 2. The maximum unit stress at A is, therefore, 32.61 − 0.8 = 31.8 N/mm 2 (31.8
megapascals) in compression, and the maximum unit stress at B is 46.1 + 0.8 = 46.9
N/mm 2 (46.9 megapascals) in tension.

Size of Rail Necessary to Carry a Given Load.—The following formulas may be
employed for determining the size of rail and wheel suitable for carrying a given load. Let,
A = the width of the head of the rail in inches; B = width of the tread of the rail in inches; C
= the wheel-load in pounds; D = the diameter of the wheel in inches.

Then the width of the tread of the rail in inches is found from the formula:

(1)

The width A of the head equals B + 5⁄8 inch. The diameter D of the smallest track wheel that
will safely carry the load is found from the formula:

(2)

in which K = 600 to 800 for steel castings; K = 300 to 400 for cast iron.
As an example, assume that the wheel-load is 10,000 pounds; the diameter of the wheel

is 20 inches; and the material is cast steel. Determine the size of rail necessary to carry this
load. From Formula (1):

The width of the rail required equals 0.4 + 5⁄8 inch = 1.025 inch. Determine also whether a
wheel 20 inches in diameter is large enough to safely carry the load. From Formula (2):

This is the smallest diameter of track wheel that will safely carry the load; hence a 20-
inch wheel is ample.

American Railway Engineering Association Formulas.—The American Railway
Engineering Association recommends for safe operation of steel cylinders rolling on steel
plates that the allowable load p in pounds per inch of length of the cylinder should not
exceed the value calculated from the formula

B
C

1250D
----------------=

D
C

A K×
-------------=

B
10 000,

1250 20×
------------------------ 0.4 inch= =

D
10 000,

1.025 600×
---------------------------- 161⁄4  inches= =
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This formula is based on steel having a yield strength, y.s., of 32,000 pounds per square
inch. For roller or wheel diameters of up to 25 inches, the Hertz stress (contact stress)
resulting from the calculated load p will be approximately 76,000 pounds per square inch.

For a 10-inch diameter roller the safe load per inch of roller length is

Therefore, to support a 10,000 pound load the roller or wheel would need to be
10,000 ⁄5700 = 1.75 inches wide.

Stresses Produced by Shocks

Stresses in Beams Produced by Shocks.—Any elastic structure subjected to a shock will
deflect until the product of the average resistance, developed by the deflection, and the dis-
tance through which it has been overcome, has reached a value equal to the energy of the
shock. It follows that for a given shock, the average resisting stresses are inversely propor-
tional to the deflection. If the structure were perfectly rigid, the deflection would be zero,
and the stress infinite. The effect of a shock is, therefore, to a great extent dependent upon
the elastic property (the springiness) of the structure subjected to the impact.

The energy of a body in motion, such as a falling body, may be spent in each of four ways:

1) In deforming the body struck as a whole.

2) In deforming the falling body as a whole.

3) In partial deformation of both bodies on the surface of contact (most of this energy will
be transformed into heat).

4) Part of the energy will be taken up by the supports, if these are not perfectly rigid and
inelastic.

How much energy is spent in the last three ways it is usually difficult to determine, and
for this reason it is safest to figure as if the whole amount were spent as in Case 1. If a reli-
able judgment is possible as to what percentage of the energy is spent in other ways than the
first, a corresponding fraction of the total energy can be assumed as developing stresses in
the body subjected to shocks.

One investigation into the stresses produced by shocks led to the following conclusions:

1) A suddenly applied load will produce the same deflection, and, therefore, the same
stress as a static load twice as great;  and  2) The unit stress p (see formulas in Table 1,
"Stresses Produced in Beams by Shocks") for a given load producing a shock, varies
directly as the square root of the modulus of elasticity E, and inversely as the square root of
the length L of the beam and the area of the section.

 Thus, for instance, if the sectional area of a beam is increased by four times, the unit
stress will diminish only by half. This result is entirely different from those produced by
static loads where the stress would vary inversely with the area, and within certain limits be
practically independent of the modulus of elasticity.

In Table 1, the expression for the approximate value of p, which is applicable whenever
the deflection of the beam is small as compared with the total height h through which the
body producing the shock is dropped, is always the same for beams supported at both ends
and subjected to shock at any point between the supports. In the formulas all dimensions
are in inches and weights in pounds.

p
y.s. 13 000,–

20 000,
--------------------------------600d  for diameterd less than 25 inches=

p
32 000, 13 000,–

20 000,
------------------------------------------600 10× 5700 lbs per inch of length= =
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Table 1. Stresses Produced in Beams by Shocks

If metric SI units are used, p is in newtons per square millimeter; Q is in newtons; E

= modulus of elasticity in N/mm2; I = moment of inertia of section in millimeters4; and
h, a, and L in millimeters. Note: If Q is given in kilograms, the value referred to is
mass. The weight Q of a mass M kilograms is Mg newtons, where g = approximately
9.81 meters per second2.

Examples of How Formulas for Stresses Produced by Shocks are Derived: The general
formula from which specific formulas for shock stresses in beams, springs, and other
machine and structural members are derived is:

(1)

In this formula, p = stress in pounds per square inch due to shock caused by impact of a
moving load; ps = stress in pounds per square inch resulting when moving load is applied
statically; h = distance in inches that load falls before striking beam, spring, or other mem-
ber; y = deflection, in inches, resulting from static load.

As an example of how Formula (1) may be used to obtain a formula for a specific appli-
cation, suppose that the load W shown applied to the beam in Case 2 on page 257 were
dropped on the beam from a height of h inches instead of being gradually applied (static
loading). The maximum stress ps due to load W for Case 2 is given as Wl ÷ 4 Z and the max-
imum deflection y is given as Wl3 ÷ 48 EI. Substituting these values in Formula (1),

(2)

If in Formula (2) the letter Q is used in place of W and if Z, the section modulus, is
replaced by its equivalent, I ÷ distance a from neutral axis to extreme fiber of beam, then
Formula (2) becomes the first formula given in the accompanying Table 1, Stresses Pro-
duced in Beams by Shocks

Stresses in Helical Springs Produced by Shocks.—A load suddenly applied on a spring
will produce the same deflection, and, therefore, also the same unit stress, as a static load
twice as great. When the load drops from a height h, the stresses are as given in the accom-
panying Table 2. The approximate values are applicable when the deflection is small as
compared with the height h. The formulas show that the fiber stress for a given shock will
be greater in a spring made from a square bar than in one made from a round bar, if the
diameter of coil be the same and the side of the square bar equals the diameter of the round

Method of Support and
Point Struck by Falling 

Body
Fiber (Unit) Stress p produced by Weight Q

Dropped Through a Distance h Approximate Value of p

Supported at
both ends; struck

in center.

Fixed at one
end; struck at the

other.

Fixed at both
ends; struck in

center.

I = moment of inertia of section; a = distance of extreme fiber from neutral axis; L = length of 
beam; E = modulus of elasticity.

p
QaL

4I
----------- 1 1 96hEI

QL3
----------------++ 

 = p a
6QhE

LI
---------------=

p
QaL

I
----------- 1 1 6hEI

QL3
-------------++ 

 = p a= 6QhE

LI
---------------

p
QaL

8I
----------- 1 1 384hEI

QL3
-------------------++ 

 = p a= 6QhE

LI
---------------

p ps 1 1 2h

y
------++ 

 =

p
Wl

4Z
------- 1 1 2h

Wl3 48EI÷
----------------------------++ 

  Wl

4Z
------- 1 1 96hEI

Wl3
----------------++ 

 = =
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bar. It is, therefore, more economical to use round stock for springs which must withstand
shocks, due to the fact that the deflection for the same fiber stress for a square bar spring is
smaller than that for a round bar spring, the ratio being as 4 to 5. The round bar spring is
therefore capable of storing more energy than a square bar spring for the same stress.

Table 2. Stresses Produced in Springs by Shocks

Shocks from Bodies in Motion.—The formulas given can be applied, in general, to
shocks from bodies in motion. A body of weight W moving horizontally with the velocity
of v feet per second, has a stored-up energy:

This expression may be substituted for Qh in the tables in the equations for unit stresses
containing this quantity, and the stresses produced by the energy of the moving body
thereby determined.

The formulas in the tables give the maximum value of the stresses, providing the designer
with some definitive guidance even where there may be justification for assuming that
only a part of the energy of the shock is taken up by the member under stress.

The formulas can also be applied using metric SI units. The stored-up energy of a
body of mass M kilograms moving horizontally with the velocity of v meters per sec-
ond is:

This expression may be substituted for Qh in the appropriate equations in the
tables. For calculation in millimeters, Qh = 1000 EK newton-millimeters.

Fatigue Stresses.—So-called "fatigue ruptures" occur in parts that are subjected to con-
tinually repeated shocks or stresses of small magnitude. Machine parts that are subjected to
continual stresses in varying directions, or to repeated shocks, even if of comparatively
small magnitude, may fail ultimately if designed, from a mere knowledge of the behavior
of the material under a steady stress, such as is imposed upon it by ordinary tensile stress
testing machines. Examinations of numerous cases of machine parts, broken under actual
working conditions, indicate that at least 80 per cent of these ruptures are caused by fatigue
stresses. Most fatigue ruptures are caused by bending stresses, and frequently by a revolv-
ing bending stress. Hence, to test materials for this class of stress, the tests should be made
to stress the material in a manner similar to that in which it will be stressed under actual
working conditions. See Fatigue Properties on page 201 for more on this topic.

Form of Bar from
Which Spring is

Made

Fiber (Unit) Stress f Produced by
Weight Q Dropped a Height h

on a Helical Spring
Approximate Value

of f

Round

Square

G = modulus of elasticity for torsion; d = diameter or side of bar; D = mean diameter of spring; n
= number of coils in spring.

f
8QD

πd3
------------ 1 1 Ghd4

4QD3n
------------------++ 

 = f 1.27 QhG

Dd2n
-------------=

f
9QD

4d3
------------ 1 1 Ghd4

0.9πQD3n
--------------------------++

 
 = f 1.34 QhG

Dd2n
-------------=

EK

1
2
--- Wv2

g
----------  foot-pounds×=  or

6Wv2

g
--------------  inch-pounds

EK
1⁄2Mv2newton-meters=
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COLUMNS

Strength of Columns or Struts

Structural members which are subject to compression may be so long in proportion to the
diameter or lateral dimensions that failure may be the result 1) of both compression and
bending;  and  2) of bending or buckling to such a degree that compression stress may be
ignored.

 In such cases, the slenderness ratio is important. This ratio equals the length l of the col-
umn in inches or millimeters, according to the unit system in use, divided by the least
radius of gyration r of the cross-section. Various formulas have been used for designing
columns which are too slender to be designed for compression only.

Rankine or Gordon Formula.—This formula is generally applied when slenderness
ratios range between 20 and 100, and sometimes for ratios up to 120. The notation, in
English and metric SI units of measurement, is given on page 283.

Factor K may be established by tests with a given material and end condition, and for the
probable range of l/r. If determined by calculation, K = S/Cπ2E. Factor C equals 1 for either
rounded or pivoted column ends, 4 for fixed ends, and 1 to 4 for square flat ends. The fac-
tors 25,000, 12,500, etc., in the Rankine formulas, arranged as on page 283, equal 1/K, and
have been used extensively.

Straight-line Formula.—This general type of formula is often used in designing com-
pression members for buildings, bridges, or similar structural work. It is convenient espe-
cially in designing a number of columns that are made of the same material but vary in size,
assuming that factor B is known. This factor is determined by tests.

Sy equals yield point, lbs. per square inch, and factor B ranges from 50 to 100. Safe unit
stress = p ÷ factor of safety.

Formulas of American Railway Engineering Association.—The formulas that follow
apply to structural steel having an ultimate strength of 60,000 to 72,000 pounds per square
inch.

For building columns having l/r ratios not greater than 120, allowable unit stress =
17,000 − 0.485 l2/r2. For columns having l/r ratios greater than 120, allowable unit stress 

For bridge compression members centrally loaded and with values of l/r not greater than
140:

p
S

1 K+
l

r
--
 
 

2
------------------------ ultimate load,  

lb

in
2

-------  or 
N

mm
2

-----------= =

p Sy B
l

r
--
 
 – ultimate load, lbs. per sq. in.= =

allowable unit stress 18 000,
1 l2 18 000r2,⁄+
----------------------------------------=

Allowable unit stress, riveted ends 15 000,
1
4
--- l2

r2
----–=

Allowable unit stress, pin ends 15 000,
1
3
--- l2

r2
----–=
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Euler Formula.—This formula is for columns that are so slender that bending or buckling
action predominates and compressive stresses are not taken into account.

The notation, in English and metric SI units of measurement, is given in the table Rank-
ine' s and Euler' s Formulas for Columns on page 283. Factors C for different end condi-
tions are included in the Euler formulas at the bottom of the table. According to a series of
experiments, Euler formulas should be used if the values of l/r exceed the following ratios:
Structural steel and flat ends, 195; hinged ends, 155; round ends, 120; cast iron with flat
ends, 120; hinged ends, 100; round ends, 75; oak with flat ends, 130. The critical slender-
ness ratio, which marks the dividing line between the shorter columns and those slender
enough to warrant using the Euler formula, depends upon the column material and its end
conditions. If the Euler formula is applied when the slenderness ratio is too small, the cal-
culated ultimate strength will exceed the yield point of the material and, obviously, will be
incorrect.
Eccentrically Loaded Columns.—In the application of the column formulas previously
referred to, it is assumed that the action of the load coincides with the axis of the column. If
the load is offset relative to the column axis, the column is said to be eccentrically loaded,
and its strength is then calculated by using a modification of the Rankine formula, the
quantity cz/r2 being added to the denominator, as shown in the table on the next page. This
modified formula is applicable to columns having a slenderness ratio varying from 20 or
30 to about 100.
Machine Elements Subjected to Compressive Loads.—As in structural compression
members, an unbraced machine member that is relatively slender (i.e., its length is more
than, say, six times the least dimension perpendicular to its longitudinal axis) is usually
designed as a column, because failure due to overloading (assuming a compressive load
centrally applied in an axial direction) may occur by buckling or a combination of buckling
and compression rather than by direct compression alone. In the design of unbraced steel
machine “columns” which are to carry compressive loads applied along their longitudinal
axes, two formulas are in general use:

In these formulas, Pcr = critical load in pounds that would result in failure of the column;
A = cross-sectional area, square inches; Sy = yield point of material, pounds per square
inch; r = least radius of gyration of cross-section, inches; E = modulus of elasticity, pounds
per square inch; l = column length, inches; and n = coefficient for end conditions. For both
ends fixed, n = 4; for one end fixed, one end free, n = 0.25; for one end fixed and the other
end free but guided, n = 2; for round or pinned ends, free but guided, n = 1; and for flat ends,
n = 1 to 4. It should be noted that these values of n represent ideal conditions that are seldom
attained in practice; for example, for both ends fixed, a value of n = 3 to 3.5 may be more
realistic than n = 4.

If metric SI units are used in these formulas, Pcr = critical load in newtons that

would result in failure of the column; A = cross-sectional area, square millimeters; Sy

= yield point of the material, newtons per square mm; r = least radius of gyration of
cross-section, mm; E = modulus of elasticity, newtons per square mm; l = column
length, mm; and n = a coefficient for end conditions. The coefficients given are valid
for calculations in metric units.

(Euler) (1)

(J. B. 
Johnson)

(2)  where (3)

P
Cπ2IE

l2
---------------- total ultimate load, in pounds or newtons= =

Pcr

SyAr2

Q
--------------=

Pcr ASy 1 Q

4r2
--------– 

 = Q
Syl2

nπ2E
-------------=
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Rankine's and Euler's Formulas for Columns

Allowable Working Loads for Columns: To find the total allowable working load for a given sec-
tion, divide the total ultimate load P (or p × area), as found by the appropriate formula above, by a
suitable factor of safety.

Symbol Quantity English Unit Metric SI Units
p Ultimate unit load Lbs./sq. in. Newtons/sq. mm.
P Total ultimate load Pounds Newtons
S Ultimate compressive strength of material Lbs./sq. in. Newtons/sq. mm.
l Length of column or strut Inches Millimeters
r Least radius of gyration Inches Millimeters
I Least moment of inertia Inches4 Millimeters4

r2 Moment of inertia/area of section Inches2 Millimeters2

E Modulus of elasticity of material Lbs./sq. in. Newtons/sq. mm.
c Distance from neutral axis of cross-section to 

side under compression Inches Millimeters
z Distance from axis of load to axis coinciding 

with center of gravity of cross-section Inches Millimeters

Rankine's Formulas

Material
Both Ends of
Column Fixed

One End Fixed and
One End Rounded Both Ends Rounded

Steel

Cast Iron

Wrought Iron

Timber

Formulas Modified for Eccentrically Loaded Columns

Material
Both Ends of
Column Fixed

One End Fixed and
One End Rounded Both Ends Rounded

Steel

 For materials other than steel, such as cast iron, use the Rankine formulas given in the upper table 

and add to the denominator the quantity 

Euler's Formulas for Slender Columns

Both Ends of
Column Fixed

One End Fixed and
One End Rounded

Both Ends
Rounded

One End Fixed and
One End Free

p
S

1 l2

25 000r2,
----------------------+

--------------------------------= p
S

1 l2

12 500r2,
----------------------+

--------------------------------= p
S

1 l2

6250r2
-----------------+

---------------------------=

p
S

1 l2

5000r2
-----------------+

---------------------------= p
S

1 l2

2500r2
-----------------+

---------------------------= p
S

1 l2

1250r2
-----------------+

---------------------------=

p
S

1 l2

35 000r2,
----------------------+

--------------------------------= p
S

1 l2

17 500r2,
----------------------+

--------------------------------= p
S

1 l2

8750r2
-----------------+

---------------------------=

p
S

1 l2

3000r2
-----------------+

---------------------------= p
S

1 l2

1500r2
-----------------+

---------------------------= p
S

1 l2

750r2
--------------+

------------------------=

p
S

1 l2

25 000r2,
---------------------- cz

r2
-----+ +

--------------------------------------------= p
S

1 l2

12 500r2,
---------------------- cz

r2
-----+ +

--------------------------------------------= p
S

1 l2

6250r2
----------------- cz

r2
-----+ +

---------------------------------------=

cz r2⁄

P
4π2IE

l2
---------------= P

2π2IE

l2
---------------= P

π2IE

l2
------------= P

π2IE

4l2
------------=
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Factor of Safety for Machine Columns: When the conditions of loading and the physical
qualities of the material used are accurately known, a factor of safety as low as 1.25 is
sometimes used when minimum weight is important. Usually, however, a factor of safety
of 2 to 2.5 is applied for steady loads. The factor of safety represents the ratio of the critical
load Pcr to the working load.

Application of Euler and Johnson Formulas: To determine whether the Euler or
Johnson formula is applicable in any particular case, it is necessary to determine the value
of the quantity Q ÷ r2. If Q ÷ r2 is greater than 2, then the Euler Formula (1) should be used;
if Q ÷ r2 is less than 2, then the J. B. Johnson formula is applicable. Most compression
members in machine design are in the range of proportions covered by the Johnson for-
mula. For this reason a good procedure is to design machine elements on the basis of the
Johnson formula and then as a check calculate Q ÷ r2 to determine whether the Johnson for-
mula applies or the Euler formula should have been used.

Example 1, Compression Member Design:A rectangular machine member 24 inches
long and 1⁄2× 1 inch in cross-section is to carry a compressive load of 4000 pounds along its
axis. What is the factor of safety for this load if the material is machinery steel having a
yield point of 40,000 pounds per square inch, the load is steady, and each end of the rod has
a ball connection so that n = 1?

From Formula (3)

(The values 40,000 and 30,000,000 were obtained from the table Strength Data for Iron
and Steel on page 432.)

The radius of gyration r for a rectangular section (page 235) is 0.289 × the dimension in
the direction of bending. In columns, bending is most apt to occur in the direction in which
the section is the weakest, the 1⁄2-inch dimension in this example. Hence, least radius of
gyration r = 0.289 × 1⁄2 = 0.145 inch.

which is more than 2 so that the Euler formula will be used.

Example 2, Compression Member Design:In the preceding example, the column formu-
las were used to check the adequacy of a column of known dimensions. The more usual
problem involves determining what the dimensions should be to resist a specified load. For
example,:

A 24-inch long bar of rectangular cross-section with width w twice its depth d is to carry
a load of 4000 pounds. What must the width and depth be if a factor of safety of 1.35 is to
be used?

First determine the critical load Pcr:

Q
40 000, 24× 24×

1 3.1416× 3.1416× 30 000 000,,×
---------------------------------------------------------------------------------- 0.0778= =

Q

r2
---- 0.0778

0.145( )2
-------------------- 3.70= =

Pcr

syAr2

Q
-------------- 40 000, 1⁄2× 1×

3.70
------------------------------------= =

5400 pounds so that the factor of safety is 5400 4000÷ 1.35==

Pcr working load factor of safety×=

4000 1.35× 5400 pounds==
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Next determine Q which, as in Example 1, will be 0.0778.
Assume Formula (2) applies: 

As mentioned in Example 1 the least radius of gyration r of a rectangle is equal to 0.289
times the least dimension, d, in this case. Therefore, substituting for d the value r ÷ 0.289,

Checking to determine if Q ÷ r2 is greater or less than 2,

therefore Formula (1) should have been used to determine r and dimensions w and d. Using
Formula (1),

and w = 2d = 1 inch as in the previous example.

American Institute of Steel Construction.—For main or secondary compression mem-
bers with l/r ratios up to 120, safe unit stress = 17,000 − 0.485l2/r2. For columns and brac-
ing or other secondary members with l/r ratios above 120,

Safe unit stress,  for bracing and secondary members. For main

members, safe unit stress, 

Pipe Columns: Allowable concentric loads for steel pipe columns based on the above
formulas are given in the table on page 286.

Pcr Asy 1 Q

4r2
--------– 

 =

5400 w d× 40 000 1 0.0778
4r2

----------------– 
 ,×=

2d2 40 000 1 0.01945
r2

-------------------–
 
 ,×=

5400
40 000, 2×
-------------------------- d2 1 0.01945

r2
-------------------–

 
 =

5400
40 000, 2×
--------------------------

r

0.289
-------------
 
 

2
1 0.01945

r2
-------------------– 

 =

5400 0.289× 0.289×
40 000, 2×

--------------------------------------------------- r2 0.01945–=

0.005638 r2 0.01945–=

r2 0.0251=

Q

r2
---- 0.0778

0.0251
---------------- 3.1= =

5400 40 000, 2d2 r2××
Q

-------------------------------------------
40 000, 2× r

0.289
-------------
 
 

2
r2×

0.0778
-----------------------------------------------------------= =

r4 5400 0.0778× 0.289× 0.289×
40 000, 2×

-------------------------------------------------------------------------- 0.0004386= =

d
0.145
0.289
------------- 0.50 inch= =

psi 18 000,
1 l2 18 000r, 2⁄+
----------------------------------------=

psi
18 000,

1 l2 18 000r, 2⁄+
---------------------------------------- 1.6 l r⁄

200
---------– 

 ×=
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Allowable Concentric Loads for Steel Pipe Columns

STANDARD STEEL PIPE

Nominal Diameter, Inches 12 10 8 6 5 4 31⁄2 3

Wall Thickness, Inch 0.375 0.365 0.322 0.280 0.258 0.237 0.226 0.216

Weight per Foot, Pounds 49.56 40.48 28.55 18.97 14.62 10.79 9.11 7.58

Effective Length (KL), Feeta

a With respect to radius of gyration. The effective length (KL) is the actual unbraced length, L, in feet,
multiplied by the effective length factor (K) which is dependent upon the restraint at the ends of the
unbraced length and the means available to resist lateral movements. K may be determined by refer-
ring to the last portion of this table. 

Allowable Concentric Loads in Thousands of Pounds

6 303 246 171 110 83 59 48 38

7 301 243 168 108 81 57 46 36

8 299 241 166 106 78 54 44 34

9 296 238 163 103 76 52 41 31

10 293 235 161 101 73 49 38 28

11 291 232 158 98 71 46 35 25

12 288 229 155 95 68 43 32 22

13 285 226 152 92 65 40 29 19

14 282 223 149 89 61 36 25 16

15 278 220 145 86 58 33 22 14

16 275 216 142 82 55 29 19 12

17 272 213 138 79 51 26 17 11

18 268 209 135 75 47 23 15 10

19 265 205 131 71 43 21 14 9

20 261 201 127 67 39 19 12

22 254 193 119 59 32 15 10

24 246 185 111 51 27 13

25 242 180 106 47 25 12

26 238 176 102 43 23

EXTRA STRONG STEEL PIPE

Nominal Diameter, Inches 12 10 8 6 5 4 31⁄2 3

Wall Thickness, Inch 0.500 0.500 0.500 0.432 0.375 0.337 0.318 0.300

Weight per Foot, Pounds 65.42 54.74 43.39 28.57 20.78 14.98 12.50 10.25

Effective Length (KL), Feeta Allowable Concentric Loads in Thousands of Pounds

6 400 332 259 166 118 81 66 52

7 397 328 255 162 114 78 63 48

8 394 325 251 159 111 75 59 45

9 390 321 247 155 107 71 55 41

10 387 318 243 151 103 67 51 37

11 383 314 239 146 99 63 47 33

12 379 309 234 142 95 59 43 28

13 375 305 229 137 91 54 38 24

14 371 301 224 132 86 49 33 21

15 367 296 219 127 81 44 29 18

16 363 291 214 122 76 39 25 16

18 353 281 203 111 65 31 20 12

19 349 276 197 105 59 28 18 11

20 344 271 191 99 54 25 16

21 337 265 185 92 48 22 14

22 334 260 179 86 44 21

24 323 248 166 73 37 17

26 312 236 152 62 32

28 301 224 137 54 27
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Load tables are given for 36 ksi yield stress steel. No load values are given below the heavy hori-
zontal lines, because the Kl/r ratios (where l is the actual unbraced length in inches and r is the gov-
erning radius of gyration in inches) would exceed 200.

Data from “Manual of Steel Construction,” 8th ed., 1980, with permission of the American Insti-
tute of Steel Construction.

 Allowable Concentric Loads for Steel Pipe Columns (Continued)

DOUBLE-EXTRA STRONG STEEL PIPE

Nominal Diameter, Inches 8 6 5 4 3

Wall Thickness, Inch 0.875 0.864 0.750 0.674 0.600

Weight per Foot, Pounds 72.42 53.16 38.55 27.54 18.58

Effective Length (KL), Feeta Allowable Concentric Loads in Thousands of Pounds

6 431 306 216 147 91

7 424 299 209 140 84

8 417 292 202 133 77

9 410 284 195 126 69

10 403 275 187 118 60

11 395 266 178 109 51

12 387 257 170 100 43

13 378 247 160 91 37

14 369 237 151 81 32

15 360 227 141 70 28

16 351 216 130 62 24

17 341 205 119 55 22

18 331 193 108 49

19 321 181 97 44

20 310 168 87 40

22 288 142 72 33

24 264 119 61

26 240 102 52

28 213 88 44

EFFECTIVE LENGTH FACTORS (K) FOR VARIOUS COLUMN CONFIGURATIONS

Buckled shape of column is shown 
by dashed line

(a) (b) (c) (d) (e) (f)

Theoretical K value 0.5 0.7 1.0 1.0 2.0 2.0

Recommended design value when 
ideal conditions are approximated 0.65 0.80 1.2 1.0 2.10 2.0

End condition code

Rotation fixed and translation fixed

Rotation free and translation fixed

Rotation fixed and translation free

Rotation free and translation free
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PLATES, SHELLS, AND CYLINDERS

Flat Stayed Surfaces.—Large flat areas are often held against pressure by stays distrib-
uted at regular intervals over the surface. In boiler work, these stays are usually screwed
into the plate and the projecting end riveted over to insure steam tightness. The U.S. Board
of Supervising Inspectors and the American Boiler Makers Association rules give the fol-
lowing formula for flat stayed surfaces:

in which P =pressure in pounds per square inch
C =a constant, which equals 

112 for plates 7⁄16 inch and under
120, for plates over 7⁄16 inch thick
140, for plates with stays having a nut and bolt on the inside and outside
160, for plates with stays having washers of at least one-half the thickness of

the plate, and with a diameter at least one-half of the greatest pitch
t =thickness of plate in 16ths of an inch (thickness = 7⁄16, t = 7)

S =greatest pitch of stays in inches
Strength and Deflection of Flat Plates.—Generally, the formulas used to determine
stresses and deflections in flat plates are based on certain assumptions that can be closely
approximated in practice. These assumptions are:

1) the thickness of the plate is not greater than one-quarter the least width of the plate;
2) the greatest deflection when the plate is loaded is less than one-half the plate thickness;
3) the maximum tensile stress resulting from the load does not exceed the elastic limit of

the material; and
4) all loads are perpendicular to the plane of the plate.
Plates of ductile materials fail when the maximum stress resulting from deflection under

load exceeds the yield strength; for brittle materials, failure occurs when the maximum
stress reaches the ultimate tensile strength of the material involved.
Square and Rectangular Flat Plates.—The formulas that follow give the maximum
stress and deflection of flat steel plates supported in various ways and subjected to the
loading indicated. These formulas are based upon a modulus of elasticity for steel of
30,000,000 pounds per square inch and a value of Poisson's ratio of 0.3. If the formulas for
maximum stress, S, are applied without modification to other materials such as cast iron,
aluminum, and brass for which the range of Poisson's ratio is about 0.26 to 0.34, the maxi-
mum stress calculations will be in error by not more than about 3 per cent. The deflection
formulas may also be applied to materials other than steel by substituting in these formulas
the appropriate value for E, the modulus of elasticity of the material (see pages 432 and
513). The deflections thus obtained will not be in error by more than about 3 per cent.

In the stress and deflection formulas that follow,
p =uniformly distributed load acting on plate, pounds per square inch

W = total load on plate, pounds; W = p × area of plate
L =distance between supports (length of plate), inches. For rectangular plates, L =

long side, l = short side
t = thickness of plate, inches
S =maximum tensile stress in plate, pounds per square inch
d =maximum deflection of plate, inches
E =modulus of elasticity in tension. E = 30,000,000 pounds per square inch for

steel

P
C t2×

S2
--------------=
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If metric SI units are used in the formulas, then,

W =total load on plate, newtons

L =distance between supports (length of plate), millimeters. For rectangular
plates, L = long side, l = short side

t =thickness of plate, millimeters

S =maximum tensile stress in plate, newtons per mm squared

d =maximum deflection of plate, mm

E =modulus of elasticity, newtons per mm squared

a) Square flat plate supported at top and bottom of all four edges and a uniformly distrib-
uted load over the surface of the plate.

b) Square flat plate supported at the bottom only of all four edges and a uniformly distrib-
uted load over the surface of the plate.

c) Square flat plate with all edges firmly fixed and a uniformly distributed load over the
surface of the plate.

d) Square flat plate with all edges firmly fixed and a uniform load over small circular area
at the center. In Equations (7) and  (9), r0 = radius of area to which load is applied. If r0 <

1.7t, use rs where .

e) Square flat plate with all edges supported above and below, or below only, and a con-
centrated load at the center. (See Item d), above, for definition of r0).

f) Rectangular plate with all edges supported at top and bottom and a uniformly distrib-
uted load over the surface of the plate.

g) Rectangular plate with all edges fixed and a uniformly distributed load over the sur-
face of the plate.

(1) (2)

(3) (4)

(5) (6)

(7) (8)

(9) (10)

(11) (12)

(13) (14)

S
0.29W

t2
---------------= d

0.0443WL2

Et3
----------------------------=

S
0.28W

t2
---------------= d

0.0443WL2

Et3
----------------------------=

S
0.31W

t2
---------------= d

0.0138WL2

Et3
----------------------------=

rs 1.6r0
2 t2+ 0.675t–=

S
0.62W

t2
--------------- L

2r0
--------
 
 

e
log= d

0.0568WL2

Et3
----------------------------=

S
0.62W

t2
--------------- L

2r0
--------
 
 

e
log 0.577+= d

0.1266WL2

Et3
----------------------------=

S
0.75W

t2 L

l
--- 1.61

l2

L2
-----+

 
 

-------------------------------------= d
0.1422W

Et3 L

l3
---- 2.21

L2
----------+ 

 
------------------------------------=

S
0.5W

t2 L

l
--- 0.623l5

L5
------------------+ 

 
--------------------------------------= d

0.0284W

Et3 L

l3
---- 1.056l2

L4
------------------+ 

 
-------------------------------------------=
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Circular Flat Plates.—In the following formulas, R = radius of plate to supporting edge
in inches; W = total load in pounds; and other symbols are the same as used for square and
rectangular plates.

If metric SI units are used, R = radius of plate to supporting edge in millimeters, and
the values of other symbols are the same as those used for square and rectangular
plates.

a) Edge supported around the circumference and a uniformly distributed load over the
surface of the plate.

b) Edge fixed around circumference and a uniformly distributed load over the surface of
the plate.

c) Edge supported around the circumference and a concentrated load at the center.

d) Edge fixed around circumference and a concentrated load at the center.

Strength of Cylinders Subjected to Internal Pressure.—In designing a cylinder to
withstand internal pressure, the choice of formula to be used depends on 1) the kind of
material of which the cylinder is made (whether brittle or ductile);  2) the construction of
the cylinder ends (whether open or closed);  and  3) whether the cylinder is classed as a
thin- or a thick-walled cylinder.

A cylinder is considered to be thin-walled when the ratio of wall thickness to inside diam-
eter is 0.1 or less and thick-walled when this ratio is greater than 0.1. Materials such as cast
iron, hard steel, cast aluminum are considered to be brittle materials; low-carbon steel,
brass, bronze, etc. are considered to be ductile.

In the formulas that follow, p = internal pressure, pounds per square inch; D = inside
diameter of cylinder, inches; t = wall thickness of cylinder, inches; µ = Poisson's ratio, =
0.3 for steel, 0.26 for cast iron, 0.34 for aluminum and brass; and S = allowable tensile
stress, pounds per square inch.

Metric SI units can be used in Formulas (23), (25), (26), and (27), where p = internal
pressure in newtons per square millimeter; D = inside diameter of cylinder, millime-
ters; t = wall thickness, mm; µ = Poisson's ratio, = 0.3 for steel, 0.26 for cast iron, and
0.34 for aluminum and brass; and S = allowable tensile stress, N/mm2. For the use of
metric SI units in Formula (24), see below.

Thin-walled Cylinders: (23)

For low-pressure cylinders of cast iron such as are used for certain engine and press
applications, a formula in common use is

(24)

(15) (16)

(17) (18)

(19) (20)

(21) (22)

S
0.39W

t2
---------------= d

0.221WR2

Et3
-------------------------=

S
0.24W

t2
---------------= d

0.0543WR2

Et3
----------------------------=

S
0.48W

t2
--------------- 1 1.3 R

0.325t
---------------

e
log 0.0185

t2

R2
------–+= d

0.55WR2

Et3
----------------------=

S
0.62W

t2
--------------- R

0.325t
---------------

e
log 0.0264

t2

R2
------+= d

0.22WR2

Et3
----------------------=

t
Dp

2S
-------=

t
Dp

2500
------------ 0.3+=
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This formula is based on allowable stress of 1250 pounds per square inch and will give a
wall thickness 0.3 inch greater than Formula (23) to allow for variations in metal thickness
that may result from the casting process.

If metric SI units are used in Formula (24), t = cylinder wall thickness in millime-
ters; D = inside diameter of cylinder, mm; and the allowable stress is in newtons per
square millimeter. The value of 0.3 inches additional wall thickness is 7.62 mm, and
the next highest number in preferred metric basic sizes is 8 mm.

Thick-walled Cylinders of Brittle Material, Ends Open or Closed: Lamé's equation is
used when cylinders of this type are subjected to internal pressure.

(25)

The table Ratio of Outside Radius to Inside Radius, Thick Cylinders on page 292 is for
convenience in calculating the dimensions of cylinders under high internal pressure with-
out the use of Formula (25).

Example, Use of the Table:Assume that a cylinder of 10 inches inside diameter is to
withstand a pressure of 2500 pounds per square inch; the material is cast iron and the allow-
able stress is 6000 pounds per square inch. To solve the problem, locate the allowable
stress per square inch in the left-hand column of the table and the working pressure at the
top of the columns. Then find the ratio between the outside and inside radii in the body of
the table. In this example, the ratio is 1.558, and hence the outside diameter of the cylinder
should be 10 × 1.558, or about 155⁄8 inches. The thickness of the cylinder wall will therefore
be (15.58 − 10)/2 = 2.79 inches.

Unless very high-grade material is used and sound castings assured, cast iron should not
be used for pressures exceeding 2000 pounds psi (13.75 N/mm2). It is well to leave more
metal in the bottom of a hydraulic cylinder than is indicated by the results of calculations,
because a hole of some size must be cored in the bottom to permit the entrance of a boring
bar when finishing the cylinder, and when this hole is subsequently tapped and plugged it
often gives trouble if there is too little thickness.

For steady or gradually applied stresses, the maximum allowable fiber stress S may be
assumed to be from 3500 to 4000 psi (24-27 N/mm2)for cast iron; from 6000 to 7000 psi
(41-48 N/mm2) for brass; and 12,000 psi (82 N/mm2) for steel castings. For intermittent
stresses, such as in cylinders for steam and hydraulic work, 3000 psi (20 N/mm2) for cast
iron; 5000 psi (34 N/mm2) for brass; and 10,000 psi (69 N/mm2) for steel castings, is ordi-
narily used. These values give ample factors of safety.

Note: In metric SI units, 1000 pounds per square inch equals 6.895 newtons per
square millimeter. Also, one newtons per square millimeter equals one megapascal (1
N/mm2 = 1 MPa).

Thick-walled Cylinders of Ductile Material, Closed Ends: Clavarino's equation is used:

(26)

Thick-walled Cylinders of Ductile Material, Open Ends: Birnie's equation is used:

(27)

Spherical Shells Subjected to Internal Pressure.—Let:
D = internal diameter of shell in inches
p =internal pressure in pounds per square inch
S =safe tensile stress per square inch
t = thickness of metal in the shell, in inches. Then, (28) 

t
D

2
---- S p+

S p–
------------ 1– 

 =

t
D

2
---- S 1 2µ–( )p+

S 1 µ+( )p–
--------------------------------- 1–=

t
D

2
---- S 1 µ–( )p+

S 1 µ+( )p–
------------------------------ 1–=

t pD 4S÷=
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Formula (28) also applies to hemi-spherical shells, such as the hemi-spherical head of a
cylindrical container subjected to internal pressure, etc.

If metric SI units are used, then:

D = internal diameter of shell in millimeters

p =internal pressure in newtons per square millimeter

S =safe tensile stress in newtons per square millimeter

t =thickness of metal in the shell, in millimeters. Use Formula (28).

Meters can be used in the formula in place of millimeters, providing the treatment
is consistent throughout.

Ratio of Outside Radius to Inside Radius, Thick Cylinders

Allowable
Stress per Sq. 
In. of Section

Working Pressure in Cylinder, Pounds per Square Inch

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000

2000 1.732 … … … … … … … … … … … …

2500 1.528 2.000 … … … … … … … … … … …

3000 1.414 1.732 2.236 … … … … … … … … … …

3500 1.342 1.581 1.915 2.449 … … … … … … … … …

4000 1.291 1.483 1.732 2.082 2.646 … … … … … … … …

4500 1.254 1.414 1.612 1.871 2.236 2.828 … … … … … … …

5000 1.225 1.363 1.528 1.732 2.000 2.380 3.000 … … … … … …

5500 1.202 1.323 1.464 1.633 1.844 2.121 2.517 3.162 … … … … …

6000 1.183 1.291 1.414 1.558 1.732 1.949 2.236 2.646 3.317 … … … …

6500 … 1.265 1.374 1.500 1.648 1.826 2.049 2.345 2.769 3.464 … … …

7000 … 1.243 1.342 1.453 1.581 1.732 1.915 2.145 2.449 2.887 3.606 … …

7500 … 1.225 1.314 1.414 1.528 1.658 1.813 2.000 2.236 2.550 3.000 3.742 …

8000 … 1.209 1.291 1.382 1.483 1.599 1.732 1.890 2.082 2.324 2.646 3.109 3.873

8500 … 1.195 1.271 1.354 1.446 1.549 1.667 1.803 1.964 2.160 2.408 2.739 3.215

9000 … 1.183 1.254 1.330 1.414 1.508 1.612 1.732 1.871 2.035 2.236 2.490 2.828

9500 … … 1.238 1.309 1.387 1.472 1.567 1.673 1.795 1.936 2.104 2.309 2.569

10,000 … … 1.225 1.291 1.363 1.441 1.528 1.624 1.732 1.856 2.000 2.171 2.380

10,500 … … 1.213 1.275 1.342 1.414 1.494 1.581 1.679 1.789 1.915 2.062 2.236

11,000 … … 1.202 1.260 1.323 1.390 1.464 1.544 1.633 1.732 1.844 1.972 2.121

11,500 … … 1.192 1.247 1.306 1.369 1.438 1.512 1.593 1.683 1.784 1.897 2.028

12,000 … … 1.183 1.235 1.291 1.350 1.414 1.483 1.558 1.641 1.732 1.834 1.949

12,500 … … … 1.225 1.277 1.333 1.393 1.458 1.528 1.604 1.687 1.780 1.883

13,000 … … … 1.215 1.265 1.318 1.374 1.435 1.500 1.571 1.648 1.732 1.826

13,500 … … … 1.206 1.254 1.304 1.357 1.414 1.475 1.541 1.612 1.690 1.776

14,000 … … … 1.198 1.243 1.291 1.342 1.395 1.453 1.515 1.581 1.653 1.732

14,500 … … … 1.190 1.234 1.279 1.327 1.378 1.433 1.491 1.553 1.620 1.693

15,000 … … … 1.183 1.225 1.268 1.314 1.363 1.414 1.469 1.528 1.590 1.658

16,000 … … … 1.171 1.209 1.249 1.291 1.335 1.382 1.431 1.483 1.539 1.599



PLATES, SHELLS, AND CYLINDERS 293

Example:Find the thickness of metal required in the hemi-spherical end of a cylindrical
vessel, 2 feet in diameter, subjected to an internal pressure of 500 pounds per square inch.
The material is mild steel and a tensile stress of 10,000 pounds per square inch is allowable.

Example:A similar example using metric SI units is as follows: find the thickness of
metal required in the hemi-spherical end of a cylindrical vessel, 750 mm in diameter,
subjected to an internal pressure of 3 newtons/mm2. The material is mild steel and a
tensile stress of 70 newtons/mm2 is allowable. 

If the radius of curvature of the domed head of a boiler or container subjected to internal
pressure is made equal to the diameter of the boiler, the thickness of the cylindrical shell
and of the spherical head should be made the same. For example, if a boiler is 3 feet in
diameter, the radius of curvature of its head should also be 3 feet, if material of the same
thickness is to be used and the stresses are to be equal in both the head and cylindrical por-
tion.
Collapsing Pressure of Cylinders and Tubes Subjected to External Pressures.—The
following formulas may be used for finding the collapsing pressures of lap-welded Besse-
mer steel tubes:

(29)

(30)

in which P = collapsing pressure in pounds per square inch; D = outside diameter of tube or
cylinder in inches; t = thickness of wall in inches.

Formula (29) is for values of P greater than 580 pounds per square inch, and Formula (30)
is for values of P less than 580 pounds per square inch. These formulas are substantially
correct for all lengths of pipe greater than six diameters between transverse joints that tend
to hold the pipe to a circular form. The pressure P found is the actual collapsing pressure,
and a suitable factor of safety must be used. Ordinarily, a factor of safety of 5 is sufficient.
In cases where there are repeated fluctuations of the pressure, vibration, shocks and other
stresses, a factor of safety of from 6 to 12 should be used.

If metric SI units are used the formulas are: 

(31)

(32)

where P = collapsing pressure in newtons per square millimeter; D = outside diame-
ter of tube or cylinder in millimeters; and t = thickness of wall in millimeters. For-

mula (31) is for values of P greater than 4 N/mm2, and Formula (32) is for values of P
less than 4 N/mm2.

The table Tubes Subjected to External Pressure is based upon the requirements of the
Steam Boat Inspection Service of the Department of Commerce and Labor and gives the
permissible working pressures and corresponding minimum wall thickness for long, plain,
lap-welded and seamless steel flues subjected to external pressure only. The table thick-
nesses have been calculated from the formula:

t
500 2× 12×
4 10 000,×

------------------------------ 0.3 inch= =

t
3 750×
4 70×
------------------ 8.04 mm= =

P 86 670
t

D
----, 1386–=

P 50 210 000
t

D
----
 
 

3
,,=

P 597.6
t

D
---- 9.556–=

P 346 200
t

D
----
 
 

3
,=
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in which D = outside diameter of flue or tube in inches; t = thickness of wall in inches; p =
working pressure in pounds per square inch; F = factor of safety. The formula is applicable
to working pressures greater than 100 pounds per square inch, to outside diameters from 7
to 18 inches, and to temperatures less than 650°F.

The preceding Formulas (29) and (30) were determined by Prof. R. T. Stewart, Dean of
the Mechanical Engineering Department of the University of Pittsburgh, in a series of
experiments carried out at the plant of the National Tube Co., McKeesport, Pa.

The apparent fiber stress under which the different tubes failed varied from about 7000
pounds per square inch for the relatively thinnest to 35,000 pounds per square inch for the
relatively thickest walls. The average yield point of the material tested was 37,000 pounds
and the tensile strength 58,000 pounds per square inch, so it is evident that the strength of a
tube subjected to external fluid collapsing pressure is not dependent alone upon the elastic
limit or ultimate strength of the material from which it is made.

Tubes Subjected to External Pressure

Dimensions and Maximum Allowable Pressure 
of Tubes Subjected to External Pressure

Outside
Diameter of 

Tube,
Inches

Working Pressure in Pounds per Square Inch

100 120 140 160 180 200 220

Thickness of Tube in Inches. Safety Factor, 5

7 0.152 0.160 0.168 0.177 0.185 0.193 0.201

8 0.174 0.183 0.193 0.202 0.211 0.220 0.229

9 0.196 0.206 0.217 0.227 0.237 0.248 0.258

10 0.218 0.229 0.241 0.252 0.264 0.275 0.287

11 0.239 0.252 0.265 0.277 0.290 0.303 0.316

12 0.261 0.275 0.289 0.303 0.317 0.330 0.344

13 0.283 0.298 0.313 0.328 0.343 0.358 0.373

14 0.301 0.320 0.337 0.353 0.369 0.385 0.402

15 0.323 0.343 0.361 0.378 0.396 0.413 0.430

16 0.344 0.366 0.385 0.404 0.422 0.440 0.459

16 0.366 0.389 0.409 0.429 0.448 0.468 0.488

18 0.387 0.412 0.433 0.454 0.475 0.496 0.516

Outside
Dia.,

Inches

Thick-
ness
of

Material,
Inches

Max.
Pressure
Allowed,

psi

Outside
Dia.,

Inches

Thick-
ness
of

Material,
Inches

Max.
Pressure
Allowed,

psi

Outside
Dia.,

Inches

Thick-
ness
of

Material,
Inches

Max.
Pressure
Allowed,

psi

2 0.095 427 3 0.109 327 4 0.134 303

21⁄4 0.095 380 31⁄4 0.120 332 41⁄2 0.134 238

21⁄2 0.109 392 31⁄2 0.120 308 5 0.148 235

23⁄4 0.109 356 33⁄4 0.120 282 6 0.165 199

t
F p×( ) 1386+[ ]D

86 670,
---------------------------------------------=
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SHAFTS
Shaft Calculations

Torsional Strength of Shafting.—In the formulas that follow,

α =angular deflection of shaft in degrees

c =distance from center of gravity to extreme fiber

D =diameter of shaft in inches

G = torsional modulus of elasticity = 11,500,000 pounds per square inch for steel

J =polar moment of inertia of shaft cross-section (see table)

l = length of shaft in inches

N =angular velocity of shaft in revolutions per minute

P =power transmitted in horsepower

Ss =allowable torsional shearing stress in pounds per square inch

T = torsional or twisting moment in inch-pounds

Zp =polar section modulus (see table page 245)

The allowable twisting moment for a shaft of any cross-section such as circular, square,
etc., is:

(1)

For a shaft delivering P horsepower at N revolutions per minute the twisting moment T
being transmitted is:

(2)

The twisting moment T as determined by Formula (2) should be less than the value deter-
mined by using Formula (1) if the maximum allowable stress Ss is not to be exceeded.

The diameter of a solid circular shaft required to transmit a given torque T is:

The allowable stresses that are generally used in practice are: 4000 pounds per square
inch for main power-transmitting shafts; 6000 pounds per square inch for lineshafts carry-
ing pulleys; and 8500 pounds per square inch for small, short shafts, countershafts, etc.
Using these allowable stresses, the horsepower P transmitted by a shaft of diameter D, or
the diameter D of a shaft to transmit a given horsepower P may be determined from the fol-
lowing formulas:

For main power-transmitting shafts:

For lineshafts carrying pulleys:

(3a) or (3b)

(4a) or (4b)

(5a) or (5b)

T Ss Zp×=

T
63 000P,

N
---------------------=

D
5.1T

Ss

-----------3= D
321 000, P

NSs

------------------------3=

P
D

3
N

80
-----------= D

80P

N
----------3=

P
D

3
N

53.5
-----------= D

53.5P

N
--------------3=
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For small, short shafts:

Shafts that are subjected to shocks, such as sudden starting and stopping, should be given
a greater factor of safety resulting in the use of lower allowable stresses than those just
mentioned.

Example:What should be the diameter of a lineshaft to transmit 10 horsepower if the
shaft is to make 150 revolutions per minute? Using Formula (5b),

Example:What horsepower would be transmitted by a short shaft, 2 inches in diameter,
carrying two pulleys close to the bearings, if the shaft makes 300 revolutions per minute?
Using Formula (6a),

Torsional Strength of Shafting, Calculations in Metric SI Units.—The  a l l owab le
twisting moment for a shaft of any cross-section such as circular, square, etc., can be
calculated from:

(7)

where T = torsional or twisting moment in newton-millimeters; Ss = allowable tor-

sional shearing stress in newtons per square millimeter; and Zp = polar section mod-

ulus in millimeters3.

For a shaft delivering power of P kilowatts at N revolutions per minute, the twisting
moment T being transmitted is: 

where T is in newton-millimeters, and ω = angular velocity in radians per second.

The diameter D of a solid circular shaft required to transmit a given torque T is: 

where D is in millimeters; T is in newton-millimeters; P is power in kilowatts; N = rev-
olutions per minute; Ss = allowable torsional shearing stress in newtons per square

millimeter, and ω = angular velocity in radians per second.

If 28 newtons/mm2 and 59 newtons/mm2 are taken as the generally allowed stresses
for main power-transmitting shafts and small short shafts, respectively, then using
these allowable stresses, the power P transmitted by a shaft of diameter D, or the
diameter D of a shaft to transmit a given power P may be determined from the follow-
ing formulas:

(6a) or (6b)

(8) or (8a)

(9a) or (9b)

or (9c)

P
D

3
N

38
-----------= D

38P

N
----------3=

D
53.5 10×

150
----------------------3 1.53 or,  say, 19⁄16  inches= =

P
2

3
300×

38
-------------------- 63 horsepower= =

T Ss Zp×=

T
9.55 10

6
P×

N
-----------------------------= T

10
6
P

ω
------------=

D
5.1T

Ss

-----------3= D
48.7 10

6
P×

NSs

-----------------------------3=

D
5.1 10

6
P×

ωSs

--------------------------3=
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For main power-transmitting shafts: 

For small, short shafts: 

where P is in kilowatts, D is in millimeters, and N = revolutions per minute.

Example:What should be the diameter of a power-transmitting shaft to transmit
150 kW at 500 rpm?

Example:What power would a short shaft, 50 millimeters in diameter, transmit at
400 rpm?

Torsional Deflection of Circular Shafts.—Shafting must often be proportioned not only
to provide the strength required to transmit a given torque, but also to prevent torsional
deflection (twisting) through a greater angle than has been found satisfactory for a given
type of service.

For a solid circular shaft the torsional deflection in degrees is given by:

(12)

Example:Find the torsional deflection for a solid steel shaft 4 inches in diameter and 48
inches long, subjected to a twisting moment of 24,000 inch-pounds. By Formula (12),

Formula (12) can be used with metric SI units, where α = angular deflection of shaft
in degrees; T = torsional moment in newton-millimeters; l = length of shaft in millime-
ters; D = diameter of shaft in millimeters; and G = torsional modulus of elasticity in
newtons per square millimeter.

Example:Find the torsional deflection of a solid steel shaft, 100 mm in diameter and
1300 mm long, subjected to a twisting moment of 3 × 10 6 newton-millimeters. The
torsional modulus of elasticity is 80,000 newtons/mm 2. By Formula (12)

The diameter of a shaft that is to have a maximum torsional deflection α is given by:

(13)

Formula (13) can be used with metric SI units, where D = diameter of shaft in milli-
meters; T = torsional moment in newton-millimeters; l = length of shaft in millime-

(10a) or (10b)

(11a) or (11b)

P
D

3
N

1.77 10
6×

-------------------------= D
1.77 10

6
P×

N
-----------------------------3=

P
D

3
N

0.83 10
6×

-------------------------= D
0.83 10

6
P×

N
-----------------------------3=

D
1.77 10

6× 150×
500

----------------------------------------3 81 millimeters= =

P
50

3
400×

0.83 10
6×

------------------------- 60 kilowatts= =

α 584Tl

D
4
G

--------------=

α 584 24 000,× 48×

4
4

11 500 000,,×
-------------------------------------------- 0.23 degree= =

α 584 3× 10
6× 1300×

100
4

80 000,×
--------------------------------------------------- 0.285 degree= =

D 4.9 Tl

Gα
--------4×=
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ters; G = torsional modulus of elasticity in newtons per square millimeter; and α =
angular deflection of shaft in degrees.

According to some authorities, the allowable twist in steel transmission shafting should
not exceed 0.08 degree per foot length of the shaft. The diameter D of a shaft that will per-
mit a maximum angular deflection of 0.08 degree per foot of length for a given torque T or
for a given horsepower P can be determined from the formulas:

Using metric SI units and assuming an allowable twist in steel transmission shafting
of 0.26 degree per meter length, Formulas (14a) and (14b) become: 

where D = diameter of shaft in millimeters; T = torsional moment in newton-millime-
ters; P = power in kilowatts; and N = revolutions per minute.

Another rule that has been generally used in mill practice limits the deflection to 1 degree
in a length equal to 20 times the shaft diameter. For a given torque or horsepower, the diam-
eter of a shaft having this maximum deflection is given by:

Example:Find the diameter of a steel lineshaft to transmit 10 horsepower at 150 revolu-
tions per minute with a torsional deflection not exceeding 0.08 degree per foot of length.
By Formula (14b),

This diameter is larger than that obtained for the same horsepower and rpm in the exam-
ple given for Formula (5b) in which the diameter was calculated for strength consider-
ations only. The usual procedure in the design of shafting which is to have a specified
maximum angular deflection is to compute the diameter first by means of Formulas (13),
(14a), (14b), (15a), or (15b) and then by means of Formulas (3a), (3b), (4b), (5b), or (6b),
using the larger of the two diameters thus found.
Linear Deflection of Shafting.—For steel line shafting, it is considered good practice to
limit the linear deflection to a maximum of 0.010 inch per foot of length. The maximum
distance in feet between bearings, for average conditions, in order to avoid excessive linear
deflection, is determined by the formulas:

L =  for shafting subject to no bending action except its own weight 

L =  for shafting subject to bending action of pulleys, etc.

in which D = diameter of shaft in inches and L = maximum distance between bearings in
feet. Pulleys should be placed as close to the bearings as possible.

In general, shafting up to three inches in diameter is almost always made from cold-rolled
steel. This shafting is true and straight and needs no turning, but if keyways are cut in the
shaft, it must usually be straightened afterwards, as the cutting of the keyways relieves the
tension on the surface of the shaft produced by the cold-rolling process. Sizes of shafting
from three to five inches in diameter may be either cold-rolled or turned, more frequently
the latter, and all larger sizes of shafting must be turned because cold-rolled shafting is not
available in diameters larger than 5 inches.

(14a) or (14b)

or

(15a) or (15b)

D 0.29 T4= D 4.6 P

N
----4×=

D 2.26 T4= D 125.7 P

N
----4×=

D 0.1 T3= D 4.0 P

N
----3×=

D 4.6 10
150
---------4× 2.35 inches= =

8.95 D
23

5.2 D
23
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Diameters of Finished Shafting (former American Standard  ASA B17.1)

Design of Transmission Shafting.—The following guidelines for the design of shafting
for transmitting a given amount of power under various conditions of loading are based
upon formulas given in the former American Standard ASA B17c Code for the Design of
Transmission Shafting. These formulas are based on the maximum-shear theory of failure
which assumes that the elastic limit of a ductile ferrous material in shear is practically one-
half its elastic limit in tension. This theory agrees, very nearly, with the results of tests on
ductile materials and has gained wide acceptance in practice.

The formulas given apply in all shaft designs including shafts for special machinery. The
limitation of these formulas is that they provide only for the strength of shafting and are not
concerned with the torsional or lineal deformations which may, in shafts used in machine
design, be the controlling factor (see Torsional Deflection of Circular Shafts on page 297
and Linear Deflection of Shafting on page 298 for deflection considerations). In the formu-
las that follow, 

B =  (see Table 3)

D =outside diameter of shaft in inches
D1 =inside diameter of a hollow shaft in inches
Km =shock and fatigue factor to be applied in every case to the computed bending

moment (see Table 1)
Kt =combined shock and fatigue factor to be applied in every case to the computed

torsional moment (see Table 1)
M =maximum bending moment in inch-pounds
N =revolutions per minute
P =maximum power to be transmitted by the shaft in horsepower

Diameters, Inches Minus
Toler-
ances,
Inchesa

a Note:—These tolerances are negative or minus and represent the maximum allowable variation
below the exact nominal size. For instance the maximum diameter of the 115⁄16 inch shaft is 1.938 inch
and its minimum allowable diameter is 1.935 inch. Stock lengths of finished transmission shafting
shall be: 16, 20 and 24 feet. 

Diameters, Inches Minus
Toler-
ances

Inchesa

Diameters, Inches
Minus

Tolerances,
Inchesa

Transmis-
sion

Shafting

Machinery
Shafting

Transmis-
sion

Shafting

Machinery
Shafting

Transmis-
sion

Shafting

Machinery
Shafting

1⁄2 0.002 113⁄16 0.003 33⁄4 0.004
9⁄16 0.002 17⁄8 0.003 37⁄8 0.004
5⁄8 0.002 1 15⁄16 115⁄16 0.003 3 15⁄16 4 0.004
11⁄16 0.002 2 0.003 41⁄4 0.005
3⁄4 0.002 21⁄16 0.004 47⁄16 41⁄2 0.005
13⁄16 0.002 21⁄8 0.004 43⁄4 0.005
7⁄8 0.002 23⁄16 23⁄16 0.004 415⁄16 5 0.005

15⁄16
15⁄16 0.002 21⁄4 0.004 51⁄4 0.005

1 0.002 25⁄16 0.004 57⁄16 51⁄2 0.005

11⁄16 0.003 23⁄8 0.004 53⁄4 0.005

11⁄8 0.003 27⁄16 27⁄16 0.004 515⁄16 6 0.005

13⁄16 13⁄16 0.003 21⁄2 0.004 61⁄4 0.006

11⁄4 0.003 25⁄8 0.004 61⁄2 61⁄2 0.006

15⁄16 0.003 23⁄4 0.004 63⁄4 0.006

13⁄8 0.003 215⁄16 27⁄8 0.004 7 7 0.006

17⁄16 17⁄16 0.003 3 0.004 71⁄4 0.006

11⁄2 0.003 31⁄8 0.004 71⁄2 71⁄2 0.006

19⁄16 0.003 31⁄4 0.004 73⁄4 0.006

15⁄8 0.003 33⁄8 0.004 8 8 0.006

111⁄16 111⁄16 0.003 37⁄16 31⁄2 0.004 … … …

13⁄4 0.003 35⁄8 0.004 … … …

1 1 K
4

–( )÷3
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pt =maximum allowable shearing stress under combined loading conditions in
pounds per square inch (see Table 2)

S =maximum allowable flexural (bending) stress, in either tension or compres-
sion in pounds per square inch (see Table 2)

Ss =maximum allowable torsional shearing stress in pounds per square inch (see
Table 2)

T =maximum torsional moment in inch-pounds
V =maximum transverse shearing load in pounds

For shafts subjected to pure torsional loads only,

For stationary shafts subjected to bending only,

(17)

For shafts subjected to combined torsion and bending,

Formulas (16a) to (18b) may be used for solid shafts or for hollow shafts. For solid shafts
the factor B is equal to 1, whereas for hollow shafts the value of B depends on the value of
K which, in turn, depends on the ratio of the inside diameter of the shaft to the outside diam-
eter (D1 ÷ D = K). Table 3 gives values of B corresponding to various values of K.

For short solid shafts subjected only to heavy transverse shear, the diameter of shaft
required is:

(19)

Formulas (16a), (17), (18a) and (19), can be used unchanged with metric SI units.
Formula (16b) becomes:

Throughout the formulas, D = outside diameter of shaft in millimeters; T = maxi-
mum torsional moment in newton-millimeters; Ss = maximum allowable torsional

shearing stress in newtons per millimeter squared (see Table 2); P = maximum power
to be transmitted in milliwatts; N = revolutions per minute; M = maximum bending
moment in newton-millimeters; S = maximum allowable flexural (bending) stress,
either in tension or compression in newtons per millimeter squared (see Table 2); pt =

maximum allowable shearing stress under combined loading conditions in newtons
per millimeter squared; and V = maximum transverse shearing load in kilograms.

(16a) or (16b)

or

(18a)

(18b)

and Formula (18b) becomes:

D B
5.1KtT

Ss

-----------------3= D B
321 000Kt, P

SsN
------------------------------3=

D B
10.2KmM

S
------------------------3=

D B
5.1
pt

------- KmM( )2
KtT( )2

+3=

D B
5.1
pt

------- KmM( )2 63 000Kt, P

N
---------------------------
 
 

2
+3×=

D
1.7V

Ss

-----------=

D B
48.7KtP

SsN
--------------------3=

D B
5.1

pt

------- KmM( )2 9.55KtP

N
--------------------
 
 

2

+3=
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The factors Km, Kt, and B are unchanged, and D1 = the inside diameter of a hollow

shaft in millimeters.

Table 1. Recommended Values of the Combined Shock and Fatigue
Factors for Various Types of Load

Table 2. Recommended Maximum Allowable Working Stresses 
for Shafts Under Various Types of Load

If the values in the Table are converted to metric SI units, note that 1000 pounds per square

inch = 6.895 newtons per square millimeter.

Table 3. Values of the Factor B Corresponding to Various 
Values of K for Hollow Shafts

For solid shafts, B = 1 because K = 0, as follows: 

Effect of Keyways on Shaft Strength.—Keyways cut into a shaft reduce its load carry-
ing ability, particularly when impact loads or stress reversals are involved. To ensure an
adequate factor of safety in the design of a shaft with standard keyway (width, one-quarter,
and depth, one-eighth of shaft diameter), the former Code for Transmission Shafting tenta-
tively recommended that shafts with keyways be designed on the basis of a solid circular
shaft using not more than 75 per cent of the working stress recommended for the solid
shaft. See also page 2460.
Formula for Shafts of Brittle Materials.—The preceding formulas are applicable to
ductile materials and are based on the maximum-shear theory of failure which assumes
that the elastic limit of a ductile material in shear is one-half its elastic limit in tension.

Brittle materials are generally stronger in shear than in tension; therefore, the maximum-
shear theory is not applicable. The maximum-normal-stress theory of failure is now gener-
ally accepted for the design of shafts made from brittle materials. A material may be con-
sidered to be brittle if its elongation in a 2-inch gage length is less than 5 per cent. Materials
such as cast iron, hardened tool steel, hard bronze, etc., conform to this rule. The diameter
of a shaft made of a brittle material may be determined from the following formula which
is based on the maximum-normal-stress theory of failure:

Type of Load

Stationary Shafts Rotating Shafts
Km Kt Km Kt

Gradually applied and steady 1.0 1.0 1.5 1.0
Suddenly applied, minor shocks only 1.5-2.0 1.5-2.0 1.5-2.0 1.0-1.5
Suddenly applied, heavy shocks … … 2.0-3.0 1.5-3.0

Material

Type of Load

Simple Bending Pure Torsion
Combined

Stress

“Commercial Steel” shafting without keyways S = 16,000 Ss = 8000 pt = 8000
“Commercial Steel” shafting with keyways S = 12,000 Ss = 6000 pt = 6000
Steel purchased under definite physical specs. (See note a)

a S = 60 per cent of the elastic limit in tension but not more than 36 per cent of the ultimate tensile
strength.

(See note b)

b Ss and pt = 30 per cent of the elastic limit in tension but not more than 18 per cent of the ultimate
tensile strength. 

(See note b)

0.95 0.90 0.85 0.80 0.75 0.70 0.65 0.60 0.55 0.50

1.75 1.43 1.28 1.19 1.14 1.10 1.07 1.05 1.03 1.02

K
D1

D
------ ==

B 1 1 K
4–( )÷3=

B 1 1 K
4–( )÷3 1 1 0–( )÷3 1= = =

D B
5.1
St

------- KmM( ) KmM( )2
KtT( )2

++[ ]3=
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where St is the maximum allowable tensile stress in pounds per square inch and the other
quantities are as previously defined.

The formula can be used unchanged with metric SI units, where D = outside diame-
ter of shaft in millimeters; St = the maximum allowable tensile stress in newtons per

millimeter squared; M = maximum bending moment in newton-millimeters; and T =
maximum torsional moment in newton-millimeters. The factors Km, Kt, and B are

unchanged.

Critical Speed of Rotating Shafts.—At certain speeds, a rotating shaft will become
dynamically unstable and the resulting vibrations and deflections can result in damage not
only to the shaft but to the machine of which it is a part. The speeds at which such dynamic
instability occurs are called the critical speeds of the shaft. On page 198 are given formulas
for the critical speeds of shafts subject to various conditions of loading and support. A shaft
may be safely operated either above or below its critical speed, good practice indicating
that the operating speed be at least 20 per cent above or below the critical.

The formulas commonly used to determine critical speeds are sufficiently accurate for
general purposes. However, the torque applied to a shaft has an important effect on its crit-
ical speed. Investigations have shown that the critical speeds of a uniform shaft are
decreased as the applied torque is increased, and that there exist critical torques which will
reduce the corresponding critical speed of the shaft to zero. A detailed analysis of the
effects of applied torques on critical speeds may be found in a paper. “Critical Speeds of
Uniform Shafts under Axial Torque,” by Golomb and Rosenberg presented at the First
U.S. National Congress of Applied Mechanics in 1951.

Shaft Couplings.—A shaft coupling is a device for fastening together the ends of two
shafts, so that the rotary motion of one causes rotary motion of the other. One of the most
simple and common forms of coupling is the flange coupling Figs. 1a and 1b. It consists of
two flanged sleeves or hubs, each of which is keyed to the end of one of the two shafts to be
connected. The sleeves are held together and prevented from rotating relative to each other
by bolts through the flanges as indicated. 

Flange Coupling

Flexible Couplings: Flexible couplings are the most common mechanical means of com-
pensating for unavoidable errors in alignment of shafts and shafting. When correctly
applied, they are highly efficient for joining lengths of shafting without causing loss of
power from bearing friction due to misalignment, and for use in direct motor drives for all
kinds of machinery. Flexible couplings are not intended to be used for connecting a driven
shaft and a driving shaft that are purposely placed in different planes or at an angle but are
intended simply to overcome slight unavoidable errors in alignment that develop in ser-
vice. There is a wide variety of flexible coupling designs; most of them consist essentially
of two flanged members or hubs, fastened to the shafts and connected by some yielding
arrangement. Balance is an important factor in coupling selection or design; it is not suffi-

Fig. 1a. Fig. 1b. 
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cient that the coupling be perfectly balanced when installed, but it must remain in balance
after wear has taken place.

Comparison of Hollow and Solid Shafting with Same Outside Diameter.—Tab le  4
that follows gives the per cent decrease in strength and weight of a hollow shaft relative to
the strength and weight of a solid shaft of the same diameter. The upper figures in each line
give the per cent decrease in strength and the lower figures give the per cent decrease in
weight.

Example:A 4-inch shaft, with a 2-inch hole through it, has a weight 25 per cent less than
a solid 4-inch shaft, but its strength is decreased only 6.25 per cent.

The upper figures in each line give number of per cent decrease in strength; the lower figures give
per cent decrease in weight.

Table 4. Comparative Torsional Strengths and Weights of Hollow
 and Solid Shafting with Same Outside Diameter 

Dia. of
Solid and

Hollow Shaft,
Inches

Diameter of Axial Hole in Hollow Shaft, Inches

1 11⁄4 11⁄2 13⁄4 2 21⁄2 3 31⁄2 4 41⁄2

11⁄2
19.76 48.23 … … … … … … … …
44.44 69.44 … … … … … … … …

13⁄4
10.67 26.04 53.98 … … … … … … …
32.66 51.02 73.49 … … … … … … …

2
6.25 15.26 31.65 58.62 … … … … … …

25.00 39.07 56.25 76.54 … … … … … …

21⁄4
3.91 9.53 19.76 36.60 62.43 … … … … …

19.75 30.87 44.44 60.49 79.00 … … … … …

21⁄2
2.56 6.25 12.96 24.01 40.96 … … … … …

16.00 25.00 36.00 49.00 64.00 … … … … …

23⁄4
1.75 4.28 8.86 16.40 27.98 68.30 … … … …

13.22 20.66 29.74 40.48 52.89 82.63 … … … …

3
1.24 3.01 6.25 11.58 19.76 48.23 … … … …

11.11 17.36 25.00 34.01 44.44 69.44 … … … …

31⁄4
0.87 2.19 4.54 8.41 14.35 35.02 72.61 … … …
9.46 14.80 21.30 29.00 37.87 59.17 85.22 … … …

31⁄2
0.67 1.63 3.38 6.25 10.67 26.04 53.98 … … …
8.16 12.76 18.36 25.00 32.66 51.02 73.49 … … …

33⁄4
0.51 1.24 2.56 4.75 8.09 19.76 40.96 75.89 … …
7.11 11.11 16.00 21.77 28.45 44.44 64.00 87.10 … …

4
0.40 0.96 1.98 3.68 6.25 15.26 31.65 58.62 … …
6.25 9.77 14.06 19.14 25.00 39.07 56.25 76.56 … …

41⁄4
0.31 0.74 1.56 2.89 4.91 11.99 24.83 46.00 78.47 …
5.54 8.65 12.45 16.95 22.15 34.61 49.85 67.83 88.59 …

41⁄2
0.25 0.70 1.24 2.29 3.91 9.53 19.76 36.60 62.43 …
4.94 7.72 11.11 15.12 19.75 30.87 44.44 60.49 79.00 …

43⁄4
0.20 0.50 1.00 1.85 3.15 7.68 15.92 29.48 50.29 80.56
4.43 6.93 9.97 13.57 17.73 27.70 39.90 54.29 70.91 89.75

5
0.16 0.40 0.81 1.51 2.56 6.25 12.96 24.01 40.96 65.61
4.00 6.25 8.10 12.25 16.00 25.00 36.00 49.00 64.00 81.00

51⁄2
0.11 0.27 0.55 1.03 1.75 4.27 8.86 16.40 27.98 44.82
3.30 5.17 7.43 10.12 13.22 20.66 29.76 40.48 52.89 66.94

6
0.09 0.19 0.40 0.73 1.24 3.02 6.25 11.58 19.76 31.65
2.77 4.34 6.25 8.50 11.11 17.36 25.00 34.02 44.44 56.25

61⁄2
0.06 0.14 0.29 0.59 0.90 2.19 4.54 8.41 14.35 23.98
2.36 3.70 5.32 7.24 9.47 14.79 21.30 28.99 37.87 47.93

7
0.05 0.11 0.22 0.40 0.67 1.63 3.38 6.25 10.67 17.08
2.04 3.19 4.59 6.25 8.16 12.76 18.36 25.00 32.66 41.33

71⁄2
0.04 0.08 0.16 0.30 0.51 1.24 2.56 4.75 8.09 12.96
1.77 2.77 4.00 5.44 7.11 11.11 16.00 21.77 28.45 36.00

8
0.03 0.06 0.13 0.23 0.40 0.96 1.98 3.68 6.25 10.02
1.56 2.44 3.51 4.78 6.25 9.77 14.06 19.14 25.00 31.64
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SPRINGS

Introduction to Spring Design

Many advances have been made in the spring industry in recent years. For example:
developments in materials permit longer fatigue life at higher stresses; simplified design
procedures reduce the complexities of design, and improved methods of manufacture help
to speed up some of the complicated fabricating procedures and increase production. New
types of testing instruments and revised tolerances also permit higher standards of accu-
racy. Designers should also consider the possibility of using standard springs now avail-
able from stock. They can be obtained from spring manufacturing companies located in
different areas, and small shipments usually can be made quickly.

Designers of springs require information in the following order of precedence to simplify
design procedures.

1) Spring materials and their applications
2) Allowable spring stresses
3) Spring design data with tables of spring characteristics, tables of formulas, and toler-

ances.
Only the more commonly used types of springs are covered in detail here. Special types

and designs rarely used such as torsion bars, volute springs, Belleville washers, constant
force, ring and spiral springs and those made from rectangular wire are only described
briefly. Belleville and disc springs are discussed in the section DISC SPRINGS starting on
page 350

Notation.—The following symbols are used in spring equations:
AC =Active coils

b =Widest width of rectangular wire, inches
CL =Compressed length, inches
D =Mean coil diameter, inches  = OD − d

d =Diameter of wire or side of square, inches
E =Modulus of elasticity in tension, pounds per square inch
F =Deflection, for N coils, inches

F° =Deflection, for N coils, rotary, degrees
f =Deflection, for one active coil

FL =Free length, unloaded spring, inches
G =Modulus of elasticity in torsion, pounds per square inch
IT = Initial tension, pounds
K =Curvature stress correction factor
L =Active length subject to deflection, inches
N =Number of active coils, total
P =Load, pounds
p =pitch, inches
R =Distance from load to central axis, inches

S or St = Stress, torsional, pounds per square inch
Sb =Stress, bending, pounds per square inch

SH = Solid height
Sit =Stress, torsional, due to initial tension, pounds per square inch
T =Torque  = P × R, pound-inches

TC =Total coils
t =Thickness, inches

U =Number of revolutions  = F °/360°
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Spring Materials

The spring materials most commonly used include high-carbon spring steels, alloy
spring steels, stainless spring steels, copper-base spring alloys, and nickel-base spring
alloys.
High-Carbon Spring Steels in Wire Form.—These spring steels are the most com-
monly used of all spring materials because they are the least expensive, are easily worked,
and are readily available. However, they are not satisfactory for springs operating at high
or low temperatures or for shock or impact loading. The following wire forms are avail-
able:

Music Wire, ASTM A228 : (0.80-0.95 per cent carbon) This is the most widely used of
all spring materials for small springs operating at temperatures up to about 250 degrees F.
It is tough, has a high tensile strength, and can withstand high stresses under repeated load-
ing. The material is readily available in round form in diameters ranging from 0.005 to
0.125 inch and in some larger sizes up to 3⁄16 inch. It is not available with high tensile
strengths in square or rectangular sections. Music wire can be plated easily and is obtain-
able pretinned or preplated with cadmium, but plating after spring manufacture is usually
preferred for maximum corrosion resistance.

Oil-Tempered MB Grade, ASTM A229 : (0.60-0.70 per cent carbon) This general-pur-
pose spring steel is commonly used for many types of coil springs where the cost of music
wire is prohibitive and in sizes larger than are available in music wire. It is readily available
in diameters ranging from 0.125 to 0.500 inch, but both smaller and larger sizes may be
obtained. The material should not be used under shock and impact loading conditions, at
temperatures above 350 degrees F., or at temperatures in the sub-zero range. Square and
rectangular sections of wire are obtainable in fractional sizes. Annealed stock also can be
obtained for hardening and tempering after coiling. This material has a heat-treating scale
that must be removed before plating.

Oil-Tempered HB Grade, SAE 1080 : (0.75-0.85 per cent carbon) This material is simi-
lar to the MB Grade except that it has a higher carbon content and a higher tensile strength.
It is obtainable in the same sizes and is used for more accurate requirements than the MB
Grade, but is not so readily available. In lieu of using this material it may be better to use an
alloy spring steel, particularly if a long fatigue life or high endurance properties are
needed. Round and square sections are obtainable in the oil-tempered or annealed condi-
tions.

Hard-Drawn MB Grade, ASTM A227 : (0.60-0.70 per cent carbon) This grade is used
for general-purpose springs where cost is the most important factor. Although increased
use in recent years has resulted in improved quality, it is best not to use it where long life
and accuracy of loads and deflections are important. It is available in diameters ranging
from 0.031 to 0.500 inch and in some smaller and larger sizes also. The material is avail-
able in square sections but at reduced tensile strengths. It is readily plated. Applications
should be limited to those in the temperature range of 0 to 250 degrees F.
High-Carbon Spring Steels in Flat Strip Form.—Two types of thin, flat, high-carbon
spring steel strip are most widely used although several other types are obtainable for spe-
cific applications in watches, clocks, and certain instruments. These two compositions are
used for over 95 per cent of all such applications. Thin sections of these materials under
0.015 inch having a carbon content of over 0.85 per cent and a hardness of over 47 on the
Rockwell C scale are susceptible to hydrogen-embrittlement even though special plating
and heating operations are employed. The two types are described as follows:

Cold-Rolled Spring Steel, Blue-Tempered or Annealed, SAE 1074, also 1064, and 1070 :

(0.60 to 0.80 per cent carbon) This very popular spring steel is available in thicknesses
ranging from 0.005 to 0.062 inch and in some thinner and thicker sections. The material is
available in the annealed condition for forming in 4-slide machines and in presses, and can
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readily be hardened and tempered after forming. It is also available in the heat-treated or
blue-tempered condition. The steel is obtainable in several finishes such as straw color,
blue color, black, or plain. Hardnesses ranging from 42 to 46 Rockwell C are recom-
mended for spring applications. Uses include spring clips, flat springs, clock springs, and
motor, power, and spiral springs.

Cold-Rolled Spring Steel, Blue-Tempered Clock Steel, SAE 1095 : (0.90 to 1.05 per cent
carbon) This popular type should be used principally in the blue-tempered condition.
Although obtainable in the annealed condition, it does not always harden properly during
heat-treatment as it is a “shallow” hardening type. It is used principally in clocks and motor
springs. End sections of springs made from this steel are annealed for bending or piercing
operations. Hardnesses usually range from 47 to 51 Rockwell C.

Other materials available in strip form and used for flat springs are brass, phosphor-
bronze, beryllium-copper, stainless steels, and nickel alloys.

Alloy Spring Steels.—These spring steels are used for conditions of high stress, and
shock or impact loadings. They can withstand both higher and lower temperatures than the
high-carbon steels and are obtainable in either the annealed or pretempered conditions.

Chromium Vanadium, ASTM A231: This very popular spring steel is used under condi-
tions involving higher stresses than those for which the high-carbon spring steels are rec-
ommended and is also used where good fatigue strength and endurance are needed. It
behaves well under shock and impact loading. The material is available in diameters rang-
ing from 0.031 to 0.500 inch and in some larger sizes also. In square sections it is available
in fractional sizes. Both the annealed and pretempered types are available in round, square,
and rectangular sections. It is used extensively in aircraft-engine valve springs and for
springs operating at temperatures up to 425 degrees F.

Silicon Manganese: This alloy steel is quite popular in Great Britain. It is less expensive
than chromium-vanadium steel and is available in round, square, and rectangular sections
in both annealed and pretempered conditions in sizes ranging from 0.031 to 0.500 inch. It
was formerly used for knee-action springs in automobiles. It is used in flat leaf springs for
trucks and as a substitute for more expensive spring steels.

Chromium Silicon, ASTM A401: This alloy is used for highly stressed springs that
require long life and are subjected to shock loading. It can be heat-treated to higher hard-
nesses than other spring steels so that high tensile strengths are obtainable. The most pop-
ular sizes range from 0.031 to 0.500 inch in diameter. Very rarely are square, flat, or
rectangular sections used. Hardnesses ranging from 50 to 53 Rockwell C are quite com-
mon and the alloy may be used at temperatures up to 475 degrees F. This material is usually
ordered specially for each job.

Stainless Spring Steels.—The use of stainless spring steels has increased and several
compositions are available all of which may be used for temperatures up to 550 degrees F.
They are all corrosion resistant. Only the stainless 18-8 compositions should be used at
sub-zero temperatures.

Stainless Type 302, ASTM A313 : (18 per cent chromium, 8 per cent nickel) This stain-
less spring steel is very popular because it has the highest tensile strength and quite uni-
form properties. It is cold-drawn to obtain its mechanical properties and cannot be
hardened by heat treatment. This material is nonmagnetic only when fully annealed and
becomes slightly magnetic due to the cold-working performed to produce spring proper-
ties. It is suitable for use at temperatures up to 550 degrees F. and for sub-zero tempera-
tures. It is very corrosion resistant. The material best exhibits its desirable mechanical
properties in diameters ranging from 0.005 to 0.1875 inch although some larger diameters
are available. It is also available as hard-rolled flat strip. Square and rectangular sections
are available but are infrequently used.
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Stainless Type 304, ASTM A313 : (18 per cent chromium, 8 per cent nickel) This mate-
rial is quite similar to Type 302, but has better bending properties and about 5 per cent
lower tensile strength. It is a little easier to draw, due to the slightly lower carbon content.

Stainless Type 316, ASTM A313 : (18 per cent chromium, 12 per cent nickel, 2 per cent
molybdenum) This material is quite similar to Type 302 but is slightly more corrosion
resistant because of its higher nickel content. Its tensile strength is 10 to 15 per cent lower
than Type 302. It is used for aircraft springs.

Stainless Type 17-7 PH ASTM A313  : (17 per cent chromium, 7 per cent nickel) T h i s
alloy, which also contains small amounts of aluminum and titanium, is formed in a moder-
ately hard state and then precipitation hardened at relatively low temperatures for several
hours to produce tensile strengths nearly comparable to music wire. This material is not
readily available in all sizes, and has limited applications due to its high manufacturing
cost.

Stainless Type 414, SAE 51414 : (12 per cent chromium, 2 per cent nickel) This al loy
has tensile strengths about 15 per cent lower than Type 302 and can be hardened by heat-
treatment. For best corrosion resistance it should be highly polished or kept clean. It can be
obtained hard drawn in diameters up to 0.1875 inch and is commonly used in flat cold-
rolled strip for stampings. The material is not satisfactory for use at low temperatures.

Stainless Type 420, SAE 51420 : (13 per cent chromium) This is the best stainless steel
for use in large diameters above 0.1875 inch and is frequently used in smaller sizes. It is
formed in the annealed condition and then hardened and tempered. It does not exhibit its
stainless properties until after it is hardened. Clean bright surfaces provide the best corro-
sion resistance, therefore the heat-treating scale must be removed. Bright hardening meth-
ods are preferred.

Stainless Type 431, SAE 51431 : (16 per cent chromium, 2 per cent nickel) This spring
alloy acquires high tensile properties (nearly the same as music wire) by a combination of
heat-treatment to harden the wire plus cold-drawing after heat-treatment. Its corrosion
resistance is not equal to Type 302.

Copper-Base Spring Alloys.—Copper-base alloys are important spring materials
because of their good electrical properties combined with their good resistance to corro-
sion. Although these materials are more expensive than the high-carbon and the alloy
steels, they nevertheless are frequently used in electrical components and in sub-zero tem-
peratures.

Spring Brass, ASTM B 134  : (70 per cent copper, 30 per cent zinc) This material is the
least expensive and has the highest electrical conductivity of the copper-base alloys. It has
a low tensile strength and poor spring qualities, but is extensively used in flat stampings
and where sharp bends are needed. It cannot be hardened by heat-treatment and should not
be used at temperatures above 150 degrees F., but is especially good at sub-zero tempera-
tures. Available in round sections and flat strips, this hard-drawn material is usually used
in the “spring hard” temper.

Phosphor Bronze, ASTM B 159 : (95 per cent copper, 5 per cent tin) This alloy is the
most popular of this group because it combines the best qualities of tensile strength, hard-
ness, electrical conductivity, and corrosion resistance with the least cost. It is more expen-
sive than brass, but can withstand stresses 50 per cent higher.The material cannot be
hardened by heat-treatment. It can be used at temperatures up to 212 degrees F. and at sub-
zero temperatures. It is available in round sections and flat strip, usually in the “extra-hard”
or “spring hard” tempers. It is frequently used for contact fingers in switches because of its
low arcing properties. An 8 per cent tin composition is used for flat springs and a superfine
grain composition called “Duraflex,” has good endurance properties.

Beryllium Copper, ASTM B 197 : (98 per cent copper, 2 per cent beryllium) This alloy
can be formed in the annealed condition and then precipitation hardened after forming at
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temperatures around 600 degrees F, for 2 to 3 hours. This treatment produces a high hard-
ness combined with a high tensile strength. After hardening, the material becomes quite
brittle and can withstand very little or no forming. It is the most expensive alloy in the
group and heat-treating is expensive due to the need for holding the parts in fixtures to pre-
vent distortion. The principal use of this alloy is for carrying electric current in switches
and in electrical components. Flat strip is frequently used for contact fingers.
Nickel-Base Spring Alloys.—Nickel-base alloys are corrosion resistant, withstand both
elevated and sub-zero temperatures, and their non-magnetic characteristic makes them
useful for such applications as gyroscopes, chronoscopes, and indicating instruments.
These materials have a high electrical resistance and therefore should not be used for con-
ductors of electrical current.

Monel*: (67 per cent nickel, 30 per cent copper) This material is the least expensive of
the nickel-base alloys. It also has the lowest tensile strength but is useful due to its resis-
tance to the corrosive effects of sea water and because it is nearly non-magnetic. The alloy
can be subjected to stresses slightly higher than phosphor bronze and nearly as high as
beryllium copper. Its high tensile strength and hardness are obtained as a result of cold-
drawing and cold-rolling only, since it can not be hardened by heat-treatment. It can be
used at temperatures ranging from −100 to +425 degrees F. at normal operating stresses
and is available in round wires up to 3⁄16 inch in diameter with quite high tensile strengths.
Larger diameters and flat strip are available with lower tensile strengths.

“K” Monel *: (66 per cent nickel, 29 per cent copper, 3 per cent aluminum) This mate-
rial is quite similar to Monel except that the addition of the aluminum makes it a precipita-
tion-hardening alloy. It may be formed in the soft or fairly hard condition and then
hardened by a long-time age-hardening heat-treatment to obtain a tensile strength and
hardness above Monel and nearly as high as stainless steel. It is used in sizes larger than
those usually used with Monel, is non-magnetic and can be used in temperatures ranging
from − 100 to + 450 degrees F. at normal working stresses under 45,000 pounds per square
inch.

Inconel*: (78 per cent nickel, 14 per cent chromium, 7 per cent iron) This is one of the
most popular of the non-magnetic nickel-base alloys because of its corrosion resistance
and because it can be used at temperatures up to 700 degrees F. It is more expensive than
stainless steel but less expensive than beryllium copper. Its hardness and tensile strength is
higher than that of “K” Monel and is obtained as a result of cold-drawing and cold-rolling
only. It cannot be hardened by heat treatment. Wire diameters up to 1⁄4 inch have the best
tensile properties. It is often used in steam valves, regulating valves, and for springs in boil-
ers, compressors, turbines, and jet engines.

Inconel “X”*: (70 per cent nickel, 16 per cent chromium, 7 per cent iron) This material
is quite similar to Inconel but the small amounts of titanium, columbium and aluminum in
its composition make it a precipitation-hardening alloy. It can be formed in the soft or par-
tially hard condition and then hardened by holding it at 1200 degrees F. for 4 hours. It is
non-magnetic and is used in larger sections than Inconel. This alloy is used at temperatures
up to 850 degrees F. and at stresses up to 55,000 pounds per square inch.

Duranickel* (“Z” Nickel): (98 per cent nickel) This alloy is non-magnetic, corrosion
resistant, has a high tensile strength and is hardenable by precipitation hardening at 900
degrees F. for 6 hours. It may be used at the same stresses as Inconel but should not be used
at temperatures above 500 degrees F.
Nickel-Base Spring Alloys with Constant Moduli of Elasticity.—Some special nickel
alloys have a constant modulus of elasticity over a wide temperature range. These materi-
als are especially useful where springs undergo temperature changes and must exhibit uni-
form spring characteristics. These materials have a low or zero thermo-elastic coefficient
* Trade name of the International Nickel Company. 
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and therefore do not undergo variations in spring stiffness because of modulus changes due
to temperature differentials. They also have low hysteresis and creep values which makes
them preferred for use in food-weighing scales, precision instruments, gyroscopes, mea-
suring devices, recording instruments and computing scales where the temperature ranges
from − 50 to + 150 degrees F. These materials are expensive, none being regularly stocked
in a wide variety of sizes. They should not be specified without prior discussion with spring
manufacturers because some suppliers may not fabricate springs from these alloys due to
the special manufacturing processes required. All of these alloys are used in small wire
diameters and in thin strip only and are covered by U.S. patents. They are more specifically
described as follows:

Elinvar*: (nickel, iron, chromium) This alloy, the first constant-modulus alloy used for
hairsprings in watches, is an austenitic alloy hardened only by cold-drawing and cold-roll-
ing. Additions of titanium, tungsten, molybdenum and other alloying elements have
brought about improved characteristics and precipitation-hardening abilities. These
improved alloys are known by the following trade names: Elinvar Extra, Durinval, Modul-
var and Nivarox.

Ni-Span C*: (nickel, iron, chromium, titanium)  This very popular constant-modulus
alloy is usually formed in the 50 per cent cold-worked condition and precipitation-hard-
ened at 900 degrees F. for 8 hours, although heating up to 1250 degrees F. for 3 hours pro-
duces hardnesses of 40 to 44 Rockwell C, permitting safe torsional stresses of 60,000 to
80,000 pounds per square inch. This material is ferromagnetic up to 400 degrees F; above
that temperature it becomes non-magnetic.

Iso-Elastic†: (nickel, iron, chromium, molybdenum)  This popular alloy is relatively
easy to fabricate and is used at safe torsional stresses of 40,000 to 60,000 pounds per square
inch and hardnesses of 30 to 36 Rockwell C. It is used principally in dynamometers, instru-
ments, and food-weighing scales.

Elgiloy‡: (nickel, iron, chromium, cobalt) This alloy, also known by the trade names 8J
Alloy, Durapower, and Cobenium, is a non-magnetic alloy suitable for sub-zero tempera-
tures and temperatures up to about 1000 degrees F., provided that torsional stresses are
kept under 75,000 pounds per square inch. It is precipitation-hardened at 900 degrees F. for
8 hours to produce hardnesses of 48 to 50 Rockwell C. The alloy is used in watch and
instrument springs.

Dynavar**: (nickel, iron, chromium, cobalt) This alloy is a non-magnetic, corrosion-
resistant material suitable for sub-zero temperatures and temperatures up to about 750
degrees F., provided that torsional stresses are kept below 75,000 pounds per square inch.
It is precipitation-hardened to produce hardnesses of 48 to 50 Rockwell C and is used in
watch and instrument springs.

Spring Stresses

Allowable Working Stresses for Springs.—The safe working stress for any particular
spring depends to a large extent on the following items:

1) Type of spring — whether compression, extension, torsion, etc.
2) Size of spring — small or large, long or short
3) Spring material
4) Size of spring material
5) Type of service — light, average, or severe
6) Stress range — low, average, or high

* Trade name of Soc. Anon. de Commentry Fourchambault et Decazeville, Paris, France. 
† Trade name of John Chatillon & Sons. 
‡ Trade name of Elgin National Watch Company. 
** Trade name of Hamilton Watch Company. 
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7) Loading — static, dynamic, or shock
8) Operating temperature
9) Design of spring — spring index, sharp bends, hooks.
Consideration should also be given to other factors that affect spring life: corrosion,

buckling, friction, and hydrogen embrittlement decrease spring life; manufacturing opera-
tions such as high-heat stress-equalizing, presetting, and shot-peening increase spring life.

Item 5, the type of service to which a spring is subjected, is a major factor in determining
a safe working stress once consideration has been given to type of spring, kind and size of
material, temperature, type of loading, and so on. The types of service are:

Light Service: This includes springs subjected to static loads or small deflections and sel-
dom-used springs such as those in bomb fuses, projectiles, and safety devices. This service
is for 1,000 to 10,000 deflections.

Average Service: This includes springs in general use in machine tools, mechanical
products, and electrical components. Normal frequency of deflections not exceeding
18,000 per hour permit such springs to withstand 100,000 to 1,000,000 deflections.

Severe Service: This includes springs subjected to rapid deflections over long periods of
time and to shock loading such as in pneumatic hammers, hydraulic controls and valves.
This service is for 1,000,000 deflections, and above. Lowering the values 10 per cent per-
mits 10,000,000 deflections.

Figs. 1 through  6 show curves that relate the three types of service conditions to allow-
able working stresses and wire sizes for compression and extension springs, and safe val-
ues are provided. Figs. 7 through 10 provide similar information for helical torsion springs.
In each chart, the values obtained from the curves may be increased by 20 per cent (but not
beyond the top curves on the charts if permanent set is to be avoided) for springs that are
baked, and shot-peened, and compression springs that are pressed. Springs stressed
slightly above the Light Service curves will take a permanent set.

A curvature correction factor is included in all curves, and is used in spring design calcu-
lations (see examples beginning page 317). The curves may be used for materials other
than those designated in Figs. 1 through 10, by applying multiplication factors as given in
Table 1.

Fig. 1. Allowable Working Stresses for Compression Springs — Hard Drawn Steel Wirea
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Fig. 2. Allowable Working Stresses for Compression Springs — Music Wirea

Fig. 3. Allowable Working Stresses for Compression Springs — Oil-Tempereda

Fig. 4. Allowable Working Stresses for Compression Springs — Chrome-Silicon Alloy Steel Wirea
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Fig. 5. Allowable Working Stresses for Compression Springs — Corrosion-Resisting Steel Wirea

Fig. 6. Allowable Working Stresses for Compression Springs — Chrome-Vanadium Alloy Steel Wirea

Fig. 7. Recommended Design Stresses in Bending for Helical Torsion Springs — Round Music Wire
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Fig. 8. Recommended Design Stresses in Bending for Helical Torsion Springs —
 Oil-Tempered MB Round Wire

Fig. 9. Recommended Design Stresses in Bending for Helical Torsion Springs — 
Stainless Steel Round Wire

Fig. 10. Recommended Design Stresses in Bending for Helical Torsion Springs — 
Chrome-Silicon Round Wire

a Although Figs. 1 through 6 are for compression springs, they may also be used for extension
springs; for extension springs, reduce the values obtained from the curves by 10 to 15 per cent. 
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For use with design stress curves shown in Figs. 2,  5,  6, and  8.

Endurance Limit for Spring Materials.—When a spring is deflected continually it will
become “tired” and fail at a stress far below its elastic limit. This type of failure is called
fatigue failure and usually occurs without warning. Endurance limit is the highest stress, or
range of stress, in pounds per square inch that can be repeated indefinitely without failure
of the spring. Usually ten million cycles of deflection is called “infinite life” and is satisfac-
tory for determining this limit.

For severely worked springs of long life, such as those used in automobile or aircraft
engines and in similar applications, it is best to determine the allowable working stresses
by referring to the endurance limit curves seen in Fig. 11. These curves are based princi-
pally upon the range or difference between the stress caused by the first or initial load and
the stress caused by the final load. Experience with springs designed to stresses within the
limits of these curves indicates that they should have infinite or unlimited fatigue life. All
values include Wahl curvature correction factor. The stress ranges shown may be
increased 20 to 30 per cent for springs that have been properly heated, pressed to remove
set, and then shot peened, provided that the increased values are lower than the torsional
elastic limit by at least 10 per cent.

Table 1. Correction Factors for Other Materials

Compression and Tension Springs

Material Factor Material Factor

Silicon-manganese
Multiply the values in the chro-

mium-vanadium curves (Fig. 6)
by 0.90 Stainless Steel, 316

Multiply the values in the corro-
sion-resisting steel curves (Fig.
5) by 0.90Valve-spring quality 

wire
Use the values in the chromium-

vanadium curves (Fig. 6)

Stainless Steel, 304 
and 420

Multiply the values in the corro-
sion-resisting steel curves (Fig.
5) by 0.95

Stainless Steel, 431 
and 17-7PH

Multiply the values in the music 
wire curves (Fig. 2) by 0.90

Helical Torsion Springs

Material Factora

a Multiply the values in the curves for oil-tempered MB grade ASTM A229 Type 1 steel (Fig. 8) by
these factors to obtain required values. 

Material Factora

Hard Drawn MB 0.70 Stainless Steel, 431

Stainless Steel, 316 Up to 1⁄32 inch diameter 0.80

Up to 1⁄32 inch diameter 0.75 Over 1⁄32 to 1⁄16 inch 0.85

Over 1⁄32 to 3⁄16 inch 0.70 Over 1⁄16 to 1⁄8 inch 0.95

Over 3⁄16 to 1⁄4 inch 0.65 Over 1⁄8 inch 1.00

Over 1⁄4 inch 0.50 Chromium-Vanadium

Stainless Steel, 17-7 PH Up to 1⁄16 inch diameter 1.05

Up to 1⁄8 inch diameter 1.00 Over 1⁄16 inch 1.10

Over 1⁄8 to 3⁄16 inch 1.07 Phosphor Bronze

Over 3⁄16 inch 1.12 Up to 1⁄8 inch diameter 0.45

Stainless Steel, 420 Over 1⁄8 inch 0.55

Up to 1⁄32 inch diameter 0.70 Beryllium Copperb

b Hard drawn and heat treated after coiling. 

Over 1⁄32 to 1⁄16 inch 0.75 Up to 1⁄32 inch diameter 0.55

Over 1⁄16 to 1⁄8 inch 0.80 Over 1⁄32 to 1⁄16 inch 0.60

Over 1⁄8 to 3⁄16 inch 0.90 Over 1⁄16 to 1⁄8 inch 0.70

Over 3⁄16 inch 1.00 Over 1⁄8 inch 0.80
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Fig. 11. Endurance Limit Curves for Compression Springs

Notes: For commercial spring materials with wire diameters up to 1⁄4 inch except as noted. Stress
ranges may be increased by approximately 30 per cent for properly heated, preset, shot-peened
springs.

Materials preceeded by * are not ordinarily recommended for long continued service under severe
operating conditions.

Working Stresses at Elevated Temperatures.—Since modulus of elasticity decreases
with increase in temperature, springs used at high temperatures exert less load and have
larger deflections under load than at room temperature. The torsional modulus of elasticity
for steel may be 11,200,000 pounds per square inch at room temperature, but it will drop to
10,600,000 pounds per square inch at 400°F. and will be only 10,000,000 pounds per
square inch at 600°F. Also, the elastic limit is reduced, thereby lowering the permissible
working stress.

Design stresses should be as low as possible for all springs used at elevated temperatures.
In addition, corrosive conditions that usually exist at high temperatures, especially with
steam, may require the use of corrosion-resistant material. Table 2 shows the permissible
elevated temperatures at which various spring materials may be operated, together with the
maximum recommended working stresses at these temperatures. The loss in load at the
temperatures shown is less than 5 per cent in 48 hours; however, if the temperatures listed
are increased by 20 to 40 degrees, the loss of load may be nearer 10 per cent. Maximum
stresses shown in the table are for compression and extension springs and may be increased
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by 75 per cent for torsion and flat springs. In using the data in Table 2 it should be noted that
the values given are for materials in the heat-treated or spring temper condition.

Table 2. Recommended Maximum Working Temperatures and
 Corresponding Maximum Working Stresses for Springs

Loss of load at temperatures shown is less than 5 per cent in 48 hours.

Spring Design Data

Spring Characteristics.—This section provides tables of spring characteristics, tables of
principal formulas, and other information of a practical nature for designing the more com-
monly used types of springs.

Standard wire gages for springs: Information on wire gages is given in the section
beginning on page 2604, and gages in decimals of an inch are given in the table on
page 2605. It should be noted that the range in this table extends from Number 7 ⁄0 through
Number 80. However, in spring design, the range most commonly used extends only from
Gage Number 4 ⁄0 through Number 40. When selecting wire use Steel Wire Gage or Wash-
burn and Moen gage for all carbon steels and alloy steels except music wire; use Brown &
Sharpe gage for brass and phosphor bronze wire; use Birmingham gage for flat spring
steels, and cold rolled strip; and use piano or music wire gage for music wire.

Spring index: The spring index is the ratio of the mean coil diameter of a spring to the
wire diameter (D/d). This ratio is one of the most important considerations in spring design
because the deflection, stress, number of coils, and selection of either annealed or tem-
pered material depend to a considerable extent on this ratio. The best proportioned springs
have an index of 7 through 9. Indexes of 4 through 7, and 9 through 16 are often used.
Springs with values larger than 16 require tolerances wider than standard for manufactur-
ing; those with values less than 5 are difficult to coil on automatic coiling machines.

Direction of helix: Unless functional requirements call for a definite hand, the helix of
compression and extension springs should be specified as optional. When springs are
designed to operate, one inside the other, the helices should be opposite hand to prevent
intermeshing. For the same reason, a spring that is to operate freely over a threaded mem-
ber should have a helix of opposite hand to that of the thread. When a spring is to engage
with a screw or bolt, it should, of course, have the same helix as that of the thread.

Helical Compression Spring Design.—After selecting a suitable material and a safe
stress value for a given spring, designers should next determine the type of end coil forma-
tion best suited for the particular application. Springs with unground ends are less expen-
sive but they do not stand perfectly upright; if this requirement has to be met, closed ground
ends are used. Helical compression springs with different types of ends are shown in Fig.
12.

Spring Material

Max.
 Working 
Temp., °F

Max. 
Working

 Stress, psi Spring Material

Max.
Working 
Temp, °F

Max. 
Working

 Stress, psi

Brass Spring Wire 150 30,000 Permanickela

a Formerly called Z-Nickel, Type B. 

500 50,000

Phosphor Bronze 225 35,000 Stainless Steel 18-8 550 55,000

Music Wire 250 75,000 Stainless Chromium 431 600 50,000

Beryllium-Copper 300 40,000 Inconel 700 50,000

Hard Drawn Steel Wire 325 50,000 High Speed Steel 775 70,000

Carbon Spring Steels 375 55,000 Inconel X 850 55,000

Alloy Spring Steels 400 65,000 Chromium-Molybdenum-
Vanadium 900 55,000

Monel 425 40,000 Cobenium, Elgiloy 1000 75,000

K-Monel 450 45,000
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Spring design formulas: Table 3 gives formulas for compression spring dimensional
characteristics, and Table 4 gives design formulas for compression and extension springs.

Curvature correction: In addition to the stress obtained from the formulas for load or
deflection, there is a direct shearing stress and an increased stress on the inside of the sec-
tion due to curvature. Therefore, the stress obtained by the usual formulas should be multi-
plied by a factor K taken from the curve in Fig. 13. The corrected stress thus obtained is
used only for comparison with the allowable working stress (fatigue strength) curves to
determine if it is a safe stress and should not be used in formulas for deflection. The curva-
ture correction factor K is for compression and extension springs made from round wire.
For square wire reduce the K value by approximately 4 per cent.

Design procedure: The limiting dimensions of a spring are often determined by the
available space in the product or assembly in which it is to be used. The loads and deflec-
tions on a spring may also be known or can be estimated, but the wire size and number of
coils are usually unknown. Design can be carried out with the aid of the tabular data that
appears later in this section (see Table 5, which is a simple method, or by calculation alone
using the formulas in Tables 3 and 4.

Example:A compression spring with closed and ground ends is to be made from ASTM
A229 high carbon steel wire, as shown in Fig. 14. Determine the wire size and number of
coils.

Method 1, using table: Referring to Table 5, starting on page 321, locate the spring out-
side diameter (13⁄16 inches, from Fig. 14 on page 319) in the left-hand column. Note from the
drawing that the spring load is 36 pounds. Move to the right in the table to the figure nearest
this value, which is 41.7 pounds. This is somewhat above the required value but safe.
Immediately above the load value, the deflection f is given, which in this instance is 0.1594
inch. This is the deflection of one coil under a load of 41.7 pounds with an uncorrected tor-
sional stress S of 100,000 pounds per square inch for ASTM A229 oil-tempered MB steel.
For other spring materials, see the footnotes to Table 5 . Moving vertically in Table 5 from
the load entry, the wire diameter is found to be 0.0915 inch.

The remaining spring design calculations are completed as follows:
Step 1: The stress with a load of 36 pounds is obtained by proportion, as follows: The 36

pound load is 86.3 per cent of the 41.7 pound load; therefore, the stress S at 36 pounds =
0.863 × 100,000 = 86,300 pounds per square inch.

Fig. 12. Types of Helical Compression Spring Ends
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Step 2: The 86.3 per cent figure is also used to determine the deflection per coil f at 36
pounds load: 0.863 × 0.1594 = 0.1375 inch.

Step 3: The number of active coils 

Table 3. Formulas for Compression Springs

Feature

Type of End

Open
or Plain

(not ground)

Open or Plain
(with ends

ground)

Squared or
Closed

(not ground)

Closed
 and

Ground

Formulaa

Pitch
(p)

Solid Height
(SH) (TC + 1)d TC × d (TC + I)d TC × d

Number of
Active Coils

(N)

Total Coils 
(TC)

Free Length 
(FL) (p × TC) + d p × TC (p × N) + 3d (p × N) + 2d

a The symbol notation is given on page 304.

Table 4. Formulas for Compression and Extension Springs

Feature

Formulaa, b

Springs made from round wire Springs made from square wire

Load, P
Pounds

Stress, Torsional, S
Pounds per square inch

Deflection, F
Inch

Number of
Active Coils, N

Wire Diameter, d
Inch

Stress due to
Initial Tension, Sit

a The symbol notation is given on page 304.
b Two formulas are given for each feature, and designers can use the one found to be appropriate for

a given design. The end result from either of any two formulas is the same. 

FL d–
N

---------------- FL

TC
------- FL 3d–

N
------------------- FL 2d–

N
-------------------

N TC=

FL d–
p

----------------=

N TC 1–=

FL

p
------- 1–=

N TC 2–=

FL 3d–
p

-------------------=

N TC 2–=

FL 2d–
p

-------------------=

FL d–
p

---------------- FL

p
------- FL 3d–

p
------------------- 2+ FL 2d–

p
------------------- 2+

P
0.393Sd3

D
---------------------- Gd4F

8ND3
--------------= = P

0.416Sd3

D
---------------------- Gd4F

5.58ND3
----------------------= =

S
GdF

πND2
--------------- PD

0.393d3
-------------------= = S

GdF

2.32ND2
---------------------- P

D

0.416d3
-------------------= =

F
8PND3

Gd4
------------------ πSND2

Gd
------------------= = F

5.58PND3

Gd4
-------------------------- 2.32SND2

Gd
-------------------------= =

N
Gd4F

8PD3
-------------- GdF

πSD2
--------------= = N

Gd4F

5.58PD3
--------------------- GdF

2.32SD2
---------------------= =

d
πSND2

GF
------------------ 2.55PD

S
-------------------3= = d

2.32SND2

GF
------------------------- PD

0.416S
----------------3= =

Sit

S

P
--- IT×= Sit

S

P
--- IT×=

AC
F

f
--- 1.25

0.1375
---------------- 9.1= = =
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Step 4: Total Coils TC = AC + 2 (Table 3) = 9 + 2 = 11
Therefore, a quick answer is: 11 coils of 0.0915 inch diameter wire. However, the design
procedure should be completed by carrying out these remaining steps:

Step 5: From Table 3, Solid Height = SH = TC × d = 11 × 0.0915 ≅ 1 inch

 Therefore, Total Deflection = FL − SH = 1.5 inches

Fig. 13. Compression and Extension Spring-Stress Correction for Curvaturea

a For springs made from round wire. For springs made from square wire, reduce the K factor
values by approximately 4 per cent. 

Fig. 14. Compression Spring Design Example
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Step 6: 

Step 7: 

Step 8: From Fig. 13 on page 319, the curvature correction factor K = 1.185

Step 9: Total Stress at 36 pounds load = S × K = 86,300 × 1.185 = 102,300 pounds per
square inch. This stress is below the 117,000 pounds per square inch permitted for 0.0915
inch wire shown on the middle curve in Fig. 3 on page 311, so it is a safe working stress.

Step 10: Total Stress at Solid = 103,500 × 1.185 = 122,800 pounds per square inch. This
stress is also safe, as it is below the 131,000 pounds per square inch shown on the top curve
of Fig. 3, and therefore the spring will not set.

Method 2, using formulas: The procedure for design using formulas is as follows (the
design example is the same as in Method 1, and the spring is shown in Fig. 14):

Step 1: Select a safe stress S below the middle fatigue strength curve Fig. 3 on page 311
for ASTM A229 steel wire, say 90,000 pounds per square inch. Assume a mean diameter
D slightly below the 13⁄16-inch O.D., say 0.7 inch. Note that the value of G is 11,200,000
pounds per square inch (Table 20 on page 346).

Step 2: A trial wire diameter d and other values are found by formulas from Table 4 as
follows:

Note: Table 21 on page 347 can be used to avoid solving the cube root.

Step 3: From Table 21 (also see the table on page 2605), select the nearest wire gauge
size, which is 0.0915 inch diameter. Using this value, the mean diameter D = 13⁄16 inch −
0.0915 = 0.721 inch.

Step 4: The stress 

Step 5: The number of active coils is 

The answer is the same as before, which is to use 11 total coils of 0.0915-inch diameter
wire. The total coils, solid height, etc., are determined in the same manner as in Method 1.

Table of Spring Characteristics.—Table 5 gives characteristics for compression and
extension springs made from ASTM A229 oil-tempered MB spring steel having a tor-
sional modulus of elasticity G of 11,200,000 pounds per square inch, and an uncorrected
torsional stress S of 100,000 pounds per square inch. The deflection f for one coil under a
load P is shown in the body of the table. The method of using these data is explained in the
problems for compression and extension spring design. The table may be used for other
materials by applying factors to f. The factors are given in a footnote to the table.

Stress Solid
86 300,

1.25
---------------- 1.5× 103 500 pounds per square inch,= =

Spring Index O.D.
d

------------- 1– 0.8125
0.0915
---------------- 1– 7.9= = =

d
2.55PD

S
-------------------3

2.55 36× 0.7×
90 000,

------------------------------------3= =

0.0007143 0.0894 inch==

S
PD

0.393d3
------------------- 36 0.721×

0.393 0.09153×
-------------------------------------- 86 300 lb/in2,= = =

N
GdF

πSD2
-------------- 11 200 000,, 0.0915× 1.25×

3.1416 86 300,× 0.7212×
------------------------------------------------------------------- 9.1 (say 9)= = =
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Table 5. Compression and Extension Spring Deflectionsa

a This table is for ASTM A229 oil tempered spring steel with a torsional modulus G of 11,200,000 psi, and an uncorrected torsional stress of 100,000 psi. For other
materials use the following factors: stainless steel, multiply f by 1.067; spring brass, multiply f by 2.24; phosphor bronze, multiply f by 1.867; Monel metal, multiply f by
1.244; beryllium copper, multiply f by 1.725; Inconel (non-magnetic), multiply f by 1.045. 

Spring
Outside

Dia.

Wire Size or Washburn and Moen Gauge, and Decimal Equivalentb

b Round wire. For square wire, multiply f by 0.707, and p, by 1.2 

19 18 17 16

.010 .012 .014 .016 .018 .020 .022 .024 .026 .028 .030 .032 .034 .036 .038 .041 .0475 .054 .0625

Nom. Dec. Deflection f (inch) per coil, at Load P (pounds)c

c The upper figure is the deflection and the lower figure the load as read against each spring size. Note: Intermediate values can be obtained within reasonable accuracy
by interpolation. 

7⁄64 .1094
.0277 .0222 .01824 .01529 .01302 .01121 .00974 .00853 .00751 .00664 .00589 … … … … … … … …
.395 .697 1.130 1.722 2.51 3.52 4.79 6.36 8.28 10.59 13.35 … … … … … … … …

1⁄8 .125
.0371 .0299 .0247 .0208 .01784 .01548 .01353 .01192 .01058 .00943 .00844 .00758 .00683 .00617 … … … … …
.342 .600 .971 1.475 2.14 2.99 4.06 5.37 6.97 8.89 11.16 13.83 16.95 20.6 … … … … …

9⁄64 .1406
.0478 .0387 .0321 .0272 .0234 .0204 .01794 .01590 .01417 .01271 .01144 .01034 .00937 .00852 .00777 … … … …
.301 .528 .852 1.291 1.868 2.61 3.53 4.65 6.02 7.66 9.58 11.84 14.47 17.51 21.0 … … … …

5⁄32 .1563
.0600 .0487 .0406 .0345 .0298 .0261 .0230 .0205 .01832 0.1649 .01491 .01354 .01234 .01128 .01033 .00909 … … …
.268 .470 .758 1.146 1.656 2.31 3.11 4.10 5.30 6.72 8.39 10.35 12.62 15.23 18.22 23.5 … … …

11⁄64 .1719
.0735 .0598 .0500 .0426 .0369 .0324 .0287 .0256 .0230 .0208 .01883 .01716 .01569 .01439 .01324 .01172 .00914 … …
.243 .424 .683 1.031 1.488 2.07 2.79 3.67 4.73 5.99 7.47 9.19 11.19 13.48 16.09 21.8 33.8 … …

3⁄16 .1875
.0884 .0720 .0603 .0516 .0448 .0394 .0349 .0313 .0281 .0255 .0232 .0212 .01944 .01788 .01650 .01468 .01157 .00926 …
.221 .387 .621 .938 1.351 1.876 2.53 3.32 4.27 5.40 6.73 8.27 10.05 12.09 14.41 18.47 30.07 46.3 …

13⁄64 .2031
.1046 .0854 .0717 .0614 .0534 .0470 .0418 .0375 .0338 .0307 .0280 .0257 .0236 .0218 .0201 .01798 .01430 .01155 …
.203 .355 .570 .859 1.237 1.716 2.31 3.03 3.90 4.92 6.12 7.52 9.13 10.96 13.05 16.69 27.1 41.5 …

7⁄32 .2188
… .1000 .0841 .0721 .0628 .0555 .0494 .0444 .0401 .0365 .0333 .0306 .0282 .0260 .0241 .0216 .01733 .01411 .01096
… .328 .526 .793 1.140 1.580 2.13 2.79 3.58 4.52 5.61 6.88 8.35 10.02 11.92 15.22 24.6 37.5 61.3

15⁄64 .2344
… .1156 .0974 .0836 .0730 .0645 .0575 .0518 .0469 .0427 .0391 .0359 .0331 .0307 .0285 .0256 .0206 .01690 .01326
… .305 .489 .736 1.058 1.465 1.969 2.58 3.21 4.18 5.19 6.35 7.70 9.23 10.97 13.99 22.5 34.3 55.8

1⁄4 .250
… … .1116 .0960 .0839 .0742 .0663 .0597 .0541 .0494 .0453 .0417 .0385 .0357 .0332 .0299 .0242 .01996 .01578
… … .457 .687 .987 1.366 1.834 2.40 3.08 3.88 4.82 5.90 7.14 8.56 10.17 12.95 20.8 31.6 51.1

9⁄32 .2813
… … .1432 .1234 .1080 .0958 .0857 .0774 .0703 .0643 .0591 .0545 .0505 .0469 .0437 .0395 .0323 .0268 .0215
… … .403 .606 .870 1.202 1.613 2.11 2.70 3.40 4.22 5.16 6.24 7.47 8.86 11.26 18.01 27.2 43.8

5⁄16 .3125
… … … .1541 .1351 .1200 .1076 .0973 .0886 .0811 .0746 .0690 .0640 .0596 .0556 .0504 .0415 .0347 .0281
… … … .542 .778 1.074 1.440 1.881 2.41 3.03 3.75 4.58 5.54 6.63 7.85 9.97 15.89 23.9 38.3

11⁄32 .3438
… … … … .1633 .1470 .1321 .1196 .1090 .0999 .0921 .0852 .0792 .0733 .0690 .0627 .0518 .0436 .0355
… … … … .703 .970 1.300 1.697 2.17 2.73 3.38 4.12 4.98 5.95 7.05 8.94 14.21 21.3 34.1

3⁄8 .375
… … … … … .1768 .1589 .1440 .1314 .1206 .1113 .1031 .0960 .0895 .0839 .0764 .0634 .0535 .0438
… … … … … .885 1.185 1.546 1.978 2.48 3.07 3.75 4.53 5.40 6.40 8.10 12.85 19.27 30.7
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Spring
Outside

Dia.

Wire Size or Washburn and Moen Gauge, and Decimal Equivalent

19 18 17 16 15 14 13 3⁄32 12 11 1⁄8
.026 .028 .030 .032 .034 .036 .038 .041 .0475 .054 .0625 .072 .080 .0915 .0938 .1055 .1205 .125

Nom. Dec. Deflection f (inch) per coil, at Load P (pounds)

13⁄32 .4063
.1560 .1434 .1324 .1228 .1143 .1068 .1001 .0913 .0760 .0645 .0531 .0436 .0373 .0304 .0292 .0241 … …
1.815 2.28 2.82 3.44 4.15 4.95 5.85 7.41 11.73 17.56 27.9 43.9 61.6 95.6 103.7 153.3 … …

7⁄16 .4375
.1827 .1680 .1553 .1441 .1343 .1256 .1178 .1075 .0898 .0764 .0631 .0521 .0448 .0367 .0353 .0293 .0234 .0219
1.678 2.11 2.60 3.17 3.82 4.56 5.39 6.82 10.79 16.13 25.6 40.1 56.3 86.9 94.3 138.9 217. 245.

15⁄32 .4688
.212 .1947 .1800 .1673 .1560 .1459 .1370 .1252 .1048 .0894 .0741 .0614 .0530 .0437 .0420 .0351 .0282 .0265
1.559 1.956 2.42 2.94 3.55 4.23 5.00 6.33 9.99 14.91 23.6 37.0 51.7 79.7 86.4 126.9 197.3 223.

1⁄2 .500
.243 .223 .207 .1920 .1792 .1678 .1575 .1441 .1209 .1033 .0859 .0714 .0619 .0512 .0494 .0414 .0335 .0316
1.456 1.826 2.26 2.75 3.31 3.95 4.67 5.90 9.30 13.87 21.9 34.3 47.9 73.6 80.0 116.9 181.1 205.

17⁄32 .5313
.276 .254 .235 .219 .204 .1911 .1796 .1645 .1382 .1183 .0987 .0822 .0714 .0593 .0572 .0482 .0393 .0371
1.366 1.713 2.12 2.58 3.10 3.70 4.37 5.52 8.70 12.96 20.5 31.9 44.6 68.4 74.1 108.3 167.3 188.8

9⁄16 .5625
… .286 .265 .247 .230 .216 .203 .1861 .1566 .1343 .1122 .0937 .0816 .0680 .0657 .0555 .0455 .0430
… 1.613 1.991 2.42 2.92 3.48 4.11 5.19 8.18 12.16 19.17 29.9 41.7 63.9 69.1 100.9 155.5 175.3

19⁄32 .5938
… … .297 .277 .259 .242 .228 .209 .1762 .1514 .1267 .1061 .0926 .0774 .0748 .0634 .0522 .0493
… … 1.880 2.29 2.76 3.28 3.88 4.90 7.71 11.46 18.04 28.1 39.1 60.0 64.8 94.4 145.2 163.6

5⁄8 .625
… … .331 .308 .288 .270 .254 .233 .1969 .1693 .1420 .1191 .1041 .0873 .0844 .0718 .0593 .0561
… … 1.782 2.17 2.61 3.11 3.67 4.63 7.29 10.83 17.04 26.5 36.9 56.4 61.0 88.7 136.2 153.4

21⁄32 .6563
… … … .342 .320 .300 .282 .259 .219 .1884 .1582 .1330 .1164 .0978 .0946 .0807 .0668 .0634
… … … 2.06 2.48 2.95 3.49 4.40 6.92 10.27 16.14 25.1 34.9 53.3 57.6 83.7 128.3 144.3

11⁄16 .6875
… … … … .352 .331 .311 .286 .242 .208 .1753 .1476 .1294 .1089 .1054 .0901 .0748 .0710
… … … … 2.36 2.81 3.32 4.19 6.58 9.76 15.34 23.8 33.1 50.5 54.6 79.2 121.2 136.3

23⁄32 .7188
… … … … … .363 .342 .314 .266 .230 .1933 .1630 .1431 .1206 .1168 .1000 .0833 .0791
… … … … … 2.68 3.17 3.99 6.27 9.31 14.61 22.7 31.5 48.0 51.9 75.2 114.9 129.2

3⁄4 .750
… … … … … … .374 .344 .291 .252 .212 .1791 .1574 .1329 .1288 .1105 .0923 .0877
… … … … … … 3.03 3.82 5.99 8.89 13.94 21.6 30.0 45.7 49.4 71.5 109.2 122.7

25⁄32 .7813
… … … … … … … .375 .318 .275 .232 .1960 .1724 .1459 .1413 .1214 .1017 .0967
… … … … … … … 3.66 5.74 8.50 13.34 20.7 28.7 43.6 47.1 68.2 104.0 116.9

13⁄16 .8125
… … … … … … … .407 .346 .299 .253 .214 .1881 .1594 .1545 .1329 .1115 .1061
… … … … … … … 3.51 5.50 8.15 12.78 19.80 27.5 41.7 45.1 65.2 99.3 111.5

a This table is for ASTM A229 oil tempered spring steel with a torsional modulus G of 11,200,000 psi, and an uncorrected torsional stress of 100,000 psi. For other
materials, and other important footnotes, see page 321.
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Table 5. (Continued) Compression and Extension Spring Deflections a

Spring
Outside

Dia.

Wire Size or Washburn and Moen Gauge, and Decimal Equivalent

15 14 13 3⁄32 12 11 1⁄8 10 9 5⁄32 8 7 3⁄16 6 5 7⁄32 4

.072 .080 .0915 .0938 .1055 .1205 .125 .135 .1483 .1563 .162 .177 .1875 .192 .207 .2188 .2253

Nom. Dec. Deflection f (inch) per coil, at Load P (pounds)

7⁄8 .875
.251 .222 .1882 .1825 .1574 .1325 .1262 .1138 .0999 .0928 .0880 .0772 .0707 .0682 .0605 .0552 .0526

18.26 25.3 39.4 41.5 59.9 91.1 102.3 130.5 176.3 209. 234. 312. 377. 407. 521. 626. 691.

29⁄32 .9063
.271 .239 .204 .1974 .1705 .1438 .1370 .1236 .1087 .1010 .0959 .0843 .0772 .0746 .0663 .0606 .0577

17.57 24.3 36.9 39.9 57.6 87.5 98.2 125.2 169.0 199.9 224. 299. 360. 389. 498. 598. 660.

15⁄16 .9375
.292 .258 .219 .213 .1841 .1554 .1479 .1338 .1178 .1096 .1041 .0917 .0842 .0812 .0723 .0662 .0632

16.94 23.5 35.6 38.4 55.4 84.1 94.4 120.4 162.3 191.9 215. 286. 345. 373. 477. 572. 631.

31⁄32 .9688
.313 .277 .236 .229 .1982 .1675 .1598 .1445 .1273 .1183 .1127 .0994 .0913 .0882 .0786 .0721 .0688

16.35 22.6 34.3 37.0 53.4 81.0 90.9 115.9 156.1 184.5 207. 275. 332. 358. 457. 548. 604.

1 1.000
.336 .297 .253 .246 .213 .1801 .1718 .1555 .1372 .1278 .1216 .1074 .0986 .0954 .0852 .0783 .0747

15.80 21.9 33.1 35.8 51.5 78.1 87.6 111.7 150.4 177.6 198.8 264. 319. 344. 439. 526. 580.

11⁄32 1.031
.359 .317 .271 .263 .228 .1931 .1843 .1669 .1474 .1374 .1308 .1157 .1065 .1029 .0921 .0845 .0809

15.28 21.1 32.0 34.6 49.8 75.5 84.6 107.8 145.1 171.3 191.6 255. 307. 331. 423. 506. 557.

11⁄16 1.063
.382 .338 .289 .281 .244 .207 .1972 .1788 .1580 .1474 .1404 .1243 .1145 .1107 .0993 .0913 .0873

14.80 20.5 31.0 33.5 48.2 73.0 81.8 104.2 140.1 165.4 185.0 246. 296. 319. 407. 487. 537.

11⁄32 1.094
.407 .360 .308 .299 .260 .221 .211 .1910 .1691 .1578 .1503 .1332 .1229 .1188 .1066 .0982 .0939

14.34 19.83 30.0 32.4 46.7 70.6 79.2 100.8 135.5 159.9 178.8 238. 286. 308. 393. 470. 517.

11⁄8 1.125
.432 .383 .328 .318 .277 .235 .224 .204 .1804 .1685 .1604 .1424 .1315 .1272 .1142 .1053 .1008

13.92 19.24 29.1 31.4 45.2 68.4 76.7 97.6 131.2 154.7 173.0 230. 276. 298. 379. 454. 499.

13⁄16 1.188
.485 .431 .368 .358 .311 .265 .254 .231 .204 .1908 .1812 .1620 .1496 .1448 .1303 .1203 .1153

13.14 18.15 27.5 29.6 42.6 64.4 72.1 91.7 123.3 145.4 162.4 215. 259. 279. 355. 424. 467.

11⁄4 1.250
.541 .480 .412 .400 .349 .297 .284 .258 .230 .215 .205 .1824 .1690 .1635 .1474 .1363 .1308

12.44 17.19 26.0 28.0 40.3 60.8 68.2 86.6 116.2 137.0 153.1 203. 244. 263. 334. 399. 438.

15⁄16 1.313
.600 .533 .457 .444 .387 .331 .317 .288 .256 .240 .229 .205 .1894 .1836 .1657 .1535 .1472

11.81 16.31 24.6 26.6 38.2 57.7 64.6 82.0 110.1 129.7 144.7 191.6 230. 248. 315. 376. 413.

13⁄8 1.375
.662 .588 .506 .491 .429 .367 .351 .320 .285 .267 .255 .227 .211 .204 .1848 .1713 .1650

11.25 15.53 23.4 25.3 36.3 54.8 61.4 77.9 104.4 123.0 137.3 181.7 218. 235. 298. 356. 391

17⁄16 1.438
.727 .647 .556 .540 .472 .404 .387 .353 .314 .295 .282 .252 .234 .227 .205 .1905 .1829

10.73 14.81 22.3 24.1 34.6 52.2 58.4 74.1 99.4 117.0 130.6 172.6 207. 223. 283. 337. 371.

a This table is for ASTM A229 oil tempered spring steel with a torsional modulus G of 11,200,000 psi, and an uncorrected torsional stress of 100,000 psi. For other
materials, and other important footnotes, see page 321.
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Spring
Outside

Dia.

Wire Size or Washburn and Moen Gauge, and Decimal Equivalent

11 1⁄8 10 9 5⁄32 8 7 3⁄16 6 5 7⁄32 4 3 1⁄4 2 9⁄32 0 5⁄16

.1205 .125 .135 .1483 .1563 .162 .177 .1875 .192 .207 .2188 .2253 .2437 .250 .2625 .2813 .3065 .3125

Nom. Dec. Deflection f (inch) per coil, at Load P (pounds)

11⁄2 1.500
.443 .424 .387 .350 .324 .310 .277 .258 .250 .227 .210 .202 .1815 .1754 .1612 .1482 .1305 .1267
49.8 55.8 70.8 94.8 111.5 124.5 164.6 197.1 213. 269. 321. 352. 452. 499. 574. 717. 947. 1008.

15⁄8 1.625
.527 .505 .461 .413 .387 .370 .332 .309 .300 .273 .254 .244 .220 .212 .1986 .1801 .1592 .1547
45.7 51.1 64.8 86.7 102.0 113.9 150.3 180.0 193.9 246. 292. 321. 411. 446. 521. 650. 858. 912.

13⁄4 1.750
.619 .593 .542 .485 .456 .437 .392 .366 .355 .323 .301 .290 .261 .253 .237 .215 .1908 .1856
42.2 47.2 59.8 80.0 94.0 104.9 138.5 165.6 178.4 226. 269. 295. 377. 409. 477. 595. 783. 833.

17⁄8 1.875
.717 .687 .629 .564 .530 .508 .457 .426 .414 .377 .351 .339 .306 .296 .278 .253 .225 .219
39.2 43.8 55.5 74.2 87.2 97.3 128.2 153.4 165.1 209. 248. 272. 348. 378. 440. 548. 721. 767.

115⁄16 1.938
.769 .738 .676 .605 .569 .546 .492 .458 .446 .405 .379 .365 .331 .320 .300 .273 .243 .237
37.8 42.3 53.6 71.6 84.2 93.8 123.6 147.9 159.2 201. 239. 262. 335. 364. 425. 528. 693. 737.

2 2.000
.823 .789 .723 .649 .610 .585 .527 .492 .478 .436 .407 .392 .355 .344 .323 .295 .263 .256
36.6 40.9 51.8 69.2 81.3 90.6 119.4 142.8 153.7 194.3 231. 253. 324. 351. 409. 509. 668. 710.

21⁄16 2.063
.878 .843 .768 .693 .652 .626 .564 .526 .512 .467 .436 .421 .381 .369 .346 .316 .282 .275
35.4 39.6 50.1 66.9 78.7 87.6 115.4 138.1 148.5 187.7 223. 245. 312. 339. 395. 491. 644. 685.

21⁄8 2.125
.936 .898 .823 .739 .696 .667 .602 .562 .546 .499 .466 .449 .407 .395 .371 .339 .303 .295
34.3 38.3 48.5 64.8 76.1 84.9 111.8 133.6 143.8 181.6 216. 236. 302. 327. 381. 474. 622. 661.

23⁄16 2.188
.995 .955 .876 .786 .740 .711 .641 .598 .582 .532 .497 .479 .435 .421 .396 .362 .324 .316
33.3 37.2 47.1 62.8 73.8 82.2 108.3 129.5 139.2 175.8 209. 229. 292. 317. 369. 459. 601. 639.

21⁄4 2.250
1.056 1.013 .930 .835 .787 .755 .681 .637 .619 .566 .529 .511 .463 .449 .423 .387 .346 .337
32.3 36.1 45.7 60.9 71.6 79.8 105.7 125.5 135.0 170.5 202. 222. 283. 307. 357. 444. 582. 618.

25⁄16 2.313
1.119 1.074 .986 .886 .834 .801 .723 .676 .657 .601 .562 .542 .493 .478 .449 .411 .368 .359
31.4 35.1 44.4 59.2 69.5 77.5 101.9 121.8 131.0 165.4 196.3 215. 275. 298. 347. 430. 564. 599.

23⁄8 2.375
1.184 1.136 1.043 .938 .884 .848 .763 .716 .696 .637 .596 .576 .523 .507 .477 .437 .392 .382
30.5 34.1 43.1 57.5 67.6 75.3 99.1 118.3 127.3 160.7 190.7 209. 267. 289. 336. 417. 547. 581.

27⁄16 2.438
… 1.201 1.102 .991 .934 .897 .810 .757 .737 .674 .631 .609 .554 .537 .506 .464 .416 .405
… 33.2 42.0 56.0 65.7 73.2 96.3 115.1 123.7 156.1 185.3 203. 259. 281. 327. 405. 531. 564.

21⁄2 2.500
… 1.266 1.162 1.046 .986 .946 .855 .800 .778 .713 .667 .644 .586 .568 .536 .491 .441 .430
… 32.3 40.9 54.5 64.0 71.3 93.7 111.6 120.4 151.9 180.2 197.5 252. 273. 317. 394. 516. 548.

a This table is for ASTM A229 oil tempered spring steel with a torsional modulus G of 11,200,000 psi, and an uncorrected torsional stress of 100,000 psi. For other
materials, and other important footnotes, see page 321.
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Extension Springs.—About 10 per cent of all springs made by many companies are of
this type, and they frequently cause trouble because insufficient consideration is given to
stress due to initial tension, stress and deflection of hooks, special manufacturing methods,
secondary operations and overstretching at assembly. Fig. 15 shows types of ends used on
these springs.

Fig. 15. Types of Helical Extension Spring Ends

Initial tension: In the spring industry, the term “Initial tension” is used to define a force or
load, measurable in pounds or ounces, which presses the coils of a close wound extension
spring against one another. This force must be overcome before the coils of a spring begin
to open up. 

Initial tension is wound into extension springs by bending each coil as it is wound away
from its normal plane, thereby producing a slight twist in the wire which causes the coil to
spring back tightly against the adjacent coil. Initial tension can be wound into cold-coiled
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extension springs only. Hot-wound springs and springs made from annealed steel are hard-
ened and tempered after coiling, and therefore initial tension cannot be produced. It is pos-
sible to make a spring having initial tension only when a high tensile strength, obtained by
cold drawing or by heat-treatment, is possessed by the material as it is being wound into
springs. Materials that possess the required characteristics for the manufacture of such
springs include hard-drawn wire, music wire, pre-tempered wire, 18-8 stainless steel,
phosphor-bronze, and many of the hard-drawn copper-nickel, and nonferrous alloys. Per-
missible torsional stresses resulting from initial tension for different spring indexes are
shown in Fig. 16.

Hook failure: The great majority of breakages in extension springs occurs in the hooks.
Hooks are subjected to both bending and torsional stresses and have higher stresses than
the coils in the spring.

Stresses in regular hooks: The calculations for the stresses in hooks are quite compli-
cated and lengthy. Also, the radii of the bends are difficult to determine and frequently vary
between specifications and actual production samples. However, regular hooks are more
highly stressed than the coils in the body and are subjected to a bending stress at section B

Fig. 16. Permissible Torsional Stress Caused by Initial Tension in 
Coiled Extension Springs for Different Spring Indexes
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(see Table 6.) The bending stress Sb at section B should be compared with allowable
stresses for torsion springs and with the elastic limit of the material in tension (See Figs. 7
through  10.)

Stresses in cross over hooks: Results of tests on springs having a normal average index
show that the cross over hooks last longer than regular hooks. These results may not occur
on springs of small index or if the cross over bend is made too sharply.

In as much as both types of hooks have the same bending stress, it would appear that the
fatigue life would be the same. However, the large bend radius of the regular hooks causes
some torsional stresses to coincide with the bending stresses, thus explaining the earlier
breakages. If sharper bends were made on the regular hooks, the life should then be the
same as for cross over hooks.

Table 6. Formula for Bending Stress at Section B

Stresses in half hooks: The formulas for regular hooks can also be used for half hooks,
because the smaller bend radius allows for the increase in stress. It will therefore be
observed that half hooks have the same stress in bending as regular hooks.

Frequently overlooked facts by many designers are that one full hook deflects an amount
equal to one half a coil and each half hook deflects an amount equal to one tenth of a coil.
Allowances for these deflections should be made when designing springs. Thus, an exten-
sion spring, with regular full hooks and having 10 coils, will have a deflection equal to 11
coils, or 10 per cent more than the calculated deflection.
Extension Spring Design.—The available space in a product or assembly usually deter-
mines the limiting dimensions of a spring, but the wire size, number of coils, and initial ten-
sion are often unknown.

Example:An extension spring is to be made from spring steel ASTM A229, with regular
hooks as shown in Fig. 17. Calculate the wire size, number of coils and initial tension.

Note: Allow about 20 to 25 per cent of the 9 pound load for initial tension, say 2 pounds,
and then design for a 7 pound load (not 9 pounds) at 5⁄8 inch deflection. Also use lower
stresses than for a compression spring to allow for overstretching during assembly and to
obtain a safe stress on the hooks. Proceed as for compression springs, but locate a load in
the tables somewhat higher than the 9 pound load.

Method 1, using table: From Table 5 locate 3⁄4 inch outside diameter in the left column
and move to the right to locate a load P of 13.94 pounds. A deflection f of 0.212 inch
appears above this figure. Moving vertically from this position to the top of the column a
suitable wire diameter of 0.0625 inch is found.

The remaining design calculations are completed as follows:
Step 1: The stress with a load of 7 pounds is obtained as follows:

The 7 pound load is 50.2 per cent of the 13.94 pound load. Therefore, the stress S at 7
pounds = 0.502 per cent × 100,000 = 50,200 pounds per square inch.

Step 2: The 50.2 per cent figure is also used to determine the deflection per coil f: 0.502
per cent × 0.212 = 0.1062 inch.

Type of Hook Stress in Bending

Regular Hook Cross-over Hook

Sb
5PD2

I.D.d3
---------------=
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Step 3: The number of active coils. (say 6)

This result should be reduced by 1 to allow for deflection of 2 hooks (see notes 1 and 2 that
follow these calculations.) Therefore, a quick answer is: 5 coils of 0.0625 inch diameter
wire. However, the design procedure should be completed by carrying out the following
steps:

Step 4: The body length = (TC + 1) × d = (5 + 1) × 0.0625 = 3⁄8 inch.

Step 5: The length from the body to inside hook

This length is satisfactory, see Note 3 following this procedure.

Step 6: 

Step 7: The initial tension stress is

This stress is satisfactory, as checked against curve in Fig. 16.

Step 8: The curvature correction factor K = 1.12 (Fig. 13).

Step 9: The total stress = (50,200 + 14,340) × 1.12 = 72.285 pounds per square inch

This result is less than 106,250 pounds per square inch permitted by the middle curve for
0.0625 inch wire in Fig. 3 and therefore is a safe working stress that permits some addi-
tional deflection that is usually necessary for assembly purposes.

Fig. 17. Extension Spring Design Example

AC
F

f
--- 0.625

0.1062
---------------- 5.86= = =

FL Body–
2

-------------------------- 1.4375 0.375–
2

------------------------------------ 0.531 inch= ==

Percentage of I.D. 0.531
I.D.

------------- 0.531
0.625
------------- 85 per cent= = =

The spring index O.D.
d

----------- 1– 0.75
0.0625
---------------- 1– 11= = =

Sit
S IT×

P
--------------- 50 200, 2×

7
-------------------------- 14 340 pounds per square inch,= = =
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Step 10: The large majority of hook breakage is due to high stress in bending and should
be checked as follows:

From Table 6, stress on hook in bending is:

 This result is less than the top curve value, Fig. 8, for 0.0625 inch diameter wire, and is
therefore safe. Also see Note 5 that follows.

Notes: The following points should be noted when designing extension springs:
1) All coils are active and thus AC = TC.
2) Each full hook deflection is approximately equal to 1⁄2 coil. Therefore for 2 hooks,

reduce the total coils by 1. (Each half hook deflection is nearly equal to 1⁄10 of a coil.)
3) The distance from the body to the inside of a regular full hook equals 75 to 85 per cent

(90 per cent maximum) of the I.D. For a cross over center hook, this distance equals the I.D.
4) Some initial tension should usually be used to hold the spring together. Try not to

exceed the maximum curve shown on Fig. 16. Without initial tension, a long spring with
many coils will have a different length in the horizontal position than it will when hung ver-
tically.

5) The hooks are stressed in bending, therefore their stress should be less than the maxi-
mum bending stress as used for torsion springs — use top fatigue strength curves Figs. 7
through  10.

Method 2, using formulas: The sequence of steps for designing extension springs by for-
mulas is similar to that for compression springs. The formulas for this method are given in
Table 3.

Tolerances for Compression and Extension Springs.—Tolerances for coil diameter,
free length, squareness, load, and the angle between loop planes for compression and
extension springs are given in Tables 7 through 12. To meet the requirements of load, rate,
free length, and solid height, it is necessary to vary the number of coils for compression
springs by ± 5 per cent. For extension springs, the tolerances on the numbers of coils are:
for 3 to 5 coils, ± 20 per cent; for 6 to 8 coils, ± 30 per cent; for 9 to 12 coils, ± 40 per cent.
For each additional coil, a further 11⁄2 per cent tolerance is added to the extension spring val-
ues. Closer tolerances on the number of coils for either type of spring lead to the need for
trimming after coiling, and manufacturing time and cost are increased. Fig. 18 shows devi-
ations allowed on the ends of extension springs, and variations in end alignments.

Table 7. Compression and Extension Spring Coil Diameter Tolerances

Courtesy of the Spring Manufacturers Institute

Wire
Diameter,

Inch

Spring Index

4 6 8 10 12 14 16

Tolerance, ± inch

0.015 0.002 0.002 0.003 0.004 0.005 0.006 0.007

0.023 0.002 0.003 0.004 0.006 0.007 0.008 0.010

0.035 0.002 0.004 0.006 0.007 0.009 0.011 0.013

0.051 0.003 0.005 0.007 0.010 0.012 0.015 0.017

0.076 0.004 0.007 0.010 0.013 0.016 0.019 0.022

0.114 0.006 0.009 0.013 0.018 0.021 0.025 0.029

0.171 0.008 0.012 0.017 0.023 0.028 0.033 0.038

0.250 0.011 0.015 0.021 0.028 0.035 0.042 0.049

0.375 0.016 0.020 0.026 0.037 0.046 0.054 0.064

0.500 0.021 0.030 0.040 0.062 0.080 0.100 0.125

Sb
5PD2

I.D.d3
--------------- 5 9× 0.68752×

0.625 0.06253×
-------------------------------------- 139 200 pounds per square inch,= = =
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Fig. 18. Maximum Deviations Allowed on Ends and Variation in 
Alignment of Ends (Loops) for Extension Springs

Table 8. Compression Spring Normal Free-Length
Tolerances, Squared and Ground Ends

Courtesy of the Spring Manufacturers Institute

Table 9. Extension Spring Normal Free-Length and End Tolerances

Courtesy of the Spring Manufacturers Institute

Number
of Active

Coils
per Inch

Spring Index

4 6 8 10 12 14 16

Tolerance, ± Inch per Inch of Free Lengtha

a For springs less than 0.5 inch long, use the tolerances for 0.5 inch long springs. For springs with
unground closed ends, multiply the tolerances by 1.7. 

0.5 0.010 0.011 0.012 0.013 0.015 0.016 0.016

1 0.011 0.013 0.015 0.016 0.017 0.018 0.019

2 0.013 0.015 0.017 0.019 0.020 0.022 0.023

4 0.016 0.018 0.021 0.023 0.024 0.026 0.027

8 0.019 0.022 0.024 0.026 0.028 0.030 0.032

12 0.021 0.024 0.027 0.030 0.032 0.034 0.036

16 0.022 0.026 0.029 0.032 0.034 0.036 0.038

20 0.023 0.027 0.031 0.034 0.036 0.038 0.040

Free-Length Tolerances End Tolerances Free-Length Tolerances End Tolerances

Spring
Free Length

(inch)
Tolerance

(inch)

Total 
Number
of Coils

Angle
Between

Loop Planes

Spring
Free Length

(inch)
Tolerance

(inch)

Total 
Number
of Coils

Angle
Between

Loop Planes

Up to 0.5 ±0.020 Over 4.0 to 8.0 ±0.093 13 to 16 ±60°
Over 0.5 to 1.0 ±0.030 3 to 6 ±25° Over 8.0 to 16.0 ±0.156 Over 16 Random

Over 1.0 to 2.0 ±0.040 7 to 9 ±35° Over 16.0 to 24.0 ±0.218

Over 2.0 to 4.0 ±0.060 10 to 12 ±45°

.05 inch ×
Outside
diameter

or inch.

Whichever is greater

Maximum Opening
for Closed Loop

Maximum Overlap
for Closed Loop

d

2

± .05 inch ×
Outside
diameter

5 degrees

.05 inch ×
Outside diameter

1
64

45 degrees
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Table 10. Compression Spring Squareness Tolerances

Springs with closed and ground ends, in the free position. Squareness tolerances closer than those
shown require special process techniques which increase cost. Springs made from fine wire sizes,
and with high spring indices, irregular shapes or long free lengths, require special attention in deter-
mining appropriate tolerance and feasibility of grinding ends.

Table 11. Compression Spring Normal Load Tolerances

Torsion Spring Design.—Fig. 19 shows the types of ends most commonly used on tor-
sion springs. To produce them requires only limited tooling. The straight torsion end is the
least expensive and should be used whenever possible. After determining the spring load
or torque required and selecting the end formations, the designer usually estimates suitable
space or size limitations. However, the space should be considered approximate until the
wire size and number of coils have been determined. The wire size is dependent principally
upon the torque. Design data can be developed with the aid of the tabular data, which is a
simple method, or by calculation alone, as shown in the following sections. Many other
factors affecting the design and operation of torsion springs are also covered in the section,
Torsion Spring Design Recommendations on page 337. Design formulas are shown in
Table 13.

Curvature correction: In addition to the stress obtained from the formulas for load or
deflection, there is a direct shearing stress on the inside of the section due to curvature.
Therefore, the stress obtained by the usual formulas should be multiplied by the factor K

Slenderness
Ratio
FL/Da

a Slenderness Ratio = FL÷D

Spring Index
4 6 8 10 12 14 16

Squareness Tolerances (± degrees)

0.5 3.0 3.0 3.5 3.5 3.5 3.5 4.0
1.0 2.5 3.0 3.0 3.0 3.0 3.5 3.5
1.5 2.5 2.5 2.5 3.0 3.0 3.0 3.0
2.0 2.5 2.5 2.5 2.5 3.0 3.0 3.0
3.0 2.0 2.5 2.5 2.5 2.5 2.5 3.0
4.0 2.0 2.0 2.5 2.5 2.5 2.5 2.5
6.0 2.0 2.0 2.0 2.5 2.5 2.5 2.5
8.0 2.0 2.0 2.0 2.0 2.5 2.5 2.5

10.0 2.0 2.0 2.0 2.0 2.0 2.5 2.5
12.0 2.0 2.0 2.0 2.0 2.0 2.0 2.5

Length
Tolerance,

± inch

Deflection (inch)a

a From free length to loaded position. 

0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50 0.75 1.00 1.50 2.00 3.00 4.00 6.00

Tolerance, ± Per Cent of Load

0.005 12 7 6 5 … … … … … … … … … … …
0.010 … 12 8.5 7 6.5 5.5 5 … … … … … … … …
0.020 … 22 15.5 12 10 8.5 7 6 5 … … … … … …
0.030 … … 22 17 14 12 9.5 8 6 5 … … … … …
0.040 … … … 22 18 15.5 12 10 7.5 6 5 … … … …
0.050 … … … … 22 19 14.5 12 9 7 5.5 … … … …
0.060 … … … … 25 22 17 14 10 8 6 5 … … …
0.070 … … … … … 25 19.5 16 11 9 6.5 5.5 … … …
0.080 … … … … … … 22 18 12.5 10 7.5 6 5 … …
0.090 … … … … … … 25 20 14 11 8 6 5 … …
0.100 … … … … … … … 22 15.5 12 8.5 7 5.5 … …
0.200 … … … … … … … … … 22 15.5 12 8.5 7 5.5
0.300 … … … … … … … … … … 22 17 12 9.5 7
0.400 … … … … … … … … … … … 21 15 12 8.5
0.500 … … … … … … … … … … … 25 18.5 14.5 10.5
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Table 12. Extension Spring Normal Load Tolerances

Spring
Index

Wire Diameter (inch)

0.015 0.022 0.032 0.044 0.062 0.092 0.125 0.187 0.250 0.375 0.437

Tolerance, ± Per Cent of Load

4

12 20.0 18.5 17.6 16.9 16.2 15.5 15.0 14.3 13.8 13.0 12.6

8 18.5 17.5 16.7 15.8 15.0 14.5 14.0 13.2 12.5 11.5 11.0

6 16.8 16.1 15.5 14.7 13.8 13.2 12.7 11.8 11.2 9.9 9.4

4.5 15.0 14.7 14.1 13.5 12.6 12.0 11.5 10.3 9.7 8.4 7.9

2.5 13.1 12.4 12.1 11.8 10.6 10.0 9.1 8.5 8.0 6.8 6.2

1.5 10.2 9.9 9.3 8.9 8.0 7.5 7.0 6.5 6.1 5.3 4.8

0.5 6.2 5.4 4.8 4.6 4.3 4.1 4.0 3.8 3.6 3.3 3.2

6

12 17.0 15.5 14.6 14.1 13.5 13.1 12.7 12.0 11.5 11.2 10.7

8 16.2 14.7 13.9 13.4 12.6 12.2 11.7 11.0 10.5 10.0 9.5

6 15.2 14.0 12.9 12.3 11.6 10.9 10.7 10.0 9.4 8.8 8.3

4.5 13.7 12.4 11.5 11.0 10.5 10.0 9.6 9.0 8.3 7.6 7.1

2.5 11.9 10.8 10.2 9.8 9.4 9.0 8.5 7.9 7.2 6.2 6.0

1.5 9.9 9.0 8.3 7.7 7.3 7.0 6.7 6.4 6.0 4.9 4.7

0.5 6.3 5.5 4.9 4.7 4.5 4.3 4.1 4.0 3.7 3.5 3.4

8

12 15.8 14.3 13.1 13.0 12.1 12.0 11.5 10.8 10.2 10.0 9.5

8 15.0 13.7 12.5 12.1 11.4 11.0 10.6 10.1 9.4 9.0 8.6

6 14.2 13.0 11.7 11.2 10.6 10.0 9.7 9.3 8.6 8.1 7.6

4.5 12.8 11.7 10.7 10.1 9.7 9.0 8.7 8.3 7.8 7.2 6.6

2.5 11.2 10.2 9.5 8.8 8.3 7.9 7.7 7.4 6.9 6.1 5.6

1.5 9.5 8.6 7.8 7.1 6.9 6.7 6.5 6.2 5.8 4.9 4.5

0.5 6.3 5.6 5.0 4.8 4.5 4.4 4.2 4.1 3.9 3.6 3.5

10

12 14.8 13.3 12.0 11.9 11.1 10.9 10.5 9.9 9.3 9.2 8.8

8 14.2 12.8 11.6 11.2 10.5 10.2 9.7 9.2 8.6 8.3 8.0

6 13.4 12.1 10.8 10.5 9.8 9.3 8.9 8.6 8.0 7.6 7.2

4.5 12.3 10.8 10.0 9.5 9.0 8.5 8.1 7.8 7.3 6.8 6.4

2.5 10.8 9.6 9.0 8.4 8.0 7.7 7.3 7.0 6.5 5.9 5.5

1.5 9.2 8.3 7.5 6.9 6.7 6.5 6.3 6.0 5.6 5.0 4.6

0.5 6.4 5.7 5.1 4.9 4.7 4.5 4.3 4.2 4.0 3.8 3.7

12

12 14.0 12.3 11.1 10.8 10.1 9.8 9.5 9.0 8.5 8.2 7.9

8 13.2 11.8 10.7 10.2 9.6 9.3 8.9 8.4 7.9 7.5 7.2

6 12.6 11.2 10.2 9.7 9.0 8.5 8.2 7.9 7.4 6.9 6.4

4.5 11.7 10.2 9.4 9.0 8.4 8.0 7.6 7.2 6.8 6.3 5.8

2.5 10.5 9.2 8.5 8.0 7.8 7.4 7.0 6.6 6.1 5.6 5.2

1.5 8.9 8.0 7.2 6.8 6.5 6.3 6.1 5.7 5.4 4.8 4.5

0.5 6.5 5.8 5.3 5.1 4.9 4.7 4.5 4.3 4.2 4.0 3.3

14

12 13.1 11.3 10.2 9.7 9.1 8.8 8.4 8.1 7.6 7.2 7.0

8 12.4 10.9 9.8 9.2 8.7 8.3 8.0 7.6 7.2 6.8 6.4

6 11.8 10.4 9.3 8.8 8.3 7.7 7.5 7.2 6.8 6.3 5.9

4.5 11.1 9.7 8.7 8.2 7.8 7.2 7.0 6.7 6.3 5.8 5.4

2.5 10.1 8.8 8.1 7.6 7.1 6.7 6.5 6.2 5.7 5.2 5.0

1.5 8.6 7.7 7.0 6.7 6.3 6.0 5.8 5.5 5.2 4.7 4.5

0.5 6.6 5.9 5.4 5.2 5.0 4.8 4.6 4.4 4.3 4.2 4.0

16

12 12.3 10.3 9.2 8.6 8.1 7.7 7.4 7.2 6.8 6.3 6.1

8 11.7 10.0 8.9 8.3 7.8 7.4 7.2 6.8 6.5 6.0 5.7

6 11.0 9.6 8.5 8.0 7.5 7.1 6.9 6.5 6.2 5.7 5.4

4.5 10.5 9.1 8.1 7.5 7.2 6.8 6.5 6.2 5.8 5.3 5.1

2.5 9.7 8.4 7.6 7.0 6.7 6.3 6.1 5.7 5.4 4.9 4.7

1.5 8.3 7.4 6.6 6.2 6.0 5.8 5.6 5.3 5.1 4.6 4.4

0.5 6.7 5.9 5.5 5.3 5.1 5.0 4.8 4.6 4.5 4.3 4.1

 = the ratio of the spring free length FL to the deflection F.

FL

F
-------

FL F⁄
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obtained from the curve in Fig. 20. The corrected stress thus obtained is used only for com-
parison with the allowable working stress (fatigue strength) curves to determine if it is a
safe value, and should not be used in the formulas for deflection.

Torque: Torque is a force applied to a moment arm and tends to produce rotation. Tor-
sion springs exert torque in a circular arc and the arms are rotated about the central axis. It
should be noted that the stress produced is in bending, not in torsion. In the spring industry
it is customary to specify torque in conjunction with the deflection or with the arms of a
spring at a definite position. Formulas for torque are expressed in pound-inches. If ounce-
inches are specified, it is necessary to divide this value by 16 in order to use the formulas.

When a load is specified at a distance from a centerline, the torque is, of course, equal to
the load multiplied by the distance. The load can be in pounds or ounces with the distances
in inches or the load can be in grams or kilograms with the distance in centimeters or milli-
meters, but to use the design formulas, all values must be converted to pounds and inches.
Design formulas for torque are based on the tangent to the arc of rotation and presume that
a rod is used to support the spring. The stress in bending caused by the moment P × R is
identical in magnitude to the torque T, provided a rod is used.

Theoretically, it makes no difference how or where the load is applied to the arms of tor-
sion springs. Thus, in Fig. 21, the loads shown multiplied by their respective distances pro-
duce the same torque; i.e., 20 × 0.5 = 10 pound-inches; 10 × 1 = 10 pound-inches; and 5 × 2

Fig. 19. The Most Commonly Used Types of Ends for Torsion Springs

Fig. 20. Torsion Spring Stress Correction for Curvature
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= 10 pound-inches. To further simplify the understanding of torsion spring torque, observe
in both Fig. 22 and Fig. 23 that although the turning force is in a circular arc the torque is not
equal to P times the radius. The torque in both designs equals P × R because the spring rests
against the support rod at point a.

Design Procedure: Torsion spring designs require more effort than other kinds because
consideration has to be given to more details such as the proper size of a supporting rod,
reduction of the inside diameter, increase in length, deflection of arms, allowance for fric-
tion, and method of testing.

Example:  What music wire diameter and how many coils are required for the torsion
spring shown in Fig. 24, which is to withstand at least 1000 cycles? Determine the cor-
rected stress and the reduced inside diameter after deflection.

Table 13. Formulas for Torsion Springs

Springs made from
round wire

Springs made from
square wire

Feature Formula a,b

d =
Wire diameter,

Inches

Sb =
Stress, bending

pounds per
square inch

N =
Active Coils

F° =
Deflection

T =
Torque

Inch lbs.
(Also = P × R)

I D1 =
Inside Diameter
After Deflection,

Inches

a Where two formulas are given for one feature, the designer should use the one found to be appro-
priate for the given design. The end result from either of any two formulas is the same. 

b The symbol notation is given on page 304.

10.18T

Sb

-----------------3
6T

Sb

------3

4000TND

EF°
-------------------------4

2375TND

EF°
-------------------------4

10.18T

d3
----------------- 6T

d3
------

EdF°

392ND
------------------ EdF°

392ND
------------------

EdF°

392SbD
------------------- EdF°

392SbD
-------------------

Ed4F°

4000TD
-------------------- Ed4F°

2375TD
--------------------

392SbND

Ed
------------------------

392SbND

Ed
------------------------

4000TND

Ed4
------------------------- 2375TND

Ed4
-------------------------

0.0982Sbd3 0.1666Sbd3

Ed4F°

4000ND
--------------------- Ed4F°

2375ND
---------------------

N ID free( )

N
F°

360
---------+

--------------------------- N ID free( )

N
F°

360
---------+

---------------------------
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Fig. 21. Right-Hand Torsion Spring

Fig. 22.  Left-Hand Torsion Spring
The Torque is T = P × R, Not P × Radius, because the Spring is

Resting Against the Support Rod at Point a

Fig. 23.  Left-Hand Torsion Spring
As with the Spring in Fig. 22, the Torque is T = P × R, Not P ×

Radius, Because the Support Point Is at a
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Method 1, using table: From Table 14, page 339, locate the 1⁄2 inch inside diameter for the
spring in the left-hand column. Move to the right and then vertically to locate a torque
value nearest to the required 10 pound-inches, which is 10.07 pound-inches. At the top of
the same column, the music wire diameter is found, which is Number 31 gauge (0.085
inch). At the bottom of the same column the deflection for one coil is found, which is 15.81
degrees. As a 90-degree deflection is required, the number of coils needed is 90⁄15.81 = 5.69
(say 53⁄4 coils).

The spring index  and thus the curvature correction factor

K from Fig. 20 = 1.13. Therefore the corrected stress equals 167,000 × 1.13 = 188,700
pounds per square inch which is below the Light Service curve (Fig. 7) and therefore
should provide a fatigue life of over 1,000 cycles. The reduced inside diameter due to
deflection is found from the formula in Table 13:

This reduced diameter easily clears a suggested 7⁄16 inch diameter supporting rod: 0.479 −
0.4375 = 0.041 inch clearance, and it also allows for the standard tolerance. The overall
length of the spring equals the total number of coils plus one, times the wire diameter.
Thus, 63⁄4 × 0.085 = 0.574 inch. If a small space of about 1⁄64 in. is allowed between the coils
to eliminate coil friction, an overall length of 21⁄32 inch results.

Although this completes the design calculations, other tolerances should be applied in
accordance with the Torsion Spring Tolerance Tables 16 through 17 shown at the end of
this section.

Longer fatigue life: If a longer fatigue life is desired, use a slightly larger wire diameter.
Usually the next larger gage size is satisfactory. The larger wire will reduce the stress and
still exert the same torque, but will require more coils and a longer overall length.

Percentage method for calculating longer life: The spring design can be easily adjusted
for longer life as follows:

Fig. 24. Torsion Spring Design Example. The Spring Is to be Assembled on a 7⁄16-Inch Support Rod

D

d
---- 0.500 0.085+

0.085
--------------------------------- 6.88= =

ID1
N ID free( )

N
F

360
---------+

--------------------------- 5.75 0.500×

5.75 90
360
---------+

------------------------------ 0.479 in.= = =
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1) Select the next larger gage size, which is Number 32 (0.090 inch) from Table 14. The
torque is 11.88 pound-inches, the design stress is 166,000 pounds per square inch, and the
deflection is 14.9 degrees per coil. As a percentage the torque is 10 ⁄11.88 × 100 = 84 per
cent.

2) The new stress is 0.84 × 166,000 = 139,440 pounds per square inch. This value is under
the bottom or Severe Service curve, Fig. 7, and thus assures longer life.

3) The new deflection per coil is 0.84 × 14.97 = 12.57 degrees. Therefore, the total num-
ber of coils required = 90 ⁄12.57 = 7.16 (say 7 1⁄8). The new overall length = 8 1⁄8 × 0.090 =
0.73 inch (say 3⁄4 inch). A slight increase in the overall length and new arm location are thus
necessary.

Method 2, using formulas: When using this method, it is often necessary to solve the for-
mulas several times because assumptions must be made initially either for the stress or for
a wire size. The procedure for design using formulas is as follows (the design example is
the same as in Method 1, and the spring is shown in Fig. 24):

Step 1: Note from Table 13, page 334 that the wire diameter formula is:

Step 2: Referring to Fig. 7, select a trial stress, say 150,000 pounds per square inch.
Step 3: Apply the trial stress, and the 10 pound-inches torque value in the wire diameter

formula:

The nearest gauge sizes are 0.085 and 0.090 inch diameter. Note: Table 21, page 347, can
be used to avoid solving the cube root.

Step 4: Select 0.085 inch wire diameter and solve the equation for the actual stress:

Step 5: Calculate the number of coils from the equation, Table 13:

Step 6: Calculate the total stress. The spring index is 6.88, and the correction factor K is
1.13, therefore total stress = 165,764 × 1.13 = 187,313 pounds per square inch. Note: The
corrected stress should not be used in any of the formulas as it does not determine the
torque or the deflection.
Torsion Spring Design Recommendations.—The following recommendations should
be taken into account when designing torsion springs:

Hand: The hand or direction of coiling should be specified and the spring designed so
deflection causes the spring to wind up and to have more coils. This increase in coils and
overall length should be allowed for during design. Deflecting the spring in an unwinding
direction produces higher stresses and may cause early failure. When a spring is sighted
down the longitudinal axis, it is “right hand” when the direction of the wire into the spring
takes a clockwise direction or if the angle of the coils follows an angle similar to the threads
of a standard bolt or screw, otherwise it is “left hand.” A spring must be coiled right-handed
to engage the threads of a standard machine screw.

Rods: Torsion springs should be supported by a rod running through the center whenever
possible. If unsupported, or if held by clamps or lugs, the spring will buckle and the torque
will be reduced or unusual stresses may occur.

d
10.18T

Sb

-----------------3=

d
10.18T

Sb

-----------------3
10.18 10×
150 000,

-------------------------3 0.0006793 0.0879 inch= = = =

Sb
10.18T

d3
----------------- 10.18 10×

0.0853
------------------------- 165 764 pounds per square inch,= = =

N
EdF°

392SbD
------------------- 28 500 000,, 0.085× 90×

392 165 764,× 0.585×
------------------------------------------------------------ 5.73 (say 53⁄4)= = =
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Diameter Reduction: The inside diameter reduces during deflection. This reduction
should be computed and proper clearance provided over the supporting rod. Also, allow-
ances should be considered for normal spring diameter tolerances.

Winding: The coils of a spring may be closely or loosely wound, but they seldom should
be wound with the coils pressed tightly together. Tightly wound springs with initial tension
on the coils do not deflect uniformly and are difficult to test accurately. A small space
between the coils of about 20 to 25 per cent of the wire thickness is desirable. Square and
rectangular wire sections should be avoided whenever possible as they are difficult to
wind, expensive, and are not always readily available.

Arm Length: All the wire in a torsion spring is active between the points where the loads
are applied. Deflection of long extended arms can be calculated by allowing one third of
the arm length, from the point of load contact to the body of the spring, to be converted into
coils. However, if the length of arm is equal to or less than one-half the length of one coil,
it can be safely neglected in most applications.

Total Coils: Torsion springs having less than three coils frequently buckle and are diffi-
cult to test accurately. When thirty or more coils are used, light loads will not deflect all the
coils simultaneously due to friction with the supporting rod. To facilitate manufacturing it
is usually preferable to specify the total number of coils to the nearest fraction in eighths or
quarters such as 5 1⁄8, 5 1⁄4, 5 1⁄2, etc.

Double Torsion: This design consists of one left-hand-wound series of coils and one
series of right-hand-wound coils connected at the center. These springs are difficult to
manufacture and are expensive, so it often is better to use two separate springs. For torque
and stress calculations, each series is calculated separately as individual springs; then the
torque values are added together, but the deflections are not added.

Bends: Arms should be kept as straight as possible. Bends are difficult to produce and
often are made by secondary operations, so they are therefore expensive. Sharp bends raise
stresses that cause early failure. Bend radii should be as large as practicable. Hooks tend to
open during deflection; their stresses can be calculated by the same procedure as that for
tension springs.

Spring Index: The spring index must be used with caution. In design formulas it is D/d.
For shop measurement it is O.D./d. For arbor design it is I.D./d. Conversions are easily per-
formed by either adding or subtracting 1 from D/d.

Proportions: A spring index between 4 and 14 provides the best proportions. Larger
ratios may require more than average tolerances. Ratios of 3 or less, often cannot be coiled
on automatic spring coiling machines because of arbor breakage. Also, springs with
smaller or larger spring indexes often do not give the same results as are obtained using the
design formulas.

Table of Torsion Spring Characteristics.—Table 14 shows design characteristics for
the most commonly used torsion springs made from wire of standard gauge sizes. The
deflection for one coil at a specified torque and stress is shown in the body of the table. The
figures are based on music wire (ASTM A228) and oil-tempered MB grade (ASTM
A229), and can be used for several other materials which have similar values for the mod-
ulus of elasticity E. However, the design stress may be too high or too low, and the design
stress, torque, and deflection per coil should each be multiplied by the appropriate correc-
tion factor in Table 15 when using any of the materials given in that table.
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Table 14. Torsion Spring Deflections

AMW Wire Gauge
Decimal Equivalenta

1
.010

2
.011

3
.012

4
.013

5
.014

6
.016

7
.018

8
.020

9
.022

10
.024

11
.026

12
.029

13
.031

14
.033

15
.035

16
.037

Design Stress, kpsi 232 229 226 224 221 217 214 210 207 205 202 199 197 196 194 192

Torque, pound-inch .0228 .0299 .0383 .0483 .0596 .0873 .1226 .1650 .2164 .2783 .3486 .4766 .5763 .6917 .8168 .9550

Inside Diameter, inch Deflection, degrees per coil

1⁄16 0.0625 22.35 20.33 18.64 17.29 16.05 14.15 18.72 11.51 10.56 9.818 9.137 8.343 7.896 … … …

5⁄64 0.078125 27.17 24.66 22.55 20.86 19.32 16.96 15.19 13.69 12.52 11.59 10.75 9.768 9.215 … … …

3⁄32 0.09375 31.98 28.98 26.47 24.44 22.60 19.78 17.65 15.87 14.47 13.36 12.36 11.19 10.53 10.18 9.646 9.171

7⁄64 0.109375 36.80 33.30 30.38 28.02 25.88 22.60 20.12 18.05 16.43 15.14 13.98 12.62 11.85 11.43 10.82 10.27

1⁄8 0.125 41.62 37.62 34.29 31.60 29.16 25.41 22.59 20.23 18.38 16.91 15.59 14.04 13.17 12.68 11.99 11.36

9⁄64 0.140625 46.44 41.94 38.20 35.17 32.43 28.23 25.06 22.41 20.33 18.69 17.20 15.47 14.49 13.94 13.16 12.46

5⁄32 0.15625 51.25 46.27 42.11 38.75 35.71 31.04 27.53 24.59 22.29 20.46 18.82 16.89 15.81 15.19 14.33 13.56

3⁄16 0.1875 60.89 54.91 49.93 45.91 42.27 36.67 32.47 28.95 26.19 24.01 22.04 19.74 18.45 17.70 16.67 15.75

7⁄32 0.21875 70.52 63.56 57.75 53.06 48.82 42.31 37.40 33.31 30.10 27.55 25.27 22.59 21.09 20.21 19.01 17.94

1⁄4 0.250 80.15 72.20 65.57 60.22 55.38 47.94 42.34 37.67 34.01 31.10 28.49 25.44 23.73 22.72 21.35 20.13

AMW Wire Gauge
Decimal Equivalenta

a For sizes up to 13 gauge, the table values are for music wire with a modulus E of 29,000,000 psi; and for sizes from 27 to 31 gauge, the values are for oil-tempered MB
with a modulus of 28,500,000 psi. 

17
.039

18
.041

19
.043

20
.045

21
.047

22
.049

23
.051

24
.055

25
.059

26
.063

27
.067

28
.071

29
.075

30
.080

31
.085

Design Stress, kpsi 190 188 187 185 184 183 182 180 178 176 174 173 171 169 167

Torque, pound-inch 1.107 1.272 1.460 1.655 1.876 2.114 2.371 2.941 3.590 4.322 5.139 6.080 7.084 8.497 10.07

Inside Diameter, inch Deflection, degrees per coil
1⁄8 0.125 10.80 10.29 9.876 9.447 9.102 8.784 … … … … … … … … …

9⁄64 0.140625 11.83 11.26 10.79 10.32 9.929 9.572 9.244 8.654 8.141 … … … … … …

5⁄32 0.15625 12.86 12.23 11.71 11.18 10.76 10.36 9.997 9.345 8.778 8.279 7.975 … … … …

3⁄16 0.1875 14.92 14.16 13.55 12.92 12.41 11.94 11.50 10.73 10.05 9.459 9.091 8.663 8.232 7.772 7.364

7⁄32 0.21875 16.97 16.10 15.39 14.66 14.06 13.52 13.01 12.11 11.33 10.64 10.21 9.711 9.212 8.680 8.208

1⁄4 0.250 19.03 18.04 17.22 16.39 15.72 15.09 14.52 13.49 12.60 11.82 11.32 10.76 10.19 9.588 9.053
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AMW Wire Gauge
Decimal Equivalenta

8
.020

9
.022

10
.024

11
.026

12
.029

13
.031

14
.033

15
.035

16
.037

17
.039

18
.041

19
.043

20
.045

21
.047

22
.049

23
.051

Design Stress, kpsi 210 207 205 202 199 197 196 194 192 190 188 187 185 184 183 182

Torque, pound-inch .1650 .2164 .2783 .3486 .4766 .5763 .6917 .8168 .9550 1.107 1.272 1.460 1.655 1.876 2.114 2.371

Inside Diameter, inch Deflection, degrees per coil

9⁄32 0.28125 42.03 37.92 34.65 31.72 28.29 26.37 25.23 23.69 22.32 21.09 19.97 19.06 18.13 17.37 16.67 16.03

5⁄16 0.3125 46.39 41.82 38.19 34.95 31.14 29.01 27.74 26.04 24.51 23.15 21.91 20.90 19.87 19.02 18.25 17.53

11⁄32 0.34375 50.75 45.73 41.74 38.17 33.99 31.65 30.25 28.38 26.71 25.21 23.85 22.73 21.60 20.68 19.83 19.04

3⁄8 0.375 55.11 49.64 45.29 41.40 36.84 34.28 32.76 30.72 28.90 27.26 25.78 24.57 23.34 22.33 21.40 20.55

13⁄32 0.40625 59.47 53.54 48.85 44.63 39.69 36.92 35.26 33.06 31.09 29.32 27.72 26.41 25.08 23.99 22.98 22.06

7⁄16 0.4375 63.83 57.45 52.38 47.85 42.54 39.56 37.77 35.40 33.28 31.38 29.66 28.25 26.81 25.64 24.56 23.56

15⁄32 0.46875 68.19 61.36 55.93 51.00 45.39 42.20 40.28 37.74 35.47 33.44 31.59 30.08 28.55 27.29 26.14 25.07

1⁄2 0.500 72.55 65.27 59.48 54.30 48.24 44.84 42.79 40.08 37.67 35.49 33.53 31.92 30.29 28.95 27.71 26.58

AMW Wire Gauge
Decimal Equivalenta

24
.055

25
.059

26
.063

27
.067

28
.071

29
.075

30
.080

31
.085

32
.090

33
.095

34
.100

35
.106

36
.112

37
.118

1⁄8
125

Design Stress, kpsi 180 178 176 174 173 171 169 167 166 164 163 161 160 158 156

Torque, pound-inch 2.941 3.590 4.322 5.139 6.080 7.084 8.497 10.07 11.88 13.81 16.00 18.83 22.07 25.49 29.92

Inside Diameter, inch Deflection, degrees per coil

9⁄32 0.28125 14.88 13.88 13.00 12.44 11.81 11.17 10.50 9.897 9.418 8.934 8.547 8.090 7.727 7.353 6.973

5⁄16 0.3125 16.26 15.15 14.18 13.56 12.85 12.15 11.40 10.74 10.21 9.676 9.248 8.743 8.341 7.929 7.510

11⁄32 0.34375 17.64 16.42 15.36 14.67 13.90 13.13 12.31 11.59 11.00 10.42 9.948 9.396 8.955 8.504 8.046

3⁄8 0.375 19.02 17.70 16.54 15.79 14.95 14.11 13.22 12.43 11.80 11.16 10.65 10.05 9.569 9.080 8.583

13⁄32 0.40625 20.40 18.97 17.72 16.90 15.99 15.09 14.13 13.28 12.59 11.90 11.35 10.70 10.18 9.655 9.119

7⁄16 0.4375 21.79 20.25 18.90 18.02 17.04 16.07 15.04 14.12 13.38 12.64 12.05 11.35 10.80 10.23 9.655

15⁄32 0.46875 23.17 21.52 20.08 19.14 18.09 17.05 15.94 14.96 14.17 13.39 12.75 12.01 11.41 10.81 10.19

1⁄2 0.500 24.55 22.80 21.26 20.25 19.14 18.03 16.85 15.81 14.97 14.13 13.45 12.66 12.03 11.38 10.73

a For sizes up to 13 gauge, the table values are for music wire with a modulus E of 29,000,000 psi; and for sizes from 27 to 31 gauge, the values are for oil-tempered MB
with a modulus of 28,500,000 psi. 
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Table 14. (Continued) Torsion Spring Deflections

AMW Wire Gauge
Decimal Equivalenta

16
.037

17
.039

18
.041

19
.043

20
.045

21
.047

22
.049

23
.051

24
.055

25
.059

26
.063

27
.067

28
.071

29
.075

30
.080

Design Stress, kpsi 192 190 188 187 185 184 183 182 180 178 176 174 173 171 169

Torque, pound-inch .9550 1.107 1.272 1.460 1.655 1.876 2.114 2.371 2.941 3.590 4.322 5.139 6.080 7.084 8.497

Inside Diameter, inch Deflection, degrees per coil

17⁄32 0.53125 39.86 37.55 35.47 33.76 32.02 30.60 29.29 28.09 25.93 24.07 22.44 21.37 20.18 19.01 17.76

9⁄16 0.5625 42.05 39.61 37.40 35.59 33.76 32.25 30.87 29.59 27.32 25.35 23.62 22.49 21.23 19.99 18.67

19⁄32 0.59375 44.24 41.67 39.34 37.43 35.50 33.91 32.45 31.10 28.70 26.62 24.80 23.60 22.28 20.97 19.58

5⁄8 0.625 46.43 43.73 41.28 39.27 37.23 35.56 34.02 32.61 30.08 27.89 25.98 24.72 23.33 21.95 20.48

21⁄32 0.65625 48.63 45.78 43.22 41.10 38.97 37.22 35.60 34.12 31.46 29.17 27.16 25.83 24.37 22.93 21.39

11⁄16 0.6875 50.82 47.84 45.15 42.94 40.71 38.87 37.18 35.62 32.85 30.44 28.34 26.95 25.42 23.91 22.30

23⁄32 0.71875 53.01 49.90 47.09 44.78 42.44 40.52 38.76 37.13 34.23 31.72 29.52 28.07 26.47 24.89 23.21

3⁄4 0.750 55.20 51.96 49.03 46.62 44.18 42.18 40.33 38.64 35.61 32.99 30.70 29.18 27.52 25.87 24.12

Wire Gaugeab or
 Size and Decimal Equivalent

31
.085

32
.090

33
.095

34
.100

35
.106

36
.112

37
.118

1⁄8
.125

10
.135

9
.1483

5⁄32

.1563
8

.162
7

.177

3⁄16

.1875
6

.192
5

.207

Design Stress, kpsi 167 166 164 163 161 160 158 156 161 158 156 154 150 149 146 143

Torque, pound-inch 10.07 11.88 13.81 16.00 18.83 22.07 25.49 29.92 38.90 50.60 58.44 64.30 81.68 96.45 101.5 124.6

Inside Diameter, inch Deflection, degrees per coil

17⁄32 0.53125 16.65 15.76 14.87 14.15 13.31 12.64 11.96 11.26 10.93 9.958 9.441 9.064 8.256 7.856 7.565 7.015

9⁄16 0.5625 17.50 16.55 15.61 14.85 13.97 13.25 12.53 11.80 11.44 10.42 9.870 9.473 8.620 8.198 7.891 7.312

19⁄32 0.59375 18.34 17.35 16.35 15.55 14.62 13.87 13.11 12.34 11.95 10.87 10.30 9.882 8.984 8.539 8.218 7.609

5⁄8 0.625 19.19 18.14 17.10 16.25 15.27 14.48 13.68 12.87 12.47 11.33 10.73 10.29 9.348 8.881 8.545 7.906

21⁄32 0.65625 20.03 18.93 17.84 16.95 15.92 15.10 14.26 13.41 12.98 11.79 11.16 10.70 9.713 9.222 8.872 8.202

11⁄16 0.6875 20.88 19.72 18.58 17.65 16.58 15.71 14.83 13.95 13.49 12.25 11.59 11.11 10.08 9.564 9.199 8.499

23⁄32 0.71875 21.72 20.52 19.32 18.36 17.23 16.32 15.41 14.48 14.00 12.71 12.02 11.52 10.44 9.905 9.526 8.796

3⁄4 0.750 22.56 21.31 20.06 19.06 17.88 16.94 15.99 15.02 14.52 13.16 12.44 11.92 10.81 10.25 9.852 9.093

a For sizes up to 26 gauge, the table values are for music wire with a modulus E of 29,500,000 psi; for sizes from 27 to 1⁄8 inch diameter the table values are for music
wire with a modulus of 28,500,000 psi; for sizes from 10 gauge to 1⁄8 inch diameter, the values are for oil-tempered MB with a modulus of 28,500,000 psi. 

b Gauges 31 through 37 are AMW gauges. Gauges 10 through 5 are Washburn and Moen. 
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For an example in the use of the table, see the example starting on page 334. Note: Intermediate values may be interpolated within reasonable accuracy.

Table 14. (Continued) Torsion Spring Deflections

AMW Wire Gauge
Decimal Equivalenta

24
.055

25
.059

26
.063

27
.067

28
.071

29
.075

30
.080

31
.085

32
.090

33
.095

34
.100

35
.106

36
.112

37
.118

1⁄8
.125

Design Stress, kpsi 180 178 176 174 173 171 169 167 166 164 163 161 160 158 156

Torque, pound-inch 2.941 3.590 4.322 5.139 6.080 7.084 8.497 10.07 11.88 13.81 16.00 18.83 22.07 25.49 29.92

Inside Diameter, inch Deflection, degrees per coil

13⁄16 0.8125 38.38 35.54 33.06 31.42 29.61 27.83 25.93 24.25 22.90 21.55 20.46 19.19 18.17 17.14 16.09

7⁄8 0.875 41.14 38.09 35.42 33.65 31.70 29.79 27.75 25.94 24.58 23.03 21.86 20.49 19.39 18.29 17.17

15⁄16 0.9375 43.91 40.64 37.78 35.88 33.80 31.75 29.56 27.63 26.07 24.52 23.26 21.80 20.62 19.44 18.24

1 1.000 46.67 43.19 40.14 38.11 35.89 33.71 31.38 29.32 27.65 26.00 24.66 23.11 21.85 20.59 19.31

11⁄16 1.0625 49.44 45.74 42.50 40.35 37.99 35.67 33.20 31.01 29.24 27.48 26.06 24.41 23.08 21.74 20.38

11⁄8 1.125 52.20 48.28 44.86 42.58 40.08 37.63 35.01 32.70 30.82 28.97 27.46 25.72 24.31 22.89 21.46

13⁄16 1.1875 54.97 50.83 47.22 44.81 42.18 39.59 36.83 34.39 32.41 30.45 28.86 27.02 25.53 24.04 22.53

11⁄4 1.250 57.73 53.38 49.58 47.04 44.27 41.55 38.64 36.08 33.99 31.94 30.27 28.33 26.76 25.19 23.60

Washburn and Moen Gauge or
Size and Decimal Equivalent a

10
.135

9
.1483

5⁄32

.1563
8

.162
7

.177

3⁄16

.1875
6

.192
5

.207

7⁄32

.2188
4

.2253
3

.2437

1⁄4
.250

9⁄32

.2813

5⁄16

.3125

11⁄32

.3438

3⁄8
.375

Design Stress, kpsi 161 158 156 154 150 149 146 143 142 141 140 139 138 137 136 135

Torque, pound-inch 38.90 50.60 58.44 64.30 81.68 96.45 101.5 124.6 146.0 158.3 199.0 213.3 301.5 410.6 542.5 700.0

Inside Diameter, inch Deflection, degrees per coil

13⁄16 0.8125 15.54 14.08 13.30 12.74 11.53 10.93 10.51 9.687 9.208 8.933 8.346 8.125 7.382 6.784 6.292 5.880

7⁄8 0.875 16.57 15.00 14.16 13.56 12.26 11.61 11.16 10.28 9.766 9.471 8.840 8.603 7.803 7.161 6.632 6.189

15⁄16 0.9375 17.59 15.91 15.02 14.38 12.99 12.30 11.81 10.87 10.32 10.01 9.333 9.081 8.225 7.537 6.972 6.499

1 1.000 18.62 16.83 15.88 15.19 13.72 12.98 12.47 11.47 10.88 10.55 9.827 9.559 8.647 7.914 7.312 6.808

11⁄16 1.0625 19.64 17.74 16.74 16.01 14.45 13.66 13.12 12.06 11.44 11.09 10.32 10.04 9.069 8.291 7.652 7.118

11⁄8 1.125 20.67 18.66 17.59 16.83 15.18 14.35 13.77 12.66 12.00 11.62 10.81 10.52 9.491 8.668 7.993 7.427

13⁄16 1.1875 21.69 19.57 18.45 17.64 15.90 15.03 14.43 13.25 12.56 12.16 11.31 10.99 9.912 9.045 8.333 7.737

11⁄4 1.250 22.72 20.49 19.31 18.46 16.63 15.71 15.08 13.84 13.11 12.70 11.80 11.47 10.33 9.422 8.673 8.046

a For sizes up to 26 gauge, the table values are for music wire with a modulus E of 29,500,000 psi; for sizes from 27 to 1⁄8 inch diameter the table values are for music
wire with a modulus of 28,500,000 psi; for sizes from 10 gauge to 1⁄8 inch diameter, the values are for oil-tempered MB with a modulus of 28,500,000 psi. 
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Torsion Spring Tolerances.—Torsion springs are coiled in a different manner from
other types of coiled springs and therefore different tolerances apply. The   commercial tol-
erance on loads is ± 10 per cent and is specified with reference to the angular deflection.
For example: 100 pound-inches ± 10 per cent at 45 degrees deflection. One load specified
usually suffices. If two loads and two deflections are specified, the manufacturing and test-
ing times are increased. Tolerances smaller than ± 10 per cent require each spring to be
individually tested and adjusted, which adds considerably to manufacturing time and cost.
Tables 16, 17, and 18 give, respectively, free angle tolerances, tolerances on the number of
coils, and coil diameter tolerances.

Table 16. Torsion Spring Tolerances for Angular Relationship of Ends

Table 17. Torsion Spring Tolerance on Number of Coils

Table 15. Correction Factors for Other Materials

Materiala

a For use with values in Table 14. Note: The figures in Table 14 are for music wire (ASTM A228) and
oil-tempered MB grade (ASTM A229) and can be used for several other materials that have a similar
modulus of elasticity E. However, the design stress may be too high or too low, and therefore the
design stress, torque, and deflection per coil should each be multiplied by the appropriate correction
factor when using any of the materials given in this table (Table 15).

Factor Materiala Factor

Hard Drawn MB 0.75 Stainless 316

Chrome-vanadium 1.10 Up to 1⁄8 inch diameter 0.75

Chrome-silicon 1.20 Over 1⁄8 to 1⁄4 inch diameter 0.65

Stainless 302 and 304 Over 1⁄4 inch diameter 0.65

Up to 1⁄8 inch diameter 0.85 Stainless 17-7 PH

Over 1⁄8 to 1⁄4 inch diameter 0.75 Up to 1⁄8 inch diameter 1.00

Over 1⁄4 inch diameter 0.65 Over 1⁄8 to 3⁄16 inch diameter 1.07

Stainless 431 0.80 Over 3⁄16 inch diameter 1.12

Stainless 420 0.85 … …

Number
of Coils

(N)

Spring Index

4 6 8 10 12 14 16 18 20

Free Angle Tolerance, ± degrees

1 2 3 3.5 4 4.5 5 5.5 5.5 6
2 4 5 6 7 8 8.5 9 9.5 10
3 5.5 7 8 9.5 10.5 11 12 13 14
4 7 9 10 12 14 15 16 16.5 17
5 8 10 12 14 16 18 20 20.5 21
6 9.5 12 14.5 16 19 20.5 21 22.5 24
8 12 15 18 20.5 23 25 27 28 29

10 14 19 21 24 27 29 31.5 32.5 34
15 20 25 28 31 34 36 38 40 42
20 25 30 34 37 41 44 47 49 51
25 29 35 40 44 48 52 56 60 63
30 32 38 44 50 55 60 65 68 70
50 45 55 63 70 77 84 90 95 100

Number of Coils Tolerance Number of Coils Tolerance

up to 5 ±5° over 10 to 20 ±15°

over 5 to 10 ±10° over 20 to 40 ±30°
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Table 18. Torsion Spring Coil Diameter Tolerances

Miscellaneous Springs.—This section provides information on various springs, some in
common use, some less commonly used.

Conical compression: These springs taper from top to bottom and are useful where an
increasing (instead of a constant) load rate is needed, where solid height must be small, and
where vibration must be damped. Conical springs with a uniform pitch are easiest to coil.
Load and deflection formulas for compression springs can be used - using the average
mean coil diameter, and providing the deflection does not cause the largest active coil to lie
against the bottom coil. When this happens, each coil must be calculated separately, using
the standard formulas for compression springs.

Constant force springs: Those springs are made from flat spring steel and are finding
more applications each year. Complicated design procedures can be eliminated by select-
ing a standard design from thousands now available from several spring manufacturers.

Spiral, clock, and motor springs: Although often used in wind-up type motors for toys
and other products, these springs are difficult to design and results cannot be calculated
with precise accuracy. However, many useful designs have been developed and are avail-
able from spring manufacturing companies.

Flat springs: These springs are often used to overcome operating space limitations in
various products such as electric switches and relays. Table 19 lists formulas for designing
flat springs. The formulas are based on standard beam formulas where the deflection is
small.

Wire
Diameter,

Inch

Spring Index

4 6 8 10 12 14 16

Coil Diameter Tolerance, ± inch

0.015 0.002 0.002 0.002 0.002 0.003 0.003 0.004
0.023 0.002 0.002 0.002 0.003 0.004 0.005 0.006
0.035 0.002 0.002 0.003 0.004 0.006 0.007 0.009
0.051 0.002 0.003 0.005 0.007 0.008 0.010 0.012
0.076 0.003 0.005 0.007 0.009 0.012 0.015 0.018
0.114 0.004 0.007 0.010 0.013 0.018 0.022 0.028
0.172 0.006 0.010 0.013 0.020 0.027 0.034 0.042
0.250 0.008 0.014 0.022 0.030 0.040 0.050 0.060

Table 19. Formulas for Flat Springs

Feature

Deflect., y
Inches

Load, P
Pounds

y
PL3

4Ebt3
---------------=

SbL2

6Et
-----------=

y
4PL3

Ebt3
-------------=

2SbL2

3Et
---------------=

y
6PL3

Ebt3
-------------=

SbL2

Et
-----------=

y
5.22PL3

Ebt3
--------------------=

0.87SbL2

Et
----------------------=

P
2Sbbt2

3L
-----------------=

4Ebt3y

L3
------------------=

P
Sbbt2

6L
-------------=

Ebt3y

4L3
--------------=

P
Sbbt2

6L
-------------=

Ebt3y

6L3
--------------=

P
Sbbt2

6L
-------------=

Ebt3y

5.22L3
----------------=
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Based on standard beam formulas where the deflection is small.
y is deflection, see page 304 for other notation.
Note: Where two formulas are given for one feature, the designer should use the one found to be

appropriate for the given design. The result from either of any two formulas is the same.

Belleville washers or disc springs: These washer type springs can sustain relatively
large loads with small deflections, and the loads and deflections can be increased by stack-
ing the springs.

Information on springs of this type is given in the section DISC SPRINGS starting on
page 350.

Volute springs: These springs are often used on army tanks and heavy field artillery, and
seldom find additional uses because of their high cost, long production time, difficulties in
manufacture, and unavailability of a wide range of materials and sizes. Small volute
springs are often replaced with standard compression springs.

Torsion bars: Although the more simple types are often used on motor cars, the more
complicated types with specially forged ends are finding fewer applications as time goes.
Moduli of Elasticity of Spring Materials.—The modulus of elasticity in tension,
denoted by the letter E, and the modulus of elasticity in torsion, denoted by the letter G, are
used in formulas relating to spring design. Values of these moduli for various ferrous and
nonferrous spring materials are given in Table 20.
General Heat Treating Information for Springs.—The following is general informa-
tion on the heat treatment of springs, and is applicable to pre-tempered or hard-drawn
spring materials only.

Compression springs are baked after coiling (before setting) to relieve residual stresses
and thus permit larger deflections before taking a permanent set.

Extension springs also are baked, but heat removes some of the initial tension. Allow-
ance should be made for this loss. Baking at 500 degrees F for 30 minutes removes approx-
imately 50 per cent of the initial tension. The shrinkage in diameter however, will slightly
increase the load and rate.

Outside diameters shrink when springs of music wire, pretempered MB, and other car-
bon or alloy steels are baked. Baking also slightly increases the free length and these
changes produce a little stronger load and increase the rate.

Outside diameters expand when springs of stainless steel (18-8) are baked. The free
length is also reduced slightly and these changes result in a little lighter load and a decrease
the spring rate.

Inconel, Monel, and nickel alloys do not change much when baked.

Stress, Sb

Bending
psi

Thickness, t
Inches

Table 19. (Continued) Formulas for Flat Springs

Feature

Sb
3PL

2bt2
-----------=

6Ety

L2
------------=

Sb
6PL

bt2
----------=

3Ety

2L2
------------=

Sb
6PL

bt2
----------=

Ety

L2
--------=

Sb
6PL

bt2
----------=

Ety

0.87L2
----------------=

t
SbL2

6Ey
-----------=

PL3

4Eby
-------------3=

t
2SbL2

3Ey
---------------=

4PL3

Eby
-------------3=

t
SbL2

Ey
-----------=

6PL3

Eby
-------------3=

t
0.87SbL2

Ey
----------------------=

5.22PL3

Eby
--------------------3=
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Beryllium-copper shrinks and deforms when heated. Such springs usually are baked in
fixtures or supported on arbors or rods during heating.

Brass and phosphor bronze springs should be given a light heat only. Baking above 450
degrees F will soften the material. Do not heat in salt pots.

Torsion springs do not require baking because coiling causes residual stresses in a direc-
tion that is helpful, but such springs frequently are baked so that jarring or handling will not
cause them to lose the position of their ends.

Spring brass and phosphor bronze springs that are not very highly stressed and are not
subject to severe operating use may be stress relieved after coiling by immersing them in
boiling water for a period of 1 hour.

Positions of loops will change with heat. Parallel hooks may change as much as 45
degrees during baking. Torsion spring arms will alter position considerably. These
changes should be allowed for during looping or forming.

Quick heating after coiling either in a high-temperature salt pot or by passing a spring
through a gas flame is not good practice. Samples heated in this way will not conform with
production runs that are properly baked. A small, controlled-temperature oven should be
used for samples and for small lot orders.

Plated springs should always be baked before plating to relieve coiling stresses and
again after plating to relieve hydrogen embrittlement.

Hardness values fall with high heat—but music wire, hard drawn, and stainless steel will
increase 2 to 4 points Rockwell C.

Table 20. Moduli of Elasticity in Torsion and Tension of Spring Materials

Ferrous Materials Nonferrous Materials

Material
(Commercial Name)

Modulus of Elasticitya, psi

a Note: Modulus G (shear modulus) is used for compression and extension springs; modulus E
(Young's modulus) is used for torsion, flat, and spiral springs. 

Material
(Commercial Name)

Modulus of Elasticitya, psi

In Torsion, G In Tension, E In Torsion, G In Tension, E

Hard Drawn MB Spring Brass
Up to 0.032 inch 11,700,000 28,800,000 Type 70-30 5,000,000 15,000,000
0.033 to 0.063 inch 11,600,000 28,700,000 Phosphor Bronze
0.064 to 0.125 inch 11,500,000 28,600,000 5 per cent tin 6,000,000 15,000,000
0.126 to 0.625 inch 11,400,000 28,500,000 Beryllium-Copper

Music Wire Cold Drawn 4 Nos. 7,000,000 17,000,000
Up to 0.032 inch 12,000,000 29,500,000 Pretempered, fully hard 7,250,000 19,000,000
0.033 to 0.063 inch 11,850,000 29,000,000 Inconelb 600

b Trade name of International Nickel Company. 

10,500,000 31,000,000c

c May be 2,000,000 pounds per square inch less if material is not fully hard. 

0.064 to 0.125 inch 11,750,000 28,500,000 Inconelb X 750 10,500,000 31,000,000c

0.126 to 0.250 inch 11,600,000 28,000,000 Monelb 400 9,500,000 26,000,000

Oil-Tempered MB 11,200,000 28,500,000 Monelb K 500 9,500,000 26,000,000

Chrome-Vanadium 11,200,000 28,500,000 Duranickelb 300 11,000,000 30,000,000

Chrome-Silicon 11,200,000 29,500,000 Permanickelb 11,000,000 30,000,000

Silicon-Manganese 10,750,000 29,000,000 Ni Spanb C 902 10,000,000 27,500,000

Stainless Steel Elgiloyd

d Trade name of Hamilton Watch Company. 

12,000,000 29,500,000

Types 302, 304, 316 10,000,000 28,000,000c Iso-Elastice

e Trade name of John Chatillon & Sons. 

9,200,000 26,000,000

Type 17-7 PH 10,500,000 29,500,000
Type 420 11,000,000 29,000,000
Type 431 11,400,000 29,500,000
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Table 21. Squares, Cubes, and Fourth Powers of Wire Diameters

Steel Wire
Gage
(U.S.)

Music or 
Piano Wire

Gage

Diameter
Section

Area Square Cube
Fourth
PowerInch

7-0 … 0.4900 0.1886 0.24010 0.11765 0.05765
6-0 … 0.4615 0.1673 0.21298 0.09829 0.04536
5-0 … 0.4305 0.1456 0.18533 0.07978 0.03435
4-0 … 0.3938 0.1218 0.15508 0.06107 0.02405
3-0 … 0.3625 0.1032 0.13141 0.04763 0.01727
2-0 … 0.331 0.0860 0.10956 0.03626 0.01200
1-0 … 0.3065 0.0738 0.09394 0.02879 0.008825
1 … 0.283 0.0629 0.08009 0.02267 0.006414
2 … 0.2625 0.0541 0.06891 0.01809 0.004748
3 … 0.2437 0.0466 0.05939 0.01447 0.003527
4 … 0.2253 0.0399 0.05076 0.01144 0.002577
5 … 0.207 0.0337 0.04285 0.00887 0.001836
6 … 0.192 0.0290 0.03686 0.00708 0.001359
… 45 0.180 0.0254 0.03240 0.00583 0.001050
7 … 0.177 0.0246 0.03133 0.00555 0.000982
… 44 0.170 0.0227 0.02890 0.00491 0.000835
8 43 0.162 0.0206 0.02624 0.00425 0.000689
… 42 0.154 0.0186 0.02372 0.00365 0.000563
9 … 0.1483 0.0173 0.02199 0.00326 0.000484
… 41 0.146 0.0167 0.02132 0.00311 0.000455
… 40 0.138 0.0150 0.01904 0.00263 0.000363
10 … 0.135 0.0143 0.01822 0.00246 0.000332
… 39 0.130 0.0133 0.01690 0.00220 0.000286
… 38 0.124 0.0121 0.01538 0.00191 0.000237
11 … 0.1205 0.0114 0.01452 0.00175 0.000211
… 37 0.118 0.0109 0.01392 0.00164 0.000194
… 36 0.112 0.0099 0.01254 0.00140 0.000157
… 35 0.106 0.0088 0.01124 0.00119 0.000126
12 … 0.1055 0.0087 0.01113 0.001174 0.0001239
… 34 0.100 0.0078 0.0100 0.001000 0.0001000
… 33 0.095 0.0071 0.00902 0.000857 0.0000815
13 … 0.0915 0.0066 0.00837 0.000766 0.0000701
… 32 0.090 0.0064 0.00810 0.000729 0.0000656
… 31 0.085 0.0057 0.00722 0.000614 0.0000522
14 30 0.080 0.0050 0.0064 0.000512 0.0000410
… 29 0.075 0.0044 0.00562 0.000422 0.0000316
15 … 0.072 0.0041 0.00518 0.000373 0.0000269
… 28 0.071 0.0040 0.00504 0.000358 0.0000254
… 27 0.067 0.0035 0.00449 0.000301 0.0000202
… 26 0.063 0.0031 0.00397 0.000250 0.0000158
16 … 0.0625 0.0031 0.00391 0.000244 0.0000153
… 25 0.059 0.0027 0.00348 0.000205 0.0000121
… 24 0.055 0.0024 0.00302 0.000166 0.00000915
17 … 0.054 0.0023 0.00292 0.000157 0.00000850
… 23 0.051 0.0020 0.00260 0.000133 0.00000677
… 22 0.049 0.00189 0.00240 0.000118 0.00000576
18 … 0.0475 0.00177 0.00226 0.000107 0.00000509
… 21 0.047 0.00173 0.00221 0.000104 0.00000488
… 20 0.045 0.00159 0.00202 0.000091 0.00000410
… 19 0.043 0.00145 0.00185 0.0000795 0.00000342
19 18 0.041 0.00132 0.00168 0.0000689 0.00000283
… 17 0.039 0.00119 0.00152 0.0000593 0.00000231
… 16 0.037 0.00108 0.00137 0.0000507 0.00000187
… 15 0.035 0.00096 0.00122 0.0000429 0.00000150
20 … 0.0348 0.00095 0.00121 0.0000421 0.00000147
… 14 0.033 0.00086 0.00109 0.0000359 0.00000119
21 … 0.0317 0.00079 0.00100 0.0000319 0.00000101
… 13 0.031 0.00075 0.00096 0.0000298 0.000000924
… 12 0.029 0.00066 0.00084 0.0000244 0.000000707
22 … 0.0286 0.00064 0.00082 0.0000234 0.000000669
… 11 0.026 0.00053 0.00068 0.0000176 0.000000457
23 … 0.0258 0.00052 0.00067 0.0000172 0.000000443
… 10 0.024 0.00045 0.00058 0.0000138 0.000000332
24 … 0.023 0.00042 0.00053 0.0000122 0.000000280
… 9 0.022 0.00038 0.00048 0.0000106 0.000000234
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Spring Failure.—Spring failure may be breakage, high permanent set, or loss of load. The
causes are listed in groups in Table 22. Group 1 covers causes that occur most frequently;
Group 2 covers causes that are less frequent; and Group 3 lists causes that occur occasion-
ally.

Table 22. Causes of Spring Failure

Cause Comments and Recommendations

Group
1

High
stress

The majority of spring failures are due to high stresses caused by large 
deflections and high loads. High stresses should be used only for statically 
loaded springs. Low stresses lengthen fatigue life.

Hydrogen
embrittlement

Improper electroplating methods and acid cleaning of springs, without 
proper baking treatment, cause spring steels to become brittle, and are a 
frequent cause of failure. Nonferrous springs are immune.

Sharp
bends and

holes

Sharp bends on extension, torsion, and flat springs, and holes or notches in 
flat springs, cause high concentrations of stress, resulting in failure. Bend 
radii should be as large as possible, and tool marks avoided.

Fatigue Repeated deflections of springs, especially above 1,000,000 cycles, even 
with medium stresses, may cause failure. Low stresses should be used if a 
spring is to be subjected to a very high number of operating cycles.

Group
2

Shock
loading

Impact, shock, and rapid loading cause far higher stresses than those com-
puted by the regular spring formulas. High-carbon spring steels do not 
withstand shock loading as well as do alloy steels.

Corrosion Slight rusting or pitting caused by acids, alkalis, galvanic corrosion, stress 
corrosion cracking, or corrosive atmosphere weakens the material and 
causes higher stresses in the corroded area.

Faulty
heat

treatment

Keeping spring materials at the hardening temperature for longer periods 
than necessary causes an undesirable growth in grain structure, resulting 
in brittleness, even though the hardness may be correct.

Faulty
material

Poor material containing inclusions, seams, slivers, and flat material with 
rough, slit, or torn edges is a cause of early failure. Overdrawn wire, 
improper hardness, and poor grain structure also cause early failure.

Group
3

High
temperature

High operating temperatures reduce spring temper (or hardness) and lower 
the modulus of elasticity, thereby causing lower loads, reducing the elastic 
limit, and increasing corrosion. Corrosion-resisting or nickel alloys should 
be used.

Low
 temperature

Temperatures below −40 degrees F reduce the ability of carbon steels to 
withstand shock loads. Carbon steels become brittle at −70 degrees F. Cor-
rosion-resisting, nickel, or nonferrous alloys should be used.

Friction Close fits on rods or in holes result in a wearing away of material and 
occasional failure. The outside diameters of compression springs expand 
during deflection but they become smaller on torsion springs.

Other causes Enlarged hooks on extension springs increase the stress at the bends. Car-
rying too much electrical current will cause failure. Welding and soldering 
frequently destroy the spring temper. Tool marks, nicks, and cuts often 
raise stresses. Deflecting torsion springs outwardly causes high stresses 
and winding them tightly causes binding on supporting rods. High speed 
of deflection, vibration, and surging due to operation near natural periods 
of vibration or their harmonics cause increased stresses.



SPRING DESIGN 349

Table 23. Arbor Diameters for Springs Made from Music Wire

Wire
Dia.

(inch)

Spring Outside Diameter (inch)

1⁄16
3⁄32

1⁄8 5⁄32
3⁄16

7⁄32
1⁄4 9⁄32

5⁄16
11⁄32

3⁄8 7⁄16
1⁄2

Arbor Diameter (inch)

0.008 0.039 0.060 0.078 0.093 0.107 0.119 0.129 … … … … … …

0.010 0.037 0.060 0.080 0.099 0.115 0.129 0.142 0.154 0.164 … … … …

0.012 0.034 0.059 0.081 0.101 0.119 0.135 0.150 0.163 0.177 0.189 0.200 … …

0.014 0.031 0.057 0.081 0.102 0.121 0.140 0.156 0.172 0.187 0.200 0.213 0.234 …

0.016 0.028 0.055 0.079 0.102 0.123 0.142 0.161 0.178 0.194 0.209 0.224 0.250 0.271

0.018 … 0.053 0.077 0.101 0.124 0.144 0.161 0.182 0.200 0.215 0.231 0.259 0.284

0.020 … 0.049 0.075 0.096 0.123 0.144 0.165 0.184 0.203 0.220 0.237 0.268 0.296

0.022 … 0.046 0.072 0.097 0.122 0.145 0.165 0.186 0.206 0.224 0.242 0.275 0.305

0.024 … 0.043 0.070 0.095 0.120 0.144 0.166 0.187 0.207 0.226 0.245 0.280 0.312

0.026 … … 0.067 0.093 0.118 0.143 0.166 0.187 0.208 0.228 0.248 0.285 0.318

0.028 … … 0.064 0.091 0.115 0.141 0.165 0.187 0.208 0.229 0.250 0.288 0.323

0.030 … … 0.061 0.088 0.113 0.138 0.163 0.187 0.209 0.229 0.251 0.291 0.328

0.032 … … 0.057 0.085 0.111 0.136 0.161 0.185 0.209 0.229 0.251 0.292 0.331

0.034 … … … 0.082 0.109 0.134 0.159 0.184 0.208 0.229 0.251 0.292 0.333

0.036 … … … 0.078 0.106 0.131 0.156 0.182 0.206 0.229 0.250 0.294 0.333

0.038 … … … 0.075 0.103 0.129 0.154 0.179 0.205 0.227 0.251 0.293 0.335

0.041 … … … … 0.098 0.125 0.151 0.176 0.201 0.226 0.250 0.294 0.336

0.0475 … … … … 0.087 0.115 0.142 0.168 0.194 0.220 0.244 0.293 0.337

0.054 … … … … … 0.103 0.132 0.160 0.187 0.212 0.245 0.287 0.336

0.0625 … … … … … … 0.108 0.146 0.169 0.201 0.228 0.280 0.330

0.072 … … … … … … … 0.129 0.158 0.186 0.214 0.268 0.319

0.080 … … … … … … … … 0.144 0.173 0.201 0.256 0.308

0.0915 … … … … … … … … … … 0.181 0.238 0.293

0.1055 … … … … … … … … … … … 0.215 0.271

0.1205 … … … … … … … … … … … … 0.215

0.125 … … … … … … … … … … … … 0.239

Wire
Dia.

(inch)

Spring Outside Diameter (inches)

9⁄16
5⁄8 11⁄16

3⁄4 13⁄16
7⁄8 15⁄16 1 11⁄8 11⁄4 13⁄8 11⁄2 13⁄4 2

Arbor Diameter (inches)

0.022 0.332 0.357 0.380 … … … … … … … … … … …

0.024 0.341 0.367 0.393 0.415 … … … … … … … … … …

0.026 0.350 0.380 0.406 0.430 … … … … … … … … … …

0.028 0.356 0.387 0.416 0.442 0.467 … … … … … … … … …

0.030 0.362 0.395 0.426 0.453 0.481 0.506 … … … … … … … …

0.032 0.367 0.400 0.432 0.462 0.490 0.516 0.540 … … … … … … …

0.034 0.370 0.404 0.437 0.469 0.498 0.526 0.552 0.557 … … … … … …

0.036 0.372 0.407 0.442 0.474 0.506 0.536 0.562 0.589 … … … … … …

0.038 0.375 0.412 0.448 0.481 0.512 0.543 0.572 0.600 0.650 … … … … …

0.041 0.378 0.416 0.456 0.489 0.522 0.554 0.586 0.615 0.670 0.718 … … … …

0.0475 0.380 0.422 0.464 0.504 0.541 0.576 0.610 0.643 0.706 0.763 0.812 … … …

0.054 0.381 0.425 0.467 0.509 0.550 0.589 0.625 0.661 0.727 0.792 0.850 0.906 … …

0.0625 0.379 0.426 0.468 0.512 0.556 0.597 0.639 0.678 0.753 0.822 0.889 0.951 1.06 1.17

0.072 0.370 0.418 0.466 0.512 0.555 0.599 0.641 0.682 0.765 0.840 0.911 0.980 1.11 1.22

0.080 0.360 0.411 0.461 0.509 0.554 0.599 0.641 0.685 0.772 0.851 0.930 1.00 1.13 1.26

0.0915 0.347 0.398 0.448 0.500 0.547 0.597 0.640 0.685 0.776 0.860 0.942 1.02 1.16 1.30

0.1055 0.327 0.381 0.433 0.485 0.535 0.586 0.630 0.683 0.775 0.865 0.952 1.04 1.20 1.35

0.1205 0.303 0.358 0.414 0.468 0.520 0.571 0.622 0.673 0.772 0.864 0.955 1.04 1.22 1.38

0.125 0.295 0.351 0.406 0.461 0.515 0.567 0.617 0.671 0.770 0.864 0.955 1.05 1.23 1.39
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DISC SPRINGS

Performance of Disc Springs

Introduction.—Disc springs, also known as Belleville springs, are conically formed from
washers and have rectangular cross section. The disc spring concept was invented by a
Frenchman Louis Belleville in 1865. His springs were relatively thick and had a small
amount of cone height or “dish”, which determined axial deflection. At that time, these
springs were used in the buffer parts of railway rolling stock, for recoil mechanisms of
guns, and some other applications. The use of disc springs will be advantageous when
space is limited and high force is required, as these conditions cannot be satisfied by using
coil springs. Load-deflection characteristics of disc springs are linear and regressive
depending on their dimensions and the type of stacking. A large number of standard sizes
are available from disc spring manufacturers and distributors, so that custom sizes may not
be required. Therefore, disc springs are widely used today in virtually all branches of engi-
neering with possibilities of new applications.
Disc Spring Nomenclature.—Disc spring manufacturers assign their own part number
for each disc spring, but the catalog numbers for disc springs are similar, so each item can
often be identified regardless of the manufacturer. The disc spring identification number is
a numerical code that provides basic dimensions in millimeters. Identification numbers
representing the primary dimensions of the disc spring and consist of one, two, or three
numbers separated from each other by dash marks or spaces. Disc spring manufacturers in
the United States also provide dimensions in inches. Dimensions of several typical disc
springs are shown in the following table. Basic nomenclature is illustrated in Fig. 1.

Additional dimensions shown in catalogs are cone (dish) height h at unloaded condition,
and overall height H = h + t, that combines the cone height and the thickness of a disc
spring.

Fig. 1. Disc Spring Nomenclature

Disc Spring Group Classification.—Forces and stresses generated by compression
depend on disc spring thickness much more than on any other dimensions. Standard DIN
2093 divides all disc springs into three groups in accordance with their thickness: 

Group 1 includes all disc springs with thickness less than 1.25 mm (0.0492 inch).
Group 2 includes all disc springs with thickness between 1.25 mm and 6.0 mm (0.0492

inch and 0.2362 inch).
Group 3 includes disc springs with thickness greater than 6.0 mm (0.2362 inch).
There are 87 standard disc spring items, which are manufactured in accordance with

Standard DIN 2093 specifications for dimensions and quality requirements. There are 30
standard disc spring items in Group 1. The smallest and the largest disc springs in this
group are 8-4.2-0.2 and 40-20.4-1 respectively. Group 2 has 45 standard disc spring items.

Catalog Number
 (mm)

Outside Diameter
D  (mm)

Inside Diameter 
d  (mm)

Thickness
t  (mm)

Equivalent Catalog Number 
(inch)

8-4.2-0.4 8 4.2 0.4 0.315-0.165- 0.0157

50-25.4-2 50 25.4 2 1.97-1.00-0.0787

200-102-12 200 102 12 7.87-4.02-0.472

D
h

H

d

t
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The smallest and the largest disc springs are 22.5-11.2-1.25 and 200-102-5.5 respectfully.
Group 3 includes 12 standard disc spring items. The smallest and the largest disc springs of
this group are 125-64-8 and 250-127-14 respectively. 

The number of catalog items by disc spring dimensions depends on the manufacturer.
Currently, the smallest disc spring is 6-3.2-0.3 and the largest is 250-127-16. One of the
U.S. disc spring manufacturers, Key Bellevilles, Inc. offers 190 catalog items. The greatest
number of disc spring items can be found in Christian Bauer GmbH + Co. catalog. There
are 291 disc spring catalog items in all three groups. 
Disc Spring Contact Surfaces.—Disc springs are manufactured with and without con-
tact (also called load-bearing) surfaces. Contact surfaces are small flats at points 1 and 3 in
Fig. 2, adjacent to the corner radii of the spring. The width of the contact surfaces w
depends on the outside diameter D of the spring, and its value is approximately w = D ⁄150.

Fig. 2. Disc Spring with Contact Surfaces

Disc springs of Group 1 and Group 2, that are contained in the DIN 2093 Standard, do not
have contact surfaces, although some Group 2 disc springs not included in DIN 2093 are
manufactured with contact surfaces. All disc springs of Group 3 (standard and nonstand-
ard) are manufactured with contact surfaces. Almost all disc springs with contact surfaces
are manufactured with reduced thickness.

Disc springs without contact surfaces have a corner radii r whose value depends on the
spring thickness, t. One disc spring manufacturers recommends the following relationship:

r = t ⁄  6
Disc Spring Materials .—A wide variety of materials are available for disc springs, but
selection of the material depends mainly on application. High-carbon steels are used only
for Group 1 disc springs. AISI 1070 and AISI 1095 carbon steels are used in the U.S. Sim-
ilar high-carbon steels such as DIN 1.1231 and DIN 1.1238 (Germany), and BS 060 A67
and BS 060 A78 (Great Britain) are used in other countries. The most common materials
for Groups 2 and 3 springs operating under normal conditions are chromium-vanadium
alloy steels such as AISI 6150 used in the U.S. Similar alloys such as DIN 1.8159 and DIN
1.7701 (Germany) and BS 735 A50 (Great Britain) are used in foreign countries. Some

Summary of Disc Spring Sizes Specified in DIN 2093

Classification

OD ID Thickness

Min. Max Min. Max Min. Max

Group 1
6 mm

(0.236 in)
40 mm

(1.575 in)
3.2 mm

(0.126 in)
20.4 mm
(0.803 in)

0.2 mm
(0.008 in)

1.2 mm
(0.047 in)

Group 2
20 mm

(0.787 in)
225 mm

(8.858 in)
10.2 mm
(0.402 in)

112 mm
(4.409 in)

1.25 mm
(0.049 in)

6 mm
(0.236 in)

Group 3
125 mm

(4.921 in)
250 mm

(9.843 in)
61 mm

(2.402 in)
127 mm

(5.000 in)
6.5 mm

(0.256 in)
16 mm
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disc spring manufacturers in the U.S. also use chromium alloy steel AISI 5160. The hard-
ness of disc springs in Groups 2 and 3 should be 42 to 52 HRC. The hardness of disc springs
in Group 1 tested by the Vickers method should be 412 to 544 HV. 

If disc springs must withstand corrosion and high temperatures, stainless steels and heat-
resistant alloys are used. Most commonly used stainless steels in the United States are AISI
types 301, 316, and 631, which are similar to foreign material numbers DIN 1.4310, DIN
1.4401, and DIN 1.4568, respectively. The operating temperature range for 631 stainless
steel is −330 to 660ºF (−200 to 350ºC). Among heat-resistant alloys, Inconel 718 and
Inconel X750 (similar to DIN 2.4668 and DIN 2.4669, respectively) are the most popular.
Operating temperature range for Inconel 718 is −440 to 1290ºF (−260 to 700ºC). 

When disc springs are stacked in large numbers and their total weight becomes a major
concern, titanium α-β alloys can be used to reduce weight. In such cases, Ti-6Al-4V alloy
is used.

If nonmagnetic and corrosion resistant properties are required and material strength is
not an issue, phosphor bronzes and beryllium-coppers are the most popular copper alloys
for disc springs. Phosphor bronze C52100, which is similar to DIN material number
2.1030, is used at the ordinary temperature range. Beryllium-coppers C17000 and
C17200, similar to material numbers DIN 2.1245 and DIN 2.1247 respectively, works
well at very low temperatures. 

Strength properties of disc spring materials are characterized by moduli of elasticity and
Poisson’s ratios. These are summarized in Table 1.

Table 1. Strength Characteristics of Disc Spring Materials

Stacking of Disc Springs.—Individual disc springs can be arranged in series and parallel
stacks. Disc springs in series stacking, Fig. 3, provide larger deflection Stotal under the same
load F as a single disc spring would generate. Disc springs in parallel stacking, Fig. 4, gen-
erate higher loads Ftotal with the same deflection s, that a single disc spring would have. 

n =number of disc springs in stack
s =deflection of single spring

Stotal = total deflection of stack of n springs
F =load generated by a single spring

Ftotal = total load generated by springs in stack
L0 =length of unloaded spring stack

Series: For n disc springs arranged in series, Fig. 3, the following equations are applied:

(1)

Material

Modulus of Elasticity

Poisson’s Ratio106 psi N ⁄mm2

All Steels
28-31 193,000-213,700

0.30
Heat-resistant Alloys 0.28-0.29
α-β Titanium Alloys (Ti-6Al-4V) 17 117,200 0.32
Phosphor Bronze (C52100) 16 110,300 0.35
Beryllium-copper (C17000) 17 117,200 0.30
Beryllium-copper (C17200) 18 124,100 0.30

Ftotal F=

Stotal s n×=

L0 H n× t h+( ) n×= =
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Fig. 3.  Disc Springs in Series Stacking
L1, 2 indices indicate length of spring stack under minimum and maximum load

Parallel: Parallel stacking generates a force that is directly proportional to number of
springs arranged in parallel. Two springs in parallel will double the force, three springs in
parallel will triple the force, and so on. However, it is a common practice to use two springs
in parallel in order to keep the frictional forces between the springs as low as possible. Oth-
erwise, the actual spring force cannot be accurately determined due to deviation from its
theoretical value. 

For n disc springs arranged in parallel as in Fig. 4, the following equations are applied:

(2)

Fig. 4. Disc Springs in Parallel Stacking

Parallel-Series: When both higher force and greater deflection are required, disc springs
must be arranged in a combined parallel-series stacking as illustrated in Fig. 5.

Fig. 5. Disc Springs in Parallel-Series Stacking

Normally, two springs in parallel are nested in series stacking. Two springs in parallel,
called a pair, double the force, and the number of pairs, np, determines the total deflection,
Stotal.
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For np disc spring pairs arranged in series, the following equations are applied: 

(3)

Disc Spring Forces and Stresses

Several methods of calculating forces and stresses for given disc spring configurations
exist, some very complicated, others of limited accuracy. The theory which is widely used
today for force and stress calculations was developed more than 65 years ago by Almen
and Laszlo. 

The theory is based on the following assumptions: cross sections are rectangular without
radii, over the entire range of spring deflection;  no stresses occur in the radial direction;

disc springs are always under elastic deformation during deflection;  and  d ue  t o  sma l l
cone angles of unloaded disc springs (between 3.5° and 8.6°), mathematical simplifica-
tions are applied.

The theory provides accurate results for disc springs with the following ratios: outside-
to-inside diameter, D / d = 1.3 to 2.5;  and  cone height-to-thickness, h / t is up to 1.5.

Force Generated by Disc Springs Without Contact Surfaces.—Disc springs in Group
1 and most of disc springs in Group 2 are manufactured without contact (load-bearing) sur-
faces, but have corner radii.

A single disc spring force applied to points 1 and 3 in Fig. 6 can be found from Equation
(4) in which corner radii are not considered: 

(4)

where = F =  disc spring force; E = modulus of elasticity of spring material; µ = Po i s -
son’s ratio of spring material; K1 = constant depending on outside-to-inside diameter
ratio; D = disc spring nominal outside diameter; h = cone (dish) height; s = disc spring
deflection; and, t = disc spring thickness.

Fig. 6. Schematic of Applied Forces

It has been found that the theoretical forces calculated using Equation (4) are lower than
the actual (measured) spring forces, as illustrated in Fig. 7. The difference between theo-
retical (trace 1) and measured force values (trace 3) was significantly reduced (trace 2)
when the actual outside diameter of the spring in loaded condition was used in the calcula-
tions.

Ftotal 2 F×=

Stotal s np×=

L0 H np× 2t h+( ) np×= =

F
4 E s⋅⋅

1 µ2
–( ) K1 D

2⋅ ⋅
------------------------------------------ h

s

2
---– 

  h s–( ) t t
3

+⋅ ⋅=

D

h

H

d

t

1

2

F

F

3



DISC SPRING FORCES AND STRESSES 355

Fig. 7. Force-Deflection Relationships (80-36-3.6 Disc Springs)
1 - Theoretical Force Calculated by Equation (4)
2 - Theoretical Force Calculated by Equation (10)

3 - Measured Force

The actual outside diameter Da of a disc spring contact circle is smaller than the nominal
outside diameter D due to cone angle α and corner radius r, as shown in Fig. 8. Diameter Da

cannot be measured, but can be calculated by Equation (9) developed by the author. 

Fig. 8. Conventional Shape of Disc Spring
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From Fig. 8,

(5)

where a = t × sinα and b = r × cosα. Substitution of a and b values into Equation (5) gives:

(6)

The cone angle α is found from:

(7)

Substituting α from Equation (7) and  into Equation (6) gives: 

(8)

Finally,

(9)

Substituting Da from Equation (9) for D in Equation (4) yields Equation (10), that pro-
vides better accuracy for calculating disc spring forces.

(10)

The constant K1 depends on disc spring outside diameter D, inside diameter d, and their
ratio δ = D⁄d :

(11)

Table 2 compares the spring force of a series of disc springs deflected by 75% of their
cone height, i.e., s = 0.75h, as determined from manufacturers catalogs calculated in accor-
dance with Equation (4), calculated forces by use of Equation (10), and measured forces.

Table 2. Comparison Between Calculated and Measured Disc Spring Forces

 Comparison made at 75% deflection, in Newtons (N) and pounds (lbf)

Disc Spring
Catalog Item

Schnorr Handbook
 for 

Disc Springs

Christian Bauer
Disc Spring 
Handbook

Key Bellevilles
Disc Spring 

Catalog

Spring Force Calculated 
by Equation (10)

Measured Disc 
Spring Force

50 - 22.4 - 2.5
S = 1.05 mm

8510 N
1913 lbf

8510 N
1913 lbf

8616 N
1937 lbf

9020 N
2028 lbf

9563 N
2150 lbf

60 - 30.5 - 2.5
S = 1.35 mm

8340 N
1875 lbf

8342 N
1875 lbf

8465 N
1903 lbf

8794 N
1977 lbf

8896 N
2000 lbf

60 - 30.5 - 3
S = 1.275 mm

13200 N
2967 lbf

13270 N
2983 lbf

13416 N
3016 lbf

14052 N
3159 lbf

13985 N
3144 lbf

70 - 35.5 - 3
S = 1.575 mm

12300 N 
2765 lbf

12320 N
2770 lbf

12397 N
2787 lbf

12971 N
2916 lbf

13287 N
2987 lbf

70 - 35.5 - 3.5
S = 1.35 mm

16180 N
3637 lbf

17170 N
3860 lbf

17304 N
3890 lbf

Da

2
------ D

2
---- a b+( )–=

Da

2
------ D

2
---- t αsin r αcos+( )–=

αtan h

D

2
---- d

2
---–

------------- 2h

D d–
-------------= = α 2h

D d–
-------------
 
 atan=

r t 6⁄=

Da

2
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2
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2h
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-------------
 
 atansin

1
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The difference between disc spring forces calculated by Equation (10) and the measured
forces varies from −5.7% (maximum) to +0.5% (minimum). Disc spring forces calculated
by Equation (4) and shown in manufacturers catalogs are less than measured forces by −
11% (maximum) to −6% (minimum). 
Force Generated by Disc Spring with Contact Surfaces.—Some of disc springs in
Group 2 and all disc springs in Group 3 are manufactured with small contact (load-bear-
ing) surfaces or flats in addition to the corner radii. These flats provide better contact
between disc springs, but, at the same time, they reduce the springs outside diameter and
generate higher spring force because in Equation (4) force F is inversely proportional to
the square of outside diameter D2. To compensate for the undesired force increase, the disc
spring thickness is reduced from t to t ′. Thickness reduction factors t ′ ⁄ t are approximately
0.94 for disc spring series A and B, and approximately 0.96 for series C springs. With such
reduction factors, the disc spring force at 75% deflection is the same as for equivalent disc
spring without contact surfaces. Equation (12), which is similar to Equation (10), has an
additional constant K4 that correlates the increase in spring force due to contact surfaces. If
disc springs do not have contact surfaces, then K4

2 = K4 = 1.

(12)

where t ′ = reduced thickness of a disc spring
h′ =  cone height adjusted to reduced thickness: h ′= H − t ′ (h ′ > h)
K4 =  constant applied to disc springs with contact surfaces.

K4
2 can be calculated as follows: 

(13)

where = a = t ′(H − 4t ′ + 3t) (5H − 8 t ′ + 3t); b = 32(t ′)3 ; and, c = −t [5(H - t)2 + 32t2].
Disc Spring Functional Stresses.—Disc springs are designed for both static and
dynamic load applications. In static load applications, disc springs may be under constant
or fluctuating load conditions that change up to 5,000 or 10,000 cycles over long time
intervals. Dynamic loads occur when disc springs are under continuously changing deflec-
tion between pre-load (approximately 15% to 20% of the cone height) and the maximum
deflection values over short time intervals. Both static and dynamic loads cause compres-
sive and tensile stresses. The position of critical stress points on a disc spring cross section
are shown in Fig. 9.

Fig. 9. Critical Stress Points 
s is deflection of spring by force F; h − s is a cone height of loaded disc spring

Compressive stresses are acting at points 0 and 1, that are located on the top surface of the
disc spring. Point 0 is located on the cross-sectional mid-point diameter, and point 1 is
located on the top inside diameter. Tensile stresses are acting at points 2 and 3, which are
located on the bottom surface of the disc spring. Point 2 is on the bottom inside diameter,
and point 3 is on the bottom outside diameter. The following equations are used to calcu-
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late stresses. The minus sign “−” indicates that compressive stresses are acting in a direc-
tion opposite to the tensile stresses. 

(14)

(15)

(16)

(17)

K2 and K3 are disc spring dimensional constants, defined as follows:

where δ = D ⁄d is the outside-to-inside diameter ratio.
In static application, if disc springs are fully flattened (100% deflection), compressive

stress at point 0 should not exceed the tensile strength of disc spring materials. For most
spring steels, the permissible value is σ0 ≤ 1600 N ⁄mm2 or 232,000 psi. 

In dynamic applications, certain limitations on tensile stress values are recommended to
obtain controlled fatigue life of disc springs utilized in various stacking. Maximum tensile
stresses at points 2 and 3 depend on the Group number of the disc springs. Stresses σ2 and
σ3 should not exceed the following values:

Fatigue Life of Disc Springs.—Fatigue life is measured in terms of the maximum num-
ber of cycles that dynamically loaded disc springs can sustain prior to failure. Dynamically
loaded disc springs are divided into two groups: disc springs with unlimited fatigue life,
which exceeds 2 × 106 cycles without failure, and disc springs with limited fatigue life
between 104 cycles and less then 2 × 106 cycles.

Typically, fatigue life is estimated from three diagrams, each representing one of the
three Groups of disc springs (Figs. 10,  11, and  12). Fatigue life is found at the intersection
of the vertical line representing minimum tensile stress σmin with the horizontal line, which
represents maximum tensile stress σmax. The point of intersection of these two lines defines
fatigue life expressed in number of cycles N that can be sustained prior to failure. 

Example:  For Group 2 springs in Fig. 11, the intersection point of the σmin = 500 N ⁄mm2

line with the σmax = 1200 N ⁄mm2 line, is located on the N = 105 cycles line. The estimated
fatigue life is 105 cycles. 

(18) (19)

Group 1 Group 2 Group 3

Maximum allowable tensile stresses at 
points 2 and 3

1300 N ⁄  mm2

(188,000 psi)
1250 N ⁄  mm2

(181,000 psi)
1200 N ⁄  mm2

(174,000 psi)

Point 0: σ0
3
π
---

4E t s K4⋅ ⋅ ⋅

1 µ2
–( ) K1 Da

2⋅ ⋅
------------------------------------------⋅–=

Point 1: σ1

4E K4⋅ s K4 K2 h
s

2
---–

 
  K3 t⋅+⋅ ⋅⋅ ⋅

1 µ2
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---------------------------------------------------------------------------------------------–=
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s

2
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Fig. 10. Group 1 Diagram for Estimating Fatigue Life of Disc Springs (0.2 ≤ t < 1.25 mm)

Fig. 11. Group 2 Diagram for Estimating Fatigue Life of Disc Springs (1.25 ≤ t ≤ 6 mm)

Fig. 12. Group 3 Diagram for Estimating Fatigue Life of Disc Springs (6 < t ≤ 16 mm)
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When the intersection points of the minimum and maximum stress lines fall inside the
areas of each cycle line, only the approximate fatigue life can be estimated by extrapolating
the distance from the point of intersection to the nearest cycle line. The extrapolation can-
not provide accurate values of fatigue life, because the distance between the cycle lines is
expressed in logarithmic scale, and the distance between tensile strength values is
expressed in linear scale (Figs. 10, 11, and 12), therefore linear-to-logarithmic scales ratio
is not applicable.

When intersection points of minimum and maximum stress lines fall outside the cycle
lines area, especially outside the N = 105 cycles line, the fatigue life cannot be estimated.

Thus, the use of the fatigue life diagrams should be limited to such cases when the mini-
mum and maximum tensile stress lines intersect exactly with each of the cycle lines.

To calculate fatigue life of disc springs without the diagrams, the following equations
developed by the author can be used.

(20)

(21)

(22)

As can be seen from Equations (20),  (21), and  (22), the maximum and minimum tensile
stress range affects the fatigue life of disc springs. Since tensile stresses at Points 2 and 3
have different values, see Equations (16) and  (17), it is necessary to determine at which
critical point the minimum and maximum stresses should be used for calculating fatigue
life. The general method is based on the diagram, Fig. 9, from which Point 2 or Point 3 can
be found in relationship with disc spring outside-to-inside diameters ratio D⁄d and disc
spring cone height-to-thickness ratio h/r. This method requires intermediate calculations
of D⁄d and h/t ratios and is applicable only to disc springs without contact surfaces. The
method is not valid for Group 3 disc springs or for disc springs in Group 2 that have contact
surfaces and reduced thickness. 

A simple and accurate method, that is valid for all disc springs, is based on the following
statements:

if (σ2 max - 0.5 σ2 min) > (σ3 max - 0.5 σ3 min), then Point 2 is used, otherwise

if (σ3 max - 0.5 σ3 min) > (σ2 max - 0.5 σ2 min), then Point 3 is used

The maximum and minimum tensile stress range for disc springs in Groups 1, 2, and 3 is
found from the following equations.

For disc springs in Group 1:

(23)

For disc springs in Group 2:

(24)

For disc springs in Group 3:

(25)

Thus, Equations (23),  (24), and  (25) can be used to design any spring stack that provides
required fatigue life. The following example illustrates how a maximum-minimum stress
range is calculated in relationship with fatigue life of a given disc spring stack. 

Disc Springs in Group 1 N 10
10.29085532 0.00542096 σ

max
0.5σ

min
–( )–

=

Disc Springs in Group 2 N 10
10.10734911 0.00537616 σ

max
0.5σ

min
–( )–

=

Disc Springs in Group 3 N 10
13.23985664 0.01084192 σ

max
0.5σ

min
–( )–

=

σmax 0.5σmin– 10.29085532 Nlog–
0.00542096

-------------------------------------------------=

σmax 0.5σmin– 10.10734911 Nlog–
0.00537616

-------------------------------------------------=

σmax 0.5σmin– 13.23985664 Nlog–
0.01084192

-------------------------------------------------=
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Example:A dynamically loaded stack, which utilizes disc springs in Group 2, must have
the fatigue life of 5 × 105 cycles. The maximum allowable tensile stress at Points 2 or 3 is
1250 N ⁄mm2. Find the minimum tensile stress value to sustain N = 5 × 105 cycles.

Solution: Substitution of σmax = 1250 and N = 5 × 105 in Equation (24) gives: 

from which

Recommended Dimensional Characteristics of Disc Springs.—Dimensions of disc
springs play a very important role in their performance. It is imperative to check selected
disc springs for dimensional ratios, that should fall within the following ranges:

1)  Diameters ratio, δ = D⁄d = 1.7 to 2.5.
2)  Cone height-to-thickness ratio, h⁄t = 0.4 to 1.3.
3)  Outside diameter-to-thickness ratio, D⁄t = 18 to 40.

Small values of δ correspond with small values of the other two ratios. The h⁄t ratio deter-
mines the shape of force-deflection characteristic graphs, that may be nearly linear or
strongly curved. If h⁄t = 0.4 the graph is almost linear during deflection of a disc spring up to
its flat position. If h⁄t = 1.6 the graph is strongly curved and its maximum point is at 75%
deflection. Disc spring deflection from 75% to 100% slightly reduces spring force. Within
the h⁄t = 0.4 - 1.3 range, disc spring forces increase with the increase in deflection and reach
maximum values at 100% deflection. In a stack of disc springs with a ratio h⁄t > 1.3 deflec-
tion of individual springs may be unequal, and only one disc spring should be used if pos-
sible.

Example Applications of Disc Springs

Example 1, Disc Springs in Group 2 (no contact surfaces):  A mechanical device that
works under dynamic loads must sustain a minimum of 1,000,000 cycles. The applied load
varies from its minimum to maximum value every 30 seconds. The maximum load is
approximately 20,000N (4,500 lbf). A 40-mm diameter guide rod is a receptacle for the
disc springs. The rod is located inside a hollow cylinder. Deflection of the disc springs
under minimum load should not exceed 5.5 mm (0.217 inch) including a 20 per cent pre-
load deflection. Under maximum load, the deflection is limited to 8 mm (0.315 inch) max-
imum. Available space for the disc spring stack inside the cylinder is 35 to 40 mm (1.38 to
1.57 inch) in length and 80 to 85 mm (3.15 to 3.54 inch) in diameter. 

Select the disc spring catalog item, determine the number of springs in the stack, the
spring forces, the stresses at minimum and maximum deflection, and actual disc spring
fatigue life.

Solution: 1) Disc spring standard inside diameter is 41 mm (1.61 inch) to fit the guide
rod. The outside standard diameter is 80 mm (3.15 in) to fit the cylinder inside diameter.
Disc springs with such diameters are available in various thickness: 2.25, 3.0, 4.0, and 5.0
mm (0.089, 0.118, 0.157, and 0.197 inch). The 2.25- and 3.0-mm thick springs do not fit
the applied loads, since the maximum force values for disc springs with such thickness are
7,200N and 13,400N (1,600 lbf and 3,000 lbf) respectively. A 5.0-mm thick disc spring
should not be used because its D⁄t ratio, 80⁄5 = 16, is less than 18 and is considered as unfavor-
able. Disc spring selection is narrowed to an 80-41-4 catalog item. 

2) Checking 80 - 41 - 4 disc spring for dimensional ratios: 
δ = D⁄d = 80⁄41 = 1.95 h⁄t = 2.2⁄ 4 = 0.55 D⁄t = 80⁄4 = 20

Because the dimensional ratios are favorable, the 80-41-4 disc springs are selected.

1250 0.5σmin– 10.10734911 5 10
5×( )log–

0.00537616
-------------------------------------------------------------------- 10.10734911 5.69897–

0.00537616
--------------------------------------------------------- 820= = =

σmin
1250 820–

0.5
--------------------------- 860 N/mm2  124 700 psi( , )= =
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3) The number of springs in the stack is found from Equation (1):
n = Lo ⁄  (t + h) = 40 ⁄  (4 + 2.2) = 40⁄6.2 = 6.45. 

Rounding n to the nearest integer gives n = 6. The actual length of unloaded spring stack
is Lo = 6.2 × 6 = 37.2 mm (1.465 inch) and it satisfies the Lo< 40 mm condition. 

4) Calculating the cone angle α from Equation (7) and actual outside diameter Da from
Equation (9) gives:

5) Calculating constant K1 from Equation (11):

6) Calculating minimum and maximum forces, Fmin and Fmax from Equation (10):
Based on the design requirements, the disc spring stack is deflecting by 5.5 mm (0.217 in)

under minimum load, and each individual disc spring is deflecting by 5.5 ⁄ 6 ≅ 0.92 mm
(0.036 in). A single disc spring deflection smin = 0.9 mm (0.035 in) is used to calculate Fmin.
Under maximum load, the disc spring stack is permitted maximum deflection of 8 mm
(0.315 in), and each individual disc spring deflects by 8 ⁄ 6 ≅ 1.33 mm (0.0524 in). A disc
spring deflection smax = 1.32 mm (0.052 in) will be used to calculate Fmax. If disc springs
are made of AISI 6150 alloy steel, then modulus of elasticity E = 206,000 N ⁄mm2 (30 × 106

psi) and Poisson’s ratio µ = 0.3.

7) Calculating constant K2, Equation (18):

8)  Calculating constant K3 (Equation (19)):
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9) Compressive stress σ0 at point 0 due to maximum deflection, Equation (14):

Because the compressive stress at point 0 does not exceed 1600 N ⁄mm2, its current value
satisfies the design requirement.

10) Tensile stress σ2 at point 2 due to minimum deflection s = 0.9 mm, Equation (16):

11) Tensile stress σ2 at point 2 due to maximum deflection s = 1.32 mm, Equation (16):

Thus, σ2 min = 654 N ⁄mm2 (94,850 psi) and σ2 max = 1032 N ⁄mm2 (149,700 psi).
12) Tensile stress σ3 at point 3 due to minimum deflection s = 0.9 mm, Equation (17):

13) Tensile stress σ3 at point 3 due to maximum deflection s = 1.32 mm, Equation (17):

Thus, σ3 min = 815 N ⁄mm2 (118,200 psi) and σ3 max = 1149 N ⁄mm2 (166,600 psi).
14) Functional tensile stress range at critical points 2 and 3.
Point 2: σ2 max - 0.5σ2 min = 1032 - 0.5 × 654 = 705 N ⁄mm2

Point 3: σ3 max - 0.5σ3 min = 1149 - 0.5 × 815 = 741.5 N ⁄mm2

Because σ3 max - 0.5σ3 min > σ2 max - 0.5 σ2 min, the tensile stresses at point 3 are used for
fatigue life calculations.
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15) Fatigue life of selected disc springs, Equation (21):

N = 10[10.10734911 - 0.00537616 (1149 - 0.5 × 815)] = 1010.10734911 - 3.98642264 = 10 6.12092647

N = 1,321,000 cycles. Thus, the calculated actual fatigue life exceeds required minimum
number of cycles by 32%.

In conclusion, the six 80-41-4 disc springs arranged in series stacking, satisfy the require-
ments and will provide a 32 % longer fatigue life than required by the design criteria.

Example 2:A company wishes to use Group 3 disc springs with contact surfaces on cou-
plings to absorb bumping impacts between railway cars.

Given:

D =200 mm, disc spring outside diameter
d =102 mm, disc spring inside diameter
t =14 mm, spring standard thickness

t′ =13.1 mm, spring reduced thickness
h =4.2 mm, cone height of unloaded spring
n =22, number of springs in series stacking
Si =33.9 mm, initial deflection of the pack
Sa =36.0 mm, additional deflection of the pack

Find the fatigue life in cycles and determine if the selected springs are suitable for the
application.

The calculations are performed in the following sequence:
1) Determine the minimum smin and maximum smax deflections of a single disc spring:

2) Use Equations (16) and  (17) to calculate tensile stresses σ2 and σ3 at smin and smax

deflections:

σ2min= 674 N ⁄mm2, σ2max= 1513 N ⁄mm2, σ3min= 707 N ⁄mm2, σ3max= 1379 N ⁄mm2

3) Determine critical stress points:

σ2max − 0.5σ2min = 1513 − 0.5 × 674 = 1176 N ⁄mm2

σ3max − 0.5σ3min = 1379 − 0.5 × 707 = 1025.5 N ⁄mm2

Because (σ2max − 0.5σ2min) > (σ3max − 0.5σ3min), then tensile stresses at Point 2 are used to
calculate fatigue life.

4) Fatigue life N is calculated using Equation (22):

N = 10 [13.23985664 − (0.01084192 × 1176)] = 10 0.49 = 3 cycles

The selected disc springs at the above-mentioned minimum and maximum deflection
values will not sustain any number of cycles. It is imperative to check the selected disc
springs for dimensional ratios:

Outside-to-inside diameters ratio, 200 ⁄102 = 1.96; within recommended range.

Cone height-to-thickness ratio is 4.2 ⁄13.1 = 0.3; out of range, the minimum ratio is 0.4.

Outside diameter-to-thickness ratio is 200 ⁄13.1 = 15; out of range, the minimum ratio is
18. Thus, only one of the dimensional ratios satisfies the requirements for the best disc
spring performance.

smax

Si Sa+( )
n

--------------------- 33.9 36+( )
22

--------------------------- 3.18mm= = =

smin

Si

n
---- 33.9

22
---------- 1.54mm= = =
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FLUID MECHANICS

Properties of Fluids

Fluids.—A fluid is a substance, which deforms continuously when subjected to a shear
stress. A small amount of shear force can cause fluids to move, but a solid needs a certain
amount of shear stress to yield. The difference in behavior between solid and liquids is due
to their molecular structure. In solids, the position of molecules is fixed in space; the mol-
ecules are close to each other and have strong molecular attraction. However, in fluids the
molecules can move and change their position instantly and only relatively weak molecu-
lar forces exist between them. Every flowing fluid has a shear stress, but a stagnant fluid
does not have a shear force.

Compressibility is another distinguishing factor that separates fluids from gases. Liquids
are relatively incompressible, but gases are strongly compressible and expand indefinitely
when all external forces are removed.

The pressure at a point in a fluid is the same in all directions. Pressure exerted by a fluid
on a solid surface is always normal (perpendicular) to the surface.

Viscosity.—Viscosity is a property of fluids that determines the resistance of the fluid to
shearing stresses. Viscosity of a fluids is due to cohesion and interaction between fluids.
An ideal fluid has no viscosity. Viscosity is dependent on temperature, but independent of
pressure. A Saybolt viscositimeter is used to measure the viscosity of a fluid.

The effect of viscosity on a fluid is usually expressed in terms of  a non-dimensional
parameter called the Reynolds Number Re. It is a dimensionless number that represents the
ratio of inertia force to viscous force.

Ren =Reynolds number

v =velocity; ft/s, m/s

D =diameter; ft, m

ρ,  γ = density; lb/ft3, kg/m3 (for water 62.4 lb/ft3, 1000 kg/m3)

g =gravity acceleration; ft/s2, m/s2 (g= 32.2 ft/s2 or g= 9.81 m/s2)

µ =absolute viscosity; lbf-sec/ft2, N-s/m2 (1 lbf-sec/ft2= 47.88 N-s/m2 = 47.88 Pa) 

ν =kinematic viscosity; ft2/s, m2/s (1 ft2/s = 0.0929 m2/s)

Kinematic Viscosity:  It is the ratio of absolute viscosity to mass density. It is usually
expressed by nu. The unit is ft2/sec or m2/ sec.

τ F

A
--- µ

yd

du
------= =

Re
ρvD

µg
-----------=  For U.S. units( )

Re
ρvD

µ
-----------=  For SI units( )

Re
vD

ν
-------=  applying kinematic viscosity( )

(SI)

ν µ
ρ
---=

(US)

ν
µgc

ρ
---------=
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Statics

Pressure.—  Pressure is defined as the average force per unit area. Mathematically if dF
represents infinitesimal force applied over an infinitisimal area, dA, the pressure is

Because the pressure is equal at the datum,

If p2 is the pressure of the open liquid surface, then p2 is the pressure of the atmosphere.
In order to determine the gauge pressure, we can treat p2 = 0. If the elevation change from
point 1 to point 2 is h, then

The pressure at any point is equal to the height times density of  the fluid.

If the pressure is measured relative to the absolute zero pressure, it is called the absolute
pressure; when pressure is measured relative to the atmospheric pressure as a base, it is
called gage pressure. When measuring gage pressure, atmospheric pressure is not
included. Pressure gages show zero at atmosphere pressure.

If the gage pressure is below atmospheric pressure, the pressure is called vacuum. A per-
fect vacuum indicates absolute zero pressure.

Considering  an incompressible fluid, p1 is the pres-
sure and z1 is the elevation at point 1, and p2 is the pres-
sure and z2 is the elevation at point 2. At the datum the 
pressure is equal. Pressure increases as elevation 
decreases, and pressure reduces as elevation increases. 

At point 1 the pressure will be and at point 2 the 

pressure will be . 

p
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γ
----- Z1+
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γ
----- Z2+
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γ
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Hydrostatic Pressure on Surfaces

The hydrostatic force  on a surface is the resultant force of a horizontal component of
force and a vertical component of force.

Pressure on Horizontal Plane Surfaces.—The pressure on a horizontal plane surface is
uniform over the surface and acts through the center of the surface.The horizontal compo-
nent  of the total pressure on a curved surface is equal to the total pressure on the projection
of the surface on the vertical plane.The point of application of the horizontal component is
at the center of the projected area. The total horizontal force on a vertical surface is the
pressure times the surface area.

Pressure on Vertical Plane Surfaces.—The pressure on a vertical plane surface
increases linearly with depth. The pressure distribution will be triangular. The vertical
component of the total pressure on a curved surface is equal to the weight of the liquid
extending from the curved surface to the free surface of the liquid. The center of pressure
will pass through the center of gravity of the curved surface. The center of pressure is
located at 2⁄3 of the depth.

Pressure on Inclined Plane Surfaces.—The average pressure on an inclined plate is

The resultant center of pressure 

where hr =the distance (slant distance) measured on the plane area from the free surface to
the center of pressure

hc =the distance (straight distance) measured on the plane area from the free sur-
face to the center of pressure

A
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Ic =second moment of the area about a horizontal axis through the centroid and in
the plane of the area

A =the total surface area

Example:The tank shown is filled with diesel fuel (ρ = 49.92 lbm/ft3); What is the force
on a 1 ft long section of the wall. 

Solution:  The average depth is (0+25)/2 = 12.5 ft.

The average horizontal force on a 1 ft section of a wall ABC is equal to the horizontal
force on section CBD

The vertical component of force on the inclined surface is equal to the weight of the liquid
above it.

Forces on Curved and Compound Surfaces.—  The horizontal force on a curved surface
is equal to the horizontal force on a vertical projection plane from the inclined plane.

The vertical force on a curved surface is equal to the weight of the fluid column above it.
The resultant of horizontal and vertical component of force will give the resultant force and
the direction in which the force is acting.

A

B

C
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10 ‘

15 ‘

15 ‘

Ph γAhc=
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F Fh
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2
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THE ELEMENTS, HEAT, MASS, AND WEIGHT

Table 1. The Elements — Symbols, Atomic Numbers and Weights, Melting Points

Notes: Values in parentheses are atomic weights of the most stable known isotopes. Melting points
at standard pressure except as noted.

Name of
Element

Sym
bol

Atomic Melting
Point, °C

Name of
Element

Sym
bol

Atomic Melting
Point, °CNum. Weight Num. Weight

Actinium Ac 89 227.028 1050 Neon Ne 10 20.1179 −248.67
Aluminum Al 13 26.9815 660.37 Neptunium Np 93 237.048 640 ± 1
Americium Am 95 (243) 994 ± 4 Nickel Ni 28 58.69 1453
Antimony Sb 51 121.75 630.74 Niobium Nb 41 92.9064 2468 ± 10
Argon A 18 39.948 −189.2 Nitrogen N 7 14.0067 −209.86
Arsenic As 33 74.9216 817a

a At 28 atm (2.837 MPa). 

Nobelium No 102 (259) …
Astatine At 85 (210) 302 Osmium Os 76 190.2 3045 ± 30
Barium Ba 56 137.33 725 Oxygen O 8 15.9994 −218.4
Berkelium Bk 97 (247) … Palladium Pd 46 106.42 1554
Beryllium Be 4 9.01218 1278 ± 5 Phosphorus P 15 30.9738 44.1
Bismuth Bi 83 208.980 271.3 Platinum Pt 78 195.08 1772
Boron B 5 10.81 2079 Plutonium Pu 94 (244) 641
Bromine Br 35 79.904 −7.2 Polonium Po 84 (209) 254
Cadmium Cd 48 112.41 320.9 Potassium K 19 39.0938 63.25
Calcium Ca 20 40.08 839 ± 2 Praseodymium Pr 59 140.908 931 ± 4
Californium Cf 98 (251) … Promethium Pm 61 (145) 1080b

b Approximate.

Carbon C 6 12.011 3652c

c Sublimates.

Protactinium Pa 91 231.0359 1600
Cerium Ce 58 140.12 798 ± 2 Radium Ra 88 226.025 700
Cesium Cs 55 132.9054 28.4 ± 0.01 Radon Rn 86 (222) −71
Chlorine Cl 17 35.453 −100.98 Rhenium Re 75 186.207 3180
Chromium Cr 24 51.996 1857 ± 20 Rhodium Rh 45 102.906 1965 ± 3
Cobalt Co 27 58.9332 1495 Rubidium Rb 37 85.4678 38.89
Copper Cu 29 63.546 1083.4 ± 0.2 Ruthenium Ru 44 101.07 2310
Curium Cm 96 (247) 1340 ± 40 Samarium Sm 62 150.36 1072 ± 5
Dysprosium Dy 66 162.5 1409 Scandium Sc 21 44.9559 1539
Einsteinium Es 99 (252) … Selenium Se 34 78.96 217
Erbium Er 68 167.26 1522 Silicon Si 14 28.0855 1410
Europium Eu 63 151.96 822 ± 5 Silver Ag 47 107.868 961.93
Fermium Fm 100 (257) … Sodium Na 11 22.9898 97.81 ± 0.03
Fluorine F 9 18.9984 −219.62 Strontium Sr 38 87.62 769
Francium Fr 87 (223) 27b Sulfur S 16 32.06 112.8
Gadolinium Gd 64 157.25 1311 ± 1 Tantalum Ta 73 180.9479 2996
Gallium Ga 31 69.72 29.78 Technetium Tc 43 (98) 2172
Germanium Ge 32 72.59 937.4 Tellurium Te 52 127.60 449.5 ± 0.3
Gold Au 79 196.967 1064.434 Terbium Tb 65 158.925 1360 ± 4
Hafnium Hf 72 178.49 2227 ± 20 Thallium Tl 81 204.383 303.5
Helium He 2 4.00260 −272.2d

d At 26 atm (2.635 MPa). 

Thorium Th 90 232.038 1750
Holmium Ho 67 164.930 1470 Thulium Tm 69 168.934 1545 ± 15
Hydrogen H 1 1.00794 −259.14 Tin Sn 50 118.71 231.9681
Indium In 49 114.82 156.61 Titanium Ti 22 47.88 1660 ± 10
Iodine I 53 126.905 113.5 Tungsten W 74 183.85 3410 ± 20
Iridium Ir 77 192.22 2410 Unnilhexium Unh 106 (266) …
Iron Fe 26 55.847 1535 Unnilnonium Unn 109 (266) …
Krypton Kr 36 83.80 −156.6 Unniloctium Uno 108 (265) …
Lanthanum La 57 138.906 920 ± 5 Unnilpentium Unp 105 (262) …
Lawrencium Lw 103 (260) … Unnilquadium Unq 104 (261) …
Lead Pb 82 207.2 327.502 Unnilseptium Uns 107 (261) …
Lithium Li 3 6.941 180.54 Uranium U 92 238.029 1132 ± 0.8
Lutetium Lu 71 174.967 1656 ± 5 Vanadium V 23 50.9415 1890 ± 10
Magnesium Mg 12 24.305 648.8 ± 0.5 Xenon Xe 54 131.29 −111.9
Manganese Mn 25 54.9380 1244 ± 2 Ytterbium Yb 70 173.04 824 ± 5
Mendelevium Md 101 (258) … Yttrium Y 39 88.9059 1523 ± 8
Mercury Hg 80 200.59 −38.87 Zinc Zn 30 65.39 419.58
Molybdenum Mo 42 95.94 2617 Zirconium Zr 40 91.224 1852 ± 2
Neodymium Nd 60 144.24 1010
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Heat and Combustion Related Properties

Latent Heat.—When a body changes from the solid to the liquid state or from the liquid to
the gaseous state, a certain amount of heat is used to accomplish this change. This heat does
not raise the temperature of the body and is called latent heat. When the body changes
again from the gaseous to the liquid, or from the liquid to the solid state, it gives out this
quantity of heat. The latent heat of fusion is the heat supplied to a solid body at the melting
point; this heat is absorbed by the body although its temperature remains nearly stationary
during the whole operation of melting. The latent heat of evaporation is the heat that must
be supplied to a liquid at the boiling point to transform the liquid into a vapor. The latent
heat is generally given in British thermal units per pound, or kilojoules per kilogram . The
latent heat of evaporation of water is 966.6 Btu/pound, or 2248 kJ/kg. This means that it
takes 966.6 Btu to evaporate 1 pound, or 2248 kJ to evaporate 1 kilogram, of water after it
has been raised to the boiling point, 212°F or 100°C.

When a body changes from the solid to the gaseous state without passing through the liq-
uid stage, as solid carbon dioxide does, the process is called sublimation.

Table 2. Latent Heat of Fusion

Table 3. Latent Heat of Evaporation

Table 4. Boiling Points of Various Substances at Atmospheric Pressure

Specific Heat.—The specific heat of a substance is the ratio of the heat required to raise
the temperature of a certain weight of the given substance 1°F, to the heat required to raise
the temperature of the same weight of water 1°F. As the specific heat is not constant at all
temperatures, it is generally assumed that it is determined by raising the temperature from
62 to 63°F. For most substances, however, specific heat is practically constant for temper-
atures up to 212°F.

In metric units, specific heat is defined as the ratio of the heat needed to raise the temper-
ature of a mass by 1°C, to the heat needed to raise the temperature of the same mass of
water by 1°C. In the metric system, heat is measured in joules (J), mass is in grams (g), and
measurements usually taken at 15°C.

Because specific heat is a dimensionless ratio, the values given in Tables 5 and 5 that fol-
low are valid in both the US system and the metric system.

Substance
Btu per
Pound kJ/kg Substance

Btu per
Pound kJ/kg Substance

Btu per
Pound kJ/kg

Bismuth 22.75 52.92 Paraffine 63.27 147.17 Sulfur 16.86 39.22
Beeswax 76.14 177.10 Phosphorus 9.06 21.07 Tin 25.65 59.66
Cast iron, gray 41.40 96.30 Lead 10.00 23.26 Zinc 50.63 117.77
Cast iron, white 59.40 138.16 Silver 37.92 88.20 Ice 144.00 334.94

Liquid
Btu per
Pound kJ/kg Liquid

Btu per
Pound kJ/kg Liquid

Btu per
Pound kJ/kg

Alcohol, ethyl 371.0 863 Carbon bisulfide 160.0 372 Turpentine 133.0 309
Alcohol, methyl 481.0 1119 Ether 162.8 379 Water 966.6 2248
Ammonia 529.0 1230 Sulfur dioxide 164.0 381

Substance

Boiling Point 

Substance

Boiling Point

Substance

Boiling Point

°F °C °F °C °F °C

Aniline 363 183.9 Chloroform 140 60.0 Saturated brine 226 107.8
Alcohol 173 78.3 Ether 100 37.8 Sulfur 833 445.0
Ammonia −28 −33.3 Linseed oil 597 313.9 Sulfuric acid 590 310.0
Benzine 176 80.0 Mercury 676 357.8 Water, pure 212 100.0
Bromine 145 62.8 Napthaline 428 220.0 Water, sea 213.2 100.7
Carbon bisulfide 118 47.8 Nitric acid 248 120.0 Wood alcohol 150 65.6

Oil of turpentine 315 157.2
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Table 5. Average Specific Heats of Various Substances

Table 6. Specific Heat of Gases

Heat Loss from Uncovered Steam Pipes.—The loss of heat from a bare steam or hot-
water pipe varies with the temperature difference of the inside the pipe and that of the sur-
rounding air. The loss is 2.15 Btu per hour, per square foot of pipe surface, per degree F of
temperature difference when the latter is 100 degrees; for a difference of 200 degrees, the
loss is 2.66 Btu; for 300 degrees, 3.26 Btu; for 400 degrees, 4.03 Btu; for 500 degrees, 5.18
Btu. Thus, if the pipe area is 1.18 square feet per foot of length, and the temperature differ-
ence 300°F, the loss per hour per foot of length = 1.18 × 300 × 3.26 = 1154 Btu.

Substance
Specific

Heat Substance
Specific

Heat

Alcohol (absolute) 0.700 Lead 0.031
Alcohol (density 0.8) 0.622 Lead (fluid) 0.037
Aluminum 0.214 Limestone 0.217
Antimony 0.051 Magnesia 0.222
Benzine 0.450 Marble 0.210
Brass 0.094 Masonry, brick 0.200
Brickwork 0.200 Mercury 0.033
Cadmium 0.057 Naphtha 0.310
Carbon 0.204 Nickel 0.109
Charcoal 0.200 Oil, machine 0.400
Chalk 0.215 Oil, olive 0.350
Coal 0.240 Paper 0.32
Coke 0.203 Phosphorus 0.189
Copper, 32° to 212°F (0-100°C) 0.094 Platinum 0.032
Copper, 32° to 572°F (0-100°C) 0.101 Quartz 0.188
Corundum 0.198 Sand 0.195
Ether 0.503 Silica 0.191
Fusel oil 0.564 Silver 0.056
Glass 0.194 Soda 0.231
Gold 0.031 Steel, high carbon 0.117
Graphite 0.201 Steel, mild 0.116
Ice 0.504 Stone (generally) 0.200
Iron, cast 0.130 Sulfur 0.178
Iron, wrought, 32° to 212°F (0-100°C) 0.110 Sulfuric acid 0.330

32° to 392°F (0-200°C) 0.115 Tin (solid) 0.056
32° to 572°F (0-300°C) 0.122 Tin (fluid) 0.064
32° to 662°F (0-350°C) 0.126 Turpentine 0.472

Iron, at high temperatures: Water 1.000
1382° to 1832°F (750-1000°C) 0.213 Wood, fir 0.650
1750° to 1840°F (954-1004°C) 0.218 Wood, oak 0.570
1920° to 2190°F (1049-1199°C) 0.199 Wood, pine 0.467

Kerosene 0.500 Zinc 0.095

Gas
Constant
Pressure

Constant
Volume Gas

Constant
Pressure

Constant
Volume

Acetic acid 0.412 … Chloroform 0.157 …
Air 0.238 0.168 Ethylene 0.404 0.332
Alcohol 0.453 0.399 Hydrogen 3.409 2.412
Ammonia 0.508 0.399 Nitrogen 0.244 0.173
Carbonic acid 0.217 0.171 Oxygen 0.217 0.155
Carbonic oxide 0.245 0.176 Steam 0.480 0.346
Chlorine 0.121 …
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Table 7. Values of Thermal Conductivity (k) and of Conductance (C)
of Common Building and Insulating Materials

Source: American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.: Hand-
book of Fundamentals.

Type of
Material

Thick-
ness,
in.

k
 or
Ca

a Units are in Btu/hr-ft2-°F. Where thickness is given as 1 inch, the value given is thermal conductiv-
ity (k); for other thicknesses the value given is thermal conductance (C). All values are for a test mean
temperature of 75°F, except those designated with c, which are for 100°F. 

Type of
Material

Thick-
ness,
in.

k
 or
Ca

Max.
Temp.,°

F

Density,
lb per
cu. ft. ka

BUILDING BUILDING (Continued)
Batt: … … Siding: … … … … …

Mineral Fiber 2-23⁄4 0.14 Metalb

b Over hollowback sheathing. 

Avg. 1.61 … … …

Mineral Fiber 3-31⁄2 0.09 Wood, Med. Density 7⁄16 1.49 … … …

Mineral Fiber 31⁄2-61⁄2 0.05 Stone: … … … … …

Mineral Fiber 6-7 0.04 Lime or Sand 1 12.50 … … …
Mineral Fiber 81⁄2 0.03 Wall Tile: … … … … …

Block: … … Hollow Clay, 1-Cell 4 0.9 … … …
Cinder 4 0.90 Hollow Clay, 2-Cell 8 0.54 … … …
Cinder 8 0.58 Hollow Clay, 3-Cell 12 0.40 … … …
Cinder 12 0.53 Hollow Gypsum Avg. 0.7 … … …

Block: … … INSULATING
Concrete 4 1.40 Blanket, Mineral Fiber: … … … … …
Concrete 8 0.90 Felt … … 400 3 to 8 0.26
Concrete 12 0.78 Rock or Slag … … 1200 6 to 12 0.26c

c Test mean temperature 100°F, see footnote a . 

Board: … … Glass … … 350 0.65 0.33
Asbestos Cement 1⁄4 16.5 Textile … … 350 0.65 0.31

Plaster 1⁄2 2.22 Blanket, Hairfelt … … 180 10 0.29

Plywood 3⁄4 1.07 Board, Block and Pipe … … … … …

Brick: … … Insulation: … … … … …
Common 1 5.0 Amosite … … 1500 15 to 18 0.32c

Face 1 9.0 Asbestos Paper … … 700 30 0.40c

Concrete (poured) 1 12.0 Glass or Slag (for Pipe) … … 350 3 to 4 0.23
Floor: … … Glass or Slag (for Pipe) … … 1000 10 to 15 0.33c

Wood Subfloor 3⁄4 1.06 Glass, Cellular … … 800 9 0.40

Hardwood Finish 3⁄4 1.47 Magnesia (85%) … … 600 11 to 12 0.35c

Tile Avg. 20.0 Mineral Fiber … … 100 15 0.29
Glass: … … Polystyrene, Beaded … … 170 1 0.28

Architectural … 10.00 Polystyrene, Rigid … … 170 1.8 0.25
Mortar: … … Rubber, Rigid Foam … … 150 4.5 0.22

Cement 1 5.0 Wood Felt … … 180 20 0.31
Plaster: … … Loose Fill: … … … … …

Sand 3⁄8 13.30 Cellulose … … … 2.5 to 3 0.27

Sand and Gypsum 1⁄2 11.10 Mineral Fiber … … … 2 to 5 0.28

Stucco 1 5.0 Perlite … … … 5 to 8 0.37
Roofing: … … Silica Aerogel … … … 7.6 0.17

Asphalt Roll Avg. 6.50 Vermiculite … … … 7 to 8.2 0.47
Shingle, asb. cem. Avg. 4.76 Mineral Fiber Cement: … … … … …
Shingle, asphalt Avg. 2.27 Clay Binder … … 1800 24 to 30 0.49c

Shingle, wood Avg. 1.06 Hydraulic Binder … … 1200 30 to 40 0.75c
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Table 8. Typical Values of Coefficient of Linear Thermal Expansion
 for Thermoplastics and Other Commonly Used Materials

Table 9. Linear Expansion of Various Substances between 32 and 212°F
Expansion of Volume = 3 × Linear Expansion

Table 10. Coefficients of Heat Transmission

Heat transmitted, in British thermal units, per second, through metal 1 inch thick, per square inch
of surface, for a temperature difference of 1°F

Table 11. Coefficients of Heat Radiation

Heat radiated, in British thermal units, per square foot of surface per hour, for a temperature differ-
ence of 1° F

Materiala

a GR = Typical glass fiber-reinforced material. Other plastics materials shown are unfilled. 

in/in/deg F ×
10−5

cm/cm/deg C 
× 10−5 Materiala

in/in/deg F ×
10−5

cm/cm/deg C 
× 10−5

Liquid Crystal—GR 0.3 0.6 ABS—GR 1.7 3.1
Glass 0.4 0.7 Polypropylene—GR 1.8 3.2
Steel 0.6 1.1 Epoxy—GR 2.0 3.6
Concrete 0.8 1.4 Polyphenylene 

sulfide—GR
2.0 3.6

Copper 0.9 1.6 Acetal—GR 2.2 4.0
Bronze 1.0 1.8 Epoxy 3.0 5.4
Brass 1.0 1.8 Polycarbonate 3.6 6.5
Aluminum 1.2 2.2 Acrylic 3.8 6.8
Polycarbonate—GR 1.2 2.2 ABS 4.0 7.2
Nylon—GR 1.3 2.3 Nylon 4.5 8.1
TP polyester—GR 1.4 2.5 Acetal 4.8 8.5
Magnesium 1.4 2.5 Polypropylene 4.8 8.6
Zinc 1.7 3.1 TP Polyester 6.9 12.4
ABS—GR 1.7 3.1 Polyethylene 7.2 13.0

Substance

Linear Expansion

Substance

Linear Expansion 

for 1°F for 1°C for 1°F for 1°C

Brick 0.0000030 0.0000054 Masonry, brick from 0.0000026 0.0000047
Cement, Portland 0.0000060 0.0000108 to 0.0000050 0.0000090
Concrete 0.0000080 0.0000144 Plaster 0.0000092 0.0000166
Ebonite 0.0000428 0.0000770 Porcelain 0.0000020 0.0000036
Glass, thermometer 0.0000050 0.0000090 Quartz, from 0.0000043 0.0000077
Glass, hard 0.0000040 0.0000072 to 0.0000079 0.0000142
Granite 0.0000044 0.0000079 Slate 0.0000058 0.0000104
Marble, from 0.0000031 0.0000056 Sandstone 0.0000065 0.0000117

to 0.0000079 0.0000142 Wood, pine 0.0000028 0.0000050

Metal Btu per Second Metal Btu per Second Metal Btu per Second

Aluminum 0.00203 German silver 0.00050 Steel, soft 0.00062
Antimony 0.00022 Iron 0.00089 Silver 0.00610
Brass, yellow 0.00142 Lead 0.00045 Tin 0.00084
Brass, red 0.00157 Mercury 0.00011 Zinc 0.00170
Copper 0.00404 Steel, hard 0.00034 … …

Surface Btu per Hour Surface Btu per Hour

Cast-iron, new 0.6480 Sawdust 0.7215
Cast-iron, rusted 0.6868 Sand, fine 0.7400
Copper, polished 0.0327 Silver, polished 0.0266
Glass 0.5948 Tin, polished 0.0439
Iron, ordinary 0.5662 Tinned iron, polished 0.0858
Iron, sheet-, polished 0.0920 Water 1.0853
Oil 1.4800 … …
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Table 12. Freezing Mixtures

Ignition Temperatures.—The following temperatures are required to ignite the different
substances specified: Phosphorus, transparent, 120°F (49°C); bisulfide of carbon, 300°F
(149°C); gun cotton, 430°F (221°C); nitro-glycerine, 490°F (254°C); phosphorus, amor-
phous, 500°F (260°C); rifle powder, 550°F (288°C); charcoal, 660°F (349°C); dry pine
wood, 800°F (427°C); dry oak wood, 900°F (482°C).

Mixture

Temperature
Change,°F

Temperature
Change,°C

From To From To

Common salt (NaCl), 1 part; snow, 3 parts 32 ±0 0 −17.8
Common salt (NaCl), 1 part; snow, 1 part 32 −0.4 0 −18
Calcium chloride (CaCl2), 3 parts; snow, 2 parts 32 −27 0 −32.8

Calcium chloride (CaCl2), 2 parts; snow, 1 part 32 −44 0 −42.2

Sal ammoniac (NH4Cl), 5 parts; saltpeter (KNO3), 5 parts; water,16 parts 50 +10 10 −12.2

Sal ammoniac (NH4Cl), 1 part; saltpeter (KNO3), 1 part; water,1 part 46 −11 7.8 −23.9

Ammonium nitrate (NH4NO3), 1 part; water, 1 part 50 +3 10 −16.1

Potassium hydrate (KOH), 4 parts; snow, 3 parts 32 −35 0 −37.2

Table 13. Typical Thermal Properties of Various Metals 

Material and Alloy
Designationa

Density, ρ
Melting Point,

°F
Conduc-
tivity, k

Specific
Heat, C

Coeff. of
Expansion, α

lb/in3 g/cc solidus liquidus
Btu/hr-ft-

°F Btu/lb/°F µin/in-°F µm/m-°C

Aluminum Alloys

2011 0.102 2.823 995 1190 82.5 0.23 12.8 23.0

2017 0.101 2.796 995 1185 99.4 0.22 13.1 23.6

2024 0.100 2.768 995 1180 109.2 0.22 12.9 23.2

3003 0.099 2.740 1190 1210 111 0.22 12.9 23.2

5052 0.097 2.685 1100 1200 80 0.22 13.2 23.8

5086 0.096 2.657 1085 1185 73 0.23 13.2 23.8

6061 0.098 2.713 1080 1200 104 0.23 13.0 23.4

7075 0.101 2.796 890 1180 70 0.23 13.1 23.6

Copper-Base Alloys

Manganese Bronze 0.302 8.359 1590 1630 61 0.09 11.8 21.2

C11000 (Electrolytic tough pitch) 0.321 8.885 1941 1981 226 0.09 9.8 17.6

C14500 (Free machining Cu) 0.323 8.941 1924 1967 205 0.09 9.9 17.8

C17200, C17300 (Beryllium Cu) 0.298 8.249 1590 1800 62 0.10 9.9 17.8

C18200 (Chromium Cu) 0.321 8.885 1958 1967 187 0.09 9.8 17.6

C18700 (Leaded Cu) 0.323 8.941 1750 1975 218 0.09 9.8 17.6

C22000 (Commercial bronze, 90%) 0.318 8.802 1870 1910 109 0.09 10.2 18.4

C23000 (Red brass, 85%) 0.316 8.747 1810 1880 92 0.09 10.4 18.7

C26000 (Cartridge brass, 70%) 0.313 8.664 1680 1750 70 0.09 11.1 20.0

C27000 (Yellow brass) 0.306 8.470 1660 1710 67 0.09 11.3 20.3

C28000 (Muntz metal, 60%) 0.303 8.387 1650 1660 71 0.09 11.6 20.9

C33000 (Low-leaded brass tube) 0.310 8.581 1660 1720 67 0.09 11.2 20.2

C35300 (High-leaded brass) 0.306 8.470 1630 1670 67 0.09 11.3 20.3

C35600 (Extra-high-leaded brass) 0.307 8.498 1630 1660 67 0.09 11.4 20.5

C36000 (Free machining brass) 0.307 8.498 1630 1650 67 0.09 11.4 20.5

C36500 (Leaded Muntz metal) 0.304 8.415 1630 1650 71 0.09 11.6 20.9

C46400 (Naval brass) 0.304 8.415 1630 1650 67 0.09 11.8 21.2

C51000 (Phosphor bronze, 5% A) 0.320 8.858 1750 1920 40 0.09 9.9 17.8

C54400 (Free cutting phos. bronze) 0.321 8.885 1700 1830 50 0.09 9.6 17.3

C62300 (Aluminum bronze, 9%) 0.276 7.640 1905 1915 31.4 0.09 9.0 16.2

C62400 (Aluminum bronze, 11%) 0.269 7.446 1880 1900 33.9 0.09 9.2 16.6

C63000 (Ni-Al bronze) 0.274 7.584 1895 1930 21.8 0.09 9.0 16.2

Nickel-Silver 0.314 8.691 1870 2030 17 0.09 9.0 16.2
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Nickel-Base Alloys

Nickel 200, 201, 205 0.321 8.885 2615 2635 43.3 0.11 8.5 15.3

Hastelloy C-22 0.314 8.691 2475 2550 7.5 0.10 6.9 12.4

Hastelloy C-276 0.321 8.885 2415 2500 7.5 0.10 6.2 11.2

Inconel 718 0.296 8.193 2300 2437 6.5 0.10 7.2 13.0

Monel 0.305 8.442 2370 2460 10 0.10 8.7 15.7

Monel 400 0.319 8.830 2370 2460 12.6 0.10 7.7 13.9

Monel K500 0.306 8.470 2400 2460 10.1 0.10 7.6 13.7

Monel R405 0.319 8.830 2370 2460 10.1 0.10 7.6 13.7

Stainless Steels

S30100 0.290 8.027 2550 2590 9.4 0.12 9.4 16.9

S30200, S30300, S30323 0.290 8.027 2550 2590 9.4 0.12 9.6 17.3

S30215 0.290 8.027 2500 2550 9.2 0.12 9.0 16.2

S30400, S30500 0.290 8.027 2550 2650 9.4 0.12 9.6 17.3

S30430 0.290 8.027 2550 2650 6.5 0.12 9.6 17.3

S30800 0.290 8.027 2550 2650 8.8 0.12 9.6 17.3

S30900, S30908 0.290 8.027 2550 2650 9.0 0.12 8.3 14.9

S31000, S31008 0.290 8.027 2550 2650 8.2 0.12 8.8 15.8

S31600, S31700 0.290 8.027 2500 2550 9.4 0.12 8.8 15.8

S31703 0.290 8.027 2500 2550 8.3 0.12 9.2 16.6

S32100 0.290 8.027 2550 2600 9.3 0.12 9.2 16.6

S34700 0.290 8.027 2550 2650 9.3 0.12 9.2 16.6

S34800 0.290 8.027 2550 2650 9.3 0.12 9.3 16.7

S38400 0.290 8.027 2550 2650 9.4 0.12 9.6 17.3

S40300, S41000, S41600, S41623 0.280 7.750 2700 2790 14.4 0.11 5.5 9.9

S40500 0.280 7.750 2700 2790 15.6 0.12 6.0 10.8

S41400 0.280 7.750 2600 2700 14.4 0.11 5.8 10.4

S42000, S42020 0.280 7.750 2650 2750 14.4 0.11 5.7 10.3

S42200 0.280 7.750 2675 2700 13.8 0.11 6.2 11.2

S42900 0.280 7.750 2650 2750 14.8 0.11 5.7 10.3

S43000, S43020, S43023 0.280 7.750 2600 2750 15.1 0.11 5.8 10.4

S43600 0.280 7.750 2600 2750 13.8 0.11 5.2 9.4

S44002, S44004 0.280 7.750 2500 2700 14.0 0.11 5.7 10.3

S44003 0.280 7.750 2500 2750 14.0 0.11 5.6 10.1

S44600 0.270 7.474 2600 2750 12.1 0.12 5.8 10.4

S50100, S50200 0.280 7.750 2700 2800 21.2 0.11 6.2 11.2

Cast Iron and Steel

Malleable Iron, A220 (50005, 
60004, 80002) 0.265 7.335

liquidus approxi-
mately, 2100 to 
2200, depending 
on composition

29.5 0.12 7.5 13.5

Grey Cast Iron 0.25 6.920 28.0 0.25 5.8 10.4

Ductile Iron, A536 (120–90–02) 0.25 6.920 0.16 5.9–6.2 10.6-11.16

Ductile Iron, A536 (100–70–03) 0.25 6.920 20.0 0.16 5.9–6.2 10.6-11.16

Ductile Iron, A536 (80–55–06) 0.25 6.920 18.0 0.15 5.9–6.2 10.6-11.16

Ductile Iron, A536 (65–45–120) 0.25 6.920 20.8 0.15 5.9–6.2 10.6-11.16

Ductile Iron, A536 (60–40–18) 0.25 6.920 0.12 5.9–6.2 10.6-11.16

Cast Steel, 3%C 0.25 6.920 liquidus, 2640 28.0 0.12 7.0 12.6

Titanium Alloys

Commercially Pure 0.163 4.512 3000 3040 9.0 0.12 5.1 9.2

Ti-5Al-2.5Sn 0.162 4.484 2820 3000 4.5 0.13 5.3 9.5

Ti-8Mn 0.171 4.733 2730 2970 6.3 0.19 6.0 10.8

a Alloy designations correspond to the AluminumAssociation numbers for aluminum alloys and to
the unified numbering system (UNS) for copper and stainless steel alloys. A220 and A536 are ASTM
specified irons. 

Table 13. Typical Thermal Properties of Various Metals (Continued)

Material and Alloy
Designationa

Density, ρ
Melting Point,

°F
Conduc-
tivity, k

Specific
Heat, C

Coeff. of
Expansion, α

lb/in3 g/cc solidus liquidus
Btu/hr-ft-

°F Btu/lb/°F µin/in-°F µm/m-°C
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Adjusting Lengths for Reference Temperature.—The standard reference temperature
for industrial length measurements is 20 degrees Celsius (68 degrees Fahrenheit). For
other temperatures, corrections should be made in accordance with the difference in ther-
mal expansion for the two parts, especially when the gage is made of a different material
than the part to be inspected.

Example:An aluminum part is to be measured with a steel gage when the room tempera-
ture is 30 °C. The aluminum part has a coefficient of linear thermal expansion, αPart = 24.7
× 10−6 mm/mm-°C, and for the steel gage, αGage = 10.8 × 10−6 mm/mm-°C.

At the reference temperature, the specified length of the aluminum part is 20.021 mm.
What is the length of the part at the measuring (room) temperature?

∆L, the change in the measured length due to temperature, is given by:

where L = length of part at reference temperature; TR = room temperature (temperature
of part and gage); and, T0 = reference temperature.

Thus, the temperature corrected length at 30°C is L + ∆L = 20.021 + 0.003 = 20.024 mm.

Length Change Due to Temperature.—Table 14 gives changes in length for variations
from the standard reference temperature of 68°F (20°C) for materials of known coeffi-
cients of expansion, α. Coefficients of expansion are given in tables on pages 375,  376,
389,  390, and elsewhere. 

Example:In Table 14, for coefficients between those listed, add appropriate listed val-
ues. For example, a length change for a coefficient of 7 is the sum of values in the 5 and 2
columns. Fractional interpolation also is possible. Thus, in a steel bar with a coefficient of
thermal expansion of 6.3 × 10−6 = 0.0000063 in/in = 6.3 µin/in of length/°F, the increase in
length at 73°F is 25 + 5 + 1.5 = 31.5 µin/in of length. For a steel with the same coefficient
of expansion, the change in length, measured in degrees C, is expressed in microns
(micrometers)/meter (µm/m) of length.

Alternatively, and for temperatures beyond the scope of the table, the length difference
due to a temperature change is equal to the coefficient of expansion multiplied by the
change in temperature, i.e., �L = α�T. Thus, for the previous example, �L = 6.3 × (73 −
68) = 6.3 × 5 = 31.5 µin/in.

Change in Radius of Thin Circular Ring with Temperature.—Consider a circular
ring of initial radius r, that undergoes a temperature change �T. Initially, the circumfer-
ence of the ring is c = 2πr. If the coefficient of expansion of the ring material is α, the
change in circumference due to the temperature change is �c = 2πr α�T

The new circumference of the ring will be: cn = c + �c = 2πr + 2πrα�T = 2πr(1 + α�T)

Note: An increase in temperature causes �c to be positive, and a decrease in temperature
causes �c to be negative.

As the circumference increases, the radius of the circle also increases. If the new radius is
R, the new circumference 2πR. For a given change in temperature, �T, the change in radius
of the ring is found as follows:

∆L L TR T0–( ) αPart αGage–( )=

20.021 30 20–( ) 24.7 10.8–( ) 10
6–
 mm×=

2782.919 10
6–× 0.003 mm≈=

cn 2πR 2πr 1 α T∆+( )= = R r rα T∆+= r∆ R r– rα T∆= =
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Table 14. Differences in Length in Microinches/Inch (Microns/Meter) for 
Changes from the Standard Temperature of 68°F (20°C)

Temperature
Deg.

Coefficient of Thermal Expansion of Material per Degree F (C) × 106

1 2 3 4 5 10 15 20 25 30

Total Change in Length from Standard Temperature {
for °F in microinches/inch of length (µin/in)

F C for °C or °K in microns/meter of length (µm/m)

38 −10 −30 −60 −90 −120 −150 −300 −450 −600 −750 −900
39 −9 −29 −58 −87 −116 −145 −290 −435 −580 −725 −870
40 −8 −28 −56 −84 −112 −140 −280 −420 −560 −700 −840
41 −7 −27 −54 −81 −108 −135 −270 −405 −540 −675 −810
42 −6 −26 −52 −78 −104 −130 −260 −390 −520 −650 −780
43 −5 −25 −50 −75 −100 −125 −250 −375 −500 −625 −750
44 −4 −24 −48 −72 −96 −120 −240 −360 −480 −600 −720
45 −3 −23 −46 −69 −92 −115 −230 −345 −460 −575 −690
46 −2 −22 −44 −66 −88 −110 −220 −330 −440 −550 −660
47 −1 −21 −42 −63 −84 −105 −210 −315 −420 −525 −630
48 0 −20 −40 −60 −80 −100 −200 −300 −400 −500 −600
49 1 −19 −38 −57 −76 −95 −190 −285 −380 −475 −570
50 2 −18 −36 −54 −72 −90 −180 −270 −360 −450 −540
51 3 −17 −34 −51 −68 −85 −170 −255 −340 −425 −510
52 4 −16 −32 −48 −64 −80 −160 −240 −320 −400 −480
53 5 −15 −30 −45 −60 −75 −150 −225 −300 −375 −450
54 6 −14 −28 −42 −56 −70 −140 −210 −280 −350 −420
55 7 −13 −26 −39 −52 −65 −130 −195 −260 −325 −390
56 8 −12 −24 −36 −48 −60 −120 −180 −240 −300 −360
57 9 −11 −22 −33 −44 −55 −110 −165 −220 −275 −330
58 10 −10 −20 −30 −40 −50 −100 −150 −200 −250 −300
59 11 −9 −18 −27 −36 −45 −90 −135 −180 −225 −270
60 12 −8 −16 −24 −32 −40 −80 −120 −160 −200 −240
61 13 −7 −14 −21 −28 −35 −70 −105 −140 −175 −210
62 14 −6 −12 −18 −24 −30 −60 −90 −120 −150 −180
63 15 −5 −10 −15 −20 −25 −50 −75 −100 −125 −150
64 16 −4 −8 −12 −16 −20 −40 −60 −80 −100 −120
65 17 −3 −6 −9 −12 −15 −30 −45 −60 −75 −90
66 18 −2 −4 −6 −8 −10 −20 −30 −40 −50 −60
67 19 −1 −2 −3 −4 −5 −10 −15 −20 −25 −30
68 20 0 0 0 0 0 0 0 0 0 0
69 21 1 2 3 4 5 10 15 20 25 30
70 22 2 4 6 8 10 20 30 40 50 60
71 23 3 6 9 12 15 30 45 60 75 90
72 24 4 8 12 16 20 40 60 80 100 120
73 25 5 10 15 20 25 50 75 100 125 150
74 26 6 12 18 24 30 60 90 120 150 180
75 27 7 14 21 28 35 70 105 140 175 210
76 28 8 16 24 32 40 80 120 160 200 240
77 29 9 18 27 36 45 90 135 180 225 270
78 30 10 20 30 40 50 100 150 200 250 300
79 31 11 22 33 44 55 110 165 220 275 330
80 32 12 24 36 48 60 120 180 240 300 360
81 33 13 26 39 52 65 130 195 260 325 390
82 34 14 28 42 56 70 140 210 280 350 420
83 35 15 30 45 60 75 150 225 300 375 450
84 36 16 32 48 64 80 160 240 320 400 480
85 37 17 34 51 68 85 170 255 340 425 510
86 38 18 36 54 72 90 180 270 360 450 540
87 39 19 38 57 76 95 190 285 380 475 570
88 40 20 40 60 80 100 200 300 400 500 600
89 41 21 42 63 84 105 210 315 420 525 630
90 42 22 44 66 88 110 220 330 440 550 660
91 43 23 46 69 92 115 230 345 460 575 690
92 44 24 48 72 96 120 240 360 480 600 720
93 45 25 50 75 100 125 250 375 500 625 750
94 46 26 52 78 104 130 260 390 520 650 780
95 47 27 54 81 108 135 270 405 540 675 810
96 48 28 56 84 112 140 280 420 560 700 840
97 49 29 58 87 116 145 290 435 580 725 870
98 50 30 60 90 120 150 300 450 600 750 900
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Properties of Mass and Weight

Density.—The density of any solid, fluid or gaseous substance is the mass of that sub-
stance per unit volume. If weight is used in the ordinary sense as being equivalent to mass,
then density may be defined as the weight per unit volume. The density depends upon the
unit in which the mass or weight is expressed, and upon the unit of volume used. In engi-
neering and scientific work, density is generally expressed in grams per cubic centimeter,
without naming the units, because the density will be equal to the specific gravity.
Specific Gravity.—Specific gravity is a number indicating how many times a volume of
material is heavier than an equal volume of water. Density of water varies slightly at differ-
ent temperatures. In exacting scientific studies a reference temperature of 4°C (39.2°F) is
often used, and the weight of 1 cubic meter of pure water at 4°C is 1000 kg. In engineering
practice the usual custom is to measure specific gravity at water temperature of 60 or 62°F
(15.5 or 16.6°C); 1 cubic foot of pure water at 62°F weighs 62.355 pounds.

 When specific gravity is known, the weight per cubic centimeter is equal to its specific gravity.
The weight per cubic meter equals the specific gravity × 1000. The weight per cubic inch equals the
specific gravity × 0.0361. The weight of a cubic foot equals the specific gravity divided by 0.01604. 

When weight per cubic centimeter is known, the specific gravity is equal to the weight per cubic
centimeter. If weight per cubic meter is known, the specific gravity equals this weight divided by
1000. If density is given in lb/in3, specific gravity may be determined by dividing the density by
0.0361. If weight per cubic foot is known, specific gravity equals this weight multiplied by 0.01604.

Examples:  The specific gravity of cast iron is 7.2. The weight of 80 cm3 of cast iron =
7.2 × 80 = 5.6 kg. The weight of 5 in3 of cast iron = 7.2 × 0.0361 × 5 = 1.2996 pounds.

Examples:  The weight of a cubic centimeter of gold is 19.31 grams. The specific gravity
of gold = weight of a cubic centimeter of gold = 19.31. A cubic inch of gold weighs 0.697
pound. The specific gravity of gold = 0.697 ÷ 0.0361 = 19.31

Given Rule to find density Given Rule to find specific gravity

Specific
Gravity
(S.G.)

weight/cm3 = S.G. weight/cm3 S.G. = weight/cm3

weight/m3 = S.G. × 1000 weight/m3 S.G. = weight/m3÷ 1000
weight/in3 = S.G. × 0.0361 weight/in3 S.G. = weight/in3 ÷ 0.0361
weight/ft3 = S.G. ÷ 0.01604 weight/ft3 S.G. = weight/ft3 × 0.01604

Table 15. Average Specific Gravity of Various Substances 
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ABS 1.05 66 1057 Glass 2.6 162 2595 Platinum 21.5 1342 21497
Acrylic 1.19 74 1185 Glass, crushed … 74 1185 Polycarbonate 1.19 74 1185
Aluminum bronze 7.8 486 7785 Gold, 22 carat fine 17.5 1091 17476 Polyethylene 0.97 60 961
Aluminum, cast 2.6 160 2563 Gold, pure 19.3 1204 19286 Polypropylene 0.91 57 913
Aluminum, wrought 2.7 167 2675 Granite 2.7 168 2691 Polyurethane 1.05 66 1057
Asbestos 2.4 150 2403 Gravel … 109 1746 Quartz 2.6 162 2595
Asphaltum 1.4 87 1394 Gypsum 2.4 150 2403 Salt, common … 48 769
Borax 1.8 112 1794 Ice 0.9 56 897 Sand, dry … 100 1602
Brick, common 1.8 112 1794 Iron, cast 7.2 447 7160 Sand, wet … 125 2002
Brick, fire 2.3 143 2291 Iron, wrought 7.7 479 7673 Sandstone 2.3 143 2291
Brick, hard 2.0 125 2002 Iron slag 2.7 168 2691 Silver 10.5 656 10508
Brick, pressed 2.2 137 2195 Lead 11.4 711 11389 Slate 2.8 175 2803
Brickwork, in cement 1.8 112 1794 Limestone 2.6 162 2595 Soapstone 2.7 168 2691
Brickwork, in mortar 1.6 100 1602 Marble 2.7 168 2691 Steel 7.9 491 7865
CPVC 1.55 97 1554 Masonry 2.4 150 2403 Sulfur 2.0 125 2002
Cement, Portland (set) 3.1 193 3092 Mercury 13.56 845.3 13540 Tar, bituminous 1.2 75 1201
Chalk 2.3 143 2291 Mica 2.8 175 2803 Tile 1.8 112 1794
Charcoal 0.4 25 400 Mortar 1.5 94 1506 Trap rock 3.0 187 2995
Coal, anthracite 1.5 94 1506 Nickel, cast 8.3 517 8282 Water at 4°C 1.0 62.43 1000
Coal, bituminous 1.3 81 1297 Nickel, rolled 8.7 542 8682 Water at 62°F 1.0 62.355
Concrete 2.2 137 2195 Nylon 6, Cast 1.16 73 1169 White metal 7.3 457 7320
Earth, loose … 75 1201 PTFE 2.19 137 2195 Zinc, cast 6.9 429 6872
Earth, rammed … 100 1602 Phosphorus 1.8 112 1794 Zinc, sheet 7.2 450 7208
Emery 4.0 249 3989 Plaster of Paris 1.8 112 1794 … … … …
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Note: t = metric ton = 1000 kg; ton = US ton of 2000 lbs; a gross or long ton = 2240 lbs.

Specific Gravity of Gases.—The specific gravity of gases is the number that indicates
their weight in comparison with that of an equal volume of air. The specific gravity of air is
1, and the comparison is made at 32°F (0°C). Values are given in Table 16.

Specific Gravity of Liquids.—The specific gravity of liquids is the number that indicates
how much a certain volume of the liquid weighs compared with an equal volume of water,
the same as with solid bodies. Specific gravity of various liquids is given in Table 17.

The density of liquid is often expressed in degrees on the hydrometer, an instrument for
determining the density of liquids, provided with graduations made to an arbitrary scale.
The hydrometer consists of a glass tube with a bulb at one end containing air, and arranged
with a weight at the bottom so as to float in an upright position in the liquid, the density of
which is to be measured. The depth to which the hydrometer sinks in the liquid is read off
on the graduated scale. The most commonly used hydrometer is the Baumé, see Table 18.
The value of the degrees of the Baumé scale differs according to whether the liquid is
heavier or lighter than water. The specific gravity for liquids heavier than water equals 145
÷ (145 − degrees Baumé). For liquids lighter than water, the specific gravity equals 140 ÷
(130 + degrees Baumé).

a The weight per cubic foot, or per cubic meter, is calculated on the basis of the specific gravity except
for those substances that occur in bulk, heaped, or loose form. In these instances, only the weights per
cubic foot and per cubic meter are given because the voids present in representative samples make the
values of the specific gravities inaccurate. 

Average Weights and Volumes of Solid Fuels

Material lb/ft3 ft3/ton (2240 lb) kg/m3 lb/bushel m3/t

Anthracite coal 55–65 34–41 881–1041 67 (80a)

a Legal commodities weight/bushel defined by statute in some states. 

0.96–1.14
Bituminous coal 50–55 41–45 801–881 78–86 (80a) 1.14–1.25
Charcoal 18–18.5 121–124 288–296 22–23 (20a) 3.37–3.47
Coke 28 80 449 35 (40a) 2.23

Table 16. Specific Gravity of Gases At 32°F (0°C)

Gas Sp. Gr. Gas Sp. Gr. Gas Sp. Gr.

Aira

a 1 cubic foot of air at 32°F and atmospheric pressure weighs 0.0807 pound. 1 cubic meter of air at
0°C and atmospheric pressure weighs 1.29 kg. 

1.000 Ether vapor 2.586 Marsh gas 0.555
Acetylene 0.920 Ethylene 0.967 Nitrogen 0.971
Alcohol vapor 1.601 Hydrofluoric acid 2.370 Nitric oxide 1.039
Ammonia 0.592 Hydrochloric acid 1.261 Nitrous oxide 1.527
Carbon dioxide 1.520 Hydrogen 0.069 Oxygen 1.106
Carbon monoxide 0.967 Illuminating gas 0.400 Sulfur dioxide 2.250
Chlorine 2.423 Mercury vapor 6.940 Water vapor 0.623

Table 17. Specific Gravity of Liquids

Liquid Sp. Gr. Liquid Sp. Gr. Liquid Sp. Gr. Liquid Sp. Gr.

Acetic acid 1.06 Cotton-seed oil 0.93 Naphtha 0.76 Tar 1.00
Alcohol, commercial 0.83 Ether,  sulfuric 0.72 Nitric acid 1.50 Turpentine oil 0.87
Alcohol, pure 0.79 Fluoric acid 1.50 Olive oil 0.92 Vinegar 1.08
Ammonia 0.89 Gasoline 0.70 Palm oil 0.97 Water 1.00
Benzine 0.69 Kerosene 0.80 Petroleum oil 0.82 Water, sea 1.03
Bromine 2.97 Linseed oil 0.94 Phosphoric acid 1.78 Whale oil 0.92
Carbolic acid 0.96 Mineral oil 0.92 Rape oil 0.92
Carbon disulfide 1.26 Muriatic acid 1.20 Sulfuric acid 1.84
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How to Estimate the Weight of Natural Piles.—To calculate the upper and lower limits
of weight of a substance piled naturally on a plate, use the following:

Example:Find the upper and lower limits of the weight of dry ashes piled naturally on a
plate 10 ft. in diameter.

Using Equation (1), M = 4.58 from Table 19b, the lower limit W = 4.58 × 103 = 4,580 lb.
For M = 5.89, the upper limit W = 5.89 × 103 = 5,890 lb.

Example:What weight of dry ashes rests on a rectangular plate 10 ft. by 5 ft.?

Table 18. Degrees on Baumé’s Hydrometer Converted to Specific Gravity

Deg.
Baumé

Specific Gravity for Liquids

Deg.
Baumé

Specific Gravity for Liquids

Deg.
Baumé

Specific Gravity for Liquids

Heavier than 
Water

Lighter than
Water

Heavier than 
Water

Lighter
than Water

Heavier
than Water

Lighter
than Water

0 1.000 … 27 1.229 0.892 54 1.593 0.761
1 1.007 … 28 1.239 0.886 55 1.611 0.757
2 1.014 … 29 1.250 0.881 56 1.629 0.753
3 1.021 … 30 1.261 0.875 57 1.648 0.749
4 1.028 … 31 1.272 0.870 58 1.667 0.745
5 1.036 … 32 1.283 0.864 59 1.686 0.741
6 1.043 … 33 1.295 0.859 60 1.706 0.737
7 1.051 … 34 1.306 0.854 61 1.726 0.733
8 1.058 … 35 1.318 0.849 62 1.747 0.729
9 1.066 … 36 1.330 0.843 63 1.768 0.725

10 1.074 1.000 37 1.343 0.838 64 1.790 0.721
11 1.082 0.993 38 1.355 0.833 65 1.813 0.718
12 1.090 0.986 39 1.368 0.828 66 1.836 0.714
13 1.099 0.979 40 1.381 0.824 67 1.859 0.710
14 1.107 0.972 41 1.394 0.819 68 1.883 0.707
15 1.115 0.966 42 1.408 0.814 69 1.908 0.704
16 1.124 0.959 43 1.422 0.809 70 1.933 0.700
17 1.133 0.952 44 1.436 0.805 71 1.959 0.696
18 1.142 0.946 45 1.450 0.800 72 1.986 0.693
19 1.151 0.940 46 1.465 0.796 73 2.014 0.689
20 1.160 0.933 47 1.480 0.791 74 2.042 0.686
21 1.169 0.927 48 1.495 0.787 75 2.071 0.683
22 1.179 0.921 49 1.510 0.782 76 2.101 0.679
23 1.189 0.915 50 1.526 0.778 77 2.132 0.676
24 1.198 0.909 51 1.542 0.773 78 2.164 0.673
25 1.208 0.903 52 1.559 0.769 79 2.197 0.669
26 1.219 0.897 53 1.576 0.765 80 2.230 0.666

Fig. 1a. Conical Pile

For a substance piled naturally on a circular plate, form-
ing a cone of material, 

(1)

where W = weight, lb (kg); D =  diameter of plate in Fig.
1a, in feet (meters); and, M = a materials factor, whose
upper and lower limits are given in Table 19b.

Fig. 1b. Rectangular Pile

For a substance piled naturally on a rectangular plate,

(2)

where W = weight, lb (kg); A and B = the length and width
in feet (meters), respectively, of the rectangular plate in
Fig. 1b, with B ≤ A; M = a materials factor, whose upper
and lower limits are given in Table 19b; and, R =  is a fac-
tor given in Table 19a as a function of the ratio B/A.

D

W MD3=

A B

W MRA3=
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For B/A = 5/10 = 0.5, R = 0.39789 from Table 19a. Using Equation (2), for M = 4.58, the
lower limit W = 4.58 × 0.39789 × 103 = 1,822 lb. For M = 5.89, the upper limit W = 5.89 ×
0.39789 × 103 = 2,344lb.

Example:What is the weight of a pile of cast iron chips resting on a rectangular plate 4 m
by 2 m? For B/A = 2/4, R = 0.39789 from Table 19a. Using Equation (2), for M = 17.02, the
lower limit W = 17.02 × 0.39789 × 43 = 433 kg. For M = 26.18, the upper limit W = 26.18 ×
0.39789 × 43 = 667 kg.

Table 19a. Factor R as a function of B/A (B ≤ A)

B/A R B/A R B/A R B/A R B/A R B/A R

0.01 0.00019 0.18 0.05817 0.35 0.20666 0.52 0.42691 0.69 0.70015 0.86 1.00761
0.02 0.00076 0.19 0.06458 0.36 0.21782 0.53 0.44170 0.70 0.71747 0.87 1.02636
0.03 0.00170 0.20 0.07130 0.37 0.22921 0.54 0.45667 0.71 0.73491 0.88 1.04516
0.04 0.00302 0.21 0.07833 0.38 0.24085 0.55 0.47182 0.72 0.75245 0.89 1.06400
0.05 0.00470 0.22 0.08566 0.39 0.25273 0.56 0.48713 0.73 0.77011 0.90 1.08289
0.06 0.00674 0.23 0.09329 0.40 0.26483 0.57 0.50262 0.74 0.78787 0.91 1.10182
0.07 0.00914 0.24 0.10121 0.41 0.27717 0.58 0.51826 0.75 0.80572 0.92 1.12078
0.08 0.01190 0.25 0.10942 0.42 0.28973 0.59 0.53407 0.76 0.82367 0.93 1.13977
0.09 0.01501 0.26 0.11792 0.43 0.30252 0.60 0.55004 0.77 0.84172 0.94 1.15879
0.10 0.01846 0.27 0.12670 0.44 0.31552 0.61 0.56616 0.78 0.85985 0.95 1.17783
0.11 0.02226 0.28 0.13576 0.45 0.32873 0.62 0.58243 0.79 0.87807 0.96 1.19689
0.12 0.02640 0.29 0.14509 0.46 0.34216 0.63 0.59884 0.80 0.89636 0.97 1.21596
0.13 0.03088 0.30 0.15470 0.47 0.35579 0.64 0.61539 0.81 0.91473 0.98 1.23505
0.14 0.03569 0.31 0.16457 0.48 0.36963 0.65 0.63208 0.82 0.93318 0.99 1.25414
0.15 0.04082 0.32 0.17471 0.49 0.38366 0.66 0.64891 0.83 0.95169 1.00 1.27324
0.16 0.04628 0.33 0.18511 0.50 0.39789 0.67 0.66586 0.84 0.97027 … …
0.17 0.05207 0.34 0.19576 0.51 0.41231 0.68 0.68295 0.85 0.98891 … …

Table 19b. Limits of Factor M for Various Materials

Material Factor M Material Factor M Material Factor M

Almonds, whole 2.12-3.93 Coffee, ground 1.89-3.27 Peanuts, unshelled 1.13-3.14
Aluminum chips 0.92-1.96 Coke, pulverized 2.21 Peanuts, shelled 2.65-5.89
Aluminum silicate 3.7-6.41 Copper oxide, powdered 20.87 Peas, dry 2.75-3.05
Ammonium chloride 3.93-6.81 Cork, granulated     1.57-1.96 Potassium carbonate 3.85-6.68
Asbestos, shred 2.62-3.27 Corn on cob     1.29-1.33 Potasiuin sulphate 5.5-6.28
Ashes, dry 4.58-5.89 Corn sugar     2.34-4.06 Pumice 5.24-5.89
Ashes, damp 6.24-7.80 Cottonseed, dry, de-linted 1.66-5.24 Rice, bran 1.51-2.75
Asphalt, crushed 3.4-5.89 Diatoinaceous earth 0.83-1.83 Rubber, scrap, ground 2.11-4.58
Bakelite, powdered 3.93-5.24 Dicalcium phosphate 5.63 Salt, dry, coarse 3.02-8.38
Baking powder 3.1-5.37 Ebonite, crushed 4.91-9.16 Salt, dry, fine 5.29-10.47
Barium carbonate 9.42 Epsoin salts 3.02-6.54 Saltpeter 6.05-10.47
Bauxite, mine run 5.9-6.69 Feldspar, ground 8.51-9.16 Salt rock, crushed 4.58
Beans, navy, dry 3.63 Fish scrap 5.24-6.54 Sand, very fine 7.36-9
Beets, sugar, shredded 0.47-0.55 Flour 5.61-10.43 Sawdust, dry 0.95-2.85
Bicarbonate of soda 3.10 Flue dust 2.65-3.40 Sesame seed 2.04-4.84
Borax 3.78-9.16 Flourspar (Flourite) 10.73-14.40 Shellac, powdered 2.34-4.06
Boric acid 4.16-7.20 Graphite, flake 3.02-5.24 Slag, furnace, granular 4.53-8.51
Bronze chips 3.93-6.54 Gravel 6.8-13.18 Soap powder 1.51-3.27
Buckwheat 2.8-3.17 Gypsum, calcined 6.04-6.59 Sodium nitrate 3.96-4.66
Calcium lactate 3.4-3.8 Hominy 2.8-6.54 Sodium sulphite 10.54
Calcium oxide (lime) 3.30 Hops, dry 4.58 Sodium sulphate 6.92
Carbon, ground 2.51 Kaolin clay 12.32-21.34 Soybeans 3.48-6.28
Casein 2.72-4.71 Lead silicate, granulated 25.26 Steel chips, crushed 7.56-19.63
Cashew nuts 4.19-4.84 Lead sulphate, pulverized 24.09 Sugar, refined 3.78-7.2
Cast iron chips 17.02-26.18 Lime ground 7.85 Sulphur 4.5-6.95
Cement, Portland 6.8-13.09 Limestone, crushed 6.42-11.78 Talcum powder 4.37-5.9
Cinders, coal 3.02-5.24 Magnesium chloride 4.32 Tin oxide, ground 9.17
Clay, blended for tile 5.89 Malt, dry, ground 1.66-2.88 Tobacco stems 1.96-3.27
Coal, anthracite, chestnut 2.43 Manganese sulphate 5.29-9.16 Trisodium phosphate 4.53-7.85
Coal, bituminous, sized 2.64-4.48 Marble, crushed 6.8-12.44 Walnut shells, crushed 2.65-5.24
Coal, ground 2.90 Mica, ground 1.24-1.43 Wood chips, fir 2.49-2.88
Cocoa, powdered 3.93-4.58 Milk, whole, powdered 2.62 Zinc sulphate 8.85-11.12
Coconut, shredded 2.62-2.88 Oats 1.74-2.86 … …
Coffee beans 2.42-5.89 Orange peel, dry 1.96 … …
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Molecular Weight.—The smallest mass of a chemical combination which can be con-
ceived of as existing and yet preserving its chemical properties is known as a molecule. The
molecular weight of a chemical compound is equal to the sum of the atomic weights of the
atoms contained in the molecule, and are calculated from the atomic weights, when the
symbol of the compound is known. See Table 1 on page 371 for atomic weights. The
atomic weight of silver is 107.88; of nitrogen, 14.01; and of oxygen, 16; hence, the molec-
ular weight of silver-nitrate, the chemical formula of which is AgNO3 equals 107.88 +
14.01 + (3 × 16) = 169.89.
Mol.—The term “mol” is used as a designation of quantity in electro-chemistry to indicate
the number of grams of a substance equal to its molecular weight. For example, one mol of
siliver-nitrate equals 169.89 grams, the molecular weight of silver-nitrate being 169.89.
Air.—Air is a mechanical mixture composed of 78 per cent, by volume, of nitrogen, 21 per
cent of oxygen, and 1 per cent of argon. The weight of pure air at 32 °F (0 °C), and an atmo-
spheric pressure of 29.92 inches of mercury (760 mm mercury or 760 torr) or 14.70 pounds
per square inch, is 0.08073 pound per cubic foot. The volume of a pound of air at the same
temperature and pressure is 12.387 cubic feet. The weight of air, in pounds per cubic foot,
at any other temperature or pressure may be determined by first multiplying the barometer
reading (atmospheric pressure in inches of mercury) by 1.325 and then dividing the prod-
uct by the absolute temperature in degrees F. The absolute zero from which all tempera-
tures must be derived in dealing with the weight and volume of gases, is assumed to be
minus 459.67 °F (273.15 °C). Hence, to obtain the absolute temperature, add to the temper-
ature observed on a regular Fahrenheit thermometer the value 459.67. 
Alligation.—Alligation or "the rule of mixtures" are names applied to several rules of
arithmetical processes for determining the relation between proportions and prices of the
ingredients of a mixture and the cost of the mixture per unit of weight or volume. For exam-
ple, if an alloy is composed of several metals varying in price, the price per pound of the
alloy can be found as in the following example: An alloy is composed of 50 pounds of cop-
per at $1.70 a pound, 10 pounds of tin at $4.05 a pound, 20 pounds of zinc at $0.99 a pound,
and 5 pounds of lead at $1.10 cents a pound. What is the cost of the alloy per pound, no
account being taken of the cost of mixing it? Multiply the number of pounds of each of the
ingredients by its price per pound, add these products together, and divide the sum by the
total weight of all the ingredients. The quotient is the price per pound of the alloy.

Example:The foregoing example would be worked out numerically as follows: 
Total cost of materials: 50 × 1.70 +10 × 4.05 + 20 × 0.99 + 5 × 1.10 = $150.80
Total weight of metal in alloy: 50 + 10 + 20 + 5 = 85 lbs. 
Price per pound of alloy = 150.80 ÷ 85= $1.77, approximately. 

Earth or Soil Weight.—Loose earth has a weight of approximately 75 lb/ft3 (1200 kg/m3)
and rammed earth, 100 lb/ft3 (1600 kg/m3).

Composition of Earth Crust: The solid crust of the earth, according to an estimate, is
composed approximately of the following elements: oxygen, 44.0 to 48.7%; silicon, 22.8
to 36.2%; aluminum, 6.1 to 9.9%; iron, 2.4 to 9.9%; calcium, 0.9 to 6.6%; magnesium, 0.1
to 2.7%; sodium, 2.4 to 2.5%; potassium, 1.7 to 3.1%.

Loads on Soils and Rocks: The bearing capacities of soils and rocks is useful in structural
engineering, and also of value under certain conditions in connection with the installation
of very heavy machinery requiring foundations. The ultimate resistance of various soils
and rocks will be given in tons per square foot: natural earth that is solid and dry, 4 to 6 tons;
thick beds of absolutely dry clay, 4 tons; thick beds of moderately dry clay, 2 tons; soft
clay, 1 ton; gravel that is dry, coarse, and well packed, 6 to 8 tons; soft, friable rock and
shales, 5 to 10 tons; sand that is compact, dry, and well cemented, 4 tons; natural sand in a
clean dry condition, 2 to 4 tons; compact bed-rock, northern red sandstone, 20 tons; com-
pact bed-rock, northern sound limestone, 25 tons; compact bed-rock granite, 30 tons. 
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PROPERTIES OF WOOD, CERAMICS, PLASTICS, METALS

Properties of Wood

Mechanical Properties of Wood.—Wood is composed of cellulose, lignin, ash-forming
minerals, and extractives formed into a cellular structure. (Extractives are substances that
can be removed from wood by extraction with such solvents as water, alcohol, acetone,
benzene, and ether.) Variations in the characteristics and volumes of the four components
and differences in the cellular structure result in some woods being heavy and some light,
some stiff and some flexible, and some hard and some soft. For a single species, the prop-
erties are relatively constant within limits; therefore, selection of wood by species alone
may sometimes be adequate. However, to use wood most effectively in engineering appli-
cations, the effects of physical properties or specific characteristics must be considered.

The mechanical properties listed in the accompanying Table 1 were obtained from tests
on small pieces of wood termed “clear” and “straight grained” because they did not contain
such characteristics as knots, cross grain, checks, and splits. However, these test pieces did
contain such characteristics as growth rings that occur in consistent patterns within the
piece. Since wood products may contain knots, cross grain, etc., these characteristics must
be taken into account when assessing actual properties or when estimating actual perfor-
mance. In addition, the methods of data collection and analysis have changed over the
years during which the data in Table 1 have been collected; therefore, the appropriateness
of the data should be reviewed when used for critical applications such as stress grades of
lumber.

Wood is an orthotropic material; that is, its mechanical properties are unique and inde-
pendent in three mutually perpendicular directions—longitudinal, radial, and tangential.
These directions are illustrated in the following figure.

Modulus of Rupture: The modulus of rupture in bending reflects the maximum load-car-
rying capacity of a member and is proportional to the maximum moment borne by the
member. The modulus is an accepted criterion of strength, although it is not a true stress
because the formula used to calculate it is valid only to the proportional limit.

Work to Maximum Load in Bending: The work to maximum load in bending represents
the ability to absorb shock with some permanent deformation and more or less injury to a
specimen; it is a measure of the combined strength and toughness of the wood under bend-
ing stress.

Maximum Crushing Strength: The maximum crushing strength is the maximum stress
sustained by a compression parallel-to-grain specimen having a ratio of length to least
diameter of less than 11.

Compression Perpendicular to Grain: Strength in compression perpendicular to grain is
reported as the stress at the proportional limit because there is no clearly defined ultimate
stress for this property.
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Shear Strength Parallel to Grain: Shear strength is a measure of the ability to resist inter-
nal slipping of one part upon another along the grain. The values listed in the table are aver-
ages of the radial and tangential shears.

Tensile Strength Perpendicular to Grain: The tensile strength perpendicular to the grain
is a measure of the resistance of wood to forces acting across the grain that tend to split the
material. Averages of radial and tangential measurements are listed.

Table 1. Mechanical Properties of Commercially Important U.S. Grown Woods

Results of tests on small, clear, straight-grained specimens. Data for dry specimens are from tests
of seasoned material adjusted to a moisture content of 12%.

Source:U.S. Department of Agriculture:Wood Handbook.

Weight of Wood.—The weight of seasoned wood per cord is approximately as follows,
assuming about 70 cubic feet of solid wood per cord: beech, 3300 pounds; chestnut, 2600
pounds; elm, 2900 pounds; maple, 3100 pounds; poplar, 2200 pounds; white pine, 2200
pounds; red oak, 3300 pounds; white oak, 3500 pounds. For additional weights of green
and dry woods, see Table 2.

Weight per Foot of Wood, Board Measure.—The following is the weight in pounds of
various kinds of woods, commercially known as dry timber, per foot board measure: white
oak, 4.16; white pine, 1.98; Douglas fir, 2.65; short-leaf yellow pine, 2.65; red pine, 2.60;
hemlock, 2.08; spruce, 2.08; cypress, 2.39; cedar, 1.93; chestnut, 3.43; Georgia yellow
pine, 3.17; California spruce, 2.08. For other woods, divide the weight/ft3 from Table 2 by
12 to obtain the approximate weight per board foot.

Effect of Pressure Treatment on Mechanical Properties of Wood.—The strength of
wood preserved with creosote, coal-tar, creosote-coal-tar mixtures, creosote-petroleum
mixtures, or pentachlorophenol dissolved in petroleum oil is not reduced. However, water-
borne salt preservatives contain chemicals such as copper, arsenic, chromium, and ammo-
nia, which have the potential of affecting mechanical properties of treated wood and

Use the first number in 
each column for GREEN 
wood; use the second num-
ber for DRY wood.

Static Bending Maximum
Crushing
Strength
(103 psi)

Compression
Strength

Perpendicular
to Grain (psi)

Shear
Strength

Parallel to
Grain (psi)

Tensile
Strength
Perp. to

Grain (psi)

Modulus
of Rupture
(103 psi)

Work to
Max Load
(in.-lb/in.3)

Basswood, American 5.0 8.7 5.3 7.2 2.22 4.73 170 370 600 990 280 350
Cedar, N. white 4.2 6.5 5.7 4.8 1.90 3.96 230 310 620 850 240 240
Cedar, W. red 5.2 7.5 5.0 5.8 2.77 4.56 240 460 770 990 230 220

Douglas Fir, coasta

a Coast: grows west of the summit of the Cascade Mountains in OR and WA. Interior west: grows in
CA and all counties in OR and WA east of but adjacent to the Cascade summit. Interior north: grows in
remainder of OR and WA and ID, MT, and WY. Interior south: grows in UT, CO, AZ, and NM. 

7.7 12.4 7.6 9.9 3.78 7.23 380 800 900 1,130 300 340

Douglas Fir, interior W. 7.7 12.6 7.2 10.6 3.87 7.43 420 760 940 1,290 290 350
Douglas Fir, interior N. 7.4 13.1 8.1 10.5 3.47 6.90 360 770 950 1,400 340 390
Douglas Fir, interior S. 6.8 11.9 8.0 9.0 3.11 6.23 340 740 950 1,510 250 330
Fir, balsam 5.5 9.2 4.7 5.1 2.63 5.28 190 404 662 944 180 180
Hemlock, Eastern 6.4 8.9 6.7 6.8 3.08 5.41 360 650 850 1,060 230 …
Hemlock, Mountain 6.3 11.5 11.0 10.4 2.88 6.44 370 860 930 1,540 330 …
Hemlock, Western 6.6 11.3 6.9 8.3 3.36 7.20 280 550 860 1,290 290 340
Pine, E. white 4.9 9.9 5.2 8.3 2.44 5.66 220 580 680 1,170 250 420
Pine, Virginia 7.3 13.0 10.9 13.7 3.42 6.71 390 910 890 1,350 400 380
Pine, W. white 4.7 9.7 5.0 8.8 2.43 5.04 190 470 680 1,040 260 …
Redwood, old-growth 7.5 10.0 7.4 6.9 4.20 6.15 420 700 800 940 260 240
Redwood, young-growth 5.9 7.9 5.7 5.2 3.11 5.22 270 520 890 1,110 300 250
Spruce, Engelmann 4.7 9.3 5.1 6.4 2.18 4.48 200 410 640 1,200 240 350
Spruce, red 6.0 10.8 6.9 8.4 2.72 5.54 260 550 750 1,290 220 350
Spruce, white 5.0 9.4 6.0 7.7 2.35 5.18 210 430 640 970 220 360
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causing mechanical fasteners to corrode. Preservative salt-retention levels required for
marine protection may reduce bending strength by 10 per cent or more.

Density of Wood.—The following formula can be used to find the density of wood in
lb/ft3 as a function of its moisture content.

where ρ is the density, G is the specific gravity of wood, and M is the moisture content
expressed in per cent.

Table 2. Weights of American Woods, in Pounds per Cubic Foot 

Source: United States Department of Agriculture

Machinability of Wood.—The ease of working wood with hand tools generally varies
directly with the specific gravity of the wood; the lower the specific gravity, the easier the
wood is to cut with a sharp tool. A rough idea of the specific gravity of various woods can
be obtained from the preceding table by dividing the weight of wood in lb/ft3 by 62.355.

A wood species that is easy to cut does not necessarily develop a smooth surface when it
is machined. Three major factors, other than specific gravity, influence the smoothness of
the surface obtained by machining: interlocked and variable grain, hard deposits in the
grain, and reaction wood. Interlocked and variable grain is a characteristic of many tropical
and some domestic species; this type of grain structure causes difficulty in planing quarter
sawn boards unless careful attention is paid to feed rates, cutting angles, and sharpness of
the knives. Hard deposits of calcium carbonate, silica, and other minerals in the grain tend
to dull cutting edges quickly, especially in wood that has been dried to the usual in service
moisture content. Reaction wood results from growth under some physical stress such as
occurs in leaning trunks and crooked branches. Generally, reaction wood occurs as tension
wood in hardwoods and as compression wood in softwoods. Tension wood is particularly
troublesome, often resulting in fibrous and fuzzy surfaces, especially in woods of lower
density. Reaction wood may also be responsible for pinching saw blades, resulting in burn-
ing and dulling of teeth.

The Table 3 rates the suitability of various domestic hardwoods for machining. The data
for each species represent the percentage of pieces machined that successfully met the
listed quality requirement for the processes. For example, 62 per cent of the black walnut

Species G
re

en

A
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Species G
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A
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Species G
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en

A
ir
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Alder, red 46 28 Douglas fir, Rocky Mt. region 35 30 Oak, red 64 44
Ash, black 52 34 Elm, American 54 35 Oak, white 63 47
Ash, commercial white 48 41 Elm, rock 53 44 Pine, lodgepole 39 29
Ash, Oregon 46 38 Elm, slippery 56 37 Pine, northern white 36 25
Aspen 43 26 Fir, balsam 45 25 Pine, Norway 42 34
Basswood 42 26 Fir, commercial white 46 27 Pine, ponderosa 45 28
Beech 54 45 Gum, black 45 35 Pines, southern yellow:
Birch 57 44 Gum, red 50 34 Pine, loblolly 53 36
Birch, paper 50 38 Hemlock, eastern 50 28 Pine, longleaf 55 41
Cedar, Alaska 36 31 Hemlock, western 41 29 Pine, shortleaf 52 36
Cedar, eastern red 37 33 Hickory, pecan 62 45 Pine, sugar 52 25
Cedar, northern white 28 22 Hickory, true 63 51 Pine, western white 35 27
Cedar, southern white 26 23 Honeylocust 61 … Poplar, yellow 38 28
Cedar, western red 27 23 Larch, western 48 36 Redwood 50 28
Cherry, black 45 35 Locust, black 58 48 Spruce, eastern 34 28
Chestnut 55 30 Maple, bigleaf 47 34 Spruce, Engelmann 39 23
Cottonwood, eastern 49 28 Maple, black 54 40 Spruce, Sitka 33 28
Cottonwood, northern black 46 24 Maple, red 50 38 Sycamore 52 34
Cypress, southern 51 32 Maple, silver 45 33 Tamarack 47 37
Douglas fir, coast region 38 34 Maple, sugar 56 44 Walnut, black 58 38

ρ 62.4
G

1 G+ 0.009× M×
--------------------------------------------
 
  1 M

100
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pieces planed came out perfect, but only 34 per cent of the pieces run on the shaper
achieved good to excellent results.

Table 3. Machinability and Related Properties of Various Domestic Hardwoods

The data above represent the percentage of pieces attempted that meet the quality requirement
listed.

Nominal and Minimum Sizes of Sawn Lumber

Source: National Forest Products Association: Design Values for Wood Construction. Moisture
content: dry lumber ≤ 19%; green lumber > 19%. Dimension lumber refers to lumber 2 to 4 inches
thick (nominal) and 2 inches or greater in width. Timbers refers to lumber of approximately square
cross-section, 5 × 5 inches or larger, and a width no more than 2 inches greater than the thickness.

Type of Wood

Planing Shaping Turning Boring Mortising Sanding

Quality Required

Perfect
Good to

Excellent
Fair to

Excellent
Good to

Excellent
Fair to

Excellent
Good to

Excellent

Alder, red 61 20 88 64 52 …
Ash 75 55 79 94 58 75
Aspen 26 7 65 78 60 …
Basswood 64 10 68 76 51 17
Beech 83 24 90 99 92 49
Birch 63 57 80 97 97 34
Birch, paper 47 22 … … … …
Cherry, black 80 80 88 100 100 …
Chestnut 74 28 87 91 70 64
Cottonwood 21 3 70 70 52 19
Elm, soft 33 13 65 94 75 66
Hackberry 74 10 77 99 72 …
Hickory 76 20 84 100 98 80
Magnolia 65 27 79 71 32 37
Maple, bigleaf 52 56 8 100 80 …
Maple, hard 54 72 82 99 95 38
Maple, soft 41 25 76 80 34 37
Oak, red 91 28 84 99 95 81
Oak, white 87 35 85 95 99 83
Pecan 88 40 89 100 98 …
Sweetgum 51 28 86 92 53 23
Sycamore 22 12 85 98 96 21
Tanoak 80 39 81 100 100 …
Tupelo, black 48 32 75 82 24 21
Tupelo, water 55 52 79 62 33 34
Walnut, black 62 34 91 100 98 …
Willow 52 5 58 71 24 24
Yellow-poplar 70 13 81 87 63 19

Type of
Lumber

Thickness (inches) Face Widths (inches)

Nominal, Tn Dry Green Nominal, Wn Dry Green

1 3⁄4 25⁄32 2 to 4 Wn − 1⁄2 Wn − 7⁄16

Boards 11⁄4 1 11⁄32 5 to 7 Wn − 1⁄2 Wn − 3⁄8
11⁄2 11⁄4 19⁄32 8 to 16 Wn − 3⁄4 Wn − 1⁄2

2 11⁄2 19⁄16 2 to 4 Wn − 1⁄2 Wn − 7⁄16

21⁄2 2 21⁄16 5 to 6 Wn − 1⁄2 Wn − 3⁄8
Dimension 3 21⁄2 29⁄16 8 to 16 Wn − 3⁄4 Wn − 1⁄2
Lumber 31⁄2 3 31⁄16 … … …

4 31⁄2 39⁄16 … … …

41⁄2 4 41⁄16 … … …

Timbers 5 and up … Tn − 1⁄2 5 and up … Wn − 1⁄2
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Tabulated Properties of Ceramics, Plastics, and Metals

Typical Properties of Ceramics Materials

Material

Densitya

a Obtain specific gravity by dividing density in lb/in3 by 0.0361; for density in lb/ft3, multiply lb/in.3 by 1728; for kg/m3, multiply density in lb/in3 by 27,679.9. 

Dielectric
Strength
(V/mil)

Coeff. of
Expansionb

b To convert coefficient of expansion to 10−6 in/in-°C, multiply table value by 1.8. 

Flexural
Strength
(103 psi)

Mohs’s
Hardnessc

c Mohs’s Hardness scale is used unless otherwise indicated as follows: Ra and Rh for Rockwell A and H scales, respectively; V for Vickers hardness. 

Operating
Temp.
(°F)

Tensile
Strength

Compressive
Strength
(103 psi)

Thermal
Conductivityd

d To convert conductivity from Btu-ft/hr-ft2-°F to cal-cm/sec-cm2-°C, divide by 241.9. 

lb/in3 g/cm3 10−6 in/in-°F 10−6 m/m-°C 103 psi MPa (Btu-ft/hr-ft2-°F) W/(m-k)

Machinable Glass Ceramic
0.09 2.49 1000 4.1–7.0 7.38–12.6 48 Ra 1472 … … 50 0.85 1.47
0.11 3.04 400 6 10.8 15 5.5 700 … … 40 0.24 0.42
0.10 2.77 380 5.2 9.4 14 5.0 1100 … … 32 0.34 0.59

Glass-Mica

Machining
Grades

0.09–0.10 2.49–2.77 400 10.5–11.2 18.9–20.2 12.5–13 90 Rh 750 6 41 40–45 0.24–0.29 0.41–0.50
0.10 2.77 380 9.4 16.9 11 90 Rh 1100 5 34 32 0.34 0.59

Molding
Grades

0.13–0.17 3.60–4.70 300–325 11–11.5 19.8–20.7 9–10 90 Rh 700–750 6–6.5 41–45 33–35 0.29–0.31 0.50–0.54
0.14 3.88 350 10.3 18.5 9 90 Rh 1300 6 41 30 0.3 0.52

Aluminum Silicate
0.10 2.77 80 2.5 4.5 4.5 1–2 1000 … … 12 0.92 1.59
0.08 2.21 100 2.9 5.2 10 6.0 2100 … … 25 0.75 1.30

Alumina Silicate 0.08 2.21 70 … … … … 2370 … … … 0.38 0.66
Silica Foam 0.03 0.83 80 0.3 0.5 0.4 NA 2000 … … 1.4 0.10 0.17
TiO2 (Titania) 0.14 3.88 100 4.61 8.3 20 8 1800 7.5 52 100 … …

Lava (Grade A) 0.08 2.21 80 1.83 3.3 9 6 2000 2.5 17 40 0.92 1.59
Zirconium Phosphate 0.11 3.04 NA 0.5 0.9 7.5 NA 2800 … … 30 0.4 (approx.) 0.69
ZrO2 0.21 5.81 … 6.1 11.0 102 1300 V … … … 261 1.69 2.92

ZrO2·SiO2 (Zircon) 0.11 3.04 220 1.94 3.5 16 7.5 1825 10 69 90 … …

2MgO·SiO2 (Forsterite) 0.11 3.04 240 5.56 10.0 20 7.5 1825 10 69 85 4.58 7.93

MgO·SiO2 (Steatite) 0.09–0.10 2.49–2.77 210–240 3.83–5.44 6.89–9.79 18–21 7.5 1825 8.5–10 59–69 80–90 3.17–3.42 5.49–5.92

2MgO·2Al2O3·5SiO2

(Cordierite)

0.06 1.66 60 0.33 0.6 3.4 6.5 2000 2.5 17 18.5 1.00 1.73
0.08 2.21 100–172 1.22–1.28 2.20–2.30 8–12 7–7.5 2000 3.5–3.7 24–25 30–40 1.00 1.73
0.09 2.49 200 1.33 2.4 15 8 2000 4 28 50 1.83 3.17

Al2O3 94% 0.13 3.60 210 3.33 6.0 44 9 2700 20 138 315 16.00 27.69

(Alumina) 96% 0.13–0.14 3.60–3.88 210 3.5–3.7 6.3–6.6 48–60 9 2600–2800 25 172 375 20.3–20.7 35.13–35.8
99.5% 0.14 3.88 200 3.72 6.7 70 9 2700 28 193 380 21.25 36.78
99.9% 0.14 3.88 … 3.75 6.8 72 9 2900 … … 400 … …

Machinery's Handbook 29th Edition
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390Typical Properties of Plastics Materials

Material

Densitya

a To obtain specific gravity, divide density in lb/in3 by 0.0361; for density in lb/ft3, multiply lb/in3 by 1728; for kg/m3, multiply density in lb/in3 by 27,679.9. 

Specific
Gravity

Dielectric
Strength

Coeff. of
Expansionb

b To convert coefficient of expansion to 10−6 in/in-°C, multiply table value by 1.8. 

Tensile
Modulus Izod Impact

Flexural
Modulus

%
Elongation Hardnessc

c Hardness value scales are as follows: Rm for Rockwell M scale; Rr for Rockwell R scale. 

Max. Operating
Temp. 

lb/in3 g/cm3 V/mil MV/m 10−6 in/in-°F 10−6 m/m-°C 103 psi MPa
ft-lb/in of

notch
J/m of 
notch

ksi at
73°F

MPa at
23°C °F °C

ABS, Extrusion Grade 0.038 1.052 1.05 … … 53.0 95.4 275 1896 7 373.65 300 2068 … 105 Rr 200 93
ABS, High Impact 0.037 1.024 1.03 … … … … 200 1379 … … 330 2275 … 105 Rr … …
Acetal, 20% Glass 0.056 1.550 1.55 … … … … 1000 6895 0.9 48.04 715 4930 … 94 Rm … …
Acetal, Copolymer 0.051 1.412 1.41 380 14.96 47.0 84.6 437 3013 2 106.76 400 2758 13 94 Rm … …
Acetyl, Homopolymer 0.051 1.412 1.41 … … 58.0 104.4 310 2137 … … 320 2206 … 94 Rm 200 93
Acrylic 0.043 1.190 1.19 500 19.69 35.0 63.0 400 2758 0.5 26.69 400 2758 2.7 94 Rm 180 82
Azdel 0.043 1.190 1.19 500 19.69 15.0 27.0 750 5171 14 747.30 800 5516 2.1 94 Rm 311 155
CPVC 0.056 1.550 1.55 … … 34.0 61.2 400 2758 3 160.14 400 2758 4 … 212 100
Fiber Glass Sheet 0.067 1.855 1.87 … … 11.1 20.0 … … 8 427.03 1 7 … 101 Rm 260 127
Nylon 6, 30% Glass 0.050 1.384 1.39 … … … … 1350 9308 2.8 149.46 1400 9653 … 119 Rr … …
Nylon 6, Cast 0.042 1.163 1.16 295 11.61 45.0 81.0 380 2620 1.4 74.73 450 3103 20 100 Rr 210 99
Nylon 6 ⁄6, Cast 0.047 1.301 1.30 … … … … … … … … … … … … … …
Nylon 6 ⁄6, Extruded 0.041 1.135 1.14 600 23.62 45.0 81.0 390 2689 1 53.38 … … 240 118 Rr 230 110
Nylon 60L, Cast 0.042 1.163 1.16 … … … … … … 2.2 117.43 … … … … … …
PET, unfilled 0.049 1.356 1.36 1300 51.18 39.0 70.2 500 3447 0.5 26.69 400 2758 70 … 230 110
PTFE (Teflon) 0.079 2.187 2.19 480 18.90 50.0 90.0 225 1551 3 160.14 80 552 350 … … …
PVC 0.050 1.384 1.39 500 19.69 29.5 53.1 550 3792 0.8 42.70 400 2758 31–40 110 Rr 170 77
PVDF 0.064 1.772 1.77 260 10.24 60.0 108.0 320 2206 3 160.14 200 1379 80 100 Rr 180 82
Phenolics 0.050 1.384 1.38 … … 11.1 20.0 … … 2.4 128.11 1000 6895 … 100 Rm 248 120
Polycarbonate 0.043 1.190 1.19 380 14.96 37.5 67.5 345 2379 14 747.30 340 2344 110 74 Rm 290 143
Polyetherimide 0.046 1.273 1.27 480 18.90 … … 430 2965 1.1 58.72 480 3309 … … … …
Polyethylene, HD 0.035 0.969 0.97 475 18.70 20.0 36.0 156 1076 6 320.27 160 1103 900 … 180 82
Polyethylene, UHMW 0.034 0.941 0.94 710 27.95 19.0 34.2 110 758 No Break … 130 896 450 64 Rr 176 80
Polymethylpentene 0.030 0.830 0.83 … … … … 220 1517 2.5 133.45 … … … … … …
Polymid, unfilled 0.051 1.412 1.41 560 22.05 … … 300 2068 1.5 80.07 … … … … … …
Polyphenylene Sul-
fide

0.047 1.301 1.30 380 14.96 … … … … 0.5 26.69 550 3792 … … … …

Polypropylene 0.033 0.913 0.91 600 23.62 96.0 172.8 155 1069 0.75 40.03 200 1379 120 92 Rr 150 66
Polysulfone 0.045 1.246 1.25 425 16.73 31.0 55.8 360 2482 1.2 64.05 390 2689 50 120 Rr 325 163
Polyurethane 0.038 1.052 1.05 … … … … … … … … … … 465–520 … … …

Machinery's Handbook 29th Edition
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 Mechanical Properties of Various Investment Casting Alloys 

Alloy Designation
Material

Condition

Tensile
Strength
(103 psi)

0.2% Yield
Strengtha

(103 psi)

%
Elonga-

tion Hardness

Aluminum

356 As Cast 32-40 22-30 3-7 …
A356 As Cast 38-40 28-36 3-10 …
A357 As Cast 33-50 27-40 3-9 …
355, C355 As Cast 35-50 28-39 1-8 …
D712 (40E) As Cast 34-40 25-32 4-8 …
A354 As Cast 47-55 36-45 2-5 …
RR-350 As Cast 32-45 24-38 1.5-5 …
Precedent 71 As Cast 35-55 25-45 2-5 …
KO-1 As Cast 56-60 48-55 3-5 …

Copper-Base Alloysa

Al Bronze C (954) As Cast 75-85 30-40 10-20 80-85 Rb
Heat-Treated 90-105 45-55 6-10 91-96 Rb

Al Bronze D (955) As Cast 90-100 40-50 6-10 91-96 Rb
Heat-Treated 110-120 60-70 5-8 93-98 Rb

Manganese Bronze, A … 65-75 25-40 16-24 60-65 Rb
Manganese Bronze, C … 110-120 60-70 8-16 95-100 Rb
Silicon Bronze … 45 18 20 …
Tin Bronze … 40-50 18-30 20-35 40-50 Rb
Lead. Yellow Brass (854) … 30-50 11-20 15-25 …
Red Brass … 30-40 14-25 20-30 30-35 Rb
Silicon Brass … 70 32 24 …
Pure Copper … 20-30 … 4-50 35-42 Rb
Beryllium Cu 10C (820) As Cast 45-50 40-45 15-20 50-55 Rb

Hardened 90-100 90-130 3-8 90-95 Rb
Beryllium Cu 165C (824) … 70-155 40-140 1-15 60 Rb-38 Rc
Beryllium Cu 20C (825) As Cast 70-80 50-55 18-23 75-80 Rb

Hardened 110-160 … 1-4 25-44 Rc
Beryllium Cu 275C (828) As Cast 80-90 … 15-20 80-85 Rb
Chrome Copper … 33-50 20-40 20-30 70-78 Rb

Carbon and Low-Alloy Steels and Iron

IC 1010 Annealed 50-60 30-35 30-35 50-55 Rb
IC 1020 Annealed 60-70 40-45 25-40 80 Rb
IC 1030 Annealed 65-75 45-50 20-30 75 Rb

Hardened 85-150 60-150 0-15 20-50 Rc
IC 1035 Annealed 70-80 45-55 20-30 80 Rb

Hardened 90-150 85-150 0-15 25-52 Rc
IC 1045 Annealed 80-90 50-60 20-25 100 Rb

Hardened 100-180 90-180 0-10 25-57 Rc
IC 1050 Annealed 90-110 50-65 20-25 100 Rb

Hardened 125-180 100-180 0-10 30-60 Rc
IC 1060 Annealed 100-120 55-70 5-10 25 Rc

Hardened 120-200 100-180 0-3 30-60 Rc
IC 1090 Annealed 110-150 70-80 12-20 30 Rc

Hardened 130-180 130-180 0-3 37-50 Rc
IC 2345 Hardened 130-200 110-180 5-10 30-58 Rc
IC 4130 Hardened 130-170 100-130 5-20 23-49 Rc
IC 4140 Hardened 130-200 100-155 5-20 29-57 Rc
IC 4150 Hardened 140-200 120-180 5-10 25-58 Rc
IC 4330 Hardened 130-190 100-175 5-20 25-48 Rc
IC 4340 Hardened 130-200 100-180 5-20 20-55 Rc
IC 4620 Hardened 110-150 90-130 10-20 20-32 Rc
IC 6150, IC 8740 Hardened 140-200 120-180 5-10 30-60 Rc
IC 8620 Hardened 100-130 80-110 10-20 20-45 Rc
IC 8630 Hardened 120-170 100-130 7-20 25-50 Rc
IC 8640 Hardened 130-200 100-180 5-20 30-60 Rc
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Source: Investment Casting Institute. Mechanical properties are average values of separately cast
test bars, and are for reference only. Items marked … indicates data are not available. Alloys identi-
fied by IC followed by an SAE designation number (IC 1010 steel, for example) are generally similar
to the SAE material although properties and chemical composition may be different.

Carbon and Low-Alloy Steels and Iron (Continued)

IC 8665 Hardened 170-220 140-200 0-10 …
IC 8730 Hardened 120-170 110-150 7-20 …
IC 52100 Hardened 180-230 140-180 1-7 30-65 Rc
IC 1722AS Hardened 130-170 100-140 6-12 25-48 Rc
1.2% Si Iron … 50-60 37-43 30-35 55 Rb
Ductile Iron, Ferritic Annealed 60-80 40-50 18-24 143-200 Bhn
Ductile Iron, Pearlitic Normalized 100-120 70-80 3-10 243-303 Bhn

Hardenable Stainless Steel

CA-15 Hardened 95-200 75-160 5-12 94 Rb-45 Rc
IC 416 Hardened 95-200 75-160 3-8 94 Rb-45 Rc
CA-40 Hardened 200-225 130-210 0-5 30-52 Rc
IC 431 Hardened 110-160 75-105 5-20 20-40 Rc
IC 17-4 Hardened 150-190 140-160 6-20 34-44 Rc
Am-355 Hardened 200-220 150-165 6-12 …
IC 15-5 Hardened 135-170 110-145 5-15 26-38 Rc
CD-4M Cu Annealed 100-115 75-85 20-30 94-100 Rb

Hardened 135-145 100-120 10-25 28-32 Rc

Austenitic Stainless Steels

CF-3, CF-3M, CF-8, CF-8M, IC 316F Annealed 70-85 40-50 35-50 90 Rb (max)
CF-8C Annealed 70-85 32-36 30-40 90 Rb (max)
CF-16F Annealed 65-75 30-35 35-45 90 Rb (max)
CF-20 Annealed 65-75 30-45 35-60 90 Rb (max)
CH-20 Annealed 70-80 30-40 30-45 90 Rb (max)
CN-7M Annealed 65-75 25-35 35-45 90 Rb (max)
IC 321, CK-20 Annealed 65-75 30-40 35-45 90 Rb (max)

Nickel-Base Alloys

Alloy B Annealed 75-85 50-60 8-12 90-100 Rb
Alloy C As Cast 80-95 45-55 8-12 90-100 Rb

Annealed 75-95 45-55 8-12 90 Rb-25 Rc

Alloy Xb AC to 24°C 63-70 41-45 10-15 85-96 Rb
AC to 816°C 35-45 … 12-20 …

Invar (Fe-Ni alloy) As Cast 50-60 25-30 30-40 50-60 Rb
In 600 (Inconel) As Cast 65-75 35-40 10-20 80-90 Rb
In 625 (Inconel) Annealed 80-100 40-55 15-30 10-20 Rc
Monel 410 As Cast 65-75 32-38 25-35 65-75 Rb
S Monel Annealed 100-110 55-65 5-10 20-28 Rc

Hardened 120-140 85-100 0 32-38 Rc
RH Monel As Cast 100-110 60-80 10-20 20-30 Rc
Monel E As Cast 65-80 33-40 25-35 67-78 Rb
M-35 Monel As Cast 65-80 25-35 25-40 65-85 Rb

Cobalt-Base Alloys

Cobalt 21 As Cast 95-130 65-95 8-20 24-32 Rc
Cobalt 25 As Cast 90-120 60-75 15-25 20-25 Rc
Cobalt 31 As Cast 105-130 75-90 6-10 20-30 Rc
Cobalt 36 As Cast 90-105 60-70 15-20 30-36 Rc
F75 As Cast 95-110 70-80 8-15 25-34 Rc
N-155 Sol. Anneal 90-100 50-60 15-30 90-100 Rb

a For copper alloys, yield strength is determined by 0.5% extension under load or 0.2% offset
method. A number in parentheses following a copper alloy indicates the UNS designation of that alloy
(for example, Al Bronze C (954) identifies the alloy as UNS C95400). 

b AC = air cooled to temperature indicated. 
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Alloy Designation
Material

Condition

Tensile
Strength
(103 psi)

0.2% Yield
Strengtha

(103 psi)

%
Elonga-

tion Hardness
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Typical Properties of Compressed and Sintered Powdered Metal Alloys

Alloy Numbera and Nominal
Composition (%)

a Copper- and iron-base alloy designations are Metal Powder Industries Federation (MPIF) alloy
numbers.

Density
(g/cc) Hardness

Strength (103 psi)

%
Elongation

Transverse
Rupture

Ultimate
Tensile Yield

Copper Base

… 100Cu 7.7-7.9 81-82 Rh 54-68 24-34 … 10-26

CZP-3002 70Cu, 1.5Pb, Bal. Zn 8 75 Rh … 33.9 … 24

CNZ-1818 63Cu, 17.5Ni, Bal. Zn 7.9 90 Rh 73 34 20 11

CTG-1004 10Sn, 4.4C, Bal. Cu 7 67 Rh 20 9.4 6.5 6

CTG-1001 10Sn, 1C, Bal. Cu 6.5 45 Rh 25.8 15.1 9.6 9.7

Iron Base (Balance of composition, Fe)

FC-2015 23.5Cu, 1.5C 6.5 65 Rb 80 52.4 48.5 0

FC-0800 8Cu, 0.4C 6.3-6.8 39-55 Rb 75-100 38-54 32-47 1 or less

FX-2008 20Cu, 1C 7.3 93 Rb 164.2 72.3 57.7 2

FN-0408 4Ni, 1-2Cu, 0.75C 6.3-7 64-84 Rb 70-107 37-63 30-47 1-1.6

F-0000 100Fe 6.5 26 Rf 37.7 15.7 11 5.7

FN-0005 0.45C, 0.50 MnS 6.4-6.8 66-78 Rf 44-61 … … …

F-0000 0.02C, 0.45P 6.6-7.2 35-50 Rb 90-125 … 29-38 3.9-5.5

F-0008 0.6-0.9C 6.2-7 50-70 Rb 61-100 35-57 30-40 <0.5 to 1

FC-0508 0.6-0.9C, 4-6Cu 5.9-6.8 60-80 Rb 100-145 58-82 50-70 <0.5 to 1

FN-0405 4Ni, 0.5C 6.6-7.0 73-82 Rb 90-100 47-50 38 - 40 <1

FN-0208 2Ni, 0.8C 6.6-7.0 50-70 Rb 70-108 47-58 35-51 <1

FN-0205 2Ni, 0.5C 6.6-7.0 51-61 Rb 72-93 35-45 27-31 2.0-2.5

FN-0200 2Ni, 0.25C 6.6 29 Rb 57.5 25.8 19.0 1.3

FC-0208 2Cu, 0.75C 6.5-6.7 68-72 Rb 95-107 56-61 51-54 up to 1

FC-2008 20Cu, 1C 6.2 45 Rb 79.5 47.8 40.0 1.3

… 4Ni, 0.6C, 1.6Cu, 0.55Mo 7.0 92 Rb 190.0 100.0 65.0 2.5

FL-4605 1.8Ni, 0.6C, 1.6Cu, 0.55Mo 7.0 87 Rb 170.0 80.0 55.0 2.5

FL-4605 1.8Ni, 0.6C, 0.55Mo 7.0 80 Rb 150.0 … … …

SS-316L 17Cr, 13Ni, 2.2Mo, 0.9Si 6.5 65 Rb 94.0 45.0 30.0 6.0

… 17Cr, 13Ni, 2.2Mo, 0.9Si, 15-
20Cu

7.3 66 Rb 108.6 59.2 49.7 4.3

SS-410 13Cr, 0.8Si, 0.8Mn 6.2 15 Rc 85.0 66.7 56.9 0

FL-4608 2Cu, 3.8Ni, 0.9C, 0.75Mo 6.8 24 Rc 107.3 55.8 46.5 1.5

SS-303N1 18Cr, 11Ni, 1Mn 6.4 62 Rb 86.0 39.0 32.0 0.5

SS-304N1 19Cr, 10Ni, 1Mn 6.4 61 Rb 112.0 43.0 38.0 0.5

Tungsten Base

90W, 6Ni, 4Cu 17.0 24 Rc … 110 80 6

90W, 7Ni, 3Cu 17.0 25 Rc … 120 88 10

92.5W, 5.25Ni, 2.25Cu 17.5 26 Rc … 114 84 7

92.5W, Bal. Ni, Fe, and Mo 17.6 30 Rc … 120 90 4

93W, Bal. Ni, Fe, and Mo 17.7 32 Rc … 125 95 4

95W, 3.5Ni, 1.5Cu 18.0 27 Rc … 110 85 7

95W, 3.5Ni, 1.5Fe 18.0 27 Rc … 120 90 7

97W, 2.1Ni, 0.9Fe 18.5 28 Rc … 123 85 5
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Typical Elastic Properties of Materials

Data represent typical values, but material properties may vary widely, depending on exact compo-
sition, material condition, and processing. Symbol … indicates no data available.

Average Ultimate Strength of Common Materials other than Metals

Material

Modulus of Elasticity Shear Modulus Bulk Modulus

Poisson’s Ratio106 psi GPa 106 psi GPa 106 psi GPa

Aluminum, var. alloys 9.9-10.3 68-71 3.7-3.9 26-27 9.9-10.2 68-70 0.330-0.334

Aluminum, 6061-T6 10 70 3.8 26 … … 0.35

Aluminum, 2024-T4 10.6 73 4 28 … … 0.32

Beryllium copper 18 124 7 48 … … 0.29

Brass, 70–30 15.9 110 6 41 15.7 108 0.331

Brass, cast 14.5 100 5.3 37 16.8 116 0.357

Bronze 14.9 103 6.5 45 … … 0.14

Copper 15.6 108 5.8 40 17.9 123 0.355

Glass 6.7 46 2.7 19 … … 0.24

Glass ceramic (machinable) 9.7 67 3.7 26 … … 0.29

Inconel 31 214 11 76 … … 0.27-0.38

Iron, cast 13.5-21.0 93-145 5.2-8.2 36-57 8.4-15.5 58-107 0.221-0.299

Iron, ductile 23.8-25.2 164-174 9.1-9.6 63-66 … … 0.26-0.31

Iron, grey cast 14.5 100 6 41 … … 0.211

Iron, malleable 23.6 163 9.3 64 17.2 119 0.271

Lead 5.3 37 1.9 13 … … 0.43

Magnesium 6.5 45 2.4 17 … … 0.35

Magnesium alloy 6.3 43 2.5 17 4.8 33 0.281

Molybdenum 48 331 17 117 … … 0.307

Monel metal 25 172 9.5 66 22.5 155 0.315

Nickel silver 18.5 128 7 48 … … 0.322

Nickel steel 30 207 11.5 79 … … 0.291

Phosphor bronze 13.8 95 5.1 35 16.3 112 0.359

Stainless steel 18–8 27.6 190 10.6 73 23.6 163 0.305

Steel, cast 28.5 197 11.3 78 20.2 139 0.265

Steel, cold-rolled 29.5 203 11.5 79 23.1 159 0.287

Steel, all others 28.6-30.0 197-207 11.0-11.9 76-82 22.6-24.0 156-165 0.283-0.292

Titanium (99.0 Ti) 15-16 103-110 6.5 45 … … 0.24

Titanium (Ti-8Al-1Mo-1V) 18 124 6.8 47 … … 0.32

Zinc, cast alloys 10.9-12.4 75-85 … … … … 0.33

Zinc, wrought alloys 6.2-14 43-97 … … … … 0.33

Z-nickel 30 207 11 76 … … 0.36

Material

Compression Tension

Material

Compression Tension

psi kPa psi kPa psi kPa psi kPa

Bricks, best hard 12,000 82737 400 2758 Concrete, Portland 1,000 6895 200 1379

Bricks, light red 1,000 6895 40 276 Concrete, Portland,
1 year old 2,000 13790 400 2758

Brickwork, common 1,000 6895 50 345 Granite 19,000 131000 700 4826

Brickwork, best 2,000 13790 300 2068 Limestone and sandstone 9,000 62053 300 2068

Cement, Portland,
1 month old 2,000 13790 400 2758 Trap rock 20,000 137895 800 5516

Cement, Portland,
1 year old 3,000 20684 500 3447 Slate 14,000 96527 500 3447

Vulcanized fiber 39,000 268896 13,000 89632
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Minimum Tensile Strength of Spring Wire by Diameter

For allowable working stresses and recommended design stresses in bending, related to severity of
service, refer to Fig. 1 through Fig. 10 on pages 310 through 313, and for endurance limits for com-
pression springs made from these materials refer to Fig. 11 on page 315 in the section on spring
stresses.

Effect of Temperature on Strength and Elasticity of Metals.—Most ferrous metals
have a maximum strength at approximately 400°F (204°C), whereas the strength of non-
ferrous alloys is a maximum at about room temperature. The table on page 395 gives gen-
eral data for variation in metal strength with temperature.

The modulus of elasticity of metals decreases regularly with increasing temperatures
above room temperature until at some elevated temperature it falls off rapidly and reaches
zero at the melting point.

Influence of Temperature on the Strength of Metals

Wire Dia.

Wire Type

Music
Wire

Hard-Drawn
MB

Oil Temp.
MB

Stainless
Steel 18-8

Cr–V
Alloy

Phosphor
Bronze

Chrome
Silicon

inch mm kpsi MPa kpsi MPa kpsi MPa kpsi MPa kpsi MPa kpsi MPa kpsi MPa

0.004 0.10 439 3027 … … … … 325 2241 … … 140 965 … …
0.008 0.20 399 2751 … … … … 325 2241 … … 140 965 … …
0.012 0.30 377 2599 … … … … 316 2179 … … … … … …
0.020 0.51 350 2413 283 1951 288 1986 300 2068 … … … … … …
0.028 0.71 333 2296 271 1868 281 1937 284 1958 … … … … … …
0.032 0.81 327 2255 265 1827 275 1896 278 1917 281 1937 … … 300 2068
0.035 0.89 322 2220 261 1800 268 1848 274 1889 276 1903 … … 298 2055
0.041 1.04 314 2165 255 1758 261 1800 270 1862 270 1862 135 931 298 2055
0.047 1.19 307 2117 248 1710 254 1751 262 1806 263 1813 … … 292 2013
0.054 1.37 301 2075 243 1675 248 1710 258 1779 257 1772 … … 292 2013
0.063 1.60 293 2020 237 1634 242 1669 251 1731 251 1731 130 896 290 1999
0.072 1.83 287 1979 232 1600 236 1627 245 1689 245 1689 … … 288 1986
0.080 2.03 282 1944 227 1565 230 1586 240 1655 240 1655 … … 285 1965
0.092 2.34 275 1896 220 1517 225 1551 233 1606 235 1620 … … 280 1931
0.105 2.67 269 1855 216 1489 220 1517 227 1565 229 1579 125 862 275 1896
0.120 3.05 263 1813 210 1448 215 1482 221 1524 222 1531 … … 275 1896
0.135 3.43 258 1779 206 1420 210 1448 213 1469 219 1510 … … 270 1862
0.148 3.76 253 1744 203 1400 205 1413 207 1427 215 1482 … … 268 1848
0.162 4.11 249 1717 200 1379 200 1379 200 1379 212 1462 … … 162 1117
0.177 4.50 245 1689 195 1344 195 1344 195 1344 210 1448 … … 260 1793
0.192 4.88 241 1662 192 1324 190 1310 189 1303 206 1420 … … 260 1793
0.207 5.26 238 1641 190 1310 185 1276 185 1276 204 1407 … … 260 1793
0.225 5.72 225 1551 186 1282 183 1262 180 1241 200 1379 120 827 255 1758
0.250 6.35 220 1517 182 1255 180 1241 174 1200 196 1351 … … 250 1724
0.312 7.92 … … 174 1200 178 1227 160 1103 189 1303 110 758 245 1689
0.375 9.53 … … 167 1151 175 1207 … … 187 1289 … … 240 1655
0.437 11.10 … … 165 1138 170 1172 … … 186 1282 … … 235 1620
0.500 12.70 … … 156 1076 165 1138 … … 185 1276 100 689 230 1586

Material

210°F
(99°C)

400°F
(204°C)

570°F
(299°C)

750°F
(399°C)

930°F
(499°C)

1100°F
(593°C)

1300°F
(704°C)

1475°F
(802°C)

Strength in Per Cent of Strength at 70°F (21°C)

Wrought iron 104 112 116 96 76 42 25 15

Cast iron … 100 99 92 76 42 … …

Steel castings 109 125 121 97 57 … … …

Structural steel 103 132 122 86 49 28 … …

Copper 95 85 73 59 42 … … …

Bronze 101 94 57 26 18 … … …
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STANDARD STEELS

Properties, Compositions, and Applications

Steel is the generic term for a large family of iron-carbon alloys, which are malleable,
within some temperature range, immediately after solidification from the molten state.
The principal raw materials used in steelmaking are iron ore, coal, and limestone. These
materials are converted in a blast furnace into a product known as “pig iron,” which con-
tains considerable amounts of carbon, manganese, sulfur, phosphorus, and silicon. Pig iron
is hard, brittle, and unsuitable for direct processing into wrought forms. Steelmaking is the
process of refining pig iron as well as iron and steel scrap by removing undesirable ele-
ments from the melt and then adding desirable elements in predetermined amounts. A pri-
mary reaction in most steelmaking is the combination of carbon with oxygen to form a gas.
If dissolved oxygen is not removed from the melt prior to or during pouring, the gaseous
products continue to evolve during solidification. If the steel is strongly deoxidized by the
addition of deoxidizing elements, no gas is evolved, and the steel is called “killed” because
it lies quietly in the molds. Increasing degrees of gas evolution (decreased deoxidation)
characterize steels called “semikilled”, “capped,” or “rimmed.” The degree of deoxidation
affects some of the properties of the steel. In addition to oxygen, liquid steel contains mea-
surable amounts of dissolved hydrogen and nitrogen. For some critical steel applications,
special deoxidation practices as well as vacuum treatments may be used to reduce and con-
trol dissolved gases.

The carbon content of common steel grades ranges from a few hundredths of a per cent to
about 1 per cent. All steels also contain varying amounts of other elements, principally
manganese, which acts as a deoxidizer and facilitates hot working. Silicon, phosphorus,
and sulfur are also always present, if only in trace amounts. Other elements may be present,
either as residuals that are not intentionally added, but result from the raw materials or
steelmaking practice, or as alloying elements added to effect changes in the properties of
the steel.

Steels can be cast to shape, or the cast ingot or strand can be reheated and hot worked by
rolling, forging, extrusion, or other processes into a wrought mill shape. Wrought steels are
the most widely used of engineering materials, offering a multitude of forms, finishes,
strengths, and usable temperature ranges. No other material offers comparable versatility
for product design.

Standard Steel Classification.—Wrought steels may be classified systematically into
groups based on some common characteristic, such as chemical composition, deoxidation
practice, finishing method, or product form. Chemical composition is the most often used
basis for identifying and assigning standard designations to wrought steels. Although car-
bon is the principal hardening and strengthening element in steel, no single element con-
trols the steel’s characteristics. The combined effect of several elements influences
response to heat treatment, hardness, strength, microstructure, corrosion resistance, and
formability. The standard steels can be divided broadly into three main groups: carbon
steels, alloy steels, and stainless steels.

Carbon Steels: A steel qualifies as a carbon steel when its manganese content is limited
to 1.65 per cent (max), silicon to 0.60 per cent (max), and copper to 0.60 per cent (max).
With the exception of deoxidizers and boron when specified, no other alloying elements
are added intentionally, but they may be present as residuals. If any of these incidental ele-
ments are considered detrimental for special applications, maximum acceptable limits
may be specified. In contrast to most alloy steels, carbon steels are most often used without
a final heat treatment; however, they may be annealed, normalized, case hardened, or
quenched and tempered to enhance fabrication or mechanical properties. Carbon steels
may be killed, semikilled, capped, or rimmed, and, when necessary, the method of deoxi-
dation may be specified.
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Alloy Steels: Alloy steels comprise not only those grades that exceed the element content
limits for carbon steel, but also any grade to which different elements than used for carbon
steel are added, within specific ranges or specific minimums, to enhance mechanical prop-
erties, fabricating characteristics, or any other attribute of the steel. By this definition, alloy
steels encompass all steels other than carbon steels; however, by convention, steels con-
taining over 3.99 per cent chromium are considered “special types” of alloy steel, which
include the stainless steels and many of the tool steels.

In a technical sense, the term alloy steel is reserved for those steels that contain a modest
amount of alloying elements (about 1-4 per cent) and generally depend on thermal treat-
ments to develop specific mechanical properties. Alloy steels are always killed, but special
deoxidation or melting practices, including vacuum, may be specified for special critical
applications. Alloy steels generally require additional care throughout their manufacture,
because they are more sensitive to thermal and mechanical operations.

Stainless Steels: Stainless steels are high-alloy steels and have superior corrosion resis-
tance to the carbon and conventional low-alloy steels because they contain relatively large
amounts of chromium. Although other elements may also increase corrosion resistance,
their usefulness in this respect is limited.

Stainless steels generally contain at least 10 per cent chromium, with or without other
elements. It has been customary in the United States, however, to include in the stainless
steel classification those steels that contain as little as 4 per cent chromium. Together, these
steels form a family known as the stainless and heat-resisting steels, some of which possess
very high strength and oxidation resistance. Few, however, contain more than 30 per cent
chromium or less than 50 per cent iron.

In the broadest sense, the standard stainless steels can be divided into three groups based
on their structures: austenitic, ferritic, and martensitic. In each of the three groups, there is
one composition that represents the basic, general-purpose alloy. All other compositions
are derived from the basic alloy, with specific variations in composition being made to
obtain very specific properties.

The austenitic grades are nonmagnetic in the annealed condition, although some may
become slightly magnetic after cold working. They can be hardened only by cold working,
and not by heat treatment, and combine outstanding corrosion and heat resistance with
good mechanical properties over a wide temperature range. The austenitic grades are fur-
ther classified into two subgroups: the chromium-nickel types and the less frequently used
chromium-manganese-low-nickel types. The basic composition in the chromium-nickel
group is widely known as 18-8 (Cr-Ni) and is the general-purpose austenitic grade. This
grade is the basis for over 20 modifications that can be characterized as follows: the chro-
mium-nickel ratio has been modified to change the forming characteristics; the carbon
content has been decreased to prevent intergranular corrosion; the elements niobium or
titanium have been added to stabilize the structure; or molybdenum has been added or the
chromium and nickel contents have been increased to improve corrosion or oxidation
resistance.

The standard ferritic grades are always magnetic and contain chromium but no nickel.
They can be hardened to some extent by cold working, but not by heat treatment, and they
combine corrosion and heat resistance with moderate mechanical properties and decora-
tive appeal. The ferritic grades generally are restricted to a narrower range of corrosive
conditions than the austenitic grades. The basic ferritic grade contains 17 per cent chro-
mium. In this series, there are free-machining modifications and grades with increased
chromium content to improve scaling resistance. Also in this ferritic group is a 12 per cent
chromium steel (the basic composition of the martensitic group) with other elements, such
as aluminum or titanium, added to prevent hardening.

The standard martensitic grades are magnetic and can be hardened by quenching and
tempering. They contain chromium and, with two exceptions, no nickel. The basic marten-
sitic grade normally contains 12 per cent chromium. There are more than 10 standard com-
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positions in the martensitic series; some are modified to improve machinability and others
have small additions of nickel or other elements to improve the mechanical properties or
their response to heat treatment. Still others have greatly increased carbon content, in the
tool steel range, and are hardenable to the highest levels of all the stainless steels. The mar-
tensitic grades are excellent for service in mild environments such as the atmosphere,
freshwater, steam, and weak acids, but are not resistant to severely corrosive solutions.

Numbering Systems for Metals and Alloys.—Several different numbering systems
have been developed for metals and alloys by various trade associations, professional
engineering societies, standards organizations, and by private industries for their own use.
The numerical code used to identify the metal or alloy may or may not be related to a spec-
ification, which is a statement of the technical and commercial requirements that the prod-
uct must meet. Numbering systems in use include those developed by the American Iron
and Steel Institute (AISI), Society of Automotive Engineers (SAE), American Society for
Testing and Materials (ASTM), American National Standards Institute (ANSI), Steel
Founders Society of America, American Society of Mechanical Engineers (ASME),
American Welding Society (AWS), Aluminum Association, Copper Development Asso-
ciation, U.S. Department of Defense (Military Specifications), and the General Account-
ing Office (Federal Specifications).

The Unified Numbering System (UNS) was developed through a joint effort of the
ASTM and the SAE to provide a means of correlating the different numbering systems for
metals and alloys that have a commercial standing. This system avoids the confusion
caused when more than one identification number is used to specify the same material, or
when the same number is assigned to two entirely different materials. It is important to
understand that a UNS number is not a specification; it is an identification number for met-
als and alloys for which detailed specifications are provided elsewhere. UNS numbers are
shown in Table 1; each number consists of a letter prefix followed by five digits. In some,
the letter is suggestive of the family of metals identified by the series, such as A for alumi-
num and C for copper. Whenever possible, the numbers in the UNS groups contain num-
bering sequences taken directly from other systems to facilitate identification of the
material; e.g., the corresponding UNS number for AISI 1020 steel is G10200. The UNS
numbers corresponding to the commonly used AISI-SAE numbers that are used to identify
plain carbon, alloy, and tool steels are given in Table 2.

Table 1. Unified Numbering System (UNS) for Metals and Alloys

UNS Series Metal

A00001 to A99999 Aluminum and aluminum alloys
C00001 to C99999 Copper and copper alloys
D00001 to D99999 Specified mechanical property steels
E00001 to E99999 Rare earth and rare earthlike metals and alloys
F00001 to F99999 Cast irons
G00001 to G99999 AISI and SAE carbon and alloy steels (except tool steels)
H00001 to H99999 AISI and SAE H-steels
J00001 to J99999 Cast steels (except tool steels)

K00001 to K99999 Miscellaneous steels and ferrous alloys
L00001 to L99999 Low-melting metals and alloys

M00001 to M99999 Miscellaneous nonferrous metals and alloys
N00001 to N99999 Nickel and nickel alloys
P00001 to P99999 Precious metals and alloys
R00001 to R99999 Reactive and refractory metals and alloys
S00001 to S99999 Heat and corrosion resistant (stainless) steels
T00001 to T99999 Tool steels, wrought and cast

W00001 to W99999 Welding filler metals
Z00001 to Z99999 Zinc and zinc alloys
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Identifying Metals.—When it is necessary to sort materials, several rough methods may
be used without elaborate chemical analysis. The most obvious of these is by using a mag-
net to pick out those materials that contain magnetic elements. To differentiate various lev-
els of carbon and other elements in a steel bar, hold the bar in contact with a grinding wheel
and observe the sparks. With high levels of carbon, for instance, sparks are produced that
appear to split into several bright tracers. Patterns produced by several other elements,
including small amounts of aluminum and titanium, for instance, can be identified with the
aid of Data Sheet 13, issued by the American Society for Metals (ASM), Metals Park, OH.

Standard Steel Numbering System.—The most widely used systems for identifying
wrought carbon, low-alloy, and stainless steels are based on chemical composition, and are
those of the American Iron and Steel Institute (AISI) and the Society of Automotive Engi-
neers (SAE). These systems are almost identical, but they are carefully coordinated. The
standard steels so designated have been developed cooperatively by producers and users
and have been found through long experience to cover most of the wrought ferrous metals
used in automotive vehicles and related equipment. These designations, however, are not
specifications, and should not be used for purchasing unless accompanied by supplemen-
tary information necessary to describe commercially the product desired. Engineering
societies, associations, and institutes whose members make, specify, or purchase steel
products publish standard specifications, many of which have become well known and
respected. The most comprehensive and widely used specifications are those published by
the American Society for Testing and Materials (ASTM). The U.S. government and vari-
ous companies also publish their own specification for steel products to serve their own
special procurement needs. The Unified Numbering System (UNS) for metals and alloys is
also used to designate steels (see pages 398 and  400).

The numerical designation system used by both AISI and SAE for wrought carbon, alloy,
and stainless steels is summarized in Table 3. In Table 4 is given the compositions of the
standard carbon steels; Table 5 lists the standard low-alloy steel compositions; and Table 6
includes the typical compositions of the standard stainless steels.

Binary Alloy.—An alloy containing two elements. When the term is used in regard to iron
or steel, it refers to a material that has one alloying element in addition to iron. Since carbon
is always present in steel, plain carbon steel is the typical binary iron alloy.

Ternary Alloy.—This is an alloy consisting of three elements. When the term refers to
steel, it denotes a steel which contains two alloying elements in addition to iron; since car-
bon is always present, it is one of these elements. The third element may be nickel, chro-
mium, manganese, tungsten, molybdenum, titanium, or any other element that is alloyed to
give the steel some special property.

Quarternary Alloy.—A quarternary alloy is an alloy consisting of four elements. When
applied to steel, such an alloy contains, in addition to iron, three alloying elements. Carbon
is one of these, and the other two may be chromium and nickel, silicon and manganese, etc.

Damascus Steel.—A characteristic feature of Damascus steel is its surface patterns which
vary with the carbon content and are either in the form of wavy parallel stripes or mottled
patterns. This steel represents an early development in steel making, as it was imported
during the Middle Ages to Western Europe through Syria and Palestine, and is known also
as Indian steel and bulat. The old Indian method of producing real damascene steel consists
in using a pure ore and the best grade of charcoal. The Persian practice is to use soft iron
bars and charcoal and plumbago (black lead or graphite) to supply the carbon; and a third
method consists of a certain heat-treatment which resembles a prolonged tempering. One
investigator has concluded that the carbon, irregularly dispersed in the metal and forming
two distinct combinations, is what causes the damask or characteristic pattern and that the
slower the cooling the larger the veins will be.

An imitation of Damascus steel can be obtained by etching the surface of the steel blade
with acids, the parts which are not to be attacked by the acid being protected by a “resist.”
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Table 2. AISI and SAE Numbers and Their Corresponding UNS Numbers for 
Plain Carbon, Alloy, and Tool Steels

AISI-SAE
Numbers

UNS
Numbers

AISI-SAE
Numbers

UNS
Numbers

AISI-SAE
Numbers

UNS
Numbers

AISI-SAE
Numbers

UNS
Numbers

Plain Carbon Steels

1005 G10050 1030 G10300 1070 G10700 1566 G15660
1006 G10060 1035 G10350 1078 G10780 1110 G11100
1008 G10080 1037 G10370 1080 G10800 1117 G11170
1010 G10100 1038 G10380 1084 G10840 1118 G11180
1012 G10120 1039 G10390 1086 G10860 1137 G11370
1015 G10150 1040 G10400 1090 G10900 1139 G11390
1016 G10160 1042 G10420 1095 G10950 1140 G11400
1017 G10170 1043 G10430 1513 G15130 1141 G11410
1018 G10180 1044 G10440 1522 G15220 1144 G11440
1019 G10190 1045 G10450 1524 G15240 1146 G11460
1020 G10200 1046 G10460 1526 G15260 1151 G11510
1021 G10210 1049 G10490 1527 G15270 1211 G12110
1022 G10220 1050 G10500 1541 G15410 1212 G12120
1023 G10230 1053 G10530 1548 G15480 1213 G12130
1025 G10250 1055 G10550 1551 G15510 1215 G12150
1026 G10260 1059 G10590 1552 G15520 12L14 G12144
1029 G10290 1060 G10600 1561 G15610 … …

Alloy Steels

1330 G13300 4150 G41500 5140 G51400 8642 G86420
1335 G13350 4161 G41610 5150 G51500 8645 G86450
1340 G13400 4320 G43200 5155 G51550 8655 G86550
1345 G13450 4340 G43400 5160 G51600 8720 G87200
4023 G40230 E4340 G43406 E51100 G51986 8740 G87400
4024 G40240 4615 G46150 E52100 G52986 8822 G88220
4027 G40270 4620 G46200 6118 G61180 9260 G92600
4028 G40280 4626 G46260 6150 G61500 50B44 G50441
4037 G40370 4720 G47200 8615 G86150 50B46 G50461
4047 G40470 4815 G48150 8617 G86170 50B50 G50501
4118 G41180 4817 G48170 8620 G86200 50B60 G50601
4130 G41300 4820 G48200 8622 G86220 51B60 G51601
4137 G41370 5117 G51170 8625 G86250 81B45 G81451
4140 G41400 5120 G51200 8627 G86270 94B17 G94171
4142 G41420 5130 G51300 8630 G86300 94B30 G94301
4145 G41450 5132 G51320 8637 G86370 … …
4147 G41470 5135 G51350 8640 G86400 … …

Tool Steels (AISI and UNS Only)

M1 T11301 T6 T12006 A6 T30106 P4 T51604
M2 T11302 T8 T12008 A7 T30107 P5 T51605
M4 T11304 T15 T12015 A8 T30108 P6 T51606
M6 T11306 H10 T20810 A9 T30109 P20 T51620
M7 T11307 H11 T20811 A10 T30110 P21 T51621

M10 T11310 H12 T20812 D2 T30402 F1 T60601
M3-1 T11313 H13 T20813 D3 T30403 F2 T60602
M3-2 T11323 H14 T20814 D4 T30404 L2 T61202
M30 T11330 H19 T20819 D5 T30405 L3 T61203
M33 T11333 H21 T20821 D7 T30407 L6 T61206
M34 T11334 H22 T20822 O1 T31501 W1 T72301
M36 T11336 H23 T20823 O2 T31502 W2 T72302
M41 T11341 H24 T20824 O6 T31506 W5 T72305
M42 T11342 H25 T20825 O7 T31507 CA2 T90102
M43 T11343 H26 T20826 S1 T41901 CD2 T90402
M44 T11344 H41 T20841 S2 T41902 CD5 T90405
M46 T11346 H42 T20842 S4 T41904 CH12 T90812
M47 T11347 H43 T20843 S5 T41905 CH13 T90813
T1 T12001 A2 T30102 S6 T41906 CO1 T91501
T2 T12002 A3 T30103 S7 T41907 CS5 T91905
T4 T12004 A4 T30104 P2 T51602 … …
T5 T12005 A5 T30105 P3 T51603 … …
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Table 3. AISI-SAE System of Designating Carbon and Alloy Steels

AISI-SAE Designationa

a xx in the last two digits of the carbon and low-alloy designations (but not the stainless steels) indi-
cates that the carbon content (in hundredths of a per cent) is to be inserted. 

Type of Steel and Nominal Alloy Content (%)

Carbon Steels
10xx Plain Carbon (Mn 1.00% max.)
11xx Resulfurized
12xx Resulfurized and Rephosphorized
15xx Plain Carbon (Max. Mn range 1.00 to 1.65%)

Manganese Steels
13xx Mn 1.75

Nickel Steels
23xx Ni 3.50
25xx Ni 5.00

Nickel-Chromium Steels
31xx Ni 1.25; Cr 0.65 and 0.80
32xx Ni 1.75; Cr 1.07
33xx Ni 3.50; Cr 1.50 and 1.57
34xx Ni 3.00; Cr 0.77

Molybdenum Steels
40xx Mo 0.20 and 0.25
44xx Mo 0.40 and 0.52

Chromium-Molybdenum Steels
41xx Cr 0.50, 0.80, and 0.95; Mo 0.12, 0.20, 0.25, and 0.30

Nickel-Chromium-Molybdenum Steels
43xx Ni 1.82; Cr 0.50 and 0.80; Mo 0.25

43BVxx Ni 1.82; Cr 0.50; Mo 0.12 and 0.35; V 0.03 min.
47xx Ni 1.05; Cr 0.45; Mo 0.20 and 0.35
81xx Ni 0.30; Cr 0.40; Mo 0.12
86xx Ni 0.55; Cr 0.50; Mo 0.20
87xx Ni 0.55; Cr 0.50; Mo 0.25
88xx Ni 0.55; Cr 0.50; Mo 0.35
93xx Ni 3.25; Cr 1.20; Mo 0.12
94xx Ni 0.45; Cr 0.40; Mo 0.12
97xx Ni 0.55; Cr 0.20; Mo 0.20
98xx Ni 1.00; Cr 0.80; Mo 0.25

Nickel-Molybdenum Steels
46xx Ni 0.85 and 1.82; Mo 0.20 and 0.25
48xx Ni 3.50; Mo 0.25

Chromium Steels
50xx Cr 0.27, 0.40, 0.50, and 0.65
51xx Cr 0.80, 0.87, 0.92, 0.95, 1.00, and 1.05
50xxx Cr 0.50; C 1.00 min.
51xxx Cr 1.02; C 1.00 min.
52xxx Cr 1.45; C 1.00 min.

Chromium-Vanadium Steels
61xx Cr 0.60, 0.80, and 0.95; V 0.10 and 0.15 min

Tungsten-Chromium Steels
72xx W 1.75; Cr 0.75

Silicon-Manganese Steels
92xx Si 1.40 and 2.00; Mn 0.65, 0.82, and 0.85; Cr 0.00 and 0.65

High-Strength Low-Alloy Steels
9xx Various SAE grades

xxBxx B denotes boron steels
xxLxx L denotes leaded steels

AISI SAE Stainless Steels
2xx 302xx Chromium-Manganese-Nickel Steels
3xx 303xx Chromium-Nickel Steels
4xx 514xx Chromium Steels
5xx 515xx Chromium Steels
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Table 4. Composition of AISI-SAE Standard Carbon Steels

AISI-SAE
No.

UNS
No.

Composition(%)a

C Mn P(max)b S(max)b

Nonresulfurized Grades — 1 per cent Mn (max)

1005c G10050 0.06 max 0.35 max 0.040 0.050

1006c G10060 0.08 max 0.25-0.40 0.040 0.050

1008 G10080 0.10 max 0.30-0.50 0.040 0.050

1010 G10100 0.08-0.13 0.30-0.60 0.040 0.050

1012 G10120 0.10-0.15 0.30-0.60 0.040 0.050

1015 G10150 0.13-0.18 0.30-0.60 0.040 0.050

1016 G10160 0.13-0.18 0.60-0.90 0.040 0.050

1017 G10170 0.15-0.20 0.30-0.60 0.040 0.050

1018 G10180 0.15-0.20 0.60-0.90 0.040 0.050

1019 G10190 0.15-0.20 0.70-1.00 0.040 0.050

1020 G10200 0.18-0.23 0.30-0.60 0.040 0.050

1021 G10210 0.18-0.23 0.60-0.90 0.040 0.050

1022 G10220 0.18-0.23 0.70-1.00 0.040 0.050

1023 G10230 0.20-0.25 0.30-0.60 0.040 0.050

1025 G10250 0.22-0.28 0.30-0.60 0.040 0.050

1026 G10260 0.22-0.28 0.60-0.90 0.040 0.050

1029 G10290 0.25-0.31 0.60-0.90 0.040 0.050

1030 G10300 0.28-0.34 0.60-0.90 0.040 0.050

1035 G10350 0.32-0.38 0.60-0.90 0.040 0.050

1037 G10370 0.32-0.38 0.70-1.00 0.040 0.050

1038 G10380 0.35-0.42 0.60-0.90 0.040 0.050

1039 G10390 0.37-0.44 0.70-1.00 0.040 0.050

1040 G10400 0.37-0.44 0.60-0.90 0.040 0.050

1042 G10420 0.40-0.47 0.60-0.90 0.040 0.050

1043 G10430 0.40-0.47 0.70-1.00 0.040 0.050

1044 G10440 0.43-0.50 0.30-0.60 0.040 0.050

1045 G10450 0.43-0.50 0.60-0.90 0.040 0.050

1046 G10460 0.43-0.50 0.70-1.00 0.040 0.050

1049 G10490 0.46-0.53 0.60-0.90 0.040 0.050

1050 G10500 0.48-0.55 0.60-0.90 0.040 0.050

1053 G10530 0.48-0.55 0.70-1.00 0.040 0.050

1055 G10550 0.50-0.60 0.60-0.90 0.040 0.050

1059c G10590 0.55-0.65 0.50-0.80 0.040 0.050

1060 G10600 0.55-0.65 0.60-0.90 0.040 0.050

1064c G10640 0.60-0.70 0.50-0.80 0.040 0.050

1065c G10650 0.60-0.70 0.60-0.90 0.040 0.050

1069c G10690 0.65-0.75 0.40-0.70 0.040 0.050

1070 G10700 0.65-0.75 0.60-0.90 0.040 0.050

1078 G10780 0.72-0.85 0.30-0.60 0.040 0.050

1080 G10800 0.75-0.88 0.60-0.90 0.040 0.050

1084 G10840 0.80-0.93 0.60-0.90 0.040 0.050

1086c G10860 0.80-0.93 0.30-0.50 0.040 0.050

1090 G10900 0.85-0.98 0.60-0.90 0.040 0.050

1095 G10950 0.90-1.03 0.30-0.50 0.040 0.050
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Nonresulfurized Grades — Over 1 per cent Mn

1513 G15130 0.10-0.16 1.10-1.40 0.040 0.050

1522 G15220 0.18-0.24 1.10-1.40 0.040 0.050

1524 G15240 0.19-0.25 1.35-1.65 0.040 0.050

1526 G15260 0.22-0.29 1.10-1.40 0.040 0.050

1527 G15270 0.22-0.29 1.20-1.50 0.040 0.050

1541 G15410 0.36-0.44 1.35-1.65 0.040 0.050

1548 G15480 0.44-0.52 1.10-1.40 0.040 0.050

1551 G15510 0.45-0.56 0.85-1.15 0.040 0.050

1552 G15520 0.47-0.55 1.20-1.50 0.040 0.050

1561 G15610 0.55-0.65 0.75-1.05 0.040 0.050

1566 G15660 0.60-0.71 0.85-1.15 0.040 0.050

Free-Machining Grades — Resulfurized

1110 G11100 0.08-0.13 0.30-0.60 0.040 0.08-0.13

1117 G11170 0.14-0.20 1.00-1.30 0.040 0.08-0.13

1118 G11180 0.14-0.20 1.30-1.60 0.040 0.08-0.13

1137 G11370 0.32-0.39 1.35-1.65 0.040 0.08-0.13

1139 G11390 0.35-0.43 1.35-1.65 0.040 0.13-0.20

1140 G11400 0.37-0.44 0.70-1.00 0.040 0.08-0.13

1141 G11410 0.37-0.45 1.35-1.65 0.040 0.08-0.13

1144 G11440 0.40-0.48 1.35-1.65 0.040 0.24-0.33

1146 G11460 0.42-0.49 0.70-1.00 0.040 0.08-0.13

1151 G11510 0.48-0.55 0.70-1.00 0.040 0.08-0.13

Free-Machining Grades — Resulfurized and Rephosphorized

1211 G12110 0.13 max 0.60-0.90 0.07-0.12 0.10-0.15

1212 G12120 0.13 max 0.70-1.00 0.07-0.12 0.16-0.23

1213 G12130 0.13 max 0.70-1.00 0.07-0.12 0.24-0.33

1215 G12150 0.09 max 0.75-1.05 0.04-0.09 0.26-0.35

12L14d G12144 0.15 max 0.85-1.15 0.04-0.09 0.26-0.35

a The following notes refer to boron, copper, lead, and silicon additions: Boron: Standard killed car-
bon steels, which are generally fine grain, may be produced with a boron treatment addition to
improve hardenability. Such steels are produced to a range of 0.0005-0.003 per cent B. These steels
are identified by inserting the letter “B” between the second and third numerals of the AISI or SAE
number, e.g., 10B46. Copper: When copper is required, 0.20 per cent (min) is generally specified.
Lead: Standard carbon steels can be produced with a lead range of 0.15-0.35 per cent to improve
machinability. Such steels are identified by inserting the letter “L” between the second and third
numerals of the AISI or SAE number, e.g., 12L15 and 10L45. Silicon: It is not common practice to
produce the 12XX series of resulfurized and rephosphorized steels to specified limits for silicon
because of its adverse effect on machinability. When silicon ranges or limits are required for resulfur-
ized or nonresulfurized steels, however, these values apply: a range of 0.08 per cent Si for Si max up to
0.15 per cent inclusive, a range of 0.10 per cent Si for Si max over 0.15 to 0.20 per cent inclusive, a
range of 0.15 per cent Si for Si max over 0.20 to 0.30 per cent inclusive, and a range of 0.20 per cent Si
for Si max over 0.30 to 0.60 per cent inclusive. Example: Si max is 0.25 per cent, range is 0.10-0.25 per
cent.

b Values given are maximum percentages, except where a range of values is given. 
c Standard grades for wire rods and wire only. 
d 0.15-0.35 per cent Pb. 

Table 4. (Continued) Composition of AISI-SAE Standard Carbon Steels

AISI-SAE
No.

UNS
No.

Composition(%)a

C Mn P(max)b S(max)b
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404Table 5. Compositions of AISI-SAE Standard Alloy Steels 

AISI-SAE
No. UNS No.

Composition (%)a,b

C Mn P (max) S (max) Si Ni Cr Mo

1330 G13300 0.28-0.33 1.60-1.90 0.035 0.040 0.15-0.35 … … …
1335 G13350 0.33-0.38 1.60-1.90 0.035 0.040 0.15-0.35 … … …
1340 G13400 0.38-0.43 1.60-1.90 0.035 0.040 0.15-0.35 … … …
1345 G13450 0.43-0.48 1.60-1.90 0.035 0.040 0.15-0.35 … … …
4023 G40230 0.20-0.25 0.70-0.90 0.035 0.040 0.15-0.35 … … 0.20-0.30
4024 G40240 0.20-0.25 0.70-0.90 0.035 0.035-0.050 0.15-0.35 … … 0.20-0.30
4027 G40270 0.25-0.30 0.70-0.90 0.035 0.040 0.15-0.35 … … 0.20-0.30
4028 G40280 0.25-0.30 0.70-0.90 0.035 0.035-0.050 0.15-0.35 … … 0.20-0.30
4037 G40370 0.35-0.40 0.70-0.90 0.035 0.040 0.15-0.35 … … 0.20-0.30
4047 G40470 0.45-0.50 0.70-0.90 0.035 0.040 0.15-0.35 … … 0.20-0.30
4118 G41180 0.18-0.23 0.70-0.90 0.035 0.040 0.15-0.35 … 0.40-0.60 0.08-0.15
4130 G41300 0.28-0.33 0.40-0.60 0.035 0.040 0.15-0.35 … 0.80-1.10 0.15-0.25
4137 G41370 0.35-0.40 0.70-0.90 0.035 0.040 0.15-0.35 … 0.80-1.10 0.15-0.25
4140 G41400 0.38-0.43 0.75-1.00 0.035 0.040 0.15-0.35 … 0.80-1.10 0.15-0.25
4142 G41420 0.40-0.45 0.75-1.00 0.035 0.040 0.15-0.35 … 0.80-1.10 0.15-0.25
4145 G41450 0.43-0.48 0.75-1.00 0.035 0.040 0.15-0.35 … 0.80-1.10 0.15-0.25
4147 G41470 0.45-0.50 0.75-1.00 0.035 0.040 0.15-0.35 … 0.80-1.10 0.15-0.25
4150 G41500 0.48-0.53 0.75-1.00 0.035 0.040 0.15-0.35 … 0.80-1.10 0.15-0.25
4161 G41610 0.56-0.64 0.75-1.00 0.035 0.040 0.15-0.35 … 0.70-0.90 0.25-0.35
4320 G43200 0.17-0.22 0.45-0.65 0.035 0.040 0.15-0.35 1.65-2.00 0.40-0.60 0.20-0.30
4340 G43400 0.38-0.43 0.60-0.80 0.035 0.040 0.15-0.35 1.65-2.00 0.70-0.90 0.20-0.30

E4340c G43406 0.38-0.43 0.65-0.85 0.025 0.025 0.15-0.35 1.65-2.00 0.70-0.90 0.20-0.30
4615 G46150 0.13-0.18 0.45-0.65 0.035 0.040 0.15-0.35 1.65-2.00 … 0.20-0.30
4620 G46200 0.17-0.22 0.45-0.65 0.035 0.040 0.15-0.35 1.65-2.00 … 0.20-0.30
4626 G46260 0.24-0.29 0.45-0.65 0.035 0.040 0.15-0.35 0.70-1.00 … 0.15-0.25
4720 G47200 0.17-0.22 0.50-0.70 0.035 0.040 0.15-0.35 0.90-1.20 0.35-0.55 0.15-0.25
4815 G48150 0.13-0.18 0.40-0.60 0.035 0.040 0.15-0.35 3.25-3.75 … 0.20-0.30
4817 G48170 0.15-0.20 0.40-0.60 0.035 0.040 0.15-0.35 3.25-3.75 … 0.20-0.30
4820 G48200 0.18-0.23 0.50-0.70 0.035 0.040 0.15-0.35 3.25-3.75 … 0.20-0.30
5117 G51170 0.15-0.20 0.70-0.90 0.035 0.040 0.15-0.35 … 070-0.90 …
5120 G51200 0.17-0.22 0.70-0.90 0.035 0.040 0.15-0.35 … 0.70-0.90 …
5130 G51300 0.28-0.33 0.70-0.90 0.035 0.040 0.15-0.35 … 0.80-1.10 …
5132 G51320 0.30-0.35 0.60-0.80 0.035 0.040 0.15-0.35 … 0.75-1.00 …
5135 G51350 0.33-0.38 0.60-0.80 0.035 0.040 0.15-0.35 … 0.80-1.05 …
5140 G51400 0.38-0.43 0.70-0.90 0.035 0.040 0.15-0.35 … 0.70-0.90 …
5150 G51500 0.48-0.53 0.70-0.90 0.035 0.040 0.15-0.35 … 0.70-0.90 …
5155 G51550 0.51-0.59 0.70-0.90 0.035 0.040 0.15-0.35 … 0.70-0.90 …
5160 G51600 0.56-0.64 0.75-1.00 0.035 0.040 0.15-0.35 … 0.70-0.90 …

Machinery's Handbook 29th Edition
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E51100c G51986 0.98-1.10 0.25-0.45 0.025 0.025 0.15-0.35 … 0.90-1.15 …
E52100c G52986 0.98-1.10 0.25-0.45 0.025 0.025 0.15-0.35 … 1.30-1.60 …

6118 G61180 0.16-0.21 0.50-0.70 0.035 0.040 0.15-0.35 … 0.50-0.70 0.10-0.15 V
6150 G61500 0.48-0.53 0.70-0.90 0.035 0.040 0.15-0.35 … 0.80-1.10 0.15 V min
8615 G86150 0.13-0.18 0.70-0.90 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8617 G86170 0.15-0.20 0.70-0.90 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8620 G86200 0.18-0.23 0.70-0.90 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8622 G86220 0.20-0.25 0.70-0.90 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8625 G86250 0.23-0.28 0.70-0.90 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8627 G86270 0.25-0.30 0.70-0.90 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8630 G86300 0.28-0.33 0.70-0.90 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8637 G86370 0.35-0.40 0.75-1.00 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8640 G86400 0.38-0.43 0.75-1.00 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8642 G86420 0.40-0.45 0.75-1.00 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8645 G86450 0.43-0.48 0.75-1.00 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8655 G86550 0.51-0.59 0.75-1.00 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.15-0.25
8720 G87200 0.18-0.23 0.70-0.90 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.20-0.30
8740 G87400 0.38-0.43 0.75-1.00 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.20-0.30
8822 G88220 0.20-0.25 0.75-1.00 0.035 0.040 0.15-0.35 0.40-0.70 0.40-0.60 0.30-0.40
9260 G92600 0.56-0.64 0.75-1.00 0.035 0.040 1.80-2.20 … … …

Standard Boron Gradesd

50B44 G50441 0.43-0.48 0.75-1.00 0.035 0.040 0.15-0.35 … 0.40-0.60 …
50B46 G50461 0.44-0.49 0.75-1.00 0.035 0.040 0.15-0.35 … 0.20-0.35 …
50B50 G50501 0.48-0.53 0.75-1.00 0.035 0.040 0.15-0.35 … 0.40-0.60 …
50B60 G50601 0.56-0.64 0.75-1.00 0.035 0.040 0.15-0.35 … 0.40-0.60 …
51B60 G51601 0.56-0.64 0.75-1.00 0.035 0.040 0.15-0.35 … 0.70-0.90 …
81B45 G81451 0.43-0.48 0.75-1.00 0.035 0.040 0.15-0.35 0.20-0.40 0.35-0.55 0.08-0.15
94B17 G94171 0.15-0.20 0.75-1.00 0.035 0.040 0.15-0.35 0.30-0.60 0.30-0.50 0.08-0.15
94B30 G94301 0.28-0.33 0.75-1.00 0.035 0.040 0.15-0.35 0.30-0.60 0.30-0.50 0.08-0.15

a Small quantities of certain elements are present that are not specified or required. These incidental elements may be present to the following maximum amounts: Cu,
0.35 per cent; Ni, 0.25 per cent; Cr, 0.20 per cent; and Mo, 0.06 per cent. 

b Standard alloy steels can also be produced with a lead range of 0.15-0.35 per cent. Such steels are identified by inserting the letter “L” between the second and third
numerals of the AISI or SAE number, e.g., 41L40. 

c Electric furnace steel. 
d 0.0005-0.003 per cent B. 

Table 5. (Continued) Compositions of AISI-SAE Standard Alloy Steels 

AISI-SAE
No. UNS No.

Composition (%)a,b

C Mn P (max) S (max) Si Ni Cr Mo

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Table 6. Standard Stainless Steels — Typical Compositions 

AISI Type
(UNS) Typical Composition (%)

AISI Type
(UNS) Typical Composition (%)

Austenitic

201
(S20100)

16-18 Cr, 3.5-5.5 Ni,  0.15 C, 5.5-7.5 
Mn, 0.75 Si, 0.060 P, 0.030 S, 0.25 N

310
(S31000)

24-26 Cr, 19-22 Ni, 0.25 C, 2.0 Mn, 1.5 
Si, 0.045 P, 0.030 S

202
(S20200)

17-19 Cr, 4-6 Ni, 0.15 C, 7.5-10.0 Mn, 
0.75 Si, 0.060 P, 0.030 S, 0.25 N

310S
(S31008)

24-26 Cr, 19-22 Ni, 0.08 C, 2.0 Mn, 1.5 
Si, 0.045 P, 0.30 S

205
(S20500)

16.5-18 Cr, 1-1.75 Ni, 0.12-0.25 C, 14-
15.5 Mn, 0.75 Si, 0.060 P, 0.030 S,
0.32-0.40 N

314
(S31400)

23-26 Cr, 19-22 Ni, 0.25 C, 2.0 Mn, 1.5-
3.0 Si, 0.045 P, 0.030 S

301
(S30100)

16-18 Cr, 6-8 Ni, 0.15 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S

316
(S31600)

16-18 Cr, 10-14 Ni, 0.08 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S, 2.0-3.0 Mo, 0.10 
N

302
(S30200)

17-19 Cr, 8-10 Ni, 0.15 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S, 0.10 N

316L
(S31603)

16-18 Cr, 10-14 Ni, 0.03 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S, 2.0-3.0 Mo, 0.10 
N

302B
(S30215)

17-19 Cr, 8-10 Ni, 0.15 C, 2.0 Mn, 2.0-
3.0 Si, 0.045 P, 0.030 S

316F
(S31620)

16-18 Cr, 10-14 Ni, 0.08 C, 2.0 Mn, 1.0 
Si, 0.20 P, 0.10 S min, 1.75-2.50 Mo

303
(S30300)

17-19 Cr, 8-10 Ni, 0.15 C, 2.0 Mn, 1.0 
Si, 0.20 P, 0.015 S min, 0.60 Mo 
(optional)

316N
(S31651)

16-18 Cr, 10-14 Ni, 0.08 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S, 2-3 Mo, 0.10-0.16 
N

303Se
(S30323)

17-19 Cr, 8-10 Ni, 0.15 C, 2.0 Mn, 1.0 
Si, 0.20 P, 0.060 S, 0.15 Se min

317
(S31700)

18-20 Cr, 11-15 Ni, 0.08 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S, 3.0-4.0 Mo, 0.10 
N max

304
(S30400)

18-20 Cr, 8-10.50 Ni, 0.08 C, 2.0 Mn, 
0.75 Si, 0.045 P, 0.030 S, 0.10 N

317L
(S31703)

18-20 Cr, 11-15 Ni, 0.03 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S, 3-4 Mo, 0.10 N 
max

304L
(S30403)

18-20 Cr, 8-12 Ni, 0.03 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S, 0.10 N

321
(S32100)

17-19 Cr, 9-12 Ni, 0.08 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S [Ti, 5(C + N) min, 
0.70 max], 0.10 max

304 Cu
(S30430)

17-19 Cr, 8-10 Ni, 0.08 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S, 3-4 Cu

329
(S32900)

23-28 Cr, 2.5-5 Ni, 0.08 C, 2.0 Mn, 0.75 
Si, 0.040 P, 0.030 S, 1-2 Mo

304N
(S30451)

18-20 Cr, 8-10.5 Ni, 0.08 C, 2.0 Mn, 
0.75 Si, 0.045 P, 0.030 S, 0.10-0.16 N

330
(N08330)

17-20 Cr, 34-37 Ni, 0.08 C, 2.0 Mn, 
0.75-1.50 Si, 0.040 P, 0.030 S

305
(S30500)

17-19 Cr, 10.50-13 Ni, 0.12 C, 2.0 Mn, 
0.75 Si, 0.045 P, 0.030 S

347
(S34700)

17-19 Cr, 9-13 Ni, 0.08 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S (Nb + Ta, 10 × C 
min, 1 max)

308
(S30800)

19-21 Cr, 10-12 Ni, 0.08 C, 2.0 Mn, 1.0 
Si, 0.045 P, 0.030 S

348
(S34800)

17-19 Cr, 9-13 Ni, 0.08 C, 2.0 Mn, 0.75 
Si, 0.045 P, 0.030 S (Nb + Ta, 10 × C 
min, 1 max, but 0.10 Ta max), 0.20 Ca

309
(S30900)

22-24 Cr, 12-15 Ni, 0.20 C, 2.0 Mn, 1.0 
Si, 0.045 P, 0.030 S

384
(S38400)

15-17 Cr, 17-19 Ni, 0.08 C, 2.0 Mn, 1.0 
Si, 0.045 P, 0.030 S

309S
(S30908)

22-24 Cr, 12-15 Ni, 0.08 C, 2.0 Mn, 1.0 
Si, 0.045 P, 0.030 S … …

Ferritic

405
(S40500)

11.5-14.5 Cr, 0.08 C, 1.0 Mn, 1.0 Si, 
0.040 P, 0.030 S, 0.1-0.3 Al, 0.60 max 

430FSe
(S43023)

16-18 Cr, 0.12 C, 1.25 Mn, 1.0 Si, 0.060 
P, 0.060 S, 0.15 Se min

409
(S40900)

10.5-11.75 Cr, 0.08 C, 1.0 Mn, 1.0 Si, 
0.045 P, 0.030 S, 0.05 Ni (Ti 6 × C, but 
with 0.75 max)

434
(S43400)

16-18 Cr, 0.12 C, 1.0 Mn, 1.0 Si, 0.040 
P, 0.030 S, 0.75-1.25 Mo

429
(S42900)

14-16 Cr, 0.12 C, 1.0 Mn, 1.0 Si, 0.040 
P, 030 S, 0.75 Ni

436
(S43600)

16-18 Cr, 0.12 C, 1.0 Mn, 1.0 Si, 0.040 
P, 0.030 S, 0.75-1.25 Mo (Nb + Ta 5 ×
C min, 0.70 max)

430
(S43000)

16-18 Cr, 0.12 C, 1.0 Mn, 1.0 Si, 0.040 
P, 030 S, 0.75 Ni

442
(S44200)

18-23 Cr, 0.20 C, 1.0 Mn, 1.0 Si, 0.040 
P, 0.030 S

430F
(S43020)

16-18 Cr, 0.12 C, 1.25 Mn, 1.0 Si, 0.060 
P, 0.15 S min, 0.60 Mo (optional)

446
(S44600)

23-27 Cr, 0.20 C, 1.5 Mn, 1.0 Si, 0.040 
P, 0.030 S, 0.025 N
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Thermal Treatments of Steel.—Steel’s versatility is due to its response to thermal treat-
ment. Although most steel products are used in the as-rolled or un-heat-treated condition,
thermal treatment greatly increases the number of properties that can be obtained, because
at certain “critical temperatures” iron changes from one type of crystal structure to another.
This structural change, known as an allotropic transformation, is spontaneous and revers-
ible and can be made to occur by simply changing the temperature of the metal.

In steel, the transformation in crystal structure occurs over a range of temperatures,
bounded by lower and upper critical points. When heated, most carbon and low-alloy
steels have a critical temperature range between 1300 and 1600°F (700 and 870°C). Steel
above this temperature, but below the melting range, has a crystalline structure known as
austenite, in which the carbon and alloying elements are dissolved in a solid solution.
Below this critical range, the crystal structure changes to a phase known as ferrite, which is
capable of maintaining only a very small percentage of carbon in solid solution. The
remaining carbon exists in the form of carbides, which are compounds of carbon and iron
and certain of the other alloying elements. Depending primarily on cooling rate, the car-
bides may be present as thin plates alternating with the ferrite (pearlite); as spheroidal
globular particles at ferrite grain boundaries or dispersed throughout the ferrite; or as a uni-
form distribution of extremely fine particles throughout a “ferritelike” phase, which has an
acicular (needle-like) appearance, named martensite. In some of the highly alloyed stain-
less steels the addtion of certain elements stabilizes the austenite structure so that it persists
even at very low temperatures (austenitic grades). Other alloying elements can prevent the
formation of austenite entirely up to the melting point (ferritic grades).

Fundamentally, all steel heat treatments are intended to either harden or soften the metal.
They involve one or a series of operations in which the solid metal is heated and cooled
under specified conditions to develop a required structure and properties. In general, there
are five major forms of heat treatment for the standard steels that modify properties to suit
either fabrication or end use.

Quenching and Tempering: The primary hardening treatment for steel, quenching and
tempering, usually consists of three successive operations: heating the steel above the crit-
ical range and holding it at these temperatures for a sufficient time to approach a uniform
solid solution (austenitizing); cooling the steel rapidly by quenching in oil, water, brine,

Martensitic

403
(S40300)

11.5-13.0 Cr, 1.15 C, 1.0 Mn, 0.5 Si, 
0.040 P, 0.030 S, 0.60 Ni

420F
(S42020)

12-14 Cr, over 0.15 C, 1.25 Mn, 1.0 Si, 
0.060 P, 0.15 S min, 0.60 Mo max 
(optional)

410
(S41000)

11.5-13.5 Cr, 0.15 C, 1.0 Mn, 1.0 Si, 
0.040 P, 0.030 S, 0.75 Ni

422
(S42200)

11-12.50 Cr, 0.50-1.0 Ni, 0.20- 0.25 C, 
0.50-1.0 Mn, 0.50 Si, 0.025 P, 0.025 S, 
0.90-1.25 Mo, 0.20-0.30 V, 0.90-1.25 
W

414
(S41400)

11.5-13.5 Cr, 1.25-2.50 Ni, 0.15 C, 1.0 
Mn, 1.0 Si, 0.040 P, 0.030 S, 1.25-2.50 
Ni

431
(S41623)

15-17 Cr, 1.25-2.50 Ni, 0.20 C, 1.0 Mn, 
1.0 Si, 0.040 P, 0.030 S

416
(S41600)

12-14 Cr, 0.15 C, 1.25 Mn, 1.0 Si, 0.060 
P, 0.15 S min, 0.060 Mo (optional)

440A
(S44002)

16-18 Cr, 0.60-0.75 C, 1.0 Mn, 1.0 Si, 
0.040 P, 0.030 S, 0.75 Mo

416Se
(S41623)

12-14 Cr, 0.15 C, 1.25 Mn, 1.0 Si, 0.060 
P, 0.060 S, 0.15 Se min

440B
(S44003)

16-18 Cr, 0.75-0.95 C, 1.0 Mn, 1.0 Si, 
0.040 P, 0.030 S, 0.75 Mo

420
(S42000)

12-14 Cr, 0.15 C min, 1.0 Mn, 1.0 Si, 
0.040 P, 0.030 S

440C
(S44004)

16-18 Cr, 0.95-1.20 C, 1.0 Mn, 1.0 Si, 
0040 P, 0.030 S, 0.75 Mo

Heat-Resisting

501
(S50100)

4-6 Cr, 0.10 C min, 1.0 Mn, 1.0 Si, 0.040 
P, 0.030 S, 0.40-0.65 Mo

502
(S50200)

4-6 Cr, 0.10 C. 1.0 Mn, 1.0 Si, 0.040 P, 
0.030 S, 0.40-0.65 Mo

Table 6. (Continued) Standard Stainless Steels — Typical Compositions 

AISI Type
(UNS) Typical Composition (%)

AISI Type
(UNS) Typical Composition (%)
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salt or air to form a hard, usually brittle, metastable structure known as untempered or
white martensite; tempering the steel by reheating it to a temperature below the critical
range in order to obtain the required combination of hardness, strength, ductility, tough-
ness, and structural stability (tempered martensite).

Two well-known modifications of conventional quenching and tempering are “austem-
pering” and “martempering.” They involve interrupted quenching techniques (two or
more quenching media) that can be utilized for some steels to obtain desired structures and
properties while minimizing distortion and cracking problems that may occur in conven-
tional hardening.

Normalizing: The steel is heated to a temperature above the critical range, after which it
is cooled in still air to produce a generally fine pearlite structure. The purpose is to promote
uniformity of structure and properties after a hot-working operation such as forging or
extrusion. Steels may be placed in service in the normalized condition, or they may be sub-
jected to additional thermal treatment after subsequent machining or other operations.

Annealing: The steel is heated to a temperature above or within the critical range, then
cooled at a predetermined slow rate (usually in a furnace) to produce a coarse pearlite
structure. This treatment is used to soften the steel for improved machinability; to improve
or restore ductility for subsequent forming operations; or to eliminate the residual stresses
and microstructural effects of cold working.

Spheroidize Annealing: This is a special form of annealing that requires prolonged heat-
ing at an appropriate temperature followed by slow cooling in order to produce globular
carbides, a structure desirable for machining, cold forming, or cold drawing, or for the
effect it will have on subsequent heat treatment.

Stress Relieving: This process reduces internal stresses, caused by machining, cold
working, or welding, by heating the steel to a temperature below the critical range and
holding it there long enough to equalize the temperature throughout the piece.

See the sections HARDENING, TEMPERING, AND ANNEALING on page 461 and Heat
Treating High-Speed Steels on page 496 for more information about the heat treatment of
steels.

Applications.—Many factors enter into the selection of a steel for a particular application.
These factors include the mechanical and physical properties needed to satisfy the design
requirements and service environment; the cost and availability of the material; the cost of
processing (machining, heat treatment, welding, etc.); and the suitability of available pro-
cessing equipment or the cost of any new equipment required.

These steel selection considerations require input from designers, metallurgists, manu-
facturing engineers, service engineers, and procurement specialists, and can be considered
proper or optimum when the part is made from the lowest cost material consistent with sat-
isfying engineering and service requirements. The factors in selection can vary widely
among different organizations, so that several different steels may be used successfully for
similar applications. The best choice of a steel for any application most often results from
a balance or trade-offs among the various selection considerations.

The AISI/SAE designated “standard steels” provide a convenient way for engineers and
metallurgists to state briefly but clearly the chemical composition and, in some instances,
some of the properties desired, and they are widely recognized and used in the United
States and in many other countries. There are, however, numerous nonstandard carbon,
alloy, and stainless steel grades that are widely used for special applications.

The following sections and tables illustrate the general characteristics and typical appli-
cations of most of the standard carbon, alloy, and stainless steel grades.

General Application of SAE Steels: These applications are intended as a general guide
only since the selection may depend on the exact character of the service, cost of material,
machinability when machining is required, or other factors. When more than one steel is
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recommended for a given application, information on the characteristics of each steel
listed will be found in the section Carbon Steels starting on page 410.

Adapters, 1145
Agricultural steel, 1070, 1080
Aircraft forgings, 4140
Axles front or rear, 1040, 4140
Axle shafts, 1045, 2340, 2345, 3135,

3140, 3141, 4063, 4340
Ball-bearing races, 52100
Balls for ball bearings, 52100
Body stock for cars, rimmed*

Bolts and screws, 1035
Bolts

anchor, 1040
cold-headed, 4042
connecting-rod, 3130
heat-treated, 2330
heavy-duty, 4815, 4820
steering-arm, 3130

Brake levers, 1030, 1040
Bumper bars, 1085
Cams free-wheeling, 4615, 4620
Camshafts, 1020, 1040
Carburized parts, 1020, 1022, 1024, 1117,

1118, 1320, 2317, 2515, 3310, 3115,
3120, 4023, 4032

Chain pins transmission, 4320, 4815,
4820

Chains transmission, 3135, 3140
Clutch disks, 1060, 1070, 1085
Clutch springs, 1060
Coil springs, 4063
Cold-headed bolts, 4042
Cold-heading

 steel, 30905, 1070
 wire or rod, rimmed*, 1035

Cold-rolled steel, 1070
Connecting-rods, 1040, 3141
Connecting-rod bolts, 3130
Corrosion resisting, 51710, 30805
Covers transmission, rimmed*

Crankshafts, 1045, 1145, 3135, 3140,
3141

Crankshafts Diesel engine, 4340
Cushion springs, 1060
Cutlery stainless, 51335
Cylinder studs, 3130
Deep-drawing steel, rimmed*, 30905
Differential gears, 4023
Disks clutch, 1070, 1060
Ductile steel, 30905

Fan blades, 1020
Fatigue resisting 4340, 4640
Fender stock for cars, rimmed*

Forgings
aircraft, 4140
carbon steel, 1040, 1045
heat-treated, 3240, 5140, 6150
high-duty, 6150
small or medium, 1035
large, 1036

Free-cutting steel 
carbon, 1111, 1113
chromium-nickel steel, 30615
manganese steel, 1132, 1137

Gears
carburized, 1320, 2317, 3115, 3120,

3310, 4119, 4125, 4320, 4615, 4620,
4815, 4820

heat-treated, 2345
car and truck, 4027, 4032
cyanide-hardening, 5140
differential, 4023
high duty, 4640, 6150
oil-hardening, 3145, 3150, 4340, 5150
ring, 1045, 3115, 3120, 4119
transmission, 3115, 3120, 4119
truck and bus, 3310, 4320

Gear shift levers, 1030
Harrow disks, 1080
Hay-rake teeth, 1095
Key stock, 1030, 2330, 3130
Leaf springs, 1085, 9260
Levers

brake, 1030, 1040
gear shift, 1030
heat-treated, 2330

Lock washers, 1060
Mower knives, 1085
Mower sections, 1070
Music wire, 1085
Nuts, 3130

heat-treated, 2330
Oil pans automobile, rimmed*

Pinions carburized, 3115, 3120, 4320
Piston pins, 3115, 3120
Plow

beams, 1070
disks, 1080
shares, 1080

* The “rimmed” and “killed” steels listed are in the SAE 1008, 1010, and 1015 group. See general
description of these steels.
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Propeller shafts, 2340, 2345, 4140
Races ball-bearing, 52100
Ring gears, 3115, 3120, 4119
Rings snap, 1060, 1070, 1090
Rivets, rimmed*

Rod and wire, killed*

Rod cold-heading, 1035
Roller bearings, 4815
Rollers for bearings, 52100
Screws and bolts, 1035
Screw stock 

Bessemer, 1111, 1112, 1113
open-hearth, 1115

Screws heat-treated, 2330
Seat springs, 10956
Shafts

axle, 1045
cyanide-hardening, 5140
heavy-duty, 4340, 6150, 4615, 4620
oil-hardening, 5150
propeller, 2340, 2345, 4140
transmission, 4140

Sheets and strips, rimmed*

Snap rings, 1060, 1070, 1090
Spline shafts, 1045, 1320, 2340, 2345,

3115, 3120, 3135, 3140, 4023
Spring clips, 1060
Springs

coil, 1095, 4063, 6150
clutch, 1060
cushion, 1060
hard-drawn coiled, 1066
leaf, 1085, 1095, 4063, 4068, 9260,

6150
oil-hardening, 5150
oil-tempered wire, 1066
seat, 1095

valve, 1060
Spring wire, 1045

hard-drawn, 1055
oil-tempered, 1055

Stainless irons, 51210, 51710
Steel

cold-rolled, 1070
cold-heading, 30905
free-cutting carbon, 1111, 1113
free-cutting chrome-nickel, 30615
free-cutting manganese, 1132
minimum distortion, 4615, 4620, 4640
soft ductile, 30905

Steering arms, 4042
Steering-arm bolts, 3130
Steering knuckles, 3141
Steering-knuckle pins, 4815, 4820
Tacks, rimmed*

Thrust washers, 1060
oil-hardened, 5150

Transmission shafts, 4140
Tubing, 1040

front axle, 4140
seamless, 1030
welded, 1020

Universal joints, 1145
Valve springs, 1060
Washers lock, 1060
Welded structures, 30705
Wire and rod, killed*

Wire
cold-heading, rimmed*

hard-drawn spring, 1045, 1055
music, 1085
oil-tempered spring, 1055

Wrist-pins automobile, 1020
Yokes, 1145

Carbon Steels.—SAE Steels 1006, 1008, 1010, 1015: These steels are the lowest carbon
steels of the plain carbon type, and are selected where cold formability is the primary req-
uisite of the user. They are produced both as rimmed and killed steels. Rimmed steel is used
for sheet, strip, rod, and wire where excellent surface finish or good drawing qualities are
required, such as body and fender stock, hoods, lamps, oil pans, and other deep-drawn and
-formed products. This steel is also used for cold-heading wire for tacks, and rivets and low
carbon wire products. Killed steel (usually aluminum killed or special killed) is used for
difficult stampings, or where nonaging properties are needed. Killed steels (usually silicon
killed) should be used in preference to rimmed steel for forging or heat-treating applica-
tions.

These steels have relatively low tensile values and should not be selected where much
strength is desired. Within the carbon range of the group, strength and hardness will rise
with increases in carbon and/or with cold work, but such increases in strength are at the
sacrifice of ductility or the ability to withstand cold deformation. Where cold rolled strip is
used, the proper temper designation should be specified to obtain the desired properties.
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With less than 0.15 carbon, the steels are susceptible to serious grain growth, causing
brittleness, which may occur as the result of a combination of critical strain (from cold
work) followed by heating to certain elevated temperatures. If cold-worked parts formed
from these steels are to be later heated to temperatures in excess of 1100°F (590°C), the
user should exercise care to avoid or reduce cold working. When this condition develops,
it can be overcome by heating the parts to a temperature well in excess of the upper critical
point, or at least 1750°F (955°C).

Steels in this group, being nearly pure iron or ferritic in structure, do not machine freely
and should be avoided for cut screws and operations requiring broaching or smooth finish
on turning. The machinability of bar, rod, and wire products is improved by cold drawing.
Steels in this group are readily welded.

SAE 1016, 1017, 1018, 1019, 1020, 1021, 1022, 1023, 1024, 1025, 1026, 1027, 1030:

Steels in this group, due to the carbon range covered, have increased strength and hard-
ness, and reduced cold formability compared to the lowest carbon group. For heat-treating
purposes, they are known as carburizing or case hardening grades. When uniform response
to heat treatment is required, or for forgings, killed steel is preferred; for other uses, semi-
killed or rimmed steel may be indicated, depending on the combination of properties
desired. Rimmed steels can ordinarily be supplied up to 0.25 carbon.

Selection of one of these steels for carburizing applications depends on the nature of the
part, the properties desired, and the processing practice preferred. Increases in carbon give
greater core hardness with a given quench, or permit the use of thicker sections. Increases
in manganese improve the hardenability of both the core and case; in carbon steels this is
the only change in composition that will increase case hardenability. The higher manga-
nese variants also machine much better. For carburizing applications, SAE 1016, 1018,
and 1019 are widely used for thin sections or water-quenched parts. SAE 1022 and 1024
are used for heavier sections or where oil quenching is desired, and SAE 1024 is sometimes
used for such parts as transmission and rear axle gears. SAE 1027 is used for parts given a
light case to obtain satisfactory core properties without drastic quenching. SAE 1025 and
1030, although not usually regarded as carburizing types, are sometimes used in this man-
ner for larger sections or where greater core hardness is needed.

For cold-formed or -headed parts, the lowest manganese grades (SAE 1017, 1020, and
1025) offer the best formability at their carbon level. SAE 1020 is used for fan blades and
some frame members, and SAE 1020 and 1025 are widely used for low-strength bolts. The
next higher manganese types (SAE 1018, 1021, and 1026) provide increased strength.

All steels listed may be readily welded or brazed by the common commercial methods.
SAE 1020 is frequently used for welded tubing. These steels are used for numerous forged
parts, the lower-carbon grades where high strength is not essential. Forgings from the
lower-carbon steels usually machine better in the as-forged condition without annealing,
or after normalizing.

SAE 1030, 1033, 1034, 1035, 1036, 1038, 1039, 1040, 1041, 1042, 1043, 1045, 1046,
1049, 1050, 1052: These steels, of the medium-carbon type, are selected for uses where
higher mechanical properties are needed and are frequently further hardened and strength-
ened by heat treatment or by cold work. These grades are ordinarily produced as killed
steels.

Steels in this group are suitable for a wide variety of automotive-type applications. The
particular carbon and manganese level selected is affected by a number of factors.
Increases in the mechanical properties required in section thickness, or in depth of harden-
ing, ordinarily indicate either higher carbon or manganese or both. The heat-treating prac-
tice preferred, particularly the quenching medium, has a great effect on the steel selected.
In general, any of the grades over 0.30 carbon may be selectively hardened by induction or
flame methods.
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The lower-carbon and manganese steels in this group find usage for certain types of cold-
formed parts. SAE 1030 is used for shift and brake levers. SAE 1034 and 1035 are used in
the form of wire and rod for cold upsetting such as bolts, and SAE 1038 for bolts and studs.
The parts cold-formed from these steels are usually heat-treated prior to use. Stampings are
generally limited to flat parts or simple bends. The higher-carbon SAE 1038, 1040, and
1042 are frequently cold drawn to specified physical properties for use without heat treat-
ment for some applications such as cylinder head studs.

Any of this group of steels may be used for forgings, the selection being governed by the
section size and the physical properties desired after heat treatment. Thus, SAE 1030 and
1035 are used for shifter forks and many small forgings where moderate properties are
desired, but the deeper-hardening SAE 1036 is used for more critical parts where a higher
strength level and more uniformity are essential, such as some front suspension parts.
Forgings such as connecting rods, steering arms, truck front axles, axle shafts, and tractor
wheels are commonly made from the SAE 1038 to 1045 group. Larger forgings at similar
strength levels need more carbon and perhaps more manganese. Examples are crankshafts
made from SAE 1046 and 1052. These steels are also used for small forgings where high
hardness after oil quenching is desired. Suitable heat treatment is necessary on forgings
from this group to provide machinability. These steels are also widely used for parts
machined from bar stock, the selection following an identical pattern to that described for
forgings. They are used both with and without heat treatment, depending on the application
and the level of properties needed. As a class, they are considered good for normal machin-
ing operations. It is also possible to weld these steels by most commercial methods, but
precautions should be taken to avoid cracking from too rapid cooling.

SAE 1055, 1060, 1062, 1064, 1065, 1066, 1070, 1074, 1078, 1080, 1085, 1086, 1090,
1095: Steels in this group are of the high-carbon type, having more carbon than is required
to achieve maximum as quenched hardness. They are used for applications where the
higher carbon is needed to improve wear characteristics for cutting edges, to make springs,
and for special purposes. Selection of a particular grade is affected by the nature of the part,
its end use, and the manufacturing methods available.

In general, cold-forming methods are not practical on this group of steels, being limited
to flat stampings and springs coiled from small-diameter wire. Practically all parts from
these steels are heat treated before use, with some variations in heat-treating methods to
obtain optimum properties for the particular use to which the steel is to be put.

Uses in the spring industry include SAE 1065 for pretempered wire and SAE 1066 for
cushion springs of hard-drawn wire, SAE 1064 may be used for small washers and thin
stamped parts, SAE 1074 for light flat springs formed from annealed stock, and SAE 1080
and 1085 for thicker flat springs. SAE 1085 is also used for heavier coil springs. Valve
spring wire and music wire are special products.

Due to good wear properties when properly heat-treated, the high-carbon steels find wide
usage in the farm implement industry. SAE 1070 has been used for plow beams, SAE 1074
for plow shares, and SAE 1078 for such parts as rake teeth, scrapers, cultivator shovels,
and plow shares. SAE 1085 has been used for scraper blades, disks, and for spring tooth
harrows. SAE 1086 and 1090 find use as mower and binder sections, twine holders, and
knotter disks.

SAE 1111, 1112, 1113: This class of steels is intended for those uses where easy machin-
ing is the primary requirement. They are characterized by a higher sulfur content than com-
parable carbon steels. This composition results in some sacrifice of cold-forming
properties, weldability, and forging characteristics. In general, the uses are similar to those
for carbon steels of similar carbon and manganese content.

These steels are commonly known as Bessemer screw stock, and are considered the best
machining steels available, machinability improving within the group as sulfur increases.
They are used for a wide variety of machined parts. Although of excellent strength in the
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cold-drawn condition, they have an unfavorable property of cold shortness and are not
commonly used for vital parts. These steels may be cyanided or carburized, but when uni-
form response to heat-treating is necessary, open-hearth steels are recommended.

SAE 1109, 1114, 1115, 1116, 1117, 1118, 1119, 1120, 1126: Steels in this group are
used where a combination of good machinability and more uniform response to heat treat-
ment is needed. The lower-carbon varieties are used for small parts that are to be cyanided
or carbonitrided. SAE 1116, 1117, 1118, and 1119 carry more manganese for better hard-
enability, permitting oil quenching after case-hardening heat treatments in many
instances. The higher-carbon SAE 1120 and 1126 provide more core hardness when this is
needed.

SAE 1132, 1137, 1138, 1140, 1141, 1144, 1145, 1146, 1151: This group of steels has
characteristics comparable to carbon steels of the same carbon level, except for changes
due to higher sulfur as noted previously. They are widely used for parts where large
amounts of machining are necessary, or where threads, splines, or other contours present
special problems with tooling. SAE 1137, for example, is widely used for nuts and bolts
and studs with machined threads. The higher-manganese SAE 1132, 1137, 1141, and 1144
offer greater hardenability, the higher-carbon types being suitable for oil quenching for
many parts. All these steels may be selectively hardened by induction or flame heating if
desired.

Carburizing Grades of Alloy Steels.—Properties of the Case: The properties of carbur-
ized and hardened cases (surface layers) depend on the carbon and alloy content, the struc-
ture of the case, and the degree and distribution of residual stresses. The carbon content of
the case depends on the details of the carburizing process, and the response of iron and the
alloying elements present, to carburization. The original carbon content of the steel has lit-
tle or no effect on the carbon content produced in the case. The hardenability of the case,
therefore, depends on the alloy content of the steel and the final carbon content produced
by carburizing, but not on the initial carbon content of the steel.

With complete carbide solution, the effect of alloying elements on the hardenability of
the case is about the same as the effect of these elements on the hardenability of the core.
As an exception to this statement, any element that inhibits carburizing may reduce the
hardenability of the case. Some elements that raise the hardenability of the core may tend
to produce more retained austenite and consequently somewhat lower hardness in the case.

Alloy steels are frequently used for case hardening because the required surface hardness
can be obtained by moderate speeds of quenching. Slower quenching may mean less dis-
tortion than would be encountered with water quenching. It is usually desirable to select a
steel that will attain a minimum surface hardness of 58 or 60 Rockwell C after carburizing
and oil quenching. Where section sizes are large, a high-hardenability alloy steel may be
necessary, whereas for medium and light sections, low-hardenability steels will suffice.

In general, the case-hardening alloy steels may be divided into two classes as far as the
hardenability of the case is concerned. Only the general type of steel (SAE 3300-4100,
etc.) is discussed. The original carbon content of the steel has no effect on the carbon con-
tent of the case, so the last two digits in the specification numbers are not meaningful as far
as the case is concerned.

a) High-Hardenability Case: SAE 2500, 3300, 4300, 4800, 9300
As these are high-alloy steels, both the case and the core have high hardenability. They

are used particularly for carburized parts having thick sections, such as bevel drive pinions
and heavy gears. Good case properties can be obtained by oil quenching. These steels are
likely to have retained austenite in the case after carburizing and quenching; consequently,
special precautions or treatments, such as refrigeration, may be required.

b) Medium-Hardenability Case: SAE 1300, 2300, 4000, 4100, 4600, 5100, 8600, 8700
Carburized cases of these steels have medium hardenability, which means that their

hardenability is intermediate between that of plain carbon steel and the higher-alloy car-
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burizing steels discussed earlier. In general, these steels can be used for average-size case-
hardened automotive parts such as gears, pinions, piston pins, ball studs, universal joint
crosses, crankshafts, etc. Satisfactory case hardness is usually produced by oil quenching.

Core Properties: The core properties of case-hardened steels depend on both carbon and
alloy content of the steel. Each of the general types of alloy case-hardening steel is usually
made with two or more carbon contents to permit different hardenability in the core.

The most desirable hardness for the core depends on the design and functioning of the
individual part. In general, where high compressive loads are encountered, relatively high
core hardness is beneficial in supporting the case. Low core hardnesses may be desirable
where great toughness is essential.

The case-hardening steels may be divided into three general classes, depending on hard-
enability of the core.

a) Low-Hardenability Core: SAE 4017, 4023, 4024, 4027*, 4028*, 4608, 4615, 4617*,
8615*, 8617*

b) Medium-Hardenability Core: SAE 1320, 2317, 2512, 2515*, 3115, 3120, 4032, 4119,
4317, 4620, 4621, 4812, 4815*, 5115, 5120, 8620, 8622, 8720, 9420

c) High-Hardenability Core: SAE 2517, 3310, 3316, 4320, 4817, 4820, 9310, 9315, 9317
Heat Treatments: In general, all the alloy carburizing steels are made with fine grain and

most are suitable for direct quenching from the carburizing temperature. Several other
types of heat treatment involving single and double quenching are also used for most of
these steels. See Table 4a on page 490 and Table 4b on page 491.

Directly Hardenable Grades of Alloy Steels.—These steels may be considered in five
groups on the basis of approximate mean carbon content of the SAE specification. In gen-
eral, the last two figures of the specification agree with the mean carbon content. Conse-
quently the heading 0.30-0.37 Mean Carbon Content of SAE Specification includes steels
such as SAE 1330, 3135, and 4137.

It is necessary to deviate from the above plan in the classification of the carbon molybde-
num steels. When carbon molybdenum steels are used, it is customary to specify higher
carbon content for any given application than would be specified for other alloy steels, due
to the low alloy content of these steels. For example, SAE 4063 is used for the same appli-
cations as SAE 4140, 4145, and 5150. Consequently, in the following discussion, the car-
bon molybdenum steels have been shown in the groups where they belong on the basis of
applications rather than carbon content.

For the present discussion, steels of each carbon content are divided into two or three
groups on the basis of hardenability. Transformation ranges and consequently heat-treat-
ing practices vary somewhat with different alloying elements even though the hardenabil-
ity is not changed.

0.30-0.37 Mean Carbon Content of SAE Specification: These steels are frequently used
for water-quenched parts of moderate section size and for oil-quenched parts of small sec-
tion size. Typical applications of these steels are connecting rods, steering arms and steer-
ing knuckles, axle shafts, bolts, studs, screws, and other parts requiring strength and
* Borderline classifications might be considered in the next higher hardenability group. 

Mean Carbon Content
of SAE Specification Common Applications

(a) 0.30-0.37 per cent Heat-treated parts requiring moderate strength and great toughness.
(b) 0.40-0.42 per cent Heat-treated parts requiring higher strength and good toughness.

(c) 0.45-0.50 per cent Heat-treated parts requiring fairly high hardness and 
strength with moderate toughness.

(d) 0.50-0.62 per cent Springs and hand tools.
(e) 1.02 per cent Ball and roller bearings.
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toughness where section size is small enough to permit the desired physical properties to
be obtained with the customary heat treatment.

Steels falling in this classification may be subdivided into two groups on the basis of
hardenability:

a) Low Hardenability: SAE 1330, 1335, 4037, 4042, 4130, 5130, 5132, 8630
b) Medium Hardenability: SAE 2330, 3130, 3135, 4137, 5135, 8632, 8635, 8637, 8735,

9437
0.40-0.42 Mean Carbon Content of SAE Specification: In general, these steels are used

for medium and large size parts requiring high degree of strength and toughness. The
choice of the proper steel depends on the section size and the mechanical properties that
must be produced. The low and medium hardenabilty steels are used for average size auto-
motive parts such as steering knuckles, axle shafts, propeller shafts, etc. The high harden-
ability steels are used particularly for large axles and shafts for large aircraft parts.

These steels are usually considered as oil quenching steels, although some large parts
made of the low and medium hardenability classifications may be quenched in water under
properly controlled conditions.

These steels may be divided into three groups on the basis of hardenability:
a) Low Hardenability: SAE 1340, 4047, 5140, 9440
b) Medium Hardenability: SAE 2340, 3140, 3141, 4053, 4063, 4140, 4640, 8640, 8641,

8642, 8740, 8742, 9442
c) High Hardenability: SAE 4340, 9840
0.45-0.50 Mean Carbon Content of SAE Specification: These steels are used primarily

for gears and other parts requiring fairly high hardness as well as strength and toughness.
Such parts are usually oil-quenched and a minimum of 90 per cent martensite in the as-
quenched condition is desirable.

a) Low Hardenability: SAE 5045, 5046, 5145, 9747, 9763
b) Medium Hardenability: SAE 2345, 3145, 3150, 4145, 5147, 5150, 8645, 8647, 8650,

8745, 8747, 8750, 9445, 9845
c) High Hardenability: SAE 4150, 9850
0.50-0.63 Mean Carbon Content of SAE Specification: These steels are used primarily

for springs and hand tools. The hardenability necessary depends on the thickness of the
material and the quenching practice.

a) Medium hardenability: SAE 4068, 5150, 5152, 6150, 8650, 9254, 9255, 9260, 9261
b) High Hardenability: SAE 8653, 8655, 8660, 9262
1.02 Mean Carbon Content of SAE Specification—SAE 50100, 51100, 52100: These

straight chromium electric furnace steels are used primarily for the races and balls or roll-
ers of antifriction bearings. They are also used for other parts requiring high hardness and
wear resistance. The compositions of the three steels are identical, except for a variation in
chromium, with a corresponding variation in hardenability.

a) Low Hardenability: SAE 50100
b) Medium Hardenability: SAE 51100, 52100
Resulfurized Steel: Some of the alloy steels, SAE 4024, 4028, and 8641, are made

resulfurized so as to give better machinability at a relatively high hardness. In general,
increased sulfur results in decreased transverse ductility, notched impact toughness, and
weldability.
Characteristics and Typical Applications of Standard Stainless Steels.—Typ ica l
applications of various stainless steel alloys are given in the following. The first number
given is the AISI designation followed by the UNS number in parenthesis. (See also Num-
bering Systems for Metals and Alloys on page 398)

201 (S20100): High work-hardening rate; low-nickel equivalent of type 301. Flatware;
automobile wheel covers, trim.
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202 (S20200): General-purpose low-nickel equivalent of type 302. Kitchen equipment;
hub caps; milk handling.

205 (S20500): Lower work-hardening rate than type 202; used for spinning and special
drawing operations. Nonmagnetic and cryogenic parts.

301 (S30100): High work-hardening rate; used for structural applications where high
strength plus high ductility are required. Railroad cars; trailer bodies; aircraft structurals;
fasteners; automobile wheel covers, trim; pole line hardware.

302 (S30200): General-purpose austenitic stainless steel. Trim; food-handling equip-
ment; aircraft cowlings; antennas; springs; cookware; building exteriors; tanks; hospital,
household appliances; jewelry; oil refining equipment; signs.

302B (S30215): More resistant to scale than type 302. Furnace parts; still liners; heating
elements; annealing covers; burner sections.

303 (S30300): Free-machining modification of type 302, for heavier cuts. Screw
machine products; shafts; valves; bolts; bushings; nuts.

303Se (S30323): Free-machining modification of type 302, for lighter cuts; used where
hot working or cold heading may be involved. Aircraft fittings; bolts; nuts; rivets; screws;
studs.

304 (S30400): Low-carbon modification of type 302 for restriction of carbide precipita-
tion during welding. Chemical and food processing equipment; brewing equipment; cryo-
genic vessels; gutters; downspouts; flashings.

304L (S30403): Extra-low-carbon modification of type 304 for further restriction of car-
bide precipitation during welding. Coal hopper linings; tanks for liquid fertilizer and
tomato paste.

304Cu (S30430): Lower work-hardening rate than type 304. Severe cold-heading appli-
cations.

304N (S30451): Higher nitrogen than type 304 to increase strength with minimum effect
on ductility and corrosion resistance, more resistant to increased magnetic permeability.
Type 304 applications requiring higher strength.

305 (S30500): Low work-hardening rate; used for spin forming, severe drawing, cold
heading, and forming. Coffee urn tops; mixing bowls; reflectors.

308 (S30800): Higher-alloy steel having high corrosion and heat resistance. Welding
filler metals to compensate for alloy loss in welding; industrial furnaces.

309 (S30900): High-temperature strength and scale resistance. Aircraft heaters; heat-
treating equipment; annealing covers; furnace parts; heat exchangers; heat-treating trays;
oven linings; pump parts.

309S (S30908): Low-carbon modification of type 309. Welded constructions; assem-
blies subject to moist corrosion conditions.

310 (S31000): Higher elevated temperature strength and scale resistance than type 309.
Heat exchangers; furnace parts; combustion chambers; welding filler metals; gas-turbine
parts; incinerators; recuperators; rolls for roller hearth furnaces.

310S (S31008): Low-carbon modification of type 310. Welded constructions; jet engine
rings.

314 (S31400): More resistant to scale than type 310. Severe cold-heading or -forming
applications. Annealing and carburizing boxes; heat-treating fixtures; radiant tubes.

316 (S31600): Higher corrosion resistance than types 302 and 304; high creep strength.
Chemical and pulp handling equipment; photographic equipment; brandy vats; fertilizer
parts; ketchup cooking kettles; yeast tubs.

316L (S31603): Extra-low-carbon modification of type 316. Welded construction where
intergranular carbide precipitation must be avoided. Type 316 applications requiring
extensive welding.

316F (S31620): Higher phosphorus and sulfur than type 316 to improve machining and
nonseizing characteristics. Automatic screw machine parts.

316N (S31651): Higher nitrogen than type 316 to increase strength with minimum effect
on ductility and corrosion resistance. Type 316 applications requiring extra strength.
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317 (S31700): Higher corrosion and creep resistance than type 316. Dyeing and ink man-
ufacturing equipment.

317L (S31703): Extra-low-carbon modification of type 317 for restriction of carbide
precipitation during welding. Welded assemblies.

321 (S32100): Stabilized for weldments under severe corrosive conditions, and service
from 800–1650°F (425–900°C). Aircraft exhaust manifolds; boiler shells; process equip-
ment; expansion joints; cabin heaters; fire walls; flexible couplings; pressure vessels.

329 (S32900): Austenitic-ferritic type with general corrosion resistance similar to type
316 but with better resistance to stress-corrosion cracking; capable of age hardening.
Valves; valve fittings; piping; pump parts.

330 (N08330): Good resistance to carburization and oxidation and to thermal shock.
Heat-treating fixtures.

347 (S34700): Similar to type 321 with higher creep strength. Airplane exhaust stacks;
welded tank cars for chemicals; jet engine parts.

348 (S34800): Similar to type 321; low retentivity. Tubes and pipes for radioactive sys-
tems; nuclear energy uses.

384 (S38400): Suitable for severe cold heading or cold forming; lower cold-work-hard-
ening rate than type 305. Bolts; rivets; screws; instrument parts.

403 (S40300): “Turbine quality” grade. Steam turbine blading and other highly stressed
parts including jet engine rings.

405 (S40500): Nonhardenable grade for assemblies where air-hardening types such as
410 or 403 are objectionable. Annealing boxes; quenching racks; oxidation-resistant parti-
tions.

409 (S40900): General-purpose construction stainless. Automotive exhaust systems;
transformer and capacitor cases; dry fertilizer spreaders; tanks for agricultural sprays.

410 (S41000): General-purpose heat-treatable type. Machine parts; pump shafts; bolts;
bushings; coal chutes; cutlery; hardware; jet engine parts; mining machinery; rifle barrels;
screws; valves.

414 (41400): High hardenability steel. Springs; tempered rules; machine parts, bolts;
mining machinery; scissors; ships’ bells; spindles; valve seats.

416 (S41600): Free-machining modification of type 410, for heavier cuts. Aircraft fit-
tings; bolts; nuts; fire extinguisher inserts; rivets; screws.

416Se (S41623): Free-machining modification of type 410, for lighter cuts. Machined
parts requiring hot working or cold heading.

420 (S42000): Highercarbon modification of type 410. Cutlery; surgical instruments;
valves; wear-resisting parts; glass molds; hand tools; vegetable choppers.

420F (S42020): Free-machining modification of type 420. Applications similar to those
for type 420 requiring better machinability.

422 (S42200): High strength and toughness at service temperatures up to 1200°F
(650°C). Steam turbine blades; fasteners.

429 (S42900): Improved weldability as compared to type 430. Nitric acid and nitrogen-
fixation equipment.

430 (S43000): General-purpose nonhardenable chromium type. Decorative trim; nitric
acid tanks; annealing baskets; combustion chambers; dishwashers; heaters; mufflers;
range hoods; recuperators; restaurant equipment.

430F (S43020): Free-machining modification of type 430, for heavier cuts. Screw
machine parts.

430FSe (S43023): Free-machining modification of type 430, for lighter cuts. Machined
parts requiring light cold heading or forming.

431 (S43100): Special-purpose hardenable steel used where particularly high mechani-
cal properties are required. Aircraft fittings; beater bars; paper machinery; bolts.

434 (S43400): Modification of type 430 designed to resist atmospheric corrosion in the
presence of winter road conditioning and dust-laying compounds. Automotive trim and
fasteners.
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436 (S43600): Similar to types 430 and 434. Used where low “roping” or “ridging”
required. General corrosion and heat-resistant applications such as automobile trim.

440A (S44002): Hardenable to higher hardeness than type 420 with good corrosion resis-
tance. Cutlery; bearings; surgical tools.

440B (S44003): Cutlery grade. Cutlery, valve parts; instrument bearings.
440C (S44004): Yields highest hardnesses of hardenable stainless steels. Balls; bear-

ings; races; nozzles; balls and seats for oil well pumps; valve parts.
442 (S44200): High-chromium steel, principally for parts that must resist high service

temperatures without scaling. Furnace parts; nozzles; combustion chambers.
446 (S44600): High-resistance to corrosion and scaling at high temperatures, especially

for intermittent service; often used in sulfur-bearing atmosphere. Annealing boxes; com-
bustion chambers; glass molds; heaters; pyrometer tubes; recuperators; stirring rods;
valves.

501 (S50100): Heat resistance; good mechanical properties at moderately elevated tem-
peratures. Heat exchangers; petroleum refining equipment.

502 (S50200): More ductility and less strength than type 501. Heat exchangers; petro-
leum refining equipment; gaskets.

Chromium-Nickel Austenitic Steels .—(Not capable of heat treatment) SAE 30201:

This steel is an austenitic chromium-nickel-manganese stainless steel usually required in
flat products. In the annealed condition, it exhibits higher strength values than the corre-
sponding chromium-nickel stainless steel (SAE 30301). It is nonmagnetic in the annealed
condition, but may be magnetic when cold-worked. SAE 30201 is used to obtain high
strength by work-hardening and is well suited for corrosion-resistant structural members
requiring high strength with low weight. It has excellent resistance to a wide variety of cor-
rosive media, showing behavior comparable to stainless grade SAE 30301. It has high duc-
tility and excellent forming properties. Owing to this steel’s work-hardening rate and yield
strength, tools for forming must be designed to allow for a higher springback or recovery
rate. It is used for automotive trim, automotive wheel covers, railroad passenger car bodies
and structural members, and truck trailer bodies.

SAE 30202: Like chromium-nickel stainless steel SAE 30302, this is a general-purpose
stainless steel. It has excellent corrosion resistance and deep drawing qualities. It is non-
hardenable by thermal treatments, but may be cold worked to high tensile strengths. In the
annealed condition, it is nonmagnetic but slightly magnetic when cold-worked. Applica-
tions for this stainless steel are hub cap, railcar and truck trailer bodies, and spring wire.

SAE 30301: Capable of attaining high tensile strength and ductility by moderate or
severe cold working. It is used largely in the cold-rolled or cold-drawn condition in the
form of sheet, strip, and wire. Its corrosion resistance is good but not equal to SAE 30302.

SAE 30302: The most widely used of the general-purpose austenitic chromium-nickel
stainless steels. It is used for deep drawing largely in the annealed condition. It can be
worked to high tensile strengths but with slightly lower ductility than SAE 30301.

SAE 30303F: A free-machining steel recommended for the manufacture of parts pro-
duced on automatic screw machines. Caution must be used in forging this steel.

SAE 30304: Similar to SAE 30302 but somewhat superior in corrosion resistance and
having superior welding properties for certain types of equipment.

SAE 30305: Similar to SAE 30304 but capable of lower hardness. Has greater ductility
with slower work-hardening tendency.

SAE 30309: A steel with high heat-resisting qualities which is resistant to oxidation at
temperatures up to about 1800°F (980°C).

SAE 30310: This steel has the highest heat-resisting properties of the chromium nickel
steels listed here and will resist oxidation at temperatures up to about 1900°F (1040°C).
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SAE 30316: Recommended for use in parts where unusual resistance to chemical or salt
water corrosion is necessary. It has superior creep strength at elevated temperatures.

SAE 30317: Similar to SAE 30316 but has the highest corrosion resistance of all these
alloys in many environments.

SAE 30321: Recommended for use in the manufacture of welded structures where heat
treatment after welding is not feasible. It is also recommended for use where temperatures
up to 1600°F (870°C) are encountered in service. 

SAE 30325: Used for such parts as heat control shafts.
SAE 30347: This steel is similar to SAE 30321. This niobium alloy is sometimes pre-

ferred to titanium because niobium is less likely to be lost in welding operations.
Stainless Chromium Irons and Steels.—SAE 51409: An 11 per cent chromium alloy
developed, especially for automotive mufflers and tailpipes. Resistance to corrosion and
oxidation is very similar to SAE 51410. It is nonhardenable and has good forming and
welding characteristics. This alloy is recommended for mildly corrosive applications
where surface appearance is not critical.

SAE 51410: A general-purpose stainless steel capable of heat treatment to show good
physical properties. It is used for general stainless applications, both in the heat-treated and
annealed condition but is not as resistant to corrosion as SAE 51430 in either the annealed
or heat-treated condition.

SAE 51414: A corrosion and heat-resisting nickel-bearing chromium steel with some-
what better corrosion resistance than SAE 51410. It will attain slightly higher mechanical
properties when heat-treated than SAE 51410. It is used in the form of tempered strip or
wire, and in bars and forgings for heat-treated parts.

SAE 51416F: A free-machining grade for the manufacture of parts produced in auto-
matic screw machines.

SAE 51420: This steel heat-treatable to a relatively high hardness. It will harden to a
maximum of approximately 500 Brinell. Maximum corrosion resisting qualities exist only
in the fully hardened condition. It is used for cutlery, hardened pump shafts, etc.

SAE 51420F: This is similar to SAE 51420 except for its free-machining properties.
SAE 51430: This high-chromium steel is not capable of heat treatment and is recom-

mended for use in shallow parts requiring moderate draw. Corrosion and heat resistance
are superior to SAE 51410.

SAE 51430F: This steel is similar to SAE 51430 except for its free-machining properties.
SAE 51431: This nickel-bearing chromium steel is designed for heat treatment to high

mechanical properties. Its corrosion resistance is superior to other hardenable steels.
SAE 51440A: A hardenable chromium steel with greater quenched hardness than SAE

51420 and greater toughness than SAE 51440B and 51440C. Maximum corrosion resis-
tance is obtained in the fully hardened and polished condition.

SAE 51440B: A hardenable chromium steel with greater quenched hardness than SAE
51440A. Maximum corrosion resistance is obtained in the fully hardened and polished
condition. Capable of hardening to 50-60 Rockwell C depending on carbon content.

SAE 51440C: This steel has the greatest quenched hardness and wear resistance on heat
treatment of any corrosion- or heat-resistant steel.

SAE 51440F: The same as SAE 51440C, except for its free-machining characteristics.
SAE 51442: A corrosion- and heat-resisting chromium steel with corrosion-resisting

properties slightly better than SAE 51430 and with good scale resistance up to 1600°F
(870°C).

SAE 51446: A corrosion- and heat-resisting steel with maximum amount of chromium
consistent with commercial malleability. Used principally for parts that must resist high
temperatures in service without scaling. Resists oxidation up to 2000°F (1095°C).

SAE 51501: Used for its heat and corrosion resistance and good mechanical properties at
temperatures up to approximately 1000°F (540°C).
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High-Strength, Low-Alloy Steels.—High-strength, low-alloy (HSLA) steel represents a
specific group of steels in which enhanced mechanical properties and, sometimes, resis-
tance to atmospheric corrosion are obtained by the addition of moderate amounts of one or
more alloying elements other than carbon. Different types are available, some of which are
carbon-manganese steels and others contain further alloy additions, governed by special
requirements for weldability, formability, toughness, strength, and economics. These
steels may be obtained in the form of sheet, strip, plates, structural shapes, bars, and bar
size sections.

HSLA steels are especially characterized by their mechanical properties, obtained in the
as-rolled condition. They are not intended for quenching and tempering. For certain appli-
cations, they are sometimes annealed, normalized, or stress relieved with some influence
on mechanical properties.

Where these steels are used for fabrication by welding, care must be exercised in selec-
tion of grade and in the details of the welding process. Certain grades may be welded with-
out preheat or postheat.

Because of their high strength-to-weight ratio, abrasion resistance, and, in certain com-
positions, improved atmospheric corrosion resistance, these steels are adapted particularly
for use in mobile equipment and other structures where substantial weight savings are gen-
erally desirable. Typical applications are truck bodies, frames, structural members, scrap-
ers, truck wheels, cranes, shovels, booms, chutes, and conveyors.

Grade 942X: A niobium- or vanadium-treated carbon-manganese high-strength steel
similar to 945X and 945C except for somewhat improved welding and forming properties.

Grade 945A: A HSLA steel with excellent welding characteristics, both arc and resis-
tance, and the best formability, weldability, and low-temperature notch toughness of the
high-strength steels. It is generally used in sheets, strip, and light plate thicknesses.

Grade 945C: A carbon-manganese high-strength steel with satisfactory arc welding
properties if adequate precautions are observed. It is similar to grade 950C, except that
lower carbon and manganese improve arc welding characteristics, formability, and low-
temperature notch toughness at some sacrifice in strength.

Grade 945X: A niobium- or vanadium-treated carbon-manganese high-strength steel
similar to 945C, except for somewhat improved welding and forming properties.

Grade 950A: A HSLA steel with good weldability, both arc and resistance, with good
low-temperature notch toughness, and good formability. It is generally used in sheet, strip,
and light plate thicknesses.

Grade 950B: A HSLA steel with satisfactory arc welding properties and fairly good low-
temperature notch toughness and formability.

Grade 950C: A carbon-manganese high-strength steel that can be arc welded with spe-
cial precautions, but is unsuitable for resistance welding. The formability and toughness
are fair.

Grade 950D: A HSLA steel with good weldability, both arc and resistance, and fairly
good formability. Where low-temperature properties are important, the effect of phospho-
rus in conjunction with other elements present should be considered.

Grade 950X: A niobium- or vanadium-treated carbon-manganese high-strength steel
similar to 950C, except for somewhat improved welding and forming properties.

Grades 955X, 960X, 965X, 970X, 980X: These are steels similar to 945X and 950X with
higher strength obtained by increased amounts of strengthening elements, such as carbon
or manganese, or by the addition of nitrogen up to about 0.015 per cent. This increased
strength involves reduced formability and usually decreased weldability. Toughness will
vary considerably with composition and mill practice.

The formability, composition, and minimum mechanical properties of the HSLA steel
grades are shown in Tables 7 through Table 9 on page 421.
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Table 7. HSLA Steel Grades in Approximate Order of Increasing Excellence

Source: SAE Handbook, 1990. Reprinted with permission. Copyright © 1990. Society of Automo-
tive Engineers, Inc. All rights reserved.

Table 8. Chemical Composition Ladle Analysis of HSLA Steels (max. per cent)

Sulfur, 0.05 per cent max; silicon, 0.90 per cent max.

Source: SAE Handbook, 1990. Reprinted with permission. Copyright © 1990. Society of Automo-
tive Engineers, Inc. All rights reserved.

Table 9. Minimum Mechanical Properties of High-strength Low-alloy Steels

Source: SAE Handbook, 1990. Reprinted with permission. Copyright © 1990. Society of Automo-
tive Engineers, Inc. All rights reserved.

Weldability Formability Toughness

980X 980X 980X
970X 970X 970X
965X 965X 965X
960X 960X 960X

955X, 950C, 942X 955X 955X
945C 950C 945C, 950C, 942X

950B, 950X 950D 945X, 950X
945X 950B, 950X, 942X 950D
950D 945C, 945X 950B
950A 950A 950A
945A 945A 945A

Grade C Mn P Grade C Mn P

942X 0.21 1.35 0.04 950D 0.15 1.00 0.15
945A 0.15 1.00 0.04 950X 0.23 1.35 0.04
945C 0.23 1.40 0.04 955X 0.25 1.35 0.04
945X 0.22 1.35 0.04 960X 0.26 1.45 0.04
950A 0.15 1.30 0.04 965X 0.26 1.45 0.04
950B 0.22 1.30 0.04 970X 0.26 1.65 0.04
950C 0.25 1.60 0.04 980X 0.26 1.65 0.04

Grade Form

Strengtha (psi)

a Yield strength to be measured at 0.2 per cent offset. Mechanical properties to be determined in
accordance with ASTM A 370. 

%
Elongation

Grade Form

Strengtha (psi) %
Elongation

Yield Tensile Yield Tensile2 in. 8 in. 2 in. 8 in.

942X Plates, shapes, bars
to 4 in. incl. 42,000 60,000 24 20 955X Sheet and strip 55,000 70,000 20 …

945A, C Sheet and strip 45,000 60,000 22 … Plates, shapes, bars

Plates, shapes, bars To 11⁄2 in. incl. 55,000 70,000 … 17

To 1⁄2 in. incl. 45,000 65,000 22 18 960X Sheet and strip 60,000 75,000 18 …
1⁄2-11⁄2 in. incl. 42,000 62,000 24 19 Plates, shapes, bars

11⁄2-3 in. incl. 40,000 62,000 24 19 To 11⁄2 in. incl. 60,000 75,000 … 16

945X Sheet and strip 45,000 60,000 25 … 965X Sheet and strip 65,000 80,000 16 …
Plates, shapes, bars Plates, shapes, bars

To 11⁄2 in. incl. 45,000 60,000 22 19 To 3⁄4 in. incl. 65,000 80,000 … 15

950A, B, C, D Sheet and strip 50,000 70,000 22 … 970X Sheet and strip 70,000 85,000 14 …
Plates, shapes, bars Plates, shapes, bars

To 1⁄2 in. incl. 50,000 70,000 22 18 To 3⁄4 in. incl. 70,000 85,000 … 14
1⁄2-11⁄2 in. incl. 45,000 67,000 24 19 980X Sheet and strip 80,000 95,000 12 …

11⁄2-3 in. incl. 42,000 63,000 24 19 Plates to 3⁄8 in. incl. 80,000 95,000 … 10

950X Sheet and strip 50,000 65,000 22 …
Plates, shapes, bars

To 11⁄2 in. incl. 50,000 65,000 … 18



M
E

C
H

A
N

IC
A

L
 PR

O
PE

R
T

IE
S O

F ST
E

E
L

S
422Typical Mechanical Properties of Steel.—Tables 10 through 13 provide expected minimum and/or typical mechanical properties of selected stan-

dard carbon and alloy steels and stainless steels.

Table 10. Expected Minimum Mechanical Properties of Cold-Drawn Carbon-Steel Rounds, Squares, and Hexagons 

Size,
in.

As Cold-Drawn Cold-Drawn Followed by
Low-Temperature Stress Relief

Cold-Drawn Followed by
High-Temperature Stress Relief

Strength
Elongation
in 2 inches,

Per cent

Reduction
in Area,
Per cent

Hardness,
Bhn

Strength
Elongation
in 2 inches,

Per cent

Reduction
in Area,
Per cent

Hardness,
Bhn

Strength
Elongation
in 2 inches,

Per cent

Reduction
in Area,
Per cent

Hardness,
Bhn

Tensile Yield Tensile Yield Tensile Yield

1000 lb/in2 1000 lb/in2 1000 lb/in2

AISI 1018 and 1025 Steels
5⁄8-7⁄8 70 60 18 40 143 .... .... .... .... … 65 45 20 45 131

Over 7⁄8-11⁄4 65 55 16 40 131 .... .... .... .... … 60 45 20 45 121

Over 11⁄4-2 60 50 15 35 121 .... .... .... .... … 55 45 16 40 111

Over 2-3 55 45 15 35 111 .... .... .... .... … 50 40 15 40 101

AISI 1117 and 1118 Steels

5⁄8-7⁄8 75 65 15 40 149 80 70 15 40 163 70 50 18 45 143

Over 7⁄8-11⁄4 70 60 15 40 143 75 65 15 40 149 65 50 16 45 131

Over 11⁄4-2 65 55 13 35 131 70 60 13 35 143 60 50 15 40 121

Over 2-3 60 50 12 30 121 65 55 12 35 131 55 45 15 40 111

AISI 1035 Steel

5⁄8-7⁄8 85 75 13 35 170 90 80 13 35 179 80 60 16 45 163

Over 7⁄8-11⁄4 80 70 12 35 163 85 75 12 35 170 75 60 15 45 149

Over 11⁄4-2 75 65 12 35 149 80 70 12 35 163 70 60 15 40 143

Over 2-3 70 60 10 30 143 75 65 10 30 149 65 55 12 35 131

AISI 1040 and 1140 Steels

5⁄8-7⁄8 90 80 12 35 179 95 85 12 35 187 85 65 15 45 170

Over 7⁄8-11⁄4 85 75 12 35 170 90 80 12 35 179 80 65 15 45 163

Over 11⁄4-2 80 70 10 30 163 85 75 10 30 170 75 60 15 40 149

Over 2-3 75 65 10 30 149 80 70 10 30 163 70 55 12 35 143

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Source: AISI Committee of Hot-Rolled and Cold-Finished Bar Producers and published in 1974 DATABOOK issue of the American Society for Metals’ METAL
PROGRESS magazine and used with its permission.

AISI 1045, 1145, and 1146 Steels

5⁄8-7⁄8 95 85 12 35 187 100 90 12 35 197 90 70 15 45 179

Over 7⁄8-11⁄4 90 80 11 30 179 95 85 11 30 187 85 70 15 45 170

Over 11⁄4-2 85 75 10 30 170 90 80 10 30 179 80 65 15 40 163

Over 2-3 80 70 10 30 163 85 75 10 25 170 75 60 12 35 149

AISI 1050, 1137, and 1151 Steels

5⁄8-7⁄8 100 90 11 35 197 105 95 11 35 212 95 75 15 45 187

Over 7⁄8-11⁄4 95 85 11 30 187 100 90 11 30 197 90 75 15 40 179

Over 11⁄4-2 90 80 10 30 179 95 85 10 30 187 85 70 15 40 170

Over 2-3 85 75 10 30 170 90 80 10 25 179 80 65 12 35 163

AISI 1141 Steel

5⁄8-7⁄8 105 95 11 30 212 110 100 11 30 223 100 80 15 40 197

Over 7⁄8-11⁄4 100 90 10 30 197 105 95 10 30 212 95 80 15 40 187

Over 11⁄4-2 95 85 10 30 187 100 90 10 25 197 90 75 15 40 179

Over 2-3 90 80 10 20 179 95 85 10 20 187 85 70 12 30 170

AISI 1144 Steel

5⁄8-7⁄8 110 100 10 30 223 115 105 10 30 229 105 85 15 40 212

Over 7⁄8-11⁄4 105 95 10 30 212 110 100 10 30 223 100 85 15 40 197

Over 11⁄4-2 100 90 10 25 197 105 95 10 25 212 95 80 15 35 187

Over 2-3 95 85 10 20 187 100 90 10 20 197 90 75 12 30 179

Table 10. (Continued) Expected Minimum Mechanical Properties of Cold-Drawn Carbon-Steel Rounds, Squares, and Hexagons 

Size,
in.

As Cold-Drawn Cold-Drawn Followed by
Low-Temperature Stress Relief

Cold-Drawn Followed by
High-Temperature Stress Relief

Strength
Elongation
in 2 inches,

Per cent

Reduction
in Area,
Per cent

Hardness,
Bhn

Strength
Elongation
in 2 inches,

Per cent

Reduction
in Area,
Per cent

Hardness,
Bhn

Strength
Elongation
in 2 inches,

Per cent

Reduction
in Area,
Per cent

Hardness,
Bhn

Tensile Yield Tensile Yield Tensile Yield

1000 lb/in2 1000 lb/in2 1000 lb/in2

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Table 11a. Typical Mechanical Properties of Selected Carbon and 
Alloy Steels (Hot Rolled, Normalized, and Annealed)

AISI
No.a

Treatment

Strength
Elongation,

Per cent

Reduction
in

Area,
Per cent

Hard-
ness,
Bhn

Impact
Strength
(Izod),
ft-lb

Tensile Yield

lb/in.2

1015 As-rolled 61,000 45,500 39.0 61.0 126 81.5

Normalized (1700 F) 61,500 47,000 37.0 69.6 121 85.2

Annealed (1600 F) 56,000 41,250 37.0 69.7 111 84.8

1020 As-rolled 65,000 48,000 36.0 59.0 143 64.0

Normalized (1600 F) 64,000 50,250 35.8 67.9 131 86.8

Annealed (1600 F) 57,250 42,750 36.5 66.0 111 91.0

1022 As-rolled 73,000 52,000 35.0 67.0 149 60.0

Normalized (1700 F) 70,000 52,000 34.0 67.5 143 86.5

Annealed (1600 F) 65,250 46,000 35.0 63.6 137 89.0

1030 As-rolled 80,000 50,000 32.0 57.0 179 55.0

Normalized (1700 F) 75,000 50,000 32.0 60.8 149 69.0

Annealed (1550 F) 67,250 49,500 31.2 57.9 126 51.2

1040 As-rolled 90,000 60,000 25.0 50.0 201 36.0

Normalized (1650 F) 85,500 54,250 28.0 54.9 170 48.0

Annealed (1450 F) 75,250 51,250 30.2 57.2 149 32.7

1050 As-rolled 105,000 60,000 20.0 40.0 229 23.0

Normalized (1650 F) 108,500 62,000 20.0 39.4 217 20.0

Annealed (1450 F) 92,250 53,000 23.7 39.9 187 12.5

1060 As-rolled 118,000 70,000 17.0 34.0 241 13.0

Normalized (1650 F) 112,500 61,000 18.0 37.2 229 9.7

Annealed (1450 F) 90,750 54,000 22.5 38.2 179 8.3

1080 As-rolled 140,000 85,000 12.0 17.0 293 5.0

Normalized (1650 F) 146,500 76,000 11.0 20.6 293 5.0

Annealed (1450 F) 89,250 54,500 24.7 45.0 174 4.5

1095 As-rolled 140,000 83,000 9.0 18.0 293 3.0

Normalized (1650 F) 147,000 72,500 9.5 13.5 293 4.0

Annealed (1450 F) 95,250 55,000 13.0 20.6 192 2.0

1117 As-rolled 70,600 44,300 33.0 63.0 143 60.0

Normalized (1650 F) 67,750 44,000 33.5 63.8 137 62.8

Annealed (1575 F) 62,250 40,500 32.8 58.0 121 69.0

1118 As-rolled 75,600 45,900 32.0 70.0 149 80.0

Normalized (1700 F) 69,250 46,250 33.5 65.9 143 76.3

Annealed (1450 F) 65,250 41,250 34.5 66.8 131 78.5

1137 As-rolled 91,000 55,00 28.0 61.0 192 61.0

Normalized (1650 F) 97,000 57,500 22.5 48.5 197 47.0

Annealed (1450 F) 84,750 50,000 26.8 53.9 174 36.8

1141 As-rolled 98,000 52,000 22.0 38.0 192 8.2

Normalized (1650 F) 102,500 58,750 22.7 55.5 201 38.8

Annealed (1500 F) 86,800 51,200 25.5 49.3 163 25.3

1144 As-rolled 102,000 61,000 21.0 41.0 212 39.0

Normalized (1650 F) 96,750 58,000 21.0 40.4 197 32.0

Annealed (1450 F) 84,750 50,250 24.8 41.3 167 48.0
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Source: Bethlehem Steel Corp. and Republic Steel Corp. as published in 1974 DATABOOK issue
of the American Society for Metals’ METAL PROGRESS magazine and used with its permission.

1340 Normalized (1600 F) 121,250 81,000 22.0 62.9 248 68.2

Annealed (1475 F) 102,000 63,250 25.5 57.3 207 52.0

3140 Normalized (1600 F) 129,250 87,000 19.7 57.3 262 39.5

Annealed (1500 F) 100,000 61,250 24.5 50.8 197 34.2

4130 Normalized (1600 F) 97,000 63,250 25.5 59.5 197 63.7

Annealed (1585 F) 81,250 52,250 28.2 55.6 156 45.5

4140 Normalized (1600 F) 148,000 95,000 17.7 46.8 302 16.7

Annealed (1500 F) 95,000 60,500 25.7 56.9 197 40.2

4150 Normalized (1600 F) 167,500 106,500 11.7 30.8 321 8.5

Annealed (1500 F) 105,750 55,000 20.2 40.2 197 18.2

4320 Normalized (1640 F) 115,000 67,250 20.8 50.7 235 53.8

Annealed (1560 F) 84,000 61,625 29.0 58.4 163 81.0

4340 Normalized (1600 F) 185,500 125,000 12.2 36.3 363 11.7

Annealed (1490 F) 108,000 68,500 22.0 49.9 217 37.7

4620 Normalized (1650 F) 83,250 53,125 29.0 66.7 174 98.0

Annealed (1575 F) 74,250 54,000 31.3 60.3 149 69.0

4820 Normalized (1580 F) 109,500 70,250 24.0 59.2 229 81.0

Annealed (1500 F) 98,750 67,250 22.3 58.8 197 68.5

5140 Normalized (1600 F) 115,000 68,500 22.7 59.2 229 28.0

Annealed (1525 F) 83,000 42,500 28.6 57.3 167 30.0

5150 Normalized (1600 F) 126,250 76,750 20.7 58.7 255 23.2

Annealed (1520 F) 98,000 51,750 22.0 43.7 197 18.5

5160 Normalized (1575 F) 138,750 77,000 17.5 44.8 269 8.0

Annealed (1495 F) 104,750 40,000 17.2 30.6 197 7.4

6150 Normalized (1600 F) 136,250 89,250 21.8 61.0 269 26.2

Annealed (1500 F) 96,750 59,750 23.0 48.4 197 20.2

8620 Normalized (1675 F) 91,750 51,750 26.3 59.7 183 73.5

Annealed (1600 F) 77,750 55,875 31.3 62.1 149 82.8

8630 Normalized (1600 F) 94,250 62,250 23.5 53.5 187 69.8

Annealed (1550 F) 81,750 54,000 29.0 58.9 156 70.2

8650 Normalized (1600 F) 148,500 99,750 14.0 40.4 302 10.0

Annealed (1465 F) 103,750 56,000 22.5 46.4 212 21.7

8740 Normalized (1600 F) 134,750 88,000 16.0 47.9 269 13.0

Annealed (1500 F) 100,750 60,250 22.2 46.4 201 29.5

9255 Normalized (1650 F) 135,250 84,000 19.7 43.4 269 10.0

Annealed (1550 F) 112,250 70,500 21.7 41.1 229 6.5

9310 Normalized (1630 F) 131,500 82,750 18.8 58.1 269 88.0

Annealed (1550 F) 119,000 63,750 17.3 42.1 241 58.0

a All grades are fine-grained except those in the 1100 series that are coarse-grained. Austenitizing
temperatures are given in parentheses. Heat-treated specimens were oil-quenched unless otherwise
indicated.

Table 11a. (Continued) Typical Mechanical Properties of Selected Carbon and 
Alloy Steels (Hot Rolled, Normalized, and Annealed)

AISI
No.a

Treatment

Strength
Elongation,

Per cent

Reduction
in

Area,
Per cent

Hard-
ness,
Bhn

Impact
Strength
(Izod),
ft-lb

Tensile Yield

lb/in.2
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Table 11b. Typical Mechanical Properties of Selected Carbon and 
Alloy Steels (Hot Rolled, Normalized, and Annealed)

AISI
No.a

Tempering
Temperature,

°F

Strength

Elongation,
Per cent

Reduction
in Area,
Per cent

Hardness,
Bhn

Tensile Yield

1000 lb/in.2

1030b 400 123 94 17 47 495

600 116 90 19 53 401

800 106 84 23 60 302

1000 97 75 28 65 255

1200 85 64 32 70 207

1040b 400 130 96 16 45 514

600 129 94 18 52 444

800 122 92 21 57 352

1000 113 86 23 61 269

1200 97 72 28 68 201

1040 400 113 86 19 48 262

600 113 86 20 53 255

800 110 80 21 54 241

1000 104 71 26 57 212

1200 92 63 29 65 192

1050b 400 163 117 9 27 514

600 158 115 13 36 444

800 145 110 19 48 375

1000 125 95 23 58 293

1200 104 78 28 65 235

1050 400 … … … … …

600 142 105 14 47 321

800 136 95 20 50 277

1000 127 84 23 53 262

1200 107 68 29 60 223

1060 400 160 113 13 40 321

600 160 113 13 40 321

800 156 111 14 41 311

1000 140 97 17 45 277

1200 116 76 23 54 229

1080 400 190 142 12 35 388

600 189 142 12 35 388

800 187 138 13 36 375

1000 164 117 16 40 321

1200 129 87 21 50 255

1095b 400 216 152 10 31 601

600 212 150 11 33 534

800 199 139 13 35 388

1000 165 110 15 40 293

1200 122 85 20 47 235

1095 400 187 120 10 30 401

600 183 118 10 30 375

800 176 112 12 32 363

1000 158 98 15 37 321

1200 130 80 21 47 269

1137 400 157 136 5 22 352

600 143 122 10 33 285

800 127 106 15 48 262

1000 110 88 24 62 229

1200 95 70 28 69 197
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1137b 400 217 169 5 17 415

600 199 163 9 25 375
800 160 143 14 40 311

1000 120 105 19 60 262
1200 94 77 25 69 187

1141 400 237 176 6 17 461
600 212 186 9 32 415
800 169 150 12 47 331

1000 130 111 18 57 262
1200 103 86 23 62 217

1144 400 127 91 17 36 277
600 126 90 17 40 262
800 123 88 18 42 248

1000 117 83 20 46 235
1200 105 73 23 55 217

1330b 400 232 211 9 39 459

600 207 186 9 44 402
800 168 150 15 53 335

1000 127 112 18 60 263
1200 106 83 23 63 216

1340 400 262 231 11 35 505
600 230 206 12 43 453
800 183 167 14 51 375

1000 140 120 17 58 295
1200 116 90 22 66 252

4037 400 149 110 6 38 310
600 138 111 14 53 295
800 127 106 20 60 270

1000 115 95 23 63 247
1200 101 61 29 60 220

4042 400 261 241 12 37 516
600 234 211 13 42 455
800 187 170 15 51 380

1000 143 128 20 59 300
1200 115 100 28 66 238

4130b 400 236 212 10 41 467

600 217 200 11 43 435
800 186 173 13 49 380

1000 150 132 17 57 315
1200 118 102 22 64 245

4140 400 257 238 8 38 510
600 225 208 9 43 445
800 181 165 13 49 370

1000 138 121 18 58 285
1200 110 95 22 63 230

4150 400 280 250 10 39 530
600 256 231 10 40 495
800 220 200 12 45 440

1000 175 160 15 52 370
1200 139 122 19 60 290

4340 400 272 243 10 38 520
600 250 230 10 40 486
800 213 198 10 44 430

1000 170 156 13 51 360
1200 140 124 19 60 280

Table 11b. (Continued) Typical Mechanical Properties of Selected Carbon and 
Alloy Steels (Hot Rolled, Normalized, and Annealed)

AISI
No.a

Tempering
Temperature,

°F

Strength

Elongation,
Per cent

Reduction
in Area,
Per cent

Hardness,
Bhn

Tensile Yield

1000 lb/in.2
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5046 400 253 204 9 25 482
600 205 168 10 37 401

800 165 135 13 50 336

1000 136 111 18 61 282

1200 114 95 24 66 235

50B46 400 … … … … 560

600 258 235 10 37 505

800 202 181 13 47 405

1000 157 142 17 51 322

1200 128 115 22 60 273

50B60 400 … … … … 600

600 273 257 8 32 525

800 219 201 11 34 435

1000 163 145 15 38 350

1200 130 113 19 50 290

5130 400 234 220 10 40 475

600 217 204 10 46 440

800 185 175 12 51 379

1000 150 136 15 56 305

1200 115 100 20 63 245

5140 400 260 238 9 38 490

600 229 210 10 43 450

800 190 170 13 50 365

1000 145 125 17 58 280

1200 110 96 25 66 235

5150 400 282 251 5 37 525

600 252 230 6 40 475

800 210 190 9 47 410

1000 163 150 15 54 340

1200 117 118 20 60 270

5160 400 322 260 4 10 627

600 290 257 9 30 555

800 233 212 10 37 461

1000 169 151 12 47 341

1200 130 116 20 56 269

51B60 400 … … … … 600

600 … … … … 540

800 237 216 11 36 460

1000 175 160 15 44 355

1200 140 126 20 47 290

6150 400 280 245 8 38 538

600 250 228 8 39 483

800 208 193 10 43 420

1000 168 155 13 50 345

1200 137 122 17 58 282

81B45 400 295 250 10 33 550

600 256 228 8 42 475

800 204 190 11 48 405

1000 160 149 16 53 338

1200 130 115 20 55 280

Table 11b. (Continued) Typical Mechanical Properties of Selected Carbon and 
Alloy Steels (Hot Rolled, Normalized, and Annealed)

AISI
No.a

Tempering
Temperature,

°F

Strength

Elongation,
Per cent

Reduction
in Area,
Per cent

Hardness,
Bhn

Tensile Yield

1000 lb/in.2
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Source: Bethlehem Steel Corp. and Republic Steel Corp. as published in 1974 DATABOOK issue
of the American Society for Metals’ METAL PROGRESS magazine and used with its permission.

8630 400 238 218 9 38 465
600 215 202 10 42 430

800 185 170 13 47 375

1000 150 130 17 54 310

1200 112 100 23 63 240

8640 400 270 242 10 40 505

600 240 220 10 41 460

800 200 188 12 45 400

1000 160 150 16 54 340

1200 130 116 20 62 280

86B45 400 287 238 9 31 525

600 246 225 9 40 475

800 200 191 11 41 395

1000 160 150 15 49 335

1200 131 127 19 58 280

8650 400 281 243 10 38 525

600 250 225 10 40 490

800 210 192 12 45 420

1000 170 153 15 51 340

1200 140 120 20 58 280

8660 400 … … … … 580

600 … … … … 535

800 237 225 13 37 460

1000 190 176 17 46 370

1200 155 138 20 53 315

8740 400 290 240 10 41 578

600 249 225 11 46 495

800 208 197 13 50 415

1000 175 165 15 55 363

1200 143 131 20 60 302

9255 400 305 297 1 3 601

600 281 260 4 10 578

800 233 216 8 22 477

1000 182 160 15 32 352

1200 144 118 20 42 285

9260 400 … … … … 600

600 … … … … 540

800 255 218 8 24 470

1000 192 164 12 30 390

1200 142 118 20 43 295

94B30 400 250 225 12 46 475

600 232 206 12 49 445

800 195 175 13 57 382

1000 145 135 16 65 307

1200 120 105 21 69 250

a All grades are fine-grained except those in the 1100 series that are coarse-grained. Austenitizing
temperatures are given in parentheses. Heat-treated specimens were oil-quenched unless otherwise
indicated.

b Water quenched. 

Table 11b. (Continued) Typical Mechanical Properties of Selected Carbon and 
Alloy Steels (Hot Rolled, Normalized, and Annealed)

AISI
No.a

Tempering
Temperature,

°F

Strength

Elongation,
Per cent

Reduction
in Area,
Per cent

Hardness,
Bhn

Tensile Yield

1000 lb/in.2



430 MECHANICAL PROPERTIES OF STAINLESS STEELS

Table 12. Nominal  Mechanical Properties of Standard Stainless  Steels

Grade Condition

Tensile
Strength

(psi)

0.2 Per Cent
Yield

Strength
(psi)

Elonga-
tion in
2 in.
(%)

Reduc-
tion of
Area
(%)

Hardness

Rock-
well Bhn

Austenitic Steels

201 Annealed 115,000 55,000 55 … B90 …
1⁄4-hard 125,000a 75,000a 20a … C25 …

1⁄2-hard 150,000a 110,000a 10a … C32 …

3⁄4-hard 175,000a 135,000a 5a … C37 …

Full-hard 185,000a 140,000a 4a … C41 …

202 Annealed 105,000 55,000 55 … B90 …
1⁄4-hard 125,000a 75,000a 12a … C27 …

301 Annealed 110,000 40,000 60 … B85 165
1⁄4-hard 125,000a 75,000a 25a … C25 …

1⁄2-hard 150,000a 110,000a 15a … C32 …

3⁄4-hard 175,000a 135,000a 12a … C37 …

Full-hard 185,000 140,000a 8a … C41 …

302 Annealed 90,000 37,000 55 65 B82 155

1 ⁄4-hard
(sheet, strip) 125,000a 75,000a 12a … C25 …

Cold-drawn
(bar, wire)b To 350,000 … … … … …

302B Annealed 95,000 40,000 50 65 B85 165

303, 303Se Annealed 90,000 35,000 50 55 B84 160

304 Annealed 85,000 35,000 55 65 B80 150

304L Annealed 80,000 30,000 55 65 B76 140

305 Annealed 85,000 37,000 55 70 B82 156

308 Annealed 85,000 35,000 55 65 B80 150

309, 309S Annealed 90,000 40,000 45 65 B85 165

310, 310S Annealed 95,000 40,000 45 65 B87 170

314 Annealed 100,000 50,000 45 60 B87 170

316 Annealed 85,000 35,000 55 70 B80 150

Cold-drawn
(bar, wire)b To 300,000 … … … … …

316L Annealed 78,000 30,000 55 65 B76 145

317 Annealed 90,000 40,000 50 55 B85 160

321 Annealed 87,000 35,000 55 65 B80 150

347, 348 Annealed 92,000 35,000 50 65 B84 160

Martensitic Steels

403, 410, 416, 
416Se

Annealed 75,000 40,000 30 65 B82 155

Hardenedc … … … … C43 410

Tempered at

400°F 190,000 145,000 15 55 C41 390

600°F 180,000 140,000 15 55 C39 375

800°F 195,000 150,000 17 55 C41 390

1000°F 145,000 115,000 20 65 C31 300

1200°F 110,000 85,000 23 65 B97 225

1400°F 90,000 60,000 30 70 B89 180
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Source: Metals Handbook, 8th edition, Volume 1.

Martensitic Steels (Continued)

414 Annealed 120,000 95,000 17 55 C22 235

Hardenedc … … … … C44 426

Tempered at

400°F 200,000 150,000 15 55 C43 415

600°F 190,000 145,000 15 55 C41 400

800°F 200,000 150,000 16 58 C43 415

1000°F 145,000 120,000 20 60 C34 325

1200°F 120,000 105,000 20 65 C24 260

420, 420F Annealed 95,000 50,000 25 55 B92 195

Hardenedd … … … … C54 540

Tempered at

600°F 230,000 195,000 8 25 C50 500

431 Annealed 125,000 95,000 20 60 C24 260

Hardenedd … … … … C45 440

Tempered at

400°F 205,000 155,000 15 55 C43 415

600°F 195,000 150,000 15 55 C41 400

800°F 205,000 155,000 15 60 C43 415

1000°F 150,000 130,000 18 60 C34 325

1200°F 125,000 95,000 20 60 C24 260

440A Annealed 105,000 60,000 20 45 B95 215

Hardenedd … … … … C56 570

Tempered

600°F 260,000 240,000 5 20 C51 510

440B Annealed 107,000 62,000 18 35 B96 220

Hardenedd … … … … C58 590

Tempered

600°F 280,000 270,000 3 15 C55 555

440C, 440F Annealed 110,000 65,000 13 25 B97 230

Hardenedd … … … … C60 610

Tempered

600°F 285,000 275,000 2 10 C57 580

501 Annealed 70,000 30,000 28 65 … 160

502 Annealed 70,000 30,000 30 75 B80 150

Ferritic Steels

405 Annealed 70,000 40,000 30 60 B80 150

430 Annealed 75,000 45,000 30 60 B82 155

430F, 430FSe Annealed 80,000 55,000 25 60 B86 170

446 Annealed 80,000 50,000 23 50 B86 170

a Minimum.
b Depending on size and amount of cold reduction. 
c Hardening temperature 1800°F (982°C), 1-in.-diam. bars. 
d Hardening temperature 1900°F (1038°C), 1-in.-diam. bars. 

Table 12. (Continued) Nominal  Mechanical Properties of Standard Stainless  Steels

Grade Condition

Tensile
Strength

(psi)

0.2 Per Cent
Yield

Strength
(psi)

Elonga-
tion in
2 in.
(%)

Reduc-
tion of
Area
(%)

Hardness

Rock-
well Bhn
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Table 13. Strength Data for Iron and Steel

Material

Ultimate Strength

Yield Point,
Thousands of 
Pounds per
Square Inch

Modulus of Elasticity

Tension,
Thousands

of Pounds per 
Square Inch,T

Compression,
in terms

of T

Shear,
in

terms
of T

Tension,
Millions
of psi,

E

Shear,a
in

terms
of E

a Synonymous in other literature to the modulus of elasticity in torsion and the modulus of rigidity,
G.

Cast iron, gray, class 20 20b

b Minimum specified value of the American Society for Testing and Materials. The specifications
for the various materials are as follows: Cast iron, ASTM A48; structural steel for bridges and struc-
tures, ASTM A7; structural rivet steel, ASTM A141; high-strength structural rivet steel, ASTM
A195.

3.6T to 4.4T 1.6T … 11.6 0.40E

class 25 25b 3.6T to 4.4T 1.4T … 14.2 0.40E

class 30 30b 3.7T 1.4T … 14.5 0.40E

class 35 35b 3.2T to 3.9T 1.4T … 16.0 0.40E

class 40 40b 3.1T to 3.4T 1.3T … 17 0.40E

class 50 50b 3.0T to 3.4T 1.3T … 18 0.40E

class 60 60b 2.8T 1.0T … 19.9 0.40E

malleable 40 to 100c

c Range of minimum specified values of the ASTM (ASTM A47, A197, and A220). 

… … 30 to 80c 25 0.43E

nodular (ductile iron) 60 to 120d

d Range of minimum specified values of the ASTM (ASTM A339) and the Munitions Board Stan-
dards Agency (MIL-I-17166A and MIL-I-11466). 

… … 40 to 90d 23 …
Cast steel, carbon 60 to 100 T 0.75T 30 to 70 30 0.38E

low-alloy 70 to 200 T 0.75T 45 to 170 30 0.38E

Steel, SAE 950 (low-alloy) 65 to 70 T 0.75T 45 to 50 30 0.38E

1025 (low-carbon) 60 to 103 T 0.75T 40 to 90 30 0.38E

1045 (medium-carbon) 80 to 182 T 0.75T 50 to 162 30 0.38E

1095 (high-carbon) 90 to 213 T 0.75T 20 to 150 30 0.39E

1112 (free-cuttting)* 60 to 100 T 0.75T 30 to 95 30 0.38E

1212 (free-cuttting) 57 to 80 T 0.75T 25 to 72 30 0.38E

1330 (alloy) 90 to 162 T 0.75T 27 to 149 30 0.38E

2517 (alloy)e

e Carburizing grades of steel. 

88 to 190 T 0.75T 60 to 155 30 0.38E

3140 (alloy) 93 to 188 T 0.75T 62 to 162 30 0.38E

3310 (alloy)e 104 to 172 T 0.75T 56 to 142 30 0.38E

4023 (alloy)e 105 to 170 T 0.75T 60 to 114 30 0.38E

4130 (alloy) 81 to 179 T 0.75T 46 to 161 30 0.38E

4340 (alloy) 109 to 220 T 0.75T 68 to 200 30 0.38E

4640 (alloy) 98 to 192 T 0.75T 62 to 169 30 0.38E

4820 (alloy)e 98 to 209 T 0.75T 68 to 184 30 0.38E

5150 (alloy) 98 to 210 T 0.75T 51 to 190 30 0.38E

52100 (alloy) 100 to 238 T 0.75T 81 to 228 30 0.38E

6150 (alloy) 96 to 228 T 0.75T 59 to 210 30 0.38E

8650 (alloy) 110 to 228 T 0.75T 69 to 206 30 0.38E

8740 (alloy) 100 to 179 T 0.75T 60 to 165 30 0.38E

9310 (alloy)e 117 to 187 T 0.75T 63 to 162 30 0.38E

9840 (alloy) 120 to 285 T 0.75T 45 to 50 30 0.38E

Steel, stainless, SAE
30302f

f Nonhardenable nickel-chromium and Chromium-nickel-manganese steel (austenitic). 

85 to 125 T … 35 to 95 28 0.45E

30321f 85 to 95 T … 30 to 60 28 …
30347f 90 to 100 T … 35 to 65 28 …
51420g

g Hardenable chromium steel (martensitic). 

95 to 230 T … 50 to 195 29 0.40E

51430h

h Nonhardenable chromium steel (ferritic). 

75 to 85 T … 40 to 70 29 …
51446h 80 to 85 T … 50 to 70 29 …
51501g 70 to 175 T … 30 to 135 29 …

Steel, structural
common 60 to 75 T 0.75T 33b 29 0.41E

rivet 52 to 62 T 0.75T 28b 29 …
rivet, high-strength 68 to 82 T 0.75T 38b 29 …

Wrought iron 34 to 54 T 0.83T 23 to 32 28 …
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TOOL STEELS

Overview

As the designation implies, tool steels serve primarily for making tools used in manufac-
turing and in the trades for the working and forming of metals, wood, plastics, and other
industrial materials. Tools must withstand high specific loads, often concentrated at
exposed areas, may have to operate at elevated or rapidly changing temperatures and in
continual contact with abrasive types of work materials, and are often subjected to shocks,
or may have to perform under other varieties of adverse conditions. Nevertheless, when
employed under circumstances that are regarded as normal operating conditions, the tool
should not suffer major damage, untimely wear resulting in the dulling of the edges, or be
susceptible to detrimental metallurgical changes.

Tools for less demanding uses, such as ordinary handtools, including hammers, chisels,
files, mining bits, etc., are often made of standard AISI steels that are not considered as
belonging to any of the tool steel categories.

The steel for most types of tools must be used in a heat-treated state, generally hardened
and tempered, to provide the properties needed for the particular application. The adapt-
ability to heat treatment with a minimurn of harmful effects, which dependably results in
the intended beneficial changes in material properties, is still another requirement that tool
steels must satisfy.

To meet such varied requirements, steel types of different chemical composition, often
produced by special metallurgical processes, have been developed. Due to the large num-
ber of tool steel types produced by the steel mills, which generally are made available with
proprietary designations, it is rather difficult for the user to select those types that are most
suitable for any specific application, unless the recommendations of a particular steel pro-
ducer or producers are obtained.

Substantial clarification has resulted from the development of a classification system
that is now widely accepted throughout the industry, on the part of both the producers and
the users of tool steels. That system is used in the following as a base for providing concise
information on tool steel types, their properties, and methods of tool steel selection.

The tool steel classification system establishes seven basic categories of tool and die
steels. These categories are associated with the predominant applicational characteristics
of the tool steel types they comprise. A few of these categories are composed of several
groups to distinguish between families of steel types that, while serving the same general
purpose, differ with regard to one or more dominant characteristics.

To provide an easily applicable guide for the selection of tool steel types best suited for a
particular application, the subsequent discussions and tables are based on the previously
mentioned application-related categories. As an introduction to the detailed surveys, a
concise discussion is presented of the principal tool steel characteristics that govern the
suitability for varying service purposes and operational conditions. A brief review of the
major steel alloying elements and of the effect of these constituents on the significant char-
acteristics of tool steels is also given in the following sections.
The Properties of Tool Steels.—Tool steels must possess certain properties to a higher
than ordinary degree to make them adaptable for uses that require the ability to sustain
heavy loads and perform dependably even under adverse conditions.

The extent and the types of loads, the characteristics of the operating conditions, and the
expected performance with regard to both the duration and the level of consistency are the
principal considerations, in combination with the aspects of cost, that govern the selection
of tool steels for specific applications.

Although it is not possible to define and apply exact parameters for measuring significant
tool steel characteristics, certain properties can be determined that may greatly assist in
appraising the suitability of various types of tool steels for specific uses.
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Because tool steels are generally heat-treated to make them adaptable to the intended use
by enhancing the desirable properties, the behavior of the steel during heat treatment is of
prime importance. The behavior of the steel comprises, in this respect, both the resistance
to harmful effects and the attainment of the desirable properties. The following are consid-
ered the major properties related to heat treatment:

Safety in Hardening: This designation expresses the ability of the steel to withstand the
harmful effects of exposure to very high heat and particularly to the sudden temperature
changes during quenching, without harmful effects. One way of obtaining this property is
by adding alloying elements to reduce the critical speed at which quenching must be car-
ried out, thus permitting the use of milder quenching media such as oil, salt, or just still air.

Fig. 1. Tool and die design tips to reduce breakage in heat treatment.
Courtesy of Society of Automotive Engineers, Inc.

The most common harm parts made of tool steel suffer from during heat treatment is the
development of cracks. In addition to the composition of the steel and the applied heat-
treating process, the configuration of the part can also affect the sensitivity to cracking.
The preceding figure illustrates a few design characteristics related to cracking and
warpage in heat treatment; the observation of these design tips, which call for generous fil-
leting, avoidance of sharp angles, and major changes without transition in the cross-sec-
tion, is particularly advisable when using tool steel types with a low index value for safety
in hardening.

In current practice, the previously mentioned property of tool steels is rated in the order
of decreasing safety (i.e., increasing sensitivity) as Highest, Very High, High, Medium,
and Low safety, expressed in Tables 6 through 11 by the letters A, B, C, D, and E.

Distortions in Heat Treating: In parts made from tool steels, distortions are often a con-
sequence of inadequate design  (See Fig. 1.) or improper heat treatment (e.g., lack of stress
relieving). However, certain types of tool steels display different degrees of sensitivity to
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distortion. Steels that are less stable require safer design of the parts for which they are
used, more careful heat treatment, including the proper support for long and slender parts,
or thin sections, and possibly greater grinding allowance to permit subsequent correction
of the distorted shape. Some parts made of a type of steel generally sensitive to distortions
can be heat-treated with very little damage when the requirements of the part call for a rel-
atively shallow hardened layer over a soft core. However, for intricate shapes and large
tools, steel types should be selected that possess superior nondeforming properties. The
ratings used in Tables 6 through 11 express the nondeforming properties (stability of shape
in heat treatment) of the steel types and start with the lowest distortion (the best stability)
designated as A; the greatest susceptibility to distortion is designated as E.

Depth of Hardening: Hardening depth is indicated by a relative rating based on how deep
the phase transformation penetrates from the surface and thus produces a hardened layer.
Because of the effect of the heat-treating process, and particularly of the applied quenching
medium, on the depth of hardness, reference is made in Tables 6 through 11 to the quench
that results in the listed relative hardenability values. These values are designated by letters
A, B, and C, expressing deep, medium, and shallow depth, respectively.

Resistance to Decarburization: Higher or lower sensitivity to losing a part of the carbon
content of the surface exposed to heat depends on the chemistry of the steel. The sensitivity
can be balanced partially by appropriate heat-treating equipment and processes. Also, the
amount of material to be removed from the surface after heat treatment, usually by grind-
ing, should be specified in such a manner as to avoid the retention of a decarburized layer
on functional surfaces. The relative resistance of individual tool steel types to decarburiza-
tion during heat treatment is rated in Tables 6 through 11 from High to Low, expressed by
the letters A, B, and C.

Tool steels must be workable with generally available means, without requiring highly
specialized processes. The tools made from these steels must, of course, perform ade-
quately, often under adverse environmental and burdensome operational conditions. The
ability of the individual types of tool steels to satisfy, to different degrees, such applica-
tional requirements can also be appraised on the basis of significant properties, such as the
following.

Machinability: Tools are precision products whose final shape and dimensions must be
produced by machining, a process to which not all tool steel types lend themselves equally
well. The difference in machinability is particularly evident in tool steels that, depending
on their chemical composition, may contain substantial amounts of metallic carbides, ben-
eficial to increased wear resistance, yet detrimental to the service life of tools with which
the steel has to be worked. The microstructure of the steel type can also affect the ease of
machining and, in some types, certain phase conditions, such as those due to low carbon
content, may cause difficulties in achieving a fine surface finish. Certain types of tool
steels have their machinability improved by the addition of small amounts of sulfur or lead. 

Machinability affects the cost of making the tool, particularly for intricate tool shapes,
and must be considered in selection of the steel to be used. The ratings in Tables 6 through
11, starting with A for the greatest ease of machining to E for the lowest machinability,
refer to working of the steel in an unhardened condition. Machinability is not necessarily
identical with grindability, which expresses how well the steel is adapted to grinding after
heat treating. The ease of grinding, however, may become an important consideration in
tool steel selection, particularly for cutting tools and dies, which require regular sharpen-
ing involving extensive grinding. AVCO Bay State Abrasives Company compiled infor-
mation on the relative grindability of frequently used types of tool steels. A simplified
version of that information is presented in Table 1, which assigns the listed tool steel types
to one of the following grindability grades: High (A), Medium (B), Low (C), and Very
Low (D), expressing decreasing ratios of volume of metal removed to wheel wear.
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Table 1.  Relative Grindability of Selected Types of Frequently Used Tool Steels

Hot Hardness: This property designates the steel’s resistance to the softening effect of
elevated temperature. This characteristic is related to the tempering temperature of the
type of steel, which is controlled by various alloying elements such as tungsten, molybde-
num, vanadium, cobalt, and chromium.

Hot hardness is a necessary property of tools used for hot work, like forging, casting, and
hot extrusion. Hot hardness is also important in cutting tools operated at high-speed, which
generate sufficient heat to raise their temperature well above the level where ordinary
steels lose their hardness; hence the designation high-speed steels, which refers to a family
of tool steels developed for use at high cutting speeds. Frequently it is the degree of the tool
steel’s resistance to softening at elevated temperature that governs important process data,
such as the applicable cutting speed. In the ratings of Tables 6 through 11, tool steel types
having the highest hot hardness are marked with A, subsequent letters expressing gradu-
ally decreasing capacity to endure elevated temperature without losing hardness.

Wear Resistance: The gradual erosion of the tool’s operating surface, most conspicu-
ously occurring at the exposed edges, is known as wear. Resistance to wear prolongs the
useful life of the tool by delaying the degradation of its surface through abrasive contact
with the work at regular operating temperatures; these temperatures vary according to the
type of process. Wear resistance is observable experimentally and measurable by compar-
ison. Certain types of metallic carbides embedded into the steel matrix are considered to be
the prime contributing factors to wear resistance, besides the hardness of the heat-treated
steel material. The ratings of Tables 6 through 11, starting with A for the best to E for poor,
are based on conditions thought to be normal in operations for which various types of tool
materials are primarily used.

Toughness: In tool steels, this property expresses ability to sustain shocks, suddenly
applied and relieved loads, or major impacts, without breaking. Steels used for making
tools must also be able to absorb such forces with only a minimum of elastic deformation
and without permanent deformation to any extent that would interfere with the proper
functioning of the tool. Certain types of tool steels, particularly those with high carbon
content and without the presence of beneficial alloying constituents, tend to be the most
sensitive to shocks, although they can also be made to act tougher when used for tools that
permit a hardened case to be supported by a soft core. Tempering improves toughness,
while generally reducing hardness. The rating indexes in Tables 6 through 11, A for the
highest toughness through E for the types most sensitive to shocks, apply to tools heat
treated to hardness values normally used for the particular type of tool steel.

Common Tool Faults and Failures.—The proper selection of the steel grade used for
any particular type of tool is of great importance, but it should be recognized that many of
the failures experienced in common practice originate from causes other than those related
to the tool material.

To permit a better appraisal of the actual causes of failure and possible corrective action,
a general, although not complete, list of common tool faults, resulting failures, and correc-
tive actions is shown in Tables 2a through 2d. In this list, the potential failure causes are
grouped into four categories. The possibility of more than a single cause being responsible
for the experienced failure should not be excluded.

AISI Tool Steel
Type H41 H42 H43

Other
H D2 D3 D5 D7

A
Types

O
Types

L
Types

F
Types

Relative Grind-
ability Index B B B A B B B C A A A B

High-Speed
Tool Steel Type M1 M2 M3

(1)
M3
(2) M4 M7 M8 M10 M15 M36 M43 T1 T2 T3 T5 T6 T15

Relative Grind-
ability Index A B C C D B A B D B B A B C B B D
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Note: Examples of tool failures from causes such as listed above may be found in “The
Tool Steel Trouble Shooter” handbook, published by Bethlehem Steel Corporation.

Finally, it must be remembered that the proper usage of tools is indispensable for obtain-
ing satisfactory performance and tool life. Using the tools properly involves, for example,
the avoidance of damage to the tool; overloading; excessive speeds and feeds; the applica-
tion of adequate coolant when called for; a rigid setup; proper alignment; and firm tool and
work holding.

The Effect of Alloying Elements on Tool Steel Properties.—Carbon (C): The  p r e s -
ence of carbon, usually in excess of 0.60 per cent for nonalloyed types, is essential for rais-
ing the hardenability of steels to the levels needed for tools. Raising the carbon content by
different amounts up to a maximum of about 1.3 per cent increases the hardness slightly
and the wear resistance considerably. The amount of carbon in tool steels is designed to
attain certain properties (such as in the water-hardening category where higher carbon con-
tent may be chosen to improve wear resistance, although to the detriment of toughness) or,
in the alloyed types of tool steels, in conformance with the other constituents to produce
well-balanced metallurgical and performance properties.

Manganese (Mn): In small amounts, to about 0.60 per cent, manganese is added to
reduce brittleness and to improve forgeability. Larger amounts of manganese improve
hardenability, permitting oil quenching for nonalloyed carbon steels, thus reducing defor-
mation, although with regard to several other properties, manganese is not an equivalent
replacement for the regular alloying elements.

Silicon (Si): In itself, silicon may not be considered an alloying element of tool steels, but
it is needed as a deoxidizer and improves the hot-forming properties of the steel. In combi-
nation with certain alloying elements, the silicon content is sometimes raised to about 2 per
cent to increase the strength and toughness of steels used for tools that have to sustain
shock loads.

Table 2a.  Common Tool Faults, Failures, and Cures
Improper Tool Design

Fault Description Probable Failure Possible Cure

Drastic section changes—widely 
different thicknesses of adjacent 
wall sections or protruding ele-
ments

In liquid quenching, the thin section 
will cool and then harden more rapidly 
than the adjacent thicker section, set-
ting up stresses that may exceed the 
strength of the steel.

Make such parts of two pieces or use an 
air-hardening tool steel that avoids the 
harsh action of a liquid quench.

Sharp corners on shoulders or in 
square holes

Cracking can occur, particularly in liq-
uid quenching, due to stress concentra-
tions.

Apply fillets to the corners and/or use 
an air-hardening tool steel.

Sharp cornered keyways Failure may arise during service, and is 
usually considered to be caused by 
fatigue.

The use of round keyways should be 
preferred when the general configura-
tion of the part makes it prone to failure 
due to square keyways.

Abrupt section changes in batter-
ing tools

Due to impact in service, pneumatic 
tools are particularly sensitive to stress 
concentrations that lead to fatigue fail-
ures.

Use taper transitions, which are better 
than even generous fillets.

Functional inadequacy of tool 
design—e.g., insufficient guid-
ance for a punch

Excessive wear or breakage in service 
may occur.

Assure solid support, avoid unneces-
sary play, adapt travel length to opera-
tional conditions (e.g., punch to 
penetrate to four-fifths of thickness in 
hard work material).

Improper tool clearance, such as in 
blanking and punching tools

Deformed and burred parts may be pro-
duced, excessive tool wear or breakage 
can result.

Adapt clearances to material conditions 
and dimensions to reduce tool load and 
to obtain clean sheared surfaces.
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Tungsten (W): Tungsten is one of the important alloying elements of tool steels, particu-
larly because of two valuable properties: it improves “hot hardness,” that is, the resistance
of the steel to the softening effect of elevated temperature, and it forms hard, abrasion-
resistant carbides, thus improving the wear properties of tool steels.

Vanadium (V): Vanadium contributes to the refinement of the carbide structure and thus
improves the forgeability of alloy tool steels. Vanadium has a very strong tendency to form
a hard carbide, which improves both the hardness and the wear properties of tool steels.
However, a large amount of vanadium carbide makes the grinding of the tool very difficult
(causing low grindability).

Molybdenum (Mo): In small amounts, molybdenum improves certain metallurgical
properties of alloy steels such as deep hardening and toughness. It is used often in larger
amounts in certain high-speed tool steels to replace tungsten, primarily for economic rea-
sons, often with nearly equivalent results.

Cobalt (Co): As an alloying element of tool steels, cobalt increases hot hardness and is
used in applications where that property is needed. Substantial addition of cobalt, how-
ever, raises the critical quenching temperature of the steel with a tendency to increase the
decarburization of the surface, and reduces toughness.

Chromium (Cr): This element is added in amounts of several per cent to high-alloy tool
steels, and up to 12 per cent to types in which chromium is the major alloying element.
Chromium improves hardenability and, together with high carbon, provides both wear
resistance and toughness, a combination valuable in certain tool applications. However,
high chromium raises the hardening temperature of the tool steel, and thus can make it
prone to hardening deformations. A high percentage of chromium also affects the grind-
ability of the tool steel.

Nickel (Ni): Generally in combination with other alloying elements, particularly chro-
mium, nickel is used to improve the toughness and, to some extent, the wear resistance of
tool steels.

Table 2b. Common Tool Faults, Failures, and Cures
Faulty Condition or Inadequate Grade of Tool Steel

Fault Description Probable Failure Possible Cure

Improper tool steel grade selection Typical failures: 
Chipping—insufficient toughness.
Wear—poor abrasion resistance.
Softening—inadequate “red hardness.”

Choose the tool steel grade by follow-
ing recommendations and improve 
selection when needed, guided by prop-
erty ratings.

Material defects—voids, streaks, 
tears, flakes, surface cooling 
cracks, etc.

When not recognized during material 
inspection, tools made of defective steel 
often prove to be useless.

Obtain tool steels from reliable sources 
and inspect tool material for detectable 
defects.

Decarburized surface layer 
(“bark”) in rolled tool steel bars

Cracking may originate from the decar-
burized layer or it will not harden (“soft 
skin”).

Provide allowance for stock to be 
removed from all surfaces of hot-rolled 
tool steel. Recommended amounts are 
listed in tool steel catalogs and vary 
according to section size, generally 
about 10 per cent for smaller and 5 per 
cent for larger diameters.

Brittleness caused by poor carbide 
distribution in high-alloy tool 
steels

Excessive brittleness can cause chip-
ping or breakage during service.

Bars with large diameter (above about 4 
inches or 10 cm) tend to be prone to 
nonuniform carbide distribution. 
Choose upset forged discs instead of 
large-diameter bars.

Unfavorable grain flow Improper grain flow of the steel used 
for milling cutters and similar tools can 
cause teeth to break out.

Upset forged discs made with an upset 
ratio of about 2 to 1 (starting to upset 
thickness) display radial grain flow.
Highly stressed tools, such as gear-
shaper cutters, may require the cross 
forging of blanks.
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The addition of more than one element to a steel often produces what is called a synergis-
tic effect. Thus, the combined effects of two or more alloy elements may be greater than the
sum of the individual effects of each element.
Classification of Tool Steels.—Steels for tools must satisfy a number of different, often
conflicting requirements. The need for specific steel properties arising from widely vary-
ing applications has led to the development of many compositions of tool steels, each
intended to meet a particular combination of applicational requirements. The diversity of
tool steels, their number being continually expanded by the addition of new developments,
makes it extremely difficult for the user to select the type best suited to his needs, or to find
equivalent alternatives for specific types available from particular sources.

As a cooperative industrial effort under the sponsorship of AISI and SAE, a tool classifi-
cation system has been developed in which the commonly used tool steels are grouped into
seven major categories. These categories, several of which contain more than a single
group, are listed in Table 3 with the letter symbols used for their identification. The indi-
vidual types of tool steels within each category are identified by suffix numbers following
the letter symbols.

Table 2c. Common Tool Faults, Failures, and Cures
Heat-Treatment Faults

Fault Description Probable Failure Possible Cure

Improper preparation for heat 
treatment. Certain tools may 
require stress relieving or anneal-
ing, and often preheating, too

Tools highly stressed during machining 
or forming, unless stress relieved, may 
aggravate the thermal stresses of heat 
treatment, thus causing cracks. Exces-
sive temperature gradients developed in 
nonpreheated tools with different sec-
tion thicknesses can cause warpage.

Stress relieve, when needed, before 
hardening. Anneal prior to heavy 
machining or cold forming (e.g., hob-
bing). Preheat tools (a) having substan-
tial section thickness variations or (b) 
requiring high quenching tempera-
tures, as those made of high-speed tool 
steels.

Overheating during hardening; 
quenching from too high a temper-
ature

Causes grain coarsening and a sensitiv-
ity to cracking that is more pronounced 
in tools with drastic section changes.

Overheated tools have a characteristic 
microstructure that aids recognition of 
the cause of failure and indicates the 
need for improved temperature control.

Low hardening temperature The tool may not harden at all, or in its 
outer portion only, thereby setting up 
stresses that can lead to cracks.

Controlling both the temperature of the 
furnace and the time of holding the tool 
at quenching temperature will prevent 
this not too frequent deficiency.

Inadequate composition or condi-
tion of the quenching media

Water-hardening tool steels are particu-
larly sensitive to inadequate quenching 
media, which can cause soft spots or 
even violent cracking.

For water-hardening tool steels, use 
water free of dissolved air and contami-
nants, also assure sufficient quantity 
and proper agitation of the quench.

Improper handling during and after 
quenching

Cracking, particularly of tools with 
sharp corners, during the heat treatment 
can result from holding the part too 
long in the quench or incorrectly 
applied tempering.

Following the steel producer’s specifi-
cations is a safe way to assure proper 
heat-treatment handling. In general, the 
tool should be left in the quench until it 
reaches a temperature of 150–200°F
(66–93°C), and should then be trans-
ferred promptly into a warm tempering 
furnace.

Insufficient tempering Omission of double tempering for steel 
types that require it may cause early 
failure by heat checking in hot-work 
steels or make the tool abnormally sen-
sitive to grinding checks.

Double temper highly alloyed tool steel 
of the high-speed, hot-work, and high-
chromium categories, to remove 
stresses caused by martensite formed 
during the first tempering phase. Sec-
ond temper also increases hardness of 
most high-speed steels.

Decarburization and carburization Unless hardened in a neutral atmo-
sphere the original carbon content of 
the tool surface may be changed: 
Reduced carbon (decarburization) 
causes a soft layer that wears rapidly. 
Increased carbon (carburization) when 
excessive may cause brittleness.

Heating in neutral atmosphere or well-
maintained salt bath and controlling the 
furnace temperature and the time dur-
ing which the tool is subjected to heat-
ing can usually keep the carbon 
imbalance within acceptable limits.
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Table 2d. Common Tool Faults, Failures, and Cures
Grinding Damages

Fault Description Probable Failure Possible Cure

Grinding Damages

Excessive stock removal rate caus-
ing heating of the part surface 
beyond the applied tempering tem-
perature

Scorched tool surface displaying tem-
per colors varying from yellow to pur-
ple, depending on the degree of heat, 
causes softening of the ground surface. 
When coolant is used, a local reharden-
ing can take place, often resulting in 
cracks.

Prevention: by reducing speed and feed, 
or using coarser, softer, more open-
structured grinding wheel, with ample 
coolant. Correction: eliminate the dis-
colored layer by subsequent light stock 
removal. Not always a cure, because the 
effects of abusive grinding may not be 
corrected.

Improper grinding wheel specifica-
tions; grain too fine or bond too 
hard

Intense localized heating during grind-
ing may set up surface stresses causing 
grinding cracks. These cracks are either 
parallel but at right angles to the direc-
tion of grinding or, when more 
advanced, form a network. May need 
cold etch or magnetic particle testing to 
become recognizable.

Prevention: by correcting the grinding 
wheel specifications. Correction: in 
shallow (0.002–0.004-inch, or 0.05–0.1 
mm) cracks, by removing the damaged 
layer, when permitted by the design of 
the tool, using very light grinding 
passes.

Incorrectly dressed or loaded 
grinding wheel

Heating of the work surface can cause 
scorching or cracking. Incorrect dress-
ing can also cause a poor finish of the 
ground work surface.

Dress wheel with sharper diamond and 
faster diamond advance to produce 
coarser wheel surface. Alternate dress-
ing methods, like crush-dressing, can 
improve wheel surface conditions. 
Dress wheel regularly to avoid loading 
or glazing of the wheel surface.

Inadequate coolant, with regard to 
composition, amount, distribution, 
and cleanliness

Introducing into the tool surface heat 
that is not adequately dissipated or 
absorbed by the coolant can cause soft-
ening, or even the development of 
cracks.

Improve coolant supply and quality, or 
reduce stock removal rate to reduce 
generation of heat in grinding.

Damage caused by abusive abra-
sive cutoff

The intensive heat developed during 
this process can cause a hardening of 
the steel surface, or may even result in 
cracks.

Reduce rate of advance; adopt wheel 
specifications better suited for the job. 
Use ample coolant or, when harmful 
effect not eliminated, replace abrasive 
cutoff by some cooler-acting stock sep-
aration method (e.g., sawing or lathe 
cutoff) unless damaged surface is being 
removed by subsequent machining.

Table 3. Classification of Tool Steels

Category Designation
Letter

Symbol Group Designation

High-Speed Tool Steels M Molybdenum types
T Tungsten types

Hot-Work Tool Steels H1-H19 Chromium types
H20-H39 Tungsten types
H40-H59 Molybdenum types

Cold-Work Tool Steels D High-carbon, high-chromium types
A Medium-alloy, air-hardening types
O Oil-hardening types

Shock-Resisting Tool Steels S …
Mold Steels P …
Special-Purpose Tool Steels L Low-alloy types

F Carbon-tungsten types
Water-Hardening Tool Steels W …

The following detailed discussion of tool steels will be in agreement with these categories, showing for each type the 
percentages of the major alloying elements. However, these values are for identification only; elements in tool steels of 
different producers in the mean analysis of the individual types may deviate from the listed percentages.
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Table 4. Classification, Approximate Compositions, and Properties Affecting Selection of Tool and Die Steels 
(From SAE Recommended Practice)

Type of Tool Steel
Chemical Compositiona Non-

warping
Prop.

Safety in
Hardening

Tough-
ness

Depth of 
Hardening

Wear
ResistanceC Mn Si Cr V W Mo Co

Water Hardening
0.80 Carbon 70-0.85 b b b … … … … Poor Fair Goodc Shallow Fair

0.90 Carbon 0.85-0.95 b b b … … … … Poor Fair Goodc Shallow Fair

1.00 Carbon 0.95-1.10 b b b … … … … Poor Fair Goodc Shallow Good

1.20 Carbon 1.10-1.30 b b b … … … … Poor Fair Goodc Shallow Good

0.90 Carbon-V 0.85-0.95 b b b 0.15-0.35 … … … Poor Fair Good Shallow Fair

1.00 Carbon-V 0.95-1.10 b b b 0.15-0.35 … … … Poor Fair Good Shallow Good

1.00 Carbon-VV 0.90-1.10 b b b 0.35-0.50 … … … Poor Fair Good Shallow Good

Oil Hardening
Low Manganese 0.90 1.20 0.25 0.50 0.20d 0.50 … … Good Good Fair Deep Good

High Manganese 0.90 1.60 0.25 0.35d 0.20d … 0.30d … Good Good Fair Deep Good

High-Carbon, High-Chromiume 2.15 0.35 0.35 12.00 0.80d 0.75d 0.80d … Good Good Poor Through Best

Chromium 1.00 0.35 0.25 1.40 … … 0.40 … Fair Good Fair Deep Good
Molybdenum Graphitic 1.45 0.75 1.00 … … … 0.25 … Fair Good Fair Deep Good

Nickel-Chromiumf 0.75 0.70 0.25 0.85 0.25d … 0.50d … Fair Good Fair Deep Fair

Air Hardening
High-Carbon, High-Chromium 1.50 0.40 0.40 12.00 0.80d … 0.90 0.60d Best Best Fair Through Best

5 Per Cent Chromium 1.00 0.60 0.25 5.25 0.40d … 1.10 … Best Best Fair Through Good

High-Carbon, High-Chromium-Cobalt 1.50 0.40 0.40 12.00 0.80d … 0.90 3.10 Best Best Fair Through Best

Shock-Resisting
Chromium-Tungsten 0.50 0.25 0.35 1.40 0.20 2.25 0.40d … Fair Good Good Deep Fair

Silicon-Molybdenum 0.50 0.40 1.00 … 0.25d … 0.50 … Poorg Poorh Best Deep Fair

Silicon-Manganese 0.55 0.80 2.00 0.30d 0.25d … 0.40d … Poorg Poorh Best Deep Fair

Hot Work
Chromium-Molybdenum-Tungsten 0.35 0.30 1.00 5.00 0.25d 1.25 1.50 … Good Good Good Through Fair

Chromium-Molybdenum-V 0.35 0.30 1.00 5.00 0.40 … 1.50 … Good Good Good Through Fair
Chromium-Molybdenum-VV 0.35 0.30 1.00 5.00 0.90 … 1.50 … Good Good Good Through Fair
Tungsten 0.32 0.30 0.20 3.25 0.40 9.00 … … Good Good Good Through Fair

Machinery's Handbook 29th Edition
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High Speed
Tungsten, 18-4-1 0.70 0.30 0.30 4.10 1.10 18.00 … … Good Good Poor Through Good
Tungsten, 18-4-2 0.80 0.30 0.30 4.10 2.10 18.50 0.80 … Good Good Poor Through Good
Tungsten, 18-4-3 1.05 0.30 0.30 4.10 3.25 18.50 0.70 … Good Good Poor Through Best
Cobalt-Tungsten, 14-4-2-5 0.80 0.30 0.30 4.10 2.00 14.00 0.80 5.00 Good Fair Poor Through Good
Cobalt-Tungsten, 18-4-1-5 0.75 0.30 0.30 4.10 1.00 18.00 0.80 5.00 Good Fair Poor Through Good
Cobalt-Tungsten, 18-4-2-8 0.80 0.30 0.30 4.10 1.75 18.50 0.80 8.00 Good Fair Poor Through Good
Cobalt-Tungsten, 18-4-2-12 0.80 0.30 0.30 4.10 1.75 20.00 0.80 12.00 Good Fair Poor Through Good
Molybdenum, 8-2-1 0.80 0.30 0.30 4.00 1.15 1.50 8.50 … Good Fair Poor Through Good
Molybdenum-Tungsten, 6-6-2 0.83 0.30 0.30 4.10 1.90 6.25 5.00 … Good Fair Poor Through Good
Molybdenum-Tungsten, 6-6-3 1.15 0.30 0.30 4.10 3.25 5.75 5.25 … Good Fair Poor Through Best
Molybdenum-Tungsten, 6-6-4 1.30 0.30 0.30 4.25 4.25 5.75 5.25 … Good Fair Poor Through Best
Cobalt-Molybdenum-Tungsten, 6-6-2-8 0.85 0.30 0.30 4.10 2.00 6.00 5.00 8.00 Good Fair Poor Through Good

a C = carbon; Mn = manganese; Si = silicon; Cr = chromium; V = vanadium; W = tungsten; Mo = molybdenum; Co = cobalt. 
b Carbon tool steels are usually available in four grades or qualities: Special (Grade 1)—The highest quality water-hardening carbon tool steel, controlled for harden-

ability, chemistry held to closest limits, and subject to rigid tests to ensure maximum uniformity in performance; Extra (Grade 2)—A high-quality water-hardening
carbon tool steel, controlled for hardenability, subject to tests to ensure good service; Standard (Grade 3)—A good-quality water-hardening carbon tool steel, not con-
trolled for hardenability, recommended for application where some latitude with respect to uniformity is permissible; Commercial (Grade 4)—A commercial-quality
water-hardening carbon tool steel, not controlled for hardenability, not subject to special tests. On special and extra grades, limits on manganese, silicon, and chromium
are not generally required if Shepherd hardenability limits are specified. For standard and commercial grades, limits are 0.35 max. each for Mn and Si; 0.15 max. Cr for
standard; 0.20 max. Cr for commercial. 

c Toughness decreases somewhat when increasing depth of hardening. 
d Optional element. Steels have found satisfactory application either with or without the element present. In silicon-manganese steel listed under Shock-Resisting

Steels, if chromium, vanadium, and molybdenum are not present, then hardenability will be affected. 
e This steel may have 0.50 per cent nickel as an optional element. The steel has been found to give satisfactory application either with or without the element present. 
f Approximate nickel content of this steel is 1.50 per cent. 
g Poor when water quenched, fair when oil quenched. 
h Poor when water quenched, good when oil quenched. 

Table 4. (Continued) Classification, Approximate Compositions, and Properties Affecting Selection of Tool and Die Steels 
(From SAE Recommended Practice)

Type of Tool Steel
Chemical Compositiona Non-

warping
Prop.

Safety in
Hardening

Tough-
ness

Depth of 
Hardening

Wear
ResistanceC Mn Si Cr V W Mo Co
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The Selection of Tool Steels for Particular Applications.—Although the advice of the
specialized steel producer is often sought as a reliable source of information, the engineer
is still faced with the task of selecting the tool steel. It must be realized that frequently the
designation of the tool or of the process will not define the particular tool steel type best
suited for the job. For that reason, tool steel selection tables naming a single type for each
listed application cannot take into consideration such often conflicting work factors as
ease of tool fabrication and maintenance (resharpening), productivity, product quality, and
tooling cost.

When data related to past experience with tool steels for identical or similar applications
are not available, a tool steel selection procedure may be followed, based on information in
this Handbook section as follows:

Identify the AISI category that contains the sought type of steel by consulting the Quick
Reference Table, Table 5, starting on page 444. Within the defined category:

a) find from the listed applications of the most frequently used types of tool steels the par-
ticular type that corresponds to the job on hand; or

b) evaluate from the table of property ratings the best compromise between any conflict-
ing properties (e.g., compromising on wear resistance to obtain better toughness).

For those willing to refine even further the first choice or to improve on it when there is
not entirely satisfactory experience in one or more meaningful respects, the identifying
analyses of the different types of tool steels within each general category may provide
additional guidance. In this procedure, the general discussion of the effects of different
alloying elements on the properties of tool steels, in a previous section, will probably be
found useful.

The following two examples illustrate the procedure for refining an original choice with
the purpose of adopting a tool steel grade best suited to a particular set of conditions:

Example 1, Workpiece—Trimming Dies:For the manufacture of a type of trimming die,
the first choice was grade A2, because for the planned medium rate of production, the
lower material cost was considered an advantage.

A subsequent rise in the production rate indicated the use of a higher-alloy tool steel, such
as D2, whose increased abrasion resistance would permit longer runs between regrinds.

A still further increase in the abrasion-resistant properties was then sought, which led to
the use of D7, the high carbon and high chromium content of which provided excellent
edge retainment, although at the cost of greatly reduced grindability. Finally, it became a
matter of economic appraisal, whether the somewhat shorter tool regrind intervals (for D2)
or the more expensive tool sharpening (for D7) constituted the lesser burden.

Example 2, Workpiece—Circular form cutter made of high-speed tool steel for use on
multiple-spindle automatic turning machines:The first choice from the Table 5 may be the
classical tungsten-base high-speed tool steel T1, because of its good performance and ease
of heat treatment, or its alternate in the molybdenum high-speed tool steel category, the
type M2.

In practice, neither of these grades provided a tool that could hold its edge and profile
over the economical tool change time, because of the abrasive properties of the work mate-
rial and the high cutting speeds applied in the cycle. An overrating of the problem resulted
in reaching for the top of the scale, making the tool from T15, a high-alloy high-speed tool
steel (high vanadium and high cobalt).

Although the performance of the tools made of T15 was excellent, the cost of this steel
type was rather high, and the grinding of the tool, both for making it and in the regularly
needed resharpening, proved to be very time-consuming and expensive. Therefore, an
intermediate tool steel type was tried, the M3 that provided added abrasion resistance (due
to increased carbon and vanadium content), and was less expensive and much easier to
grind than the T15.



T
O

O
L

 ST
E

E
L

S
444Table 5. Quick Reference Guide for Tool Steel Selection

Application
Areas

Tool Steel Categories and AISI Letter Symbol

High-Speed
Tool Steels,

M and T

Hot-Work Tool
Steels,

H

Cold-Work Tool
Steels,

D, A, and O

Shock-Resisting
Tool Steels,

S
Mold Steels,

P

Special-Purpose
Tool Steels,

L and F

Water-Hardening
Tool Steels,

W

Examples of Typical Applications

Cutting Tools
Single-point types

(lathe, planer,
boring)

Milling cutters
Drills
Reamers
Taps
Threading dies
Form cutters

General-purpose
production tools:
M2, T1

For increased
abrasion
resistance: M3,
M4, and M10

Heavy-duty work
calling for high
hot hardness:
T5, T15

Heavy-duty work
calling for high
abrasion
resistance: M42,
M44

Tools with keen
edges (knives,
razors)

Tools for
operations where
no high-speed is
involved, yet
stability in heat
treatment and
substantial
abrasion
resistance are
needed

Pipe cutter wheels Uses that do not
require hot
hardness or high
abrasion
resistance.

Examples with
carbon content
of applicable
group:

Taps
(1.05 ⁄1.10% C)

Reamers
(1.10 ⁄1.15% C)

Twist drills
(1.20 ⁄1.25% C)

Files
(1.35 ⁄1.40% C)

Hot Forging
Tools and Dies
Dies and inserts
Forging machine

plungers and
pierces

For combining hot
hardness with
high abrasion
resistance: M2,
T1

Dies for presses
and hammers:
H20, H21

For severe
conditions over
extended service
periods: H22 to
H26, also H43

Hot trimming dies:
D2

Hot trimming dies
Blacksmith tools
Hot swaging dies

Smith’s tools
(1.65 ⁄0.70% C)

Hot chisels
(0.70 ⁄0.75% C)

Drop forging dies
(0.90 ⁄1.00% C)

Applications
limited to short-
run production

Hot Extrusion
Tools and Dies
Extrusion dies and

mandrels,
Dummy blocks
Valve extrusion

tools

Brass extrusion
dies: T1

Extrusion dies and
dummy blocks:
H20 to H26

For tools that are
exposed to less
heat: H10 to H19

Compression
molding: S1
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Cold-Forming Dies
Bending, forming,

drawing, and
deep drawing
dies and punches

Burnishing tools:
M1, T1

Cold heading: die
casting dies: H13

Drawing dies: O1
Coining tools:

O1, D2
Forming and

bending dies: A2
Thread rolling dies:

D2

Hobbing and short-
run applications:
S1, S7

Rivet sets and rivet
busters

Blanking, forming,
and trimmer dies
when toughness
has precedence
over abrasion
resistance: L6

Cold-heading dies:
W1 or W2
(C ≅ 1.00%)

Bending dies: W1
(C ≅ 1.00%)

Shearing Tools
Dies for piercing,

punching, and
trimming

Shear blades

Special dies for
cold and hot
work: T1

For work requiring
high abrasion
resistance: M2,
M3

For shearing
knives: H11, H12

For severe hot
shearing
applications:
M21, M25

Dies for medium
runs: A2, A6
also O1 and O4

Dies for long runs:
D2, D3

Trimming dies
(also for hot
trimming): A2

Cold and hot shear
blades

Hot punching and
piercing tools

Boilermaker’s tools

Knives for work
requiring high
toughness: L6

Trimming dies
(0.90 ⁄0.95% C)

Cold blanking and
punching dies
(1.00% C)

Die Casting Dies and 
Plastics Molds

For zinc and
lead: H11
For aluminum: H13
For brass: H21

A2 and A6

O1

Plastics molds: P2
to P4, and P20

Structural Parts for
Severe Service
Conditions

Roller bearings for
high-temperature
environment: T1

Lathe centers: M2
and T1

For aircraft
components
(landing gear,
arrester hooks,
rocket cases):
H11

Lathe centers:
D2, D3

Arbors: O1
Bushings: A4
Gages: D2

Pawls
Clutch parts

Spindles, clutch
parts (where
high toughness is
needed): L6

Spring steel
(1.10 ⁄1.15% C)

Battering Tools for
Hand and Power
Tool Use

Pneumatic chisels
for cold work: S5

For higher
performance: S7

For intermittent
use: W1
(0.80% C)

Table 5. (Continued) Quick Reference Guide for Tool Steel Selection

Application
Areas

Tool Steel Categories and AISI Letter Symbol

High-Speed
Tool Steels,

M and T

Hot-Work Tool
Steels,

H

Cold-Work Tool
Steels,

D, A, and O

Shock-Resisting
Tool Steels,

S
Mold Steels,

P

Special-Purpose
Tool Steels,

L and F

Water-Hardening
Tool Steels,

W

Examples of Typical Applications
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High-Speed Tool Steels

The primary application of high-speed steels is to tools used for the working of metals at
high cutting speeds. Cutting metal at high speed generates heat, the penetration of the cut-
ting tool edge into the work material requires great hardness and strength, and the contin-
ued frictional contact of the tool with both the parent material and the detached chips can
only be sustained by an abrasion-resistant tool edge. 

Accordingly, the dominant properties of high-speed steel are a) resistance to the soften-
ing effect of elevated temperature;  b) great hardness penetrating to substantial depth from
the surface;  and  c) excellent abrasion resistance.

High-speed tool steels are listed in the AISI specifications in two groups: molybdenum
types and tungsten types, these designations expressing the dominant alloying element of
the respective group.
Molybdenum-Type High-Speed Tool Steels.—Unlike the traditional tungsten-base
high-speed steels, the tool steels listed in this category are considered to have molybdenum
as the principal alloying constituent, this element also being used in the designation of the
group. Other significant elements like tungsten and cobalt might be present in equal, or
even greater amounts in several types listed in this category. The available range of types
also includes  high-speed tool steels with higher than usual carbon and vanadium content.
Amounts of these alloying elements have been increased to obtain better abrasion resis-
tance although such a change in composition may adversely affect the machinability and
the grindability of the steel. The series in whose AISI identification numbers the number 4
is the first digit was developed to attain exceptionally high hardness in heat treatment that,
for these types, usually requires triple tempering rather than the double tempering gener-
ally applied for high-speed tool steels.

Frequently Used Molybdenum Types:  AISI M1: This alloy was developed as a substitute
for the classical T1 to save on the alloying element tungsten by replacing most of it with
molybdenum. In most uses, this steel is an acceptable substitute, although it requires
greater care or more advanced equipment for its heat treatment than the tungsten alloyed
type it replaces. The steel is often selected for cutting tools like drills, taps, milling cutters,
reamers, lathe tools used for lighter cuts, and for shearing dies.

 AISI M2: Similar to M1, yet with substantial tungsten content replacing a part of the
molybdenum. This is one of the general-purpose high-speed tool steels, combining the
economic advantages of the molybdenum-type steels with greater ease of hardening,
excellent wear resistance, and improved toughness. It is a preferred steel type for the man-
ufacture of general-purpose lathe tools; of most categories of multiple-edge cutting tools,
like milling cutters, taps, dies, reamers, and for form tools in lathe operations.

 AISI M3: A high-speed tool steel with increased vanadium content for improved wear
resistance, yet still below the level where vanadium would interfere with the ease of grind-
ing. This steel is preferred for cutting tools requiring improved wear resistance, like
broaches, form tools, milling cutters, chasers, and reamers.

 AISI M7: The chemical composition of this type is similar to that of M1, except for the
higher carbon and vanadium content that raises the cutting efficiency without materially
reducing the toughness. Because of sensitivity to decarburization, heat treatment in a salt
bath or a controlled atmosphere is advisable. Used for blanking and trimming dies, shear
blades, lathe tools, and thread rolling dies.

 AISI M10: Although the relatively high vanadium content assures excellent wear and
cutting properties, the only slightly increased carbon does not cause brittleness to an extent
that is harmful in many applications. Form cutters and single-point lathe tools, broaches,
planer tools, punches, blanking dies, and shear blades are examples of typical uses.

 AISI M42: In applications where high hardness both at regular and at elevated tempera-
tures is needed, this type of high-speed steel with high cobalt content can provide excellent
service. Typical applications are tool bits, form tools, shaving tools, fly cutters, roll turning
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Table 6. Molybdenum High-Speed Steels

Identifying Chemical Composition and Typical Heat-Treatment Data

Identifying
Chemical

Elements in
Per Cent

AISI Type M1 M2 M3
Cl. 1

M3
Cl. 2 M4 M6 M7 M10 M30 M33 M34 M36 M41 M42 M43 M44 M46 M47

C 0.80 0.85;
1.00 1.05 1.20 1.30 0.80 1.00 0.85;

1.00 0.80 0.90 0.90 0.80 1.10 1.10 1.20 1.15 1.25 1.10

W 1.50 6.00 6.00 6.00 5.50 4.00 1.75 … 2.00 1.50 2.00 6.00 6.75 1.50 2.75 5.25 2.00 1.50

Mo 8.00 5.00 5.00 5.00 4.50 5.00 8.75 8.00 8.00 9.50 8.00 5.00 3.75 9.50 8.00 6.25 8.25 9.50

Cr 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.25 3.75 3.75 4.25 4.00 3.75

V 1.00 2.00 2.40 3.00 4.00 1.50 2.00 2.00 1.25 1.15 2.00 2.00 2.00 1.15 1.60 2.25 3.20 1.25

Co … … … … … 12.00 … … 5.00 8.00 8.00 8.00 5.00 8.00 8.25 12.00 8.25 5.00

Heat-Treat.
Data

Hardening Tempera-
ture Range

°F 2150–
2225

2175–
2225

2200–
2250

2200–
2250

2200–
2250

2150–
2200

2150–
2225

2150–
2225

2200–
2250

2200–
2250

2200–
2250

2225–
2275

2175–
2220

2175–
2210

2175–
2220

2190–
2240

2175–
2225

2150–
2200

°C 1177–
1218

1191–
1218

1204–
1232

1204–
1232

1204–
1232

1177–
1204

1177–
1218

1177–
1218

1204–
1232

1204–
1232

1204–
1232

1218–
1246

1191–
1216

1191–
1210

1191–
1216

1199–
1227

1191–
1218

1177–
1204

Tempering Tempera-
ture Range

°F 1000–
1100

1000–
1160

1000–
1100

1000–
1100

1000–
1100

1000–
1100

1000–
1100

1000–
1100

1000–
1100

1000–
1100

1000–
1100

1000–
1100

1000–
1100

950–
1100

950–
1100

1000–
1160

975–
1050

975–
1100

°C 538–
593

538–
627

538–
593

538–
593

538–
593

538–
593

538–
593

538–
593

538–
593

538–
593

538–
593

538–
593

538–
593

510–
593

510–
593

538–
627

524–
566

524–
594

Approx. Tempered Hardness, 
Rc 65–60 65–60 66–61 66–61 66–61 66–61 66–61 65–60 65–60 65–60 65–60 65–60 70–65 70–65 70–65 70–62 69–67 70–65

Relative Ratings of Properties (A = greatest to E = least)

Characteristics
in Heat

Treatment

Safety in Hardening D D D D D D D D D D D D D D D D D D

Depth of Hardening A A A A A A A A A A A A A A A A A A

Resistance to Decarburization C B B B B C C C C C C C C C C C C C

Stability
of

Shape in
Heat

Treatment

Quench-
ing

Medium

Air
or

Salt
C C C C C C C C C C C C C C C C C C

Oil D D D D D D D D D D D D D D D D D D

Service
Properties

Machinability D D D D/E D D D D D D D D D D D D D D

Hot Hardness B B B B B A B B A A A A A A A A A A

Wear Resistance B B B B A B B B B B B B B B B B B B

Toughness E E E E E E E E E E E E E E E E E E
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tools, and thread rolling dies. Important uses are found for M42, and for other types of the
“M40” group in the working of “difficult-to-machine” alloys.

Tungsten-Type High-Speed Tool Steels.—For several decades following their intro-
duction, the tungsten-base high-speed steels were the only types available for cutting oper-
ations involving the generation of substantial heat, and are still preferred by users who do
not have the kind of advanced heat-treating equipment that efficient hardening of the
molybdenum-type high-speed tool steels requires. Most tungsten high-speed steels dis-
play excellent resistance to decarburization and can be brought to good hardness by simple
heat treatment. However, even with tungsten-type high-speed steels, heat treatment using
modern methods and furnaces can appreciably improve the metallurgical qualities of the
hardened material and the performance of the cutting tools made from these steels.

Frequently Used Tungsten Types:  AISI T1: Also mentioned as the 18-4-1 type with ref-
erence to the nominal percentage of its principal alloying elements (W-Cr-V), it is consid-
ered to be the classical type of high-speed tool steel. The chemical composition of T1 was
developed in the early 1900s, and has changed very little since. T1 is still considered to be
perhaps the best general-purpose high-speed tool steel because of the comparative ease of
its machining and heat treatment. It combines a high degree of cutting ability with relative
toughness. T1 steel is used for all types of multiple-edge cutting tools like drills, reamers,
milling cutters, threading taps and dies, light- and medium-duty lathe tools, and is also
used for punches, dies, and machine knives, as well as for structural parts that are subjected
to elevated temperatures, like lathe centers, and certain types of antifriction bearings.

 AISI T2: Similar to T1 except for somewhat higher carbon content and twice the vana-
dium contained in the former grade. Its handling ease, both in machining and heat treating,
is comparable to that of T1, although it should be held at the quenching temperature
slightly longer, particularly when the heating is carried out in a controlled atmosphere fur-
nace. The applications are similar to that of T1, however, because of its increased wear

Table 7. Tungsten High-Speed Tool Steels—Identifying Chemical
Composition and Typical Heat-Treatment Data

AISI Type T1 T2 T4 T5 T6 T8 T15
Identifying Chemical Elements in Per Cent

C 0.75 0.80 0.75 0.80 0.80 0.75 1.50
W 18.00 18.00 18.00 18.00 20.00 14.00 12.00
Cr 4.00 4.00 4.00 4.00 4.50 4.00 4.00
V 1.00 2.00 1.00 2.00 1.50 2.00 5.00
Co … … 5.00 … … 5.00 5.00

Heat-Treatment Data

Hardening Temperature Range °F 2300–
2375

2300–
2375

2300–
2375

2325–
2375

2325–
2375

2300–
2375

2200–
2300

°C 1260–
1302

1260–
1302

1260–
1302

1274–
1302

1274–
1302

1260–
1302

1204–
1260

Tempering Temperature Range °F 1000–
1100

1000–
1100

1000–
1100

1000–
1100

1000–
1100

1000–
1100

1000–
1200

°C 538–
593

538–
593

538–
593

 538–
593

 538–
593

 538–
593

 538–
649

Approx. Tempered Hardness, Rc 65–60 66–61 66–62 65–60 65–60 65–60 68–63

Characteristics in Heat Treatmenta

a Relative Ratings of Properties (A = greatest to E = least) 

Safety in Hardening C C D D D D D
Depth of Hardening A A A A A A A

Resistance to Decarburization A A B C C B B
Stability of Shape
in Heat Treatment

Quenching
Medium

Air or Salt C C C C C C C
Oil D D D D D D D

Service Properties
Machinability D D D D D/E D D/E
Hot Hardness B B A A A A A

Wear Resistance B B B B B B A
Toughness E E E E E E E
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resistance T2 is preferred for tools required for finer cuts, and where the form or size reten-
tion of the tool is particularly important, such as for form and finishing tools.

 AISI T5: The essential characteristic of this type of high-speed steel, its superior red
hardness, stems from its substantial cobalt content that, combined with the relatively high
amount of vanadium, provides this steel with excellent wear resistance. In heat treatment,
the tendency for decarburization must be considered, and heating in a controlled, slightly
reducing atmosphere is recommended. This type of high-speed tool steel is mainly used for
single-point tools and inserts; it is well adapted for working at high-speeds and feeds, for
cutting hard materials and those that produce discontinuous chips, also for nonferrous met-
als and, for all kinds of tools needed for hogging (removing great bulks of material).

 AISI T15: The performance qualities of this high-alloy tool steel surpass most of those
found in other grades of high-speed tool steels. The high vanadium content, supported by
uncommonly high carbon assures superior cutting ability and wear resistance. The addi-
tion of high cobalt increases the “hot hardness,” and therefore tools made of T15 can sus-
tain cutting speeds in excess of those commonly applicable to tools made of steel. The
machining and heat treatment of T15 does not cause extraordinary problems, although for
best results, heating to high temperature is often applied in its heat treatment, and double or
even triple tempering is recommended. On the other hand, T15 is rather difficult to grind
because of the presence of large amounts of very hard metallic carbides; therefore, it is
considered to have a very low “grindability” index. The main uses are in the field of high-
speed cutting and the working of hard metallic materials, T15 being often considered to
represent in its application a transition from the regular high-speed tool steels to cemented
carbides. Lathe tool bits, form cutters, and solid and inserted blade milling cutters are
examples of uses of this steel type for cutting tools; excellent results may also be obtained
with such tools as cold-work dies, punches, blanking, and forming dies, etc. The low
toughness rating of the T15 steel excludes its application for operations that involve shock
or sudden variations in load.

Hot-Work Tool Steels

A family of special tool steels has been developed for tools that in their regular service are
in contact with hot metals over a shorter or longer period of time, with or without cooling
being applied, and are known as hot-work steels. The essential property of these steels is
their capability to sustain elevated temperature without seriously affecting the usefulness
of the tools made from them. Depending on the purpose of the tools for which they were
developed, the particular types of hot-work tool steels have different dominant properties
and are assigned to one of three groups, based primarily on their principal alloying ele-
ments.

Hot-Work Tool Steels, Chromium Types.—As referred to in the group designation, the
chromium content is considered the characteristic element of these tool steels. Their pre-
dominant properties are high hardenability, excellent toughness, and great ductility, even
at the cost of wear resistance. Some members of this family are made with the addition of
tungsten, and in one type, cobalt as well. These alloying elements improve the resistance to
the softening effect of elevated temperatures, but reduce ductility.

Frequently Used Chromium Types:  AISI H11: This hot-work tool steel of the Chro-
mium-molybdenum-vanadium type has excellent ductility, can be machined easily, and
retains its strength at temperatures up to 1000°F (538°C). 

These properties, combined with relatively good abrasion and shock resistance, account
for the varied fields of application of H11, which include the following typical uses:
a) structural applications where high strength is needed at elevated operating temperatures,
as for gas turbine engine components;  and  b) hot-work tools, particularly of the kind
whose service involves shocks and drastic cooling of the tool, such as in extrusion tools,
pierce and draw punches, bolt header dies, etc.
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Identifying Chemical Composition and Typical Heat-Treatment Data

AISI Group Chromium Types Tungsten Types Molybdenum Types

Type H10 H11 H12 H13 H14 H19 H21 H22 H23 H24 H25 H26 H41 H42 H43

Identifying
Chemical

Elements in
Per Cent

C 0.40 0.35 0.35 0.35 0.40 0.40 0.35 0.35 0.35 0.45 0.25 0.50 0.65 0.60 0.55

W … … 1.50 … 5.00 4.25 9.00 11.00 12.00 15.00 15.00 18.00 1.50 6.00 …

Mo 2.50 1.50 1.50 1.50 … … … … … … … … 8.00 5.00 8.00

Cr 3.25 5.00 5.00 5.00 5.00 4.25 3.50 2.00 12.00 3.00 4.00 4.00 4.00 4.00 4.00

V 0.40 0.40 0.40 1.00 … 2.00 … … … … … 1.00 1.00 2.00 2.00

Co … … … … … 4.25 … … … … … … … … …

Heat-Treat.
Data

Hardening Temperature 
Range °F 1850–

1900
1825–
1875

1825–
1875

1825–
1900

1850–
1950

2000–
2200

2000–
2200

2000–
2200

2000–
2300

2000–
2250

2100–
2300

2150–
2300

2000–
2175

2050–
2225

2000–
2175

°C 1010–
1038

996–
1024

996–
1024

996–
1038

1010–
1066

1093–
1204

1093–
1204

1093–
1204

1093–
1260

1093–
1232

1149–
1260

1177–
1260

1093–
1191

1121–
1218

1093–
1191

Tempering Temperature 
Range °F 1000–

1200
1000–
1200

1000–
1200

1000–
1200

1100–
1200

1000–
1300

1100–
1250

1100–
1250

1200–
1500

1050–
1200

1050–
1250

1050–
1250

1050–
1200

1050–
1200

1050–
1200

°C 538–
649

538–
649

538–
649

538–
649

593–
649

538–
704

593–
677

593–
677

649–
816

566–
649

566–
677

566–
677

566–
649

566–
649

566–
649

Approx. Tempered Hardness, Rc 56–39 54–38 55–38 53–38 47–40 59–40 54–36 52–39 47–30 55–45 44–35 58–43 60–50 60–50 58–45

Relative Ratings of Properties (A = greatest to D = least)

Characteristics
in Heat

Treatment

Safety in Hardening A A A A A B B B B B B B C C C

Depth of Hardening A A A A A A A A A A A A A A A

Resistance to Decarburization B B B B B B B B B B B B C B C

Stability of
Shape in

Heat
Treatment

Quenching
Medium

Air
or

Salt
B B B B C C C C … C C C C C C

Oil … … … … … D D D D D D D D D D

Service Properties

Machinability C/D C/D C/D C/D D D D D D D D D D D D

Hot Hardness C C C C C C C C B B B B B B B

Wear Resistance D D D D D C/D C/D C/D C/D C D C C C C

Toughness C B B B C C C C D D C D D D D

Machinery's Handbook 29th Edition
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 AISI H12: The properties of this type of steel are comparable to those of H11, with
increased abrasion resistance and hot hardness, resulting from the addition of tungsten, yet
in an amount that does not affect the good toughness of this steel type. The applications,
based on these properties, are hot-work tools that often have to withstand severe impact,
such as various punches, bolt header dies, trimmer dies, and hot shear blades. H12 is also
used to make aluminum extrusion dies and die-casting dies.

 AISI H13: This type of tool steel differs from the preceding ones particularly in proper-
ties related to the addition of about 1 per cent vanadium, which contributes to increased hot
hardness, abrasion resistance, and reduced sensitivity to heat checking. Such properties are
needed in die casting, particularly of aluminum, where the tools are subjected to drastic
heating and cooling at high operating temperatures. Besides die-casting dies, H13 is also
widely used for extrusion dies, trimmer dies, hot gripper and header dies, and hot shear
blades.

 AISI H19: This high-alloyed hot-work tool steel, containing chromium, tungsten,
cobalt, and vanadium, has excellent resistance to abrasion and shocks at elevated tempera-
tures. It is particularly well adapted to severe hot-work uses where the tool, to retain its size
and shape, must withstand wear and the washing-out effect of molten work material. Typ-
ical applications include brass extrusion dies and dummy blocks, inserts for forging and
valve extrusion dies, press forging dies, and hot punches.

Hot-Work Tool Steels, Tungsten Types.—Substantial amounts of tungsten, yet very
low-carbon content characterize the hot-work tool steels of this group. These tool steels
have been developed for applications where the tool is in contact with the hot-work mate-
rial over extended periods of time; therefore, the resistance of the steel to the softening
effect of elevated temperatures is of prime importance. even to the extent of accepting a
lower degree of toughness.

Frequently Used Tungsten Types:  AISI H21: This medium-tungsten alloyed hot-work
tool steel has substantially increased abrasion resistance over the chromium alloyed types,
yet possesses a degree of toughness that represents a transition between the chromium and
the higher-alloyed tungsten-steel types. The principal applications are for tools subjected
to continued abrasion, yet to only a limited amount of shock loads, like tools for the extru-
sion of brass, both dies and dummy blocks, pierces for forging machines, inserts for forg-
ing tools, and hot nut tools. Another typical application is dies for the hot extrusion of
automobile valves.

 AISI H24: The comparatively high tungsten content (about 14 per cent) of this steel
results in good hardness, great compression strength, and excellent abrasion resistance, but
makes it sensitive to shock loads. By taking these properties into account, the principal
applications include extrusion dies for brass in long-run operations, hot-forming and grip-
per dies with shallow impressions, punches that are subjected to great wear yet only to
moderate shocks, and hot shear blades.

 AISI H20: The composition of this high-alloyed tungsten-type hot-work steel resembles
the tungsten-type high-speed steel AISI T1, except for the somewhat lower carbon content
for improved toughness. The high amount of tungsten provides the maximum resistance to
the softening effect of elevated temperature and assures excellent wear-resistant proper-
ties, including withstanding the washing-out effect of certain processes. However, this
steel is less resistant to thermal shocks than the chromium hot-work steels. Typical appli-
cations comprise extrusion dies for long production runs, extrusion mandrels operated
without cooling, hot piercing punches, hot forging dies and inserts. It is also used as special
structural steel for springs operating at elevated temperatures.

Hot-Work Tool Steels, Molybdenum Types.—These steels are closely related to certain
types of molybdenum high-speed steels and possess excellent resistance to the softening
effect of elevated temperature but their ductility is rather low. These steel types are gener-
ally available on special orders only.
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Frequently Used Molybdenum Types:  AISI H43: The principal constituents of this hot-
work steel, chromium, molybdenum, and vanadium, provide excellent abrasion- and
wear-resistant properties at elevated temperatures. H43 has a good resistance to the devel-
opment of heat checks and a toughness adequate for many different purposes. Applications
include tools and operations that tend to cause surface wear in high-temperature work, like
hot headers, punch and die inserts, hot heading and hot nut dies, as well as different kinds
of punches operating at high temperature in service involving considerable wear.

Cold-Work Tool Steels

Tool steels of the cold-working category are primarily intended for die work, although
their use is by no means restricted to that general field. Cold-work tool steels are exten-
sively used for tools whose regular service does not involve elevated temperatures. They
are available in chemical compositions adjusted to the varying requirements of a wide
range of different applications. According to their predominant properties, characterized
either by the chemical composition or by the quenching medium in heat treatment, the
cold-work tool steels are assigned to three different groups, as discussed in what follows.

Cold-Work Tool Steels, High-Carbon, High-Chromium Types.—The chemical com-
position of tool steels of this family is characterized by the very high chromium content, to
the order of 12 to 13 per cent, and the uncommonly high carbon content, in the range of
about 1.50 to 2.30 per cent. Additional alloying elements that are present in different
amounts in some of the steel types of this group are vanadium, molybdenum, and cobalt,
each of which contributes desirable properties. 

The predominant properties of the whole group are: 1) excellent dimensional stability in
heat treatment, where, with one exception, air quench is used;  2) great wear resistance,
particularly in the types with the highest carbon content;  and  3) rather good machinabil-
ity.

Frequently Used High-Carbon, High-Chromium Types:  AISI D2: An air-hardening die
steel with high-carbon, high-chromium content having several desirable tool steel proper-
ties, such as abrasion resistance. high hardness, and nondeforming characteristics. The
carbon content of this type, although relatively high, is not particularly detrimental to its
machining. The ease of working can be further improved by selecting the same basic type
with the addition of sulfur. Several steel producers supply the sulfurized version of D2, in
which the uniformly distributed sulfide particles substantially improve the machinability
and the resulting surface finish. The applications comprise primarily cold-working press
tools for shearing (blanking and stamping dies, punches, shear blades), for forming (bend-
ing, seaming), also for thread rolling dies, solid gages, and wear-resistant structural parts.
Dies for hot trimming of forgings are also made of D2 which is then heated treated to a
lower hardness for the purpose of increasing toughness.

 AISI D3: The high carbon content of this high-chromium tool steel type results in excel-
lent resistance to wear and abrasion and provides superior compressive strength as long as
the pressure is applied gradually, without exerting sudden shocks. In hardening, an oil
quench is used, without affecting the excellent nondeforming properties of this type. Its
deep-hardening properties make it particularly suitable for tools that require repeated
regrinding during their service life, such as different types of dies and punches. The more
important applications comprise blanking, stamping, and trimming dies and punches for
long production runs; forming, bending and drawing tools; and structural elements like
plug and ring gages, and lathe centers, in applications where high wear resistance is impor-
tant.

Cold-Work Tool Steels, Oil-Hardening Types.—With a relatively low percentage of
alloying elements, yet with a substantial amount of manganese, these less expensive types
of tool steels attain good depth of hardness in an oil quench, although at the cost of reduced
resistance to deformation. Their good machinability supports general-purpose applica-
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tions, yet because of relatively low wear resistance, they are mostly selected for compara-
tively short-run work.

Frequently Used Oil-Hardening Types:  AISI O1: A low-alloy tool steel that is hardened
in oil and exhibits only a low tendency to shrinking or warping. It is used for cutting tools,
the operation of which does not generate high heat, such as taps and threading dies, ream-
ers, and broaches, and for press tools like blanking, trimming, and forming dies in short- or
medium-run operations.

 AISI O2: Manganese is the dominant alloying element in this type of oil-hardening tool
steel that has good nondeforming properties, can be machined easily, and performs satis-
factorily in low-volume production. The low hardening temperature results in good safety
in hardening, both with regard to form stability and freedom from cracking. The combina-
tion of handling ease, including free-machining properties, with good wear resistance,
makes this type of tool steel adaptable to a wide range of common applications such as cut-
ting tools for low- and medium-speed operations; forming tools including thread rolling
dies; structural parts such as bushings and fixed gages, and for plastics molds.

 AISI O6: This oil-hardening type of tool steel belongs to a group often designated as gra-
phitic because of the presence of small particles of graphitic carbon that are uniformly dis-
persed throughout the steel. Usually, about one-third of the total carbon is present as free
graphite in nodular form, which contributes to the uncommon ease of machining. In the
service of parts made of this type of steel, the free graphite acts like a lubricant, reducing
wear and galling. The ease of hardening is also excellent, requiring only a comparatively
low quenching temperature. Deep hardness penetration is produced and the oil quench
causes very little dimensional change. The principal applications of the O6 tool steel are in
the field of structural parts, like arbors, bushings, bodies for inserted tool cutters, and
shanks for cutting tools, jigs, and machine parts, and fixed gages like plugs, rings, and snap
gages. It is also used for blanking, forming, and trimming dies and punches, in applications
where the stability of the tool material is more important than high wear resistance.

Cold-Work Tool Steels, Medium-Alloy, Air-Hardening Types.—The desirable non-
deforming properties of the high-chromium types are approached by the members of this
family, with substantially lower alloy content that, however, is sufficient to permit harden-
ing by air quenching. The machinability is good, and the comparatively low wear resis-
tance is balanced by relatively high toughness, a property that, in certain applications, may
be considered of prime importance.

Frequently Used Medium-Alloy, Air-Hardening Types:  AISI A2: The lower chromium
content, about 5 per cent, makes this air-hardening tool steel less expensive than the high-
chromium types, without affecting its nondeforming properties. The somewhat reduced
wear resistance is balanced by greater toughness, making this type suitable for press work
where the process calls for tough tool materials. The machinability is improved by the
addition of about 0.12 percent sulfur, offered as a variety of the basic composition by sev-
eral steel producers. The prime uses of this tool steel type are punches for blanking and
forming, cold and hot trimming dies (the latter heat treated to a lower hardness), thread
rolling dies, and plastics molds.

 AISI A6: The composition of this type of tool steel makes it adaptable to air hardening
from a relatively low temperature, comparable to that of oil-hardening types, yet offering
improved stability in heat treating. Its reduced tendency to heat-treatment distortions
makes this tool steel type well adapted for die work, forming tools, and gages, which do not
require the highest degree of wear resistance.

Shock-Resisting, Mold, and Special-Purpose Tool Steels

There are fields of tool application in which specific properties of the tool steels have
dominant significance, determining to a great extent the performance and the service life
of tools made of these materials. To meet these requirements, special types of tool steels
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454Table 9. Cold-Work Tool Steels

Identifying Chemical Composition and Typical Heat-Treatment Data

AISI
Group High-Carbon,

High-Chromium Types
Medium-Alloy, Air-Hardening Types Oil-Hardening Types

Types D2 D3 D4 D5 D7 A2 A3 A4 A6 A7 A8 A9 A10 O1 O2 O6 O7

Identifying
Chemical

Elements in
Per Cent

C 1.50 2.25 2.25 1.50 2.35 1.00 1.25 1.00 0.70 2.25 0.55 0.50 1.35 0.90 0.90 1.45 1.20
Mn … … … … … … … 2.00 2.00 … … … 1.80 1.00 1.60 … …
Si … … … … … … … … … … … … 1.25 … … 1.00 …
W … … … … … … … … … 1.00 1.25 … … 0.50 … … 1.75
Mo 1.00 … 1.00 1.00 1.00 1.00 1.00 1.00 1.25 1.00 1.25 1.40 1.50 … … 0.25 …
Cr 12.00 12.00 12.00 12.00 12.00 5.00 5.00 1.00 1.00 5.25 5.00 5.00 … 0.50 … … 0.75
V 1.00 … … … 4.00 … 1.00 … … 4.75 … 1.00 … … … … …
Co … … … 3.00 … … … … … … … … … … … … …

Heat-Treatment
Data

Ni … … … … … … … … … … … 1.50 1.80 … … … …

Hardening
Temperature

Range

°F 1800–
1875

1700–
1800

1775–
1850

1800–
1875

1850–
1950

1700–
1800

1750–
1850

1500–
1600

1525–
1600

1750–
1800

1800–
1850

1800–
1875

1450–
1500

1450–
1500

1400–
1475

1450–
1500

1550–
1525

°C 982–
1024

927–
982

968–
1010

982–
1024

1010–
1066

927–
982

954–
1010

816–
871

829–
871

954–
982

982–
1010

982–
1024

788–
816

788–
816

760–
802

788–
816

843–
829

Quenching Medium Air Oil Air Air Air Air Air Air Air Air Air Air Air Oil Oil Oil Oil

Tempering
Temperature

Range

°F 400–
1000

400–
1000

400–
1000

400–
1000

300–
1000

350–
1000

350–
1000

350–
800

300–
800

300–
1000

350–
1100

950–
1150

350–
800

350–
500

350–
500

350–
600

350–
550

°C 204–
538

204–
538

204–
538

204–
538

149–
538

177–
538

177–
538

177–
427

149–
427

149–
538

177–
593

510–
621

177–
427

177–
260

177–
260

177–
316

177–
288

Approx. Tempered
Hardness, Rc 61–54 61–54 61–54 61–54 65–58 62–57 65–57 62–54 60–54 67–57 60–50 56–35 62–55 62–57 62–57 63–58 64–58

Relative Ratings of Properties (A = greatest to E = least)

Characteristics
in Heat

Treatment

Safety in Hardening A C A A A A A A A A A A A B B B B
Depth of Hardening A A A A A A A A A A A A A B B B B
Resistance to 
Decarburization B B B B B B B A/B A/B B B B A/B A A A A

Stability of Shape
in Heat Treatment A B A A A A A A A A A A A B B B B

Service
Properties

Machinability E E E E E D D D/E D/E E D D C/D C C B C
Hot Hardness C C C C C C C D D C C C D E E E E
Wear Resistance B/C B B B/C A C B C/D C/D A C/D C/D C D D D D
Toughness E E E E E D D D D E C C D D D D C

Machinery's Handbook 29th Edition
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have been developed. These individual types grew into families with members that, while
similar in their major characteristics, provide related properties to different degrees. Orig-
inally developed for a specific use, the resulting particular properties of some of these tool
steels made them desirable for other uses as well. In the tool steel classification system,
they are shown in three groups, as discussed in what follows.

Shock-Resisting Tool Steels.—These steels are made with low-carbon content for
increased toughness, even at the expense of wear resistance, which is generally low. Each
member of this group also contains alloying elements, different in composition and
amount, selected to provide properties particularly adjusted to specific applications. Such
varying properties are the degree of toughness (generally, high in all members), hot hard-
ness, abrasion resistance, and machinability.

Properties and Applications of Frequently Used Shock-Resisting Types:  AISI S1: This
Chromium-tungsten alloyed tool steel combines, in its hardened state, great toughness
with high hardness and strength. Although it has a low-carbon content for reasons of good
toughness, the carbon-forming alloys contribute to deep hardenability and abrasion resis-
tance. When high wear resistance is also required, this property can be improved by car-
burizing the surface of the tool while still retaining its shock-resistant characteristics.
Primary uses are for battering tools, including hand and pneumatic chisels. The chemical
composition, particularly the silicon and tungsten content, provides good hot hardness,
too, up to operating temperatures of about 1050°F (566°C), making this tool steel type also
adaptable for such hot-work tool applications involving shock loads, as headers, pierces,
forming tools, drop forge die inserts, and heavy shear blades.

 AISI S2: This steel type serves primarily for hand chisels and pneumatic tools, although
it also has limited applications for hot work. Although its wear-resistance properties are
only moderate, S2 is sometimes used for forming and thread rolling applications, when the
resistance to rupturing is more important than extended service life. For hot-work applica-
tions, this steel requires heat treatment in a neutral atmosphere to avoid either carburiza-
tion or decarburization of the surface. Such conditions make this tool steel type
particularly susceptible to failure in hot-work uses.

 AISI S5: This composition is essentially a Silicon-manganese type tool steel with small
additions of chromium, molybdenum, and vanadium for the purpose of improved deep
hardening and refinement of the grain structure. The most important properties of this steel
are its high elastic limit and good ductility, resulting in excellent shock-resisting character-
istics, when used at atmospheric temperatures. Its recommended quenching medium is oil,
although a water quench may also be applied as long as the design of the tools avoids sharp
corners or drastic sectional changes. Typical applications include pneumatic tools in
severe service, like chipping chisels, also shear blades, heavy-duty punches, and bending
rolls. Occasionally, this steel is also used for structural applications, like shanks for carbide
tools and machine parts subject to shocks.

Mold Steels.—These materials differ from all other types of tool steels by their very low-
carbon content, generally requiring carburizing to obtain a hard operating surface. A spe-
cial property of most steel types in this group is the adaptability to shaping by impression
(hobbing) instead of by conventional machining. They also have high resistance to decar-
burization in heat treatment and dimensional stability, characteristics that obviate the need
for grinding following heat treatment. Molding dies for plastics materials require an excel-
lent surface finish, even to the degree of high luster; the generally high-chromium content
of these types of tool steels greatly aids in meeting this requirement.

Properties and Applications of Frequently Used Mold Steel Types:  AISI P3 and P4:

Essentially, both types of tool steels were developed for the same special purpose, that is,
the making of plastics molds. The application conditions of plastics molds require high
core strength, good wear resistance at elevated temperature, and excellent surface finish.
Both types are carburizing steels that possess good dimensional stability. Because hob-
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Identifying Chemical Composition and Typical Heat-Treatment Data

AISI
Category Shock-Resisting Tool Steels Mold Steels Special-Purpose Tool Steels

Types S1 S2 S5 S7 P2 P3 P4 P5 P6 P20 P21a L2b L3b L6 F1 F2

Identifying
Elements

in Per Cent

C 0.50 0.50 0.55 0.50 0.07 0.10 0.07 0.10 0.10 0.35 0.20 0.50/1.10 1.00 0.70 1.00 1.25
Mn … … 0.80 … … … … … … … … … … … … …
Si … 1.00 2.00 … … … … … … … … … … … … …
W 2.50 … … … … … … … … … … … … … 1.25 3.50
Mo … 0.50 0.40 1.40 0.20 … 0.75 … … 0.40 … … … 0.25 … …
Cr 1.50 … … 3.25 2.00 0.60 5.00 2.25 1.50 1.25 … 1.00 1.50 0.75 … …
V … … … … … … … … … … … 0.20 0.20 … … …
Ni … … … … 0.50 1.25 … … 3.50 … 4.00 … … 1.50 … …

Heat-Treat.
Data

Hardening
Temperature 

°F 1650–
1750

1550–
1650

1600–
1700

1700–
1750

1525–
1550c

1475–
1525c

1775–
1825c

1550–
1600c

1450–
1500c

1500–
1600c

Soln.
treat.

1550–
1700

1500–
1600

1450–
1550

1450–
1600

1450–
1600

°C 899–
954

843–
899

871–
927

927–
955

829–
843c

802–
829c

968–
996c

843–
871c

788–
816c

816–
871c

Soln.
treat.

843–
927

816–
871

788–
843

788–
871

788–
871

Tempering
Temp. Range 

°F 400–
1200

350–
800

350–
800

400–
1150

350–
500

350–
500

350–
900

350–
500

350–
450

900–
1100 Aged 350–

1000
350–
600

350–
1000

350–
500

350–
500

°C 204–
649

177–
427

177–
427

204–
621

177–
260

177–
260

177–
482

177–
260

177–
232

482–
593 Aged 177–

538
177–
316

177–
538

177–
260

177–
260

Approx. Tempered Hardness, Rc 58–40 60–50 60–50 57–45 64–58d 64–58d 64–58d 64–58d 61–58d 37–28d 40–30 63–45 63–56 62–45 64–60 65–62

Relative Ratings of Properties (A = greatest to E = least)

Characteristics
in Heat

Treatment

Safety in Hardening C E C B/C C C C C C C A D D C E E
Depth of Hardening B B B A Be Be Be Be Ae B A B B B C C
Resist. to Decarb. B C C B A A A A A A A A A A A A

Stability of
Shape in Heat

Treatment

Quench.
Med.

Air … … … A … … B … B C A … … … … …
Oil D … D C C C … C C … A D D C … …

Waterf … E … … … … … E … … … E E … E E

Service
Properties

Machinability D C/D C/D D C/D D D/E D D C/D D C C D C D
Hot Hardness D E E C E E D E E E D E E E E E

Wear Resistance D/E D/E D/E D/E D D C D D D/E D D/E D D D B/C
Toughness B A A B C C C C C C D B D B E E

a Contains also about 1.20 per cent A1. Solution treated in hardening. 
b Quenched in oil. 
c After carburizing. 
d Carburized case. 
e Core hardenability. 
f Sometimes brine is used. 

Machinery's Handbook 29th Edition
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bing, that is, sinking the cavity by pressing a punch representing the inverse replica of the
cavity into the tool material, is the process by which many plastics mold cavities are pro-
duced, good “hobbability” of the tool steels used for this purpose is an important require-
ment. The different chemistry of these two types of mold steels is responsible for the high
core hardness of the P4, which makes it better suited for applications requiring high
strength at elevated temperature.

 AISI P6: This nickel-chromium-type plastics mold steel has exceptional core strength
and develops a deep carburized case. Due to the high nickel-chromium content, the cavi-
ties of molds made of this steel type are produced by machining rather than by hobbing. An
outstanding characteristic of this steel type is the high luster that is produced by polishing
of the hard case surface.

 AISI P20: This general-type mold steel is adaptable to both through hardening and car-
burized case hardening. In through hardening, an oil quench is used and a relatively lower,
yet deeply penetrating hardness is obtained, such as is needed for zinc die-casting dies and
injection molds for plastics. After the direct quenching and tempering, carburizing pro-
duces a very hard case and comparatively high core hardness. When thus heat treated, this
steel is particularly well adapted for making compression, transfer, and plunger-type plas-
tics molds.
Special-Purpose Tool Steels.—These steels include several low-alloy types of tool steels
that were developed to provide transitional types between the more commonly used basic
types of tool steels, and thereby contribute to the balancing of certain conflicting properties
such as wear resistance and toughness; to offer intermediate depth of hardening; and to be
less expensive than the higher-alloyed types of tool steels.

Properties and Applications of Frequently Used Special-Purpose Types:  AISI L6: This
material is a low-alloy-type special-purpose tool steel. The comparatively safe hardening
and the fair nondeforming properties, combined with the service advantage of good tough-
ness in comparison to most other oil-hardening types, explains the acceptance of this steel
with a rather special chemical composition. The uses of L6 are for tools whose toughness
requirements prevail over abrasion-resistant properties, such as forming rolls and forming
and trimmer dies in applications where combinations of moderate shock- and wear-resis-
tant properties are sought. The areas of use also include structural parts, like clutch mem-
bers, pawls, and knuckle pins, that must withstand shock loads and still display good wear
properties.

 AISI F2: This carbon-tungsten type is one of the most abrasion-resistant of all water-
hardening tool steels. However, it is sensitive to thermal changes, such as are involved in
heat treatment and it is also susceptible to distortions. Consequently, its use is limited to
tools of simple shape in order to avoid cracking in hardening. The shallow hardening char-
acteristics of F2 result in a tough core and are desirable properties for certain tool types
that, at the same time, require excellent wear-resistant properties.
Water-Hardening Tool Steels.—Steel types in this category are made without, or with
only a minimum amount of alloying elements and, their heat treatment needs the harsh
quenching action of water or brine, hence the general designation of the category.

Water-hardening steels are usually available with different percentages of carbon, to pro-
vide properties required for different applications; the classification system lists a carbon
range of 0.60 to 1.40 per cent. In practice, however, the steel mills produce these steels in a
few varieties of differing carbon content, often giving proprietary designations to each par-
ticular group. Typical carbon content limits of frequently used water-hardening tool steels
are 0.70-0.90, 0.90-1.10, 1.05-1.20, and 1.20-1.30 per cent. The appropriate group should
be chosen according to the intended use, as indicated in the steel selection guide for this
category, keeping in mind that whereas higher carbon content results in deeper hardness
penetration, it also reduces toughness.

The general system distinguishes the following four grades, listed in the order of decreas-
ing quality: 1) special;  2) extra;  3) standard;  and  4) commercial.
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The differences between these grades, which are not offered by all steel mills, are defined
in principle only. The distinguishing characteristics are purity and consistency, resulting
from different degrees of process refinement and inspection steps applied in making the
steel. Higher qualities are selected for assuring dependable uniformity and performance of
the tools made from the steel.

The groups with higher carbon content are more sensitive to heat-treatment defects and
are generally used for the more demanding applications, so the better grades are usually
chosen for the high-carbon types and the lower grades for applications where steels with
lower carbon content only are needed.

Water-hardening tool steels, although the least expensive, have several drawbacks, but
these are quite acceptable in many types of applications. Some limiting properties are the
tendency to deformation in heat treatment due to harsh effects of the applied quenching
medium, the sensitivity to heat during the use of the tools made of these steels, the only fair
degree of toughness, and the shallow penetration of hardness. However, this last-men-
tioned property may prove a desirable characteristic in certain applications, such as cold-
heading dies, because the relatively shallow hard case is supported by the tough, although
softer core.

The AISI designation for water-hardening tool steels is W, followed by a numeral indi-
cating the type, primarily defined by the chemical composition, as shown in Table 11.

Water-Hardening Type W1 (Plain Carbon) Tool Steels, Recommended Applications:

 Group I (C-0.70 to 0.90%): This group is relatively tough and therefore preferred for
tools that are subjected to shocks or abusive treatment. Used for such applications as: hand
tools, chisels, screwdriver blades, cold punches, and nail sets, and fixture elements, vise
jaws, anvil faces, and chuck jaws.

 Group II (C-0.90 to 1.10%): This group combines greater hardness with fair toughness,
resulting in improved cutting capacity and moderate ability to sustain shock loads. Used
for such applications as: hand tools, knives, center punches, pneumatic chisels, cutting
tools, reamers, hand taps, and threading dies, wood augers; die parts, drawing and heading
dies, shear knives, cutting and forming dies; and fixture elements, drill bushings, lathe cen-
ters, collets, and fixed gages.

Table 11. Water-Hardening Tool Steels—Identifying Chemical 
Composition and Heat-Treatment Data

Chemical Composition in Per Cent

AISI Types

W1 W2 W5

C
0.60–1.40 0.60–1.40

1.10
Varying carbon content may be available

V … 0.25 …
Cr

These elements are adjusted to satisfy the 
hardening requirements

0.50
Mn
Si

Heat-Treatment Data

Hardening Temperature Ranges
Varying with Carbon Content

0.60–0.80% 1450–1500°F (788–816°C )
0.85–1.05% 1425–1550°F (774–843°C )
1.10–1.40% 1400–1525°F (760–829°C )

Quenching Medium Brine or Water
Tempering Temperature Range 350–650°F (177–343°C )

Approx. Tempered Hardness, Rc 64–50

Relative Ratings of Properties (A = greatest to E = least)

Characteristics in Heat Treatment Service Properties

Safety in
Hardening

Depth of
Hardening

Resistance to
Decarburization

Stability of Shape
in Heat Treatment Machinability

Hot
Hardness

Wear
Resistance Toughness

D C A E A E D/E C/D
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 Group III (C-1.05 to 1.20%): The higher carbon content of this group increases the
depth of hardness penetrations, yet reduces toughness, thus the resistance to shock loads.
Preferred for applications where wear resistance and cutting ability are the prime consider-
ations. Used for such applications as: hand tools, woodworking chisels, paper knives, cut-
ting tools (for low-speed applications), milling cutters, reamers, planer tools, thread
chasers, center drills, die parts, cold blanking, coining, bending dies.

 Group IV (C-1.20 to 1-30%): The high carbon content of this group produces a hard case
of considerable depth with improved wear resistance yet sensitive to shock and concen-
trated stresses. Selected for applications where the capacity to withstand abrasive wear is
needed, and where the retention of a keen edge or the original shape of the tool is important.
Used for such applications as: cutting tools for finishing work, like cutters and reamers,
and for cutting chilled cast iron and forming tools, for ferrous and nonferrous metals, and
burnishing tools.

By adding small amounts of alloying elements to W-steel types 2 and 5, certain charac-
teristics that are desirable for specific applications are improved. The vanadium in type 2
contributes to retaining a greater degree of fine-grain structure after heat treating. Chro-
mium in type 5 improves the deep-hardening characteristics of the steel, a property needed
for large sections, and assists in maintaining the keen cutting edge that is desirable in cut-
ting tools like broaches, reamers, threading taps, and dies.

Mill Production Forms of Tool Steels

Tool steels are produced in many different forms, but not all those listed in the following
are always readily available; certain forms and shapes are made for special orders only.

Hot-Finished Bars and Cold-Finished Bars: These bars are the most commonly pro-
duced forms of tool steels. Bars can be furnished in many different cross-sections, the
round shape being the most common. Sizes can vary over a wide range, with a more limited
number of standard stock sizes. Various conditions may also be available, however, tech-
nological limitations prevent all conditions applying to every size, shape, or type of steel.
Tool steel bars may be supplied in one of the following conditions and surface finishes:

Conditions: Hot-rolled or forged (natural); hot-rolled or forged and annealed; hot-rolled
or forged and heat-treated; cold- or hot-drawn (as drawn); and cold- or hot-drawn and
annealed.

Finishes: Hot-rolled finish (scale not removed); pickled or blast-cleaned; cold-drawn;
turned or machined; rough ground; centerless ground or precision flat ground; and pol-
ished (rounds only).

Other forms in which tool steels are supplied are the following:
Rolled  or Forged  Special  Shapes: These shapes are usually produced on special orders

only, for the purpose of reducing material loss and machining time in the large-volume
manufacture of certain frequently used types of tools.

Forgings: All types of tool steels may be supplied in the form of forgings, that are usually
specified for special shapes and for dimensions that are beyond the range covered by bars.

Wires: Tool steel wires are produced either by hot or cold drawing and are specified
when special shapes, controlled dimensional accuracy, improved surface finish, or special
mechanical properties are required. Round wire is commonly produced within an approx-
imate size range of 0.015 to 0.500 inch (0.38 to 12.7 mm), and these dimensions also indi-
cate the limits within which other shapes of tool steel wires, like oval, square, or
rectangular, may be produced.

Drill Rods: Rods are produced in round, rectangular, square, hexagonal, and octagonal
shapes, usually with tight dimensional tolerances to eliminate subsequent machining,
thereby offering manufacturing economies for the users.

Hot-Rolled Plates and Sheets, and Cold-Rolled Strips: Such forms of tool steel are gen-
erally specified for the high-volume production of specific tool types.
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Tool Bits: These pieces are semifinished tools and are used by clamping in a tool holder
or shank in a manner permitting ready replacement. Tool bits are commonly made of high-
speed types of tool steels, mostly in square, but also in round, rectangular, andother shapes.
Tool bits are made of hot rolled bars and are commonly, yet not exclusively, supplied in
hardened and ground form, ready for use after the appropriate cutting edges are ground,
usually in the user’s plant.

Hollow Bars: These bars are generally produced by trepanning, boring, or drilling of
solid round rods and are used for making tools or structural parts of annular shapes, like
rolls, ring gages, bushings, etc.
Tolerances of Dimensions.—Such tolerances have been developed and published by the
American Iron and Steel Institute (AISI) as a compilation of available industry experience
that, however, does not exclude the establishment of closer tolerances, particularly for hot
rolled products manufactured in large quantities. The tolerances differ for various catego-
ries of production processes (e.g., forged, hot-rolled, cold-drawn, centerless ground) and
of general shapes.
Allowances for Machining.—These allowances provide freedom from soft spots and
defects of the tool surface, thereby preventing failures in heat treatment or in service. After
a layer of specific thickness, known as the allowance, has been removed, the bar or other
form of tool steel material should have a surface without decarburization and other surface
defects, such as scale marks or seams. The industry wide accepted machining allowance
values for tool steels in different conditions, shapes, and size ranges are spelled out in AISI
specifications and are generally also listed in the tool steel catalogs of the producer compa-
nies.
Decarburization Limits.—Heating of steel for production operation causes the oxidation
of the exposed surfaces resulting in the loss of carbon. That condition, called decarburiza-
tion, penetrates to a certain depth from the surface, depending on the applied process, the
shape and the dimensions of the product. Values of tolerance for decarburization must be
considered as one of the factors for defining the machining allowances, which must also
compensate for expected variations of size and shape, the dimensional effects of heat treat-
ment, and so forth. Decarburization can be present not only in hot-rolled and forged, but
also in rough turned and cold-drawn conditions.
Advances in Tool Steel Making Technology.—Significant advances in processes for
tool steel production have been made that offer more homogeneous materials of greater
density and higher purity for applications where such extremely high quality is required.
Two of these methods of tool steel production are of particular interest.

Vacuum-melted tool steels: These steels are produced by the consumable electrode
method, which involves remelting of the steel originally produced by conventional pro-
cesses. Inside a vacuum-tight shell that has been evacuated, the electrode cast of tool steel
of the desired chemical analysis is lowered into a water-cooled copper mold where it
strikes a low-voltage, high-amperage arc causing the electrode to be consumed by gradual
melting. The undesirable gases and volatiles are drawn off by the vacuum, and the inclu-
sions float on the surface of the pool, accumulating on the top of the produced ingot, to be
removed later by cropping. In the field of tool steels, the consumable-electrode vacuum-
melting (CVM) process is applied primarily to the production of special grades of hot-
work and high-speed tool steels.

High-speed tool steels produced by powder metallurgy: The steel produced by conven-
tional methods is reduced to a fine powder by a gas atomization process. The powder is
compacted by a hot isostatic method with pressures in the range of 15,000 to 17,000 psi
(103 to 117 MPa). The compacted billets are hot-rolled to the final bar size, yielding a tool-
steel material which has 100 per cent theoretical density. High-speed tool steels produced
by the P/M method offer a tool material providing increased tool wear life and high impact
strength, of particular advantage in interrupted cuts.
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HARDENING, TEMPERING, AND ANNEALING 

Heat Treatment Of Standard Steels

Heat-Treating Definitions.—This glossary of heat-treating terms has been adopted by
the American Foundrymen's Association, the American Society for Metals, the American
Society for Testing and Materials, and the Society of Automotive Engineers. Since it is not
intended to be a specification but is strictly a set of definitions, temperatures have pur-
posely been omitted.

 Aging: Describes a time-temperature-dependent change in the properties of certain
alloys. Except for strain aging and age softening, it is the result of precipitation from a solid
solution of one or more compounds whose solubility decreases with decreasing tempera-
ture. For each alloy susceptible to aging, there is a unique range of time-temperature com-
binations to which it will respond.

 Annealing: A term denoting a treatment, consisting of heating to and holding at a suit-
able temperature followed by cooling at a suitable rate, used primarily to soften but also to
simultaneously produce desired changes in other properties or in microstructure. The pur-
pose of such changes may be, but is not confined to, improvement of machinability; facili-
tation of cold working; improvement of mechanical or electrical properties; or increase in
stability of dimensions. The time-temperature cycles used vary widely both in maximum
temperature attained and in cooling rate employed, depending on the composition of the
material, its condition, and the results desired. When applicable, the following more spe-
cific process names should be used: Black Annealing, Blue Annealing, Box Annealing,
Bright Annealing, Cycle Annealing, Flame Annealing, Full Annealing, Graphitizing,
Intermediate Annealing, Isothermal Annealing, Process Annealing, Quench Annealing,
and Spheroidizing. When the term is used without qualification, full annealing is implied.
When applied only for the relief of stress, the process is properly called stress relieving.

 Black Annealing: Box annealing or pot annealing, used mainly for sheet, strip, or wire.
 Blue Annealing: Heating hot-rolled sheet in an open furnace to a temperature within the

transformation range and then cooling in air, to soften the metal. The formation of a bluish
oxide on the surface is incidental.

 Box Annealing: Annealing in a sealed container under conditions that minimize oxida-
tion. In box annealing, the charge is usually heated slowly to a temperature below the trans-
formation range, but sometimes above or within it, and is then cooled slowly; this process
is also called “close annealing” or “pot annealing.”

 Bright Annealing: Annealing in a protective medium to prevent discoloration of the
bright surface.

 Cycle Annealing: An annealing process employing a predetermined and closely con-
trolled time-temperature cycle to produce specific properties or microstructure.

 Flame Annealing: Annealing in which the heat is applied directly by a flame.
 Full Annealing: Austenitizing and then cooling at a rate such that the hardness of the

product approaches a minimum.
 Graphitizing: Annealing in such a way that some or all of the carbon is precipitated as

graphite.
 Intermediate Annealing: Annealing at one or more stages during manufacture and

before final thermal treatment.
 Isothermal Annealing: Austenitizing and then cooling to and holding at a temperature at

which austenite transforms to a relatively soft ferrite-carbide aggregate.
 Process Annealing: An imprecise term used to denote various treatments that improve

workability. For the term to be meaningful, the condition of the material and the time-tem-
perature cycle used must be stated.

 Quench Annealing: Annealing an austenitic alloy by Solution Heat Treatment.
 Spheroidizing: Heating and cooling in a cycle designed to produce a spheroidal or glob-

ular form of carbide.
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 Austempering: Quenching from a temperature above the transformation range, in a
medium having a rate of heat abstraction high enough to prevent the formation of high-
temperature transformation products, and then holding the alloy, until transformation is
complete, at a temperature below that of pearlite formation and above that of martensite
formation.

 Austenitizing: Forming austenite by heating into the transformation range (partial auste-
nitizing) or above the transformation range (complete austenitizing). When used without
qualification, the term implies complete austenitizing.

 Baking: Heating to a low temperature in order to remove entrained gases.
 Bluing: A treatment of the surface of iron-base alloys, usually in the form of sheet or

strip, on which, by the action of air or steam at a suitable temperature, a thin blue oxide film
is formed on the initially scale-free surface, as a means of improving appearance and resis-
tance to corrosion. This term is also used to denote a heat treatment of springs after fabrica-
tion, to reduce the internal stress created by coiling and forming.

 Carbon Potential: A measure of the ability of an environment containing active carbon
to alter or maintain, under prescribed conditions, the carbon content of the steel exposed to
it. In any particular environment, the carbon level attained will depend on such factors as
temperature, time, and steel composition.

 Carbon Restoration: Replacing the carbon lost in the surface layer from previous pro-
cessing by carburizing this layer to substantially the original carbon level.

 Carbonitriding: A case-hardening process in which a suitable ferrous material is heated
above the lower transformation temperature in a gaseous atmosphere of such composition
as to cause simultaneous absorption of carbon and nitrogen by the surface and, by diffu-
sion, create a concentration gradient. The process is completed by cooling at a rate that pro-
duces the desired properties in the workpiece.

 Carburizing: A process in which carbon is introduced into a solid iron-base alloy by
heating above the transformation temperature range while in contact with a carbonaceous
material that may be a solid, liquid, or gas. Carburizing is frequently followed by quench-
ing to produce a hardened case.

 Case: 1) The surface layer of an iron-base alloy that has been suitably altered in compo-
sition and can be made substantially harder than the interior or core by a process of case
hardening;  and  2) the term case is also used to designate the hardened surface layer of a
piece of steel that is large enough to have a distinctly softer core or center.

 Cementation: The process of introducing elements into the outer layer of metal objects
by means of high-temperature diffusion.

 Cold Treatment: Exposing to suitable subzero temperatures for the purpose of obtaining
desired conditions or properties, such as dimensional or microstructural stability. When
the treatment involves the transformation of retained austenite, it is usually followed by a
tempering treatment.

 Conditioning Heat Treatment: A preliminary heat treatment used to prepare a material
for a desired reaction to a subsequent heat treatment. For the term to be meaningful, the
treatment used must be specified.

 Controlled Cooling: A term used to describe a process by which a steel object is cooled
from an elevated temperature, usually from the final hot-forming operation in a predeter-
mined manner of cooling to avoid hardening, cracking, or internal damage.

 Core: 1) The interior portion of an iron-base alloy that after case hardening is substan-
tially softer than the surface layer or case;  and  2) the term core is also used to designate
the relatively soft central portion of certain hardened tool steels.

 Critical Range or Critical Temperature Range: Synonymous with Transformation
Range, which is preferred.

 Cyaniding: A process of case hardening an iron-base alloy by the simultaneous absorp-
tion of carbon and nitrogen by heating in a cyanide salt. Cyaniding is usually followed by
quenching to produce a hard case.
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 Decarburization: The loss of carbon from the surface of an iron-base alloy as the result
of heating in a medium that reacts with the carbon.

 Drawing: Drawing, or drawing the temper, is synonymous with Tempering, which is
preferable.

 Eutectic Alloy: The alloy composition that freezes at constant temperature similar to a
pure metal. The lowest melting (or freezing) combination of two or more metals. The alloy
structure (homogeneous) of two or more solid phases formed from the liquid eutectically.

 Hardenability: In a ferrous alloy, the property that determines the depth and distribution
of hardness induced by quenching.

 Hardening: Any process of increasing hardness of metal by suitable treatment, usually
involving heating and cooling. See also Aging.

 Hardening, Case: A process of surface hardening involving a change in the composition
of the outer layer of an iron-base alloy followed by appropriate thermal treatment. Typical
case-hardening processes are Carburizing, Cyaniding, Carbonitriding, and Nitriding.

 Hardening, Flame: A process of heating the surface layer of an iron-base alloy above the
transformation temperature range by means of a high-temperature flame, followed by
quenching.

 Hardening, Precipitation: A process of hardening an alloy in which a constituent pre-
cipitates from a supersaturated solid solution. See also Aging.

 Hardening, Secondary: An increase in hardness following the normal softening that
occurs during the tempering of certain alloy steels.

 Heating, Differential: A heating process by which the temperature is made to vary
throughout the object being heated so that on cooling, different portions may have such dif-
ferent physical properties as may be desired.

 Heating, Induction: A process of local heating by electrical induction.
 Heat Treatment: A combination of heating and cooling operations applied to a metal or

alloy in the solid state to obtain desired conditions or properties. Heating for the sole pur-
pose of hot working is excluded from the meaning of this definition.

 Heat Treatment, Solution: A treatment in which an alloy is heated to a suitable tempera-
ture and held at this temperature for a sufficient length of time to allow a desired constitu-
ent to enter into solid solution, followed by rapid cooling to hold the constituent in
solution. The material is then in a supersaturated, unstable state, and may subsequently
exhibit Age Hardening.

 Homogenizing: A high-temperature heat-treatment process intended to eliminate or to
decrease chemical segregation by diffusion.

 Isothermal Transformation: A change in phase at constant temperature.
 Malleablizing: A process of annealing white cast iron in which the combined carbon is

wholly or in part transformed to graphitic or free carbon and, in some cases, part of the car-
bon is removed completely. See Temper Carbon.

 Maraging: A precipitation hardening treatment applied to a special group of iron-base
alloys to precipitate one or more intermetallic compounds in a matrix of essentially car-
bon-free martensite.

 Martempering: A hardening procedure in which an austenitized ferrous workpiece is
quenched into an appropriate medium whose temperature is maintained substantially at
the Ms of the workpiece, held in the medium until its temperature is uniform throughout but
not long enough to permit bainite to form, and then cooled in air. The treatment is followed
by tempering.

 Nitriding: A process of case hardening in which an iron-base alloy of special composi-
tion is heated in an atmosphere of ammonia or in contact with nitrogenous material. Sur-
face hardening is produced by the absorption of nitrogen without quenching.

 Normalizing: A process in which an iron-base alloy is heated to a temperature above the
transformation range and subsequently cooled in still air at room temperature.
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 Overheated: A metal is said to have been overheated if, after exposure to an unduly high
temperature, it develops an undesirably coarse grain structure but is not permanently dam-
aged. The structure damaged by overheating can be corrected by suitable heat treatment or
by mechanical work or by a combination of the two. In this respect it differs from a Burnt
structure.

 Patenting: A process of heat treatment applied to medium- or high-carbon steel in wire
making prior to the wire drawing or between drafts. It consists in heating to a temperature
above the transformation range, followed by cooling to a temperature below that range in
air or in a bath of molten lead or salt maintained at a temperature appropriate to the carbon
content of the steel and the properties required of the finished product.

 Preheating: Heating to an appropriate temperature immediately prior to austenitizing
when hardening high-hardenability constructional steels, many of the tool steels, and
heavy sections.

 Quenching: Rapid cooling. When applicable, the following more specific terms should
be used: Direct Quenching, Fog Quenching, Hot Quenching, Interrupted Quenching,
Selective Quenching, Slack Quenching, Spray Quenching, and Time Quenching.

 Direct Quenching: Quenching carburized parts directly from the carburizing operation.
 Fog Quenching: Quenching in a mist.
 Hot Quenching: An imprecise term used to cover a variety of quenching procedures in

which a quenching medium is maintained at a prescribed temperature above 160°F (71°C).
 Interrupted Quenching: A quenching procedure in which the workpiece is removed

from the first quench at a temperature substantially higher than that of the quenchant and is
then subjected to a second quenching system having a different cooling rate than the first.

 Selective Quenching: Quenching only certain portions of a workpiece.
 Slack Quenching: The incomplete hardening of steel due to quenching from the austen-

itizing temperature at a rate slower than the critical cooling rate for the particular steel,
resulting in the formation of one or more transformation products in addition to martensite.

 Spray Quenching: Quenching in a spray of liquid.
 Time Quenching: Interrupted quenching in which the duration of holding in the quench-

ing medium is controlled.
 Soaking: Prolonged heating of a metal at a selected temperature.
 Stabilizing Treatment:  A treatment applied to stabilize the dimensions of a workpiece or

the structure of a material such as 1) before finishing to final dimensions, heating a work-
piece to or somewhat beyond its operating temperature and then cooling to room tempera-
ture a sufficient number of times to ensure stability of dimensions in service;  2 )  t r a ns -
forming retained austenite in those materials that retain substantial amounts when quench
hardened (see cold treatment);  and  3) heating a solution-treated austenitic stainless steel
that contains controlled amounts of titanium or niobium plus tantalum to a temperature
below the solution heat-treating temperature to cause precipitation of finely divided, uni-
formly distributed carbides of those elements, thereby substantially reducing the amount
of carbon available for the formation of chromium carbides in the grain boundaries on sub-
sequent exposure to temperatures in the sensitizing range.

 Stress Relieving: A process to reduce internal residual stresses in a metal object by heat-
ing the object to a suitable temperature and holding for a proper time at that temperature.
This treatment may be applied to relieve stresses induced by casting, quenching, normaliz-
ing, machining, cold working, or welding.

 Temper Carbon: The free or graphitic carbon that comes out of solution usually in the
form of rounded nodules in the structure during Graphitizing or Malleablizing.

 Tempering: Heating a quench-hardened or normalized ferrous alloy to a temperature
below the transformation range to produce desired changes in properties.

 Double Tempering: A treatment in which quench hardened steel is given two complete
tempering cycles at substantially the same temperature for the purpose of ensuring com-
pletion of the tempering reaction and promoting stability of the resulting microstructure.
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 Snap Temper: A precautionary interim stress-relieving treatment applied to high harde-
nability steels immediately after quenching to prevent cracking because of delay in tem-
pering them at the prescribed higher temperature.

 Temper Brittleness: Brittleness that results when certain steels are held within, or are
cooled slowly through, a certain range of temperatures below the transformation range.
The brittleness is revealed by notched-bar impact tests at or below room temperature.

 Transformation Ranges or Transformation Temperature Ranges: Those ranges of tem-
perature within which austenite forms during heating and transforms during cooling. The
two ranges are distinct, sometimes overlapping but never coinciding. The limiting temper-
atures of the ranges depend on the composition of the alloy and on the rate of change of
temperature, particularly during cooling.

 Transformation Temperature: The temperature at which a change in phase occurs. The
term is sometimes used to denote the limiting temperature of a transformation range. The
following symbols are used for iron and steels:

Accm = In hypereutectoid steel, the temperature at which the solution of cementite in
austenite is completed during heating

Ac1 =The temperature at which austenite begins to form during heating
Ac3 =The temperature at which transformation of ferrite to austenite is completed

during heating
Ac4 =The temperature at which austenite transforms to delta ferrite during heating

Ae1, Ae3, Aecm, Ae4 = The temperatures of phase changes at equilibrium
Arcm = In hypereutectoid steel, the temperature at which precipitation of cementite

starts during cooling
Ar1 =The temperature at which transformation of austenite to ferrite or to ferrite plus

cementite is completed during cooling
Ar3 =The temperature at which austenite begins to transform to ferrite during cool-

ing
Ar4 =The temperature at which delta ferrite transforms to austenite during cooling
Ms =The temperature at which transformation of austenite to martensite starts dur-

ing cooling
Mf =The temperature, during cooling, at which transformation of austenite to mar-

tensite is substantially completed
All these changes except the formation of martensite occur at lower temperatures during

cooling than during heating, and depend on the rate of change of temperature.
Hardness and Hardenability.—Hardenability is the property of steel that determines the
depth and distribution of hardness induced by quenching from the austenitizing tempera-
ture. Hardenability should not be confused with hardness as such or with maximum hard-
ness. Hardness is a measure of the ability of a metal to resist penetration as determined by
any one of a number of standard tests (Brinell, Rockwell, Vickers, etc). The maximum
attainable hardness of any steel depends solely on carbon content and is not significantly
affected by alloy content. Maximum hardness is realized only when the cooling rate in
quenching is rapid enough to ensure full transformation to martensite.

The as-quenched surface hardness of a steel part is dependent on carbon content and
cooling rate, but the depth to which a certain hardness level is maintained with given
quenching conditions is a function of its hardenability. Hardenability is largely determined
by the percentage of alloying elements in the steel; however, austenite grain size, time and
temperature during austenitizing, and prior microstructure also significantly affect the
hardness depth. The hardenability required for a particular part depends on size, design,
and service stresses. For highly stressed parts, the best combination of strength and tough-
ness is obtained by through hardening to a martensitic structure followed by adequate tem-
pering. There are applications, however, where through hardening is not necessary or even
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desirable. For parts that are stressed principally at or near the surface, or in which wear
resistance or resistance to shock loading is anticipated, a shallow hardening steel with a
moderately soft core may be appropriate.

For through hardening of thin sections, carbon steels may be adequate; but as section size
increases, alloy steels of increasing hardenability are required. The usual practice is to
select the most economical grade that can meet the desired properties consistently. It is not
good practice to utilize a higher alloy grade than necessary, because excessive use of alloy-
ing elements adds little to the properties and can sometimes induce susceptibility to
quenching cracks.

Quenching Media: The choice of quenching media is often a critical factor in the selec-
tion of steel of the proper hardenability for a particular application. Quenching severity can
be varied by selection of quenching medium, agitation control, and additives that improve
the cooling capability of the quenchant. Increasing the quenching severity permits the use
of less expensive steels of lower hardenability; however, consideration must also be given
to the amount of distortion that can be tolerated and the susceptibility to quench cracking.
In general, the more severe the quenchant and the less symmetrical the part being
quenched, the greater are the size and shape changes that result from quenching and the
greater is the risk of quench cracking. Consequently, although water quenching is less
costly than oil quenching, and water quenching steels are less expensive than those requir-
ing oil quenching, it is important to know that the parts being hardened can withstand the
resulting distortion and the possibility of cracking.

Oil, salt, and synthetic water-polymer quenchants are also used, but they often require
steels of higher alloy content and hardenability. A general rule for the selection of steel and
quenchant for a particular part is that the steel should have a hardenability not exceeding
that required by the severity of the quenchant selected. The carbon content of the steel
should also not exceed that required to meet specified hardness and strength, because
quench cracking susceptibility increases with carbon content.

The choice of quenching media is important in hardening, but another factor is agitation
of the quenching bath. The more rapidly the bath is agitated, the more rapidly heat is
removed from the steel and the more effective is the quench.

Hardenability Test Methods: The most commonly used method for determining harden-
ability is the end-quench test developed by Jominy and Boegehold, and described in detail
in both SAE J406 and ASTM A255. In this test a normalized 1-inch-round (25.4 mm),
approximately 4-inch-long (102 mm) specimen of the steel to be evaluated is heated uni-
formly to its austenitizing temperature. The specimen is then removed from the furnace,
placed in a jig, and immediately end quenched by a jet of room-temperature water. The
water is played on the end face of the specimen, without touching the sides, until the entire
specimen has cooled. Longitudinal flat surfaces are ground on opposite sides of the piece
and Rockwell C scale hardness readings are taken at 1⁄16-inch (1.6 mm)intervals from the
quenched end. The resulting data are plotted on graph paper with the hardness values as
ordinates (y-axis) and distances from the quenched end as abscissas (x-axis). Representa-
tive data have been accumulated for a variety of standard steel grades and are published by
SAE and AISI as “H-bands.” These data show graphically and in tabular form the high and
low limits applicable to each grade. The suffix H following the standard AISI/SAE numer-
ical designation indicates that the steel has been produced to specific hardenability limits.

Experiments have confirmed that the cooling rate at a given point along the Jominy bar
corresponds closely to the cooling rate at various locations in round bars of various sizes.
In general, when end-quench curves for different steels coincide approximately, similar
treatments will produce similar properties in sections of the same size. On occasion it is
necessary to predict the end-quench hardenability of a steel not available for testing, and
reasonably accurate means of calculating hardness for any Jominy location on a section of
steel of known analysis and grain size have been developed.
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Tempering: As-quenched steels are in a highly stressed condition and are seldom used
without tempering. Tempering imparts plasticity or toughness to the steel, and is inevita-
bly accompanied by a loss in hardness and strength. The loss in strength, however, is only
incidental to the very important increase in toughness, which is due to the relief of residual
stresses induced during quenching and to precipitation, coalescence, and spheroidization
of iron and alloy carbides resulting in a microstructure of greater plasticity.

Alloying slows the tempering rate, so that alloy steel requires a higher tempering temper-
ature to obtain a given hardness than carbon steel of the same carbon content. The higher
tempering temperature for a given hardness permits a greater relaxation of residual stress
and thereby improves the steel’s mechanical properties. Tempering is done in furnaces or
in oil or salt baths at temperatures varying from 300 to 1200°F (149 to 649°C). With most
grades of alloy steel, the range between 500 and 700°F (260 to 371°C) is avoided because
of a phenomenon known as “blue brittleness,” which reduces impact properties. Temper-
ing the martensitic stainless steels in the range of 800-1100°F (427 to 593°C) is not recom-
mended because of the low and erratic impact properties and reduced corrosion resistance
that result. Maximum toughness is achieved at higher temperatures. It is important to tem-
per parts as soon as possible after quenching, because any delay greatly increases the risk
of cracking resulting from the high-stress condition in the as-quenched part.

Surface Hardening Treatment (Case Hardening).—Many applications require high
hardness or strength primarily at the surface, and complex service stresses frequently
require not only a hard, wear-resistant surface, but also core strength and toughness to
withstand impact stress. 

To achieve these different properties, two general processes are used: 1) The chemical
composition of the surface is altered, prior to or after quenching and tempering; the pro-
cesses used include carburizing, nitriding, cyaniding, and carbonitriding;  and  2) Only the
surface layer is hardened by the heating and quenching process; the most common pro-
cesses used for surface hardening are flame hardening and induction hardening.

Carburizing: Carbon is diffused into the part’s surface to a controlled depth by heating
the part in a carbonaceous medium. The resulting depth of carburization, commonly
referred to as case depth, depends on the carbon potential of the medium used and the time
and temperature of the carburizing treatment. The steels most suitable for carburizing to
enhance toughness are those with sufficiently low carbon contents, usually below 0.3 per
cent. Carburizing temperatures range from 1550 to 1750°F (843 to 954°C), with the tem-
perature and time at temperature adjusted to obtain various case depths. Steel selection,
hardenability, and type of quench are determined by section size, desired core hardness,
and service requirements.

Three types of carburizing are most often used: 1) Liquid carburizing involves heating
the steel in molten barium cyanide or sodium cyanide. The case absorbs some nitrogen in
addition to carbon, thus enhancing surface hardness;  2) Gas carburizing involves heating
the steel in a gas of controlled carbon content. When used, the carbon level in the case can
be closely controlled;  and  3) Pack carburizing, which involves sealing both the steel and
solid carbonaceous material in a gas-tight container, then heating this combination.

With any of these methods, the part may be either quenched after the carburizing cycle
without reheating or air cooled followed by reheating to the austenitizing temperature
prior to quenching. The case depth may be varied to suit the conditions of loading in ser-
vice. However, service characteristics frequently require that only selective areas of a part
have to be case hardened. Covering the areas not to be cased, with copper plating or a layer
of commercial paste, allows the carbon to penetrate only the exposed areas. Another
method involves carburizing the entire part, then removing the case in selected areas by
machining, prior to quench hardening.

Nitriding: The steel part is heated to a temperature of 900-1150°F (482 to 621°C) in an
atmosphere of ammonia gas and dissociated ammonia for an extended period of time that
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depends on the case depth desired. A thin, very hard case results from the formation of
nitrides. Strong nitride-forming elements (chromium and molybdenum) are required to be
present in the steel, and often special nonstandard grades containing aluminum (a strong
nitride former) are used. The major advantage of this process is that parts can be quenched
and tempered, then machined, prior to nitriding, because only a little distortion occurs dur-
ing nitriding.

Cyaniding: This process involves heating the part in a bath of sodium cyanide to a tem-
perature slightly above the transformation range, followed by quenching, to obtain a thin
case of high hardness.

Carbonitriding: This process is similar to cyaniding except that the absorption of carbon
and nitrogen is accomplished by heating the part in a gaseous atmosphere containing
hydrocarbons and ammonia. Temperatures of 1425-1625°F (774 to 885°C) are used for
parts to be quenched, and lower temperatures, 1200-1450°F (649 to 788°C), may be used
where a liquid quench is not required.

Flame Hardening: This process involves rapid heating with a direct high-temperature
gas flame, such that the surface layer of the part is heated above the transformation range,
followed by cooling at a rate that causes the desired hardening. Steels for flame hardening
are usually in the range of 0.30-0.60 per cent carbon, with hardenability appropriate for the
case depth desired and the quenchant used. The quenchant is usually sprayed on the surface
a short distance behind the heating flame. Immediate tempering is required and may be
done in a conventional furnace or by a flame-tempering process, depending on part size
and costs.

Induction Hardening: This process is similar in many respects to flame hardening except
that the heating is caused by a high-frequency electric current sent through a coil or induc-
tor surrounding the part. The depth of heating depends on the frequency, the rate of heat
conduction from the surface, and the length of the heating cycle. Quenching is usually
accomplished with a water spray introduced at the proper time through jets in or near the
inductor block or coil. In some instances, however, parts are oil-quenched by immersing
them in a bath of oil after they reach the hardening temperature.

Structure of Fully Annealed Carbon Steel.—In carbon steel that has been fully
annealed, there are normally present, apart from such impurities as phosphorus and sulfur,
two constituents: the element iron in a form metallurgically known as ferrite and the chem-
ical compound iron carbide in the form metallurgically known as cementite. This latter
constituent consists of 6.67 per cent carbon and 93.33 per cent iron. A certain proportion of
these two constituents will be present as a mechanical mixture. This mechanical mixture,
the amount of which depends on the carbon content of the steel, consists of alternate bands
or layers of ferrite and cementite. Under the microscope, the matrix frequently has the
appearance of mother-of-pearl and hence has been named pearlite. Pearlite contains about
0.85 per cent carbon and 99.15 per cent iron, neglecting impurities. A fully annealed steel
containing 0.85 per cent carbon would consist entirely of pearlite. Such a steel is known as
eutectoid steel and has a laminated structure characteristic of a eutectic alloy. Steel that has
less than 0.85 per cent carbon (hypoeutectoid steel) has an excess of ferrite above that
required to mix with the cementite present to form pearlite; hence, both ferrite and pearlite
are present in the fully annealed state. Steel having a carbon content greater than 0.85 per
cent (hypereutectoid steel) has an excess of cementite over that required to mix with the
ferrite to form pearlite; hence, both cementite and pearlite are present in the fully annealed
state. The structural constitution of carbon steel in terms of ferrite, cementite, pearlite and
austenite for different carbon contents and at different temperatures is shown by the
accompanying figure, Phase Diagram of Carbon Steel.

Effect of Heating Fully Annealed Carbon Steel.—When carbon steel in the fully
annealed state is heated above the lower critical point, which is some temperature in the
range of 1335 to 1355°F (724 to 735°C) depending on the carbon content, the alternate
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bands or layers of ferrite and cementite that make up the pearlite begin to merge into each
other. This process continues until the pearlite is thoroughly “dissolved,” forming what is
known as austenite. If the temperature of the steel continues to rise and there is present, in
addition to the pearlite, any excess ferrite or cementite, this also will begin to dissolve into
the austenite until finally only austenite will be present. The temperature at which the
excess ferrite or cementite is completely dissolved in the austenite is called the upper crit-
ical point. This temperature varies with the carbon content of the steel much more widely
than the lower critical point (see Fig. 1).

Fig. 1. Phase Diagram of Carbon Steel

Effect of Slow Cooling on Carbon Steel.—If carbon steel that has been heated to the
point where it consists entirely of austenite is slowly cooled, the process of transformation
that took place during the heating will be reversed, but the upper and lower critical points
will occur at somewhat lower temperatures than they do on heating. Assuming that the
steel was originally fully annealed, its structure on returning to atmospheric temperature
after slow cooling will be the same as before in terms of the proportions of ferrite or
cementite and pearlite present. The austenite will have entirely disappeared.
Effect of Rapid Cooling or Quenching on Carbon Steel.—Observations have shown
that as the rate at which carbon steel is cooled from an austenitic state is increased, the tem-
perature at which the austenite begins to change into pearlite drops more and more below
the slow cooling transformation temperature of about 1300°F (704°C). For example, a
0.80 per cent carbon steel that is cooled at such a rate that the temperature drops 500°F
(278°C drop) in one second will show transformation of austenite beginning at 930°F
(500°C). As the cooling rate is increased, the laminations of the pearlite formed by the
transformation of the austenite become finer and finer up to the point where they cannot be
detected under a high-power microscope, while the steel itself increases in hardness and
tensile strength. As the rate of cooling is still further increased, this transformation temper-
ature suddenly drops to around 500°F (260°C) or lower, depending on the carbon content
of the steel. The cooling rate at which this sudden drop in transformation temperature takes
place is called the critical cooling rate. When a piece of carbon steel is quenched at this rate
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or faster, a new structure is formed. The austenite is transformed into martensite, which is
characterized by an angular needlelike structure and a very high hardness.

If carbon steel is subjected to a severe quench or to extremely rapid cooling, a small per-
centage of the austenite, instead of being transformed into martensite during the quenching
operation, may be retained. Over a period of time, however, this remaining austenite tends
to be gradually transformed into martensite even though the steel is not subjected to further
heating or cooling. Martensite has a lower density than austenite, and such a change, or
“aging” as it is called, often results in an appreciable increase in volume or “growth” and
the setting up of new internal stresses in the steel.
Steel Heat-Treating Furnaces.—Various types of furnaces heated by gas, oil, or elec-
tricity are used for the heat treatment of steel. These furnaces include the oven or box type
in various modifications for “in-and-out” or for continuous loading and unloading; the
retort type; the pit type; the pot type; and the salt-bath electrode type.

Oven or Box Furnaces: This type of furnace has a box or oven-shaped heating chamber.
The “in-and-out” oven furnaces are loaded by hand or by a track-mounted car that, when
rolled into the furnace, forms the bottom of the heating chamber. The car type is used
where heavy or bulky pieces must be handled. Some oven-type furnaces are provided with
a full muffle or a semimuffle, which is an enclosed refractory chamber into which the parts
to be heated are placed. The full-muffle, being fully enclosed, prevents any flames or burn-
ing gases from coming in contact with the work and permits a special atmosphere to be
used to protect or condition the work. The semimuffle, which is open at the top, protects the
work from direct impingement of the flame although it does not shut off the work from the
hot gases. In the direct-heat-type oven furnace, the work is open to the flame. In the electric
oven furnace, a retort is provided when gas atmospheres are to be employed to confine the
gas and prevent it from attacking the heating elements. Where muffles are used, they must
be replaced periodically, and a greater amount of fuel is required than in a direct-heat type
of oven furnace.

For continuous loading and unloading, there are several types of furnaces such as rotary
hearth car; roller-, furnace belt-, walking-beam, or pusher-conveyor; and a continuous-
kiln-type through which track-mounted cars are run. In the continuous type of furnace, the
work may pass through several zones that are maintained at different temperatures for pre-
heating, heating, soaking, and cooling.

Retort Furnace: This is a vertical type of furnace provided with a cylindrical metal retort
into which the parts to be heat-treated are suspended either individually, if large enough, or
in a container of some sort. The use of a retort permits special gas atmospheres to be
employed for carburizing, nitriding, etc.

Pit-Type Furnace: This is a vertical furnace arranged for the loading of parts in a metal
basket. The parts within the basket are heated by convection, and when the basket is low-
ered into place, it fits into the furnace chamber in such a way as to provide a dead-air space
to prevent direct heating.

Pot-Type Furnace: This furnace is used for the immersion method of heat treating small
parts. A cast-alloy pot is employed to hold a bath of molten lead or salt in which the parts
are placed for heating.

Salt Bath Electrode Furnace: In this type of electric furnace, heating is accomplished by
means of electrodes suspended directly in the salt bath. The patented grouping and design
of electrodes provide an electromagnetic action that results in an automatic stirring action.
This stirring tends to produce an even temperature throughout the bath.

Vacuum Furnace: Vacuum heat treatment is a relatively new development in metallurgi-
cal processing, with a vacuum substituting for the more commonly used protective gas
atmospheres. The most often used furnace is the “cold wall” type, consisting of a water-
cooled vessel that is maintained near ambient temperature during operation. During
quenching, the chamber is backfilled up to or above atmospheric pressure with an inert gas,
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which is circulated by an internal fan. When even faster cooling rates are needed, furnaces
are available with capability for liquid quenching, performed in an isolated chamber.

Fluidized-Bed Furnace: Fluidized-bed techniques are not new; however, new furnace
designs have extended the technology into the temperature ranges required for most com-
mon heat treatments. In fluidization, a bed of dry, finely divided particles, typically alumi-
num oxide, is made to behave like a liquid by feeding gas upward through the bed. An
important characteristic of the bed is high-efficiency heat transfer. Applications include
continuous or batch-type units for all general heat treatments.

Physical Properties of Heat-Treated Steels.—Steels that have been “fully hardened” to
the same hardness when quenched will have about the same tensile and yield strengths
regardless of composition and alloying elements. When the hardness of such a steel is
known, it is also possible to predict its reduction of area and tempering temperature. The
accompanying figures illustrating these relationships have been prepared by the Society of
Automotive Engineers.

Fig. 2 gives the range of Brinell hardnesses that could be expected for any particular ten-
sile strength or it may be used to determine the range of tensile strengths that would corre-
spond to any particular hardness. Fig. 3 shows the relationship between the tensile strength
or hardness and the yield point. The solid line is the normal-expectancy curve. The dotted-
line curves give the range of the variation of scatter of the plotted data. Fig. 4 shows the
relationship that exists between the tensile strength (or hardness) and the reduction of area.
The curve to the left represents the alloy steels and that on the right the carbon steels. Both
are normal-expectancy curves and the extremities of the perpendicular lines that intersect
them represent the variations from the normal-expectancy curves that may be caused by
quality differences and by the magnitude of parasitic stresses induced by quenching. Fig. 5
shows the relationship between the hardness (or approximately equivalent tensile
strength) and the tempering temperature. Three curves are given, one for fully hardened
steels with a carbon content between 0.40 and 0.55 per cent, one for fully hardened steels
with a carbon content between 0.30 and 0.40 per cent, and one for steels that are not fully
hardened.

From Fig. 2, it can be seen that for a tensile strength of, say, 200,000 pounds per square
inch (1379 MPa), the Brinell hardness could range between 375 and 425. By taking 400 as
the mean hardness value and using Fig. 5, it can be seen that the tempering temperature of
fully hardened steels of 0.40 to 0.55 per cent carbon content would be 990°F (532°C) and
that of fully hardened steels of 0.30 to 0.40 per cent carbon would be 870°F (466°C). This
chart also shows that the tempering temperature for a steel not fully hardened would
approach 520°F (271°C). A yield point of 0.9 × 200,000, or 180,000 pounds per square
inch (1241 MPa) is indicated (Fig. 3) for the fully hardened steel with a tensile strength of
200,000 pounds per square inch. Most alloy steels of 200,000 pounds per square inch ten-
sile strength would probably have a reduction in area of close to 44 per cent (Fig. 4) but
some would have values in the range of 35 to 53 per cent. Carbon steels of the same tensile
strength would probably have a reduction in area of close to 24 per cent but could possibly
range from 17 to 31 per cent.

Figs. 3 and 4 represent steel in the quenched and tempered condition and Fig. 2 represents
steel in the hardened and tempered, as-rolled, annealed, and normalized conditions. These
charts give a good general indication of mechanical properties; however, more exact infor-
mation when required should be obtained from tests on samples of the individual heats of
steel under consideration.

Hardening

Basic Steps in Hardening.—The operation of hardening steel consists fundamentally of
two steps. The first step is to heat the steel to some temperature above its transformation
point (usually at least 100°F or 56°C above) so that it becomes entirely austenitic in struc-
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ture. The second step is to quench the steel at some rate faster than the critical rate (which
depends on the carbon content, the amounts of alloying elements present other than car-
bon, and the grain size of the austenite) to produce a martensitic structure. The hardness of
a martensitic steel depends on its carbon content and ranges from about 460 Brinell at 0.20
per cent carbon to about 710 Brinell above 0.50 carbon. In comparison, ferrite has a hard-
ness of about 90 Brinell, pearlite about 240 Brinell, and cementite around 550 Brinell.

Critical Points of Decalescence and Recalescence.—The critical or transformation
point at which pearlite is transformed into austenite as it is being heated is also called the
decalescence point. If the temperature of the steel was observed as it passed through the

Fig. 2. 

Fig. 3. 

Fig. 4. Fig. 5. 

280

240

200

160

120

80

40
0 100 200 300 400 500

T
en

si
le

 S
tr

en
g

th
, 

1
0

0
0

 l
b

 /
 i

n
2

Brinell Hardness

1

275

250

225

200

175

150

125

100

75
T

en
si

le
 S

tr
en

gt
h

,1
0

0
0

 l
b

 /
 i

n
2

50 60 70 80 90 100
Yield Point, percent of tensile strength

B
ri

n
el

l 
H

ar
d

n
es

s

550

500

450

400

350

300

250

200

150

Solid curve
shows
normal-
expectancy
curve.
Broken lines
define 
variation

2

280

260

240

220

200

180

160

140

120

100

T
en

si
le

 S
tr

en
gt

h
, 1

0
0
0
 l

b
 /

 i
n

2

70 60 50 40 30 20 10

Reduction of Area, percent

B
ri

n
el

l 
H

ar
d

n
es

s

560

520

480

440

400

360

320

280

240

Normal expectancy 
curves

Carbon
Steels,
1000 Series

Alloy Steels
1300, 2300, 3100
3200, 4100, 4300
5100, 6100

3

Variations from
mean

275

250

225

200

175

150

125

100

T
en

si
le

 S
tr

en
gt

h
, 1

0
0

0
 l

b
 /

 i
n

2

400 600 800 1000 1200

Tempering Tempetature

B
ri

n
el

l 
H

ar
d

n
es

s

550

500

450

400

350

300

250

200

Fully hardened,
 0.40-0.55% carbon

0.30-0.40%
carbon

When not
fully hardened
tempering curve
will approach
this line

4

LIVE GRAPH
Click here to view

LIVE GRAPH
Click here to view

LIVE GRAPH
Click here to view

LIVE GRAPH
Click here to view

/knovel2/view_hotlink.jsp?hotlink_id=444758136
/knovel2/view_hotlink.jsp?hotlink_id=444758137
/knovel2/view_hotlink.jsp?hotlink_id=444758139
/knovel2/view_hotlink.jsp?hotlink_id=444758141


HEAT TREATMENT OF STEEL 473

decalescence point, it would be noted that it would continue to absorb heat without appre-
ciably rising in temperature, although the immediate surroundings were hotter than the
steel. Similarly, the critical or transformation point at which austenite is transformed back
into pearlite on cooling is called the recalescence point. When this point is reached, the
steel will give out heat so that its temperature instead of continuing to fall, will momen-
tarily increase.

The recalescence point is lower than the decalescence point by anywhere from 85 to
215°F (47 to 119°C lower), and the lower of these points does not manifest itself unless the
higher one has first been fully passed. These critical points have a direct relation to the
hardening of steel. Unless a temperature sufficient to reach the decalescence point is
obtained, so that the pearlite is changed into austenite, no hardening action can take place;
and unless the steel is cooled suddenly before it reaches the recalescence point, thus pre-
venting the changing back again from austenite to pearlite, no hardening can take place.
The critical points vary for different kinds of steel and must be determined by tests. The
variation in the critical points makes it necessary to heat different steels to different tem-
peratures when hardening.
Hardening Temperatures.—The maximum temperature to which a steel is heated
before quenching to harden it is called the hardening temperature. Hardening temperatures
vary for different steels and different classes of service, although, in general, it may be said
that the hardening temperature for any given steel is above the lower critical point of that
steel.

Just how far above this point the hardening temperature lies for any particular steel
depends on three factors: 1) the chemical composition of the steel;  2 )  t h e  amou n t  o f
excess ferrite (if the steel has less than 0.85 per cent carbon content) or the amount of
excess cementite (if the steel has more than 0.85 per cent carbon content) that is to be dis-
solved in the austenite;  and  3) the maximum grain size permitted, if desired.

The general range of full-hardening temperatures for carbon steels is shown by the dia-
gram. This range is merely indicative of general practice and is not intended to represent
absolute hardening temperature limits. It can be seen that for steels of less than 0.85 per
cent carbon content, the hardening range is above the upper critical point — that is, above
the temperature at which all the excess ferrite has been dissolved in the austenite. On the
other hand, for steels of more than 0.85 per cent carbon content, the hardening range lies
somewhat below the upper critical point. This indicates that in this hardening range, some
of the excess cementite still remains undissolved in the austenite. If steel of more than 0.85
per cent carbon content were heated above the upper critical point and then quenched, the
resulting grain size would be excessively large.

At one time, it was considered desirable to heat steel only to the minimum temperature at
which it would fully harden, one of the reasons being to avoid grain growth that takes place
at higher temperature. It is now realized that no such rule as this can be applied generally
since there are factors other than hardness that must be taken into consideration. For exam-
ple, in many cases, toughness can be impaired by too low a temperature just as much as by
too high a temperature. It is true, however, that too high hardening temperatures result in
warpage, distortion, increased scale, and decarburization.
Hardening Temperatures for Carbon Tool Steels.—The best hardening temperatures
for any given tool steel are dependent on the type of tool and the intended class of service.
Wherever possible, the specific recommendations of the tool steel manufacturer should be
followed. General recommendations for hardening temperatures of carbon tool steels
based on carbon content are as follows: For steel of 0.65 to 0.80 per cent carbon content,
1450 to 1550°F (788 to 843°C); for steel of 0.80 to 0.95 per cent carbon content, 1410 to
1460°F (766 to 793°C); for steel of 0.95 to 1.10 per cent carbon content, 1390 to 1430°F
(754 to 777°C); and for steels of 1.10 per cent and over carbon content, 1380 to 1420°F
(749 to 771°C). For a given hardening temperature range, the higher temperatures tend to
produce deeper hardness penetration and increased compressional strength, whereas the
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lower temperatures tend to result in shallower hardness penetration but increased resis-
tance to splitting or bursting stresses.

Determining Hardening Temperatures.—A hardening temperature can be specified
directly or it may be specified indirectly as a certain temperature rise above the lower crit-
ical point of the steel. Where the temperature is specified directly, a pyrometer of the type
that indicates the furnace temperature or a pyrometer of the type that indicates the work
temperature may be employed. If the pyrometer shows furnace temperature, care must be
taken to allow sufficient time for the work to reach the furnace temperature after the
pyrometer indicates that the required hardening temperature has been attained. If the
pyrometer indicates work temperature, then, where the workpiece is large, time must be
allowed for the interior of the work to reach the temperature of the surface, which is the
temperature indicated by the pyrometer.

Where the hardening temperature is specified as a given temperature rise above the criti-
cal point of the steel, a pyrometer that indicates the temperature of the work should be used.
The critical point, as well as the given temperature rise, can be more accurately determined
with this type of pyrometer. As the work is heated, its temperature, as indicated by the
pyrometer, rises steadily until the lower critical or decalescence point of the steel is
reached. At this point, the temperature of the work ceases to rise and the pyrometer indicat-
ing or recording pointer remains stationary or fluctuates slightly. After a certain elapsed
period, depending on the heat input rate, the internal changes in structure of the steel that
take place at the lower critical point are completed and the temperature of the work again
begins to rise. A small fluctuations in temperature may occur in the interval during which
structural changes are taking place, so for uniform practice, the critical point may be con-
sidered as the temperature at which the pointer first becomes stationary.

Heating Steel in Liquid Baths.—The liquid bath commonly used for heating steel tools
preparatory to hardening are molten lead, sodium cyanide, barium chloride, a mixture of
barium and potassium chloride, and other metallic salts. The molten substance is retained
in a crucible or pot and the heat required may be obtained from gas, oil, or electricity. The
principal advantages of heating baths are as follows: No part of the work can be heated to a
temperature above that of the bath; the temperature can be easily maintained at whatever
degree has proved, in practice, to give the best results; the submerged steel can be heated
uniformly, and the finished surfaces are protected against oxidation.

Salt Baths.—Molten baths of various salt mixtures or compounds are used extensively for
heat-treating operations such as hardening and tempering; they are also utilized for anneal-
ing ferrous and nonferrous metals. Commercial salt-bath mixtures are available that meet
a wide range of temperature and other metallurgical requirements. For example, there are
neutral baths for heating tool and die steels without carburizing the surfaces; baths for car-
burizing the surfaces of low-carbon steel parts; baths adapted for the usual tempering tem-
peratures of, say, 300 to 1100°F (approx. 150 to 595°C); and baths that may be heated to
temperatures up to approximately 2400°F (1315°C) for hardening high-speed steels. Salt
baths are also adapted for local or selective hardening, the type of bath being selected to
suit the requirements. For example, a neutral bath may be used for annealing the ends of
tubing or other parts, or an activated cyanide bath for carburizing the ends of shafts or other
parts. Surfaces that are not to be carburized are protected by copper plating. When the work
is immersed, the unplated surfaces are subjected to the carburizing action.

Baths may consist of a mixture of sodium, potassium, barium, and calcium chlorides or
nitrates of sodium, potassium, barium, and calcium in varying proportions, to which
sodium carbonate and sodium cyanide are sometimes added to prevent decarburization.
Various proportions of these salts provide baths of different properties. Potassium cyanide
is seldom used as sodium cyanide costs less. The specific gravity of a salt bath is not as high
as that of a lead bath; consequently, the work may be suspended in a salt bath and does not
have to be held below the surface as in a lead bath.
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The Lead Bath.—The lead bath is extensively used, but is not adapted to the high temper-
atures required for hardening high-speed steel, as it begins to vaporize at about 1190°F
(645°C). As the temperature increases, the lead volatilizes and gives off poisonous vapors;
hence, lead furnaces should be equipped with hoods to carry away the fumes. Lead baths
are generally used for temperatures below 1500 or 1600°F (815 or 870°C). They are often
employed for heating small pieces that must be hardened in quantities. It is important to use
pure lead that is free from sulfur. The work should be preheated before plunging it into the
molten lead.

Defects in Hardening.—Uneven heating is the cause of most of the defects in hardening.
Cracks of a circular form, from the corners or edges of a tool, indicate uneven heating in
hardening. Cracks of a vertical nature and dark-colored fissures indicate that the steel has
been burned and should be put on the scrap heap. Tools that have hard and soft places have
been either unevenly heated, unevenly cooled, or “soaked,” a term used to indicate pro-
longed heating. A tool not thoroughly moved about in the hardening fluid will show hard
and soft places, and have a tendency to crack. Tools that are hardened by dropping them to
the bottom of the tank sometimes have soft places, owing to contact with the floor or sides.

Scale on Hardened Steel.—The formation of scale on the surface of hardened steel is due
to the contact of oxygen with the heated steel; hence, to prevent scale, the heated steel must
not be exposed to the action of the air. When using an oven heating furnace, the flame
should be so regulated that it is not visible in the heating chamber. The heated steel should
be exposed to the air as little as possible, when transferring it from the furnace to the
quenching bath. An old method of preventing scale and retaining a fine finish on dies used
in jewelry manufacture, small taps, etc., is as follows: Fill the die impression with pow-
dered boracic acid and place near the fire until the acid melts; then add a little more acid to
ensure covering all the surfaces. The die is then hardened in the usual way. If the boracic
acid does not come off entirely in the quenching bath, immerse the work in boiling water.
Dies hardened by this method are said to be as durable as those heated without the acid.

Hardening or Quenching Baths.—The purpose of a quenching bath is to remove heat
from the steel being hardened at a rate that is faster than the critical cooling rate. Generally
speaking, the more rapid the rate of heat extraction above the cooling rate, the higher will
be the resulting hardness. To obtain the different rates of cooling required by different
classes of work, baths of various kinds are used. These include plain or fresh water, brine,
caustic soda solutions, oils of various classes, oil-water emulsions, baths of molten salt or
lead for high-speed steels, and air cooling for some high-speed steel tools when a slow rate
of cooling is required. To minimize distortion and cracking where such tendencies are
present, without sacrificing depth-of-hardness penetration, a quenching medium should be
selected that will cool rapidly at the higher temperatures and more slowly at the lower tem-
peratures, that is below 750°F (400°C). Oil quenches in general meet this requirement.

Oil Quenching Baths: Oil is used very extensively as a quenching medium as it results in
a good proportion of hardness, toughness, and freedom from warpage when used with
standard steels. Oil baths are used extensively for alloy steels. Various kinds of oils are
employed, such as prepared mineral oils and vegetable, animal, and fish oils, either singly
or in combination. Prepared mineral quenching oils are widely used because they have
good quenching characteristics, are chemically stable, do not have an objectionable odor,
and are relatively inexpensive. Special compounded oils of the soluble type are used in
many plants instead of such oils as fish oil, linseed oil, cottonseed oil, etc. The soluble
properties enable the oil to form an emulsion with water.

Oil cools steel at a slower rate than water, but the rate is fast enough for alloy steel. Oils
have different cooling rates, however, and this rate may vary through the initial and final
stages of the quenching operation. Faster cooling in the initial stage and slower cooling at
lower temperatures are preferable because there is less danger of cracking the steel. The
temperature of quenching oil baths should range ordinarily between 90 and 130°F (32 and
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55°C). A fairly constant temperature may be maintained either by circulating the oil
through cooling coils or by using a tank provided with a cold-water jacket.

A good quenching oil should possess a flash and fire point sufficiently high to be safe
under the conditions used and 350°F (175°C) should be about the minimum point. The spe-
cific heat of the oil regulates the hardness and toughness of the quenched steel; and the
greater the specific heat, the higher will be the hardness produced. Specific heats of
quenching oils vary from 0.20 to 0.75, the specific heats of fish, animal, and vegetable oils
usually being from 0.2 to 0.4, and of soluble and mineral oils from 0.5 to 0.7. The efficient
temperature range for quenching oil is from 90 to 140°F (32 to 60°C).
Quenching in Water.—Many carbon tool steels are hardened by immersing them in a
bath of fresh water, but water is not an ideal quenching medium. Contact between the water
and work and the cooling of the hot steel are impaired by the formation of gas bubbles or an
insulating vapor film especially in holes, cavities, or pockets. The result is uneven cooling
and sometimes excessive strains which may cause the tool to crack; in fact, there is greater
danger of cracking in a fresh-water bath than in one containing salt water or brine.

In order to secure more even cooling and reduce danger of cracking, either rock salt (8 or
9 per cent) or caustic soda (3 to 5 per cent) may be added to the bath to eliminate or prevent
the formation of a vapor film or gas pockets, thus promoting rapid early cooling. Brine is
commonly used and 3⁄4 pound of rock salt per gallon (90 gm per liter) of water is equivalent
to about 8 per cent of salt. Brine is not inherently a more severe or drastic quenching
medium than plain water, although it may seem to be because the brine makes better con-
tact with the heated steel and, consequently, cooling is more effective. In still-bath quench-
ing, a slow up-and-down movement of the tool is preferable to a violent swishing around.

The temperature of water-base quenching baths should preferably be kept around 70°F
(21°C), but up to 90 or 100°F (32 to 38°C) is a safe range. The temperature of the hardening
bath has a great deal to do with the hardness obtained. The higher the temperature of the
quenching water, the more nearly does its effect approach that of oil; and if boiling water is
used for quenching, it will have an effect even more gentle than that of oil — in fact, it
would leave the steel nearly soft. Parts of irregular shape are sometimes quenched in a
water bath that has been warmed somewhat to prevent sudden cooling and cracking.

When water is used, it should be “soft” because unsatisfactory results will be obtained
with “hard” water. Any contamination of water-base quenching liquids by soap tends to
decrease their rate of cooling. A water bath having 1 or 2 inches (2.5 to 5 cm) of oil on the
top is sometimes employed to advantage for quenching tools made of high-carbon steel as
the oil through which the work first passes reduces the sudden quenching action of the
water.

The bath should be amply large to dissipate the heat rapidly and the temperature should
be kept about constant so that successive pieces will be cooled at the same rate. Irregularly
shaped parts should be immersed so that the heaviest or thickest section enters the bath
first. After immersion, the part to be hardened should be agitated in the bath; the agitation
reduces the tendency of the formation of a vapor coating on certain surfaces, and a more
uniform rate of cooling is obtained. The work should never be dropped to the bottom of the
bath until quite cool.

Flush or Local Quenching by Pressure-Spraying: When dies for cold heading, drawing,
extruding, etc., or other tools, require a hard working surface and a relatively soft but tough
body, the quenching may be done by spraying water under pressure against the interior or
other surfaces to be hardened. Special spraying fixtures are used to hold the tool and apply
the spray where the hardening is required. The pressure spray prevents the formation of gas
pockets previously referred to in connection with the fresh-water quenching bath; hence,
fresh water is effective for flush quenching and there is no advantage in using brine.
Quenching in Molten Salt Bath.—A molten salt bath may be used in preference to oil for
quenching high-speed steel. The object in using a liquid salt bath for quenching (instead of
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an oil bath) is to obtain maximum hardness with minimum cooling stresses and distortion
that might result in cracking expensive tools, especially if there are irregular sections. The
temperature of the quenching bath may be around 1100 or 1200°F (595 to 650°C).
Quenching is followed by cooling to room temperature and then the tool is tempered or
drawn in a bath having a temperature range of 950 to 1100°F (510 to 593°C). In many
cases, the tempering temperature is about 1050°F (566°C).

Tanks for Quenching Baths.—The main point to be considered in a quenching bath is to
keep it at a uniform temperature, so that successive pieces quenched will be subjected to
the same heat treatment. The next consideration is to keep the bath agitated, so that it will
not be of different temperatures in different places; if thoroughly agitated and kept in
motion, as the case with the bath shown in Fig. 1, it is not even necessary to keep the pieces
in motion in the bath, as steam will not be likely to form around the pieces quenched. Expe-
rience has proved that if a piece is held still in a thoroughly agitated bath, it will come out
much straighter than if it has been moved around in an unagitated bath, an important con-
sideration, especially when hardening long pieces. It is, besides, no easy matter to keep
heavy and long pieces in motion unless it be done by mechanical means.

In Fig. 1 is shown a water or brine tank for quenching baths. Water is forced by a pump or
other means through the supply pipe into the intermediate space between the outer and
inner tank. From the intermediate space, it is forced into the inner tank through holes as
indicated. The water returns to the storage tank by overflowing from the inner tank into the
outer one and then through the overflow pipe as indicated. In Fig. 3 is shown another water
or brine tank of a more common type. In this case, the water or brine is pumped from the
storage tank and continuously returned to it. If the storage tank contains a large volume of
water, there is no need for a special means for cooling. Otherwise, arrangements must be
made for cooling the water after it has passed through the tank. The bath is agitated by the
force with which the water is pumped into it. The holes at A are drilled at an angle, so as to
throw the water toward the center of the tank. In Fig. 2 is shown an oil-quenching tank in
which water is circulated in an outer surrounding tank to keep the oil bath cool. Air is
forced into the oil bath to keep it agitated. Fig. 4 shows the ordinary type of quenching tank
cooled by water forced through a coil of pipe. This arrangement can be used for oil, water,
or brine. Fig. 5 shows a similar type of quenching tank, but with two coils of pipe. Water-
flows through one of these and steam through the other. By these means, it is possible to
keep the bath at a constant temperature.

Interrupted Quenching.—Austempering, martempering, and isothermal quenching are
three methods of interrupted quenching that have been developed to obtain greater tough-

Fig. 1. Fig. 2. 
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ness and ductility for given hardnesses and to avoid the difficulties of quench cracks, inter-
nal stresses, and warpage, frequently experienced when the conventional method of
quenching steel directly and rapidly from above the transformation point to atmospheric
temperature is employed. In each of these three methods, quenching is begun when the
work has reached some temperature above the transformation point and is conducted at a
rate faster than the critical rate. The rapid cooling of the steel is interrupted, however, at
some temperature above that at which martensite begins to form. The three methods differ
in the temperature range at which interruption of the rapid quench takes place, the length of
time that the steel is held at this temperature, and whether the subsequent cooling to atmo-
spheric temperature is rapid or slow, and is or is not preceded by a tempering operation.

One of the reasons for maintaining the steel at a constant temperature for a definite period
of time is to permit the inside sections of the piece to reach the same temperature as the
outer sections so that when transformation of the structure does take place, it will occur at
about the same rate and period of time throughout the piece. In order to maintain the con-
stant temperature required in interrupted quenching, a quenching arrangement for absorb-
ing and dissipating a large quantity of heat without increase in temperature is needed.
Molten salt baths equipped for water spray or air cooling around the exterior of the bath
container have been used for this purpose.

Austempering: This is a heat-treating process in which steels are quenched in a bath
maintained at some constant temperature in the range of 350 to 800°F (177 to 427°C),
depending on the analysis of the steel and the characteristics to be obtained. On immersion
in the quenching bath, the steel is cooled more rapidly than the critical quenching rate.
When the temperature of the steel reaches that of the bath, however, the quenching action
is interrupted. If the steel is now held at this temperature for a predetermined length of time,
say, from 10 to 60 minutes, the austenitic structure of the steel is gradually changed into a
new structure, called bainite. The structure of bainite is acicular (needlelike) and resem-
bles that of tempered martensite such as is usually obtained by quenching in the usual man-
ner to atmospheric temperature and tempering at 400°F (204°C) or higher.

Hardnesses ranging up to 60 Rockwell C, depending on the carbon and alloy content of
the steel, are obtainable and compare favorably with those obtained for the respective
steels by a conventional quench and tempering to above 400°F (204°C). Much greater

Fig. 3. Fig. 4. Fig. 5. 
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toughness and ductility are obtained in an austempered piece, however, as compared with
a similar piece quenched and tempered in the usual manner.

Two factors are important in austempering. First, the steel must be quenched rapidly
enough to the specified subtransformation temperature to avoid any formation of pearlite,
and, second, it must be held at this temperature until the transformation from austenite to
bainite is completed. Time and temperature transformation curves (called S-curves
because of their shape) have been developed for different steels and these curves provide
important data governing the conduct of austempering, as well as the other interrupted
quenching methods.

Austempering has been applied chiefly to steels having 0.60 per cent or more carbon con-
tent with or without additional low-alloy content, and to pieces of small diameter or sec-
tion, usually under 1 inch (2.5 cm), but varying with the composition of the steel. Case-
hardened parts may also be austempered.

Martempering: In this process the steel is first rapidly quenched from some temperature
above the transformation point down to some temperature (usually about 400°F or 204°C)
just above that at which martensite begins to form. It is then held at this temperature for a
length of time sufficient to equalize the temperature throughout the part, after which it is
removed and cooled in air. As the temperature of the steel drops below the transformation
point, martensite begins to form in a matrix of austenite at a fairly uniform rate throughout
the piece. The soft austenite acts as a cushion to absorb some of the stresses which develop
as the martensite is formed. The difficulties presented by quench cracks, internal stresses,
and dimensional changes are largely avoided, thus a structure of high hardness can be
obtained. If greater toughness and ductility are required, conventional tempering may fol-
low. In general, heavier sections can be hardened more easily by the martempering process
than by the austempering process. The martempering process is especially suited to the
higher-alloyed steels.

Isothermal Quenching: This process resembles austempering in that the steel is first rap-
idly quenched from above the transformation point down to a temperature that is above
that at which martensite begins to form and is held at this temperature until the austenite is
completely transformed into bainite. The constant temperature to which the piece is
quenched and then maintained is usually 450°F (232°C) or above. The process differs from
austempering in that after transformation to a bainite structure has been completed, the
steel is immersed in another bath and is brought up to some higher temperature, depending
on the characteristics desired, and is maintained at this temperature for a definite period of
time, followed by cooling in air. Thus, tempering to obtain the desired toughness or ductil-
ity takes place immediately after the structure of the steel has changed to bainite and before
it is cooled to atmospheric temperature.

Laser and Electron-Beam Surface Hardening.—Industrial lasers and electron-beam
equipment are now available for surface hardening of steels. The laser and electron beams
can generate very intense energy fluxes and steep temperature profiles in the workpiece, so
that external quench media are not needed. This self-quenching is due to a cold interior
with sufficient mass acting as a large heat sink to rapidly cool the hot surface by conducting
heat to the interior of a part. The laser beam is a beam of light and does not require a vac-
uum for operation. The electron beam is a stream of electrons and processing usually takes
place in a vacuum chamber or envelope. Both processes may normally be applied to fin-
ished machined or ground surfaces, because little distortion results.

Tempering

The object of tempering or drawing is to reduce the brittleness in hardened steel and to
remove the internal strains caused by the sudden cooling in the quenching bath. The tem-
pering process consists in heating the steel by various means to a certain temperature and
then cooling it. When steel is in a fully hardened condition, its structure consists largely of
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martensite. On reheating to a temperature of about 300 to 750°F (150 to 400°C), a softer
and tougher structure known as troostite is formed. If the steel is reheated to a temperature
of 750 to 1290°F (400 to 700°C), a structure known as sorbite is formed that has somewhat
less strength than troostite but much greater ductility.

Tempering Temperatures.—If steel is heated in an oxidizing atmosphere, a film of
oxide forms on the surface that changes color as the temperature increases. These oxide
colors (see Table 1) have been used extensively in the past as a means of gaging the correct
amount of temper; but since these colors are affected to some extent by the composition of
the metal, the method is not dependable.

The availability of reliable pyrometers in combination with tempering baths of oil, salt,
or lead make it possible to heat the work uniformly and to a given temperature within close
limits.

Suggested temperatures for tempering various tools are given in Table 2.

Table 1. Temperatures as Indicated by the Color of Plain Carbon Steel 

Degrees

Color of Steel

Degrees

Color of SteelFahrenheit Centigrade Fahrenheit Centigrade

430 221.1 Very pale yellow 510 265.6 Spotted red-brown
440 226.7 Light yellow 520 271.1 Brown-purple
450 232.2 Pale straw-yellow 530 276.7 Light purple
460 237.8 Straw-yellow 540 282.2 Full purple
470 243.3 Deep straw-yellow 550 287.8 Dark purple
480 248.9 Dark yellow 560 293.3 Full blue
490 254.4 Yellow-brown 570 298.9 Dark blue
500 260.0 Brown-yellow 640 337.8 Light blue

Table 2. Tempering Temperatures for Various Plain Carbon Steel Tools

Degrees F Degrees C Class of Tool

495 to 500 257 to 260 Taps, 1⁄2 inch (1.27 cm) or over, for use on automatic screw machines 

495 to 500 257 to 260 Nut taps 1⁄2 inch (1.27 cm ) and under 

515 to 520 268 to 271 Taps, 1⁄4 inch (0.635 cm) and under, for use on automatic screw machines 

525 to 530 274 to 277 Thread dies to cut thread close to shoulder 
500 to 510 260 to 266 Thread dies for general work 
495 257 Thread dies for tool steel or steel tube 
525 to 540 274 to 282 Dies for bolt threader threading to shoulder 
460 to 470 238 to 243 Thread rolling dies 
430 to 435 221 to 224 Hollow mills (solid type) for roughing on automatic screw machines 
485 252 Knurls 
450 232 Twist drills for hard service 
450 232 Centering tools for automatic screw machines 
430 221 Forming tools for automatic screw machines 
430 to 435 221 to 224 Cut-off tools for automatic screw machines
440 to 450 227 to 232 Profile cutters for milling machines 
430 221 Formed milling cutters 
435 to 440 224 to 227 Milling cutters 
430 to 440 221 to 227 Reamers 
460 238 Counterbores and countersinks 
480 249 Cutters for tube- or pipe-cutting machines
460 to 520 238 to 271 Snaps for pneumatic hammers — harden full length, temper to 460°F

(238°C), then bring point to 520°F (271°C )
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Tempering in Oil.—Oil baths are extensively used for tempering tools (especially in
quantity), the work being immersed in oil heated to the required temperature, which is indi-
cated by a thermometer. It is important that the oil have a uniform temperature throughout
and that the work be immersed long enough to acquire this temperature. Cold steel should
not be plunged into a bath heated for tempering, owing to the danger of cracking. The steel
should either be preheated to about 300°F (150°C), before placing it in the bath, or the lat-
ter should be at a comparatively low temperature before immersing the steel, and then be
heated to the required degree. A temperature of from 650 to 700°F (343 to 371°C) can be
obtained with heavy tempering oils; for higher temperatures, either a bath of nitrate salts or
a lead bath may be used.

In tempering, the best method is to immerse the pieces to be tempered before starting to
heat the oil, so that they are heated with the oil. After the pieces tempered are taken out of
the oil bath, they should be immediately dipped in a tank of caustic soda, and after that in a
tank of hot water. This will remove all oil that might adhere to the tools. The following tem-
pering oil has given satisfactory results: mineral oil, 94 per cent; saponifiable oil, 6 per
cent; specific gravity, 0.920; flash point, 550°F (288°C); fire test, 625°F (329°C).
Tempering in Salt Baths.—Molten salt baths may be used for tempering or drawing
operations. Nitrate baths are particularly adapted for the usual drawing temperature range
of, say, 300 to 1100°F (150 to 595°C). Tempering in an oil bath usually is limited to tem-
peratures of 500 to 600°F (260 to 315°C), and some heat-treating specialists recommend
the use of a salt bath for temperatures above 350 or 400°F (175 or 205°C), as it is consid-
ered more efficient and economical. Tempering in a bath (salt or oil) has several advan-
tages, such as ease in controlling the temperature range and maintenance of a uniform
temperature. The work is also heated much more rapidly in a molten bath. A gas- or oil-
fired muffle or semimuffle furnace may be used for tempering, but a salt bath or oil bath is
preferable. A salt bath is recommended for tempering high-speed steel, although furnaces
may also be used. The bath or furnace temperature should be increased gradually, say,
from 300 to 400°F (150 to 205°C) up to the tempering temperature, which may range from
1050 to 1150°F (565 to 620°C) for high-speed steel.
Tempering in a Lead Bath.—The lead bath is commonly used for heating steel in con-
nection with tempering, as well as for hardening. The bath is first heated to the temperature
at which the steel should be tempered; the preheated work is then placed in the bath long
enough to acquire this temperature, after which it is removed and cooled. As the melting
temperature of pure lead is about 620°F (327°C), tin is commonly added to it to lower the
temperature sufficiently for tempering. Reductions in temperature can be obtained by
varying the proportions of lead and tin, as shown in Table 3.

Table 3. Temperatures of Lead Bath Alloys

To Prevent Lead from Sticking to Steel.—To prevent hot lead from sticking to parts
heated in it, mix common whiting with wood alcohol, and paint the part that is to be heated.
Water can be used instead of alcohol, but  in that case, the paint must be thoroughly dry, as
otherwise the moisture will cause the lead to “fly.” Another method is to make a thick paste
according to the following formula: pulverized charred leather, 1 pound; fine wheat flour,
11⁄2 pounds; fine table salt, 2 pounds. Coat the tool with this paste and heat slowly until dry,

Parts
Lead

Parts
Tin

Melting Temp., Parts
Lead

Parts
Tin

Melting Temp., Parts
Lead

Parts
Tin

Melting Temp.,

Deg. F Deg. C Deg. F Deg. C Deg. F Deg. C

200 8 560 293 39 8 510 266 19 8 460 238
100 8 550 288 33 8 500 260 17 8 450 232
75 8 540 282 28 8 490 254 16 8 440 227
60 8 530 277 24 8 480 249 15 8 430 221
48 8 520 271 21 8 470 243 14 8 420 216
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then proceed to harden. Still another method is to heat the work to a blue color, or about
600°F (316°C), and then dip it in a strong solution of salt water, prior to heating in the lead
bath. The lead is sometimes removed from parts having fine projections or teeth, by using
a stiff brush just before immersing in the cooling bath. Removal of lead is necessary to pre-
vent the formation of soft spots.

Tempering in Sand.—The sand bath is used for tempering certain classes of work. One
method is to deposit the sand on an iron plate or in a shallow box that has burners beneath
it. With this method of tempering, tools such as boiler punches, etc., can be given a varying
temper by placing them endwise in the sand. As the temperature of the sand bath is higher
toward the bottom, a tool can be so placed that the color of the lower end will become a
deep dark blue when the middle portion is a very dark straw, and the working end or top a
light straw color, the hardness gradually increasing from the bottom up.

Double Tempering.—In tempering high-speed steel tools, it is common practice to repeat
the tempering operation or “double temper” the steel. Double tempering is done by heating
the steel to tempering temperature, say 1050°F (566°C), and holding it at that temperature
for two hours. It is then cooled to room temperature, reheated to the same temperature for
another two-hour period, and again cooled to room temperature. After the first tempering
operation, some untempered martensite remains in the steel. This martensite is not only
tempered by a second tempering operation but is relieved of internal stresses, thus improv-
ing the steel for service conditions. The hardening temperature for the higher-alloy steels
may affect the hardness after tempering. For example, molybdenum high-speed steel
heated to 2100°F (1149°C) had a hardness of 61 Rockwell C after tempering, whereas a
temperature of 2250°F (1232°C) resulted in hardness of 64.5 Rockwell C after tempering.

Annealing, Spheroidizing, and Normalizing

Annealing of steel is a heat-treating process in which the steel is heated to some elevated
temperature, usually in or near the critical range, is held at this temperature for some period
of time, and is then cooled, usually at a slow rate. Spheroidizing and normalizing may be
considered as special cases of annealing.

The full annealing of carbon steel consists in heating it slightly above the upper critical
point for hypoeutectoid steels (steels of less than 0.85 per cent carbon content) and slightly
above the lower critical point for hypereutectoid steels (steels of more than 0.85 per cent
carbon content), holding it at this temperature until it is uniformly heated and then slowly
cooling it to 1000°F (538°C) or below. The resulting structure is layerlike, or lamellar, in
character due to the pearlite that is formed during the slow cooling. 

Anealing is employed 1) to soften steel for machining, cutting, stamping, etc., or for
some particular service;  2) to alter ductility, toughness, electrical or magnetic characteris-
tics or other physical properties;  3) to refine the crystal structure;  4) to produce grain
reorientation;  and  5)  to relieve stresses and hardness resulting from cold working.

The spheroidizing of steel, according to the American Society of Metals, is “any process
of heating and cooling that produces a rounded or globular form of carbide.” High-carbon
steels are spheroidized to improve their machinability especially in continuous cutting
operations such as are performed by lathes and screw machines. In low-carbon steels,
spheroidizing may be employed to meet certain strength requirements before subsequent
heat treatment. Spheroidizing also tends to increase resistance to abrasion.

The normalizing of steel consists in heating it to some temperature above that used for
annealing, usually about 100°F (56°C) above the upper critical range, and then cooling it in
still air at room temperature. Normalizing is intended to put the steel into a uniform,
unstressed condition of proper grain size and refinement so that it will properly respond to
further heat treatments. It is particularly important in the case of forgings that are to be later
heat treated. Normalizing may or may not (depending on the composition) leave steel in a
sufficiently soft state for machining with available tools. Annealing for machinability is
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often preceded by normalizing and the combined treatment — frequently called a double
anneal — produces a better result than a simple anneal.

Annealing Practice.—For carbon steels, the following annealing temperatures are rec-
ommended by the American Society for Testing and Materials: 

Slightly lower temperatures are satisfactory for steels having more than 0.75 per cent
manganese content. Heating should be uniform to avoid the formation of additional
stresses. In the case of large workpieces, the heating should be slow enough so that the tem-
perature of the interior does not lag too far behind that of the surface.

It has been found that in annealing steel, the higher the temperature to which it is heated
to produce an austenitic structure, the greater the tendency of the structure to become
lamellar (pearlitic) in cooling. On the other hand, the closer the austenitizing temperature
to the critical temperature, the greater is the tendency of the annealed steel to become sphe-
roidal.

Rate of Cooling: After heating the steel to some temperature within the annealing range,
it should be cooled slowly enough to permit the development of the desired softness and
ductility. In general, the slower the cooling rate, the greater the resulting softness and duc-
tility. Steel of a high-carbon content should be cooled more slowly than steel of a low-car-
bon content; and the higher the alloy content, the slower is the cooling rate usually
required. Where extreme softness and ductility are not required. the steel may be cooled in
the annealing furnace to some temperature well below the critical point, say, to about
1000°F (538°C) and then removed and cooled in air.

Annealing by Constant-Temperature Transformation.—It has been found that steel
that has been heated above the critical point so that it has an austenitic structure can be
transformed into a lamellar (pearlitic) or a spheroidal structure by holding it for a definite
period of time at some constant subcritical temperature. In other words, it is feasible to
anneal steel by means of a constant-temperature transformation as well as by the conven-
tional continuous cooling method. When the constant-temperature transformation method
is employed, the steel, after being heated to some temperature above the critical and held at
this temperature until it is austenitized, is cooled as rapidly as feasible to some relatively
high subcritical transformation temperature. This temperature selection is governed by the
desired microstructure and hardness required and is taken from a transformation time and
temperature curve (often called a TTT curve). As drawn for a particular steel, such a curve
shows the length of time required to transform that steel from an austenitic state at various
subcritical temperatures. After being held at the selected sub-critical temperature for the
required length of time, the steel is cooled to room temperature — again, as rapidly as fea-
sible. This rapid cooling down to the selected transformation temperature and then down to
room temperature has a negligible effect on the structure of the steel and often produces a
considerable time saving over the conventional slow cooling method of annealing.

The softest condition in steel can be developed by heating it to a temperature usually less
than 100°F (56°C) above the lower critical point and then cooling it to some temperature,
usually less than 100 degrees (56°C), below the critical point, where it is held until the
transformation is completed. Certain steels require a very lengthy period of time for trans-
formation of the austenite when held at a constant temperature within this range. For such
steels, a practical procedure is to allow most of the transformation to take place in this tem-
perature range where a soft product is formed and then to finish the transformation at a
lower temperature where the time for the completion of the transformation is short.

Per cent
carbon

Annealing Temperature

°F °C

less than 0.12% 1600 to 1700 871 to 927

0.12 to 0.29% 1550 to 1600 843 to 871
0.30 to 0.49% 1500 to 1550 816 to 843
0.50 to 1.00% 1450 to 1500 788 to 816
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DRAFTING PRACTICES

While there are many national standards-based drafting practices throughout the world,
three sets of standards practices predominate internationally. These sets of practice
include: the American National Standards Institute (ANSI); those modeled on standards
developed by the International Organization for Standardization (ISO); and to a lesser
extent, those based on Japanese Industry Standards (JIS). However since JIS has commit-
ted to adopting ISO practices, coverage will be limited to ANSI practice and select ISO
practices where appropriate. In general, there are several ANSI Standards for use in pre-
paring engineering drawings and related documents.

ANSI and ISO Drafting Practices

Sizes of Drawing Sheets.—Recommended trimmed sheet sizes are shown in Table 1.
Customary inch sizes are documented in American National Standard ASME Y14.1-2005
and are based on commercial letterhead paper (8 × 11) and are in general use throughout
the United States. Each successive size beginning with 8 × 11 in. (A), is double the size of
the previous (except size F). Using sizes based on commercial letterhead paper size, and its
multiples, permits filing small prints and folded larger prints in the same commercial stan-
dard letter files. For drawings requiring trimmed metric sheets, sizes are based on ASME
Y14.1M-2005 in the United States and ISO 5457 outside of the U.S. Metric sizes are har-
monized across the U.S. and the ISO standards. As with the customary inch sheet sizes,
each successive metric size sheet beginning with commercial letterhead paper size A4, is
double the previous size also for ease of folding and filing. 

Metric sizes are based on the width-to-length ratio of 1 to . Note that the metric size
designators increase as the paper decreases in area. Virtually all CAD systems include both
inch and metric size paper templates. Most countries outside of the United States use met-
ric paper sizes, so for foreign correspondence it is recommended that the metric sheet sizes
be used. For additional sizes and details see the respective standards.

Line Conventions and Drawings.—American National Standard ANSI/ASME Y14.2M
establishes line and lettering practices for engineering drawings. The line conventions and
the symbols for section lining are as shown on pages Table 2 and Table 3.

 Approximate width of THICK lines for metric drawings are 0.6 mm, and for inch draw-
ings, 0.032 inch. Approximate width of THIN lines for metric drawings are 0.3 mm, and
for inch drawings, 0.016 inch. These approximate line widths are intended to differentiate
between THICK and THIN lines and are not values influencing acceptance or rejection of
drawings. Basic line conventions in ISO are established in ISO 128-20: 1996. Lines
intended to comply with ISO standards use widths of: 0.13 mm, 0.18 mm, 0.25 mm, 0.35
mm, 0.5 mm, 0.7 mm, 1 mm, 1.4 mm and 2 mm, but again may deviate as long as lines are
consistent in width and it is possible to differentiate “unambiguously” between two adja-
cent lines with different widths.

Table 1. Drawing Sheet Sizes

U.S. Customary Size, inches (ASME Y14.1-2005) Metric Size, millimeters (ASME Y14.1M-2005)

A 81⁄2 × 11 D 22 × 34 A4 210 × 297 A1 594 × 841

B 11 × 17 E 34 × 44 A3 297 × 420 A0 841 × 1189
C 17 × 22 F 28 × 40 A2 420 × 594

2
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Table 2. American National Standard for Engineering Drawings 
 ANSI/ASME Y14.2M-1992 (R2008)

Visible Line

Hidden Line

Section Line

Center Line

Symmetry Line

Dimension Line
Extension Line
and Leader

Cutting-Plane Line
or
Viewing-Plane Line

Break Line

Phantom Line

Stitch Line

Chain Line

THICK

THIN

THIN

THIN

THIN

THIN

Leader

Extension Line

Dimension Line

3.50

THICK

THICK

Long Breaks

THICK

THIN

Short Breaks

THIN

THIN
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

THIN

THICK
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Table 3. American National Standard Symbols for Section Lining 
 ANSI Y14.2M-1979 (R1987)a

a This table has been removed from the current version of standard and is retained here for reference. 

Cast and Malleable 
iron (Also for general 
use of all materials)

Titanium and
refractory material

Steel
Electric windings,
electromagnets,
resistance, etc.

Bronze, brass,
copper, and
compositions

Concrete

White metal, zinc, 
lead, babbitt, and 
alloys

Marble, slate, glass, 
porcelain, etc.

Magnesium,
aluminum, and
aluminum alloys

Earth

Rubber, plastic 
electrical insulation Rock

Cork, felt, fabric, 
leather, fiber Sand

Sound insulation Water and
other liquids

Thermal insulation Wood-across grain
Wood-with grain
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612Table 4. Comparison of ANSI and ISO Geometric Symbols  ASME Y14.5-2009

Symbol for ASME Y14.5 ISO Symbol for ANSI Y14.5 ISO Symbol for ASME Y14.5M ISO

Straightness Circular Runout
(arrowheads may be filled or not) Feature Control Frame

Flatness Total Runout
(arrowheads may be filled or not)

Datum Feature
(triangle may be filled or not)

Circularity
At Maximum Material Condition
At Maximum Material Boundarya

a The ISO system does not include a symbol for Maximum Material Boundary or for Least Material Boundary.  

All Around - Profile

All Over - Profile NONE

Cylindricity
At Least Material Condition
At Maximum Material Boundarya Conical Taper

Profile of a Line Regardless of Feature Size NONE NONE Slope

Profile of a Surface Projected Tolerance Zone
Counterbore NONE

Spotface NONE

Angularity Diameter Countersink NONE

Perpendicularity Basic Dimension Depth/Deep NONE

Parallelism Reference Dimension (50) (50) Square (Shape)

Position Datum Target Dimension Not to Scale 15 15

Concentricity
Coaxiality Target Point Number of Times/Places 8X 8X

Symmetry Dimension Origin Arc Length

Radius R R Spherical Radius SR SR Spherical Diameter

Between
(filled or not filled)

Proposed
Controlled Radius CR NONE

Statistical Tolerance NONE

Continuous Feature NONE

Symbols of additional tolerance modifiers are shown in Fig. 12, page 621.

SF

50 50

ST

CF

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



GEOMETRIC SYMBOLS 613

Surface Texture Symbols.—A detailed explanation of the use of surface-texture sym-
bols from American National Standard ANSI/ASME Y14.36M begins on page 740 while
ISO surface-texture techniques, standardized in ISO 1302, are explained beginning on
page 747.

Geometric Dimensioning and Tolerancing (GD&T).—ANSI/ASME Y14.5-2009
“Dimensioning and Tolerancing”, covers dimensioning, tolerancing, and similar practices
for engineering drawings and related documentation. The mathematical definitions of
dimensioning and tolerancing principles are given in the standard ANSI/ASME
Y14.5.1M-1994 (R2004). ISO standards ISO 8015, ISO 1101 and ISO 26921 contain a
detailed explanation of ISO geometric dimensioning and tolerancing practices. Those ISO
practices involving GD&T and other selected ISO standard practices are shown in contrast
to ANSI practices where applicable.

Geometric dimensioning and tolerancing provides a comprehensive system for symbol-
ically defining the geometrical tolerance zone within which features must be contained. It
provides an accurate transmission of design specifications among the three primary users
of engineering drawings; design, manufacturing, and quality assurance groups. Some
techniques introduced in ASME Y14.5-2009 have been accepted by ISO. These tech-
niques include projected tolerance zone, the three-plane datum concept, total runout toler-
ance, multiple datums, and datum targets. Although Y14.5 follows ISO practice closely,
there are still differences between ISO and U.S. practice. (A comparison of symbols used
in ISO standards and Y14.5 is given in Table 4.)

One major area of disagreement is the ISO “principle of independency” versus the “Tay-
lor principle.” Y14.5 and standard U.S. practice both follow the Taylor principle, in which
a geometric tolerancing zone may not extend beyond the boundary (or envelope) of perfect
form at MMC (maximum material condition). This boundary is prescribed to control vari-
ations as well as the size of individual features. The U.S. definition of independency fur-
ther defines features of size as being independent and not required to maintain a perfect
relationship with other features. The “envelope principle” is optional in treatment of these
principles. A summary of the application of ASME geometric control symbols and their
use with basic dimensions and modifiers is given in Table 5.

ASME Y14.5 features metric SI units (the International System of Units), but customary
units may be used without violating any principles. On drawings where all dimensions are
either in millimeters or in inches, individual identification of linear units is not required.
However, the drawing should contain a note stating “Unless otherwise specified, all
dimensions are in millimeters” (or in inches, as applicable). According to Y14.5, all
dimensions are applicable at a temperature of 20°C (68°F) unless otherwise specified.
Compensation may be made for measurements taken at other temperatures.

Angular units are expressed in degrees and decimals of a degree (35.4) or in degrees (°),
minutes (′), and seconds (′′), as in 35° 25′ 10′′. Where decimal degrees less than one are
specified, a zero shall precede the decimal value. A 90-degree angle is implied where cen-
ter lines and depicting features are shown on a drawing at right angles and no angle is spec-
ified. A 90-degree BASIC angle applies where center lines of features in a pattern or
surface shown at right angles on a drawing are located or defined by basic dimensions and
no angle is specified.

Basic to all U.S. practice is that orthographic drawing views are arranged in 3rd angle
projection while Europe and Asia generally follow ISO practices which default to 1st angle
projection. In 1st angle projection the orientation of the views is reversed from U.S. prac-
tice. See Fig. 1a for 3rd angle projection and Fig. 1b for 1st angle projection. Note the
graphical symbol at the bottom of each which indicates projection system in use for the
drawing. Both ANSI and ISO practice allow the other projection system, but the use of
non-default practice must be declared by use of the graphical symbol. 
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Table 5. ASME Y14.5 Geometric Control Symbols

Type a Geometric Characteristics Pertains To
Basic

Dimensions
Feature

Modifier
Datum

Modifier
Fo

rm

Straightness

Only
individual 

feature

Not
 applicable

See Table 
Note 1

No datum
Circularity

Modifier not 
applicable

Flatness

Cylindricity

Pr
of

ile Profile (Line) Individual 
or related Yes if related

See Table 
Note 1

Profile (Surface)

O
ri

en
ta

tio
n Angularity

Always 
related

feature(s)

Yes

See Table 
Note 1

Perpendicularity Not
 applicable

Parallelism

L
oc

at
io

n Position Yes

Concentricity

Not
 applicable Only RFS

Symmetry

R
un

ou
t Circular Runout

Total Runoutb

Note 1: Default RFS unless MMC or LMC explicitly stated.

a Five types of geometric control, when datums are indicated, when basic dimensions are required,
and when MMC and LMC modifiers may be used. 

b Arrowheads may be filled in. 

ANSI and ISO Orthographic Projections

Fig. 1a. ANSI - Orthographic Projection 
Following Third Angle Projection.

Fig. 1b. ISO - Orthographic Projection 
Following First Angle Projection.
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PROJECTION

(DEFAULT IN ISO)

ISO
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U.S. ASME Y14.5-2009 and ISO practice use a preceding 0 before millimeter dimension
values less than 1. Unlike, U.S. practice, ISO requires a comma as a decimal placeholder
where U.S. practice would use a decimal point, Figs. 2a and  2c. For decimal inch dimen-
sioning, a zero is NOT used before the decimal for values less than 1 inch, Fig. 2b.

When dimensioning per U.S. default practice, unless otherwise specified, dimension
lines are broken and dimension text remains horizontal, hence read from the bottom of the
drawing, see Fig. 3a. ISO dimensioning practices default to aligned text with dimensions
placed above an unbroken dimension line, see Fig. 3b.

Y14.5 and ISO Drafting Definitions

Definitions.—The following terms are defined as their use applies to ASME Y14.5.
Where ISO practice in actual use differs the definitions are expanded to clarify the con-
trasting practices.

Datum Feature: The feature of a part that is used to establish a datum, identified with
either a datum feature or datum target symbols, see Fig. 4.

Fig. 4. Datum Feature Symbol

Datum Identifier: The graphic symbol on a drawing used to indicate the datum feature.
Specified Datum Feature: A datum is the origin from which the location or other geo-

metric characteristics of features of a part are established. 
Datum Reference Frame: Sufficient features on a part are chosen to position the part in

relationship to as many as three planes. The three planes are mutually perpendicular and
together are called the datum reference frame. The planes follow an order of precedence
and allow the part to be immobilized. This immobilization in turn creates measurable rela-
tionships among features.

Fig. 2a. US Practice,
Metric Dimensions

Fig. 2b. US Practice,
Inch Dimensions

Fig. 2c. ISO Practice

Fig. 3a. Default U.S. Practice. Fig. 3b. Default ISO Practice.
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Datum Simulator: Formed by the datum feature contacting a precision surface such as a
surface plate, gage surface or by a mandrel contacting the datum. Thus, the plane formed
by contact restricts motion and constitutes the specific reference surface from which mea-
surements are taken and dimensions verified. The datum simulator is the practical embod-
iment of the datum feature during manufacturing and quality assurance.

Datum Target: A specified point, line, or area on a part, used to establish a datum; see
page 619.

Degrees of Freedom: The six directions of movement or translation are called degrees of
freedom in a three-dimensional environment. They are up-down, left-right, fore-aft, roll,
pitch, and yaw, see Fig. 5.

Dimension, Basic: A numerical value used to describe the theoretically exact size, orien-
tation, location, or optionally, the profile, of a feature or datum or datum target. Basic
dimensions are indicated by a rectangle around the dimension and are not toleranced
directly or by default, see Fig. 6. The specific dimensional limits are determined by the per-
missible variations as established by the tolerance zone specified in the feature control
frame. A dimension is only considered basic for the geometric control to which it is related. 

Dimension, Origin: A symbol used to indicate the origin and direction of a dimension
between two features. The dimension originates from the symbol with the dimension toler-
ance zone being applied at the other feature, see Fig. 7.

Dimension, Reference: A dimension, usually without tolerance, used for information
purposes only. Considered to be auxiliary information and not governing production or
inspection operations. A reference dimension is a repeat of a dimension or is derived from
a calculation or combination of other values shown on the drawing or on related drawings.

Feature Control Frame [Tolerance Frame]: Specification on a drawing that indicates
the type of geometric control for the feature, the tolerance for the control, and the related
datums, if applicable, see Fig. 8.

Feature: The general term applied to a physical portion of a part, such as a surface, hole,
pin, tab, or slot. In ISO practice, depending on how the tolerance frame leader line is
attached to the feature, different interpretations may be invoked as to whether the reference
is to a line or surface, or an axis or median planer.

Fig. 5. Degrees of Freedom (Movement) That Must be Controlled, 
Depending on the Design Requirements.

Fig. 6. Basic Dimensions
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When an ISO tolerance frame leader line terminates on the outline of the feature, it indi-
cates that the control is a line or the surface itself (Fig. 9a.) When an ISO tolerance frame
leader line terminates on a dimension, the axis or medium plane of the dimensioned feature
is being controlled. Either inside or outside dimension lines may be used (Fig. 9b.)

Feature of Size, Regular: One cylindrical or spherical surface, a circular element, and a
set of two opposed parallel elements or opposed parallel surfaces, each of which is associ-
ated with a directly toleranced dimension.

Feature of Size, Irregular: A directly toleranced feature or collection of features that
may contain or be contained by an actual mating envelope that is: a) a sphere, cylinder, or
pair of parallel planes; or, b) other than a sphere, cylinder, or pair of parallel planes.

Least Material Boundary (LMB): The limit defined by a tolerance or combination of tol-
erances that exist on or inside the material of a feature or features.

Least Material Condition (LMC): The condition in which a feature of size contains the
least amount of material within the stated limits of size, for example, upper limit or maxi-
mum hole diameter and lower limit or minimum shaft diameter.

Limits, Upper and Lower (UL and LL): The arithmetic values representing the maxi-
mum and minimum size allowable for a dimension or tolerance. The upper limit represents
the maximum size allowable. The lower limit represents the minimum size allowable.

Fig. 7. Dimension Origin Symbol

Fig. 8. Feature Control Frame and Datum Order of Precedence

Fig. 9a. ISO Tolerance Frame
 Leader Line Terminating on
 the Outline of the Feature.

Fig. 9b. ISO Tolerance Frame Leader Line 
Terminating on a Dimension.
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Maximum Material Boundary (MMB): The limit defined by a tolerance or combination
of tolerances that exist on or outside the material of a feature or features.

Maximum Material Condition (MMC): The condition in which a feature of size contains
the maximum amount of material within the stated limits of size. For example, the lower
limit of a hole is the minimum hole diameter. The upper limit of a shaft is the maximum
shaft diameter.

Position: Formerly called true position, position is the theoretically exact location of a
feature established by basic dimensions. In ISO practice a basic dimension is called a the-
oretically exact dimension (TED). A positional tolerance is indicated by the position sym-
bol, a tolerance value, applicable material condition modifiers, and appropriate datum
references placed in a feature control frame.

Regardless of Feature Size (RFS): The term used to indicate that a geometric tolerance
or datum reference applies at any increment of size of the feature within its tolerance limits.
RFS is the default condition unless MMC or LMC is specified. The concept is now the
default in ASME Y14.5-2009, unless specifically stated otherwise. Thus the symbol for
RFS is no longer supported in ASME Y14.5-2009.

Regardless of Material Boundary (RMB) indicates that a datum feature simulator
progresses from MMB toward LMB until it makes maximum contact with the extremities
of a feature(s). See Datum Simulator on page 616.

Size, Actual: The term indicating the size of a feature as produced.
Tolerance Zone Symmetry: In geometric tolerancing, the tolerance value stated in the

feature control frame is always a single value. Unless otherwise specified, it is assumed
that boundaries created by the stated tolerance are bilateral and equidistant about the per-
fect form control specified. See Fig. 10a for default zone. If desired, the tolerance may be
specified as unilateral or unequally bilateral. See Figs. 10b and  10c for external and inter-
nal unilateral zones, and Fig. 10d for an example of a bilateral asymmetrical zone.

* Added for clarification and is not part of the specification.

Tolerance, Bilateral: A tolerance where variation is permitted in both directions from
the specified dimension. Bilateral tolerances may be equal or unequal. 

Tolerance Zone Symmetry Examples

Fig. 10a. Default Symmetrical Tolerance Zone 
About Perfect Form.

Fig. 10b. External Unilateral Tolerance Zone 
About Perfect Form.

Fig. 10c. Internal Unilateral Tolerance Zone
 About Perfect Form.

Fig. 10d. Bilateral Asymmetrical Tolerance 
Zone About Perfect Form.
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Tolerance, Geometric: The general term applied to the category of tolerances used to
control form, profile, orientation, location, and runout.

Tolerance, Unilateral: A tolerance where variation is permitted in only one direction
from the specified dimension.

True Geometric Counterpart: Theoretically perfect plane of a specified datum feature. 
Virtual Condition: A constant boundary generated by the collective effects of the feature

size, its specified MMC or LMC material condition, and the geometric tolerance for that
condition.
Datum Referencing.—A datum indicates the origin of a dimensional relationship
between a toleranced feature and a designated feature or features on a part. The designated
feature serves as a datum feature, whereas its true geometric counterpart establishes the
datum plane. Because measurements cannot be made from a true geometric counterpart,
which is theoretical, a datum is assumed to exist in and be simulated by the associated pro-
cessing equipment.

For example, machine tables and surface plates, although not true planes, are of such
quality that they are used to simulate the datums from which measurements are taken and
dimensions are verified. When magnified, flat surfaces of manufactured parts are seen to
have irregularities, so that contact is made with a datum plane formed at a number of sur-
face extremities or high points. Sufficient datum features, those most important to the
design of the part, are chosen to position the part in relation to a set of three mutually per-
pendicular planes, the datum reference frame. This reference frame exists only in theory
and not on the part. Therefore, it is necessary to establish a method for simulating the theo-
retical reference frame from existing features of the part. This simulation is accomplished
by positioning the part on appropriate datum features to adequately relate the part to the
reference frame and to restrict the degrees of freedom of the part in relation to it.

These reference frame planes are simulated in a mutually perpendicular relationship to
provide direction as well as the origin for related dimensions and measurements. Thus,
when the part is positioned on the datum reference frame (by physical contact between
each datum feature and its counterpart in the associated processing equipment), dimen-
sions related to the datum reference frame by a feature control frame are thereby mutually
perpendicular. This theoretical reference frame constitutes the three-plane dimensioning
system used for datum referencing.

Depending on the degrees of freedom that must be controlled, a simple reference frame
may suffice. At other times, additional datum reference frames may be necessary where
physical separation occurs or the functional relationship of features require that datum ref-
erence frames be applied at specific locations on the part. Each feature control frame must
contain the datum feature references that are applicable.

Datum Targets: Datum targets are used to establish a datum plane. They may be points,
lines or surface areas. Datum targets are used when the datum feature contains irregulari-
ties, other features block the surface or the entire surface cannot be used. Examples where
datum targets may be indicated include uneven surfaces, forgings and castings, weld-
ments, non-planar surfaces or surfaces subject to warping or distortion. The datum target
symbol is located outside the part outline with a leader directed to the target point, area or
line. The targets are dimensionally located on the part using basic or toleranced dimen-
sions. If basic dimensions are used, established tooling or gaging tolerances apply.

A solid leader line from the symbol to the target is used for visible or near side locations
with a dashed leader line used for hidden or far side locations. The datum target symbol is
divided horizontally into two halves. The top half contains the target point area if applica-
ble; the bottom half contains a datum feature identifying letter and target number. Target
numbers indicate the quantity required to define a primary, secondary, or tertiary datum. If
indicating a target point or target line, the top half is left blank. Datum targets and datum
features may be combined to form the datum reference frame, see Fig. 11.
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Datum Target Points: A datum target point is indicated by the symbol “X,” which is
dimensionally located on a direct view of the surface. Where there is no direct view, the
point location is dimensioned on multiple views.

Datum Target Lines: A datum target line is dimensionally located on an edge view of the
surface using a phantom line on the direct view. Where there is no direct view, the location
is dimensioned on multiple views. Where the length of the datum target line must be con-
trolled, its length and location are dimensioned.

Datum Target Areas: Where it is determined that an area, or areas, of flat contact are nec-
essary to ensure establishment of the datum, and where spherical or pointed pins would be
inadequate, a target area of the desired shape is specified. Examples include the need to
span holes, finishing irregularities, or rough surface conditions. The datum target area may
be indicated with the “X” symbol as with a datum point, but the area of contact is specified
in the upper half of the datum target symbol. Datum target areas may additionally be spec-
ified by defining controlling dimensions and drawing the contact area on the feature with
section lines inside a phantom outline of the desired shape. 

Positional Tolerance.—A positional tolerance defines a zone within which the center,
axis, or center plane of a feature of size is permitted to vary from true (theoretically exact)
position. Basic dimensions establish the true position from specified datum features and
between interrelated features. A positional tolerance is indicated by the position symbol, a
tolerance, and appropriate datum references placed in a feature control frame.

Modifiers: In certain geometric tolerances, modifiers in the form of additional symbols
may be used to further refine the level of control. The use of the MMC and LMC modifiers

Fig. 11. Datum Target Symbols.
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has been common practice for many years. Several new modifiers introduced with the
1994 U.S. standard include free state, tangent plane and statistical tolerancing, see Fig. 12.
New modifiers introduced in the 2009 standard include MMB, LMB, and RMB.

Projected Tolerance Zone: Application of this concept is recommended where any vari-
ation in perpendicularity of the threaded or press-fit holes could cause fasteners such as
screws, studs, or pins to interfere with mating parts. An interference with subsequent parts
can occur even though the hole axes are inclined within allowable limits. This interference
occurs because without a projected tolerance zone, a positional tolerance is applied solely
to the depth of threaded or press-fit holes. Unlike the floating fastener application involv-
ing clearance holes only, the attitude of a fixed fastener is restrained by the inclination of
the produced hole into which it assembles. 

With a projected tolerance zone equal to the thickness of the mating part, the inclinational
error is accounted for in both parts. In other words the projected zone is an extension of the
tolerance zone begun inside the hole and projected out, in this case 14 mm, on the same axis
within the specified tolerance of location. The minimum extent and direction of the pro-
jected tolerance zone is shown as a value in the feature control frame. The zone may be
shown in a drawing view as a dimensioned value with a heavy chain line drawn closely
adjacent to an extension of the center line of the hole, see Fig. 13.

It has been noted that the projected tolerance zone illustration shown here differs slightly
from that shown in ASME Y14.5-2009. However it is believed that the illustration shown
here is a more realistic portrayal of the intent of the text in the standard.

Statistical Tolerance: The statistical tolerancing symbol is a modifier that may be used to
indicate that a tolerance is controlled statistically as opposed to being controlled arithmet-
ically. With arithmetic control, assembly tolerances are typically divided arithmetically
among the individual components of the assembly. This division results in the assumption
that assemblies based on “worst case” conditions would be guaranteed to fit because the
worst case set of parts fit — so that anything better would fit as well. When this technique
is restrictive, statistical tolerancing, via the symbol, may be specified in the feature control
frame as a method of increasing tolerances for individual parts. This procedure may reduce
manufacturing costs because its use changes the assumption that statistical process control
may make a statistically significant quantity of parts fit, but not absolutely all. The tech-
nique should only be used when sound statistical methods are employed.

Tangent Plane: When it is desirable to control the surface of a feature by the contacting
or high points of the surface, a tangent plane symbol is added as a modifier to the tolerance
in the feature control frame, see Fig. 14.

Free State: The free state modifier symbol is used when the geometric tolerance applies
to the feature in its “free state,” or after removal of any forces used in the manufacturing
process. With removal of forces the part may distort due to gravity, flexibility, spring back,
or other release of internal stresses developed during fabrication. Typical applications
include parts with extremely thin walls and non-rigid parts made of rubber or plastics. The
modifier is placed in the tolerance portion of the feature control frame and follows any
other modifier.

Fig. 12. Tolerance Modifiers.
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The above examples are just a few of the numerous concepts and related symbols cov-
ered by ASME Y14.5-2009. Refer to the standard for a complete discussion with further
examples of the application of geometric dimensioning and tolerancing principles.

Fig. 13. Projected Tolerance Zone Application.

Fig. 14. Tangent Plane Modifier.
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GD&T and CAD Models.—ASME Y14.5-2009 and all earlier editions are usable on
modern CAD systems. However the primary concepts are still communicated visually
among design, manufacturing and quality stakeholders via annotation applied to engineer-
ing drawings, be they on paper or depicted on a computer monitor. Effectively there is no
difference between specifications communicated manually on paper using a pencil, and
those applied to a drawing on a CAD system, the latter being for all practical purposes, an
electronic drawing board. As such, utilization of the tolerancing information still requires
that a person read the specifications, interpret them and manually apply the information in
manufacturing and/or quality systems. That manual process has begun to change with the
introduction of ANSI/ASME Y14.41-2003, Digital Production Definition Data Practices,
and its international version ISO 16792:2006, Digital Production Definition Data Prac-
tices.

These standards define use of ASME GD&T practices, and ISO GD&T practices respec-
tively in a digital environment where specifications are embedded directly into the product
definition data set as part of product lifecycle management (PLM). Embedded GD&T is
generally called “eGD&T” (electronic geometric dimensioning & tolerancing). Once
incorporated into the data set, the specifications can be selectively queried for visual dis-
play as needed on a computer screen or an engineering drawing, see Fig. 15. Perhaps more
importantly the embedded tolerancing information can be directly accessed by software
for tolerance analysis, process planning, or any other applications designed to utilize the
geometric and tolerancing information as part of product lifecycle management. As these
standards are adopted by CAD vendors and fully implemented, their promise is for a more
expedient, more accurate design and analysis process.

Fig. 15. Visual Response to a Tolerance Query on a 3D CAD System Compliant 
with ANSI/ASME Y14.41-2003.

0.1

0.08

41.60 – 41.72

50.00 – 50.120.12
A

A

A

B

5.4 +0.4
0

8X

M
C

C

B M

Visual Response
Z

X

Visual Response

Query



624 DIGITAL PRODUCT DEFINITIONS

Both standards define how current GD&T concepts are applied to digital models. Both
standards also explain where rules have changed to account for differing requirements
between 2D-based annotation and 3D annotations.

Digital Product Definition Data Practices Terms.—The following terms are defined in
both ANSI/ASME Y14.41 and ISO 16792. In ISO 16792, rules are modified to recognize
ISO drawing practices where those practices differ from predominately U.S. practice as
illustrated in ANSI/ASME Y14.41-2003. Rules in both standards cover not only data sets
with models only, but also those data sets with models and drawings. See the respective
standards for complete rules and definitions.

Annotation: Dimensions, tolerances, notes, text, or symbols visible without any manual
or external manipulation.

Attribute: A dimension, tolerance, note, text, or symbol required to complete the product
definition or feature of the product that is not visible but available upon interrogating the
model.

Design Model: The portion of the data set that contains model and supplemental geome-
try.

Geometric Element: A graphic entity used in a data set. For example: point, line, plane,
surface, solid, model coordinate system or crosshatching.

Management Data: The data required for the release, control, and storage of product def-
inition data as well as other relevant engineering data. 

Model: A combination of design model, annotation and attributes that describes a prod-
uct, see Fig. 16.

Model Value: The numerical value derived by interrogating the model that quantifies the
form and spatial relationships of the geometry composing a design model or assembly of
models to the precision (number of decimal places) of the computer system.

Model Geometry: Geometric elements in product definition data which represent a
designed product.

 Product Definition Data: Data elements required to completely define a product. 

Product Definition Data Set : A collection of one or more computer file(s) that discloses
(directly or by reference), by means of graphic or textual presentations, or combinations of
both, the physical and functional requirements of an item, see Fig. 17.

Query: A means of interrogating a digital element or the relationship between digital ele-
ments, see Fig. 17.

Fig. 16. Content of a Digital Model (ANSI Y14.41-2003).
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Supplemental Geometry: Geometric elements included in product definition data to
communicate design requirements but not intended to represent a portion of the manufac-
tured product.

Checking Designs and Drawings.—In order for production designs to be maintained at
the highest level of consistency, a set of suggestions for checking models and drawings is
provided below. The suggestions first concentrate on a review of the design parameters in
a global sense, then secondly a detailed review of the drawings and/or model itself. It is rec-
ommended that these suggestions be followed in parts based on responsibility, by engi-
neers, checkers, designers, detailers and any others involved in producing, reviewing and
approving engineering models and drawings.

Design Parameters.—Inspecting a New Design: When a new design is involved, first
carefully inspect the general design and its parts in relationship to the assemblies as a
whole, ascertaining that parts function correctly and assemble under all material condi-
tions. Additionally, determine if the parts have the proper relative proportions, that the
general design satisfies constraints for strength, rigidity, bearing areas, appearance, manu-
facturability, ergonomics of assembly, direction of motion, no unnecessary interferences,
etc. Generate a digital simulation physical rapid prototype if necessary. If the design
appears to be unsatisfactory in any aspect, or improvements appear to be possible, notify
the person responsible for that aspect of the design.

Checking for Strength: Physically inspect the design for strength, rigidity, and appear-
ance. Compare it with other designs used in similar service whenever possible, giving pref-
erence to the known working designs in such a comparison, unless the known designs are
examples of unsatisfactory parts. If there is any question, perform applicable analysis on
the model or if required, manually compute the stresses and deformations. If the new
design is for a larger version of an existing device, ascertain that any standard parts neces-
sarily increased in size, will continue to be sufficiently strong to bear increased service
loads.

Materials Specified: For the design, consider the material specification in relationship to
the various manufacturing process options available, such as molding, forging, a weld-
ment, or other method with which to form the rough shape. Then consider the machining
operations to see whether changes in form or design will reduce the number of operations
or reduce the machining cost. Parts should be designed with reference to the economical
use of material, and whenever possible, utilize standard stock sizes and material readily
obtainable from local sources. In the case of alloy steel, special bronze, and similar or
exotic materials, confirm that the material can be obtained in the required size. 

Fig. 17. Product Definition Data Set (ANSI Y14.41-2003).

Product Definition Data Set

Integral Content:
Related data as applicable for complete definition

May be integral or referenced in the product

Model
(See Fig. 2)

Drawing Revision 
History

Materials
Finishes

Processes

Notes Analytical
Data Test

Requirements

Printed Material
(Related data may be manually or 

computer generated)
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Checking Casting Designs: In checking castings, the form of the pattern is studied, the
methods of molding, the method of supporting and venting the cores, and the effect of draft
and rough molding on clearances. Undue metal thickness should be avoided, as well as
extreme differences between thick and thin sections in the same casting.

All metal thicknesses should be specified, so that appropriate chaplets can be selected for
supporting cores. Ample fillets and rounds should be provided, and properly dimensioned
directly or by note. Cores should be designed so that they can be secured in the mold with-
out crushing or causing interference.

Allowances should be made for swelling, shrinkage, or misalignment of cores to ensure
adequate machineability. Material should be added to surfaces destined to be finished.

On large castings, sufficient extra material should be provided for finishing to permit
“clean up” to net size in case of warpage.
Checking Drawings.—The following are some rules-of-thumb and general guidelines to
keep in mind when creating and reviewing engineering drawings and data models.

Checking the Technique Used in Making Drawing: Inspect the drawing to see that all
regular, auxiliary and sections are made in such a way as to illustrate the most descriptive
views of the form of the piece and its relationship to other parts. Selection of type and quan-
tity of views on a drawing serve as both a carrier of the dimensional values and to represent
accurately the visual nature of the part. Ultimately, drawings must communicate design
intent, both numerically and visually.

Checking Dimensions in General: In general all dimensions should be checked for cor-
rectness. If manually drawn, dimensions should also be scaled to determine if the drawing
is to scale. Where any dimension is “not-to-scale,” it is indicated by underlining the
offending dimension. This is the standard technique for indicating not-to-scale. While
most CAD systems automatically indicate not-to-scale dimensions, some do not. Not-to-
scale dimensions are problematic on CAD drawings and models as they are indicative of
dimension values not matching the geometry. In the case of a CAD drawing dimension
being not-to-scale, it too should be underlined. However, this may be a serious concern,
and may demand immediate correction. More and more, CAD geometry drives down-
stream applications such as numerical control or tolerance analysis. Hence errors in CAD
geometry cannot be tolerated if accurate downstream results are expected.
ANSI and ISO Drawing Checklists.—The following checklists represents questions
based on industry practice and standards for engineering drawings and unless noted,
applies to both inch and metric drawings and models and both ASME Y14.5 and ISO meth-
odology.

Model Checklist: Are features built within dimensional limits and to appropriate mate-
rial conditions (MMC, LMC, nominal)?

Are features built to sufficient numerical accuracy?
Are fillets and rounds added to all non-finished corners of castings and forgings?
On as-cast models, is machining allowance added to surfaces destined to be finished?
Has allowance for wrench clearance been built into locations of bolts and other fasteners

requiring tools?
Drawing Checklist: Are all dimensions indicated, only once to avoid potentially misin-

terpreted redundant dimensioning?
Are all auxiliary and section views labeled?
Are general notes added to address default conditions such as fillets & rounds, numerical

significance, default tolerances?
Are all finish marks indicated where appropriate?
Are clearance hole diameters clearly specified, to avoid potential look-up errors?
Are there sufficient views so that no assumptions need be made about any feature or

dimension?
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If following U.S. practice, are all dimensions, notes and other text readable from the bot-
tom of the drawing?

If following ISO practice, is all dimensional text aligned with each dimension on the
drawing?

When dimensioning in metric, are preceding 0s shown for values less than 1, and trailing
0s not shown for integers? (e.g. 0.11 and 10)

When heat-treatment is required, the heat-treatment should be specified.
When dimension in inches, are preceding 0s not shown for values less than 1, and trailing

0s added for consistent significant digits? (e.g. 11 and 10.00)
If dimensioning symbols are used, such as depth, diameter, radius, etc., are the symbols

placed before the dimensional value?
Are quantities specified for all dimensions or features occurring in multiple locations

(via 2X or TWO TIMES)?
Are threaded holes specified by tap drill and thread specifications to avoid potential look-

up errors? 
Are all occurrences of dimensional and non-dimensional text to consistent size or per

company policy?
Are dimensions to hidden lines and those directly to object lines minimized unless

impossible to avoid?
Are dimensions shown in a view depicting the true shape projection of the feature? 
Do all dimensions account for tolerance, either directly or indirectly via note or block tol-

erance?
Does the selection of paper size match the complexity of the part, to avoid over-crowding

via a size too small or wasted space via a size too large?
Are dimensions shown in a form which minimizes unnecessary calculations by readers

of the drawing? 
Are views aligned left-to-right and bottom-to-top, and arranged properly for 3rd angle

projection (or 1st angle projection)?
Is the primary view the most descriptive view possible?
Is chain dimensioning minimized to avoid “stacking” of tolerances?
Are holes and other round features and parts located by their centers?
Are witness lines (extension lines) used with dimensions rather than dimensioning

directly to features?
Is the drawing title correct and the drawing number or file name in the correct format? 
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ALLOWANCES AND TOLERANCES FOR FITS

Limits and Fits

Fits between cylindrical parts, i.e., cylindrical fits, govern the proper assembly and per-
formance of many mechanisms. Clearance fits permit relative freedom of motion between
a shaft and a hole—axially, radially, or both. Interference fits secure a certain amount of
tightness between parts, whether these are meant to remain permanently assembled or to
be taken apart from time to time. Or again, two parts may be required to fit together
snugly—without apparent tightness or looseness. The designer's problem is to specify
these different types of fits in such a way that the shop can produce them. Establishing the
specifications requires the adoption of two manufacturing limits for the hole and two for
the shaft, and, hence, the adoption of a manufacturing tolerance on each part.

In selecting and specifying limits and fits for various applications, it is essential in the
interests of interchangeable manufacturing that 1) standard definitions of terms relating to
limits and fits be used;  2) preferred basic sizes be selected wherever possible to reduce
material and tooling costs;  3) limits be based upon a series of preferred tolerances and
allowances;  and  4) a uniform system of applying tolerances (preferably unilateral) be
used. These principles have been incorporated in both the American and British standards
for limits and fits. Information about these standards is given beginning on page 634.

Basic Size.—The basic size of a screw thread or machine part is the theoretical or nominal
standard size from which variations are made. For example, a shaft may have a basic diam-
eter of 2 inches, but a maximum variation of minus 0.010 inch may be permitted. The min-
imum hole should be of basic size wherever the use of standard tools represents the greatest
economy. The maximum shaft should be of basic size wherever the use of standard pur-
chased material, without further machining, represents the greatest economy, even though
special tools are required to machine the mating part.

Tolerances.—Tolerance is the amount of variation permitted on dimensions or surfaces
of machine parts. The tolerance is equal to the difference between the maximum and mini-
mum limits of any specified dimension. For example, if the maximum limit for the diame-
ter of a shaft is 2.000 inches and its minimum limit 1.990 inches, the tolerance for this
diameter is 0.010 inch. The extent of these tolerances is established by determining the
maximum and minimum clearances required on operating surfaces. As applied to the fit-
ting of machine parts, the word tolerance means the amount that duplicate parts are
allowed to vary in size in connection with manufacturing operations, owing to unavoidable
imperfections of workmanship. Tolerance may also be defined as the amount that dupli-
cate parts are permitted to vary in size to secure sufficient accuracy without unnecessary
refinement. The terms “tolerance” and “allowance” are often used interchangeably, but,
according to common usage, allowance is a difference in dimensions prescribed to secure
various classes of fits between different parts.

Unilateral and Bilateral Tolerances.—The term “unilateral tolerance” means that the
total tolerance, as related to a basic dimension, is in one direction only. For example, if the
basic dimension were 1 inch and the tolerance were expressed as 1.000 − 0.002, or as 1.000
+ 0.002, these would be unilateral tolerances because the total tolerance in each is in one
direction. On the contrary, if the tolerance were divided, so as to be partly plus and partly
minus, it would be classed as “bilateral.”

is an example of bilateral tolerance, because the total tolerance of 0.002 is given in two
directions—plus and minus.

When unilateral tolerances are used, one of the three following methods should be used
to express them:

Thus, 1.000
+0.001
−0.001
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1) Specify, limiting dimensions only as
 Diameter of hole: 2.250, 2.252
 Diameter of shaft: 2.249, 2.247
2) One limiting size may be specified with its tolerances as
 Diameter of hole: 2.250 + 0.002, −0.000
 Diameter of shaft: 2.249 + 0.000, −0.002
3) The nominal size may be specified for both parts, with a notation showing both allow-

ance and tolerance, as
 Diameter of hole: 21⁄4 + 0.002, −0.000
 Diameter of shaft: 21⁄4 − 0.001, −0.003
Bilateral tolerances should be specified as such, usually with plus and minus tolerances

of equal amount. An example of the expression of bilateral tolerances is

Application of Tolerances.—According to common practice, tolerances are applied in
such a way as to show the permissible amount of dimensional variation in the direction that
is less dangerous. When a variation in either direction is equally dangerous, a bilateral tol-
erance should be given. When a variation in one direction is more dangerous than a varia-
tion in another, a unilateral tolerance should be given in the less dangerous direction.

For nonmating surfaces, or atmospheric fits, the tolerances may be bilateral, or unilat-
eral, depending entirely upon the nature of the variations that develop in manufacture. On
mating surfaces, with few exceptions, the tolerances should be unilateral.

Where tolerances are required on the distances between holes, usually they should be
bilateral, as variation in either direction is normally equally dangerous. The variation in the
distance between shafts carrying gears, however, should always be unilateral and plus;
otherwise, the gears might run too tight. A slight increase in the backlash between gears is
seldom of much importance.

One exception to the use of unilateral tolerances on mating surfaces occurs when tapers
are involved; either bilateral or unilateral tolerances may then prove advisable, depending
upon conditions. These tolerances should be determined in the same manner as the toler-
ances on the distances between holes. When a variation either in or out of the position of
the mating taper surfaces is equally dangerous, the tolerances should be bilateral. When a
variation in one direction is of less danger than a variation in the opposite direction, the tol-
erance should be unilateral and in the less dangerous direction.
Locating Tolerance Dimensions.—Only one dimension in the same straight line can be
controlled within fixed limits. That dimension is the distance between the cutting surface
of the tool and the locating or registering surface of the part being machined. Therefore, it
is incorrect to locate any point or surface with tolerances from more than one point in the
same straight line.

Every part of a mechanism must be located in each plane. Every operating part must be
located with proper operating allowances. After such requirements of location are met, all
other surfaces should have liberal clearances. Dimensions should be given between those
points or surfaces that it is essential to hold in a specific relation to each other. This restric-
tion applies particularly to those surfaces in each plane that control the location of other
component parts. Many dimensions are relatively unimportant in this respect. It is good
practice to establish a common locating point in each plane and give, as far as possible, all
such dimensions from these common locating points. The locating points on the drawing,
the locating or registering points used for machining the surfaces and the locating points
for measuring should all be identical.

The initial dimensions placed on component drawings should be the exact dimensions
that would be used if it were possible to work without tolerances. Tolerances should be

2 ± 0.001 or 2
+0.001
−0.001
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given in that direction in which variations will cause the least harm or danger. When a vari-
ation in either direction is equally dangerous, the tolerances should be of equal amount in
both directions, or bilateral. The initial clearance, or allowance, between operating parts
should be as small as the operation of the mechanism will permit. The maximum clearance
should be as great as the proper functioning of the mechanism will permit.
Direction of Tolerances on Gages.—The extreme sizes for all plain limit gages shall not
exceed the extreme limits of the part to be gaged. All variations in the gages, whatever their
cause or purpose, shall bring these gages within these extreme limits.

The data for gage tolerances on page 661 cover gages to inspect workpieces held to toler-
ances in the American National Standard ANSI B4.4M-1981.
Allowance for Forced Fits.—The allowance per inch of diameter usually ranges from
0.001 inch to 0.0025 inch (0.0254-0.0635 mm), 0.0015 inch (0.0381 mm) being a fair aver-
age. Ordinarily the allowance per inch decreases as the diameter increases; thus the total
allowance for a diameter of 2 inches (50.8 mm) might be 0.004 inch (0.102 mm), whereas
for a diameter of 8 inches (203.2 mm) the total allowance might not be over 0.009 or 0.010
inch (0.23 or 0.25 mm). The parts to be assembled by forced fits are usually made cylindri-
cal, although sometimes they are slightly tapered. Advantages of the taper form are: the
possibility of abrasion of the fitted surfaces is reduced; less pressure is required in assem-
bling; and parts are more readily separated when renewal is required. On the other hand,
the taper fit is less reliable, because if it loosens, the entire fit is free with but little axial
movement. Some lubricant, such as white lead and lard oil mixed to the consistency of
paint, should be applied to the pin and bore before assembling, to reduce the tendency
toward abrasion.
Pressure for Forced Fits.—The pressure required for assembling cylindrical parts
depends not only upon the allowance for the fit, but also upon the area of the fitted surfaces,
the pressure increasing in proportion to the distance that the inner member is forced in. The
approximate ultimate pressure in tons can be determined by the use of the following for-
mula in conjunction with the accompanying table of Pressure Factors for Forced Fits.
Assuming that A = area of surface in contact in “fit”; a = total allowance in inches; P = ulti-
mate pressure required, in tons; F = pressure factor based upon assumption that the diame-
ter of the hub is twice the diameter of the bore, that the shaft is of machine steel, and that the
hub is of cast iron:

Pressure Factors for Forced Fits

Allowance for Given Pressure.—By transposing the preceding formula, the approxi-

mate allowance for a required ultimate tonnage can be determined. Thus, . The

Diameter,
Inches

Pressure
Factor

Diameter,
Inches

Pressure
Factor

Diameter,
Inches

Pressure
Factor

Diameter,
Inches

Pressure
Factor

Diameter,
Inches

Pressure
Factor

1 500 31⁄2 132 6 75 9 48.7 14 30.5
11⁄4 395 33⁄4 123 61⁄4 72 91⁄2 46.0 141⁄2 29.4
11⁄2 325 4 115 61⁄2 69 10 43.5 15 28.3
13⁄4 276 41⁄4 108 63⁄4 66 101⁄2 41.3 151⁄2 27.4

2 240 41⁄2 101 7 64 11 39.3 16 26.5
21⁄4 212 43⁄4 96 71⁄4 61 111⁄2 37.5 161⁄2 25.6
21⁄2 189 5 91 71⁄2 59 12 35.9 17 24.8
23⁄4 171 51⁄4 86 73⁄4 57 121⁄2 34.4 171⁄2 24.1

3 156 51⁄2 82 8 55 13 33.0 18 23.4
31⁄4 143 53⁄4 78 81⁄2 52 131⁄2 31.7 … …

P
A a× F×

2
----------------------=

a
2P

AF
-------=
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average ultimate pressure in tons commonly used ranges from 7 to 10 times the diameter in
inches.

Expansion Fits.—In assembling certain classes of work requiring a very tight fit, the
inner member is contracted by sub-zero cooling to permit insertion into the outer member
and a tight fit is obtained as the temperature rises and the inner part expands. To obtain the
sub-zero temperature, solid carbon dioxide or “dry ice” has been used but its temperature
of about −109°F (−78°C) below zero will not contract some parts sufficiently to permit
insertion in holes or recesses. Greater contraction may be obtained by using high purity liq-
uid nitrogen which has a temperature of about −320°F (−196°C) below zero. During a tem-
perature reduction from 75 degrees F. to −321°F (−196°C), the shrinkage per inch of
diameter varies from about 0.002 to 0.003 inch for steel; 0.0042 inch for aluminum alloys;
0.0046 inch for magnesium alloys; 0.0033 inch for copper alloys; 0.0023 inch for monel
metal; and 0.0017 inch for cast iron (not alloyed). The cooling equipment may vary from
an insulated bucket to a special automatic unit, depending upon the kind and quantity of
work. One type of unit is so arranged that parts are precooled by vapors from the liquid
nitrogen before immersion. With another type, cooling is entirely by the vapor method.

Shrinkage Fits.—General practice seems to favor a smaller allowance for shrinkage fits
than for forced fits, although in many shops the allowances are practically the same for
each, and for some classes of work, shrinkage allowances exceed those for forced fits. The
shrinkage allowance also varies to a great extent with the form and construction of the part
that has to be shrunk into place. The thickness or amount of metal around the hole is the
most important factor. The way in which the metal is distributed also has an influence on
the results. Shrinkage allowances for locomotive driving wheel tires adopted by the Amer-
ican Railway Master Mechanics Association are as follows:

Whether parts are to be assembled by forced or shrinkage fits depends upon conditions.
For example, to press a tire over its wheel center, without heating, would ordinarily be a
rather difficult job. On the other hand, pins, etc., are easily and quickly forced into place
with a hydraulic press and there is the additional advantage of knowing the exact pressure
required in assembling, whereas there is more or less uncertainty connected with a shrink-
age fit, unless the stresses are calculated. Tests to determine the difference in the quality of
shrinkage and forced fits showed that the resistance of a shrinkage fit to slippage for an
axial pull was 3.66 times greater than that of a forced fit, and in rotation or torsion, 3.2
times greater. In each comparative test, dimensions and allowances were equal.

Allowances for Shrinkage Fits.—The most important point to consider when calculating
shrinkage fits is the stress in the hub at the bore, which depends chiefly upon the shrinkage
allowance. If the allowance is excessive, the elastic limit of the material will be exceeded
and permanent set will occur, or, in extreme conditions, the ultimate strength of the metal
will be exceeded and the hub will burst. The intensity of the grip of the fit and the resistance
to slippage depends mainly upon the thickness of the hub; the greater the thickness, the
stronger the grip, and vice versa. Assuming the modulus of elasticity for steel to be
30,000,000 (206.8 ×10−6 MPa), and for cast iron, 15,000,000 (103.4 ×10−6 MPa), the
shrinkage allowance per inch (mm) of nominal diameter can be determined by the follow-
ing formula, in which A = allowance per inch (mm) of diameter; T = true tangential tensile
stress at inner surface of outer member, psi (MPa); C = factor taken from one of the accom-
panying Tables 1, 2, and 3.

For a cast-iron hub and steel shaft:

Center diameter, inches 38 44 50 56 62 66

Allowances, inches 0.040 0.047 0.053 0.060 0.066 0.070

(1a) (1b)US A
T 2 C+( )

30 000 000,,
---------------------------= metric A 25.4

T 2 C+( )

206.843
9×10

-------------------------------=
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When both hub and shaft are of steel:

If the shaft is solid, the factor C is taken from Table 1; if it is hollow and the hub is of steel,
factor C is taken from Table 2; if it is hollow and the hub is of cast iron, the factor is taken
from Table 3.

Table 1. Factors for Calculating Shrinkage Fit Allowances
for Steel Shafts and Steel or Cast Iron Hubs

Values of factor C for solid steel shafts of nominal diameter D1, and hubs of steel or cast iron of
nominal external and internal diameters D2 and D1, respectively.

Example 1:A steel crank web 375 mm outside diameter is to be shrunk on a 250 mm solid
steel shaft. Required is the allowance per mm of shaft diameter to produce a maximum ten-
sile stress in the crank of 170 MPa, assuming the stresses in the crank to be equivalent to
those in a ring of the diameter given.

The ratio of the external to the internal diameters equals 375 ÷ 250 = 1.5; T = 170 MPa;
from Table 1, C = 0.227. Substituting in Formula (2b):

Example 2:Find the allowance per mm of diameter for a 250 mm shaft having a 125 mm
axial through hole, other conditions being the same as in Example 1.

The ratio of external to internal diameters of the hub equals 375 ÷ 250 = 1.5, as before,
and the ratio of external to internal diameters of the shaft equals 250 ÷ 125 = 2. From Table
2, we find that factor C = 0.455; T = 170 MPa. Substituting these values in Formula (2b):

The allowance is increased, as compared with Example 1, because the hollow shaft is
more compressible.

Example 3:If the crank web in Example 1 is of cast iron and 28 MPa is the maximum ten-
sile stress in the hub, what is the allowance per mm of diameter?

In Table 1, we find that C = 0.234. Substituting in Formula (1b), for cast-iron hubs, A =
0.0076 mm, which, owing to the lower tensile strength of cast iron, is about one-third the
shrinkage allowance in Example 1, although the stress is two-thirds of the elastic limit.
Temperatures for Shrinkage Fits.—The temperature to which the outer member in a
shrinkage fit should be heated for clearance in assembling the parts depends on the total

(2a) (2b)

Ratio of Diameters Steel
Hub

Cast-iron
Hub

Ratio of Diameters Steel
Hub

Cast-iron
Hub

C C

1.5 0.227 0.234 2.8 0.410 0.432
1.6 0.255 0.263 3.0 0.421 0.444
1.8 0.299 0.311 3.2 0.430 0.455
2.0 0.333 0.348 3.4 0.438 0.463
2.2 0.359 0.377 3.6 0.444 0.471
2.4 0.380 0.399 3.8 0.450 0.477
2.6 0.397 0.417 4.0 0.455 0.482

US A
T 1 C+( )

30 000 000,,
---------------------------= metric A 25.4

T 1 C+( )

206.843
9×10

-------------------------------=

D2

D1
------

D2

D1
------

A 25.4
170 1 0.227+( )×

206843
------------------------------------------- 0.026 mm= =

A 25.4
170 1 0.455+( )

206843
------------------------------------- 0.030 mm= =

D2

D1
------ 1.5= T 28=
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Table 2. Factors for Calculating Shrinkage Fit Allowances
for Hollow Steel Shafts and Steel Hubs

Ca Ca Ca

1.5

2.0 0.455

2.4

2.0 0.760

3.4

2.0 0.876
2.5 0.357 2.5 0.597 2.5 0.689
3.0 0.313 3.0 0.523 3.0 0.602
3.5 0.288 3.5 0.481 3.5 0.555

1.6

2.0 0.509

2.6

2.0 0.793

3.6

2.0 0.888
2.5 0.400 2.5 0.624 2.5 0.698
3.0 0.350 3.0 0.546 3.0 0.611
3.5 0.322 3.5 0.502 3.5 0.562

1.8

2.0 0.599

2.8

2.0 0.820

3.8

2.0 0.900
2.5 0.471 2.5 0.645 2.5 0.707
3.0 0.412 3.0 0.564 3.0 0.619
3.5 0.379 3.5 0.519 3.5 0.570

2.0

2.0 0.667

3.0

2.0 0.842

4.0

2.0 0.909
2.5 0.524 2.5 0.662 2.5 0.715
3.0 0.459 3.0 0.580 3.0 0.625
3.5 0.422 3.5 0.533 3.5 0.576

2.2

2.0 0.718

3.2

2.0 0.860

…

… …
2.5 0.565 2.5 0.676 … …
3.0 0.494 3.0 0.591 … …
3.5 0.455 3.5 0.544 … …

a Values of factor C for hollow steel shafts of external and internal diameters D1 and D0, respectively,
and steel hubs of nominal external diameter D2.

Table 3. Factors for Calculating Shrinkage Fit Allowances
for Hollow Steel Shafts and Cast-iron Hubs

Ca Ca Ca

1.5

2.0 0.468

2.4

2.0 0.798

3.4

2.0 0.926
2.5 0.368 2.5 0.628 2.5 0.728
3.0 0.322 3.0 0.549 3.0 0.637
3.5 0.296 3.5 0.506 3.5 0.587

1.6

2.0 0.527

2.6

2.0 0.834

3.6

2.0 0.941
2.5 0.414 2.5 0.656 2.5 0.740
3.0 0.362 3.0 0.574 3.0 0.647
3.5 0.333 3.5 0.528 3.5 0.596

1.8

2.0 0.621

2.8

2.0 0.864

3.8

2.0 0.953
2.5 0.488 2.5 0.679 2.5 0.749
3.0 0.427 3.0 0.594 3.0 0.656
3.5 0.393 3.5 0.547 3.5 0.603

2.0

2.0 0.696

3.0

2.0 0.888

4.0

2.0 0.964
2.5 0.547 2.5 0.698 2.5 0.758
3.0 0.479 3.0 0.611 3.0 0.663
3.5 0.441 3.5 0.562 3.5 0.610

2.2

2.0 0.753

3.2

2.0 0.909

…

… …
2.5 0.592 2.5 0.715 … …
3.0 0.518 3.0 0.625 … …
3.5 0.477 3.5 0.576 … …

a Values of factor C for hollow steel shafts and cast-iron hubs.  Notation as in Table 2.

D2

D1
------

D1

D0
------

D2

D1
------

D1

D0
------

D2

D1
------

D1

D0
------

D2

D1
------

D1

D0
------

D2

D1
------

D1

D0
------

D2

D1
------

D1

D0
------
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expansion required and on the coefficient α of linear expansion of the metal (i.e., the
increase in length of any section of the metal in any direction for an increase in temperature
of 1 degree F). The total expansion in diameter that is required consists of the total allow-
ance for shrinkage and an added amount for clearance. The value of the coefficient α is, for
nickel-steel, 0.000007; for steel in general, 0.0000065; for cast iron, 0.0000062. As an
example, take an outer member of steel to be expanded 0.005 inch per inch of internal
diameter, 0.001 being the shrinkage allowance and the remainder for clearance. Then

The value t is the number of degrees F that the temperature of the member must be raised
above that of the room temperature.

ANSI Standard Limits and Fits

This American National Standard for Preferred Limits and Fits for Cylindrical Parts,
ANSI B4.1-1967 (R2009), presents definitions of terms applying to fits between plain
(non threaded) cylindrical parts and makes recommendations on preferred sizes, allow-
ances, tolerances, and fits for use wherever they are applicable. This standard is in accord
with the recommendations of American-British-Canadian (ABC) conferences up to a
diameter of 20 inches. Experimental work is being carried on with the objective of reach-
ing agreement in the range above 20 inches. The recommendations in the standard are pre-
sented for guidance and for use where they might serve to improve and simplify products,
practices, and facilities. They should have application for a wide range of products.

As revised in 1967, and reaffirmed in 2009, the definitions in ANSI B4.1 have been
expanded and some of the limits in certain classes have been changed.
Factors Affecting Selection of Fits.—Many factors, such as length of engagement, bear-
ing load, speed, lubrication, temperature, humidity, and materials must be taken into con-
sideration in the selection of fits for a particular application, and modifications in the ANSI
recommendations may be required to satisfy extreme conditions. Subsequent adjustments
may also be found desirable as a result of experience in a particular application to suit crit-
ical functional requirements or to permit optimum manufacturing economy.
Definitions.—The following terms are defined in this standard:

 Nominal Size: The nominal size is the designation used for the purpose of general iden-
tification.

 Dimension: A dimension is a geometrical characteristic such as diameter, length, angle,
or center distance.

 Size: Size is a designation of magnitude. When a value is assigned to a dimension, it is
referred to as the size of that dimension. (It is recognized that the words “dimension” and
“size” are both used at times to convey the meaning of magnitude.)

 Allowance: An allowance is a prescribed difference between the maximum material
limits of mating parts. (See definition of Fit). It is a minimum clearance (positive allow-
ance) or maximum interference (negative allowance) between such parts.

 Tolerance: A tolerance is the total permissible variation of a size. The tolerance is the
difference between the limits of size.

 Basic Size: The basic size is that size from which the limits of size are derived by the
application of allowances and tolerances.

 Design Size: The design size is the basic size with allowance applied, from which the
limits of size are derived by the application of tolerances. Where there is no allowance, the
design size is the same as the basic size.

 Actual Size: An actual size is a measured size.
 Limits of Size: The limits of size are the applicable maximum and minimum sizes.

α t°× 0.005=

t
0.005

0.0000065
------------------------- 769 degrees F= =
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 Maximum Material Limit: A maximum material limit is that limit of size that provides
the maximum amount of material for the part. Normally it is the maximum limit of size of
an external dimension or the minimum limit of size of an internal dimension.*

 Minimum Material Limit: A minimum material limit is that limit of size that provides the
minimum amount of material for the part. Normally it is the minimum limit of size of an
external dimension or the maximum limit of size of an internal dimension.*

 Tolerance Limit: A tolerance limit is the variation, positive or negative, by which a size
is permitted to depart from the design size.

 Unilateral Tolerance: A unilateral tolerance is a tolerance in which variation is permit-
ted in only one direction from the design size.

 Bilateral Tolerance: A bilateral tolerance is a tolerance in which variation is permitted
in both directions from the design size.

 Unilateral Tolerance System: A design plan that uses only unilateral tolerances is
known as a Unilateral Tolerance System.

 Bilateral Tolerance System: A design plan that uses only bilateral tolerances is known
as a Bilateral Tolerance System.
Fits.—  Fit: Fit is the general term used to signify the range of tightness that may result
from the application of a specific combination of allowances and tolerances in the design
of mating parts.

 Actual Fit: The actual fit between two mating parts is the relation existing between them
with respect to the amount of clearance or interference that is present when they are assem-
bled. (Fits are of three general types: clearance, transition, and interference.)

 Clearance Fit: A clearance fit is one having limits of size so specified that a clearance
always results when mating parts are assembled.

 Interference Fit: An interference fit is one having limits of size so specified that an inter-
ference always results when mating parts are assembled.

 Transition Fit: A transition fit is one having limits of size so specified that either a clear-
ance or an interference may result when mating parts are assembled.

 Basic Hole System: A basic hole system is a system of fits in which the design size of the
hole is the basic size and the allowance, if any, is applied to the shaft.

 Basic Shaft System: A basic shaft system is a system of fits in which the design size of the
shaft is the basic size and the allowance, if any, is applied to the hole.
Preferred Basic Sizes.—In specifying fits, the basic size of mating parts shall be chosen
from the decimal series or the fractional series in Table 4.

Preferred Series for Tolerances and Allowances.—All fundamental tolerances and
allowances of all shafts and holes have been taken from the series given in Table 5.

Standard Tolerances.—The series of standard tolerances shown in Table 6 are so
arranged that for any one grade they represent approximately similar production difficul-
ties throughout the range of sizes. This table provides a suitable range from which appro-
priate tolerances for holes and shafts can be selected and enables standard gages to be used.
The tolerances shown in Table 6 have been used in the succeeding tables for different
classes of fits. 

Table 7 graphically illustrates the range of tolerance grades that various machining pro-
cesses may produce under normal conditions.

ANSI Standard Fits.—Tables 8a through 12 inclusive show a series of standard types
and classes of fits on a unilateral hole basis, such that the fit produced by mating parts in
any one class will produce approximately similar performance throughout the range of
sizes. These tables prescribe the fit for any given size, or type of fit; they also prescribe the
* An example of exceptions: an exterior corner radius where the maximum radius is the minimum mate-
rial limit and the minimum radius is the maximum material limit. 
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standard limits for the mating parts that will produce the fit. The fits listed in these tables
contain all those that appear in the approved American-British-Canadian proposal.

Selection of Fits: In selecting limits of size for any application, the type of fit is deter-
mined first, based on the use or service required from the equipment being designed; then
the limits of size of the mating parts are established, to insure that the desired fit will be
produced.

Theoretically, an infinite number of fits could be chosen, but the number of standard fits
shown in the accompanying tables should cover most applications.

Designation of Standard Fits: Standard fits are designated by means of the following
symbols which, facilitate reference to classes of fit for educational purposes. The symbols
are not intended to be shown on manufacturing drawings; instead, sizes should be speci-
fied on drawings.

Table 4. Preferred Basic Sizes  ANSI B4.1-1967 (R2009)

Decimala Fractionala

0.010 2.00 8.50 1⁄64 0.015625 21⁄4 2.2500 91⁄2 9.5000

0.012 2.20 9.00 1⁄32 0.03125 21⁄2 2.5000 10 10.0000

0.016 2.40 9.50 1⁄16 0.0625 23⁄4 2.7500 101⁄2 10.5000

0.020 2.60 10.00 3⁄32 0.09375 3 3.0000 11 11.0000

0.025 2.80 10.50 1⁄8 0.1250 31⁄4 3.2500 111⁄2 11.5000

0.032 3.00 11.00 5⁄32 0.15625 31⁄2 3.5000 12 12.0000

0.040 3.20 11.50 3⁄16 0.1875 33⁄4 3.7500 121⁄2 12.5000

0.05 3.40 12.00 1⁄4 0.2500 4 4.0000 13 13.0000

0.06 3.60 12.50 5⁄16 0.3125 41⁄4 4.2500 131⁄2 13.5000

0.08 3.80 13.00 3⁄8 0.3750 41⁄2 4.5000 14 14.0000

0.10 4.00 13.50 7⁄16 0.4375 43⁄4 4.7500 141⁄2 14.5000

0.12 4.20 14.00 1⁄2 0.5000 5 5.0000 15 15.0000

0.16 4.40 14.50 9⁄16 0.5625 51⁄4 5.2500 151⁄2 15.5000

0.20 4.60 15.00 5⁄8 0.6250 51⁄2 5.5000 16 16.0000

0.24 4.80 15.50 11⁄16 0.6875 53⁄4 5.7500 161⁄2 16.5000

0.30 5.00 16.00 3⁄4 0.7500 6 6.0000 17 17.0000

0.40 5.20 16.50 7⁄8 0.8750 61⁄2 6.5000 171⁄2 17.5000

0.50 5.40 17.00 1 1.0000 7 7.0000 18 18.0000

0.60 5.60 17.50 11⁄4 1.2500 71⁄2 7.5000 181⁄2 18.5000

0.80 5.80 18.00 11⁄2 1.5000 8 8.0000 19 19.0000

1.00 6.00 18.50 13⁄4 1.7500 81⁄2 8.5000 191⁄2 19.5000

1.20 6.50 19.00 2 2.0000 9 9.0000 20 20.0000

1.40 7.00 19.50 … … … … … …

1.60 7.50 20.00 … … … … … …

1.80 8.00 … … … … … … …

a All dimensions are in inches. 

Table 5. Preferred Series of Tolerances and Allowances a ANSI B4.1-1967 (R2009)

0.1 1 10 100 0.3 3 30 …

… 1.2 12 125 … 3.5 35 …

0.15 1.4 14 … 0.4 4 40 …

… 1.6 16 160 … 4.5 45 …

… 1.8 18 … 0.5 5 50 …

0.2 2 20 200 0.6 6 60 …

… 2.2 22 … 0.7 7 70 …

0.25 2.5 25 250 0.8 8 80 …

… 2.8 28 … 0.9 9 … …

a All values in thousandths of an inch 
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The letter symbols used to designate standard fits are as follows:

RC =Running or Sliding Clearance Fit LC =Locational Clearance Fit

LT =Transition Clearance or Interference Fit

LN =Locational Interference Fit

FN =Force or Shrink Fit

Table 6. ANSI Standard Tolerances  ANSI B4.1-1967 (R2009)

Nominal Size,
Inches

Grade

4 5 6 7 8 9 10 11 12 13

Over To Tolerances in thousandths of an incha

0 0.12 0.12 0.15 0.25 0.4 0.6 1.0 1.6 2.5 4 6
0.12 0.24 0.15 0.20 0.3 0.5 0.7 1.2 1.8 3.0 5 7
0.24 0.40 0.15 0.25 0.4 0.6 0.9 1.4 2.2 3.5 6 9
0.40 0.71 0.2 0.3 0.4 0.7 1.0 1.6 2.8 4.0 7 10
0.71 1.19 0.25 0.4 0.5 0.8 1.2 2.0 3.5 5.0 8 12
1.19 1.97 0.3 0.4 0.6 1.0 1.6 2.5 4.0 6 10 16
1.97 3.15 0.3 0.5 0.7 1.2 1.8 3.0 4.5 7 12 18
3.15 4.73 0.4 0.6 0.9 1.4 2.2 3.5 5 9 14 22
4.73 7.09 0.5 0.7 1.0 1.6 2.5 4.0 6 10 16 25
7.09 9.85 0.6 0.8 1.2 1.8 2.8 4.5 7 12 18 28
9.85 12.41 0.6 0.9 1.2 2.0 3.0 5.0 8 12 20 30

12.41 15.75 0.7 1.0 1.4 2.2 3.5 6 9 14 22 35
15.75 19.69 0.8 1.0 1.6 2.5 4 6 10 16 25 40
19.69 30.09 0.9 1.2 2.0 3 5 8 12 20 30 50
30.09 41.49 1.0 1.6 2.5 4 6 10 16 25 40 60
41.49 56.19 1.2 2.0 3 5 8 12 20 30 50 80
56.19 76.39 1.6 2.5 4 6 10 16 25 40 60 100
76.39 100.9 2.0 3 5 8 12 20 30 50 80 125

100.9 131.9 2.5 4 6 10 16 25 40 60 100 160
131.9 171.9 3 5 8 12 20 30 50 80 125 200
171.9 200 4 6 10 16 25 40 60 100 160 250

a All tolerances above heavy line are in accordance with American-British-Canadian (ABC) agree-
ments.

Table 7. Relation of Machining Processes to 
Tolerance Grades  ANSI B4.1-1967 (R2009)

MACHINING
OPERATION

TOLERANCE GRADES

4 5 6 7 8 9 10 11 12 13

This chart may be used as a general 
guide to determine the machining 
processes that will under normal con-
ditions, produce work within the tol-
erance grades indicated. 

(See also Relation of Surface 
Roughness to Tolerances starting on 
page 738.

Lapping & Honing

Cylindrical Grinding

Surface Grinding

Diamond Turning

Diamond Boring

Broaching

Reaming

Turning

Boring

Milling

Planing & Shaping

Drilling
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These letter symbols are used in conjunction with numbers representing the class of fit;
thus FN 4 represents a Class 4, force fit.

Each of these symbols (two letters and a number) represents a complete fit for which the
minimum and maximum clearance or interference and the limits of size for the mating
parts are given directly in the tables.

Description of Fits.—The classes of fits are arranged in three general groups: running and
sliding fits, locational fits, and force fits.

Running and Sliding Fits (RC): Running and sliding fits, for which limits of clearance
are given in Table 8a, are intended to provide a similar running performance, with suitable
lubrication allowance, throughout the range of sizes. The clearances for the first two
classes, used chiefly as slide fits, increase more slowly with the diameter than for the other
classes, so that accurate location is maintained even at the expense of free relative motion.

These fits may be described as follows:
RC 1 Close sliding fits are intended for the accurate location of parts that must assemble

without perceptible play.
RC 2 Sliding fits are intended for accurate location, but with greater maximum clearance

than class RC 1. Parts made to this fit move and turn easily but are not intended to run
freely, and in the larger sizes may seize with small temperature changes.

RC 3 Precision running fits are about the closest fits that can be expected to run freely,
and are intended for precision work at slow speeds and light journal pressures, but are not
suitable where appreciable temperature differences are likely to be encountered.

RC 4 Close running fits are intended chiefly for running fits on accurate machinery with
moderate surface speeds and journal pressures, where accurate location and minimum play
are desired.

RC 5 and RC 6 Medium running fits are intended for higher running speeds, or heavy
journal pressures, or both.

RC 7 Free running fits are intended for use where accuracy is not essential, or where
large temperature variations are likely to be encountered, or under both these conditions.

RC 8 and RC 9 Loose running fits are intended for use where wide commercial tolerances
may be necessary, together with an allowance, on the external member.

Locational Fits (LC, LT, and LN): Locational fits are fits intended to determine only the
location of the mating parts; they may provide rigid or accurate location, as with interfer-
ence fits, or provide some freedom of location, as with clearance fits. Accordingly, they are
divided into three groups: clearance fits (LC), transition fits (LT), and interference fits
(LN).

These are described as follows:
LC Locational clearance fits are intended for parts which are normally stationary, but

that can be freely assembled or disassembled. They range from snug fits for parts requiring
accuracy of location, through the medium clearance fits for parts such as spigots, to the
looser fastener fits where freedom of assembly is of prime importance.

LT Locational transition fits are a compromise between clearance and interference fits,
for applications where accuracy of location is important, but either a small amount of clear-
ance or interference is permissible.

LN Locational interference fits are used where accuracy of location is of prime impor-
tance, and for parts requiring rigidity and alignment with no special requirements for bore
pressure. Such fits are not intended for parts designed to transmit frictional loads from one
part to another by virtue of the tightness of fit. These conditions are covered by force fits.

Force Fits: (FN): Force or shrink fits constitute a special type of interference fit, nor-
mally characterized by maintenance of constant bore pressures throughout the range of
sizes. The interference therefore varies almost directly with diameter, and the difference
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between its minimum and maximum value is small, to maintain the resulting pressures
within reasonable limits.

These fits are described as follows:
FN 1 Light drive fits are those requiring light assembly pressures, and produce more or

less permanent assemblies. They are suitable for thin sections or long fits, or in cast-iron
external members.

FN 2 Medium drive fits are suitable for ordinary steel parts, or for shrink fits on light sec-
tions. They are about the tightest fits that can be used with high-grade cast-iron external
members.

FN 3 Heavy drive fits are suitable for heavier steel parts or for shrink fits in medium sec-
tions.

FN 4 and FN 5 Force fits are suitable for parts that can be highly stressed, or for shrink fits
where the heavy pressing forces required are impractical.

Graphical Representation of Limits and Fits.—A visual comparison of the hole and
shaft tolerances and the clearances or interferences provided by the various types and
classes of fits can be obtained from the diagrams on page 640. These diagrams have been
drawn to scale for a nominal diameter of 1 inch.

Use of Standard Fit Tables.—Example 1:A Class RC 1 fit is to be used in assembling a
mating hole and shaft of 2-inch nominal diameter. This class of fit was selected because the
application required accurate location of the parts with no perceptible play (see Descrip-
tion of Fits, RC 1 close sliding fits). From the data in Table 8a, establish the limits of size
and clearance of the hole and shaft.

Maximum hole = 2 + 0.0005 = 2.0005; minimum hole = 2 inches
Maximum shaft = 2 − 0.0004 = 1.9996; minimum shaft = 2 − 0.0007 = 1.9993 inches
Minimum clearance = 0.0004; maximum clearance = 0.0012 inch

Modified Standard Fits.—Fits having the same limits of clearance or interference as
those shown in Tables 8a to 12 may sometimes have to be produced by using holes or shafts
having limits of size other than those shown in these tables. These modifications may be
accomplished by using either a Bilateral Hole System (Symbol B) or a Basic Shaft System
(Symbol S). Both methods will result in nonstandard holes and shafts.

Bilateral Hole Fits (Symbol B): The common situation is where holes are produced with
fixed tools such as drills or reamers; to provide a longer wear life for such tools, a bilateral
tolerance is desired.

The symbols used for these fits are identical with those used for standard fits except that
they are followed by the letter B. Thus, LC 4B is a clearance locational fit, Class 4, except
that it is produced with a bilateral hole.

The limits of clearance or interference are identical with those shown in Tables 8a to 12
for the corresponding fits.

The hole tolerance, however, is changed so that the plus limit is that for one grade finer
than the value shown in the tables and the minus limit equals the amount by which the plus
limit was lowered. The shaft limits are both lowered by the same amount as the lower limit
of size of the hole. The finer grade of tolerance required to make these modifications may
be obtained from Table 6. For example, an LC 4B fit for a 6-inch diameter hole would have
tolerance limits of +4.0, −2.0 ( + 0.0040 inch, − 0.0020 inch); the shaft would have toler-
ance limits of −2.0, −6.0 ( −0.0020 inch, −0.0060 inch).

Basic Shaft Fits (Symbol S): For these fits, the maximum size of the shaft is basic. The
limits of clearance or interference are identical with those shown in Tables 8a to 12 for the
corresponding fits and the symbols used for these fits are identical with those used for stan-
dard fits except that they are followed by the letter S. Thus, LC 4S is a clearance locational
fit, Class 4, except that it is produced on a basic shaft basis.
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The limits for hole and shaft as given in Tables 8a to 12 are increased for clearance fits
(decreased for transition or interference fits) by the value of the upper shaft limit; that is, by
the amount required to change the maximum shaft to the basic size.

Graphical Representation of ANSI Standard Limits and Fits
ANSI B4.1-1967 (R2009)

Diagrams show disposition of hole and shaft tolerances (in thousandths of an inch) with
respect to basic size (0) for a diameter of 1 inch.
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Table 8a. American National Standard Running and Sliding Fits  ANSI B4.1-1967 (R2009)

Nominal
Size Range,

Inches

Class RC 1 Class RC 2 Class RC 3 Class RC 4

Clearancea

Standard Tolerance Limits

Clearancea

Standard Tolerance Limits

Clearancea

Standard Tolerance Limits

Clearancea

Standard Tolerance Limits

Hole
H5

Shaft
g4

Hole
H6

Shaft
g5

Hole
H7

Shaft
f6

Hole
H8

Shaft
f7

Over To Values shown below are in thousandths of an inch

0 - 0.12
0.1 +0.2 −0.1 0.1 +0.25 −0.1 0.3 +0.4 −0.3 0.3 +0.6 −0.3

0.45 0 −0.25 0.55 0 −0.3 0.95 0 −0.55 1.3 0 −0.7

0.12 - 0.24
0.15 +0.2 −0.15 0.15 +0.3 −0.15 0.4 +0.5 −0.4 0.4 +0.7 −0.4

0.5 0 −0.3 0.65 0 −0.35 1.2 0 −0.7 1.6 0 −0.9

0.24 - 0.40
0.2 +0.25 −0.2 0.2 +0.4 −0.2 0.5 +0.6 −0.5 0.5 +0.9 −0.5

0.6 0 −0.35 0.85 0 −0.45 1.5 0 −0.9 2.0 0 −1.1

0.40 - 0.71
0.25 +0.3 −0.25 0.25 +0.4 −0.25 0.6 +0.7 −0.6 0.6 +1.0 −0.6

0.75 0 −0.45 0.95 0 −0.55 1.7 0 −1.0 2.3 0 −1.3

0.71 - 1.19
0.3 +0.4 −0.3 0.3 +0.5 −0.3 0.8 +0.8 −0.8 0.8 +1.2 −0.8

0.95 0 −0.55 1.2 0 −0.7 2.1 0 −1.3 2.8 0 −1.6

1.19 - 1.97
0.4 +0.4 −0.4 0.4 +0.6 −0.4 1.0 +1.0 −1.0 1.0 +1.6 −1.0

1.1 0 −0.7 1.4 0 −0.8 2.6 0 −1.6 3.6 0 −2.0

1.97 - 3.15
0.4 +0.5 −0.4 0.4 +0.7 −0.4 1.2 +1.2 −1.2 1.2 +1.8 −1.2

1.2 0 −0.7 1.6 0 −0.9 3.1 0 −1.9 4.2 0 −2.4

3.15 - 4.73
0.5 +0.6 −0.5 0.5 +0.9 −0.5 1.4 +1.4 −1.4 1.4 +2.2 −1.4

1.5 0 −0.9 2.0 0 −1.1 3.7 0 −2.3 5.0 0 −2.8

4.73 - 7.09
0.6 +0.7 −0.6 0.6 +1.0 −0.6 1.6 +1.6 −1.6 1.6 +2.5 −1.6

1.8 0 −1.1 2.3 0 −1.3 4.2 0 −2.6 5.7 0 −3.2

7.09 - 9.85
0.6 +0.8 −0.6 0.6 +1.2 −0.6 2.0 +1.8 −2.0 2.0 +2.8 −2.0

2.0 0 −1.2 2.6 0 −1.4 5.0 0 −3.2 6.6 0 −3.8

9.85 - 12.41
0.8 +0.9 −0.8 0.8 +1.2 −0.8 2.5 +2.0 −2.5 2.5 +3.0 −2.5

2.3 0 −1.4 2.9 0 −1.7 5.7 0 −3.7 7.5 0 −4.5

12.41 - 15.75
1.0 +1.0 −1.0 1.0 +1.4 −1.0 3.0 +2.2 −3.0 3.0 +3.5 −3.0

2.7 0 −1.7 3.4 0 −2.0 6.6 0 −4.4 8.7 0 −5.2

15.75 - 19.69
1.2 +1.0 −1.2 1.2 +1.6 −1.2 4.0 +2.5 −4.0 4.0 +4.0 −4.0

3.0 0 −2.0 3.8 0 −2.2 8.1 0 −5.6 10.5 0 −6.5

Machinery's Handbook 29th Edition
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Tolerance limits given in body of table are added to or subtracted from basic size (as indicated by + or − sign) to obtain maximum and minimum sizes of mating parts.
All data above heavy lines are in accord with ABC agreements. Symbols H5, g4, etc. are hole and shaft designations in ABC system. Limits for sizes above 19.69

inches are also given in the ANSI Standard.

Table 8b. American National Standard Running and Sliding Fits  ANSI B4.1-1967 (R2009)

Nominal
Size Range,

Inches

Class RC 5 Class RC 6 Class RC 7 Class RC 8 Class RC 9

Clear-
ancea

Standard Tolerance Limits

Clear-
ancea

Standard Tolerance Limits

Clear-
ancea

Standard Tolerance Limits

Clear-
ancea

Standard Tolerance Limits

Clear-
ancea

Standard Tolerance Limits

Hole
H8

Shaft
e7

Hole
H9

Shaft
e8

Hole
H9

Shaft
d8

Hole
H10

Shaft
c9

Hole
H11 Shaft

Over To Values shown below are in thousandths of an inch

0 - 0.12
0.6 +0.6 − 0.6 0.6 +1.0 − 0.6 1.0 +1.0 − 1.0 2.5 +1.6 − 2.5 4.0 +2.5 − 4.0
1.6 0 − 1.0 2.2 0 − 1.2 2.6 0 − 1.6 5.1 0 − 3.5 8.1 0 − 5.6

0.12 - 0.24
0.8 +0.7 − 0.8 0.8 +1.2 − 0.8 1.2 +1.2 − 1.2 2.8 +1.8 − 2.8 4.5 +3.0 − 4.5
2.0 0 − 1.3 2.7 0 − 1.5 3.1 0 − 1.9 5.8 0 − 4.0 9.0 0 − 6.0

0.24 - 0.40
1.0 +0.9 − 1.0 1.0 +1.4 − 1.0 1.6 +1.4 − 1.6 3.0 +2.2 − 3.0 5.0 +3.5 − 5.0
2.5 0 − 1.6 3.3 0 − 1.9 3.9 0 − 2.5 6.6 0 − 4.4 10.7 0 − 7.2

0.40 - 0.71
1.2 +1.0 − 1.2 1.2 +1.6 − 1.2 2.0 +1.6 − 2.0 3.5 +2.8 − 3.5 6.0 +4.0 − 6.0
2.9 0 − 1.9 3.8 0 − 2.2 4.6 0 − 3.0 7.9 0 − 5.1 12.8 0 − 8.8

0.71 - 1.19
1.6 +1.2 − 1.6 1.6 +2.0 − 1.6 2.5 +2.0 − 2.5 4.5 +3.5 − 4.5 7.0 +5.0 − 7.0
3.6 0 − 2.4 4.8 0 − 2.8 5.7 0 − 3.7 10.0 0 − 6.5 15.5 0 −10.5

1.19 - 1.97
2.0 +1.6 − 2.0 2.0 +2.5 − 2.0 3.0 +2.5 − 3.0 5.0 +4.0 − 5.0 8.0 +6.0 − 8.0
4.6 0 − 3.0 6.1 0 − 3.6 7.1 0 − 4.6 11.5 0 − 7.5 18.0 0 −12.0

1.97 - 3.15
2.5 +1.8 − 2.5 2.5 +3.0 − 2.5 4.0 +3.0 − 4.0 6.0 +4.5 − 6.0 9.0 +7.0 − 9.0
5.5 0 − 3.7 7.3 0 − 4.3 8.8 0 − 5.8 13.5 0 − 9.0 20.5 0 −13.5

3.15 - 4.73
3.0 +2.2 − 3.0 3.0 +3.5 − 3.0 5.0 +3.5 − 5.0 7.0 +5.0 − 7.0 10.0 +9.0 −10.0
6.6 0 − 4.4 8.7 0 − 5.2 10.7 0 − 7.2 15.5 0 −10.5 24.0 0 −15.0

4.73 - 7.09
3.5 +2.5 − 3.5 3.5 +4.0 − 3.5 6.0 +4.0 − 6.0 8.0 +6.0 − 8.0 12.0 +10.0 −12.0
7.6 0 − 5.1 10.0 0 − 6.0 12.5 0 − 8.5 18.0 0 −12.0 28.0 0 −18.0

7.09 - 9.85
4.0 +2.8 − 4.0 4.0 +4.5 − 4.0 7.0 +4.5 − 7.0 10.0 +7.0 −10.0 15.0 +12.0 −15.0
8.6 0 − 5.8 11.3 0 − 6.8 14.3 0 − 9.8 21.5 0 −14.5 34.0 0 −22.0

9.85 - 12.41
5.0 +3.0 − 5.0 5.0 +5.0 − 5.0 8.0 +5.0 − 8.0 12.0 +8.0 −12.0 18.0 +12.0 −18.0

10.0 0 − 7.0 13.0 0 − 8.0 16.0 0 −11.0 25.0 0 −17.0 38.0 0 −26.0

12.41 - 15.75
6.0 +3.5 − 6.0 6.0 +6.0 − 6.0 10.0 +6.0 −10.0 14.0 +9.0 −14.0 22.0 +14.0 −22.0

11.7 0 − 8.2 15.5 0 − 9.5 19.5 0 −13.5 29.0 0 −20.0 45.0 0 −31.0

15.75 - 19.69
8.0 +4.0 − 8.0 8.0 +6.0 − 8.0 12.0 +6.0 −12.0 16.0 +10.0 −16.0 25.0 +16.0 −25.0

14.5 0 −10.5 18.0 0 −12.0 22.0 0 −16.0 32.0 0 −22.0 51.0 0 −35.0

a Pairs of values shown represent minimum and maximum amounts of clearance resulting from application of standard tolerance limits. 
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Tolerance limits given in body of table are added or subtracted to basic size (as indicated by + or − sign) to obtain maximum and minimum sizes of mating parts. All
data above heavy lines are in accordance with American-British-Canadian (ABC) agreements. Symbols H6, H7, s6, etc. are hole and shaft designations in ABC system.
Limits for sizes above 19.69 inches are not covered by ABC agreements but are given in the ANSI Standard.

Table 9a. American National Standard Clearance Locational Fits  ANSI B4.1-1967 (R2009)

Nominal
Size Range,

Inches

Class LC 1 Class LC 2 Class LC 3 Class LC 4 Class LC 5

Clear-
ancea

Standard Tolerance Limits

Clear-
ancea

Standard Tolerance Limits

Clear-
ancea

Standard Tolerance Limits

Clear-
ancea

Standard Tolerance Limits

Clear-
ancea

Standard Tolerance Limits

Hole
H6

Shaft
h5

Hole
H7

Shaft
h6

Hole
H8

Shaft
h7

Hole
H10

Shaft
h9

Hole
H7

Shaft
g6

Over To Values shown below are in thousandths of an inch

0- 0.12
0 +0.25 0 0 +0.4 0 0 +0.6 0 0 +1.6 0 0.1 +0.4 −0.1

0.45 0 −0.2 0.65 0 −0.25 1 0 −0.4 2.6 0 −1.0 0.75 0 −0.35

0.12- 0.24
0 +0.3 0 0 +0.5 0 0 +0.7 0 0 +1.8 0 0.15 +0.5 −0.15

0.5 0 −0.2 0.8 0 −0.3 1.2 0 −0.5 3.0 0 −1.2 0.95 0 −0.45

0.24- 0.40
0 +0.4 0 0 +0.6 0 0 +0.9 0 0 +2.2 0 0.2 +0.6 −0.2

0.65 0 −0.25 1.0 0 −0.4 1.5 0 −0.6 3.6 0 −1.4 1.2 0 −0.6

0.40- 0.71
0 +0.4 0 0 +0.7 0 0 +1.0 0 0 +2.8 0 0.25 +0.7 −0.25

0.7 0 −0.3 1.1 0 −0.4 1.7 0 −0.7 4.4 0 −1.6 1.35 0 −0.65

0.71- 1.19
0 +0.5 0 0 +0.8 0 0 +1.2 0 0 +3.5 0 0.3 +0.8 −0.3

0.9 0 −0.4 1.3 0 −0.5 2 0 −0.8 5.5 0 −2.0 1.6 0 −0.8

1.19- 1.97
0 +0.6 0 0 +1.0 0 0 +1.6 0 0 +4.0 0 0.4 +1.0 −0.4

1.0 0 −0.4 1.6 0 −0.6 2.6 0 −1 6.5 0 −2.5 2.0 0 −1.0

1.97- 3.15
0 +0.7 0 0 +1.2 0 0 +1.8 0 0 +4.5 0 0.4 +1.2 −0.4

1.2 0 −0.5 1.9 0 −0.7 3 0 −1.2 7.5 0 −3 2.3 0 −1.1

3.15- 4.73
0 +0.9 0 0 +1.4 0 0 +2.2 0 0 +5.0 0 0.5 +1.4 −0.5

1.5 0 −0.6 2.3 0 −0.9 3.6 0 −1.4 8.5 0 −3.5 2.8 0 −1.4

4.73- 7.09
0 +1.0 0 0 +1.6 0 0 +2.5 0 0 +6.0 0 0.6 +1.6 −0.6

1.7 0 −0.7 2.6 0 −1.0 4.1 0 −1.6 10.0 0 −4 3.2 0 −1.6

7.09- 9.85
0 +1.2 0 0 +1.8 0 0 +2.8 0 0 +7.0 0 0.6 +1.8 −0.6

2.0 0 −0.8 3.0 0 −1.2 4.6 0 −1.8 11.5 0 −4.5 3.6 0 −1.8

9.85- 12.41
0 +1.2 0 0 +2.0 0 0 +3.0 0 0 +8.0 0 0.7 +2.0 −0.7

2.1 0 −0.9 3.2 0 −1.2 5 0 −2.0 13.0 0 −5 3.9 0 −1.9

12.41- 15.75
0 +1.4 0 0 +2.2 0 0 +3.5 0 0 +9.0 0 0.7 +2.2 −0.7

2.4 0 −1.0 3.6 0 −1.4 5.7 0 −2.2 15.0 0 −6 4.3 0 −2.1

15.75- 19.69
0 +1.6 0 0 +2.5 0 0 +4 0 0 +10.0 0 0.8 +2.5 −0.8

2.6 0 −1.0 4.1 0 −1.6 6.5 0 −2.5 16.0 0 −6 4.9 0 −2.4
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644Table 9b. American National Standard Clearance Locational Fits  ANSI B4.1-1967 (R2009)

Nominal
Size Range,

Inches

Class LC 6 Class LC 7 Class LC 8 Class LC 9 Class LC 10 Class LC 11

Clear-
ancea

Std. Tolerance Limits

Clear-
ancea

Std. Tolerance Limits

Clear-
ancea

Std. Tolerance Limits

Clear-
ancea

Std. Tolerance Limits

Clear-
ancea

Std. Tolerance Limits

Clear-
ancea

Std. Tolerance Limits

Hole
H9

Shaft
f8

Hole
H10

Shaft
e9

Hole
H10

Shaft
d9

Hole
H11

Shaft
c10

Hole
H12 Shaft

Hole
H13 Shaft

Over To Values shown below are in thousandths of an inch

0 - 0.12
0.3 +1.0 −0.3 0.6 +1.6 − 0.6 1.0 +1.6 − 1.0 2.5 +2.5 − 2.5 4 +4 − 4 5 +6 − 5
1.9 0 −0.9 3.2 0 − 1.6 2.0 0 − 2.0 6.6 0 − 4.1 12 0 − 8 17 0 − 11

0.12 − 0.24
0.4 +1.2 −0.4 0.8 +1.8 − 0.8 1.2 +1.8 − 1.2 2.8 +3.0 − 2.8 4.5 +5 − 4.5 6 +7 − 6
2.3 0 −1.1 3.8 0 − 2.0 4.2 0 − 2.4 7.6 0 − 4.6 14.5 0 − 9.5 20 0 −13

0.24 − 0.40
0.5 +1.4 −0.5 1.0 +2.2 − 1.0 1.6 +2.2 − 1.6 3.0 +3.5 − 3.0 5 +6 − 5 7 +9 − 7
2.8 0 −1.4 4.6 0 − 2.4 5.2 0 − 3.0 8.7 0 − 5.2 17 0 −11 25 0 −16

0.40 - 0.71
0.6 +1.6 −0.6 1.2 +2.8 − 1.2 2.0 +2.8 − 2.0 3.5 +4.0 − 3.5 6 +7 − 6 8 +10 − 8
3.2 0 −1.6 5.6 0 − 2.8 6.4 0 − 3.6 10.3 0 − 6.3 20 0 −13 28 0 −18

0.71 - 1.19
0.8 +2.0 −0.8 1.6 +3.5 − 1.6 2.5 +3.5 − 2.5 4.5 +5.0 − 4.5 7 +8 − 7 10 +12 −10
4.0 0 −2.0 7.1 0 − 3.6 8.0 0 − 4.5 13.0 0 − 8.0 23 0 −15 34 0 −22

1.19 - 1.97
1.0 +2.5 −1.0 2.0 +4.0 − 2.0 3.6 +4.0 − 3.0 5.0 +6 − 5.0 8 +10 − 8 12 +16 −12
5.1 0 −2.6 8.5 0 − 4.5 9.5 0 − 5.5 15.0 0 − 9.0 28 0 −18 44 0 −28

1.97 - 3.15
1.2 +3.0 −1.0 2.5 +4.5 − 2.5 4.0 +4.5 − 4.0 6.0 +7 − 6.0 10 +12 −10 14 +18 −14
6.0 0 −3.0 10.0 0 − 5.5 11.5 0 − 7.0 17.5 0 −10.5 34 0 −22 50 0 −32

3.15 - 4.73
1.4 +3.5 −1.4 3.0 +5.0 − 3.0 5.0 +5.0 − 5.0 7 +9 − 7 11 +14 −11 16 +22 −16
7.1 0 −3.6 11.5 0 − 6.5 13.5 0 − 8.5 21 0 −12 39 0 −25 60 0 −38

4.73 - 7.09
1.6 +4.0 −1.6 3.5 +6.0 − 3.5 6 +6 − 6 8 +10 − 8 12 +16 −12 18 +25 −18
8.1 0 −4.1 13.5 0 − 7.5 16 0 −10 24 0 −14 44 0 −28 68 0 −43

7.09 − 9.85
2.0 +4.5 −2.0 4.0 +7.0 − 4.0 7 +7 − 7 10 +12 −10 16 +18 −16 22 +28 −22
9.3 0 −4.8 15.5 0 − 8.5 18.5 0 −11.5 29 0 −17 52 0 −34 78 0 −50

9.85 - 12.41
2.2 +5.0 −2.2 4.5 +8.0 − 4.5 7 +8 − 7 12 +12 −12 20 +20 −20 28 +30 −28

10.2 0 −5.2 17.5 0 − 9.5 20 0 −12 32 0 −20 60 0 −40 88 0 −58

12.41 - 15.75
2.5 +6.0 −2.5 5.0 +9.0 − 5 8 +9 − 8 14 +14 −14 22 +22 −22 30 +35 −30

12.0 0 −6.0 20.0 0 −11 23 0 −14 37 0 −23 66 0 −44 100 0 −65

15.75- 19.69
2.8 +6.0 −2.8 5.0 +10.0 − 5 9 +10 − 9 16 +16 −16 25 +25 −25 35 +40 −35

12.8 0 −6.8 21.0 0 −11 25 0 −15 42 0 −26 75 0 −50 115 0 −75

a Pairs of values shown represent minimum and maximum amounts of interference resulting from application of standard tolerance limits. 
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Table 10. ANSI Standard Transition Locational Fits ANSI B4.1-1967 (R2009)

All data above heavy lines are in accord with ABC agreements. Symbols H7, js6, etc., are hole and shaft designations in the ABC system.

Nominal
Size Range,

Inches

Class LT 1 Class LT 2 Class LT 3 Class LT 4 Class LT 5 Class LT 6

Fita

a Pairs of values shown represent maximum amount of interference (−) and maximum amount of clearance (+) resulting from application of standard tolerance limits. 

Std. Tolerance Limits

Fita

Std. Tolerance Limits

Fita

Std. Tolerance Limits

Fita

Std. Tolerance Limits

Fita

Std. Tolerance Limits

Fita

Std. Tolerance Limits

Hole
H7

Shaft
js6

Hole
H8

Shaft
js7

Hole
H7

Shaft
k6

Hole
H8

Shaft
k7

Hole
H7

Shaft
n6

Hole
H7

Shaft
n7

Over To Values shown below are in thousandths of an inch

0 - 0.12
−0.12 +0.4 +0.12 −0.2 +0.6 +0.2 −0.5 +0.4 +0.5 −0.65 +0.4 +0.65
+0.52 0 −0.12 +0.8 0 −0.2 +0.15 0 +0.25 +0.15 0 +0.25

0.12 - 0.24
−0.15 +0.5 +0.15 −0.25 +0.7 +0.25 −0.6 +0.5 +0.6 −0.8 +0.5 +0.8
+0.65 0 −0.15 +0.95 0 −0.25 +0.2 0 +0.3 +0.2 0 +0.3

0.24 - 0.40
−0.2 +0.6 +0.2 −0.3 +0.9 +0.3 −0.5 +0.6 +0.5 −0.7 +0.9 +0.7 −0.8 +0.6 +0.8 −1.0 +0.6 +1.0
+0.8 0 −0.2 +1.2 0 −0.3 +0.5 0 +0.1 +0.8 0 +0.1 +0.2 0 +0.4 +0.2 0 +0.4

0.40 - 0.71
−0.2 +0.7 +0.2 −0.35 +1.0 +0.35 −0.5 +0.7 +0.5 −0.8 +1.0 +0.8 −0.9 +0.7 +0.9 −1.2 +0.7 +1.2
+0.9 0 −0.2 +1.35 0 −0.35 +0.6 0 +0.1 +0.9 0 +0.1 +0.2 0 +0.5 +0.2 0 +0.5

0.71 - 1.19
−0.25 +0.8 +0.25 −0.4 +1.2 +0.4 −0.6 +0.8 +0.6 −0.9 +1.2 +0.9 −1.1 +0.8 +1.1 −1.4 +0.8 +1.4
+1.05 0 −0.25 +1.6 0 −0.4 +0.7 0 +0.1 +1.1 0 +0.1 +0.2 0 +0.6 +0.2 0 +0.6

1.19 - 1.97
−0.3 +1.0 +0.3 −0.5 +1.6 +0.5 −0.7 +1.0 +0.7 −1.1 +1.6 +1.1 −1.3 +1.0 +1.3 −1.7 +1.0 +1.7
+1.3 0 −0.3 +2.1 0 −0.5 +0.9 0 +0.1 +1.5 0 +0.1 +0.3 0 +0.7 +0.3 0 +0.7

1.97 - 3.15
−0.3 +1.2 +0.3 −0.6 +1.8 +0.6 −0.8 +1.2 +0.8 −1.3 +1.8 +1.3 −1.5 +1.2 +1.5 −2.0 +1.2 +2.0
+1.5 0 −0.3 +2.4 0 −0.6 +1.1 0 +0.1 +1.7 0 +0.1 +0.4 0 +0.8 +0.4 0 +0.8

3.15 - 4.73
−0.4 +1.4 +0.4 −0.7 +2.2 +0.7 −1.0 +1.4 +1.0 −1.5 +2.2 +1.5 −1.9 +1.4 +1.9 −2.4 +1.4 +2.4
+1.8 0 −0.4 +2.9 0 −0.7 +1.3 0 +0.1 +2.1 0 +0.1 +0.4 0 +1.0 +0.4 0 +1.0

4.73 - 7.09
−0.5 +1.6 +0.5 −0.8 +2.5 +0.8 −1.1 +1.6 +1.1 −1.7 +2.5 +1.7 −2.2 +1.6 +2.2 −2.8 +1.6 +2.8
+2.1 0 −0.5 +3.3 0 −0.8 +1.5 0 +0.1 +2.4 0 +0.1 +0.4 0 +1.2 +0.4 0 +1.2

7.09 - 9.85
−0.6 +1.8 +0.6 −0.9 +2.8 +0.9 −1.4 +1.8 +1.4 −2.0 +2.8 +2.0 −2.6 +1.8 +2.6 −3.2 +1.8 +3.2
+2.4 0 −0.6 +3.7 0 −0.9 +1.6 0 +0.2 +2.6 0 +0.2 +0.4 0 +1.4 +0.4 0 +1.4

9.85 - 12.41
−0.6 +2.0 +0.6 −1.0 +3.0 +1.0 −1.4 +2.0 +1.4 −2.2 +3.0 +2.2 −2.6 +2.0 +2.6 −3.4 +2.0 +3.4
+2.6 0 −0.6 +4.0 0 −1.0 +1.8 0 +0.2 +2.8 0 +0.2 +0.6 0 +1.4 +0.6 0 +1.4

12.41 - 15.75
−0.7 +2.2 +0.7 −1.0 +3.5 +1.0 −1.6 +2.2 +1.6 −2.4 +3.5 +2.4 −3.0 +2.2 +3.0 −3.8 +2.2 +3.8
+2.9 0 −0.7 +4.5 0 −1.0 +2.0 0 +0.2 +3.3 0 +0.2 +0.6 0 +1.6 +0.6 0 +1.6

15.75 - 19.69
−0.8 +2.5 +0.8 −1.2 +4.0 +1.2 −1.8 +2.5 +1.8 −2.7 +4.0 +2.7 −3.4 +2.5 +3.4 −4.3 +2.5 +4.3
+3.3 0 −0.8 +5.2 0 −1.2 +2.3 0 +0.2 +3.8 0 +0.2 +0.7 0 +1.8 +0.7 0 +1.8
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646Table 11. ANSI Standard Force and Shrink Fits  ANSI B4.1-1967 (R2009)

Nominal
Size Range,

Inches

Class FN 1 Class FN 2 Class FN 3 Class FN 4 Class FN 5

Inter-
ferencea

Standard Tolerance Limits

Inter-
ferencea

Standard Tolerance Limits

Inter-
ferencea

Standard Tolerance Limits

Inter-
ferencea

Standard Tolerance Limits

Inter-
ferencea

Standard Tolerance Limits

Hole
H6 Shaft

Hole
H7

Shaft
s6

Hole
H7

Shaft
t6

Hole
H7

Shaft
u6

Hole
H8

Shaft
x7

Over To Values shown below are in thousandths of an inch

0- 0.12
0.05 +0.25 +0.5 0.2 +0.4 +0.85 0.3 +0.4 +0.95 0.3 +0.6 +1.3

0.5 0 +0.3 0.85 0 +0.6 0.95 0 +0.7 1.3 0 +0.9

0.12- 0.24
0.1 +0.3 +0.6 0.2 +0.5 +1.0 0.4 +0.5 +1.2 0.5 +0.7 +1.7

0.6 0 +0.4 1.0 0 +0.7 1.2 0 +0.9 1.7 0 +1.2

0.24- 0.40
0.1 +0.4 +0.75 0.4 +0.6 +1.4 0.6 +0.6 +1.6 0.5 +0.9 +2.0

0.75 0 +0.5 1.4 0 +1.0 1.6 0 +1.2 2.0 0 +1.4

0.40- 0.56
0.1 +0.4 +0.8 0.5 +0.7 +1.6 0.7 +0.7 +1.8 0.6 +1.0 +2.3

0.8 0 +0.5 1.6 0 +1.2 1.8 0 +1.4 2.3 0 +1.6

0.56- 0.71
0.2 +0.4 +0.9 0.5 +0.7 +1.6 0.7 +0.7 +1.8 0.8 +1.0 +2.5

0.9 0 +0.6 1.6 0 +1.2 1.8 0 +1.4 2.5 0 +1.8

0.71- 0.95
0.2 +0.5 +1.1 0.6 +0.8 +1.9 0.8 +0.8 +2.1 1.0 +1.2 +3.0

1.1 0 +0.7 1.9 0 +1.4 2.1 0 +1.6 3.0 0 +2.2

0.95- 1.19
0.3 +0.5 +1.2 0.6 +0.8 +1.9 0.8 +0.8 +2.1 +1.0 +0.8 +2.3 1.3 +1.2 +3.3

1.2 0 +0.8 1.9 0 +1.4 2.1 0 +1.6 2.3 0 +1.8 3.3 0 +2.5

1.19- 1.58
0.3 +0.6 +1.3 0.8 +1.0 +2.4 1.0 +1.0 +2.6 1.5 +1.0 +3.1 1.4 +1.6 +4.0

1.3 0 +0.9 2.4 0 +1.8 2.6 0 +2.0 3.1 0 +2.5 4.0 0 +3.0

1.58- 1.97
0.4 +0.6 +1.4 0.8 +1.0 +2.4 1.2 +1.0 +2.8 1.8 +1.0 +3.4 2.4 +1.6 +5.0

1.4 0 +1.0 2.4 0 +1.8 2.8 0 +2.2 3.4 0 +2.8 5.0 0 +4.0

1.97- 2.56
0.6 +0.7 +1.8 0.8 +1.2 +2.7 1.3 +1.2 +3.2 2.3 +1.2 +4.2 3.2 +1.8 +6.2

1.8 0 +1.3 2.7 0 +2.0 3.2 0 +2.5 4.2 0 +3.5 6.2 0 +5.0

2.56- 3.15
0.7 +0.7 +1.9 1.0 +1.2 +2.9 1.8 +1.2 +3.7 2.8 +1.2 +4.7 4.2 +1.8 +7.2

1.9 0 +1.4 2.9 0 +2.2 3.7 0 +3.0 4.7 0 +4.0 7.2 0 +6.0

3.15- 3.94
0.9 +0.9 +2.4 1.4 +1.4 +3.7 2.1 +1.4 +4.4 3.6 +1.4 +5.9 4.8 +2.2 +8.4

2.4 0 +1.8 3.7 0 +2.8 4.4 0 +3.5 5.9 0 +5.0 8.4 0 +7.0

3.94- 4.73
1.1 +0.9 +2.6 1.6 +1.4 +3.9 2.6 +1.4 +4.9 4.6 +1.4 +6.9 5.8 +2.2 +9.4

2.6 0 +2.0 3.9 0 +3.0 4.9 0 +4.0 6.9 0 +6.0 9.4 0 +8.0

4.73- 5.52
1.2 +1.0 +2.9 1.9 +1.6 +4.5 3.4 +1.6 +6.0 5.4 +1.6 +8.0 7.5 +2.5 +11.6

2.9 0 +2.2 4.5 0 +3.5 6.0 0 +5.0 8.0 0 +7.0 11.6 0 +10.0
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All data above heavy lines are in accordance with American-British-Canadian (ABC) agreements. Symbols H6, H7, s6, etc., are hole and shaft designations in the
ABC system. Limits for sizes above 19.69 inches are not covered by ABC agreements but are given in the ANSI standard.

5.52- 6.30
1.5 +1.0 +3.2 2.4 +1.6 +5.0 3.4 +1.6 +6.0 5.4 +1.6 +8.0 9.5 +2.5 +13.6

3.2 0 +2.5 5.0 0 +4.0 6.0 0 +5.0 8.0 0 +7.0 13.6 0 +12.0

6.30- 7.09
1.8 +1.0 +3.5 2.9 +1.6 +5.5 4.4 +1.6 +7.0 6.4 +1.6 +9.0 9.5 +2.5 +13.6

3.5 0 +2.8 5.5 0 +4.5 7.0 0 +6.0 9.0 0 +8.0 13.6 0 +12.0

7.09- 7.88
1.8 +1.2 +3.8 3.2 +1.8 +6.2 5.2 +1.8 +8.2 7.2 +1.8 +10.2 11.2 +2.8 +15.8

3.8 0 +3.0 6.2 0 +5.0 8.2 0 +7.0 10.2 0 +9.0 15.8 0 +14.0

7.88- 8.86
2.3 +1.2 +4.3 3.2 +1.8 +6.2 5.2 +1.8 +8.2 8.2 +1.8 +11.2 13.2 +2.8 +17.8

4.3 0 +3.5 6.2 0 +5.0 8.2 0 +7.0 11.2 0 +10.0 17.8 0 +16.0

8.86- 9.85
2.3 +1.2 +4.3 4.2 +1.8 +7.2 6.2 +1.8 +9.2 10.2 +1.8 +13.2 13.2 +2.8 +17.8

4.3 0 +3.5 7.2 0 +6.0 9.2 0 +8.0 13.2 0 +12.0 17.8 0 +16.0

9.85- 11.03
2.8 +1.2 +4.9 4.0 +2.0 +7.2 7.0 +2.0 +10.2 10.0 +2.0 +13.2 15.0 +3.0 +20.0

4.9 0 +4.0 7.2 0 +6.0 10.2 0 +9.0 13.2 0 +12.0 20.0 0 +18.0

11.03- 12.41
2.8 +1.2 +4.9 5.0 +2.0 +8.2 7.0 +2.0 +10.2 12.0 +2.0 +15.2 17.0 +3.0 +22.0

4.9 0 +4.0 8.2 0 +7.0 10.2 0 +9.0 15.2 0 +14.0 22.0 0 +20.0

12.41- 13.98
3.1 +1.4 +5.5 5.8 +2.2 +9.4 7.8 +2.2 +11.4 13.8 +2.2 +17.4 18.5 +3.5 +24.2

5.5 0 +4.5 9.4 0 +8.0 11.4 0 +10.0 17.4 0 +16.0 24.2 0 +22.0

13.98- 15.75
3.6 +1.4 +6.1 5.8 +2.2 +9.4 9.8 +2.2 +13.4 15.8 +2.2 +19.4 21.5 +3.5 +27.2

6.1 0 +5.0 9.4 0 +8.0 13.4 0 +12.0 19.4 0 +18.0 27.2 0 +25.0

15.75- 17.72
4.4 +1.6 +7.0 6.5 +2.5 +10.6 +9.5 +2.5 +13.6 17.5 +2.5 +21.6 24.0 +4.0 +30.5

7.0 0 +6.0 10.6 0 +9.0 13.6 0 +12.0 21.6 0 +20.0 30.5 0 +28.0

17.72- 19.69
4.4 +1.6 +7.0 7.5 +2.5 +11.6 11.5 +2.5 +15.6 19.5 +2.5 +23.6 26.0 +4.0 +32.5

7.0 0 +6.0 11.6 0 +10.0 15.6 0 +14.0 23.6 0 +22.0 32.5 0 +30.0

a Pairs of values shown represent minimum and maximum amounts of interference resulting from application of standard tolerance limits. 

Table 11. ANSI Standard Force and Shrink Fits  ANSI B4.1-1967 (R2009)

Nominal
Size Range,

Inches

Class FN 1 Class FN 2 Class FN 3 Class FN 4 Class FN 5

Inter-
ferencea

Standard Tolerance Limits

Inter-
ferencea

Standard Tolerance Limits

Inter-
ferencea

Standard Tolerance Limits

Inter-
ferencea

Standard Tolerance Limits

Inter-
ferencea

Standard Tolerance Limits

Hole
H6 Shaft

Hole
H7

Shaft
s6

Hole
H7

Shaft
t6

Hole
H7

Shaft
u6

Hole
H8

Shaft
x7

Over To Values shown below are in thousandths of an inch
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Table 12. ANSI Standard Interference Location Fits ANSI B4.1-1967 (R2009)

All data in this table are in accordance with American-British-Canadian (ABC) agreements.
Limits for sizes above 19.69 inches are not covered by ABC agreements but are given in the ANSI

Standard.
Symbols H7, p6, etc., are hole and shaft designations in the ABC system.
Tolerance limits given in body of table are added or subtracted to basic size (as indicated by + or −

sign) to obtain maximum and minimum sizes of mating parts.

American National Standard Preferred Metric Limits and Fits

This standard ANSI B4.2-1978 (R2009) describes the ISO system of metric limits and
fits for mating parts as approved for general engineering usage in the United States. 

It establishes: 1) the designation symbols used to define dimensional limits on drawings,
material stock, related tools, gages, etc.;  2) the preferred basic sizes (first and second
choices);  3) the preferred tolerance zones (first, second, and third choices);  4)  the  pre-
ferred limits and fits for sizes (first choice only) up to and including 500 millimeters;  and
5) the definitions of related terms.

The general terms “hole” and “shaft” can also be taken to refer to the space containing or
contained by two parallel faces of any part, such as the width of a slot, or the thickness of a
key.
Definitions.—The most important terms relating to limits and fits are shown in Fig. 1 and
are defined as follows:

 Basic Size: The size to which limits of deviation are assigned. The basic size is the same
for both members of a fit. For example, it is designated by the numbers 40 in 40H7.

 Deviation: The algebraic difference between a size and the corresponding basic size.

Nominal
Size Range,

Inches

Class LN 1 Class LN 2 Class LN 3

Limits
of Inter-
ference

Standard Limits
Limits

of Inter-
ference

Standard Limits
Limits

of Inter-
ference

Standard Limits

Hole
H6

Shaft
n5

Hole
H7

Shaft
p6

Hole
H7

Shaft
r6

Over To Values shown below are given in thousandths of an inch

0- 0.12
0 +0.25 +0.45 0 +0.4 +0.65 0.1 +0.4 +0.75

0.45 0 +0.25 0.65 0 +0.4 0.75 0 +0.5

0.12- 0.24
0 +0.3 +0.5 0 +0.5 +0.8 0.1 +0.5 +0.9

0.5 0 +0.3 0.8 0 +0.5 0.9 0 +0.6

0.24- 0.40
0 +0.4 +0.65 0 +0.6 +1.0 0.2 +0.6 +1.2

0.65 0 +0.4 1.0 0 +0.6 1.2 0 +0.8

0.40- 0.71
0 +0.4 +0.8 0 +0.7 +1.1 0.3 +0.7 +1.4

0.8 0 +0.4 1.1 0 +0.7 1.4 0 +1.0

0.71- 1.19
0 +0.5 +1.0 0 +0.8 +1.3 0.4 +0.8 +1.7

1.0 0 +0.5 1.3 0 +0.8 1.7 0 +1.2

1.19- 1.97
0 +0.6 +1.1 0 +1.0 +1.6 0.4 +1.0 +2.0

1.1 0 +0.6 1.6 0 +1.0 2.0 0 +1.4

1.97- 3.15
0.1 +0.7 +1.3 0.2 +1.2 +2.1 0.4 +1.2 +2.3

1.3 0 +0.8 2.1 0 +1.4 2.3 0 +1.6

3.15- 4.73
0.1 +0.9 +1.6 0.2 +1.4 +2.5 0.6 +1.4 +2.9

1.6 0 +1.0 2.5 0 +1.6 2.9 0 +2.0

4.73- 7.09
0.2 +1.0 +1.9 0.2 +1.6 +2.8 0.9 +1.6 +3.5

1.9 0 +1.2 2.8 0 +1.8 3.5 0 +2.5

7.09- 9.85
0.2 +1.2 +2.2 0.2 +1.8 +3.2 1.2 +1.8 +4.2

2.2 0 +1.4 3.2 0 +2.0 4.2 0 +3.0

9.85- 12.41
0.2 +1.2 +2.3 0.2 +2.0 +3.4 1.5 +2.0 +4.7

2.3 0 +1.4 3.4 0 +2.2 4.7 0 +3.5

12.41- 15.75
0.2 +1.4 +2.6 0.3 +2.2 +3.9 2.3 +2.2 +5.9

2.6 0 +1.6 3.9 0 +2.5 5.9 0 +4.5

15.75- 19.69
0.2 +1.6 +2.8 0.3 +2.5 +4.4 2.5 +2.5 +6.6

2.8 0 +1.8 4.4 0 +2.8 6.6 0 +5.0
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 Upper Deviation: The algebraic difference between the maximum limit of size and the
corresponding basic size.

 Lower Deviation: The algebraic difference between the minimum limit of size and the
corresponding basic size.

 Fundamental Deviation: That one of the two deviations closest to the basic size. For
example, it is designated by the letter H in 40H7.

 Tolerance: The difference between the maximum and minimum size limits on a part.
 Tolerance Zone: A zone representing the tolerance and its position in relation to the

basic size.

Fig. 1. Illustration of Definitions

 International Tolerance Grade: (IT): A group of tolerances that vary depending on the
basic size, but that provide the same relative level of accuracy within a given grade. For
example, it is designated by the number 7 in 40H7 or as IT7.

 Hole Basis: The system of fits where the minimum hole size is basic. The fundamental
deviation for a hole basis system is H.

 Shaft Basis: The system of fits where the maximum shaft size is basic. The fundamental
deviation for a shaft basis system is h.

 Clearance Fit: The relationship between assembled parts when clearance occurs under
all tolerance conditions.

 Interference Fit: The relationship between assembled parts when interference occurs
under all tolerance conditions.

 Transition Fit: The relationship between assembled parts when either a clearance or an
interference fit can result, depending on the tolerance conditions of the mating parts.

Tolerances Designation.—An “International Tolerance grade” establishes the magni-
tude of the tolerance zone or the amount of part size variation allowed for external and
internal dimensions alike (see Fig. 1). Tolerances are expressed in grade numbers that are
consistent with International Tolerance grades identified by the prefix IT, such as IT6,
IT11, etc. A smaller grade number provides a smaller tolerance zone.
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A fundamental deviation establishes the position of the tolerance zone with respect to the
basic size (see Fig. 1). Fundamental deviations are expressed by tolerance position letters.
Capital letters are used for internal dimensions and lowercase or small letters for external
dimensions.

Symbols.—By combining the IT grade number and the tolerance position letter, the toler-
ance symbol is established that identifies the actual maximum and minimum limits of the
part. The toleranced size is thus defined by the basic size of the part followed by a symbol
composed of a letter and a number, such as 40H7, 40f7, etc.

A fit is indicated by the basic size common to both components, followed by a symbol
corresponding to each component, the internal part symbol preceding the external part
symbol, such as 40H8/f7.

Some methods of designating tolerances on drawings are:

The values in parentheses indicate reference only.

Preferred Metric Fits.—First-choice tolerance zones are used to establish preferred fits
in ANSI B4.2, Preferred Metric Limits and Fits, as shown in Figs. 2 and  3. A complete
listing of first-, second-, and third- choice tolerance zones is given in the Standard.

Hole basis fits have a fundamental deviation of H on the hole, and shaft basis fits have a
fundamental deviation of h on the shaft and are shown in Fig. 2 for hole basis and Fig. 3 for
shaft basis fits. A description of both types of fits, that have the same relative fit condition,
is given in Table 1. Normally, the hole basis system is preferred; however, when a common
shaft mates with several holes, the shaft basis system should be used.

The hole basis and shaft basis fits shown in the table Description of Preferred Fits on
page 652 are combined with the first-choice preferred metric sizes from Table 1, page 673
to form Tables 2, 3, 4, and 5, in which specific limits as well as the resultant fits are tabu-
lated.

If the required size is not found tabulated in Tables 2 through 5 then the preferred fit can
be calculated from numerical values given in an appendix of ANSI B4.2-1978 (R2009). It
is anticipated that other fit conditions may be necessary to meet special requirements, and
a preferred fit can be loosened or tightened simply by selecting a standard tolerance zone as
given in the Standard. Information on how to calculate limit dimensions, clearances, and
interferences, for nonpreferred fits and sizes can be found in an appendix of this Standard.

Conversion of Fits: It may sometimes be necessary or desirable to modify the tolerance
zone on one or both of two mating parts, yet still keep the total tolerance and fit condition
the same. Examples of this appear in Table 1 on page 652 when converting from a hole
basis fit to a shaft basis fit. The corresponding fits are identical yet the individual tolerance
zones are different.

To convert from one type of fit to another, reverse the fundamental deviations between
the shaft and hole keeping the IT grade the same on each individual part. The examples
below represent preferred fits from Table 1 for a 60-mm basic size. These fits have the
same maximum clearance (0.520) and the same minimum clearance (0.140).

40H8 40H8  40H8

Hole basis, loose running fit, values from Table 2

Hole 60H11 Shaft 60c11 Fit 60H11/c11

Hole basis, loose running fit, values from Table 4

Hole 60C11 Shaft 60h11 Fit 60C11/h11

40.039

40.000 
  40.039

40.000 
 

60.190

60.000 
  59.860

59.670 
  0.520

0.140 
 

60.330

60.140 
  60.000

59.810 
  0.520

0.140 
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Fig. 2. Preferred Hole Basis Fits

Fig. 3. Preferred Shaft Basis Fits
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652Table 1. Description of Preferred Fits

ISO SYMBOL

DESCRIPTIONHole
Basis

Shaft
Basis

C
le

ar
an

ce
Fi

ts

H11/c11 C11/h11 Loose running fit for wide commercial tolerances or allowances on external 
members.

↑
More Clearance

H9/d9 D9/h9 Free running fit not for use where accuracy is essential, but good for large tem-
perature variations, high running speeds, or heavy journal pressures.

H8/f7 F8/h7 Close Running fit for running on accurate machines and for accurate moderate 
speeds and journal pressures.

H7/g6 G7/h6 Sliding fit not intended to run freely, but to move and turn freely and locate accu-
rately.

H7/h6 H7/h6 Locational clearance fit provides snug fit for locating stationary parts; but can be 
freely assembled and disassembled.

T
ra

ns
iti

on
Fi

ts

H7/k6 K7/h6 Locational transition fit for accurate location, a compromise between clearance 
and Interference.

More Interference
↓

H7/n6 N7/h6 Locational transition fit for more accurate location where greater interference is 
permissible.

In
te

rf
er

en
ce

Fi
ts

H7/p6a

a Transition fit for basic sizes in range from 0 through 3 mm. 

P7/h6 Locational interference fit for parts requiring rigidity and alignment with prime 
accuracy of location but without special bore pressure requirements.

H7/s6 S7/h6 Medium drive fit for ordinary steel parts or shrink fits on light sections, the tight-
est fit usable with cast iron.

H7/u6 U7/h6 Force fit suitable for parts which can be highly stressed or for shrink fits where 
the heavy pressing forces required are impractical.

Machinery's Handbook 29th Edition
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Table 2. American National Standard Preferred Hole Basis Metric Clearance Fits  ANSI B4.2-1978 (R2009)

Basic
Sizea

Loose Running Free Running Close Running Sliding Locational Clearance

Hole
H11

Shaft
c11 Fitb

Hole
H9

Shaft
d9 Fitb

Hole
H8

Shaft
f7 Fitb

Hole
H7

Shaft
g6 Fitb

Hole
H7

Shaft
h6 Fitb

1
Max 1.060 0.940 0.180 1.025 0.980 0.070 1.014 0.994 0.030 1.010 0.998 0.018 1.010 1.000 0.016

Min 1.000 0.880 0.060 1.000 0.995 0.020 1.000 0.984 0.006 1.000 0.992 0.002 1.000 0.994 0.000

1.2
Max 1.260 1.140 0.180 1.225 1.180 0.070 1.214 1.194 0.030 1.210 1.198 0.018 1.210 1.200 0.016

Min 1.200 1.080 0.060 1.200 1.155 0.020 1.200 1.184 0.006 1.200 1.192 0.002 1.200 1.194 0.000

1.6
Max 1.660 1.540 0.180 1.625 1.580 0.070 1.614 1.594 0.030 1.610 1.598 0.018 1.610 1.600 0.016

Min 1.600 1.480 0.060 1.600 1.555 0.020 1.600 1.584 0.006 1.600 1.592 0.002 1.600 1.594 0.000

2
Max 2.060 1.940 0.180 2.025 1.980 0.070 2.014 1.994 0.030 2.010 1.998 0.018 2.010 2.000 0.016

Min 2.000 1.880 0.060 2.000 1.955 0.020 2.000 1.984 0.006 2.000 1.992 0.002 2.000 1.994 0.000

2.5
Max 2.560 2.440 0.180 2.525 2.480 0.070 2.514 2.494 0.030 2.510 2.498 0.018 2.510 2.500 0.016

Min 2.500 2.380 0.060 2.500 2.455 0.020 2.500 2.484 0.006 2.500 2.492 0.002 2.500 2.494 0.000

3
Max 3.060 2.940 0.180 3.025 2.980 0.070 3.014 2.994 0.030 3.010 2.998 0.018 3.010 3.000 0.016

Min 3.000 2.880 0.060 3.000 2.955 0.020 3.000 2.984 0.006 3.000 2.992 0.002 3.000 2.994 0.000

4
Max 4.075 3.930 0.220 4.030 3.970 0.090 4.018 3.990 0.040 4.012 3.996 0.024 4.012 4.000 0.020

Min 4.000 3.855 0.070 4.000 3.940 0.030 4.000 3.978 0.010 4.000 3.988 0.004 4.000 3.992 0.000

5
Max 5.075 4.930 0.220 5.030 4.970 0.090 5.018 4.990 0.040 5.012 4.996 0.024 5.012 5.000 0.020

Min 5.000 4.855 0.070 5.000 4.940 0.030 5.000 4.978 0.010 5.000 4.988 0.004 5.000 4.992 0.000

6
Max 6.075 5.930 0.220 6.030 5.970 0.090 6.018 5.990 0.040 6.012 5.996 0.024 6.012 6.000 0.020

Min 6.000 5.855 0.070 6.000 5.940 0.030 6.000 5.978 0.010 6.000 5.988 0.004 6.000 5.992 0.000

8
Max 8.090 7.920 0.260 8.036 7.960 0.112 8.022 7.987 0.050 8.015 7.995 0.029 8.015 8.000 0.024

Min 8.000 7.830 0.080 8.000 7.924 0.040 8.000 7.972 0.013 8.000 7.986 0.005 8.000 7.991 0.000

10
Max 10.090 9.920 0.260 10.036 9.960 0.112 10.022 9.987 0.050 10.015 9.995 0.029 10.015 10.000 0.024

Min 10.000 9.830 0.080 10.000 9.924 0.040 10.000 9.972 0.013 10.000 9.986 0.005 10.000 9.991 0.000

12
Max 12.110 11.905 0.315 12.043 11.956 0.136 12.027 11.984 0.061 12.018 11.994 0.035 12.018 12.000 0.029

Min 12.000 11.795 0.095 12.000 11.907 0.050 12.000 11.966 0.016 12.000 11.983 0.006 12.000 11.989 0.000

16
Max 16.110 15.905 0.315 16.043 15.950 0.136 16.027 15.984 0.061 16.018 15.994 0.035 16.018 16.000 0.029

Min 16.000 15.795 0.095 16.000 15.907 0.050 16.000 15.966 0.016 16.000 15.983 0.006 16.000 15.989 0.000

20
Max 20.130 19.890 0.370 20.052 19.935 0.169 20.033 19.980 0.074 20.021 19.993 0.041 20.021 20.000 0.034

Min 20.000 19.760 0.110 20.000 19.883 0.065 20.000 19.959 0.020 20.000 19.980 0.007 20.000 19.987 0.000

25
Max 25.130 24.890 0.370 25.052 24.935 0.169 25.033 24.980 0.074 25.021 24.993 0.041 25.021 25.000 0.034

Min 25.000 24.760 0.110 25.000 24.883 0.065 25.000 24.959 0.020 25.000 24.980 0.007 25.000 24.987 0.000
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All dimensions are in millimeters.

30
Max 30.130 29.890 0.370 30.052 29.935 0.169 30.033 29.980 0.074 30.021 29.993 0.041 30.021 30.000 0.034

Min 30.000 29.760 0.110 30.000 29.883 0.065 30.000 29.959 0.020 30.000 29.980 0.007 30.000 29.987 0.000

40
Max 40.160 39.880 0.440 40.062 39.920 0.204 40.039 39.975 0.089 40.025 39.991 0.050 40.025 40.000 0.041

Min 40.000 39.720 0.120 40.000 39.858 0.080 40.000 39.950 0.025 40.000 39.975 0.009 40.000 39.984 0.000

50
Max 50.160 49.870 0.450 50.062 49.920 0.204 50.039 49.975 0.089 50.025 49.991 0.050 50.025 50.000 0.041

Min 50.000 49.710 0.130 50.000 49.858 0.080 50.000 49.950 0.025 50.000 49.975 0.009 50.000 49.984 0.000

60
Max 60.190 59.860 0.520 60.074 59.900 0.248 60.046 59.970 0.106 60.030 59.990 0.059 60.030 60.000 0.049

Min 60.000 59.670 0.140 60.000 59.826 0.100 60.000 59.940 0.030 60.000 59.971 0.010 60.000 59.981 0.000

80
Max 80.190 79.850 0.530 80.074 79.900 0.248 80.046 79.970 0.106 80.030 79.990 0.059 80.030 80.000 0.049

Min 80.000 79.660 0.150 80.000 79.826 0.100 80.000 79.940 0.030 80.000 79.971 0.010 80.000 79.981 0.000

100
Max 100.220 99.830 0.610 100.087 99.880 0.294 100.054 99.964 0.125 100.035 99.988 0.069 100.035 100.000 0.057

Min 100.000 99.610 0.170 100.000 99.793 0.120 100.000 99.929 0.036 100.000 99.966 0.012 100.000 99.978 0.000

120
Max 120.220 119.820 0.620 120.087 119.880 0.294 120.054 119.964 0.125 120.035 119.988 0.069 120.035 120.000 0.057

Min 120.000 119.600 0.180 120.000 119.793 0.120 120.000 119.929 0.036 120.000 119.966 0.012 120.000 119.978 0.000

160
Max 160.250 159.790 0.710 160.100 159.855 0.345 160.063 159.957 0.146 160.040 159.986 0.079 160.040 160.000 0.065

Min 160.000 159.540 0.210 160.000 159.755 0.145 160.000 159.917 0.043 160.000 159.961 0.014 160.000 159.975 0.000

200
Max 200.290 199.760 0.820 200.115 199.830 0.400 200.072 199.950 0.168 200.046 199.985 0.090 200.046 200.000 0.075

Min 200.000 199.470 0.240 200.000 199.715 0.170 200.000 199.904 0.050 200.000 199.956 0.015 200.000 199.971 0.000

250
Max 250.290 249.720 0.860 250.115 249.830 0.400 250.072 249.950 0.168 250.046 249.985 0.090 250.046 250.000 0.075

Min 250.000 249.430 0.280 250.000 249.715 0.170 250.000 249.904 0.050 250.000 249.956 0.015 250.000 249.971 0.000

300
Max 300.320 299.670 0.970 300.130 299.810 0.450 300.081 299.944 0.189 300.052 299.983 0.101 300.052 300.000 0.084

Min 300.000 299.350 0.330 300.000 299.680 0.190 300.000 299.892 0.056 300.000 299.951 0.017 300.000 299.968 0.000

400
Max 400.360 399.600 1.120 400.140 399.790 0.490 400.089 399.938 0.208 400.057 399.982 0.111 400.057 400.000 0.093

Min 400.000 399.240 0.400 400.000 399.650 0.210 400.000 399.881 0.062 400.000 399.946 0.018 400.000 399.964 0.000

500
Max 500.400 499.520 1.280 500.155 499.770 0.540 500.097 499.932 0.228 500.063 499.980 0.123 500.063 500.000 0.103

Min 500.000 499.120 0.480 500.000 499.615 0.230 500.000 499.869 0.068 500.000 499.940 0.020 500.000 499.960 0.000

a The sizes shown are first-choice basic sizes (see Table 1, page 673). Preferred fits for other sizes can be calculated from data given in ANSI B4.2-1978 (R2009). 
b All fits shown in this table have clearance. 

Table 2. American National Standard Preferred Hole Basis Metric Clearance Fits  ANSI B4.2-1978 (R2009)

Basic
Sizea

Loose Running Free Running Close Running Sliding Locational Clearance

Hole
H11

Shaft
c11 Fitb

Hole
H9

Shaft
d9 Fitb

Hole
H8

Shaft
f7 Fitb

Hole
H7

Shaft
g6 Fitb

Hole
H7

Shaft
h6 Fitb
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Table 3. American National Standard Preferred Hole Basis Metric Transition and Interference Fits  ANSI B4.2-1978 (R2009)

Basic
Sizea

Locational Transition Locational Transition Locational Interference Medium Drive Force

Hole
H7

Shaft
k6 Fitb

Hole
H7

Shaft
n6 Fitb

Hole
H7

Shaft
p6 Fitb

Hole
H7

Shaft
s6 Fitb

Hole
H7

Shaft
u6 Fitb

1 Max 1.010 1.006 +0.010 1.010 1.010 +0.006 1.010 1.012 +0.004 1.010 1.020 −0.004 1.010 1.024 −0.008

Min 1.000 1.000 −0.006 1.000 1.004 −0.010 1.000 1.006 −0.012 1.000 1.014 −0.020 1.000 1.018 −0.024

1.2 Max 1.210 1.206 +0.010 1.210 1.210 +0.006 1.210 1.212 +0.004 1.210 1.220 −0.004 1.210 1.224 −0.008

Min 1.200 1.200 −0.006 1.200 1.204 −0.010 1.200 1.206 −0.012 1.200 1.214 −0.020 1.200 1.218 −0.024

1.6 Max 1.610 1.606 +0.010 1.610 1.610 +0.006 1.610 1.612 +0.004 1.610 1.620 −0.004 1.610 1.624 −0.008

Min 1.600 1.600 −0.006 1.600 1.604 −0.010 1.600 1.606 −0.012 1.600 1.614 −0.020 1.600 1.618 −0.024

2 Max 2.010 2.006 +0.010 2.010 2.010 +0.006 2.010 2.012 +0.004 2.010 2.020 −0.004 2.010 2.024 −0.008

Min 2.000 2.000 −0.006 2.000 2.004 −0.010 2.000 2.006 −0.012 2.000 2.014 −0.020 2.000 2.018 −0.024

2.5 Max 2.510 2.506 +0.010 2.510 2.510 +0.006 2.510 2.512 +0.004 2.510 2.520 −0.004 2.510 2.524 −0.008

Min 2.500 2.500 −0.006 2.500 2.504 −0.010 2.500 2.506 −0.012 2.500 2.514 −0.020 2.500 2.518 −0.024

3 Max 3.010 3.006 +0.010 3.010 3.010 +0.006 3.010 3.012 +0.004 3.010 3.020 −0.004 3.010 3.024 −0.008

Min 3.000 3.000 −0.006 3.000 3.004 −0.010 3.000 3.006 −0.012 3.000 3.014 −0.020 3.000 3.018 −0.024

4 Max 4.012 4.009 +0.011 4.012 4.016 +0.004 4.012 4.020 0.000 4.012 4.027 −0.007 4.012 4.031 −0.011

Min 4.000 4.001 −0.009 4.000 4.008 −0.016 4.000 4.012 −0.020 4.000 4.019 −0.027 4.000 4.023 −0.031

5 Max 5.012 5.009 +0.011 5.012 5.016 +0.004 5.012 5.020 0.000 5.012 5.027 −0.007 5.012 5.031 −0.011

Min 5.000 5.001 −0.009 5.000 5.008 −0.016 5.000 5.012 −0.020 5.000 5.019 −0.027 5.000 5.023 −0.031

6 Max 6.012 6.009 +0.011 6.012 6.016 +0.004 6.012 6.020 0.000 6.012 6.027 −0.007 6.012 6.031 −0.011

Min 6.000 6.001 −0.009 6.000 6.008 −0.016 6.000 6.012 −0.020 6.000 6.019 −0.027 6.000 6.023 −0.031

8 Max 8.015 8.010 +0.014 8.015 8.019 +0.005 8.015 8.024 0.000 8.015 8.032 −0.008 8.015 8.037 −0.013

Min 8.000 8.001 −0.010 8.000 8.010 −0.019 8.000 8.015 −0.024 8.000 8.023 −0.032 8.000 8.028 −0.037

10 Max 10.015 10.010 +0.014 10.015 10.019 +0.005 10.015 10.024 0.000 10.015 10.032 −0.008 10.015 10.034 −0.013

Min 10.000 10.001 −0.010 10.000 10.010 −0.019 10.000 10.015 −0.024 10.000 10.023 −0.032 10.000 10.028 −0.037

12 Max 12.018 12.012 +0.017 12.018 12.023 +0.006 12.018 12.029 0.000 12.018 12.039 −0.010 12.018 12.044 −0.015

Min 12.000 12.001 −0.012 12.000 12.012 −0.023 12.000 12.018 −0.029 12.000 12.028 −0.039 12.000 12.033 −0.044

16 Max 16.018 16.012 +0.017 16.018 16.023 +0.006 16.018 16.029 0.000 16.018 16.039 −0.010 16.018 16.044 −0.015

Min 16.000 16.001 −0.012 16.000 16.012 −0.023 16.000 16.018 −0.029 16.000 16.028 −0.039 16.000 16.033 −0.044

20 Max 20.021 20.015 +0.019 20.021 20.028 +0.006 20.021 20.035 −0.001 20.021 20.048 −0.014 20.021 20.054 −0.020

Min 20.000 20.002 −0.015 20.000 20.015 −0.028 20.000 20.022 −0.035 20.000 20.035 −0.048 20.000 20.041 −0.054

25 Max 25.021 25.015 +0.019 25.021 25.028 +0.006 25.021 25.035 −0.001 25.021 25.048 −0.014 25.021 25.061 −0.027

Min 25.000 25.002 −0.015 25.000 25.015 −0.028 25.000 25.022 −0.035 25.000 25.035 −0.048 25.000 25.048 −0.061
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All dimensions are in millimeters.

30 Max 30.021 30.015 +0.019 30.021 30.028 +0.006 30.021 30.035 −0.001 30.021 30.048 −0.014 30.021 30.061 −0.027

Min 30.000 30.002 −0.015 30.000 30.015 −0.028 30.000 30.022 −0.035 30.000 30.035 −0.048 30.000 30.048 −0.061

40 Max 40.025 40.018 +0.023 40.025 40.033 +0.008 40.025 40.042 −0.001 40.025 40.059 −0.018 40.025 40.076 −0.035

Min 40.000 40.002 −0.018 40.000 40.017 −0.033 40.000 40.026 −0.042 40.000 40.043 −0.059 40.000 40.060 −0.076

50 Max 50.025 50.018 +0.023 50.025 50.033 +0.008 50.025 50.042 −0.001 50.025 50.059 −0.018 50.025 50.086 −0.045

Min 50.000 50.002 −0.018 50.000 50.017 −0.033 50.000 50.026 −0.042 50.000 50.043 −0.059 50.000 50.070 −0.086

60 Max 60.030 60.021 +0.028 60.030 60.039 +0.010 60.030 60.051 −0.002 60.030 60.072 −0.023 60.030 60.106 −0.057

Min 60.000 60.002 −0.021 60.000 60.020 −0.039 60.000 60.032 −0.051 60.000 60.053 −0.072 60.000 60.087 −0.106

80 Max 80.030 80.021 +0.028 80.030 80.039 +0.010 80.030 80.051 −0.002 80.030 80.078 −0.029 80.030 80.121 −0.072

Min 80.000 80.002 −0.021 80.000 80.020 −0.039 80.000 80.032 −0.051 80.000 80.059 −0.078 80.000 80.102 −0.121

100 Max 100.035 100.025 +0.032 100.035 100.045 +0.012 100.035 100.059 −0.002 100.035 100.093 −0.036 100.035 100.146 −0.089

Min 100.000 100.003 −0.025 100.000 100.023 −0.045 100.000 100.037 −0.059 100.000 100.071 −0.093 100.000 100.124 −0.146

120 Max 120.035 120.025 +0.032 120.035 120.045 +0.012 120.035 120.059 −0.002 120.035 120.101 −0.044 120.035 120.166 −0.109

Min 120.000 120.003 −0.025 120.000 120.023 −0.045 120.000 120.037 −0.059 120.000 120.079 −0.101 120.000 120.144 −0.166

160 Max 160.040 160.028 +0.037 160.040 160.052 +0.013 160.040 160.068 −0.003 160.040 160.125 −0.060 160.040 160.215 −0.150

Min 160.000 160.003 −0.028 160.000 160.027 −0.052 160.000 160.043 −0.068 160.000 160.100 −0.125 160.000 160.190 −0.215

200 Max 200.046 200.033 +0.042 200.046 200.060 +0.015 200.046 200.079 −0.004 200.046 200.151 −0.076 200.046 200.265 −0.190

Min 200.000 200.004 −0.033 200.000 200.031 −0.060 200.000 200.050 −0.079 200.000 200.122 −0.151 200.000 200.236 −0.265

250 Max 250.046 250.033 +0.042 250.046 250.060 +0.015 250.046 250.079 −0.004 250.046 250.169 −0.094 250.046 250.313 −0.238

Min 250.000 250.004 −0.033 250.000 250.031 −0.060 250.000 250.050 −0.079 250.000 250.140 −0.169 250.000 250.284 −0.313

300 Max 300.052 300.036 +0.048 300.052 300.066 +0.018 300.052 300.088 −0.004 300.052 300.202 −0.118 300.052 300.382 −0.298

Min 300.000 300.004 −0.036 300.000 300.034 −0.066 300.000 300.056 −0.088 300.000 300.170 −0.202 300.000 300.350 −0.382

400 Max 400.057 400.040 +0.053 400.057 400.073 +0.020 400.057 400.098 −0.005 400.057 400.244 −0.151 400.057 400.471 −0.378

Min 400.000 400.004 −0.040 400.000 400.037 −0.073 400.000 400.062 −0.098 400.000 400.208 −0.244 400.000 400.435 −0.471

500 Max 500.063 500.045 +0.058 500.063 500.080 +0.023 500.063 500.108 −0.005 500.063 500.292 −0.189 500.063 500.580 −0.477

Min 500.000 500.005 −0.045 500.000 500.040 −0.080 500.000 500.068 −0.108 500.000 500.252 −0.292 500.000 500.540 −0.580

a The sizes shown are first-choice basic sizes (see Table 1, page 673). Preferred fits for other sizes can be calculated from data given in ANSI B4.2-1978 (R2009). 
b A plus sign indicates clearance; a minus sign indicates interference. 

Table 3. American National Standard Preferred Hole Basis Metric Transition and Interference Fits  ANSI B4.2-1978 (R2009)

Basic
Sizea

Locational Transition Locational Transition Locational Interference Medium Drive Force

Hole
H7

Shaft
k6 Fitb

Hole
H7

Shaft
n6 Fitb

Hole
H7

Shaft
p6 Fitb

Hole
H7

Shaft
s6 Fitb

Hole
H7

Shaft
u6 Fitb
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Table 4. American National Standard Preferred Shaft Basis Metric Clearance Fits  ANSI B4.2-1978 (R2009)

Basic
Sizea

Loose Running Free Running Close Running Sliding Locational Clearance

Hole
C11

Shaft
h11 Fitb

Hole
D9

Shaft
h9 Fitb

Hole
F8

Shaft
h7 Fitb

Hole
G7

Shaft
h6 Fitb

Hole
H7

Shaft
h6 Fitb

1 Max 1.120 1.000 0.180 1.045 1.000 0.070 1.020 1.000 0.030 1.012 1.000 0.018 1.010 1.000 0.016

Min 1.060 0.940 0.060 1.020 0.975 0.020 1.006 0.990 0.006 1.002 0.994 0.002 1.000 0.994 0.000

1.2 Max 1.320 1.200 0.180 1.245 1.200 0.070 1.220 1.200 0.030 1.212 1.200 0.018 1.210 1.200 0.016

Min 1.260 1.140 0.060 1.220 1.175 0.020 1.206 1.190 0.006 1.202 1.194 0.002 1.200 1.194 0.000

1.6 Max 1.720 1.600 0.180 1.645 1.600 0.070 1.620 1.600 0.030 1.612 1.600 0.018 1.610 1.600 0.016

Min 1.660 1.540 0.060 1.620 1.575 0.020 1.606 1.590 0.006 1.602 1.594 0.002 1.600 1.594 0.000

2 Max 2.120 2.000 0.180 2.045 2.000 0.070 2.020 2.000 0.030 2.012 2.000 0.018 2.010 2.000 0.016

Min 2.060 1.940 0.060 2.020 1.975 0.020 2.006 1.990 0.006 2.002 1.994 0.002 2.000 1.994 0.000

2.5 Max 2.620 2.500 0.180 2.545 2.500 0.070 2.520 2.500 0.030 2.512 2.500 0.018 2.510 2.500 0.016

Min 2.560 2.440 0.060 2.520 2.475 0.020 2.506 2.490 0.006 2.502 2.494 0.002 2.500 2.494 0.000

3 Max 3.120 3.000 0.180 3.045 3.000 0.070 3.020 3.000 0.030 3.012 3.000 0.018 3.010 3.000 0.016

Min 3.060 2.940 0.060 3.020 2.975 0.020 3.006 2.990 0.006 3.002 2.994 0.002 3.000 2.994 0.000

4 Max 4.145 4.000 0.220 4.060 4.000 0.090 4.028 4.000 0.040 4.016 4.000 0.024 4.012 4.000 0.020

Min 4.070 3.925 0.070 4.030 3.970 0.030 4.010 3.988 0.010 4.004 3.992 0.004 4.000 3.992 0.000

5 Max 5.145 5.000 0.220 5.060 5.000 0.090 5.028 5.000 0.040 5.016 5.000 0.024 5.012 5.000 0.020

Min 5.070 4.925 0.070 5.030 4.970 0.030 5.010 4.988 0.010 5.004 4.992 0.004 5.000 4.992 0.000

6 Max 6.145 6.000 0.220 6.060 6.000 0.090 6.028 6.000 0.040 6.016 6.000 0.024 6.012 6.000 0.020

Min 6.070 5.925 0.070 6.030 5.970 0.030 6.010 5.988 0.010 6.004 5.992 0.004 6.000 5.992 0.000

8 Max 8.170 8.000 0.260 8.076 8.000 0.112 8.035 8.000 0.050 8.020 8.000 0.029 8.015 8.000 0.024

Min 8.080 7.910 0.080 8.040 7.964 0.040 8.013 7.985 0.013 8.005 7.991 0.005 8.000 7.991 0.000

10 Max 10.170 10.000 0.260 10.076 10.000 0.112 10.035 10.000 0.050 10.020 10.000 0.029 10.015 10.000 0.024

Min 10.080 9.910 0.080 10.040 9.964 0.040 10.013 9.985 0.013 10.005 9.991 0.005 10.000 9.991 0.000

12 Max 12.205 12.000 0.315 12.093 12.000 0.136 12.043 12.000 0.061 12.024 12.000 0.035 12.018 12.000 0.029

Min 12.095 11.890 0.095 12.050 11.957 0.050 12.016 11.982 0.016 12.006 11.989 0.006 12.000 11.989 0.000

16 Max 16.205 16.000 0.315 16.093 16.000 0.136 16.043 16.000 0.061 16.024 16.000 0.035 16.018 16.000 0.029

Min 16.095 15.890 0.095 16.050 15.957 0.050 16.016 15.982 0.016 16.006 15.989 0.006 16.000 15.989 0.000

20 Max 20.240 20.000 0.370 20.117 20.000 0.169 20.053 20.000 0.074 20.028 20.000 0.041 20.021 20.000 0.034

Min 20.110 19.870 0.110 20.065 19.948 0.065 20.020 19.979 0.020 20.007 19.987 0.007 20.000 19.987 0.000

25 Max 25.240 25.000 0.370 25.117 25.000 0.169 25.053 25.000 0.074 25.028 25.000 0.041 25.021 25.000 0.034

Min 25.110 24.870 0.110 25.065 24.948 0.065 25.020 24.979 0.020 25.007 24.987 0.007 25.000 24.987 0.000
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All dimensions are in millimeters.

30 Max 30.240 30.000 0.370 30.117 30.000 0.169 30.053 30.000 0.074 30.028 30.000 0.041 30.021 30.000 0.034

Min 30.110 29.870 0.110 30.065 29.948 0.065 30.020 29.979 0.020 30.007 29.987 0.007 30.000 29.987 0.000

40 Max 40.280 40.000 0.440 40.142 40.000 0.204 40.064 40.000 0.089 40.034 40.000 0.050 40.025 40.000 0.041

Min 40.120 39.840 0.120 40.080 39.938 0.080 40.025 39.975 0.025 40.009 39.984 0.009 40.000 39.984 0.000

50 Max 50.290 50.000 0.450 50.142 50.000 0.204 50.064 50.000 0.089 50.034 50.000 0.050 50.025 50.000 0.041

Min 50.130 49.840 0.130 50.080 49.938 0.080 50.025 49.975 0.025 50.009 49.984 0.009 50.000 49.984 0.000

60 Max 60.330 60.000 0.520 60.174 60.000 0.248 60.076 60.000 0.106 60.040 60.000 0.059 60.030 60.000 0.049

Min 60.140 59.810 0.140 60.100 59.926 0.100 60.030 59.970 0.030 60.010 59.981 0.010 60.000 59.981 0.000

80 Max 80.340 80.000 0.530 80.174 80.000 0.248 80.076 80.000 0.106 80.040 80.000 0.059 80.030 80.000 0.049

Min 80.150 79.810 0.150 80.100 79.926 0.100 80.030 79.970 0.030 80.010 79.981 0.010 80.000 79.981 0.000

100 Max 100.390 100.000 0.610 100.207 100.000 0.294 100.090 100.000 0.125 100.047 100.000 0.069 100.035 100.000 0.057

Min 100.170 99.780 0.170 100.120 99.913 0.120 100.036 99.965 0.036 100.012 99.978 0.012 100.000 99.978 0.000

120 Max 120.400 120.000 0.620 120.207 120.000 0.294 120.090 120.000 0.125 120.047 120.000 0.069 120.035 120.000 0.057

Min 120.180 119.780 0.180 120.120 119.913 0.120 120.036 119.965 0.036 120.012 119.978 0.012 120.000 119.978 0.000

160 Max 160.460 160.000 0.710 160.245 160.000 0.345 160.106 160.000 0.146 160.054 160.000 0.079 160.040 160.000 0.065

Min 160.210 159.750 0.210 160.145 159.900 0.145 160.043 159.960 0.043 160.014 159.975 0.014 160.000 159.975 0.000

200 Max 200.530 200.000 0.820 200.285 200.000 0.400 200.122 200.000 0.168 200.061 200.000 0.090 200.046 200.000 0.075

Min 200.240 199.710 0.240 200.170 199.885 0.170 200.050 199.954 0.050 200.015 199.971 0.015 200.000 199.971 0.000

250 Max 250.570 250.000 0.860 250.285 250.000 0.400 250.122 250.000 0.168 250.061 250.000 0.090 250.046 250.000 0.075

Min 250.280 249.710 0.280 250.170 249.885 0.170 250.050 249.954 0.050 250.015 249.971 0.015 250.000 249.971 0.000

300 Max 300.650 300.000 0.970 300.320 300.000 0.450 300.137 300.000 0.189 300.069 300.000 0.101 300.052 300.000 0.084

Min 300.330 299.680 0.330 300.190 299.870 0.190 300.056 299.948 0.056 300.017 299.968 0.017 300.000 299.968 0.000

400 Max 400.760 400.000 1.120 400.350 400.000 0.490 400.151 400.000 0.208 400.075 400.000 0.111 400.057 400.000 0.093

Min 400.400 399.640 0.400 400.210 399.860 0.210 400.062 399.943 0.062 400.018 399.964 0.018 400.000 399.964 0.000

500 Max 500.880 500.000 1.280 500.385 500.000 0.540 500.165 500.000 0.228 500.083 500.000 0.123 500.063 500.000 0.103

Min 500.480 499.600 0.480 500.230 499.845 0.230 500.068 499.937 0.068 500.020 499.960 0.020 500.000 499.960 0.000

a The sizes shown are first-choice basic sizes (see Table 1, page 673). Preferred fits for other sizes can be calculated from data given in ANSI B4.2-1978 (R2009). 
b All fits shown in this table have clearance. 

Table 4. American National Standard Preferred Shaft Basis Metric Clearance Fits  ANSI B4.2-1978 (R2009)

Basic
Sizea

Loose Running Free Running Close Running Sliding Locational Clearance

Hole
C11

Shaft
h11 Fitb

Hole
D9

Shaft
h9 Fitb

Hole
F8

Shaft
h7 Fitb

Hole
G7

Shaft
h6 Fitb

Hole
H7

Shaft
h6 Fitb
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Table 5. American National Standard Preferred Shaft Basis Metric Transition and Interference Fits  ANSI B4.2-1978 (R2009)

Basic
Sizea

Locational Transition Locational Transition Locational Interference Medium Drive Force

Hole
K7

Shaft
h6 Fitb

Hole
N7

Shaft
h6 Fitb

Hole
P7

Shaft
h6 Fitb

Hole
S7

Shaft
h6 Fitb

Hole
U7

Shaft
h6 Fitb

1 Max 1.000 1.000 +0.006 0.996 1.000 +0.002 0.994 1.000 0.000 0.986 1.000 −0.008 0.982 1.000 −0.012

Min 0.990 0.994 −0.010 0.986 0.994 −0.014 0.984 0.994 −0.016 0.976 0.994 −0.024 0.972 0.994 −0.028

1.2 Max 1.200 1.200 +0.006 1.196 1.200 +0.002 1.194 1.200 0.000 1.186 1.200 −0.008 1.182 1.200 −0.012

Min 1.190 1.194 −0.010 1.186 1.194 −0.014 1.184 1.194 −0.016 1.176 1.194 −0.024 1.172 1.194 −0.028

1.6 Max 1.600 1.600 +0.006 1.596 1.600 +0.002 1.594 1.600 0.000 1.586 1.600 −0.008 1.582 1.600 −0.012

Min 1.590 1.594 −0.010 1.586 1.594 −0.014 1.584 1.594 −0.016 1.576 1.594 −0.024 1.572 1.594 −0.028

2 Max 2.000 2.000 +0.006 1.996 2.000 +0.002 1.994 2.000 0.000 1.986 2.000 −0.008 1.982 2.000 −0.012

Min 1.990 1.994 −0.010 1.986 1.994 −0.014 1.984 1.994 −0.016 1.976 1.994 −0.024 1.972 1.994 −0.028

2.5 Max 2.500 2.500 +0.006 2.496 2.500 +0.002 2.494 2.500 0.000 2.486 2.500 −0.008 2.482 2.500 −0.012

Min 2.490 2.494 −0.010 2.486 2.494 −0.014 2.484 2.494 −0.016 2.476 2.494 −0.024 2.472 2.494 −0.028

3 Max 3.000 3.000 +0.006 2.996 3.000 +0.002 2.994 3.000 0.000 2.986 3.000 −0.008 2.982 3.000 −0.012

Min 2.990 2.994 −0.010 2.986 2.994 −0.014 2.984 2.994 −0.016 2.976 2.994 −0.024 2.972 2.994 −0.028

4 Max 4.003 4.000 +0.011 3.996 4.000 +0.004 3.992 4.000 0.000 3.985 4.000 −0.007 3.981 4.000 −0.011

Min 3.991 3.992 −0.009 3.984 3.992 −0.016 3.980 3.992 −0.020 3.973 3.992 −0.027 3.969 3.992 −0.031

5 Max 5.003 5.000 +0.011 4.996 5.000 +0.004 4.992 5.000 0.000 4.985 5.000 −0.007 4.981 5.000 −0.011

Min 4.991 4.992 −0.009 4.984 4.992 −0.016 4.980 4.992 −0.020 4.973 4.992 −0.027 4.969 4.992 −0.031

6 Max 6.003 6.000 +0.011 5.996 6.000 +0.004 5.992 6.000 0.000 5.985 6.000 −0.007 5.981 6.000 −0.011

Min 5.991 5.992 −0.009 5.984 5.992 −0.016 5.980 5.992 −0.020 5.973 5.992 −0.027 5.969 5.992 −0.031

8 Max 8.005 8.000 +0.014 7.996 8.000 +0.005 7.991 8.000 0.000 7.983 8.000 −0.008 7.978 8.000 −0.013

Min 7.990 7.991 −0.010 7.981 7.991 −0.019 7.976 7.991 −0.024 7.968 7.991 −0.032 7.963 7.991 −0.037

10 Max 10.005 10.000 +0.014 9.996 10.000 +0.005 9.991 10.000 0.000 9.983 10.000 −0.008 9.978 10.000 −0.013

Min 9.990 9.991 −0.010 9.981 9.991 −0.019 9.976 9.991 −0.024 9.968 9.991 −0.032 9.963 9.991 −0.037

12 Max 12.006 12.000 +0.017 11.995 12.000 +0.006 11.989 12.000 0.000 11.979 12.000 −0.010 11.974 12.000 −0.015

Min 11.988 11.989 −0.012 11.977 11.989 −0.023 11.971 11.989 −0.029 11.961 11.989 −0.039 11.956 11.989 −0.044

16 Max 16.006 16.000 +0.017 15.995 16.000 +0.006 15.989 16.000 0.000 15.979 16.000 −0.010 15.974 16.000 −0.015

Min 15.988 15.989 −0.012 15.977 15.989 −0.023 15.971 15.989 −0.029 15.961 15.989 −0.039 15.956 15.989 −0.044

20 Max 20.006 20.000 +0.019 19.993 20.000 +0.006 19.986 20.000 −0.001 19.973 20.000 −0.014 19.967 20.000 −0.020

Min 19.985 19.987 −0.015 19.972 19.987 −0.028 19.965 19.987 −0.035 19.952 19.987 −0.048 19.946 19.987 −0.054

25 Max 25.006 25.000 +0.019 24.993 25.000 +0.006 24.986 25.000 −0.001 24.973 25.000 −0.014 24.960 25.000 −0.027

Min 24.985 24.987 −0.015 24.972 24.987 −0.028 24.965 24.987 −0.035 24.952 24.987 −0.048 24.939 24.987 −0.061

Machinery's Handbook 29th Edition
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All dimensions are in millimeters.

30 Max 30.006 30.000 +0.019 29.993 30.000 +0.006 29.986 30.000 −0.001 29.973 30.000 −0.014 29.960 30.000 −0.027

Min 29.985 29.987 −0.015 29.972 29.987 −0.028 29.965 29.987 −0.035 29.952 29.987 −0.048 29.939 29.987 −0.061

40 Max 40.007 40.000 +0.023 39.992 40.000 +0.008 39.983 40.000 −0.001 39.966 40.000 −0.018 39.949 40.000 −0.035

Min 39.982 39.984 −0.018 39.967 39.984 −0.033 39.958 39.984 −0.042 39.941 39.984 −0.059 39.924 39.984 −0.076

50 Max 50.007 50.000 +0.023 49.992 50.000 +0.008 49.983 50.000 −0.001 49.966 50.000 −0.018 49.939 50.000 −0.045

Min 49.982 49.984 −0.018 49.967 49.984 −0.033 49.958 49.984 −0.042 49.941 49.984 −0.059 49.914 49.984 −0.086

60 Max 60.009 60.000 +0.028 59.991 60.000 +0.010 59.979 60.000 −0.002 59.958 60.000 −0.023 59.924 60.000 −0.087

Min 59.979 59.981 −0.021 59.961 59.981 −0.039 59.949 59.981 −0.051 59.928 59.981 −0.072 59.894 59.981 −0.106

80 Max 80.009 80.000 +0.028 79.991 80.000 +0.010 79.979 80.000 −0.002 79.952 80.000 −0.029 79.909 80.000 −0.072

Min 79.979 79.981 −0.021 79.961 79.981 −0.039 79.949 79.981 −0.051 79.922 79.981 −0.078 79.879 79.981 −0.121

100 Max 100.010 100.000 +0.032 99.990 100.000 +0.012 99.976 100.000 −0.002 99.942 100.000 −0.036 99.889 100.000 −0.089

Min 99.975 99.978 −0.025 99.955 99.978 −0.045 99.941 99.978 −0.059 99.907 99.978 −0.093 99.854 99.978 −0.146

120 Max 120.010 120.000 +0.032 119.990 120.000 +0.012 119.976 120.000 −0.002 119.934 120.000 −0.044 119.869 120.000 −0.109

Min 119.975 119.978 −0.025 119.955 119.978 −0.045 119.941 119.978 −0.059 119.899 119.978 −0.101 119.834 119.978 −0.166

160 Max 160.012 160.000 +0.037 159.988 160.000 +0.013 159.972 160.000 −0.003 159.915 160.000 −0.060 159.825 160.000 −0.150

Min 159.972 159.975 −0.028 159.948 159.975 −0.052 159.932 159.975 −0.068 159.875 159.975 −0.125 159.785 159.975 −0.215

200 Max 200.013 200.00 +0.042 199.986 200.000 +0.015 199.967 200.000 −0.004 199.895 200.000 −0.076 199.781 200.000 −0.190

Min 199.967 199.971 −0.033 199.940 199.971 −0.060 199.921 199.971 −0.079 199.849 199.971 −0.151 199.735 199.971 −0.265

250 Max 250.013 250.000 +0.042 249.986 250.000 +0.015 249.967 250.000 −0.004 249.877 250.000 −0.094 249.733 250.000 −0.238

Min 249.967 249.971 −0.033 249.940 249.971 −0.060 249.921 249.971 −0.079 249.831 249.971 −0.169 249.687 249.971 −0.313

300 Max 300.016 300.000 +0.048 299.986 300.000 +0.018 299.964 300.000 −0.004 299.850 300.000 −0.118 299.670 300.000 −0.298

Min 299.964 299.968 −0.036 299.934 299.968 −0.066 299.912 299.968 −0.088 299.798 299.968 −0.202 299.618 299.968 −0.382

400 Max 400.017 400.000 +0.053 399.984 400.000 +0.020 399.959 400.000 −0.005 399.813 400.000 −0.151 399.586 400.000 −0.378

Min 399.960 399.964 −0.040 399.927 399.964 −0.073 399.902 399.964 −0.098 399.756 399.964 −0.244 399.529 399.964 −0.471

500 Max 500.018 500.000 +0.058 499.983 500.000 +0.023 499.955 500.000 −0.005 499.771 500.000 −0.189 499.483 500.000 −0.477

Min 499.955 499.960 −0.045 499.920 499.960 −0.080 499.892 499.960 −0.108 499.708 499.960 −0.292 499.420 499.960 −0.580

a The sizes shown are first-choice basic sizes (see Table 1, page 673). Preferred fits for other sizes can be calculated from data given in ANSI B4.2-1978 (R2009). 
b A plus sign indicates clearance; a minus sign indicates interference. 

Table 5. American National Standard Preferred Shaft Basis Metric Transition and Interference Fits  ANSI B4.2-1978 (R2009)

Basic
Sizea

Locational Transition Locational Transition Locational Interference Medium Drive Force

Hole
K7

Shaft
h6 Fitb

Hole
N7

Shaft
h6 Fitb

Hole
P7

Shaft
h6 Fitb

Hole
S7

Shaft
h6 Fitb

Hole
U7

Shaft
h6 Fitb
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Table 6. American National Standard Gagemakers Tolerances 
 ANSI B4.4M-1981 (R1994)

For workpiece tolerance class values, see previous Tables 2 through 5, inclusive.

Table 7. American National Standard Gagemakers Tolerances 
 ANSI B4.4M-1981 (R1994)

All dimensions are in millimeters. For closer gagemakers tolerance classes than Class XXXM,
specify 5 per cent of IT5, IT4, or IT3 and use the designation 0.05 IT5, 0.05 IT4, etc.

Gagemakers Tolerance Workpiece Tolerance

Class
ISO

Symbola

a Gagemakers tolerance is equal to 5 per cent of workpiece tolerance or 5 per cent of applicable IT
grade value. See Table 7.

IT
Grade Recommended Gage Usage

ZM 0.05 IT11 IT11
Low-precision gages recommended to be used to inspect 
workpieces held to internal (hole) tolerances C11 and H11 and 
to external (shaft) tolerances c11 and h11.

YM 0.05 IT9 IT9
Gages recommended to be used to inspect workpieces held to 
internal (hole) tolerances D9 and H9 and to external (shaft) 
tolerances d9 and h9.

XM 0.05 IT8 IT8 Precision gages recommended to be used to inspect work-
pieces held to internal (hole) tolerances F8 and H8.

XXM 0.05 IT7 IT7
Recommended to be used for gages to inspect workpieces held 
to internal (hole) tolerances G7, H7, K7, N7, P7, S7, and U7, 
and to external (shaft) tolerances f7 and h7.

XXX
M 0.05 IT6 IT6

High-precision gages recommended to be used to inspect 
workpieces held to external (shaft) tolerances g6, h6, k6, n6, 
p6, s6, and u6.

Basic Size Class ZM Class YM Class XM Class XXM Class XXXM

Over To 0.05 IT11 0.05 IT9 0.05 IT8 0.05 IT7 0.05 IT6

0 3 0.0030 0.0012 0.0007 0.0005 0.0003
3 6 0.0037 0.0015 0.0009 0.0006 0.0004
6 10 0.0045 0.0018 0.0011 0.0007 0.0005
10 18 0.0055 0.0021 0.0013 0.0009 0.0006
18 30 0.0065 0.0026 0.0016 0.0010 0.0007
30 50 0.0080 0.0031 0.0019 0.0012 0.0008
50 80 0.0095 0.0037 0.0023 0.0015 0.0010
80 120 0.0110 0.0043 0.0027 0.0017 0.0011

120 180 0.0125 0.0050 0.0031 0.0020 0.0013
180 250 0.0145 0.0057 0.0036 0.0023 0.0015
250 315 0.0160 0.0065 0.0040 0.0026 0.0016
315 400 0.0180 0.0070 0.0044 0.0028 0.0018
400 500 0.0200 0.0077 0.0048 0.0031 0.0020

Fig. 4. Relationship between Gagemakers Tolerance, Wear Allowance and Workpiece Tolerance
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Applications

Many factors such as length of engagement, bearing load, speed, lubrication, operating
temperatures, humidity, surface texture, and materials must be taken into account in fit
selections for a particular application.

Choice of other than the preferred fits might be considered necessary to satisfy extreme
conditions. Subsequent adjustments might also be desired as the result of experience in a
particular application to suit critical functional requirements or to permit optimum manu-
facturing economy. Selection of a departure from these recommendations will depend
upon consideration of the engineering and economic factors that might be involved; how-
ever, the benefits to be derived from the use of preferred fits should not be overlooked.

A general guide to machining processes that may normally be expected to produce work
within the tolerances indicated by the IT grades given in ANSI B4.2-1978 (R2009) is
shown in Table 8. Practical usage of the various IT tolerance grades is shown in Table 9.

Table 8. Relation of Machining Processes to IT Tolerance Grades

Table 9. Practical Use of International Tolerance Grades

British Standard for Metric ISO Limits and Fits

Based on ISO Recommendation R286, this British Standard BS 4500:1969 is intended to
provide a comprehensive range of metric limits and fits for engineering purposes, and
meets the requirements of metrication in the United Kingdom. Sizes up to 3,150 mm are
covered by the Standard, but the condensed information presented here embraces dimen-
sions up to 500 mm only. The system is based on a series of tolerances graded to suit all
classes of work from the finest to the most coarse, and the different types of fits that can be
obtained range from coarse clearance to heavy interference. In the Standard, only cylindri-
cal parts, designated holes and shafts are referred to explicitly, but it is emphasized that the

IT Grades

4 5 6 7 8 9 10 11

Lapping & Honing

Cylindrical Grinding

Surface Grinding

Diamond Turning

Diamond Boring

Broaching

Powder Metal sizes

Reaming

Turning

Powder Metal sintered

Boring

Milling

Planing & Shaping

Drilling

Punching

Die Casting

For Measuring Tools For Material
IT Grades 01 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

For Fits For Large Manufacturing Tolerances
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recommendations apply equally well to other sections, and the general term hole or shaft
can be taken to mean the space contained by or containing two parallel faces or tangent
planes of any part, such as the width of a slot, or the thickness of a key. It is also strongly
emphasized that the grades series of tolerances are intended for the most general applica-
tion, and should be used wherever possible whether the features of the component
involved are members of a fit or not.
Definitions.—The definitions given in the Standard include the following:

 Limits of Size: The maximum and minimum sizes permitted for a feature.
 Basic Size: The reference size to which the limits of size are fixed. The basic size is the

same for both members of a fit.
 Upper Deviation: The algebraic difference between the maximum limit of size and the

corresponding basic size. It is designated as “ES” for a hole, and as “es” for a shaft, which
stands for the French term écart supérieur.

 Lower Deviation: The algebraic difference between the minimum limit of size and the
corresponding basic size. It is designated as “EI” for a hole, and as “ei” for a shaft, which
stands for the French term écart inférieur.

 Zero Line: In a graphical representation of limits and fits, the straight line to which the
deviations are referred. The zero line is the line of zero deviation and represents the basic
size.

 Tolerance: The difference between the maximum limit of size and the minimum limit of
size. It is an absolute value without sign.

 Tolerance Zone: In a graphical representation of tolerances, the zone comprised
between the two lines representing the limits of tolerance and defined by its magnitude
(tolerance) and by its position in relation to the zero line.

 Fundamental Deviation: That one of the two deviations, being the one nearest to the
zero line, which is conventionally chosen to define the position of the tolerance zone in
relation to the zero line.

 Shaft-Basis System of Fits: A system of fits in which the different clearances and inter-
ferences are obtained by associating various holes with a single shaft. In the ISO system,
the basic shaft is the shaft the upper deviation of which is zero.

 Hole-Basis System of Fits: A system of fits in which the different clearances and inter-
ferences are obtained by associating various shafts with a single hole. In the ISO system,
the basic hole is the hole the lower deviation of which is zero.
Selected Limits of Tolerance, and Fits.—The number of fit combinations that can be
built up with the ISO system is very large. However, experience shows that the majority of
fits required for usual engineering products can be provided by a limited selection of toler-
ances. Limits of tolerance for selected holes are shown in Table 1, and for shafts, in Table
2. Selected fits, based on combinations of the selected hole and shaft tolerances, are given
in Table 3.
Tolerances and Fundamental Deviations.—There are 18 tolerance grades intended to
meet the requirements of different classes of work, and they are designated IT01, IT0, and
IT1 to IT16. (IT stands for ISO series of tolerances.) Table 4 shows the standardized
numerical values for the 18 tolerance grades, which are known as standard tolerances. The
system provides 27 fundamental deviations for sizes up to and including 500 mm, and
Tables 5a and 5b contain the values for shafts and Tables 6a and 6b for holes. Uppercase
(capital) letters designate hole deviations, and the same letters in lower case designate
shaft deviations. The deviation js (Js for holes) is provided to meet the need for symmetrical
bilateral tolerances. In this instance, there is no fundamental deviation, and the tolerance
zone, of whatever magnitude, is equally disposed about the zero line.
Calculated Limits of Tolerance.—The deviations and fundamental tolerances provided
by the ISO system can be combined in any way that appears necessary to give a required fit.
Thus, for example, the deviations H (basic hole) and f (clearance shaft) could be associ-
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ated, and with each of these deviations any one of the tolerance grades IT01 to IT16 could
be used. All the limits of tolerance that the system is capable of providing for sizes up to
and including 500 mm can be calculated from the standard tolerances given in Table 4, and
the fundamental deviations given in Tables 5a, 5b, 6a and 6b. The range includes limits of
tolerance for shafts and holes used in small high-precision work and horology.

The system provides for the use of either hole-basis or shaft-basis fits, and the Standard
includes details of procedures for converting from one type of fit to the other.

The limits of tolerance for a shaft or hole are designated by the appropriate letter indicat-
ing the fundamental deviation, followed by a suffix number denoting the tolerance grade.
This suffix number is the numerical part of the tolerance grade designation. Thus, a hole
tolerance with deviation H and tolerance grade IT7 is designated H7. Likewise, a shaft
with deviation p and tolerance grade IT6 is designated p6. The limits of size of a compo-
nent feature are defined by the basic size, say, 45 mm, followed by the appropriate toler-
ance designation, for example, 45 H7 or 45 p6. A fit is indicated by combining the basic
size common to both features with the designation appropriate to each of them, for exam-
ple, 45 H7-p6 or 45 H7/p6.

When calculating the limits of size for a shaft, the upper deviation es, or the lower devia-
tion ei, is first obtained from Tables 5a or 5b, depending on the particular letter designa-
tion, and nominal dimension. If an upper deviation has been determined, the lower
deviation ei = es − IT. The IT value is obtained from Table 4 for the particular tolerance
grade being applied. If a lower deviation has been obtained from Tables 5a or 5b, the upper
deviation es = ei + IT. When the upper deviation ES has been determined for a hole from
Tables 6a or 6b, the lower deviation EI = ES − IT. If a lower deviation EI has been obtained
from Table 6a, then the upper deviation ES = EI + IT.

The upper deviations for holes K, M, and N with tolerance grades up to and including
IT8, and for holes P to ZC with tolerance grades up to and including IT7 must be calculated
by adding the delta (∆) values given in Table 6b as indicated.

Example 1:The limits of size for a part of 133 mm basic size with a tolerance designation
g9 are derived as follows:

From Table 5a, the upper deviation (es) is − 0.014 mm. From Table 4, the tolerance grade
(IT9) is 0.100 mm. The lower deviation (ei) = es − IT = 0.114 mm, and the limits of size are
thus 132.986 and 132.886 mm.

Example 2:The limits of size for a part 20 mm in size, with tolerance designation D3, are
derived as follows: From Table 6a, the lower deviation (EI) is + 0.065 mm. From Table 4,
the tolerance grade (IT3) is 0.004 mm. The upper deviation (ES) = EI + IT = 0.069 mm, and
thus the limits of size for the part are 20.069 and 20.065 mm.

Example 3:The limits of size for a part 32 mm in size, with tolerance designation M5,
which involves a delta value, are obtained as follows: From Table 6a, the upper deviation
ES is − 0.009 mm + ∆ = −0.005 mm. (The delta value given at the end of Table 6b for this
size and grade IT5 is 0.004 mm.) From Table 4, the tolerance grade (IT5) is 0.011 mm. The
lower deviation (EI) = ES − IT = − 0.016 mm, and thus the limits of size for the part are
31.995 and 31.984 mm.

Where the designations h and H or js and Js are used, it is only necessary to refer to Table

4. For h and H, the fundamental deviation is always zero, and the disposition of the toler-
ance is always negative ( − ) for a shaft, and positive ( + ) for a hole. 

Example 4:The limits for a part 40 mm in size, designated h8 are derived as follows:
From Table 4, the tolerance grade (IT8) is 0.039 mm, and the limits are therefore 40.000
and 39.961 mm.

Example 5:The limits for a part 60 mm in size, designated js7 or Js7 are derived as fol-
lows: From Table 4, the tolerance grade (IT7) is 0.030 mm, and this value is divided
equally about the basic size to give limits of 60.015 and 59.985 mm.
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Table 1. British Standard Limits of Tolerance for Selected Holes 
(Upper and Lower Deviations)  BS 4500:1969

ES = Upper deviation, EI = Lower deviation.

The dimensions are given in 0.001 mm, except for the nominal sizes, which are in millimeters.

Table 2. British Standard Limits of Tolerance for Selected Shafts 
(Upper and Lower Deviations)  BS 4500:1969

es = Upper deviation, ei = Lower deviation.

The dimensions are given in 0.001 mm, except for the nominal sizes, which are in millimeters.

Nominal Sizes, mm H7 H8 H9 H11

Over Up to and
Including

ES
+

EI ES
+

EI ES
+

EI ES
+

EI

… 3 10 0 14 0 25 0 60 0

3 6 12 0 18 0 30 0 75 0

6 10 15 0 22 0 36 0 90 0

10 18 18 0 27 0 43 0 110 0

18 30 21 0 33 0 52 0 130 0

30 50 25 0 39 0 62 0 160 0

50 80 30 0 46 0 74 0 190 0

80 120 35 0 54 0 87 0 220 0

120 180 40 0 63 0 100 0 250 0

180 250 46 0 72 0 115 0 290 0

250 315 52 0 81 0 130 0 320 0

315 400 57 0 89 0 140 0 360 0

400 500 63 0 97 0 155 0 400 0

Nominal
Sizes, mm c11 d10 e9 f7 g6 h6 k6 n6 p6 s6

O
ve

r

U
p 

to
an

d 
In

cl
.

es
−

ei
−

es
−

ei
−

es
−

ei
−

es
−

ei
−

es
−

ei
−

es
−

ei
−

es
+

ei
+

es
+

ei
+

es
+

ei
+

es
+

ei
+

… 3 60 120 20 60 14 39 6 16 2 8 0 6 6 0 10 4 12 6 20 14

3 6 70 145 30 78 20 50 10 22 4 12 0 8 9 1 16 8 20 12 27 19

6 10 80 170 40 98 25 61 13 28 5 14 0 9 10 1 19 10 24 15 32 23

10 18 95 205 50 120 32 75 16 34 6 17 0 11 12 1 23 12 29 18 39 28

18 30 110 240 65 149 40 92 20 41 7 20 0 13 15 2 28 15 35 22 48 35

30 40 120 280 80 180 50 112 25 50 9 25 0 16 18 2 33 17 42 26 59 43

40 50 130 290 80 180 50 112 25 50 9 25 0 16 18 2 33 17 42 26 59 43

50 65 140 330 100 220 60 134 30 60 10 29 0 19 21 2 39 20 51 32 72 53

65 80 150 340 100 220 60 134 30 60 10 29 0 19 21 2 39 20 51 32 78 59

80 100 170 390 120 260 72 159 36 71 12 34 0 22 25 3 45 23 59 37 93 71

100 120 180 400 120 260 72 159 36 71 12 34 0 22 25 3 45 23 59 37 101 79

120 140 200 450 145 305 85 185 43 83 14 39 0 25 28 3 52 27 68 43 117 92

140 160 210 460 145 305 85 185 43 83 14 39 0 25 28 3 52 27 68 43 125 100

160 180 230 480 145 305 85 185 43 83 14 39 0 25 28 3 52 27 68 43 133 108

180 200 240 530 170 355 100 215 50 96 15 44 0 29 33 4 60 31 79 50 151 122

200 225 260 550 170 355 100 215 50 96 15 44 0 29 33 4 60 31 79 50 159 130

225 250 280 570 170 355 100 215 50 96 15 44 0 29 33 4 60 31 79 50 169 140

250 280 300 620 190 400 110 240 56 108 17 49 0 32 36 4 66 34 88 56 190 158

280 315 330 650 190 400 110 240 56 108 17 49 0 32 36 4 66 34 88 56 202 170

315 355 360 720 210 440 125 265 62 119 18 54 0 36 40 4 73 37 98 62 226 190

355 400 400 760 210 440 125 265 62 119 18 54 0 36 40 4 73 37 98 62 244 208

400 450 440 840 230 480 135 290 68 131 20 60 0 40 45 5 80 40 108 68 272 232

450 500 480 880 230 480 135 290 68 131 20 60 0 40 45 5 80 40 108 68 292 252
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666Table 3. British Standard Selected Fits, Minimum and Maximum Clearances  BS 4500:1969

The dimensions are given in 0.001 mm, except for the nominal sizes, which are in millimeters.

Minus (−) sign indicates negative clearance, i.e., interference.

Nominal Sizes,
mm H11—c11 H9—d10 H9—e9 H8—f7 H7—g6 H7—h6 H7—k6 H7—n6 H7—p6 H7—s6

Over Up to and
Including Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max

… 3 60 180 20 85 14 64 6 30 2 18 0 16 −6 +10 −10 +6 −12 +4 −20 −4

3 6 70 220 30 108 20 80 10 40 4 24 0 20 −9 +11 −16 +4 −20 0 −27 −7

6 10 80 260 40 134 25 97 13 50 5 29 0 24 −10 +14 −19 +5 −24 0 −32 −8

10 18 95 315 50 163 32 118 16 61 6 35 0 29 −12 +17 −23 +6 −29 0 −39 −10

18 30 110 370 65 201 40 144 20 74 7 41 0 34 −15 +19 −28 +6 −35 −1 −48 −14

30 40 120 440 80 242 50 174 25 89 9 50 0 41 −18 +23 −33 +8 −42 −1 −59 −18

40 50 130 450 80 242 50 174 25 89 9 50 0 41 −18 +23 −33 +8 −42 −1 −59 −18

50 65 140 520 100 294 60 208 30 106 10 59 0 49 −21 +28 −39 +10 −51 −2 −72 −23

65 80 150 530 100 294 60 208 30 106 10 59 0 49 −21 +28 −39 +10 −51 −2 −78 −29

80 100 170 610 120 347 72 246 36 125 12 69 0 57 −25 +32 −45 +12 −59 −2 −93 −36

100 120 180 620 120 347 72 246 36 125 12 69 0 57 −25 +32 −45 +12 −59 −2 −101 −44

120 140 200 700 145 405 85 285 43 146 14 79 0 65 −28 +37 −52 +13 −68 −3 −117 −52

140 160 210 710 145 405 85 285 43 146 14 79 0 65 −28 +37 −52 +13 −68 −3 −125 −60

160 180 230 730 145 405 85 285 43 146 14 79 0 65 −28 +37 −52 +13 −68 −3 −133 −68

180 200 240 820 170 470 100 330 50 168 15 90 0 75 −33 +42 −60 +15 −79 −4 −151 −76

200 225 260 840 170 470 100 330 50 168 15 90 0 75 −33 +42 −60 +15 −79 −4 −159 −84

225 250 280 860 170 470 100 330 50 168 15 90 0 75 −33 +42 −60 +15 −79 −4 −169 −94

250 280 300 940 190 530 110 370 56 189 17 101 0 84 −36 +48 −66 +18 −88 −4 −190 −126

280 315 330 970 190 530 110 370 56 189 17 101 0 84 −36 +48 −66 +18 −88 −4 −202 −112

315 355 360 1080 210 580 125 405 62 208 18 111 0 93 −40 −53 −73 +20 −98 −5 −226 −133

355 400 400 1120 210 580 125 405 62 208 18 111 0 93 −40 −53 −73 +20 −98 −5 −244 −151

400 450 440 1240 230 635 135 445 68 228 20 123 0 103 −45 +58 −80 +23 −108 −5 −272 −169

450 500 480 1280 230 635 135 445 68 228 20 123 0 103 −45 +58 −80 +23 −108 −5 −292 −189
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Table 4. British Standard Limits and Fits  BS 4500:1969

The dimensions are given in 0.001 mm, except for the nominal sizes which are in millimeters.

Nominal Sizes, mm Tolerance Grades

Over To IT 01 IT 0 IT 1 IT 2 IT 3 IT 4 IT 5 IT 6 IT 7 IT 8 IT 9 IT 10 IT 11 IT 12 IT 13 IT 14a

a Not applicable to sizes below 1 mm. 

IT 15 a IT 16a

… 3 0.3 0.5 0.8 1.2 2 3 4 6 10 14 25 40 60 100 140 250 400 600

3 6 0.4 0.6 1 1.5 2.5 4 5 8 12 18 30 48 75 120 180 300 480 750

6 10 0.4 0.6 1 1.5 2.5 4 6 9 15 22 36 58 90 150 220 360 580 900

10 18 0.5 0.8 1.2 2 3 5 8 11 18 27 43 70 110 180 270 430 700 1100

18 30 0.6 1 1.5 2.5 4 6 9 13 21 33 52 84 130 210 330 520 840 1300

30 50 0.6 1 1.5 2.5 4 7 11 16 25 39 62 100 160 250 390 620 1000 1600

50 80 0.8 1.2 2 3 5 8 13 19 30 46 74 120 190 300 460 740 1200 1900

80 120 1 1.5 2.5 4 6 10 15 22 35 54 87 140 220 350 540 870 1400 2200

120 180 1.2 2 3.5 5 8 12 18 25 40 63 100 160 250 400 630 1000 1600 2500

180 250 2 3 4.5 7 10 14 20 29 46 72 115 185 290 460 720 1150 1850 2900

250 315 2.5 4 6 8 12 16 23 32 52 81 130 210 320 520 810 1300 2100 3200

315 400 3 5 7 9 13 18 25 36 57 89 140 230 360 570 890 1400 2300 3600

400 500 4 6 8 10 15 20 27 40 63 97 155 250 400 630 970 1550 2500 4000
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Nominal
Sizes, mm

Grade

01 to 16 5-6 7 8 4-7 ≤3 >7

Fundamental (Upper) Deviation es Fundamental (Lower) Deviation ei

Over To aa

a Not applicable to sizes up to 1 mm. 

ba c cd d e ef f fg g h js b

b In grades 7 to 11, the two symmetrical deviations ±IT/2 should be rounded if the IT value in micrometers is an odd value by replacing it with the even value immedi-
ately below. For example, if IT = 175, replace it by 174. 

j k

… 3 −270 −140 −60 −34 −20 −14 −10 −6 −4 −2 0

±IT/2

−2 −4 −6 0 0

3 6 −270 −140 −70 −46 −30 −20 −14 −10 −6 −4 0 −2 −4 … +1 0

6 10 −280 −150 −80 −56 −40 −25 −18 −13 −8 −5 0 −2 −5 … +1 0

10 14 −290 −150 −95 … −50 −32 … −16 … −6 0 −3 −6 … +1 0

14 18 −290 −150 −95 … −50 −32 … −16 … −6 0 −3 −6 … +1 0

18 24 −300 −160 −110 … −65 −40 … −20 … −7 0 −4 −8 … +2 0

24 30 −300 −160 −110 … −65 −40 … −20 … −7 0 −4 −8 … +2 0

30 40 −310 −170 −120 … −80 −50 … −25 … −9 0 −5 −10 … +2 0

40 50 −320 −180 −130 … −80 −50 … −25 … −9 0 −5 −10 … +2 0

50 65 −340 −190 −140 … −100 −60 … −30 … −10 0 −7 −12 … +2 0

65 80 −360 −200 −150 … −100 −60 … −30 … −10 0 −7 −12 … +2 0

80 100 −380 −220 −170 … −120 −72 … −36 … −12 0 −9 −15 … +3 0

100 120 −410 −240 −180 … −120 −72 … −36 … −12 0 −9 −15 … +3 0

120 140 −460 −260 −200 … −145 −85 … −43 … −14 0 −11 −18 … +3 0

140 160 −520 −280 −210 … −145 −85 … −43 … −14 0 −11 −18 … +3 0

160 180 −580 −310 −230 … −145 −85 … −43 … −14 0 −11 −18 … +3 0

180 200 −660 −340 −240 … −170 −100 … −50 … −15 0 −13 −21 … +4 0

200 225 −740 −380 −260 … −170 −100 … −50 … −15 0 −13 −21 … +4 0

225 250 −820 −420 −280 … −170 −100 … −50 … −15 0 −13 −21 … +4 0

250 280 −920 −480 −300 … −190 −110 … −56 … −17 0 −16 −26 … +4 0

280 315 −1050 −540 −330 … −190 −110 … −56 … −17 0 −16 −26 … +4 0

315 355 −1200 −600 −360 … −210 −125 … −62 … −18 0 −18 −28 … +4 0

355 400 −1350 −680 −400 … −210 −125 … −62 … −18 0 −18 −28 … +4 0

400 450 −1500 −760 −440 … −230 −135 … −68 … −20 0 −20 −32 … +5 0

450 500 −1650 −840 −480 … −230 −135 … −68 … −20 0 −20 −32 … +5 0
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Table 5b. British Standard Fundamental Deviations for Shafts  BS 4500:1969

Nominal
Sizes, mm

Grade

01 to 16

Fundamental (Lower) Deviation ei

Over To m n p r s t u v x y z za zb zc

… 3 +2 +4 +6 +10 +14 … +18 … +20 … +26 +32 +40 +60

3 6 +4 +8 +12 +15 +19 … +23 … +28 … +35 +42 +50 +80

6 10 +6 +10 +15 +19 +23 … +28 … +34 … +42 +52 +67 +97

10 14 +7 +12 +18 +23 +28 … +33 … +40 … +50 +64 +90 +130

14 18 +7 +12 +18 +23 +28 … +33 +39 +45 … +60 +77 +108 +150

18 24 +8 +15 +22 +28 +35 … +41 +47 +54 +63 +73 +98 +136 +188

24 30 +8 +15 +22 +28 +35 +41 +48 +55 +64 +75 +88 +118 +160 +218

30 40 +9 +17 +26 +34 +43 +48 +60 +68 +80 +94 +112 +148 +200 +274

40 50 +9 +17 +26 +34 +43 +54 +70 +81 +97 +114 +136 +180 +242 +325

50 65 +11 +20 +32 +41 +53 +66 +87 +102 +122 +144 +172 +226 +300 +405

65 80 +11 +20 +32 +43 +59 +75 +102 +120 +146 +174 +210 +274 +360 +480

80 100 +13 +23 +37 +51 +71 +91 +124 +146 +178 +214 +258 +335 +445 +585

100 120 +13 +23 +37 +54 +79 +104 +144 +172 +210 +254 +310 +400 +525 +690

120 140 +15 +27 +43 +63 +92 +122 +170 +202 +248 +300 +365 +470 +620 +800

140 160 +15 +27 +43 +65 +100 +134 +190 +228 +280 +340 +415 +535 +700 +900

160 180 +15 +27 +43 +68 +108 +146 +210 +252 +310 +380 +465 +600 +780 +1000

180 200 +17 +31 +50 +77 +122 +166 +236 +284 +350 +425 +520 +670 +880 +1150

200 225 +17 +31 +50 +80 +130 +180 +258 +310 +385 +470 +575 +740 +960 +1250

225 250 +17 +31 +50 +84 +140 +196 +284 +340 +425 +520 +640 +820 +1050 +1350

250 280 +20 +34 +56 +94 +158 +218 +315 +385 +475 +580 +710 +920 +1200 +1550

280 315 +20 +34 +56 +98 +170 +240 +350 +425 +525 +650 +790 +1000 +1300 +1700

315 355 +21 +37 +62 +108 +190 +268 +390 +475 +590 +730 +900 +1150 +1500 +1900

355 400 +21 +37 +62 +114 +208 +294 +435 +530 +660 +820 +1000 +1300 +1650 +2100

400 450 +23 +40 +68 +126 +232 +330 +490 +595 +740 +920 +1100 +1450 +1850 +2400

450 500 +23 +40 +68 +132 +252 +360 +540 +660 +820 +1000 +1250 +1600 +2100 +2600
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Nominal
Sizes, mm

Grade

01 to 16 6 7 8 ≤8 >8 ≤8a

a Special case: for M6, ES = −9 for sizes from 250 to 315 mm, instead of −11.

>8 ≤8 >8b

Fundamental (Lower) Deviation EI Fundamental (Upper) Deviation ES

Over To Ab

b Not applicable to sizes up to 1 mm. 

Bb C CD D E EF F FG G H Jsc

c In grades 7 to 11, the two symmetrical deviations ±IT/2 should be rounded if the IT value in micrometers is an odd value, by replacing it with the even value below. For
example, if IT = 175, replace it by 174. 

J Kd

d When calculating deviations for holes K, M, and N with tolerance grades up to and including IT8, and holes P to ZC with tolerance grades up to and including IT7, the
delta (∆) values are added to the upper deviation ES. For example, for 25 P7, ES = −0.022 + 0.008 = −0.014 mm. 

Md Nd

… 3 +270 +140 +60 +34 +20 +14 +10 +6 +4 +2 0

±IT/2

+2 +4 +6 0 0 −2 −2 −4 −4
3 6 +270 +140 +70 +46 +30 +20 +14 +10 +6 +4 0 +5 +6 +10 −1+∆ … −4+∆ −4 −8+∆ 0
6 10 +280 +150 +80 +56 +40 +25 +18 +13 +8 +5 0 +5 +8 +12 −1+∆ … −6+∆ −6 −10+∆ 0
10 14 +290 +150 +95 … +50 +32 … +16 … +6 0 +6 +10 +15 −1+∆ … −7+∆ −7 −12+∆ 0
14 18 +290 +150 +95 … +50 +32 … +16 … +6 0 +6 +10 +15 −1+∆ … −7+∆ −7 −12+∆ 0
18 24 +300 +160 +110 … +65 +40 … +20 … +7 0 +8 +12 +20 −2+∆ … −8+∆ −8 −15+∆ 0
24 30 +300 +160 +110 … +65 +40 … +20 … +7 0 +8 +12 +20 −2+∆ … −8+∆ −8 −15+∆ 0
30 40 +310 +170 +120 … +80 +50 … +25 … +9 0 +10 +14 +24 −2+∆ … −9+∆ −9 −17+∆ 0
40 50 +320 +180 +130 … +80 +50 … +25 … +9 0 +10 +14 +24 −2+∆ … −9+∆ −9 −17+∆ 0
50 65 +340 +190 +140 … +100 +60 … +30 … +10 0 +13 +18 +28 −2+∆ … −11+∆ −11 −20+∆ 0
65 80 +360 +200 +150 … +100 +60 … +30 … +10 0 +13 +18 +28 −2+∆ … −11+∆ −11 −20+∆ 0
80 100 +380 +220 +170 … +120 +72 … +36 … +12 0 +16 +22 +34 −3+∆ … −13+∆ −13 −23+∆ 0

100 120 +410 +240 +180 … +120 +72 … +36 … +12 0 +16 +22 +34 −3+∆ … −13+∆ −13 −23+∆ 0
120 140 +460 +260 +200 … +145 +85 … +43 … +14 0 +18 +26 +41 −3+∆ … −15+∆ −15 −27+∆ 0
140 160 +520 +280 +210 … +145 +85 … +43 … +14 0 +18 +26 +41 −3+∆ … −15+∆ −15 −27+∆ 0
160 180 +580 +310 +230 … +145 +85 … +43 … +14 0 +18 +26 +41 −3+∆ … −15+∆ −15 −27+∆ 0
180 200 +660 +340 +240 … +170 +100 … +50 … +15 0 +22 +30 +47 −4+∆ … −17+∆ −17 −31+∆ 0
200 225 +740 +380 +260 … +170 +100 … +50 … +15 0 +22 +30 +47 −4+∆ … −17−∆ −17 −31+∆ 0
225 250 +820 +420 +280 … +170 +100 … +50 … +15 0 +22 +30 +47 −4+∆ … −17+∆ −17 −31+∆ 0
250 280 +920 +480 +300 … +190 +110 … +56 … +17 0 +25 +36 +55 −4+∆ … −20+∆ −20 −34+∆ 0
280 315 +1050 +540 +330 … +190 +110 … +56 … +17 0 +25 +36 +55 −4+∆ … −20+∆ −20 −34+∆ 0
315 355 +1200 +600 +360 … +210 +125 … +62 … +18 0 +29 +39 +60 −4+∆ … −21+∆ −21 −37+∆ 0
355 400 +1350 +680 +400 … +210 +125 … +62 … +18 0 +29 +39 +60 −4+∆ … −21+∆ −21 −37+∆ 0
400 450 +1500 +760 +440 … +230 +135 … +68 … +20 0 +33 +43 +66 −5+4 … −23+∆ −23 −40+∆ 0
450 500 +1650 +840 +480 … +230 +135 … +68 … +20 0 +33 +43 +66 −5+4 … −23+∆ −23 −40+∆ 0
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Table 6b. British Standard Fundamental Deviations for Holes  BS 4500:1969

Nominal
Sizes, mm

Grade Values for
delta (∆)d≤7 >7

Fundamental (Upper) Deviation ES Grade

Over To P to
ZC P R S T U V X Y Z ZA ZB ZC 3 4 5 6 7 8

… 3

Same
deviation 

as for 
grades
above 7 

increased
by ∆

− 6 −10 −14 … −18 … −20 … −26 −32 −40 −60 0 0 0 0 0 0

3 6 −12 −15 −19 … −23 … −28 … −35 −42 −50 −80 1 1.5 1 3 4 6

6 10 −15 −19 −23 … −28 … −34 … −42 −52 −67 −97 1 1.5 2 3 6 7

10 14 −18 −23 −28 … −33 … −40 … −50 −64 −90 −130 1 2 3 3 7 9

14 18 −18 −23 −28 … −33 −39 −45 … −60 −77 −108 −150 1 2 3 3 7 9

18 24 −22 −28 −35 … −41 −47 −54 −63 −73 −98 −136 −188 1.5 2 3 4 8 12

24 30 −22 −28 −35 −41 −48 −55 −64 −75 −88 −118 −160 −218 1.5 2 3 4 8 12

30 40 −26 −34 −43 −48 −60 −68 −80 −94 −112 −148 −200 −274 1.5 3 4 5 9 14

40 50 −26 −34 −43 −54 −70 −81 −97 −114 −136 −180 −242 −325 1.5 3 4 5 9 14

50 65 −32 −41 −53 −66 −87 −102 −122 −144 −172 −226 −300 −405 2 3 5 6 11 16

65 80 −32 −43 −59 −75 −102 −120 −146 −174 −210 −274 −360 −480 2 3 5 6 11 16

80 100 −37 −51 −71 −91 −124 −146 −178 −214 −258 −335 −445 −585 2 4 5 7 13 19

100 120 −37 −54 −79 −104 −144 −172 −210 −254 −310 −400 −525 −690 2 4 5 7 13 19

120 140 −43 −63 −92 −122 −170 −202 −248 −300 −365 −470 −620 −800 3 4 6 7 15 23

140 160 −43 −65 −100 −134 −190 −228 −280 −340 −415 −535 −700 −900 3 4 6 7 15 23

160 180 −43 −68 −108 −146 −210 −252 −310 −380 −465 −600 −780 −1000 3 4 6 7 15 23

180 200 −50 −77 −122 −166 −226 −284 −350 −425 −520 −670 −880 −1150 3 4 6 9 17 26

200 225 −50 −80 −130 −180 −258 −310 −385 −470 −575 −740 −960 −1250 3 4 6 9 17 26

225 250 −50 −84 −140 −196 −284 −340 −425 −520 −640 −820 −1050 −1350 3 4 6 9 17 26

250 280 −56 −94 −158 −218 −315 −385 −475 −580 −710 −920 −1200 −1550 4 4 7 9 20 29

280 315 −56 −98 −170 −240 −350 −425 −525 −650 −790 −1000 −1300 −1700 4 4 7 9 20 29

315 355 −62 −108 −190 −268 −390 −475 −590 −730 −900 −1150 −1500 −1800 4 5 7 11 21 32

355 400 −62 −114 −208 −294 −435 −530 −660 −820 −1000 −1300 −1650 −2100 4 5 7 11 21 32

400 450 −68 −126 −232 −330 −490 −595 −740 −920 −1100 −1450 −1850 −2400 5 5 7 13 23 34

450 500 −68 −132 −252 −360 −540 −660 −820 −1000 −1250 −1600 −2100 −2600 5 5 7 13 23 34
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Preferred Numbers

Preferred numbers are series of numbers selected to be used for standardization purposes
in preference to any other numbers. Their use will lead to simplified practice and they
should be employed whenever possible for individual standard sizes and ratings, or for a
series, in applications similar to the following:

1) Important or characteristic linear dimensions, such as diameters and lengths, areas,
volume, weights, capacities.

2) Ratings of machinery and apparatus in horsepower, kilowatts, kilovolt-amperes, volt-
ages, currents, speeds, power-factors, pressures, heat units, temperatures, gas or liquid-
flow units, weight-handling capacities, etc.

3) Characteristic ratios of figures for all kinds of units.
American National Standard for Preferred Numbers.—ANSI Standard Z17.1-1973
covers basic series of preferred numbers which are independent of any measurement sys-
tem and therefore can be used with metric or customary units. This standard has been with-
drawn with no superceeding standard specified.

The numbers are rounded values of the following five geometric series of numbers:
10N/5, 10N/10, 10N/20, 10N/40, and 10N/80, where N is an integer in the series 0, 1, 2, 3, etc. The
designations used for the five series are respectively R5, R10, R20, R40, and R80, where R
stands for Renard (Charles Renard, originator of the first preferred number system) and the
number indicates the root of 10 on which the particular series is based.

The R5 series gives 5 numbers approximately 60 per cent apart, the R10 series gives 10
numbers approximately 25 per cent apart, the R20 series gives 20 numbers approximately
12 per cent apart, the R40 series gives 40 numbers approximately 6 per cent apart, and the
R80 series gives 80 numbers approximately 3 per cent apart. The number of sizes for a
given purpose can be minimized by using first the R5 series and adding sizes from the R10
and R20 series as needed. The R40 and R80 series are used principally for expressing tol-
erances in sizes based on preferred numbers. Preferred numbers below 1 are formed by
dividing the given numbers by 10, 100, etc., and numbers above 10 are obtained by multi-
plying the given numbers by 10, 100, etc. Sizes graded according to the system may not be
exactly proportional to one another due to the fact that preferred numbers may differ from
calculated values by +1.26 per cent to −1.01 per cent. Deviations from preferred numbers
are used in some instances — for example, where whole numbers are needed, such as 32
instead of 31.5 for the number of teeth in a gear.

Basic Series of Preferred Numbers  ANSI Z17.1-1973

Series Designation

R5 R10 R20 R40 R40 R80 R80 R80 R80

Preferred Numbers

1.00 1.00 1.00 1.00 3.15 1.00 1.80 3.15 5.60
1.60 1.25 1.12 1.06 3.35 1.03 1.85 3.25 5.80
2.50 1.60 1.25 1.12 3.55 1.06 1.90 3.35 6.00
4.00 2.00 1.40 1.18 3.75 1.09 1.95 3.45 6.15
6.30 2.50 1.60 1.25 4.00 1.12 2.00 3.55 6.30
… 3.15 1.80 1.32 4.25 1.15 2.06 3.65 6.50
… 4.00 2.00 1.40 4.50 1.18 2.12 3.75 6.70
… 5.00 2.24 1.50 4.75 1.22 2.18 3.87 6.90
… 6.30 2.50 1.60 5.00 1.25 2.24 4.00 7.10
… 8.00 2.80 1.70 5.30 1.28 2.30 4.12 7.30
… … 3.15 1.80 5.60 1.32 2.36 4.25 7.50
… … 3.55 1.90 6.00 1.36 2.43 4.37 7.75
… … 4.00 2.00 6.30 1.40 2.50 4.50 8.00
… … 4.50 2.12 6.70 1.45 2.58 4.62 8.25
… … 5.00 2.24 7.10 1.50 2.65 4.75 8.50
… … 5.60 2.36 7.50 1.55 2.72 4.87 8.75
… … 6.30 2.50 8.00 1.60 2.80 5.00 9.00
… … 7.10 2.65 8.50 1.65 2.90 5.15 9.25
… … 8.00 2.80 9.00 1.70 3.00 5.20 9.50
… … 9.00 3.00 9.50 1.75 3.07 5.45 9.75
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Preferred Metric Sizes.—American National Standard ANSI B32.4M-1980 (R1994),
presents series of preferred metric sizes for round, square, rectangular, and hexagonal
metal products. Table 1 gives preferred metric diameters from 1 to 320 millimeters for
round metal products. Wherever possible, sizes should be selected from the Preferred
Series shown in the table. A Second Preference series is also shown. A Third Preference
Series not shown in the table is: 1.3, 2.1, 2.4, 2.6, 3.2, 3.8, 4.2, 4.8, 7.5, 8.5, 9.5, 36, 85, and
95. This standard has now been consolidated into ASME B32.100-2005, see Metric Sizes
for Flat Metal Products on page 2610.

ANSI B4.2-1978, R2009 states that the basic size of mating parts should be chosen from
the first choice sizes listed in Table 1. Most of the Preferred Series of sizes are derived from
the American National Standard “10 series” of preferred numbers (see American National
Standard for Preferred Numbers on page 672). Most of the Second Preference Series are
derived from the “20 series” of preferred numbers. Third Preference sizes are generally
from the “40 series” of preferred numbers.

For preferred metric diameters less than 1 millimeter, preferred across flat metric sizes of
square and hexagon metal products, preferred across flat metric sizes of rectangular metal
products, and preferred metric lengths of metal products, reference should be made to the
Standard.

Preferred Metric Sizes for Metal Products.—See Metric Sizes for Flat Metal Products
on page 2610

Table 1. American National Standard Preferred Metric Sizes 
 ANSI B4.2-1978 (R2009)

Basic Size,
mm

Basic Size,
mm

Basic Size,
mm

Basic Size,
mm

1st
Choice

2nd
Choice

1st
Choice

2nd
Choice

1st
Choice

2nd
Choice

1st
Choice

2nd
Choice

1 … 6 … 40 … 250 …
… 1.1 … 7 … 45 … 280
1.2 … 8 … 50 … 300 …
… 1.4 … 9 … 55 … 350
1.6 … 10 … 60 … 400 …
… 1.8 … 11 … 70 … 450
2 … 12 … 80 … 500 …

… 2.2 … 14 … 90 … 550
2.5 … 16 … 100 … 600 …
… 2.8 … 18 … 110 … 700
3 … 20 … 120 … 800 …

… 3.5 … 22 … 140 … 900
4 … 25 … 160 … 1000 …

… 4.5 … 28 … 180 … …
5 … 30 … 200 … … …

… 5.5 … 35 … 220 … …
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British Standard Preferred Numbers and Preferred Sizes.—This British Standard,
PD 6481:1977 1983, gives recommendations for the use of preferred numbers and pre-
ferred sizes for functional characteristics and dimensions of various products.

The preferred number system is internationally standardized in ISO 3. It is also referred
to as the Renard, or R, series (see American National Standard for Preferred Numbers, on
page 672).

The series in the preferred number system are geometric series, that is, there is a constant
ratio between each figure and the succeeding one, within a decimal framework. Thus, the
R5 series has five steps between 1 and 10, the R10 series has 10 steps between 1 and 10, the
R20 series, 20 steps, and the R40 series, 40 steps, giving increases between steps of
approximately 60, 25, 12, and 6 per cent, respectively.

The preferred size series have been developed from the preferred number series by
rounding off the inconvenient numbers in the basic series and adjusting for linear measure-
ment in millimeters. These series are shown in Table 2.

After taking all normal considerations into account, it is recommended that (a) for ranges
of values of the primary functional characteristics (outputs and capacities) of a series of
products, the preferred number series R5 to R40 (see page 672) should be used, and (b)
whenever linear sizes are concerned, the preferred sizes as given in the following table
should be used. The presentation of preferred sizes gives designers and users a logical
selection and the benefits of rational variety reduction.

The second-choice size given should only be used when it is not possible to use the first
choice, and the third choice should be applied only if a size from the second choice cannot
be selected. With this procedure, common usage will tend to be concentrated on a limited
range of sizes, and a contribution is thus made to variety reduction. However, the decision
to use a particular size cannot be taken on the basis that one is first choice and the other not.
Account must be taken of the effect on the design, the availability of tools, and other rele-
vant factors.

For dimensions above 300, each series continues in a similar manner, i.e., the intervals between
each series number are the same as between 200 and 300.

Table 2. British Standard Preferred Sizes,  PD 6481: 1977 (1983)

Choice Choice Choice Choice Choice Choice

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

1 5.2 23 65 122 188
1.1 5.5 24 66 125 190

1.2 5.8 25 68 128 192
1.3 6 26 70 130 195

1.4 6.2 28 72 132 198
1.5 6.5 30 74 135 200

1.6 6.8 32 75 138 205
1.7 7 34 76 140 210

1.8 7.5 35 78 142 215
1.9 8 36 80 145 220

2 8.5 38 82 148 225
2.1 9 40 85 150 230

2.2 9.5 42 88 152 235
2.4 10 44 90 155 240

2.5 11 45 92 158 245
2.6 12 46 95 160 250

2.8 13 48 98 162 255
3 14 50 100 165 260

3.2 15 52 102 168 265
3.5 16 54 105 170 270

3.8 17 55 108 172 275
4 18 56 110 175 280

4.2 19 58 112 178 285
4.5 20 60 115 180 290

4.8 21 62 118 182 295
5 22 64 120 185 300
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MEASURING, INSTRUMENTS, AND INSPECTION METHODS

Verniers and Micrometers

Reading a Vernier.—A general rule for taking readings with a vernier scale is as follows:
Note the number of inches and sub-divisions of an inch that the zero mark of the vernier
scale has moved along the true scale, and then add to this reading as many thousandths, or
hundredths, or whatever fractional part of an inch the vernier reads to, as there are spaces
between the vernier zero and that line on the vernier which coincides with one on the true
scale. For example, if the zero line of a vernier which reads to thousandths is slightly
beyond the 0.5 inch division on the main or true scale, as shown in Fig. 1, and graduation
line 10 on the vernier exactly coincides with one on the true scale, the reading is 0.5 + 0.010
or 0.510 inch. In order to determine the reading or fractional part of an inch that can be
obtained by a vernier, multiply the denominator of the finest sub-division given on the true
scale by the total number of divisions on the vernier. For example, if one inch on the true
scale is divided into 40 parts or fortieths (as in Fig. 1), and the vernier into twenty-five
parts, the vernier will read to thousandths of an inch, as 25 × 40 = 1000. Similarly, if there
are sixteen divisions to the inch on the true scale and a total of eight on the vernier, the latter
will enable readings to be taken within 1⁄128 of an inch, as 8 × 16 = 128.

If the vernier is on a protractor, note the whole number of degrees passed by the vernier
zero mark and then count the spaces between the vernier zero and that line which coincides
with a graduation on the protractor scale. If the vernier indicates angles within five minutes
or one-twelfth degree (as in Fig. 2), the number of spaces multiplied by 5 will, of course,
give the number of minutes to be added to the whole number of degrees. The reading of the
protractor set as illustrated would be 14 whole degrees (the number passed by the zero
mark on the vernier) plus 30 minutes, as the graduation 30 on the vernier is the only one to
the right of the vernier zero which exactly coincides with a line on the protractor scale. It

Fig. 1. 

Fig. 2. 
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will be noted that there are duplicate scales on the vernier, one being to the right and the
other to the left of zero. The left-hand scale is used when the vernier zero is moved to the
left of the zero of the protractor scale, whereas the right-hand graduations are used when
the movement is to the right.
Reading a Metric Vernier.—The smallest graduation on the bar (true or main scale) of
the metric vernier gage shown in Fig. 1, is 0.5 millimeter. The scale is numbered at each
twentieth division, and thus increments of 10, 20, 30, 40 millimeters, etc., are indicated.
There are 25 divisions on the vernier scale, occupying the same length as 24 divisions on
the bar, which is 12 millimeters. Therefore, one division on the vernier scale equals one
twenty-fifth of 12 millimeters = 0.04 × 12 = 0.48 millimeter. Thus, the difference between
one bar division (0.50 mm) and one vernier division (2.48 mm) is 0.50 − 0.48 = 0.02 milli-
meter, which is the minimum measuring increment that the gage provides. To permit direct
readings, the vernier scale has graduations to represent tenths of a millimeter (0.1 mm) and
fiftieths of a millimeter (0.02 mm).

Fig. 1. 

To read a vernier gage, first note how many millimeters the zero line on the vernier is
from the zero line on the bar. Next, find the graduation on the vernier scale which exactly
coincides with a graduation line on the bar, and note the value of the vernier scale gradua-
tion. This value is added to the value obtained from the bar, and the result is the total read-
ing.

In the example shown in Fig. 1, the vernier zero is just past the 40.5 millimeters gradua-
tion on the bar. The 0.18 millimeter line on the vernier coincides with a line on the bar, and
the total reading is therefore 40.5 + 0.18 = 40.68 mm.
Dual Metric-Inch Vernier.—The vernier gage shown in Fig. 2 has separate metric and
inch 50-division vernier scales to permit measurements in either system.

A 50-division vernier has more widely spaced graduations than the 25-division vernier
shown on the previous pages, and is thus easier to read. On the bar, the smallest metric
graduation is 1 millimeter, and the 50 divisions of the vernier occupy the same length as 49
divisions on the bar, which is 49 mm. Therefore, one division on the vernier scale equals
one-fiftieth of 49 millimeters = 0.02 × 49 = 0.98 mm. Thus, the difference between one bar
division (1.0 mm) and one vernier division (0.98 mm) is 0.02 mm, which is the minimum
measuring increment the gage provides.

The vernier scale is graduated for direct reading to 0.02 mm. In the figure, the vernier
zero is just past the 27 mm graduation on the bar, and the 0.42 mm graduation on the ver-
nier coincides with a line on the bar. The total reading is therefore 27.42 mm.

The smallest inch graduation on the bar is 0.05 inch, and the 50 vernier divisions occupy
the same length as 49 bar divisions, which is 2.45 inches. Therefore, one vernier division
equals one-fiftieth of 2.45 inches = 0.02 × 2.45 = 0.049 inch. Thus, the difference between
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the length of a bar division and a vernier division is 0.050-0.049 = 0.001 inch. The vernier
scale is graduated for direct reading to 0.001 inch. In the example, the vernier zero is past
the 1.05 graduation on the bar, and the 0.029 graduation on the vernier coincides with a line
on the bar. Thus, the total reading is 1.079 inches.

Fig. 2. 

Reading a Micrometer.—The spindle of an inch-system micrometer has 40 threads per
inch, so that one turn moves the spindle axially 0.025 inch (1 ÷ 40 = 0.025), equal to the
distance between two graduations on the frame. The 25 graduations on the thimble allow
the 0.025 inch to be further divided, so that turning the thimble through one division moves
the spindle axially 0.001 inch (0.025 ÷ 25 = 0.001). To read a micrometer, count the num-
ber of whole divisions that are visible on the scale of the frame, multiply this number by 25
(the number of thousandths of an inch that each division represents) and add to the product
the number of that division on the thimble which coincides with the axial zero line on the
frame. The result will be the diameter expressed in thousandths of an inch. As the numbers
1, 2, 3, etc., opposite every fourth sub-division on the frame, indicate hundreds of thou-
sandths, the reading can easily be taken mentally. Suppose the thimble were screwed out so
that graduation 2, and three additional sub-divisions, were visible (as shown in Fig. 3), and
that graduation 10 on the thimble coincided with the axial line on the frame. The reading
then would be 0.200 + 0.075 + 0.010, or 0.285 inch.

Some micrometers have a vernier scale on the frame in addition to the regular gradua-
tions, so that measurements within 0.0001 part of an inch can be taken. Micrometers of this
type are read as follows: First determine the number of thousandths, as with an ordinary
micrometer, and then find a line on the vernier scale that exactly coincides with one on the
thimble; the number of this line represents the number of ten-thousandths to be added to
the number of thousandths obtained by the regular graduations. The reading shown in the
illustration, Fig. 4, is 0.270 + 0.0003 = 0.2703 inch.

Fig. 3. Inch Micrometer Fig. 4. Inch Micrometer with Vernier
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Micrometers graduated according to the English system of measurement ordinarily have
a table of decimal equivalents stamped on the sides of the frame, so that fractions such as
sixty-fourths, thirty-seconds, etc., can readily be converted into decimals.
Reading a Metric Micrometer.—The spindle of an ordinary metric micrometer has 2
threads per millimeter, and thus one complete revolution moves the spindle through a dis-
tance of 0.5 millimeter. The longitudinal line on the frame is graduated with 1 millimeter
divisions and 0.5 millimeter sub-divisions. The thimble has 50 graduations, each being
0.01 millimeter (one-hundredth of a millimeter).

To read a metric micrometer, note the number of millimeter divisions visible on the scale
of the sleeve, and add the total to the particular division on the thimble which coincides
with the axial line on the sleeve. Suppose that the thimble were screwed out so that gradu-
ation 5, and one additional 0.5 sub-division were visible (as shown in Fig. 5), and that grad-
uation 28 on the thimble coincided with the axial line on the sleeve. The reading then
would be 5.00 + 0.5 + 0.28 = 5.78 mm.

Fig. 5. Metric Micrometer

Some micrometers are provided with a vernier scale on the sleeve in addition to the regu-
lar graduations to permit measurements within 0.002 millimeter to be made. Micrometers
of this type are read as follows: First determine the number of whole millimeters (if any)
and the number of hundredths of a millimeter, as with an ordinary micrometer, and then
find a line on the sleeve vernier scale which exactly coincides  with one on the thimble. The
number of this coinciding vernier line represents the number of two-thousandths of a mil-
limeter to be added to the reading already obtained. Thus, for example, a measurement of
2.958 millimeters would be obtained by reading 2.5 millimeters on the sleeve, adding 0.45
millimeter read from the thimble, and then adding 0.008 millimeter as determined by the
vernier.

Note: 0.01 millimeter = 0.000393 inch, and 0.002 millimeter = 0.000078 inch (78 mil-
lionths). Therefore, metric micrometers provide smaller measuring increments than com-
parable inch unit micrometers—the smallest graduation of an ordinary inch reading
micrometer is 0.001 inch; the vernier type has graduations down to 0.0001 inch. When
using either a metric or inch micrometer, without a vernier, smaller readings than those
graduated may of course be obtained by visual interpolation between graduations.

Sine-bar

The sine-bar is used either for very accurate angular measurements or for locating work
at a given angle as, for example, in surface grinding templets, gages, etc. The sine-bar is
especially useful in measuring or checking angles when the limit of accuracy is 5 minutes
or less. Some bevel protractors are equipped with verniers which read to 5 minutes but the
setting depends upon the alignment of graduations whereas a sine-bar usually is located by
positive contact with precision gage-blocks selected for whatever dimension is required
for obtaining a given angle.
Types of Sine-bars.—A sine-bar consists of a hardened, ground and lapped steel bar with
very accurate cylindrical plugs of equal diameter attached to or near each end. The form
illustrated by Fig. 1 has notched ends for receiving the cylindrical plugs so that they are
held firmly against both faces of the notch. The standard center-to-center distance C
between the plugs is either 5 or 10 inches. The upper and lower sides of sine-bars are paral-
lel to the center line of the plugs within very close limits. The body of the sine-bar ordi-
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narily has several through holes to reduce the weight. In the making of the sine-bar shown
in Fig. 2, if too much material is removed from one locating notch, regrinding the shoulder
at the opposite end would make it possible to obtain the correct center distance. That is the
reason for this change in form. The type of sine-bar illustrated by Fig. 3 has the cylindrical
disks or plugs attached to one side. These differences in form or arrangement do not, of
course, affect the principle governing the use of the sine-bar. An accurate surface plate or
master flat is always used in conjunction with a sine-bar in order to form the base from
which the vertical measurements are made.

Setting a Sine-bar to a Given Angle.—To find the vertical distance H, for setting a sine-
bar to the required angle, convert the angle to decimal form on a pocket calculator, take the
sine of that angle, and multiply by the distance between the cylinders. For example, if an
angle of 31 degrees, 30 minutes is required, the equivalent angle is 31 degrees plus 30⁄60 = 31
+ 0.5, or 31.5 degrees. (For conversions from minutes and seconds to decimals of degrees
and vice versa, see page 103). The sine of 31.5 degrees is 0.5225 and multiplying this value
by the sine-bar length gives 2.613 in. for the height H, Fig. 1 and  3, of the gage blocks.

Finding Angle when Height H of Sine-bar is Known.—To find the angle equivalent to
a given height H, reverse the above procedure. Thus, if the height H is 1.4061 in., dividing
by 5 gives a sine of 0.28122, which corresponds to an angle of 16.333 degrees, or 16
degrees 20 minutes.

Checking Angle of Templet or Gage by Using Sine-bar.—Place templet or gage on
sine-bar as indicated by dotted lines, Fig. 1. Clamps may be used to hold work in place.
Place upper end of sine-bar on gage blocks having total height H corresponding to the
required angle. If upper edge D of work is parallel with surface plate E, then angle A of
work equals angle A to which sine-bar is set. Parallelism between edge D and surface plate
may be tested by checking the height at each end with a dial gage or some type of indicating
comparator.

Measuring Angle of Templet or Gage with Sine-bar.—To measure such an angle,
adjust height of gage blocks and sine-bar until edge D, Fig. 1, is parallel with surface plate
E; then find angle corresponding to height H, of gage blocks. For example, if height H is

Fig. 1. Fig. 2. 

Fig. 3. Fig. 4. 
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2.5939 inches when D and E are parallel, the calculator will show that the angle A of the
work is 31 degrees, 15 minutes.
Checking Taper per Foot with Sine-bar.—As an example, assume that the plug gage in
Fig. 2 is supposed to have a taper of 61⁄8 inches per foot and taper is to be checked by using
a 5-inch sine-bar. The table of Tapers per Foot and Corresponding Angles on page 683

shows that the included angle for a taper of 6 1⁄8 inches per foot is 28 degrees 38 minutes 1
second, or 28.6336 degrees from the calculator. For a 5-inch sine-bar, the calculator gives
a value of 2.396 inch for the height H of the gage blocks. Using this height, if the upper
surface F of the plug gage is parallel to the surface plate the angle corresponds to a taper of
61⁄8 inches per foot.

Setting Sine-bar having Plugs Attached to Side.—If the lower plug does not rest
directly on the surface plate, as in Fig. 3, the height H for the sine-bar is the difference
between heights x and y, or the difference between the heights of the plugs; otherwise, the
procedure in setting the sine-bar and checking angles is the same as previously described.
Checking Templets Having Two Angles.—Assume that angle a of templet, Fig. 4, is 9
degrees, angle b 12 degrees, and that edge G is parallel to the surface plate. For an angle b
of 12 degrees, the calculator shows that the height H is 1.03956 inches. For an angle a of 9
degrees, the difference between measurements x and y when the sine-bar is in contact with
the upper edge of the templet is 0.78217 inch.
Sine-bar Tables to Set Sine-bars to Given Angle.—Machinery’s Handbook CD con-
tains tables that give constants for sine-bars of 2.5 to 10 inches and 75 to 150 mm length.
These constants represent the vertical height H for setting a sine-bar of the corresponding
length to the required angle. 
Using Sine-bar Tables with Sine-bars of Other Lengths.—A sine-bar may sometimes
be preferred that is longer (or shorter) than that given in available tables because of its
longer working surface or because the longer center distance is conducive to greater preci-
sion. To use the sine-bar tables with a sine-bar of another length to obtain the vertical dis-
tances H, multiply the value obtained from the table by the fraction (length of sine-bar used
÷ length of sine-bar specified in table). 

Example:  Use the 5-inch sine-bar table to obtain the vertical height H for setting a 10-
inch sine-bar to an angle of 39°. The sine of 39 degrees is 0.62932, hence the vertical height
H for setting a 10-inch sine-bar is 6.2932 inches.

Solution: The height H given for 39° in the 5-inch sine-bar table (Constants for 5-inch
Sine-Bar in the ADDITIONAL material on Machinery’s Handbook 29 CD) is 3.14660. The
corresponding height for a 10-inch sine-bar is 10⁄5 × 3.14660 = 6.2932 inches. 

Using a Calculator to Determine Sine-bar Constants for a Given Angle.—The  con-
stant required to set a given angle for a sine-bar of any length can be quickly determined by
using a scientific calculator. The required formulas are as follows:

where L = length of the sine-bar A =angle to which the sine-bar is to be set
H =  vertical height to which one end of sine-bar must be set to obtain angle A
π =  3.141592654

 In the previous formulas, the height H and length L must be given in the same units, but
may be in either metric or US units. Thus, if L is given in mm, then H is in mm; and, if L is
given in inches, then H is in inches.

a) angle A given in degrees and calculator is 
set to measure angles in radian or

a) angle A is given in radian, or 
b) angle A is given in degrees and calculator is 

set to measure angles in degrees

H L A
π

180
---------×

 
 sin×= H L A( )sin×=
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Measuring Tapers with Vee-block and Sine-bar.—The taper on a conical part may be
checked or found by placing the part in a vee-block which rests on the surface of a sine-
plate or sine-bar as shown in the accompanying diagram. The advantage of this method is
that the axis of the vee-block may be aligned with the sides of the sine-bar. Thus when the
tapered part is placed in the vee-block it will be aligned perpendicular to the transverse axis
of the sine-bar.

The sine-bar is set to angle B = (C + A/2) where A/2 is one-half the included angle of the
tapered part. If D is the included angle of the precision vee-block, the angle C is calculated
from the formula:

If dial indicator readings show no change across all points along the top of the taper sur-
face, then this checks that the angle A of the taper is correct.

If the indicator readings vary, proceed as follows to find the actual angle of taper:
1) Adjust the angle of the sine-bar until the indicator reading is constant. Then find the new
angle B ′ as explained in the paragraph Measuring Angle of Templet or Gage with Sine-bar
on page 679;  and  2) Using the angle B ′ calculate the actual half-angle A ′/2 of the taper
from the formula:.

The taper per foot corresponding to certain half-angles of taper may be found in the table
on page 683.
Dimensioning Tapers.—At least three methods of dimensioning tapers are in use.

Standard Tapers: Give one diameter or width, the length, and insert note on drawing des-
ignating the taper by number.

Special Tapers: In dimensioning a taper when the slope is specified, the length and only
one diameter should be given or the diameters at both ends of the taper should be given and
length omitted.

Precision Work: In certain cases where very precise measurements are necessary the
taper surface, either external or internal, is specified by giving a diameter at a certain dis-
tance from a surface and the slope of the taper.

Csin A 2⁄( )sin
D 2⁄( )sin

------------------------=

A′

2
-----tan B′sin

D

2
----csc B′cos+

---------------------------------=
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Accurate Measurement of Angles and Tapers

When great accuracy is required in the measurement of angles, or when originating
tapers, disks are commonly used. The principle of the disk method of taper measurement is
that if two disks of unequal diameters are placed either in contact or a certain distance
apart, lines tangent to their peripheries will represent an angle or taper, the degree of which
depends upon the diameters of the two disks and the distance between them. 

The gage shown in the accompanying illustration, which is a form commonly used for
originating tapers or measuring angles accurately, is set by means of disks. This gage con-
sists of two adjustable straight edges A and A1, which are in contact with disks B and B1.
The angle α or the taper between the straight edges depends, of course, upon the diameters
of the disks and the center distance C, and as these three dimensions can be measured accu-
rately, it is possible to set the gage to a given angle within very close limits. Moreover, if a
record of the three dimensions is kept, the exact setting of the gage can be reproduced
quickly at any time. The following rules may be used for adjusting a gage of this type, and
cover all problems likely to arise in practice. Disks are also occasionally used for the set-
ting of parts in angular positions when they are to be machined accurately to a given angle:
the rules are applicable to these conditions also.

Measuring Dovetail Slides.—Dovetail slides that must be machined accurately to a
given width are commonly gaged by using pieces of cylindrical rod or wire and measuring
as indicated by the dimensions x and y of the accompanying illustrations.

The rod or wire used should be small enough so that the point of contact e is somewhat
below the corner or edge of the dovetail.

To obtain dimension x for measuring male dovetails, add 1 to the cotangent of one-half
the dovetail angle α, multiply by diameter D of the rods used, and add the product to
dimension α.

To obtain dimension y for measuring a female dovetail, add 1 to the cotangent of one-half
the dovetail angle α, multiply by diameter D of the rod used, and subtract the result from
dimension b. Expressing these rules as formulas:

x D 1 1⁄2cot α+( ) a+= c h αcot×=

y b D 1 1⁄2cot α+( )–=
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Tapers per Foot and Corresponding Angles

Taper per foot represents inches of taper per foot of length. For conversions into decimal degrees
and radians see Conversion Tables of Angular Measure on page 103.

Taper
per

Foot
Included

Angle
Angle with 
Center Line

Taper
per

Foot
Included

Angle
Angle with 
Center Line

1⁄64 0.074604° 0°  4 ′ 29″ 0°  2 ′ 14″ 17⁄8 8.934318°  8° 56 ′  4″  4° 28 ′  2″
1⁄32 0.149208° 0  8 57 0  4 29 115⁄16 9.230863°  9 13 51  4 36 56
1⁄16 0.298415 0 17 54 0  8 57 2 9.527283  9 31 38  4 45 49
3⁄32 0.447621 0 26 51 0 13 26 21⁄8 10.119738 10  7 11  5  3 36
1⁄8 0.596826 0 35 49 0 17 54 21⁄4 10.711650 10 42 42  5 21 21
5⁄32 0.746028 0 44 46 0 22 23 23⁄8 11.302990 11 18 11  5 39  5
3⁄16 0.895228 0 53 43 0 26 51 21⁄2 11.893726 11 53 37  5 56 49
7⁄32 1.044425 1  2 40 0 31 20 25⁄8 12.483829 12 29  2  6 14 31
1⁄4 1.193619 1 11 37 0 35 49 23⁄4 13.073267 13  4 24  6 32 12
9⁄32 1.342808 1 20 34 0 40 17 27⁄8 13.662012 13 39 43  6 49 52
5⁄16 1.491993 1 29 31 0 44 46 3 14.250033 14 15  0  7  7 30
11⁄32 1.641173 1 38 28 0 49 14 31⁄8 14.837300 14 50 14  7 25  7
3⁄8 1.790347 1 47 25 0 53 43 31⁄4 15.423785 15 25 26  7 42 43

13⁄32 1.939516 1 56 22 0 58 11 33⁄8 16.009458 16  0 34  8  0 17
7⁄16 2.088677 2  5 19 1  2 40 31⁄2 16.594290 16 35 39  8 17 50
15⁄32 2.237832 2 14 16 1  7  8 35⁄8 17.178253 17 10 42  8 35 21
1⁄2 2.386979 2 23 13 1 11 37 33⁄4 17.761318 17 45 41  8 52 50

17⁄32 2.536118 2 32 10 1 16  5 37⁄8 18.343458 18 20 36  9 10 18
9⁄16 2.685248 2 41  7 1 20 33 4 18.924644 18 55 29  9 27 44
19⁄32 2.834369 2 50  4 1 25  2 41⁄8 19.504850 19 30 17  9 45  9
5⁄8 2.983481 2 59  1 1 29 30 41⁄4 20.084047 20  5  3 10  2 31

21⁄32 3.132582 3  7 57 1 33 59 43⁄8 20.662210 20 39 44 10 19 52
11⁄16 3.281673 3 16 54 1 38 27 41⁄2 21.239311 21 14 22 10 37 11
23⁄32 3.430753 3 25 51 1 42 55 45⁄8 21.815324 21 48 55 10 54 28
3⁄4 3.579821 3 34 47 1 47 24 43⁄4 22.390223 22 23 25 11 11 42

25⁄32 3.728877 3 43 44 1 51 52 47⁄8 22.963983 22 57 50 11 28 55
13⁄16 3.877921 3 52 41 1 56 20 5 23.536578 23 32 12 11 46  6
27⁄32 4.026951 4  1 37 2  0 49 51⁄8 24.107983 24  6 29 12  3 14
7⁄8 4.175968 4 10 33 2  5 17 51⁄4 24.678175 24 40 41 12 20 21

29⁄32 4.324970 4 19 30 2  9 45 53⁄8 25.247127 25 14 50 12 37 25
15⁄16 4.473958 4 28 26 2 14 13 51⁄2 25.814817 25 48 53 12 54 27
31⁄32 4.622931 4 37 23 2 18 41 55⁄8 26.381221 26 22 52 13 11 26
1 4.771888 4 46 19 2 23  9 53⁄4 26.946316 26 56 47 13 28 23

11⁄16 5.069753 5  4 11 2 32  6 57⁄8 27.510079 27 30 36 13 45 18

11⁄8 5.367550 5 22  3 2 41  2 6 28.072487 28  4 21 14  2 10

13⁄16 5.665275 5 39 55 2 49 57 61⁄8 28.633518 28 38  1 14 19  0

11⁄4 5.962922 5 57 47 2 58 53 61⁄4 29.193151 29 11 35 14 35 48

15⁄16 6.260490 6 15 38 3  7 49 63⁄8 29.751364 29 45  5 14 52 32

13⁄8 6.557973 6 33 29 3 16 44 61⁄2 30.308136 30 18 29 15  9 15

17⁄16 6.855367 6 51 19 3 25 40 65⁄8 30.863447 30 51 48 15 25 54

11⁄2 7.152669 7 9 10 3 34 35 63⁄4 31.417276 31 25 2 15 42 31

19⁄16 7.449874 7 27  0 3 43 30 67⁄8 31.969603 31 58 11 15 59  5

15⁄8 7.746979 7 44 49 3 52 25 7 32.520409 32 31 13 16 15 37

111⁄16 8.043980 8  2 38 4  1 19 71⁄8 33.069676 33  4 11 16 32  5

13⁄4 8.340873 8 20 27 4 10 14 71⁄4 33.617383 33 37  3 16 48 31

113⁄16 8.637654 8 38 16 4 19  8 73⁄8 34.163514 34  9 49 17  4 54
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Rules for Figuring Tapers

To find angle α for given taper T in inches per foot.—

Example:What angle α is equivalent to a taper of 1.5 inches per foot?

To find taper per foot T given angle α in degrees.—

Example:What taper T is equivalent to an angle of 7.153°?

To find angle α given dimensions D, d, and C.—  Let K be the difference in the disk

diameters divided by twice the center distance. K = (D − d)/(2C), then 

Example:If the disk diameters d and D are 1 and 1.5 inches, respectively, and the center
distance C is 5 inches, find the included angle α.

To find taper T measured at right angles to a line through the disk centers given
dimensions D, d, and distance C.—  Find K using the formula in the previous example,

then

Example:If disk diameters d and D are 1 and 1.5 inches, respectively, and the center dis-
tance C is 5 inches, find the taper per foot.

Given To Find Rule

The taper per foot. The taper per inch. Divide the taper per foot by 12.
The taper per inch. The taper per foot. Multiply the taper per inch by 12.
End diameters and length 

of taper in inches.
The taper per foot. Subtract small diameter from large; divide by 

length of taper; and multiply quotient by 
12.

Large diameter and 
length of taper in 
inches, and taper per 
foot.

Diameter at small end in 
inches

Divide taper per foot by 12; multiply by 
length of taper; and subtract result from 
large diameter.

Small diameter and 
length of taper in 
inches, and taper per 
foot.

Diameter at large end in 
inches.

Divide taper per foot by 12; multiply by 
length of taper; and add result to small 
diameter.

The taper per foot and 
two diameters in inches.

Distance between two 
given diameters in 
inches.

Subtract small diameter from large; divide 
remainder by taper per foot; and multiply 
quotient by 12.

The taper per foot. Amount of taper in a cer-
tain length in inches.

Divide taper per foot by 12; multiply by 
given length of tapered part.

d D
C α 2 T 24⁄( )arctan=

α 2 1.5 24⁄( )arctan× 7.153°= =

T 24 α 2⁄( )tan  inches per foot=

T 24 7.153 2⁄( )tan 1.5 inches per foot= =

α 2 Karcsin=

K 1.5 1–( ) 2 5×( )⁄ 0.05= = α 2 0.05arcsin× 5.732°= =

T 24K 1 K2–⁄  inches per foot=

K 1.5 1–( ) 2 5×( )⁄ 0.05= = T
24 0.05×

1 0.05( )2–
------------------------------- 1.2015 inches per foot= =
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To find center distance C for a given taper T in inches per foot.—

Example:Gage is to be set to 3⁄4 inch per foot, and disk diameters are 1.25 and 1.5 inches,
respectively. Find the required center distance for the disks.

To find center distance C for a given angle α and dimensions D and d.—

Example:If an angle α of 20° is required, and the disks are 1 and 3 inches in diameter,
respectively, find the required center distance C.

To find taper T measured at right angles to one side .—When one side is taken as a
base line and the taper is measured at right angles to that side, calculate K as explained
above and use the following formula for determining the taper T:

Example:If the disk diameters are 2 and 3 inches, respectively, and the center distance is
5 inches, what is the taper per foot measured at right angles to one side?

To find center distance C when taper T is measured from one side.—

Example:If the taper measured at right angles to one side is 6.9 inches per foot, and the
disks are 2 and 5 inches in diameter, respectively, what is center distance C?

To find diameter D of a large disk in contact with a small disk of diameter d given
angle α.—

Example:The required angle α is 15°. Find diameter D of a large disk that is in contact
with a standard 1-inch reference disk.

C
D d–

2
------------- 1 T 24⁄( )2+

T 24⁄
----------------------------------×   inches=

C
1.5 1.25–

2
------------------------ 1 0.75 24⁄( )2+

0.75 24⁄
-----------------------------------------× 4.002 inches==

C D d–( ) 2 α 2⁄( )sin  inches⁄=

C 3 1–( ) 2 10sin °×( )⁄ 5.759 inches= =

d

D

C
T 24K

1 K2–
1 2K2–
-------------------   inches per foot=

K
3 2–
2 5×
------------ 0.1= = T 24 0.1× 1 0.1( )2–

1 2 0.1( )2×[ ]–
--------------------------------------× 2.4367 in. per ft.= =

C
D d–

2 2– 1 T 12⁄( )2+⁄
------------------------------------------------------  inches=

C
5 2–

2 2– 1 6.9 12⁄( )2+⁄
---------------------------------------------------------- 5.815 inches.= =

d
D

D d
1 α 2⁄( )sin+
1 α 2⁄( )sin–
---------------------------------×   inches=
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Measurement over Pins and Rolls

Measurement over Pins.—When the distance across a bolt circle is too large to measure
using ordinary measuring tools, then the required distance may be found from the distance
across adjacent or alternate holes using one of the methods that follow:

Even Number of Holes in Circle: To measure the unknown distance x over opposite
plugs in a bolt circle of n holes (n is even and greater than 4), as shown in Fig. 1a, where y
is the distance over alternate plugs, d is the diameter of the holes, and θ = 360/n is the angle
between adjacent holes, use the following general equation for obtaining x:

Example:In a die that has six 3/4-inch diameter holes equally spaced on a circle, where
the distance y over alternate holes is 41⁄2 inches, and the angle θ between adjacent holes is
60, then

In a similar problem, the distance c over adjacent plugs is given, as shown in Fig. 1b. If
the number of holes is even and greater than 4, the distance x over opposite plugs is given
in the following formula:

where d and θ are as defined above.
Odd Number of Holes in Circle: In a circle as shown in Fig. 1c, where the number of

holes n is odd and greater than 3, and the distance c over adjacent holes is given, then θ
equals 360/n and the distance x across the most widely spaced holes is given by:

Checking a V-shaped Groove by Measurement Over Pins.—In checking a groove of
the shape shown in Fig. 2, it is necessary to measure the dimension X over the pins of radius
R. If values for the radius R, dimension Z, and the angles α and β are known, the problem is

Fig. 1a. Fig. 1b. Fig. 1c. 

D 1
1 7.5°sin+
1 7.5°sin–
---------------------------× 1.3002 inches= =

y
x

d

θ
360

n
---------

=

x
d

θ
360

n
---------

=

c

x
d

θ 360
n
---------

=

c

x
y d–

θsin
----------- d+=

x
4.500 0.7500–

60°sin
------------------------------------ 0.7500+ 5.0801= =

x 2 c d–( )

180 θ–
2

------------------
 
 sin

θsin
-------------------------------

 
 
 
 
 

d+=

x

c d–
2

-----------

θ
4
---sin

----------- d+=
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to determine the distance Y, to arrive at the required overall dimension for X. If a line AC is
drawn from the bottom of the V to the center of the pin at the left in Fig. 2, and a line CB
from the center of this pin to its point of tangency with the side of the V, a right-angled tri-
angle is formed in which one side, CB, is known and one angle CAB, can be determined. A
line drawn from the center of a circle to the point of intersection of two tangents to the cir-
cle bisects the angle made by the tangent lines, and angle CAB therefore equals 1⁄2 (α + β).
The length AC and the angle DAC can now be found, and with AC known in the right-
angled triangle ADC, AD, which is equal to Y can be found.

Fig. 2. 

The value for X can be obtained from the formula

For example, if R = 0.500, Z = 1.824, α = 45 degrees, and β = 35 degrees,

Checking Radius of Arc by Measurement Over Rolls.—The radius R of large-radius
concave and convex gages of the type shown in Figs. 3a,  3b and  3c can be checked by mea-
surement L over two rolls with the gage resting on the rolls as shown. If the diameter of the
rolls D, the length L, and the height H of the top of the arc above the surface plate (for the
concave gage, Fig. 3a) are known or can be measured, the radius R of the workpiece to be
checked can be calculated trigonometrically, as follows.

Referring to Fig. 3a for the concave gage, if L and D are known, cb can be found, and if H
and D are known, ce can be found. With cb and ce known, ab can be found by means of a
diagram as shown in Fig. 3c.

In diagram Fig. 3c, cb and ce are shown at right angles as in Fig. 3a. A line is drawn con-
necting points b and e and line ce is extended to the right. A line is now drawn from point b
perpendicular to be and intersecting the extension of ce at point f. A semicircle can now be
drawn through points b, e, and f with point a as the center. Triangles bce and bcf are similar
and have a common side. Thus ce:bc::bc:cf. With ce and bc known, cf can be found from
this proportion and hence ef which is the diameter of the semicircle and radius ab. Then R
= ab + D/2.

X Z 2R
α β+

2
-------------csc α β–

2
-------------cos 1+ 

 +=

X 1.824 2 0.5×( ) 45° 35°+
2

------------------------csc 45° 35°–
2

-----------------------cos 1+ 
 +=

X 1.824 40°csc 5°cos 1+ +=

X 1.824 1.5557 0.99619 1+×+=

X 1.824 1.550 1+ + 4.374= =
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The procedure for the convex gage is similar. The distances cb and ce are readily found
and from these two distances ab is computed on the basis of similar triangles as before.
Radius R is then readily found.

The derived formulas for concave and convex gages are as follows:

For example: For Fig. 3a, let L = 17.8, D = 3.20, and H = 5.72, then

For Fig. 3b, let L = 22.28 and D = 3.40, then

Checking Shaft Conditions

Checking for Various Shaft Conditions.—An indicating height gage, together with V-
blocks can be used to check shafts for ovality, taper, straightness (bending or curving), and
concentricity of features (as shown exaggerated in Fig. 4). If a shaft on which work has

Fig. 3a. Fig. 3b. 

Fig. 3c. 

Formulas:
(Concave gage Fig. 3a)

(Convex gage Fig. 3b)

R
L D–( )2

8 H D–( )
---------------------- H

2
----+=

R
L D–( )2

8D
---------------------=

R
17.8 3.20–( )2

8 5.72 3.20–( )
----------------------------------- 5.72

2
----------+ 14.60( )2

8 2.52×
-------------------- 2.86+= =

R
213.16
20.16
---------------- 2.86+ 13.43= =

R
22.28 3.40–( )2

8 3.40×
------------------------------------- 356.45

27.20
---------------- 13.1= = =
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been completed shows lack of concentricity. it may be due to the shaft having become bent
or bowed because of mishandling or oval or tapered due to poor machine conditions. In
checking for concentricity, the first step is to check for ovality, or out-of-roundness, as in
Fig. 4a. The shaft is supported in a suitable V-block on a surface table and the dial indicator
plunger is placed over the workpiece, which is then rotated beneath the plunger to obtain
readings of the amount of eccentricity.

This procedure (sometimes called clocking, owing to the resemblance of the dial indica-
tor to a clock face) is repeated for other shaft diameters as necessary, and, in addition to
making a written record of the measurements, the positions of extreme conditions should
be marked on the workpiece for later reference.

Fig. 4. 

To check for taper, the shaft is supported in the V-block and the dial indicator is used to
measure the maximum height over the shaft at various positions along its length, as shown
in Fig. 4b, without turning the workpiece. Again, the shaft should be marked with the read-
ing positions and values, also the direction of the taper, and a written record should be
made of the amount and direction of any taper discovered.

Checking for a bent shaft requires that the shaft be clocked at the shoulder and at the far-
ther end, as shown in Fig. 4c. For a second check the shaft is rotated only 90° or a quarter
turn. When the recorded readings are compared with those from the ovality and taper
checks, the three conditions can be distinguished.
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To detect a curved or bowed condition, the shaft should be suspended in two V-blocks
with only about 1⁄8 inch of each end in each vee. Alternatively, the shaft can be placed
between centers. The shaft is then clocked at several points, as shown in Fig. 4d, but pref-
erably not at those locations used for the ovality, taper, or crookedness checks. If the single
element due to curvature is to be distinguished from the effects of ovality, taper, and crook-
edness, and its value assessed, great care must be taken to differentiate between the condi-
tions detected by the measurements.

Finally, the amount of eccentricity between one shaft diameter and another may be tested
by the setup shown in Fig. 4e. With the indicator plunger in contact with the smaller diam-
eter, close to the shoulder, the shaft is rotated in the V-block and the indicator needle posi-
tion is monitored to find the maximum and minimum readings.

Curvature, ovality, or crookedness conditions may tend to cancel each other, as shown in
Fig. 5, and one or more of these degrees of defectiveness may add themselves to the true
eccentricity readings, depending on their angular positions. Fig. 5a shows, for instance,
how crookedness and ovality tend to cancel each other, and also shows their effect in falsi-
fying the reading for eccentricity. As the same shaft is turned in the V-block to the position
shown in Fig. 5b, the maximum curvature reading could tend to cancel or reduce the max-
imum eccentricity reading. Where maximum readings for ovality, curvature, or crooked-
ness occur at the same angular position, their values should be subtracted from the
eccentricity reading to arrive at a true picture of the shaft condition. Confirmation of eccen-
tricity readings may be obtained by reversing the shaft in the V-block, as shown in Fig. 5c,
and clocking the larger diameter of the shaft.

Fig. 5. 

Out-of-Roundness—Lobing.—With the imposition of finer tolerances and the develop-
ment of improved measurement methods, it has become apparent that no hole, cylinder, or
sphere can be produced with a perfectly symmetrical round shape. Some of the conditions
are diagrammed in Fig. 6, where Fig. 6a shows simple ovality and Fig. 6b shows ovality
occurring in two directions. From the observation of such conditions have come the terms
lobe and lobing. Fig. 6c shows the three-lobed shape common with centerless-ground
components, and Fig. 6d is typical of multi-lobed shapes. In Fig. 6e are shown surface
waviness, surface roughness, and out-of-roundness, which often are combined with lob-
ing.
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Fig. 6. 

In Figs. 6a through  6d, the cylinder (or hole) diameters are shown at full size but the lobes
are magnified some 10,000 times to make them visible. In precision parts, the deviation
from the round condition is usually only in the range of millionths of an inch, although it
occasionally can be 0.0001 inch, 0.0002 inch, or more. For instance, a 3-inch-diameter part
may have a lobing condition amounting to an inaccuracy of only 30 millionths (0.000030
inch). Even if the distortion (ovality, waviness, roughness) is small, it may cause hum,
vibration, heat buildup, and wear, possibly leading to eventual failure of the component or
assembly.

Plain elliptical out-of-roundness (two lobes), or any even number of lobes, can be
detected by rotating the part on a surface plate under a dial indicator of adequate resolution,
or by using an indicating caliper or snap gage. However, supporting such a part in a V-
block during measurement will tend to conceal roundness errors. Ovality in a hole can be
detected by a dial-type bore gage or internal measuring machine. Parts with odd numbers
of lobes require an instrument that can measure the envelope or complete circumference.
Plug and ring gages will tell whether a shaft can be assembled into a bearing, but not
whether there will be a good fit, as illustrated in Fig. 6e.

A standard, 90-degree included-angle V-block can be used to detect and count the num-
ber of lobes, but to measure the exact amount of lobing indicated by R-r in Fig. 7 requires a
V-block with an angle α, which is related to the number of lobes. This angle α can be cal-
culated from the formula 2α = 180° − 360°/N, where N is the number of lobes. Thus, for a
three-lobe form, α becomes 30 degrees, and the V-block used should have a 60-degree
included angle. The distance M, which is obtained by rotating the part under the compara-
tor plunger, is converted to a value for the radial variation in cylinder contour by the for-
mula M = (R − r) (1 + csc α).

Fig. 7. 

Using a V-block (even of appropriate angle) for parts with odd numbers of lobes will give
exaggerated readings when the distance R − r (Fig. 7) is used as the measure of the amount
of out-of-roundness. The accompanying table shows the appropriate V-block angles for
various odd numbers of lobes, and the factors (1 + csc α) by which the readings are
increased over the actual out-of-roundness values.
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Table of Lobes, V-block Angles and Exaggeration Factors in
Measuring Out-of-round Conditions in Shafts

Measurement of a complete circumference requires special equipment, often incorporat-
ing a precision spindle running true within two millionths (0.000002) inch. A stylus
attached to the spindle is caused to traverse the internal or external cylinder being
inspected, and its divergences are processed electronically to produce a polar chart similar
to the wavy outline in Fig. 6e. The electronic circuits provide for the variations due to sur-
face effects to be separated from those of lobing and other departures from the “true” cyl-
inder traced out by the spindle.

Coordinates for Hole Circles

Type “A” Hole Circles.—Type “A” hole circles can be identified by hole number 1 at the
top of the hole circle, as shown in Figs. 1a and  1b. The x, y coordinates for hole circles of
from 3 to 33 holes corresponding to the geometry of Fig. 1a are given in Table 1a, and cor-
responding to the geometry of Fig. 1b in Table 1b. Holes are numbered in a counterclock-
wise direction as shown. Coordinates given are based upon a hole circle of (1) unit
diameter. For other diameters, multiply the x and y coordinates from the table by the hole
circle diameter. For example, for a 3-inch or 3-centimeter hole circle diameter, multiply
table values by 3. Coordinates are valid in any unit system.

The origin of the coordinate system in Fig. 1a, marked “Ref”, is at the center of the hole
circle at position x = 0, y = 0. The equations for calculating hole coordinates for type “A”
circles with the coordinate system origin at the center of the hole circle are as follows:

(1a)

where n = number of holes in circle; D = diameter of hole circle ; θ = ang l e  be tween
adjacent holes in circle; H = number (from 1 to n) of the current hole; xH = x coordinate at
position of hole number H; and, yH = y coordinate at position of hole number H.

Example 1(a):Calculate the hole coordinates for the 5-hole circle shown in Fig. 1a when
circle diameter = 1. Compare the results to the data tabulated in Table 1a.

Number of Lobes
Included Angle of

V-block (deg)
Exaggeration Factor

(1 + csc α)
3 60 3.00
5 108 2.24
7 128.57 2.11
9 140 2.06

Fig. 1a. Type “A” Circle Fig. 1b. Type “A” Circle

Hole θ =360/5 = 72° D =1
1
2
3
4
5

xH = x1 = −1⁄2 × sin(0) = 0.00000
x2 = −1⁄2 × sin(72) = −0.47553
x3 = −1⁄2 × sin(144) = −0.29389
x4 = −1⁄2 × sin(216) = 0.29389
x5 =−1⁄2 × sin(288) = 0.47553

y1 = −1⁄2 × cos(0) = −0.50000
y2 = −1⁄2 × cos(72) = −0.15451
y3 = −1⁄2 × cos(144) = 0.40451
y4 =−1⁄2 × cos(216) = 0.40451
y5 =−1⁄2 × cos(288) = −0.15451

1

43

2 5

+ X– X

– Y

+ Y

Ref

1

43

2 5Y

X Ref

R
ef

θ 360
n

--------- 2π
n

------= = xH

D

2
---- H 1–( )θ( )sin–= yH

D

2
---- H 1–( )θ( )cos–=
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In Fig. 1b, the origin of the coordinate system (point 0,0) is located at the top left of the
figure at the intersection of the two lines labeled “Ref.” The center of the hole circle is off-
set from the coordinate system origin by distance XO in the +x direction, and by distance YO

in the +y direction. In practice the origin of the coordinate system can be located at any con-
venient distance from the center of the hole circle. In Fig. 1b it can be determined by
inspection that the distances XO = YO = D⁄2. The equations for calculating hole positions of
type “A” circles of the Fig. 1b type are almost the same as in Equation (1a), but with the
addition of XO and YO terms, as follows:

(1b)

Example 1(b):Use results of Example 1(a) to determine hole coordinates of Fig. 1b for
circle diameter = 1, and compare results with Table 1b.

Type “B” Hole Circles.—Compared to type “A” hole circles, type “B” hole circles, Figs.
2a and  2b, are arranged such that the circle of holes is rotated about the center of the circle
by θ⁄2 degrees, that is, 1⁄2 of the angle between adjacent holes. The x,y coordinates for type
“B” hole circles of from 3 to 33 holes are given in Table 2a for geometry corresponding to
Fig. 2a, and in Table 2b for geometry corresponding to Fig. 2b. Holes are numbered in a
counterclockwise direction as shown. Coordinates given are based upon a hole circle of (1)
unit diameter. For other diameters, multiply the x and y coordinates from the table by the
hole circle diameter. For example, for a 3-inch or 3-centimeter hole circle diameter, multi-
ply table values by 3. Coordinates are valid in any unit system.

In Fig. 2a the coordinate system origin, marked “Ref”, is at the center of the hole circle at
position x = 0, y = 0. Equations for calculating hole coordinates for type “B” circles with the
coordinate system origin at the center of the hole circle as in Fig. 2a are as follows:

(2a)

where n = number of holes in circle; D = diameter of hole circle ; θ = ang l e  be tween
adjacent holes; xH = x coordinate at position of hole number H; and, yH = y coordinate at
position of hole number H.

Hole θ =360/5 = 72° D =1 XO =D⁄2 = 0.50000 YO =D⁄2 = 0.50000

1
2
3
4
5

x1 =0.00000 + XO = 0.50000
x2 =−0.47553 + XO = 0.02447
x3 =−0.29389 + XO = 0.20611
x4 =0.29389 + XO = 0.79389
x5 =0.47553 + XO = 0.97553

y1 =−0.50000 + YO = 0.00000
y2 =−0.15451 + YO = 0.34549
y3 =0.40451 + YO = 0.90451
y4 =0.40451 + YO = 0.90451
y5 =−0.15451 + YO = 0.34549

Fig. 2a. Type “B” Circle Fig. 2b. Type “B” Circle
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Example 2(a):Calculate the hole coordinates for the 5-hole circle shown in Fig. 2a when
circle diameter = 1. Compare the results to the data in Table 2a.

In Fig. 2b the origin of the coordinate system (point 0,0) is located at the top left of the
figure at the intersection of the two lines labeled “Ref.” The center of the hole circle is off-
set from the coordinate system origin by distance XO in the +x direction, and by distance YO

in the +y direction. In practice the origin of the coordinate system can be chosen at any con-
venient distance from the hole circle origin. In Fig. 2b it can be determined by inspection
that distance XO = YO = D⁄2. The equations for calculating hole positions of type “B” circles
of the Fig. 2b type are the same as in Equation (2a), but with the addition of XO and YO

terms, as follows:

(2b)

Example 2(b):Use the coordinates obtained in Example 2(a) to determine the hole coor-
dinates of a 5-hole circle shown in Fig. 1b with circle diameter = 1. Compare the results to
the data in Table 2b.

Adapting Hole Coordinate Equations for Different Geometry.—Hole coordinate val-
ues in Tables 1a through 2b are obtained using the equations given previously, along with
the geometry of the corresponding figures. If the geometry does not match that given in one
of the previous figures, hole coordinate values from the tables or equations will be incor-
rect. Fig. 3 illustrates such a case. Fig. 3 resembles a type “A” hole circle (Fig. 1b) with hole
number 2 at the top, and it also resembles a type “B” hole circle (Fig. 2b) in which all holes
have been rotated 90° clockwise. A closer look also reveals that the positive y direction in
Fig. 3 is opposite that used in Figs. 1b and  2b. Therefore, to determine the hole coordinates
of Fig. 3 it is necessary to create new equations that match the given geometry, or modify
the previous equations to match the Fig. 3 geometry. 

Fig. 3. 

Hole θ =360/5 = 72° θ⁄2 = 36° D =1
1
2
3
4
5

x1 =−1⁄2 × sin(36) = −0.29389
x2 =−1⁄2 × sin(108) = −0.47553
x3 =−1⁄2 × sin(180) = 0.00000
x4 =−1⁄2 × sin(252) = 0.47553
x5 =−1⁄2 × sin(324) = 0.29389

y1 =−1⁄2 × cos(36) = −0.40451
y2 =−1⁄2 × cos(108) = 0.15451
y3 =−1⁄2 × cos(180) = 0.50000
y4 =−1⁄2 × cos(252) = 0.15451
y5 =−1⁄2 × cos(324) = −0.40451

Hole θ =360/5 = 72° θ⁄2 =36° D =1 XO =D⁄2 = 0.50000 YO =D⁄2 = 0.50000

1
2
3
4
5

x1 =−1⁄2 × sin(36) + 0.50000 = 0.20611
x2 =−1⁄2 × sin(108) + 0.50000 = 0.02447
x3 =−1⁄2 × sin(180) + 0.50000 = 0.50000
x4 =−1⁄2 × sin(252) + 0.50000 = 0.97553
x5 =−1⁄2 × sin(324) + 0.50000 = 0.79389

y1 =−1⁄2 × cos(36) + 0.50000 = 0.09549
y2 =−1⁄2 × cos(108) + 0.50000 = 0.65451
y3 =−1⁄2 × cos(180) + 0.50000 = 1.00000
y4 =−1⁄2 × cos(252) + 0.50000 = 0.65451
y5 =−1⁄2 × cos(324) + 0.50000 = 0.09549

θ 360
n
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Example 3(a), Determining Hole Coordinates for Fig. 3:Write equations for the coordi-
nates of holes 1, 2, and 3 of Fig. 3.

Example 3(b), Modify Equation (2b) for Fig. 3:In Fig. 3, hole numbering is rotated 90°
(π/2 radian) in the clockwise (negative) direction relative to Fig. 2b, and the direction of the
+y coordinate axis is the reverse, or negative of that given in Fig. 2b. Equations for Fig. 3
can be obtained from Equation (2b) by 

1) subtracting 90° from the angle of each hole in the x and y equations of Equation (2b)

2) multiplying the yH equation by −1 to reverse the orientation of the y axis

In Fig. 3, θ = 360/n = 60° for 6 holes, XO = 7.5, and YO = −6.0.

Lengths of Chords on Hole Circle Circumference.— Table 3 on page 704 gives the
lengths of chords for spacing off the circumferences of circles. The object of this table is to
make possible the division of the periphery into a number of equal parts without trials with
the dividers. Table 3 is calculated for circles having a diameter equal to 1. For circles of
other diameters, the length of chord given in the table should be multiplied by the diameter
of the circle. Table 3 may be used by toolmakers when setting “buttons” in circular forma-
tion, and may be used with inch or metric dimensions. See Coordinates for Hole Circles on
page 692 for more information on this topic.

Example:Assume that it is required to divide the periphery of a circle of 20 inches diam-
eter into thirty-two equal parts. 

Solution: From the table the length of the chord is found to be 0.098017 inch, if the diam-
eter of the circle were 1 inch. With a diameter of 20 inches the length of the chord for one
division would be 20 × 0.098017 = 1.9603 inches. Another example in metric units: For a
100 millimeter diameter requiring 5 equal divisions, the length of the chord for one divi-
sion would be 100 × 0.587785 = 58.7785 millimeters.

Example:Assume that it is required to divide a circle of 61⁄2 millimeter diameter into
seven equal parts. Find the length of the chord required for spacing off the circumference.

Solution: In Table 3, the length of the chord for dividing a circle of 1 millimeter diameter
into 7 equal parts is 0.433884 mm. The length of chord for a circle of 61⁄2 mm diameter is 61⁄2
× 0.433884 = 2.820246 mm.

Example:Assume that it is required to divide a circle having a diameter of 923⁄32 inches
into 15 equal divisions. 

Solution: In Table 3, the length of the chord for dividing a circle of 1 inch diameter into15
equal parts is 0.207912 inch. The length of chord for a circle of 9 inches diameter is 923⁄32 ×
0.207912 = 2.020645 inches.

x1 = 7.5 + 5cos(30°) = 11.8301 y1 = 6.0 + 5sin(30°) = 8.5000

x2 = 7.5 + 5cos(30°+ 60°) = 7.5 y2 = 6.0 + 5sin(30°+ 60°) = 11.0000

x3 = 7.5 + 5cos(30°+ 120°) = 3.1699 y3 = 6.0 + 5sin(30°+ 120°) = 8.5000

x1 = −5sin(30 − 90) + 7.5 = 11.8301 y1 = 5cos(30 − 90) + 6 = 8.5000

x2 = −5sin(60° + 30°− 90°) + 7.5 = 7.5 y2 = 5cos(60° + 30°− 90°) + 6 = 11.0000

x3 = −5sin(120° + 30°− 90°) + 7.5 = 3.1699 y3 = 5cos(120° + 30°− 90°) + 6 = 8.5000

xH
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696Table 1a. Hole Coordinate Dimension Factors for Type “A” Hole Circles

 10 holes  13 holes (Continued)  16 holes  18 holes (Continued)  20 holes (Continued)  22 holes (Continued)
# x y # x y # x y # x y # x y # x y
1 0.00000 −0.50000 6 −0.33156 0.37426 1 0.00000 −0.50000 8 −0.32139 0.38302 11 0.00000 0.50000 10 −0.27032 0.42063
2 −0.29389 −0.40451 7 −0.11966 0.48547 2 −0.19134 −0.46194 9 −0.17101 0.46985 12 0.15451 0.47553 11 −0.14087 0.47975
3 −0.47553 −0.15451 8 0.11966 0.48547 3 −0.35355 −0.35355 10 0.00000 0.50000 13 0.29389 0.40451 12 0.00000 0.50000
4 −0.47553 0.15451 9 0.33156 0.37426 4 −0.46194 −0.19134 11 0.17101 0.46985 14 0.40451 0.29389 13 0.14087 0.47975
5 −0.29389 0.40451 10 0.46751 0.17730 5 −0.50000 0.00000 12 0.32139 0.38302 15 0.47553 0.15451 14 0.27032 0.42063
6 0.00000 0.50000 11 0.49635 −0.06027 6 −0.46194 0.19134 13 0.43301 0.25000 16 0.50000 0.00000 15 0.37787 0.32743
7 0.29389 0.40451 12 0.41149 −0.28403 7 −0.35355 0.35355 14 0.49240 0.08682 17 0.47553 −0.15451 16 0.45482 0.20771
8 0.47553 0.15451 13 0.23236 −0.44273 8 −0.19134 0.46194 15 0.49240 −0.08682 18 0.40451 −0.29389 17 0.49491 0.07116
9 0.47553 −0.15451  14 holes 9 0.00000 0.50000 16 0.43301 −0.25000 19 0.29389 −0.40451 18 0.49491 −0.07116

10 0.29389 −0.40451 # x y 10 0.19134 0.46194 17 0.32139 −0.38302 20 0.15451 −0.47553 19 0.45482 −0.20771
 11 holes 1 0.00000 −0.50000 11 0.35355 0.35355 18 0.17101 −0.46985  21 holes 20 0.37787 −0.32743

# x y 2 −0.21694 −0.45048 12 0.46194 0.19134  19 holes # x y 21 0.27032 −0.42063
1 0.00000 −0.50000 3 −0.39092 −0.31174 13 0.50000 0.00000 # x y 1 0.00000 −0.50000 22 0.14087 −0.47975
2 −0.27032 −0.42063 4 −0.48746 −0.11126 14 0.46194 −0.19134 1 0.00000 −0.50000 2 −0.14738 −0.47779  23 holes

 3 holes  7 holes 3 −0.45482 −0.20771 5 −0.48746 0.11126 15 0.35355 −0.35355 2 −0.16235 −0.47291 3 −0.28166 −0.41312 # x y
# x y # x y 4 −0.49491 0.07116 6 −0.39092 0.31174 16 0.19134 −0.46194 3 −0.30711 −0.39457 4 −0.39092 −0.31174 1 0.00000 −0.50000
1 0.00000 −0.50000 1 0.00000 −0.50000 5 −0.37787 0.32743 7 −0.21694 0.45048  17 holes 4 −0.41858 −0.27347 5 −0.46544 −0.18267 2 −0.13490 −0.48146
2 −0.43301 0.25000 2 −0.39092 −0.31174 6 −0.14087 0.47975 8 0.00000 0.50000 # x y 5 −0.48470 −0.12274 6 −0.49860 −0.03737 3 −0.25979 −0.42721
3 0.43301 0.25000 3 −0.48746 0.11126 7 0.14087 0.47975 9 0.21694 0.45048 1 0.00000 −0.50000 6 −0.49829 0.04129 7 −0.48746 0.11126 4 −0.36542 −0.34128

 4 holes 4 −0.21694 0.45048 8 0.37787 0.32743 10 0.39092 0.31174 2 −0.18062 −0.46624 7 −0.45789 0.20085 8 −0.43301 0.25000 5 −0.44394 −0.23003
# x y 5 0.21694 0.45048 9 0.49491 0.07116 11 0.48746 0.11126 3 −0.33685 −0.36950 8 −0.36786 0.33864 9 −0.34009 0.36653 6 −0.48954 −0.10173
1 0.00000 −0.50000 6 0.48746 0.11126 10 0.45482 −0.20771 12 0.48746 −0.11126 4 −0.44758 −0.22287 9 −0.23797 0.43974 10 −0.21694 0.45048 7 −0.49883 0.03412
2 −0.50000 0.00000 7 0.39092 −0.31174 11 0.27032 −0.42063 13 0.39092 −0.31174 5 −0.49787 −0.04613 10 −0.08230 0.49318 11 −0.07452 0.49442 8 −0.47113 0.16744
3 0.00000 0.50000  8 holes  12 holes 14 0.21694 −0.45048 6 −0.48091 0.13683 11 0.08230 0.49318 12 0.07452 0.49442 9 −0.40848 0.28834
4 0.50000 0.00000 # x y # x y  15 holes 7 −0.39901 0.30132 12 0.23797 0.43974 13 0.21694 0.45048 10 −0.31554 0.38786

 5 holes 1 0.00000 −0.50000 1 0.00000 −0.50000 # x y 8 −0.26322 0.42511 13 0.36786 0.33864 14 0.34009 0.36653 11 −0.19920 0.45861
# x y 2 −0.35355 −0.35355 2 −0.25000 −0.43301 1 0.00000 −0.50000 9 −0.09187 0.49149 14 0.45789 0.20085 15 0.43301 0.25000 12 −0.06808 0.49534
1 0.00000 −0.50000 3 −0.50000 0.00000 3 −0.43301 −0.25000 2 −0.20337 −0.45677 10 0.09187 0.49149 15 0.49829 0.04129 16 0.48746 0.11126 13 0.06808 0.49534
2 −0.47553 −0.15451 4 −0.35355 0.35355 4 −0.50000 0.00000 3 −0.37157 −0.33457 11 0.26322 0.42511 16 0.48470 −0.12274 17 0.49860 −0.03737 14 0.19920 0.45861
3 −0.29389 0.40451 5 0.00000 0.50000 5 −0.43301 0.25000 4 −0.47553 −0.15451 12 0.39901 0.30132 17 0.41858 −0.27347 18 0.46544 −0.18267 15 0.31554 0.38786
4 0.29389 0.40451 6 0.35355 0.35355 6 −0.25000 0.43301 5 −0.49726 0.05226 13 0.48091 0.13683 18 0.30711 −0.39457 19 0.39092 −0.31174 16 0.40848 0.28834
5 0.47553 −0.15451 7 0.50000 0.00000 7 0.00000 0.50000 6 −0.43301 0.25000 14 0.49787 −0.04613 19 0.16235 −0.47291 20 0.28166 −0.41312 17 0.47113 0.16744

 6 holes 8 0.35355 −0.35355 8 0.25000 0.43301 7 −0.29389 0.40451 15 0.44758 −0.22287  20 holes 21 0.14738 −0.47779 18 0.49883 0.03412
# x y  9 holes 9 0.43301 0.25000 8 −0.10396 0.48907 16 0.33685 −0.36950 # x y  22 holes 19 0.48954 −0.10173
1 0.00000 −0.50000 # x y 10 0.50000 0.00000 9 0.10396 0.48907 17 0.18062 −0.46624 1 0.00000 −0.50000 # x y 20 0.44394 −0.23003
2 −0.43301 −0.25000 1 0.00000 −0.50000 11 0.43301 −0.25000 10 0.29389 0.40451  18 holes 2 −0.15451 −0.47553 1 0.00000 −0.50000 21 0.36542 −0.34128
3 −0.43301 0.25000 2 −0.32139 −0.38302 12 0.25000 −0.43301 11 0.43301 0.25000 # x y 3 −0.29389 −0.40451 2 −0.14087 −0.47975 22 0.25979 −0.42721
4 0.00000 0.50000 3 −0.49240 −0.08682  13 holes 12 0.49726 0.05226 1 0.00000 −0.50000 4 −0.40451 −0.29389 3 −0.27032 −0.42063 23 0.13490 −0.48146
5 0.43301 0.25000 4 −0.43301 0.25000 # x y 13 0.47553 −0.15451 2 −0.17101 −0.46985 5 −0.47553 −0.15451 4 −0.37787 −0.32743  24 holes
6 0.43301 −0.25000 5 −0.17101 0.46985 1 0.00000 −0.50000 14 0.37157 −0.33457 3 −0.32139 −0.38302 6 −0.50000 0.00000 5 −0.45482 −0.20771 # x y

6 0.17101 0.46985 2 −0.23236 −0.44273 15 0.20337 −0.45677 4 −0.43301 −0.25000 7 −0.47553 0.15451 6 −0.49491 −0.07116 1 0.00000 −0.50000
7 0.43301 0.25000 3 −0.41149 −0.28403 5 −0.49240 −0.08682 8 −0.40451 0.29389 7 −0.49491 0.07116 2 −0.12941 −0.48296
8 0.49240 −0.08682 4 −0.49635 −0.06027 6 −0.49240 0.08682 9 −0.29389 0.40451 8 −0.45482 0.20771 3 −0.25000 −0.43301
9 0.32139 −0.38302 5 −0.46751 0.17730 7 −0.43301 0.25000 10 −0.15451 0.47553 9 −0.37787 0.32743 4 −0.35355 −0.35355
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 26 holes (Continued)  27 holes (Continued)  29 holes (Continued)  30 holes (Continued)  32 holes  33 holes (Continued)
# x y # x y # x y # x y # x y # x y
8 −0.49635 0.06027 24 0.40106 −0.29858 9 −0.49341 0.08089 22 0.47553 0.15451 1 0.00000 −0.50000 11 −0.47250 0.16353
9 −0.46751 0.17730 25 0.32139 −0.38302 10 −0.46449 0.18507 23 0.49726 0.05226 2 −0.09755 −0.49039 12 −0.43301 0.25000

10 −0.41149 0.28403 26 0.22440 −0.44682 11 −0.41384 0.28059 24 0.49726 −0.05226 3 −0.19134 −0.46194 13 −0.37787 0.32743
11 −0.33156 0.37426 27 0.11531 −0.48652 12 −0.34385 0.36300 25 0.47553 −0.15451 4 −0.27779 −0.41573 14 −0.30908 0.39303
12 −0.23236 0.44273  28 holes 13 −0.25778 0.42843 26 0.43301 −0.25000 5 −0.35355 −0.35355 15 −0.22911 0.44442
13 −0.11966 0.48547 # x y 14 −0.15965 0.47383 27 0.37157 −0.33457 6 −0.41573 −0.27779 16 −0.14087 0.47975
14 0.00000 0.50000 1 0.00000 −0.50000 15 −0.05406 0.49707 28 0.29389 −0.40451 7 −0.46194 −0.19134 17 −0.04753 0.49774
15 0.11966 0.48547 2 −0.11126 −0.48746 16 0.05406 0.49707 29 0.20337 −0.45677 8 −0.49039 −0.09755 18 0.04753 0.49774
16 0.23236 0.44273 3 −0.21694 −0.45048 17 0.15965 0.47383 30 0.10396 −0.48907 9 −0.50000 0.00000 19 0.14087 0.47975
17 0.33156 0.37426 4 −0.31174 −0.39092 18 0.25778 0.42843  31 holes 10 −0.49039 0.09755 20 0.22911 0.44442
18 0.41149 0.28403 5 −0.39092 −0.31174 19 0.34385 0.36300 # x y 11 −0.46194 0.19134 21 0.30908 0.39303
19 0.46751 0.17730 6 −0.45048 −0.21694 20 0.41384 0.28059 1 0.00000 −0.50000 12 −0.41573 0.27779 22 0.37787 0.32743
20 0.49635 0.06027 7 −0.48746 −0.11126 21 0.46449 0.18507 2 −0.10065 −0.48976 13 −0.35355 0.35355 23 0.43301 0.25000
21 0.49635 −0.06027 8 −0.50000 0.00000 22 0.49341 0.08089 3 −0.19718 −0.45948 14 −0.27779 0.41573 24 0.47250 0.16353

 24 holes (Continued)  25 holes (Continued) 22 0.46751 −0.17730 9 −0.48746 0.11126 23 0.49927 −0.02707 4 −0.28563 −0.41038 15 −0.19134 0.46194 25 0.49491 0.07116
# x y # x y 23 0.41149 −0.28403 10 −0.45048 0.21694 24 0.48177 −0.13376 5 −0.36240 −0.34448 16 −0.09755 0.49039 26 0.49943 −0.02379
5 −0.43301 −0.25000 7 −0.49901 −0.03140 24 0.33156 −0.37426 11 −0.39092 0.31174 25 0.44176 −0.23420 6 −0.42432 −0.26448 17 0.00000 0.50000 27 0.48591 −0.11788
6 −0.48296 −0.12941 8 −0.49114 0.09369 25 0.23236 −0.44273 12 −0.31174 0.39092 26 0.38108 −0.32369 7 −0.46888 −0.17365 18 0.09755 0.49039 28 0.45482 −0.20771
7 −0.50000 0.00000 9 −0.45241 0.21289 26 0.11966 −0.48547 13 −0.21694 0.45048 27 0.30259 −0.39805 8 −0.49423 −0.07571 19 0.19134 0.46194 29 0.40729 −0.29003
8 −0.48296 0.12941 10 −0.38526 0.31871  27 holes 14 −0.11126 0.48746 28 0.20994 −0.45379 9 −0.49936 0.02532 20 0.27779 0.41573 30 0.34504 −0.36187
9 −0.43301 0.25000 11 −0.29389 0.40451 # x y 15 0.00000 0.50000 29 0.10749 −0.48831 10 −0.48404 0.12533 21 0.35355 0.35355 31 0.27032 −0.42063

10 −0.35355 0.35355 12 −0.18406 0.46489 1 0.00000 −0.50000 16 0.11126 0.48746  30 holes 11 −0.44890 0.22020 22 0.41573 0.27779 32 0.18583 −0.46418
11 −0.25000 0.43301 13 −0.06267 0.49606 2 −0.11531 −0.48652 17 0.21694 0.45048 # x y 12 −0.39539 0.30605 23 0.46194 0.19134 33 0.09463 −0.49096
12 −0.12941 0.48296 14 0.06267 0.49606 3 −0.22440 −0.44682 18 0.31174 0.39092 1 0.00000 −0.50000 13 −0.32569 0.37938 24 0.49039 0.09755
13 0.00000 0.50000 15 0.18406 0.46489 4 −0.32139 −0.38302 19 0.39092 0.31174 2 −0.10396 −0.48907 14 −0.24265 0.43717 25 0.50000 0.00000
14 0.12941 0.48296 16 0.29389 0.40451 5 −0.40106 −0.29858 20 0.45048 0.21694 3 −0.20337 −0.45677 15 −0.14968 0.47707 26 0.49039 −0.09755
15 0.25000 0.43301 17 0.38526 0.31871 6 −0.45911 −0.19804 21 0.48746 0.11126 4 −0.29389 −0.40451 16 −0.05058 0.49743 27 0.46194 −0.19134
16 0.35355 0.35355 18 0.45241 0.21289 7 −0.49240 −0.08682 22 0.50000 0.00000 5 −0.37157 −0.33457 17 0.05058 0.49743 28 0.41573 −0.27779
17 0.43301 0.25000 19 0.49114 0.09369 8 −0.49915 0.02907 23 0.48746 −0.11126 6 −0.43301 −0.25000 18 0.14968 0.47707 29 0.35355 −0.35355
18 0.48296 0.12941 20 0.49901 −0.03140 9 −0.47899 0.14340 24 0.45048 −0.21694 7 −0.47553 −0.15451 19 0.24265 0.43717 30 0.27779 −0.41573
19 0.50000 0.00000 21 0.47553 −0.15451 10 −0.43301 0.25000 25 0.39092 −0.31174 8 −0.49726 −0.05226 20 0.32569 0.37938 31 0.19134 −0.46194
20 0.48296 −0.12941 22 0.42216 −0.26791 11 −0.36369 0.34312 26 0.31174 −0.39092 9 −0.49726 0.05226 21 0.39539 0.30605 32 0.09755 −0.49039
21 0.43301 −0.25000 23 0.34227 −0.36448 12 −0.27475 0.41774 27 0.21694 −0.45048 10 −0.47553 0.15451 22 0.44890 0.22020  33 holes
22 0.35355 −0.35355 24 0.24088 −0.43815 13 −0.17101 0.46985 28 0.11126 −0.48746 11 −0.43301 0.25000 23 0.48404 0.12533 # x y
23 0.25000 −0.43301 25 0.12434 −0.48429 14 −0.05805 0.49662  29 holes 12 −0.37157 0.33457 24 0.49936 0.02532 1 0.00000 −0.50000
24 0.12941 −0.48296  26 holes 15 0.05805 0.49662 # x y 13 −0.29389 0.40451 25 0.49423 −0.07571 2 −0.09463 −0.49096

 25 holes # x y 16 0.17101 0.46985 1 0.00000 −0.50000 14 −0.20337 0.45677 26 0.46888 −0.17365 3 −0.18583 −0.46418
# x y 1 0.00000 −0.50000 17 0.27475 0.41774 2 −0.10749 −0.48831 15 −0.10396 0.48907 27 0.42432 −0.26448 4 −0.27032 −0.42063
1 0.00000 −0.50000 2 −0.11966 −0.48547 18 0.36369 0.34312 3 −0.20994 −0.45379 16 0.00000 0.50000 28 0.36240 −0.34448 5 −0.34504 −0.36187
2 −0.12434 −0.48429 3 −0.23236 −0.44273 19 0.43301 0.25000 4 −0.30259 −0.39805 17 0.10396 0.48907 29 0.28563 −0.41038 6 −0.40729 −0.29003
3 −0.24088 −0.43815 4 −0.33156 −0.37426 20 0.47899 0.14340 5 −0.38108 −0.32369 18 0.20337 0.45677 30 0.19718 −0.45948 7 −0.45482 −0.20771
4 −0.34227 −0.36448 5 −0.41149 −0.28403 21 0.49915 0.02907 6 −0.44176 −0.23420 19 0.29389 0.40451 31 0.10065 −0.48976 8 −0.48591 −0.11788
5 −0.42216 −0.26791 6 −0.46751 −0.17730 22 0.49240 −0.08682 7 −0.48177 −0.13376 20 0.37157 0.33457 9 −0.49943 −0.02379
6 −0.47553 −0.15451 7 −0.49635 −0.06027 23 0.45911 −0.19804 8 −0.49927 −0.02707 21 0.43301 0.25000 10 −0.49491 0.07116

Table 1a. (Continued) Hole Coordinate Dimension Factors for Type “A” Hole Circles
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698Table 1b. Hole Coordinate Dimension Factors for Type “A” Hole Circles

 10 holes  13 holes (Continued)  16 holes  18 holes (Continued)  20 holes (Continued)  22 holes (Continued)
# x y # x y # x y # x y # x y # x y
1 0.50000 0.00000 6 0.16844 0.87426 1 0.50000 0.00000 8 0.17861 0.88302 11 0.50000 1.00000 10 0.22968 0.92063
2 0.20611 0.09549 7 0.38034 0.98547 2 0.30866 0.03806 9 0.32899 0.96985 12 0.65451 0.97553 11 0.35913 0.97975
3 0.02447 0.34549 8 0.61966 0.98547 3 0.14645 0.14645 10 0.50000 1.00000 13 0.79389 0.90451 12 0.50000 1.00000
4 0.02447 0.65451 9 0.83156 0.87426 4 0.03806 0.30866 11 0.67101 0.96985 14 0.90451 0.79389 13 0.64087 0.97975
5 0.20611 0.90451 10 0.96751 0.67730 5 0.00000 0.50000 12 0.82139 0.88302 15 0.97553 0.65451 14 0.77032 0.92063
6 0.50000 1.00000 11 0.99635 0.43973 6 0.03806 0.69134 13 0.93301 0.75000 16 1.00000 0.50000 15 0.87787 0.82743
7 0.79389 0.90451 12 0.91149 0.21597 7 0.14645 0.85355 14 0.99240 0.58682 17 0.97553 0.34549 16 0.95482 0.70771
8 0.97553 0.65451 13 0.73236 0.05727 8 0.30866 0.96194 15 0.99240 0.41318 18 0.90451 0.20611 17 0.99491 0.57116
9 0.97553 0.34549  14 holes 9 0.50000 1.00000 16 0.93301 0.25000 19 0.79389 0.09549 18 0.99491 0.42884
10 0.79389 0.09549 # x y 10 0.69134 0.96194 17 0.82139 0.11698 20 0.65451 0.02447 19 0.95482 0.29229

 11 holes 1 0.50000 0.00000 11 0.85355 0.85355 18 0.67101 0.03015  21 holes 20 0.87787 0.17257
# x y 2 0.28306 0.04952 12 0.96194 0.69134  19 holes # x y 21 0.77032 0.07937
1 0.50000 0.00000 3 0.10908 0.18826 13 1.00000 0.50000 # x y 1 0.50000 0.00000 22 0.64087 0.02025
2 0.22968 0.07937 4 0.01254 0.38874 14 0.96194 0.30866 1 0.50000 0.00000 2 0.35262 0.02221  23 holes

 3 holes  7 holes 3 0.04518 0.29229 5 0.01254 0.61126 15 0.85355 0.14645 2 0.33765 0.02709 3 0.21834 0.08688 # x y
# x y # x y 4 0.00509 0.57116 6 0.10908 0.81174 16 0.69134 0.03806 3 0.19289 0.10543 4 0.10908 0.18826 1 0.50000 0.00000
1 0.50000 0.00000 1 0.50000 0.00000 5 0.12213 0.82743 7 0.28306 0.95048  17 holes 4 0.08142 0.22653 5 0.03456 0.31733 2 0.36510 0.01854
2 0.06699 0.75000 2 0.10908 0.18826 6 0.35913 0.97975 8 0.50000 1.00000 # x y 5 0.01530 0.37726 6 0.00140 0.46263 3 0.24021 0.07279
3 0.93301 0.75000 3 0.01254 0.61126 7 0.64087 0.97975 9 0.71694 0.95048 1 0.50000 0.00000 6 0.00171 0.54129 7 0.01254 0.61126 4 0.13458 0.15872

 4 holes 4 0.28306 0.95048 8 0.87787 0.82743 10 0.89092 0.81174 2 0.31938 0.03376 7 0.04211 0.70085 8 0.06699 0.75000 5 0.05606 0.26997
# x y 5 0.71694 0.95048 9 0.99491 0.57116 11 0.98746 0.61126 3 0.16315 0.13050 8 0.13214 0.83864 9 0.15991 0.86653 6 0.01046 0.39827
1 0.50000 0.00000 6 0.98746 0.61126 10 0.95482 0.29229 12 0.98746 0.38874 4 0.05242 0.27713 9 0.26203 0.93974 10 0.28306 0.95048 7 0.00117 0.53412
2 0.00000 0.50000 7 0.89092 0.18826 11 0.77032 0.07937 13 0.89092 0.18826 5 0.00213 0.45387 10 0.41770 0.99318 11 0.42548 0.99442 8 0.02887 0.66744
3 0.50000 1.00000  8 holes  12 holes 14 0.71694 0.04952 6 0.01909 0.63683 11 0.58230 0.99318 12 0.57452 0.99442 9 0.09152 0.78834
4 1.00000 0.50000 # x y # x y  15 holes 7 0.10099 0.80132 12 0.73797 0.93974 13 0.71694 0.95048 10 0.18446 0.88786

 5 holes 1 0.50000 0.00000 1 0.50000 0.00000 # x y 8 0.23678 0.92511 13 0.86786 0.83864 14 0.84009 0.86653 11 0.30080 0.95861
# x y 2 0.14645 0.14645 2 0.25000 0.06699 1 0.50000 0.00000 9 0.40813 0.99149 14 0.95789 0.70085 15 0.93301 0.75000 12 0.43192 0.99534
1 0.50000 0.00000 3 0.00000 0.50000 3 0.06699 0.25000 2 0.29663 0.04323 10 0.59187 0.99149 15 0.99829 0.54129 16 0.98746 0.61126 13 0.56808 0.99534
2 0.02447 0.34549 4 0.14645 0.85355 4 0.00000 0.50000 3 0.12843 0.16543 11 0.76322 0.92511 16 0.98470 0.37726 17 0.99860 0.46263 14 0.69920 0.95861
3 0.20611 0.90451 5 0.50000 1.00000 5 0.06699 0.75000 4 0.02447 0.34549 12 0.89901 0.80132 17 0.91858 0.22653 18 0.96544 0.31733 15 0.81554 0.88786
4 0.79389 0.90451 6 0.85355 0.85355 6 0.25000 0.93301 5 0.00274 0.55226 13 0.98091 0.63683 18 0.80711 0.10543 19 0.89092 0.18826 16 0.90848 0.78834
5 0.97553 0.34549 7 1.00000 0.50000 7 0.50000 1.00000 6 0.06699 0.75000 14 0.99787 0.45387 19 0.66235 0.02709 20 0.78166 0.08688 17 0.97113 0.66744

 6 holes 8 0.85355 0.14645 8 0.75000 0.93301 7 0.20611 0.90451 15 0.94758 0.27713  20 holes 21 0.64738 0.02221 18 0.99883 0.53412
# x y  9 holes 9 0.93301 0.75000 8 0.39604 0.98907 16 0.83685 0.13050 # x y  22 holes 19 0.98954 0.39827
1 0.50000 0.00000 # x y 10 1.00000 0.50000 9 0.60396 0.98907 17 0.68062 0.03376 1 0.50000 0.00000 # x y 20 0.94394 0.26997
2 0.06699 0.25000 1 0.50000 0.00000 11 0.93301 0.25000 10 0.79389 0.90451  18 holes 2 0.34549 0.02447 1 0.50000 0.00000 21 0.86542 0.15872
3 0.06699 0.75000 2 0.17861 0.11698 12 0.75000 0.06699 11 0.93301 0.75000 # x y 3 0.20611 0.09549 2 0.35913 0.02025 22 0.75979 0.07279
4 0.50000 1.00000 3 0.00760 0.41318  13 holes 12 0.99726 0.55226 1 0.50000 0.00000 4 0.09549 0.20611 3 0.22968 0.07937 23 0.63490 0.01854
5 0.93301 0.75000 4 0.06699 0.75000 # x y 13 0.97553 0.34549 2 0.32899 0.03015 5 0.02447 0.34549 4 0.12213 0.17257  24 holes
6 0.93301 0.25000 5 0.32899 0.96985 1 0.50000 0.00000 14 0.87157 0.16543 3 0.17861 0.11698 6 0.00000 0.50000 5 0.04518 0.29229 # x y

6 0.67101 0.96985 2 0.26764 0.05727 15 0.70337 0.04323 4 0.06699 0.25000 7 0.02447 0.65451 6 0.00509 0.42884 1 0.50000 0.00000
7 0.93301 0.75000 3 0.08851 0.21597 5 0.00760 0.41318 8 0.09549 0.79389 7 0.00509 0.57116 2 0.37059 0.01704
8 0.99240 0.41318 4 0.00365 0.43973 6 0.00760 0.58682 9 0.20611 0.90451 8 0.04518 0.70771 3 0.25000 0.06699
9 0.82139 0.11698 5 0.03249 0.67730 7 0.06699 0.75000 10 0.34549 0.97553 9 0.12213 0.82743 4 0.14645 0.14645
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 26 holes (Continued)  27 holes (Continued)  29 holes (Continued)  30 holes (Continued)  32 holes  33 holes (Continued)
# x y # x y # x y # x y # x y # x y
8 0.00365 0.56027 24 0.90106 0.20142 9 0.00659 0.58089 22 0.97553 0.65451 1 0.50000 0.00000 11 0.02750 0.66353
9 0.03249 0.67730 25 0.82139 0.11698 10 0.03551 0.68507 23 0.99726 0.55226 2 0.40245 0.00961 12 0.06699 0.75000
10 0.08851 0.78403 26 0.72440 0.05318 11 0.08616 0.78059 24 0.99726 0.44774 3 0.30866 0.03806 13 0.12213 0.82743
11 0.16844 0.87426 27 0.61531 0.01348 12 0.15615 0.86300 25 0.97553 0.34549 4 0.22221 0.08427 14 0.19092 0.89303
12 0.26764 0.94273  28 holes 13 0.24222 0.92843 26 0.93301 0.25000 5 0.14645 0.14645 15 0.27089 0.94442
13 0.38034 0.98547 # x y 14 0.34035 0.97383 27 0.87157 0.16543 6 0.08427 0.22221 16 0.35913 0.97975
14 0.50000 1.00000 1 0.50000 0.00000 15 0.44594 0.99707 28 0.79389 0.09549 7 0.03806 0.30866 17 0.45247 0.99774
15 0.61966 0.98547 2 0.38874 0.01254 16 0.55406 0.99707 29 0.70337 0.04323 8 0.00961 0.40245 18 0.54753 0.99774
16 0.73236 0.94273 3 0.28306 0.04952 17 0.65965 0.97383 30 0.60396 0.01093 9 0.00000 0.50000 19 0.64087 0.97975
17 0.83156 0.87426 4 0.18826 0.10908 18 0.75778 0.92843  31 holes 10 0.00961 0.59755 20 0.72911 0.94442
18 0.91149 0.78403 5 0.10908 0.18826 19 0.84385 0.86300 # x y 11 0.03806 0.69134 21 0.80908 0.89303
19 0.96751 0.67730 6 0.04952 0.28306 20 0.91384 0.78059 1 0.50000 0.00000 12 0.08427 0.77779 22 0.87787 0.82743
20 0.99635 0.56027 7 0.01254 0.38874 21 0.96449 0.68507 2 0.39935 0.01024 13 0.14645 0.85355 23 0.93301 0.75000
21 0.99635 0.43973 8 0.00000 0.50000 22 0.99341 0.58089 3 0.30282 0.04052 14 0.22221 0.91573 24 0.97250 0.66353

 24 holes (Continued)  25 holes (Continued) 22 0.96751 0.32270 9 0.01254 0.61126 23 0.99927 0.47293 4 0.21437 0.08962 15 0.30866 0.96194 25 0.99491 0.57116
# x y # x y 23 0.91149 0.21597 10 0.04952 0.71694 24 0.98177 0.36624 5 0.13760 0.15552 16 0.40245 0.99039 26 0.99943 0.47621
5 0.06699 0.25000 7 0.00099 0.46860 24 0.83156 0.12574 11 0.10908 0.81174 25 0.94176 0.26580 6 0.07568 0.23552 17 0.50000 1.00000 27 0.98591 0.38212
6 0.01704 0.37059 8 0.00886 0.59369 25 0.73236 0.05727 12 0.18826 0.89092 26 0.88108 0.17631 7 0.03112 0.32635 18 0.59755 0.99039 28 0.95482 0.29229
7 0.00000 0.50000 9 0.04759 0.71289 26 0.61966 0.01453 13 0.28306 0.95048 27 0.80259 0.10195 8 0.00577 0.42429 19 0.69134 0.96194 29 0.90729 0.20997
8 0.01704 0.62941 10 0.11474 0.81871  27 holes 14 0.38874 0.98746 28 0.70994 0.04621 9 0.00064 0.52532 20 0.77779 0.91573 30 0.84504 0.13813
9 0.06699 0.75000 11 0.20611 0.90451 # x y 15 0.50000 1.00000 29 0.60749 0.01169 10 0.01596 0.62533 21 0.85355 0.85355 31 0.77032 0.07937
10 0.14645 0.85355 12 0.31594 0.96489 1 0.50000 0.00000 16 0.61126 0.98746  30 holes 11 0.05110 0.72020 22 0.91573 0.77779 32 0.68583 0.03582
11 0.25000 0.93301 13 0.43733 0.99606 2 0.38469 0.01348 17 0.71694 0.95048 # x y 12 0.10461 0.80605 23 0.96194 0.69134 33 0.59463 0.00904
12 0.37059 0.98296 14 0.56267 0.99606 3 0.27560 0.05318 18 0.81174 0.89092 1 0.50000 0.00000 13 0.17431 0.87938 24 0.99039 0.59755
13 0.50000 1.00000 15 0.68406 0.96489 4 0.17861 0.11698 19 0.89092 0.81174 2 0.39604 0.01093 14 0.25735 0.93717 25 1.00000 0.50000
14 0.62941 0.98296 16 0.79389 0.90451 5 0.09894 0.20142 20 0.95048 0.71694 3 0.29663 0.04323 15 0.35032 0.97707 26 0.99039 0.40245
15 0.75000 0.93301 17 0.88526 0.81871 6 0.04089 0.30196 21 0.98746 0.61126 4 0.20611 0.09549 16 0.44942 0.99743 27 0.96194 0.30866
16 0.85355 0.85355 18 0.95241 0.71289 7 0.00760 0.41318 22 1.00000 0.50000 5 0.12843 0.16543 17 0.55058 0.99743 28 0.91573 0.22221
17 0.93301 0.75000 19 0.99114 0.59369 8 0.00085 0.52907 23 0.98746 0.38874 6 0.06699 0.25000 18 0.64968 0.97707 29 0.85355 0.14645
18 0.98296 0.62941 20 0.99901 0.46860 9 0.02101 0.64340 24 0.95048 0.28306 7 0.02447 0.34549 19 0.74265 0.93717 30 0.77779 0.08427
19 1.00000 0.50000 21 0.97553 0.34549 10 0.06699 0.75000 25 0.89092 0.18826 8 0.00274 0.44774 20 0.82569 0.87938 31 0.69134 0.03806
20 0.98296 0.37059 22 0.92216 0.23209 11 0.13631 0.84312 26 0.81174 0.10908 9 0.00274 0.55226 21 0.89539 0.80605 32 0.59755 0.00961
21 0.93301 0.25000 23 0.84227 0.13552 12 0.22525 0.91774 27 0.71694 0.04952 10 0.02447 0.65451 22 0.94890 0.72020  33 holes
22 0.85355 0.14645 24 0.74088 0.06185 13 0.32899 0.96985 28 0.61126 0.01254 11 0.06699 0.75000 23 0.98404 0.62533 # x y
23 0.75000 0.06699 25 0.62434 0.01571 14 0.44195 0.99662  29 holes 12 0.12843 0.83457 24 0.99936 0.52532 1 0.50000 0.00000
24 0.62941 0.01704  26 holes 15 0.55805 0.99662 # x y 13 0.20611 0.90451 25 0.99423 0.42429 2 0.40537 0.00904

 25 holes # x y 16 0.67101 0.96985 1 0.50000 0.00000 14 0.29663 0.95677 26 0.96888 0.32635 3 0.31417 0.03582
# x y 1 0.50000 0.00000 17 0.77475 0.91774 2 0.39251 0.01169 15 0.39604 0.98907 27 0.92432 0.23552 4 0.22968 0.07937
1 0.50000 0.00000 2 0.38034 0.01453 18 0.86369 0.84312 3 0.29006 0.04621 16 0.50000 1.00000 28 0.86240 0.15552 5 0.15496 0.13813
2 0.37566 0.01571 3 0.26764 0.05727 19 0.93301 0.75000 4 0.19741 0.10195 17 0.60396 0.98907 29 0.78563 0.08962 6 0.09271 0.20997
3 0.25912 0.06185 4 0.16844 0.12574 20 0.97899 0.64340 5 0.11892 0.17631 18 0.70337 0.95677 30 0.69718 0.04052 7 0.04518 0.29229
4 0.15773 0.13552 5 0.08851 0.21597 21 0.99915 0.52907 6 0.05824 0.26580 19 0.79389 0.90451 31 0.60065 0.01024 8 0.01409 0.38212
5 0.07784 0.23209 6 0.03249 0.32270 22 0.99240 0.41318 7 0.01823 0.36624 20 0.87157 0.83457 9 0.00057 0.47621
6 0.02447 0.34549 7 0.00365 0.43973 23 0.95911 0.30196 8 0.00073 0.47293 21 0.93301 0.75000 10 0.00509 0.57116

Table 1b. (Continued) Hole Coordinate Dimension Factors for Type “A” Hole Circles
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700Table 2a. Hole Coordinate Dimension Factors for Type “B” Hole Circles

 10 holes  13 holes (Continued)  16 holes  18 holes (Continued)  20 holes (Continued)  22 holes (Continued)
# x y # x y # x y # x y # x y # x y
1 −0.15451 −0.47553 6 −0.23236 0.44273 1 −0.09755 −0.49039 8 −0.25000 0.43301 11 0.07822 0.49384 10 −0.20771 0.45482
2 −0.40451 −0.29389 7 0.00000 0.50000 2 −0.27779 −0.41573 9 −0.08682 0.49240 12 0.22700 0.44550 11 −0.07116 0.49491
3 −0.50000 0.00000 8 0.23236 0.44273 3 −0.41573 −0.27779 10 0.08682 0.49240 13 0.35355 0.35355 12 0.07116 0.49491
4 −0.40451 0.29389 9 0.41149 0.28403 4 −0.49039 −0.09755 11 0.25000 0.43301 14 0.44550 0.22700 13 0.20771 0.45482
5 −0.15451 0.47553 10 0.49635 0.06027 5 −0.49039 0.09755 12 0.38302 0.32139 15 0.49384 0.07822 14 0.32743 0.37787
6 0.15451 0.47553 11 0.46751 −0.17730 6 −0.41573 0.27779 13 0.46985 0.17101 16 0.49384 −0.07822 15 0.42063 0.27032
7 0.40451 0.29389 12 0.33156 −0.37426 7 −0.27779 0.41573 14 0.50000 0.00000 17 0.44550 −0.22700 16 0.47975 0.14087
8 0.50000 0.00000 13 0.11966 −0.48547 8 −0.09755 0.49039 15 0.46985 −0.17101 18 0.35355 −0.35355 17 0.50000 0.00000
9 0.40451 −0.29389  14 holes 9 0.09755 0.49039 16 0.38302 −0.32139 19 0.22700 −0.44550 18 0.47975 −0.14087

10 0.15451 −0.47553 # x y 10 0.27779 0.41573 17 0.25000 −0.43301 20 0.07822 −0.49384 19 0.42063 −0.27032
 11 holes 1 −0.11126 −0.48746 11 0.41573 0.27779 18 0.08682 −0.49240  21 holes 20 0.32743 −0.37787

# x y 2 −0.31174 −0.39092 12 0.49039 0.09755  19 holes # x y 21 0.20771 −0.45482
1 −0.14087 −0.47975 3 −0.45048 −0.21694 13 0.49039 −0.09755 # x y 1 −0.07452 −0.49442 22 0.07116 −0.49491
2 −0.37787 −0.32743 4 −0.50000 0.00000 14 0.41573 −0.27779 1 −0.08230 −0.49318 2 −0.21694 −0.45048  23 holes

 3 holes  7 holes 3 −0.49491 −0.07116 5 −0.45048 0.21694 15 0.27779 −0.41573 2 −0.23797 −0.43974 3 −0.34009 −0.36653 # x y
# x y # x y 4 −0.45482 0.20771 6 −0.31174 0.39092 16 0.09755 −0.49039 3 −0.36786 −0.33864 4 −0.43301 −0.25000 1 −0.06808 −0.49534
1 −0.43301 −0.25000 1 −0.21694 −0.45048 5 −0.27032 0.42063 7 −0.11126 0.48746  17 holes 4 −0.45789 −0.20085 5 −0.48746 −0.11126 2 −0.19920 −0.45861
2 0.00000 0.50000 2 −0.48746 −0.11126 6 0.00000 0.50000 8 0.11126 0.48746 # x y 5 −0.49829 −0.04129 6 −0.49860 0.03737 3 −0.31554 −0.38786
3 0.43301 −0.25000 3 −0.39092 0.31174 7 0.27032 0.42063 9 0.31174 0.39092 1 −0.09187 −0.49149 6 −0.48470 0.12274 7 −0.46544 0.18267 4 −0.40848 −0.28834

 4 holes 4 0.00000 0.50000 8 0.45482 0.20771 10 0.45048 0.21694 2 −0.26322 −0.42511 7 −0.41858 0.27347 8 −0.39092 0.31174 5 −0.47113 −0.16744
# x y 5 0.39092 0.31174 9 0.49491 −0.07116 11 0.50000 0.00000 3 −0.39901 −0.30132 8 −0.30711 0.39457 9 −0.28166 0.41312 6 −0.49883 −0.03412
1 −0.35355 −0.35355 6 0.48746 −0.11126 10 0.37787 −0.32743 12 0.45048 −0.21694 4 −0.48091 −0.13683 9 −0.16235 0.47291 10 −0.14738 0.47779 7 −0.48954 0.10173
2 −0.35355 0.35355 7 0.21694 −0.45048 11 0.14087 −0.47975 13 0.31174 −0.39092 5 −0.49787 0.04613 10 0.00000 0.50000 11 0.00000 0.50000 8 −0.44394 0.23003
3 0.35355 0.35355  8 holes  12 holes 14 0.11126 −0.48746 6 −0.44758 0.22287 11 0.16235 0.47291 12 0.14738 0.47779 9 −0.36542 0.34128
4 0.35355 −0.35355 # x y # x y  15 holes 7 −0.33685 0.36950 12 0.30711 0.39457 13 0.28166 0.41312 10 −0.25979 0.42721

 5 holes 1 −0.19134 −0.46194 1 −0.12941 −0.48296 # x y 8 −0.18062 0.46624 13 0.41858 0.27347 14 0.39092 0.31174 11 −0.13490 0.48146
# x y 2 −0.46194 −0.19134 2 −0.35355 −0.35355 1 −0.10396 −0.48907 9 0.00000 0.50000 14 0.48470 0.12274 15 0.46544 0.18267 12 0.00000 0.50000
1 −0.29389 −0.40451 3 −0.46194 0.19134 3 −0.48296 −0.12941 2 −0.29389 −0.40451 10 0.18062 0.46624 15 0.49829 −0.04129 16 0.49860 0.03737 13 0.13490 0.48146
2 −0.47553 0.15451 4 −0.19134 0.46194 4 −0.48296 0.12941 3 −0.43301 −0.25000 11 0.33685 0.36950 16 0.45789 −0.20085 17 0.48746 −0.11126 14 0.25979 0.42721
3 0.00000 0.50000 5 0.19134 0.46194 5 −0.35355 0.35355 4 −0.49726 −0.05226 12 0.44758 0.22287 17 0.36786 −0.33864 18 0.43301 −0.25000 15 0.36542 0.34128
4 0.47553 0.15451 6 0.46194 0.19134 6 −0.12941 0.48296 5 −0.47553 0.15451 13 0.49787 0.04613 18 0.23797 −0.43974 19 0.34009 −0.36653 16 0.44394 0.23003
5 0.29389 −0.40451 7 0.46194 −0.19134 7 0.12941 0.48296 6 −0.37157 0.33457 14 0.48091 −0.13683 19 0.08230 −0.49318 20 0.21694 −0.45048 17 0.48954 0.10173

 6 holes 8 0.19134 −0.46194 8 0.35355 0.35355 7 −0.20337 0.45677 15 0.39901 −0.30132  20 holes 21 0.07452 −0.49442 18 0.49883 −0.03412
# x y  9 holes 9 0.48296 0.12941 8 0.00000 0.50000 16 0.26322 −0.42511 # x y  22 holes 19 0.47113 −0.16744
1 −0.25000 −0.43301 # x y 10 0.48296 −0.12941 9 0.20337 0.45677 17 0.09187 −0.49149 1 −0.07822 −0.49384 # x y 20 0.40848 −0.28834
2 −0.50000 0.00000 1 −0.17101 −0.46985 11 0.35355 −0.35355 10 0.37157 0.33457  18 holes 2 −0.22700 −0.44550 1 −0.07116 −0.49491 21 0.31554 −0.38786
3 −0.25000 0.43301 2 −0.43301 −0.25000 12 0.12941 −0.48296 11 0.47553 0.15451 # x y 3 −0.35355 −0.35355 2 −0.20771 −0.45482 22 0.19920 −0.45861
4 0.25000 0.43301 3 −0.49240 0.08682  13 holes 12 0.49726 −0.05226 1 −0.08682 −0.49240 4 −0.44550 −0.22700 3 −0.32743 −0.37787 23 0.06808 −0.49534
5 0.50000 0.00000 4 −0.32139 0.38302 # x y 13 0.43301 −0.25000 2 −0.25000 −0.43301 5 −0.49384 −0.07822 4 −0.42063 −0.27032  24 holes
6 0.25000 −0.43301 5 0.00000 0.50000 1 −0.11966 −0.48547 14 0.29389 −0.40451 3 −0.38302 −0.32139 6 −0.49384 0.07822 5 −0.47975 −0.14087 # x y

6 0.32139 0.38302 2 −0.33156 −0.37426 15 0.10396 −0.48907 4 −0.46985 −0.17101 7 −0.44550 0.22700 6 −0.50000 0.00000 1 −0.06526 −0.49572
7 0.49240 0.08682 3 −0.46751 −0.17730 5 −0.50000 0.00000 8 −0.35355 0.35355 7 −0.47975 0.14087 2 −0.19134 −0.46194
8 0.43301 −0.25000 4 −0.49635 0.06027 6 −0.46985 0.17101 9 −0.22700 0.44550 8 −0.42063 0.27032 3 −0.30438 −0.39668
9 0.17101 −0.46985 5 −0.41149 0.28403 7 −0.38302 0.32139 10 −0.07822 0.49384 9 −0.32743 0.37787 4 −0.39668 −0.30438
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 26 holes (Continued)  27 holes (Continued)  29 holes (Continued)  30 holes (Continued)  32 holes  33 holes (Continued)
# x y # x y # x y # x y # x y # x y
8 −0.48547 0.11966 24 0.36369 −0.34312 9 −0.48177 0.13376 22 0.48907 0.10396 1 −0.04901 −0.49759 11 −0.45482 0.20771
9 −0.44273 0.23236 25 0.27475 −0.41774 10 −0.44176 0.23420 23 0.50000 0.00000 2 −0.14514 −0.47847 12 −0.40729 0.29003

10 −0.37426 0.33156 26 0.17101 −0.46985 11 −0.38108 0.32369 24 0.48907 −0.10396 3 −0.23570 −0.44096 13 −0.34504 0.36187
11 −0.28403 0.41149 27 0.05805 −0.49662 12 −0.30259 0.39805 25 0.45677 −0.20337 4 −0.31720 −0.38651 14 −0.27032 0.42063
12 −0.17730 0.46751  28 holes 13 −0.20994 0.45379 26 0.40451 −0.29389 5 −0.38651 −0.31720 15 −0.18583 0.46418
13 −0.06027 0.49635 # x y 14 −0.10749 0.48831 27 0.33457 −0.37157 6 −0.44096 −0.23570 16 −0.09463 0.49096
14 0.06027 0.49635 1 −0.05598 −0.49686 15 0.00000 0.50000 28 0.25000 −0.43301 7 −0.47847 −0.14514 17 0.00000 0.50000
15 0.17730 0.46751 2 −0.16514 −0.47194 16 0.10749 0.48831 29 0.15451 −0.47553 8 −0.49759 −0.04901 18 0.09463 0.49096
16 0.28403 0.41149 3 −0.26602 −0.42336 17 0.20994 0.45379 30 0.05226 −0.49726 9 −0.49759 0.04901 19 0.18583 0.46418
17 0.37426 0.33156 4 −0.35355 −0.35355 18 0.30259 0.39805  31 holes 10 −0.47847 0.14514 20 0.27032 0.42063
18 0.44273 0.23236 5 −0.42336 −0.26602 19 0.38108 0.32369 # x y 11 −0.44096 0.23570 21 0.34504 0.36187
19 0.48547 0.11966 6 −0.47194 −0.16514 20 0.44176 0.23420 1 −0.05058 −0.49743 12 −0.38651 0.31720 22 0.40729 0.29003
20 0.50000 0.00000 7 −0.49686 −0.05598 21 0.48177 0.13376 2 −0.14968 −0.47707 13 −0.31720 0.38651 23 0.45482 0.20771
21 0.48547 −0.11966 8 −0.49686 0.05598 22 0.49927 0.02707 3 −0.24265 −0.43717 14 −0.23570 0.44096 24 0.48591 0.11788

 24 holes (Continued)  25 holes (Continued) 22 0.44273 −0.23236 9 −0.47194 0.16514 23 0.49341 −0.08089 4 −0.32569 −0.37938 15 −0.14514 0.47847 25 0.49943 0.02379
# x y # x y 23 0.37426 −0.33156 10 −0.42336 0.26602 24 0.46449 −0.18507 5 −0.39539 −0.30605 16 −0.04901 0.49759 26 0.49491 −0.07116
5 −0.46194 −0.19134 7 −0.49901 0.03140 24 0.28403 −0.41149 11 −0.35355 0.35355 25 0.41384 −0.28059 6 −0.44890 −0.22020 17 0.04901 0.49759 27 0.47250 −0.16353
6 −0.49572 −0.06526 8 −0.47553 0.15451 25 0.17730 −0.46751 12 −0.26602 0.42336 26 0.34385 −0.36300 7 −0.48404 −0.12533 18 0.14514 0.47847 28 0.43301 −0.25000
7 −0.49572 0.06526 9 −0.42216 0.26791 26 0.06027 −0.49635 13 −0.16514 0.47194 27 0.25778 −0.42843 8 −0.49936 −0.02532 19 0.23570 0.44096 29 0.37787 −0.32743
8 −0.46194 0.19134 10 −0.34227 0.36448  27 holes 14 −0.05598 0.49686 28 0.15965 −0.47383 9 −0.49423 0.07571 20 0.31720 0.38651 30 0.30908 −0.39303
9 −0.39668 0.30438 11 −0.24088 0.43815 # x y 15 0.05598 0.49686 29 0.05406 −0.49707 10 −0.46888 0.17365 21 0.38651 0.31720 31 0.22911 −0.44442

10 −0.30438 0.39668 12 −0.12434 0.48429 1 −0.05805 −0.49662 16 0.16514 0.47194  30 holes 11 −0.42432 0.26448 22 0.44096 0.23570 32 0.14087 −0.47975
11 −0.19134 0.46194 13 0.00000 0.50000 2 −0.17101 −0.46985 17 0.26602 0.42336 # x y 12 −0.36240 0.34448 23 0.47847 0.14514 33 0.04753 −0.49774
12 −0.06526 0.49572 14 0.12434 0.48429 3 −0.27475 −0.41774 18 0.35355 0.35355 1 −0.05226 −0.49726 13 −0.28563 0.41038 24 0.49759 0.04901
13 0.06526 0.49572 15 0.24088 0.43815 4 −0.36369 −0.34312 19 0.42336 0.26602 2 −0.15451 −0.47553 14 −0.19718 0.45948 25 0.49759 −0.04901
14 0.19134 0.46194 16 0.34227 0.36448 5 −0.43301 −0.25000 20 0.47194 0.16514 3 −0.25000 −0.43301 15 −0.10065 0.48976 26 0.47847 −0.14514
15 0.30438 0.39668 17 0.42216 0.26791 6 −0.47899 −0.14340 21 0.49686 0.05598 4 −0.33457 −0.37157 16 0.00000 0.50000 27 0.44096 −0.23570
16 0.39668 0.30438 18 0.47553 0.15451 7 −0.49915 −0.02907 22 0.49686 −0.05598 5 −0.40451 −0.29389 17 0.10065 0.48976 28 0.38651 −0.31720
17 0.46194 0.19134 19 0.49901 0.03140 8 −0.49240 0.08682 23 0.47194 −0.16514 6 −0.45677 −0.20337 18 0.19718 0.45948 29 0.31720 −0.38651
18 0.49572 0.06526 20 0.49114 −0.09369 9 −0.45911 0.19804 24 0.42336 −0.26602 7 −0.48907 −0.10396 19 0.28563 0.41038 30 0.23570 −0.44096
19 0.49572 −0.06526 21 0.45241 −0.21289 10 −0.40106 0.29858 25 0.35355 −0.35355 8 −0.50000 0.00000 20 0.36240 0.34448 31 0.14514 −0.47847
20 0.46194 −0.19134 22 0.38526 −0.31871 11 −0.32139 0.38302 26 0.26602 −0.42336 9 −0.48907 0.10396 21 0.42432 0.26448 32 0.04901 −0.49759
21 0.39668 −0.30438 23 0.29389 −0.40451 12 −0.22440 0.44682 27 0.16514 −0.47194 10 −0.45677 0.20337 22 0.46888 0.17365  33 holes
22 0.30438 −0.39668 24 0.18406 −0.46489 13 −0.11531 0.48652 28 0.05598 −0.49686 11 −0.40451 0.29389 23 0.49423 0.07571 # x y
23 0.19134 −0.46194 25 0.06267 −0.49606 14 0.00000 0.50000  29 holes 12 −0.33457 0.37157 24 0.49936 −0.02532 1 −0.04753 −0.49774
24 0.06526 −0.49572  26 holes 15 0.11531 0.48652 # x y 13 −0.25000 0.43301 25 0.48404 −0.12533 2 −0.14087 −0.47975

 25 holes # x y 16 0.22440 0.44682 1 −0.05406 −0.49707 14 −0.15451 0.47553 26 0.44890 −0.22020 3 −0.22911 −0.44442
# x y 1 −0.06027 −0.49635 17 0.32139 0.38302 2 −0.15965 −0.47383 15 −0.05226 0.49726 27 0.39539 −0.30605 4 −0.30908 −0.39303
1 −0.06267 −0.49606 2 −0.17730 −0.46751 18 0.40106 0.29858 3 −0.25778 −0.42843 16 0.05226 0.49726 28 0.32569 −0.37938 5 −0.37787 −0.32743
2 −0.18406 −0.46489 3 −0.28403 −0.41149 19 0.45911 0.19804 4 −0.34385 −0.36300 17 0.15451 0.47553 29 0.24265 −0.43717 6 −0.43301 −0.25000
3 −0.29389 −0.40451 4 −0.37426 −0.33156 20 0.49240 0.08682 5 −0.41384 −0.28059 18 0.25000 0.43301 30 0.14968 −0.47707 7 −0.47250 −0.16353
4 −0.38526 −0.31871 5 −0.44273 −0.23236 21 0.49915 −0.02907 6 −0.46449 −0.18507 19 0.33457 0.37157 31 0.05058 −0.49743 8 −0.49491 −0.07116
5 −0.45241 −0.21289 6 −0.48547 −0.11966 22 0.47899 −0.14340 7 −0.49341 −0.08089 20 0.40451 0.29389 9 −0.49943 0.02379
6 −0.49114 −0.09369 7 −0.50000 0.00000 23 0.43301 −0.25000 8 −0.49927 0.02707 21 0.45677 0.20337 10 −0.48591 0.11788

Table 2a. (Continued) Hole Coordinate Dimension Factors for Type “B” Hole Circles
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702Table 2b. Hole Coordinate Dimension Factors for Type “B” Hole Circles

 10 holes  13 holes (Continued)  16 holes  18 holes (Continued)  20 holes (Continued)  22 holes (Continued)
# x y # x y # x y # x y # x y # x y
1 0.34549 0.02447 6 0.26764 0.94273 1 0.40245 0.00961 8 0.25000 0.93301 11 0.57822 0.99384 10 0.29229 0.95482
2 0.09549 0.20611 7 0.50000 1.00000 2 0.22221 0.08427 9 0.41318 0.99240 12 0.72700 0.94550 11 0.42884 0.99491
3 0.00000 0.50000 8 0.73236 0.94273 3 0.08427 0.22221 10 0.58682 0.99240 13 0.85355 0.85355 12 0.57116 0.99491
4 0.09549 0.79389 9 0.91149 0.78403 4 0.00961 0.40245 11 0.75000 0.93301 14 0.94550 0.72700 13 0.70771 0.95482
5 0.34549 0.97553 10 0.99635 0.56027 5 0.00961 0.59755 12 0.88302 0.82139 15 0.99384 0.57822 14 0.82743 0.87787
6 0.65451 0.97553 11 0.96751 0.32270 6 0.08427 0.77779 13 0.96985 0.67101 16 0.99384 0.42178 15 0.92063 0.77032
7 0.90451 0.79389 12 0.83156 0.12574 7 0.22221 0.91573 14 1.00000 0.50000 17 0.94550 0.27300 16 0.97975 0.64087
8 1.00000 0.50000 13 0.61966 0.01453 8 0.40245 0.99039 15 0.96985 0.32899 18 0.85355 0.14645 17 1.00000 0.50000
9 0.90451 0.20611  14 holes 9 0.59755 0.99039 16 0.88302 0.17861 19 0.72700 0.05450 18 0.97975 0.35913
10 0.65451 0.02447 # x y 10 0.77779 0.91573 17 0.75000 0.06699 20 0.57822 0.00616 19 0.92063 0.22968

 11 holes 1 0.38874 0.01254 11 0.91573 0.77779 18 0.58682 0.00760  21 holes 20 0.82743 0.12213
# x y 2 0.18826 0.10908 12 0.99039 0.59755  19 holes # x y 21 0.70771 0.04518
1 0.35913 0.02025 3 0.04952 0.28306 13 0.99039 0.40245 # x y 1 0.42548 0.00558 22 0.57116 0.00509
2 0.12213 0.17257 4 0.00000 0.50000 14 0.91573 0.22221 1 0.41770 0.00682 2 0.28306 0.04952  23 holes

 3 holes  7 holes 3 0.00509 0.42884 5 0.04952 0.71694 15 0.77779 0.08427 2 0.26203 0.06026 3 0.15991 0.13347 # x y
# x y # x y 4 0.04518 0.70771 6 0.18826 0.89092 16 0.59755 0.00961 3 0.13214 0.16136 4 0.06699 0.25000 1 0.43192 0.00466
1 0.06699 0.25000 1 0.28306 0.04952 5 0.22968 0.92063 7 0.38874 0.98746  17 holes 4 0.04211 0.29915 5 0.01254 0.38874 2 0.30080 0.04139
2 0.50000 1.00000 2 0.01254 0.38874 6 0.50000 1.00000 8 0.61126 0.98746 # x y 5 0.00171 0.45871 6 0.00140 0.53737 3 0.18446 0.11214
3 0.93301 0.25000 3 0.10908 0.81174 7 0.77032 0.92063 9 0.81174 0.89092 1 0.40813 0.00851 6 0.01530 0.62274 7 0.03456 0.68267 4 0.09152 0.21166

 4 holes 4 0.50000 1.00000 8 0.95482 0.70771 10 0.95048 0.71694 2 0.23678 0.07489 7 0.08142 0.77347 8 0.10908 0.81174 5 0.02887 0.33256
# x y 5 0.89092 0.81174 9 0.99491 0.42884 11 1.00000 0.50000 3 0.10099 0.19868 8 0.19289 0.89457 9 0.21834 0.91312 6 0.00117 0.46588
1 0.14645 0.14645 6 0.98746 0.38874 10 0.87787 0.17257 12 0.95048 0.28306 4 0.01909 0.36317 9 0.33765 0.97291 10 0.35262 0.97779 7 0.01046 0.60173
2 0.14645 0.85355 7 0.71694 0.04952 11 0.64087 0.02025 13 0.81174 0.10908 5 0.00213 0.54613 10 0.50000 1.00000 11 0.50000 1.00000 8 0.05606 0.73003
3 0.85355 0.85355  8 holes  12 holes 14 0.61126 0.01254 6 0.05242 0.72287 11 0.66235 0.97291 12 0.64738 0.97779 9 0.13458 0.84128
4 0.85355 0.14645 # x y # x y  15 holes 7 0.16315 0.86950 12 0.80711 0.89457 13 0.78166 0.91312 10 0.24021 0.92721

 5 holes 1 0.30866 0.03806 1 0.37059 0.01704 # x y 8 0.31938 0.96624 13 0.91858 0.77347 14 0.89092 0.81174 11 0.36510 0.98146
# x y 2 0.03806 0.30866 2 0.14645 0.14645 1 0.39604 0.01093 9 0.50000 1.00000 14 0.98470 0.62274 15 0.96544 0.68267 12 0.50000 1.00000
1 0.20611 0.09549 3 0.03806 0.69134 3 0.01704 0.37059 2 0.20611 0.09549 10 0.68062 0.96624 15 0.99829 0.45871 16 0.99860 0.53737 13 0.63490 0.98146
2 0.02447 0.65451 4 0.30866 0.96194 4 0.01704 0.62941 3 0.06699 0.25000 11 0.83685 0.86950 16 0.95789 0.29915 17 0.98746 0.38874 14 0.75979 0.92721
3 0.50000 1.00000 5 0.69134 0.96194 5 0.14645 0.85355 4 0.00274 0.44774 12 0.94758 0.72287 17 0.86786 0.16136 18 0.93301 0.25000 15 0.86542 0.84128
4 0.97553 0.65451 6 0.96194 0.69134 6 0.37059 0.98296 5 0.02447 0.65451 13 0.99787 0.54613 18 0.73797 0.06026 19 0.84009 0.13347 16 0.94394 0.73003
5 0.79389 0.09549 7 0.96194 0.30866 7 0.62941 0.98296 6 0.12843 0.83457 14 0.98091 0.36317 19 0.58230 0.00682 20 0.71694 0.04952 17 0.98954 0.60173

 6 holes 8 0.69134 0.03806 8 0.85355 0.85355 7 0.29663 0.95677 15 0.89901 0.19868  20 holes 21 0.57452 0.00558 18 0.99883 0.46588
# x y  9 holes 9 0.98296 0.62941 8 0.50000 1.00000 16 0.76322 0.07489 # x y  22 holes 19 0.97113 0.33256
1 0.25000 0.06699 # x y 10 0.98296 0.37059 9 0.70337 0.95677 17 0.59187 0.00851 1 0.42178 0.00616 # x y 20 0.90848 0.21166
2 0.00000 0.50000 1 0.32899 0.03015 11 0.85355 0.14645 10 0.87157 0.83457  18 holes 2 0.27300 0.05450 1 0.42884 0.00509 21 0.81554 0.11214
3 0.25000 0.93301 2 0.06699 0.25000 12 0.62941 0.01704 11 0.97553 0.65451 # x y 3 0.14645 0.14645 2 0.29229 0.04518 22 0.69920 0.04139
4 0.75000 0.93301 3 0.00760 0.58682  13 holes 12 0.99726 0.44774 1 0.41318 0.00760 4 0.05450 0.27300 3 0.17257 0.12213 23 0.56808 0.00466
5 1.00000 0.50000 4 0.17861 0.88302 # x y 13 0.93301 0.25000 2 0.25000 0.06699 5 0.00616 0.42178 4 0.07937 0.22968  24 holes
6 0.75000 0.06699 5 0.50000 1.00000 1 0.38034 0.01453 14 0.79389 0.09549 3 0.11698 0.17861 6 0.00616 0.57822 5 0.02025 0.35913 # x y

6 0.82139 0.88302 2 0.16844 0.12574 15 0.60396 0.01093 4 0.03015 0.32899 7 0.05450 0.72700 6 0.00000 0.50000 1 0.43474 0.00428
7 0.99240 0.58682 3 0.03249 0.32270 5 0.00000 0.50000 8 0.14645 0.85355 7 0.02025 0.64087 2 0.30866 0.03806
8 0.93301 0.25000 4 0.00365 0.56027 6 0.03015 0.67101 9 0.27300 0.94550 8 0.07937 0.77032 3 0.19562 0.10332
9 0.67101 0.03015 5 0.08851 0.78403 7 0.11698 0.82139 10 0.42178 0.99384 9 0.17257 0.87787 4 0.10332 0.19562
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 26 holes (Continued)  27 holes (Continued)  29 holes (Continued)  30 holes (Continued)  32 holes  33 holes (Continued)
# x y # x y # x y # x y # x y # x y
8 0.01453 0.61966 24 0.86369 0.15688 9 0.01823 0.63376 22 0.98907 0.60396 1 0.45099 0.00241 11 0.04518 0.70771
9 0.05727 0.73236 25 0.77475 0.08226 10 0.05824 0.73420 23 1.00000 0.50000 2 0.35486 0.02153 12 0.09271 0.79003
10 0.12574 0.83156 26 0.67101 0.03015 11 0.11892 0.82369 24 0.98907 0.39604 3 0.26430 0.05904 13 0.15496 0.86187
11 0.21597 0.91149 27 0.55805 0.00338 12 0.19741 0.89805 25 0.95677 0.29663 4 0.18280 0.11349 14 0.22968 0.92063
12 0.32270 0.96751  28 holes 13 0.29006 0.95379 26 0.90451 0.20611 5 0.11349 0.18280 15 0.31417 0.96418
13 0.43973 0.99635 # x y 14 0.39251 0.98831 27 0.83457 0.12843 6 0.05904 0.26430 16 0.40537 0.99096
14 0.56027 0.99635 1 0.44402 0.00314 15 0.50000 1.00000 28 0.75000 0.06699 7 0.02153 0.35486 17 0.50000 1.00000
15 0.67730 0.96751 2 0.33486 0.02806 16 0.60749 0.98831 29 0.65451 0.02447 8 0.00241 0.45099 18 0.59463 0.99096
16 0.78403 0.91149 3 0.23398 0.07664 17 0.70994 0.95379 30 0.55226 0.00274 9 0.00241 0.54901 19 0.68583 0.96418
17 0.87426 0.83156 4 0.14645 0.14645 18 0.80259 0.89805  31 holes 10 0.02153 0.64514 20 0.77032 0.92063
18 0.94273 0.73236 5 0.07664 0.23398 19 0.88108 0.82369 # x y 11 0.05904 0.73570 21 0.84504 0.86187
19 0.98547 0.61966 6 0.02806 0.33486 20 0.94176 0.73420 1 0.44942 0.00257 12 0.11349 0.81720 22 0.90729 0.79003
20 1.00000 0.50000 7 0.00314 0.44402 21 0.98177 0.63376 2 0.35032 0.02293 13 0.18280 0.88651 23 0.95482 0.70771
21 0.98547 0.38034 8 0.00314 0.55598 22 0.99927 0.52707 3 0.25735 0.06283 14 0.26430 0.94096 24 0.98591 0.61788

 24 holes (Continued)  25 holes (Continued) 22 0.94273 0.26764 9 0.02806 0.66514 23 0.99341 0.41911 4 0.17431 0.12062 15 0.35486 0.97847 25 0.99943 0.52379
# x y # x y 23 0.87426 0.16844 10 0.07664 0.76602 24 0.96449 0.31493 5 0.10461 0.19395 16 0.45099 0.99759 26 0.99491 0.42884
5 0.03806 0.30866 7 0.00099 0.53140 24 0.78403 0.08851 11 0.14645 0.85355 25 0.91384 0.21941 6 0.05110 0.27980 17 0.54901 0.99759 27 0.97250 0.33647
6 0.00428 0.43474 8 0.02447 0.65451 25 0.67730 0.03249 12 0.23398 0.92336 26 0.84385 0.13700 7 0.01596 0.37467 18 0.64514 0.97847 28 0.93301 0.25000
7 0.00428 0.56526 9 0.07784 0.76791 26 0.56027 0.00365 13 0.33486 0.97194 27 0.75778 0.07157 8 0.00064 0.47468 19 0.73570 0.94096 29 0.87787 0.17257
8 0.03806 0.69134 10 0.15773 0.86448  27 holes 14 0.44402 0.99686 28 0.65965 0.02617 9 0.00577 0.57571 20 0.81720 0.88651 30 0.80908 0.10697
9 0.10332 0.80438 11 0.25912 0.93815 # x y 15 0.55598 0.99686 29 0.55406 0.00293 10 0.03112 0.67365 21 0.88651 0.81720 31 0.72911 0.05558
10 0.19562 0.89668 12 0.37566 0.98429 1 0.44195 0.00338 16 0.66514 0.97194  30 holes 11 0.07568 0.76448 22 0.94096 0.73570 32 0.64087 0.02025
11 0.30866 0.96194 13 0.50000 1.00000 2 0.32899 0.03015 17 0.76602 0.92336 # x y 12 0.13760 0.84448 23 0.97847 0.64514 33 0.54753 0.00226
12 0.43474 0.99572 14 0.62434 0.98429 3 0.22525 0.08226 18 0.85355 0.85355 1 0.44774 0.00274 13 0.21437 0.91038 24 0.99759 0.54901
13 0.56526 0.99572 15 0.74088 0.93815 4 0.13631 0.15688 19 0.92336 0.76602 2 0.34549 0.02447 14 0.30282 0.95948 25 0.99759 0.45099
14 0.69134 0.96194 16 0.84227 0.86448 5 0.06699 0.25000 20 0.97194 0.66514 3 0.25000 0.06699 15 0.39935 0.98976 26 0.97847 0.35486
15 0.80438 0.89668 17 0.92216 0.76791 6 0.02101 0.35660 21 0.99686 0.55598 4 0.16543 0.12843 16 0.50000 1.00000 27 0.94096 0.26430
16 0.89668 0.80438 18 0.97553 0.65451 7 0.00085 0.47093 22 0.99686 0.44402 5 0.09549 0.20611 17 0.60065 0.98976 28 0.88651 0.18280
17 0.96194 0.69134 19 0.99901 0.53140 8 0.00760 0.58682 23 0.97194 0.33486 6 0.04323 0.29663 18 0.69718 0.95948 29 0.81720 0.11349
18 0.99572 0.56526 20 0.99114 0.40631 9 0.04089 0.69804 24 0.92336 0.23398 7 0.01093 0.39604 19 0.78563 0.91038 30 0.73570 0.05904
19 0.99572 0.43474 21 0.95241 0.28711 10 0.09894 0.79858 25 0.85355 0.14645 8 0.00000 0.50000 20 0.86240 0.84448 31 0.64514 0.02153
20 0.96194 0.30866 22 0.88526 0.18129 11 0.17861 0.88302 26 0.76602 0.07664 9 0.01093 0.60396 21 0.92432 0.76448 32 0.54901 0.00241
21 0.89668 0.19562 23 0.79389 0.09549 12 0.27560 0.94682 27 0.66514 0.02806 10 0.04323 0.70337 22 0.96888 0.67365  33 holes
22 0.80438 0.10332 24 0.68406 0.03511 13 0.38469 0.98652 28 0.55598 0.00314 11 0.09549 0.79389 23 0.99423 0.57571 # x y
23 0.69134 0.03806 25 0.56267 0.00394 14 0.50000 1.00000  29 holes 12 0.16543 0.87157 24 0.99936 0.47468 1 0.45247 0.00226
24 0.56526 0.00428  26 holes 15 0.61531 0.98652 # x y 13 0.25000 0.93301 25 0.98404 0.37467 2 0.35913 0.02025

 25 holes # x y 16 0.72440 0.94682 1 0.44594 0.00293 14 0.34549 0.97553 26 0.94890 0.27980 3 0.27089 0.05558
# x y 1 0.43973 0.00365 17 0.82139 0.88302 2 0.34035 0.02617 15 0.44774 0.99726 27 0.89539 0.19395 4 0.19092 0.10697
1 0.43733 0.00394 2 0.32270 0.03249 18 0.90106 0.79858 3 0.24222 0.07157 16 0.55226 0.99726 28 0.82569 0.12062 5 0.12213 0.17257
2 0.31594 0.03511 3 0.21597 0.08851 19 0.95911 0.69804 4 0.15615 0.13700 17 0.65451 0.97553 29 0.74265 0.06283 6 0.06699 0.25000
3 0.20611 0.09549 4 0.12574 0.16844 20 0.99240 0.58682 5 0.08616 0.21941 18 0.75000 0.93301 30 0.64968 0.02293 7 0.02750 0.33647
4 0.11474 0.18129 5 0.05727 0.26764 21 0.99915 0.47093 6 0.03551 0.31493 19 0.83457 0.87157 31 0.55058 0.00257 8 0.00509 0.42884
5 0.04759 0.28711 6 0.01453 0.38034 22 0.97899 0.35660 7 0.00659 0.41911 20 0.90451 0.79389 9 0.00057 0.52379
6 0.00886 0.40631 7 0.00000 0.50000 23 0.93301 0.25000 8 0.00073 0.52707 21 0.95677 0.70337 10 0.01409 0.61788

Table 2b. (Continued) Hole Coordinate Dimension Factors for Type “B” Hole Circles
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Table 3. Lengths of Chords for Spacing Off the Circumferences of Circles
with a Diameter Equal to 1 (English or Metric units)

For circles of other diameters, multiply length given in table by diameter of circle.

Example:In a drill jig, 8 holes, each 1⁄2 inch diameter, were spaced evenly on a 6-inch diameter circle.
To test the accuracy of the jig, plugs were placed in adjacent holes, and the distance over the plugs was
measured with a micrometer. What should be the micrometer reading?

Solution: The micrometer reading equals the diameter of one plug plus 6 times the chordal distance
between adjacent hole centers given in the table above. Thus, the reading should be 1⁄2 + (6 × 0.382683) =
2.796098 inches.

No. of
Spaces

Length of
Chord

No. of
Spaces

Length of
Chord

No. of
Spaces

Length of
Chord

No. of
Spaces

Length of
Chord

3 0.866025 41 0.076549 79 0.039757 117 0.026848
4 0.707107 42 0.074730 80 0.039260 118 0.026621
5 0.587785 43 0.072995 81 0.038775 119 0.026397
6 0.500000 44 0.071339 82 0.038303 120 0.026177
7 0.433884 45 0.069756 83 0.037841 121 0.025961
8 0.382683 46 0.068242 84 0.037391 122 0.025748
9 0.342020 47 0.066793 85 0.036951 123 0.025539

10 0.309017 48 0.065403 86 0.036522 124 0.025333
11 0.281733 49 0.064070 87 0.036102 125 0.025130
12 0.258819 50 0.062791 88 0.035692 126 0.024931
13 0.239316 51 0.061561 89 0.035291 127 0.024734
14 0.222521 52 0.060378 90 0.034899 128 0.024541
15 0.207912 53 0.059241 91 0.034516 129 0.024351
16 0.195090 54 0.058145 92 0.034141 130 0.024164
17 0.183750 55 0.057089 93 0.033774 131 0.023979
18 0.173648 56 0.056070 94 0.033415 132 0.023798
19 0.164595 57 0.055088 95 0.033063 133 0.023619
20 0.156434 58 0.054139 96 0.032719 134 0.023443
21 0.149042 59 0.053222 97 0.032382 135 0.023269
22 0.142315 60 0.052336 98 0.032052 136 0.023098
23 0.136167 61 0.051479 99 0.031728 137 0.022929
24 0.130526 62 0.050649 100 0.031411 138 0.022763
25 0.125333 63 0.049846 101 0.031100 139 0.022599
26 0.120537 64 0.049068 102 0.030795 140 0.022438
27 0.116093 65 0.048313 103 0.030496 141 0.022279
28 0.111964 66 0.047582 104 0.030203 142 0.022122
29 0.108119 67 0.046872 105 0.029915 143 0.021967
30 0.104528 68 0.046183 106 0.029633 144 0.021815
31 0.101168 69 0.045515 107 0.029356 145 0.021664
32 0.098017 70 0.044865 108 0.029085 146 0.021516
33 0.095056 71 0.044233 109 0.028818 147 0.021370
34 0.092268 72 0.043619 110 0.028556 148 0.021225
35 0.089639 73 0.043022 111 0.028299 149 0.021083
36 0.087156 74 0.042441 112 0.028046 150 0.020942
37 0.084806 75 0.041876 113 0.027798 151 0.020804
38 0.082579 76 0.041325 114 0.027554 152 0.020667
39 0.080467 77 0.040789 115 0.027315 153 0.020532
40 0.078459 78 0.040266 116 0.027079 154 0.020399
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Gage Blocks 

The primary standard for linear measurement is the gage block. Gage blocks were origi-
nally called the Jo-Block after its Swedish inventor, Carl Edvard Johansson. These preci-
sion lapped blocks are the primary means of establishing measurement traceability to the
prime standards located in the national laboratories of every country, which are themselves
defined by the distance traveled by light in a vacuum over a fixed time period.

The gage block is very critical in establishing true traceability and measurement assur-
ance in the dimensional discipline. There are several materials and grades of gage blocks to
select from. The most common material in use today is steel. However there is also Cro-
Bloc, made by Mitutoyo, a thermally stable material with a very low coefficient of thermal
expansion, and ceramic blocks, with extremely good wear capabilities. The average life
span of a gage block is approximately 3 years. With proper care and cleaning the gage
block may last many years longer but will eventually wear beyond the limits of the allow-
able tolerances and need to be replaced.

The size tolerances applied to gage blocks, defined in the ANSI/ASME B89.1.9-2002,
are shown in Tables 1a and 1b, for inch and metric units, respectively. Nearly all gage
blocks are manufactured and calibrated to this standard. B89.1.9 establishes the allowable
deviations for size variance as well as flatness and parallelism. It is these controlled dimen-
sions that give the gage block the properties necessary for use as a dimensional standard.

Care of Gage Blocks.—Through proper care and handling of gage blocks the functional
life span can be maximized and many years of use can be realized from your investment.
The basic care and cleaning of gage blocks should follow these simple guidelines.

Table 1a. Maximum Permitted Deviations of Length at Any Pointa

and Tolerance on Variation in Lengthb, Inch  ANSI/ASME B89.1.9-2002

a Maximum permitted deviations of length at any point, ±te µinch, from nominal length, le inches. 
b Tolerance, tv µinch, for the variation in length. 
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≤ 0.05 12

2

4

2

6

4

12

6

24

12
0.05 < ln ≤ 0.4 10 3 5 8 18
0.55 < ln ≤ 1 12 3 6 12 24

1 < ln ≤ 2 16 4 8 16 32
2 < ln ≤ 3 20 5

3

10 20 40
14

3 < ln ≤ 4 24

3

6 12

5

24

8

48
4 < ln ≤ 5 32 8 16

32 64

16
5 < ln ≤ 6 32 8 16
6 < ln ≤ 7 40 10 20

6
40

10

80
7 < ln ≤ 8 40 4 10 4 20
8 < ln ≤ 10 48 12 24 48 104 18

10 < ln ≤ 12 56 14 28 7 56 112
20

12 < ln ≤ 16 72 5 18 5 36 8 72 12 144
16 < ln ≤ 20 88

6
20

6
44

10
88 14 176 24

20 < ln ≤ 24 104 25 52 104 16 200
28

24 < ln ≤ 28 120 7 30 7 60
12

120 18 240
28 < ln ≤ 32 136

8
34

8
68 136

20
260 32

32 < ln ≤ 36 152 38 76 14 152 300 36
36 < ln ≤ 40 160 10 40 10 80 16 168 24 320 40



706 GAGE BLOCKS

1) Always keep gage blocks clean and well oiled when not in direct use. The use of alco-
hol is acceptable as a cleaner but it is always advisable to coat the gage block with a rust
inhibitor when placing them back in the case. A very light machine oil is recommended. 

2) Take great care when removing gage blocks from the case so as not to nick or damage
the working surface. Clean with a soft cloth or chamois and isopropanol. Never touch gage
blocks with bare hands. Oil from fingers will cause corrosion on the bare metal surface. 

3) Always keep the gage blocks over a soft cloth or chamois when handling or wringing
them together. Dropping the gage blocks onto a hard surface or other gage blocks will dam-
age the working surface and cause an error beyond the limits of the tolerance. Always han-
dle the gage blocks as highly accurate precision instruments.

4) Should the gage block surface show signs of degradation and the wringing together of
blocks become difficult, the surface may need to be deburred. The use of a serrated sintered
aluminum oxide deburring stone is recommended to recondition the surface and renew the
ability to join the gage blocks through wringing. Caution must be exercised when deburr-
ing the surface of the gage blocks so the surface is not damage instead of repaired. 

5) Gently place the gage block flat on the serrated block. With two fingers (using gloves),
press down firmly, but not hard, on the gage block and slide it lengthwise over the serra-
tions on the block for three or four strokes until the surface feels very smooth. Turn the
gage block over and repeat the movement. Remove and clean the gage block thoroughly. 

6) It is important that the serrated sintered aluminum oxide deburring stone is cleaned as
well, and metal deposits, oils, and dirt are not allowed to build up on the surface. A cotton
packing impregnated with a metal solvent will clean the serrated sintered aluminum oxide
deburring stone.
Calibration and Verification of Gage Blocks.—The calibration and verification of gage
blocks should be completed on a regular basis. This is done to maintain measurement
assurance in every good quality program. The quality assurance program will determine
the optimal interval for recalibration of the gage block sets to maintain the appropriate

Table 1b. Maximum Permitted Deviations of Length at Any Pointa

and Tolerance on Variation in Lengthb, Metric ANSI/ASME B89.1.9-2002
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± te µm tv µm ± te µm tv µm ± te µm tv µm ± te µm tv µm ± te µm tv µm

≤ 0.5 0.30

0.05

0.10

0.05

0.14

0.10

0.30

0.16

0.60

0.30
0.5 < ln ≤ 10 0.20

0.07
0.12 0.20 0.45

10 < ln ≤ 25 0.30 0.14 0.30 0.60
25 < ln ≤ 50 0.40

0.06
0.10 0.06 0.20 0.40

0.18
0.80

50 < ln ≤ 75 0.50 0.12
0.07

0.25
0.12

0.50 1.00
0.35

75 < ln ≤ 100 0.60 0.07 0.15 0.30 0.60
0.20

1.20
100 < ln ≤ 150 0.80 0.08 0.20 0.08 0.40 0.14 0.80 1.60

0.40
150 < ln ≤ 200 1.00 0.09 0.25 0.09 0.50

0.16
1.00

0.25

2.00
200 < ln ≤ 250 1.20

0.10
0.30

0.10
0.60 1.20 2.40 0.45

250 < ln ≤ 300 1.40 0.35 0.70 0.18 1.40 2.80
0.50

300 < ln ≤ 400 1.80 0.12 0.45 0.12 0.90 0.20 1.80 0.30 3.60
400 < ln ≤ 500 2.20 0.14 0.50 0.14 1.10

0.25
2.20 0.35 4.40 0.60

500 < ln ≤ 600 2.60 0.16 0.65 0.16 1.30 2.60 0.40 5.00
0.70

600 < ln ≤ 700 3.00 0.18 0.75 0.18 1.50
0.30

3.00 0.45 6.00
700 < ln ≤ 800 3.40

0.20
0.85

0.20
1.70 3.40

0.50
6.50 0.80

800 < ln ≤ 900 3.80 0.95 1.90 0.35 3.80 7.50 0.90
900 < ln ≤ 1000 4.20 0.25 1.00 0.25 2.00 0.40 4.20 0.60 8.00 1.00

a  Maximum permitted deviations of length at any point, ±te µm, from nominal length, le mm. 
b Tolerance, tv µm, for the variation in length. 
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level of measurement assurance. Calibration of the gage blocks should be done by an
approved and if necessary certified calibration laboratory that provides impartial third
party confirmation of the calibrated features of the gage block set. 

Precision Gage Blocks.—Precision gage blocks are usually purchased in sets comprising
a specific number of blocks of different sizes. The nominal gage lengths of individual
blocks in a set are determined mathematically so that particular desired lengths can be
obtained by combining selected blocks. They are made to several different tolerance
grades which categorize them as master blocks, calibration blocks, inspection blocks, and
workshop blocks. Master blocks are employed as basic reference standards; calibration
blocks are used for high precision gaging work and calibrating inspection blocks; inspec-
tion blocks are used as toolroom standards and for checking and setting limit and compar-
ator gages, for example. The workshop blocks are working gages used as shop standards
for direct precision measurements and gaging applications, including sine-bars.

Federal Specification GGG-G-15C, Gage Blocks (see below), lists typical sets, and gives
details of materials, design, and manufacturing requirements, and tolerance grades. When
there is in a set no single block of the exact size that is wanted, two or more blocks are com-
bined by “wringing” them together. Wringing is achieved by first placing one block cross-
wise on the other and applying some pressure. Then a swiveling motion is used to twist the
blocks to a parallel position, causing them to adhere firmly to one another.

When combining blocks for a given dimension, the object is to use as few blocks as pos-
sible to obtain the dimension. The procedure for selecting blocks is based on successively
eliminating the right-hand figure of the desired dimension.

Example:Referring to inch size gage block set number 1 below, determine the blocks
required to obtain 3.6742 inches. Step 1: Eliminate 0.0002 by selecting a 0.1002 block.
Subtract 0.1002 from 3.6743 = 3.5740. Step 2: Eliminate 0.004 by selecting a 0.124 block.
Subtract 0.124 from 3.5740 = 3.450. Step 3: Eliminate 0.450 with a block this size. Sub-
tract 0.450 from 3.450 = 3.000. Step 4: Select a 3.000 inch block. The combined blocks are
0.1002 + 0.124 + 0.450 + 3.000 = 3.6742 inches.

Gage Block Sets, Inch Sizes (Federal Specification GGG-G-15C).—Set Number 1 (81
Blocks): First Series: 0.0001 Inch Increments (9 Blocks), 0.1001 to 0.1009; Second Series:
0.001 Inch Increments (49 Blocks), 0.101 to 0.149; Third Series: 0.050 Inch Increments
(19 Blocks), 0.050 to 0.950; Fourth Series: 1.000 Inch Increments (4 Blocks), 1.000 to
4.000 inch.

Set Numbers 2, 3, and 4: The specification does not list a set 2 or 3. Gage block set num-
ber 4 (88 blocks), listed in the Specification, is not given here; it is the same as set number
1 (81 blocks) but contains seven additional blocks measuring 0.0625, 0.078125, 0.093750,
0.100025, 0.100050, 0.100075, and 0.109375 inch. 

Set Number 5 (21 Blocks): First Series: 0.0001 Inch Increments (9 Blocks), 0.0101 to
0.0109; Second Series: 0.001 Inch Increments (11 Blocks), 0.010 to 0.020; One Block
0.01005 inch.

Set Number 6 (28 Blocks): First Series: 0.0001 Inch Increments (9 Blocks), 0.0201 to
0.0209; Second Series: 0.001 Inch Increments (9 Blocks). 0.021 to 0.029; Third Series:
0.010 Inch Increments (9 Blocks), 0.010 to 0.090; One Block 0.02005 Inch.

Long Gage Block Set Number 7 (8 Blocks): Whole Inch Series (8 Blocks), 5, 6, 7, 8, 10,
12, 16, 20 inches.

Set Number 8 (36 Blocks): First Series: 0.0001 Inch Increments (9 Blocks), 0.1001 to
0.1009; Second Series: 0.001 Inch Increments (11 Blocks), 0.100 to 0.110; Third Series:
0.010 Inch Increments (8 Blocks), 0.120 to 0.190; Fourth Series: 0.100 Inch Increments (4
Blocks), 0.200 to 0.500; Whole Inch Series (3 Blocks), 1, 2, 4 Inches; One Block 0.050
inch.
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Set Number 9 (20 Blocks): First Series: 0.0001 Inch Increments (9 Blocks), 0.0501 to
0.0509; Second Series: 0.001 Inch Increments (10 Blocks), 0.050 to 0.059; One Block
0.05005 inch.

Gage Block Sets, Metric Sizes (Federal Specification GGG-G-15C).—Set  Number
1M (45 Blocks): First Series: 0.001 Millimeter Increments (9 Blocks), 1.001 to 1.009; Sec-
ond Series: 0.01 Millimeter Increments (9 Blocks), 1.01 to 1.09; Third Series: 0.10 Milli-
meter Increments (9 Blocks), 1.10 to 1.90; Fourth Series: 1.0 Millimeter Increments (9
Blocks), 1.0 to 9.0; Fifth Series: 10 Millimeter Increments (9 Blocks), 10 to 90 mm.

Set Number 2M (88 Blocks): First Series: 0.001 Millimeter Increments (9 Blocks), 1.001
to 1.009; Second Series: 0.01 Millimeter Increments (49 Blocks), 1.01 to 1.49; Third
Series: 0.50 Millimeter Increments (19 Blocks), 0.5 to 9.5; Fourth Series: 10 Millimeter
Increments (10 Blocks), 10 to 100; One Block 1.0005 mm.

Set Number 3M: Gage block set number 3M (112 blocks) is not given here. It is similar to
set number 2M (88 blocks), and the chief difference is the inclusion of a larger number of
blocks in the 0.5 millimeter increment series up to 24.5 mm. 

Set Number 4M (45 Blocks): First Series: 0.001 Millimeter Increments (9 Blocks), 2.001
to 2.009; Second Series: 0.01 Millimeter Increments (9 Blocks), 2.01 to 2.09; Third Series:
0.10 Millimeter Increments (9 Blocks), 2.1 to 2.9; Fourth Series: 1 Millimeter Increments
(9 Blocks), 1.0 to 9.0; Fifth Series: 10 Millimeter Increments (9 Blocks), 10 to 90 mm. 

Set Numbers 5M, 6M, 7M: Set numbers 5M (88 blocks), 6M (112 blocks), and 7M (17
blocks) are not listed here.

Long Gage Block Set Number 8M (8 Blocks): Whole Millimeter Series (8 Blocks), 125,
150, 175, 200, 250, 300, 400, 500 mm.

Surface Plates

The surface plate is the primary plane from which all vertical measurements are made.
The quality and dependability of this surface is one of the most critical elements in dimen-
sional inspection measurement. Originally made from cast iron, the present day granite
plate was first developed during WW II as a result of the fact that all the metal was being
used in the war effort. Faced with a need to check precision parts, Mr. Wallace Herman, a
metal working and monument shop owner, decided to investigate the use of granite as a
suitable replacement for the then common cast iron surface plate and manufactured the
first granite surface plate in his shop in Dayton, OH.

Although surface plates have changed in their design and materials, the basic concept has
remained the same. The stability and precision that can be achieved with granite is actually
far superior to cast iron and is much easier to maintain. With the proper care and mainte-
nance, a well made surface plate can last for generations and always remain within the
parameters of the grade to which it was originally made, or even better.

Materials and Grades of Surface Plates.—The selection of a surface plate is driven
directly by the specific application the plate will be used for. A plate, for instance, that will
be used in a very large machining facility would be primarily concerned with the load bear-
ing properties and secondarily in surface flatness accuracy, although both are important
concerns. A surface plate that will be used in a metrology laboratory or high precision
inspection department with a high volume of work would be concerned with high accuracy
and surface wear properties. In each case the material and design would be considered for
the application in mind before a selection is made and a purchase initiated. 

The material properties of the granite is what makes the difference in the performance of
surface plate. The differences in the various types of granite are considered in Table 1,
based on Federal Specification GGG-P-463c, Plate, Surface (Granite) (Inch and Metric).
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As indicated in Table 1, the fine grained pink granite containing a small amount of quartz
has a lower modulus of elasticity and therefore a lower load bearing per square foot capac-
ity. The presence of the large quartz crystals however result in a high degree of wearability
by providing an ultra smooth surface finish with increased surface hardness that resists
wear on the granite and the precision ground and lapped instruments used on it. Although
the load bearing properties are lower than that of the black or dark gray granite this can be
compensated for by increasing the thickness of the plate. 

As a result of the increased wearability of pink granite the interval between lapping com-
pared to fine grained black granite can be as much as five times as long. This is an impor-
tant consideration when planning the maintenance costs and downtime involved in
maintaining a production schedule.

The precision lapped and calibrated granite surface plate is a high precision piece of
equipment and must be maintained as such. Great care should be taken at all time to protect
the surface and attention to cleanliness is critical in the life span of the surface plate. It is
essential that the surface be protected from the buildup of dirt, grease, airborne grime and
oils. The plate should be covered when not in use to avoid accidentally dropping objects on
the surface and chipping or cracking the precision finished surface.

All surface plates should be installed and supported according to manufacturers design
and recommendations. Plates up to and including 6 × 12 feet are supported in a three point
non-distortable support system of hard rubber pads that are installed during manufacturing
and remain in place during lapping and finishing. These pads are critical in the correct sup-
port of the surface plate and must never be removed or repositioned. Always make sure the
surface plate is resting on these pads and never support the plate by its ledges or under the
four corners, as this will cause deformation of the surface and introduce errors beyond the
tolerance limits.

Surface plates made to meet standard guidelines and accuracy parameters established
over the last fifty years and published in documents such as the Federal Specification
GGG-P-463c will be manufactured in certain pre-designed sizes. These designs have been
analyzed for dimensional stability and dependability and will, with proper care, provide
dependable measurement assurance for many years. There are manufacturers that will spe-
cial order surface plates in a wide variety of sizes and configurations to meet the needs of

Table 1. Granite Rock-types, Physical Properties,
and Mineral Components  GGG-P-463c

Rock-type
Natural
Color Texture

Mineral Constituents,
Descending Order Of Abundance

Modulus of Elasticity

106 psi GPa

Biotite gran-
ite

Bluish
gray

Fine
grained

Orthoclase, smokey quartza, oligoclase, 
albite, biotite, muscovite, magnetite and 
zircon

a 28 to 32% quartz by volume. In certain conditions, high quartz content tends to increase wear life. 

3.5–7.0 24.1–48.2

Light
gray

Medium
grained

Oligoclase, orthoclase and microcline, 
quartz, biotite, apatite and zircon 3.5–7.0 24.1–48.2

Pink
Orthoclase with a small amount of 
microcline, plagioclase, quartza, biotite, 
magnetite, and garnet

5.0–9.0 34.4–62.0

Biotite
 hornblende
 granite

Reddish
brown

Fine
grained

Orthoclase and microcline, quartza,
hornblende, biotite, plagioclase and 
magnetite

6.0–9.0 41.3–62.0

Biotite-mus-
covite

Light
gray

Medium to
fine grained

Microcline, quartz, plagioclase, biotite, 
muscovite and magnetite 5.0–7.0 34.4–48.2

Diabase
Dark 
gray

Fine
grained

Plagioclase, pyroxene and magnetite 9.0–12.0 62.0–82.7
Hypersthene
Gabbro

Plagioclase, pryoxene, hornblende, mag-
netite and biotite 10.0–12.0 68.9–82.7

Muscovite-
biotite gran-
ite-gneiss

Light
gray

Medium
grained

Microcline and orthoclase, oligoclase, 
quartz, rutile, muscovite 3.5–8.0 24.1–55.1
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specialized applications and these manufacturers have engineering staffs that will design a
surface plate to meet those needs. However most applications and manufacturers products
fall under the design guidelines of the tables in the GGG-P-463c Federal Specification.

Surface plate grades are established in the Federal Specifications and are the guidelines
by which the plates are calibrated. The flatness tolerances in microinches for standard
inch-dimension plates, listed in Table 3a., are obtained through the standard formula:

where D = diagonal or diameter of the plate in inches. The calculated flatness tolerance for
grade AA is rounded to the nearest 25µin.

For metric plate sizes, the total flatness tolerance of grade AA plates in micrometers is:

where D = diagonal or diameter of the plate in millimeters. 
For both the inch and metric plates, the tolerances of the A and B grades are 2 and 4 times,

respectively, those for grade AA.
Tables 3a and 3b, adapted from Federal Specification GGG-P-463c contains the calcu-

lated tolerances for the standard size and grades of rectangular and round surface plates.

Table 2a. Standard Sizes for Rectangular Granite Surface Plates  GGG-P-463c

Inch Metric

Width
(inch)

Length
(inch)

Calculated
Diagonal (inch)

Area
(ft2)

Width
(mm)

Length
(mm)

Calculated
Diagonal (mm)

Area
(m2)

12
12 17.0 1

300
300 424 0.090

18 21.6 1.5 350 541 0.135

18
18 25.5 2.25

450
450 636 0.202

24 30.0 3 600 750 0.270

24
24 33.9 4

600
600 849 0.360

36 43.3 6 900 1082 0.540
48 53.7 8 1200 1342 0.720

36

36 50.9 9

900

900 1273 0.810
48 60.0 12 1200 1500 1.080
60 70.0 15 1500 1749 1.350
72 80.5 18 1800 2012 1.620

48

48 67.9 16

1200

1200 1697 1.440
60 76.9 20 1500 1921 1.800
72 86.5 24 1800 2163 2.160
96 107.3 32 2400 2683 2.880
120 129.2 40 3000 3231 3.600

60 120 134.2 50 1500 300 3304 4.500

72
96 120.0 48

1800
2400 3000 4.320

144 161.0 72 3600 4025 6.480

Table 2b. Standard Sizes for Round Granite Surface Plates  GGG-P-463c

Inch Millimeter

Diameter (inch) Area (ft2) Diameter (mm) Area (m2)

12 0.8 300 0.071
18 1.8 450 0.159
24 3.1 600 0.283
36 7.1 900 0.636
48 48 1200 1.131

Thickness: For rectangular and round surface plates, specify thickness only if essential; see Appendix 30 and inch 
and metric versions of Tables XI and XII of GGG-P-463c.

Total flatness tolerance for inch-dimension grade AA plates 40
D2

25
------ µin.+=

Total flatness tolerance for metric grade AA plates 1 1.62D2 6–×10  µm+=
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Calibration of Surface Plates.—Surface plates, like other precision instruments, will
drift out of tolerance in time and need to be periodically checked and even adjusted to
maintain accuracy. For a surface plate this adjustment involves lapping the surface and
physically removing material until the entire surface is once again flat to within the limits
of the grade that it was made. This is a labor intensive adjustment that should only be
attempted by a trained technician with the appropriate tools. An untrained technician, even
with the proper lapping tools and compounds, may cause more harm than good when
attempting such an adjustment.

However, with proper care and cleaning a surface plate may not need lapping at every
calibration. Completing the calibration process will give the quality assurance program the
data needed to identify wear patterns on a surface plate and have the proper maintenance
completed before an out of tolerance condition occurs, thereby avoiding a costly failure
impact analysis and reinspection of parts, or even a recall of finished parts from a cus-
tomer. The calibration process is a cost effective alternative to these undesirable effects.

Fig. 1 illustrates the “Union Jack” or eight line pattern that is used to analyze the overall
flatness of the surface plate working area. Each line is measured independently and the
positive and negative elevations are recorded at predetermined intervals. The peak to val-

Table 3a. Total Flatness Tolerance, Rectangular Surface Plates GGG-P-463c

Rectangular Plates

Inch Sizes, Tolerances in Microinches Millimeter Sizes, Tolerances in Micrometers

Width
(inch)

Length
(inch)

Grade
AA

Grade
A

Grade
B

Width
(mm)

Length
(mm)

Grade
AA

Grade
A

Grade
B

12
12 50 100 200

300
300 1.3 2.6 5.2

18 50 100 200 450 1.5 2.9 5.9

18
18 50 100 200

450
450 1.6 3.3 6.6

24 75 150 300 600 1.9 3.8 7.6

24
24 75 150 300

600
600 2.2 4.3 8.6

36 100 200 400 900 2.9 5.7 11.5
48 150 300 600 1200 3.9 7.8 15.5

36

36 150 300 600

900

900 3.6 7.2 14.4
48 200 400 800 1200 4.6 9.2 18.4
60 250 500 1000 1500 5.9 11.8 23.6.
72 300 600 1200 1800 7.5 15.0 29.9

48

48 200 400 800

1200

1200 5.6 11.2 22.4
60 300 600 1200 1500 6.9 13.8 17.6
72 350 700 1400 1800 8.5 17.0 33.9
96 500 1000 2000 2400 12.5 25.0 50.0

120 700 1400 2800 3000 17.7 35.4 70.8
60 120 750 1500 3000 1500 3000 18.5 36.9 73.9

72
96 600 1200 2400

1800
2400 15.4 30.8 61.6

144 1100 2200 4400 3600 26.9 53.8 107.7

Table 3b. Total Flatness Tolerance, Round Surface Plates  GGG-P-463c

Round Plates

Inch Sizes, Tolerances in Microinches Millimeter Sizes, Tolerances in Micrometers

Diameter
(inch)

Grade
AA

Grade
A

Grade
B

Diameter
(mm)

Grade
AA

Grade
A

Grade
B

12 50 100 200 300 1.1 2.3 4.6
18 50 100 200 450 1.3 2.5 5.3
24 75 150 300 600 1.6 3.2 6.3
36 100 200 400 900 2.3 4.6 9.2
48 125 250 500 1200 3.3 6.6 13.2
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ley flatness is calculated from the recorded data. This method was developed by JC Moody
while working for the Sandia Corp. and the resulting plot of the data points is referred to as
a Moody Plot. There are many software packages available that simplify the process of cal-
culating this plot and provide a detailed printout of the data in a graphical format. 
Repeat-o-Meter Method (Fed. Spec. GGG-P-463c).—The easiest and quickest method
of monitoring for surface plate wear and tolerance adherence is the Repeat-o-Meter
method. A repeat reading gage similar in design to the one shown in Fig. 2 is used to estab-
lish the variation in flatness of the surface plate. 

The gage is placed at the center of the surface plate and the indicator is set to zero. The
eight line Union Jack pattern, Fig. 1, is then scanned in the sequence defined in the Federal
Specification GGG-P-463c. The result of the maximum reading minus the minimum read-
ing shall not exceed the flatness tolerance expressed in Tables 4a and 4b for inch and milli-
meter sized plates, respectively. 

Fig. 1. Union Jack pattern

Fig. 2. Repeat Reading Gage from Federal Specification GGG-P-463c

Table 4a. Tolerance for Repeat Reading of Measurement (microinches)

Diagonal / Diameter
 Range Grade AA Grade A Grade B

ObtainedOver Thru Full Indicator Movement (FIM), microinches

… 30 35 60 110

When not
specified

30 60 45 70 120
60 90 60 80 160
90 120 75 100 200
120 150 90 120 240
150 … 100 140 280

All Sizes 25 50 100 When specified

85

6

4

TI

TI MFG Label or Certification Label
(North Reference)

1

2

7
3

Floating ContactTwo Fixed Feet

Flexure Spring
3/8´́

Fixed
Foot

Handle Indicating
System

5´́

3/8´́3/8´́

5´́
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Note for Tables 4a and 4b: If it is intended that small objects be measured on large surface plates, it
should be noted that a larger tolerance in flatness over small areas is permitted on larger plates.

All points on the work surface shall be contained between two parallel planes, the roof
plane and the base plane. The distance between these planes shall be no greater than that
specified in the tolerance table for the respective grades. 

Autocollimator Calibration (Ref NAVAIR 17-20MD-14, 1 MAY 1995).—Cal ib r a -
tion of a surface plate by autocollimator is one of the most accurate and relatively quickest
methods in use today. The method has been in use since the advent of the autocollimator in
the 1940s but was refined by JC Moody with the development of the Moody plot analysis
method that utilized the data collected on perimeters, diagonals and bisectors. The result-
ing pattern resembles the “Union Jack” and is referred to as such.

Autocollimators today have been enhanced with the inclusion of CCD devices, digital
readouts, computer interfacing, and automatic data collection that calculates the devia-
tions and analyzes the results in a fraction of the time previously required, producing a full
color graphical diagram of the surface plate variances.

Figs. 3 and  4 show the positioning of the turning mirrors used when performing the sur-
face plate calibration with an autocollimator. 

Fig. 3. Placement of the first turning mirror and retroreflector: TO 33K6-4-137-1

Table 4b. Tolerance for Repeat Reading of Measurement (micrometers)

Diagonal / Diameter
 Range (mm) Grade AA Grade A Grade B

ObtainedOver Thru Full Indicator Movement (FIM), micrometers

… 800 35 60 110

When not
specified

800 1500 45 70 120
1500 2200 60 80 160
2200 3000 75 100 200
3000 3800 90 120 240
3800 … 100 140 280

All Sizes 0.6 1.3 2.5 When specified

First reading must be with mirror nearest autocollimator

Arrow heads on lines
indicate direction of
movement of mirrors

Standard Mirror Positions
lines 1, 3, 6

Note:
Example uses

mirror base feed
with 5 inch length

Numbers indicate
lines that are read

with autocollimator
in this position

L
in

e 
6 L

ine 7

SW SE

NE
NW

Line 4

Line 8Line 8

Line 2

Line 1

Line 2

Autocollimator
position 1 

Movable mirror
positions for
lines 1, 3, 6 

Line 3

MFG NameplateNorth Side

0

10

15

20

25

30

35

40
45

50

55

5

I-3-6
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Fig. 4. Turning mirror placement for remaining lines: TO 33K6-4-137-1

Interferometer Calibration (Ref TO 33K6-4-10-1 30 April 2006).—Calibration of a
surface plate can also be accomplished using a laser interferometer. The laser offers the
absolute lowest uncertainty in the calibration process and although it takes more time than
either of the other methods it is sometimes required by some customers that do military or
government contract work. There are several models and methods available on the market
today. The general process will be covered but familiarity with the particular model being
used is necessary to complete the full calibration procedure.

The process is much the same as the autocollimator calibration method using turning
mirrors. The laser tripod and laser head are located as close to the line being shot as possi-
ble. Move the tripod and realign the laser interferometer for each line during calibration. If
available, use the turning mirrors to facilitate the alignment of the beam. As with any high
precision physical measurements, air currents and vibrations will affect the indications.
Take precautions to minimize these affects. Clean the surface plate twice with surface
plate cleaner and once again with ethyl alcohol prior to beginning the calibration process. 

Mark the surface with lines as shown in Fig. 5 below. The lines will be either 3 or 4 inches
away from the edge of the surface plate depending on the size of the plate. The North side
of the plate will always be the side bearing the manufacturers label or the previous calibra-
tion label.

Fig. 5. Reference lines for Union Jack 1
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Clamp the straight edge to the surface plate in the position shown in Fig. 6 below. The
straightedge will always be offset from the center of the line so that the centerline of the
mirror will travel directly above the center of the reference line. 

Place the interferometer and retroreflector on the reference line closest to the laser head.
Direct the beam through the interferometer optics and using the vertical and horizontal
adjustments on the tripod head adjust until the beam returns through the optics and regis-
ters a strong beam strength on the beam strength indicator. 

Slide the retroreflector to the far end of the reference line and use the rotation adjustment
on the tripod head to swing the beam back into alignment with the laser head until once
again the beam strength indicator shows a strong beam strength. Using this method of
Translate Near / Rotate Far you will be able to align the beam with the path of the reference
line. Patience will be required and the manufacturer will also have information regarding
the best method for the specific model being used. 

Once the alignment of the first reference line has been completed, take the measurements
at the stations recommended by the software calculations. The number of stations will
change according to the size of the surface plate and the length of the footpad used for the
retroreflector. Record the values at each station along the first reference line then return to
the first position and verify that the reading repeats before proceeding to the next line.
Great care must be taken to ensure a clean plate and footpad, free of residue or buildup. A
very small amount of dirt or dust can cause and out of tolerance condition and result in
many wasted hours of failure impact analysis and possibly recall of parts to be reinspected
unnecessarily.

When the data from all the reference lines has been collected, the interferometer software
will calculate the overall flatness of the plate and make the determination as to whether or
not the plate meets the specific grade to which it has been assigned or needs to be lapped to
meet tolerance limits. If there is a failure determination, the plate will need to be lapped and
reshot to collect the “As Left” data and close the calibration event with an acceptance of the
calibration data. 

Lapping a surface plate is a very specific skill and should not be attempted by an amateur
or enthusiastic technician however good the intentions may be. Lapping requires special-
ized tools and compounds as well as skill. Attempting to lap a surface plate by an inexperi-
enced technician may well cause more damage than is already present. Always consult an
experienced and proven professional in this field.

Fig. 6. Placement of the straightedge for measurement of the first reference line

Straightedge

Straightedge
Face

MFG’s Namplate
W/SER. No.

Movable
Mirror

Clamp

Clamp

EastWest

North

South

TI
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Parallel Bars

Parallel bars are used for workpiece support during layout, machining, and inspection
operations. Parallel bars are made from either steel, cast-iron, or granite, come in a wide
range of sizes and are either used alone or in matched pairs. In general, there are four types
of parallel bars; Type I, Solid; Type II, Ribbed; Type III, Box; Type IV, Adjustable.
Although the parallel bar is a relatively simple tool it is still considered a precision instru-
ment and must be handled with the same attention to care and handling as other precision
ground and finished supporting gages. Most precision parallels are made from heat treated
steel and hardened to a Rockwell C55 to 60. Generally they have a finish of Ra 8 µin with a
fine finish free from all grind marks, chatter, or cracks. Granite parallel bars are also very
desirable in an environment where thermal expansion is a consideration or where steel or
cast iron would not be acceptable. Granite parallel bars are made to a very high degree of
accuracy and can be used in a precision inspection setup. 

Type I, Solid .—Type I parallel bars are designed to be used independently as an individ-
ual bar to aid in inspection setups. They can be used as a reference surface or to establish a
vertical plane perpendicular to a base plane. They can also be used as an extended support
plane, when used in matched pairs, to establish an elevated plane that is parallel to the base
plane. Type I parallel bars have four finished sides that shall not vary from a true plane by
more than 0.0002 inch per foot (0.005mm/300mm). The adjacent sides will be square to
each other within 0.0005 inch (0.012mm). Type I parallel bars will appear similar to Fig. 1
and will meet the tolerance specifications stated in Table 1.

Fig. 1. Parallel Bars, Type 1, Solid

Table 1. Steel and Cast Iron Parallel Bar Tolerances, Inch Sizes

Sizea

a Size as applicable to either width or height dimension specified by the manufacturer 

Tolerance Limits Width/Height 
Variance

Matched Pairs
(in.)

Straightness
(in.)

Parallelism
(in.)

Width/Height
(in.)

Inch Sizes
(in.) (in.) (in.) (in.) (in.)

1 ⁄8 to 3 ⁄16 0.002 0.0001 0.0002 0.0002
1 ⁄4 to 3 ⁄4 0.0005 0.0001 0.0002 0.0002

3 ⁄4 to 1-1 ⁄8 0.0002 0.0001 0.0002 0.0002
1-1 ⁄8 to 1-1 ⁄2 0.0002 0.00015 0.0003 0.0003

1-1 ⁄2 to 3 0.0002 0.0002 0.0004 0.0004
Millimeter Sizes

(mm) (mm) (mm) (mm) (mm)
3 to 5 0.0500 0.0025 0.0050 0.0050

6 to 20 0.0130 0.0025 0.0050 0.0050
20 to 25 0.0050 0.0025 0.0050 0.0050
25 to 35 0.0050 0.0040 0.0080 0.0080
35 to 75 0.0050 0.0050 0.0100 0.0100
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Some common size configurations available from most manufacturers of Type I preci-
sion parallel bars appear in Table 2. This is a representation of sizes that are available, how-
ever it is possible to have parallel bars custom made to a special order for a particular
application. In which case either the tolerance specifications of the engineering drawing or
the specifications defined in the Federal Specification GGG-P-61a shall apply. It is at the
discretion of the designing engineer which tolerances will apply in this case.

Type II, Ribbed.—The Type II parallel bars are rectangular in cross section and made
from a cast grey iron. The casting is ribbed to provide lightness while maintaining strength
and rigidity. The ribbing on the Type II parallel bar extends to the outer surfaces of the bar
and becomes an integral part of the working surface. The working surfaces of the Type II
have a fine ground surface that will not exceed a Ra value of 16 µin. All the sharp edges are
removed and the surface is free from all machining marks such as grind chatter or burn.
The Type II parallel bar is finished on the four sides of its length. The ends not being con-
sidered working surfaces are not finished for work applications. The Type II parallel bar is
a much more rugged design that the Type I and is designed to support workpieces of larger
dimensions. Type II parallel bars are commonly available in sizes up to 4 by 8 inches with
a length of 36 inches. Although larger in overall size, the Type II still maintains a very close
tolerance in straightness, parallelism, and squareness. 

Fig. 2. Parallel Bars, Type II, Ribbed

After each bar is cast and rough ground the bar is subject to a seasoning or aging process.
This process can either be natural or artificial. The aging process is necessary to provide
long term stability after finish grinding. Once the bar is aged and seasoned the final dimen-
sions will remain stable and not warp or twist for many years. Well made and seasoned
castings have been known to be in service for nearly 100 years and still hold their original
geometry. Type II parallel bars will appear similar to Fig. 2 and will conform to the toler-

Table 2. Common Sizes of Parallel Bars

Width and Height
(in.)

Length
± 0.002 

(in.)
Width and Height

(in.)

Length
± 0.002 

(in.)
Width and Height 

(in.)

Length
± 0.002 

(in.)
1⁄8 × 1 6 7⁄16 × 7⁄8 6 1⁄2 × 11⁄2 12

1⁄8 × 13⁄16 6 1⁄2 × 5⁄8 6 1⁄2 × 2 12
3⁄16 × 7⁄8 6 1⁄2 × 3⁄4 6 11⁄16 × 11⁄4 12

3⁄16 × 11⁄8 6 1⁄2 × 13⁄16 6 3⁄4 × 1 12
1⁄4 × 3⁄8 6 1⁄2 × 1 6 3⁄4 × 2 12
1⁄4 × 1⁄2 6 1⁄4 × 3⁄8 9 1 × 11⁄2 12
1⁄4 × 5⁄8 6 1⁄2 × 5⁄8 9 1 × 2 12
1⁄4 × 3⁄4 6 1⁄2 × 1 9 1 × 3 12
1⁄4 × 1 6 1⁄2 × 11⁄4 9 11⁄4 × 13⁄4 12
3⁄8 × 1⁄2 6 1⁄2 × 11⁄2 9 11⁄4 × 21⁄2 12
3⁄8 × 3⁄4 6 3⁄4 × 1 9 11⁄2 × 2 12
3⁄8 × 7⁄8 6 3⁄4 × 11⁄2 9 11⁄2 × 3 12
3⁄8 × 1 6 3⁄8 × 1 12
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ances defined in Table 3. Squareness and parallelism tolerances are Total Indicated Read-
ings (TIR) over the full length of the bar.

The following table shows some common sizes that are readily available from most man-
ufacturers of precision parallel bars. These are representative of the sizes that may be avail-
able in the general market and almost any size or combination may be special made for a
specific application. 

Type III, Box Parallel.—The Type III “Box” Parallel are designed to provide a wide
working surface. The Type III can either be square or rectangular in cross section. The rect-
angular design will have a rib running through the middle of the block the entire length.
This provides support to the two larger surfaces. The surfaces of all six sides will be finish
ground to a Ra average of 16µ inches and all sharp edges will be removed. The ground sur-
faces will all be free from grind chatter marks and grind burn marks. 

Fig. 3. Type III, Box Parallel

The Type III parallel bar, after casting and rough grinding will be subject to a seasoning
or aging process. This process can either be artificial or natural. This aging process insures
the stability of the material after the grinding process. The finished Type III parallel bars
will have a material hardness of Brinell 180 checked with a 10mm ball and a 3000 Kg load. 

Each of the six working surfaces will not vary from a true plane (straightness) by more
than 0.0002 inch per foot. The opposite sides and ends will be parallel to each other within
0.0005 inch. All adjacent sides will be square to each other within 0.0005 inch as well. The

Table 3. Tolerance Limits for Type II - Ribbed Parallel Bars

Size
Tolerance Limits Width/Height 

Variance
Matched PairsStraightness Parallelism Squareness

Inch Sizes
(inch) (inch) (inch) (inch) (inch)

11⁄2 × 3 × 24 0.0002 0.0005 0.0005 0.0005

2 × 4 × 24 0.0002 0.0005 0.0005 0.0005
21⁄2 × 5 × 24 0.0002 0.0005 0.0005 0.0005

3 × 6 × 36 0.0002 0.0005 0.0005 0.0005
4 × 8 × 36 0.0002 0.0005 0.0005 0.0005

Millimeter Sizes
(mm) (mm) (mm) (mm) (mm)

35 × 75 × 600 0.005 0.013 0.013 0.013
50 × 100 × 600 0.005 0.013 0.013 0.013
50 × 152 × 600 0.005 0.013 0.013 0.013
75 × 150 x1000 0.005 0.013 0.013 0.013

100 × 200 × 1000 0.005 0.013 0.013 0.013
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size as specified will also be within 0.0005 inch. The Type III box parallel will appear sim-
ilar to Fig. 3. Tolerances are given in Table 4.

Type IV, Adjustable Parallel.—The adjustable parallel is a precision parallel that is
adjustable to any height within a specified range. This design allows a flexibility in the use
of the parallel that the other designs to not posses. The adjustable parallel is made of close
grained, seasoned cast iron. After initial casting and rough machining the members of the
parallel are subject to an aging or seasoning process. This process can either be natural or
artificial. When complete, the member will have a hardness value of no less than a Rock-
well “B” scale 87. The final machining on the adjustable parallel shall have a finish of Ra
16 µin on the working surfaces and a Ra 32µin on the sides. The sides of the adjustable par-
allel are not designed to be working surfaces. 

Fig. 4. Type IV, Adjustable Parallel

 The adjustable parallel is made of two pieces. One piece is a fixed member machined
with a dovetail slot, and the other a sliding member machined with a dovetail that fits into
the slot and slides smoothly. It is this feature that gives the adjustable parallel the ability to
be adjusted to any height within the range specified. The width of the bearing surface
between the two members will be 1 ⁄2 the total thickness of the parallel. The two members
are held into place and fixed by a locking screw arrangement that secures the two members
and prevents them from moving or slipping after they have been set. Adjustable parallels
are supplied in either individual pieces or in sets that cover a wide range. The adjustable
parallel will conform to the tolerances defined in Table 5 and will appear similar to Fig. 4.
A bilateral tolerance will be applied to the parallelism and flatness

Granite Parallel, High Precision.—The granite parallel is designed for the very high
precision applications where thermal or magnetic properties must be taken into consider-
ation. The granite parallel is made with a much tighter tolerance than the cast iron or steel

Table 4. Tolerance Limits for Type III Box Parallel

Size
(in)

Straightness
(in)

Squareness
(in)

Parallelism
(in)

4 × 4 × 6 0.0001 0.0005 0.0005
4 × 6 × 6 0.0001 0.0005 0.0005
5 × 8 × 12 0.0002 0.0005 0.0005

10 × 10 × 10 0.0001 0.0005 0.0005

Table 5. Tolerance Limits for Type IV - Adjustable Parallel

Size (range)
(in)

Length
(in)

Thickness
(in)

Parallelism
(in)

Straightness
(flatness)

(in) Lock Screws

0.375 - 0.500 1.750 9 ⁄32 0.0005 0.00005 1
0.500 - 0.6875 2.125 9 ⁄32 0.0005 0.00005 1
0.6875 - 0.9375 2.6875 9 ⁄32 0.0007 0.00007 1
0.9375 - 1.3125 3.5625 9 ⁄32 0.0007 0.00009 2
1.3125 - 1.750 4.1875 9 ⁄32 0.0009 0.00010 2
1.750 - 2.250 5.0625 9 ⁄32 0.0009 0.00012 2
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parallels. The configuration is basically the same as the Type I solid parallel, the only dif-
ference is in the material and the tolerance limits. The Granite parallel is supplied in either
individual members or matched sets. Granite parallels must meet the tolerances defined in
the table below and will appear similar to Fig. 1.

Calibration, Precision Parallel Bars, Naval Air Systems and Air Force Metrology.—

It is commonly understood that wear and naturally occurring damage will affect the per-
formance of all precision measuring equipment. Identifying an out of tolerance condition
before it can impact a critical measurement is the primary goal of calibration. Parallel bars
are no exception to this rule. A precision ground steel or cast iron parallel bar may become
worn or even deformed from daily wear or excessive forces applied. A granite parallel can
also show evidence of wear, and due to the extremely close tolerances applied to granite
parallel bars the monitoring of these instruments is even more critical. It is not extremely
difficult to perform the calibration of the parallel bar and it can be achieved in a relatively
short period of time in a temperature controlled environment on a clean surface plate with
an electronic indicator, a height transfer standard, and a few gage blocks. The features that
will be observed are Flatness, Parallelism and Height and Width of matched pairs. The
exact height and width of individual parallel bars is not a critical feature but in this status
they can only be used independently. 

As an additional note, a Pratt & Whitney Supermicrometer can be used to measure the
exact height and width of a set of matched parallel bars, but in the absence of this instru-
ment, the same results can be achieved with the instruments listed above. The uncertainty
of the measurement is effectively the same and the confidence in the results is just as high
with either method.
Flatness (Straightness) Calibration Method.—In any calibration the first steps are to
ensure a clean working surface and a proper setup of the standards and measuring instru-
ments. To that end, the first step is to clean the surface plate thoroughly with an approved
surface plate cleaner and place the electronic indicator next to the working. The indicator
should be powered up and allowed to warm up. The surface plate should be of an accuracy
grade to provide a surface flatness deviation no greater than 0.00005" within the working
surface that will be used. The UUT or Unit Under Test should be cleaned and, as a prelim-
inary step to calibration, should be deburred with a clean ultra-fine hard Arkansas stone or
gage block deburring stone. Only the edges should be stoned as this is where most burrs
will occur. However all edges corners and surfaces should be observed to ensure no dam-
age or burring is present before proceeding. 

For precision cast iron or steel parallel bars the UUT will be set up on two gage blocks of
the same size and accuracy grade. A 2.000" gage block is recommended as a minimum.
This will allow access both sides of the parallel bar when taking data to determine the flat-
ness of each side. It is important that the gage blocks are placed at the correct points to sup-
port the UUT without any sagging effect on the bar. These are called Airy points and are
calculated by a simple formula:

Airy point separation distance = 0.554L,where L is the length of the UUT.

Table 6. Tolerance Limits - Granite Parallel

Size
(in)

Grade AA Grade A Grade B

Flatness and Parallelism Flatness and Parallelism Flatness and Parallelism

0.5 × 1 × 6 0.000025 0.00005 0.00010
0.750 × 1 × 6 0.00003 0.00006 N/A

0.750 × 1.5 × 9 0.00004 0.00008 0.00010
1 × 2 × 12 0.00006 0.00010 N/A

1.5 × 3 × 18 0.00015 0.00030 N/A
2 × 4 × 24 0.00020 0.00040 N/A

1.5 × 4 × 30 0.00025 0.00040 N/A
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Example:For a 12.00" UUT, the gage blocks should be placed 0.554 × 12.00 = 6.650
inches apart and located (12.00 − 6.650) ⁄2 = 2.675 inches from each end, as shown in Fig.
5. This distance should be very close to the calculated distance but it does not have to exact.
Establishing the distance using a machinists rule within 0.100" is sufficient. 

The UUT will be marked at five points equally spaced along the distance of each surface.
The marks should be done with a felt tipped marker or other suitable method. By general
convention the largest parallel surfaces are designated A and B. The two smaller surfaces
are C and D. The markings A1 through D1 and A2 through D2 should be aligned with one
another. A datasheet similar to the one shown in Table 7 should be created to collect the
data and aid in the calculations of the deviations. 

With the UUT placed on the gage blocks as shown, configure the electronic indicator to
measure “over” and set the indicator amplifier range to ±0.0002 with a resolution of
0.00001". It is recommended however to begin the readings at a slightly higher range and
dial the scale in to a more sensitive resolution to determine the magnitude of the error. This
will keep the readings on scale. Take the final readings in the highest sensitivity scale.

Place the indicator contact point on the UUT at the A1 position and zero the amplifier. All
readings will have the x1 position as the zero point. (A1, B1, C1, D1) All deviations will be
from this point.

Sweep the surface of the UUT, recording on the datasheet the deviation as indicated at
each of the calibration points. Ensure that each point does not exceed the documented tol-
erance for the type, style, grade, and size of the UUT. 

When Side A has been scanned adjust the electronic indicator contact point for “Under”
measurements and place the contact point at the B1 calibration point and zero the indicator
amplifier. This measurement is taken from the underside of the UUT and the data collected
will be used to calculate the parallelism of the two sides A to B. Once again sweep the sur-
face and record the deviations of the surface at each of the designated calibration points.
Verify that all readings for sides A and B are within the tolerance limits assigned to the
UUT.

Parallelism will be calculated from the sum of the deviations of each side. Calculate the
sum of the deviations at each calibration point for surfaces A and B. The sum of the devia-
tions will reveal the parallelism of the two surfaces. Verify that the values calculated are
within the assigned tolerances for the UUT.

Carefully move the UUT to the adjacent sides (C and D) with side C up and repeat the
sequence to determine the flatness and parallelism for sides C and D. Once complete and
the values have been determined to be within the assigned tolerance limits, remove the
UUT from the gage blocks and place on the surface pate. If this is a matched set of parallel

Fig. 5. Parallel Bar Flatness Setup
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bars place the second member on the gage blocks as for the first member and complete the
sequence for the second member. 

Height and Width, Matched Sets.—The calibration of height and width of matched sets
of steel or cast iron parallel bars is a relatively simple process. Place the two parallel bars
side by side on the surface plate in the same orientation. That is with the same side up and
the predefined calibration points adjacent to each other. One parallel bar will be designated
as “A” and the other as “B”.

 Position the height transfer gage next to the parallel bars and dial the transfer gage to the
dimension of the side under test. Zero the electronic indicator on the transfer gage. Pull
back the indicator probe off the land of the transfer gage and then replace it onto the land
and ensure the zero setting repeats. If it does not repeat, re-zero the indicator amplifier and
repeat the reading again. Verify the zero setting in this manner until the reading repeats
three times in a row with no variation. Then move the indicator probe to the surface of the
“A” parallel bar and observe the deviation from zero reading. Sweep the entire surface and
verify that all readings fall within the tolerance limits defined for the type and grade under
test. Return the indicator probe to the transfer gage land and confirm that the zero point has
not shifted before accepting the readings observed. If the zero point has shifted it will be
necessary to repeat the zero point setup and take the readings from the parallel bar again. If
the readings are acceptable proceed to the “B” parallel bar and verify that the deviation

Table 7. Calibration of Parallel Bar and Matched Parallel Bar Sets

Straightness
Surface A Nominal As Found As Left Tolerance

Zero Setting (Point 1)
Cal Point 2     
Cal Point 3     
Cal Point 4     
Cal Point 5     

Surface B (under) Nominal As Found As Left Tolerance
Zero Setting (Point 1)

Cal Point 2     
Cal Point 3     
Cal Point 4     
Cal Point 5     

Surface C Nominal As Found As Left Tolerance
Zero Setting (Point 1)

Cal Point 2     
Cal Point 3     
Cal Point 4     
Cal Point 5     

Surface D (under) Nominal As Found As Left Tolerance
Zero Setting (Point 1)

Cal Point 2     
Cal Point 3     
Cal Point 4     
Cal Point 5     

Parallelism Calculations
Sum Surfaces A + B Nominal As Found As Left Tolerance

A2 + B2     
A3 + B3     
A4 + B4     
A5 + B5     

Sum Surfaces C + D Nominal As Found As Left Tolerance
C2 + D2     
C3 + D3     
C4 + D4     
C5 + D5     
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from zero reading is within the tolerance limits defined and the deviation from the “A”
block are not beyond the limits for the type and grade under test. 

The size limitations for the granite parallel bars are not as rigid for the individual bars.
The acceptable limits for size being ±1 ⁄32 inch. However the tolerance for size for the
matched sets is the same as for the steel and cast iron. The calibration procedure for the
granite parallel bars is the same as for steel and cast iron. 

As a final note it should be mentioned that a Pratt & Whitney Supermicrometer can also
be used to calibrate the height and width of a parallel bar or a matched set of parallel bars.
The Supermicrometer is set up using a gage block or gage block stack to the precise dimen-
sion of either the height or width of the parallel bar and zeroed at that point. The gage block
is then removed and the parallel bar is set on the elevating table between the anvils of the
Supermicrometer and supported by two flatted rounds. The parallel bar is then measured at
the first calibration point and the reading compared to the tolerance limits to assure compli-
ance. The bar is then measured at each remaining calibration point, verifying at each point
the compliance to the tolerance limits. This same process is then completed for the “B” par-
allel bar in the matched set and the values obtained in the measurement of the “A” bar are
compared to assure the deviations in the matched sizes are within the tolerance limits. This
method is very good for smaller parallel bar matched sets if a Supermicrometer is avail-
able.

Right Angle Plates

Right angle plates or knees, as they are more generally referred to, are divided into six
different types as defined in Federal Specification GGG-P-441A. Right angle plates are
used in both machining applications and the setup and inspection of machined parts and
assemblies. The plate material is usually high grade, fine grained, controlled process iron
or iron alloy castings. These castings are always of uniform quality, free from blow holes,
porosity or other material inconsistencies, and defects. All castings after being rough cut
are stress relieved to assure dimensional stability and become more stable as they age.
With proper care and surface maintenance angle plates can perform for many years. Fine
angle plates over 50 years old are still in service. 
Right-angle Plate Grades.—Most right angle plates are manufactured to meet the guide-
lines and tolerances laid out in the GGG-P-441A or IS 2554:1971 (India Standards
Bureau). While these two governing documents may differ slightly from each other, they
both achieve the goal of establishing dimensional guidelines and tolerances that enable the
manufacturer to produce a dependably consistent product with values and accuracies that
the customer requires to maintain a high degree of measurement confidence in their quality
systems.

Angle plates come in grades according to the surface finish that is applied and the dimen-
sional accuracies that they are manufactured to. The assigned grade is in direct correlation

Fig. 6. Parallel Bar Matched Set, Height and Width Calibration
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to the quality and accuracy of the angle plate. Federal Specification GGG-P-441A speci-
fies three Grades of surface finish applied to right angle plates. In addition, there are six
distinct Types of angle plates that have unique properties according to their specifically
designed target uses in the manufacturing process. 

Grade A angle plates are the highest grade of plates and are used in precise applications
where the smallest deviation from square (90°) is required. These plates are used in various
industries for clamping and holding work in a vertical position. The scraped surface is ben-
eficial for supporting work in a very precise vertical plane and facilitating the dispersion of
lubricants and coolants during the manufacturing process. Grade A plates are required to
have working surfaces that are fine precision scraped with relief spots to prevent sticking
of gage blocks or precision lapped instruments. These relief spots allow the surface to be
controlled to a high degree of flatness. Each square inch of surface on a Grade A plate has
15 to 18 spotting cavities, from 0.0002" to 0.0005" deep, and a bearing surface of 20 to
40%. The bearing area does not deviate from the mean plane by more than 0.0001 inch in
over 24 inches, and no more than 0.0002 inch in up to 60 inches, as per Table 1. No square
inch may vary from the adjacent area by more than 0.0001" per square foot. The adjacent
working surfaces on any Grade A angle plate shall not vary from square by more than
0.0001" in every 8". This equates to 2.5 arc seconds. These angle plates make excellent fix-
turing for high precision shaping, milling, grinding, drilling, or boring operations. 

Grade B plates are made to meet requirements of precision inspection and calibration
operations. Although the style of the plate can accommodate uses in any of the manufactur-
ing practices, the precision ground surface finish lends itself to inspection applications on
the surface plate and use in calibration laboratories, high precision inspection stations, or
situations where a fine precision ground finish is desired and the highest degree of accu-
racy necessary. The Grade B angle plate has a working surface that is precision ground to a
roughness average value of not more that 16 microinches for plates less than 64 square
inches and 32 microinches for larger plates. The precision ground surface of the Grade B
plate is well suited to the applications involved in the inspection process of high accuracy,
tight tolerance, precision made parts. The fine ground finish offers a precise surface that
does not deviate from the mean plane by more than 0.0001 inch in over 24 inches, and no
more than 0.0002 inch in up to 60 inches, as per Table 1. No adjacent areas shall vary with
each other by more than 0.0001 inch per square foot. The aspect that is most critical about
the angle plate is the control of squareness and the ability to pass on the accuracy to the
parts being machined or inspected. All adjacent working surfaces will not vary from
square by more than 0.0001 inch in every 8 inches. This high degree of accuracy in the
Grade A and Grade B angle plates provides the measurement assurance necessary to
inspect precision parts and calibrate precision measuring instruments.

Grade C angle plates are the workhorses of the plate grades. Designed to have a smooth
machined finish and controlled to not exceed a surface roughness of 32 r.m.s. The bearing
area of the working surface shall not exceed a deviation from the mean plane any greater
than between 0.0002 to 0.0008 inch depending on the size of the bearing area, as per Table
1. Furthermore no adjacent square foot may deviate from another by more than 0.0003 inch

Table 1. Maximum Permissible Deviation of Bearing
Area from Main Plane ( GGG-P-441A)

Maximum dimension of
working surface, inches

Maximum permissible deviation
of bearing areas from mean plane, inch

Above To and including Grades A and B Grade C

21⁄2 12
0.0001 0.0002

12 24
24 36

0.0002
0.0004

36 48 0.0006
48 60 0.0008
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per square foot. This ensures that the bearing surface is tightly controlled in the graduation
of allowable error and will not deviate from the mean plane beyond the allowable limits.
Deviation beyond the allowable graduation limits will introduce an error in the surface
flatness beyond the functional limits. This flatness deviation control enables the surface of
the angle plate to support the workpiece in such a manner as to not introduce errors due to
nonuniform support beneath the workpiece or squareness errors from the adjacent sides.

IS 2554:1971 Grades: Standard sizes and accuracy of angle plates specified by IS
2554:1971 (India Standards Bureau) are given in Tables 2a and 2b.

Table 2a. Sizes and Accuracy of Slotted Angle Plates Metric Sizes ( IS 2554:1971)

Size
(mm)

L × B × H

Accuracy in Microns, µm

Flatness of 
Working Faces

Squareness of 
Working Faces

over Dimension H

Parallelism of
Opposite Faces &
Edges over their

 Total Length

Squareness of End
 Faces with Respect
 to Exterior Faces as

Measured over
 Dimension L

Grade 1

150 × 100 × 125 5 10 13 13
150 × 150 × 150 5 10 13 13
175 × 100 × 125 5 13 15 15
200 × 150 × 125 8 15 18 18
250 × 150 × 175 8 15 18 18
300 × 200 × 225 8 18 20 20
300 × 300 × 300 8 18 20 20
350 × 200 × 250 8 18 20 20
450 × 300 × 350 10 18 20 20
400 × 400 × 400 10 18 20 20
600 × 400 × 450 10 20 23 23

Grade 2

700 × 420 × 700
50 140 140 140900 × 600 × 700

1000 × 700 × 500

Table 2b.  Sizes and Accuracy of Slotted Angle Plates Inch Sizes ( IS 2554:1971)

Size
(in)

L × B × H

Accuracy in Inches

Flatness of 
Working Faces

Squareness of 
Working Faces

over Dimension H

Parallelism of
Opposite Faces &
 Edges over their

 Total Length

Squareness of End
 Faces with Respect
 to Exterior Faces as

 Measured over
 Dimension L

Grade 1

6 × 4 × 5 0.0002 0.0004 0.0005 0.0005
6 × 6 × 6 0.0002 0.0004 0.0005 0.0005
7 × 6 × 5 0.0002 0.0005 0.0006 0.0006
8 × 6 × 5 0.0003 0.0006 0.0007 0.0007
10 × 6 × 7 0.0003 0.0006 0.0007 0.0007
12 × 8 × 9 0.0003 0.0007 0.0008 0.0008

12 × 12 × 12 0.0003 0.0007 0.0008 0.0008
14 × 8 × 10 0.0003 0.0007 0.0008 0.0008
18 × 12 × 14 0.0004 0.0007 0.0008 0.0008
16 × 16 × 16 0.0004 0.0007 0.0008 0.0008
24 × 16 × 18 0.0004 0.0008 0.0009 0.0009

Grade 2

28 × 16 × 28
0.002 0.0055 0.0055 0.005536 × 24 × 28

24 × 16 × 18
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Angle Plate Types.—The right angle plate is further divided into Types and Classes, each
type having unique characteristics and uses. Types I, II, and III angle plates or knees are
intended to be used by craftsmen for ordinary machine shop operations; Types IV, V, and
VI are intended to be used principally by toolmakers and for precision type work.

Type I: Class 1-Plain Right-angle Plate and Class 2-Slotted Right-angle Plate: The
Type I Class 1 angle plate has two members with the outside surfaces at right angles to each
other. Both the working surfaces and the ends are machined square to within the tolerance
limits assigned to their grade, (Fig. 1a).  Type I Class 2 plates are similar to Class 1 with the
vertical and horizontal slots provided on one or both faces, (Fig. 1b).

All the right angle plates of the various types have ribbing of sufficient thickness to
assure maximum support for flatness, squareness, and stability. Class 1 plates of approxi-
mately 10 to 12 inches will have at least 2 ribs, 16 to 24 inches will have at least 3 ribs, and
36 inches and above will have a minimum of 4 ribs in their design. 

Plates weighing over 75 pounds are designed with lifting holes in the ribbing or threaded
holes for the placement of lifting eyes. 

Type I, Class 3, Measuring Plane Right-angle Plate: The Type I Class 3 angle plate, Fig.
1c, is designed to establish a measuring plane for production or inspection functions. It has
two outside working surfaces that are at right angles to each other. The working surfaces
are finished according to the grade specified and are the only two faces designed for func-
tional operation. Unless specifically ordered otherwise, the sides and ends will be finish
ground only, and these surfaces are not to be used to determine or establish squareness. The
rib provides support between the ends of the plate and is cored out to provide good hand
gripping surface without sacrificing the stabilizing effect of the rib. The short base member
“Y” is provided with a suitable hole so the plate may be bolted to the table of a machine or
a tapped hole in a surface plate. 

Type II, Inside Right-angle Plate: The Type II right angle plate is an inside right angle
that is constructed with the same adherence to squareness and finish as the outside angle
plates, Fig. 2. The inside angle plate is an inverted T-shaped casting formed by a base and
a perpendicular member of approximately the same thickness. One side of the perpendicu-
lar, the adjacent top side of the base, and the bottom of the base are the three working sur-
faces and are all finished in accordance to the grade specified. The opposite ends and
opposite sides are machined parallel and square to their respective working surfaces.

Fig. 1a. Type 1 Class 1-Plain Fig. 1b. Type 1 Class 2-Slotted
Fig. 1c. Type 1 Class 3,

Measuring-Plain

Fig. 2. Type II, Inside Right-angle Plate Fig. 3. Type III, Universal Right-angle Plates
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Type III, Universal Right-angle Plate: By far the most versatile and useful right angle
plate in the machine shop is the Type III universal right angle plate, Fig. 3. The Type III has
two outside working surfaces at right angles and all adjacent sides are ground and finished
to the same tolerance assigned to the main working surfaces. This provides a full range of
positioning capabilities and makes the universal right angle just as accurate on its side as it
is resting on its main working surface. All opposite sides are parallel within 0.0002 inch
per foot. The universal right angle has a rib located between the ends that is square in con-
figuration and provides support and stability to the main working surfaces while providing
additional working surfaces which can be utilized for work support due to the accuracy
assigned to the entire plate. The rib is hollowed out to provide good hand grip without sac-
rificing the stabilizing characteristics.

Type IV: Machinist's Adjustable Angle Plate: The Type IV adjustable angle plate, Fig. 4,
is designed to allow rotation of the workpiece through 360°. The workpiece support table
is adjustable from zero horizontal to 90° vertical in 10° increments. Basically the Type IV
machinist’s adjustable angle plate consists of a tilting table mounted on a rotary table base.
The base has heavy lugs or bolt slots to accommodate mounting the plate on machine tools.
The bottom of the base is machined true flat, parallel to the top plate and square to the ver-
tical axis. The base is the true foundation of the plate and must be manufactured to the
tightest of tolerances. All accuracies extend from the craftsmanship that is put into the base
work of the Type IV plate. The top of the rotary base is graduated in one degree increments
for the full 360° and is marked at least every 10° for a minimum of plus and minus 90° from
zero (0°). Most plates are marked around the full 360° in 10° major divisions with 1° minor
divisions, permanently engraved or etched on a chrome or brightly finished face for ease of
reading and maintenance. The standard rotary accuracy to which all Type IV plates are
made is ±2.5 minutes, noncumulative. This tolerance maintains the accuracy ratio neces-
sary to maintain a good measurement assurance level in your quality system. 

The tilting table consists of two plates joined together at one end by a precision hinge and
provided with an adjustable and positive locking mechanism. The bottom plate is attached
to the base at the vertical axis. This plate will swivel through 360° freely and will also have
a positive locking mechanism. The bottom of the plate is marked with a permanent line for
accurate positioning in relation to the graduations on the base. The top plate is made in one
piece as a casting and has T-slots milled in from the solid plate, as shown in Fig. 4.

The top plate is adjustable up to 90° and the positive locking mechanism is robust enough
to secure the workpiece into position during milling, drilling, or boring operations without
movement. The top plate is made with a protractor integrated into the design that is marked
from 0°(horizontal) to 90° (vertical) with major scale indications at every 10°. Minor scale
graduations may be indicated at 1° increments. The noncumulative error between gradua-
tions of the protractor is no greater than ±2.5 minutes which allows for a high level of con-
fidence in the measurements and operations made with this plate.

Fig. 4. Type IV, Machinist’s Adjustable Angle Plate Fig. 5. Type V, Toolmaker’s Adjustable Knee
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Type V, Toolmaker's Adjustable Angle Plate: The toolmaker’s adjustable knee or adjust-
able angle plate extends the capabilities of the right angle plate and allows for precise
adjustment of the support table or bearing surface from 0° (horizontal) through 90° (verti-
cal), Fig. 5. The same tolerances in regards to flatness and squareness applies to the bearing
surface and the base. 

The toolmakers adjustable knee is constructed of a plate, finished to the tolerances deter-
mined by the class specified, and a right angle iron with two ribs. The right angle iron and
the plate are joined together by a precision hinge that has the capability to be secured at any
position within the arc from 0° to 90°. The two ribs are of sufficient thickness to provide
stability and support enough to withstand the forces applied during boring, milling, drill-
ing, or grinding operations. The locking mechanism must be capable of maintaining its
locked position under the same circumstances. The table is provided with T-slots for the
mounting of the workpiece.

The adjustable angle plate has a quadrant scale that is divided into 90 divisions and a ver-
nier scale. The vernier scale is graduated into 5 minute divisions from 0 to 60 minutes on
either side of the zero index. The 0 (zero index) and every 15 minute index thereafter on
both sides of 0 is clearly marked with the corresponding number and the 5 minute divisions
are clearly readable. The quadrant scale has 1 degree divisions from 0° to 90°. The zero
index and every 10° index following will be clearly marked with the corresponding num-
ber. A tolerance not to exceed plus or minus 2 minutes, noncumulative, is given for the
error between any two graduations. 

Due to their specialized nature the toolmakers adjustable angle plate usually is only man-
ufactures in one size according to the GGG-P-441A Federal Specification.

Type VI: Toolmaker's Non-adjustable Angle Plate: The Type VI toolmaker's nonadjust-
able right angle plate is different from the other types in that it has two members. These
members have two working surfaces at right angle to each other as well as a finished pad on
the back of both working surfaces. The design is of sufficient thickness along with the rib-
bing to insure rigidity and stability in all operations and applications. 

Both front sides and the back side pads are considered functional working surfaces and
will be manufactured according to the grade specified. The working surfaces, the opposite
sides, and the opposite ends are all machined parallel to each other and square to their
respective working surfaces. All machined surfaces will meet the tolerance limits assigned
to the specified grade for finish, flatness, squareness, and parallelism. The Type VI tool-
maker's nonadjustable right angle plate will appear similar to Fig. 6.

Calibration and Maintenance of Right Angle Plates.—In many machine shops and
quality assurance programs, right angle plates are not calibrated and are considered “Cali-
bration Not Required” or “Reference Only” instruments that are not placed into the cali-
bration recall system. Inevitably, this practice may lead to unknown error in a
manufacturing operation or inspection procedure. However, calibration of a right angle
plate may be an investment in quality if it becomes evident that an angle plate that has worn

Fig. 6. Type VI, Toolmaker’s Non-adjustable Knee
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out of squareness or flatness is introducing error in a machining operation or inspection
process. There are several calibration procedures and methods for verifying the accuracy
of the right angle plate. 

Flatness Calibration: The first feature that should be calibrated is the flatness of the
working surfaces. The tolerances for the calibration of any individual right angle plate is
defined by the manufacturer and in their absence the GGG-P-441A shall provide an
acceptable calibration tolerance. For Type I, II and VI angle plates, the setup for the flat-
ness calibration will appear similar to Fig. 7.

Place the angle plate (the Test Instrument, or TI) on the leveling plate, as shown, and use
a jack stand or similar device to support the TI in position. A bubble level can assist in lev-
eling the plate. When the plate has been leveled, use the electronic indicator to measure the
surface following the pattern shown in the Detail A of Fig. 7. This pattern is generally
called the Union Jack in that it resembles the stripes on the British flag. 

Observe the readings and record the maximum plus and the maximum minus readings
overall. Subtract the maximum minus reading from the maximum plus reading and the
result is the overall flatness of the surface. This value must meet the manufacturers toler-
ance limits for the model under test or the tolerances specified in the GGG-P-441A. The
same process is performed for the side opposite and the sides of the TI. All readings must
meet the tolerances stated by the manufacturer or GGG-P-441A. Flatness is only checked
on TIs that require external hardware for support and leveling on the surface plate. On units
not requiring external support, such as Type III plates, flatness is checked as a function of
the parallelism calibration.

Parallelism Calibration (Type III Right Angle): The Type III universal right angle plate
has a parallelism tolerance due to the unique design of this unit. As was discussed previ-
ously the Type III is finished on all sides and is square and parallel to all working surfaces
and sides opposite. 

Before beginning the calibration process attention must be paid to the surface condition
to be certain that no burrs or damage to the edges or surface is present that might affect the
outcome of the measurements. A super fine grained “hard Arkansas stone” may be used to

Fig. 7. Calibration of Surface Flatness

General Parallelism Tolerances
Size Range Total Indicator Reading

> 2.5 to 24 inches 0.0004 inch TIR
> 24 to 36 inches 0.0008 inch TIR
> 36 to 48 inches 0.0012 inch TIR
> 48 to 60 inches 0.0016 inch TIR
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height gage

TI Measuring planes
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remove any burrs on the edges or surfaces prior to beginning the calibration process. After
the right angle plate is clean and free from burrs, the TI is placed on the surface plate as
shown in Fig. 8. There is no need for a leveling plate as the side opposite is finished and
parallel to the working surface, and the parallelism feature is what is being indicated. 

Using the electronic indicator as before, indicate the surface in the Union Jack pattern
and record the maximum plus and the maximum minus readings overall. In general, it is a
good idea to zero the electronic indicator in the center of the Union Jack and take the read-
ings from that point. This provides an easily repeated starting point and provides an overall
numerical picture of the parallelism of the surface. As before, subtract the minimum read-
ing from the maximum and the result must meet the tolerance limits specified by the man-
ufacturer or GGG-P-441A. Repeat this process for the remaining sides. All results must
meet the stated tolerances. 

Squareness Calibration (Preferred Method): The simplest method that can be used to
verify the squareness of the Type III universal right angle plate, as well as the squareness of
the other types, is quite sufficient when done properly to meet the accuracy ratio that is
required for a high confidence level measurement. This method provides quantifiable data
that can be assigned an uncertainty should the Quality System determine this necessary.
This method provides a good measurement to verify the squareness value and identify any
out of tolerance conditions before the error is passed on into the manufacturing or inspec-
tion process. 

Place the angle plate (TI) on the surface plate with two 0.1005 inch gage blocks between
the face of the angle plate and the face of the granite angle block, as shown in Fig. 9a.

Fig. 8. Measuring Flatness/Parallelism of Type III Right-angle Plate

Fig. 9a. Gage Blocks Between TI
and Granite Angle Block

Fig. 9b. Gage Blocks Between Rotated TI
and Granite Angle Block
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Then, beginning with a 0.1000 inch gage block, gently insert the gage block between the
TI and the granite angle block at the top edge of the TI. Continue placing increasingly
larger gage blocks between the TI and the granite angle block until the next larger gage
block cannot be inserted without moving the TI. A gentle force should be applied to make
sure the gage block is in direct contact with the granite surface, and as the gage block slides
between the TI and the granite there should be no resistance until reaching the gage block
size that is too large to go between without moving the granite. Record the size of this block
as Block A.  Rotate the TI and place the side opposite against the granite angle block as
shown in Fig. 9b. Repeat the gage block sequence as above and record the size of the gage
block as Block B.

To calculate the squareness of the working faces of the rotated TI follow the formula:

Example:Block A = 0.1001 inch and Block B = 0.1009 inch. 

Solution: The calculation would be 0.1001 minus 0.1009 divided by 2. The result being
(−)0.0004 in overall squareness of the working surfaces to a perfect perpendicular plane.

Repeat the sequence for all remaining sides opposite. All results must meet the tolerances
specified by the manufacturer or the GGG-P-441A standard. If for any reason the results
do not meet the specified tolerances it is possible to have the right angle plates refurbished
at a fraction of the cost of a new one. It is also possible that the deviations may be accept-
able to the quality system and if the results are discussed with the Quality Engineer the
decision may be made to accept the unit “As Is” and annotate the deviation for future refer-
ence. The unit may also be downgraded to a less critical operation and the previous appli-
cation be taken over by a new unit of acceptable condition. These decisions must be made
by the quality engineers or quality managers and follow the guidelines of the quality sys-
tem in place. 

Measurements Using Light

Measuring by Light-wave Interference Bands.—Surface variations as small as two
millionths (0.000002) inch can be detected by light-wave interference methods, using an
optical flat. An optical flat is a transparent block, usually of plate glass, clear fused quartz,
or borosilicate glass, the faces of which are finished to extremely fine limits (of the order of
1 to 8 millionths [0.000001 to 0.000008] inch, depending on the application) for flatness.
When an optical flat is placed on a “flat” surface, as shown in Fig. 1, any small departure
from flatness will result in formation of a wedge-shaped layer of air between the work sur-
face and the underside of the flat.

Light rays reflected from the work surface and underside of the flat either interfere with
or reinforce each other. Interference of two reflections results when the air gap measures
exactly half a wavelength of the light used, and produces a dark band across the work sur-
face when viewed perpendicularly, under monochromatic helium light. A light band is
produced halfway between the dark bands when the rays reinforce each other. With the
0.0000232-inch-wavelength helium light used, the dark bands occur where the optical flat
and work surface are separated by 11.6 millionths (0.0000116) inch, or multiples thereof.

Fig. 1. 
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For instance, at a distance of seven dark bands from the point of contact, as shown in Fig.
1, the underface of the optical flat is separated from the work surface by a distance of 7 ×
0.0000116 inch or 0.0000812 inch. The bands are separated more widely and the indica-
tions become increasingly distorted as the viewing angle departs from the perpendicular. If
the bands appear straight, equally spaced and parallel with each other, the work surface is
flat. Convex or concave surfaces cause the bands to curve correspondingly, and a cylindri-
cal tendency in the work surface will produce unevenly spaced, straight bands.
Interferometer.—The interferometer is an instrument of great precision for measuring
exceedingly small movements, distances, or displacements, by means of the interference
of two beams of light. Instruments of this type are used by physicists and by the makers of
astronomical instruments requiring great accuracy. Prior to the introduction of the interfer-
ometer, the compound microscope had to be used in connection with very delicate mea-
surements of length. The microscope, however, could not be used for objects smaller than
one-half a wave length of light. Two physicists (Professors Michelson and Morley) devel-
oped an instrument which was named the interferometer, for accomplishing in the labora-
tory what was beyond the range of the compound microscope. This instrument consisted
principally of a system of optical mirrors arranged in such a way as to let the waves of light
from a suitable source pass between and through them, the waves in the course of their
travel being divided and reflected a certain number of times, thus making it possible to
measure objects ten times smaller than was possible with the best compound microscope
obtainable. Professor C.W. Chamberlain of Denison University invented another instru-
ment known as the compound interferometer which is much more sensitive than the one
previously referred to; in fact, it is claimed that it will measure a distance as small as one
twenty-millionth of an inch. These compound interferometers have been constructed in
several different forms.

An important practical application of the interferometer is in measuring precision gages
by a fundamental method of measurement. The use of this optical apparatus is a scientific
undertaking, requiring considerable time and involving complex calculations. For this rea-
son all commercial methods of checking accuracy must be comparative, and the taking of
fundamental measurements is necessarily confined to the basic or primary standards, such
as are used to a very limited extent for checking working masters, where the greatest possi-
ble degree of accuracy is required. The interferometer is used to assist in determining the
number of light waves of known wave length (or color) which at a given instant are
between two planes coinciding with the opposite faces of a gage-block or whatever part is
to be measured. When this number is known, the thickness can be computed because the
lengths of the light waves used have been determined with almost absolute precision. The
light, therefore, becomes a scale with divisions — approximately two hundred-thou-
sandths inch apart.
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SURFACE TEXTURE

American National Standard Surface Texture
 (Surface Roughness, Waviness, and Lay)

American National Standard ANSI/ASME B46.1-1995 is concerned with the geometric
irregularities of surfaces of solid materials, physical specimens for gaging roughness, and
the characteristics of stylus instrumentation for measuring roughness. The standard
defines surface texture and its constituents: roughness, waviness, lay, and flaws. A set of
symbols for drawings, specifications, and reports is established. To ensure a uniform basis
for measurements the standard also provides specifications for Precision Reference Spec-
imens, and Roughness Comparison Specimens, and establishes requirements for stylus-
type instruments. The standard is not concerned with luster, appearance, color, corrosion
resistance, wear resistance, hardness, subsurface microstructure, surface integrity, and
many other characteristics that may be governing considerations in specific applications.

The standard is expressed in SI metric units but U.S. customary units may be used with-
out prejudice. The standard does not define the degrees of surface roughness and waviness
or type of lay suitable for specific purposes, nor does it specify the means by which any
degree of such irregularities may be obtained or produced. However, criteria for selection
of surface qualities and information on instrument techniques and methods of producing,
controlling and inspecting surfaces are included in Appendixes attached to the standard.
The Appendix sections are not considered a part of the standard: they are included for clar-
ification or information purposes only.

Surfaces, in general, are very complex in character. The standard deals only with the
height, width, and direction of surface irregularities because these characteristics are of
practical importance in specific applications. Surface texture designations as delineated in
this standard may not be a sufficient index to performance. Other part characteristics such
as dimensional and geometrical relationships, material, metallurgy, and stress must also be
controlled.

Definitions of Terms Relating to the Surfaces of Solid Materials.—The terms and rat-
ings in the standard relate to surfaces produced by such means as abrading, casting, coat-
ing, cutting, etching, plastic deformation, sintering, wear, and erosion. 

Error of form is considered to be that deviation from the nominal surface caused by
errors in machine tool ways, guides, insecure clamping or incorrect alignment of the work-
piece or wear, all of which are not included in surface texture. Out-of-roundness and out-
of-flatness are examples of errors of form. See ANSI/ASME B89.3.1-1972, R2003 for
measurement of out-of-roundness.

Flaws are unintentional, unexpected, and unwanted interruptions in the topography typ-
ical of a part surface and are defined as such only when agreed upon by buyer and seller. If
flaws are defined, the surface should be inspected specifically to determine whether flaws
are present, and rejected or accepted prior to performing final surface roughness measure-
ments. If defined flaws are not present, or if flaws are not defined, then interruptions in the
part surface may be included in roughness measurements.

Lay is the direction of the predominant surface pattern, ordinarily determined by the pro-
duction method used.

Roughness consists of the finer irregularities of the surface texture, usually including
those irregularities that result from the inherent action of the production process. These
irregularities are considered to include traverse feed marks and other irregularities within
the limits of the roughness sampling length.

Surface is the boundary of an object that separates that object from another object, sub-
stance or space.

Surface, measured is the real surface obtained by instrumental or other means. 
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Surface, nominal is the intended surface contour (exclusive of any intended surface
roughness), the shape and extent of which is usually shown and dimensioned on a drawing
or descriptive specification.

Surface, real is the actual boundary of the object. Manufacturing processes determine its
deviation from the nominal surface.

Surface texture is repetitive or random deviations from the real surface that forms the
three-dimensional topography of the surface. Surface texture includes roughness, wavi-
ness, lay and flaws. Fig. 1 is an example of a unidirectional lay surface. Roughness and
waviness parallel to the lay are not represented in the expanded views.

Waviness is the more widely spaced component of surface texture. Unless otherwise
noted, waviness includes all irregularities whose spacing is greater than the roughness
sampling length and less than the waviness sampling length. Waviness may result from

Fig. 1. Pictorial Display of Surface Characteristics
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such factors as machine or work deflections, vibration, chatter, heat-treatment or warping
strains. Roughness may be considered as being superposed on a ‘wavy’ surface.

Definitions of Terms Relating to the Measurement of Surface Texture.—Terms
regarding surface texture pertain to the geometric irregularities of surfaces and include
roughness, waviness and lay.

Profile is the contour of the surface in a plane measured normal, or perpendicular, to the
surface, unless another other angle is specified.

Graphical centerline. See Mean Line. 
Height (z) is considered to be those measurements of the profile in a direction normal, or

perpendicular, to the nominal profile. For digital instruments, the profile Z(x) is approxi-
mated by a set of digitized values. Height parameters are expressed in micrometers (µm).

Height range (z) is the maximum peak-to-valley surface height that can be detected
accurately with the instrument. It is measurement normal, or perpendicular, to the nominal
profile and is another key specification.

Mean line (M) is the line about which deviations are measured and is a line parallel to the
general direction of the profile within the limits of the sampling length. See Fig. 2. The
mean line may be determined in one of two ways. The filtered mean line is the centerline
established by the selected cutoff and its associated circuitry in an electronic roughness
average measuring instrument. The least squares mean line is formed by the nominal pro-
file but by dividing into selected lengths the sum of the squares of the deviations minimizes
the deviation from the nominal form. The form of the nominal profile could be a curve or a
straight line.

Peak is the point of maximum height on that portion of a profile that lies above the mean
line and between two intersections of the profile with the mean line.

Profile measured is a representation of the real profile obtained by instrumental or other
means. When the measured profile is a graphical representation, it will usually be distorted
through the use of different vertical and horizontal magnifications but shall otherwise be as
faithful to the profile as technically possible.

Profile, modified is the measured profile where filter mechanisms (including the instru-
ment datum) are used to minimize certain surface texture characteristics and emphasize
others. Instrument users apply profile modifications typically to differentiate surface
roughness from surface waviness. 

Profile, nominal is the profile of the nominal surface; it is the intended profile (exclusive
of any intended roughness profile). Profile is usually drawn in an x-z coordinate system.
See Fig. 2.

Profile, real is the profile of the real surface.
Profile, total is the measured profile where the heights and spacing may be amplified dif-

ferently but otherwise no filtering takes place.
Roughness profile is obtained by filtering out the longer wavelengths characteristic of

waviness.
Roughness spacing is the average spacing between adjacent peaks of the measured pro-

file within the roughness sampling length.

Fig. 2. Nominal and Measured Profiles
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Roughness topography is the modified topography obtained by filtering out the longer
wavelengths of waviness and form error.

Sampling length is the nominal spacing within which a surface characteristic is deter-
mined. The range of sampling lengths is a key specification of a measuring instrument. 

Spacing is the distance between specified points on the profile measured parallel to the
nominal profile.

Spatial (x) resolution is the smallest wavelength which can be resolved to 50% of the
actual amplitude. This also is a key specification of a measuring instrument.

System height resolution is the minimum height that can be distinguished from back-
ground noise of the measurement instrument. Background noise values can be determined
by measuring approximate rms roughness of a sample surface where actual roughness is
significantly less than the background noise of the measuring instrument. It is a key instru-
mentation specification.

Topography is the three-dimensional representation of geometric surface irregularities.
Topography, measured is the three-dimensional representation of geometric surface

irregularities obtained by measurement.
Topography, modified is the three-dimensional representation of geometric surface

irregularities obtained by measurement but filtered to minimize certain surface character-
istics and accentuate others.

Valley is the point of maximum depth on that portion of a profile that lies below the mean
line and between two intersections of the profile with the mean line.

Waviness, evaluation length (L), is the length within which waviness parameters are
determined.

Waviness, long-wavelength cutoff (lcw)  the spatial wavelength above which the undula-
tions of waviness profile are removed to identify form parameters. A digital Gaussian filter
can be used to separate form error from waviness but its use must be specified.

Waviness profile is obtained by filtering out the shorter roughness wavelengths charac-
teristic of roughness and the longer wavelengths associated with the part form parameters.

Waviness sampling length is a concept no longer used. See waviness long-wavelength
cutoff and waviness evaluation length.

Waviness short-wavelength cutoff (lsw)  is the spatial wavelength below which rough-
ness parameters are removed by electrical or digital filters.

Waviness topography is the modified topography obtained by filtering out the shorter
wavelengths of roughness and the longer wavelengths associated with form error.

Waviness spacing is the average spacing between adjacent peaks of the measured profile
within the waviness sampling length.
Sampling Lengths.—Sampling length is the normal interval for a single value of a sur-
face parameter. Generally it is the longest spatial wavelength to be included in the profile
measurement. Range of sampling lengths is an important specification for a measuring
instrument.

Fig. 3. Traverse Length

Roughness sampling length (l) is the sampling length within which the roughness aver-
age is determined. This length is chosen to separate the profile irregularities which are des-
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ignated as roughness from those irregularities designated as waviness. It is different from
evaluation length (L) and the traversing length. See Fig. 3.

Evaluation length (L) is the length the surface characteristics are evaluated. The evalua-
tion length is a key specification of a measuring instrument.

Traversing length is profile length traversed to establish a representative evaluation
length. It is always longer than the evaluation length. See Section 4.4.4 of ANSI/ASME
B46.1-1995 for values which should be used for different type measurements.

Cutoff is the electrical response characteristic of the measuring instrument which is
selected to limit the spacing of the surface irregularities to be included in the assessment of
surface texture. Cutoff is rated in millimeters. In most electrical averaging instruments, the
cutoff can be user selected and is a characteristic of the instrument rather than of the surface
being measured. In specifying the cutoff, care must be taken to choose a value which will
include all the surface irregularities to be assessed.

Waviness sampling length (l) is a concept no longer used. See waviness long-wavelength
cutoff and waviness evaluation length. 
Roughness Parameters.—Roughness is the fine irregularities of the surface texture
resulting from the production process or material condition.

Roughness average (Ra), also known as arithmetic average (AA) is the arithmetic aver-
age of the absolute values of the measured profile height deviations divided by the evalua-
tion length, L. This is shown as the shaded area of Fig. 4 and generally includes sampling
lengths or cutoffs. For graphical determinations of roughness average, the height devia-
tions are measured normal, or perpendicular, to the chart center line.

Fig. 4. 

Roughness average is expressed in micrometers (µm). A micrometer is one millionth of
a meter (0.000001 meter). A microinch (µin) is one millionth of an inch (0.000001 inch).
One microinch equals 0.0254 micrometer (1 µin. = 0.0254 µm).

Roughness Average Value (Ra) From Continuously Averaging Meter Reading may be
made of readings from stylus-type instruments of the continuously averaging type. To
ensure uniform interpretation, it should be understood that the reading that is considered
significant is the mean reading around which the needle tends to dwell or fluctuate with a
small amplitude.

Roughness is also indicated by the root-mean-square (rms) average, which is the square
root of the average value squared, within the evaluation length and measured from the
mean line shown in Fig. 4, expressed in micrometers. A roughness-measuring instrument
calibrated for rms average usually reads about 11 per cent higher than an instrument cali-
brated for arithmetical average. Such instruments usually can be recalibrated to read arith-
metical average. Some manufacturers consider the difference between rms and AA to be
small enough that rms on a drawing may be read as AA for many purposes. 

Roughness evaluation length (L), for statistical purposes should, whenever possible,
consist of five sampling lengths (l). Use of other than five sampling lengths must be clearly
indicated.
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Waviness Parameters.—Waviness is the more widely spaced component of surface tex-
ture. Roughness may be thought of as superimposed on waviness.

Waviness height (Wt) is the peak-to-valley height of the modified profile with roughness
and part form errors removed by filtering, smoothing or other means. This value is typi-
cally three or more times the roughness average. The measurement is taken normal, or per-
pendicular, to the nominal profile within the limits of the waviness sampling length.

Waviness evaluation length (Lw) is the evaluation length required to determine waviness
parameters. For waviness, the sampling length concept is no longer used. Rather, only
waviness evaluation length (Lw) and waviness long-wavelength cutoff (lew) are defined.
For better statistics, the waviness evaluation length should be several times the waviness
long-wavelength cutoff.

Relation of Surface Roughness to Tolerances.—Because the measurement of surface
roughness involves the determination of the average linear deviation of the measured sur-
face from the nominal surface, there is a direct relationship between the dimensional toler-
ance on a part and the permissible surface roughness. It is evident that a requirement for the
accurate measurement of a dimension is that the variations introduced by surface rough-
ness should not exceed the dimensional tolerances. If this is not the case, the measurement
of the dimension will be subject to an uncertainty greater than the required tolerance, as
illustrated in Fig. 5.

Fig. 5. 

The standard method of measuring surface roughness involves the determination of the
average deviation from the mean surface. On most surfaces the total profile height of the
surface roughness (peak-to-valley height) will be approximately four times (4×) the mea-
sured average surface roughness. This factor will vary somewhat with the character of the
surface under consideration, but the value of four may be used to establish approximate
profile heights.

From these considerations it follows that if the arithmetical average value of surface
roughness specified on a part exceeds one eighth of the dimensional tolerance, the whole
tolerance will be taken up by the roughness height. In most cases, a smaller roughness
specification than this will be found; but on parts where very small dimensional tolerances
are given, it is necessary to specify a suitably small surface roughness so useful dimen-
sional measurements can be made. The tables on pages pages 635 and  662 show the rela-
tions between machining processes and working tolerances.

Values for surface roughness produced by common processing methods are shown in
Table 1. The ability of a processing operation to produce a specific surface roughness
depends on many factors. For example, in surface grinding, the final surface depends on
the peripheral speed of the wheel, the speed of the traverse, the rate of feed, the grit size,
bonding material and state of dress of the wheel, the amount and type of lubrication at the
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point of cutting, and the mechanical properties of the piece being ground. A small change
in any of the above factors can have a marked effect on the surface produced.

Instrumentation for Surface Texture Measurement.—Instrumentation used for mea-
surement of surface texture, including roughness and waviness generally falls into six
types. These include:

Type I, Profiling Contact Skidless Instruments: Used for very smooth to very rough sur-
faces. Used for roughness and may measure waviness. Can generate filtered or unfiltered
profiles and may have a selection of filters and parameters for data analysis. Examples
include: 1) skidless stylus-type with LVDT (linear variable differential transformer) verti-
cal transducers; 2) skidless-type using an interferometric transducer; 3)skidless stylus-
type using capacitance transducer.

Type II, Profiling Non-contact Instruments: Capable of full profiling or topographical
analysis. Non-contact operation may be advantageous for softness but may vary with sam-
ple type and reflectivity. Can generate filtered or unfiltered profiles but may have diffi-
culty with steeply inclined surfaces. Examples include: 1) interferometric microscope; 2)
optical focus sending; 3) Nomarski differential profiling; 4) laser triangulation; 5) scan-
ning electron microscope (SEM) stereoscopy; 6) confocal optical microscope.

Type III, Scanned Probe Microscope: Feature high spatial resolution (at or near the
atomic scale) but area of measurement may be limited. Examples include: 1) scanning tun-
neling microscope (STM) and 2) atomic force microscope (AFM).

Table 1. Surface Roughness Produced by Common Production Methods
Roughness Average, Ra - Micrometers µm (Microinches µin.)

Process
50

(2000)
25

(1000)
12.5
(500)

6.3
(250)

3.2
(125)

1.6
(63)

0.80
(32)

0.40
(16)

0.20
(8)

0.10
(4)

0.05
(2)

0.025
(1)

0.012
(0.5)

Flame Cutting
Snagging
Sawing
Planing, Shaping
Drilling
Chemical Milling
Elect. Discharge Mach.
Milling
Broaching
Reaming
Electron Beam
Laser
Electro-Chemical
Boring, Turning
Barrel Finishing
Electrolytic Grinding
Roller Burnishing
Grinding
Honing
Electro-Polish
Polishing
Lapping
Superfinishing
Sand Casting
Hot Rolling
Forging
Perm. Mold Casting
Investment Casting
Extruding
Cold Rolling, Drawing
Die Casting
The ranges shown above are typical of the processes listed KEY Average Application
Higher or lower values may be obtained under special conditions Less Frequent Application
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Type IV, Profiling Contact Skidded Instruments: Uses a skid as a datum to eliminate
longer wavelengths; thus cannot be used for waviness or errors of form. May have a selec-
tion of filters and parameters and generates an output recording of filtered and skid-modi-
fied profiles. Examples include: 1) skidded, stylus-type with LVDT vertical measuring
transducer and 2) fringe-field capacitance (FFC) transducer.

Type V, Skidded Instruments with Parameters Only: Uses a skid as a datum to eliminate
longer wavelengths; thus cannot be used for waviness or errors of form. Does not generate
a profile. Filters are typically 2RC type and generate Ra but other parameters may be avail-
able. Examples include: 1) skidded, stylus-type with piezoelectric measuring transducer
and 2) skidded, stylus-type with moving coil measuring transducer.

Type VI, Area Averaging Methods: Used to measure averaged parameters over defined
areas but do not generate profiles. Examples include: 1) parallel plate capacitance (PPC)
method; 2) total integrated scatter (TIS); 3) angle resolved scatter (ARS)/bi-directional
reflectance distribution function (BRDF).

Selecting Cutoff for Roughness Measurements.—In general, surfaces will contain
irregularities with a large range of widths. Surface texture instruments are designed to
respond only to irregularity spacings less than a given value, called cutoff. In some cases,
such as surfaces in which actual contact area with a mating surface is important, the largest
convenient cutoff will be used. In other cases, such as surfaces subject to fatigue failure
only the irregularities of small width will be important, and more significant values will be
obtained when a short cutoff is used. In still other cases, such as identifying chatter marks
on machined surfaces, information is needed on only the widely space irregularities. For
such measurements, a large cutoff value and a larger radius stylus should be used. 

The effect of variation in cutoff can be understood better by reference to Fig. 6. The pro-
file at the top is the true movement of a stylus on a surface having a roughness spacing of
about 1 mm and the profiles below are interpretations of the same surface with cutoff value
settings of 0.8 mm, 0.25 mm and 0.08 mm, respectively. It can be seen that the trace based
on 0.8 mm cutoff includes most of the coarse irregularities and all of the fine irregularities
of the surface. The trace based on 0.25 mm excludes the coarser irregularities but includes
the fine and medium fine. The trace based on 0.08 mm cutoff includes only the very fine
irregularities. In this example the effect of reducing the cutoff has been to reduce the
roughness average indication. However, had the surface been made up only of irregulari-
ties as fine as those of the bottom trace, the roughness average values would have been the
same for all three cutoff settings.

In other words, all irregularities having a spacing less than the value of the cutoff used are
included in a measurement. Obviously, if the cutoff value is too small to include coarser
irregularities of a surface, the measurements will not agree with those taken with a larger
cutoff. For this reason, care must be taken to choose a cutoff value which will include all of
the surface irregularities it is desired to assess.

To become proficient in the use of continuously averaging stylus-type instruments the
inspector or machine operator must realize that for uniform interpretation, the reading
which is considered significant is the mean reading around which the needle tends to dwell
or fluctuate under small amplitude.

Drawing Practices for Surface Texture Symbols.—American National Standard
ANSI/ASME Y14.36M-1996, R2008 establishes the method to designate symbolic con-
trols for surface texture of solid materials. It includes methods for controlling roughness,
waviness, and lay, and provides a set of symbols for use on drawings, specifications, or
other documents. The standard is expressed in SI metric units but U.S. customary units
may be used without prejudice. Units used (metric or non-metric) should be consistent
with the other units used on the drawing or documents. Approximate non-metric equiva-
lents are shown for reference. 
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Surface Texture Symbol.—The symbol used to designate control of surface irregulari-
ties is shown in Fig. 7b and Fig. 7d. Where surface texture values other than roughness
average are specified, the symbol must be drawn with the horizontal extension as shown in
Fig. 7f.

Use of Surface Texture Symbols: When required from a functional standpoint, the
desired surface characteristics should be specified. Where no surface texture control is
specified, the surface produced by normal manufacturing methods is satisfactory provided
it is within the limits of size (and form) specified in accordance with ASME Y14.5-2009,
Dimensioning and Tolerancing. It is considered good practice to always specify some
maximum value, either specifically or by default (for example, in the manner of the note
shown in Fig. 8 on page 743).

Material Removal Required or Prohibited: The surface texture symbol is modified
when necessary to require or prohibit removal of material. When it is necessary to indicate
that a surface must be produced by removal of material by machining, specify the symbol
shown in Fig. 7b. When required, the amount of material to be removed is specified as
shown in Fig. 7c, in millimeters for metric drawings and in inches for non-metric drawings.
Tolerance for material removal may be added to the basic value shown or specified in a
general note. When it is necessary to indicate that a surface must be produced without
material removal, specify the machining prohibited symbol as shown in Fig. 7d.

Proportions of Surface Texture Symbols: The recommended proportions for drawing
the surface texture symbol are shown in Fig. 7f. The letter height and line width should be
the same as that for dimensions and dimension lines.

Fig. 6. Effects of Various Cutoff Values 
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Applying Surface Texture Symbols.—The point of the symbol should be on a line repre-
senting the surface, an extension line of the surface, or a leader line directed to the surface,
or to an extension line. The symbol may be specified following a diameter dimension.
Although ASME Y14.5-2009, “Dimensioning and Tolerancing” specifies that normally
all textual dimensions and notes should be read from the bottom of the drawing, the surface
texture symbol itself with its textual values may be rotated as required. Regardless, the
long leg (and extension) must be to the right as the symbol is read. For parts requiring
extensive and uniform surface roughness control, a general note may be added to the draw-
ing which applies to each surface texture symbol specified without values as shown in Fig.
8.

When the symbol is used with a dimension, it affects the entire surface defined by the
dimension. Areas of transition, such as chamfers and fillets, shall conform with the rough-
est adjacent finished area unless otherwise indicated.

Surface texture values, unless otherwise specified, apply to the complete surface. Draw-
ings or specifications for plated or coated parts shall indicate whether the surface texture
values apply before plating, after plating, or both before and after plating. 

Only those values required to specify and verify the required texture characteristics
should be included in the symbol. Values should be in metric units for metric drawing and
non-metric units for non-metric drawings. Minority units on dual dimensioned drawings
are enclosed in brackets.

Surface Texture Symbols and Construction

Symbol Meaning

Fig. 7a. 

Basic Surface Texture Symbol. Surface may be produced by any method 
except when the bar or circle (Fig. 7b or  7d) is specified.

Fig. 7b. 

Material Removal By Machining Is Required. The horizontal bar indicates that 
material removal by machining is required to produce the surface and that 
material must be provided for that purpose.

Fig. 7c. 

Material Removal Allowance. The number indicates the amount of stock to be 
removed by machining in millimeters (or inches). Tolerances may be added to 
the basic value shown or in general note.

Fig. 7d. 

Material Removal Prohibited. The circle in the vee indicates that the surface 
must be produced by processes such as casting, forging, hot finishing, cold fin-
ishing, die casting, powder metallurgy or injection molding without subsequent 
removal of material.

Fig. 7e. 

Surface Texture Symbol. To be used when any surface characteristics are spec-
ified above the horizontal line or the right of the symbol. Surface may be pro-
duced by any method except when the bar or circle (Fig. 7b and  7d) is 
specified.

Fig. 7f. 
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Roughness and waviness measurements, unless otherwise specified, apply in a direction
which gives the maximum reading; generally across the lay.

Cutoff or Roughness Sampling Length, (l): Standard values are listed in Table 2. When
no value is specified, the value 0.8 mm (0.030 in.) applies.

Table 2. Standard Roughness Sampling Length (Cutoff) Values

Roughness Average (Ra): The preferred series of specified roughness average values is
given in Table 3.

Fig. 8. Application of Surface Texture Symbols 

mm in. mm in.

0.08 0.003 2.5 0.1

0.25 0.010 8.0 0.3

0.80 0.030 25.0 1.0

Table 3. Preferred Series Roughness Average Values (Ra)

µm µin µm µin µm µin

0.012 0.5 0.40a 16a 4.0 160

0.025a

a Recommended

1a 0.50 20 5.0 200

0.050a 2a 0.63 25 6.3a 250a

0.075a 3 0.80a 32a 8.0 320

0.10a 4a 1.00 40 10.0 400

0.125 5 1.25 50 12.5a 500a

0.15 6 1.60a 63a 15 600

0.20a 8a 2.0 80 20 800

0.25 10 2.5 100 25a 1000a

0.32 13 3.2a 125a … …
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Waviness Height (Wt): The preferred series of maximum waviness height values is listed
in Table 4. Waviness height is not currently shown in U.S. or ISO Standards. It is included
here to follow present industry practice in the United States.

Lay: Symbols for designating the direction of lay are shown and interpreted in Table 5.

Example Designations.—Table 6 illustrates examples of designations of roughness,
waviness, and lay by insertion of values in appropriate positions relative to the symbol. 

Where surface roughness control of several operations is required within a given area, or
on a given surface, surface qualities may be designated, as in Fig. 9a. If a surface must be
produced by one particular process or a series of processes, they should be specified as
shown in Fig. 9b. Where special requirements are needed on a designated surface, a note
should be added at the symbol giving the requirements and the area involved. An example
is illustrated in Fig. 9c.

Surface Texture of Castings.—Surface characteristics should not be controlled on a
drawing or specification unless such control is essential to functional performance or
appearance of the product. Imposition of such restrictions when unnecessary may increase
production costs and in any event will serve to lessen the emphasis on the control specified
for important surfaces. Surface characteristics of castings should never be considered on
the same basis as machined surfaces. Castings are characterized by random distribution of
non-directional deviations from the nominal surface. 

Surfaces of castings rarely need control beyond that provided by the production method
necessary to meet dimensional requirements. Comparison specimens are frequently used
for evaluating surfaces having specific functional requirements. Surface texture control
should not be specified unless required for appearance or function of the surface. Specifi-
cation of such requirements may increase cost to the user.

Engineers should recognize that different areas of the same castings may have different
surface textures. It is recommended that specifications of the surface be limited to defined
areas of the casting. Practicality of and methods of determining that a casting’s surface tex-
ture meets the specification shall be coordinated with the producer. The Society of Auto-
motive Engineers standard J435 “Automotive Steel Castings” describes methods of
evaluating steel casting surface texture used in the automotive and related industries.
Metric Dimensions on Drawings.—The length units of the metric system that are most
generally used in connection with any work relating to mechanical engineering are the
meter (39.37 inches) and the millimeter (0.03937 inch). One meter equals 1000 millime-
ters. On mechanical drawings, all dimensions are generally given in millimeters, no matter
how large the dimensions may be. In fact, dimensions of such machines as locomotives
and large electrical apparatus are given exclusively in millimeters. This practice is adopted
to avoid mistakes due to misplacing decimal points, or misreading dimensions as when
other units are used as well. When dimensions are given in millimeters, many of them can
be given without resorting to decimal points, as a millimeter is only a little more than 1⁄32
inch. Only dimensions of precision need be given in decimals of a millimeter; such dimen-
sions are generally given in hundredths of a millimeter—for example, 0.02 millimeter,
which is equal to 0.0008 inch. As 0.01 millimeter is equal to 0.0004 inch, dimensions are
seldom given with greater accuracy than to hundredths of a millimeter.

Table 4. Preferred Series Maximum Waviness Height Values

mm inch mm inch mm inch

0.0005 0.00002 0.008 0.0003 0.12 0.005
0.0008 0.00003 0.012 0.0005 0.20 0.008
0.0012 0.00005 0.020 0.0008 0.25 0.010
0.0020 0.00008 0.025 0.001 0.38 0.015
0.0025 0.0001 0.05 0.002 0.50 0.020
0.005 0.0002 0.08 0.003 0.80 0.030
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Scales of Metric Drawings: Drawings made to the metric system are not made to scales
of 1⁄2, 1⁄4, 1⁄8, etc., as with drawings made to the English system. If the object cannot be drawn
full size, it may be drawn 1⁄2, 1⁄5, 1⁄10 , 1⁄20, 1⁄50 , 1⁄100 , 1⁄200 , 1⁄500 , or 1⁄1000 size. If the object is too
small and has to be drawn larger, it is drawn 2, 5, or 10 times its actual size.

Table 5. Lay Symbols 

Lay
Symbol Meaning

Example Showing Direction of 
Tool Marks

Lay approximately parallel to the line rep-
resenting the surface to which the symbol is 
applied.

Lay approximately perpendicular to the 
line representing the surface to which the 
symbol is applied.

X
Lay angular in both directions to line repre-
senting the surface to which the symbol is 
applied.

M Lay multidirectional

C
Lay approximately circular relative to the 
center of the surface to which the symbol is 
applied.

R
Lay approximately radial relative to the 
center of the surface to which the symbol is 
applied.

P
Lay particulate, non-directional, or protu-
berant
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Table 6. Application of Surface Texture Values to Symbol  ANSI B46.1-1978

Roughness average rating is 
placed at the left of the long 
leg. The specification of only 
one rating shall indicate the 
maximum value and any lesser 
value shall be acceptable. 
Specify in micrometers 
(microinch).

Material removal by machin-
ing is required to produce the 
surface. The basic amount of 
stock provided for material 
removal is specified at the left 
of the short leg of the symbol. 
Specify in millimeters (inch).

The specification of maxi-
mum and minimum roughness 
average values indicates per-
missible range of roughness. 
Specify in micrometers 
(microinch).

Removal of material is pro-
hibited.

Maximum waviness height 
rating is the first rating place 
above the horizontal exten-
sion. Any lesser rating shall be 
acceptable. Specify in milli-
meters (inch).

Maximum waviness spacing 
rating is the second rating 
placed above the horizontal 
extension and to the right of 
the waviness height rating. 
Any lesser rating shall be 
acceptable. Specify in milli-
meters (inch).

Lay designation is indicated 
by the lay symbol placed at the 
right of the long leg.

Roughness sampling length 
or cutoff rating is placed below 
the horizontal extension. When 
no value is shown, 0.80 mm 
(0.030 inch) applies. Specify in 
millimeters (inch).

Where required maximum 
roughness spacing shall be 
placed at the right of the lay 
symbol. Any lesser rating shall 
be acceptable. Specify in milli-
meters (inch).
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ISO Surface Finish Standards

ISO surface finish standards are comprised of numerous individual standards, that taken
as a whole, form a set of standards roughly comparable in scope to American National
Standard ANSI/ASME Y14.36M.

ISO Surface Finish (ISO 1302).—The primary standard dealing with surface finish, ISO
1302:2002 is concerned with the methods of specifying surface texture symbology and
additional indications on engineering drawings. The parameters in ISO surface finish stan-
dards relate to surfaces produced by abrading, casting, coating, cutting, etching, plastic
deformation, sintering, wear, erosion, and some other methods.

ISO 1302 defines how surface texture and its constituents, roughness, waviness, and lay,
are specified on the symbology. Surface defects are specifically excluded from consider-
ation during inspection of surface texture but definitions of flaws and imperfections are
discussed in ISO 8785.

Fig. 1. ISO Surface Finish Symbols.

Differences Between ISO and ANSI Surface Finish Symbology: ISO 1302, like ASME
Y14.36M, is not concerned with luster, appearance, color, corrosion resistance, wear resis-
tance, hardness, sub-surface microstructure, surface integrity, and many other characteris-
tics that may govern considerations in specific applications. Visually, ISO 1302 surface
finish symbols are similar to the ANSI symbols, however, with the release of the 2002 edi-
tion, the indication of some of the parameters have changed when compared to ASME
Y14.36M. The proportions of the symbol in relationship to text height differs in each as

Second texture parameter
with numerical limit and band
and/or sampling length. For a
third or subsequent texture
requirement, positions “a” and
“b” are moved upward to allow
room

Basic symbol for surface
under consideration or to a
specification explained
elsewhere in a note. The
textual indication is   APA
(any process allowed)

Basic symbol for mate-
rial removal is required,
for example machining.
The textual indication is
MRR (material removal
required)

Basic symbol with all
round circle added to
indicate the specifica-
tion applies to all sur-
faces in the view shown
in profile (outline)

Basic symbol where
material removal is
not permitted. The
textual indication is
NMR (no material
removed)

e

c

d b

Lay and
orientation

Position of complementary requirements:
all values in millimeters

Text height h   (ISO 3098-2) 2.5 3.5 5 7 10 14 20

Line width for symbols d   and d ' 0.25 0.35 0.5 0.7 1 1.2 2

Height for segment         x 3.5 5 7 10 14 20 28

Height for symbol segment  x ' 7.5 10.5 15 21 30 42 60

e

c

a

d b

d '

h
x'

x

Machining
allowance (as
on casting
and forgings)

Manufacturing method,
treatment, coating or
other requirement

Single texture
parameter with
numerical limit
and band and/or
sampling length

a
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well. There is now less harmonization between ASME Y14.36M and ISO 1302 than has
been the case previously.

Graphic Symbology Textural Descriptions.—New to this version of ISO 1302:2002 is
the ability to add textual descriptions of the graphic symbology used on drawing. This
gives specifications writers a consistent means to describe surface texture specification
from within a body of text without having to add illustrations. See Fig. 1 for textual appli-
cation definitions, then Figs. 2- 6 for applications of this concept.

Table 1. Other ISO Standards Related to Surface Finish.

ISO 3274:1996 “Geometrical Product Specifications (GPS) — Surface texture: Profile
method — Nominal characteristics of contact (stylus) instruments.”

ISO 4287:1997 “Geometrical Product Specifications (GPS) — Surface texture: Profile
method — Terms, definitions and surface texture parameters.”

ISO 4288:1996 “Geometrical Product Specifications (GPS) — Surface texture: Profile
method — Rules and procedures for the assessment of surface texture.”

ISO 8785:1998 “Geometrical Product Specifications (GPS) — Surface imperfections —
Terms, definitions and parameters.”

ISO 12085:1996 “Geometrical Product Specifications (GPS) — Surface texture: Profile
method — Motif parameters.”

ISO 13565-1:1996 “Geometrical Product Specifications (GPS) — Surface texture: Profile
method; Surfaces having stratified functional properties — Part 1: Fil-
tering and general measurement conditions.”

ISO 13565-2:1996 “Geometrical Product Specifications (GPS) — Surface texture: Profile
method; Surfaces having stratified functional properties — Part 2:
Height characterization using the linear material ratio curve.”

ISO 13565-3:1998 “Geometrical Product Specifications (GPS) — Surface texture: Profile
method; Surfaces having stratified functional properties — Part 3:
Height characterization using the material probability curve.”

Table 2. ISO Surface Parameter Symbols ( ISO 4287:1997)

Rp = max height profile
Rv = max profile valley depth

Rz* = max height of the profile
Rc = mean height of profile
Rt = total height of the profile
Ra = arithmetic mean deviation of the profile
Rq = root mean square deviation of the profile

Rsk = skewness of the profile
Rku = kurtosis of the profile

RSm = mean width of the profile
R∆q = root mean square slope of the profile
Rmr = material ration of the profile

Rδc = profile section height difference
 Ip = sampling length - primary profile
 lw = sampling length - waviness profile
 lr = sampling length - roughness profile
ln =evaluation length

Z(x) = ordinate value
dZ /dX = local slope

 Zp = profile peak height
 Zv = profile valley depth
 Zt = profile element height
 Xs = profile element width
Ml = material length of profile

Fig. 2. Indication of texture require-
ment on a “final” workpiece, reflecting 

a 3 mm machining allowance.

Fig. 3. Surface Texture Indications Combined with 
Geometric Dimensioning and Tolerancing.

turned

Rz  3.1
3

0.1

Ra  1.5

21±0.1

0.2 A B

Rz   6
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ISO 1302:2002 does not define the degrees of surface roughness and waviness or type of
lay for specific purposes, nor does it specify the means by which any degree of such irreg-
ularities may be obtained or produced. Also, errors of form such as out-of-roundness and
out-of-flatness are not addressed in the ISO surface finish standards. This edition does bet-
ter illustrate how surface texture indications can be used on castings to reflect machining
allowances (Fig. 2) and how symbology can be attached to geometric dimensioning and
tolerancing symbology (See Fig. 3).

Fig. 4. Indication of Bilateral Surface Specification 
Shown Textually and as indicated on a Drawing.

Fig. 5a. Indication of Manufacturing Processes or Related Information.

Fig. 5b. Indication of Manufacturing Processes or Related Information.

Fig. 6. Control Elements for Indication of Surface Texture 
Requirements on Drawings.

U  Rz  0.9
L  Ra 0.3MRR U Rz  0.9; L Ra  0.3

Indication of a machining process and requirement for 
roughness shown textually and as indicated on a drawing.

turned

Rz   3.1
MRR turned Rz  3.1

Fe/Ni15p  Cr  r

Rz   0.6

Indication of coating and roughness requirement
shown textually and as indicated on a drawing.

NMR Fe/Ni15p Cr r; Rz  0.6

ground

U "X" 0.08-0.8 / Rz8max  3.3

U "X" 0.08-0.8 / Rz8max  3.3

Upper (U) and lower (L) limits

Filter type "X." Gaussian is the current standard (ISO 
11562). Previously it was the 2RC-filter, and in the future
it could change again. It is suggested that companies 
specify Gaussian or " 2RC" to avoid  misinterpretation.

Transmission band as either short-
wave and/or long-wave

Surface texture parameter. First letter is
Profile (R, W, P).  Second character is
Characteristic/parameter (p, v, z, c, t,

a, q, sk, ku, m,∆q , mr(c), δ c, mr).

See ISO 4287

Evaluation length (ln)

Interpretation of spec limit: 16% or max

Limit value (in micrometers)

Manufacturing process 

Material removal allowed or not 
allowed (APA, MRR, NMR)

Surface texture lay



750 ISO SURFACE FINISH RULES

ISO Profiles.—Profile parameters may be one of three types (ISO 4287). These include:
 R-profile:  Defined as the evaluation length. The ISO default length ln consists of five

sampling lengths lr , thus ln = 5 × lr

 W-profile:  This parameter indicates waviness. There is no default length.
 P-profile: Indicates the structure parameters. The default evaluation length is defined in

ISO 4288: 1996. 

Rules for Comparing Measured Values to Specified Limits.—

Max Rule: When a maximum requirement is specified for a surface finish parameter on a
drawing (e.g. Rz1.5max), none of the inspected values may extend beyond the upper limit
over the entire surface. The term “max” must be added to the parametric symbol in the sur-
face finish symbology on the drawing.

16% Rule: When upper and lower limits are specified, no more than 16% of all measured
values of the selected parameter within the evaluation length may exceed the upper limit.
No more than 16% of all measured values of the selected parameter within the evaluation
length may be less than the lower limit.

Exceptions to the 16% Rule: Where the measured values of roughness profiles being
inspected follow a normal distribution, the 16% rule may be overridden. This is allowed
when greater than 16% of the measured values exceed the upper limit, but the total rough-
ness profile conforms with the sum of the arithmetic mean and standard deviation (µ + σ).
Effectively this means that the greater the value of σ, the further µ must be from the upper
limit (see Fig. 7).

Fig. 7. Roughness Parameter Value Curves Showing Mean and Standard Deviation.

Fig. 8. Indications of Transmission Band and Sampling Length in Textual Format.


1


2

�1
�2

Upper limit
of surface 
texture
parameter

With the "16%-rule" transmission band as default it is shown textually and in drawings as:

     MRR Ra 0.7; Rz1 3.3

If the "max-rule" transmission band is applied, it is shown textually and in drawings as:

     MRR 0.0025-0.8 / Rz  3.0

Transmission band and sampling length are specified when there is no default value.
The transmission band is indicated with the cut-off value of the filters in millimeters
separated by a hyphen (-) with the short-wave filter first and the long-wave filter second. 
Again, in textual format and on drawings.

     MRR 0.0025-08  /  Rz  3.0

A specification can indicate only one of the two transmission band filters. If only one is 
indicated, the hyphen is maintained to indicate whether the indication is the short-wave or 
the long-wave filter.

    0.008-        (short-wave filter indication)

    -0.25          (long-wave filter indication) 

Ra  0.7
Rz1  3.3

0.0025-0.8  /  Rz  3.0

0.0025-0.8  /  Rz   3.0
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Determining Cut-off Wavelength: When the sampling length is specified on the drawing
or in documentation, the cut-off wavelength λc is equal to the sample length. When no
sampling length is specified, the cut-off wavelength is estimated using Table 3.

Measurement of Roughness Parameters: For non-periodic roughness the parameter Ra,
Rz, Rz1max or RSm are first estimated using visual inspection, comparison to specimens,
graphic analysis, etc. The sampling length is then selected from Table 3, based on the use
of Ra, Rz, Rz1max or RSm. Then with instrumentation, a representative sample is taken
using the sampling length chosen above. 

The measured values are then compared to the ranges of values in Table 3 for the partic-
ular parameter. If the value is outside the range of values for the estimated sampling length,
the measuring instrument is adjusted for the next higher or lower sampling length and the
measurement repeated. If the final setting corresponds to Table 3, then both the sampling
length setting and Ra, Rz, Rz1max or RSm values are correct and a representative measure-
ment of the parameter can be taken.

For periodic roughness, the parameter RSm is estimated graphically and the recom-
mended cut-off values selected using Table 3. If the value is outside the range of values for
the estimated sampling length, the measuring instrument is adjusted for the next higher or
lower sampling length and the measurement repeated. If the final setting corresponds to
Table 3, then both the sampling length setting and RSm values are correct and a representa-
tive measurement of the parameter can be taken.

Table 3. Sampling Lengths

Curves for Non-periodic Profiles
such as Ground Surfaces

Curves for Periodic and
Non-periodic Profiles
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 For Ra, Rq, Rsk, Rku, R∆q For Rz, Rv, Rp, Rc, Rt For R-parameters and RSm

Ra, µm Rz, Rz1max, µm RSm, µm

(0.006) < Ra ≤ 0.02 (0.025) < Rz, Rz1max ≤ 0.1 0.013 < RSm ≤ 0.04 0.08 0.4

0.02 < Ra ≤ 0.1 0.1 < Rz, Rz1max ≤ 0.5 0.04 < RSm ≤ 0.13 0.25 1.25

0.1 < Ra ≤ 2 0.5 < Rz, Rz1max ≤ 10 0.13 < RSm ≤ 0.4 0.8 4

2 < Ra ≤ 10 10 < Rz, Rz1max ≤ 50 0.4 < RSm ≤ 1.3 2.5 12.5

10 < Ra ≤ 80 50 < Rz, Rz1max ≤ 200 1.3 < RSm ≤ 4 8 40

Table 4. Preferred Roughness Values and Roughness Grades

Roughness values, Ra
Previous Grade Number

from ISO 1302

Roughness values, Ra
Previous Grade Number

 from ISO 1302µm µin µm µin

50 2000 N12 0.8 32 N6

25 1000 N11 0.4 16 N5

12.5 500 N10 0.2 8 N4

6.3 250 N9 0.1 4 N3

3.2 125 N8 0.05 2 N2

1.6 63 N7 0.025 1 N1
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Table 5. Examples of ISO Applications of Surface Texture Symbology 

Interpretation Example

Surface roughness is produced by milling with a 
bilateral tolerance between an upper limit of Ra = 55 
µm and a lower limit of Ra = 6.2µm. Both apply the 
“16%-rule” default (ISO 4288). Both transmission 
bands are 0.008 - 4 mm, using default evaluation 
length (5 × 4 mm = 20 mm) (ISO 4288). The surface 
lay is circular about the center. U and L are omitted 
because it is obvious one is upper and one lower. 
Material removal is allowed.

Simplified representation where surface rough-
ness of Rz = 6.1 µm is the default for all surfaces as 
indicated by the Rz = 6.1 specification, plus basic 
symbol within parentheses. The default the “16%-
rule” applies to both as does the default transmission 
band (ISO 4288 and ISO 3274). Any deviating spec-
ification is called out with local notes such as the Ra
=0.7 µm specification. The is no lay requirement 
and material removal is allowed.

Surface roughness is produced by grinding to two 
upper limit specifications: Ra = 1.5 µm and limited 
to Rz = 6.7 µm max; The default “16%-rule,” default 
transmission band and default evaluation length 
apply to the Ra while the “max-rule”, a −2.5 mm 
transmission band and default evaluation length 
apply to the Rz. The surface lay is perpendicular rel-
ative to the plane of projection and material removal 
is allowed.

Surface treatment is without any material removal 
allowed, and to a single unilateral upper limit speci-
fication of Rz = 1 µm. The default “16%-rule,” 
default transmission band and default evaluation 
length apply. The surface treatment is nickel-chrome 
plated to all surfaces shown in profile (outline) in 
the view where the symbol is applied. There is no 
lay requirement.

Surface roughness is produced by any material 
removal process to one unilateral upper limit and 
one bilateral specification: the unilateral, Ra = 3.1 is 
to the default “16%-rule,” a transmission band of -
0.8 mm and the default evaluation length (5 × 0.8 = 
4 mm). The bilateral Rz has an upper limit of Rz = 
18 µm and a lower limit of Rz = 6.5 µm. Both limits 
are to a transmission band of −2.5 mm with both to 
the default 5 × 2.5 = 12.5 mm. The symbol U and L
may be indicated even if it is obvious. Surface treat-
ment is nickel/chromium plating. There is no lay 
requirement.

milled

0.008-4  /  Ra   55

0.008-4  /  Ra   6.2C

Ra  0.7

(   )Rz  6.1

ground

Ra   1.5

-2.5  /  Ramax   6.7

Fe/Ni20p  Cr  r

Rz   1

Fe/Ni10b  Cr  r

-0.8  /  Ra   3.1

U  -2.5  /  Rz   18

L  -2.5  /  Rz   6.5
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Surface texture symbology may be combined with 
dimension leaders and witness (extension) lines. 
Surface roughness for the side surfaces of the key-
way is produced by any material removal process to 
one unilateral upper limit specification, Ra = 6.5 m. 
It is to the default “16%-rule,” default transmission 
band and default evaluation length (5 × λc) (ISO 
3274). There is no lay requirement.

Surface roughness for the chamfer is produced by 
any material removal process to one unilateral upper 
limit specification, Ra = 2.5 m. It is to the default 
“16%-rule,” default transmission band and default 
evaluation length (5 × λc) (ISO 3274). There is no 
lay requirement.

Surface texture symbology may be applied to 
extended extension lines or on extended projection 
lines. All feature surface roughness specifications 
shown are obtainable by any material removal pro-
cess and are single unilateral upper limit specifica-
tions respectively: Ra = 1.5 m, Ra = 6.2 m and Rz = 
50 m. All are to “16%-rule” default, default trans-
mission band and default evaluation length (5 × λc).
There is no lay requirement for any of the three.

Surface texture symbology and dimensions may 
be combined on leader lines. The feature surface 
roughness specifications shown is obtainable by any 
material removal process and is single unilateral 
upper limit specifications respectively: Rz = 1 m, to 
the default “16%-rule,” default transmission band 
and default evaluation length (5 × λc). There is no 
lay requirement.

Symbology can be used for dimensional informa-
tion and surface treatment. This example illustrates 
three successive step of a manufacturing process. 

The first step is a single unilateral upper limit  Rz
= 1.7 m to the default “16%-rule,” default evaluation 
length (5 × λc) and default transmission band. It is 
obtainable by any material removal process, with no 
lay characteristics specified. Step two indicated with 
a phantom line over the whole length of the cylinder 
has no surface texture requirement other than chro-
mium plating. 

The third step is a single unilateral upper limit of 
Rz = 6.5 m applied only to the first 14 mm of the 
cylinder surface. The default “16%-rule” applies as 
does default evaluation length (5 × λc) and default 
transmission band. Material removal is to be by 
grinding, with no lay characteristics specified.

Table 5. Examples of ISO Applications of Surface Texture Symbology (Continued)

Interpretation Example

A

A

2 x 45

Ra   2.5

R
a 

  6
.5

Ø
40

Ra  6.2 Rz  50

Ra  1.5

R3

3x
 Ø

14

Rz  
 1

Rz   1.7

Fe/Cr50

ground
Rz   6.5

14
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CUTTING TOOLS

Terms and Definitions

Tool Contour.—Tools for turning, planing, etc., are made in straight, bent, offset, and
other forms to place the cutting edges in convenient positions for operating on differently
located surfaces. The contour or shape of the cutting edge may also be varied to suit differ-
ent classes of work. Tool shapes, however, are not only related to the kind of operation, but,
in roughing tools particularly, the contour may have a decided effect upon the cutting effi-
ciency of the tool. To illustrate, an increase in the side cutting-edge angle of a roughing
tool, or in the nose radius, tends to permit higher cutting speeds because the chip will be
thinner for a given feed rate. Such changes, however, may result in chattering or vibrations
unless the work and the machine are rigid; hence, the most desirable contour may be a com-
promise between the ideal form and one that is needed to meet practical requirements.
Terms and Definitions.—The terms and definitions relating to single-point tools vary
somewhat in different plants, but the following are in general use.

Fig. 1. Terms Applied to Single-point Turning Tools

 Single-point Tool: This term is applied to tools for turning, planing, boring, etc., which
have a cutting edge at one end. This cutting edge may be formed on one end of a solid piece
of steel, or the cutting part of the tool may consist of an insert or tip which is held to the
body of the tool by brazing, welding, or mechanical means.

 Shank: The shank is the main body of the tool. If the tool is an inserted cutter type, the
shank supports the cutter or bit. (See diagram, Fig. 1.)

 Nose: A general term sometimes used to designate the cutting end but usually relating
more particularly to the rounded tip of the cutting end.

 Face: The surface against which the chips bear, as they are severed in turning or planing
operations, is called the face.

 Flank: The flank is that end surface adjacent to the cutting edge and below it when the
tool is in a horizontal position as for turning.

 Base: The base is the surface of the tool shank that bears against the supporting tool-
holder or block.

 Side Cutting Edge: The side cutting edge is the cutting edge on the side of the tool. Tools
such as shown in Fig. 1 do the bulk of the cutting with this cutting edge and are, therefore,
sometimes called side cutting edge tools.

 End Cutting Edge: The end cutting edge is the cutting edge at the end of the tool.
On side cutting edge tools, the end cutting edge can be used for light plunging and facing

cuts. Cutoff tools and similar tools have only one cutting edge located on the end. These
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tools and other tools that are intended to cut primarily with the end cutting edge are some-
times called end cutting edge tools.

 Rake: A metal-cutting tool is said to have rake when the tool face or surface against
which the chips bear as they are being severed, is inclined for the purpose of either increas-
ing or diminishing the keenness or bluntness of the edge. The magnitude of the rake is most
conveniently measured by two angles called the back rake angle and the side rake angle.
The tool shown in Fig. 1 has rake. If the face of the tool did not incline but was parallel to
the base, there would be no rake; the rake angles would be zero.

 Positive Rake: If the inclination of the tool face is such as to make the cutting edge
keener or more acute than when the rake angle is zero, the rake angle is defined as positive.

 Negative Rake: If the inclination of the tool face makes the cutting edge less keen or
more blunt than when the rake angle is zero, the rake is defined as negative.

 Back Rake: The back rake is the inclination of the face toward or away from the end or
the end cutting edge of the tool. When the inclination is away from the end cutting edge, as
shown in Fig. 1, the back rake is positive. If the inclination is downward toward the end
cutting edge the back rake is negative.

 Side Rake: The side rake is the inclination of the face toward or away from the side cut-
ting edge. When the inclination is away from the side cutting edge, as shown in Fig. 1, the
side rake is positive. If the inclination is toward the side cutting edge the side rake is nega-
tive.

 Relief: The flanks below the side cutting edge and the end cutting edge must be relieved
to allow these cutting edges to penetrate into the workpiece when taking a cut. If the flanks
are not provided with relief, the cutting edges will rub against the workpiece and be unable
to penetrate in order to form the chip. Relief is also provided below the nose of the tool to
allow it to penetrate into the workpiece. The relief at the nose is usually a blend of the side
relief and the end relief.

 End Relief Angle: The end relief angle is a measure of the relief below the end cutting
edge.

 Side Relief Angle: The side relief angle is a measure of the relief below the side cutting
edge.

 Back Rake Angle: The back rake angle is a measure of the back rake. It is measured in a
plane that passes through the side cutting edge and is perpendicular to the base. Thus, the
back rake angle can be defined by measuring the inclination of the side cutting edge with
respect to a line or plane that is parallel to the base. The back rake angle may be positive,
negative, or zero depending upon the magnitude and direction of the back rake.

 Side Rake Angle: The side rake angle is a measure of the side rake. This angle is always
measured in a plane that is perpendicular to the side cutting edge and perpendicular to the
base. Thus, the side rake angle is the angle of inclination of the face perpendicular to the
side cutting edge with reference to a line or a plane that is parallel to the base.

 End Cutting Edge Angle: The end cutting edge angle is the angle made by the end cutting
edge with respect to a plane perpendicular to the axis of the tool shank. It is provided to
allow the end cutting edge to clear the finish machined surface on the workpiece.

 Side Cutting Edge Angle: The side cutting edge angle is the angle made by the side cut-
ting edge and a plane that is parallel to the side of the shank.

 Nose Radius: The nose radius is the radius of the nose of the tool. The performance of the
tool, in part, is influenced by nose radius so that it must be carefully controlled.

 Lead Angle: The lead angle, shown in Fig. 2, is not ground on the tool. It is a tool setting
angle which has a great influence on the performance of the tool. The lead angle is bounded
by the side cutting edge and a plane perpendicular to the workpiece surface when the tool
is in position to cut; or, more exactly, the lead angle is the angle between the side cutting
edge and a plane perpendicular to the direction of the feed travel.
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Fig. 2. Lead Angle on Single-point Turning Tool

 Solid Tool: A solid tool is a cutting tool made from one piece of tool material.
 Brazed Tool: A brazed tool is a cutting tool having a blank of cutting-tool material per-

manently brazed to a steel shank.
 Blank: A blank is an unground piece of cutting-tool material from which a brazed tool is

made.
 Tool Bit: A tool bit is a relatively small cutting tool that is clamped in a holder in such a

way that it can readily be removed and replaced. It is intended primarily to be reground
when dull and not indexed.

 Tool-bit Blank: The tool-bit blank is an unground piece of cutting-tool material from
which a tool bit can be made by grinding. It is available in standard sizes and shapes.

 Tool-bit Holder: Usually made from forged steel, the tool-bit holder is used to hold the
tool bit, to act as an extended shank for the tool bit, and to provide a means for clamping in
the tool post.

 Straight-shank Tool-bit Holder: A straight-shank tool-bit holder has a straight shank
when viewed from the top. The axis of the tool bit is held parallel to the axis of the shank.

 Offset-shank Tool-bit Holder: An offset-shank tool-bit holder has the shank bent to the
right or left, as seen in Fig. 3. The axis of the tool bit is held at an angle with respect to the
axis of the shank.

 Side cutting Tool: A side cutting tool has its major cutting edge on the side of the cutting
part of the tool. The major cutting edge may be parallel or at an angle with respect to the
axis of the tool.

 Indexable Inserts: An indexable insert is a relatively small piece of cutting-tool material
that is geometrically shaped to have two or several cutting edges that are used until dull.
The insert is then indexed on the holder to apply a sharp cutting edge. When all the cutting
edges have been dulled, the insert is discarded. The insert is held in a pocket or against
other locating surfaces on an indexable insert holder by means of a mechanical clamping
device that can be tightened or loosened easily.

 Indexable Insert Holder: Made of steel, an indexable insert holder is used to hold index-
able inserts. It is equipped with a mechanical clamping device that holds the inserts firmly
in a pocket or against other seating surfaces.

 Straight-shank Indexable Insert Holder: A straight-shank indexable insert tool-holder
is essentially straight when viewed from the top, although the cutting edge of the insert
may be oriented parallel, or at an angle to, the axis of the holder.

 Offset-shank Indexable Insert Holder: An offset-shank indexable insert holder has the
head end, or the end containing the insert pocket, offset to the right or left, as shown in Fig.
3.
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Fig. 3. Top: Right-hand Offset-shank, Indexable Insert Holder
Bottom: Right-hand Offset-shank Tool-bit Holder

 End cutting Tool: An end cutting tool has its major cutting edge on the end of the cutting
part of the tool. The major cutting edge may be perpendicular or at an angle, with respect to
the axis of the tool.

 Curved Cutting-edge Tool: A curved cutting-edge tool has a continuously variable side
cutting edge angle. The cutting edge is usually in the form of a smooth, continuous curve
along its entire length, or along a large portion of its length.

 Right-hand Tool: A right-hand tool has the major, or working, cutting edge on the right-
hand side when viewed from the cutting end with the face up. As used in a lathe, such a tool
is usually fed into the work from right to left, when viewed from the shank end.

 Left-hand Tool: A left-hand tool has the major or working cutting edge on the left-hand
side when viewed from the cutting end with the face up. As used in a lathe, the tool is usu-
ally fed into the work from left to right, when viewed from the shank end.

 Neutral-hand Tool: A neutral-hand tool is a tool to cut either left to right or right to left;
or the cut may be parallel to the axis of the shank as when plunge cutting.

 Chipbreaker: A groove formed in or on a shoulder on the face of a turning tool back of
the cutting edge to break up the chips and prevent the formation of long, continuous chips
which would be dangerous to the operator and also bulky and cumbersome to handle. A
chipbreaker of the shoulder type may be formed directly on the tool face or it may consist
of a separate piece that is held either by brazing or by clamping.
Relief Angles.—The end relief angle and the side relief angle on single-point cutting tools
are usually, though not invariably, made equal to each other. The relief angle under the
nose of the tool is a blend of the side and end relief angles.

The size of the relief angles has a pronounced effect on the performance of the cutting
tool. If the relief angles are too large, the cutting edge will be weakened and in danger of
breaking when a heavy cutting load is placed on it by a hard and tough material. On finish
cuts, rapid wear of the cutting edge may cause problems with size control on the part.
Relief angles that are too small will cause the rate of wear on the flank of the tool below the
cutting edge to increase, thereby significantly reducing the tool life. In general, when cut-
ting hard and tough materials, the relief angles should be 6 to 8 degrees for high-speed steel
tools and 5 to 7 degrees for carbide tools. For medium steels, mild steels, cast iron, and
other average work the recommended values of the relief angles are 8 to 12 degrees for
high-speed steel tools and 5 to 10 degrees for carbides. Ductile materials having a rela-
tively low modulus of elasticity should be cut using larger relief angles. For example, the
relief angles recommended for turning copper, brass, bronze, aluminum, ferritic malleable
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iron, and similar metals are 12 to 16 degrees for high-speed steel tools and 8 to 14 degrees
for carbides.

Larger relief angles generally tend to produce a better finish on the finish machined sur-
face because less surface of the worn flank of the tool rubs against the workpiece. For this
reason, single-point thread-cutting tools should be provided with relief angles that are as
large as circumstances will permit. Problems encountered when machining stainless steel
may be overcome by increasing the size of the relief angle. The relief angles used should
never be smaller than necessary.
Rake Angles.—Machinability tests have confirmed that when the rake angle along which
the chip slides, called the true rake angle, is made larger in the positive direction, the cut-
ting force and the cutting temperature will decrease. Also, the tool life for a given cutting
speed will increase with increases in the true rake angle up to an optimum value, after
which it will decrease again. For turning tools which cut primarily with the side cutting
edge, the true rake angle corresponds rather closely with the side rake angle except when
taking shallow cuts. Increasing the side rake angle in the positive direction lowers the cut-
ting force and the cutting temperature, while at the same time it results in a longer tool life
or a higher permissible cutting speed up to an optimum value of the side rake angle. After
the optimum value is exceeded, the cutting force and the cutting temperature will continue
to drop; however, the tool life and the permissible cutting speed will decrease.

As an approximation, the magnitude of the cutting force will decrease about one per cent
per degree increase in the side rake angle. While not exact, this rule of thumb does corre-
spond approximately to test results and can be used to make rough estimates. Of course, the
cutting force also increases about one per cent per degree decrease in the side rake angle.
The limiting value of the side rake angle for optimum tool life or cutting speed depends
upon the work material and the cutting tool material. In general, lower values can be used
for hard and tough work materials. Cemented carbides are harder and more brittle than
high-speed steel; therefore, the rake angles usually used for cemented carbides are less
positive than for high-speed steel.

Negative rake angles cause the face of the tool to slope in the opposite direction from pos-
itive rake angles and, as might be expected, they have an opposite effect. For side cutting
edge tools, increasing the side rake angle in a negative direction will result in an increase in
the cutting force and an increase in the cutting temperature of approximately one per cent
per degree change in rake angle. For example, if the side rake angle is changed from 5
degrees positive to 5 degrees negative, the cutting force will be about 10 per cent larger.
Usually the tool life will also decrease when negative side rake angles are used, although
the tool life will sometimes increase when the negative rake angle is not too large and when
a fast cutting speed is used.

Negative side rake angles are usually used in combination with negative back rake angles
on single-point cutting tools. The negative rake angles strengthen the cutting edges
enabling them to sustain heavier cutting loads and shock loads. They are recommended for
turning very hard materials and for heavy interrupted cuts. There is also an economic
advantage in favor of using negative rake indexable inserts and tool holders inasmuch as
the cutting edges provided on both the top and bottom of the insert can be used.

On turning tools that cut primarily with the side cutting edge, the effect of the back rake
angle alone is much less than the effect of the side rake angle although the direction of the
change in cutting force, cutting temperature, and tool life is the same. The effect that the
back rake angle has can be ignored unless, of course, extremely large changes in this angle
are made. A positive back rake angle does improve the performance of the nose of the tool
somewhat and is helpful in taking light finishing cuts. A negative back rake angle strength-
ens the nose of the tool and is helpful when interrupted cuts are taken. The back rake angle
has a very significant effect on the performance of end cutting edge tools, such as cut-off
tools. For these tools, the effect of the back rake angle is very similar to the effect of the side
rake angle on side cutting edge tools.
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Side Cutting Edge and Lead Angles.—These angles are considered together because
the side cutting edge angle is usually designed to provide the desired lead angle when the
tool is being used. The side cutting edge angle and the lead angle will be equal when the
shank of the cutting tool is positioned perpendicular to the workpiece, or, more correctly,
perpendicular to the direction of the feed. When the shank is not perpendicular, the lead
angle is determined by the side cutting edge and an imaginary line perpendicular to the
feed direction.

The flow of the chips over the face of the tool is approximately perpendicular to the side
cutting edge except when shallow cuts are taken. The thickness of the undeformed chip is
measured perpendicular to the side cutting edge. As the lead angle is increased, the length
of chip in contact with the side cutting edge is increased, and the chip will become longer
and thinner. This effect is the same as increasing the depth of cut and decreasing the feed,
although the actual depth of cut and feed remain the same and the same amount of metal is
removed. The effect of lengthening and thinning the chip by increasing the lead angle is
very beneficial as it increases the tool life for a given cutting speed or that speed can be
increased. Increasing the cutting speed while the feed and the tool life remain the same
leads to faster production.

However, an adverse effect must be considered. Chatter can be caused by a cutting edge
that is oriented at a high lead angle when turning and sometimes, when turning long and
slender shafts, even a small lead angle can cause chatter. In fact, an unsuitable lead angle of
the side cutting edge is one of the principal causes of chatter. When chatter occurs, often
simply reducing the lead angle will cure it. Sometimes, very long and slender shafts can be
turned successfully with a tool having a zero degree lead angle (and having a small nose
radius). Boring bars, being usually somewhat long and slender, are also susceptible to
chatter if a large lead angle is used. The lead angle for boring bars should be kept small, and
for very long and slender boring bars a zero degree lead angle is recommended. It is impos-
sible to provide a rule that will determine when chatter caused by a lead angle will occur
and when it will not. In making a judgment, the first consideration is the length to diameter
ratio of the part to be turned, or of the boring bar. Then the method of holding the work-
piece must be considered — a part that is firmly held is less apt to chatter. Finally, the over-
all condition and rigidity of the machine must be considered because they may be the real
cause of chatter.

Although chatter can be a problem, the advantages gained from high lead angles are such
that the lead angle should be as large as possible at all times.
End Cutting Edge Angle.—The size of the end cutting edge angle is important when tool
wear by cratering occurs. Frequently, the crater will enlarge until it breaks through the end
cutting edge just behind the nose, and tool failure follows shortly. Reducing the size of the
end cutting edge angle tends to delay the time of crater breakthrough. When cratering takes
place, the recommended end cutting edge angle is 8 to 15 degrees. If there is no cratering,
the angle can be made larger. Larger end cutting edge angles may be required to enable
profile turning tools to plunge into the work without interference from the end cutting
edge.
Nose Radius.—The tool nose is a very critical part of the cutting edge since it cuts the fin-
ished surface on the workpiece. If the nose is made to a sharp point, the finish machined
surface will usually be unacceptable and the life of the tool will be short. Thus, a nose
radius is required to obtain an acceptable surface finish and tool life. The surface finish
obtained is determined by the feed rate and by the nose radius if other factors such as the
work material, the cutting speed, and cutting fluids are not considered. A large nose radius
will give a better surface finish and will permit a faster feed rate to be used.

Machinability tests have demonstrated that increasing the nose radius will also improve
the tool life or allow a faster cutting speed to be used. For example, high-speed steel tools
were used to turn an alloy steel in one series of tests where complete or catastrophic tool
failure was used as a criterion for the end of tool life. The cutting speed for a 60-minute tool
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life was found to be 125 fpm (0.635 m/s) when the nose radius was 1⁄16 inch (1.59 mm) and
160 fpm (0.8.13 m/s) when the nose radius was 1⁄4 inch (6.35 mm).

A very large nose radius can often be used but a limit is sometimes imposed because the
tendency for chatter to occur is increased as the nose radius is made larger. A nose radius
that is too large can cause chatter and when it does, a smaller nose radius must be used on
the tool. It is always good practice to make the nose radius as large as is compatible with the
operation being performed.

Chipbreakers.—Many steel turning tools are equipped with chipbreaking devices to pre-
vent the formation of long continuous chips in connection with the turning of steel at the
high speeds made possible by high-speed steel and especially cemented carbide tools.
Long steel chips are dangerous to the operator, and cumbersome to handle, and they may
twist around the tool and cause damage. Broken chips not only occupy less space, but per-
mit a better flow of coolant to the cutting edge. Several different forms of chipbreakers are
illustrated in Fig. 4.

Angular Shoulder Type: The angular shoulder type shown at A is one of the commonly
used forms. As the enlarged sectional view shows, the chipbreaking shoulder is located
back of the cutting edge. The angle a between the shoulder and cutting edge may vary from
6 to 15 degrees or more, 8 degrees being a fair average. The ideal angle, width W and depth
G, depend upon the speed and feed, the depth of cut, and the material. As a general rule,
width W, at the end of the tool, varies from 3⁄32 to 7⁄32 inch (2.4-5.6 mm), and the depth G may
range from 1⁄64 to 1⁄16 inch (0.4-1.6 mm). The shoulder radius equals depth G. If the tool has
a large nose radius, the corner of the shoulder at the nose end may be beveled off, as illus-
trated at B, to prevent it from coming into contact with the work. The width K for type B
should equal approximately 1.5 times the nose radius.

Parallel Shoulder Type: Diagram C shows a design with a chipbreaking shoulder that is
parallel with the cutting edge. With this form, the chips are likely to come off in short
curled sections. The parallel form may also be applied to straight tools which do not have a
side cutting-edge angle. The tendency with this parallel shoulder form is to force the chips
against the work and damage it.

Fig. 4. Different Forms of Chipbreakers for Turning Tools

Groove Type: This type (diagram D) has a groove in the face of the tool produced by
grinding. Between the groove and the cutting edge, there is a land L. Under ideal condi-
tions, this width L, the groove width W, and the groove depth G, would be varied to suit the
feed, depth of cut and material. For average use, L and G are about 1⁄32 inch (0.79 mm), and
W, 1⁄16 inch (1.59 mm). There are differences of opinion concerning the relative merits of
the groove type and the shoulder type. Both types have proved satisfactory when properly
proportioned for a given class of work.
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Chipbreaker for Light Cuts: Diagram E illustrates a form of chipbreaker that is some-
times used on tools for finishing cuts having a maximum depth of about 1⁄32 inch (0.79 mm).
This chipbreaker is a shoulder type having an angle of 45 degrees and a maximum width of
about 1⁄16 inch (1.59 mm). It is important in grinding all chipbreakers to give the chip-bear-
ing surfaces a fine finish, such as would be obtained by honing. This finish greatly
increases the life of the tool.
Planing Tools.—Many of the principles which govern the shape of turning tools also
apply in the grinding of tools for planing. The amount of rake depends upon the hardness of
the material, and the direction of the rake should be away from the working part of the cut-
ting edge. The angle of clearance should be about 4 or 5 degrees for planer tools, which is
less than for lathe tools. This small clearance is allowable because a planer tool is held
about square with the platen, whereas a lathe tool, the height and inclination of which can
be varied, may not always be clamped in the same position.

Carbide Tools: Carbide tools for planing usually have negative rake. Round-nose and
square-nose end-cutting tools should have a “negative back rake” (or front rake) of 2 or 3
degrees. Side cutting tools may have a negative back rake of 10 degrees, a negative side
rake of 5 degrees, and a side cutting-edge angle of 8 degrees.

Indexable Inserts

Introduction.—A large proportion of cemented carbide, single-point cutting tools are
indexable inserts and indexable insert tool holders. Dimensional specifications for solid
sintered carbide indexable inserts are given in ANSI B212.12-1991 (R2002). Samples of
the many insert shapes are shown in Table 3b. Most modern, cemented carbide, face mill-
ing cutters are of the indexable insert type. Larger size end milling cutters, side milling or
slotting cutters, boring tools, and a wide variety of special tools are made to use indexable
inserts. These inserts are primarily made from cemented carbide, although most of the
cemented oxide cutting tools are also indexable inserts.

The objective of this type of tooling is to provide an insert with several cutting edges.
When an edge is worn, the insert is indexed in the tool holder until all the cutting edges are
used up, after which it is discarded. The insert is not intended to be reground. The advan-
tages are that the cutting edges on the tool can be rapidly changed without removing the
tool holder from the machine, tool-grinding costs are eliminated, and the cost of the insert
is less than the cost of a similar, brazed carbide tool. Of course, the cost of the tool holder
must be added to the cost of the insert; however, one tool holder will usually last for a long
time before it, too, must be replaced.

Indexable inserts and tool holders are made with a negative rake or with a positive rake.
Negative rake inserts have the advantage of having twice as many cutting edges available
as comparable positive rake inserts, because the cutting edges on both the top and bottom
of negative rake inserts can be used, while only the top cutting edges can be used on posi-
tive rake inserts. Positive rake inserts have a distinct advantage when machining long and
slender parts, thin-walled parts, or other parts that are subject to bending or chatter when
the cutting load is applied to them, because the cutting force is significantly lower as com-
pared to that for negative rake inserts. Indexable inserts can be obtained in the following
forms: utility ground, or ground on top and bottom only; precision ground, or ground on all
surfaces; prehoned to produce a slight rounding of the cutting edge; and precision molded,
which are unground. Positive-negative rake inserts also are available. These inserts are
held on a negative-rake tool holder and have a chipbreaker groove that is formed to pro-
duce an effective positive-rake angle while cutting. Cutting edges may be available on the
top surface only, or on both top and bottom surfaces. The positive-rake chipbreaker surface
may be ground or precision molded on the insert.

Many materials, such as gray cast iron, form a discontinuous chip. For these materials an
insert that has plain faces without chipbreaker grooves should always be used. Steels and
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other ductile materials form a continuous chip that must be broken into small segments
when machined on lathes and planers having single-point, cemented-carbide and
cemented-oxide cutting tools; otherwise, the chips can cause injury to the operator. In this
case a chipbreaker must be used. Some inserts are made with chipbreaker grooves molded
or ground directly on the insert. When inserts with plain faces are used, a cemented-carbide
plate-type chipbreaker is clamped on top of the insert.

Identification System for Indexable Inserts.—The size of indexable inserts is deter-
mined by the diameter of an inscribed circle (I.C.), except for rectangular and parallelo-
gram inserts where the length and width are used. To describe an insert in its entirety, a
standard ANSI B212.4-2002 identification system is used where each position number
designates a feature of the insert. The ANSI Standard includes items now commonly used
and facilitates identification of items not in common use. Identification consists of up to
ten positions; each position defines a characteristic of the insert as shown below:

1) Shape: The shape of an insert is designated by a letter: R for round; S, square; T, trian-
gle; A, 85° parallelogram; B, 82° parallelogram; C, 80° diamond; D, 55° diamond; E, 75°
diamond; H, hexagon; K, 55° parallelogram; L, rectangle; M, 86° diamond; O, octagon;
P, pentagon; V, 35° diamond; and W, 80° trigon.

2) Relief Angle (Clearances): The second position is a letter denoting the relief angles; N
for 0°; A, 3°; B, 5°; C, 7°; P, 11°; D, 15°; E, 20°; F, 25°; G, 30°; H, 0° & 11°*; J, 0° & 14°*;
K, 0° & 17°*; L, 0° & 20°*; M, 11° & 14°*; R, 11° & 17°*; S, 11° & 20°*. When mounted
on a holder, the actual relief angle may be different from that on the insert.

3) Tolerances: The third position is a letter and indicates the tolerances which control the
indexability of the insert. Tolerances specified do not imply the method of manufacture.

4) Type: The type of insert is designated by a letter. A, with hole; B, with hole and coun-
tersink; C, with hole and two countersinks; F, chip grooves both surfaces, no hole; G, same
as F but with hole; H, with hole, one countersink, and chip groove on one rake surface; J,
with hole, two countersinks and chip grooves on two rake surfaces; M, with hole and chip
groove on one rake surface; N, without hole; Q, with hole and two countersinks; R, without
hole but with chip groove on one rake surface; T, with hole, one countersink, and chip
groove on one rake face; U, with hole, two countersinks, and chip grooves on two rake
faces; and W, with hole and one countersink. Note: a dash may be used after position 4 to

1 2 3 4 5 6 7 8a

a Eighth, Ninth, and Tenth Positions are used only when required. 

9a 10a

T N M G 5 4 3 A

* Second angle is secondary facet angle, which may vary by ± 1°.

Symbol

Tolerance
(± from nominal)

Symbol

Tolerance
(± from nominal)

Inscribed
Circle, Inch

Thickness,
Inch

Inscribed
Circle, Inch

Thickness,
Inch

A 0.001 0.001 H 0.0005 0.001
B 0.001 0.005 J 0.002–0.005 0.001
C 0.001 0.001 K 0.002–0.005 0.001
D 0.001 0.005 L 0.002–0.005 0.001
E 0.001 0.001 M 0.002–0.004a

a Exact tolerance is determined by size of insert. See ANSI B212.12. 

0.005
F 0.0005 0.001 U 0.005–0.010a 0.005
G 0.001 0.005 N 0.002–0.004a 0.001
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separate the shape-describing portion from the following dimensional description of the
insert and is not to be considered a position in the standard description.

5) Size: The size of the insert is designated by a one- or a two-digit number. For regular
polygons and diamonds, it is the number of eighths of an inch in the nominal size of the
inscribed circle, and will be a one- or two-digit number when the number of eighths is a
whole number. It will be a two-digit number, including one decimal place, when it is not a
whole number. Rectangular and parallelogram inserts require two digits: the first digit
indicates the number of eighths of an inch width and the second digit, the number of quar-
ters of an inch length.

6) Thickness: The thickness is designated by a one- or two-digit number, which indicates
the number of sixteenths of an inch in the thickness of the insert. It is a one-digit number
when the number of sixteenths is a whole number; it is a two-digit number carried to one
decimal place when the number of sixteenths of an inch is not a whole number.

7) Cutting Point Configuration: The cutting point, or nose radius, is designated by a
number representing 1⁄64ths of an inch; a flat at the cutting point or nose, is designated by a
letter: 0 for sharp corner, 0.002 inch max. radius; 0.2 for 0.004 radius; 0.3 for 0.008
radius; 1, 1⁄64 inch radius; 2, 1⁄32 inch radius; 3, 3⁄64 inch radius; 4, 1⁄16 inch radius; 5, 5⁄64 inch
radius; 6, 3⁄32 inch radius; 7, 7⁄64 inch radius; 8, 1⁄8 inch radius; X, any other radius; A, square
insert with 45° chamfer; D, square insert with 30° chamfer; E, square insert with 15° cham-
fer; F, square insert with 3° chamfer; K, square insert with 30° double chamfer; L, square
insert with 15° double chamfer; M, square insert with 3° double chamfer; N, truncated tri-
angle insert; and P, flatted corner triangle insert.

8) Special Cutting Point Definition: The eighth position, if it follows a letter in the 7th
position, is a number indicating the number of 1⁄64ths of an inch in the primary facet length
measured parallel to the edge of the facet.

9) Hand: R, right; L, left; to be used when required in ninth position.
10) Other Conditions: Position ten defines special conditions (such as edge treatment,

surface finish): A, honed, 0.0005 to less than 0.003 inch (0.0127 to 0.0762 mm); B, honed,
0.003 to less than 0.005 inch (0.0762 to 0.127 mm); C, honed, 0.005 to less than 0.007 inch
(0.127 to 0.178 mm); J, polished, 4 µinch (0.1016 µm) arithmetic average (AA) on rake
surfaces only; T, chamfered, manufacturer's standard negative land, rake face only.
Indexable Insert Tool Holders.—Indexable insert tool holders are made from a good
grade of steel which is heat treated to a hardness of 44 to 48 Rc for most normal applica-
tions. Accurate pockets that serve to locate the insert in position and to provide surfaces
against which the insert can be clamped are machined in the ends of tool holders. A
cemented carbide seat usually is provided, and is held in the bottom of the pocket by a
screw or by the clamping pin, if one is used. The seat is necessary to provide a flat bearing
surface upon which the insert can rest and, in so doing, it adds materially to the ability of
the insert to withstand the cutting load. The seating surface of the holder may provide a
positive-, negative-, or a neutral-rake orientation to the insert when it is in position on the
holder. Holders, therefore, are classified as positive, negative, or neutral rake.

Four basic methods are used to clamp the insert on the holder: 1) Clamping, usually top
clamping;  2) Pin-lock clamping;  3) Multiple clamping using a clamp, usually a top
clamp, and a pin lock;  and  4) Clamping the insert with a machine screw.

All top clamps are actuated by a screw that forces the clamp directly against the insert.
When required, a cemented-carbide, plate-type chipbreaker is placed between the clamp
and the insert. Pin-lock clamps require an insert having a hole: the pin acts against the walls
of the hole to clamp the insert firmly against the seating surfaces of the holder. Multiple or
combination clamping, simultaneously using both a pin-lock and a top clamp, is recom-
mended when taking heavier or interrupted cuts. Holders are available on which all the
above-mentioned methods of clamping may be used. Other holders are made with only a
top clamp or a pin lock. Screw-on type holders use a machine screw to hold the insert in the
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pocket. Most standard indexable insert holders are either straight-shank or offset-shank,
although special holders are made having a wide variety of configurations.

The common shank sizes of indexable insert tool holders are shown in Table 1. Not all
styles are available in every shank size. Positive- and negative-rake tools are also not avail-
able in every style or shank size. Some manufacturers provide additional shank sizes for
certain tool holder styles. For more complete details the manufacturers' catalogs must be
consulted.

Table 1. Standard Shank Sizes for Indexable Insert Holders

Identification System for Indexable Insert Holders.—The following identification
system conforms to the American National Standard, ANSI B212.5-2002, Metric Holders
for Indexable Inserts.
Each position in the system designates a feature of the holder in the following sequence:

1) Method of Holding Horizontally Mounted Insert: The method of holding or clamping
is designated by a letter: C, top clamping, insert without hole; M, top and hole clamping,
insert with hole; P, hole clamping, insert with hole; S, screw clamping through hole, insert
with hole; W, wedge clamping.

2) Insert Shape: The insert shape is identified by a letter: H, hexagonal; O, octagonal; P,
pentagonal; S, square; T, triangular; C, rhombic, 80° included angle; D, rhombic, 55°
included angle; E, rhombic, 75° included angle; M, rhombic, 86° included angle; V, rhom-
bic, 35° included angle; W, hexagonal, 80° included angle; L, rectangular; A, parallelo-
gram, 85° included angle; B, parallelogram, 82° included angle; K, parallelogram, 55°
included angle; R, round. The included angle is always the smaller angle.

3) Holder Style: The holder style designates the shank style and the side cutting edge
angle, or end cutting edge angle, or the purpose for which the holder is used. It is desig-

Basic
Shank
Size

Shank Dimensions for Indexable Insert Holders

A B Ca

a Holder length; may vary by manufacturer. Actual shank length depends on holder style. 

inch mm inch mm inch mm
1⁄2 × 1⁄2 × 41⁄2 0.500 12.70 0.500 12.70 4.500 114.30
5⁄8 × 5⁄8 × 41⁄2 0.625 15.87 0.625 15.87 4.500 114.30
5⁄8 × 11⁄4 × 6 0.625 15.87 1.250 31.75 6.000 152.40
3⁄4 × 3⁄4 × 41⁄2 0.750 19.05 0.750 19.05 4.500 114.30
3⁄4 × 1 × 6 0.750 19.05 1.000 25.40 6.000 152.40
3⁄4 × 11⁄4 × 6 0.750 19.05 1.250 31.75 6.000 152.40

1 × 1 × 6 1.000 25.40 1.000 25.40 6.000 152.40
1 × 11⁄4 × 6 1.000 25.40 1.250 31.75 6.000 152.40

1 × 11⁄2 × 6 1.000 25.40 1.500 38.10 6.000 152.40

11⁄4 × 11⁄4 × 7 1.250 31.75 1.250 31.75 7.000 177.80

11⁄4 × 11⁄2 × 8 1.250 31.75 1.500 38.10 8.000 203.20

13⁄8 × 21⁄16 × 63⁄8 1.375 34.92 2.062 52.37 6.380 162.05

11⁄2 × 11⁄2 × 7 1.500 38.10 1.500 38.10 7.000 177.80

13⁄4 × 13⁄4 × 91⁄2 1.750 44.45 1.750 44.45 9.500 241.30

2 × 2 × 8 2.000 50.80 2.000 50.80 8.000 203.20

1 2 3 4 5 — 6 — 7 — 8a — 9 — 10a

C T N A R — 85 — 25 — D — 16 — Q
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nated by a letter: A, for straight shank with 0° side cutting edge angle; B, straight shank
with 15° side cutting edge angle; C, straight-shank end cutting tool with 0° end cutting
edge angle; D, straight shank with 45° side cutting edge angle; E, straight shank with 30°
side cutting edge angle; F, offset shank with 0° end cutting edge angle; G, offset shank
with 0° side cutting edge angle; J, offset shank with negative 3° side cutting edge angle; K,
offset shank with 15° end cutting edge angle; L, offset shank with negative 5° side cutting
edge angle and 5° end cutting edge angle; M, straight shank with 40° side cutting edge
angle; N, straight shank with 27° side cutting edge angle; R, offset shank with 15° side cut-
ting edge angle; S, offset shank with 45° side cutting edge angle; T, offset shank with 30°
side cutting edge angle; U, offset shank with negative 3° end cutting edge angle; V, straight
shank with 171⁄2° side cutting edge angle; W, offset shank with 30° end cutting edge angle;
Y, offset shank with 5° end cutting edge angle.

4) Normal Clearances: The normal clearances of inserts are identified by letters: A, 3°;
B, 5°; C, 7°; D, 15°; E, 20°; F, 25°; G, 30°; N, 0°; P, 11°.

5) Hand of tool: The hand of the tool is designated by a letter: R for right-hand; L, left-
hand; and N, neutral, or either hand.

6) Tool Height for Rectangular Shank Cross Sections: The tool height for tool holders
with a rectangular shank cross section and the height of cutting edge equal to shank height
is given as a two-digit number representing this value in millimeters. For example, a height
of 32 mm would be encoded as 32; 8 mm would be encoded as 08, where the one-digit
value is preceded by a zero.

7) Tool Width for Rectangular Shank Cross Sections: The tool width for tool holders with
a rectangular shank cross section is given as a two-digit number representing this value in
millimeters. For example, a width of 25 mm would be encoded as 25; 8 mm would be
encoded as 08, where the one-digit value is preceded by a zero.

8) Tool Length: The tool length is designated by a letter: A, 32 mm; B, 40 mm; C, 50 mm;
D, 60 mm; E, 70 mm; F, 80 mm; G, 90 mm; H, 100 mm; J, 110 mm; K, 125 mm; L, 140
mm; M, 150 mm; N, 160 mm; P, 170 mm; Q, 180 mm; R, 200 mm; S, 250 mm; T, 300 mm;
U, 350 mm; V, 400 mm; W, 450 mm; X, special length to be specified; Y, 500 mm.

9) Indexable Insert Size: The size of indexable inserts is encoded as follows: For insert
shapes C, D, E, H. M, O, P, R, S, T, V, the side length (the diameter for R inserts) in milli-
meters is used as a two-digit number, with decimals being disregarded. For example, the
symbol for a side length of 16.5 mm is 16. For insert shapes A, B, K, L, the length of the
main cutting edge or of the longer cutting edge in millimeters is encoded as a two-digit
number, disregarding decimals. If the symbol obtained has only one digit, then it should be
preceded by a zero. For example, the symbol for a main cutting edge of 19.5 mm is 19; for
an edge of 9.5 mm, the symbol is 09.

10) Special Tolerances: Special tolerances are indicated by a letter: Q, back and end
qualified tool; F, front and end qualified tool; B, back, front, and end qualified tool. A qual-
ified tool is one that has tolerances of ± 0.08 mm for dimensions F, G, and C. (See Table 2.)

Table 2. Letter Symbols for Qualification of Tool Holders 
 Position 10  ANSI B212.5-2002
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Front and end
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Back, front, and end
qualified tool
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Selecting Indexable Insert Holders.—A guide for selecting indexable insert holders is
provided by Table 3b. Some operations such as deep grooving, cut-off, and threading are
not given in this table. However, tool holders designed specifically for these operations are
available. The boring operations listed in Table 3b refer primarily to larger holes, into
which the holders will fit. Smaller holes are bored using boring bars. An examination of
this table shows that several tool-holder styles can be used and frequently are used for each
operation. Selection of the best holder for a given job depends largely on the job and there
are certain basic facts that should be considered in making the selection.

Rake Angle: A negative-rake insert has twice as many cutting edges available as a com-
parable positive-rake insert. Sometimes the tool life obtained when using the second face
may be less than that obtained on the first face because the tool wear on the cutting edges of
the first face may reduce the insert strength. Nevertheless, the advantage of negative-rake
inserts and holders is such that they should be considered first in making any choice. Posi-
tive-rake holders should be used where lower cutting forces are required, as when machin-
ing slender or small-diameter parts, when chatter may occur, and for machining some
materials, such as aluminum, copper, and certain grades of stainless steel, when positive-
negative rake inserts can sometimes be used to advantage. These inserts are held on nega-
tive-rake holders that have their rake surfaces ground or molded to form a positive-rake
angle.

Insert Shape: The configuration of the workpiece, the operation to be performed, and the
lead angle required often determine the insert shape. When these factors need not be con-
sidered, the insert shape should be selected on the basis of insert strength and the maximum
number of cutting edges available. Thus, a round insert is the strongest and has a maximum
number of available cutting edges. It can be used with heavier feeds while producing a
good surface finish. Round inserts are limited by their tendency to cause chatter, which
may preclude their use. The square insert is the next most effective shape, providing good
corner strength and more cutting edges than all other inserts except the round insert. The
only limitation of this insert shape is that it must be used with a lead angle. Therefore, the
square insert cannot be used for turning square shoulders or for back-facing. Triangle
inserts are the most versatile and can be used to perform more operations than any other
insert shape. The 80-degree diamond insert is designed primarily for heavy turning and
facing operations, using the 100-degree corners, and for turning and back-facing square
shoulders using the 80-degree corners. The 55- and 35-degree diamond inserts are
intended primarily for tracing.

Lead Angle: Tool holders should be selected to provide the largest possible lead angle,
although limitations are sometimes imposed by the nature of the job. For example, when
tuning and back-facing a shoulder, a negative lead angle must be used. Slender or small-
diameter parts may deflect, causing difficulties in holding size, or chatter when the lead
angle is too large.

End Cutting Edge Angle: When tracing or contour turning, the plunge angle is deter-
mined by the end cutting edge angle. A 2-deg minimum clearance angle should be pro-
vided between the workpiece surface and the end cutting edge of the insert. Table 3a

provides the maximum plunge angle for holders commonly used to plunge when tracing
where insert shape identifiers are S = square, T = triangle, D = 55-deg diamond, V = 35-deg
diamond. When severe cratering cannot be avoided, an insert having a small, end cutting
edge angle is desirable to delay the crater breakthrough behind the nose. For very heavy
cuts a small, end cutting edge angle will strengthen the corner of the tool. Tool holders for
numerical control machines are discussed beginning page 781.
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Table 3a. Maximum Plunge Angle for Tracing or Contour Turning

Tool
Holder
Style

Insert
Shape

Maximum
Plunge
Angle

Tool
Holder
Style

Insert
Shape

Maximum
Plunge
Angle

E T 58° J D 30°
D and S S 43° J V 50°

H D 71° N T 55°
J T 25° N D 58°∠60°

Table 3b. Indexable Insert Holder Application Guide
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Sintered Carbide Blanks and Cutting Tools

Sintered Carbide Blanks.—As shown in Table 4, American National Standard ANSI
B212.1-2002 provides standard sizes and designations for eight styles of sintered carbide
blanks. These blanks are the unground solid carbide from which either solid or tipped cut-
ting tools are made. Tipped cutting tools are made by brazing a blank onto a shank to pro-
duce the cutting tool; these tools differ from carbide insert cutting tools which consist of a
carbide insert held mechanically in a tool holder. A typical single-point carbide-tipped cut-
ting tool is shown in Fig. 1 on page 774.

Single-Point, Sintered-Carbide-Tipped Tools.—American National Standard ANSI
B212.1-2002 covers eight different styles of single-point, carbide-tipped general purpose
tools. These styles are designated by the letters A to G inclusive. Styles A, B, F, G, and E
with offset point are either right- or left-hand cutting as indicated by the letters R or L.
Dimensions of tips and shanks are given in Tables 5 to 12. For dimensions and tolerances
not shown, and for the identification system, dimensions, and tolerances of sintered car-
bide boring tools, see the Standard.

A number follows the letters of the tool style and hand designation and for square shank
tools, represents the number of sixteenths of an inch of width, W, and height, H. With rect-
angular shanks, the first digit of the number indicates the number of eighths of an inch in
the shank width, W, and the second digit the number of quarters of an inch in the shank

K C

N � � �

L C

N � �

N T

N � � �

P � � �

N D

N � � �

S S

N � � � � � � �

P � � � � � � �

W S

N � �

Table 3b. (Continued) Indexable Insert Holder Application Guide

Tool To
ol

 H
ol

de
r 

St
yl

e

In
se

rt
 S

ha
pe

N
-N

eg
at

iv
e

P-
Po

si
tiv

e

Application

Tu
rn

Fa
ce

T
ur

n 
an

d 
Fa

ce

Tu
rn

 a
nd

B
ac

kf
ac

e

T
ra

ce

G
ro

ov
e

C
ha

m
fe

r

B
or

e

Pl
an

e

R
ak

e



CARBIDE TIPS AND TOOLS 773

height, H. One exception is the 11⁄2 × 2-inch size which has been arbitrarily assigned the
number 90.

A typical single-point carbide tipped cutting tool is shown in Fig. 2. The side rake, side
relief, and the clearance angles are normal to the side-cutting edge, rather than the shank, to
facilitate its being ground on a tilting-table grinder. The end-relief and clearance angles are
normal to the end-cutting edge. The back-rake angle is parallel to the side-cutting edge.

Table 4. American National Standard Sizes and Designations for Carbide Blanks 
ANSI B212.1-2002 (R2007)

Blank Dimensionsa

Styleb

Blank Dimensionsa

Styleb

1000 2000 0000 1000 3000 4000

T W L Blank Designation T W L Blank Designation
1⁄16

1⁄8 5⁄8 1010 2010 1⁄4 3⁄8 9⁄16 0350 1350 3350 4350
1⁄16

5⁄32
1⁄4 1015 2015 1⁄4 3⁄8 3⁄4 0360 1360 3360 4360

1⁄16
3⁄16

1⁄4 1020 2020 1⁄4 7⁄16
5⁄8 0370 1370 3370 4370

1⁄16
1⁄4 1⁄4 1025 2025 1⁄4 1⁄2 3⁄4 0380 1380 3380 4380

1⁄16
1⁄4 5⁄16 1030 2030 1⁄4 9⁄16 1 0390 1390 3390 4390

3⁄32
1⁄8 3⁄4 1035 2035 1⁄4 5⁄8 5⁄8 0400 1400 3400 4400

3⁄32
3⁄16

5⁄16 1040 2040 1⁄4 3⁄4 3⁄4 0405 1405 3405 4405
3⁄32

3⁄16
1⁄2 1050 2050 1⁄4 3⁄4 1 0410 1410 3410 4410

3⁄32
1⁄4 3⁄8 1060 2060 1⁄4 1 1 0415 1415 3415 4415

3⁄32
1⁄4 1⁄2 1070 2070 5⁄16

7⁄16
5⁄8 0420 1420 3420 4420

3⁄32
5⁄16

3⁄8 1080 2080 5⁄16
7⁄16

15⁄16 0430 1430 3430 4430
3⁄32

3⁄8 3⁄8 1090 2090 5⁄16
1⁄2 3⁄4 0440 1440 3440 4440

3⁄32
3⁄8 1⁄2 1100 2100 5⁄16

1⁄2 1 0450 1450 3450 4450
3⁄32

7⁄16
1⁄2 1105 2105 5⁄16

5⁄8 1 0460 1460 3460 4460
3⁄32

5⁄16
3⁄8 1080 2080 5⁄16

3⁄4 3⁄4 0470 1470 3470 4470
1⁄8 3⁄16

3⁄4 1110 2110 5⁄16
3⁄4 1 0475 1475 3475 4475

1⁄8 1⁄4 1⁄2 1120 2120 5⁄16
3⁄4 11⁄4 0480 1480 3480 4480

1⁄8 1⁄4 5⁄8 1130 2130 3⁄8 1⁄2 3⁄4 0490 1490 3490 4490
1⁄8 1⁄4 3⁄4 1140 2140 3⁄8 1⁄2 1 0500 1500 3500 4500
1⁄8 5⁄16

7⁄16 1150 2150 3⁄8 5⁄8 1 0510 1510 3510 4510
1⁄8 5⁄16

1⁄2 1160 2160 3⁄8 5⁄8 11⁄4 0515 1515 3515 4515
1⁄8 3⁄16

3⁄4 1110 2110 3⁄8 3⁄4 11⁄4 0520 1520 3520 4520
1⁄8 5⁄16

5⁄8 1170 2170 3⁄8 3⁄4 11⁄2 0525 1525 3525 4525
1⁄8 3⁄8 1⁄2 1180 2180 1⁄2 3⁄4 1 0530 1530 3530 4530
1⁄8 3⁄8 3⁄4 1190 2190 1⁄2 3⁄4 11⁄4 0540 1540 3540 4540
1⁄8 1⁄2 1⁄2 1200 2200 3⁄8 1⁄2 3⁄4 0490 1490 3490 4490
1⁄8 1⁄2 3⁄4 1210 2210 1⁄2 3⁄4 11⁄2 0550 1550 3550 4550
1⁄8 3⁄4 3⁄4 1215 2215

T W L F

Styleb

5⁄32
3⁄8 9⁄16 1220 2220 5000 6000 70000

5⁄32
3⁄8 3⁄4 1230 2230 1⁄16

1⁄4 5⁄16 … 5030 … …
5⁄32

5⁄8 5⁄8 1240 2240 3⁄32
1⁄4 3⁄8 1⁄16 … … 7060

3⁄16
5⁄16

7⁄16 1250 2250 3⁄32
5⁄16

3⁄8 … 5080 6080 …
3⁄16

5⁄16
5⁄8 1260 2260 3⁄32

3⁄8 1⁄2 … 5100 6100 …
3⁄16

3⁄8 1⁄2 1270 2270 3⁄32
7⁄16

1⁄2 … 5105 … …
3⁄16

3⁄8 5⁄8 1280 2280 1⁄8 5⁄16
5⁄8 3⁄32 … … 7170

3⁄16
3⁄8 3⁄4 1290 2290 3⁄32

1⁄4 3⁄8 1⁄16 … … 7060
3⁄16

7⁄16
5⁄8 1300 2300 1⁄8 1⁄2 1⁄2 … 5200 6200 …

3⁄16
7⁄16

13⁄16 1310 2310 5⁄32
3⁄8 3⁄4 1⁄8 … … 7230

3⁄16
1⁄2 1⁄2 1320 2320 5⁄32

5⁄8 5⁄8 … 5240 6240 …
3⁄16

1⁄2 3⁄4 1330 2330 3⁄16
3⁄4 3⁄4 … 5340 6340 …

3⁄16
3⁄4 3⁄4 1340 2340 1⁄4 1 3⁄4 … 5410 … …

a All dimensions are in inches. 
b See Fig. 1 on page 774 for a description of styles. 
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The tip of the brazed carbide blank overhangs the shank of the tool by either 1⁄32 or 1⁄16 inch,
depending on the size of the tool. For tools in Tables 5, 6, 7, 8, 11 and 12, the maximum
overhang is 1⁄32 inch for shank sizes 4, 5, 6, 7, 8, 10, 12 and 44; for other shank sizes in these
tables, the maximum overhang is 1⁄16 inch. In Tables 9 and 10 all tools have maximum over-
hang of 1⁄32 inch.

Single-point Tool Nose Radii: The tool nose radii recommended in the American
National Standard are as follows: For square-shank tools up to and including 3⁄8-inch square

Fig. 1. Eight styles of sintered carbide blanks (see Table 4.)

Fig. 2. A typical single-point carbide tipped cutting tool.

Side Relief Angle

Side Clearance
Angle Tip

Overhang

Side Rake

End Cutting Edge
Angle (ECEA)Tip

Width

Side Cutting
Edge Angle (SCEA)

Shank
Width

Shank
Height

Nose Radius

Tip Thickness

Cutting Height

Tip Overhang
End Relief Angle

End Clearance Angle

Tip length

Back Rake

Overall length
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tools, 1⁄64 inch; for those over 3⁄8-inch square through 11⁄4-inches square, 1⁄32 inch; and for
those above 11⁄4-inches square, 1⁄16 inch. For rectangular-shank tools with shank section of 1⁄2
× 1 inch through 1 × 11⁄2 inches, the nose radii are 1⁄32 inch, and for 1 × 2 and 11⁄2 × 2 inch
shanks, the nose radius is 1⁄16 inch.

Single-point Tool Angle Tolerances: The tool angles shown on the diagrams in the
Tables 5 through 12 are general recommendations. Tolerances applicable to these angles
are ± 1 degree on all angles except end and side clearance angles; for these the tolerance is
± 2 degrees.

Table 5. American National Standard Style A Carbide Tipped Tools 
 ANSI B212.1-2002 (R2007)

Designation Shank Dimensions

Tip
Designationa

a “A” is straight shank, 0 deg., SCEA (side-cutting-edge angle). “R” is right-cut. “L” is left-cut.
Where a pair of tip numbers is shown, the upper number applies to AR tools, the lower to AL tools. All
dimensions are in inches. 

Tip Dimensions

Style
ARa

Style
ALa

Width
A

Height
B

Length
C

Thickness
T

Width
W

Length
L

Square Shank

AR 4 AL 4 1⁄4 1⁄4 2 2040 3⁄32
3⁄16

5⁄16

AR 5 AL 5 5⁄16
5⁄16 21⁄4 2070 3⁄32

1⁄4 1⁄2
AR 6 AL 6 3⁄8 3⁄8 21⁄2 2070 3⁄32

1⁄4 1⁄2
AR 7 AL 7 7⁄16

7⁄16 3 2070 3⁄32
1⁄4 1⁄2

AR 8 AL 8 1⁄2 1⁄2 31⁄2 2170 1⁄8 5⁄16
5⁄8

AR 10 AL 10 5⁄8 5⁄8 4 2230 5⁄32
3⁄8 3⁄4

AR 12 AL 12 3⁄4 3⁄4 41⁄2 2310 3⁄16
7⁄16

13⁄16

AR 16 AL 16 1 1 6 { P3390, P4390 1⁄4 9⁄16 1

AR 20 AL 20 11⁄4 11⁄4 7 { P3460, P4460 5⁄16
5⁄8 1

AR 24 AL 24 11⁄2 11⁄2 8 { P3510, P4510 3⁄8 5⁄8 1

Rectangular Shank

AR 44 AL 44 1⁄2 1 6 P2260 3⁄16
5⁄16

5⁄8
AR 54 AL 54 5⁄8 1 6 { P3360, P4360 1⁄4 3⁄8 3⁄4
AR 55 AL 55 5⁄8 11⁄4 7 { P3360, P4360 1⁄4 3⁄8 3⁄4
AR 64 AL 64 3⁄4 1 6 { P3380, P4380 1⁄4 1⁄2 3⁄4
AR 66 AL 66 3⁄4 11⁄2 8 { P3430, P4430 5⁄16

7⁄16
15⁄16

AR 85 AL 85 1 11⁄4 7 { P3460, P4460 5⁄16
5⁄8 1

AR 86 AL 86 1 11⁄2 8 { P3510, P4510 3⁄8 5⁄8 1

AR 88 AL 88 1 2 10 { P3510, P4510 3⁄8 5⁄8 1

AR 90 AL 90 11⁄2 2 10 { P3540, P4540 1⁄2 3⁄4 11⁄4
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Table 6. American National Standard Style B Carbide Tipped Tools
with 15-degree Side-cutting-edge Angle  ANSI B212.1-2002 (R2007)

Designation Shank Dimensions
Tip

Designationa

a Where a pair of tip numbers is shown, the upper number applies to BR tools, the lower to BL tools.
All dimensions are in inches. 

Tip Dimensions
Style
BR Style BL

Width
A

Height
B

Length
C

Thickness
T

Width
W

Length
L

Square Shank

BR 4 BL 4 1⁄4 1⁄4 2 2015 1⁄16
5⁄32

1⁄4
BR 5 BL 5 5⁄16

5⁄16 21⁄4 2040 3⁄32
3⁄16

5⁄16

BR 6 BL 6 3⁄8 3⁄8 21⁄2 2070 3⁄32
1⁄4 1⁄2

BR 7 BL 7 7⁄16
7⁄16 3 2070 3⁄32

1⁄4 1⁄2
BR 8 BL 8 1⁄2 1⁄2 31⁄2 2170 1⁄8 5⁄16

5⁄8
BR 10 BL 10 5⁄8 5⁄8 4 2230 5⁄32

3⁄8 3⁄4
BR 12 BL 12 3⁄4 3⁄4 41⁄2 2310 3⁄16

7⁄16
13⁄16

BR 16 BL 16 1 1 6 { 3390, 4390 1⁄4 9⁄16 1

BR 20 BL 20 11⁄4 11⁄4 7 { 3460, 4460 5⁄16
5⁄8 1

BR 24 BL 24 11⁄2 11⁄2 8 { 3510, 4510 3⁄8 5⁄8 1

Rectangular Shank

BR 44 BL 44 1⁄2 1 6 2260 3⁄16
5⁄16

5⁄8
BR 54 BL 54 5⁄8 1 6 { 3360, 4360 1⁄4 3⁄8 3⁄4
BR 55 BL 55 5⁄8 11⁄4 7 { 3360, 4360 1⁄4 3⁄8 3⁄4
BR 64 BL 64 3⁄4 1 6 { 3380, 4380 1⁄4 1⁄2 3⁄4
BR 66 BL 66 3⁄4 11⁄2 8 { 3430, 4430 5⁄16

7⁄16
15⁄16

BR 85 BL 85 1 11⁄4 7 { 3460, 4460 5⁄16
5⁄8 1

BR 86 BL 86 1 11⁄2 8 { 3510, 4510 3⁄8 5⁄8 1

BR 88 BL 88 1 2 10 { 3510, 4510 3⁄8 5⁄8 1

BR 90 BL 90 11⁄2 2 10 { 3540, 4540 1⁄2 3⁄4 11⁄4

Brazing Carbide Tips to Steel Shanks.—Sintered carbide tips or blanks are attached to steel shanks by brazing. Shanks usu-
ally are made of low-alloy steels having carbon contents ranging from 0.40 to 0.60 per cent. Shank Preparation: The carbide tip 
usually is inserted into a milled recess or seat. When a recess is used, the bottom should be flat to provide a firm even support for 
the tip. The corner radius of the seat should be somewhat smaller than the radius on the tip to avoid contact and insure support
along each side of the recess. Cleaning: All surfaces to be brazed must be absolutely clean. Surfaces of the tip may be cleaned by 
grinding lightly or by sand-blasting. Brazing Materials and Equipment: The brazing metal may be copper, naval brass such as 
Tobin bronze, or silver solder. A flux such as borax is used to protect the clean surfaces and prevent oxidation. Heating may be
done in a furnace or by oxy-acetylene torch or an oxy-hydrogen torch. Copper brazing usually is done in a furnace, although an 
oxy-hydrogen torch with excess hydrogen is sometimes used. Brazing Procedure: One method using a torch is to place a thin sheet 
material, such as copper foil, around and beneath the carbide tip, the top of which is covered with flux. The flame is applied to the 
under side of the tool shank, and, when the materials melt, the tip is pressed firmly into its seat with tongs or with the end of a rod. 
Brazing material in the form of wire or rod may be used to coat or tin the surfaces of the recess after the flux melts and runs freely. 
The tip is then inserted, flux is applied to the top, and heating continued until the coatings melt and run freely. The tip, after coating 
with flux, is placed in the recess and the shank end is heated. Then a small piece of silver solder, having a melting point of 1325°F 
(718°C), is placed on top of the tip. When this solder melts, it runs over the nickel-coated surfaces while the tip is held firmly into 
its seat. The brazed tool should be cooled slowly to avoid cracking due to unequal contraction between the steel and carbide. 

Tool designation
and carbide grade

Style GR right hand (shown)
Style GE left hand (not shown)

0°± 1°
15°± 1°

10°± 2°
7°±1°

Overhang

A

R

W

L

F
Ref

C

15°± 1°10°± 2°

7°±1°
To sharp corner

B

H

Overhang T

6°± 1°
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Table 7. American National Standard Style C Carbide Tipped Tools 
 ANSI B212.1-2002 (R2007)

All dimensions are in inches. Square shanks above horizontal line; rectangular below.

Table 8. American National Standard Style D, 80-degree Nose-angle
Carbide Tipped Tools  ANSI B212.1-2002 (R2007)

All dimensions are in inches.

Designation
Shank Dimensions Tip

Designation
Tip Dimensions

Width, A Height, B Length, C Thickness, T Width, W Length, L

C 4 1⁄4 1⁄4 2 1030 1⁄16
1⁄4 5⁄16

C 5 5⁄16
5⁄16 21⁄4 1080 3⁄32

5⁄16
3⁄8

C 6 3⁄8 3⁄8 21⁄2 1090 3⁄32
3⁄8 3⁄8

C 7 7⁄16
7⁄16 3 1105 3⁄32

7⁄16
1⁄2

C 8 1⁄2 1⁄2 31⁄2 1200 1⁄8 1⁄2 1⁄2
C 10 5⁄8 5⁄8 4 1240 5⁄32

5⁄8 5⁄8
C 12 3⁄4 3⁄4 41⁄2 1340 3⁄16

3⁄4 3⁄4
C 16 1 1 6 1410 1⁄4 1 3⁄4
C 20 11⁄4 11⁄4 7 1480 5⁄16 11⁄4 3⁄4

C 44 1⁄2 1 6 1320 3⁄16
1⁄2 1⁄2

C 54 5⁄8 1 6 1400 1⁄4 5⁄8 5⁄8
C 55 5⁄8 11⁄4 7 1400 1⁄4 5⁄8 5⁄8
C 64 3⁄4 1 6 1405 1⁄4 3⁄4 3⁄4
C 66 3⁄4 11⁄2 8 1470 5⁄16

3⁄4 3⁄4
C 86 1 11⁄2 8 1475 5⁄16 1 3⁄4

Designation
Shank Dimensions Tip

 Designation
Tip Dimensions

Width, A Height, B Length, C Thickness, T Width, W Length, L

D 4 1⁄4 1⁄4 2 5030 1⁄16
1⁄4 5⁄16

D 5 5⁄16
5⁄16 21⁄4 5080 3⁄32

5⁄16
3⁄8

D 6 3⁄8 3⁄8 21⁄2 5100 3⁄32
3⁄8 1⁄2

D 7 7⁄16
7⁄16 3 5105 3⁄32

7⁄16
1⁄2

D 8 1⁄2 1⁄2 31⁄2 5200 1⁄8 1⁄2 1⁄2
D 10 5⁄8 5⁄8 4 5240 5⁄32

5⁄8 5⁄8
D 12 3⁄4 3⁄4 41⁄2 5340 3⁄16

3⁄4 3⁄4
D 16 1 1 6 5410 1⁄4 1 3⁄4

W F

L

H

T

A

B

C

0.015 × 45° Maximum permissible

Tool designation
and carbide grade

Note – Tool must pass thru
slot of nominal width “A”

Overhang

Overhang

0° ± 1°

10° ± 2°
7° ± 1°

90° ± 1°

0° ± 1°

5° ± 2°
Both sides

3°I2°

W
F

A

C ±

LT

Note – Tool must pass thru
slot of nominal width “A”

Overhang

0° ± 1°

7° ± 1°
40° ± 1°

+0.000
–0.010

+0.000
–0.010

40° ± 1°

0° ± 1°

To sharp
corner

10° ± 2°
Both sides

B

Tool designation
and carbide grade

R

1
8

H
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Table 9. American National Standard Style E, 60-degree Nose-angle, Carbide 
Tipped Tools  ANSI B212.1-2002 (R2007)

All dimensions are in inches.

Table 10. American National Standard Styles ER and EL, 60-degree Nose-angle, 
Carbide Tipped Tools with Offset Point  ANSI B212.1-2002 (R2007)

All dimensions are in inches.

Designation

Shank Dimensions

Tip
Designation

Tip Dimensions

Width
A

Height
B

Length
C

Thickness
T

Width
W

Length
L

E 4 1⁄4 1⁄4 2 6030 1⁄16
1⁄4 5⁄16

E 5 5⁄16
5⁄16 21⁄4 6080 3⁄32

5⁄16
3⁄8

E 6 3⁄8 3⁄8 21⁄2 6100 3⁄32
3⁄8 1⁄2

E 8 1⁄2 1⁄2 31⁄2 6200 1⁄8 1⁄2 1⁄2
E 10 5⁄8 5⁄8 4 6240 5⁄32

5⁄8 5⁄8
E 12 3⁄4 3⁄4 41⁄2 6340 3⁄16

3⁄4 3⁄4

Designation Shank Dimensions Tip
Designa-

tion

Tip Dimensions

Style
ER

Style
EL

Width
A

Height
B

Length
C

Thick.
T

Width
W

Length
L

ER 4 EL 4 1⁄4 1⁄4 2 1020 1⁄16
3⁄16

1⁄4
ER 5 EL 5 5⁄16

5⁄16 21⁄4 7060 3⁄32
1⁄4 3⁄8

ER 6 EL 6 3⁄8 3⁄8 21⁄2 7060 3⁄32
1⁄4 3⁄8

ER 8 EL 8 1⁄2 1⁄2 31⁄2 7170 1⁄8 5⁄16
5⁄8

ER 10 EL 10 5⁄8 5⁄8 4 7170 1⁄8 5⁄16
5⁄8

ER 12 EL 12 3⁄4 3⁄4 41⁄2 7230 5⁄32
3⁄8 3⁄4
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Table 11.  American National Standard Style F, Offset, End-cutting 
Carbide Tipped Tools  ANSI B212.1-2002 (R2007)

All dimensions are in inches. Where a pair of tip numbers is shown, the upper number applies to FR
tools, the lower number to FL tools.

Carbide Tools.—Cemented or sintered carbides are used in the machine building and var-
ious other industries, chiefly for cutting tools but also for certain other tools or parts subject
to considerable abrasion or wear. Carbide cutting tools, when properly selected to obtain
the right combination of strength and hardness, are very effective in machining all classes
of iron and steel, non-ferrous alloys, non-metallic materials, hard rubber, synthetic resins,
slate, marble, and other materials which would quickly dull steel tools either because of
hardness or abrasive action. Carbide cutting tools are not only durable, but capable of
exceptionally high cutting speeds. See CEMENTED CARBIDES starting on page 785 for
more on these materials.

Tungsten carbide is used extensively in cutting cast iron, nonferrous metals which form
short chips in cutting; plastics and various other non-metallic materials. A grade having a
hardness of 87.5 Rockwell A might be used where a strong grade is required, as for rough-
ing cuts, whereas for light high-speed finishing or other cuts, a hardness of about 92 might
be preferable. When tungsten carbide is applied to steel, craters or chip cavities are formed

Designation Shank Dimensions

Tip
Designation

Tip Dimensions

Style
FR

Style
FL

Width
A

Height
B

Length
C

Offset
G

Length
of

Offset
E

Thickness
T

Width
W

Length
L

Square Shank

FR 8 FL 8 1⁄2 1⁄2 31⁄2 1⁄4 3⁄4 { P4170, P3170 1⁄8 5⁄16
5⁄8

FR 10 FL 10 5⁄8 5⁄8 4 3⁄8 1 { P1230, P3230 5⁄32
3⁄8 3⁄4

FR 12 FL 12 3⁄4 3⁄4 41⁄2 5⁄8 11⁄8 { P4310, P3310 3⁄16
7⁄16

13⁄16

FR 16 FL 16 1 1 6 3⁄4 13⁄8 { P4390, P3390 1⁄4 9⁄16 1

FR 20 FL 20 11⁄4 11⁄4 7 3⁄4 11⁄2 { P4460, P3460 5⁄16
5⁄8 1

FR 24 FL 24 11⁄2 11⁄2 8 3⁄4 11⁄2 { P4510, P3510 3⁄8 5⁄8 1

Rectangular Shank

FR 44 FL 44 1⁄2 1 6 1⁄2 7⁄8 { P4260, P1260 3⁄16
5⁄16

5⁄8
FR 55 FL 55 5⁄8 11⁄4 7 5⁄8 11⁄8 { P4360, P3360 1⁄4 3⁄8 3⁄4
FR 64 FL 64 3⁄4 1 6 5⁄8 13⁄16 { P4380, P3380 1⁄4 1⁄2 3⁄4
FR 66 FL 66 3⁄4 11⁄2 8 3⁄4 11⁄4 { P4430, P3430 5⁄16

7⁄16
15⁄16

FR 85 FL 85 1 11⁄4 7 3⁄4 11⁄2 { P4460, P3460 5⁄16
5⁄8 1

FR 86 FL 86 1 11⁄2 8 3⁄4 11⁄2 { P4510, P3510 3⁄8 5⁄8 1

FR 90 FL 90 11⁄2 2 10 3⁄4 15⁄8 { P4540, P3540 1⁄2 3⁄4 11⁄4
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back of the cutting edge; hence other carbides have been developed which offer greater
resistance to abrasion.

Tungsten-titanium carbide (often called “titanium carbide”) is adapted to cutting either
heat-treated or unheattreated steels, cast steel, or any tough material which might form
chip cavities. It is also applicable to bronzes, monel metal, aluminum alloys, etc. 

Tungsten-tantalum carbide or “tantalum carbide” cutting tools are also applicable to
steels, bronzes or other tough materials. A hardness of 86.8 Rockwell A is recommended
by one manufacturer for roughing steel, whereas a grade for finishing might have a hard-
ness ranging from 88.8 to 91.5 Rockwell A.

Table 12. American National Standard Style G, Offset, Side-cutting, 
Carbide Tipped Tools  ANSI B212.1-2002 (R2007)

Designation Shank Dimensions

Tip
Designation

Tip Dimensions

Style
GR

Style
GL

Width
A

Height
B

Length
C

Offset
G

Length
of

Offset
E

Thickness
T

Width
W

Length
L

Square Shank

GR 8 GL 8 1⁄2 1⁄2 31⁄2 1⁄4 11⁄16 { P3170, P4170 1⁄8 5⁄16
5⁄8

GR 10 GL 10 5⁄8 5⁄8 4 3⁄8 13⁄8 { P3230, P4230 5⁄32
3⁄8 3⁄4

GR 12 GL 12 3⁄4 3⁄4 41⁄2 3⁄8 11⁄2 { P3310, P2310 3⁄16
7⁄16

13⁄16

GR 16 GL 16 1 1 6 1⁄2 111⁄16 { P3390, P4390 1⁄4 9⁄16 1

GR 20 GL 20 11⁄4 11⁄4 7 3⁄4 113⁄16 { P3460, P4460 5⁄16
5⁄8 1

GR 24 GL 24 11⁄2 11⁄2 8 3⁄4 113⁄16 { P3510, P4510 3⁄8 5⁄8 1

Rectangular Shank

GR 44 GL 44 1⁄2 1 6 1⁄4 11⁄16 { P3260, P4260 3⁄16
5⁄16

5⁄8
GR 55 GL 55 5⁄8 11⁄4 7 3⁄8 13⁄8 { P3360, P4360 1⁄4 3⁄8 3⁄4
GR 64 GL 64 3⁄4 1 6 1⁄2 17⁄16 { P3380, P4380 1⁄4 1⁄2 3⁄4
GR 66 GL 66 3⁄4 11⁄2 8 1⁄2 15⁄8 { P3430, P4430 5⁄16

7⁄16
15⁄16

GR 85 GL 85 1 11⁄4 7 1⁄2 111⁄16 { P3460, P4460 5⁄16
5⁄8 1

GR 86 GL 86 1 11⁄2 8 1⁄2 111⁄16 { P3510, P4510 3⁄8 5⁄8 1

GR 90 GL 90 11⁄2 2 10 3⁄4 21⁄16 { P3540, P4540 1⁄2 3⁄4 11⁄4
All dimensions are in inches. Where a pair of tip numbers is shown, the upper number applies to GR tools, the lower 

number to GL tools.
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Chip Breaker.—The term “chip breaker” indicates a method of forming or grinding turn-
ing tools, that will cause the chips to break up into short pieces, thus preventing the forma-
tion of long or continuous chips which would occupy considerable space and be difficult to
handle. The chip-breaking form of cutting end is especially useful in turning with carbide-
tipped steel turning tools because the cutting speeds are high and the chip formation rapid.
The chip breaker consists of a shoulder back of the cutting edge. As the chip encounters
this shoulder it is bent and broken repeatedly into small pieces. Some tools have attached
or “mechanical” chip breakers which serve the same purpose as the shoulder.

Chipless Machining.—  Chipless machining is the term applied to methods of cold form-
ing metals to the required finished part shape (or nearly finished shape) without the pro-
duction of chips (or with a minimum of subsequent machining required). Cold forming of
steel has long been performed in such operations as wire-, bar-, and tube-drawing; cold-
heading; coining; and conventional stamping and drawing. However, newer methods of
plastic deformation with greatly increased degrees of metal displacement have been devel-
oped. Among these processes are: the rolling of serrations, splines, and gears; power spin-
ning; internal swaging; radial forging; the cold forming of multiple-diameter shafts; cold
extrusion; and high-energy-rate forming, which includes explosive forming. Also, the pro-
cesses of cold heading, thread rolling and rotary swaging are also considered chipless
machining processes.

Indexable Insert Holders for NC.—Indexable insert holders for numerical control
lathes are usually made to more precise standards than ordinary holders. Where applicable,
reference should be made to American National Standard B212.3-1986, Precision Holders
for Indexable Inserts. This standard covers the dimensional specifications, styles, and des-
ignations of precision holders for indexable inserts, which are defined as tool holders that
locate the gage insert (a combination of shim and insert thicknesses) from the back or front
and end surfaces to a specified dimension with a ± 0.003 inch (± 0.08 mm) tolerance. In NC
programming, the programmed path is that followed by the center of the tool tip, which is
the center of the point, or nose radius, of the insert. The surfaces produced are the result of
the path of the nose and the major cutting edge, so it is necessary to compensate for the nose
or point radius and the lead angle when writing the program. Table 1, from B212.3, gives
the compensating dimensions for different holder styles. The reference point is determined
by the intersection of extensions from the major and minor cutting edges, which would be
the location of the point of a sharp pointed tool. The distances from this point to the nose
radius are L1 and D1; L2 and D2 are the distances from the sharp point to the center of the
nose radius. Threading tools have sharp corners and do not require a radius compensation.
Other dimensions of importance in programming threading tools are also given in Table 2;
the data were developed by Kennametal, Inc.

The C and F characters are tool holder dimensions other than the shank size. In all
instances, the C dimension is parallel to the length of the shank and the F dimension is par-
allel to the side dimension; actual dimensions must be obtained from the manufacturer. For
all K style holders, the C dimension is the distance from the end of the shank to the tangent
point of the nose radius and the end cutting edge of the insert. For all other holders, the C
dimension is from the end of the shank to a tangent to the nose radius of the insert. The F
dimension on all B, D, E, M, P, and V style holders is measured from the back side of the
shank to the tangent point of the nose radius and the side cutting edge of the insert. For all
A, F, G, J, K, and L style holders, the F dimension is the distance from the back side of the
shank to the tangent of the nose radius of the insert. In all these designs, the nose radius is
the standard radius corresponding to those given in the paragraph Cutting Point Configu-

ration on page 766.
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Table 1. Insert Radius Compensation  ANSI B212.3-1986

Square Profile

B Stylea

Also applies
to R Style

Turning 15° Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0035 .0191 .0009 .0110
1⁄32 .0070 .0383 .0019 .0221
3⁄64 .0105 .0574 .0028 .0331
1⁄16 .0140 .0765 .0038 .0442

D Stylea

Also applies
to S Style

Turning 45° Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0065 .0221 .0065 0
1⁄32 .0129 .0442 .0129 0
3⁄64 .0194 .0663 .0194 0
1⁄16 .0259 .0884 .0259 0

K Stylea

Facing 15° Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0009 .0110 .0035 .0191
1⁄32 .0019 .0221 .0070 .0383
3⁄64 .0028 .0331 .0105 .0574

1⁄16 .0038 .0442 .0140 .0765

Triangle Profile

G Stylea

Turning 0° Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0114 .0271 0 .0156
1⁄32 .0229 .0541 0 .0312
3⁄64 .0343 .0812 0 .0469
1⁄16 .0458 .1082 0 .0625

B Stylea

Also applies
to R Style

Turning and Facing 15° Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0146 .0302 .0039 .0081
1⁄32 .0291 .0604 .0078 .0162
3⁄64 .0437 .0906 .0117 .0243
1⁄16 .0582 .1207 .0156 .0324

F Stylea

Facing 90° Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 0 .0156 .0114 .0271
1⁄32 0 .0312 .0229 .0541
3⁄64 0 .0469 .0343 .0812

1⁄16 0 .0625 .0458 .1082
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Triangle Profile (continued)

J Stylea

Turning & Facing 3° Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0106 .0262 .0014 .0170
1⁄32 .0212 .0524 .0028 .0340
3⁄64 .0318 .0786 .0042 .0511
1⁄16 .0423 .1048 .0056 .0681

80° Diamond Profile

G Stylea

Turning & Facing 0° Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0030 .0186 0 .0156
1⁄32 .0060 .0312 0 .0312
3⁄64 .0090 .0559 0 .0469

1⁄16 .0120 .0745 0 .0625

L Stylea

Turning & Facing 5° Reverse Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0016 .0172 .0016 .0172
1⁄32 .0031 .0344 .0031 .0344
3⁄64 .0047 .0516 .0047 .0516

1⁄16 .0062 .0688 .0062 .0688

F Stylea

Facing 0° Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 0 .0156 .0030 .0186
1⁄32 0 .0312 .0060 .0372
3⁄64 0 .0469 .0090 .0559

1⁄16 0 .0625 .0120 .0745

R Stylea

Turning 15° Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0011 .0167 .0003 .0117
1⁄32 .0022 .0384 .0006 .0234
3⁄64 .0032 .0501 .0009 .0351

1⁄16 .0043 .0668 .0012 .0468

K Stylea

Facing 15° Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0003 .0117 .0011 .0167
1⁄32 .0006 .0234 .0022 .0334
3⁄64 .0009 .0351 .0032 .0501

1⁄16 .0012 .0468 .0043 .0668

Table 1. (Continued) Insert Radius Compensation  ANSI B212.3-1986
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All dimensions are in inches.

Table 2. Threading Tool Insert Radius Compensation for NC Programming

All dimensions are given in inches. Courtesy of Kennametal, Inc.

55° Profile

J Stylea

Profiling 3° Reverse Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0135 .0292 .0015 .0172
1⁄32 .0271 .0583 .0031 .0343
3⁄64 .0406 .0875 .0046 .0519

1⁄16 .0541 .1166 .0062 .0687

35° Profile

J Stylea

Negative rake
holders have 
6° back rake 
and 6° side 
rake

Profiling 3° Reverse Lead Angle

Rad. L-1 L-2 D-1 D-2
1⁄64 .0330 .0487 .0026 .0182
1⁄32 .0661 .0973 .0051 .0364
3⁄64 .0991 .1460 .0077 .0546

1⁄16 .1322 .1947 .0103 .0728

L Stylea

Profiling 5° Lead Angle

Rad. L-1 L -2 D-1 D-2
1⁄64 .0324 .0480 .0042 .0198
1⁄32 .0648 .0360 .0086 .0398
3⁄64 .0971 .1440 .0128 .0597
1⁄16 .1205 .1920 .0170 .0795

a L-1 and D-1 over sharp point to nose radius; and L-2 and D-2 over sharp point to center of nose
radius. The D-1 dimension for the B, E, D, M, P, S, T, and V style tools are over the sharp point of insert
to a sharp point at the intersection of a line on the lead angle on the cutting edge of the insert and the C
dimension. The L-1 dimensions on K style tools are over the sharp point of insert to sharp point inter-
section of lead angle and F dimensions. 

Threading
Insert
Size T R U Y X Z

2 5⁄32 Wide .040 .075 .040 .024 .140

3 3⁄16 Wide .046 .098 .054 .031 .183

4 1⁄4 Wide .053 .128 .054 .049 .239

5 3⁄8 Wide .099 .190 … … …

Table 1. (Continued) Insert Radius Compensation  ANSI B212.3-1986
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CEMENTED CARBIDES

Cemented Carbides and Other Hard Materials

Carbides and Carbonitrides.—Though high-speed steel retains its importance for such
applications as drilling and broaching, most metal cutting is carried out with carbide tools.
For materials that are very difficult to machine, carbide is now being replaced by carboni-
trides, ceramics, and superhard materials. Cemented (or sintered) carbides and carboni-
trides, known collectively in most parts of the world as hard metals, are a range of very
hard, refractory, wear-resistant alloys made by powder metallurgy techniques. The minute
carbide or nitride particles are “cemented” by a binder metal that is liquid at the sintering
temperature. Compositions and properties of individual hardmetals can be as different as
those of brass and high-speed steel.

All hardmetals are cermets, combining ceramic particles with a metallic binder. It is
unfortunate that (owing to a mistranslation) the term cermet has come to mean either all
hardmetals with a titanium carbide (TiC) base or simply cemented titanium carbonitrides.
Although no single element other than carbon is present in all hard-metals, it is no accident
that the generic term is “tungsten carbide.” The earliest successful grades were based on
carbon, as are the majority of those made today, as listed in Table 1.

The outstanding machining capabilities of high-speed steel are due to the presence of
very hard carbide particles, notably tungsten carbide, in the iron-rich matrix. Modern
methods of making cutting tools from pure tungsten carbide were based on this knowl-
edge. Early pieces of cemented carbide were much too brittle for industrial use, but it was
soon found that mixing tungsten carbide powder with up to 10 per cent of metals such as
iron, nickel, or cobalt, allowed pressed compacts to be sintered at about 1500°C to give a
product with low porosity, very high hardness, and considerable strength. This combina-
tion of properties made the materials ideally suitable for use as tools for cutting metal.

Cemented carbides for cutting tools were introduced commercially in 1927, and
although the key discoveries were made in Germany, many of the later developments have
taken place in the United States, Austria, Sweden, and other countries. Recent years have
seen two “revolutions” in carbide cutting tools, one led by the United States and the other
by Europe. These were the change from brazed to clamped carbide inserts and the rapid
development of coating technology.

When indexable tips were first introduced, it was found that so little carbide was worn
away before they were discarded that a minor industry began to develop, regrinding the so-
called “throwaway” tips and selling them for reuse in adapted toolholders. Hardmetal con-
sumption, which had grown dramatically when indexable inserts were introduced, leveled
off and began to decline. This situation was changed by the advent and rapid acceptance of
carbide, nitride, and oxide coatings. Application of an even harder, more wear-resistant
surface to a tougher, more shock-resistant substrate allowed production of new genera-
tions of longer-lasting inserts. Regrinding destroyed the enhanced properties of the coat-
ings, so was abandoned for coated tooling.

Brazed tools have the advantage that they can be reground over and over again, until
almost no carbide is left, but the tools must always be reset after grinding to maintain
machining accuracy. However, all brazed tools suffer to some extent from the stresses left
by the brazing process, which in unskilled hands or with poor design can shatter the carbide
even before it has been used to cut metal. In present conditions it is cheaper to use index-
able inserts, which are tool tips of precise size, clamped in similarly precise holders, need-
ing no time-consuming and costly resetting but usable only until each cutting edge or
corner has lost its initial sharpness (see Introduction and related topics starting on
page 764 and Indexable Insert Holders for NC on page 781. The absence of brazing
stresses and the “one-use” concept also means that harder, longer-lasting grades can be
used.
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Table 1. Typical Properties of Tungsten-Carbide-Based Cutting-Tool Hardmetals

A complementary development was the introduction of ever-more complex chip-break-
ers, derived from computer-aided design and pressed and sintered to precise shapes and
dimensions. Another advance was the application of hot isostatic pressing (HIP), which
has moved hardmetals into applications that were formerly uneconomic. This method
allows virtually all residual porosity to be squeezed out of the carbide by means of inert gas
at high pressure, applied at about the sintering temperature. Toughness, rupture strength,
and shock resistance can be doubled or tripled by this method, and the reject rates of very
large sintered components are reduced to a fraction of their previous levels.

Further research has produced a substantial number of excellent cutting-tool materials
based on titanium carbonitride. Generally called “cermets,” as noted previously, carboni-
tride-based cutting inserts offer excellent performance and considerable prospects for the
future.

Compositions and Structures: Properties of hardmetals are profoundly influenced by
microstructure. The microstructure in turn depends on many factors including basic chem-
ical composition of the carbide and matrix phases; size, shape, and distribution of carbide
particles; relative proportions of carbide and matrix phases; degree of intersolubility of
carbides; excess or deficiency of carbon; variations in composition and structure caused by
diffusion or segregation; production methods generally, but especially milling, carburiz-
ing, and sintering methods, and the types of raw materials; post sintering treatments such
as hot isostatic pressing; and coatings or diffusion layers applied after initial sintering.

Tungsten Carbide/Cobalt (WC/Co): The first commercially available cemented car-
bides consisted of fine angular particles of tungsten carbide bonded with metallic cobalt.
Intended initially for wire-drawing dies, this composition type is still considered to have
the greatest resistance to simple abrasive wear and therefore to have many applications in
machining.

For maximum hardness to be obtained from closeness of packing, the tungsten carbide
grains should be as small as possible, preferably below 1 µm (0.00004 inch) and consider-
ably less for special purposes. Hardness and abrasion resistance increase as the cobalt con-
tent is lowered, provided that a minimum of cobalt is present (2 per cent can be enough,
although 3 per cent is the realistic minimum) to ensure complete sintering. In general, as

ISO
Application

Code

Composition (%)

Density
(g/cm3)

Hardness
(Vickers)

Transverse
Rupture
Strength
(N/mm2)WC TiC TaC Co

P01 50 35 7 6 8.5 1900 1100
P05 78 16 6 11.4 1820 1300
P10 69 15 8 8 11.5 1740 1400
P15 78 12 3 7 11.7 1660 1500
P20 79 8 5 8 12.1 1580 1600
P25 82 6 4 8 12.9 1530 1700
P30 84 5 2 9 13.3 1490 1850
P40 85 5 10 13.4 1420 1950
P50 78 3 3 16 13.1 1250 2300
M10 85 5 4 6 13.4 1590 1800
M20 82 5 5 8 13.3 1540 1900
M30 86 4 10 13.6 1440 2000
M40 84 4 2 10 14.0 1380 2100
K01 97 3 15.2 1850 1450
K05 95 1 4 15.0 1790 1550
K10 92 2 6 14.9 1730 1700
K20 94 6 14.8 1650 1950
K30 91 9 14.4 1400 2250
K40 89 11 14.1 1320 2500
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carbide grain size or cobalt content or both are increased—frequently in unison—tougher
and less hard grades are obtained. No porosity should be visible, even under the highest
optical magnification.

WC/Co compositions used for cutting tools range from about 2 to 13 per cent cobalt, and
from less than 0.5 to more than 5 µm (0.00002-0.0002 in.) in grain size. For stamping tools,
swaying dies, and other wear applications for parts subjected to moderate or severe shock,
cobalt content can be as much as 30 per cent, and grain size a maximum of about 10 µm
(0.0004 in.). In recent years, “micrograin” carbides, combining submicron (less than
0.00004 in.) carbide grains with relatively high cobalt content have found increasing use
for machining at low speeds and high feed rates. An early use was in high-speed wood-
working cutters such as are used for planing.

For optimum properties, porosity should be at a minimum, carbide grain size as regular
as possible, and carbon content of the tungsten carbide phase close to the theoretical (sto-
ichiometric) value. Many tungsten carbide/cobalt compositions are modified by small but
important additions—from 0.5 to perhaps 3 per cent of tantalum, niobium, chromium,
vanadium, titanium, hafnium, or other carbides. The basic purpose of these additions is
generally inhibition of grain growth, so that a consistently fine structure is maintained.

Tungsten - Titanium Carbide/Cobalt (WC/TiC/Co): These grades are used for tools to
cut steels and other ferrous alloys, the purpose of the TiC content being to resist the high-
temperature diffusive attack that causes chemical breakdown and cratering. Tungsten car-
bide diffuses readily into the chip surface, but titanium carbide is extremely resistant to
such diffusion. A solid solution or “mixed crystal” of WC in TiC retains the anticratering
property to a great extent.

Unfortunately, titanium carbide and TiC-based solid solutions are considerably more
brittle and less abrasion resistant than tungsten carbide. TiC content, therefore, is kept as
low as possible, only sufficient TiC being provided to avoid severe cratering wear. Even 2
or 3 per cent of titanium carbide has a noticeable effect, and as the relative content is sub-
stantially increased, the cratering tendency becomes more severe.

In the limiting formulation the carbide is tungsten-free and based entirely on TiC, but
generally TiC content extends to no more than about 18 per cent. Above this figure the car-
bide becomes excessively brittle and is very difficult to braze, although this drawback is
not a problem with throwaway inserts.

WC/TiC/Co grades generally have two distinct carbide phases, angular crystals of
almost pure WC and rounded TiC/WC mixed crystals. Among progressive manufacturers,
although WC/TiC/Co hardmetals are very widely used, in certain important respects they
are obsolescent, having been superseded by the WC/TiC/Ta(Nb)C/Co series in the many
applications where higher strength combined with crater resistance is an advantage. TiC,
TiN, and other coatings on tough substrates have also diminished the attractions of high-
TiC grades for high-speed machining of steels and ferrous alloys.

Tungsten-Titanium-Tantalum (-Niobium) Carbide/Cobalt: Except for coated carbides,
tungsten-titanium-tantalum (-niobium) grades could be the most popular class of hardmet-
als. Used mainly for cutting steel, they combine and improve upon most of the best features
of the longer-established WC/TiC/Co compositions. These carbides compete directly with
carbonitrides and silicon nitride ceramics, and the best cemented carbides of this class can
undertake very heavy cuts at high speeds on all types of steels, including austenitic stain-
less varieties. These tools also operate well on ductile cast irons and nickel-base superal-
loys, where great heat and high pressures are generated at the cutting edge. However, they
do not have the resistance to abrasive wear possessed by micrograin straight tungsten car-
bide grades nor the good resistance to cratering of coated grades and titanium carbide-
based cermets.

Titanium Carbide/Molybdenum/Nickel (TiC/Mo/Ni): The extreme indentation hardness
and crater resistance of titanium carbide, allied to the cheapness and availability of its main
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raw material (titanium dioxide, TiO2), provide a strong inducement to use grades based on
this carbide alone. Although developed early in the history of hardmetals, these carbides
were difficult to braze satisfactorily and consequently were little used until the advent of
clamped, throwaway inserts. Moreover, the carbides were notoriously brittle and could
take only fine cuts in minimal-shock conditions.

Titanium-carbide-based grades again came into prominence about 1960, when nickel-
molybdenum began to be used as a binder instead of nickel. The new grades were able to
perform a wider range of tasks including interrupted cutting and cutting under shock con-
ditions.

The very high indentation hardness values recorded for titanium carbide grades are not
accompanied by correspondingly greater resistance to abrasive wear, the apparently less
hard tungsten carbide being considerably superior in this property. Moreover, carboni-
trides, advanced tantalum-containing multicarbides, and coated variants generally provide
better all-round cutting performances.

Titanium-Base Carbonitrides: Development of titanium-carbonitride-based cutting-
tool materials predates the use of coatings of this type on more conventional hardmetals by
many years. Appreciable, though uncontrolled, amounts of carbonitride were often
present, if only by accident, when cracked ammonia was used as a less expensive substitute
for hydrogen in some stages of the production process in the 1950's and perhaps for two
decades earlier.

Much of the recent, more scientific development of this class of materials has taken place
in the United States, particularly by Teledyne Firth Sterling with its SD3 grade and in Japan
by several companies. Many of the compositions currently in use are extremely complex,
and their structures—even with apparently similar compositions—can vary enormously.
For instance, Mitsubishi characterizes i ts Himet NX series of cermets as
TiC/WC/Ta(Nb)C/Mo2C/TiN/Ni/Co/Al, with a structure comprising both large and
medium-size carbide particles (mainly TiC according to the quoted density) in a superal-
loy-type matrix containing an aluminum-bearing intermetallic compound.

Steel- and Alloy-Bonded Titanium Carbide: The class of material exemplified by Ferro-
Tic, as it is known, consists primarily of titanium carbide bonded with heat-treatable steel,
but some grades also contain tungsten carbide or are bonded with nickel- or copper-base
alloys. These cemented carbides are characterized by high binder contents (typically 50-60
per cent by volume) and lower hardnesses, compared with the more usual hardmetals, and
by the great variation in properties obtained by heat treatment.

In the annealed condition, steel-bonded carbides have a relatively soft matrix and can be
machined with little difficulty, especially by CBN (superhard cubic boron nitride) tools.
After heat treatment, the degree of hardness and wear resistance achieved is considerably
greater than that of normal tool steels, although understandably much less than that of tra-
ditional sintered carbides. Microstructures are extremely varied, being composed of 40-50
per cent TiC by volume and a matrix appropriate to the alloy composition and the stage of
heat treatment. Applications include stamping, blanking and drawing dies, machine com-
ponents, and similar items where the ability to machine before hardening reduces produc-
tion costs substantially.

Coating: As a final stage in carbide manufacture, coatings of various kinds are applied
mainly to cutting tools, where for cutting steel in particular it is advantageous to give the
rank and clearance surfaces characteristics that are quite different from those of the body of
the insert. Coatings of titanium carbide, nitride, or carbonitride; of aluminum oxide; and of
other refractory compounds are applied to a variety of hardmetal substrates by chemical or
physical vapor deposition (CVD or PVD) or by newer plasma methods.

The most recent types of coatings include hafnium, tantalum, and zirconium carbides
and nitrides; alumina/titanium oxide; and multiple carbide/carbonitride/nitride/oxide,
oxynitride or oxycarbonitride combinations. Greatly improved properties have been
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claimed for variants with as many as 13 distinct CVD coatings. A markedly sharper cutting
edge compared with other CVD-coated hardmetals is claimed, permitting finer cuts and
the successful machining of soft but abrasive alloys.

The keenest edges on coated carbides are achieved by the techniques of physical vapor
deposition. In this process, ions are deposited directionally from the electrodes, rather than
evenly on all surfaces, so the sharpness of cutting edges is maintained and may even be
enhanced. PVD coatings currently available include titanium nitride and carbonitride,
their distinctive gold color having become familiar throughout the world on high-speed
steel tooling. The high temperatures required for normal CVD tends to soften heat-treated
high-speed steel. PVD-coated hardmetals have been produced commercially for several
years, especially for precision milling inserts.

Recent developments in extremely hard coatings, generally involving exotic techniques,
include boron carbide, cubic boron nitride, and pure diamond. Almost the ultimate in wear
resistance, the commercial applications of thin plasma-generated diamond surfaces at
present are mainly in manufacture of semiconductors, where other special properties are
important.

For cutting tools the substrate is of equal importance to the coating in many respects, its
critical properties including fracture toughness (resistance to crack propagation), elastic
modulus, resistance to heat and abrasion, and expansion coefficient. Some manufacturers
are now producing inserts with graded composition, so that structures and properties are
optimized at both surface and interior, and coatings are less likely to crack or break away.

Specifications: Compared with other standardized materials, the world of sintered hard-
metals is peculiar. For instance, an engineer who seeks a carbide grade for the finish-
machining of a steel component may be told to use ISO Standard Grade P10 or Industry
Code C7. If the composition and nominal properties of the designated tool material are
then requested, the surprising answer is that, in basic composition alone, the tungsten car-
bide content of P10 (or of the now superseded C7) can vary from zero to about 75, titanium
carbide from 8 to 80, cobalt 0 to 10, and nickel 0 to 15 per cent. There are other possible
constituents, also, in this so-called standard alloy, and many basic properties can vary as
much as the composition. All that these dissimilar materials have in common, and all that
the so-called standards mean, is that their suppliers—and sometimes their suppliers
alone—consider them suitable for one particular and ill-defined machining application
(which for P10 or C7 is the finish machining of steel).

This peculiar situation arose because the production of cemented carbides in occupied
Europe during World War II was controlled by the German Hartmetallzentrale, and no fac-
tory other than Krupp was permitted to produce more than one grade. By the end of the war,
all German-controlled producers were equipped to make the G, S, H, and F series to Ger-
man standards. In the postwar years, this series of carbides formed the basis of unofficial
European standardization. With the advent of the newer multicarbides, the previous iden-
tities of grades were gradually lost. The applications relating to the old grades were
retained, however, as a new German DIN standard, eventually being adopted, in somewhat
modified form, by the International Standards Organization (ISO) and by ANSI in the
United States.

The American cemented carbides industry developed under diverse ownership and solid
competition. The major companies actively and independently developed new varieties of
hardmetals, and there was little or no standardization, although there were many attempts
to compile equivalent charts as a substitute for true standardization. Around 1942, the
Buick division of GMC produced a simple classification code that arranged nearly 100
grades derived from 10 manufacturers under only 14 symbols (TC-1 to TC-14). In spite of
serious deficiencies, this system remained in use for many years as an American industry
standard; that is, Buick TC-1 was equivalent to industry code C1. Buick itself went much
further, using the tremendous influence, research facilities, and purchasing potential of its
parent company to standardize the products of each carbide manufacturer by properties
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that could be tested, rather than by the indeterminate recommended applications. Many
large-scale carbide users have developed similar systems in attempts to exert some degree
of in-house standardization and quality control. Small and medium-sized users, however,
still suffer from so-called industry standards, which only provide a starting point for grade
selection.

ISO standard 513, summarized in Table 2, divides all machining grades into three color-
coded groups: straight tungsten carbide grades (letter K, color red) for cutting gray cast
iron, nonferrous metals, and nonmetallics; highly alloyed grades (letter, P. color blue) for
machining steel; and less alloyed grades (letter M, color yellow, generally with less TiC
than the corresponding P series), which are multipurpose and may be used on steels,
nickel-base superalloys, ductile cast irons, and so on. Each grade within a group is also
given a number to represent its position in a range from maximum hardness to maximum
toughness (shock resistance). Typical applications are described for grades at more or less
regular numerical intervals. Although coated grades scarcely existed when the ISO stan-
dard was prepared, it is easy to classify coated as uncoated carbides—or carbonitrides,
ceramics, and superhard materials—according to this system.

In this situation, it is easy to see how one plant will prefer one manufacturer's carbide and
a second plant will prefer that of another. Each has found the carbide most nearly ideal for
the particular conditions involved. In these circumstances it pays each manufacturer to
make grades that differ in hardness, toughness, and crater resistance, so that they can pro-
vide a product that is near the optimum for a specific customer's application.

Although not classified as a hard metal, new particle or powder metallurgical methods of
manufacture, coupled with new coating technology have led in recent years to something
of an upsurge in the use of high speed steel. Lower cost is a big factor, and the development
of such coatings as titanium nitride, cubic boron nitride, and pure diamond, has enabled
some high speed steel tools to rival tools made from tungsten and other carbides in their
ability to maintain cutting accuracy and prolong tool life. Multiple layers may be used to
produce optimum properties in the coating, with adhesive strength where there is contact
with the substrate, combined with hardness at the cutting surface to resist abrasion. Total
thickness of such coating, even with multiple layers, is seldom more than 15 microns
(0.000060 in.).

Importance of Correct Grades: A great diversity of hardmetal types is required to cope
with all possible combinations of metals and alloys, machining operations, and working
conditions. Tough, shock-resistant grades are needed for slow speeds and interrupted cut-
ting, harder grades for high-speed finishing, heat-resisting alloyed grades for machining
superalloys, and crater-resistant compositions, including most of the many coated variet-
ies, for machining steels and ductile iron.

Ceramics.—Moving up the hardness scale, ceramics provide increasing competition for
cemented carbides, both in performance and in cost-effectiveness, though not yet in reli-
ability. Hardmetals themselves consist of ceramics—nonmetallic refractory compounds,
usually carbides or carbonitrides—with a metallic binder of much lower melting point. In
such systems, densification generally takes place by liquid-phase sintering. Pure ceramics
have no metallic binder, but may contain lower-melting-point compounds or ceramic mix-
tures that permit liquid-phase sintering to take place. Where this condition is not possible,
hot pressing or hot isostatic pressing can often be used to make a strong, relatively pore-
free component or cutting insert. This section is restricted to those ceramics that compete
directly with hardmetals, mainly in the cutting-tool category as shown in Table 3.

Ceramics are hard, completely nonmetallic substances that resist heat and abrasive wear.
Increasingly used as clamped indexable tool inserts, ceramics differ significantly from tool
steels, which are completely metallic. Ceramics also differ from cermets such as cemented
carbides and carbonitrides, which comprise minute ceramic particles held together by
metallic binders.
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Table 2. ISO Classifications of Hardmetals (Cemented Carbides and Carbonitrides) by Application

Main Types of Chip Removal Groups of Applications
Direction of Decrease

in Characteristic

Symbol
and Color

Broad Categories of
Materials to be Machined

Designation
(Grade)

Specific Material
to be Machined Use and Working Conditions of cut of carbide

P
Blue

Ferrous with
long chips

P01 Steel, steel castings Finish turning and boring; high cutting speeds, small chip sections, accu-
rate dimensions, fine finish, vibration-free operations

↑
speed

P10 Steel, steel casting Turning, copying, threading, milling; high cutting speeds; small or 
medium chip sections

↑
wear

P20 Steel, steel castings, ductile cast iron with long 
chips

Turning, copying, milling; medium cutting speeds and chip sections, plan-
ing with small chip sections

P30 Steel, steel castings, ductile cast iron with long 
chips

Turning, milling, planing; medium or large chip sections, unfavorable 
machining conditions

P40 Steel, steel castings with sand inclusions and 
cavities

Turning, planing, slotting; low cutting speeds, large chip sections, with 
possible large cutting angles, unfavorable cutting conditions, and work 
on automatic machines

P50 Steel, steel castings of medium or low tensile 
strength, with sand inclusions and cavities

Operations demanding very tough carbides; turning, planing, slotting; low 
cutting speeds, large chip sections, with possible large cutting angles, 
unfavorable conditions and work on automatic machines

M
Yellow

Ferrous metals with long or 
short chips, and non fer-
rous metals

M10 Steel, steel castings, manganese steel, gray cast 
iron, alloy cast iron

Turning; medium or high cutting speeds, small or medium chip sections

M20 Steel, steel castings, austenitic or manganese 
steel, gray cast iron

Turning, milling; medium cutting speeds and chip sections

M30 Steel, steel castings, austenitic steel, gray cast 
iron, high-temperature-resistant alloys

Turning, milling, planing; medium cutting speeds, medium or large chip 
sections

M40 Mild, free-cutting steel, low-tensile steel, non-
ferrous metals and light alloys

Turning, parting off; particularly on automatic machines

K
Red

Ferrous metals with short 
chips, non-ferrous metals 
and non-metallic materials

K01 Very hard gray cast iron, chilled castings over 
85 Shore, high-silicon aluminum alloys, hard-
ened steel, highly abrasive plastics, hard card-
board, ceramics

Turning, finish turning, boring, milling, scraping

K10 Gray cast iron over 220 Brinell, malleable cast 
iron with short chips, hardened steel, silicon-
aluminum and copper alloys, plastics, glass, 
hard rubber, hard cardboard, porcelain, stone

Turning, milling, drilling, boring, broaching, scraping

K20 Gray cast iron up to 220 Brinell, nonferrous 
metals, copper, brass, aluminum

Turning, milling, planing, boring, broaching, demanding very tough car-
bide

K30 Low-hardness gray cast iron, low-tensile steel, 
compressed wood

Turning, milling, planing, slotting, unfavorable conditions, and possibility 
of large cutting angles

↓
feed

K40 Softwood or hard wood, nonferrous metals Turning, milling, planing, slotting, unfavorable conditions, and possibility 
of large cutting angles

↓
toughness

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Table 3. Typical Properties of Cutting Tool Ceramics

Alumina-based ceramics were introduced as cutting inserts during World War II, and
were for many years considered too brittle for regular machine-shop use. Improved
machine tools and finer-grain, tougher compositions incorporating zirconia or silicon car-
bide “whiskers” now permit their use in a wide range of applications. Silicon nitride, often
combined with alumina (aluminum oxide), yttria (yttrium oxide), and other oxides and
nitrides, is used for much of the high-speed machining of superalloys, and newer grades
have been formulated specifically for cast iron—potentially a far larger market.

In addition to improvements in toolholders, great advances have been made in machine
tools, many of which now feature the higher powers and speeds required for the efficient
use of ceramic tooling. Brittleness at the cutting edge is no longer a disadvantage, with the
improvements made to the ceramics themselves, mainly in toughness, but also in other
critical properties.

Although very large numbers of useful ceramic materials are now available, only a few
combinations have been found to combine such properties as minimum porosity, hardness,
wear resistance, chemical stability, and resistance to shock to the extent necessary for cut-
ting-tool inserts. Most ceramics used for machining are still based on high-purity, fine-
grained alumina (aluminum oxide), but embody property-enhancing additions of other
ceramics such as zirconia (zirconium oxide), titania (titanium oxide), titanium carbide,
tungsten carbide, and titanium nitride. For commercial purposes, those more commonly
used are often termed “white” (alumina with or without zirconia) or “black” (roughly
70 ⁄30 alumina/titanium carbide). More recent developments are the distinctively green
alumina ceramics strengthened with silicon carbide whiskers and the brown-tinged silicon
nitride types.

Ceramics benefit from hot isostatic pressing, used to remove the last vestiges of porosity
and raise substantially the material's shock resistance, even more than carbide-based hard-
metals. Significant improvements are derived by even small parts such as tool inserts,
although, in principle, they should not need such treatment if raw materials and manufac-
turing methods are properly controlled.

Oxide Ceramics: Alumina cutting tips have extreme hardness—more than HV 2000 or
HRA 94—and give excellent service in their limited but important range of uses such as
the machining of chilled iron rolls and brake drums. A substantial family of alumina-based
materials has been developed, and fine-grained alumina-based composites now have suf-
ficient strength for milling cast iron at speeds up to 2500 ft/min (800 m/min). Resistance to
cratering when machining steel is exceptional.

Oxide/Carbide Ceramics: A second important class of alumina-based cutting ceramics
combines aluminum oxide or alumina-zirconia with a refractory carbide or carbides,

Group Alumina Alumina/TiC Silicon Nitride PCD PCBN

Typical composition types Al2O3 or
Al2O3/ZrO2

70 ⁄30
Al2O3/TiC

Si3N4/Y2O3

plus

Density (g/cm3) 4.0 4.25 3.27 3.4 3.1

Transverse rupture strength (N/mm2) 700 750 800 800

Compressive strength (kN/mm2) 4.0 4.5 4.0 4.7 3.8

Hardness (HV) 1750 1800 1600

Hardness HK (kN/mm2) 50 28

Young's modulus (kN/mm2) 380 370 300 925 680

Modulus of rigidity (kN/mm2) 150 160 150 430 280

Poisson's ratio 0.24 0.22 0.20 0.09 0.22

Thermal expansion coefficient (10−6/K) 8.5 7.8 3.2 3.8 4.9

Thermal conductivity (W/m K) 23 17 22 120 100

Fracture toughness (K1cMN/m3 ⁄2) 2.3 3.3 5.0 7.9 10
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nearly always 30 per cent TiC. The compound is black and normally is hot pressed or hot
isostatically pressed (HIPed). As shown in Table 3, the physical and mechanical properties
of this material are generally similar to those of the pure alumina ceramics, but strength and
shock resistance are generally higher, being comparable with those of higher-toughness
simple alumina-zirconia grades. Current commercial grades are even more complex, com-
bining alumina, zirconia, and titanium carbide with the further addition of titanium nitride.

Silicon Nitride Base: One of the most effective ceramic cutting-tool materials developed
in the UK is Syalon (from SiAlON or silicon-aluminum-oxynitride) though it incorporates
a substantial amount of yttria for efficient liquid-phase sintering). The material combines
high strength with hot hardness, shock resistance, and other vital properties. Syalon cutting
inserts are made by Kennametal and Sandvik and sold as Kyon 2000 and CC680, respec-
tively. The brown Kyon 200 is suitable for machining high-nickel alloys and cast iron, but
a later development, Kyon 3000 has good potential for machining cast iron.

Resistance to thermal stress and thermal shock of Kyon 2000 are comparable to those of
sintered carbides. Toughness is substantially less than that of carbides, but roughly twice
that of oxide-based cutting-tool materials at temperatures up to 850°C. Syon 200 can cut at
high edge temperatures and is harder than carbide and some other ceramics at over 700°C,
although softer than most at room temperature.

Whisker-Reinforced Ceramics: To improve toughness, Greenleaf Corp. has reinforced
alumina ceramics with silicon carbide single-crystal “whiskers” that impart a distinctive
green color to the material, marketed as WG300. Typically as thin as human hairs, the
immensely strong whiskers improve tool life under arduous conditions. Whisker-rein-
forced ceramics and perhaps hardmetals are likely to become increasingly important as
cutting and wear-resistant materials. Their only drawback seems to be the carcinogenic
nature of the included fibers, which requires stringent precautions during manufacture.

Superhard Materials.—Polycrystalline synthetic diamond (PCD) and cubic boron
nitride (PCBN), in the two columns at the right in Table 3, are almost the only cutting-
insert materials in the “superhard” category. Both PCD and PCBN are usually made with
the highest practicable concentration of the hard constituent, although ceramic or metallic
binders can be almost equally important in providing overall strength and optimizing other
properties. Variations in grain size are another critical factor in determining cutting char-
acteristics and edge stability. Some manufacturers treat CBN in similar fashion to tungsten
carbide, varying the composition and amount of binder within exceptionally wide limits to
influence the physical and mechanical properties of the sintered compact.

In comparing these materials, users should note that some inserts comprise solid poly-
crystalline diamond or CBN and are double-sized to provide twice the number of cutting
edges. Others consist of a layer, from 0.020 to 0.040 inch (0.5 to 1 mm) thick, on a tough
carbide backing. A third type is produced with a solid superhard material almost sur-
rounded by sintered carbide. A fourth type, used mainly for cutting inserts, comprises solid
hard metal with a tiny superhard insert at one or more (usually only one) cutting corners or
edges. Superhard cutting inserts are expensive—up to 30 times the cost of equivalent
shapes or sizes in ceramic or cemented carbide—but their outstanding properties, excep-
tional performance and extremely long life can make them by far the most cost-effective
for certain applications.

Diamond: Diamond is the hardest material found or made. As harder, more abrasive
ceramics and other materials came into widespread use, diamond began to be used for
grinding-wheel grits. Cemented carbide tools virtually demanded diamond grinding
wheels for fine edge finishing. Solid single-crystal diamond tools were and are used to a
small extent for special purposes, such as microtomes, for machining of hard materials,
and for exceptionally fine finishes. These diamonds are made from comparatively large,
high-quality gem-type diamonds, have isotropic properties, and are very expensive. By
comparison, diamond abrasive grits cost only a few dollars a carat.



794 CEMENTED CARBIDES AND OTHER HARD MATERIALS

Synthetic diamonds are produced from graphite using high temperatures and extremely
high pressures. The fine diamond particles produced are sintered together in the presence
of a metal “catalyst” to produce high-efficiency anisotropic cutting tool inserts. These
tools comprise either a solid diamond compact or a layer of sintered diamond on a carbide
backing, and are made under conditions similar to, though less severe than, those used in
diamond synthesis. Both natural and synthetic diamond can be sintered in this way,
although the latter method is the most frequently used.

Polycrystalline diamond (PCD) compacts are immensely hard and can be used to
machine many substances, from highly abrasive hardwoods and glass fiber to nonferrous
metals, hardmetals, and tough ceramics. Important classes of tools that are also available
with cubic boron nitride inserts include brazed-tip drills, single-point turning tools, and
face-milling cutters.

Boron Nitride: Polycrystalline diamond has one big limitation: it cannot be used to
machine steel or any other ferrous material without rapid chemical breakdown. Boron
nitride does not have this limitation. Normally soft and slippery like graphite, the soft hex-
agonal crystals (HBN) become cubic boron nitride (CBN) when subjected to ultrahigh
pressures and temperatures, with a structure similar to and hardness second only to dia-
mond. As a solid insert of polycrystalline cubic boron nitride (PCBN), the compound
machines even the hardest steel with relative immunity from chemical breakdown or cra-
tering.

Backed by sintered carbide, inserts of PCBN can readily be brazed, increasing the useful-
ness of the material and the range of tooling in which it can be used. With great hardness
and abrasion resistance, coupled with extreme chemical stability when in contact with fer-
rous alloys at high temperatures, PCBN has the ability to machine both steels and cast irons
at high speeds for long operating cycles. Only its currently high cost in relation to hardmet-
als prevents its wider use in mass-production machining.

Similar in general properties to PCBN, the recently developed “Wurbon” consists of a
mixture of ultrafine (0.02 µm grain size) hexagonal and cubic boron nitride with a “wurtz-
ite” structure, and is produced from soft hexagonal boron nitride in a microsecond by an
explosive shock-wave.

Basic Machining Data: Most mass-production metal cutting operations are carried out
with carbide-tipped tools but their correct application is not simple. Even apparently simi-
lar batches of the same material vary greatly in their machining characteristics and may
require different tool settings to attain optimum performance. Depth of cut, feed, surface
speed, cutting rate, desired surface finish, and target tool life often need to be modified to
suit the requirements of a particular component.

For the same downtime, the life of an insert between indexings can be less than that of an
equivalent brazed tool between regrinds, so a much higher rate of metal removal is possible
with the indexable or throwaway insert. It is commonplace for the claims for a new coating
to include increases in surface-speed rates of 200-300 per cent, and for a new insert design
to offer similar improvements. Many operations are run at metal removal rates that are far
from optimum for tool life because the rates used maximize productivity and cost-effec-
tiveness.

Thus any recommendations for cutting speeds and feeds must be oversimplified or
extremely complex, and must be hedged with many provisos, dependent on the technical
and economic conditions in the manufacturing plant concerned. A preliminary grade
selection should be made from the ISO-based tables and manufacturers' literature con-
sulted for recommendations on the chosen grades and tool designs. If tool life is much
greater than that desired under the suggested conditions, speeds, feeds, or depths of cut
may be increased. If tools fail by edge breakage, a tougher (more shock-resistant) grade
should be selected, with a numerically higher ISO code.
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Alternatively, increasing the surface speed and decreasing the feed may be tried. If tools
fail prematurely from what appears to be abrasive wear, a harder grade with numerically
lower ISO designation should be tried. If cratering is severe, use a grade with higher tita-
nium carbide content; that is, switch from an ISO K to M or M to P grade, use a P grade with
lower numerical value, change to a coated grade, or use a coated grade with a (claimed)
more-resistant surface layer.

Built-Up Edge and Cratering: The big problem in cutting steel with carbide tools is asso-
ciated with the built-up edge and the familiar phenomenon called cratering. Research has
shown that the built-up edge is continuous with the chip itself during normal cutting. Addi-
tions of titanium, tantalum, and niobium to the basic carbide mixture have a remarkable
effect on the nature and degree of cratering, which is related to adhesion between the tool
and the chip.
Hardmetal Tooling for Wood and Nonmetallics.—Carbide-tipped circular saws are
now conventional for cutting wood, wood products such as chipboard, and plastics, and
tipped bandsaws of large size are also gaining in popularity. Tipped handsaws and
mechanical equivalents are seldom needed for wood, but they are extremely useful for cut-
ting abrasive building boards, glass-reinforced plastics, and similar material. Like the
hardmetal tips used on most other woodworking tools, saw tips generally make use of
straight (unalloyed) tungsten carbide/cobalt grades. However, where excessive heat is
generated as with the cutting of high-silica hardwoods and particularly abrasive chip-
boards, the very hard but tough tungsten-titanium-tantalum-niobium carbide solid-solu-
tion grades, normally reserved for steel finishing, may be preferred. Saw tips are usually
brazed and reground a number of times during service, so coated grades appear to have lit-
tle immediate potential in this field.

Cutting Blades and Plane Irons: These tools comprise long, thin, comparatively wide
slabs of carbide on a minimal-thickness steel backing. Compositions are straight tungsten
carbide, preferably micrograin (to maintain a keen cutting edge with an included angle of
30° or less), but with relatively high amounts of cobalt, 11-13 per cent, for toughness. Con-
siderable expertise is necessary to braze and grind these cutters without inducing or failing
to relieve the excessive stresses that cause distortion or cracking.

Other Woodworking Cutters: Routers and other cutters are generally similar to those
used on metals and include many indexable-insert designs. The main difference with wood
is that rotational and surface speeds can be the maximum available on the machine. High-
speed routing of aluminum and magnesium alloys was developed largely from machines
and techniques originally designed for work on wood.

Cutting Other Materials: The machining of plastics, fiber-reinforced plastics, graphite,
asbestos, and other hard and abrasive constructional materials mainly requires abrasion
resistance. Cutting pressures and power requirements are generally low. With thermoplas-
tics and some other materials, particular attention must be given to cooling because of soft-
ening or degradation of the work material that might be caused by the heat generated in
cutting. An important application of cemented carbides is the drilling and routing of
printed circuit boards. Solid tungsten carbide drills of extremely small sizes are used for
this work.
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FORMING TOOLS

When curved surfaces or those of stepped, angular or irregular shape are required in con-
nection with turning operations, especially on turret lathes and “automatics,” forming
tools are used. These tools are so made that the contour of the cutting edge corresponds to
the shape required and usually they may be ground repeatedly without changing the shape
of the cutting edge. There are two general classes of forming tools—the straight type and
the circular type. The circular forming tool is generally used on small narrow forms,
whereas the straight type is more suitable for wide forming operations. Some straight
forming tools are clamped in a horizontal position upon the cut-off slide, whereas the oth-
ers are held in a vertical position in a special holder. A common form of holder for these
vertical tools is one having a dovetail slot in which the forming tool is clamped; hence they
are often called “dovetail forming tools.” In many cases, two forming tools are used, espe-
cially when a very smooth surface is required, one being employed for roughing and the
other for finishing.

There was an American standard for forming tool blanks which covered both straight or
dovetailed, and circular forms. The formed part of the finished blanks must be shaped to
suit whatever job the tool is to be used for. This former standard includes the important
dimensions of holders for both straight and circular forms.

Dimensions of Steps on Straight or Dovetail Forming Tools.—The diagrams at the top
of the accompanying Table 1 illustrate a straight or “dovetail” forming tool. The upper or
cutting face lies in the same plane as the center of the work and there is no rake. (Many
forming tools have rake to increase the cutting efficiency, and this type will be referred to
later.) In making a forming tool, the various steps measured perpendicular to the front face
(as at d) must be proportioned so as to obtain the required radial dimensions on the work.
For example, if D equals the difference between two radial dimensions on the work, then:

Angles on Straight Forming Tools.—In making forming tools to the required shape or
contour, any angular surfaces (like the steps referred to in the previous paragraph) are
affected by the clearance angle. For example, assume that angle A on the work (see dia-
gram at top of accompanying table) is 20 degrees. The angle on the tool in plane x-x, in that
case, will be slightly less than 20 degrees. In making the tool, this modified or reduced
angle is required because of the convenience in machining and measuring the angle square
to the front face of the tool or in the plane x-x.

If the angle on the work is measured from a line parallel to the axis (as at A in diagram),
then the reduced angle on the tool as measured square to the front face (or in plane x-x) is
found as follows:

If angle A on the work is larger than, say, 45 degrees, it may be given on the drawing as
indicated at B. In this case, the angle is measured from a plane perpendicular to the axis of
the work. When the angle is so specified, the angle on the tool in plane x-x may be found as
follows:

Table Giving Step Dimensions and Angles on Straight or Dovetailed Forming
Tools.—The accompanying Table 1 gives the required dimensions and angles within its
range, directly without calculation.

Step d D cosine front clearance angle×=

 reduced angle on tooltan Atan  front clearance anglecos×=

reduced angle on tooltan Btan
 clearance anglecos

-----------------------------------------------=
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To Find Dimensions of Steps: The upper section of Table 1 is used in determining the
dimensions of steps. The radial depth of the step or the actual cutting depth D (see left-hand
diagram) is given in the first column of the table. The columns that follow give the corre-
sponding depths d for a front clearance angle of 10, 15, or 20 degrees. To illustrate the use
of the table, suppose a tool is required for turning the part shown in Fig. 1, which has diam-
eters of 0.75, 1.25, and 1.75 inches, respectively. The difference between the largest and
the smallest radius is 0.5 inch, which is the depth of one step. Assume that the clearance
angle is 15 degrees. First, locate 0.5 in the column headed “Radial Depth of Step D”; then
find depth d in the column headed “when C = 15°.” As will be seen, this depth is 0.48296

Table 1. Dimensions of Steps and Angles on Straight Forming Tools

Radial
Depth
of Step

D

Depth d of step on tool Radial
Depth
of Step

D

Depth d of step on tool

When
C = 10°

When
C = 15°

When
C = 20°

When
C = 10°

When
C = 15°

When
C = 20°

0.001 0.00098 0.00096 0.00094 0.040 0.03939 0.03863 0.03758
0.002 0.00197 0.00193 0.00187 0.050 0.04924 0.04829 0.04698
0.003 0.00295 0.00289 0.00281 0.060 0.05908 0.05795 0.05638
0.004 0.00393 0.00386 0.00375 0.070 0.06893 0.06761 0.06577
0.005 0.00492 0.00483 0.00469 0.080 0.07878 0.07727 0.07517
0.006 0.00590 0.00579 0.00563 0.090 0.08863 0.08693 0.08457
0.007 0.00689 0.00676 0.00657 0.100 0.09848 0.09659 0.09396
0.008 0.00787 0.00772 0.00751 0.200 0.19696 0.19318 0.18793
0.009 0.00886 0.00869 0.00845 0.300 0.29544 0.28977 0.28190
0.010 0.00984 0.00965 0.00939 0.400 0.39392 0.38637 0.37587
0.020 0.01969 0.01931 0.01879 0.500 0.49240 0.48296 0.46984
0.030 0.02954 0.02897 0.02819 … … … …

Upper section of table gives depth d of step on forming tool for a given dimension D that equals the actual depth of 
the step on the work, measured radially and along the cutting face of the tool (see diagram at left). First, locate depth D
required on work; then find depth d on tool under tool clearance angle C. Depth d is measured perpendicular to front 
face of tool.

Angle A
in Plane
of Tool
Cutting

Face

Angle on tool in plane x-x Angle A
in Plane
of Tool
Cutting

Face

Angle on tool in plane x-x

When
C = 10°

When
C = 15°

When
C = 20°

When
C = 10°

When
C = 15°

When
C = 20°

5° 4° 55 ′ 4° 50 ′ 4° 42 ′ 50° 49° 34 ′ 49° 1 ′ 48° 14 ′
10 9 51 9 40 9 24 55 54 35 54 4 53 18
15 14 47 14 31 14 8 60 59 37 59 8 58 26
20 19 43 19 22 18 53 65 64 40 64 14 63 36
25 24 40 24 15 23 40 70 69 43 69 21 68 50
30 29 37 29 9 28 29 75 74 47 74 30 74 5
35 34 35 34 4 33 20 80 79 51 79 39 79 22
40 39 34 39 1 38 15 85 84 55 84 49 84 41
45 44 34 44 0 43 13 … … … …

Lower section of table gives angles as measured in plane x-x perpendicular to front face of forming tool (see diagram 
on right). Find in first column the angle A required on work; then find reduced angle in plane x-x under given clearance 
angle C.

C

D

d

B

C
A

x

x
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inch. Practically the same procedure is followed in determining the depth of the second
step on the tool. The difference in the radii in this case equals 0.25. This value is not given
directly in the table, so first find the depth equivalent to 0.200 and add to it the depth equiv-
alent to 0.050. Thus, we have 0.19318 + 0.04829 = 0.24147. In using Table 1, it is assumed
that the top face of the tool is set at the height of the work axis.

To Find Angle: The lower section of Table 1 applies to angles when they are measured
relative to the axis of the work. The application of the table will again be illustrated by
using the part shown in Fig. 1. The angle used here is 40 degrees (which is also the angle in
the plane of the cutting face of the tool). If the clearance angle is 15 degrees, the angle mea-
sured in plane x-x square to the face of the tool is shown by the table to be 39° 1 ′- a reduc-
tion of practically 1 degree.

If a straight forming tool has rake, the depth x of each step (see Fig. 2), measured perpen-
dicular to the front or clearance face, is affected not only by the clearance angle, but by the
rake angle F and the radii R and r of the steps on the work. First, it is necessary to find three
angles, designated A, B, and C, that are not shown on the drawing. 

If the work has two or more shoulders, the depth x for other steps on the tool may be deter-
mined for each radius r. If the work has curved or angular forms, it is more practical to use
a tool without rake because its profile, in the plane of the cutting face, duplicates that of the
work.

Example:Assume that radius R equals 16 mm and radius r equals 10 mm so that the step
on the work has a radial depth of 6 mm. The tool has a rake angle F of 10 degrees and a
clearance angle E of 15 degrees. Then angle A = 180 − 10 = 170 degrees.

Fig. 1. 

Fig. 2. 

1 "3 4 1 "1 4"3 4

40˚

R

r

x

y

E

D

F

Angle A 180°  rake angle F–=

Bsin r Asin
R

--------------=

Angle C 180° A B+( )–=

y
R Csin

Asin
----------------=

Angle D of tool 90° E F+( )–=

Depth x y Dsin=
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Circular Forming Tools.—To provide sufficient peripheral clearance on circular form-
ing tools, the cutting face is offset with relation to the center of the tool a distance C, as
shown in Fig. 3. Whenever a circular tool has two or more diameters, the difference in the
radii of the steps on the tool will not correspond exactly to the difference in the steps on the
work. The form produced with the tool also changes, although the change is very slight,
unless the amount of offset C is considerable. Assume that a circular tool is required to pro-
duce the piece A having two diameters as shown. 

Fig. 3. 

If the difference D1 between the large and small radii of the tool were made equal to
dimension D required on the work, D would be a certain amount oversize, depending upon
the offset C of the cutting edge. The following formulas can be used to determine the radii
of circular forming tools for turning parts to different diameters:

Let R = largest radius of tool in inches; D = difference in radii of steps on work; C =
amount cutting edge is offset from center of tool; r = required radius in inches; then

(1)

If the small radius r is given and the large radius R is required, then

(2)

To illustrate, if D (Fig. 3) is to be 1⁄8 inch, the large radius R is 11⁄8 inches, and C is 5⁄32 inch,
what radius r would be required to compensate for the offset C of the cutting edge? Insert-
ing these values in Formula (1):

The value of r is thus found to be 1.0014 inches; hence, the diameter = 2 × 1.0014 =
2.0028 inches instead of 2 inches, as it would have been if the cutting edge had been exactly
on the center line. Formulas for circular tools used on different makes of screw machines
can be simplified when the values R and C are constant for each size of machine. The
accompanying Table 2, Formulas for Circular Forming Tools, gives the standard values

Bsin 10 0.17365×
16

------------------------------- 0.10853= = Angle B 6.23° nearly.=

Angle C 180 170° 6.23°+( )– 3.77°= =

Dimension y
16 0.06575×

0.17365
------------------------------- 6.0582= =

Angle D 90° 15 10+( )– 65 degrees= =

Depth x  of step 6.0582 0.90631× 5.490 mm= =

rR

D1
D

C

A

r R
2

C
2

– D–( )
2

C
2

+=

R r
2

C
2

– D+( )
2

C
2

+=

r 11⁄8( )2 5⁄32( )2
– 1⁄8–( )

2
5⁄32( )2

+ 1.0014 inches= =
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of R and C for circular tools used on different automatics. The formulas for determining the
radius r (see column at right-hand side of table) contain a constant that represents the value

of the expression  in Formula (1).

Table 3, Constant for Determining Diameters of Circular Forming Tools has been com-
piled to facilitate proportioning tools of this type and gives constants for computing the
various diameters of forming tools, when the cutting face of the tool is 1⁄8, 3⁄16, 1⁄4, or 5⁄16 inch
below the horizontal center line. As there is no standard distance for the location of the cut-
ting face, the table has been prepared to correspond with distances commonly used. As an
example, suppose the tool is required for a part having three diameters of 1.75, 0.75, and
1.25 inches, respectively, as shown in Fig. 1, and that the largest diameter of the tool is 3

Table 2. Formulas for Circular Forming Tools a

Make of
Machine

Size of
Machine

Radius R,
Inches

Offset C,
Inches

Radius r,
Inches

Brown &
Sharpe

No. 00 0.875 0.125

No. 0 1.125 0.15625

No. 2 1.50 0.250

No. 6 2.00 0.3125

Acme

No. 51 0.75 0.09375

No. 515 0.75 0.09375

No. 52 1.0 0.09375

No. 53 1.1875 0.125

No. 54 1.250 0.15625

No. 55 1.250 0.15625

No. 56 1.50 0.1875

Cleveland

1⁄4″ 0.625 0.03125

3⁄8″ 0.084375 0.0625

5⁄8 ″ 1.15625 0.0625

7⁄8″ 1.1875 0.0625

11⁄4″ 1.375 0.0625

2″ 1.375 0.0625

21⁄4″ 1.625 0.125

23⁄4″ 1.875 0.15625

31⁄4″ 1.875 0.15625

41⁄4″ 2.50 0.250

6″ 2.625 0.250

a For notation, see Fig. 3

r 0.8660 D–( )2 0.0156+=

r 1.1141 D–( )2 0.0244+=

r 1.4790 D–( )2 0.0625+=

r 1.975 D–( )2 0.0976+=

r 1.7441 D–( )2 0.0088+=

r 0.7441 D–( )2 0.0088+=

r 0.9956 D–( )2 0.0088+=

r 1.1809 D–( )2 0.0156+=

r 1.2402 D–( )2 0.0244+=

r 1.2402 D–( )2 0.0244+=

r 1.4882 D–( )2 0.0352+=

r 0.6242 D–( )2 0.0010+=

r 0.8414 D–( )2 0.0039+=

r 1.1546 D–( )2 0.0039+=

r 1.1859 D–( )2 0.0039+=

r 1.3736 D–( )2 0.0039+=

r 1.6202 D–( )2 0.0156+=

r 1.8685 D–( )2 0.0244+=

r 2.4875 D–( )2 0.0625+=

r 2.6131 D–( )2 0.0625+=

R
2

C
2

–
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inches and the cutting face is 1⁄4 inch below the horizontal center line. The first step would
be to determine approximately the respective diameters of the forming tool and then cor-
rect the diameters by the use of the table. To produce the three diameters shown in Fig. 1,
with a 3-inch forming tool, the tool diameters would be approximately 2, 3, and 2.5 inches,
respectively. The first dimension (2 inches) is 1 inch less in diameter than that of the tool,
and the necessary correction should be given in the column “Correction for Difference in
Diameter”; but as the table is only extended to half-inch differences, it will be necessary to
obtain this particular correction in two steps. On the line for 3-inch diameter and under cor-
rections for 1⁄2 inch, we find 0.0085; then in line with 21⁄2 and under the same heading, we
find 0.0129, hence the total correction would be 0.0085 + 0.0129 = 0.0214 inch. This cor-
rection is added to the approximate diameter, making the exact diameter of the first step 2
+ 0.0214 = 2.0214 inches. The next step would be computed in the same way, by noting on
the 3-inch line the correction for 1⁄2 inch and adding it to the approximate diameter of the
second step, giving an exact diameter of 2.5 + 0.0085 + 2.5085 inches. Therefore, to pro-
duce the part shown in Fig. 1, the tool should have three steps of 3, 2.0214, and 2.5085
inches, respectively, provided the cutting face is 1⁄4 inch below the center. All diameters are
computed in this way, from the largest diameter of the tool.

Tables 4a, 4b, and 4c, Corrected Diameters of Circular Forming Tools, are especially
applicable to tools used on Brown & Sharpe automatic screw machines. Directions for
using these tables are given on page 801.

Circular Tools Having Top Rake.—Circular forming tools without top rake are satis-
factory for brass, but tools for steel or other tough metals cut better when there is a rake
angle of 10 or 12 degrees. For such tools, the small radius r (see Fig. 3) for an outside radius
R may be found by the formula

To find the value of P, proceed as follows: sin φ = small radius on work × sin rake angle ÷
large radius on work. Angle β = rake angle − φ. P = large radius on work × sin β ÷ sin rake
angle. Angle θ = rake angle + δ. Sin δ = vertical height C from center of tool to center of
work ÷ R. It is assumed that the tool point is to be set at the same height as the work center.

Using Tables for “Corrected Diameters of Circular Forming Tools”.—Tables 4a, 4b,
and 4c are especially applicable to Brown & Sharpe automatic screw machines. The max-
imum diameter D of forming tools for these machines should be as follows: For No. 00
machine, 13⁄4 inches; for No. 0 machine, 21⁄4 inches; for No. 2 machine, 3 inches. To find the
other diameters of the tool for any piece to be formed, proceed as follows: Subtract the
smallest diameter of the work from the diameter of the work that is to be formed by the
required tool diameter; divide the remainder by 2; locate the quotient obtained in the col-
umn headed “Length c on Tool,” and opposite the figure thus located and in the column
headed by the number of the machine used, read off directly the diameter to which the tool
is to be made. The quotient obtained, which is located in the column headed “Length c on
Tool,” is the length c, as shown in Fig. 4.

Example:A piece of work is to be formed on a No. 0 machine to two diameters, one being
1⁄4 inch and one 0.550 inch; find the diameters of the tool. The maximum tool diameter is 21⁄4
inches, or the diameter that will cut the 1⁄4-inch diameter of the work. To find the other
diameter, proceed according to the rule given: 0.550 − 1⁄4 = 0.300; 0.300 ÷ 2 = 0.150. In
Table 4b, opposite 0.150, we find that the required tool diameter is 1.9534 inches. These
tables are for tools without rakes.
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802Table 3. Constant for Determining Diameters of Circular Forming Tools

Dia. of 
Tool

Radius of 
Tool

Cutting Face 1⁄8 Inch Below Center Cutting Face 3⁄16 Inch Below Center Cutting Face 1⁄4 Inch Below Center Cutting Face 5⁄16 Inch Below Center

Correction for Difference in Diameter Correction for Difference in Diameter Correction for Difference in Diameter Correction for Difference in Diameter

1⁄8 Inch 1⁄4 Inch 1⁄2 Inch 1⁄8 Inch 1⁄4 Inch 1⁄2 Inch 1⁄8 Inch 1⁄4 Inch  1⁄2 Inch 1⁄8 Inch 1⁄4 Inch 1⁄2 Inch

1 0.500 … … … … … … … … … … … …

11⁄8 0.5625 0.0036 … … 0.0086 … … 0.0167 … … 0.0298 … …

11⁄4 0.625 0.0028 0.0065 … 0.0067 0.0154 … 0.0128 0.0296 … 0.0221 0.0519 …

13⁄8 0.6875 0.0023 … … 0.0054 … … 0.0102 … … 0.0172 … …

11⁄2 0.750 0.0019 0.0042 0.0107 0.0045 0.0099 0.0253 0.0083 0.0185 0.0481 0.0138 0.0310 0.0829

15⁄8 0.8125 0.0016 … … 0.0037 … … 0.0069 … … 0.0114 … …

13⁄4 0.875 0.0014 0.0030 … 0.0032 0.0069 … 0.0058 0.0128 … 0.0095 0.0210 …

17⁄8 0.9375 0.0012 … … 0.0027 … … 0.0050 … … 0.0081 … …

2 1.000 0.0010 0.0022 0.0052 0.0024 0.0051 0.0121 0.0044 0.0094 0.0223 0.0070 0.0152 0.0362

21⁄8 1.0625 0.0009 … … 0.0021 … … 0.0038 … … 0.0061 … …

21⁄4 1.125 0.0008 0.0017 … 0.0018 0.0040 … 0.0034 0.0072 … 0.0054 0.0116 …

23⁄8 1.1875 0.0007 … … 0.0016 … … 0.0029 … … 0.0048 … …

21⁄2 1.250 0.0006 0.0014 0.0031 0.0015 0.0031 0.0071 0.0027 0.0057 0.0129 0.0043 0.0092 0.0208

25⁄8 1.3125 0.0006 … … 0.0013 … … 0.0024 … … 0.0038 … …

23⁄4 1.375 0.0005 0.0011 … 0.0012 0.0026 … 0.0022 0.0046 … 0.0035 0.0073 …

27⁄8 1.4375 0.0005 … … 0.0011 … … 0.0020 … … 0.0032 … …

3 1.500 0.0004 0.0009 0.0021 0.0010 0.0021 0.0047 0.0018 0.0038 0.0085 0.0029 0.0061 0.0135

31⁄8 1.5625 0.00004 … … 0.0009 … … 0.0017 … … 0.0027 … …

31⁄4 1.625 0.0003 0.0008 … 0.0008 0.0018 … 0.0015 0.0032 … 0.0024 0.0051 …

33⁄8 1.6875 0.0003 … … 0.0008 … … 0.0014 … … 0.0023 … …

31⁄2 1.750 0.0003 0.0007 0.0015 0.0007 0.0015 0.0033 0.0013 0.0028 0.0060 0.0021 0.0044 0.0095

35⁄8 1.8125 0.0003 … … 0.0007 … … 0.0012 … … 0.0019 … …

33⁄4 1.875 0.0002 0.0006 … 0.0.0006 0.0013 … 0.0011 0.0024 … 0.0018 0.0038 …

Machinery's Handbook 29th Edition
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Table 4a. Corrected Diameters of Circular Forming Tools 

Length c
on Tool

Number of B. & S. Automatic
Screw Machine Length c

on Tool

Number of B. & S. Automatic
Screw Machine

No. 00 No. 0 No. 2 No. 00 No. 0 No. 2

0.001 1.7480 2.2480 2.9980 0.058 1.6353 2.1352 2.8857
0.002 1.7460 2.2460 2.9961 0.059 1.6333 2.1332 2.8837
0.003 1.7441 2.2441 2.9941 0.060 1.6313 2.1312 2.8818
0.004 1.7421 2.2421 2.9921 0.061 1.6294 2.1293 2.8798
0.005 1.7401 2.2401 2.9901 0.062 1.6274 2.1273 2.8778
0.006 1.7381 2.2381 2.9882 1⁄16 1.6264 2.1263 2.8768

0.007 1.7362 2.2361 2.9862 0.063 1.6254 2.1253 2.8759
0.008 1.7342 2.2341 2.9842 0.064 1.6234 2.1233 2.8739
0.009 1.7322 2.2321 2.9823 0.065 1.6215 2.1213 2.8719
0.010 1.7302 2.2302 2.9803 0.066 1.6195 2.1194 2.8699
0.011 1.7282 2.2282 2.9783 0.067 1.6175 2.1174 2.8680
0.012 1.7263 2.2262 2.9763 0.068 1.6155 2.1154 2.8660
0.013 1.7243 2.2243 2.9744 0.069 1.6136 2.1134 2.8640
0.014 1.7223 2.2222 2.9724 0.070 1.6116 2.1115 2.8621
0.015 1.7203 2.2203 2.9704 0.071 1.6096 2.1095 2.8601

1⁄64 1.7191 2.2191 2.9692 0.072 1.6076 2.1075 2.8581

0.016 1.7184 2.2183 2.9685 0.073 1.6057 2.1055 2.8561
0.017 1.7164 2.2163 2.9665 0.074 1.6037 2.1035 2.8542
0.018 1.7144 2.2143 2.9645 0.075 1.6017 2.1016 2.8522
0.019 1.7124 2.2123 2.9625 0.076 1.5997 2.0996 2.8503
0.020 1.7104 2.2104 2.9606 0.077 1.5978 2.0976 2.8483
0.021 1.7085 2.2084 2.9586 0.078 1.5958 2.0956 2.8463
0.022 1.7065 2.2064 2.9566 5⁄64 1.5955 2.0954 2.8461

0.023 1.7045 2.2045 2.9547 0.079 1.5938 2.0937 2.8443
0.024 1.7025 2.2025 2.9527 0.080 1.5918 2.0917 2.8424
0.025 1.7005 2.2005 2.9507 0.081 1.5899 2.0897 2.8404
0.026 1.6986 2.1985 2.9488 0.082 1.5879 2.0877 2.8384
0.027 1.6966 2.1965 2.9468 0.083 1.5859 2.0857 2.8365
0.028 1.6946 2.1945 2.9448 0.084 1.5839 2.0838 2.8345
0.029 1.6926 2.1925 2.9428 0.085 1.5820 2.0818 2.8325
0.030 1.6907 2.1906 2.9409 0.086 1.5800 2.0798 2.8306
0.031 1.6887 2.1886 2.9389 0.087 1.5780 2.0778 2.8286

1⁄32 1.6882 2.1881 2.9384 0.088 1.5760 2.0759 2.8266

0.032 1.6867 2.1866 2.9369 0.089 1.5740 2.0739 2.8247
0.033 1.6847 2.1847 2.9350 0.090 1.5721 2.0719 2.8227
0.034 1.6827 2.1827 2.9330 0.091 1.5701 2.0699 2.8207
0.035 1.6808 2.1807 2.9310 0.092 1.5681 2.0679 2.8187
0.036 1.6788 2.1787 2.9290 0.093 1.5661 2.0660 2.8168
0.037 1.6768 2.1767 2.9271 3⁄32 1.5647 2.0645 2.8153

0.038 1.6748 2.1747 2.9251 0.094 1.5642 2.0640 2.8148
0.039 1.6729 2.1727 2.9231 0.095 1.5622 2.0620 2.8128
0.040 1.6709 2.1708 2.9211 0.096 1.5602 2.0600 2.8109
0.041 1.6689 2.1688 2.9192 0.097 1.5582 2.0581 2.8089
0.042 1.6669 2.1668 2.9172 0.098 1.5563 2.0561 2.8069
0.043 1.6649 2.1649 2.9152 0.099 1.5543 2.0541 2.8050
0.044 1.6630 2.1629 2.9133 0.100 1.5523 2.0521 2.8030
0.045 1.6610 2.1609 2.9113 0.101 1.5503 2.0502 2.8010
0.046 1.6590 2.1589 2.9093 0.102 1.5484 2.0482 2.7991

3⁄64 1.6573 2.1572 2.9076 0.103 1.5464 2.0462 2.7971

0.047 1.6570 2.1569 2.9073 0.104 1.5444 2.0442 2.7951
0.048 1.6550 2.1549 2.9054 0.105 1.5425 2.0422 2.7932
0.049 1.6531 2.1529 2.9034 0.106 1.5405 2.0403 2.7912
0.050 1.6511 2.1510 2.9014 0.107 1.5385 2.0383 2.7892
0.051 1.6491 2.1490 2.8995 0.108 1.5365 2.0363 2.7873
0.052 1.6471 2.1470 2.8975 0.109 1.5346 2.0343 2.7853
0.053 1.6452 2.1451 2.8955 7⁄64 1.5338 2.0336 2.7846

0.054 1.6432 2.1431 2.8936 0.110 1.5326 2.0324 2.7833
0.055 1.6412 2.1411 2.8916 0.111 1.5306 2.0304 2.7814
0.056 1.6392 2.1391 2.8896 0.112 1.5287 2.0284 2.7794

0.057 1.6373 2.1372 2.8877 0.113 1.5267 2.0264 2.7774
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0.113 1.5267 2.0264 2.7774 0.171 1.4124 1.9119 2.6634
0.114 1.5247 2.0245 2.7755 11⁄64 1.4107 1.9103 2.6617

0.115 1.5227 2.0225 2.7735 0.172 1.4104 1.9099 2.6614
0.116 1.5208 2.0205 2.7715 0.173 1.4084 1.9080 2.6595
0.117 1.5188 2.0185 2.7696 0.174 1.4065 1.9060 2.6575
0.118 1.5168 2.0166 2.7676 0.175 1.4045 1.9040 2.6556
0.119 1.5148 2.0146 2.7656 0.176 1.4025 1.9021 2.6536
0.120 1.5129 2.0126 2.7637 0.177 1.4006 1.9001 2.6516
0.121 1.5109 2.0106 2.7617 0.178 1.3986 1.8981 2.6497
0.122 1.5089 2.0087 2.7597 0.179 1.3966 1.8961 2.6477
0.123 1.5070 2.0067 2.7578 0.180 1.3947 1.8942 2.6457
0.124 1.5050 2.0047 2.7558 0.181 1.3927 1.8922 2.6438
0.125 1.5030 2.0027 2.7538 0.182 1.3907 1.8902 2.6418
0.126 1.5010 2.0008 2.7519 0.183 1.3888 1.8882 2.6398
0.127 1.4991 1.9988 2.7499 0.184 1.3868 1.8863 2.6379
0.128 1.4971 1.9968 2.7479 0.185 1.3848 1.8843 2.6359
0.129 1.4951 1.9948 2.7460 0.186 1.3829 1.8823 2.6339
0.130 1.4932 1.9929 2.7440 0.187 1.3809 1.8804 2.6320
0.131 1.4912 1.9909 2.7420 3⁄16 1.3799 1.8794 2.6310

0.132 1.4892 1.9889 2.7401 0.188 1.3789 1.8784 2.6300
0.133 1.4872 1.9869 2.7381 0.189 1.3770 1.8764 2.6281
0.134 1.4853 1.9850 2.7361 0.190 1.3750 1.8744 2.6261
0.135 1.4833 1.9830 2.7342 0.191 1.3730 1.8725 2.6241
0.136 1.4813 1.9810 2.7322 0.192 1.3711 1.8705 2.6222
0.137 1.4794 1.9790 2.7302 0.193 1.3691 1.8685 2.6202
0.138 1.4774 1.9771 2.7282 0.194 1.3671 1.8665 2.6182
0.139 1.4754 1.9751 2.7263 0.195 1.3652 1.8646 2.6163
0.140 1.4734 1.9731 2.7243 0.196 1.3632 1.8626 2.6143

9⁄64 1.4722 1.9719 2.7231 0.197 1.3612 1.8606 2.6123

0.141 1.4715 1.9711 2.7224 0.198 1.3592 1.8587 2.6104
0.142 1.4695 1.9692 2.7204 0.199 1.3573 1.8567 2.6084
0.143 1.4675 1.9672 2.7184 0.200 1.3553 1.8547 2.6064
0.144 1.4655 1.9652 2.7165 0.201 … 1.8527 2.6045
0.145 1.4636 1.9632 2.7145 0.202 … 1.8508 2.6025
0.146 1.4616 1.9613 2.7125 0.203 … 1.8488 2.6006
0.147 1.4596 1.9593 2.7106 13⁄64 … 1.8486 2.6003

0.148 1.4577 1.9573 2.7086 0.204 … 1.8468 2.5986
0.149 1.4557 1.9553 2.7066 0.205 … 1.8449 2.5966
0.150 1.4537 1.9534 2.7047 0.206 … 1.8429 2.5947
0.151 1.4517 1.9514 2.7027 0.207 … 1.8409 2.5927
0.152 1.4498 1.9494 2.7007 0.208 … 1.8390 2.5908
0.153 1.4478 1.9474 2.6988 0.209 … 1.8370 2.5888
0.154 1.4458 1.9455 2.6968 0.210 … 1.8350 2.5868
0.155 1.4439 1.9435 2.6948 0.211 … 1.8330 2.5849
0.156 1.4419 1.9415 2.6929 0.212 … 1.8311 2.5829

5⁄32 1.4414 1.9410 2.6924 0.213 … 1.8291 2.5809

0.157 1.4399 1.9395 2.6909 0.214 … 1.8271 2.5790
0.158 1.4380 1.9376 2.6889 0.215 … 1.8252 2.5770
0.159 1.4360 1.9356 2.6870 0.216 … 1.8232 2.5751
0.160 1.4340 1.9336 2.6850 0.217 … 1.8212 2.5731
0.161 1.4321 1.9317 2.6830 0.218 … 1.8193 2.5711
0.162 1.4301 1.9297 2.6811 7⁄32 … 1.8178 2.5697

0.163 1.4281 1.9277 2.6791 0.219 … 1.8173 2.5692
0.164 1.4262 1.9257 2.6772 0.220 … 1.8153 2.5672
0.165 1.4242 1.9238 2.6752 0.221 … 1.8133 2.5653
0.166 1.4222 1.9218 2.6732 0.222 … 1.8114 2.5633
0.167 1.4203 1.9198 2.6713 0.223 … 1.8094 2.5613
0.168 1.4183 1.9178 2.6693 0.224 … 1.8074 2.5594
0.169 1.4163 1.9159 2.6673 0.225 … 1.8055 2.5574
0.170 1.4144 1.9139 2.6654 0.226 … 1.8035 2.5555

Table 4a. Corrected Diameters of Circular Forming Tools (Continued)

Length c
on Tool

Number of B. & S. Automatic
Screw Machine Length c

on Tool

Number of B. & S. Automatic
Screw Machine

No. 00 No. 0 No. 2 No. 00 No. 0 No. 2
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Table 4b. Corrected Diameters of Circular Forming Tools 

Length c
on Tool

Number of B. & S.
Screw Machine

Number of B. & S.
Screw Machine Number 2

B. & S.
 MachineNo. 0 No. 2

Length c
on Tool No. 0 No. 2

Length c
on Tool

0.227 1.8015 2.5535 0.284 1.6894 2.4418 0.341 2.3303
0.228 1.7996 2.5515 0.285 1.6874 2.4398 0.342 2.3284
0.229 1.7976 2.5496 0.286 1.6854 2.4378 0.343 2.3264
0.230 1.7956 2.5476 0.287 1.6835 2.4359 11⁄32 2.3250

0.231 1.7936 2.5456 0.288 1.6815 2.4340 0.344 2.3245
0.232 1.7917 2.5437 0.289 1.6795 2.4320 0.345 2.3225
0.233 1.7897 2.5417 0.290 1.6776 2.4300 0.346 2.3206
0.234 1.7877 2.5398 0.291 1.6756 2.4281 0.347 2.3186

15⁄64 1.7870 2.5390 0.292 1.6736 2.4261 0.348 2.3166

0.235 1.7858 2.5378 0.293 1.6717 2.4242 0.349 2.3147
0.236 1.7838 2.5358 0.294 1.6697 2.4222 0.350 2.3127
0.237 1.7818 2.5339 0.295 1.6677 2.4203 0.351 2.3108
0.238 1.7799 2.5319 0.296 1.6658 2.4183 0.352 2.3088
0.239 1.7779 2.5300 19⁄64 1.6641 2.4166 0.353 2.3069

0.240 1.7759 2.5280 0.297 1.6638 2.4163 0.354 2.3049
0.241 1.7739 2.5260 0.298 1.6618 2.4144 0.355 2.3030
0.242 1.7720 2.5241 0.299 1.6599 2.4124 0.356 2.3010
0.243 1.7700 2.5221 0.300 1.6579 2.4105 0.357 2.2991
0.244 1.7680 2.5201 0.301 … 2.4085 0.358 2.2971
0.245 1.7661 2.5182 0.302 … 2.4066 0.359 2.2952
0.246 1.7641 2.5162 0.303 … 2.4046 23⁄64 2.2945

0.247 1.7621 2.5143 0.304 … 2.4026 0.360 2.2932
0.248 1.7602 2.5123 0.305 … 2.4007 0.361 2.2913
0.249 1.7582 2.5104 0.306 … 2.3987 0.362 2.2893
0.250 1.7562 2.5084 0.307 … 2.3968 0.363 2.2874
0.251 1.7543 2.5064 0.308 … 2.3948 0.364 2.2854
0.252 1.7523 2.5045 0.309 … 2.3929 0.365 2.2835
0.253 1.7503 2.5025 0.310 … 2.3909 0.366 2.2815
0.254 1.7484 2.5005 0.311 … 2.3890 0.367 2.2796
0.255 1.7464 2.4986 0.312 … 2.3870 0.368 2.2776
0.256 1.7444 2.4966 5⁄16 … 2.3860 0.369 2.2757

0.257 1.7425 2.4947 0.313 … 2.3851 0.370 2.2737
0.258 1.7405 2.4927 0.314 … 2.3831 0.371 2.2718
0.259 1.7385 2.4908 0.315 … 2.3811 0.372 2.2698
0.260 1.7366 2.4888 0.316 … 2.3792 0.373 2.2679
0.261 1.7346 2.4868 0.317 … 2.3772 0.374 2.2659
0.262 1.7326 2.4849 0.318 … 2.3753 0.375 2.2640
0.263 1.7306 2.4829 0.319 … 2.3733 0.376 2.2620
0.264 1.7287 2.4810 0.320 … 2.3714 0.377 2.2601
0.265 1.7267 2.4790 0.321 … 2.3694 0.378 2.2581

17⁄64 1.7255 2.4778 0.322 … 2.3675 0.379 2.2562

0.266 1.7248 2.4770 0.323 … 2.3655 0.380 2.2542
0.267 1.7228 2.4751 0.324 … 2.3636 0.381 2.2523
0.268 1.7208 2.4731 0.325 … 2.3616 0.382 2.2503
0.269 1.7189 2.4712 0.326 … 2.3596 0.383 2.2484
0.270 1.7169 2.4692 0.327 … 2.3577 0.384 2.2464
0.271 1.7149 2.4673 0.328 … 2.3557 0.385 2.2445
0.272 1.7130 2.4653 21⁄64 … 2.3555 0.386 2.2425

0.273 1.7110 2.4633 0.329 … 2.3538 0.387 2.2406
0.274 1.7090 2.4614 0.330 … 2.3518 0.388 2.2386
0.275 1.7071 2.4594 0.331 … 2.3499 0.389 2.2367
0.276 1.7051 2.4575 0.332 … 2.3479 0.390 2.2347
0.277 1.7031 2.4555 0.333 … 2.3460 25⁄64 2.2335

0.278 1.7012 2.4535 0.334 … 2.3440 0.391 2.2328
0.279 1.6992 2.4516 0.335 … 2.3421 0.392 2.2308
0.280 1.6972 2.4496 0.336 … 2.3401 0.393 2.2289
0.281 1.6953 2.4477 0.337 … 2.3381 0.394 2.2269

9⁄32 1.6948 2.4472 0.338 … 2.3362 0.395 2.2250

0.282 1.6933 2.4457 0.339 … 2.3342 0.396 2.2230

0.283 1.6913 2.4438 0.340 … 2.3323 0.397 2.2211
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Dimensions of Forming Tools for B. & S. Automatic Screw Machines

Arrangement of Circular Tools.—When applying circular tools to automatic screw
machines, their arrangement has an important bearing on the results obtained. The various
ways of arranging the circular tools, with relation to the rotation of the spindle, are shown
at A, B, C, and D in Fig. 5. These diagrams represent the view obtained when looking
toward the chuck. The arrangement shown at A gives good results on long forming opera-
tions on brass and steel because the pressure of the cut on the front tool is downward; the
support is more rigid than when the forming tool is turned upside down on the front slide,
as shown at B; here the stock, turning up toward the tool, has a tendency to lift the cross-
slide, causing chattering; therefore, the arrangement shown at A is recommended when a
high-quality finish is desired. The arrangement at B works satisfactorily for short steel
pieces that do not require a high finish; it allows the chips to drop clear of the work, and is
especially advantageous when making screws, when the forming and cut-off tools operate
after the die, as no time is lost in reversing the spindle. The arrangement at C is recom-
mended for heavy cutting on large work, when both tools are used for forming the piece; a
rigid support is then necessary for both tools and a good supply of oil is also required. The

Table 4c. Corrected Diameters of Circular Forming Tools 

Length c
on Tool

Number 2
 B. & S.
Machine

Length c
on Tool

Number 2
 B. & S.
Machine

Length c
on Tool

Number 2
 B. & S.
Machine

Length c
on Tool

Number 2
 B. & S.
Machine

0.398 2.2191 0.423 2.1704 0.449 2.1199 0.474 2.0713
0.399 2.2172 0.424 2.1685 0.450 2.1179 0.475 2.0694
0.400 2.2152 0.425 2.1666 0.451 2.1160 0.476 2.0674
0.401 2.2133 0.426 2.1646 0.452 2.1140 0.477 2.0655
0.402 2.2113 0.427 2.1627 0.453 2.1121 0.478 2.0636
0.403 2.2094 0.428 2.1607 29⁄64 2.1118 0.479 2.0616

0.404 2.2074 0.429 2.1588 0.454 2.1101 0.480 2.0597
0.405 2.2055 0.430 2.1568 0.455 2.1082 0.481 2.0577
0.406 2.2035 0.431 2.1549 0.456 2.1063 0.482 2.0558

13⁄32 2.2030 0.432 2.1529 0.457 2.1043 0.483 2.0538

0.407 2.2016 0.433 2.1510 0.458 2.1024 0.484 2.0519
0.408 2.1996 0.434 2.1490 0.459 2.1004 0.485 2.0500
0.409 2.1977 0.435 2.1471 0.460 2.0985 0.486 2.0480
0.410 2.1957 0.436 2.1452 0.461 2.0966 0.487 2.0461
0.411 2.1938 0.437 2.1432 0.462 2.0946 0.488 2.0441
0.412 2.1919 7⁄16 2.1422 0.463 2.0927 0.489 2.0422

0.413 2.1899 0.438 2.1413 0.464 2.0907 0.490 2.0403
0.414 2.1880 0.439 2.1393 0.465 2.0888 0.491 2.0383
0.415 2.1860 0.440 2.1374 0.466 2.0868 0.492 2.0364
0.416 2.1841 0.441 2.1354 0.467 2.0849 0.493 2.0344
0.417 2.1821 0.442 2.1335 0.468 2.0830 0.494 2.0325
0.418 2.1802 0.443 2.1315 15⁄32 2.0815 0.495 2.0306

0.419 2.1782 0.444 2.1296 0.469 2.0810 0.496 2.0286
0.420 2.1763 0.445 2.1276 0.470 2.0791 0.497 2.0267
0.421 2.1743 0.446 2.1257 0.471 2.0771 0.498 2.0247

27⁄64 2.1726 0.447 2.1237 0.472 2.0752 0.499 2.0228

0.422 2.1724 0.448 2.1218 0.473 2.0733 0.500 2.0209

Fig. 4. 

No. of
Machine

Max.
Dia., D h T W

00 13⁄4 1⁄8 3⁄8-16 1⁄4

0 21⁄4 5⁄32
1⁄2-14 5⁄16

2 3 1⁄4 5⁄8-12 3⁄8

6 4 5⁄16
3⁄4-12 3⁄8

D

T
h

c

W
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arrangement at D is objectionable and should be avoided; it is used only when a left-hand
thread is cut on the piece and when the cut-off tool is used on the front slide, leaving the
heavy cutting to be performed from the rear slide. In all “cross-forming” work, it is essen-
tial that the spindle bearings be kept in good condition, and that the collet or chuck has a
parallel contact upon the bar that is being formed.

Fig. 5. 

Feeds and Speeds for Forming Tools.—Approximate feeds and speeds for forming
tools are given in the table beginning on page 1171. The feeds and speeds are average val-
ues, and if the job at hand has any features out of the ordinary, the figures given should be
altered accordingly.

Dimensions for Circular Cut-Off Tools

The length of the blade equals radius of stock R + x + r + 1⁄32 inch (for notation, see illustration
above); r = 1⁄16 inch for 3⁄8- to 3⁄4-inch stock, and 3⁄32 inch for 3⁄4- to 1-inch stock.

Dia.
of

Stock

Soft Brass,
Copper

Norway Iron,
Machine Steel

Drill Rod, Tool
Steel

a = 23 Deg. a = 15 Deg. a = 12 Deg.
T x T x T x

1⁄16 0.031 0.013 0.039 0.010 0.043 0.009

1⁄8 0.044 0.019 0.055 0.015 0.062 0.013

3⁄16 0.052 0.022 0.068 0.018 0.076 0.016

1⁄4 0.062 0.026 0.078 0.021 0.088 0.019

5⁄16 0.069 0.029 0.087 0.023 0.098 0.021

3⁄8 0.076 0.032 0.095 0.025 0.107 0.023

7⁄16 0.082 0.035 0.103 0.028 0.116 0.025

1⁄2 0.088 0.037 0.110 0.029 0.124 0.026

9⁄16 0.093 0.039 0.117 0.031 0.131 0.028

5⁄8 0.098 0.042 0.123 0.033 0.137 0.029

11⁄16 0.103 0.044 0.129 0.035 0.145 0.031

3⁄4 0.107 0.045 0.134 0.036 0.152 0.032

13⁄16 0.112 0.047 0.141 0.038 0.158 0.033

7⁄8 0.116 0.049 0.146 0.039 0.164 0.035

15⁄16 0.120 0.051 0.151 0.040 0.170 0.036

1 0.124 0.053 0.156 0.042 0.175 0.037

A

Front

Form

Cut-Off

Back

Back

C

Front

Form Form and Cut-Off

B

Back

Cut-Off

Form

Front

Back

D

Front

Cut-Off Form

a

x

T

r

r
D

R

32
1"
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MILLING CUTTERS

Selection of Milling Cutters

The most suitable type of milling cutter for a particular milling operation depends on
such factors as the kind of cut to be made, the material to be cut, the number of parts to be
machined, and the type of milling machine available. Solid cutters of small size will usu-
ally cost less, initially, than inserted blade types; for long-run production, inserted-blade
cutters will probably have a lower overall cost. Depending on either the material to be cut
or the amount of production involved, the use of carbide-tipped cutters in preference to
high-speed steel or other cutting tool materials may be justified.

Rake angles depend on both the cutter material and the work material. Carbide and cast
alloy cutting tool materials generally have smaller rake angles than high-speed steel tool
materials because of their lower edge strength and greater abrasion resistance. Soft work
materials permit higher radial rake angles than hard materials; thin cutters permit zero or
practically zero axial rake angles; and wide cutters operate smoother with high axial rake
angles. See Rake Angles for Milling Cutters on page 838.

Cutting edge relief or clearance angles are usually from 3 to 6 degrees for hard or tough
materials, 4 to 7 degrees for average materials, and 6 to 12 degrees for easily machined
materials. See Clearance Angles for Milling Cutter Teeth on page 837.

The number of teeth in the milling cutter is also a factor that should be given consider-
ation, as explained in the next paragraph.

Number of Teeth in Milling Cutters.—In determining the number of teeth a milling cut-
ter should have for optimum performance, there is no universal rule. 

There are, however, two factors that should be considered in making a choice: 1 )  T he
number of teeth should never be so great as to reduce the chip space between the teeth to a
point where a free flow of chips is prevented;  and  2) The chip space should be smooth and
without sharp corners that would cause clogging of the chips in the space.

For milling ductile materials that produce a continuous and curled chip, a cutter with
large chip spaces is preferable. Such coarse tooth cutters permit an easier flow of the chips
through the chip space than would be obtained with fine tooth cutters, and help to eliminate
cutter “chatter.” For cutting operations in thin materials, fine tooth cutters reduce cutter
and workpiece vibration and the tendency for the cutter teeth to “straddle” the workpiece
and dig in. For slitting copper and other soft nonferrous materials, teeth that are either
chamfered or alternately flat and V-shaped are best.

As a general rule, to give satisfactory performance the number of teeth in milling cutters
should be such that no more than two teeth at a time are engaged in the cut. Based on this
rule, the following formulas (valid in both SI and English system of units) are recom-
mended:

For face milling cutters,

(1)

For peripheral milling cutters,

(2)

where T = number of teeth in cutter; D = cutter diameter in inches (mm); W = width of cut
in inches (mm); d = depth of cut in inches (mm); and A = helix angle of cutter.

To find the number of teeth that a cutter should have when other than two teeth in the cut
at the same time is desired, Formulas (1) and (2) should be divided by 2 and the result mul-
tiplied by the number of teeth desired in the cut.

T
6.3D

W
------------=

T
12.6D Acos

D 4d+
----------------------------=
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Example:Determine the required number of teeth in a face mill where D = 6 inches and
W = 4 inches. Using Formula (1),

Example:Determine the required number of teeth in a plain milling cutter where D = 4
inches and d = 1⁄4  inch. Using Formula (2),

In high speed milling with sintered carbide, high-speed steel, and cast non-ferrous cut-
ting tool materials, a formula that permits full use of the power available at the cutter but
prevents overloading of the motor driving the milling machine is:

(3)

where T = number of cutter teeth; H = horsepower (kilowatts) available at the cutter; F =
feed per tooth in inches (mm); N = revolutions per minute of cutter; d = depth of cut in
inches (mm); W = width of cut in inches (mm); and K = a constant which may be taken as
0.65 for average steel, 1.5 for cast iron, and 2.5 for aluminum. For metric units, K = 14278
for average steel, 32949 for cast iron, and 54915 for aluminum. These values are conserva-
tive and take into account dulling of the cutter in service.

Example:Determine the required number of teeth in a sintered carbide tipped face mill
for high speed milling of 200 Brinell hardness alloy steel if H = 7.5 kilowatt; F = 0.2032
mm; N = 272 rpm; d = 3.2 mm; W = 152.4 mm; and K for alloy steel is 14278. Using For-
mula (3),

American National Standard Milling Cutters.—According to American National
Standard ANSI/ASME B94.19-1997 milling cutters may be classified in two general
ways, which are given as follows:

By Type of Relief on Cutting Edges: Milling cutters may be described on the basis of one
of two methods of providing relief for the cutting edges. Profile sharpened cutters are
those on which relief is obtained and which are resharpened by grinding a narrow land
back of the cutting edges. Profile sharpened cutters may produce flat, curved, or irregular
surfaces. Form relieved cutters are those which are so relieved that by grinding only the
faces of the teeth the original form is maintained throughout the life of the cutters. Form
relieved cutters may produce flat, curved or irregular surfaces.

By Method of Mounting: Milling cutters may be described by one of two methods used to
mount the cutter. Arbor type cutters are those which have a hole for mounting on an arbor
and usually have a keyway to receive a driving key. These are sometimes called Shell type.
Shank type cutters are those which have a straight or tapered shank to fit the machine tool
spindle or adapter.

Explanation of the “Hand” of Milling Cutters.—In the ANSI Standard the terms “right
hand” and “left hand” are used to describe hand of rotation, hand of cutter and hand of flute
helix.

Hand of Rotation or Hand of Cut is described as either “right hand” if the cutter revolves
counterclockwise as it cuts when viewed from a position in front of a horizontal milling
machine and facing the spindle or “left hand” if the cutter revolves clockwise as it cuts
when viewed from the same position.

T
6.3 6×

4
---------------- 10 teeth, approximately= =

T
12.6 4× 0°cos×

4 4 1⁄4×( )+
---------------------------------------- 10 teeth, approximately= =

T
K H×

F N× d× W×
----------------------------------=

T
14278 7.5×

0.2032 272× 3.2× 152.4×
----------------------------------------------------------------- 4 teeth, approximately= =
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American National Standard Plain Milling Cutters 
 ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Plain milling cutters are of cylindri-
cal shape, having teeth on the peripheral surface only.

Hand of Cutter: Some types of cutters require special consideration when referring to
their hand. These are principally cutters with unsymmetrical forms, face type cutters, or
cutters with threaded holes. Symmetrical cutters may be reversed on the arbor in the same
axial position and rotated in the cutting direction without altering the contour produced on
the work-piece, and may be considered as either right or left hand. Unsymmetrical cutters
reverse the contour produced on the work-piece when reversed on the arbor in the same
axial position and rotated in the cutting direction. A single-angle cutter is considered to be
a right-hand cutter if it revolves counterclockwise, or a left-hand cutter if it revolves clock-
wise, when cutting as viewed from the side of the larger diameter. The hand of rotation of
a single angle milling cutter need not necessarily be the same as its hand of cutter. A single
corner rounding cutter is considered to be a right-hand cutter if it revolves counterclock-
wise, or a left-hand cutter if it revolves clockwise, when cutting as viewed from the side of
the smaller diameter.

Cutter Diameter Range of
Face Widths, Nom.a

a Tolerances on Face Widths: Up to 1 inch, inclusive, ± 0.001 inch; over 1 to 2 inches, inclusive,
+0.010, −0.000 inch; over 2 inches, +0.020, −0.000 inch. 

Hole Diameter

Nom. Max. Min. Nom. Max. Min.

Light-duty Cuttersb

b Light-duty plain milling cutters with face widths under 3⁄4  inch have straight teeth. Cutters with 3⁄4 -
inch face and wider have helix angles of not less than 15 degrees nor greater than 25 degrees. 

21⁄2 2.515 2.485

3⁄16 , 1⁄4 , 5⁄16 , 3⁄8 ,
1 1.00075 1.00001⁄2 , 5⁄8 , 3⁄4 , 1, 11⁄2 ,

2 and 3

3 3.015 2.985
3⁄16 , 1⁄4 , 5⁄16 , 3⁄8 , 1 1.00075 1.0000
5⁄8 , 3⁄4 , and 11⁄2

3 3.015 2.985

1⁄2 , 5⁄8 , 3⁄4 ,
11⁄4 1.2510 1.25001, 11⁄4 , 11⁄2 , 2

and 3
4 4.015 3.985 1⁄4 , 5⁄16  and 3⁄8 1 1.00075 1.0000

4 4.015 3.985

3⁄8 , 1⁄2 , 5⁄8 , 3⁄4 ,
11⁄4 1.2510 1.25001, 11⁄2 , 2, 3

and 4
Heavy-duty Cuttersc

c Heavy-duty plain milling cutters have a helix angle of not less than 25 degrees nor greater than 45
degrees. 

21⁄2 2.515 2.485 2 1 1.00075 1.0000

21⁄2 2.515 2.485 4 1 1.0010 1.0000

3 3.015 2.985 2, 21⁄2 , 3, 4 and 6 11⁄4 1.2510 1.2500

4 4.015 3.985 2, 3, 4 and 6 11⁄2 1.5010 1.5000

High-helix Cuttersd

d High-helix plain milling cutters have a helix angle of not less than 45 degrees nor greater than 52
degrees. 

3 3.015 2.985 4 and 6 11⁄4 1.2510 1.2500

4 4.015 3.985 8 11⁄2 1.5010 1.5000
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American National Standard Side Milling Cutters 
ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Side milling cutters are of cylindrical
shape, having teeth on the periphery and on one or both sides.

Hand of Flute Helix: Milling cutters may have straight flutes which means that their cut-
ting edges are in planes parallel to the cutter axis. Milling cutters with flute helix in one
direction only are described as having a right-hand helix if the flutes twist away from the
observer in a clockwise direction when viewed from either end of the cutter or as having a
left-hand helix if the flutes twist away from the observer in a counterclockwise direction
when viewed from either end of the cutter. Staggered tooth cutters are milling cutters with
every other flute of opposite (right and left hand) helix.

An illustration describing the various milling cutter elements of both a profile cutter and
a form-relieved cutter is given on page 813.

Cutter Diameter Range of
Face Widths

Nom.a

a Tolerances on Face Widths: For side cutters, +0.002, −0.001 inch; for staggered-tooth side cutters
up to 3⁄4  inch face width, inclusive, +0.000 −0.0005 inch, and over 3⁄4  to 1 inch, inclusive, +0.000 −
0.0010 inch; and for half side cutters, +0.015, −0.000 inch. 

Hole Diameter

Nom. Max. Min. Nom. Max. Min.

Side Cuttersb

b Side milling cutters have straight peripheral teeth and side teeth on both sides. 

2 2.015 1.985 3⁄16 , 1⁄4 , 3⁄8 5⁄8 0.62575 0.6250

21⁄2 2.515 2.485 1⁄4 , 3⁄8 , 1⁄2 7⁄8 0.87575 0.8750

3 3.015 2.985 1⁄4 , 5⁄16 , 3⁄8 , 7⁄16 , 1⁄2 1 1.00075 1.0000

4 4.015 3.985 1⁄4 , 3⁄8 , 1⁄2 , 5⁄8 , 3⁄4 , 7⁄8 1 1.00075 1.0000

4 4.015 3.985 1⁄2 , 5⁄8 , 3⁄4 11⁄4 1.2510 1.2500

5 5.015 4.985 1⁄2 , 5⁄8 , 3⁄4 1 1.00075 1.0000

5 5.015 4.985 1⁄2 , 5⁄8 , 3⁄4 , 1 11⁄4 1.2510 1.2500

6 6.015 5.985 1⁄2 1 1.00075 1.0000

6 6.015 5.985 1⁄2 , 5⁄8 , 3⁄4 , 1 11⁄4 1.2510 1.2500

7 7.015 6.985 3⁄4 11⁄4 1.2510 1.2500

7 7.015 6.985 3⁄4 11⁄2 1.5010 1.5000

8 8.015 7.985 3⁄4 , 1 11⁄4 1.2510 1.2500

8 8.015 7.985 3⁄4 , 1 11⁄2 1.5010 1.5000

Staggered-tooth Side Cuttersc

c Staggered-tooth side milling cutters have peripheral teeth of alternate right- and left-hand helix and
alternate side teeth. 

21⁄2 2.515 2.485 1⁄4 , 5⁄16 , 3⁄8 , 1⁄2 7⁄8 0.87575 0.8750

3 3.015 2.985 3⁄16 , 1⁄4 , 5⁄16 , 3⁄8 1 1.00075 1.0000

3 3.015 2.985 1⁄2 , 5⁄8 , 3⁄4 11⁄4 1.2510 1.2500

4 4.015 3.985
1⁄4 , 5⁄16 , 3⁄8 , 7⁄16 , 1⁄2 , 11⁄4 1.2510 1.2500

5⁄8 , 3⁄4  and 7⁄8
5 5.015 4.985 1⁄2 , 5⁄8 , 3⁄4 11⁄4 1.2510 1.2500

6 6.015 5.985 3⁄8 , 1⁄2 , 5⁄8 , 3⁄4 , 7⁄8 , 1 11⁄4 1.2510 1.2500

8 8.015 7.985 3⁄8 , 1⁄2 , 5⁄8 , 3⁄4 , 1 11⁄2 1.5010 1.5000

Half Side Cuttersd

d Half side milling cutters have side teeth on one side only. The peripheral teeth are helical of the
same hand as the cut. Made either with right-hand or left-hand cut. 

4 4.015 3.985 3⁄4 11⁄4 1.2510 1.2500

5 5.015 4.985 3⁄4 11⁄4 1.2510 1.2500

6 6.015 5.985 3⁄4 11⁄4 1.2510 1.2500
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American National Standard Staggered Teeth, T-Slot Milling Cutters with 
Brown & Sharpe Taper and Weldon Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel and only right-hand cutters are stan-
dard.

Tolerances: On D, +0.000, −0.010 inch; on W, +0.000, −0.005 inch; on N, +0.000, −0.005 inch; on
L, ± 1⁄16  inch; on S, −00001 to −0.0005 inch.

American National Standard Form Relieved Corner Rounding Cutters 
with Weldon Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters are standard.
Tolerances: On D, ±0.010 inch; on diameter of circle, 2R, ±0.001 inch for cutters up to and includ-

ing 1⁄8 -inch radius, +0.002, −0.001 inch for cutters over 1⁄8 -inch radius; on S, −0.0001 to −0.0005 inch;
and on L, ± 1⁄16  inch.

Bolt
Size

Cutter
Dia.,

D

Face
Width,

W

Neck
Dia.,

N

With B. & S.
Tapera,b

a For dimensions of Brown & Sharpe taper shanks, see information given on page 958.
b Brown & Sharpe taper shanks have been removed from ANSI/ASME B94.19 they are included for

reference only. 

With Weldon
Shank

Length,
L

Taper
No.

Length,
L

Dia.,
S

1⁄4 9⁄16
15⁄64

17⁄64 … … 219⁄32
1⁄2

5⁄16
21⁄32

17⁄64
21⁄64 … … 211⁄16

1⁄2
3⁄8 25⁄32

21⁄64
13⁄32 … … 31⁄4 3⁄4

1⁄2 31⁄32
25⁄64

17⁄32 5 7 37⁄16
3⁄4

5⁄8 11⁄4 31⁄64
21⁄32 51⁄4 7 315⁄16 1

3⁄4 115⁄32
5⁄8 25⁄32 67⁄8 9 47⁄16 1

1 127⁄32
53⁄64 11⁄32 71⁄4 9 413⁄16 11⁄4

Rad.,
R

Dia.,
D

Dia.,
d S L

Rad.,
R

Dia.,
D

Dia.,
d S L

1⁄16
7⁄16

1⁄4 3⁄8 21⁄2 3⁄8 11⁄4 3⁄8 1⁄2 31⁄2
3⁄32

1⁄2 1⁄4 3⁄8 21⁄2 3⁄16
7⁄8 5⁄16

3⁄4 31⁄8
1⁄8 5⁄8 1⁄4 1⁄2 3 1⁄4 1 3⁄8 3⁄4 31⁄4
5⁄32

3⁄4 5⁄16
1⁄2 3 5⁄16 11⁄8 3⁄8 7⁄8 31⁄2

3⁄16
7⁄8 5⁄16

1⁄2 3 3⁄8 11⁄4 3⁄8 7⁄8 33⁄4
1⁄4 1 3⁄8 1⁄2 3 7⁄16 13⁄8 3⁄8 1 4
5⁄16 11⁄8 3⁄8 1⁄2 31⁄4 1⁄2 11⁄2 3⁄8 1 41⁄8
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American National Standard Metal Slitting Saws  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All saws are high-speed steel. Metal slitting saws are similar to plain
or side milling cutters but are relatively thin.

Cutter Diameter Range of
Face Widths

Nom.a

a Tolerances on face widths are plus or minus 0.001 inch. 

Hole Diameter

Nom. Max. Min. Nom. Max. Min.

Plain Metal Slitting Sawsb

b Plain metal slitting saws are relatively thin plain milling cutters having peripheral teeth only. They
are furnished with or without hub and their sides are concaved to the arbor hole or hub. 

21⁄2 2.515 2.485 1⁄32 , 3⁄64 , 1⁄16 , 3⁄32 , 1⁄8 7⁄8 0.87575 0.8750

3 3.015 2.985
1⁄32 , 3⁄64 , 1⁄16 , 3⁄32 , 1 1.00075 1.00001⁄8  and 5⁄32

4 4.015 3.985
1⁄32 , 3⁄64 , 1⁄16 , 3⁄32 , 1⁄8 , 1 1.00075 1.00005⁄32  and 3⁄16

5 5.015 4.985 1⁄16 , 3⁄32 , 1⁄8 1 1.00075 1.0000
5 5.015 4.985 1⁄8 11⁄4 1.2510 1.2500
6 6.015 5.985 1⁄16 , 3⁄32 , 1⁄8 1 1.00075 1.0000
6 6.015 5.985 1⁄8 , 3⁄16 11⁄4 1.2510 1.2500
8 8.015 7.985 1⁄8 1 1.00075 1.0000
8 8.015 7.985 1⁄8 11⁄4 1.2510 1.2500

Metal Slitting Saws with Side Teethc

c Metal slitting saws with side teeth are relatively thin side milling cutters having both peripheral and
side teeth. 

21⁄2 2.515 2.485 1⁄16 , 3⁄32 , 1⁄8 7⁄8 0.87575 0.8750
3 3.015 2.985 1⁄16 , 3⁄32 , 1⁄8 , 5⁄32 1 1.00075 1.0000
4 4.015 3.985 1⁄16 , 3⁄32 , 1⁄8 , 5⁄32 , 3⁄16 1 1.00075 1.0000
5 5.015 4.985 1⁄16 , 3⁄32 , 1⁄8 , 5⁄32 , 3⁄16 1 1.00075 1.0000
5 5.015 4.985 1⁄8 11⁄4 1.2510 1.2500
6 6.015 5.985 1⁄16 , 3⁄32 , 1⁄8 , 3⁄16 1 1.00075 1.0000
6 6.015 5.985 1⁄8 , 3⁄16 11⁄4 1.2510 1.2500
8 8.015 7.985 1⁄8 1 1.00075 1.0000
8 8.015 7.985 1⁄8 , 3⁄16 11⁄4 1.2510 1.2500

Metal Slitting Saws with Staggered Peripheral and Side Teethd

d Metal slitting saws with staggered peripheral and side teeth are relatively thin staggered tooth mill-
ing cutters having peripheral teeth of alternate right- and left-hand helix and alternate side teeth. 

3 3.015 2.985 3⁄16 1 1.00075 1.0000
4 4.015 3.985 3⁄16 1 1.00075 1.0000
5 5.015 4.985 3⁄16 , 1⁄4 1 1.00075 1.0000
6 6.015 5.985 3⁄16 , 1⁄4 1 1.00075 1.0000

6 6.015 5.985 3⁄16 , 1⁄4 11⁄4 1.2510 1.2500
8 8.015 7.985 3⁄16 , 1⁄4 11⁄4 1.2510 1.2500
10 10.015 9.985 3⁄16 , 1⁄4 11⁄4 1.2510 1.2500
12 12.015 11.985 1⁄4 , 5⁄16 11⁄2 1.5010 1.5000

Milling Cutter Terms 
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American National Standard Single- and Double-Angle 
Milling Cutters  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel.

Cutter Diameter

Nominal Face Widtha

a Face width tolerances are plus or minus 0.015 inch. 

Hole Diameter

Nom. Max. Min. Nom. Max. Min.

Single-angle Cuttersb

b Single-angle milling cutters have peripheral teeth, one cutting edge of which lies in a conical sur-
face and the other in the plane perpendicular to the cutter axis. There are two types: one has a plain
keywayed hole and has an included tooth angle of either 45 or 60 degrees plus or minus 10 minutes; the
other has a threaded hole and has an included tooth angle of 60 degrees plus or minus 10 minutes. Cut-
ters with a right-hand threaded hole have a right-hand hand of rotation and a right-hand hand of cutter.
Cutters with a left-hand threaded hole have a left-hand hand of rotation and a left-hand hand of cutter.
Cutters with plain keywayed holes are standard as either right-hand or left-hand cutters. 

c11⁄4

c These cutters have threaded holes, the sizes of which are given under “Hole Diameter.” 

1.265 1.235 7⁄16

3⁄8 -24 UNF-2B RH

3⁄8 -24 UNF-2B LH

c15⁄8 1.640 1.610 9⁄16
1⁄2 -20 UNF-2B RH

23⁄4 2.765 2.735 1⁄2 1 1.00075 1.0000

3 3.015 2.985 1⁄2 11⁄4 1.2510 1.2500

Double-angle Cuttersd

d Double-angle milling cutters have symmetrical peripheral teeth both sides of which lie in conical
surfaces. They are designated by the included angle, which may be 45, 60 or 90 degrees. Tolerances
are plus or minus 10 minutes for the half angle on each side of the center. 

23⁄4 2.765 2.735 1⁄2 1 1.00075 1.0000

Milling Cutter Terms (Continued)
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American National Standard Shell Mills  ANSI/ASME B94.19-1997 (R2003)

All cutters are high-speed steel. Right-hand cutters with right-hand helix and square corners are
standard.

Tolerances: On D, +1⁄64  inch; on W, ±1⁄64  inch; on H, +0.0005 inch; on B, +1⁄64  inch; on C, at least
+0.008 but not more than +0.012 inch; on E, +1⁄64  inch; on J, ±1⁄64  inch; on K, ±1⁄64  inch.

Dia.,
D

Width,
W

Dia.,
H

Length,
B

Width,
C

Depth,
E

Radius,
F

Dia.,
J

Dia.,
K

Angle,
L

inches inches inches inches inches inches inches inches degrees inches

11⁄4 1 1⁄2 5⁄8 1⁄4 5⁄32
1⁄64

11⁄16
5⁄8 0

11⁄2 11⁄8 1⁄2 5⁄8 1⁄4 5⁄32
1⁄64

11⁄16
5⁄8 0

13⁄4 11⁄4 3⁄4 3⁄4 5⁄16
3⁄16

1⁄32
15⁄16

7⁄8 0

2 13⁄8 3⁄4 3⁄4 5⁄16
3⁄16

1⁄32
15⁄16

7⁄8 0

21⁄4 11⁄2 1 3⁄4 3⁄8 7⁄32
1⁄32 11⁄4 13⁄16 0

21⁄2 15⁄8 1 3⁄4 3⁄8 7⁄32
1⁄32 13⁄8 13⁄16 0

23⁄4 15⁄8 1 3⁄4 3⁄8 7⁄32
1⁄32 11⁄2 13⁄16 5

3 13⁄4 11⁄4 3⁄4 1⁄2 9⁄32
1⁄32 121⁄32 11⁄2 5

31⁄2 17⁄8 11⁄4 3⁄4 1⁄2 9⁄32
1⁄32 111⁄16 11⁄2 5

4 21⁄4 11⁄2 1 5⁄8 3⁄8 1⁄16 21⁄32 17⁄8 5

41⁄2 21⁄4 11⁄2 1 5⁄8 3⁄8 1⁄16 21⁄16 17⁄8 10

5 21⁄4 11⁄2 1 5⁄8 3⁄8 1⁄16 29⁄16 17⁄8 10

6 21⁄4 2 1 3⁄4 7⁄16
1⁄16 213⁄16 21⁄2 15

End Mill Terms 

Enlarged Section of End Mill Tooth



816 MILLING CUTTERS

American National Standard Multiple- and Two-Flute Single-End Helical End Mills 
with Plain Straight and Weldon Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters with right-hand
helix are standard.

The helix angle is not less than 10 degrees for multiple-flute cutters with plain straight shanks; the
helix angle is optional with the manufacturer for two-flute cutters with Weldon shanks.

Tolerances: On W, ±1⁄32  inch; on L, ±1⁄16  inch.

Enlarged Section of End Mill

Cutter Diameter, D Shank Diameter, S Length
of Cut, W

Length
Overall, LNom. Max. Min. Max. Min.

Multiple-flute with Plain Straight Shanks
1⁄8 .130 .125 .125 .1245 5⁄16 11⁄4
3⁄16 .1925 .1875 .1875 .1870 1⁄2 13⁄8
1⁄4 .255 .250 .250 .2495 5⁄8 111⁄16

3⁄8 .380 .375 .375 .3745 3⁄4 113⁄16

1⁄2 .505 .500 .500 .4995 15⁄16 21⁄4
3⁄4 .755 .750 .750 .7495 11⁄4 25⁄8

Two-flute for Keyway Cutting with Weldon Shanks
1⁄8 .125 .1235 .375 .3745 3⁄8 25⁄16

3⁄16 .1875 .1860 .375 .3745 7⁄16 25⁄16

1⁄4 .250 .2485 .375 .3745 1⁄2 25⁄16

5⁄16 .3125 .3110 .375 .3745 9⁄16 25⁄16

3⁄8 .375 .3735 .375 .3745 9⁄16 25⁄16

1⁄2 .500 .4985 .500 .4995 1 3
5⁄8 .625 .6235 .625 .6245 15⁄16 37⁄16

3⁄4 .750 .7485 .750 .7495 15⁄16 39⁄16

7⁄8 .875 .8735 .875 .8745 11⁄2 33⁄4
1 1.000 .9985 1.000 .9995 15⁄8 41⁄8
11⁄4 1.250 1.2485 1.250 1.2495 15⁄8 41⁄8
11⁄2 1.500 1.4985 1.250 1.2495 15⁄8 41⁄8

End Mill Terms (Continued)



MILLING CUTTERS 817

ANSI Regular-, Long-, and Extra Long-Length, Multiple-Flute Medium
 Helix Single-End End Mills with Weldon Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Helix angle is greater than 19 degrees
but not more than 39 degrees. Right-hand cutters with right-hand helix are standard.

Tolerances: On D, +0.003 inch; on S, −0.0001 to −0.0005 inch; on W, ±1⁄32  inch; on L, ±1⁄16  inch.

As Indicated By The Dimensions Given Below, Shank Diameter S May Be
 Larger, Smaller, Or The Same As The Cutter Diameter D

Cutter
Dia.,

D

Regular Mills Long Mills Extra Long Mills

S W L Na

a N = Number of flutes. 

S W L Na S W L Na

1⁄8 b

b In this size of regular mill a left-hand cutter with left-hand helix is also standard. 

3⁄8 3⁄8 25⁄16 4 … … … … … … … …
3⁄16

b 3⁄8 1⁄2 23⁄8 4 … … … … … … … …
1⁄4 b 3⁄8 5⁄8 27⁄16 4 3⁄8 11⁄4 31⁄16 4 3⁄8 13⁄4 39⁄16 4
5⁄16

b 3⁄8 3⁄4 21⁄2 4 3⁄8 13⁄8 31⁄8 4 3⁄8 2 33⁄4 4
3⁄8 b 3⁄8 3⁄4 21⁄2 4 3⁄8 11⁄2 31⁄4 4 3⁄8 21⁄2 41⁄4 4
7⁄16

3⁄8 1 211⁄16 4 1⁄2 13⁄4 33⁄4 4 … … … …
1⁄2 3⁄8 1 211⁄16 4 1⁄2 2 4 4 1⁄2 3 5 4
1⁄2 b 1⁄2 11⁄4 31⁄4 4 … … … … … … … …
9⁄16

1⁄2 13⁄8 33⁄8 4 … … … … … … … …
5⁄8 1⁄2 13⁄8 33⁄8 4 5⁄8 21⁄2 45⁄8 4 5⁄8 4 61⁄8 4
11⁄16

1⁄2 15⁄8 35⁄8 4 … … … … … … … …
3⁄4 1⁄2 15⁄8 35⁄8 4 3⁄4 3 51⁄4 4 3⁄4 4 61⁄4 4
5⁄8 b 5⁄8 15⁄8 33⁄4 4 … … … … … … … …
11⁄16

5⁄8 15⁄8 33⁄4 4 … … … … … … … …
3⁄4 b 5⁄8 15⁄8 33⁄4 4 … … … … … … … …
13⁄16

5⁄8 17⁄8 4 6 … … … … … … … …
7⁄8 5⁄8 17⁄8 4 6 7⁄8 31⁄2 53⁄4 4 7⁄8 5 71⁄4 4

1 5⁄8 17⁄8 4 6 1 4 61⁄2 4 1 6 81⁄2 4
7⁄8 7⁄8 17⁄8 41⁄8 4 … … … … … … … …

1 7⁄8 17⁄8 41⁄8 4 … … … … … … … …

11⁄8 7⁄8 2 41⁄4 6 1 4 61⁄2 6 … … … …

11⁄4 7⁄8 2 41⁄4 6 1 4 61⁄2 6 11⁄4 6 81⁄2 6

1 1 2 41⁄2 4 … … … … … … … …

11⁄8 1 2 41⁄2 6 … … … … … … … …

11⁄4 1 2 41⁄2 6 … … … … … … … …

13⁄8 1 2 41⁄2 6 … … … … … … … …

11⁄2 1 2 41⁄2 6 1 4 61⁄2 6 … … … …

11⁄4 11⁄4 2 41⁄2 6 11⁄4 4 61⁄2 6 … … … …

11⁄2 11⁄4 2 41⁄2 6 11⁄4 4 61⁄2 6 11⁄4 8 101⁄2 6

13⁄4 11⁄4 2 41⁄2 6 11⁄4 4 61⁄2 6 … … … …

2 11⁄4 2 41⁄2 8 11⁄4 4 61⁄2 8 … … … …



818 MILLING CUTTERS

ANSI Two-Flute, High Helix, Regular-, Long-, and Extra Long-Length, 
Single-End End Mills with Weldon Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters with right-hand
helix are standard. Helix angle is greater than 39 degrees.

Tolerances: On D, +0.003 inch; on S, −0.0001 to −0.0005 inch; on W, ±1⁄32  inch; and on L, ±1⁄16  inch.

Combination Shanks for End Mills  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches.
Modified for use as Weldon or Pin Drive shank.

Cutter
Dia.,

D

Regular Mill Long Mill Extra Long Mill

S W L S W L S W L

1⁄4 3⁄8 5⁄8 27⁄16
3⁄8 11⁄4 31⁄16

3⁄8 13⁄4 39⁄16
5⁄16

3⁄8 3⁄4 21⁄2 3⁄8 13⁄8 31⁄8 3⁄8 2 33⁄4
3⁄8 3⁄8 3⁄4 21⁄2 3⁄8 11⁄2 31⁄4 3⁄8 21⁄2 41⁄4
7⁄16

3⁄8 1 211⁄16
1⁄2 13⁄4 33⁄4 … … …

1⁄2 1⁄2 11⁄4 31⁄4 1⁄2 2 4 1⁄2 3 5
5⁄8 5⁄8 15⁄8 33⁄4 5⁄8 21⁄2 45⁄8 5⁄8 4 61⁄8
3⁄4 3⁄4 15⁄8 37⁄8 3⁄4 3 51⁄4 3⁄4 4 61⁄4
7⁄8 7⁄8 17⁄8 41⁄8 … … … … … …

1 1 2 41⁄2 1 4 61⁄2 1 6 81⁄2
11⁄4 11⁄4 2 41⁄2 11⁄4 4 61⁄2 11⁄4 6 81⁄2
11⁄2 11⁄4 2 41⁄2 11⁄4 4 61⁄2 11⁄4 8 101⁄2
2 11⁄4 2 41⁄2 11⁄4 4 61⁄2 … … …

Right-hand Cut Left-hand Cut

Dia.
A La

a Length of shank. 

B C D E F G H J K M

11⁄2 211⁄16 13⁄16 .515 1.406 11⁄2 .515 1.371 9⁄16 1.302 .377 7⁄16

2 31⁄4 123⁄32 .700 1.900 13⁄4 .700 1.809 5⁄8 1.772 .440 1⁄2
21⁄2 31⁄2 115⁄16 .700 2.400 2 .700 2.312 3⁄4 2.245 .503 9⁄16

G

F
E

L
B

C 45°

12°

45°

M.015

DJ

H

K

1/2 K

A

Central
With “K”

90°



MILLING CUTTERS 819

ANSI Roughing, Single-End End Mills with Weldon Shanks, 
High-Speed Steel  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. Right-hand cutters with right-hand helix are standard.
Tolerances: Outside diameter, +0.025, −0.005 inch; length of cut, +1⁄8 , −1⁄32  inch.

American National Standard Heavy Duty, Medium Helix Single-End End Mills, 
21⁄2 -inch Combination Shank, High-Speed Steel  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. For shank dimensions see page 818. Right-hand cutters with right-
hand helix are standard. Helix angle is greater than 19 degrees but not more than 39 degrees.

Tolerances: On D, +0.005 inch; on W, ±1⁄32  inch; on L, ±1⁄16  inch.

Diameter Length Diameter Length
Cutter Shank Cut Overall Cutter Shank Cut Overall

D S W L D S W L

1⁄2 1⁄2 1 3 2 2 2 53⁄4
1⁄2 1⁄2 11⁄4 31⁄4 2 2 3 63⁄4
1⁄2 1⁄2 2 4 2 2 4 73⁄4
5⁄8 5⁄8 11⁄4 33⁄8 2 2 5 83⁄4
5⁄8 5⁄8 15⁄8 33⁄4 2 2 6 93⁄4
5⁄8 5⁄8 21⁄2 45⁄8 2 2 7 103⁄4
3⁄4 3⁄4 11⁄2 33⁄4 2 2 8 113⁄4
3⁄4 3⁄4 15⁄8 37⁄8 2 2 10 133⁄4
3⁄4 3⁄4 3 51⁄4 2 2 12 153⁄4

1 1 2 41⁄2 21⁄2 2 4 73⁄4
1 1 4 61⁄2 21⁄2 2 6 93⁄4
11⁄4 11⁄4 2 41⁄2 21⁄2 2 8 113⁄4
11⁄4 11⁄4 4 61⁄2 21⁄2 2 10 133⁄4
11⁄2 11⁄4 2 41⁄2 3 21⁄2 4 73⁄4
11⁄2 11⁄4 4 61⁄2 3 21⁄2 6 93⁄4
13⁄4 11⁄4 2 41⁄2 3 21⁄2 8 113⁄4
13⁄4 11⁄4 4 61⁄2 3 21⁄2 10 133⁄4

Dia. of
Cutter,

D
No. of
Flutes

Length
of Cut,

W

Length
Overall,

L

Dia. of
Cutter,

D
No. of
Flutes

Length
of Cut,

W

Length
Overall,

L

21⁄2 3 8 12 3 3 4 73⁄4
21⁄2 3 10 14 3 3 6 93⁄4
21⁄2 6 4 8 3 3 8 113⁄4
21⁄2 6 6 10 3 8 4 73⁄4
21⁄2 6 8 12 3 8 6 93⁄4
21⁄2 6 10 14 3 8 8 113⁄4
21⁄2 6 12 16 3 8 10 133⁄4
3 2 4 73⁄4 3 8 12 153⁄4
3 2 6 93⁄4 … … … …



820 MILLING CUTTERS

ANSI Stub-, Regular-, and Long-Length, Four-Flute, Medium Helix, Plain-End, 
Double-End Miniature End Mills with 3⁄16 -Inch Diameter Straight Shanks 

ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters with right-hand
helix are standard. Helix angle is greater than 19 degrees but not more than 39 degrees.

Tolerances: On D, + 0.003 inch (if the shank is the same diameter as the cutting portion, however,
then the tolerance on the cutting diameter is − 0.0025 inch.); on W, + 1⁄32 , − 1⁄64  inch; and on L, ±1⁄16
inch.

American National Standard 60-Degree Single-Angle Milling Cutters 
with Weldon Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters are standard.
Tolerances: On D, ± 0.015 inch; on S, − 0.0001 to − 0.0005 inch; on W, ± 0.015 inch; and on L, ±1⁄16

inch.

Dia.
D

Stub Length Regular Length
W L W L

1⁄16
3⁄32 2 3⁄16 21⁄4

3⁄32
9⁄64 2 9⁄32 21⁄4

1⁄8 3⁄16 2 3⁄8 21⁄4
5⁄32

15⁄64 2 7⁄16 21⁄4
3⁄16

9⁄32 2 1⁄2 21⁄4

Dia.
D

Long Length

B W L

1⁄16
3⁄8 7⁄32 21⁄2

3⁄32
1⁄2 9⁄32 25⁄8

1⁄8 3⁄4 3⁄4 31⁄8
5⁄32

7⁄8 7⁄8 31⁄4
3⁄16 1 1 33⁄8

Dia., D S W L Dia., D S W L

3⁄4 3⁄8 5⁄16 21⁄8 17⁄8 7⁄8 13⁄16 31⁄4
13⁄8 5⁄8 9⁄16 27⁄8 21⁄4 1 11⁄16 33⁄4



MILLING CUTTERS 821

American National Standard Stub-, Regular-, and Long-Length, Two-Flute, 
Medium Helix, Plain- and Ball-End, Double-End Miniature End Mills 

with 3⁄16 -Inch Diameter Straight Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters with right-hand
helix are standard. Helix angle is greater than 19 degrees but not more than 39 degrees.

Tolerances: On C and D, − 0.0015 inch for stub and regular length; + 0.003 inch for long length (if
the shank is the same diameter as the cutting portion, however, then the tolerance on the cutting diam-
eter is − 0.0025 inch.); on W, + 1⁄32 , − 1⁄64  inch; and on L, ± 1⁄16  inch.

American National Standard Multiple Flute, Helical Series
 End Mills with Brown & Sharpe Taper Shanks

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters with right-hand
helix are standard. Helix angle is not less than 10 degrees.

No. 5 taper is standard without tang; Nos. 7 and 9 are standard with tang only.

Tolerances: On D, +0.005 inch; on W, ±1⁄32  inch; and on L ±1⁄16  inch.

For dimensions of B & S taper shanks, see information given on page 958.

Dia.,
C and

D

Stub Length Regular Length

Plain End Ball End Plain End Ball End

W L W L W L W L

1⁄32
3⁄64 2 … … 3⁄32 21⁄4 … …

3⁄64
1⁄16 2 … … 9⁄64 21⁄4 … …

1⁄16
3⁄32 2 3⁄32 2 3⁄16 21⁄4 3⁄16 21⁄4

5⁄64
1⁄8 2 … … 15⁄64 21⁄4 … …

3⁄32
9⁄64 2 9⁄64 2 9⁄32 21⁄4 9⁄32 21⁄4

7⁄64
5⁄32 2 … … 21⁄64 21⁄4 … …

1⁄8 3⁄16 2 3⁄16 2 3⁄8 21⁄4 3⁄8 21⁄4
9⁄64

7⁄32 2 … … 13⁄32 21⁄4 … …
5⁄32

15⁄64 2 15⁄64 2 7⁄16 21⁄4 7⁄16 21⁄4
11⁄64

1⁄4 2 … … 1⁄2 21⁄4 … …
3⁄16

9⁄32 2 9⁄32 2 1⁄2 21⁄4 1⁄2 21⁄4

Dia.,
D

Long Length, Plain End Dia.,
D

Long Length, Plain End

B a

a B is the length below the shank. 

W L B a W L

1⁄16
3⁄8 7⁄32 21⁄2 5⁄32

7⁄8 7⁄8 31⁄4
3⁄32

1⁄2 9⁄32 25⁄8 3⁄16 1 1 33⁄8
1⁄8 3⁄4 3⁄4 31⁄8

Dia., D W L Taper No. Dia., D W L Taper No.
1⁄2 15⁄16 415⁄16 7 11⁄4 2 71⁄4 9
3⁄4 11⁄4 51⁄4 7 11⁄2 21⁄4 71⁄2 9

1 15⁄8 55⁄8 7 2 23⁄4 8 9



822 MILLING CUTTERS

American National Standard Stub- and Regular-Length, Two-Flute, Medium Helix, 
Plain- and Ball-End, Single-End End Mills with Weldon Shanks

 ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters with right-hand
helix are standard. Helix angle is greater than 19 degrees but not more than 39 degrees.

Tolerances: On C and D, −0.0015 inch for stub-length mills, + 0.003 inch for regular-length mills;
on S, −0.0001 to −0.0005 inch; on W, ± 1⁄32  inch; and on L, ± 1⁄16  inch.

The following single-end end mills are available in premium high speed steel: ball end, two flute,
with D ranging from 1⁄8  to 11⁄2  inches; ball end, multiple flute, with D ranging from 1⁄8  to 1 inch; and
plain end, two flute, with D ranging from 1⁄8  to 11⁄2  inches.

Regular Length — Plain End Stub Length — Plain End

Dia.,
D S W L

Cutter Dia.,
D

Shank Dia.,
S

Length of 
Cut.
W

Length
Overall.

L

1⁄8 3⁄8 3⁄8 25⁄16
1⁄8 3⁄8 3⁄16 21⁄8

3⁄16 3⁄8 7⁄16 25⁄16
3⁄16

3⁄8 9⁄32 23⁄16
1⁄4 3⁄8 1⁄2 25⁄16

1⁄4 3⁄8 3⁄8 21⁄4
5⁄16

3⁄8 9⁄16 25⁄16

Regular Length — Ball End3⁄8 3⁄8 9⁄16 25⁄16
7⁄16

3⁄8 13⁄16 21⁄2

Dia.,
C and D

Shank
Dia.,

S

Length
of Cut.

W

Length
Overall.

L

1⁄2 3⁄8 13⁄16 21⁄2
1⁄2 1⁄2 1 3
9⁄16

1⁄2 11⁄8 31⁄8
5⁄8 1⁄2 11⁄8 31⁄8 1⁄8 3⁄8 3⁄8 25⁄16
11⁄16

1⁄2 15⁄16 35⁄16
3⁄16

3⁄8 1⁄2 23⁄8
3⁄4 1⁄2 15⁄16 35⁄16

1⁄4 3⁄8 5⁄8 27⁄16
5⁄8 5⁄8 15⁄16 37⁄16
11⁄16

5⁄8 15⁄16 37⁄16
5⁄16

3⁄8 3⁄4 21⁄2
3⁄4 5⁄8 15⁄16 37⁄16

3⁄8 3⁄8 3⁄4 21⁄2
13⁄16

5⁄8 11⁄2 35⁄8 7⁄16
1⁄2 1 3

7⁄8 5⁄8 11⁄2 35⁄8
1 5⁄8 11⁄2 35⁄8 1⁄2 1⁄2 1 3

7⁄8 7⁄8 11⁄2 33⁄4 9⁄16
1⁄2 11⁄8 31⁄8

1 7⁄8 11⁄2 33⁄4 5⁄8 1⁄2 11⁄8 31⁄8
11⁄8 7⁄8 15⁄8 37⁄8
11⁄4 7⁄8 15⁄8 37⁄8 5⁄8 5⁄8 13⁄8 31⁄2
1 1 15⁄8 41⁄8 3⁄4 1⁄2 15⁄16 35⁄16

11⁄8 1 15⁄8 41⁄8 3⁄4 3⁄4 15⁄8 37⁄8
11⁄4 1 15⁄8 41⁄8
13⁄8 1 15⁄8 41⁄8 7⁄8 7⁄8 2 41⁄4
11⁄2 1 15⁄8 41⁄8 1 1 21⁄4 43⁄4
11⁄4 11⁄4 15⁄8 41⁄8 11⁄8 1 21⁄4 43⁄4
11⁄2 11⁄4 15⁄8 41⁄8
13⁄4 11⁄4 15⁄8 41⁄8 11⁄4 11⁄4 21⁄2 5
2 11⁄4 15⁄8 41⁄8 11⁄2 11⁄4 21⁄2 5



MILLING CUTTERS 823

American National Standard Long-Length Single-End and Stub-, and Regular 
Length, Double-End, Plain- and Ball-End, Medium Helix, Two-Flute End Mills with 

Weldon Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters with right-hand
helix are standard. Helix angle is greater than 19 degrees but not more than 39 degrees.

Tolerances: On C and D, + 0.003 inch for single-end mills, −0.0015 inch for double-end mills; on
S, −0.0001 to −0.0005 inch; on W, ±1⁄32  inch; and on L, ±1⁄16  inch.

Single End
Dia.,
C and

D

Long Length — Plain End Long Length — Ball End

S Ba

a B is the length below the shank. 

W L S Ba W L

1⁄8 … … … … 3⁄8 13⁄16
3⁄8 23⁄8

3⁄16 … … … … 3⁄8 11⁄8 1⁄2 211⁄16
1⁄4 3⁄8 11⁄2 5⁄8 31⁄16

3⁄8 11⁄2 5⁄8 31⁄16
5⁄16

3⁄8 13⁄4 3⁄4 35⁄16
3⁄8 13⁄4 3⁄4 35⁄16

3⁄8 3⁄8 13⁄4 3⁄4 35⁄16
3⁄8 13⁄4 3⁄4 35⁄16

7⁄16 … … … … 1⁄2 17⁄8 1 311⁄16
1⁄2 1⁄2 27⁄32 1 4 1⁄2 21⁄4 1 4
5⁄8 5⁄8 223⁄32 13⁄8 45⁄8 5⁄8 23⁄4 13⁄8 45⁄8
3⁄4 3⁄4 311⁄32 15⁄8 53⁄8 3⁄4 33⁄8 15⁄8 53⁄8

1 1 431⁄32 21⁄2 71⁄4 1 5 21⁄2 71⁄4
11⁄4 11⁄4 431⁄32 3 71⁄4 … … … …

Double End

Dia.,
C and

D

Stub Length —
Plain End

Regular Length —
Plain End

Regular Length —
Ball End

S W L S W L S W L

1⁄8 3⁄8 3⁄16 23⁄4 3⁄8 3⁄8 31⁄16
3⁄8 3⁄8 31⁄16

5⁄32
3⁄8 15⁄64 23⁄4 3⁄8 7⁄16 31⁄8 … … …

3⁄16
3⁄8 9⁄32 23⁄4 3⁄8 7⁄16 31⁄8 3⁄8 7⁄16 31⁄8

7⁄32
3⁄8 21⁄64 27⁄8 3⁄8 1⁄2 31⁄8 … … …

1⁄4 3⁄8 3⁄8 27⁄8 3⁄8 1⁄2 31⁄8 3⁄8 1⁄2 31⁄8
9⁄32 … … … 3⁄8 9⁄16 31⁄8 … … …
5⁄16 … … … 3⁄8 9⁄16 31⁄8 3⁄8 9⁄16 31⁄8

11⁄32 … … … 3⁄8 9⁄16 31⁄8 … … …
3⁄8 … … … 3⁄8 9⁄16 31⁄8 3⁄8 9⁄16 31⁄8
13⁄32 … … … 1⁄2 13⁄16 33⁄4 … … …
7⁄16 … … … 1⁄2 13⁄16 33⁄4 1⁄2 13⁄16 33⁄4

15⁄32 … … … 1⁄2 13⁄16 33⁄4 … … …
1⁄2 … … … 1⁄2 13⁄16 33⁄4 1⁄2 13⁄16 33⁄4
9⁄16 … … … 5⁄8 11⁄8 41⁄2 … … …
5⁄8 … … … 5⁄8 11⁄8 41⁄2 5⁄8 11⁄8 41⁄2
11⁄16 … … … 3⁄4 15⁄16 5 … … …
3⁄4 … … … 3⁄4 15⁄16 5 3⁄4 15⁄16 5
7⁄8 … … … 7⁄8 19⁄16 51⁄2 … … …
1 … … … 1 15⁄8 57⁄8 1 15⁄8 57⁄8



824 MILLING CUTTERS

American National Standard Regular-, Long-, and Extra Long-Length, 
Three-and Four-Flute, Medium Helix, Center Cutting, Single-End
 End Mills with Weldon Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters with right-hand
helix are standard. Helix angle is greater than 19 degrees but not more than 39 degrees.

Tolerances: On D, +0.003 inch; on S, −0.0001 to −0.0005 inch; on W, ±1⁄32  inch; and on L, ±1⁄16  inch.
The following center-cutting, single-end end mills are available in premium high speed steel: reg-

ular length, multiple flute, with D ranging from 1⁄8  to 11⁄2  inches; long length, multiple flute, with D
ranging from 3⁄8  to 11⁄4  inches; and extra long-length, multiple flute, with D ranging from 3⁄8  to 11⁄4
inches.

Four Flute
Dia.,

D

Regular Length Long Length Extra Long Length
S W L S W L S W L

1⁄8 3⁄8 3⁄8 25⁄16 … … … … … …
3⁄16

3⁄8 1⁄2 23⁄8 … … … … … …
1⁄4 3⁄8 5⁄8 27⁄16

3⁄8 11⁄4 33⁄16
3⁄8 13⁄4 39⁄16

5⁄16
3⁄8 3⁄4 21⁄2 3⁄8 13⁄8 31⁄8 3⁄8 2 33⁄4

3⁄8 3⁄8 3⁄4 21⁄2 3⁄8 11⁄2 31⁄4 3⁄8 21⁄2 41⁄4
1⁄2 1⁄2 11⁄4 31⁄4 1⁄2 2 4 1⁄2 3 5
5⁄8 5⁄8 15⁄8 33⁄4 5⁄8 21⁄2 45⁄8 5⁄8 4 61⁄8
11⁄16

5⁄8 15⁄8 33⁄4 … … … … … …
3⁄4 3⁄4 15⁄8 37⁄8 3⁄4 3 51⁄4 3⁄4 4 61⁄4
7⁄8 7⁄8 17⁄8 41⁄8 7⁄8 31⁄2 53⁄4 7⁄8 5 71⁄4

1 1 2 41⁄2 1 4 61⁄2 1 6 81⁄2
11⁄8 1 2 41⁄2 … … … … … …
11⁄4 11⁄4 2 41⁄2 11⁄4 4 61⁄2 11⁄4 6 81⁄2
11⁄2 11⁄4 2 41⁄2 … … … … … …

Three Flute
Dia., D S W L Dia., D S W L

Regular Length Regular Length (cont.)
1⁄8 3⁄8 3⁄8 25⁄16 11⁄8 1 2 41⁄2
3⁄16

3⁄8 1⁄2 23⁄8 11⁄4 1 2 41⁄2
1⁄4 3⁄8 5⁄8 27⁄16 11⁄2 1 2 41⁄2
5⁄16

3⁄8 3⁄4 21⁄2 11⁄4 11⁄4 2 41⁄2
3⁄8 3⁄8 3⁄4 21⁄2 11⁄2 11⁄4 2 41⁄2
7⁄16

3⁄8 1 211⁄16 13⁄4 11⁄4 2 41⁄2
1⁄2 3⁄8 1 211⁄16 2 11⁄4 2 41⁄2
1⁄2 1⁄2 11⁄4 31⁄4 Long Length9⁄16

1⁄2 13⁄8 33⁄8
9⁄16

1⁄2 13⁄8 33⁄8 1⁄4 3⁄8 11⁄4 311⁄16
5⁄8 1⁄2 13⁄8 33⁄8 5⁄16

3⁄8 13⁄8 31⁄8
3⁄4 1⁄2 15⁄8 35⁄8 3⁄8 3⁄8 11⁄2 31⁄4
5⁄8 5⁄8 15⁄8 33⁄4 7⁄16

1⁄2 13⁄4 33⁄4
3⁄4 5⁄8 15⁄8 33⁄4 1⁄2 1⁄2 2 4
7⁄8 5⁄8 17⁄8 4 5⁄8 5⁄8 21⁄2 45⁄8

1 5⁄8 17⁄8 4 3⁄4 3⁄4 3 51⁄4
3⁄4 3⁄4 15⁄8 37⁄8 1 1 4 61⁄2
7⁄8 3⁄4 17⁄8 41⁄8 11⁄4 11⁄4 4 61⁄2

1 3⁄4 17⁄8 41⁄8 11⁄2 11⁄4 4 61⁄2
1 7⁄8 17⁄8 41⁄8 13⁄4 11⁄4 4 61⁄2
1 1 2 41⁄2 2 11⁄4 4 61⁄2



MILLING CUTTERS 825

American National Standard Stub- and Regular-length, Four-flute, Medium Helix, 
Double-end End Mills with Weldon Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters with right-hand
helix are standard. Helix angle is greater than 19 degrees but not more than 39 degrees.

Tolerances: On D, +0.003 inch (if the shank is the same diameter as the cutting portion, however,
then the tolerance on the cutting diameter is −0.0025 inch); on S, −0.0001 to −0.0005 inch; on W, ±1⁄32

inch; and on L, ±1⁄16  inch.

American National Standard Stub- and Regular-Length, Four-Flute, Medium Helix, 
Double-End End Mills with Weldon Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters with right-hand
helix are standard. Helix angle is greater than 19 degrees but not more than 39 degrees.

Tolerances: On D, +0.0015 inch; on S, −0.0001 to −0.0005 inch; on W, ±1⁄32  inch; and on L, ±1⁄16
inch.

Dia.,
D S W L

Dia.,
D S W L

Dia.,
D S W L

Stub Length
1⁄8 3⁄8 3⁄16 23⁄4 3⁄16

3⁄8 9⁄32 23⁄4 1⁄4 3⁄8 3⁄8 27⁄8
5⁄32

3⁄8 15⁄64 23⁄4 7⁄32
3⁄8 21⁄64 27⁄8 … … … …

Regular Length
1⁄8 a

a In this size of regular mill a left-hand cutter with a left-hand helix is also standard. 

3⁄8 3⁄8 31⁄16
11⁄32

3⁄8 3⁄4 31⁄2 5⁄8 a 5⁄8 13⁄8 5
5⁄32

a 3⁄8 7⁄16 31⁄8 3⁄8 a 3⁄8 3⁄4 31⁄2 11⁄16
3⁄4 15⁄8 55⁄8

3⁄16
a 3⁄8 1⁄2 31⁄4 13⁄32

1⁄2 1 41⁄8 3⁄4 a 3⁄4 15⁄8 55⁄8
7⁄32

3⁄8 9⁄16 31⁄4 7⁄16
1⁄2 1 41⁄8 13⁄16

7⁄8 17⁄8 61⁄8
1⁄4 a 3⁄8 5⁄8 33⁄8 15⁄32

1⁄2 1 41⁄8 7⁄8 7⁄8 17⁄8 61⁄8
9⁄32

3⁄8 11⁄16 33⁄8 1⁄2 a 1⁄2 1 41⁄8 1 1 17⁄8 63⁄8
5⁄16

a 3⁄8 3⁄4 31⁄2 9⁄16
5⁄8 13⁄8 5 … … … …

Dia.,
D S W L

Dia.,
D S W L

Three Flute Four Flute
1⁄8 3⁄8 3⁄8 31⁄16

1⁄8 3⁄8 3⁄8 31⁄16

3⁄16
3⁄8 1⁄2 31⁄4 3⁄16

3⁄8 1⁄2 31⁄4
1⁄4 3⁄8 5⁄8 33⁄8 1⁄4 3⁄8 5⁄8 33⁄8
5⁄16

3⁄8 3⁄4 31⁄2 5⁄16
3⁄8 3⁄4 31⁄2

3⁄8 3⁄8 3⁄4 31⁄2 3⁄8 3⁄8 3⁄4 31⁄2
7⁄16

1⁄2 1 41⁄8 1⁄2 1⁄2 1 41⁄8
1⁄2 1⁄2 1 41⁄8 5⁄8 5⁄8 13⁄8 5
9⁄16

5⁄8 13⁄8 5 3⁄4 3⁄4 15⁄8 55⁄8
5⁄8 5⁄8 13⁄8 5 7⁄8 7⁄8 17⁄8 61⁄8
3⁄4 3⁄4 15⁄8 55⁄8 1 1 17⁄8 63⁄8
1 1 17⁄8 63⁄8 … … … …



826 MILLING CUTTERS

American National Standard Plain- and Ball-End, Heavy Duty, Medium Helix, Sin-
gle-End End Mills with 2-Inch Diameter Shanks  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches. All cutters are high-speed steel. Right-hand cutters with right-hand
helix are standard. Helix angle is greater than 19 degrees but not more than 39 degrees.

Tolerances: On C and D, + 0.005 inch for 2, 3, 4 and 6 flutes: on W, ± 1⁄16  inch; and on L, ± 1⁄16  inch.

Dimensions of American National Standard Weldon Shanks 
 ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches.
Centerline of flat is at half-length of shank except for 11⁄2 -, 2- and 21⁄2 -inch shanks where it is 13⁄16 ,

127⁄32  and 115⁄16  from shank end, respectively.
Tolerance on shank diameter, − 0.0001 to − 0.0005 inch.

Dia.,
C and D

Plain End Ball End

W L No. of  Flutes W L No. of  Flutes

2 2 53⁄4 2, 4, 6 … … …

2 3 63⁄4 2, 3 … … …

2 4 73⁄4 2, 3, 4, 6 4 73⁄4 6

2 … … … 5 83⁄4 2, 4

2 6 93⁄4 2, 3, 4, 6 6 93⁄4 6

2 8 113⁄4 6 8 113⁄4 6

21⁄2 4 73⁄4 2, 3, 4, 6 … … …

21⁄2 … … … 5 83⁄4 4

21⁄2 6 93⁄4 2, 4, 6 … … …

21⁄2 8 113⁄4 6 … … …

Shank Flat Shank Flat

Dia. Length Xa

a X is distance from bottom of flat to opposite side of shank. 

Lengthb

b Minimum.

Dia. Length Xa Lengthb

3⁄8 19⁄16 0.325 0.280 1 29⁄32 0.925 0.515
1⁄2 125⁄32 0.440 0.330 11⁄4 29⁄32 1.156 0.515
5⁄8 129⁄32 0.560 0.400 11⁄2 211⁄16 1.406 0.515
3⁄4 21⁄32 0.675 0.455 2 31⁄4 1.900 0.700
7⁄8 21⁄32 0.810 0.455 21⁄2 31⁄2 2.400 0.700



MILLING CUTTERS 827

Amerian National Standard Form Relieved, Concave, Convex, and
 Corner-Rounding Arbor-Type Cutters  ANSI/ASME B94.19-1997 (R2003)

All dimensions in inches. All cutters are high-speed steel and are form relieved.

Right-hand corner rounding cutters are standard, but left-hand cutter for 1⁄4 -inch size is also stan-
dard.

For key and keyway dimensions for these cutters, see page 831.

Concave Convex Corner-rounding
Diameter C or Radius R Cutter

Dia. Da

a Tolerances on cutter diameter are + 1⁄16 , − 1⁄16  inch for all sizes. 

Width
W ± .010b

b Tolerance does not apply to convex cutters. 

Diameter of Hole H

Nom. Max. Min. Nom. Max. Min.

Concave Cuttersc

c Size of cutter is designated by specifying diameter C of circular form. 

1⁄8 0.1270 0.1240 21⁄4 1⁄4 1 1.00075 1.00000
3⁄16 0.1895 0.1865 21⁄4 3⁄8 1 1.00075 1.00000
1⁄4 0.2520 0.2490 21⁄2 7⁄16 1 1.00075 1.00000
5⁄16 0.3145 0.3115 23⁄4 9⁄16 1 1.00075 1.00000
3⁄8 0.3770 0.3740 23⁄4 5⁄8 1 1.00075 1.00000
7⁄16 0.4395 0.4365 3 3⁄4 1 1.00075 1.00000
1⁄2 0.5040 0.4980 3 13⁄16 1 1.00075 1.00000
5⁄8 0.6290 0.6230 31⁄2 1 11⁄4 1.251 1.250
3⁄4 0.7540 0.7480 33⁄4 13⁄16 11⁄4 1.251 1.250
7⁄8 0.8790 0.8730 4 13⁄8 11⁄4 1.251 1.250

1 1.0040 0.9980 41⁄4 19⁄16 11⁄4 1.251 1.250

Convex Cuttersc

1⁄8 0.1270 0.1230 21⁄4 1⁄8 1 1.00075 1.00000
3⁄16 0.1895 0.1855 21⁄4 3⁄16 1 1.00075 1.00000
1⁄4 0.2520 0.2480 21⁄2 1⁄4 1 1.00075 1.00000
5⁄16 0.3145 0.3105 23⁄4 5⁄16 1 1.00075 1.00000
3⁄8 0.3770 0.3730 23⁄4 3⁄8 1 1.00075 1.00000
7⁄16 0.4395 0.4355 3 7⁄16 1 1.00075 1.00000
1⁄2 0.5020 0.4980 3 1⁄2 1 1.00075 1.00000
5⁄8 0.6270 0.6230 31⁄2 5⁄8 11⁄4 1.251 1.250
3⁄4 0.7520 0.7480 33⁄4 3⁄4 11⁄4 1.251 1.250
7⁄8 0.8770 0.8730 4 7⁄8 11⁄4 1.251 1.250

1 1.0020 0.9980 41⁄4 1 11⁄4 1.251 1.250

Corner-rounding Cuttersd

d Size of cutter is designated by specifying radius R of circular form. 

1⁄8 0.1260 0.1240 21⁄2 1⁄4 1 1.00075 1.00000
1⁄4 0.2520 0.2490 3 13⁄32 1 1.00075 1.00000
3⁄8 0.3770 0.3740 33⁄4 9⁄16 11⁄4 1.251 1.250
1⁄2 0.5020 0.4990 41⁄4 3⁄4 11⁄4 1.251 1.250
5⁄8 0.6270 0.6240 41⁄4 15⁄16 11⁄4 1.251 1.250



828 MILLING CUTTERS

American National Standard Roughing and Finishing Gear Milling Cutters for 
Gears with 141⁄2 -Degree Pressure Angles  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches.
All gear milling cutters are high-speed steel and are form relieved.
For keyway dimensions see page 831.
Tolerances: On outside diameter, + 1⁄16 , −1⁄16  inch; on hole diameter, through 1-inch hole diameter,

+0.00075 inch, over 1-inch and through 2-inch hole diameter, +0.0010 inch.
For cutter number relative to numbers of gear teeth, see page 2148. Roughing cutters are made with

No. 1 cutter form only.

ROUGHING FINISHING

Diametral
Pitch

Dia. of
Cutter,

D

Dia. of
Hole,

H
Diametral

Pitch

Dia. of
Cutter,

D

Dia. of
Hole,

H
Diametral

Pitch

Dia. of
Cutter,

D

Dia. of
Hole,

H

Roughing Gear Milling Cutters

1 81⁄2 2 3 51⁄4 11⁄2 5 33⁄8 1

11⁄4 73⁄4 2 3 43⁄4 11⁄4 6 37⁄8 11⁄2
11⁄2 7 13⁄4 4 43⁄4 13⁄4 6 31⁄2 11⁄4
13⁄4 61⁄2 13⁄4 4 41⁄2 11⁄2 6 31⁄8 1

2 61⁄2 13⁄4 4 41⁄4 11⁄4 7 33⁄8 11⁄4
2 53⁄4 11⁄2 4 35⁄8 1 7 27⁄8 1

21⁄2 61⁄8 13⁄4 5 43⁄8 13⁄4 8 31⁄4 11⁄4
21⁄2 53⁄4 11⁄2 5 41⁄4 11⁄2 8 27⁄8 1

3 55⁄8 13⁄4 5 33⁄4 11⁄4 … … …

Finishing Gear Milling Cutters

1 81⁄2 2 6 37⁄8 11⁄2 14 21⁄8 7⁄8
11⁄4 73⁄4 2 6 31⁄2 11⁄4 16 21⁄2 1

11⁄2 7 13⁄4 6 31⁄8 1 16 21⁄8 7⁄8
13⁄4 61⁄2 13⁄4 7 35⁄8 11⁄2 18 23⁄8 1

2 61⁄2 13⁄4 7 33⁄8 11⁄4 18 2 7⁄8
2 53⁄4 11⁄2 7 27⁄8 1 20 23⁄8 1

21⁄2 61⁄8 13⁄4 8 31⁄2 11⁄2 20 2 7⁄8
21⁄2 53⁄4 11⁄2 8 31⁄4 11⁄4 22 21⁄4 1

3 55⁄8 13⁄4 8 27⁄8 1 22 2 7⁄8
3 51⁄4 11⁄2 9 31⁄8 11⁄4 24 21⁄4 1

3 43⁄4 11⁄4 9 23⁄4 1 24 13⁄4 7⁄8
4 43⁄4 13⁄4 10 3 11⁄4 26 13⁄4 7⁄8
4 41⁄2 11⁄2 10 23⁄4 1 28 13⁄4 7⁄8
4 41⁄4 11⁄4 10 23⁄8 7⁄8 30 13⁄4 7⁄8
4 35⁄8 1 11 25⁄8 1 32 13⁄4 7⁄8
5 43⁄8 13⁄4 11 23⁄8 7⁄8 36 13⁄4 7⁄8
5 41⁄4 11⁄2 12 27⁄8 11⁄4 40 13⁄4 7⁄8
5 33⁄4 11⁄4 12 25⁄8 1 48 13⁄4 7⁄8
5 33⁄8 1 12 21⁄4 7⁄8 … … …

6 41⁄4 13⁄4 14 21⁄2 1 … … …



MILLING CUTTERS 829

American National Standard Gear Milling Cutters for Mitre and Bevel 
Gears with 141⁄2 -Degree Pressure Angles  ANSI/ASME B94.19-1997 (R2003)

All dimensions are in inches.
All cutters are high-speed steel and are form relieved.
For keyway dimensions see page 831. For cutter selection see page 2187.
Tolerances: On outside diameter, +1⁄16 , −1⁄16  inch; on hole diameter, through 1-inch hole diameter,

+0.00075 inch, for 11⁄4 -inch hole diameter, +0.0010 inch.
To select the cutter number for bevel gears with the axis at any angle, double the back cone radius

and multiply the result by the diametral pitch. This procedure gives the number of equivalent spur
gear teeth and is the basis for selecting the cutter number from the table on page 2150.

Diametral
Pitch

Diameter
of Cutter,

D

Diameter
of Hole,

H
Diametral

Pitch

Diameter
of Cutter,

D

Diameter
of Hole,

H

3 4 11⁄4 10 23⁄8 7⁄8
4 35⁄8 11⁄4 12 21⁄4 7⁄8
5 33⁄8 11⁄4 14 21⁄8 7⁄8
6 31⁄8 1 16 21⁄8 7⁄8
7 27⁄8 1 20 2 7⁄8
8 27⁄8 1 24 13⁄4 7⁄8

American National Standard
Roller Chain Sprocket 

Milling Cutters

 American National Standard Roller Chain Sprocket 
Milling Cutters  ANSI/ASME B94.19-1997 (R2003)

Chain
Pitch

Dia. of
Roll

No. of Teeth in
Sprocket

Dia. of Cutter,
D

Width of Cutter,
W

Dia. of Hole,
H

1⁄4 0.130 6 23⁄4 5⁄16 1
1⁄4 0.130 7-8 23⁄4 5⁄16 1
1⁄4 0.130 9-11 23⁄4 5⁄16 1
1⁄4 0.130 12-17 23⁄4 5⁄16 1
1⁄4 0.130 18-34 23⁄4 9⁄32 1
1⁄4 0.130 35 and over 23⁄4 9⁄32 1
3⁄8 0.200 6 23⁄4 15⁄32 1
3⁄8 0.200 7-8 23⁄4 15⁄32 1
3⁄8 0.200 9-11 23⁄4 15⁄32 1
3⁄8 0.200 12-17 23⁄4 7⁄16 1
3⁄8 0.200 18-34 23⁄4 7⁄16 1
3⁄8 0.200 35 and over 23⁄4 13⁄32 1
1⁄2 0.313 6 3 3⁄4 1
1⁄2 0.313 7-8 3 3⁄4 1
1⁄2 0.313 9-11 31⁄8 3⁄4 1
1⁄2 0.313 12-17 31⁄8 3⁄4 1
1⁄2 0.313 18-34 31⁄8 23⁄32 1
1⁄2 0.313 35 and over 31⁄8 11⁄16 1
5⁄8 0.400 6 31⁄8 3⁄4 1
5⁄8 0.400 7-8 31⁄8 3⁄4 1
5⁄8 0.400 9-11 31⁄4 3⁄4 1
5⁄8 0.400 12-17 31⁄4 3⁄4 1
5⁄8 0.400 18-34 31⁄4 23⁄32 1
5⁄8 0.400 35 and over 31⁄4 11⁄16 1



830 MILLING CUTTERS

All dimensions are in inches.
All cutters are high-speed steel and are form relieved.
For keyway dimensions see page 831.

Tolerances: Outside diameter, +1⁄16 , −1⁄16  inch; hole diameter, through 1-inch diameter, + 0.00075
inch, above 1-inch diameter and through 2-inch diameter, + 0.0010 inch.

For tooth form, see ANSI sprocket tooth form table on page 2554.

3⁄4 0.469 6 31⁄4 29⁄32 1
3⁄4 0.469 7-8 31⁄4 29⁄32 1
3⁄4 0.469 9-11 33⁄8 29⁄32 1
3⁄4 0.469 12-17 33⁄8 7⁄8 1
3⁄4 0.469 18-34 33⁄8 27⁄32 1
3⁄4 0.469 35 and over 33⁄8 13⁄16 1

1 0.625 6 37⁄8 11⁄2 11⁄4
1 0.625 7-8 4 11⁄2 11⁄4
1 0.625 9-11 41⁄8 115⁄32 11⁄4
1 0.625 18-34 41⁄4 113⁄32 11⁄4
1 0.625 35 and over 41⁄4 111⁄32 11⁄4
11⁄4 0.750 6 41⁄4 113⁄16 11⁄4
11⁄4 0.750 7-8 43⁄8 113⁄16 11⁄4
11⁄4 0.750 9-11 41⁄2 125⁄32 11⁄4
11⁄4 0.750 18-34 45⁄8 111⁄16 11⁄4
11⁄4 0.750 35 and over 45⁄8 15⁄8 11⁄4
11⁄2 0.875 6 43⁄8 113⁄16 11⁄4
11⁄2 0.875 7-8 41⁄2 113⁄16 11⁄4
11⁄2 0.875 9-11 45⁄8 125⁄32 11⁄4
11⁄2 0.875 12-17 45⁄8 13⁄4 11⁄4
11⁄2 0.875 18-34 43⁄4 111⁄16 11⁄4
11⁄2 0.875 35 and over 43⁄4 15⁄8 11⁄4
13⁄4 1.000 6 5 23⁄32 11⁄2
13⁄4 1.000 7-8 51⁄8 23⁄32 11⁄2
13⁄4 1.000 9-11 51⁄4 21⁄16 11⁄2
13⁄4 1.000 12-17 53⁄8 21⁄32 11⁄2
13⁄4 1.000 18-34 51⁄2 131⁄32 11⁄2
13⁄4 1.000 35 and over 51⁄2 17⁄8 11⁄2
2 1.125 6 53⁄8 213⁄32 11⁄2
2 1.125 7-8 51⁄2 213⁄32 11⁄2
2 1.125 9-11 55⁄8 23⁄8 11⁄2
2 1.125 12-17 53⁄4 25⁄16 11⁄2
2 1.125 18-34 57⁄8 21⁄4 11⁄2
2 1.125 35 and over 57⁄8 25⁄32 11⁄2
21⁄4 1.406 6 57⁄8 211⁄16 11⁄2
21⁄4 1.406 7-8 6 211⁄16 11⁄2
21⁄4 1.406 9-11 61⁄4 221⁄32 11⁄2
21⁄4 1.406 12-17 63⁄8 219⁄32 11⁄2
21⁄4 1.406 18-34 61⁄2 215⁄32 11⁄2
21⁄4 1.406 35 and over 61⁄2 213⁄32 11⁄2
21⁄2 1.563 6 63⁄8 3 13⁄4
21⁄2 1.563 7-8 65⁄8 3 13⁄4
21⁄2 1.563 9-11 63⁄4 215⁄16 13⁄4
21⁄2 1.563 12-17 67⁄8 229⁄32 13⁄4
21⁄2 1.563 18-34 7 23⁄4 13⁄4
21⁄2 1.563 35 and over 71⁄8 211⁄16 13⁄4
3 1.875 6 71⁄2 319⁄32 2
3 1.875 7-8 73⁄4 319⁄32 2
3 1.875 9-11 77⁄8 317⁄32 2
3 1.875 12-17 8 315⁄32 2
3 1.875 18-34 8 311⁄32 2
3 1.875 35 and over 81⁄4 37⁄32 2

 American National Standard Roller Chain Sprocket 
Milling Cutters  ANSI/ASME B94.19-1997 (R2003)(Continued)

Chain
Pitch

Dia. of
Roll

No. of Teeth in
Sprocket

Dia. of Cutter,
D

Width of Cutter,
W

Dia. of Hole,
H
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American National Standard Keys and Keyways for Milling Cutters and Arbors  ANSI/ASME B94.19-1997 (R2003)

All dimensions given in inches.

ARBOR AND KEYSEAT CUTTER HOLE AND KEYWAY ARBOR AND KEY

Nom.Arbor
and Cutter
Hole Dia.

Nom.
Size Key
(Square)

Arbor and Keyseat Hole and Keyway Arbor and Key

A
Max.

A
Min.

B
Max.

B
Min.

C
Max.

C
Min.

Da

Min.

a D max. is 0.010 inch larger than D min. 

H
Nom.

Corner
Radius

E
Max.

E
Min.

F
Max.

F
Min.

1⁄2 3⁄32 0.0947 0.0937 0.4531 0.4481 0.106 0.099 0.5578 3⁄64 0.020 0.0932 0.0927 0.5468 0.5408
5⁄8 1⁄8 0.1260 0.1250 0.5625 0.5575 0.137 0.130 0.6985 1⁄16

1⁄32 0.1245 0.1240 0.6875 0.6815
3⁄4 1⁄8 0.1260 0.1250 0.6875 0.6825 0.137 0.130 0.8225 1⁄16

1⁄32 0.1245 0.1240 0.8125 0.8065
7⁄8 1⁄8 0.1260 0.1250 0.8125 0.8075 0.137 0.130 0.9475 1⁄16

1⁄32 0.1245 0.1240 0.9375 0.9315

1 1⁄4 0.2510 0.2500 0.8438 0.8388 0.262 0.255 1.1040 3⁄32
3⁄64 0.2495 0.2490 1.0940 1.0880

11⁄4 5⁄16 0.3135 0.3125 1.0630 1.0580 0.343 0.318 1.3850 1⁄8 1⁄16 0.3120 0.3115 1.3750 1.3690

11⁄2 3⁄8 0.3760 0.3750 1.2810 1.2760 0.410 0.385 1.6660 5⁄32
1⁄16 0.3745 0.3740 1.6560 1.6500

13⁄4 7⁄16 0.4385 0.4375 1.5000 1.4950 0.473 0.448 1.9480 3⁄16
1⁄16 0.4370 0.4365 1.9380 1.9320

2 1⁄2 0.5010 0.5000 1.6870 1.6820 0.535 0.510 2.1980 3⁄16
1⁄16 0.4995 0.4990 2.1880 2.1820

21⁄2 5⁄8 0.6260 0.6250 2.0940 2.0890 0.660 0.635 2.7330 7⁄32
1⁄16 0.6245 0.6240 2.7180 2.7120

3 3⁄4 0.7510 0.7500 2.5000 2.4950 0.785 0.760 3.2650 1⁄4 3⁄32 0.7495 0.7490 3.2500 3.2440

31⁄2 7⁄8 0.8760 0.8750 3.0000 2.9950 0.910 0.885 3.8900 3⁄8 3⁄32 0.8745 0.8740 3.8750 3.8690

4 1 1.0010 1.0000 3.3750 3.3700 1.035 1.010 4.3900 3⁄8 3⁄32 0.9995 0.9990 4.3750 4.3690

41⁄2 11⁄8 1.1260 1.1250 3.8130 3.8080 1.160 1.135 4.9530 7⁄16
1⁄8 1.1245 1.1240 4.9380 4.9320

5 11⁄4 1.2510 1.2500 4.2500 4.2450 1.285 1.260 5.5150 1⁄2 1⁄8 1.2495 1.2490 5.5000 5.4940

Machinery's Handbook 29th Edition
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832 MILLING CUTTERS

American National Standard Woodruff Keyseat Cutters—Shank-Type Straight-
Teeth and Arbor-Type Staggered-Teeth  ANSI/ASME B94.19-1997 (R2003)

All dimensions are given in inches. All cutters are high-speed steel.
Shank type cutters are standard with right-hand cut and straight teeth. All sizes have 1⁄2 -inch diam-

eter straight shank.
Arbor type cutters have staggered teeth.
For Woodruff key and key-slot dimensions, see pages 2478 through  2480.
Tolerances: Face with W for shank type cutters: 1⁄16 - to 5⁄32 -inch face, + 0.0000, −0.0005; 3⁄16  to 7⁄32 ,

− 0.0002, − 0.0007; 1⁄4 , −0.0003, −0.0008; 5⁄16 , −0.0004, −0.0009; 3⁄8 , − 0.0005, −0.0010 inch. Face
width W for arbor type cutters; 3⁄16  inch face, −0.0002, −0.0007; 1⁄4 , −0.0003, −0.0008; 5⁄16 , −0.0004,
−0.0009; 3⁄8  and over, −0.0005, −0.0010 inch. Hole size H: +0.00075, −0.0000 inch. Diameter D for
shank type cutters: 1⁄4 - through 3⁄4 -inch diameter, +0.010, +0.015, 7⁄8  through 11⁄8 , +0.012, +0.017; 11⁄4
through 11⁄2 , +0.015, +0.020 inch. These tolerances include an allowance for sharpening. For arbor
type cutters diameter D is furnished 1⁄32  inch larger than listed and a tolerance of ±0.002 inch applies
to the oversize diameter.

Shank-type Cutters

Cutter
Number

Nom.
Dia.of
Cutter,

D

Width 
of

Face, 
W

Length
Over-

all,
L

Cutter
Number

Nom.
Dia. of 
Cutter,

D

Width 
of

Face, 
W

Length
Over-

all,
L

Cutter
Number

Nom.
Dia.of
Cutter,

D

Width 
of

Face, 
W

Length
Over-

all,
L

202 1⁄4 1⁄16 21⁄16 506 3⁄4 5⁄32 25⁄32 809 1 1⁄8 1⁄4 2 1⁄4
202 1⁄2 5⁄16

1⁄16 21⁄16 606 3⁄4 3⁄16 23⁄16 1009 1 1⁄8 5⁄16 2 5⁄16

302 1⁄2 5⁄16
3⁄32 23⁄32 806 3⁄4 1⁄4 21⁄4 610 11⁄4 3⁄16 23⁄16

203 3⁄8 1⁄16 21⁄16 507 7⁄8 5⁄32 25⁄32 710 11⁄4 7⁄32 27⁄32

303 3⁄8 3⁄32 23⁄32 607 7⁄8 3⁄16 23⁄16 810 11⁄4 1⁄4 21⁄4
403 3⁄8 1⁄8 21⁄8 707 7⁄8 7⁄32 27⁄32 1010 11⁄4 5⁄16 25⁄16

204 1⁄2 1⁄16 21⁄16 807 7⁄8 1⁄4 21⁄4 1210 11⁄4 3⁄8 23⁄8
304 1⁄2 3⁄32 23⁄32 608 1 3⁄16 23⁄16 811 13⁄8 1⁄4 21⁄4
404 1⁄2 1⁄8 21⁄8 708 1 7⁄32 27⁄32 1011 13⁄8 5⁄16 25⁄16

305 5⁄8 3⁄32 23⁄32 808 1 1⁄4 21⁄4 1211 13⁄8 3⁄8 23⁄8
405 5⁄8 1⁄8 21⁄8 1008 1 5⁄16 25⁄16 812 11⁄2 1⁄4 21⁄4
505 5⁄8 5⁄32 25⁄32 1208 1 3⁄8 23⁄8 1012 11⁄2 5⁄16 25⁄16

605 5⁄8 3⁄16 23⁄16 609 11⁄8 3⁄16 23⁄16 1212 11⁄2 3⁄8 23⁄8
406 3⁄4 1⁄8 21⁄8 709 11⁄8 7⁄32 27⁄32 … … … …

Arbor-type Cutters

Cutter
Number

Nom.
Dia.of
Cutter,

D

Width 
of

Face, 
W

Dia. of
Hole,

H
Cutter

Number

Nom.
Dia.of
Cutter,

D

Width 
of

Face, 
W

Dia. of
Hole, 

H
Cutter

Number

Nom.
Dia.of
Cutter,

D

Width 
of

Face, 
W

Dia. of
Hole,

H

617 21⁄8 3⁄16
3⁄4 1022 23⁄4 5⁄16 1 1628 31⁄2 1⁄2 1

817 21⁄8 1⁄4 3⁄4 1222 23⁄4 3⁄8 1 1828 31⁄2 9⁄16 1

1017 21⁄8 5⁄16
3⁄4 1422 23⁄4 7⁄16 1 2028 31⁄2 5⁄8 1

1217 21⁄8 3⁄8 3⁄4 1622 23⁄4 1⁄2 1 2428 31⁄2 3⁄4 1

822 23⁄4 1⁄4 1 1228 31⁄2 3⁄8 1 … … … …
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Setting Angles for Milling Straight Teeth of Uniform Land Width in End Mills,
Angular Cutters, and Taper Reamers.—The accompanying tables give setting angles
for the dividing head when straight teeth, having a land of uniform width throughout their
length, are to be milled using single-angle fluting cutters. These setting angles depend
upon three factors: the number of teeth to be cut; the angle of the blank in which the teeth
are to be cut; and the angle of the fluting cutter. Setting angles for various combinations of
these three factors are given in the tables. For example, assume that 12 teeth are to be cut on
the end of an end mill using a 60-degree cutter. By following the horizontal line from 12
teeth, read in the column under 60 degrees that the dividing head should be set to an angle
of 70 degrees and 32 minutes.

The following formulas, which were used to compile these tables, may be used to calcu-
late the setting-angles for combinations of number of teeth, blank angle, and cutter angle
not covered by the tables. In these formulas, A = setting-angle for dividing head, B = angle
of blank in which teeth are to be cut, C = angle of fluting cutter, N = number of teeth to be
cut, and D and E are angles not shown on the accompanying diagram and which are used
only to simplify calculations.

(1)

(2)

(3)

Example:Suppose 9 teeth are to be cut in a 35-degree blank using a 55-degree single-
angle fluting cutter. Then, N = 9, B = 35°, and C = 55°.

For end mills and side mills the angle of the blank B is 0 degrees and the following sim-
plified formula may be used to find the setting angle A

(4)

Example:If in the previous example the blank angle was 0 degrees, 

cos A = tan (360°/9) × cot 55° = 0.83910 × 0.70021 = 0.58755,

and setting-angle A = 54°1 ′

Dtan 360° N⁄( )cos Bcot×=

Esin 360° N⁄( )tan Ccot× Dsin×=

Setting-angle A D E–=

Dtan 360° 9⁄( )cos 35°cot× 0.76604 1.4281× 1.0940; and D 47°34 ′= = = =

Esin 360° 9⁄( )tan 55°cot× 47°34 ′sin× 0.83910 0.70021× 0.73806×= =

0.43365; and E 25°42′==

Setting angle A 47°34′ 25°42 ′– 21°52 ′= =

Acos 360° N⁄( )tan Ccot×=
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Angles of Elevation for Milling Straight Teeth in 0-, 5-, 10-, 15-, 20-, 25-, 
30-, and 35-degree Blanks Using Single-Angle Fluting Cutters

No.
of

Teeth

Angle of Fluting Cutter

90° 80° 70° 60° 50° 90° 80° 70° 60° 50°

0° Blank (End Mill) 5° Blank

6 … 72° 13 ′ 50° 55 ′ … … 80° 4 ′ 62° 34 ′ 41° 41 ′ … …

8 … 79 51 68 39 54° 44 ′ 32° 57 ′ 82 57 72 52 61 47 48° 0 ′ 25° 40 ′

10 … 82 38 74 40 65 12 52 26 83 50 76 31 68 35 59 11 46 4

12 … 84 9 77 52 70 32 61 2 84 14 78 25 72 10 64 52 55 5

14 … 85 8 79 54 73 51 66 10 84 27 79 36 74 24 68 23 60 28

16 … 85 49 81 20 76 10 69 40 84 35 80 25 75 57 70 49 64 7

18 … 86 19 82 23 77 52 72 13 84 41 81 1 77 6 72 36 66 47

20 … 86 43 83 13 79 11 74 11 84 45 81 29 77 59 73 59 68 50

22 … 87 2 83 52 80 14 75 44 84 47 81 50 78 40 75 4 70 26

24 … 87 18 84 24 81 6 77 0 84 49 82 7 79 15 75 57 71 44

10° Blank 15° Blank

6 70° 34 ′ 53° 50 ′ 34° 5 ′ … … 61° 49 ′ 46° 12 ′ 28 °  4 ′ … …

8 76 0 66 9 55 19 41° 56 ′ 20° 39 ′ 69 15 59 46 49 21 36° 34 ′ 17° 34 ′

10 77 42 70 31 62 44 53 30 40 42 71 40 64 41 57 8 48 12 36 18

12 78 30 72 46 66 37 59 26 49 50 72 48 67 13 61 13 54 14 45 13

14 78 56 74 9 69 2 63 6 55 19 73 26 68 46 63 46 57 59 50 38

16 79 12 75  5 70 41 65 37 59 1 73 50 69 49 65 30 60 33 54 20

18 79 22 75 45 71 53 67 27 61 43 74 5 70 33 66 46 62 26 57 0

20 79 30 76 16 72 44 68 52 63 47 74 16 71 6 67 44 63 52 59 3

22 79 35 76 40 73 33 69 59 65 25 74 24 71 32 68 29 65 0 60 40

24 79 39 76 59 74 9 70 54 66 44 74 30 71 53 69 6 65 56 61 59

20° Blank 25° Blank

6 53° 57 ′ 39° 39 ′ 23° 18 ′ … … 47° 0 ′ 34° 6 ′ 19° 33 ′ … …

8 62 46 53 45 43 53 31° 53 ′ 14° 31 ′ 56 36 48 8 38 55 27° 47 ′ 11° 33 ′

10 65 47 59 4 51 50 43 18 32 1 60 2 53 40 46 47 38 43 27 47

12 67 12 61 49 56 2 49 18 40 40 61 42 56 33 51 2 44 38 36 10

14 68 0 63 29 58 39 53 4 46 0 62 38 58 19 53 41 48 20 41 22

16 68 30 64 36 60 26 55 39 49 38 63 13 59 29 55 29 50 53 44 57

18 68 50 65 24 61 44 57 32 52 17 63 37 60 19 56 48 52 46 47 34

20 69 3 65 59 62 43 58 58 54 18 63 53 60 56 57 47 54 11 49 33

22 69 14 66 28 63 30 60 7 55 55 64 5 61 25 58 34 55 19 51 9

24 69 21 66 49 64 7 61 2 57 12 64 14 61 47 59 12 56 13 52 26

30° Blank 35° Blank

6 40° 54 ′ 29° 22 ′ 16° 32 ′ … … 35° 32 ′ 25° 19 ′ 14° 3 ′ … …

8 50 46 42 55 34 24 24° 12 ′ 10° 14 ′ 45 17 38 5 30 18 21° 4 ′ 8° 41 ′

10 54 29 48 30 42 3 34 31 24 44 49 7 43 33 37 35 30 38 21 40

12 56 18 51 26 46 14 40 12 32 32 51 3 46 30 41 39 36 2 28 55

14 57 21 53 15 48 52 43 49 37 27 52 9 48 19 44 12 39 28 33 33

16 58 0 54 27 50 39 46 19 40 52 52 50 49 20 45 56 41 51 36 45

18 58 26 55 18 51 57 48 7 43 20 53 18 50 21 47 12 43 36 39  8

20 58 44 55 55 52 56 49 30 45 15 53 38 50 59 48 10 44 57 40 57

22 58 57 56 24 53 42 50 36 46 46 53 53 51 29 48 56 46 1 42 24

24 59 8 56 48 54 20 51 30 48 0 54 4 51 53 49 32 46 52 43 35
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Angles of Elevation for Milling Straight Teeth in 40-, 45-, 50-, 55-, 60-, 
65-, 70-, and 75-degree Blanks Using Single-Angle Fluting Cutters

No.
of

Teeth

Angle of Fluting Cutter

90° 80° 70° 60° 50° 90° 80° 70° 60° 50°

40° Blank 45° Blank

6 30° 48 ′ 21° 48 ′ 11° 58 ′ … … 26° 34 ′ 18° 43 ′ 10° 11 ′ … …

8 40 7 33 36 26 33 18° 16 ′ 7° 23 ′ 35 16 29 25 23 8 15° 48 ′ 5° 58 ′

10 43 57 38 51 33 32 27 3 18 55 38 58 34 21 29 24 23 40 16 10

12 45 54 41 43 37 14 32 3 25 33 40 54 37 5 33 0 28 18 22 13

14 47 3 43 29 39 41 35 19 29 51 42 1 38 46 35 17 31 18 26 9

16 47 45 44 39 41 21 37 33 32 50 42 44 39 54 36 52 33 24 28 57

18 48 14 45 29 42 34 39 13 35 5 43 13 40 42 38 1 34 56 30 1

20 48 35 46 7 43 30 40 30 36 47 43 34 41 18 38 53 36 8 32 37

22 48 50 46 36 44 13 41 30 38 8 43 49 41 46 39 34 37 5 34 53

24 49 1 46 58 44 48 42 19 39 15 44 0 42 7 40 7 37 50 35 55

50° Blank 55° Blank

6 22° 45 ′ 15° 58 ′ 8° 38 ′ … … 19° 17 ′ 13° 30 ′ 7° 15 ′ … …

8 30 41 25 31 19 59 13° 33 ′ 5° 20 ′ 26 21 21 52 17 3 11° 30 ′ 4° 17 ′

10 34 10 30 2 25 39 20 32 14 9 29 32 25 55 22 3 17 36 11 52

12 36 0 32 34 28 53 24 42 19 27 31 14 28 12 24 59 21 17 16 32

14 37 5 34 9 31 1 27 26 22 58 32 15 29 39 26 53 23 43 19 40

16 37 47 35 13 32 29 29 22 25 30 32 54 30 38 28 12 25 26 21 54

18 38 15 35 58 33 33 30 46 27 21 33 21 31 20 29 10 26 43 23 35

20 38 35 36 32 34 21 31 52 28 47 33 40 31 51 29 54 27 42 24 53

22 38 50 36 58 34 59 32 44 29 57 33 54 32 15 30 29 28 28 25 55

24 39 1 37 19 35 30 33 25 30 52 34 5 32 34 30 57 29 7 26 46

60° Blank 65° Blank

6 16° 6 ′ 11° 12 ′ 6° 2 ′ … … 13° 7 ′ 9° 8 ′ 4° 53 ′ … …

8 22 13 18 24 14 19 9° 37 ′ 3° 44 ′ 18 15 15 6 11 42 7° 50 ′ 3° 1 ′

10 25 2 21 56 18 37 14 49 10 5 20 40 18 4 15 19 12 9 8 15

12 26 34 23 57 21 10 17 59 14 13 21 59 19 48 17 28 14 49 11 32

14 27 29 25 14 22 51 20 6 16 44 22 48 20 55 18 54 16 37 13 48

16 28 5 26 7 24 1 21 37 18 40 23 18 21 39 19 53 17 53 15 24

18 28 29 26 44 24 52 22 44 20 6 23 40 22 11 20 37 18 50 16 37

20 28 46 27 11 25 30 23 35 21 14 23 55 22 35 21 10 19 33 17 34

22 29 0 27 34 26 2 24 17 22 8 24 6 22 53 21 36 20 8 18 20

24 29 9 27 50 26 26 24 50 22 52 24 15 23 8 21 57 20 36 18 57

70° Blank 75° Blank

6 10° 18 ′ 7° 9 ′ 3° 48 ′ … … 7° 38 ′ 5° 19 ′ 2° 50 ′ … …

8 14 26 11 55 9 14 6° 9 ′ 2° 21 ′ 10 44 8 51 6 51 4° 34 ′ 1° 45 ′

10 16 25 14 21 12 8 9 37 6 30 12 14 10 40 9 1 7 8 4 49

12 17 30 15 45 13 53 11 45 9 8 13 4 11 45 10 21 8 45 6 47

14 18 9 16 38 15 1 13 11 10 55 13 34 12 26 11 13 9 50 8 7

16 18 35 17 15 15 50 14 13 12 13 13 54 12 54 11 50 10 37 9 7

18 18 53 17 42 16 26 14 59 13 13 14 8 13 14 12 17 11 12 9 51

20 19 6 18 1 16 53 15 35 13 59 14 18 13 29 12 38 11 39 10 27

22 19 15 18 16 17 15 16 3 14 35 14 25 13 41 12 53 12 0 10 54

24 19 22 18 29 17 33 16 25 15 5 14 31 13 50 13 7 12 18 11 18
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Angles of Elevation for Milling Straight Teeth in 80- and 85-degree
 Blanks Using Single-Angle Fluting Cutters

Spline-Shaft Milling Cutter.—The most efficient method of forming splines on shafts is
by hobbing, but special milling cutters may also be used. Since the cutter forms the space
between adjacent splines, it must be made to suit the number of splines and the root diam-
eter of the shaft. The cutter angle B equals 360 degrees divided by the number of splines.
The following formulas are for determining the chordal width C at the root of the splines or
the chordal width across the concave edge of the cutter. In these formulas, A = angle
between center line of spline and a radial line passing through the intersection of the root
circle and one side of the spline; W = width of spline; d = root diameter of splined shaft; C
= chordal width at root circle between adjacent splines; N = number of splines.

Splines of involute form are often used in preference to the straight-sided type. Dimen-
sions of the American Standard involute splines and hobs are given in the section on
splines.

Cutter Grinding

Wheels for Sharpening Milling Cutters.—Milling cutters may be sharpened either by
using the periphery of a disk wheel or the face of a cup wheel. The latter grinds the lands of
the teeth flat, whereas the periphery of a disk wheel leaves the teeth slightly concave back
of the cutting edges. The concavity produced by disk wheels reduces the effective clear-
ance angle on the teeth, the effect being more pronounced for wheels of small diameter
than for wheels of large diameter. For this reason, large diameter wheels are preferred
when sharpening milling cutters with disk type wheels. Irrespective of what type of wheel
is used to sharpen a milling cutter, any burrs resulting from grinding should be carefully
removed by a hand stoning operation. Stoning also helps to reduce the roughness of grind-

No.of
Teeth

Angle of Fluting Cutter

90° 80° 70° 60° 50° 90° 80° 70° 60° 50°

80° Blank 85° Blank

6 5° 2 ′ 3° 30 ′ 1° 52 ′ … … 2° 30 ′ 1° 44 ′ 0° 55 ′ … …
8 7 6 5 51 4 31 3° 2 ′ 1° 8 ′ 3 32 2 55 2 15 1° 29 ′ 0° 34 ′
10 8 7 7 5 5 59 4 44 3 11 4 3 3 32 2 59 2 21 1 35

12 8 41 7 48 6 52 5 48 4 29 4 20 3 53 3 25 2 53 2 15

14 9 2 8 16 7 28 6 32 5 24 4 30 4 7 3 43 3 15 2 42

16 9 15 8 35 7 51 7 3 6 3 4 37 4 17 3 56 3 30 3 1

18 9 24 8 48 8 10 7 26 6 33 4 42 4 24 4 5 3 43 3 16

20 9 31 8 58 8 24 7 44 6 56 4 46 4 29 4 12 3 52 3 28

22 9 36 9 6 8 35 7 59 7 15 4 48 4 33 4 18 3 59 3 37

24 9 40 9 13 8 43 8 11 7 30 4 50 4 36 4 22 4 5 3 45

Asin
W

d
----- C d

180
N

--------- A– 
 sin×= =
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ing marks and improves the quality of the finish produced on the surface being machined.
Unless done very carefully, hand stoning may dull the cutting edge. Stoning may be
avoided and a sharper cutting edge produced if the wheel rotates toward the cutting edge,
which requires that the operator maintain contact between the tool and the rest while the
wheel rotation is trying to move the tool away from the rest. Though slightly more difficult,
this method will eliminate the burr.

Specifications of Grinding Wheels for Sharpening Milling Cutters

Wheel Speeds and Feeds for Sharpening Milling Cutters.—Relatively low cutting
speeds should be used when sharpening milling cutters to avoid tempering and heat check-
ing. Dry grinding is recommended in all cases except when diamond wheels are employed.
The surface speed of grinding wheels should be in the range of 4500–6500 ft/min (22.8 to
33 m/s) for grinding milling cutters of high-speed steel or cast non-ferrous tool material.
For sintered carbide cutters, 5000–5500 ft/min (25.4 to 27.9 m/s) should be used.

The maximum stock removed per pass of the grinding wheel should not exceed about
0.0004 inch (0.010 mm) for sintered carbide cutters; 0.003 inch (0.076 mm) for large high-
speed steel and cast non-ferrous tool material cutters; and 0.0015 inch (0.038 mm) for nar-
row saws and slotting cutters of high-speed steel or cast non-ferrous tool material. The
stock removed per pass of the wheel may be increased for backing-off operations such as
the grinding of secondary clearance behind the teeth since there is usually a sufficient body
of metal to carry off the heat.
Clearance Angles for Milling Cutter Teeth.—The clearance angle provided on the cut-
ting edges of milling cutters has an important bearing on cutter performance, cutting effi-
ciency, and cutter life between sharpenings. It is desirable in all cases to use a clearance
angle as small as possible so as to leave more metal back of the cutting edges for better heat
dissipation and to provide maximum support. Excessive clearance angles not only weaken
the cutting edges, but also increase the likelihood of “chatter” which will result in poor fin-
ish on the machined surface and reduce the life of the cutter. According to The Cincinnati
Milling Machine Co., milling cutters used for general purpose work and having diameters
from 1⁄8  to 3 inches (3.18-76.2 mm) should have clearance angles from 13 to 5 degrees,
respectively, decreasing proportionately as the diameter increases. General purpose cut-
ters over 3 inches (76.2 mm) in diameter should be provided with a clearance angle of 4 to

Cutter
Material Operation

Grinding Wheel
Abrasive Material Grain Size Grade Bond

Carbon Tool Steel Roughing
Finishing Aluminum Oxide 46-60

100
K
H

Vitrified
Vitrified

High-speed Steel:

Aluminum Oxide
18-4-1 {

Roughing 60 K,H Vitrified
Finishing 100 H Vitrified

18-4-2 {
Roughing 80 F,G,H Vitrified
Finishing 100 H Vitrified

Cast Non-Ferrous
Tool Material

Roughing
Finishing Aluminum Oxide 46

100-120
H,K,L,N

H
Vitrified
Vitrified

Sintered Carbide

Roughing
after Silicon Carbide 60 G Vitrified

Brazing
Roughing Diamond 100 a

a Not indicated in diamond wheel markings. 

Resinoid
Finishing Diamond Up to 500 a Resinoid

Carbon Tool Steel
and High-Speed
Steelb

b For hardnesses above Rockwell C 56. 

Roughing
Finishing Cubic Boron Nitride 80-100

100-120
R,P
S,T

Resinoid
Resinoid
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5 degrees. The land width is usually 1⁄64 , 1⁄32 , and 1⁄16  inch (0.4, 0.8, and 1.6 mm), respec-
tively, for small, medium, and large cutters.

The primary clearance or relief angle for best results varies according to the material
being milled about as follows: low carbon, high carbon, and alloy steels, 3 to 5 degrees;
cast iron and medium and hard bronze, 4 to 7 degrees; brass, soft bronze, aluminum, mag-
nesium, plastics, etc., 10 to 12 degrees. When milling cutters are resharpened, it is custom-
ary to grind a secondary clearance angle of 3 to 5 degrees behind the primary clearance
angle to reduce the land width to its original value and thus avoid interference with the sur-
face to be milled. A general formula for plain milling cutters, face mills, and form relieved
cutters which gives the clearance angle C, in degrees, necessitated by the feed per revolu-
tion F, in inches, the width of land L, in inches, the depth of cut d, in inches (mm), the cutter
diameter D, in inches, and the Brinell hardness number B of the work being cut is:

Rake Angles for Milling Cutters.—In peripheral milling cutters, the rake angle is gener-
ally defined as the angle in degrees that the tooth face deviates from a radial line to the cut-
ting edge. In face milling cutters, the teeth are inclined with respect to both the radial and
axial lines. These angles are called radial and axial rake, respectively. The radial and axial
rake angles may be positive, zero, or negative.

Positive rake angles should be used whenever possible for all types of high-speed steel
milling cutters. For sintered carbide tipped cutters, zero and negative rake angles are fre-
quently employed to provide more material back of the cutting edge to resist shock loads.

Rake Angles for High-speed Steel Cutters: Positive rake angles of 10 to 15 degrees are
satisfactory for milling steels of various compositions with plain milling cutters. For softer
materials such as magnesium and aluminum alloys, the rake angle may be 25 degrees or
more. Metal slitting saws for cutting alloy steel usually have rake angles from 5 to 10
degrees, whereas zero and sometimes negative rake angles are used for saws to cut copper
and other soft non-ferrous metals to reduce the tendency to “hog in.” Form relieved cutters
usually have rake angles of 0, 5, or 10 degrees. Commercial face milling cutters usually
have 10 degrees positive radial and axial rake angles for general use in milling cast iron,
forged and alloy steel, brass, and bronze; for milling castings and forgings of magnesium
and free-cutting aluminum and their alloys, the rake angles may be increased to 25 degrees
positive or more, depending on the operating conditions; a smaller rake angle is used for
abrasive or difficult to machine aluminum alloys.

Cast Non-ferrous Tool Material Milling Cutters: Positive rake angles are generally pro-
vided on milling cutters using cast non-ferrous tool materials although negative rake
angles may be used advantageously for some operations such as those where shock loads
are encountered or where it is necessary to eliminate vibration when milling thin sections.

Sintered Carbide Milling Cutters: Peripheral milling cutters such as slab mills, slotting
cutters, saws, etc., tipped with sintered carbide, generally have negative radial rake angles
of 5 degrees for soft low carbon steel and 10 degrees or more for alloy steels. Positive axial
rake angles of 5 and 10 degrees, respectively, may be provided, and for slotting saws and
cutters, 0 degree axial rake may be used. On soft materials such as free-cutting aluminum
alloys, positive rake angles of 10 to so degrees are used. For milling abrasive or difficult to
machine aluminum alloys, small positive or even negative rake angles are used.
Eccentric Type Radial Relief.—When the radial relief angles on peripheral teeth of mill-
ing cutters are ground with a disc type grinding wheel in the conventional manner the
ground surfaces on the lands are slightly concave, conforming approximately to the radius
of the wheel. A flat land is produced when the radial relief angle is ground with a cup
wheel. Another entirely different method of grinding the radial angle is by the eccentric
method, which produces a slightly convex surface on the land. If the radial relief angle at

C
45860

DB
--------------- 1.5L

F

πD
-------- d D d–( )+ 

 =
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the cutting edge is equal for all of the three types of land mentioned, it will be found that the
land with the eccentric relief will drop away from the cutting edge a somewhat greater dis-
tance for a given distance around the land than will the others. This is evident from a study
of Table 1 entitled, Indicator Drops for Checking the Radial Relief Angle on Peripheral
Teeth. This feature is an advantage of the eccentric type relief which also produces an
excellent finish.

Table 1. Indicator Drops for Checking the Radial Relief Angle on Peripheral Teeth 

Cutter
Diameter,

Inch

Rec. Range of
Radial Relief

Angles, Degrees

Checking
Distance,

Inch

Indicator Drops, Inches
Rec. Max. Primary

Land Width,
Inch

For Flat and Concave Relief For Eccentric Relief

Min. Max. Min. Max.
1⁄16 20-25 .005 .0014 .0019 .0020 .0026 .007
3⁄32 16-20 .005 .0012 .0015 .0015 .0019 .007
1⁄8 15-19 .010 .0018 .0026 .0028 .0037 .015
5⁄32 13-17 .010 .0017 .0024 .0024 .0032 .015
3⁄16 12-16 .010 .0016 .0023 .0022 .0030 .015
7⁄32 11-15 .010 .0015 .0022 .0020 .0028 .015
1⁄4 10-14 .015 .0017 .0028 .0027 .0039 .020
9⁄32 10-14 .015 .0018 .0029 .0027 .0039 .020
5⁄16 10-13 .015 .0019 .0027 .0027 .0035 .020
11⁄32 10-13 .015 .0020 .0028 .0027 .0035 .020
3⁄8 10-13 .015 .0020 .0029 .0027 .0035 .020
13⁄32 9-12 .020 .0022 .0032 .0032 .0044 .025
7⁄16 9-12 .020 .0022 .0033 .0032 .0043 .025
15⁄32 9-12 .020 .0023 .0034 .0032 .0043 .025
1⁄2 9-12 .020 .0024 .0034 .0032 .0043 .025
9⁄16 9-12 .020 .0024 .0035 .0032 .0043 .025
5⁄8 8-11 .020 .0022 .0032 .0028 .0039 .025
11⁄16 8-11 .030 .0029 .0045 .0043 .0059 .035
3⁄4 8-11 .030 .0030 .0046 .0043 .0059 .035
13⁄16 8-11 .030 .0031 .0047 .0043 .0059 .035
7⁄8 8-11 .030 .0032 .0048 .0043 .0059 .035
15⁄16 7-10 .030 .0027 .0043 .0037 .0054 .035

1 7-10 .030 .0028 .0044 .0037 .0054 .035
11⁄8 7-10 .030 .0029 .0045 .0037 .0053 .035

11⁄4 6-9 .030 .0024 .0040 .0032 .0048 .035

13⁄8 6-9 .030 .0025 .0041 .0032 .0048 .035

11⁄2 6-9 .030 .0026 .0041 .0032 .0048 .035

15⁄8 6-9 .030 .0026 .0042 .0032 .0048 .035

13⁄4 6-9 .030 .0026 .0042 .0032 .0048 .035

17⁄8 6-9 .030 .0027 .0043 .0032 .0048 .035
2 6-9 .030 .0027 .0043 .0032 .0048 .035
21⁄4 5-8 .030 .0022 .0038 .0026 .0042 .040

21⁄2 5-8 .030 .0023 .0039 .0026 .0042 .040

23⁄4 5-8 .030 .0023 .0039 .0026 .0042 .040
3 5-8 .030 .0023 .0039 .0026 .0042 .040
31⁄2 5-8 .030 .0024 .0040 .0026 .0042 .047
4 5-8 .030 .0024 .0040 .0026 .0042 .047
5 4-7 .030 .0019 .0035 .0021 .0037 .047
6 4-7 .030 .0019 .0035 .0021 .0037 .047
7 4-7 .030 .0020 .0036 .0021 .0037 .060
8 4-7 .030 .0020 .0036 .0021 .0037 .060

10 4-7 .030 .0020 .0036 .0021 .0037 .060
12 4-7 .030 .0020 .0036 .0021 .0037 .060
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The setup for grinding an eccentric relief is shown in Fig. 1. In this setup the point of con-
tact between the cutter and the tooth rest must be in the same plane as the centers, or axes,
of the grinding wheel and the cutter. A wide face is used on the grinding wheel, which is
trued and dressed at an angle with respect to the axis of the cutter. An alternate method is to
tilt the wheel at this angle. Then as the cutter is traversed and rotated past the grinding
wheel while in contact with the tooth rest, an eccentric relief will be generated by the angu-
lar face of the wheel. This type of relief can only be ground on the peripheral teeth on mill-
ing cutters having helical flutes because the combination of the angular wheel face and the
twisting motion of the cutter is required to generate the eccentric relief. Therefore, an
eccentric relief cannot be ground on the peripheral teeth of straight fluted cutters.

Table 2 is a table of wheel angles for grinding an eccentric relief for different combina-
tions of relief angles and helix angles. When angles are required that cannot be found in
this table, the wheel angle, W, can be calculated by using the following formula, in which
R is the radial relief angle and H is the helix angle of the flutes on the cutter.

Table 2. Grinding Wheel Angles for Grinding Eccentric Type Radial Relief Angle

Radial
Relief

Angle, R,
Degrees

Helix Angle of Cutter Flutes, H, Degrees

12 18 20 30 40 45 50 52

Wheel Angle, W, Degrees

1 0°13 ′ 0°19 ′ 0°22 ′ 0°35 ′ 0°50 ′ 1°00 ′ 1°12 ′ 1°17 ′

2 0°26 ′ 0°39 ′ 0°44 ′ 1°09 ′ 1°41 ′ 2°00 ′ 2°23 ′ 2°34 ′

3 0°38 ′ 0°59 ′ 1°06 ′ 1°44 ′ 2°31 ′ 3°00 ′ 3°34 ′ 3°50 ′

4 0°51 ′ 1°18 ′ 1°27 ′ 2°19 ′ 3°21 ′ 4°00 ′ 4°46 ′ 5°07 ′

5 1°04 ′ 1°38 ′ 1°49 ′ 2°53 ′ 4°12 ′ 5°00 ′ 5°57 ′ 6°23 ′

6 1°17 ′ 1°57 ′ 2°11 ′ 3°28 ′ 5°02 ′ 6°00 ′ 7°08 ′ 7°40 ′

7 1°30 ′ 2°17 ′ 2°34 ′ 4°03 ′ 5°53 ′ 7°00 ′ 8°19 ′ 8°56 ′

8 1°43 ′ 2°37 ′ 2°56 ′ 4°38 ′ 6°44 ′ 8°00 ′ 9°30 ′ 10°12 ′

9 1°56 ′ 2°57 ′ 3°18 ′ 5°13 ′ 7°34 ′ 9°00 ′ 10°41 ′ 11°28 ′

10 2°09 ′ 3°17 ′ 3°40 ′ 5°49 ′ 8°25 ′ 10°00 ′ 11°52 ′ 12°43 ′

11 2°22 ′ 3°37 ′ 4°03 ′ 6°24 ′ 9°16 ′ 11°00 ′ 13°03 ′ 13°58 ′

12 2°35 ′ 3°57 ′ 4°25 ′ 7°00 ′ 10°07 ′ 12°00 ′ 14°13 ′ 15°13 ′

13 2°49 ′ 4°17 ′ 4°48 ′ 7°36 ′ 10°58 ′ 13°00 ′ 15°23 ′ 16°28 ′

14 3°02 ′ 4°38 ′ 5°11 ′ 8°11 ′ 11°49 ′ 14°00 ′ 16°33 ′ 17°42 ′

15 3°16 ′ 4°59 ′ 5°34 ′ 8°48 ′ 12°40 ′ 15°00 ′ 17°43 ′ 18°56 ′

16 3°29 ′ 5°19 ′ 5°57 ′ 9°24 ′ 13°32 ′ 16°00 ′ 18°52 ′ 20°09 ′

17 3°43 ′ 5°40 ′ 6°21 ′ 10°01 ′ 14°23 ′ 17°00 ′ 20°01 ′ 21°22 ′

18 3°57 ′ 6°02 ′ 6°45 ′ 10°37 ′ 15°15 ′ 18°00 ′ 21°10 ′ 22°35 ′

19 4°11 ′ 6°23 ′ 7°09 ′ 11°15 ′ 16°07 ′ 19°00 ′ 22°19 ′ 23°47 ′

20 4°25 ′ 6°45 ′ 7°33 ′ 11°52 ′ 16°59 ′ 20°00 ′ 23°27 ′ 24°59 ′

21 4°40 ′ 7°07 ′ 7°57 ′ 12°30 ′ 17°51 ′ 21°00 ′ 24°35 ′ 26°10 ′

22 4°55 ′ 7°29 ′ 8°22 ′ 13°08 ′ 18°44 ′ 22°00 ′ 25°43 ′ 27°21 ′

23 5°09 ′ 7°51 ′ 8°47 ′ 13°46 ′ 19°36 ′ 23°00 ′ 26°50 ′ 28°31 ′

24 5°24 ′ 8°14 ′ 9°12 ′ 14°25 ′ 20°29 ′ 24°00 ′ 27°57 ′ 29°41 ′

25 5°40 ′ 8°37 ′ 9°38 ′ 15°04 ′ 21°22 ′ 25°00 ′ 29°04 ′ 30°50 ′

Wtan Rtan Htan×=
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Indicator Drop Method of Checking Relief and Rake Angles.—The most convenient
and inexpensive method of checking the relief and rake angles on milling cutters is by the
indicator drop method. Three tables, Tables 1, 3 and 4, of indicator drops are provided in
this section, for checking radial relief angles on the peripheral teeth, relief angles on side
and end teeth, and rake angles on the tooth faces.

Fig. 1. Setup for Grinding Eccentric Type Radial Relief Angle

Table 3. Indicator Drops for Checking Relief Angles on Side Teeth and End Teeth

Fig. 2. Setup for Checking the Radial Relief Angle by Indicator Drop Method

The setup for checking the radial relief angle is illustrated in Fig. 2. Two dial test indica-
tors are required, one of which should have a sharp pointed contact point. This indicator is
positioned so that the axis of its spindle is vertical, passing through the axis of the cutter.
The cutter may be held by its shank in the spindle of a tool and cutter grinder workhead, or

Checking
Distance,

Inch

Given Relief Angle

1° 2° 3° 4° 5° 6° 7° 8° 9°

Indicator Drop, inch

.005 .00009 .00017 .00026 .00035 .0004 .0005 .0006 .0007 .0008

.010 .00017 .00035 .00052 .0007 .0009 .0011 .0012 .0014 .0016

.015 .00026 .0005 .00079 .0010 .0013 .0016 .0018 .0021 .0024

.031 .00054 .0011 .0016 .0022 .0027 .0033 .0038 .0044 .0049

.047 .00082 .0016 .0025 .0033 .0041 .0049 .0058 .0066 .0074

.062 .00108 .0022 .0032 .0043 .0054 .0065 .0076 .0087 .0098
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between centers while mounted on a mandrel. The cutter is rotated to the position where
the vertical indicator contacts a cutting edge. The second indicator is positioned with its
spindle axis horizontal and with the contact point touching the tool face just below the cut-
ting edge. With both indicators adjusted to read zero, the cutter is rotated a distance equal
to the checking distance, as determined by the reading on the second indicator. Then the
indicator drop is read on the vertical indicator and checked against the values in the tables.
The indicator drops for radial relief angles ground by a disc type grinding wheel and those
ground with a cup wheel are so nearly equal that the values are listed together; values for
the eccentric type relief are listed separately, since they are larger. A similar procedure is
used to check the relief angles on the side and end teeth of milling cutters; however, only
one indicator is used. Also, instead of rotating the cutter, the indicator or the cutter must be
moved a distance equal to the checking distance in a straight line.

Table 4. Indicator Drops for Checking Rake Angles on Milling Cutter Face

Relieving Attachments.—A relieving attachment is a device applied to lathes (especially
those used in tool-rooms) for imparting a reciprocating motion to the tool-slide and tool, in
order to provide relief or clearance for the cutting edges of milling cutters, taps, hobs, etc.
For example, in making a milling cutter of the formed type, such as is used for cutting
gears, it is essential to provide clearance for the teeth and so form them that they may he
ground repeatedly without changing the contour or shape of the cutting edge. This may be
accomplished by using a relieving attachment. The tool for “backing off” or giving clear-
ance to the teeth corresponds to the shape required, and it is given a certain amount of recip-
rocating movement, so that it forms a surface back of each cutting edge, which is of
uniform cross-section on a radial plane but eccentric to the axis of the cutter sufficiently to
provide the necessary clearance for the cutting edges.

Set indicator to read zero on horizontal
 plane passing through cutter axis. 

Zero cutting edge against indicator. Move cutter or indicator measuring distance.

Rate
Angle,
Deg.

Measuring Distance, inch
Rate

Angle,
Deg.

Measuring Distance, inch

.031 .062 .094 .125 .031 .062 .094 .125

Indicator Drop, inch Indicator Drop, inch

1 .0005 .0011 .0016 .0022 11 .0060 .0121 .0183 .0243
2 .0011 .0022 .0033 .0044 12 .0066 .0132 .0200 .0266
3 .0016 .0032 .0049 .0066 13 .0072 .0143 .0217 .0289
4 .0022 .0043 .0066 .0087 14 .0077 .0155 .0234 .0312
5 .0027 .0054 .0082 .0109 15 .0083 .0166 .0252 .0335
6 .0033 .0065 .0099 .0131 16 .0089 .0178 .0270 .0358
7 .0038 .0076 .0115 .0153 17 .0095 .0190 .0287 .0382
8 .0044 .0087 .0132 .0176 18 .0101 .0201 .0305 .0406
9 .0049 .0098 .0149 .0198 19 .0107 .0213 .0324 .0430

10 .0055 .0109 .0166 .0220 20 .0113 .0226 .0342 .0455
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Various Set-ups Used in Grinding the Clearance Angle on Milling Cutter Teeth

Distance to Set Center of Wheel Above the Cutter Center (Disk Wheel)

Distance to Set Center of Wheel Below the Cutter Center (Disk Wheel)

Distance to Set Tooth Rest Below Center Line of Wheel and Cutter.—When  the
clearance angle is ground with a disk type wheel by keeping the center line of the wheel in
line with the center line of the cutter, the tooth rest should be lowered by an amount given
by the following formula:

Distance to Set Tooth Rest Below Cutter Center When Cup Wheel is Used.—When
the clearance is ground with a cup wheel, the tooth rest is set below the center of the cutter
the same amount as given in the table for Distance to Set Center of Wheel Below the Cutter
Center (Disk Wheel).

Wheel Above Center Wheel Below Center In-Line Centers Cup Wheel

Dia.
of

Wheel,
Inches

Desired Clearance Angle, Degrees

1 2 3 4 5 6 7 8 9 10 11 12

aDistance to Offset Wheel Center Above Cutter Center, Inches

a Calculated from the formula: Offset = Wheel Diameter × 1⁄2 × Sine of Clearance Angle. 

3 .026 .052 .079 .105 .131 .157 .183 .209 .235 .260 .286 .312

4 .035 .070 .105 .140 .174 .209 .244 .278 .313 .347 .382 .416

5 .044 .087 .131 .174 .218 .261 .305 .348 .391 .434 .477 .520

6 .052 .105 .157 .209 .261 .314 .366 .417 .469 .521 .572 .624

7 .061 .122 .183 .244 .305 .366 .427 .487 .547 .608 .668 .728

8 .070 .140 .209 .279 .349 .418 .488 .557 .626 .695 .763 .832

9 .079 .157 .236 .314 .392 .470 .548 .626 .704 .781 .859 .936

10 .087 .175 .262 .349 .436 .523 .609 .696 .782 .868 .954 1.040

Dia.
of

Cutter,
Inches

Desired Clearance Angle, Degrees

1 2 3 4 5 6 7 8 9 10 11 12

aDistance to Offset Wheel Center Below Cutter Center, Inches

a Calculated from the formula: Offset = Cutter Diameter × 1⁄2 × Sine of Clearance Angle. 

2 .017 .035 .052 .070 .087 .105 .122 .139 .156 .174 .191 .208

3 .026 .052 .079 .105 .131 .157 .183 .209 .235 .260 .286 .312

4 .035 .070 .105 .140 .174 .209 .244 .278 .313 .347 .382 .416

5 .044 .087 .131 .174 .218 .261 .305 .348 .391 .434 .477 .520

6 .052 .105 .157 .209 .261 .314 .366 .417 .469 .521 .572 .624

7 .061 .122 .183 .244 .305 .366 .427 .487 .547 .608 .668 .728

8 .070 .140 .209 .279 .349 .418 .488 .557 .626 .695 .763 .832

9 .079 .157 .236 .314 .392 .470 .548 .626 .704 .781 .859 .936

10 .087 .175 .262 .349 .436 .523 .609 .696 .782 .868 .954 1.040

Offset Wheel Diam. Cutter Diam.× Sine of One-half the Clearance Angle×
Wheel Diam. Cutter Diam.+

----------------------------------------------------------------------------------------------------------------------------------------------------------------------=



844 REAMERS

REAMERS

Hand Reamers.—Hand reamers are made with both straight and helical flutes. Helical
flutes provide a shearing cut and are especially useful in reaming holes having keyways or
grooves, as these are bridged over by the helical flutes, thus preventing binding or chatter-
ing. Hand reamers are made in both solid and expansion forms. The American standard
dimensions for solid forms are given in the accompanying table. The expansion type is use-
ful whenever, in connection with repair or other work, it is necessary to enlarge a reamed
hole by a few thousandths of an inch. The expansion form is split through the fluted section
and a slight amount of expansion is obtained by screwing in a tapering plug. The diameter
increase may vary from 0.005 to 0.008 inch (0.127–0.2 mm) for reamers up to about 1 inch
(25.4 mm) diameter and from 0.010 to 0.012 inch (0.25–0.3 mm) for diameters between 1
and 2 inches (25.4 and 50.8 mm). Hand reamers are tapered slightly on the end to facilitate
starting them properly. The actual diameter of the shanks of commercial reamers may be
from 0.002 to 0.005 inch (0.05–0.13 mm) under the reamer size. That part of the shank that
is squared should be turned smaller in diameter than the shank itself, so that, when apply-
ing a wrench, no burr may be raised that may mar the reamed hole if the reamer is passed
clear through it.

When fluting reamers, the cutter is so set with relation to the center of the reamer blank
that the tooth gets a slight negative rake; that is, the cutter should be set ahead of the center,
as shown in the illustration accompanying the table giving the amount to set the cutter
ahead of the radial line. The amount is so selected that a tangent to the circumference of the
reamer at the cutting point makes an angle of approximately 95 degrees with the front face
of the cutting edge.

Amount to Set Cutter Ahead of Radial Line to Obtain Negative Front Rake

When fluting reamers, it is necessary to “break up the flutes”; that is, to space the cutting
edges unevenly around the reamer. The difference in spacing should be very slight and
need not exceed two degrees one way or the other. The manner in which the breaking up of
the flutes is usually done is to move the index head to which the reamer is fixed a certain
amount more or less than it would be moved if the spacing were regular. A table is given
showing the amount of this additional movement of the index crank for reamers with dif-
ferent numbers of flutes. When a reamer is provided with helical flutes, the angle of spiral
should be such that the cutting edges make an angle of about 10 or at most 15 degrees with
the axis of the reamer.

The relief of the cutting edges should be comparatively slight. An eccentric relief, that is,
one where the land back of the cutting edge is convex, rather than flat, is used by one or two
manufacturers, and is preferable for finishing reamers, as the reamer will hold its size
longer. When hand reamers are used merely for removing stock, or simply for enlarging
holes, the flat relief is better, because the reamer has a keener cutting edge. The width of the
land of the cutting edges should be about 1⁄32 inch (0.79 mm) for a 1⁄4-inch (6.35 mm), 1⁄16 inch
(1.59 mm) for a 1-inch (25.4 mm), and 3⁄32 inch (2.38 mm) for a 3-inch (76.2 mm) reamer.

Size of
Reamer

a,
Inches

Size of
Reamer

a,
Inches

Size of
Reamer

a,
Inches

1⁄4 0.011 7⁄8 0.038 2 0.087

3⁄8 0.016 1 0.044 21⁄4 0.098

1⁄2 0.022 11⁄4 0.055 21⁄2 0.109

5⁄8 0.027 11⁄2 0.066 23⁄4 0.120

3⁄4 0.033 13⁄4 0.076 3 0.131

B

C

A

a

Fluting
Cutter

Reamer
Blank

95
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Irregular Spacing of Teeth in Reamers

Threaded-end Hand Reamers.—Hand reamers are sometimes provided with a thread at
the extreme point in order to give them a uniform feed when reaming. The diameter on the
top of this thread at the point of the reamer is slightly smaller than the reamer itself, and the
thread tapers upward until it reaches a dimension of from 0.003 to 0.008 inch (0.076–0.2
mm), according to size, below the size of the reamer; at this point, the thread stops and a
short neck about 1⁄16-inch (1.59 mm) wide separates the threaded portion from the actual
reamer, which is provided with a short taper from 3⁄16 to 7⁄16 inch (4.76–11.1 mm) long up to
where the standard diameter is reached. The length of the threaded portion and the number
of threads per inch for reamers of this kind are given in the accompanying table. The thread
employed is a sharp V-thread.

Dimensions for Threaded-End Hand Reamers

Fluted Chucking Reamers.—Reamers of this type are used in turret lathes, screw
machines, etc., for enlarging holes and finishing them smooth and to the required size. The
best results are obtained with a floating type of holder that permits a reamer to align itself
with the hole being reamed. These reamers are intended for removing a small amount of
metal, 0.005 to 0.010 inch (0.127–0.25 mm) being common allowances. Fluted chucking
reamers are provided either with a straight shank or a standard taper shank. (See table for
standard dimensions.)

Number of flutes
in reamer 4 6 8 10 12 14 16

Index circle to use 39 39 39 39 39 49 20

Before cutting Move Spindle the Number of Holes below
 More or Less than for Regular Spacing

2d flute 8 less 4 less 3 less 2 less 4 less 3 less 2 less
3d flute 4 more 5 more 5 more 3 more 4 more 2 more 2 more
4th flute 6 less 7 less 2 less 5 less 1 less 2 less 1 less
5th flute … 6 more 4 more 2 more 3 more 4 more 2 more
6th flute … 5 less 6 less 2 less 4 less 1 less 2 less
7th flute … … 2 more 3 more 4 more 3 more 1 more
8th flute … … 3 less 2 less 3 less 2 less 2 less
9th flute … … … 5 more 2 more 1 more 2 more

10th flute … … … 1 less 2 less 3 less 2 less
11th flute … … … … 3 more 3 more 1 more
12th flute … … … … 4 less 2 less 2 less
13th flute … … … … … 2 more 2 more
14th flute … … … … … 3 less 1 less
15th flute … … … … … … 2 more
16th flute … … … … … … 2 less

Sizes of
Reamers

Length
of

Threaded
Part

No. of
Threads

per
Inch

Dia. of
Thread
at Point

of
Reamer

Sizes of
Reamers

Length
of

Threaded
Part

No. of
Threads

per
Inch

Dia. of
Thread
at Point

of
Reamer

Full
diameter

Full
diameter

1⁄8-5⁄16
3⁄8 32 −0.006 11⁄32-11⁄2 9⁄16 18 −0.010

11⁄32-1⁄2 7⁄16 28 −0.006 117⁄32-2 9⁄16 18 −0.012
17⁄32-3⁄4 1⁄2 24 −0.008 21⁄32-21⁄2 9⁄16 18 −0.015

25⁄32-1 9⁄16 18 −0.008 217⁄32-3 9⁄16 18 −0.020
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Fluting Cutters for Reamers

Rose Chucking Reamers.—The rose type of reamer is used for enlarging cored or other
holes. The cutting edges at the end are ground to a 45-degree bevel. This type of reamer
will remove considerable metal in one cut. The cylindrical part of the reamer has no cutting
edges, but merely grooves cut for the full length of the reamer body, providing a way for
the chips to escape and a channel for lubricant to reach the cutting edges. There is no relief
on the cylindrical surface of the body part, but it is slightly back-tapered so that the diame-
ter at the point with the beveled cutting edges is slightly larger than the diameter farther
back. The back-taper should not exceed 0.001 inch per inch (or mm/mm). This form of
reamer usually produces holes slightly larger than its size and it is, therefore, always made
from 0.005 to 0.010 inch (0.127-0.25 mm) smaller than its nominal size, so that it may be
followed by a fluted reamer for finishing. The grooves on the cylindrical portion are cut by
a convex cutter having a width equal to from one-fifth to one-fourth the diameter of the
rose reamer itself. The depth of the groove should be from one-eighth to one-sixth the
diameter of the reamer. The teeth at the end of the reamer are milled with a 75-degree angu-
lar cutter; the width of the land of the cutting edge should be about one-fifth the distance
from tooth to tooth. If an angular cutter is preferred to a convex cutter for milling the
grooves on the cylindrical portion, because of the higher cutting speed possible when mill-
ing, an 80-degree angular cutter slightly rounded at the point may be used.

Cutters for Fluting Rose Chucking Reamers.—The cutters used for fluting rose chuck-
ing reamers on the end are 80-degree angular cutters for 1⁄4- and 5⁄16-inch diameter reamers;
75-degree angular cutters for 3⁄8- and 7⁄16-inch reamers; and 70-degree angular cutters for all
larger sizes. The grooves on the cylindrical portion are milled with convex cutters of
approximately the following sizes for given diameters of reamers: 5⁄32-inch convex cutter

Reamer
Dia.

Fluting
Cutter
Dia.

Fluting
Cutter

Thickness

Hole
Dia. in
Cutter

Radius
between
Cutting
Faces Reamer

Dia.

Fluting
Cutter
Dia.

Fluting
Cutter

Thickness

Hole
Dia. in
Cutter

Radius
between
Cutting
Faces

A B C D A B C D

1⁄8 13⁄4 3⁄16
3⁄4 nonea

a Sharp corner, no radius 

11⁄4 21⁄4 9⁄16 1 1⁄16
3⁄16 13⁄4 3⁄16 

3⁄4 nonea 11⁄2 21⁄4 5⁄8 1 1⁄16
1⁄4 13⁄4 3⁄16

3⁄4 1⁄64 13⁄4 21⁄4 5⁄8 1 5⁄64
3⁄8 2 1⁄4 3⁄4 1⁄64 2 21⁄2 3⁄4 1 5⁄64
1⁄2 2 5⁄16

3⁄4 1⁄32 21⁄4 21⁄2 3⁄4 1 5⁄64
5⁄8 2 3⁄8 3⁄4 1⁄32 21⁄2 21⁄2 7⁄8 1 3⁄16
3⁄4 2 7⁄16

3⁄4 3⁄64 23⁄4 21⁄2 7⁄8 1 3⁄16

1 21⁄4 1⁄2 1 3⁄64 3 21⁄2 1 1 3⁄16

55

15

30
85

B B
C C

A A

D

D
85

70
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for 1⁄2-inch reamers; 5⁄16-inch cutter for 1-inch reamers; 3⁄8-inch cutter for 11⁄2-inch reamers;
13⁄32-inch cutters for 2-inch reamers; and 15⁄32-inch cutters for 21⁄2-inch reamers. The smaller
sizes of reamers, from 1⁄4 to 3⁄8 inch in diameter, are often milled with regular double-angle
reamer fluting cutters having a radius of 1⁄64 inch for 1⁄4-inch reamer, and 1⁄32 inch for 5⁄16- and
3⁄8-inch sizes.

Reamer Terms and Definitions.—Reamer: A rotary cutting tool with one or more cut-
ting elements used for enlarging to size and contour a previously formed hole. Its principal
support during the cutting action is obtained from the workpiece. (See Fig. 1.)

Actual Size: The actual measured diameter of a reamer, usually slightly larger than the
nominal size to allow for wear.

Angle of Taper: The included angle of taper on a taper tool or taper shank.
Arbor Hole: The central mounting hole in a shell reamer.
Axis: the imaginary straight line which forms the longitudinal centerline of a reamer,

usually established by rotating the reamer between centers.
Back Taper: A slight decrease in diameter, from front to back, in the flute length of ream-

ers.
Bevel: An unrelieved angular surface of revolution (not to be confused with chamfer).
Body: The fluted full diameter portion of a reamer, inclusive of the chamfer, starting

taper, and bevel.
Chamfer: The angular cutting portion at the entering end of a reamer (see also Secondary

Chamfer).

Dimensions of Formed Reamer Fluting Cutters

The making and maintenance of cutters of the formed type involves 
greater expense than the use of angular cutters of which dimensions 
are given on the previous page; but the form of flute produced by the 
formed type of cutter is preferred by many reamer users. The claims 
made for the formed type of flute are that the chips can be more 
readily removed from the reamer, and that the reamer has greater 
strength and is less likely to crack or spring out of shape in hardening.

Reamer
Size

No. of
Teeth in
Reamer

Cutter
Dia.
D

Cutter
Width

A

Hole
Dia.

B

Bearing
Width

C

Bevel
Length

E
Radius

F
Radius

F

Tooth
Depth

H

No. of
Cutter
Teeth

1⁄8-3⁄16 6 13⁄4 3⁄16
7⁄8 … 0.125 0.016 7⁄32 0.21 14

1⁄4-5⁄16 6 13⁄4 1⁄4 7⁄8 … 0.152 0.022 9⁄32 0.25 13
3⁄8-7⁄16 6 17⁄8 3⁄8 7⁄8 1⁄8 0.178 0.029 1⁄2 0.28 12
1⁄2-11⁄16 6-8 2 7⁄16

7⁄8 1⁄8 0.205 0.036 9⁄16 0.30 12
3⁄4-1 8 21⁄8 1⁄2 7⁄8 5⁄32 0.232 0.042 11⁄16 0.32 12

11⁄16-11⁄2 10 21⁄4 9⁄16
7⁄8 5⁄32 0.258 0.049 3⁄4 0.38 11

19⁄16-21⁄8 12 23⁄8 5⁄8 7⁄8 3⁄16 0.285 0.056 27⁄32 0.40 11

21⁄4-3 14 25⁄8 11⁄16
7⁄8 3⁄16 0.312 0.062 7⁄8 0.44 10

�
�
�

A

B

G

E H
F

6

C C

D
ia

. =
 D
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Chamfer Angle: The angle between the axis and the cutting edge of the chamfer mea-
sured in an axial plane at the cutting edge.

Chamfer Length: The length of the chamfer measured parallel to the axis at the cutting
edge.

Chamfer Relief Angle: See under Relief.
Chamfer Relief: See under Relief.
Chip Breakers: Notches or grooves in the cutting edges of some taper reamers designed.

to break the continuity of the chips.
Circular Land: See preferred term Margin.
Clearance: The space created by the relief behind the cutting edge or margin of a reamer.

Vertical Adjustment of Tooth-rest for Grinding Clearance on Reamers

Size of
Reamer

Hand Reamer
for Steel. Cutting
Clearance Land 
0.006 inch Wide

Hand Reamer for Cast 
Iron and Bronze.

Cutting Clearance
Land 0.025 inch Wide

Chucking Reamer for
Cast Iron and Bronze. 

Cutting Clearance
Land 0.025 inch Wide

Rose
Chucking
Reamers
for Steel

For
Cutting

Clearance

For
Second

Clearance

For
Cutting

Clearance

For
Second

Clearance

For
Cutting

Clearance

For
Second

Clearance

For Cutting
Clearance

on Angular
Edge at End

1⁄2 0.012 0.052 0.032 0.072 0.040 0.080 0.080
5⁄8 0.012 0.062 0.032 0.072 0.040 0.090 0.090
3⁄4 0.012 0.072 0.035 0.095 0.040 0.100 0.100
7⁄8 0.012 0.082 0.040 0.120 0.045 0.125 0.125

1 0.012 0.092 0.040 0.120 0.045 0.125 0.125
11⁄8 0.012 0.102 0.040 0.120 0.045 0.125 0.125

11⁄4 0.012 0.112 0.045 0.145 0.050 0.160 0.160

13⁄8 0.012 0.122 0.045 0.145 0.050 0.160 0.175

11⁄2 0.012 0.132 0.048 0.168 0.055 0.175 0.175

15⁄8 0.012 0.142 0.050 0.170 0.060 0.200 0.200

13⁄4 0.012 0.152 0.052 0.192 0.060 0.200 0.200

17⁄8 0.012 0.162 0.056 0.196 0.060 0.200 0.200

2 0.012 0.172 0.056 0.216 0.064 0.224 0.225
21⁄8 0.012 0.172 0.059 0.219 0.064 0.224 0.225

21⁄4 0.012 0.172 0.063 0.223 0.064 0.224 0.225

23⁄8 0.012 0.172 0.063 0.223 0.068 0.228 0.230

21⁄2 0.012 0.172 0.065 0.225 0.072 0.232 0.230

25⁄8 0.012 0.172 0.065 0.225 0.075 0.235 0.235

23⁄4 0.012 0.172 0.065 0.225 0.077 0.237 0.240

27⁄8 0.012 0.172 0.070 0.230 0.080 0.240 0.240

3 0.012 0.172 0.072 0.232 0.080 0.240 0.240
31⁄8 0.012 0.172 0.075 0.235 0.083 0.240 0.240

31⁄4 0.012 0.172 0.078 0.238 0.083 0.243 0.245

33⁄8 0.012 0.172 0.081 0.241 0.087 0.247 0.245

31⁄2 0.012 0.172 0.084 0.244 0.090 0.250 0.250

35⁄8 0.012 0.172 0.087 0.247 0.093 0.253 0.250

33⁄4 0.012 0.172 0.090 0.250 0.097 0.257 0.255

37⁄8 0.012 0.172 0.093 0.253 0.100 0.260 0.255

4 0.012 0.172 0.096 0.256 0.104 0.264 0.260
41⁄8 0.012 0.172 0.096 0.256 0.104 0.264 0.260

41⁄4 0.012 0.172 0.096 0.256 0.106 0.266 0.265

43⁄8 0.012 0.172 0.096 0.256 0.108 0.268 0.265

41⁄2 0.012 0.172 0.100 0.260 0.108 0.268 0.265

45⁄8 0.012 0.172 0.100 0.260 0.110 0.270 0.270

43⁄4 0.012 0.172 0.104 0.264 0.114 0.274 0.275

47⁄8 0.012 0.172 0.106 0.266 0.116 0.276 0.275

5 0.012 0.172 0.110 0.270 0.118 0.278 0.275
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Core: The central portion of a reamer below the flutes which joins the lands.
Core Diameter: The diameter at a given point along the axis of the largest circle which

does not project into the flutes.
Cutter Sweep: The section removed by the milling cutter or grinding wheel in entering or

leaving a flute.
Cutting Edge: The leading edge of the relieved land in the direction of rotation for cut-

ting.
Cutting Face: The leading side of the relieved land in the direction of rotation for cutting

on which the chip impinges.
External Center: The pointed end of a reamer. The included angle varies with manufac-

turing practice.
Flutes: Longitudinal channels formed in the body of the reamer to provide cutting edges,

permit passage of chips, and allow cutting fluid to reach the cutting edges.
Angular Flute: A flute which forms a cutting face lying in a plane intersecting the

reamer axis at an angle. It is unlike a helical flute in that it forms a cutting face which
lies in a single plane.

Helical Flute: Sometimes called spiral flute, a flute which is formed in a helical path
around the axis of a reamer. 

Spiral flute:  1) On a taper reamer, a flute of constant lead; or, 2) in reference to a
straight reamer, see preferred term helical flute.

Straight Flute: A flute which forms a cutting edge lying in an axial plane.
Flute Length: The length of the flutes not including the cutter sweep.
Guide: A cylindrical portion following the flutes of a reamer to maintain alignment.
Heel: The trailing edge of the land in the direction of rotation for cutting.

Illustration of Terms Applying to Reamers 

Hand Reamer Machine Reamer

Hand Reamer, Pilot and Guide

Chucking Reamer, Straight and Taper Shank
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Helix Angle: The angle which a helical cutting edge at a given point makes with an axial
plane through the same point.

Hook: A concave condition of a cutting face. The rake of a hooked cutting face must be
determined at a given point.

Internal Center: A 60 degree countersink with clearance at the bottom, in one or both
ends of a tool, which establishes the tool axis.

Irregular Spacing: A deliberate variation from uniform spacing of the reamer cutting
edges.

Land: The section of the reamer between adjacent flutes.
Land Width: The distance between the leading edge of the land and the heel measured at

a right angle to the leading edge.
Lead of Flute: The axial advance of a helical or spiral cutting edge in one turn around the

reamer axis. 
Length: The dimension of any reamer element measured parallel to the reamer axis.
Limits: The maximum and minimum values designated for a specific element.
Margin: The unrelieved part of the periphery of the land adjacent to the cutting edge.
Margin Width: The distance between the cutting edge and the primary relief measured at

a right angle to the cutting edge.
Neck: The section of reduced diameter connecting shank to body, or connecting other

portions of the reamer.
Nominal Size: The designated basic size of a reamer overall length-the extreme length of

the complete reamer from end to end, but not including external centers or expansion
screws.

Periphery: The outside circumference of a reamer.
Pilot: A cylindrical portion preceding the entering end of the reamer body to maintain

alignment.
Rake: The angular relationship between the cutting face, or a tangent to the cutting face

at a given point and a given reference plane or line.
Axial Rake: Applies to angular (not helical or spiral) cutting faces. It is the angle

between a plane containing the cutting face, or tangent to the cutting face at a given
point, and the reamer axis.

Helical Rake: Applies only to helical and spiral cutting faces (not angular). It is the
angle between a plane, tangent to the cutting face at a given point on the cutting edge,
and the reamer axis.

Negative Rake: Describes a cutting face in rotation whose cutting edge lags the surface
of the cutting face.

Positive Rake: Describes a cutting face in rotation whose cutting edge leads the surface
of the cutting face.

Radial Rake Angle: The angle in a transverse plane between a straight cutting face and a
radial line passing through the cutting edge.

Relief: The result of the removal of tool material behind or adjacent to the cutting edge to
provide clearance and prevent rubbing (heel drag).

Axial Relief: The relief measured in the axial direction between a plane perpendicular
to the axis and the relieved surface. It can be measured by the amount of indicator
drop at a given radius in a given amount of angular rotation.

Cam Relief : The relief from the cutting edge to the heel of the land produced by a cam
action.

Chamfer Relief Angle: The axial relief angle at the outer corner of the chamfer. It is
measured by projection into a plane tangent to the periphery at the outer corner of the
chamfer.

Chamfer Relief: The axial relief on the chamfer of the reamer.
Eccentric Relief: A convex relieved surface behind the cutting edge.
Flat Relief: A relieved surface behind the cutting edge which is essentially flat.
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Radial Relief: Relief in a radial direction measured in the plane of rotation. It can be
measured by the amount of indicator drop at a given radius in a given amount of angu-
lar rotation.

Primary Relief: The relief immediately behind the cutting edge or margin. Properly
called relief.

Secondary Relief: An additional relief behind the primary relief.
Relief Angle: The angle, measured in a transverse plane, between the relieved surface

and a plane tangent to the periphery at the cutting edge.
Secondary Chamfer: A slight relieved chamfer adjacent to and following the initial

chamfer on a reamer.
Shank: The portion of the reamer by which it is held and driven.
Squared Shank: A cylindrical shank having a driving square on the back end.
Starting Radius: A relieved radius at the entering end of a reamer in place of a chamfer.
Starting Taper: A slight relieved taper on the front end of a reamer.
Straight Shank: A cylindrical shank.
Tang: The flatted end of a taper shank which fits a slot in the socket.
Taper per Foot: The difference in diameter between two points 12 in. apart measured

along the axis.
Taper Shank: A shank made to fit a specific (conical) taper socket.

Direction of Rotation and Helix.—The terms “right hand” and “left hand” are used to
describe both direction of rotation and direction of flute helix or reamers.

Hand of Rotation (or Hand of Cut): Right-hand Rotation (or Right-hand Cut): When
viewed from the cutting end, the reamer must revolve counterclockwise to cut

Left-hand Rotation (or Left-hand Cut): When viewed from the cutting end, the reamer
must revolve clockwise to cut

Hand of Flute Helix: Right-hand Helix: When the flutes twist away from the observer in
a clockwise direction when viewed from either end of the reamer.

Left-hand helix: When the flutes twist away from the observer in a counterclockwise
direction when viewed from either end of the reamer. The standard reamers on the tables
that follow are all right-hand rotation.

Dimensions of Centers for Reamers and Arbors

Arbor
Dia.

A

Large
Center
Dia.

B

Drill
No.
C

Hole
Depth

D

Arbor
Dia.

A

Large
Center
Dia.

B

Drill
No.
C

Hole
Depth

D
3⁄4 3⁄8 25 7⁄16 21⁄2 11⁄16 J 27⁄32
13⁄16

13⁄32 20 1⁄2 25⁄8 45⁄64 K 7⁄8
7⁄8 7⁄16 17 17⁄32 23⁄4 23⁄32 L 29⁄32
15⁄16

15⁄32 12 9⁄16 27⁄8 47⁄64 M 29⁄32

1 1⁄2 8 19⁄32 3 3⁄4 N 15⁄16

11⁄8 33⁄64 5 5⁄8 31⁄8 49⁄64 N 31⁄32

Arbor.
Dia.

A

Large
Center
Dia.

B

Drill
No.
C

Hole
Depth

D

11⁄4 17⁄32 3 21⁄32 31⁄4 25⁄32 O 31⁄32

13⁄8 35⁄64 2 21⁄32 33⁄8 51⁄64 O 1

11⁄2 9⁄16 1 11⁄16 31⁄2 13⁄16 P 1
1⁄4 1⁄8 55 5⁄32 … … Letter … 35⁄8 53⁄64 Q 11⁄16
5⁄16

5⁄32 52 3⁄16 15⁄8 37⁄64 A 23⁄32 33⁄4 27⁄32 R 11⁄16
3⁄8 3⁄16 48 7⁄32 13⁄4 19⁄32 B 23⁄32 37⁄8 55⁄64 R 11⁄16
7⁄16

7⁄32 43 1⁄4 17⁄8 39⁄64 C 3⁄4 4 7⁄8 S 11⁄8
1⁄2 1⁄4 39 5⁄16 2 5⁄8 E 3⁄4 41⁄4 29⁄32 T 11⁄8
9⁄16

9⁄32 33 11⁄32 21⁄8 41⁄64 F 25⁄32 41⁄2 15⁄16 V 13⁄16
5⁄8 5⁄16 30 3⁄8 21⁄4 21⁄32 G 13⁄16 43⁄4 31⁄32 W 11⁄4

11⁄16
11⁄32 29 13⁄32 23⁄8 43⁄64 H 27⁄32 5 1 X 11⁄4

��
��
�
� 60B

D

A C
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All dimensions are given in inches. Material is high-speed steel. Reamers and countersinks have 3
or 4 flutes. Center reamers are standard with 60, 82, 90, or 100 degrees included angle. Machine
countersinks are standard with either 60 or 82 degrees included angle.

Tolerances: On overall length A, the tolerance is ±1⁄8 inch for center reamers in a size range of from
1⁄4 to 3⁄8 inch, incl., and machine countersinks in a size range of from 1⁄2 to 5⁄8 inch. incl.; ± 3⁄16 inch for
center reamers, 1⁄2 to 3⁄4 inch, incl.; and machine countersinks, 3⁄4 to 1 inch, incl. On shank diameter D,
the tolerance is −0.0005 to −0.002 inch. On shank length S, the tolerance is ±1⁄16 inch.

Reamer Difficulties.—Certain frequently occurring problems in reaming require reme-
dial measures. These difficulties include the production of oversize holes, bellmouth
holes, and holes with a poor finish. The following is taken from suggestions for correction
of these difficulties by the National Twist Drill and Tool Co. and Winter Brothers Co.*

Oversize Holes: The cutting of a hole oversize from the start of the reaming operations
usually indicates a mechanical defect in the setup or reamer. Thus, the wrong reamer for
the workpiece material may have been used or there may be inadequate workpiece support,
inadequate or worn guide bushings, or misalignment of the spindles, bushings, or work-
piece or runout of the spindle or reamer holder. The reamer itself may be defective due to
chamfer runout or runout of the cutting end due to a bent or nonconcentric shank.

When reamers gradually start to cut oversize, it is due to pickup or galling, principally on
the reamer margins. This condition is partly due to the workpiece material. Mild steels, cer-
tain cast irons, and some aluminum alloys are particularly troublesome in this respect.

Corrective measures include reducing the reamer margin widths to about 0.005 to 0.010
inch (0.127-0.25 mm), use of hard case surface treatments on high-speed-steel reamers,
either alone or in combination with black oxide treatments, and the use of a high-grade fin-
ish on the reamer faces, margins, and chamfer relief surfaces.

Bellmouth Holes: The cutting of a hole that becomes oversize at the entry end with the
oversize decreasing gradually along its length always reflects misalignment of the cutting
portion of the reamer with respect to the hole. The obvious solution is to provide improved
guiding of the reamer by the use of accurate bushings and pilot surfaces. If this solution is
not feasible, and the reamer is cutting in a vertical position, a flexible element may be
employed to hold the reamer in such a way that it has both radial and axial float, with the
hope that the reamer will follow the original hole and prevent the bellmouth condition.

In horizontal setups where the reamer is held fixed and the workpiece rotated, any mis-
alignment exerts a sideways force on the reamer as it is fed to depth, resulting in the forma-
tion of a tapered hole. This type of bellmouthing can frequently be reduced by shortening

Straight Shank Center Reamers and Machine Countersinks
 ANSI B94.2-1983 (R1988)

Center Reamers (Short Countersinks) Machine Countersinks

Dia.
of Cut

Approx.
Length

Overall, A

Length
of

Shank, S

Dia.
of

Shank, D
Dia.

of Cut

Approx.
Length

Overall, A

Length
of

Shank, S

Dia.
of

Shank, D

1⁄4 11⁄2 3⁄4 3⁄16
1⁄2 37⁄8 21⁄4 1⁄2

3⁄8 13⁄4 7⁄8 1⁄4 5⁄8 4 21⁄4 1⁄2
1⁄2 2 1 3⁄8 3⁄4 41⁄8 21⁄4 1⁄2
5⁄8 21⁄4 1 3⁄8 7⁄8 41⁄4 21⁄4 1⁄2
3⁄4 25⁄8 11⁄4 1⁄2 1 43⁄8 21⁄4 1⁄2

* “Some Aspects of Reamer Design and Operation,” Metal Cuttings, April 1963. 

D

S
A

S
A

D
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the bearing length of the cutting portion of the reamer. One way to do this is to reduce the
reamer diameter by 0.010 to 0.030 inch (0.25–0.76 mm), depending on size and length,
behind a short full-diameter section, 1⁄8 to 1⁄2 inch (3.18 to 12.7 mm) long according to length
and size, following the chamfer. The second method is to grind a high back taper, 0.008 to
0.015 inch per inch (or mm/mm), behind the short full-diameter section. These modifica-
tions reduces the length of the reamer tooth that can cause the bellmouth condition.

Poor Finish: The most obvious step toward producing a good finish is to reduce the
reamer feed per revolution. Feeds as low as 0.0002 to 0.0005 inch (0.005 to 0.013 mm) per
tooth have been used successfully. However, reamer life will be better if the maximum fea-
sible feed is used.

The minimum practical amount of reaming stock allowance will often improve finish by
reducing the volume of chips and the resulting heat generated on the cutting portion of the
chamfer. Too little reamer stock, however, can be troublesome in that the reamer teeth may
not cut freely but will deflect or push the work material out of the way. When this happens,
excessive heat, poor finish, and rapid reamer wear can occur.

Because of superior abrasion resistance, carbide reamers are often used when fine fin-
ishes are required. When properly conditioned, carbide reamers can produce a large num-
ber of good-quality holes. Careful honing of the carbide reamer edges is very important.

American National Standard Fluted Taper Shank Chucking Reamers—
Straight and Helical Flutes, Fractional Sizes  ANSI B94.2-1983 (R1988)

All dimensions are given in inches. Material is high-speed steel.

Helical flute reamers with right-hand helical flutes are standard.

Tolerances: On reamer diameter, 1⁄4-inch size, +.0001 to +.0004 inch; over 1⁄4- to 1-inch size, +
.0001 to +.0005 inch; over 1-inch size, +.0002 to +.0006 inch. On length overall A and flute length B,
1⁄4- to 1-inch size, incl., ±1⁄16 inch; 11⁄16-to 11⁄2-inch size, incl., 3⁄32 inch.

Reamer
Dia.

Length
Overall

A

Flute
Length

B

No. of
Morse
Taper

Shanka

a American National Standard self-holding tapers (see Table 7a on page 955.)

No.
of

Flutes
Reamer

Dia.

Length
Overall

A

Flute
Length

B

No. of
Morse
Taper

Shanka

No.
of

Flutes
1⁄4 6 11⁄2 1 4 to 6 27⁄32 91⁄2 21⁄2 2 8 to 10

5⁄16 6 11⁄2 1 4 to 6 7⁄8 10 25⁄8 2 8 to 10

3⁄8 7 13⁄4 1 4 to 6 29⁄32 10 25⁄8 2 8 to 10

7⁄16 7 13⁄4 1 6 to 8 15⁄16 10 25⁄8 3 8 to 10

1⁄2 8 2 1 6 to 8 31⁄32 10 25⁄8 3 8 to 10

17⁄32 8 2 1 6 to 8 1 101⁄2 23⁄4 3 8 to 12

9⁄16 8 2 1 6 to 8 11⁄16 101⁄2 23⁄4 3 8 to 12

19⁄32 8 2 1 6 to 8 11⁄8 11 27⁄8 3 8 to 12

5⁄8 9 21⁄4 2 6 to 8 13⁄16 11 27⁄8 3 8 to 12

21⁄32 9 21⁄4 2 6 to 8 1 1⁄4 11 1⁄2 3 4 8 to 12

11⁄16 9 21⁄4 2 6 to 8 15⁄16 111⁄2 3 4 8 to 12

23⁄32 9 21⁄4 2 6 to 8 13⁄8 12 31⁄4 4 10 to 12

3⁄4 91⁄2 21⁄2 2 6 to 8 17⁄16 12 31⁄4 4 10 to 12

25⁄32 91⁄2 21⁄2 2 8 to 10 11⁄2 121⁄2 31⁄2 4 10 to 12

13⁄16 91⁄2 21⁄2 2 8 to 10 … … … … …
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Expansion Chucking Reamers—Straight and Taper Shanks
 ANSI B94.2-1983 (R1988)

All dimensions in inches. Material is high-speed steel. The number of flutes is as follows: 3⁄8- to 15⁄32-
inch sizes, 4 to 6; 1⁄2- to 31⁄32-inch sizes, 6 to 8; 1- to 111⁄16-inch sizes, 8 to 10; 13⁄4- to 115⁄16-inch sizes, 8 to
12; 2 - to 21⁄4-inch sizes, 10 to 12; 23⁄8- and 21⁄2-inch sizes, 10 to 14. The expansion feature of these
reamers provides a means of adjustment that is important in reaming holes to close tolerances. When
worn undersize, they may be expanded and reground to the original size.

Tolerances: On reamer diameter, 8⁄8- to 1-inch sizes, incl., +0.0001 to +0.0005 inch; over 1-inch
size, + 0.0002 to + 0.0006 inch. On length A and flute length B, 3⁄8- to 1-inch sizes, incl., ±1⁄16 inch; 11⁄32-
to 2-inch sizes, incl., ±3⁄32 inch; over 2-inch sizes, ±1⁄8 inch.

Taper is Morse taper: No. 1 for sizes 3⁄8 to 19⁄32 inch, incl.; No. 2 for sizes 5⁄8 to 29⁄32 incl.; No. 3 for sizes
15⁄16 to 17⁄32, incl.; No. 4 for sizes 11⁄4 to 15⁄8, incl.; and No. 5 for sizes 13⁄4 to 21⁄2, incl. For amount of taper,
see Table  on page 948.

Dia of
Reamer

Length,
A

Flute
Length,B

Shank Dia., D Dia.of
Reamer

Length,
A

Flute
Length,B

Shank Dia.,D

Max. Min. Max. Min.

3⁄8 7 3⁄4 0.3105 0.3095 13⁄32 101⁄2 15⁄8 0.8745 0.8730

13⁄32 7 3⁄4 0.3105 0.3095 11⁄8 11 13⁄4 0.8745 0.8730

7⁄16 7 7⁄8 0.3730 0.3720 15⁄32 11 13⁄4 0.8745 0.8730

15⁄32 7 7⁄8 0.3730 0.3720 13⁄16 11 13⁄4 0.9995 0.9980

1⁄2 8 1 0.4355 0.4345 17⁄32 11 13⁄4 0.9995 0.9980

17⁄32 8 1 0.4355 0.4345 11⁄4 111⁄2 17⁄8 0.9995 0.9980

9⁄16 8 11⁄8 0.4355 0.4345 15⁄16 111⁄2 17⁄8 0.9995 0.9980

19⁄32 8 11⁄8 0.4355 0.4345 13⁄8 12 2 0.9995 0.9980

5⁄8 9 11⁄4 0.5620 0.5605 17⁄16 12 2 1.2495 1.2480

21⁄32 9 11⁄4 0.5620 0.5605 11⁄2 121⁄2 21⁄8 1.2495 1.2480

11⁄16 9 11⁄4 0.5620 0.5605 19⁄16
a

a Straight shank only. 

121⁄2 21⁄8 1.2495 1.2480

23⁄32 9 11⁄4 0.5620 0.5605 15⁄8 13 21⁄4 1.2495 1.2480

3⁄4 91⁄2 13⁄8 0.6245 0.6230 111⁄16
a 13 21⁄4 1.2495 1.2480

25⁄32 91⁄2 13⁄8 0.6245 0.6230 13⁄4 131⁄2 23⁄8 1.2495 1.2480

13⁄16 91⁄2 13⁄8 0.6245 0.6230 113⁄16
a 131⁄2 23⁄8 1.4995 1.4980

27⁄32 91⁄2 13⁄8 0.6245 0.6230 17⁄8 14 21⁄2 1.4995 1.4980

7⁄8 10 11⁄2 0.7495 0.7480 115⁄16
a 14 21⁄2 1.4995 1.4980

29⁄32 10 11⁄2 0.7495 0.7480 2 14 21⁄2 1.4995 1.4980

15⁄16 10 11⁄2 0.7495 0.7480 21⁄8b

b Taper shank only. 

141⁄2 23⁄4 … …

31⁄32 10 11⁄2 0.7495 0.7480 21⁄4b 141⁄2 23⁄4 … …

1 101⁄2 15⁄8 0.8745 0.8730 23⁄8b 15 3 … …

11⁄32 101⁄2 15⁄8 0.8745 0.8730 21⁄2b 15 3 … …

11⁄16 101⁄2 15⁄8 0.8745 0.8730 … … … … …

D

A
B
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Hand Reamers—Straight and Helical Flutes  ANSI B94.2-1983 (R1988)

All dimensions in inches. Material is high-speed steel. The nominal shank diameter D is the same
as the reamer diameter. Helical-flute hand reamers with left-hand helical flutes are standard. Ream-
ers are tapered slightly on the end to facilitate proper starting.

Tolerances: On diameter of reamer, up to 1⁄4-inch size, incl., + .0001 to + .0004 inch; over 1⁄4-to 1-
inch size, incl., +.0001 to + .0005 inch; over 1-inch size, +.0002 to +.0006 inch. On length overall A
and flute length B, 1⁄8- to 1-inch size, incl., ± 1⁄16 inch; 11⁄8- to 11⁄2-inch size, incl., ±3⁄32 inch. On length of
square C, 1⁄8- to 1 inch size, incl., ±1⁄32 inch; 11⁄8-to 11⁄2-inch size, incl., ±1⁄16 inch. On shank diameter D,
1⁄8- to 1-inch size, incl., −.001 to −.005 inch; 11⁄8- to 11⁄2-inch size, incl., −.0015 to − .006 inch. On size
of square, 1⁄8- to 1⁄2-inch size, incl., −.004 inch; 17⁄32- to 1-inch size, incl., −.006 inch; 11⁄8- to 11⁄2-inch
size, incl., −.008 inch.

Reamer Diameter Length
Overall

A

Flute
Length

B

Square
Length

C
Size of
Square

No. of
Flutes

Straight
Flutes

Helical
Flutes

Decimal
Equivalent

1⁄8 … 0.1250 3 11⁄2 5⁄32 0.095 4 to 6
5⁄32 … 0.1562 31⁄4 15⁄8 7⁄32 0.115 4 to 6
3⁄16 … 0.1875 31⁄2 13⁄4 7⁄32 0.140 4 to 6
7⁄32 … 0.2188 33⁄4 17⁄8 1⁄4 0.165 4 to 6
1⁄4 1⁄4 0.2500 4 2 1⁄4 0.185 4 to 6
9⁄32 … 0.2812 41⁄4 21⁄8 1⁄4 0.210 4 to 6
5⁄16

5⁄16 0.3125 41⁄2 21⁄4 5⁄16 0.235 4 to 6
11⁄32 … 0.3438 43⁄4 23⁄8 5⁄16 0.255 4 to 6
3⁄8 3⁄8 0.3750 5 21⁄2 3⁄8 0.280 4 to 6
13⁄32 … 0.4062 51⁄4 25⁄8 3⁄8 0.305 6 to 8
7⁄16

7⁄16 0.4375 51⁄2 23⁄4 7⁄16 0.330 6 to 8
15⁄32 … 0.4688 53⁄4 27⁄8 7⁄16 0.350 6 to 8
1⁄2 1⁄2 0.5000 6 3 1⁄2 0.375 6 to 8
17⁄32 … 0.5312 61⁄4 31⁄8 1⁄2 0.400 6 to 8
9⁄16

9⁄16 0.5625 61⁄2 31⁄4 9⁄16 0.420 6 to 8
19⁄32 … 0.5938 63⁄4 33⁄8 9⁄16 0.445 6 to 8
5⁄8 5⁄8 0.6250 7 31⁄2 5⁄8 0.470 6 to 8
21⁄32 … 0.6562 73⁄8 311⁄16

5⁄8 0.490 6 to 8
11⁄16

11⁄16 0.6875 73⁄4 37⁄8 11⁄16 0.515 6 to 8
23⁄32 … 0.7188 81⁄8 41⁄16

11⁄16 0.540 6 to 8
3⁄4 3⁄4 0.7500 83⁄8 43⁄16

3⁄4 0.560 6 to 8

… 13⁄16 0.8125 91⁄8 49⁄16
13⁄16 0.610 8 to 10

7⁄8 7⁄8 0.8750 93⁄4 47⁄8 7⁄8 0.655 8 to 10

… 15⁄16 0.9375 101⁄4 51⁄8 15⁄16 0.705 8 to 10

1 1 1.0000 107⁄8 57⁄16 1 0.750 8 to 10

11⁄8 11⁄8 1.1250 115⁄8 513⁄16 1 0.845 8 to 10

11⁄4 11⁄4 1.2500 121⁄4 61⁄8 1 0.935 8 to 12

13⁄8 13⁄8 1.3750 125⁄8 65⁄16 1 1.030 10 to 12

11⁄2 11⁄2 1.5000 13 61⁄2 11⁄8 1.125 10 to 14
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American National Standard Expansion Hand Reamers—Straight and 
Helical Flutes, Squared Shank  ANSI B94.2-1983 (R1988)

All dimensions are given in inches. Material is carbon steel. Reamers with helical flutes that are left
hand are standard. Expansion hand reamers are primarily designed for work where it is necessary to
enlarge reamed holes by a few thousandths. The pilots and guides on these reamers are ground under-
size for clearance. The maximum expansion on these reamers is as follows: .006 inch for the 1⁄4- to 7⁄16-
inch sizes. .010 inch for the 1⁄2- to 7⁄8-inch sizes and .012 inch for the 1- to 11⁄4-inch sizes.

Tolerances: On length overall A and flute length B, ±1⁄16 inch for 1⁄4- to 1-inch sizes, ± 3⁄32 inch for 11⁄8-
to 11⁄4-inch sizes; on length of square C, ±1⁄32 inch for 1⁄4- to 1-inch sizes, ± 1⁄16 inch for 11⁄8-to 11⁄4-inch
sizes; on shank diameter D −.001 to −.005 inch for 1⁄4- to 1-inch sizes, −.0015 to −.006 inch for 11⁄8- to
11⁄4-inch sizes; on size of square, −.004 inch for 1⁄4- to 1⁄2-inch sizes. −.006 inch for 9⁄16- to 1-inch sizes,
and −.008 inch for 11⁄8- to 11⁄4-inch sizes.

Reamer
Dia.

Length
Overall

A

Flute
Length

B

Length
of

Square
C

Shank
Dia.
D

Size
of

Square

Number
of

FlutesMax Min Max Min

Straight Flutes
1⁄4 43⁄8 33⁄4 13⁄4 11⁄2 1⁄4 1⁄4 0.185 6 to 8
5⁄16 43⁄8 4 17⁄8 11⁄2 5⁄16

5⁄16 0.235 6 to 8
3⁄8 53⁄8 41⁄4 2 13⁄4 3⁄8 3⁄8 0.280 6 to 9
7⁄16 53⁄8 41⁄2 2 13⁄4 7⁄16

7⁄16 0.330 6 to 9
1⁄2 61⁄2 5 21⁄2 13⁄4 1⁄2 1⁄2 0.375 6 to 9
9⁄16 61⁄2 53⁄8 21⁄2 17⁄8 9⁄16

9⁄16 0.420 6 to 9
5⁄8 7 53⁄4 3 21⁄4 5⁄8 5⁄8 0.470 6 to 9
11⁄16 75⁄8 61⁄4 3 21⁄2 11⁄16

11⁄16 0.515 6 to 10
3⁄4 8 61⁄2 31⁄2 25⁄8 3⁄4 3⁄4 0.560 6 to 10
7⁄8 9 71⁄2 4 31⁄8 7⁄8 7⁄8 0.655 8 to 10

1 10 83⁄8 41⁄2 31⁄8 1 1 0.750 8 to 10

11⁄8 101⁄2 9 43⁄4 31⁄2 1 11⁄8 0.845 8 to 12

11⁄4 11 93⁄4 5 41⁄4 1 11⁄4 0.935 8 to 12

Helical Flutes

1⁄4 43⁄8 37⁄8 13⁄4 11⁄2 1⁄4 1⁄4 0.185 6 to 8
5⁄16 43⁄8 4 13⁄4 11⁄2 5⁄16

5⁄16 0.235 6 to 8
3⁄8 61⁄8 41⁄4 2 13⁄4 3⁄8 3⁄8 0.280 6 to 9
7⁄16 61⁄4 41⁄2 2 13⁄4 7⁄16

7⁄16 0.330 6 to 9
1⁄2 61⁄2 5 21⁄2 13⁄4 1⁄2 1⁄2 0.375 6 to 9
5⁄8 8 6 3 21⁄4 5⁄8 5⁄8 0.470 6 to 9
3⁄4 85⁄8 61⁄2 31⁄2 25⁄8 3⁄4 3⁄4 0.560 6 to 10
7⁄8 93⁄8 71⁄2 4 31⁄8 7⁄8 7⁄8 0.655 6 to 10

1 101⁄4 83⁄8 41⁄2 31⁄8 1 1 0.750 6 to 10

11⁄4 113⁄8 93⁄4 5 41⁄4 1 11⁄4 0.935 8 to 12
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Taper Shank Jobbers Reamers—Straight Flutes  ANSI B94.2-1983 (R1988)

All dimensions in inches. Material is high-speed steel.

Tolerances: On reamer diameter, 1⁄4-inch size, +.0001 to +.0004 inch; over 1⁄4- to 1-inch size, incl.,
+.0001 to +.0005 inch; over 1-inch size, +.0002 to +.0006 inch. On overall length A and length of
flute B, 1⁄4- to 1-inch size, incl., ±1⁄16 inch; and 11⁄16- to 11⁄2-inch size, incl., ±3⁄32 inch.

American National Standard Driving Slots and Lugs for Shell Reamers or
 Shell Reamer Arbors  ANSI B94.2-1983 (R1988)

All dimension are given in inches. The hole in shell reamers has a taper of 1⁄8 inch per foot, with
arbors tapered to correspond. Shell reamer arbor tapers are made to permit a driving fit with the
reamer.

Reamer Diameter Length
Overall A

Length of
Flute B

No. of Morse
Taper Shanka

a American National Standard self-holding tapers (Table 7a on page 955.)

No. of
FlutesFractional Dec. Equiv.

1⁄4 0.2500 53⁄16 2 1 6 to 8
5⁄16 0.3125 51⁄2 21⁄4 1 6 to 8
3⁄8 0.3750 513⁄16 21⁄2 1 6 to 8
7⁄16 0.4375 61⁄8 23⁄4 1 6 to 8
1⁄2 0.5000 67⁄16 3 1 6 to 8
9⁄16 0.5625 63⁄4 31⁄4 1 6 to 8
5⁄8 0.6250 79⁄16 31⁄2 2 6 to 8
11⁄16 0.6875 8 37⁄8 2 8 to 10
3⁄4 0.7500 83⁄8 43⁄16 2 8 to 10
13⁄16 0.8125 813⁄16 49⁄16 2 8 to 10
7⁄8 0.8750 93⁄16 47⁄8 2 8 to 10
15⁄16 0.9375 10 51⁄8 3 8 to 10

1 1.0000 103⁄8 57⁄16 3 8 to 10

11⁄16 1.0625 105⁄8 55⁄8 3 8 to 10

11⁄8 1.1250 107⁄8 513⁄16 3 8 to 10

13⁄16 1.1875 111⁄8 6 3 8 to 12

11⁄4 1.2500 129⁄16 61⁄8 4 8 to 12

13⁄8 1.3750 1213⁄16 65⁄16 4 10 to 12

11⁄2 1.5000 131⁄8 61⁄2 4 10 to 12

Arbor
Size
No.

Fitting
Reamer
Sizes

Driving Slot Lug on Arbor Reamer
Hole Dia. at
Large End

Width
W

Depth
J

Width
L

Depth
M

4 3⁄4 5⁄32
3⁄16

9⁄64
5⁄32 0.375

5 13⁄16 to 1 3⁄16
1⁄4 11⁄64

7⁄32 0.500
6 11⁄16 to 11⁄4 3⁄16

1⁄4 11⁄64
7⁄32 0.625

7 15⁄16 to 15⁄8 1⁄4 5⁄16
15⁄64

9⁄32 0.750
8 111⁄16 to 2 1⁄4 5⁄16

15⁄64
9⁄32 1.000

9 21⁄16 to 21⁄2 5⁄16
3⁄8 19⁄64

11⁄32 1.250
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Straight Shank Chucking Reamers—Straight Flutes, Wire Gage Sizes
 ANSI B94.2-1983 (R1988)

All dimensions in inches. Material is high-speed steel.
Tolerances: On diameter of reamer, plus .0001 to plus .0004 inch. On overall length A, plus or

minus 1⁄16 inch. On length of flute B, plus or minus 1⁄16 inch.

Reamer
Diameter Lgth.

Overall
A

Lgth.
of

Flute
B

Shank
Dia. D No.

of
Flutes

Reamer
Diameter Lgth.

Overall
A

Lgth.
of

Flute
B

Shank
Dia. D No.

of
FlutesWire

Gage Inch Max Min Wire
Gage Inch Max Min

60 .0400 21⁄2 1⁄2 .0390 .0380 4 49 .0730 3 3⁄4 .0660 .0650 4

59 .0410 21⁄2 1⁄2 .0390 .0380 4 48 .0760 3 3⁄4 .0720 .0710 4

58 .0420 21⁄2 1⁄2 .0390 .0380 4 47 .0785 3 3⁄4 .0720 .0710 4

57 .0430 21⁄2 1⁄2 .0390 .0380 4 46 .0810 3 3⁄4 .0771 .0701 4

56 .0465 21⁄2 1⁄2 .0455 .0445 4 45 .0820 3 3⁄4 .0771 .0761 4

55 .0520 21⁄2 1⁄2 .0510 .0500 4 44 .0860 3 3⁄4 .0810 .0800 4

54 .0550 21⁄2 1⁄2 .0510 .0500 4 43 .0890 3 3⁄4 .0810 .0800 4

53 .0595 21⁄2 1⁄2 .0585 .0575 4 42 .0935 3 3⁄4 .0880 .0870 4

52 .0635 21⁄2 1⁄2 .0585 .0575 4 41 .0960 31⁄2 7⁄8 .0928 .0918 4 to 6

51 .0670 3 3⁄4 .0660 .0650 4 40 .0980 31⁄2 7⁄8 .0928 .0918 4 to 6

50 .0700 3 3⁄4 .0660 .0650 4 39 .0995 31⁄2 7⁄8 .0928 .0918 4 to 6

38 .1015 31⁄2 7⁄8 .0950 .0940 4 to 6 19 .1660 41⁄2 11⁄8 .1595 .1585 4 to 6

37 .1040 31⁄2 7⁄8 .0950 .0940 4 to 6 18 .1695 41⁄2 11⁄8 .1595 .1585 4 to 6

36 .1065 31⁄2 7⁄8 .1030 .1020 4 to 6 17 .1730 41⁄2 11⁄8 .1645 .1635 4 to 6

35 .1100 31⁄2 7⁄8 .1030 .1020 4 to 6 16 .1770 41⁄2 11⁄8 .1704 .1694 4 to 6

34 .1110 31⁄2 7⁄8 .1055 .1045 4 to 6 15 .1800 41⁄2 11⁄8 .1755 .1745 4 to 6

33 .1130 31⁄2 7⁄8 .1055 .1045 4 to 6 14 .1820 41⁄2 11⁄8 .1755 .1745 4 to 6

32 .1160 31⁄2 7⁄8 .1120 .1110 4 to 6 13 .1850 41⁄2 11⁄8 .1805 .1795 4 to 6

31 .1200 31⁄2 7⁄8 .1120 .1110 4 to 6 12 .1890 41⁄2 11⁄8 .1805 .1795 4 to 6

30 .1285 31⁄2 7⁄8 .1190 .1180 4 to 6 11 .1910 5 11⁄4 .1860 .1850 4 to 6

29 .1360 4 1 .1275 .1265 4 to 6 10 .1935 5 11⁄4 .1860 .1850 4 to 6

28 .1405 4 1 .1350 .1340 4 to 6 9 .1960 5 11⁄4 .1895 .1885 4 to 6

27 .1440 4 1 .1350 .1340 4 to 6 8 .1990 5 11⁄4 .1895 .1885 4 to 6

26 .1470 4 1 .1430 .1420 4 to 6 7 .2010 5 11⁄4 .1945 .1935 4 to 6

25 .1495 4 1 .1430 .1420 4 to 6 6 .2040 5 11⁄4 .1945 .1935 4 to 6

24 .1520 4 1 .1460 .1450 4 to 6 5 .2055 5 11⁄4 .2016 .2006 4 to 6

23 .1540 4 1 .1460 .1450 4 to 6 4 .2090 5 11⁄4 .2016 .2006 4 to 6

22 .1570 4 1 .1510 .1500 4 to 6 3 .2130 5 11⁄4 .2075 .2065 4 to 6

21 .1590 41⁄2 11⁄8 .1530 .1520 4 to 6 2 2210 6 11⁄2 .2173 .2163 4 to 6

20 .1610 41⁄2 11⁄8 .1530 .1520 4 to 6 1 .2280 6 11⁄2 .2173 .2163 4 to 6
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Straight Shank Chucking Reamers—Straight Flutes, Letter Sizes
 ANSI B94.2-1983 (R1988)

All dimensions in inches. Material is high-speed steel.
Tolerances: On diameter of reamer, for sizes A to E, incl., plus .0001 to plus .0004 inch and for

sizes F to Z, incl., plus .0001 to plus .0005 inch. On overall length A, plus or minus 1⁄16 inch. On length
of flute B, plus or minus 1⁄16 inch.

Straight Shank Chucking Reamers— Straight Flutes, Decimal Sizes
 ANSI B94.2-1983 (R1988)

All dimensions in inches. Material is high-speed steel.
Tolerances: On diameter of reamer, for 0.124 to 0.249-inch sizes, plus .0001 to plus .0004 inch and

for 0.251 to 0.501-inch sizes, plus .0001 to plus .0005 inch. On overall length A, plus or minus 1⁄16

inch. On length of flute B, plus or minus 1⁄16 inch.

Reamer
Diameter

Lgth.
Over-
all A

Lgth.
of

Flute
B

Shank
Dia.
D

No.
of

Flutes

Reamer
Diameter

Lgth.
Over-
all A

Lgth.
of

Flute
B

Shank
Dia.
D

No.
of

Flutes
Letter Inch Max Min Letter Inch Max Min

A 0.2340 6 11⁄2 0.2265 .2255 4 to 6 N 0.3020 6 11⁄2 0.2792 0.2782 4 to 6

B 0.2380 6 11⁄2 0.2329 .2319 4 to 6 O 0.3160 6 11⁄2 0.2792 0.2782 4 to 6

C 0.2420 6 11⁄2 0.2329 .2319 4 to 6 P 0.3230 6 11⁄2 0.2792 0.2782 4 to 6

D 0.2460 6 11⁄2 0.2329 .2319 4 to 6 Q 0.3320 6 11⁄2 0.2792 0.2782 4 to 6

E 0.2500 6 11⁄2 0.2405 .2395 4 to 6 R 0.3390 6 11⁄2 0.2792 0.2782 4 to 6

F 0.2570 6 11⁄2 0.2485 .2475 4 to 6 S 0.3480 7 13⁄4 0.3105 0.3095 4 to 6

G 0.2610 6 11⁄2 0.2485 .2475 4 to 6 T 0.3580 7 13⁄4 0.3105 0.3095 4 to 6

H 0.2660 6 11⁄2 0.2485 .2475 4 to 6 U 0.3680 7 13⁄4 0.3105 0.3095 4 to 6

I 0.2720 6 11⁄2 0.2485 .2475 4 to 6 V 0.3770 7 13⁄4 0.3105 0.3095 4 to 6

J 0.2770 6 11⁄2 0.2485 .2475 4 to 6 W 0.3860 7 13⁄4 0.3105 0.3095 4 to 6

K 0.2810 6 11⁄2 0.2485 .2475 4 to 6 X 0.3970 7 13⁄4 0.3105 0.3095 4 to 6

L 0.2900 6 11⁄2 0.2792 .2782 4 to 6 Y 0.4040 7 13⁄4 0.3105 0.3095 4 to 6

M 0.2950 6 11⁄2 0.2792 .2782 4 to 6 Z 0.4130 7 13⁄4 0.3730 0.3720 6 to 8

Reamer
Dia.

Lgth.
Overall

A

Lgth.
of

Flute
B

Shank
Diameter D

No.
of

Flutes

Reamer
Dia.

Lgth.
Overall

A

Lgth.
of

Flute
B

Shank
Diameter D

No.
of

FlutesMax. Min. Max. Min.

0.1240 31⁄2 7⁄8 0.1190 0.1180 4 to 6 0.3135 6 11⁄2 0.2792 0.2782 4 to 6

0.1260 31⁄2 7⁄8 0.1190 0.1180 4 to 6 0.3740 7 13⁄4 0.3105 0.3095 6 to 8

0.1865 41⁄2 11⁄8 0.1805 0.1795 4 to 6 0.3760 7 13⁄4 0.3105 0.3095 6 to 8

0.1885 41⁄2 11⁄8 0.1805 0.1795 4 to 6 0.4365 7 13⁄4 0.3730 0.3720 6 to 8

0.2490 6 11⁄2 0.2405 0.2395 4 to 6 0.4385 7 13⁄4 0.3730 0.3720 6 to 8

0.2510 6 11⁄2 0.2405 0.2395 4 to 6 0.4990 8 2 0.4355 0.4345 6 to 8

0.3115 6 11⁄2 0.2792 0.2782 4 to 6 0.5010 8 2 0.4355 0.4345 6 to 8
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American National Standard Straight Shank Rose Chucking and Chucking 
Reamers—Straight and Helical Flutes, Fractional Sizes  ANSI B94.2-1983 (R1988)

Reamer Diameter Length
Overall A

Flute
Length B

Shank Dia. D No. of
FlutesChucking Rose Chucking Max Min

3⁄64
a

a Reamer with straight flutes is standard only. 

… 21⁄2 1⁄2 0.0455 0.0445 4
1⁄16 … 21⁄2 1⁄2 0.0585 0.0575 4
5⁄64 … 3 3⁄4 0.0720 0.0710 4
3⁄32 … 3 3⁄4 0.0880 0.0870 4
7⁄64 … 31⁄2 7⁄8 0.1030 0.1020 4 to 6
1⁄8 1⁄8a 31⁄2 7⁄8 0.1190 0.1180 4 to 6
9⁄64 … 4 1 0.1350 0.1340 4 to 6
5⁄32 … 4 1 0.1510 0.1500 4 to 6
11⁄64 … 41⁄2 11⁄8 0.1645 0.1635 4 to 6
3⁄16

3⁄16
a 41⁄2 11⁄8 0.1805 0.1795 4 to 6

13⁄64 … 5 11⁄4 0.1945 0.1935 4 to 6
7⁄32 … 5 11⁄4 0.2075 0.2065 4 to 6
15⁄64 … 6 11⁄2 0.2265 0.2255 4 to 6
1⁄4 1⁄4a 6 11⁄2 0.2405 0.2395 4 to 6
17⁄64 … 6 11⁄2 0.2485 0.2475 4 to 6
9⁄32 … 6 11⁄2 0.2485 0.2475 4 to 6
19⁄64 … 6 11⁄2 0.2792 0.2782 4 to 6
5⁄16

5⁄16
a 6 11⁄2 0.2792 0.2782 4 to 6

21⁄64 … 6 11⁄2 0.2792 0.2782 4 to 6
11⁄32 … 6 11⁄2 0.2792 0.2782 4 to 6
23⁄64 … 7 13⁄4 0.3105 0.3095 4 to 6
3⁄8 3⁄8a 7 13⁄4 0.3105 0.3095 4 to 6
25⁄64 … 7 13⁄4 0.3105 0.3095 4 to 6
13⁄32 … 7 13⁄4 0.3105 0.3095 4 to 6
27⁄64 … 7 13⁄4 0.3730 0.3720 6 to 8
7⁄16

7⁄16
a 7 13⁄4 0.3730 0.3720 6 to 8

29⁄64 … 7 13⁄4 0.3730 0.3720 6 to 8
15⁄32 … 7 13⁄4 0.3730 0.3720 6 to 8
31⁄64 … 8 2 0.4355 0.4345 6 to 8
1⁄2 1⁄2a 8 2 0.4355 0.4345 6 to 8
17⁄32 … 8 2 0.4355 0.4345 6 to 8
9⁄16 … 8 2 0.4355 0.4345 6 to 8
19⁄32 … 8 2 0.4355 0.4345 6 to 8
5⁄8 … 9 21⁄4 0.5620 0.5605 6 to 8
21⁄32 … 9 21⁄4 0.5620 0.5605 6 to 8
11⁄16 … 9 21⁄4 0.5620 0.5605 6 to 8
23⁄32 … 9 21⁄4 0.5620 0.5605 6 to 8
3⁄4 … 91⁄2 21⁄2 0.6245 0.6230 6 to 8
25⁄32 … 91⁄2 21⁄2 0.6245 0.6230 8 to 10
13⁄16 … 91⁄2 21⁄2 0.6245 0.6230 8 to 10
27⁄32 … 91⁄2 21⁄2 0.6245 0.6230 8 to 10
7⁄8 … 10 25⁄8 0.7495 0.7480 8 to 10
29⁄32 … 10 25⁄8 0.7495 0.7480 8 to 10
15⁄16 … 10 25⁄8 0.7495 0.7480 8 to 10
31⁄32 … 10 25⁄8 0.7495 0.7480 8 to 10

1 … 101⁄2 23⁄4 0.8745 0.8730 8 to 12
11⁄16 … 101⁄2 23⁄4 0.8745 0.8730 8 to 12
11⁄8 … 11 27⁄8 0.8745 0.8730 8 to 12
13⁄16 … 11 27⁄8 0.9995 0.9980 8 to 12
11⁄4 … 111⁄2 3 0.9995 0.9980 8 to 12
15⁄16

b … 111⁄2 3 0.9995 0.9980 10 to 12
13⁄8 … 12 31⁄4 0.9995 0.9980 10 to 12
17⁄16

b … 12 31⁄4 1.2495 1.2480 10 to 12
11⁄2 … 121⁄2 31⁄2 1.2495 1.2480 10 to 12
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All dimensions are given in inches. Material is high-speed steel. Chucking reamers are end cutting
on the chamfer and the relief for the outside diameter is ground in back of the margin for the full
length of land. Lands of rose chucking reamers are not relieved on the periphery but have a relatively
large amount of back taper.

Tolerances: On reamer diameter, up to 1⁄4-inch size, incl., + .0001 to + .0004 inch; over 1⁄4-to 1-inch
size, incl., + .0001 to + .0005 inch; over 1-inch size, + .0002 to + .0006 inch. On length overall A and
flute length B, up to 1-inch size, incl., ±1⁄16 inch; 11⁄16- to 11⁄2-inch size, incl., ±3⁄32 inch.

Helical flutes are right- or left-hand helix, right-hand cut, except sizes 11⁄16 through 11⁄2 inches,
which are right-hand helix only.

Shell Reamers—Straight and Helical Flutes  ANSI B94.2-1983 (R1988)

All dimensions are given in inches. Material is high-speed steel. Helical flute shell reamers with
left-hand helical flutes are standard. Shell reamers are designed as a sizing or finishing reamer and
are held on an arbor provided with driving lugs. The holes in these reamers are ground with a taper of
1⁄8 inch per foot.

Tolerances: On diameter of reamer, 3⁄4- to 1-inch size, incl., + .0001 to + .0005 inch; over 1-inch
size, + .0002 to + .0006 inch. On length overall A and flute length B, 3⁄4- to 1-inch size, incl., ± 1⁄16 inch;
11⁄16- to 2-inch size, incl., ± 3⁄32 inch; 21⁄16- to 21⁄2-inch size, incl., ± 1⁄8 inch.

b Reamer with helical flutes is standard only. 

Diameter
of

Reamer

Length
Overall

A

Flute
Length

B

Hole Diameter
Large End

H

Fitting
Arbor
No.

Number
of Flutes

3⁄4 21⁄4 11⁄2 0.375 4 8 to 10
7⁄8 21⁄2 13⁄4 0.500 5 8 to 10
15⁄16

a

a Helical flutes only. 

21⁄2 13⁄4 0.500 5 8 to 10

1 21⁄2 13⁄4 0.500 5 8 to 10

11⁄16 23⁄4 2 0.625 6 8 to 12

11⁄8 23⁄4 2 0.625 6 8 to 12

13⁄16 23⁄4 2 0.625 6 8 to 12

11⁄4 23⁄4 2 0.625 6 8 to 12

15⁄16 3 21⁄4 0.750 7 8 to 12

13⁄8 3 21⁄4 0.750 7 8 to 12

17⁄16 3 21⁄4 0.750 7 8 to 12

11⁄2 3 21⁄4 0.750 7 10 to 14

19⁄16 3 21⁄4 0.750 7 10 to 14

15⁄8 3 21⁄4 0.750 7 10 to 14

111⁄16 31⁄2 21⁄2 1.000 8 10 to 14

13⁄4 31⁄2 21⁄2 1.000 8 12 to 14

113⁄16 31⁄2 21⁄2 1.000 8 12 to 14

17⁄8 31⁄2 21⁄2 1.000 8 12 to 14

115⁄16 31⁄2 21⁄2 1.000 8 12 to 14

2 31⁄2 21⁄2 1.000 8 12 to 14

21⁄16
a 33⁄4 23⁄4 1.250 9 12 to 16

21⁄8 33⁄4 23⁄4 1.250 9 12 to 16

23⁄16
a 33⁄4 23⁄4 1.250 9 12 to 16

21⁄4 33⁄4 23⁄4 1.250 9 12 to 16

23⁄8a 33⁄4 23⁄4 1.250 9 14 to 16

21⁄2a 33⁄4 23⁄4 1.250 9 14 to 16
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American National Standard Arbors for Shell Reamers—
Straight and Taper Shanks  ANSI B94.2-1983 (R1988)

All dimensions are given in inches. These arbors are designed to fit standard shell reamers (see
table). End which fits reamer has taper of 1⁄8 inch per foot.

Stub Screw Machine Reamers—Helical Flutes ANSI B94.2-1983 (R1988)

All dimensions in inches. Material is high-speed steel.

These reamers are standard with right-hand cut and left-hand helical flutes within the size ranges
shown.

Tolerances: On diameter of reamer, for sizes 00 to 7, incl., plus .0001 to plus .0004 inch and for
sizes 8 to 23, incl., plus .0001 to plus .0005 inch. On overall length A, plus or minus 1⁄16 inch. On length
of flute B, plus or minus 1⁄16 inch. On diameter of shank D, minus .0005 to minus .002 inch.

Arbor
Size
 No.

Overall
Length

A

Approx.
Length of 
Taper L

Reamer
Size

Taper
Shank
 No.a

a American National Standard self-holding tapers (see Table 7a on page 955.)

Straight 
Shank
Dia. D

Arbor
Size
 No.

Overall
Length

A

Approx.
Length of 
Taper L

Reamer
Size

Taper
Shank
 No.a

Straight
Shank
Dia. D

4 9 21⁄4 3⁄4 2 1⁄2 7 11 3 15⁄16 to 15⁄8 3 7⁄8
5 91⁄2 21⁄2 13⁄16 to 1 2 5⁄8 8 12 31⁄2 111⁄16 to 2 4 11⁄8
6 10 23⁄4 11⁄16 to 11⁄4 3 3⁄4 9 13 33⁄4 21⁄16 to 21⁄2 4 13⁄8

Series
No.

Diameter
Range

Length
Over-

all

Length
of

Flute

Dia.
of

Shank

Size
of

Hole Flute
No.

Series
No.

Diameter
Range

Length
Over-

all

Length
of

Flute

Dia.
of

Shank

Size
of

Hole Flute
No.A B D H A B D H

00 .0600-.066 13⁄4 1⁄2 1⁄8 1⁄16 4 12 .3761- .407 21⁄2 11⁄4 1⁄2 3⁄16 6

0 .0661-.074 13⁄4 1⁄2 1⁄8 1⁄16 4 13 .4071- .439 21⁄2 11⁄4 1⁄2 3⁄16 6

1 .0741-.084 13⁄4 1⁄2 1⁄8 1⁄16 4 14 .4391- .470 21⁄2 11⁄4 1⁄2 3⁄16 6

2 .0841-.096 13⁄4 1⁄2 1⁄8 1⁄16 4 15 .4701- .505 21⁄2 11⁄4 1⁄2 3⁄16 6

3 .0961-.126 2 3⁄4 1⁄8 1⁄16 4 16 .5051- .567 3 11⁄2 5⁄8 1⁄4 6

4 .1261-.158 21⁄4 1 1⁄4 3⁄32 4 17 .5671- .630 3 11⁄2 5⁄8 1⁄4 6

5 .1581-.188 21⁄4 1 1⁄4 3⁄32 4 18 .6301- .692 3 11⁄2 5⁄8 1⁄4 6

6 .1881-.219 21⁄4 1 1⁄4 3⁄32 6 19 .6921- .755 3 11⁄2 3⁄4 5⁄16 8

7 .2191-.251 21⁄4 1 1⁄4 3⁄32 6 20 .7551- .817 3 11⁄2 3⁄4 5⁄16 8

8 .2511-.282 21⁄4 1 3⁄8 1⁄8 6 21 .8171- .880 3 11⁄2 3⁄4 5⁄16 8

9 .2821-.313 21⁄4 1 3⁄8 1⁄8 6 22 .8801- .942 3 11⁄2 3⁄4 5⁄16 8

10 .3131-.344 21⁄2 11⁄4 3⁄8 1⁄8 6 23 .9421-1.010 3 11⁄2 3⁄4 5⁄16 8

11 .3441-.376 21⁄2 11⁄4 3⁄8 1⁄8 6 … … … … … … …
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American National Standard Morse Taper Finishing Reamers 
 ANSI B94.2-1983 (R1988)

All dimension are given in inches. Material is high-speed steel. The chamfer on the cutting end of
the reamer is optional. Squared shank reamers are standard with straight flutes. Tapered shank ream-
ers are standard with straight or spiral flutes. Spiral flute reamers are standard with left-had spiral
flutes.

Tolerances: On overall length A and flute length B, in taper numbers 0 to 3, incl., ±1⁄16 inch, in taper
numbers 4 and 5, ±3⁄32 inch. On length of square C, in taper numbers 0 to 3, incl., ±1⁄32 inch; in taper
numbers 4 and 5, ±1⁄16 inch. On shank diameter D, − .0005 to − .002 inch. On size of square, in taper
numbers 0 and 1, − .004 inch; in taper numbers 2 and 3, − .006 inch; in taper numbers 4 and 5, − .008
inch.

Center Reamers.—A “center reamer” is a reamer the teeth of which meet in a point. By
their use small conical holes may be reamed in the ends of parts to be machined as on lathe
centers. When large holes—usually cored—must be center-reamed, a large reamer is ordi-
narily used in which the teeth do not meet in a point, the reamer forming the frustum of a
cone. Center reamers for such work are called “bull” or “pipe” center reamers.

Bull Center Reamer: A conical reamer used for reaming the ends of large holes—usually
cored—so that they will fit on a lathe center. The cutting part of the reamer is generally in
the shape of a frustum of a cone. It is also known as a pipe center reamer.

Straight Flutes and Squared Shank

Taper
No.a

a Morse. For amount of taper see Table  on page 948.

Small
End Dia.

(Ref.)

Large
End Dia.

(Ref.)

Length
Overall

A

Flute
Length

B

Square
Length

C

Shank
Dia.
D

Square
Size

0 0.2503 0.3674 33⁄4 21⁄4 5⁄16
5⁄16 0.235

1 0.3674 0.5170 5 3 7⁄16
7⁄16 0.330

2 0.5696 0.7444 6 31⁄2 5⁄8 5⁄8 0.470

3 0.7748 0.9881 71⁄4 41⁄4 7⁄8 7⁄8 0.655

4 1.0167 1.2893 81⁄2 51⁄4 1 11⁄8 0.845

5 1.4717 1.8005 93⁄4 61⁄4 11⁄8 11⁄2 1.125

Straight and Spiral Flutes and Taper Shank

Squared and
Taper ShankNumber of Flutes

Taper
No.a

Small
End Dia.

(Ref.)

Large
End Dia.

(Ref.)

Length
Overall

A

Flute
Length

B

Taper
Shank
No.a

0 0.2503 0.3674 511⁄32 21⁄4 0 4 to 6 incl.

1 0.3674 0.5170 65⁄16 3 1 6 to 8 incl.

2 0.5696 0.7444 73⁄8 31⁄2 2 6 to 8 incl.

3 0.7748 0.9881 87⁄8 41⁄4 3 8 to 10 incl.

4 1.0167 1.2893 107⁄8 51⁄4 4 8 to 10 incl.

5 1.4717 1.8005 131⁄8 61⁄4 5 10 to 12 incl.
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Taper Pipe Reamers—Spiral Flutes  ANSI B94.2-1983 (R1988)

All dimensions are given in inches. These reamers are tapered3⁄4 inch per foot and are intended for
reaming holes to be tapped with American National Standard Taper Pipe Thread taps. Material is
high-speed steel. Reamers are standard with left-hand spiral flutes.

Tolerances: On length overall A and flute length B, 1⁄8- to 3⁄4-inch size, incl., ±1⁄16 inch; 1- to 11⁄2-inch
size, incl., ±3⁄32 inch; 2-inch size, ±1⁄8 inch. On length of square C, 1⁄8- to 3⁄4-inch size, incl., ±1⁄32 inch; 1-
to 2-inch size, incl., ±1⁄16 inch. On shank diameter D, 1⁄8-inch size, − .0015 inch; 1⁄4- to 1-inch size, incl.,
− .002 inch; 11⁄4- to 2-inch size, incl., − .003 inch. On size of square, 1⁄8-inch size, − .004 inch; 1⁄4- to 3⁄4-
inch size, incl., − .006 inch; 1- to 2-inch size, incl., − .008 inch.

B & S Taper Reamers—Straight and Spiral Flutes, Squared Shank

These reamers are no longer ANSI Standard.
All dimensions are given in inches. Material is high-speed steel. The chamfer on the cutting end of

the reamer is optional. All reamers are finishing reamers. Spiral flute reamers are standard with left-
hand spiral flutes. (Tapered reamers, especially those with left-hand spirals, should not have circular
lands because cutting must take place on the outer diameter of the tool.) B & S taper reamers are
designed for use in reaming out Brown & Sharpe standard taper sockets.

Tolerances: On length overall A and flute length B, taper nos. 1 to 7, incl., ±1⁄16 inch; taper nos. 8 to
10, incl., ±3⁄32 inch. On length of square C, taper nos. 1 to 9, incl., ±1⁄32 inch; taper no. 10, ±1⁄16 inch. On
shank diameter D, − .0005 to − .002 inch. On size of square, taper nos. 1 to 3, incl., − .004 inch; taper
nos. 4 to 9, incl., − .006 inch; taper no. 10, − .008 inch.

Nom.
Size

Diameter Length
Overall

A

Flute
Length

B

Square
Length

C

Shank
Dia-

eter D

Size
of

Square No. of Flutes
Large
End

Small
End

1⁄8 0.362 0.316 21⁄8 3⁄4 3⁄8 0.4375 0.328 4 to 6
1⁄4 0.472 0.406 27⁄16 11⁄16

7⁄16 0.5625 0.421 4 to 6
3⁄8 0.606 0.540 29⁄16 11⁄16

1⁄2 0.7000 0.531 4 to 6
1⁄2 0.751 0.665 31⁄8 13⁄8 5⁄8 0.6875 0.515 4 to 6
3⁄4 0.962 0.876 31⁄4 13⁄8 11⁄16 0.9063 0.679 6 to 10

1 1.212 1.103 33⁄4 13⁄4 13⁄16 1.1250 0.843 6 to 10

11⁄4 1.553 1.444 4 13⁄4 15⁄16 1.3125 0.984 6 to 10

11⁄2 1.793 1.684 41⁄4 13⁄4 1 1.5000 1.125 6 to 10

2 2.268 2.159 41⁄2 13⁄4 11⁄8 1.8750 1.406 8 to 12

Taper
No.a

a For taper per foot, see Table 10 on page 958.

Dia.,
Small
End

Dia.,
Large
End

Overall
Length

Square
Length

Flute
Length

Dia.
of

Shank

Size
of

Square

No.
of

Flutes

1 0.1974 0.3176 43⁄4 1⁄4 27⁄8 9⁄32 0.210 4 to 6

2 0.2474 0.3781 51⁄8 5⁄16 31⁄8 11⁄32 0.255 4 to 6

3 0.3099 0.4510 51⁄2 3⁄8 33⁄8 13⁄32 0.305 4 to 6

4 0.3474 0.5017 57⁄8 7⁄16 311⁄16
7⁄16 0.330 4 to 6

5 0.4474 0.6145 63⁄8 1⁄2 4 9⁄16 0.420 4 to 6

6 0.4974 0.6808 67⁄8 5⁄8 43⁄8 5⁄8 0.470 4 to 6

7 0.5974 0.8011 71⁄2 3⁄4 47⁄8 3⁄4 0.560 6 to 8

8 0.7474 0.9770 81⁄8 13⁄16 51⁄2 13⁄16 0.610 6 to 8

9 0.8974 1.1530 87⁄8 7⁄8 61⁄8 1 0.750 6 to 8

10 1.0420 1.3376 93⁄4 1 67⁄8 11⁄8 0.845 6 to 8
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American National Standard Die-Maker's Reamers  ANSI B94.2-1983 (R1988)

All dimensions in inches. Material is high-speed steel. These reamers are designed for use in die-
making, have a taper of 3⁄4 degree included angle or 0.013 inch per inch, and have 2 or 3 flutes. Ream-
ers are standard with left-hand spiral flutes.

Tip of reamer may have conical end.
Tolerances: On length overall A and flute length B, ±1⁄16 inch.

Taper Pin Reamers — Straight and Left-Hand Spiral Flutes, Squared Shank; and 
Left-Hand High-Spiral Flutes, Round Shank  ANSI B94.2-1983 (R1988)

All dimensions in inches. Reamers have a taper of1⁄4 inch per foot and are made of high-speed steel.
Straight flute reamers of carbon steel are also standard. The number of flutes is as follows; 3 or 4, for
7 ⁄0 to 4 ⁄0 sizes; 4 to 6, for 3 ⁄0 to 0 sizes; 5 or 6, for 1 to 5 sizes; 6 to 8, for 6 to 9 sizes; 7 or 8, for the
10 size in the case of straight- and spiral-flute reamers; and 2 or 3, for 8 ⁄0 to 8 sizes; 2 to 4, for the 9
and 10 sizes in the case of high-spiral flute reamers.

Tolerances: On length overall A and flute length B, ±1⁄16 inch. On length of square C, ±1⁄32 inch. On
shank diameter D, −.001 to −.005 inch for straight- and spiral-flute reamers and −.0005 to −.002 inch
for high-spiral flute reamers. On size of square, −.004 inch for 7 ⁄0 to 7 sizes and −.006 inch for 8 to
10 sizes.

Letter
Size

Diameter Length
Letter
Size

Diameter Length
Letter
Size

Diameter Length
Small
End

Large
End A B

Small
End

Large
End A B

Small
End

Large
End A B

AAA 0.055 0.070 21⁄4 11⁄8 G 0.135 0.158 3 13⁄4 O 0.250 0.296 5 31⁄2
AA 0.065 0.080 21⁄4 11⁄8 H 0.145 0.169 31⁄4 17⁄8 P 0.275 0.327 51⁄2 4

A 0.075 0.090 21⁄4 11⁄8 I 0.160 0.184 31⁄4 17⁄8 Q 0.300 0.358 6 41⁄2
B 0.085 0.103 23⁄8 13⁄8 J 0.175 0.199 31⁄4 17⁄8 R 0.335 0.397 61⁄2 43⁄4
C 0.095 0.113 21⁄2 13⁄8 K 0.190 0.219 31⁄2 21⁄4 S 0.370 0.435 63⁄4 5
D 0.105 0.126 25⁄8 15⁄8 L 0.205 0.234 31⁄2 21⁄4 T 0.405 0.473 7 51⁄4
E 0.115 0.136 23⁄4 15⁄8 M 0.220 0.252 4 21⁄2 U 0.440 0.511 71⁄4 51⁄2
F 0.125 0.148 3 13⁄4 N 0.235 0.274 41⁄2 3 … … … … …

No. of
Taper
Pin

Reamer

Diameter
at Large End 
of Reamer

(Ref.)

Diameter
at Small End 
of Reamer

(Ref.)

Overall
Lengthof
Reamer

A

Length
of

Flute
B

Length
of

Square
Ca

a Not applicable to high-spiral flute reamers. 

Diameter
of

Shank
D

Size
of

Squarea

8 ⁄0b

b Not applicable to straight and left-hand spiral fluted, squared shank reamers. 

0.0514 0.0351 15⁄8 25⁄32 … 1⁄16 …
7 ⁄0 0.0666 0.0497 113⁄16

13⁄16
5⁄32

5⁄64 0.060
6 ⁄0 0.0806 0.0611 115⁄16

15⁄16
5⁄32

3⁄32 0.070
5 ⁄0 0.0966 0.0719 23⁄16 13⁄16

5⁄32
7⁄64 0.080

4 ⁄0 0.1142 0.0869 25⁄16 15⁄16
5⁄32

1⁄8 0.095
3 ⁄0 0.1302 0.1029 25⁄16 15⁄16

5⁄32
9⁄64 0.105

2 ⁄0 0.1462 0.1137 29⁄16 19⁄16
7⁄32

5⁄32 0.115
0 0.1638 0.1287 215⁄16 111⁄16

7⁄32
11⁄64 0.130

1 0.1798 0.1447 215⁄16 111⁄16
7⁄32

3⁄16 0.140
2 0.2008 0.1605 33⁄16 115⁄16

1⁄4 13⁄64 0.150
3 0.2294 0.1813 311⁄16 25⁄16

1⁄4 15⁄64 0.175
4 0.2604 0.2071 41⁄16 29⁄16

1⁄4 17⁄64 0.200
5 0.2994 0.2409 45⁄16 213⁄16

5⁄16
5⁄16 0.235

6 0.3540 0.2773 57⁄16 311⁄16
3⁄8 23⁄64 0.270

7 0.4220 0.3297 65⁄16 47⁄16
3⁄8 13⁄32 0.305

8 0.5050 0.3971 73⁄16 53⁄16
7⁄16

7⁄16 0.330
9 0.6066 0.4805 85⁄16 61⁄16

9⁄16
9⁄16 0.420

10 0.7216 0.5799 95⁄16 613⁄16
5⁄8 5⁄8 0.470
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TWIST DRILLS AND COUNTERBORES

Twist drills are rotary end-cutting tools having one or more cutting lips and one or more
straight or helical flutes for the passage of chips and cutting fluids. Twist drills are made
with straight or tapered shanks, but most have straight shanks. All but the smaller sizes are
ground with “back taper,” reducing the diameter from the point toward the shank, to pre-
vent binding in the hole when the drill is worn.

Straight Shank Drills: Straight shank drills have cylindrical shanks which may be of the
same or of a different diameter than the body diameter of the drill and may be made with or
without driving flats, tang, or grooves.

Taper Shank Drills: Taper shank drills are preferable to the straight shank type for drill-
ing medium and large size holes. The taper on the shank conforms to one of the tapers in the
American Standard (Morse) Series.
American National Standard.—American National Standard B94.11M-1993 covers
nomenclature, definitions, sizes and tolerances for High Speed Steel Straight and Taper
Shank Drills and Combined Drills and Countersinks, Plain and Bell types. It covers both
inch and metric sizes. Dimensional tables from the Standard will be found on the following
pages.
Definitions of Twist Drill Terms.—The following definitions are included in the Stan-
dard.

 Axis: The imaginary straight line which forms the longitudinal center of the drill.
 Back Taper: A slight decrease in diameter from point to back in the body of the drill.
 Body: The portion of the drill extending from the shank or neck to the outer corners of the

cutting lips.
 Body Diameter Clearance: That portion of the land that has been cut away so it will not

rub against the wall of the hole.
 Chisel Edge: The edge at the ends of the web that connects the cutting lips.
 Chisel Edge Angle: The angle included between the chisel edge and the cutting lip as

viewed from the end of the drill.
 Clearance Diameter: The diameter over the cutaway portion of the drill lands.
 Drill Diameter: The diameter over the margins of the drill measured at the point.
 Flutes: Helical or straight grooves cut or formed in the body of the drill to provide cut-

ting lips, to permit removal of chips, and to allow cutting fluid to reach the cutting lips.
 Helix Angle: The angle made by the leading edge of the land with a plane containing the

axis of the drill.
 Land: The peripheral portion of the drill body between adjacent flutes.
 Land Width: The distance between the leading edge and the heel of the land measured at

a right angle to the leading edge.
 Lips—Two Flute Drill: The cutting edges extending from the chisel edge to the periph-

ery.
 Lips—Three or Four Flute Drill (Core Drill): The cutting edges extending from the bot-

tom of the chamfer to the periphery.
 Lip Relief: The axial relief on the drill point.
 Lip Relief Angle: The axial relief angle at the outer corner of the lip. It is measured by

projection into a plane tangent to the periphery at the outer corner of the lip. (Lip relief
angle is usually measured across the margin of the twist drill.)

 Margin: The cylindrical portion of the land which is not cut away to provide clearance.
 Neck: The section of reduced diameter between the body and the shank of a drill.
 Overall Length: The length from the extreme end of the shank to the outer corners of the

cutting lips. It does not include the conical shank end often used on straight shank drills,
nor does it include the conical cutting point used on both straight and taper shank drills.
(For core drills with an external center on the cutting end it is the same as for two-flute
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drills. For core drills with an internal center on the cutting end, the overall length is to the
extreme ends of the tool.)

 Point: The cutting end of a drill made up of the ends of the lands, the web, and the lips. In
form, it resembles a cone, but departs from a true cone to furnish clearance behind the cut-
ting lips.

 Point Angle: The angle included between the lips projected upon a plane parallel to the
drill axis and parallel to the cutting lips.

 Shank: The part of the drill by which it is held and driven.
 Tang: The flattened end of a taper shank, intended to fit into a driving slot in the socket.
 Tang Drive: Two opposite parallel driving flats on the end of a straight shank.
 Web: The central portion of the body that joins the end of the lands. The end of the web

forms the chisel edge on a two-flute drill.
 Web Thickness: The thickness of the web at the point unless another specific location is

indicated.
 Web Thinning: The operation of reducing the web thickness at the point to reduce drill-

ing thrust.

ANSI Standard Twist Drill Nomenclature
Types of Drills.—Drills may be classified based on the type of shank, number of flutes or
hand of cut.

 Straight Shank Drills: Those having cylindrical shanks which may be the same or differ-
ent diameter than the body of the drill. The shank may be with or without driving flats,
tang, grooves, or threads.

 Taper Shank Drills: Those having conical shanks suitable for direct fitting into tapered
holes in machine spindles, driving sleeves, or sockets. Tapered shanks generally have a
driving tang.

 Two-Flute Drills: The conventional type of drill used for originating holes.
 Three-Flute Drills (Core Drills): Drill commonly used for enlarging and finishing

drilled, cast or punched holes. They will not produce original holes.
 Four-Flute Drills (Core Drills): Used interchangeably with three-flute drills. They are

of similar construction except for the number of flutes.
 Right-Hand Cut: When viewed from the cutting point, the counterclockwise rotation of

a drill in order to cut.
 Left-Hand Cut: When viewed from the cutting point, the clockwise rotation of a drill in

order to cut.
 Teat Drill: The cutting edges of a teat drill are at right angles to the axis, and in the center

there is a small teat of pyramid shape which leads the drill and holds it in position. This
form is used for squaring the bottoms of holes made by ordinary twist drills or for drilling
the entire hole, especially if it is not very deep and a square bottom is required. For
instance, when drilling holes to form clearance spaces at the end of a keyseat, preparatory
to cutting it out by planing or chipping, the teat drill is commonly used.
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Table 1. ANSI Straight Shank Twist Drills — Jobbers Length through
17.5 mm, Taper Length through 12.7 mm, and Screw Machine
 Length through 25.4 mm Diameter  ANSI/ASME B94.11M-1993

Drill Diameter, Da Jobbers Length Taper Length Screw Machine Length

Frac-
tion

No. or
Ltr. mm

Equivalent Flute Overall Flute Overall Flute Overall

Decimal
In. mm

F L F L F L

Inch mm Inch mm Inch mm Inch mm Inch mm Inch mm

97 0.15 0.0059 0.150 1⁄16 1.6 3⁄4 19 … … … … … … … …

96 0.16 0.0063 0.160 1⁄16 1.6 3⁄4 19 … … … … … … … …

95 0.17 0.0067 0.170 1⁄16 1.6 3⁄4 19 … … … … … … … …

94 0.18 0.0071 0.180 1⁄16 1.6 3⁄4 19 … … … … … … … …

93 0.19 0.0075 0.190 1⁄16 1.6 3⁄4 19 … … … … … … … …

92 0.20 0.0079 0.200 1⁄16 1.6 3⁄4 19 … … … … … … … …

91 0.0083 0.211 5⁄64 2.0 3⁄4 19 … … … … … … … …

90 0.22 0.0087 0.221 5⁄64 2.0 3⁄4 19 … … … … … … … …

89 0.0091 0.231 5⁄64 2.0 3⁄4 19 … … … … … … … …

88 0.0095 0.241 5⁄64 2.0 3⁄4 19 … … … … … … … …

0.25 0.0098 0.250 5⁄64 2.0 3⁄4 19 … … … … … … … …

87 0.0100 0.254 5⁄64 2.0 3⁄4 19 … … … … … … … …

86 0.0105 0.267 3⁄32 2.4 3⁄4 19 … … … … … … … …

85 0.28 0.0110 0.280 3⁄32 2.4 3⁄4 19 … … … … … … … …

84 0.0115 0.292 3⁄32 2.4 3⁄4 19 … … … … … … … …

0.30 0.0118 0.300 3⁄32 2.4 3⁄4 19 … … … … … … … …

83 0.0120 0.305 3⁄32 2.4 3⁄4 19 … … … … … … … …

82 0.0125 0.318 3⁄32 2.4 3⁄4 19 … … … … … … … …

0.32 0.0126 0.320 3⁄32 2.4 3⁄4 19 … … … … … … … …

81 0.0130 0.330 3⁄32 2.4 3⁄4 19 … … … … … … … …

80 0.0135 0.343 1⁄8 3 3⁄4 19 … … … … … … … …

0.35 0.0138 0.350 1⁄8 3 3⁄4 19 … … … … … … … …

79 0.0145 0.368 1⁄8 3 3⁄4 19 … … … … … … … …

0.38 0.0150 0.380 3⁄16 5 3⁄4 19 … … … … … … … …
1⁄64 0.0156 0.396 3⁄16 5 3⁄4 19 … … … … … … … …

0.40 0.0157 0.400 3⁄16 5 3⁄4 19 … … … … … … … …

78 0.0160 0.406 3⁄16 5 7⁄8 22 … … … … … … … …

0.42 0.0165 0.420 3⁄16 5 7⁄8 22 … … … … … … … …

0.45 0.0177 0.450 3⁄16 5 7⁄8 22 … … … … … … … …

77 0.0180 0.457 3⁄16 5 7⁄8 22 … … … … … … … …

0.48 0.0189 0.480 3⁄16 5 7⁄8 22 … … … … … … … …

0.50 0.0197 0.500 3⁄16 5 7⁄8 22 … … … … … … … …

76 0.0200 0.508 3⁄16 5 7⁄8 22 … … … … … … … …

75 0.0210 0.533 1⁄4 6 1 25 … … … … … … … …

0.55 0.0217 0.550 1⁄4 6 1 25 … … … … … … … …

74 0.0225 0.572 1⁄4 6 1 25 … … … … … … … …

0.60 0.0236 0.600 5⁄16 8 11⁄8 29 … … … … … … … …
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73 0.0240 0.610 5⁄16 8 11⁄8 29 … … … … … … … …

72 0.0250 0.635 5⁄16 8 11⁄8 29 … … … … … … … …

0.65 0.0256 0.650 3⁄8 10 11⁄4 32 … … … … … … … …

71 0.0260 0.660 3⁄8 10 11⁄4 32 … … … … … … … …

0.70 0.0276 0.700 3⁄8 10 11⁄4 32 … … … … … … … …

70 0.0280 0.711 3⁄8 10 11⁄4 32 … … … … … … … …

69 0.0292 0.742 1⁄2 13 13⁄8 35 … … … … … … … …

0.75 0.0295 0.750 1⁄2 13 13⁄8 35 … … … … … … … …

68 0.0310 0.787 1⁄2 13 13⁄8 35 … … … … … … … …
1⁄32 0.0312 0.792 1⁄2 13 13⁄8 35 … … … … … … … …

0.80 0.0315 0.800 1⁄2 13 13⁄8 35 … … … … … … … …

67 0.0320 0.813 1⁄2 13 13⁄8 35 … … … … … … … …

66 0.0330 0.838 1⁄2 13 13⁄8 35 … … … … … … … …

0.85 0.0335 0.850 5⁄8 16 11⁄2 38 … … … … … … … …

65 0.0350 0.889 5⁄8 16 11⁄2 38 … … … … … … … …

0.90 0.0354 0.899 5⁄8 16 11⁄2 38 … … … … … … … …

64 0.0360 0.914 5⁄8 16 11⁄2 38 … … … … … … … …

63 0.0370 0.940 5⁄8 16 11⁄2 38 … … … … … … … …

0.95 0.0374 0.950 5⁄8 16 11⁄2 38 … … … … … … … …

62 0.0380 0.965 5⁄8 16 11⁄2 38 … … … … … … … …

61 0.0390 0.991 11⁄16 17 15⁄8 41 … … … … … … … …

1.00 0.0394 1.000 11⁄16 17 15⁄8 41 11⁄8 29 21⁄4 57 1⁄2 13 13⁄8 35

60 0.0400 1.016 11⁄16 17 15⁄8 41 11⁄8 29 21⁄4 57 1⁄2 13 13⁄8 35

59 0.0410 1.041 11⁄16 17 15⁄8 41 11⁄8 29 21⁄4 57 1⁄2 13 13⁄8 35

1.05 0.0413 1.050 11⁄16 17 15⁄8 41 11⁄8 29 21⁄4 57 1⁄2 13 13⁄8 35

58 0.0420 1.067 11⁄16 17 15⁄8 41 11⁄8 29 21⁄4 57 1⁄2 13 13⁄8 35

57 0.0430 1.092 3⁄4 19 13⁄4 44 11⁄8 29 21⁄4 57 1⁄2 13 13⁄8 35

1.10 0.0433 1.100 3⁄4 19 13⁄4 44 11⁄8 29 21⁄4 57 1⁄2 13 13⁄8 35

1.15 0.0453 1.150 3⁄4 19 13⁄4 44 11⁄8 29 21⁄4 57 1⁄2 13 13⁄8 35

56 0.0465 1.181 3⁄4 19 13⁄4 44 11⁄8 29 21⁄4 57 1⁄2 13 13⁄8 35
3⁄64 0.0469 1.191 3⁄4 19 13⁄4 44 11⁄8 29 21⁄4 57 1⁄2 13 13⁄8 35

1.20 0.0472 1.200 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41

1.25 0.0492 1.250 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41

1.30 0.0512 1.300 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41

55 0.0520 1.321 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41

1.35 0.0531 1.350 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41

54 0.0550 1.397 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41

1.40 0.0551 1.400 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41

1.45 0.0571 1.450 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41

1.50 0.0591 1.500 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41

53 0.0595 1.511 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41

1.55 0.0610 1.550 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41
1⁄16 0.0625 1.588 7⁄8 22 17⁄8 48 13⁄4 44 3 76 5⁄8 16 15⁄8 41

1.60 0.0630 1.600 7⁄8 22 17⁄8 48 2 51 33⁄4 95 11⁄16 17 111⁄16 43

52 0.0635 1.613 7⁄8 22 17⁄8 48 2 51 33⁄4 95 11⁄16 17 111⁄16 43

1.65 0.0650 1.650 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43

Table 1. (Continued) ANSI Straight Shank Twist Drills — Jobbers Length through
17.5 mm, Taper Length through 12.7 mm, and Screw Machine
 Length through 25.4 mm Diameter  ANSI/ASME B94.11M-1993

Drill Diameter, Da Jobbers Length Taper Length Screw Machine Length

Frac-
tion

No. or
Ltr. mm

Equivalent Flute Overall Flute Overall Flute Overall

Decimal
In. mm

F L F L F L

Inch mm Inch mm Inch mm Inch mm Inch mm Inch mm
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1.70 0.0669 1.700 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43

51 0.0670 1.702 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43

1.75 0.0689 1.750 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43

50 0.0700 1.778 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43

1.80 0.0709 1.800 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43

1.85 0.0728 1.850 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43

49 0.0730 1.854 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43

1.90 0.0748 1.900 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43

48 0.0760 1.930 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43

1.95 0.0768 1.950 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43
5⁄64 0.0781 1.984 1 25 2 51 2 51 33⁄4 95 11⁄16 17 111⁄16 43

47 0.0785 1.994 1 25 2 51 21⁄4 57 41⁄4 108 11⁄16 17 111⁄16 43

2.00 0.0787 2.000 1 25 2 51 21⁄4 57 41⁄4 108 11⁄16 17 111⁄16 43

2.05 0.0807 2.050 11⁄8 29 21⁄8 54 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

46 0.0810 2.057 11⁄8 29 21⁄8 54 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

45 0.0820 2.083 11⁄8 29 21⁄8 54 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

2.10 0.0827 2.100 11⁄8 29 21⁄8 54 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

2.15 0.0846 2.150 11⁄8 29 21⁄8 54 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

44 0.0860 2.184 11⁄8 29 21⁄8 54 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

2.20 0.0866 2.200 11⁄4 32 21⁄4 57 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

2.25 0.0886 2.250 11⁄4 32 21⁄4 57 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

43 0.0890 2.261 11⁄4 32 21⁄4 57 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

2.30 0.0906 2.300 11⁄4 32 21⁄4 57 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

2.35 0.0925 2.350 11⁄4 32 21⁄4 57 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

42 0.0935 2.375 11⁄4 32 21⁄4 57 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44
3⁄32 0.0938 2.383 11⁄4 32 21⁄4 57 21⁄4 57 41⁄4 108 3⁄4 19 13⁄4 44

2.40 0.0945 2.400 13⁄8 35 23⁄8 60 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46

41 0.0960 2.438 13⁄8 35 23⁄8 60 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46

2.46 0.0965 2.450 13⁄8 35 23⁄8 60 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46

40 0.0980 2.489 13⁄8 35 23⁄8 60 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46

2.50 0.0984 2.500 13⁄8 35 23⁄8 60 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46

39 0.0995 2.527 13⁄8 35 23⁄8 60 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46

38 0.1015 2.578 17⁄16 37 21⁄2 64 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46

2.60 0.1024 2.600 17⁄16 37 21⁄2 64 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46

37 0.1040 2.642 17⁄16 37 21⁄2 64 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46

2.70 0.1063 2.700 17⁄16 37 21⁄2 64 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46

36 0.1065 2.705 17⁄16 37 21⁄2 64 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46
7⁄64 0.1094 2.779 11⁄2 38 25⁄8 67 21⁄2 64 45⁄8 117 13⁄16 21 113⁄16 46

35 0.1100 2.794 11⁄2 38 25⁄8 67 23⁄4 70 51⁄8 130 7⁄8 22 17⁄8 48

2.80 0.1102 2.800 11⁄2 38 25⁄8 67 23⁄4 70 51⁄8 130 7⁄8 22 17⁄8 48

34 0.1110 2.819 11⁄2 38 25⁄8 67 23⁄4 70 51⁄8 130 7⁄8 22 17⁄8 48

33 0.1130 2.870 11⁄2 38 25⁄8 67 23⁄4 70 51⁄8 130 7⁄8 22 17⁄8 48

2.90 0.1142 2.900 15⁄8 41 23⁄4 70 23⁄4 70 51⁄8 130 7⁄8 22 17⁄8 48

32 0.1160 2.946 15⁄8 41 23⁄4 70 23⁄4 70 51⁄8 130 7⁄8 22 17⁄8 48

3.00 0.1181 3.000 15⁄8 41 23⁄4 70 23⁄4 70 51⁄8 130 7⁄8 22 17⁄8 48

31 0.1200 3.048 15⁄8 41 23⁄4 70 23⁄4 70 51⁄8 130 7⁄8 22 17⁄8 48
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3.10 0.1220 3.100 15⁄8 41 23⁄4 70 23⁄4 70 51⁄8 130 7⁄8 22 17⁄8 48
1⁄8 0.1250 3.175 15⁄8 41 23⁄4 70 23⁄4 70 51⁄8 130 7⁄8 22 17⁄8 48

3.20 0.1260 3.200 15⁄8 41 23⁄4 70 3 76 53⁄8 137 15⁄16 24 115⁄16 49

30 0.1285 3.264 15⁄8 41 23⁄4 70 3 76 53⁄8 137 15⁄16 24 115⁄16 49

3.30 0.1299 3.300 13⁄4 44 27⁄8 73 3 76 53⁄8 137 15⁄16 24 115⁄16 49

3.40 0.1339 3.400 13⁄4 44 27⁄8 73 3 76 53⁄8 137 15⁄16 24 115⁄16 49

29 0.1360 3.454 13⁄4 44 27⁄8 73 3 76 53⁄8 137 15⁄16 24 115⁄16 49

3.50 0.1378 3.500 13⁄4 44 27⁄8 73 3 76 53⁄8 137 15⁄16 24 115⁄16 49

28 0.1405 3.569 13⁄4 44 27⁄8 73 3 76 53⁄8 137 15⁄16 24 115⁄16 49
9⁄64 0.1406 3.571 13⁄4 44 27⁄8 73 3 76 53⁄8 137 15⁄16 24 115⁄16 49

3.60 0.1417 3.600 17⁄8 48 3 76 3 76 53⁄8 137 1 25 21⁄16 52

27 0.1440 3.658 17⁄8 48 3 76 3 76 53⁄8 137 1 25 21⁄16 52

3.70 0.1457 3.700 17⁄8 48 3 76 3 76 53⁄8 137 1 25 21⁄16 52

26 0.1470 3.734 17⁄8 48 3 76 3 76 53⁄8 137 1 25 21⁄16 52

25 0.1495 3.797 17⁄8 48 3 76 3 76 53⁄8 137 1 25 21⁄16 52

3.80 0.1496 3.800 17⁄8 48 3 76 3 76 53⁄8 137 1 25 21⁄16 52

24 0.1520 3.861 2 51 31⁄8 79 3 76 53⁄8 137 1 25 21⁄16 52

3.90 0.1535 3.900 2 51 31⁄8 79 3 76 53⁄8 137 1 25 21⁄16 52

23 0.1540 3.912 2 51 31⁄8 79 3 76 53⁄8 137 1 25 21⁄16 52
5⁄32 0.1562 3.967 2 51 31⁄8 79 3 76 53⁄8 137 1 25 21⁄16 52

22 0.1570 3.988 2 51 31⁄8 79 33⁄8 86 53⁄4 146 11⁄16 27 21⁄8 54

4.00 0.1575 4.000 21⁄8 54 31⁄4 83 33⁄8 86 53⁄4 146 11⁄16 27 21⁄8 54

21 0.1590 4.039 21⁄8 54 31⁄4 83 33⁄8 86 53⁄4 146 11⁄16 27 21⁄8 54

20 0.1610 4.089 21⁄8 54 31⁄4 83 33⁄8 86 53⁄4 146 11⁄16 27 21⁄8 54

4.10 0.1614 4.100 21⁄8 54 31⁄4 83 33⁄8 86 53⁄4 146 11⁄16 27 21⁄8 54

4.20 0.1654 4.200 21⁄8 54 31⁄4 83 33⁄8 86 53⁄4 146 11⁄16 27 21⁄8 54

19 0.1660 4.216 21⁄8 54 31⁄4 83 33⁄8 86 53⁄4 146 11⁄16 27 21⁄8 54

4.30 0.1693 4.300 21⁄8 54 31⁄4 83 33⁄8 86 53⁄4 146 11⁄16 27 21⁄8 54

18 0.1695 4.305 21⁄8 54 31⁄4 83 33⁄8 86 53⁄4 146 11⁄16 27 21⁄8 54
11⁄64 0.1719 4.366 21⁄8 54 31⁄4 83 33⁄8 86 53⁄4 146 11⁄16 27 21⁄8 54

17 0.1730 4.394 23⁄16 56 33⁄8 86 33⁄8 86 53⁄4 146 11⁄8 29 23⁄16 56

4.40 0.1732 4.400 23⁄16 56 33⁄8 86 33⁄8 86 53⁄4 146 11⁄8 29 23⁄16 56

16 0.1770 4.496 23⁄16 56 33⁄8 86 33⁄8 86 53⁄4 146 11⁄8 29 23⁄16 56

4.50 0.1772 4.500 23⁄16 56 33⁄8 86 33⁄8 86 53⁄4 146 11⁄8 29 23⁄16 56

15 0.1800 4.572 23⁄16 56 33⁄8 86 33⁄8 86 53⁄4 146 11⁄8 29 23⁄16 56

4.60 0.1811 4.600 23⁄16 56 33⁄8 86 33⁄8 86 53⁄4 146 11⁄8 29 23⁄16 56

14 0.1820 4.623 23⁄16 56 33⁄8 86 33⁄8 86 53⁄4 146 11⁄8 29 23⁄16 56

13 4.70 0.1850 4.700 25⁄16 59 31⁄2 89 33⁄8 86 53⁄4 146 11⁄8 29 23⁄16 56
3⁄16 0.1875 4.762 25⁄16 59 31⁄2 89 33⁄8 86 53⁄4 146 11⁄8 29 23⁄16 56

12 4.80 0.1890 4.800 25⁄16 59 31⁄2 89 35⁄8 92 6 152 13⁄16 30 21⁄4 57

11 0.1910 4.851 25⁄16 59 31⁄2 89 35⁄8 92 6 152 13⁄16 30 21⁄4 57

4.90 0.1929 4.900 27⁄16 62 35⁄8 92 35⁄8 92 6 152 13⁄16 30 21⁄4 57

10 0.1935 4.915 27⁄16 62 35⁄8 92 35⁄8 92 6 152 13⁄16 30 21⁄4 57

9 0.1960 4.978 27⁄16 62 35⁄8 92 35⁄8 92 6 152 13⁄16 30 21⁄4 57

5.00 0.1969 5.000 27⁄16 62 35⁄8 92 35⁄8 92 6 152 13⁄16 30 21⁄4 57

8 0.1990 5.054 27⁄16 62 35⁄8 92 35⁄8 92 6 152 13⁄16 30 21⁄4 57
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5.10 0.2008 5.100 27⁄16 62 35⁄8 92 35⁄8 92 6 152 13⁄16 30 21⁄4 57

7 0.2010 5.105 27⁄16 62 35⁄8 92 35⁄8 92 6 152 13⁄16 30 21⁄4 57
13⁄64 0.2031 5.159 27⁄16 62 35⁄8 92 35⁄8 92 6 152 13⁄16 30 21⁄4 57

6 0.2040 5.182 21⁄2 64 33⁄4 95 35⁄8 92 6 152 11⁄4 32 23⁄8 60

5.20 0.2047 5.200 21⁄2 64 33⁄4 95 35⁄8 92 6 152 11⁄4 32 23⁄8 60

5 0.2055 5.220 21⁄2 64 33⁄4 95 35⁄8 92 6 152 11⁄4 32 23⁄8 60

5.30 0.2087 5.300 21⁄2 64 33⁄4 95 35⁄8 92 6 152 11⁄4 32 23⁄8 60

4 0.2090 5.309 21⁄2 64 33⁄4 95 35⁄8 92 6 152 11⁄4 32 23⁄8 60

5.40 0.2126 5.400 21⁄2 64 33⁄4 95 35⁄8 92 6 152 11⁄4 32 23⁄8 60

3 0.2130 5.410 21⁄2 64 33⁄4 95 35⁄8 92 6 152 11⁄4 32 23⁄8 60

5.50 0.2165 5.500 21⁄2 64 33⁄4 95 35⁄8 92 6 152 11⁄4 32 23⁄8 60
7⁄32 0.2188 5.558 21⁄2 64 33⁄4 95 35⁄8 92 6 152 11⁄4 32 23⁄8 60

5.60 0.2205 5.600 25⁄8 67 37⁄8 98 33⁄4 95 61⁄8 156 15⁄16 33 27⁄16 62

2 0.2210 5.613 25⁄8 67 37⁄8 98 33⁄4 95 61⁄8 156 15⁄16 33 27⁄16 62

5.70 0.2244 5.700 25⁄8 67 37⁄8 98 33⁄4 95 61⁄8 156 15⁄16 33 27⁄16 62

1 0.2280 5.791 25⁄8 67 37⁄8 98 33⁄4 95 61⁄8 156 15⁄16 33 27⁄16 62

5.80 0.2283 5.800 25⁄8 67 37⁄8 98 33⁄4 95 61⁄8 156 15⁄16 33 27⁄16 62

5.90 0.2323 5.900 25⁄8 67 37⁄8 98 33⁄4 95 61⁄8 156 15⁄16 33 27⁄16 62

A 0.2340 5.944 25⁄8 67 37⁄8 98 … … … … 15⁄16 33 27⁄16 62
15⁄64 0.2344 5.954 25⁄8 67 37⁄8 98 33⁄4 95 61⁄8 156 15⁄16 33 27⁄16 62

6.00 0.2362 6.000 23⁄4 70 4 102 33⁄4 95 61⁄8 156 13⁄8 35 21⁄2 64

B 0.2380 6.045 23⁄4 70 4 102 … … … … 13⁄8 35 21⁄2 64

6.10 0.2402 6.100 23⁄4 70 4 102 33⁄4 95 61⁄8 156 13⁄8 35 21⁄2 64

C 0.2420 6.147 23⁄4 70 4 102 … … … … 13⁄8 35 21⁄2 64

6.20 0.2441 6.200 23⁄4 70 4 102 33⁄4 95 61⁄8 156 13⁄8 35 21⁄2 64

D 0.2460 6.248 23⁄4 70 4 102 … … … … 13⁄8 35 21⁄2 64

6.30 0.2480 6.300 23⁄4 70 4 102 33⁄4 95 61⁄8 156 13⁄8 35 21⁄2 64

E, 1⁄4 0.2500 6.350 23⁄4 70 4 102 33⁄4 95 61⁄8 156 13⁄8 35 21⁄2 64

6.40 0.2520 6.400 27⁄8 73 41⁄8 105 37⁄8 98 61⁄4 159 17⁄16 37 25⁄8 67

6.50 0.2559 6.500 27⁄8 73 41⁄8 105 37⁄8 98 61⁄4 159 17⁄16 37 25⁄8 67

F 0.2570 6.528 27⁄8 73 41⁄8 105 … … … … 17⁄16 37 25⁄8 67

6.60 0.2598 6.600 27⁄8 73 41⁄8 105 … … … … 17⁄16 37 25⁄8 67

G 0.2610 6.629 27⁄8 73 41⁄8 105 … … … … 17⁄16 37 25⁄8 67

6.70 0.2638 6.700 27⁄8 73 41⁄8 105 … … … … 17⁄16 37 25⁄8 67
17⁄64 0.2656 6.746 27⁄8 73 41⁄8 105 37⁄8 98 61⁄4 159 17⁄16 37 25⁄8 67

H 0.2660 6.756 27⁄8 73 41⁄8 105 … … … … 11⁄2 38 211⁄16 68

6.80 0.2677 6.800 27⁄8 73 41⁄8 105 37⁄8 98 61⁄4 159 11⁄2 38 211⁄16 68

6.90 0.2717 6.900 27⁄8 73 41⁄8 105 … … … … 11⁄2 38 211⁄16 68

I 0.2720 6.909 27⁄8 73 41⁄8 105 … … … … 11⁄2 38 211⁄16 68

7.00 0.2756 7.000 27⁄8 73 41⁄8 105 37⁄8 98 61⁄4 159 11⁄2 38 211⁄16 68

J 0.2770 7.036 27⁄8 73 41⁄8 105 … … … … 11⁄2 38 211⁄16 68

7.10 0.2795 7.100 215⁄16 75 41⁄4 108 … … … … 11⁄2 38 211⁄16 68

K 0.2810 7.137 215⁄16 75 41⁄4 108 … … … … 11⁄2 38 211⁄16 68
9⁄32 0.2812 7.142 215⁄16 75 41⁄4 108 37⁄8 98 61⁄4 159 11⁄2 38 211⁄16 68

7.20 0.2835 7.200 215⁄16 75 41⁄4 108 4 102 63⁄8 162 19⁄16 40 23⁄4 70

7.30 0.2874 7.300 215⁄16 75 41⁄4 108 … … … … 19⁄16 40 23⁄4 70
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L 0.2900 7.366 215⁄16 75 41⁄4 108 … … … … 19⁄16 40 23⁄4 70

7.40 0.2913 7.400 31⁄16 78 43⁄8 111 … … … … 19⁄16 40 23⁄4 70

M 0.2950 7.493 31⁄16 78 43⁄8 111 … … … … 19⁄16 40 23⁄4 70

7.50 0.2953 7.500 31⁄16 78 43⁄8 111 4 102 63⁄8 162 19⁄16 40 23⁄4 70
19⁄64 0.2969 7.541 31⁄16 78 43⁄8 111 4 102 63⁄8 162 19⁄16 40 23⁄4 70

7.60 0.2992 7.600 31⁄16 78 43⁄8 111 … … … … 15⁄8 41 213⁄16 71

N 0.3020 7.671 31⁄16 78 43⁄8 111 … … … … 15⁄8 41 213⁄16 71

7.70 0.3031 7.700 33⁄16 81 41⁄2 114 … … … … 15⁄8 41 213⁄16 71

7.80 0.3071 7.800 33⁄16 81 41⁄2 114 4 102 63⁄8 162 15⁄8 41 213⁄16 71

7.90 0.3110 7.900 33⁄16 81 41⁄2 114 … … … … 15⁄8 41 213⁄16 71
5⁄16 0.3125 7.938 33⁄16 81 41⁄2 114 4 102 63⁄8 162 15⁄8 41 213⁄16 71

8.00 0.3150 8.000 33⁄16 81 41⁄2 114 41⁄8 105 61⁄2 165 111⁄16 43 215⁄16 75

O 0.3160 8.026 33⁄16 81 41⁄2 114 … … … … 111⁄16 43 215⁄16 75

8.10 0.3189 8.100 35⁄16 84 45⁄8 117 … … … … 111⁄16 43 215⁄16 75

8.20 0.3228 8.200 35⁄16 84 45⁄8 117 41⁄8 105 61⁄2 165 111⁄16 43 215⁄16 75

P 0.3230 8.204 35⁄16 84 45⁄8 117 … … … … 111⁄16 43 215⁄16 75

8.30 0.3268 8.300 35⁄16 84 45⁄8 117 … … … … 111⁄16 43 215⁄16 75
21⁄64 0.3281 8.334 35⁄16 84 45⁄8 117 41⁄8 105 61⁄2 165 111⁄16 43 215⁄16 75

8.40 0.3307 8.400 37⁄16 87 43⁄4 121 … … … … 111⁄16 43 3 76

Q 0.3320 8.433 37⁄16 87 43⁄4 121 … … … … 111⁄16 43 3 76

8.50 0.3346 8.500 37⁄16 87 43⁄4 121 41⁄8 105 61⁄2 165 111⁄16 43 3 76

8.60 0.3386 8.600 37⁄16 87 43⁄4 121 … … … … 111⁄16 43 3 76

R 0.3390 8.611 37⁄16 87 43⁄4 121 … … … … 111⁄16 43 3 76

8.70 0.3425 8.700 37⁄16 87 43⁄4 121 … … … … 111⁄16 43 3 76
11⁄32 0.3438 8.733 37⁄16 87 43⁄4 121 41⁄8 105 61⁄2 165 111⁄16 43 3 76

8.80 0.3465 8.800 31⁄2 89 47⁄8 124 41⁄4 108 63⁄4 171 13⁄4 44 31⁄16 78

S 0.3480 8.839 31⁄2 89 47⁄8 124 … … … … 13⁄4 44 31⁄16 78

8.90 0.3504 8.900 31⁄2 89 47⁄8 124 … … … … 13⁄4 44 31⁄16 78

9.00 0.3543 9.000 31⁄2 89 47⁄8 124 41⁄4 108 63⁄4 171 13⁄4 44 31⁄16 78

T 0.3580 9.093 31⁄2 89 47⁄8 124 … … … … 13⁄4 44 31⁄16 78

9.10 0.3583 9.100 31⁄2 89 47⁄8 124 … … … … 13⁄4 44 31⁄16 78
23⁄64 0.3594 9.129 31⁄2 89 47⁄8 124 41⁄4 108 63⁄4 171 13⁄4 44 31⁄16 78

9.20 0.3622 9.200 35⁄8 92 5 127 41⁄4 108 63⁄4 171 113⁄16 46 31⁄8 79

9.30 0.3661 9.300 35⁄8 92 5 127 … … … … 113⁄16 46 31⁄8 79

U 0.3680 9.347 35⁄8 92 5 127 … … … … 113⁄16 46 31⁄8 79

9.40 0.3701 9.400 35⁄8 92 5 127 … … … … 113⁄16 46 31⁄8 79

9.50 0.3740 9.500 35⁄8 92 5 127 41⁄4 108 63⁄4 171 113⁄16 46 31⁄8 79
3⁄8 0.3750 9.525 35⁄8 92 5 127 41⁄4 108 63⁄4 171 113⁄16 46 31⁄8 79

V 0.3770 9.576 35⁄8 92 5 127 … … … … 17⁄8 48 31⁄4 83

9.60 0.3780 9.600 33⁄4 95 51⁄8 130 … … … … 17⁄8 48 31⁄4 83

9.70 0.3819 9.700 33⁄4 95 51⁄8 130 … … … … 17⁄8 48 31⁄4 83

9.80 0.3858 9.800 33⁄4 95 51⁄8 130 43⁄8 111 7 178 17⁄8 48 31⁄4 83

W 0.3860 9.804 33⁄4 95 51⁄8 130 … … … … 17⁄8 48 31⁄4 83

9.90 0.3898 9.900 33⁄4 95 51⁄8 130 … … … … 17⁄8 48 31⁄4 83
25⁄64 0.3906 9.921 33⁄4 95 51⁄8 130 43⁄8 111 7 178 17⁄8 48 31⁄4 83

10.00 0.3937 10.000 33⁄4 95 51⁄8 130 43⁄8 111 7 178 115⁄16 49 35⁄16 84
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X 0.3970 10.084 33⁄4 95 51⁄8 130 … … … … 115⁄16 49 35⁄16 84

10.20 0.4016 10.200 37⁄8 98 51⁄4 133 43⁄8 111 7 178 115⁄16 49 35⁄16 84

Y 0.4040 10.262 37⁄8 98 51⁄4 133 … … … … 115⁄16 49 35⁄16 84
13⁄32 0.4062 10.317 37⁄8 98 51⁄4 133 43⁄8 111 7 178 115⁄16 49 35⁄16 84

Z 0.4130 10.490 37⁄8 98 51⁄4 133 … … … … 2 51 33⁄8 86

10.50 0.4134 10.500 37⁄8 98 51⁄4 133 45⁄8 117 71⁄4 184 2 51 33⁄8 86
27⁄64 0.4219 10.716 315⁄16 100 53⁄8 137 45⁄8 117 71⁄4 184 2 51 33⁄8 86

10.80 0.4252 10.800 41⁄16 103 51⁄2 140 45⁄8 117 71⁄4 184 21⁄16 52 37⁄16 87

11.00 0.4331 11.000 41⁄16 103 51⁄2 140 45⁄8 117 71⁄4 184 21⁄16 52 37⁄16 87
7⁄16 0.4375 11.112 41⁄16 103 51⁄2 140 45⁄8 117 71⁄4 184 21⁄16 52 37⁄16 87

11.20 0.4409 11.200 43⁄16 106 55⁄8 143 43⁄4 121 71⁄2 190 21⁄8 54 39⁄16 90

11.50 0.4528 11.500 43⁄16 106 55⁄8 143 43⁄4 121 71⁄2 190 21⁄8 54 39⁄16 90
29⁄64 0.4531 11.509 43⁄16 106 55⁄8 143 43⁄4 121 71⁄2 190 21⁄8 54 39⁄16 90

11.80 0.4646 11.800 45⁄16 110 53⁄4 146 43⁄4 121 71⁄2 190 21⁄8 54 35⁄8 92
15⁄32 0.4688 11.908 45⁄16 110 53⁄4 146 43⁄4 121 71⁄2 190 21⁄8 54 35⁄8 92

12.00 0.4724 12.000 43⁄8 111 57⁄8 149 43⁄4 121 73⁄4 197 23⁄16 56 311⁄16 94

12.20 0.4803 12.200 43⁄8 111 57⁄8 149 43⁄4 121 73⁄4 197 23⁄16 56 311⁄16 94
31⁄64 0.4844 12.304 43⁄8 111 57⁄8 149 43⁄4 121 73⁄4 197 23⁄16 56 311⁄16 94

12.50 0.4921 12.500 41⁄2 114 6 152 43⁄4 121 73⁄4 197 21⁄4 57 33⁄4 95
1⁄2 0.5000 12.700 41⁄2 114 6 152 43⁄4 121 73⁄4 197 21⁄4 57 33⁄4 95

12.80 0.5039 12.800 41⁄2 114 6 152 … … … … 23⁄8 60 37⁄8 98

13.00 0.5118 13.000 41⁄2 114 6 152 … … … … 23⁄8 60 37⁄8 98
33⁄64 0.5156 13.096 413⁄16 122 65⁄8 168 … … … … 23⁄8 60 37⁄8 98

13.20 0.5197 13.200 413⁄16 122 65⁄8 168 … … … … 23⁄8 60 37⁄8 98
17⁄32 0.5312 13.492 413⁄16 122 65⁄8 168 … … … … 23⁄8 60 37⁄8 98

13.50 0.5315 13.500 413⁄16 122 65⁄8 168 … … … … 23⁄8 60 37⁄8 98

13.80 0.5433 13.800 413⁄16 122 65⁄8 168 … … … … 21⁄2 64 4 102
35⁄64 0.5469 13.891 413⁄16 122 65⁄8 168 … … … … 21⁄2 64 4 102

14.00 0.5512 14.000 413⁄16 122 65⁄8 168 … … … … 21⁄2 64 4 102

14.25 0.5610 14.250 413⁄16 122 65⁄8 168 … … … … 21⁄2 64 4 102
9⁄16 0.5625 14.288 413⁄16 122 65⁄8 168 … … … … 21⁄2 64 4 102

14.50 0.5709 14.500 413⁄16 122 65⁄8 168 … … … … 25⁄8 67 41⁄8 105
37⁄64 0.5781 14.684 413⁄16 122 65⁄8 168 … … … … 25⁄8 67 41⁄8 105

14.75 0.5807 14.750 53⁄16 132 71⁄8 181 … … … … 25⁄8 67 41⁄8 105

15.00 0.5906 15.000 53⁄16 132 71⁄8 181 … … … … 25⁄8 67 41⁄8 105
19⁄32 0.5938 15.083 53⁄16 132 71⁄8 181 … … … … 25⁄8 67 41⁄8 105

15.25 0.6004 15.250 53⁄16 132 71⁄8 181 … … … … 23⁄4 70 41⁄4 108
39⁄64 0.6094 15.479 53⁄16 132 71⁄8 181 … … … … 23⁄4 70 41⁄4 108

15.50 0.6102 15.500 53⁄16 132 71⁄8 181 … … … … 23⁄4 70 41⁄4 108

15.75 0.6201 15.750 53⁄16 132 71⁄8 181 … … … … 23⁄4 70 41⁄4 108
5⁄8 0.6250 15.875 53⁄16 132 71⁄8 181 … … … … 23⁄4 70 41⁄4 108

16.00 0.6299 16.000 53⁄16 132 71⁄8 181 … … … … 27⁄8 73 41⁄2 114

16.25 0.6398 16.250 53⁄16 132 71⁄8 181 … … … … 27⁄8 73 41⁄2 114
41⁄64 0.6406 16.271 53⁄16 132 71⁄8 181 … … … … 27⁄8 73 41⁄2 144

16.50 0.6496 16.500 53⁄16 132 71⁄8 181 … … … … 27⁄8 73 41⁄2 114
21⁄32 0.6562 16.669 53⁄16 132 71⁄8 181 … … … … 27⁄8 73 41⁄2 114
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16.75 0.6594 16.750 55⁄8 143 75⁄8 194 … … … … 27⁄8 73 41⁄2 114

17.00 0.6693 17.000 55⁄8 143 75⁄8 194 … … … … 27⁄8 73 41⁄2 114

43⁄64 0.6719 17.066 55⁄8 143 75⁄8 194 … … … … 27⁄8 73 41⁄2 114

17.25 0.6791 17.250 55⁄8 143 75⁄8 194 … … … … 27⁄8 73 41⁄2 114

11⁄16 0.6875 17.462 55⁄8 143 75⁄8 194 … … … … 27⁄8 73 41⁄2 114

17.50 0.6890 17.500 55⁄8 143 75⁄8 194 … … … … 3 76 43⁄4 121

45⁄64 0.7031 17.859 … … … … … … … … 3 76 43⁄4 121

18.00 0.7087 18.000 … … … … … … … … 3 76 43⁄4 121

23⁄32 0.7188 18.258 … … … … … … … … 3 76 43⁄4 121

18.50 0.7283 18.500 … … … … … … … … 31⁄8 79 5 127

47⁄64 0.7344 18.654 … … … … … … … … 31⁄8 79 5 127

19.00 0.7480 19.000 … … … … … … … … 31⁄8 79 5 127

3⁄4 0.7500 19.050 … … … … … … … … 31⁄8 79 5 127

49⁄64 0.7656 19.446 … … … … … … … … 31⁄4 83 51⁄8 130

19.50 0.7677 19.500 … … … … … … … … 31⁄4 83 51⁄8 130

25⁄32 0.7812 19.845 … … … … … … … … 31⁄4 83 51⁄8 130

20.00 0.7879 20.000 … … … … … … … … 33⁄8 86 51⁄4 133

51⁄64 0.7969 20.241 … … … … … … … … 33⁄8 86 51⁄4 133

20.50 0.8071 20.500 … … … … … … … … 33⁄8 86 51⁄4 133

13⁄16 0.8125 20.638 … … … … … … … … 33⁄8 86 51⁄4 133

21.00 0.8268 21.000 … … … … … … … … 31⁄2 89 53⁄8 137

53⁄64 0.8281 21.034 … … … … … … … … 31⁄2 89 53⁄8 137

27⁄32 0.8438 21.433 … … … … … … … … 31⁄2 89 53⁄8 137

21.50 0.8465 21.500 … … … … … … … … 31⁄2 89 53⁄8 137

55⁄64 0.8594 21.829 … … … … … … … … 31⁄2 89 53⁄8 137

22.00 0.8661 22.000 … … … … … … … … 31⁄2 89 53⁄8 137

7⁄8 0.8750 22.225 … … … … … … … … 31⁄2 89 53⁄8 137

22.50 0.8858 22.500 … … … … … … … … 35⁄8 92 55⁄8 143

57⁄64 0.8906 22.621 … … … … … … … … 35⁄8 92 55⁄8 143

23.00 0.9055 23.000 … … … … … … … … 35⁄8 92 55⁄8 143

29⁄32 0.9062 23.017 … … … … … … … … 35⁄8 92 55⁄8 143

59⁄64 0.9219 23.416 … … … … … … … … 33⁄4 95 53⁄4 146

23.50 0.9252 23.500 … … … … … … … … 33⁄4 95 53⁄4 146

15⁄16 0.9375 23.812 … … … … … … … … 33⁄4 95 53⁄4 146

24.00 0.9449 24.000 … … … … … … … … 37⁄8 98 57⁄8 149

61⁄64 0.9531 24.209 … … … … … … … … 37⁄8 98 57⁄8 149

24.50 0.9646 24.500 … … … … … … … … 37⁄8 98 57⁄8 149

31⁄32 0.9688 24.608 … … … … … … … … 37⁄8 98 57⁄8 149

25.00 0.9843 25.000 … … … … … … … … 4 102 6 152

63⁄64 0.9844 25.004 … … … … … … … … 4 102 6 152

1 1.0000 25.400 … … … … … … … … 4 102 6 152

a Fractional inch, number, letter, and metric sizes. 

Table 1. (Continued) ANSI Straight Shank Twist Drills — Jobbers Length through
17.5 mm, Taper Length through 12.7 mm, and Screw Machine
 Length through 25.4 mm Diameter  ANSI/ASME B94.11M-1993

Drill Diameter, Da Jobbers Length Taper Length Screw Machine Length

Frac-
tion

No. or
Ltr. mm

Equivalent Flute Overall Flute Overall Flute Overall

Decimal
In. mm

F L F L F L

Inch mm Inch mm Inch mm Inch mm Inch mm Inch mm
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Nominal Shank Size is Same as Nominal Drill Size

Table 2.  ANSI Straight Shank Twist Drills — Taper Length — Over 1⁄2 in. (12.7 mm) 

Dia., Fractional and Metric Sizes  ANSI/ASME B94.11M-1993

Diameter of Drill
Flute

Length
Overall
Length

Length of
Body

Minimum
Length of Shk.

Maximum
Length of Neck

D Decimal
Inch Equiv.

Millimeter
Equiv.

F L B S N

Frac. mm Inch mm Inch mm Inch mm Inch mm Inch mm

12.80 0.5039 12.800 43⁄4 121 8 203 47⁄8 124 25⁄8 66 1⁄2 13

13.00 0.5117 13.000 43⁄4 121 8 203 47⁄8 124 25⁄8 66 1⁄2 13
33⁄64 0.5156 13.096 43⁄4 121 8 203 47⁄8 124 25⁄8 66 1⁄2 13

13.20 0.5197 13.200 43⁄4 121 8 203 47⁄8 124 25⁄8 66 1⁄2 13
17⁄32 0.5312 13.492 43⁄4 121 8 203 47⁄8 124 25⁄8 66 1⁄2 13

13.50 0.5315 13.500 43⁄4 121 8 203 47⁄8 124 25⁄8 66 1⁄2 13

13.80 0.5433 13.800 47⁄8 124 81⁄4 210 5 127 23⁄4 70 1⁄2 13
35⁄64 0.5419 13.891 47⁄8 124 81⁄4 210 5 127 23⁄4 70 1⁄2 13

14.00 0.5512 14.000 47⁄8 124 81⁄4 210 5 127 23⁄4 70 1⁄2 13

14.25 0.5610 14.250 47⁄8 124 81⁄4 210 5 127 23⁄4 70 1⁄2 13
9⁄16 0.5625 14.288 47⁄8 124 81⁄4 210 5 127 23⁄4 70 1⁄2 13

14.50 0.5709 14.500 47⁄8 124 83⁄4 222 5 127 31⁄8 79 5⁄8 16
37⁄64 0.5781 14.684 47⁄8 124 83⁄4 222 5 127 31⁄8 79 5⁄8 16

14.75 0.5807 14.750 47⁄8 124 83⁄4 222 5 127 31⁄8 79 5⁄8 16

15.00 0.5906 15.000 47⁄8 124 83⁄4 222 5 127 31⁄8 79 5⁄8 16
19⁄32 0.5938 15.083 47⁄8 124 83⁄4 222 5 127 31⁄8 79 5⁄8 16

15.25 0.6004 15.250 47⁄8 124 83⁄4 222 5 127 31⁄8 79 5⁄8 16
39⁄64 0.6094 15.479 47⁄8 124 83⁄4 222 5 127 31⁄8 79 5⁄8 16

15.50 0.6102 15.500 47⁄8 124 83⁄4 222 5 127 31⁄8 79 5⁄8 16

15.75 0.6201 15.750 47⁄8 124 83⁄4 222 5 127 31⁄8 79 5⁄8 16
5⁄8 0.6250 15.875 47⁄8 124 83⁄4 222 5 127 31⁄8 79 5⁄8 16

16.00 0.6299 16.000 51⁄8 130 9 228 51⁄4 133 31⁄8 79 5⁄8 16

16.25 0.6398 16.250 51⁄8 130 9 228 51⁄4 133 31⁄8 79 5⁄8 16
41⁄64 0.6406 16.271 51⁄8 130 9 228 51⁄4 133 31⁄8 79 5⁄8 16

16.50 0.6496 16.500 51⁄8 130 9 228 51⁄4 133 31⁄8 79 5⁄8 16
21⁄32 0.6562 16.667 51⁄8 130 9 228 51⁄4 133 31⁄8 79 5⁄8 16

16.75 0.6594 16.750 53⁄8 137 91⁄4 235 51⁄2 140 31⁄8 79 5⁄8 16

17.00 0.6693 17.000 53⁄8 137 91⁄4 235 51⁄2 140 31⁄8 79 5⁄8 16
43⁄64 0.6719 17.066 53⁄8 137 91⁄4 235 51⁄2 140 31⁄8 79 5⁄8 16

17.25 0.6791 17.250 53⁄8 137 91⁄4 235 51⁄2 140 31⁄8 79 5⁄8 16
11⁄16 0.6875 17.462 53⁄8 137 91⁄4 235 51⁄2 140 31⁄8 79 5⁄8 16

17.50 0.6890 17.500 55⁄8 143 91⁄2 241 53⁄4 146 31⁄8 79 5⁄8 16
45⁄64 0.7031 17.859 55⁄8 143 91⁄2 241 53⁄4 146 31⁄8 79 5⁄8 16

18.00 0.7087 18.000 55⁄8 143 91⁄2 241 53⁄4 146 31⁄8 79 5⁄8 16
23⁄32 0.7188 18.258 55⁄8 143 91⁄2 241 53⁄4 146 31⁄8 79 5⁄8 16

18.50 0.7283 18.500 57⁄8 149 93⁄4 247 6 152 31⁄8 79 5⁄8 16
47⁄64 0.7344 18.654 57⁄8 149 93⁄4 247 6 152 31⁄8 79 5⁄8 16

19.00 0.7480 19.000 57⁄8 149 93⁄4 247 6 152 31⁄8 79 5⁄8 16
3⁄4 0.7500 19.050 57⁄8 149 93⁄4 247 6 152 31⁄8 79 5⁄8 16

49⁄64 0.7656 19.446 6 152 97⁄8 251 61⁄8 156 31⁄8 79 5⁄8 16

19.50 0.7677 19.500 6 152 97⁄8 251 61⁄8 156 31⁄8 79 5⁄8 16
25⁄32 0.7812 19.842 6 152 97⁄8 251 61⁄8 156 31⁄8 79 5⁄8 16
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20.00 0.7874 20.000 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16
51⁄64 0.7969 20.241 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16

20.50 0.8071 20.500 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16
13⁄16 0.8125 20.638 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16

21.00 0.8268 21.000 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16
53⁄64 0.8281 21.034 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16
27⁄32 0.8438 21.433 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16

21.50 0.8465 21.500 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16
55⁄64 0.8594 21.829 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16

22.00 0.8661 22.000 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16
7⁄8 0.8750 22.225 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16

22.50 0.8858 22.500 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16
57⁄64 0.8906 22.621 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16

23.00 0.9055 23.000 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16
29⁄32 0.9062 23.017 61⁄8 156 10 254 61⁄4 159 31⁄8 79 5⁄8 16
59⁄64 0.9219 23.416 61⁄8 156 103⁄4 273 61⁄4 159 37⁄8 98 5⁄8 16

23.50 0.9252 23.500 61⁄8 156 103⁄4 273 61⁄4 159 37⁄8 98 5⁄8 16
15⁄16 0.9375 23.812 61⁄8 156 103⁄4 273 61⁄4 159 37⁄8 98 5⁄8 16

24.00 0.9449 24.000 63⁄8 162 11 279 61⁄2 165 37⁄8 98 5⁄8 16
61⁄64 0.9531 24.209 63⁄8 162 11 279 61⁄2 165 37⁄8 98 5⁄8 16

24.50 0.9646 24.500 63⁄8 162 11 279 61⁄2 165 37⁄8 98 5⁄8 16
31⁄32 0.9688 24.608 63⁄8 162 11 279 61⁄2 165 37⁄8 98 5⁄8 16

25.00 0.9843 25.000 63⁄8 162 11 279 61⁄2 165 37⁄8 98 5⁄8 16
63⁄64 0.9844 25.004 63⁄8 162 11 279 61⁄2 165 37⁄8 98 5⁄8 16

1 1.0000 25.400 63⁄8 162 11 279 61⁄2 165 37⁄8 98 5⁄8 16

25.50 1.0039 25.500 61⁄2 165 111⁄8 282 65⁄8 168 37⁄8 98 5⁄8 16

11⁄64 1.0156 25.796 61⁄2 165 111⁄8 282 65⁄8 168 37⁄8 98 5⁄8 16

26.00 1.0236 26.000 61⁄2 165 111⁄8 282 65⁄8 168 37⁄8 98 5⁄8 16

11⁄32 1.0312 26.192 61⁄2 165 111⁄8 282 65⁄8 168 37⁄8 98 5⁄8 16

26.50 1.0433 26.560 65⁄8 168 111⁄4 286 63⁄4 172 37⁄8 98 5⁄8 16

13⁄64 1.0469 26.591 65⁄8 168 111⁄4 286 63⁄4 172 37⁄8 98 5⁄8 16

11⁄16 1.0625 26.988 65⁄8 168 111⁄4 286 63⁄4 172 37⁄8 98 5⁄8 16

27.00 1.0630 27.000 65⁄8 168 111⁄4 286 63⁄4 172 37⁄8 98 5⁄8 16

15⁄64 1.0781 27.384 67⁄8 175 111⁄2 292 7 178 37⁄8 98 5⁄8 16

27.50 1.0827 27.500 67⁄8 175 111⁄2 292 7 178 37⁄8 98 5⁄8 16

13⁄32 1.0938 27.783 67⁄8 175 111⁄2 292 7 178 37⁄8 98 5⁄8 16

28.00 1.1024 28.000 71⁄8 181 113⁄4 298 71⁄4 184 37⁄8 98 5⁄8 16

17⁄64 1.1094 28.179 71⁄8 181 113⁄4 298 71⁄4 184 37⁄8 98 5⁄8 16

28.50 1.1220 28.500 71⁄8 181 113⁄4 298 71⁄4 184 37⁄8 98 5⁄8 16

11⁄8 1.1250 28.575 71⁄8 181 113⁄4 298 71⁄4 184 37⁄8 98 5⁄8 16

19⁄64 1.1406 28.971 71⁄4 184 117⁄8 301 73⁄8 187 37⁄8 98 5⁄8 16

29.00 1.1417 29.000 71⁄4 184 117⁄8 301 73⁄8 187 37⁄8 98 5⁄8 16

15⁄32 1.1562 29.367 71⁄4 184 117⁄8 301 73⁄8 187 37⁄8 98 5⁄8 16

29.50 1.1614 29.500 73⁄8 187 12 305 71⁄2 191 37⁄8 98 5⁄8 16

111⁄64 1.1719 29.766 73⁄8 187 12 305 71⁄2 191 37⁄8 98 5⁄8 16

30.00 1.1811 30.000 73⁄8 187 12 305 71⁄2 191 37⁄8 98 5⁄8 16

13⁄16 1.1875 30.162 73⁄8 187 12 305 71⁄2 191 37⁄8 98 5⁄8 16

30.50 1.2008 30.500 71⁄2 190 121⁄8 308 75⁄8 194 37⁄8 98 5⁄8 16

113⁄64 1.2031 30.559 71⁄2 190 121⁄8 308 75⁄8 194 37⁄8 98 5⁄8 16

17⁄32 1.2188 30.958 71⁄2 190 121⁄8 308 75⁄8 194 37⁄8 98 5⁄8 16

31.00 1.2205 31.000 77⁄8 200 121⁄2 317 8 203 37⁄8 98 5⁄8 16

115⁄64 1.2344 31.354 77⁄8 200 121⁄2 317 8 203 37⁄8 98 5⁄8 16

31.50 1.2402 31.500 77⁄8 200 121⁄2 317 8 203 37⁄8 98 5⁄8 16

Table 2. (Continued)  ANSI Straight Shank Twist Drills — Taper Length — Over 1⁄2 in. 

(12.7 mm) Dia., Fractional and Metric Sizes  ANSI/ASME B94.11M-1993

Diameter of Drill
Flute

Length
Overall
Length

Length of
Body

Minimum
Length of Shk.

Maximum
Length of Neck

D Decimal
Inch Equiv.

Millimeter
Equiv.

F L B S N

Frac. mm Inch mm Inch mm Inch mm Inch mm Inch mm
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To fit split sleeve collet type drill drivers. See page 890.

11⁄4 1.2500 31.750 77⁄8 200 121⁄2 317 8 203 37⁄8 98 5⁄8 16

32.00 1.2598 32.000 81⁄2 216 141⁄8 359 85⁄8 219 47⁄8 124 5⁄8 16

32.50 1.2795 32.500 81⁄2 216 141⁄8 359 85⁄8 219 47⁄8 124 5⁄8 16

19⁄32 1.2812 32.542 81⁄2 216 141⁄8 359 85⁄8 219 47⁄8 124 5⁄8 16

33.00 1.2992 33.000 85⁄8 219 141⁄4 362 83⁄4 222 47⁄8 124 5⁄8 16

15⁄16 1.3125 33.338 85⁄8 219 141⁄4 362 83⁄4 222 47⁄8 124 5⁄8 16

33.50 1.3189 33.500 83⁄4 222 143⁄8 365 87⁄8 225 47⁄8 124 5⁄8 16

34.00 1.3386 34.000 83⁄4 222 143⁄8 365 87⁄8 225 47⁄8 124 5⁄8 16

111⁄32 1.3438 34.133 83⁄4 222 143⁄8 365 87⁄8 225 47⁄8 124 5⁄8 16

34.50 1.3583 34.500 87⁄8 225 141⁄2 368 9 229 47⁄8 124 5⁄8 16

13⁄8 1.3750 34.925 87⁄8 225 141⁄2 368 9 229 47⁄8 124 5⁄8 16

35.00 1.3780 35.000 9 229 145⁄8 372 91⁄8 232 47⁄8 124 5⁄8 16

35.50 1.3976 35.500 9 229 145⁄8 372 91⁄8 232 47⁄8 124 5⁄8 16

113⁄32 1.4062 35.717 9 229 145⁄8 372 91⁄8 232 47⁄8 124 5⁄8 16

36.00 1.4173 36.000 91⁄8 232 143⁄4 375 91⁄4 235 47⁄8 124 5⁄8 16

36.50 1.4370 36.500 91⁄8 232 143⁄4 375 91⁄4 235 47⁄8 124 5⁄8 16

17⁄16 1.4375 36.512 91⁄8 232 143⁄4 375 91⁄4 235 47⁄8 124 5⁄8 16

37.00 1.4567 37.000 91⁄4 235 147⁄8 378 93⁄8 238 47⁄8 124 5⁄8 16

115⁄32 1.4688 37.308 91⁄4 235 147⁄8 378 93⁄8 238 47⁄8 124 5⁄8 16

37.50 1.4764 37.500 93⁄8 238 15 381 91⁄2 241 47⁄8 124 5⁄8 16

38.00 1.4961 38.000 93⁄8 238 15 381 91⁄2 241 47⁄8 124 5⁄8 16

11⁄2 1.5000 38.100 93⁄8 238 15 381 91⁄2 241 47⁄8 124 5⁄8 16

19⁄16 1.5625 39.688 95⁄8 244 151⁄4 387 93⁄4 247 47⁄8 124 5⁄8 16

15⁄8 1.6250 41.275 97⁄8 251 155⁄8 397 10 254 47⁄8 124 3⁄4 19

13⁄4 1.7500 44.450 101⁄2 267 161⁄4 413 105⁄8 270 47⁄8 124 3⁄4 19

Table 3. American National Standard Tangs for Straight Shank Drills
 ANSI/ASME B94.11M-1993

Nominal Diameter of Drill Shank, A Thickness of Tang, J Length of Tang, K

Inches Millimeters

Inches Millimeters

Inches
Milli-
metersMax. Min. Max. Min.

1⁄8 thru 3⁄16 3.18 thru 4.76 0.094 0.090 2.39 2.29 9⁄32 7.0

over 3⁄16 thru 1⁄4 over 4.76 thru 6.35 0.122 0.118 3.10 3.00 5⁄16 8.0

over 1⁄4 thru 5⁄16 over 6.35 thru 7.94 0.162 0.158 4.11 4.01 11⁄32 8.5

over 5⁄16 thru 3⁄8 over 7.94 thru 9.53 0.203 0.199 5.16 5.06 3⁄8 9.5

over 3⁄8 thru 15⁄32 over 9.53 thru 11.91 0.243 0.239 6.17 6.07 7⁄16 11.0

over 15⁄32 thru 9⁄16 over 11.91 thru 14.29 0.303 0.297 7.70 7.55 1⁄2 12.5

over 9⁄16 thru 21⁄32 over 14.29 thru 16.67 0.373 0.367 9.47 9.32 9⁄16 14.5

over 21⁄32 thru 3⁄4 over 16.67 thru 19.05 0.443 0.437 11.25 11.10 5⁄8 16.0

over 3⁄4 thru 7⁄8 over 19.05 thru 22.23 0.514 0.508 13.05 12.90 11⁄16 17.5

over 7⁄8 thru 1 over 22.23 thru 25.40 0.609 0.601 15.47 15.27 3⁄4 19.0

over 1 thru 13⁄16 over 25.40 thru 30.16 0.700 0.692 17.78 17.58 13⁄16 20.5

over 13⁄16 thru 13⁄8 over 30.16 thru 34.93 0.817 0.809 20.75 20.55 7⁄8 22.0

Table 2. (Continued)  ANSI Straight Shank Twist Drills — Taper Length — Over 1⁄2 in. 

(12.7 mm) Dia., Fractional and Metric Sizes  ANSI/ASME B94.11M-1993

Diameter of Drill
Flute

Length
Overall
Length

Length of
Body

Minimum
Length of Shk.

Maximum
Length of Neck

D Decimal
Inch Equiv.

Millimeter
Equiv.

F L B S N

Frac. mm Inch mm Inch mm Inch mm Inch mm Inch mm
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Table 4. American National Standard Straight Shank Twist Drills — Screw Machine 
Length — Over 1 in. (25.4 mm) Dia.  ANSI/ASME B94.11M-1993

Diameter of Drill
Flute

Length
Overall
Length Shank Diameter

D Decimal
Inch

Equivalent
Millimeter
Equivalent

F L A

Frac. mm Inch mm Inch mm Inch mm

25.50 1.0039 25.500 4 102 6 152 0.9843 25.00

26.00 1.0236 26.000 4 102 6 152 0.9843 25.00

11⁄16 1.0625 26.988 4 102 6 152 1.0000 25.40

28.00 1.1024 28.000 4 102 6 152 0.9843 25.00

11⁄8 1.1250 28.575 4 102 6 152 1.0000 25.40

30.00 1.1811 30.000 41⁄4 108 65⁄8 168 0.9843 25.00

13⁄16 1.1875 30.162 41⁄4 108 65⁄8 168 1.0000 25.40

11⁄4 1.2500 31.750 43⁄8 111 63⁄4 171 1.0000 25.40

32.00 1.2598 32.000 43⁄8 111 7 178 1.2402 31.50

15⁄16 1.3125 33.338 43⁄8 111 7 178 1.2500 31.75

34.00 1.3386 34.000 41⁄2 114 71⁄8 181 1.2402 31.50

13⁄8 1.3750 34.925 41⁄2 114 71⁄8 181 1.2500 31.75

36.00 1.4173 36.000 43⁄4 121 73⁄8 187 1.2402 31.50

17⁄16 1.4375 36.512 43⁄4 121 73⁄8 187 1.2500 31.75

38.00 1.4961 38.000 47⁄8 124 71⁄2 190 1.2402 31.50

11⁄2 1.5000 38.100 47⁄8 124 71⁄2 190 1.2500 31.75

19⁄16 1.5625 39.688 47⁄8 124 73⁄4 197 1.5000 38.10

40.00 1.5748 40.000 47⁄8 124 73⁄4 197 1.4961 38.00

15⁄8 1.6250 41.275 47⁄8 124 73⁄4 197 1.5000 38.10

42.00 1.6535 42.000 51⁄8 130 8 203 1.4961 38.00

111⁄16 1.6875 42.862 51⁄8 130 8 203 1.5000 38.10

44.00 1.7323 44.000 51⁄8 130 8 203 1.4961 38.00

13⁄4 1.7500 44.450 51⁄8 130 8 203 1.5000 38.10

46.00 1.8110 46.000 53⁄8 137 81⁄4 210 1.4961 38.00

113⁄16 1.8125 46.038 53⁄8 137 81⁄4 210 1.5000 38.10

17⁄8 1.8750 47.625 53⁄8 137 81⁄4 210 1.5000 38.10

48.00 1.8898 48.000 55⁄8 143 81⁄2 216 1.4961 38.00

115⁄16 1.9375 49.212 55⁄8 143 81⁄2 216 1.5000 38.10

50.00 1.9685 50.000 55⁄8 143 81⁄2 216 1.4961 38.00

2 2.0000 50.800 55⁄8 143 81⁄2 216 1.5000 38.10
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Table 5.  American National Taper Shank Twist Drills 
Fractional and Metric Sizes  ANSI/ASME B94.11M-1993

Drill Diameter, D Regular Shank Larger or Smaller Shanka

Frac-
tion mm

Equivalent Morse
Taper
No.

Flute Length Overall Length Morse
Taper
No.

Flute Length Overall Length

Decimal
Inch mm

F L F L

Inch mm Inch mm Inch mm Inch mm

3.00 0.1181 3.000 1 17⁄8 48 51⁄8 130 … … … … …
1⁄8 0.1250 3.175 1 17⁄8 48 51⁄8 130 … … … … …

3.20 0.1260 3.200 1 21⁄8 54 53⁄8 137 … … … … …

3.50 0.1378 3.500 1 21⁄8 54 53⁄8 137 … … … … …
9⁄64 0.1406 3.571 1 21⁄8 54 53⁄8 137 … … … … …

3.80 0.1496 3.800 1 21⁄8 54 53⁄8 137 … … … … …
5⁄32 0.1562 3.967 1 21⁄8 54 53⁄8 137 … … … … …

4.00 0.1575 4.000 1 21⁄2 64 53⁄4 146 … … … … …

4.20 0.1654 4.200 1 21⁄2 64 53⁄4 146 … … … … …
11⁄64 0.1719 4.366 1 21⁄2 64 53⁄4 146 … … … … …

4.50 0.1772 4.500 1 21⁄2 64 53⁄4 146 … … … … …
3⁄16 0.1875 4.762 1 21⁄2 64 53⁄4 146 … … … … …

4.80 0.1890 4.800 1 23⁄4 70 6 152 … … … … …

5.00 0.1969 5.000 1 23⁄4 70 6 152 … … … … …
13⁄64 0.2031 5.159 1 23⁄4 70 6 152 … … … … …

5.20 0.2047 5.200 1 23⁄4 70 6 152 … … … … …

5.50 0.2165 5.500 1 23⁄4 70 6 152 … … … … …
7⁄32 0.2183 5.558 1 23⁄4 70 6 152 … … … … …

5.80 0.2223 5.800 1 27⁄8 73 61⁄8 156 … … … … …
15⁄64 0.2344 5.954 1 27⁄8 73 61⁄8 156 … … … … …

6.00 0.2362 6.000 1 27⁄8 73 61⁄8 156 … … … … …

6.20 0.2441 6.200 1 27⁄8 73 61⁄8 156 … … … … …
1⁄4 0.2500 6.350 1 27⁄8 73 61⁄8 156 … … … … …

6.50 0.2559 6.500 1 3 76 61⁄4 159 … … … … …
17⁄64 0.2656 6.746 1 3 76 61⁄4 159 … … … … …

6.80 0.2677 6.800 1 3 76 61⁄4 159 … … … … …

7.00 0.2756 7.000 1 3 76 61⁄4 159 … … … … …
9⁄32 0.2812 7.142 1 3 76 61⁄4 159 … … … … …

7.20 0.2835 7.200 1 31⁄8 79 63⁄8 162 … … … … …

7.50 0.2953 7.500 1 31⁄8 79 63⁄8 162 … … … … …
19⁄64 0.2969 7.541 1 31⁄8 79 63⁄8 162 … … … … …

7.80 0.3071 7.800 1 31⁄8 79 63⁄8 162 … … … … …
5⁄16 0.3125 7.938 1 31⁄8 79 63⁄8 162 … … … … …

8.00 0.3150 8.000 1 31⁄4 83 61⁄2 165 … … … … …

8.20 0.3228 8.200 1 31⁄4 83 61⁄2 165 … … … … …
21⁄64 0.3281 8.334 1 31⁄4 83 61⁄2 165 … … … … …

8.50 0.3346 8.500 1 31⁄4 83 61⁄2 165 … … … … …
11⁄32 0.3438 8.733 1 31⁄4 83 61⁄2 165 … … … … …

8.80 0.3465 8.800 1 31⁄2 89 63⁄4 171 … … … … …

9.00 0.3543 9.000 1 31⁄2 89 63⁄4 171 … … … … …
23⁄64 0.3594 9.129 1 31⁄2 89 63⁄4 171 … … … … …

9.20 0.3622 9.200 1 31⁄2 89 63⁄4 171 … … … … …

9.50 0.3740 9.500 1 31⁄2 89 63⁄4 171 … … … … …
3⁄8 0.3750 9.525 1 31⁄2 89 63⁄4 171 2 31⁄2 89 73⁄8 187

9.80 0.3858 9.800 1 35⁄8 92 7 178 … … … … …
25⁄64 0.3906 9.921 1 35⁄8 92 7 178 2 35⁄8 92 71⁄2 190

10.00 0.3937 10.000 1 35⁄8 92 7 178 … … … … …
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10.20 0.4016 10.200 1 35⁄8 92 7 178 … … … … …
13⁄32 0.4062 10.320 1 35⁄8 92 7 178 2 35⁄8 92 71⁄2 190

10.50 0.4134 10.500 1 37⁄8 98 71⁄4 184 … … … … …
27⁄64 0.4219 10.716 1 37⁄8 98 71⁄4 184 2 37⁄8 98 73⁄4 197

10.80 0.4252 10.800 1 37⁄8 98 71⁄4 184 … … … … …

11.00 0.4331 11.000 1 37⁄8 98 71⁄4 184 … … … … …
7⁄16 0.4375 11.112 1 37⁄8 98 71⁄4 184 2 37⁄8 98 73⁄4 197

11.20 0.4409 11.200 1 41⁄8 105 71⁄2 190 … … … … …

11.50 0.4528 11.500 1 41⁄8 105 71⁄2 190 … … … … …
29⁄64 0.4531 11.509 1 41⁄8 105 71⁄2 190 2 41⁄8 105 8 203

11.80 0.4646 11.800 1 41⁄8 105 71⁄2 190 … … … … …
15⁄32 0.4688 11.906 1 41⁄8 105 71⁄2 190 2 41⁄8 105 8 203

12.00 0.4724 12.000 2 43⁄8 111 81⁄4 210 1 43⁄8 111 73⁄4 197

12.20 0.4803 12.200 2 43⁄8 111 81⁄4 210 1 43⁄8 111 73⁄4 197
31⁄64 0.4844 12.304 2 43⁄8 111 81⁄4 210 1 43⁄8 111 73⁄4 197

12.50 0.4921 12.500 2 43⁄8 111 81⁄4 210 1 43⁄8 111 73⁄4 197
1⁄2 0.5000 12.700 2 43⁄8 111 81⁄4 210 1 43⁄8 111 73⁄4 197

12.80 0.5034 12.800 2 45⁄8 117 81⁄2 216 1 45⁄8 117 8 203

13.00 0.5118 13.000 2 45⁄8 117 81⁄2 216 1 45⁄8 117 8 203
33⁄64 0.5156 13.096 2 45⁄8 117 81⁄2 216 1 45⁄8 117 8 203

13.20 0.5197 13.200 2 45⁄8 117 81⁄2 216 1 45⁄8 117 8 203
17⁄32 0.5312 13.492 2 45⁄8 117 81⁄2 216 1 45⁄8 117 8 203

13.50 0.5315 13.500 2 45⁄8 117 81⁄2 216 1 45⁄8 117 8 203

13.80 0.5433 13.800 2 47⁄8 124 83⁄4 222 1 47⁄8 124 81⁄4 210
35⁄64 0.5469 13.891 2 47⁄8 124 83⁄4 222 1 47⁄8 124 81⁄4 210

14.00 0.5572 14.000 2 47⁄8 124 83⁄4 222 1 47⁄8 124 81⁄4 210

14.25 0.5610 14.250 2 47⁄8 124 83⁄4 222 1 47⁄8 124 81⁄4 210
9⁄16 0.5625 14.288 2 47⁄8 124 83⁄4 222 1 47⁄8 124 81⁄4 210

14.50 0.5709 14.500 2 47⁄8 124 83⁄4 222 … … … … …
37⁄64 0.5781 14.684 2 47⁄8 124 83⁄4 222 … … … … …

14.75 0.5807 14.750 2 47⁄8 124 83⁄4 222 … … … … …

15.00 0.5906 15.000 2 47⁄8 124 83⁄4 222 … … … … …
19⁄32 0.5938 15.083 2 47⁄8 124 83⁄4 222 … … … … …

15.25 0.6004 15.250 2 47⁄8 124 83⁄4 222 … … … … …
39⁄64 0.6094 15.479 2 47⁄8 124 83⁄4 222 … … … … …

15.50 0.6102 15.500 2 47⁄8 124 83⁄4 222 … … … … …

15.75 0.6201 15.750 2 47⁄8 124 83⁄4 222 … … … … …
5⁄8 0.6250 15.875 2 47⁄8 124 83⁄4 222 … … … … …

16.00 0.6299 16.000 2 51⁄8 130 9 229 … … … … …

16.25 0.6398 16.250 2 51⁄8 130 9 229 … … … … …
41⁄64 0.6406 16.271 2 51⁄8 130 9 229 3 51⁄8 130 93⁄4 248

16.50 0.6496 16.500 2 51⁄8 130 9 229 … … … … …
21⁄32 0.6562 16.667 2 51⁄8 130 9 229 3 51⁄8 130 93⁄4 248

16.75 0.6594 16.750 2 53⁄8 137 91⁄4 235 … … … … …

17.00 0.6693 17.000 2 53⁄8 137 91⁄4 235 … … … … …
43⁄64 0.6719 17.066 2 53⁄8 137 91⁄4 235 3 53⁄8 137 10 254

17.25 0.6791 17.250 2 53⁄8 137 91⁄4 235 … … … … …
11⁄16 0.6875 17.462 2 53⁄8 137 91⁄4 235 3 53⁄8 137 10 254

17.50 0.6880 17.500 2 55⁄8 143 91⁄2 241 … … … … …
45⁄64 0.7031 17.859 2 55⁄8 143 91⁄2 241 3 55⁄8 143 101⁄4 260

18.00 0.7087 18.000 2 55⁄8 143 91⁄2 241 … … … … …
23⁄32 0.7188 18.258 2 55⁄8 143 91⁄2 241 3 55⁄8 143 101⁄4 260

18.50 0.7283 18.500 2 57⁄8 149 93⁄4 248 … … … … …
47⁄64 0.7344 18.654 2 57⁄8 149 93⁄4 248 3 57⁄8 149 101⁄2 267
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19.00 0.7480 19.000 2 57⁄8 149 93⁄4 248 … … … … …
3⁄4 0.7500 19.050 2 57⁄8 149 93⁄4 248 3 57⁄8 149 101⁄2 267

49⁄64 0.7656 19.446 2 6 152 97⁄8 251 3 6 152 105⁄8 270

19.50 0.7677 19.500 2 6 152 97⁄8 251 … … … … …
25⁄32 0.7812 19.843 2 6 152 97⁄8 251 3 6 152 105⁄8 270

20.00 0.7821 20.000 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254
51⁄64 0.7969 20.241 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254

20.50 0.8071 20.500 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254
13⁄16 0.8125 20.638 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254

21.00 0.8268 21.000 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254
53⁄64 0.8281 21.034 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254
27⁄32 0.8438 21.433 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254

21.50 0.8465 21.500 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254
55⁄64 0.8594 21.829 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254

22.00 0.8661 22.000 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254
7⁄8 0.8750 22.225 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254

22.50 0.8858 22.500 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254
57⁄64 0.8906 22.621 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254

23.00 0.9055 23.000 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254
29⁄32 0.9062 23.017 3 61⁄8 156 103⁄4 273 2 61⁄8 156 10 254
59⁄64 0.9219 23.416 3 61⁄8 156 103⁄4 273 … … … … …

23.50 0.9252 23.500 3 61⁄8 156 103⁄4 273 … … … … …
15⁄16 0.9375 23.813 3 61⁄8 156 103⁄4 273 … … … … …

24.00 0.9449 24.000 3 63⁄8 162 11 279 … … … … …
61⁄64 0.9531 24.209 3 63⁄8 162 11 279 … … … … …

24.50 0.9646 24.500 3 63⁄8 162 11 279 … … … … …
31⁄32 0.9688 24.608 3 63⁄8 162 11 279 … … … … …

25.00 0.9843 25.000 3 63⁄8 162 11 279 … … … … …
63⁄64 0.9844 25.004 3 63⁄8 162 11 279 … … … … …

1 1.0000 25.400 3 63⁄8 162 11 279 4 63⁄8 162 12 305

25.50 1.0039 25.500 3 61⁄2 165 111⁄8 283 … … … … …

11⁄64 1.0156 25.796 3 61⁄2 165 111⁄8 283 … … … … …

26.00 1.0236 26.000 3 61⁄2 165 111⁄8 283 … … … … …

11⁄32 1.0312 26.192 3 61⁄2 165 111⁄8 283 4 61⁄2 165 121⁄8 308

26.50 1.0433 26.500 3 65⁄8 168 111⁄4 286 … … … … …

13⁄64 1.0469 26.591 3 65⁄8 168 111⁄4 286 … … … … …

11⁄16 1.0625 26.988 3 65⁄8 168 111⁄4 286 4 65⁄8 168 121⁄4 311

27.00 1.0630 27.000 3 65⁄8 168 111⁄4 286 … … … … …

15⁄64 1.0781 27.384 4 67⁄8 175 121⁄2 318 3 67⁄8 175 111⁄2 292

27.50 1.0827 27.500 4 67⁄8 175 121⁄2 318 3 67⁄8 175 111⁄2 292

13⁄32 1.0938 27.783 4 67⁄8 175 121⁄2 318 3 67⁄8 175 111⁄2 292

28.00 1.1024 28.000 4 71⁄8 181 123⁄4 324 3 71⁄8 181 113⁄4 298

17⁄64 1.1094 28.179 4 71⁄8 181 123⁄4 324 3 71⁄8 181 113⁄4 298

28.50 1.1220 28.500 4 71⁄8 181 123⁄4 324 3 71⁄8 181 113⁄4 298

11⁄8 1.1250 28.575 4 71⁄8 181 123⁄4 324 3 71⁄8 181 113⁄4 298

19⁄64 1.1406 28.971 4 71⁄4 184 127⁄8 327 3 71⁄4 184 117⁄8 302

29.00 1.1417 29.000 4 71⁄4 184 127⁄8 327 3 71⁄4 184 117⁄8 302

15⁄32 1.1562 29.367 4 71⁄4 184 127⁄8 327 3 71⁄4 184 117⁄8 302

29.50 1.1614 29.500 4 73⁄8 187 13 330 3 73⁄8 187 12 305

111⁄64 1.1719 29.797 4 73⁄8 187 13 330 3 73⁄8 187 12 305

30.00 1.1811 30.000 4 73⁄8 187 13 330 3 73⁄8 187 12 305

13⁄16 1.1875 30.162 4 73⁄8 187 13 330 3 73⁄8 187 12 305

30.50 1.2008 30.500 4 71⁄2 190 131⁄8 333 3 71⁄2 190 121⁄8 308

113⁄64 1.2031 30.559 4 71⁄2 190 131⁄8 333 3 71⁄2 190 121⁄8 308
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17⁄32 1.2188 30.958 4 71⁄2 190 131⁄8 333 3 71⁄2 190 121⁄8 308
31.00 1.2205 31.000 4 77⁄8 200 131⁄2 343 3 77⁄8 200 121⁄2 318

115⁄64 1.2344 31.354 4 77⁄8 200 131⁄2 343 3 77⁄8 200 121⁄2 318

31.50 1.2402 31.500 4 77⁄8 200 131⁄2 343 3 77⁄8 200 121⁄2 318

11⁄4 1.2500 31.750 4 77⁄8 200 131⁄2 343 3 77⁄8 200 121⁄2 318

32.00 1.2598 32.000 4 81⁄2 216 141⁄8 359 … … … … …

117⁄64 1.2656 32.146 4 81⁄2 216 141⁄8 359 … … … … …

32.50 1.2795 32.500 4 81⁄2 216 141⁄8 359 … … … … …

19⁄32 1.2812 32.542 4 81⁄2 216 141⁄8 359 … … … … …

119⁄64 1.2969 32.941 4 85⁄8 219 141⁄4 362 … … … … …

33.00 1.2992 33.000 4 85⁄8 219 141⁄4 362 … … … … …

15⁄16 1.3125 33.338 4 85⁄8 219 141⁄4 362 … … … … …

33.50 1.3189 33.500 4 83⁄4 222 143⁄8 365 … … … … …

121⁄64 1.3281 33.734 4 83⁄4 222 143⁄8 365 … … … … …

34.00 1.3386 34.000 4 83⁄4 222 143⁄8 365 … … … … …

111⁄32 1.3438 34.133 4 83⁄4 222 143⁄8 365 … … … … …

34.50 1.3583 34.500 4 87⁄8 225 141⁄2 368 … … … … …

123⁄64 1.3594 34.529 4 87⁄8 225 141⁄2 368 … … … … …

13⁄8 1.3750 34.925 4 87⁄8 225 141⁄2 368 … … … … …

35.00 1.3780 35.000 4 9 229 145⁄8 371 … … … … …

125⁄64 1.3906 35.321 4 9 229 145⁄8 371 … … … … …

35.50 1.3976 35.500 4 9 229 145⁄8 371 … … … … …

113⁄32 1.4062 35.717 4 9 229 145⁄8 371 … … … … …

36.00 1.4173 36.000 4 91⁄8 232 143⁄4 375 … … … … …

127⁄64 1.4219 36.116 4 91⁄8 232 143⁄4 375 … … … … …

36.50 1.4370 36.500 4 91⁄8 232 143⁄4 375 … … … … …

17⁄16 1.4375 36.512 4 91⁄8 232 143⁄4 375 … … … … …

129⁄64 1.4531 36.909 4 91⁄4 235 147⁄8 378 … … … … …

37.00 1.4567 37.000 4 91⁄4 235 147⁄8 378 … … … … …

115⁄32 1.4688 37.308 4 91⁄4 235 147⁄8 378 … … … … …

37.50 1.4764 37.500 4 93⁄8 238 15 381 … … … … …

131⁄64 1.4844 37.704 4 93⁄8 238 15 381 … … … … …

38.00 1.4961 38.000 4 93⁄8 238 15 381 … … … … …

11⁄2 1.5000 38.100 4 93⁄8 238 15 381 … … … … …

133⁄64 1.5156 38.496 … … … … … 4 93⁄4 238 15 381

117⁄32 1.5312 38.892 5 93⁄8 238 163⁄8 416 4 93⁄8 238 15 381

39.00 1.5354 39.000 5 95⁄8 244 165⁄8 422 4 95⁄8 244 151⁄4 387

135⁄64 1.5469 39.291 … … … … … 4 95⁄8 244 151⁄4 387

19⁄16 1.5625 39.688 5 95⁄8 244 165⁄8 422 4 95⁄8 244 151⁄4 387

40.00 1.5748 40.000 5 97⁄8 251 167⁄8 429 4 97⁄8 251 151⁄2 394

137⁄64 1.5781 40.084 … … … … … 4 97⁄8 251 151⁄2 394

119⁄32 1.5938 40.483 5 97⁄8 251 167⁄8 429 4 97⁄8 251 151⁄2 394

139⁄64 1.6094 40.879 … … … … … 4 10 254 155⁄8 397

41.00 1.6142 41.000 5 10 254 17 432 4 10 254 155⁄8 397

15⁄8 1.6250 41.275 5 10 254 17 432 4 10 254 155⁄8 397

141⁄64 1.6406 41.671 … … … … … 4 101⁄8 257 153⁄4 400

42.00 1.6535 42.000 5 101⁄8 257 171⁄8 435 4 101⁄8 257 153⁄4 400

121⁄32 1.6562 42.067 5 101⁄8 257 171⁄8 435 4 101⁄8 257 153⁄4 400

143⁄64 1.6719 42.466 … … … … … 4 101⁄8 257 153⁄4 400

111⁄16 1.6875 42.862 5 101⁄8 257 171⁄8 435 4 101⁄8 257 153⁄4 400

43.00 1.6929 43.000 5 101⁄8 257 171⁄8 435 4 101⁄8 257 153⁄4 400

145⁄64 1.7031 43.259 … … … … … 4 101⁄8 257 153⁄4 400

123⁄32 1.7188 43.658 5 101⁄8 257 171⁄8 435 4 101⁄8 257 153⁄4 400

44.00 1.7323 44.000 5 101⁄8 257 171⁄8 435 4 103⁄8 264 161⁄4 413
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147⁄64 1.7344 44.054 … … … … … 4 103⁄8 264 161⁄4 413
13⁄4 1.7500 44.450 5 101⁄8 257 171⁄8 435 4 103⁄4 264 161⁄4 413

45.00 1.7717 45.000 5 101⁄8 257 171⁄8 435 4 103⁄8 264 161⁄4 413

125⁄32 1.7812 45.242 5 101⁄8 257 171⁄8 435 4 103⁄8 264 161⁄4 413

46.00 1.8110 46.000 5 101⁄8 257 171⁄8 435 4 103⁄8 264 161⁄4 413

113⁄16 1.8125 46.038 5 101⁄8 257 171⁄8 435 4 103⁄8 264 161⁄4 413

127⁄32 1.8438 46.833 5 101⁄8 257 171⁄8 435 4 103⁄8 264 161⁄4 413

47.00 1.8504 47.000 5 103⁄8 264 173⁄8 441 4 101⁄2 267 161⁄2 419

17⁄8 1.8750 47.625 5 103⁄8 264 173⁄8 441 4 101⁄2 267 161⁄2 419

48.00 1.8898 48.000 5 103⁄8 264 173⁄8 441 4 101⁄2 267 161⁄2 419

129⁄32 1.9062 48.417 5 103⁄8 264 173⁄8 441 4 101⁄2 267 161⁄2 419

49.00 1.9291 49.000 5 103⁄8 264 173⁄8 441 4 105⁄8 270 165⁄8 422

115⁄16 1.9375 49.212 5 103⁄8 264 173⁄8 441 4 105⁄8 270 165⁄8 422

50.00 1.9625 50.000 5 103⁄8 264 173⁄8 441 4 105⁄8 270 165⁄8 422

131⁄32 1.9688 50.008 5 103⁄8 264 173⁄8 441 4 105⁄8 270 165⁄8 422

2 2.0000 50.800 5 103⁄8 264 173⁄8 441 4 105⁄8 270 165⁄8 422

51.00 2.0079 51.000 5 103⁄8 264 173⁄8 441 … … … … …

21⁄32 2.0312 51.592 5 103⁄8 264 173⁄8 441 … … … … …

52.00 2.0472 52.000 5 101⁄4 260 173⁄8 441 … … … … …

21⁄16 2.0625 52.388 5 101⁄4 260 173⁄8 441 … … … … …

53.00 2.0866 53.000 5 101⁄4 260 173⁄8 441 … … … … …

23⁄32 2.0938 53.183 5 101⁄4 260 173⁄8 441 … … … … …

21⁄8 2.1250 53.975 5 101⁄4 260 173⁄8 441 … … … … …

54.00 2.1260 54.000 5 101⁄4 260 173⁄8 441 … … … … …

25⁄32 2.1562 54.767 5 101⁄4 260 173⁄8 441 … … … … …

55.00 2.1654 55.000 5 101⁄4 260 173⁄8 441 … … … … …

23⁄16 2.1875 55.563 5 101⁄4 260 173⁄4 441 … … … … …

56.00 2.2000 56.000 5 101⁄8 257 173⁄8 441 … … … … …

27⁄32 2.2188 56.358 5 101⁄8 257 173⁄8 441 … … … … …

57.00 2.2441 57.000 5 101⁄8 257 173⁄8 441 … … … … …

21⁄4 2.2500 57.150 5 101⁄8 257 173⁄8 441 … … … … …

58.00 2.2835 58.000 5 101⁄8 257 173⁄8 441 … … … … …

25⁄16 2.3125 58.738 5 101⁄8 257 173⁄8 441 … … … … …

59.00 2.3228 59.000 5 101⁄8 257 173⁄8 441 … … … … …

60.00 2.3622 60.000 5 101⁄8 257 173⁄8 441 … … … … …

23⁄8 2.3750 60.325 5 101⁄8 257 173⁄8 441 … … … … …

61.00 2.4016 61.000 5 111⁄4 286 183⁄4 476 … … … … …

27⁄16 2.4375 61.912 5 111⁄4 286 183⁄4 476 … … … … …

62.00 2.4409 62.000 5 111⁄4 286 183⁄4 476 … … … … …

63.00 2.4803 63.000 5 111⁄4 286 183⁄4 476 … … … … …

21⁄2 2.5000 63.500 5 111⁄4 286 183⁄4 476 … … … … …

64.00 2.5197 64.000 5 117⁄8 302 191⁄2 495 … … … … …

65.00 2.5591 65.000 5 117⁄8 302 191⁄2 495 … … … … …

29⁄16 2.5625 65.088 5 117⁄8 302 191⁄2 495 … … … … …

66.00 2.5984 66.000 5 117⁄8 302 191⁄2 495 … … … … …

25⁄8 2.6250 66.675 5 117⁄8 302 191⁄2 495 … … … … …

67.00 2.6378 67.000 5 123⁄4 324 203⁄8 518 … … … … …

68.00 2.6772 68.000 5 123⁄4 324 203⁄8 518 … … … … …

211⁄16 2.6875 68.262 5 123⁄4 324 203⁄8 518 … … … … …

69.00 2.7165 69.000 5 123⁄4 324 203⁄8 518 … … … … …

23⁄4 2.7500 69.850 5 123⁄4 324 203⁄8 518 … … … … …

70.00 2.7559 70.000 5 133⁄8 340 211⁄8 537 … … … … …

71.00 2.7953 71.000 5 133⁄8 340 211⁄8 537 … … … … …

213⁄16 2.8125 71.438 5 133⁄8 340 211⁄8 537 … … … … …
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Table 6. American National Standard Combined Drills and Countersinks — 
Plain and Bell Types  ANSI/ASME B94.11M-1993

72.00 2.8346 72.000 5 133⁄8 340 211⁄8 537 … … … … …

73.00 2.8740 73.000 5 133⁄8 340 211⁄8 537 … … … … …

27⁄8 2.8750 73.025 5 133⁄8 340 211⁄8 537 … … … … …

74.00 2.9134 74.000 5 14 356 213⁄4 552 … … … … …

215⁄16 2.9375 74.612 5 14 356 213⁄4 552 … … … … …

75.00 2.9528 75.000 5 14 356 213⁄4 552 … … … … …

76.00 2.9921 76.000 5 14 356 213⁄4 552 … … … … …

3 3.0000 76.200 5 14 356 213⁄4 552 … … … … …

77.00 3.0315 77.000 6 145⁄8 371 241⁄2 622 5 141⁄4 362 22 559

78.00 3.0709 78.000 6 145⁄8 371 241⁄2 622 5 141⁄4 362 22 559

31⁄8 3.1250 79.375 6 145⁄8 371 241⁄2 622 5 141⁄4 362 22 559

31⁄4 3.2500 82.550 6 151⁄2 394 251⁄2 648 5 151⁄4 387 23 584

31⁄2 3.5000 88.900 … … … … … 5 161⁄4 413 24 610

a Larger or smaller than regular shank. 

PLAIN TYPE
BELL TYPE

Plain Type

Size
Designation

Body Diameter Drill Diameter Drill Length Overall Length
A D C L

Inches Millimeters Inches Millimeters Inches Millimeters Inches Millimeters

00 1⁄8 3.18 .025 0.64 .030 0.76 11⁄8 29

0 1⁄8 3.18 1⁄32 0.79 .038 0.97 11⁄8 29

1 1⁄8 3.18 3⁄64 1.19 3⁄64 1.19 11⁄4 32

2 3⁄16 4.76 5⁄64 1.98 5⁄64 1.98 17⁄8 48

3 1⁄4 6.35 7⁄64 2.78 7⁄64 2.78 2 51

4 5⁄16 7.94 1⁄8 3.18 1⁄8 3.18 21⁄8 54

5 7⁄16 11.11 3⁄16 4.76 3⁄16 4.76 23⁄4 70

6 1⁄2 12.70 7⁄32 5.56 7⁄32 5.56 3 76

7 5⁄8 15.88 1⁄4 6.35 1⁄4 6.35 31⁄4 83

8 3⁄4 19.05 5⁄16 7.94 5⁄16 7.94 31⁄2 89

Bell Type

Size
Designation

Body Diameter Drill Diameter Bell Diameter Drill Length Overall Length

A D E C L

Inches mm Inches mm Inches mm Inches mm Inches mm

11 1⁄8 3.18 3⁄64 1.19 0.10 2.5 3⁄64 1.19 11⁄4 32

12 3⁄16 4.76 1⁄16 1.59 0.15 3.8 1⁄16 1.59 17⁄8 48

13 1⁄4 6.35 3⁄32 2.38 0.20 5.1 3⁄32 2.38 2 51

14 5⁄16 7.94 7⁄64 2.78 0.25 6.4 7⁄64 2.78 21⁄8 54

15 7⁄16 11.11 5⁄32 3.97 0.35 8.9 5⁄32 3.97 23⁄4 70

16 1⁄2 12.70 3⁄16 4.76 0.40 10.2 3⁄16 4.76 3 76

17 5⁄8 15.88 7⁄32 5.56 0.50 12.7 7⁄32 5.56 31⁄4 83

18 3⁄4 19.05 1⁄4 6.35 0.60 15.2 1⁄4 6.35 31⁄2 89
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Table 7. American National Standard Three- and Four-Flute Taper Shank
 Core Drills — Fractional Sizes Only  ANSI/ASME B94.11M-1993

Drill Diameter, D Three-Flute Drills Four-Flute Drills

Inch

Equivalent Morse
Taper No.

Flute Length Overall Length Morse
Taper No.

Flute Length Overall Length

Decimal
Inch mm

F L F L

A Inch mm Inch mm A Inch mm Inch mm
1⁄4 0.2500 6.350 1 27⁄8 73 61⁄8 156 … … … … …
9⁄32 0.2812 7.142 1 3 76 61⁄4 159 … … … … …
5⁄16 0.3175 7.938 1 31⁄8 79 63⁄8 162 … … … … …
11⁄32 0.3438 8.733 1 31⁄4 83 61⁄2 165 … … … … …
3⁄8 0.3750 9.525 1 31⁄2 89 63⁄4 171 … … … … …
13⁄32 0.4062 10.319 1 35⁄8 92 7 178 … … … … …
7⁄16 0.4375 11.112 1 37⁄8 98 71⁄4 184 … … … … …
15⁄32 0.4688 11.908 1 41⁄8 105 71⁄2 190 … … … … …
1⁄2 0.5000 12.700 2 43⁄8 111 81⁄4 210 2 43⁄8 111 81⁄4 210
17⁄32 0.5312 13.492 2 45⁄8 117 81⁄2 216 2 45⁄8 117 81⁄2 216
9⁄16 0.5625 14.288 2 47⁄8 124 83⁄4 222 2 47⁄8 124 83⁄4 222
19⁄32 0.5938 15.083 2 47⁄8 124 83⁄4 222 2 47⁄8 124 83⁄4 222
5⁄8 0.6250 15.815 2 47⁄8 124 83⁄4 222 2 47⁄8 124 83⁄4 222
21⁄32 0.6562 16.668 2 51⁄8 130 9 229 2 51⁄8 130 9 229
11⁄16 0.6875 17.462 2 53⁄8 137 91⁄4 235 2 53⁄8 137 91⁄4 235
23⁄32 0.7188 18.258 2 55⁄8 143 91⁄2 241 2 55⁄8 143 91⁄2 241
3⁄4 0.7500 19.050 2 57⁄8 149 93⁄4 248 2 57⁄8 149 93⁄4 248
25⁄32 0.7812 19.842 2 6 152 97⁄8 251 2 6 152 97⁄8 251
13⁄16 0.8125 20.638 3 61⁄8 156 103⁄4 273 3 61⁄8 156 103⁄4 273
27⁄32 0.8438 21.433 3 61⁄8 156 103⁄4 273 3 61⁄8 156 103⁄4 273
7⁄8 0.8750 22.225 3 61⁄8 156 103⁄4 273 3 61⁄8 156 103⁄4 273
29⁄32 0.9062 23.019 3 61⁄8 156 103⁄4 273 3 61⁄8 156 103⁄4 273
15⁄16 0.9375 23.812 3 61⁄8 156 103⁄4 273 3 61⁄8 156 103⁄4 273
31⁄32 0.9688 24.608 3 63⁄8 162 11 279 3 63⁄8 162 11 279

1 1.0000 25.400 3 63⁄8 162 11 279 3 63⁄8 162 11 279

11⁄32 1.0312 26.192 3 61⁄2 165 111⁄8 283 3 61⁄2 165 111⁄8 283

11⁄16 1.0625 26.988 3 65⁄8 168 111⁄4 286 3 65⁄8 168 111⁄4 286

13⁄32 1.0938 27.783 4 67⁄8 175 121⁄2 318 4 67⁄8 175 121⁄2 318

11⁄8 1.1250 28.575 4 71⁄8 181 123⁄4 324 4 71⁄8 181 123⁄4 324

15⁄32 1.1562 29.367 4 71⁄4 184 127⁄8 327 4 71⁄4 184 127⁄8 327

13⁄16 1.1875 30.162 4 73⁄8 187 13 330 4 73⁄8 187 13 330

17⁄32 1.2188 30.958 4 71⁄2 190 131⁄8 333 4 71⁄2 190 131⁄8 333

11⁄4 1.2500 31.750 4 77⁄8 200 131⁄2 343 4 77⁄8 200 131⁄2 343

19⁄32 1.2812 32.542 … … … … … 4 81⁄2 216 141⁄8 359



TWIST DRILLS 887

Table 8. American National Standard Drill Drivers — Split-Sleeve, Collet Type 
 ANSI B94.35-1972 (R2010)

All dimensions are in inches.

15⁄16 1.3125 33.338 … … … … … 4 85⁄8 219 141⁄4 362

111⁄32 1.3438 34.133 … … … … … 4 83⁄4 222 143⁄8 365

13⁄8 1.3750 34.925 … … … … … 4 87⁄8 225 141⁄2 368

113⁄32 1.4062 35.717 … … … … … 4 9 229 145⁄8 371

17⁄16 1.4375 36.512 … … … … … 4 91⁄8 232 143⁄4 375

115⁄32 1.4688 37.306 … … … … … 4 91⁄4 235 147⁄8 378

11⁄2 1.5000 38.100 … … … … … 4 93⁄8 238 15 381

117⁄32 1.5312 38.892 … … … … … 5 93⁄8 238 163⁄8 416

19⁄16 1.5675 39.688 … … … … … 5 95⁄8 244 165⁄8 422

119⁄32 1.5938 40.483 … … … … … 5 97⁄8 251 167⁄8 429

15⁄8 1.6250 41.275 … … … … … 5 10 254 17 432

121⁄32 1.6562 42.067 … … … … … 5 101⁄8 257 171⁄8 435

111⁄16 1.6875 42.862 … … … … … 5 101⁄8 257 171⁄8 435

123⁄32 1.7188 43.658 … … … … … 5 101⁄8 257 171⁄8 435

13⁄4 1.7500 44.450 … … … … … 5 101⁄8 257 171⁄8 435

125⁄32 1.7812 45.244 … … … … … 5 101⁄8 257 171⁄8 435

113⁄16 1.8125 46.038 … … … … … 5 101⁄8 257 171⁄8 435

127⁄32 1.8438 46.833 … … … … … 5 101⁄8 257 171⁄8 435

17⁄8 1.8750 47.625 … … … … … 5 103⁄8 264 173⁄8 441

129⁄32 1.9062 48.417 … … … … … 5 103⁄8 264 173⁄8 441

115⁄16 1.9375 49.212 … … … … … 5 103⁄8 264 173⁄8 441

131⁄32 1.9688 50.008 … … … … … 5 103⁄8 264 173⁄8 441

2 2.0000 50.800 … … … … … 5 103⁄8 264 173⁄8 441

21⁄8 2.1250 53.975 … … … … … 5 101⁄4 260 173⁄8 441

21⁄4 2.2500 57.150 … … … … … 5 101⁄8 257 173⁄8 441

23⁄8 2.3750 60.325 … … … … … 5 101⁄8 257 173⁄8 441

21⁄2 2.5000 63.500 … … … … … 5 111⁄4 286 183⁄4 476

Taper Number
G

Overall Length
H Diameter
at Gage Line

J

Taper per Foota

a Taper rate in accordance with ANSI/ASME B5.10-1994 (R2008), Machine Tapers. 

K Length
 to Gage Line

L Driver
Projection

0b

b Size 0 is not an American National Standard but is included here to meet special needs. 

2.38 0.356 0.62460 2.22 0.16

1 2.62 0.475 0.59858 2.44 0.19

2 3.19 0.700 0.59941 2.94 0.25

Table 7. American National Standard Three- and Four-Flute Taper Shank
 Core Drills — Fractional Sizes Only  ANSI/ASME B94.11M-1993

Drill Diameter, D Three-Flute Drills Four-Flute Drills

Inch

Equivalent Morse
Taper No.

Flute Length Overall Length Morse
Taper No.

Flute Length Overall Length

Decimal
Inch mm

F L F L

A Inch mm Inch mm A Inch mm Inch mm
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Table 9. ANSI Three- and Four-Flute Straight Shank 
Core Drills — Fractional Sizes Only  ANSI/ASME B94.11M-1993

Drill Diameter, D Three-Flute Drills Four-Flute Drills

Inch

Equivalent Flute Length Overall Length Flute Length Overall Length

Decimal
Inch mm

F L F L

Inch mm Inch mm Inch mm Inch mm
1⁄4 0.2500 6.350 33⁄4 95 61⁄8 156 … … … …
9⁄32 0.2812 7.142 37⁄8 98 61⁄4 159 … … … …
5⁄16 0.3125 7.938 4 102 63⁄8 162 … … … …
11⁄32 0.3438 8.733 41⁄8 105 61⁄2 165 … … … …
3⁄8 0.3750 9.525 41⁄8 105 63⁄4 171 … … … …
13⁄32 0.4062 10.317 43⁄8 111 7 178 … … … …
7⁄16 0.4375 11.112 45⁄8 117 71⁄4 184 … … … …
15⁄32 0.4688 11.908 43⁄4 121 71⁄2 190 … … … …
1⁄2 0.5000 12.700 43⁄4 121 73⁄4 197 43⁄4 121 73⁄4 197
17⁄32 0.5312 13.492 43⁄4 121 8 203 43⁄4 121 8 203
9⁄16 0.5625 14.288 47⁄8 124 81⁄4 210 47⁄8 124 81⁄4 210
19⁄32 0.5938 15.083 47⁄8 124 83⁄4 222 47⁄8 124 83⁄4 222
5⁄8 0.6250 15.875 47⁄8 124 83⁄4 222 47⁄8 124 83⁄4 222
21⁄32 0.6562 16.667 51⁄8 130 9 229 51⁄8 130 9 229
11⁄16 0.6875 17.462 53⁄8 137 91⁄4 235 53⁄8 137 91⁄4 235
23⁄32 0.7188 18.258 … … … … 55⁄8 143 91⁄2 241
3⁄4 0.7500 19.050 57⁄8 149 93⁄4 248 57⁄8 149 93⁄4 248
25⁄32 0.7812 19.842 … … … … 6 152 97⁄8 251
13⁄16 0.8125 20.638 … … … … 61⁄8 156 10 254
27⁄32 0.8438 21.433 … … … … 61⁄8 156 10 254
7⁄8 0.8750 22.225 … … … … 61⁄8 156 10 254
29⁄32 0.9062 23.017 … … … … 61⁄8 156 10 254
15⁄16 0.9375 23.812 … … … … 61⁄8 156 103⁄4 273
31⁄32 0.9688 24.608 … … … … 63⁄8 162 11 279

1 1.0000 25.400 … … … … 63⁄8 162 11 279

11⁄32 1.0312 26.192 … … … … 61⁄2 165 111⁄8 283

11⁄16 1.0625 26.988 … … … … 65⁄8 168 111⁄4 286

13⁄32 1.0938 27.783 … … … … 67⁄8 175 111⁄2 292

11⁄8 1.1250 28.575 … … … … 71⁄8 181 113⁄4 298

11⁄4 1.2500 31.750 … … … … 77⁄8 200 121⁄2 318
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Table 10. Length of Point on Twist Drills and Centering Tools

Size
of

Drill
Decimal

Equivalent

Length
of Point

when
Included

Angle
= 90°

Length
of Point

when
Included

Angle
= 118°

Size
of

Drill
Decimal

Equivalent

Length
of Point

when
Included

Angle
= 90°

Length
of Point

when
Included

Angle
= 118°

Size or
Dia.

of Drill
Decimal

Equivalent

Length
of Point

when
Included

Angle
= 90°

Length
of

Point
when

Included
Angle
= 118°

Dia.
of

Drill
Decimal

Equivalent

Length
of Point

when
Included

Angle
= 90°

Length
of Point

when
Included

Angle
= 118°

60 0.0400 0.020 0.012 37 0.1040 0.052 0.031 14 0.1820 0.091 0.055 3⁄8 0.3750 0.188 0.113

59 0.0410 0.021 0.012 36 0.1065 0.054 0.032 13 0.1850 0.093 0.056 25⁄64 0.3906 0.195 0.117

58 0.0420 0.021 0.013 35 0.1100 0.055 0.033 12 0.1890 0.095 0.057 13⁄32 0.4063 0.203 0.122

57 0.0430 0.022 0.013 34 0.1110 0.056 0.033 11 0.1910 0.096 0.057 27⁄64 0.4219 0.211 0.127

56 0.0465 0.023 0.014 33 0.1130 0.057 0.034 10 0.1935 0.097 0.058 7⁄16 0.4375 0.219 0.131

55 0.0520 0.026 0.016 32 0.1160 0.058 0.035 9 0.1960 0.098 0.059 29⁄64 0.4531 0.227 0.136

54 0.0550 0.028 0.017 31 0.1200 0.060 0.036 8 0.1990 0.100 0.060 15⁄32 0.4688 0.234 0.141

53 0.0595 0.030 0.018 30 0.1285 0.065 0.039 7 0.2010 0.101 0.060 31⁄64 0.4844 0.242 0.145

52 0.0635 0.032 0.019 29 0.1360 0.068 0.041 6 0.2040 0.102 0.061 1⁄2 0.5000 0.250 0.150

51 0.0670 0.034 0.020 28 0.1405 0.070 0.042 5 0.2055 0.103 0.062 33⁄64 0.5156 0.258 0.155

50 0.0700 0.035 0.021 27 0.1440 0.072 0.043 4 0.2090 0.105 0.063 17⁄32 0.5313 0.266 0.159

49 0.0730 0.037 0.022 26 0.1470 0.074 0.044 3 0.2130 0.107 0.064 35⁄64 0.5469 0.273 0.164

48 0.0760 0.038 0.023 25 0.1495 0.075 0.045 2 0.2210 0.111 0.067 9⁄16 0.5625 0.281 0.169

47 0.0785 0.040 0.024 24 0.1520 0.076 0.046 1 0.2280 0.114 0.068 37⁄64 0.5781 0.289 0.173

46 0.0810 0.041 0.024 23 0.1540 0.077 0.046 15⁄64 0.2344 0.117 0.070 19⁄32 0.5938 0.297 0.178

45 0.0820 0.041 0.025 22 0.1570 0.079 0.047 1⁄4 0.2500 0.125 0.075 39⁄64 0.6094 0.305 0.183

44 0.0860 0.043 0.026 21 0.1590 0.080 0.048 17⁄64 0.2656 0.133 0.080 5⁄8 0.6250 0.313 0.188

43 0.0890 0.045 0.027 20 0.1610 0.081 0.048 9⁄32 0.2813 0.141 0.084 41⁄64 0.6406 0.320 0.192

42 0.0935 0.047 0.028 19 0.1660 0.083 0.050 19⁄64 0.2969 0.148 0.089 21⁄32 0.6563 0.328 0.197

41 0.0960 0.048 0.029 18 0.1695 0.085 0.051 5⁄16 0.3125 0.156 0.094 43⁄64 0.6719 0.336 0.202

40 0.0980 0.049 0.029 17 0.1730 0.087 0.052 21⁄64 0.3281 0.164 0.098 11⁄16 0.6875 0.344 0.206

39 0.0995 0.050 0.030 16 0.1770 0.089 0.053 11⁄32 0.3438 0.171 0.103 23⁄32 0.7188 0.359 0.216

38 0.1015 0.051 0.030 15 0.1800 0.090 0.054 23⁄64 0.3594 0.180 0.108 3⁄4 0.7500 0.375 0.225

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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British Standard Combined Drills and Countersinks (Center Drills).—BS 328: Part
2: 1972 (1990) provides dimensions of combined drills and countersinks for center holes.
Three types of drill and countersink combinations are shown in this standard but are not
given here. These three types will produce center holes without protecting chamfers, with
protecting chamfers, and with protecting chamfers of radius form.

Drill Drivers—Split-Sleeve, Collet Type.—American National Standard ANSI B94.35-
1972 (R2010) covers split-sleeve, collet-type drivers for driving straight shank drills,
reamers, and similar tools, without tangs from 0.0390-inch through 0.1220-inch diameter,
and with tangs from 0.1250-inch through 0.7500-inch diameter, including metric sizes.

For sizes 0.0390 through 0.0595 inch, the standard taper number is 1 and the optional
taper number is 0. For sizes 0.0610 through 0.1875 inch, the standard taper number is 1,
first optional taper number is 0, and second optional taper number is 2. For sizes 0.1890
through 0.2520 inch, the standard taper number is 1, first optional taper number is 2, and
second optional taper number is 0. For sizes 0.2570 through 0.3750 inch, the standard taper
number is 1 and the optional taper number is 2. For sizes 0.3860 through 0.5625 inch, the
standard taper number is 2 and the optional taper number is 3. For sizes 0.5781 through
0.7500 inch, the standard taper number is 3 and the optional taper number is 4.

The depth B that the drill enters the driver is 0.44 inch for sizes 0.0390 through 0.0781
inch; 0.50 inch for sizes 0.0785 through 0.0938 inch; 0.56 inch for sizes 0.0960 through
0.1094 inch; 0.62 inch for sizes 0.1100 through 0.1220 inch; 0.75 inch for sizes 0.1250
through 0.1875 inch; 0.88 inch for sizes 0.1890 through 0.2500 inch; 1.00 inch for sizes
0.2520 through 0.3125 inch; 1.12 inches for sizes 0.3160 through 0.3750 inch; 1.25 inches
for sizes 0.3860 through 0.4688 inch; 1.31 inches for sizes 0.4844 through 0.5625 inch;
1.47 inches for sizes 0.5781 through 0.6562 inch; and 1.62 inches for sizes 0.6719 through
0.7500 inch.

British Standard Metric Twist Drills.—BS 328: Part 1:1959 (incorporating amend-
ments issued March 1960 and March 1964) covers twist drills made to inch and metric
dimensions that are intended for general engineering purposes. ISO recommendations are
taken into account. The accompanying tables give the standard metric sizes of Morse taper
shank twist drills and core drills, parallel shank jobbing and long series drills, and stub
drills.

All drills are right-hand cutting unless otherwise specified, and normal, slow, or quick
helix angles may be provided. A “back-taper” is ground on the diameter from point to
shank to provide longitudinal clearance. Core drills may have three or four flutes, and are
intended for opening up cast holes or enlarging machined holes, for example. The parallel
shank jobber, and long series drills, and stub drills are made without driving tenons.

Morse taper shank drills with oversize dimensions are also listed, and Table 11 shows
metric drill sizes superseding gage and letter size drills, which are now obsolete in Britain.
To meet special requirements, the Standard lists nonstandard sizes for the various types of
drills.

The limits of tolerance on cutting diameters, as measured across the lands at the outer
corners of a drill, shall be h8, in accordance with BS 1916, Limits and Fits for Engineering
(Part I, Limits and Tolerances), and Table 14 shows the values common to the different
types of drills mentioned before.

The drills shall be permanently and legibly marked whenever possible, preferably by
rolling, showing the size, and the manufacturer's name or trademark. If they are made from
high-speed steel, they shall be marked with the letters H.S. where practicable.

Drill Elements: The following definitions of drill elements are given.

Axis: The longitudinal center line.

Body: That portion of the drill extending from the extreme cutting end to the commence-
ment of the shank.
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Shank: That portion of the drill by which it is held and driven.

Flutes: The grooves in the body of the drill that provide lips and permit the removal of
chips and allow cutting fluid to reach the lips.

Web (Core): The central portion of the drill situated between the roots of the flutes and
extending from the point end toward the shank; the point end of the web or core forms the
chisel edge.

Lands: The cylindrical-ground surfaces on the leading edges of the drill flutes. The width
of the land is measured at right angles to the flute helix.

Body Clearance: The portion of the body surface that is reduced in diameter to provide
diametral clearance.

Heel: The edge formed by the intersection of the flute surface and the body clearance.

Point: The sharpened end of the drill, consisting of all that part of the drill that is shaped
to produce lips, faces, flanks, and chisel edge.

Face: That portion of the flute surface adjacent to the lip on which the chip impinges as it
is cut from the work.

Flank: The surface on a drill point that extends behind the lip to the following flute.

Lip (Cutting Edge): The edge formed by the intersection of the flank and face.

Relative Lip Height: The relative position of the lips measured at the outer corners in a
direction parallel to the drill axis.

Outer Corner: The corner formed by the intersection of the lip and the leading edge of
the land.

Chisel Edge: The edge formed by the intersection of the flanks.

Chisel Edge Corner: The corner formed by the intersection of a lip and the chisel edge.

Table 11. British Standard Drills — Metric Sizes Superseding Gauge and
 Letter Sizes  BS 328: Part 1:1959, Appendix B

Gauge and letter size drills are now obsolete in the United Kingdom and should not be used in the
production of new designs. The table is given to assist users in changing over to the recommended
standard sizes.

Obsolete
Drill
Size

Recom-
mended

MetricSize
(mm)

Obsolete
Drill
Size

Recom-
mended

Metric Size
(mm)

Obsolete
Drill
Size

Recom-
mended

Metric Size
(mm)

Obsolete
Drill
Size

Recom-
mended

Metric Size
(mm)

Obsolete
Drill
Size

Recom-
mended

Metric Size
(mm)

80 0.35 58 1.05 36 2.70 14 4.60 I 6.90
79 0.38 57 1.10 35 2.80 13 4.70 J 7.00
78 0.40 56 3⁄64 in. 34 2.80 12 4.80 K 9⁄32 in.
77 0.45 55 1.30 33 2.85 11 4.90 L 7.40
76 0.50 54 1.40 32 2.95 10 4.90 M 7.50
75 0.52 53 1.50 31 3.00 9 5.00 N 7.70
74 0.58 52 1.60 30 3.30 8 5.10 O 8.00
73 0.60 51 1.70 29 3.50 7 5.10 P 8.20
72 0.65 50 1.80 28 9⁄64 in. 6 5.20 Q 8.40

71 0.65 49 1.85 27 3.70 5 5.20 R 8.60
70 0.70 48 1.95 26 3.70 4 5.30 S 8.80
69 0.75 47 2.00 25 3.80 3 5.40 T 9.10
68 1⁄32 in. 46 2.05 24 3.90 2 5.60 U 9.30

67 0.82 45 2.10 23 3.90 1 5.80 V 3⁄8 in.
66 0.85 44 2.20 22 4.00 A 15⁄64 in. W 9.80

65 0.90 43 2.25 21 4.00 B 6.00 X 10.10
64 0.92 42 3⁄32 in. 20 4.10 C 6.10 Y 10.30

63 0.95 41 2.45 19 4.20 D 6.20 Z 10.50
62 0.98 40 2.50 18 4.30 E 1⁄4 in. … …

61 1.00 39 2.55 17 4.40 F 6.50 … …
60 1.00 38 2.60 16 4.50 G 6.60 … …
59 1.05 37 2.65 15 4.60 H 17⁄64 in. … …
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Table 12. British Standard Morse Taper Shank Twist Drills
 and Core Drills — Standard Metric Sizes  BS 328: Part 1:1959

Diameter
Flute

Length
Overall
Length Diameter

Flute
Length

Overall
Length Diameter

Flute
Length

Overall
Length

3.00 33 114 16.75
125 223

30.25

180 301

3.20 36 117 17.00 30.50

3.50 39 120 17.25

130 228

30.75

3.80

43 123

17.50 31.00

4.00 17.75 31.25

4.20 18.00 31.50

4.50 47 128 18.25

135 233

31.75 185 306

4.80

52 133

18.50 32.00

185 334
5.00 18.75 32.50

5.20 19.00 33.00

5.50

57 138

19.25

140 238

33.50

5.80 19.50 34.00

190 339
6.00 19.75 34.50

6.20
63 144

20.00 35.00

6.50 20.25

145 243

35.50

6.80

69 150

20.50 36.00

195 344
7.00 20.75 36.50

7.20 21.00 37.00

7.50 21.25

150 248

37.50

7.80

75 156

21.50 38.00

200 349

8.00 21.75 38.50

8.20 22.00 39.00

8.50 22.25 39.50

8.80

81

22.50

155 253

40.00

9.00

162

22.75 40.50

205 354

9.20 23.00 41.00

9.50 23.25
155 276

41.50

9.80

87 168

23.50 42.00

10.00 23.75

160 281

42.50

10.20 24.00 43.00

210 359

10.50 24.25 43.50

10.80

94 175

24.50 44.00

11.00 24.75 44.50

11.20 25.00 45.00

11.50 25.25

165 286

45.50

215 364

11.80 25.50 46.00

12.00

101 182

25.75 46.50

12.20 26.00 47.00

12.50 26.25 47.50

12.80 26.50 48.00

220 369

13.00 26.75

170 291

48.50

13.20 27.00 49.00

13.50

108 189

27.25 49.50

13.80 27.50 50.00

14.00 27.75 50.50 225 374

14.25

114 212

28.00 51.00

225 41214.50 28.25

175 296

52.00

14.75 28.50 53.00

15.00 28.75 54.00

230 41715.25

120 218

29.00 55.00

15.50 29.25 56.00

15.75 57.00

235 422
16.00 29.50

175 296

58.00

16.25
125 223

29.75 59.00

16.50 30.00 60.00
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All dimensions are in millimeters. Tolerances on diameters are given in the table below.

Table 13, shows twist drills that may be supplied with the shank and length oversize, but they
should be regarded as nonpreferred.

The Morse taper shanks of these twist and core drills are as follows: 3.00 to 14.00 mm diameter,
M.T. No. 1; 14.25 to 23.00 mm diameter, M.T. No. 2; 23.25 to 31.50 mm diameter, M.T. No. 3; 31.75
to 50.50 mm diameter, M.T. No. 4; 51.00 to 76.00 mm diameter, M.T. No. 5; 77.00 to 100.00 mm
diameter, M.T. No. 6.

Table 13. British Standard Morse Taper Shank Twist Drills — 
Metric Oversize Shank and Length Series  BS 328: Part 1:1959

Diameters and lengths are given in millimeters. For the individual sizes within the diameter ranges
given, see Table 12.

This series of drills should be regarded as non-preferred.

Table 14. British Standard Limits of Tolerance on Diameter for 
Twist Drills and Core Drills — Metric Series  BS 328: Part 1:1959

All dimensions are given in millimeters.

61.00

240 427

76.00 260 477 91.00

275 529

62.00 77.00

260 514

92.00

63.00 78.00 93.00

64.00

245 432

79.00 94.00

65.00 80.00 95.00

66.00 81.00

265 519

96.00

67.00 82.00 97.00

68.00

250 437

83.00 98.00 280 534

69.00 84.00 99.00

70.00 85.00 100.00

71.00 250 437 86.00

270 524

72.00

255 442

87.00

73.00 88.00

74.00 89.00

75.00 90.00

Dia.
Range

Overall
Length

M. T.
No.

Dia.
Range

Overall
Length

M. T.
No.

Dia.
Range

Overall
Length

M. T.
No.

12.00 to 13.20 199 2 22.50 to 23.00 276 3 45.50 to 47.50 402 5

13.50 to 14.00 206 2 26.75 to 28.00 319 4 48.00 to 50.00 407 5

18.25 to 19.00 256 3 29.00 to 30.00 324 4 50.50 412 5

19.25 to 20.00 251 3 30.25 to 31.50 329 4 64.00 to 67.00 499 6

20.25 to 21.00 266 3 40.50 to 42.50 392 5 68.00 to 71.00 504 6

21.25 to 22.25 271 3 43.00 to 45.00 397 5 72.00 to 75.00 509 6

Drill Size
(Diameter measured across lands at outer corners) Tolerance (h8)

0 to 1 inclusive Plus 0.000 to Minus 0.014

Over 1 to 3 inclusive Plus 0.000 to Minus 0.014

Over 3 to 6 inclusive Plus 0.000 to Minus 0.018

Over 6 to 10 inclusive Plus 0.000 to Minus 0.022

Over 10 to 18 inclusive Plus 0.000 to Minus 0.027

Over 18 to 30 inclusive Plus 0.000 to Minus 0.033

Over 30 to 50 inclusive Plus 0.000 to Minus 0.039

Over 50 to 80 inclusive Plus 0.000 to Minus 0.046

Over 80 to 120 inclusive Plus 0.000 to Minus 0.054

Table 12. (Continued) British Standard Morse Taper Shank Twist Drills
 and Core Drills — Standard Metric Sizes  BS 328: Part 1:1959

Diameter
Flute

Length
Overall
Length Diameter

Flute
Length

Overall
Length Diameter

Flute
Length

Overall
Length
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Table 15. British Standard Parallel Shank Jobber Series Twist Drills — 
 Standard Metric Sizes  BS 328: Part 1:1959

All dimensions are in millimeters. Tolerances on diameters are given in Table 14.
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h

O
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L
en
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h

0.20
2.5 19

1.75

22 46

5.40

57 93

10.20

87 133
0.22 1.80 5.50 10.30
0.25

3.0 19
1.85 5.60 10.40

0.28 1.90 5.70 10.50
0.30

4 19

1.95

24 49

5.80 10.60
0.32 2.00 5.90 10.70

94 142

0.35 2.05 6.00 10.80
0.38 2.10 6.10

63 101

10.90
0.40

5 20

2.15

27 53

6.20 11.00
0.42 2.20 6.30 11.10
0.45 2.25 6.40 11.20
0.48 2.30 6.50 11.30
0.50

6 22
2.35 6.60 11.40

0.52 2.40

30 57

6.70 11.50
0.55

7 24
2.45 6.80

69 109

11.60
0.58 2.50 6.90 11.70
0.60 2.55 7.00 11.80
0.62

8 26
2.60 7.10 11.90

101 151

0.65 2.65 7.20 12.00
0.68

9 28

2.70

33 61

7.30 12.10
0.70 2.75 7.40 12.20
0.72 2.80 7.50 12.30
0.75 2.85 7.60

75 117

12.40
0.78

10 30

2.90 7.70 12.50
0.80 2.95 7.80 12.60
0.82 3.00 7.90 12.70
0.85 3.10

36 65
8.00 12.80

0.88

11 32

3.20 8.10 12.90
0.90 3.30 8.20 13.00
0.92 3.40

39 70

8.30 13.10
0.95 3.50 8.40 13.20
0.98

12 34
3.60 8.50 13.30

108 160

1.00 3.70 8.60

81 125

13.40
1.05 3.80

43 75

8.70 13.50
1.10

14 36
3.90 8.80 13.60

1.15 4.00 8.90 13.70
1.20

16 38
4.10 9.00 13.80

1.25 4.20 9.10 13.90
1.30 4.30

47 80

9.20 14.00
4.40 9.30

1.35

18 40

4.50 9.40 14.25

114 169
1.40 4.60 9.50 14.50
1.45 4.70 14.75
1.50 4.80

52 86

9.60

87 133

15.00
4.90 9.70

1.55

20 43

5.00 9.80 15.25

120 178
1.60 5.10 9.90 15.50
1.65 5.20 10.00 15.75
1.70 5.30 10.10 16.00
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Table 16. British Standard Parallel Shank Long Series Twist Drills — 
Standard Metric Sizes  BS 328: Part 1:1959

All dimensions are in millimeters. Tolerances on diameters are given in Table 14.

Diameter Flute
Length

Overall
Length Diameter Flute

Length
Overall
Length Diameter Flute

Length
Overall
Length

2.00
56 85

6.80

102 156

12.70

134 205

2.05 6.90 12.80
2.10 7.00 12.90
2.15

59 90

7.10 13.00
2.20 7.20 13.10
2.25 7.30 13.20
2.30 7.40 13.30

140 214

2.35 7.50 13.40
2.40

62 95

7.60

109 165

13.50
2.45 7.70 13.60
2.50 7.80 13.70
2.55 7.90 13.80
2.60 8.00 13.90
2.65 8.10 14.00
2.70

66 100

8.20 14.25

144 220
2.75 8.30 14.50
2.80 8.40 14.75
2.85 8.50 15.00
2.90 8.60

115 175

15.25

149 227
2.95 8.70 15.50
3.00 8.80 15.75
3.10

69 106
8.90 16.00

3.20 9.00 16.25

154 235
3.30 9.10 16.50
3.40

73 112

9.20 16.75
3.50 9.30 17.00
3.60 9.40 17.25

158 241
3.70 9.50 17.50
3.80

78 119

9.60

121 184

17.75
3.90 9.70 18.00
4.00 9.80 18.25

162 247
4.10 9.90 18.50
4.20 10.00 18.75

10.10 19.00
4.30

82 126

10.20
4.40 10.30 19.25

166 254
4.50 10.40 19.50
4.60 10.50 19.75
4.70 10.60 20.00
4.80

87 132

10.70

128 195

20.25

171 261
4.90 10.80 20.50
5.00 10.90 20.75
5.10 11.00 21.00
5.20 11.10 21.25

176 268
5.30 11.20 21.50
5.40

91 139

11.30 21.75
5.50 11.40 22.00
5.60 11.50 22.25
5.70 11.60 22.50

180 275
5.80 11.70 22.75
5.90 11.80 23.00
6.00 11.90

134 205

23.25
6.10

97 148

12.00 23.50
6.20 12.10 23.75

185 282

6.30 12.20 24.00
6.40 12.30 24.25
6.50 12.40 24.50
6.60 12.50 24.75
6.70 12.60 25.00
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Table 17. British Standard Stub Drills — Metric Sizes  BS 328: Part 1:1959

All dimensions are given in millimeters. Tolerances on diameters are given in Table 14.

Steels for Twist Drills.—Twist drill steels need good toughness, abrasion resistance, and
ability to resist softening due to heat generated by cutting. The amount of heat generated
indicates the type of steel that should be used.

Carbon Tool Steel may be used where little heat is generated during drilling.

High-Speed Steel is preferred because of its combination of red hardness and wear resis-
tance, which permit higher operating speeds and increased productivity. Optimum proper-
ties can be obtained by selection of alloy analysis and heat treatment.

Cobalt High-Speed Steel alloys have higher red hardness than standard high-speed
steels, permitting drilling of materials such as heat-resistant alloys and materials with
hardness greater than Rockwell 38 C. These high-speed drills can withstand cutting speeds
beyond the range of conventional high-speed-steel drills and have superior resistance to
abrasion but are not equal to tungsten-carbide tipped tools.

Accuracy of Drilled Holes.—Normally the diameter of drilled holes is not given a toler-
ance; the size of the hole is expected to be as close to the drill size as can be obtained. 

The accuracy of holes drilled with a two-fluted twist drill is influenced by many factors,
which include: the accuracy of the drill point; the size of the drill;  length and shape of the
chisel edge;  whether or not a bushing is used to guide the drill;  the work material;  length
of the drill;  runout of the spindle and the chuck;  rigidity of the machine tool, workpiece,
and the setup;  and  also the cutting fluid used, if any.

The diameter of the drilled holes will be oversize in most materials. The table Oversize
Diameters in Drilling on page 897 provides the results of tests reported by The United
States Cutting Tool Institute in which the diameters of over 2800 holes drilled in steel and
cast iron were measured. The values in this table indicate what might be expected under
average shop conditions; however, when the drill point is accurately ground and the other
machining conditions are correct, the resulting hole size is more likely to be between the
mean and average minimum values given in this table. If the drill is ground and used incor-
rectly, holes that are even larger than the average maximum values can result.

D
ia

m
et

er

Fl
ut

e
L

en
gt

h

O
ve

ra
ll

L
en

gt
h

D
ia

m
et

er

Fl
ut

e
L

en
gt

h

O
ve

ra
ll

L
en

gt
h

D
ia

m
et

er

Fl
ut

e
L

en
gt

h

O
ve

ra
ll

L
en

gt
h

D
ia

m
et

er

Fl
ut

e
L

en
gt

h

O
ve

ra
ll

L
en

gt
h

0.50 3 20 5.00
26 62

9.50 40 84 14.00 54 107
0.80 5 24 5.20 9.80

43 89

14.50
56 111

1.00 6 26 5.50
28 66

10.00 15.00
1.20 8 30 5.80 10.20 15.50

58 115
1.50 9 32 6.00 10.50 16.00
1.80 11 36
2.00 12 38 6.20

31 70
10.80

47 95

16.50
60 119

2.20 13 40 6.50 11.00 17.00
2.50 14 43 6.80

34 74

11.20 17.50
62 123

2.80
16 46

7.00 11.50 18.00
3.00 7.20 11.80 18.50

64 127
3.20 18 49 7.50 12.00

51 102

19.00
3.50 20 52 7.80

37 79

12.20 19.50
66 131

8.00 12.50 20.00
3.80

22 55
8.20 12.80 21.00 68 136

4.00 8.50 13.00 22.00 70 141
4.20 8.80

40 84
13.20 23.00 72 146

4.50 24 58 9.00 13.50
54 107

24.00
75 151

4.80 26 62 9.20 13.80 25.00
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Oversize Diameters in Drilling

Courtesy of The United States Cutting Tool Institute

Some conditions will cause the drilled hole to be undersize. For example, holes drilled in
light metals and in other materials having a high coefficient of thermal expansion such as
plastics, may contract to a size that is smaller than the diameter of the drill as the material
surrounding the hole is cooled after having been heated by the drilling. The elastic action
of the material surrounding the hole may also cause the drilled hole to be undersize when
drilling high strength materials with a drill that is dull at its outer corner.

The accuracy of the drill point has a great effect on the accuracy of the drilled hole. An
inaccurately ground twist drill will produce holes that are excessively over-size. The drill
point must be symmetrical; i.e., the point angles must be equal, as well as the lip lengths
and the axial height of the lips. Any alterations to the lips or to the chisel edge, such as thin-
ning the web, must be done carefully to preserve the symmetry of the drill point. Adequate
relief should be provided behind the chisel edge to prevent heel drag. On conventionally
ground drill points this relief can be estimated by the chisel edge angle.

When drilling a hole, as the drill point starts to enter the workpiece, the drill will be unsta-
ble and will tend to wander. Then as the body of the drill enters the hole the drill will tend
to stabilize. The result of this action is a tendency to drill a bellmouth shape in the hole at
the entrance and perhaps beyond. Factors contributing to bellmouthing are: an unsymmet-
rically ground drill point; a large chisel edge length; inadequate relief behind the chisel
edge; runout of the spindle and the chuck; using a slender drill that will bend easily; and
lack of rigidity of the machine tool, workpiece, or the setup. Correcting these conditions as
required will reduce the tendency for bellmouthing to occur and improve the accuracy of
the hole diameter and its straightness. Starting the hole with a short stiff drill, such as a cen-
ter drill, will quickly stabilize the drill that follows and reduce or eliminate bellmouthing;
this procedure should always be used when drilling in a lathe, where the work is rotating.
Bellmouthing can also be eliminated almost entirely and the accuracy of the hole improved
by using a close fitting drill jig bushing placed close to the workpiece. Although specific
recommendations cannot be made, many cutting fluids will help to increase the accuracy
of the diameters of drilled holes. Double margin twist drills, available in the smaller sizes,
will drill a more accurate hole than conventional twist drills having only a single margin at
the leading edge of the land. The second land, located on the trailing edge of each land, pro-
vides greater stability in the drill bushing and in the hole. These drills are especially useful
in drilling intersecting off-center holes. Single and double margin step drills, also available
in the smaller sizes, will produce very accurate drilled holes, which are usually less than
0.002 inch (0.051 mm) larger than the drill size.

Counterboring.—Counterboring (called spot-facing if the depth is shallow) is the
enlargement of a previously formed hole. Counterbores for screw holes are generally made
in sets. Each set contains three counterbores: one with the body of the size of the screw
head and the pilot the size of the hole to admit the body of the screw; one with the body the
size of the head of the screw and the pilot the size of the tap drill;  and the third with the
body the size of the body of the screw and the pilot the size of the tap drill. Counterbores are
usually provided with helical flutes to provide positive effective rake on the cutting edges.
The four flutes are so positioned that the end teeth cut ahead of center to provide a shearing
action and eliminate chatter in the cut. Three designs are most common: solid, two-piece,
and three-piece. Solid designs have the body, cutter, and pilot all in one piece. Two-piece
designs have an integral shank and counterbore cutter, with an interchangeable pilot, and
provide true concentricity of the cutter diameter with the shank, but allowing use of various

Drill Dia.,
Inch

Amount Oversize, Inch Drill Dia.,
Inch

Amount Oversize, Inch
Average Max. Mean Average Min. Average Max. Mean Average Min.

1⁄16 0.002 0.0015 0.001 1⁄2 0.008 0.005 0.003
1⁄8 0.0045 0.003 0.001 3⁄4 0.008 0.005 0.003
1⁄4 0.0065 0.004 0.0025 1 0.009 0.007 0.004
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pilot diameters. Three-piece counterbores have separate holder, counterbore cutter, and
pilot, so that a holder will take any size of counterbore cutter. Each counterbore cutter, in
turn, can be fitted with any suitable size diameter of pilot. Counterbores for brass are fluted
straight.

Counterbores with Interchangeable Cutters and Guides

Small counterbores are often made with three flutes, but should then have the size plainly
stamped on them before fluting, as they cannot afterwards be conveniently measured. The
flutes should be deep enough to come below the surface of the pilot. The counterbore
should be relieved on the end of the body only, and not on the cylindrical surface. To facil-
itate the relieving process, a small neck is turned between the guide and the body for clear-
ance. The amount of clearance on the cutting edges is, for general work, from 4 to 5
degrees. The accompanying table gives dimensions for straight shank counterbores.

Solid Counterbores with Integral Pilot

All dimensions are in inches.

Three Piece Counterbores.—Data shown for the first two styles of counterbores are for
straight shank designs. These tools are also available with taper shanks in most sizes. Sizes
of taper shanks for cutter diameters of 1⁄4 to 9⁄16 in. are No. 1, for 19⁄32 to 7⁄8 in., No. 2; for 15⁄16 to
13⁄8 in., No. 3; for 11⁄2 to 2 in., No. 4; and for 21⁄8 to 21⁄2 in., No. 5.

No. of
Holder

No. of
Morse Taper

Shank

Range of
Cutter

Diameters,
A

Range of
Pilot

Diameters,
B

Total
Length,

C

Length of
Cutter Body,

D

Length
of Pilot,

E

Dia.
of Shank,

F

1 1 or 2 3⁄4-11⁄16
1⁄2-3⁄4 71⁄4 1 5⁄8 3⁄4

2 2 or 3 11⁄8-19⁄16 11⁄16-11⁄8 91⁄2 13⁄8 7⁄8 11⁄8
3 3 or 4 15⁄8-21⁄16

7⁄8-15⁄8 121⁄2 13⁄4 11⁄8 15⁄8
4 4 or 5 21⁄8-31⁄2 1-21⁄8 15 21⁄4 13⁄8 21⁄8

Counterbore Diameters

Pilot Diameters
Straight Shank

Diameter

Overall Length

Nominal +1⁄64 +1⁄32 Short Long

0.110 0.060 0.076 … 7⁄64 21⁄2 …

0.133 0.073 0.089 … 1⁄8 21⁄2 …

0.155 0.086 0.102 … 5⁄32 21⁄2 …

0.176 0.099 0.115 … 11⁄64 21⁄2 …

0.198 0.112 0.128 … 3⁄16 21⁄2 …

0.220 0.125 0.141 … 3⁄16 21⁄2 …

0.241 0.138 0.154 … 7⁄32 21⁄2 …

0.285 0.164 0.180 … 1⁄4 21⁄2 …

0.327 0.190 0.206 … 9⁄32 23⁄4 …

0.372 0.216 0.232 … 5⁄16 23⁄4 …

13⁄32
1⁄4 17⁄64

9⁄32
3⁄8 31⁄2 51⁄2

1⁄2 5⁄16
21⁄64

11⁄32
3⁄8 31⁄2 51⁄2

19⁄32
3⁄8 25⁄64

13⁄32
1⁄2 4 6

11⁄16
7⁄16

29⁄64
15⁄32

1⁄2 4 6

25⁄32
1⁄2 33⁄64

17⁄32
1⁄2 5 7
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Counterbore Sizes for Hex-head Bolts and Nuts.—Table 3a, page 1557, shows the
maximum socket wrench dimensions for standard 1⁄4-, 1⁄2- and 3⁄4-inch drive socket sets. For
a given socket size (nominal size equals the maximum width across the flats of nut or bolt
head), the dimension K given in the table is the minimum counterbore diameter required to
provide socket wrench clearance for access to the bolt or nut.

Sintered Carbide Boring Tools.—Industrial experience has shown that the shapes of
tools used for boring operations need to be different from those of single-point tools ordi-
narily used for general applications such as lathe work. Accordingly, Section 5 of Ameri-
can National Standard ANSI B212.1-2002 gives standard sizes, styles and designations for
four basic types of sintered carbide boring tools, namely: solid carbide square; carbide-
tipped square; solid carbide round; and carbide-tipped round boring tools. In addition to
these ready-to-use standard boring tools, solid carbide round and square unsharpened bor-
ing tool bits are provided.

Style Designations for Carbide Boring Tools: Table 1 shows designations used to spec-
ify the styles of American Standard sintered carbide boring tools. The first letter denotes
solid (S) or tipped (T). The second letter denotes square (S) or round (R). The side cutting
edge angle is denoted by a third letter (A through H) to complete the style designation.
Solid square and round bits with the mounting surfaces ground but the cutting edges
unsharpened (Table 3) are designated using the same system except that the third letter
indicating the side cutting edge angle is omitted.

Table 1. American National Standard Sintered Carbide Boring Tools — 
 Style Designations  ANSI B212.1-2002 (R2007)

Size Designation of Carbide Boring Tools: Specific sizes of boring tools are identified
by the addition of numbers after the style designation. The first number denotes the diam-
eter or square size in number of 1⁄32nds for types SS and SR and in number of 1⁄16ths for types
TS and TR. The second number denotes length in number of 1 ⁄8ths for types SS and SR.
For styles TRG and TRH, a letter “U” after the number denotes a semi-finished tool (cut-
ting edges unsharpened). Complete designations for the various standard sizes of carbide
boring tools are given in Tables 2 through 7. In the diagrams in the tables, angles shown
without tolerance are ± 1°.

Examples of Tool Designation:The designation TSC-8 indicates: a carbide-tipped tool
(T); square cross-section (S); 30-degree side cutting edge angle (C); and 8⁄16 or 1⁄2 inch
square size (8).

The designation SRE-66 indicates: a solid carbide tool (S); round cross-section (R); 45
degree side cutting edge angle (E); 6⁄32 or 3⁄16 inch diameter (6); and 6⁄8 or 3⁄4 inch long (6).

The designation SS-610 indicates: a solid carbide tool (S); square cross-section (S); 6⁄32 or
3⁄16 inch square size (6); 10⁄8 or 11⁄4 inches long (10).

It should be noted in this last example that the absence of a third letter (from A to H) indi-
cates that the tool has its mounting surfaces ground but that the cutting edges are unsharp-
ened.

Side Cutting Edge Angle E Boring Tool Styles

Solid Square
(SS)

Tipped Square
(TS)

Solid Round
(SR)

Tipped Round
(TR)Degrees Designation

0 A TSA
10 B TSB
30 C SSC TSC SRC TRC
40 D TSD
45 E SSE TSE SRE TRE
55 F TSF
90 (0° Rake) G TRG
90 (10° Rake) H TRH
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Table 2. ANSI Carbide-Tipped Round General-Purpose Square-End Boring Tools 
Style TRG with 0° Rake and Style TRH with 10° Rake  ANSI B212.1-2002 (R2007)

Table 3. Solid Carbide Square and Round Boring Tool Bits

All dimensions are in inches.
Tolerance on Length: Through 1 inch, + 1⁄32, − 0; over 1 inch, +1⁄16, −0.

Tool Designation Shank Dimensions, Inches

Rake
Angle
Deg.

Tip
No.

Tip Dimensions, Inches

Finished
Semi-

finisheda

a Semifinished tool will be without Flat (B) and carbide unground on the end. 

Dia.
D

Length
C

Dim.Over
Flat
B

Nose
Height

H

Set-
back M
(Min) T W L

TRG-5 TRG-5U
5⁄16 11⁄2

19⁄64
3⁄16

3⁄16 0
1025 1⁄16

1⁄4 1⁄4TRH-5 TRH-5U ±.005 7⁄32
3⁄16 10

TRG-6 TRG-6U
3⁄8 13⁄4

11⁄32
7⁄32 3⁄16

0
1030 1⁄16

5⁄16
1⁄4TRH-6 TRH-6U ±.010 1⁄4 10

TRG-7 TRG-7U
7⁄16 21⁄2

13⁄32
1⁄4 3⁄16

0
1080 3⁄32

5⁄16
3⁄8TRH-7 TRH-7U ±.010 5⁄16 10

TRG-8 TRG-8U
1⁄2 21⁄2

15⁄32
9⁄32 1⁄4

0
1090 3⁄32

3⁄8 3⁄8TRH-8 TRH-8U ±.010 11⁄32 10

Square Bits Round Bits

Tool
Designation A B C

Tool
Designation D C

Tool
Designation D C

Tool
Designation D C

SS-58 5⁄32
5⁄32 1 SR-33 3⁄32

3⁄8 SR-55 5⁄32
5⁄8 SR-88 1⁄4 1

SS-610 3⁄16
3⁄16 11⁄4 SR-34 3⁄32

1⁄2 SR-64 3⁄16
1⁄2 SR-810 1⁄4 11⁄4

SS-810 1⁄4 1⁄4 11⁄4 SR-44 1⁄8 1⁄2 SR-66 3⁄16
3⁄4 SR-1010 5⁄16 11⁄4

SS-1012 5⁄16
5⁄16 11⁄2 SR-46 1⁄8 3⁄4 SR-69 3⁄16 11⁄8 … … …

SS-1214 3⁄8 3⁄8 13⁄4 SR-48 1⁄8 1 SR-77 7⁄32
7⁄8 … … …



ST
A

N
D

A
R

D
 C

A
R

B
ID

E
 B

O
R

IN
G

 T
O

O
L

S
901

Table 4. ANSI Solid Carbide Square Boring Tools
Style SSC for 60° Boring Bar and Style SSE for 45° Boring Bar

 ANSI B212.1-2002 (R2007)

Tool
Designation

Boring Bar
Angle, Deg.
from Axis

Shank Dimensions, Inches
Side Cutting
Edge Angle

 E,Deg.

End Cutting
Edge Angle

G ,Deg.

Shoulder
Angle

F ,Deg.
Width

A
Height

B
Length

C

SSC-58 60
5⁄32

5⁄32 1
30 38 60

SSE-58 45 45 53 45

SSC-610 60
3⁄16

3⁄16 11⁄4
30 38 60

SSE-610 45 45 53 45

SSC-810 60
1⁄4 1⁄4 11⁄4

30 38 60

SSE-810 45 45 53 45

SSC-1012 60
5⁄16

5⁄16 11⁄2
30 38 60

SSE-1012 45 45 53 45

Table 5. ANSI Carbide-Tipped Round Boring Tools 
Style TRC for 60° Boring Bar and Style TRE for 45° Boring Bar 

 ANSI B212.1-2002 (R2007)
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Tip
No.

Tip 
Dimensions,

Inches

D C B H R T W L

TRC-5 60
5⁄16 11⁄2

19⁄64 7⁄32

1⁄64 30 38 60
2020 1⁄16

3⁄16
1⁄4

TRE-5 45 ±.005 ±.005 45 53 45

TRC-6 60
3⁄8 13⁄4

11⁄32 9⁄32

1⁄64 30 38 60 2040 3⁄32
3⁄16

5⁄16

TRE-6 45 ±.010 ±.005 45 53 45 2020 1⁄16
3⁄16

1⁄4

TRC-7 60
7⁄16 21⁄2

13⁄32 5⁄16

1⁄32 30 38 60
2060 3⁄32

1⁄4 3⁄8
TRE-7 45 ±.010 ±.010 45 53 45

TRC-8 60
1⁄2 21⁄2

15⁄32 3⁄8
1⁄32 30 38 60 2060 3⁄32

1⁄4 3⁄8

TRE-8 45 ±.010 ±.010 45 53 45 2080 3⁄32
5⁄16

3⁄8

6° ± 1° Along angle “G”

6° ± 1°

12° ± 2° Along angle “G”

Optional Design

to sharp cornerF ± 1°

H± 0.010

Tool Designation
and Carbide Grade

C ± 1
16

G ± 1°

6° ± 1°

6° ± 1°
8° ± 2°

B

D +0.0005
–0.0015

F Ref

±D/2
1

64

R

L

TW

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Table 6.  ANSI Carbide-Tipped Square Boring Tools — ANSI B212.1-2002 (R2007)
Styles TSA and TSB for 90° Boring Bar,  Styles TSC and TSD for 60° Boring Bar,

 and Styles TSE and TSF for 45° Boring Bar
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No.

Tip Dimensions,
Inches

A B C R T W L

TSA-5 90 5⁄16
5⁄16 11⁄2 0 8 90 2040 3⁄32

3⁄16
5⁄16

TSB-5 90 5⁄16
5⁄16 11⁄2 10 8 90 2040 3⁄32

3⁄16
5⁄16

TSC-5 60 5⁄16
5⁄16 11⁄2 30 38 60 2040 3⁄32

3⁄16
5⁄16

TSD-5 60 5⁄16
5⁄16 11⁄2 40 38 60 2040 3⁄32

3⁄16
5⁄16

TSE-5 45 5⁄16
5⁄16 11⁄2 45 53 45 2040 3⁄32

3⁄16
5⁄16

TSF-5 45 5⁄16
5⁄16 11⁄2 55 53 45 2040 3⁄32

3⁄16
5⁄16

TSA-6 90 3⁄8 3⁄8 13⁄4 0 8 90 2040 3⁄32
3⁄16

5⁄16

TSB-6 90 3⁄8 3⁄8 13⁄4 10 8 90 2040 3⁄32
3⁄16

5⁄16

TSC-6 60 3⁄8 3⁄8 13⁄4 30 38 60 2040 3⁄32
3⁄16

5⁄16

TSD-6 60 3⁄8 3⁄8 13⁄4 40 38 60 2040 3⁄32
3⁄16

5⁄16

TSE-6 45 3⁄8 3⁄8 13⁄4 45 53 45 2040 3⁄32
3⁄16

5⁄16

TSF-6 45 3⁄8 3⁄8 13⁄4 55 53 45 2040 3⁄32
3⁄16

5⁄16

TSA-7 90 7⁄16
7⁄16 21⁄2 0 8 90 2060 3⁄32

1⁄4 3⁄8
TSB-7 90 7⁄16

7⁄16 21⁄2 10 8 90 2060 3⁄32
1⁄4 3⁄8

TSC-7 60 7⁄16
7⁄16 21⁄2 30 38 60 2060 3⁄32

1⁄4 3⁄8
TSD-7 60 7⁄16

7⁄16 21⁄2 40 38 60 2060 3⁄32
1⁄4 3⁄8

TSE-7 45 7⁄16
7⁄16 21⁄2 45 53 45 2060 3⁄32

1⁄4 3⁄8
TSF-7 45 7⁄16

7⁄16 21⁄2 55 53 45 2060 3⁄32
1⁄4 3⁄8

TSA-8 90 1⁄2 1⁄2 21⁄2 0 8 90 2150 1⁄8 5⁄16
7⁄16

TSB-8 90 1⁄2 1⁄2 21⁄2 10 8 90 2150 1⁄8 5⁄16
7⁄16

TSC-8 60 1⁄2 1⁄2 21⁄2 30 38 60 2150 1⁄8 5⁄16
7⁄16

TSD-8 60 1⁄2 1⁄2 21⁄2 40 38 60 2150 1⁄8 5⁄16
7⁄16

TSE-8 45 1⁄2 1⁄2 21⁄2 45 53 45 2150 1⁄8 5⁄16
7⁄16

TSF-8 45 1⁄2 1⁄2 21⁄2 55 53 45 2150 1⁄8 5⁄16
7⁄16

TSA-10 90 5⁄8 5⁄8 3 0 8 90 2220 5⁄32
3⁄8 9⁄16

TSB-10 90 5⁄8 5⁄8 3 10 8 90 2220 5⁄32
3⁄8 9⁄16

TSC-10 60 5⁄8 5⁄8 3 30 38 60 2220 5⁄32
3⁄8 9⁄16

TSD-10 60 5⁄8 5⁄8 3 40 38 60 2220 5⁄32
3⁄8 9⁄16

TSE-10 45 5⁄8 5⁄8 3 45 53 45 2220 5⁄32
3⁄8 9⁄16

TSF-10 45 5⁄8 5⁄8 3 55 53 45 2220 5⁄32
3⁄8 9⁄16

TSA-12 90 3⁄4 3⁄4 31⁄2 0 8 90 2300 3⁄16
7⁄16

5⁄8
TSB-12 90 3⁄4 3⁄4 31⁄2 10 8 90 2300 3⁄16

7⁄16
5⁄8

TSC-12 60 3⁄4 3⁄4 31⁄2 30 38 60 2300 3⁄16
7⁄16

5⁄8
TSD-12 60 3⁄4 3⁄4 31⁄2 40 38 60 2300 3⁄16

7⁄16
5⁄8

TSE-12 45 3⁄4 3⁄4 31⁄2 45 53 45 2300 3⁄16
7⁄16

5⁄8
TSF-12 45 3⁄4 3⁄4 31⁄2 55 53 45 2300 3⁄16

7⁄16
5⁄8

10° ± 2° Along angle “G”
0° ± 1° Along angle “G”

E ± 1°

12° ± 1°

10° ± 1°
7° ± 1°

6° ± 1°

Tool Designation
and Carbide Grade

C ± 1
16

R

L

T

W

Ref to Sharp Corner

G ± 1°

A +0.000
–0.010

B +0.000
–0.010

Shoulder angle Ref F

1⁄64

±
0.005 
 
 
 

1⁄32

±
0.010 
 
 
 

1⁄32

±
0.010 
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Boring Machines, Origin.—The first boring machine was built by John Wilkinson, in
1775. Smeaton had built one in 1769 which had a large rotary head, with inserted cutters,
carried on the end of a light, overhanging shaft. The cylinder to be bored was fed forward
against the cutter on a rude carriage, running on a track laid in the floor. The cutter head
followed the inaccuracies of the bore, doing little more than to smooth out local roughness
of the surface. Watt’s first steam cylinders were bored on this machine and he complained
that one, 18 inches in diameter, was 3⁄8 inch out of true. Wilkinson thought of the expedient,
which had escaped both Smeaton and Watt, of extending the boring-bar completely
through the cylinder and giving it an out-board bearing, at the same time making it much
larger and stiffer. With this machine cylinders 57 inches in diameter were bored which
were within 1⁄16 inch of true. Its importance can hardly be overestimated as it insured the
commercial success of Watt’s steam engine which, up to that time, had not passed the
experimental stage.

Table 7.  ANSI Solid Carbide Round Boring Tools — ANSI B212.1-2002 (R2007)
 Style SRC for 60° Boring Bar and Style SRE for 45° Boring Bar 

Tool
Designation

Bor. Bar
Angle

from Axis,
Deg.

Shank Dimensions, Inches Side Cut.
Edge
Angle

E ,Deg.

End Cut.
Edge
Angle

G ,Deg.

Shoulder
Angle

F ,Deg.
Dia.
D

Length
C

Dim.
Over
Flat B

Nose
Height

H

SRC-33 60 3⁄32
3⁄8 0.088 0.070 30 38 60

SRE-33 45 3⁄32
3⁄8 0.088 0.070 45 53 45

SRC-44 60 1⁄8 1⁄2 0.118 0.094 30 38 60

SRE-44 45 1⁄8 1⁄2 0.118 0.094 45 53 45

SRC-55 60 5⁄32
5⁄8 0.149 0.117 ±0.005 30 38 60

SRE-55 45 5⁄32
5⁄8 0.149 0.117 ±0.005 45 53 45

SRC-66 60 3⁄16
3⁄4 0.177 0.140 ±0.005 30 38 60

SRE-66 45 3⁄16
3⁄4 0.177 0.140 ±0.005 45 53 45

SRC-88 60 1⁄4 1 0.240 0.187 ±0.005 30 38 60

SRE-88 45 1⁄4 1 0.240 0.187 ±0.005 45 53 45

SRC-1010 60 5⁄16 11⁄4 0.300 0.235 ±0.005 30 38 60

SRE-1010 45 5⁄16 11⁄4 0.300 0.235 ±0.005 45 53 45

E ± 1°

6° ± 1°

6° ± 1°

Tool Designation
and Carbide Grade

C ± 1
64

G ± 1°

B +0.000
–0.005

D +0.0005
–0.0015

F Ref

±0.005 to sharp corner
D

2

0.010 R ± 0.003

H

6° ± 1° Along angle “G”

+0.000
0.005–

+0.000
0.005–
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TAPS

A tap is a mechanical device applied to make a standard thread on a hole. A range of tap
pitch diameter (PD) limits, from which the user may select to suit local conditions, is avail-
able. Taps included in the ASME B94.9 standard are categorized according to type, style,
size and chamfer, and blank design. General dimensions and tap markings are given in the
standard ASME B94.9 Taps: Ground and Cut Threads (Inch and Metric Sizes) for straight
fluted taps, spiral pointed taps, spiral pointed only taps, spiral fluted taps, fast spiral fluted
taps, thread forming taps, pulley taps, nut taps, and pipe taps. The standard also gives the
thread limits for taps with cut threads and ground threads. The tap thread limits and toler-
ances are given in Tables 2 to 4, tap dimensions for cut thread and ground thread are given
in Tables 5a through 10. Pulley tap dimensions and tolerances are given in Table 12,
straight and taper pipe thread tap dimensions and tolerances are given on Tables 13a and
13b, and thread limits for cut thread and ground thread taps are given in Tables 15 through
26a.

Thread Form, Styles, and Types

Thread Form.—The basic angle of thread between the flanks of thread measured in an
axial plane is 60 degrees. The line bisecting this 60° angle is perpendicular to the axis of the
screw thread. The symmetrical height of the thread form, h, is found as follows:

(1)

The basic pitch diameter (PD) is obtained by subtracting the symmetrical single thread
height, h, from the basic major diameter as follows:

(2)

Dbsc =basic major diameter
P =pitch of thread
h =symmetrical height of thread
n =number of threads per inch

Types and Styles of Taps.—Tap type is based on general dimensions such as standard
straight thread, taper and straight pipe, pulley, etc., or is based on purpose, such as thread
forming and screw thread inserts (STI). 

Tap style is based on flute construction for cutting taps, such as straight, spiral, or spiral
point, and on lobe style and construction for forming taps, such as straight or spiral.

Straight Flute Taps: These taps have straight flutes of a number specified as either stan-
dard or optional, and are for general purpose applications. This standard applies to
machine screw, fractional, metric, and STI sizes in high speed steel ground thread, and to
machine screw and fractional sizes in high speed and carbon steel cut thread, with taper,
plug, semibottom, and bottom chamfer.

Spiral Pointed Taps: These taps have straight flutes and the cutting face of the first few
threads is ground at an angle to force the chips ahead and prevent clogging in the
flutes.This standard applies to machine screw, fractional, metric, and STI sizes in high

h 0.64951905P
0.64951905

n
----------------------------= =

Basic Pitch Diameter Dbsc h–=

BLANK Design 1

BLANK Design 2

BLANK Design 3
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speed steel ground thread, and to cut thread in machine screw and fractional sizes with
plug, semibottom, and bottom chamfer.

Spiral Pointed Only Taps: These taps are made with the spiral point feature only without
longitudinal flutes. These taps are especially suitable for tapping thin materials. This stan-
dard applies to machine screw and fractional sizes in high speed steel, ground thread, with
plug chamfer.

Spiral Fluted Taps: These taps have right-hand helical flutes with a helix angle of 25 to
35 degrees. These features are designed to help draw chips from the hole or to bridge a key-
way. This standard applies to machine screw, fractional, metric, and STI sizes in high
speed steel and to ground thread with plug, semibottom, and bottom chamfer.

Fast Spiral Fluted Taps: These taps are similar to spiral fluted taps, except the helix
angle is from 45 to 60 degrees.This standard applies to machine screw, fractional, metric,
and STI sizes in high speed steel with plug, semibottom, and bottom chamfer.

Thread Forming Taps: These taps are fluteless except as optionally designed with one or
more lubricating grooves. The thread form on the tap is lobed, so that there are a finite num-
ber of points contacting the work thread form. The tap does not cut, but forms the thread by
extrusion. This standard applies to machine screw, fractional, and metric sizes, in high
speed steel, ground thread form, with plug, semibottom, and bottom entry taper.

Blank Design 1 Blank Design 2

Blank Design 3

Blank Design 1 Blank Design 2

Blank Design 3

Blank Design 1 Blank Design 2

Blank Design 3

Blank Design 1

Blank Design 2 Blank Design 3
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Pulley Taps: These taps were originally designed for tapping line shaft pulleys by
hand.Today, these taps have shanks that are extended in length by a standard amount for
use where added reach is required. The shank is the same nominal diameter as the thread.
This standard applies to fractional size and ground thread with plug and bottom chamfer.

Pipe Taps: These taps are used to produce standard straight or tapered pipe threads.This
standard applies to fractional size in high speed steel, ground thread, to high speed steel
and carbon steel in cut thread, and to straight pipe taps having plug chamfers and taper pipe
taps.

Standard System of Tap Marking.—Ground thread taps specified in the U.S. custom-
ary system are marked with the nominal size, number of threads per inch, the proper sym-
bol to identify the thread form, “HS” for high-speed steel, “G” for ground thread, and
designators for tap pitch diameter and special features, such as left-hand and multi-start
threads.

Cut thread taps specified in the U.S. customary system are marked with the nominal size,
number of threads per inch, and the proper symbol to identify the thread form. High-speed
steel taps are marked “HS,” but carbon steel taps need not be marked.

Ground thread taps made with metric screw threads (M profile) are marked with “M,”
followed by the nominal size and pitch in millimeters, separated by “X”. Marking also
includes “HS” for high-speed steel, “G” for ground thread, designators for tap pitch diam-
eter and special features, such as left-hand and multi-start threads.

Thread symbol designators are listed in the accompanying table. Tap pitch diameter des-
ignators, systems of limits, special features, and examples for ground threads are given in
the following section.

Standard System of Tap Thread Limits and Identification for Unified Inch Screw
Threads, Ground Thread.—H or L Limits: For Unified inch screw threads, when the
maximum tap pitch diameter is over basic pitch diameter by an even multiple of 0.0005
inches, or the minimum tap pitch diameter limit is under basic pitch diameter by an even
multiple of 0.0005 inches, the taps are marked “H” or “L”, respectively, followed by a limit
number, determined as follows:

The tap PD tolerances for ground threads are given in Table 2, column D; PD tolerances
for cut threads are given in Table 3, column D. For standard taps, the PD limits for various
H limit numbers are given in Table 20. The minimum tap PD equals the basic PD minus the

Blank Design 1

Blank Design 2
Blank Design 3

H Limit number Tap PD Basic PD–
0.0005

-----------------------------------------------=

  L Limit number  Basic PD Tap PD–
0.0005

------------------------------------------------=
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number of half-thousandths (0.0005 in.) represented by the limit number. The maximum
tap PD equals the minimum PD plus the PD tolerance given in Table 20.

Tap Marking with H or L Limit Numbers

Example 1:3⁄8 -16 NC HS H1

Example 2:3⁄8 -16 NC HS G L2

Oversize or Undersize: When the maximum tap PD over basic PD or the minimum tap
PD under basic PD is not an even multiple of 0.0005, the tap PD is usually designated as an
amount oversize or undersize. The amount oversize is added to the basic PD to establish
the minimum tap PD. The amount undersize is subtracted from the basic PD to establish the
minimum tap PD. The PD tolerance from Table 2 is added to the minimum tap PD to estab-
lish the maximum tap PD for both.

Example :7⁄16 -14 NC plus 0.0017 HS G

Min. tap PD = Basic PD + 0.0017 in.

Max. tap PD = Min. tap PD + 0.0005 in.

Whenever possible for oversize or other special tap PD requirements, the maximum and
minimum tap PD requirements should be specified.

Special Tap Pitch Diameter: Taps not made to H or L limit numbers, to the specifications
in, or to the formula for oversize or undersize taps, may be marked with the letter “S”
enclosed by a circle or by some other special identifier. Example: 1⁄2 -16 NC HS G.

Left-Hand Taps: Taps with left-hand threads are marked “LEFT HAND” or “LH.”
Example:3⁄8 -16 NC LH HS G H3.

Maximum tap PD Basic PD 0.0005+=

3
8
--- 0.64951904

1
16
------×

 
 – 0.0005+=

0.3344 0.0005+=

0.3349=

Minimum tap PD Maximum tap PD 0.0005–=

0.3349 0.0005–=

0.3344=

Minimum tap PD Basic PD 0.0010–=

3
8
--- 0.64951904

1
16
------× 

 – 0.0010–=

0.3344 0.0010–=

0.3334=

Maximum tap PD Minimum tap PD 0.0005+=

0.3334 0.0005+=

0.3339=
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Table 1. Thread Series Designations

Standard
Tap

Marking

Product
Thread

Designation Third Series

American
National 
Standard

References

M M Metric Screw Threads—M Profile, with basic ISO 68 profile B1.13M
B1.18M

M MJ Metric Screw Threads: MJ Profile, with rounded root of radius 
0.15011P to 0.18042P (external thread only) B1.121M

Class 5 interference-fit thread

NC NC5IF Entire ferrous material range B1.12

NC NC5INF Entire nonferrous material range B1.12

NPS NPSC American Standard straight pipe threads in pipe couplings B1.20.1

NPSF NPSF Dryseal American Standard fuel internal straight pipe threads B1.20.3

NPSH NPSH American Standard straight hose coupling threads for joining to 
American Standard taper pipe threads B1.20.7

NPSI NPSI Dryseal American Standard intermediate internal straight pipe threads B1.20.3

NPSL NPSL American Standard straight pipe threads for loose-fitting 
mechanical joints with locknuts B1.20.1

NPS NPSM American Standard straight pipe threads for free-fitting 
mechanical joints for fixtures B1.20.1

ANPT ANPT Pipe threads, taper, aeronautical, national form MIL-P-7105

NPT NPT American Standard taper pipe threads for general use B1.20.1

NPTF NPTF Dryseal American Standard taper pipe threads B1.20.3

NPTR NPTR American Standard taper pipe threads for railing joints B1.20.1

PTF PTF Dryseal American Standard pipe threads B1.20.3

PTF-SPL PTF-SPL Dryseal American Standard pipe threads B1.20.3

STI STI Helical coil screw thread inserts- 
free running and screwlocking (inch series) B18.29.1

Unified Inch Screw Thread

N UN Constant-pitch series B1.1

NC UNC Coarse pitch series B1.1

NF UNF Fine pitch series B1.1

NEF UNEF Extra-fine pitch series B1.1

N UNJ Constant-pitch series, with rounded root of radius 0.15011P to 0.18042P
(external thread only) MIL-S-8879

NC UNJC Coarse pitch series, with rounded root of radius 0.15011P to 0.18042 P
(external thread only)

B1.15
MIL-S-8879

NF UNJF Fine pitch series, with rounded root of radius 0.15011P to 0.18042P
(external thread only)

B1.15
MIL-S-8879

NEF UNJEF Extra-fine pitch series, with rounded root of radius 0.15011P to 0.18042P
(external thread only)

B1.15
MIL-S-8879

N UNR Constant-pitch series, with rounded root of radius not less than 0.108P
(external thread only) B1.1

NC UNRC Coarse thread series, with rounded root of radius not less than 0.108P
(external thread only) B1.1

NF UNRF Fine pitch series, with rounded root of radius not less than 0.108P
(external thread only) B1.1

NEF UNREF Extra-fine pitch series, with rounded root of radius not less than 0.108P
(external thread only) B1.1

NS UNS Special diameter pitch, or length of engagement B1.1
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Table 2. Tap Thread Limits and Tolerances  ASME B94.9-1999
Formulas for Unified Inch Screw Threads (Ground Thread)

A =Constant to add = 0.130P for all pitches
B =Major diameter tolerance= 0.087P for 48 to 80 tpi; 0.076P for 36 to 47 tpi; 0.065P for 4 to 35 tpi
C =Amount over basic for minimum pitch diameter
D =Pitch diameter tolerance

Threads
per Inch A B

C D

0 to 5⁄8 5⁄8 to 21⁄2 Over 21⁄2 0 to 1 1 to 11⁄2 11⁄2 to 21⁄2 Over 21⁄2

80 0.0016 0.0011 0.0005 0.0010 0.0015 0.0005 0.0010 0.0010 0.0015

72 0.0018 0.0012 0.0005 0.0010 0.0015 0.0005 0.0010 0.0010 0.0015

64 0.0020 0.0014 0.0005 0.0010 0.0015 0.0005 0.0010 0.0010 0.0015

56 0.0023 0.0016 0.0005 0.0010 0.0015 0.0005 0.0010 0.0010 0.0015

48 0.0027 0.0018 0.0005 0.0010 0.0015 0.0005 0.0010 0.0010 0.0015

44 0.0030 0.0017 0.0005 0.0010 0.0015 0.0005 0.0010 0.0010 0.0015

40 0.0032 0.0019 0.0005 0.0010 0.0015 0.0005 0.0010 0.0010 0.0015

36 0.0036 0.0021 0.0005 0.0010 0.0015 0.0005 0.0010 0.0010 0.0015

32 0.0041 0.0020 0.0010 0.0010 0.0015 0.0005 0.0010 0.0010 0.0015

28 0.0046 0.0023 0.0010 0.0010 0.0015 0.0005 0.0010 0.0010 0.0015

24 0.0054 0.0027 0.0010 0.0010 0.0015 0.0005 0.0010 0.0015 0.0015

20 0.0065 0.0032 0.0010 0.0010 0.0015 0.0005 0.0010 0.0015 0.0015

18 0.0072 0.0036 0.0010 0.0010 0.0015 0.0005 0.0010 0.0015 0.0015

16 0.0081 0.0041 0.0010 0.0010 0.0015 0.0005 0.0010 0.0015 0.0020

14 0.0093 0.0046 0.0010 0.0015 0.0015 0.0005 0.0010 0.0015 0.0020

13 0.0100 0.0050 0.0010 0.0015 0.0015 0.0005 0.0010 0.0015 0.0020

12 0.1080 0.0054 0.0010 0.0015 0.0015 0.0005 0.0010 0.0015 0.0020

11 0.0118 0.0059 0.0010 0.0015 0.0020 0.0005 0.0010 0.0015 0.0020

10 0.0130 0.0065 … 0.0015 0.0020 0.0005 0.0010 0.0015 0.0020

9 0.0144 0.0072 … 0.0015 0.0020 0.0005 0.0010 0.0015 0.0020

8 0.0162 0.0081 … 0.0015 0.0020 0.0005 0.0010 0.0015 0.0020

7 0.0186 0.0093 … 0.0015 0.0020 0.0010 0.0010 0.0020 0.0025

6 0.0217 0.0108 … 0.0015 0.0020 0.0010 0.0010 0.0020 0.0025

51⁄2 0.0236 0.0118 … 0.0015 0.0020 0.0010 0.0015 0.0020 0.0025

5 0.0260 0.0130 … 0.0015 0.0020 0.0010 0.0015 0.0020 0.0025

41⁄2 0.0289 0.0144 … 0.0015 0.0020 0.0010 0.0015 0.0020 0.0025

4 0.0325 0.0162 … 0.0015 0.0020 0.0010 0.0015 0.0020 0.0025

Dimensions are given in inches.
The tables and formulas are used in determining the limits and tolerances for ground thread taps having a thread lead 

angle not in excess of 5°, unless otherwise specified. 
The tap major diameter must be determined from a specified tap pitch diameter, the maximum major diameter 

equals the minimum specified tap pitch diameter minus constant C, plus 0.64951904P plus constant A.

For intermediate pitches use value of next coarser pitch for C and D, use formulas for A and B.
Lead Tolerance:± 0.0005 inch within any two threads not farther apart than 1 inch.
Angle Tolerance: ± 20′ in half angle for 4 to 51⁄2 pitch; ± 25′ in half angle for 6 to 9 pitch, and ± 30′ in half angle for 

10 to 80 pitch.

Max. Major Diameter Basic Diameter A+= Min. Pitch Diameter Basic Diameter C+=

Min.  Major Diameter Max. Maj. Dia. B–= Max. Pitch Diameter Min. Pitch Dia. D+=

 Maximum Major Diameter Tap Pitch Diameter C– 0.64951904P A+ +=
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Dimensions are given in inches.
The tables and formulas are used in determining the limits and tolerances for cut thread metric taps

having special diameter, special pitch, or both.
For intermediate pitches use value of next coarser pitch.
Lead Tolerance: ± 0.003 inch within any two threads not farther apart than 1 inch.
Taps over 11⁄2 in. with 10 or more threads per inch have tolerances for N.F. and finer.

Table 3. Tap Thread Limits and Tolerances  ASME B94.9-1999
Formulas for Unified Inch Screw Threads (Cut Thread)

A =Major diameter tolerance
B =Amount over basic for minimum pitch diameter
C =A constant to add for major diameter: 20% of theoretical truncation for 2 to 5.5 threads per

inch and 25% for 6 to 80 threads per inch
D =Pitch diameter tolerance

Diameter of 
Tap (Inch) A

B D

36 or more TPI 34 or less TPI
Coarser than 

N.F. N.F. and Finera

a Taps over 11⁄2 inches with 10 or more threads per inch have tolerances for N.F. and finer. 

0 to 0.099 0.0015 0.0002 0.0005 0.0010 0.0010
0.10 to 0.249 0.0020 0.0002 0.0005 0.0015 0.0015
1⁄4 to 3⁄8 0.0025 0.0005 0.0005 0.0020 0.0015
3⁄8 to 5⁄8 0.0030 0.0005 0.0005 0.0025 0.0020
5⁄8 to 3⁄4 0.0040 0.0005 0.0005 0.0030 0.0025
3⁄4 to 1 0.0040 0.0010 0.0010 0.0030 0.0025
1 to 11⁄2 0.0045 0.0010 0.0010 0.0035 0.0030
11⁄2 to 2 0.0055 0.0015 0.0015 0.0040 0.0030
2 to 21⁄4 0.0060 0.0015 0.0015 0.0045 0.0035
21⁄4 to 21⁄2 0.0060 0.0020 0.0020 0.0045 0.0035
21⁄2 to 3 0.0070 0.0020 0.0020 0.0050 0.0035
over 3 0.0070 0.0025 0.0025 0.0055 0.0045

Threads
per Inch C

Threads
per Inch C

Threads
per Inch C

Threads
per Inch C

2 0.0217 7 0.0077 18 0.0030 36 0.0015

21⁄2 0.0173 8 0.0068 20 0.0027 40 0.0014

3 0.0144 9 0.0060 22 0.0025 48 0.0011

31⁄2 0.0124 10 0.0054 24 0.0023 50 0.0011

4 0.0108 11 0.0049 26 0.0021 56 0.0010

41⁄2 0.0096 12 0.0045 27 0.0020 60 0.0009

5 0.0087 13 0.0042 28 0.0019 64 0.0008

51⁄2 0.0079 14 0.0039 30 0.0018 72 0.0008

6 0.0078 16 0.0034 32 0.0017 80 0.0007

Angle Tolerance

Threads per 
Inch

Deviation in 
Half angle

Deviation in 
Half angle

Threads per 
Inch

Deviation in 
Half angle

Deviation in 
Half angle

4 and coarser ± 30′ ± 45′ 10 to 28 ± 45′ ± 68′
41⁄2 to 51⁄2 ± 35′ ± 53′ 30 and finer ± 60′ ± 90′

6 to 9 ± 40′ ± 60′

Min. Major Diameter Basic Diameter B C+ += Min. Pitch Diameter Basic Diameter B+=

Max.  Major Diameter Min. Maj. Dia. A+= Max. Pitch Diameter Min. Pitch Dia. D+=
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Standard System of Ground Thread Tap Limits and Identification for Metric Screw
Threads, M Profile.—All calculations for metric taps use millimeter values. When U.S.
customary values are needed, they are translated from the three-place millimeter tap diam-
eters only after the calculations are completed.

Dimensions are given in millimeters.
The tables and formulas are used in determining the limits and tolerances for ground thread metric

taps having a thread lead angle not in excess of 5°, unless otherwise specified. They apply only to
metric thread having a 60° form with a P/8 flat at the major diameter of the basic thread form. All
calculations for metric taps are done using millimeters values as shown. When inch values are
needed, they are translated from the three place millimeter tap diameters only after calculations are
performed.

The tap major diameter must be determined from a specified tap pitch diameter, the minimum
major diameter equals the maximum specified tap pitch diameter minus constant Y, plus
0.64951905P plus constant W.

For intermediate pitches use value of next coarser pitch.
Lead Tolerance:± 0.013 mm within any two threads not farther apart than 25 mm.
Angle Tolerance: ± 30′ in half angle for 0.25 to 2.5 pitch; ± 25′ in half angle for 2.5 to 4 pitch, and

± 20′ in half angle for 4 to 6 pitch.

D or DU Limits: When the maximum tap pitch diameter is over basic pitch diameter by
an even multiple of 0.013 mm (0.000512 in. reference), or the minimum tap pitch diameter
limit is under basic pitch diameter by an even multiple of 0.013 mm, the taps are marked

Table 4. Tap Thread Limits and Tolerances  ASME B94.9-1999
Formulas for Metric Thread (Ground Thread)

P Pitch 
(mm)

W
(0.08P) X

Y Z

M1.6 to 
M6.3

Over 
M6.3 to 
to M25

Over 
M25 to 

M90
Over 
M90

M1.6 to 
M6.3

Over 
M6.3 to 
to M25

Over 
M25 to 

M90
Over 
M90

0.30 0.024 0.025 0.039 0.039 0.052 0.052 0.015 0.015 0.020 0.020
0.35 0.028 0.025 0.039 0.039 0.052 0.052 0.015 0.015 0.020 0.020
0.40 0.032 0.025 0.039 0.052 0.052 0.052 0.015 0.015 0.020 0.025
0.45 0.036 0.025 0.039 0.052 0.052 0.052 0.015 0.020 0.020 0.025
0.50 0.040 0.025 0.039 0.052 0.052 0.065 0.015 0.020 0.025 0.025
0.60 0.048 0.025 0.052 0.052 0.065 0.065 0.020 0.020 0.025 0.025
0.70 0.056 0.041 0.052 0.052 0.065 0.065 0.020 0.020 0.025 0.025
0.75 0.060 0.041 0.052 0.065 0.065 0.078 0.020 0.025 0.025 0.031
0.80 0.064 0.041 0.052 0.065 0.065 0.078 0.020 0.025 0.025 0.031
0.90 0.072 0.041 0.052 0.065 0.065 0.078 0.020 0.025 0.025 0.031
1.00 0.080 0.041 0.065 0.065 0.078 0.091 0.025 0.025 0.031 0.031
1.25 0.100 0.064 0.065 0.065 0.078 0.091 0.025 0.031 0.031 0.041
1.50 0.120 0.064 0.065 0.078 0.078 0.091 0.025 0.031 0.031 0.041
1.75 0.140 0.064 … 0.078 0.091 0.104 … 0.031 0.041 0.041
2.00 0.160 0.064 … 0.091 0.091 0.104 … 0.041 0.041 0.041
2.50 0.200 0.063 … 0.091 0.104 0.117 … 0.041 0.041 0.052
3.00 0.240 0.100 … 0.104 0.104 0.130 … 0.041 0.052 0.052
3.50 0.280 0.100 … 0.104 0.117 0.130 … 0.041 0.052 0.052
4.00 0.320 0.100 … 0.104 0.117 0.143 … 0.052 0.052 0.064
4.50 0.360 0.100 … … 0.130 0.143 … 0.052 0.052 0.064
5.00 0.400 0.100 … … 0.130 0.156 … … 0.064 0.064
5.50 0.440 0.100 … … 0.143 0.156 … … 0.064 0.064
6.00 0.480 0.100 … … 0.143 0.156 … … 0.064 0.064

Minimum major diameter Basic diameter W+= Maximum pitch diameter Basic diameter Y+=

Maximum major diameter Min. maj. dia. X+= Minimum pitch diameter Max. pitch dia. Z+=

W Constant to add with basic major diameter (W=0.08P)=

X Major diameter tolerance=

Y Amount over basic for maximum pitch diameter=

Z Pitch diameter  tolerance=

 Minimum major diameter Max.tap pitch diameter Y– 0.64951904P W+ +=
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with the letters “D” or “DU,” respectively, followed by a limit number. The limit number
is determined as follows:

Example:M1.6 × 0.35 HS G D3

M6 × 1 HS G DU4

Definitions of Tap Terms.—The definitions that follow are taken from ASME B94.9 but
include only the more important terms. Some tap terms are the same as screw thread terms;
therefore, see Definitions of Screw Threads starting on page 1808.

 Actual size: The measured size of an element on an individual part.
 Allowance: A prescribed difference between the maximum material limits of mating

parts. It is the minimum clearance or maximum interference between such parts.
 Basic Size: The size from which the limits are derived by application of allowance and

tolerance.
 Bottom Top: A tap having a chamfer length of 1 to 2 pitches.
 Chamfer: Tapering of the threads at the front end of each land or chaser of a tap by cut-

ting away and relieving the crest of the first few teeth to distribute the cutting action over
several teeth.

 Chamfer Angle: Angle formed between the chamfer and the axis of the tap measured in
an axial plane at the cutting edge.

 Chamfer Relief: The gradual degrees in land height from cutting edge to heel on the
chamfered portion of the land to provide radial clearance for the cutting edge.

 Chamfer Relief Angle: Complement of the angle formed between a tangent to the
relieved surface at the cutting edge and a radial line to the same point on the cutting edge.

 Classes of Thread: Designation of the class that determines the specification of the size,
allowance, and tolerance to which a given threaded product is to be manufactured. It is not
applicable to the tools used for threading.

 Concentric: Having a common center.
 Crest: The surface of the thread that joins the flanks of the thread and is farthest from the

cylinder or cone from which the threads projects.

D Limit number Tap PD Basic PD–
0.0013

-----------------------------------------------=

DU Limit number  Basic PD Tap PD–
0.0013

------------------------------------------------=

Maximum tap PD Basic PD 0.0039+=

1.6 0.64951904 0.35×( )– 0.0039+=

1.3727 0.039+=

1.412=

Minimum tap PD Maximum tap PD 0.015–=

1.412 0.015–=

1.397=

Minimum tap PD Basic PD 0.052–=

6 0.64951904 1.0×( )– 0.052–=

5.350 0.052–=

5.298=

Maximum tap PD Minimum tap PD 0.025+=

5.298 0.025+=

5.323=
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 Cutter Sweep: The section removed by the milling cutter or the grinding wheel in enter-
ing or leaving a flute.

 Cutting Edge: The intersection of cutting edge and the major diameter in the direction of
rotation for cutting which does the actual cutting.

 Core Diameter: The diameter of a circle that is tangent to the bottom of the flutes at a
given point on the axis.

 Diameter, Major: It is the major cylinder on a straight thread.
 Diameter, Minor: It is the minor cylinder on a straight thread.
 Dryseal: A thread system used for both external and internal pipe threads applications

designed for use where the assembled product must withstand high fluid or gas pressure
without the use of sealing compound.

 Eccentric: Not having a common center.
 Eccentricity: One half of the total indicator variation (TIV) with respect to the tool axis.
 Entry Taper: The portion of the thread forming, where the thread forming is tapered

toward the front to allow entry into the hole to be tapped.
 External Center: The pointed end on a tap. On bottom chamfered taps the point on the

front end may be removed.
 Flank: The flank of a thread is the either surface connecting the crest with the root.
 Flank Angle: Angle between the individual flank and the perpendicular to the axis of the

thread, measured in an axial plane. A flank angle of a symmetrical thread is commonly
termed the “half angle of thread.”

 Flank, Leading:  1) Flank of a thread facing toward the chamfered end of a threading
tool;  and  2) The leading flank of a thread is the one which, when the thread is about to be
assembled with a mating thread, faces the mating thread.

 Flank, Trailing: The trailing flank of a thread is the one opposite the leading flank.
 Flutes: Longitudinal channels formed in a tap to create cutting edges on the thread pro-

file and to provide chip spaces and cutting fluid passages. On a parallel or straight thread
tap they may be straight, angular or helical; on a taper thread tap they may be straight,
angular or spiral.

 Flute Lead Angle: Angle at which a helical or spiral cutting edge at a given point makes
with an axial plane through the same point.

 Flute, Spiral: A flute with uniform axial lead in a spiral path around the axis of a conical
tap.

 Flute, Straight: A flute which forms a cutting edge lying in an axial plane.
 Flute, Tapered: A flute lying in a plane intersecting the tool axis at an angle.
 Full Indicator Movement (FIM): The total movement of an indicator where appropri-

ately applied to a surface to measure its surface.
 Functional Size: The functional diameter of an external or internal thread is the PD of the

enveloping thread of perfect pitch, lead, and flank angles, having full depth of engagement
but clear at crests and roots, and of a specified length of engagement.

 Heel: Edge of the land opposite the cutting edge.
 Height of Thread: The height of a thread is the distance, measured radially between the

major and minor cylinders or cones, respectively.
 Holes, Blind: A hole that does not pass through the work piece and is not threaded to its

full depth.
 Holes, Bottom: A blind hole that is threaded close to the bottom.
 Hook Angle: Inclination of a concave cutting face, usually specified either as Chordal

Hook or Tangential Hook.
 Hook, Chordal Angle: Angle between the chord passing through the root and crest of a

thread form at the cutting face, and a radial line through the crest at the cutting edge.
 Hook, Tangential Angle: Angle between a line tangent to a hook cutting face at the cut-

ting edge and a radial line to the same point.
 Internal Center: A countersink with clearance at the bottom, in one or both ends of a

tool, which establishes the tool axis.
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 Interrupted Thread Tap: A tap having an odd number of lands with alternate teeth in the
thread helix removed. In some designs alternate teeth are removed only for a portion of the
thread length.

 Land: One of the threaded sections between the flutes of a tap.
 Lead: Distance a screw thread advances axially in one complete turn.
 Lead Error: Deviation from prescribed limits.
 Lead Deviation: Deviation from the basic nominal lead.
 Progressive Lead Deviation: (1) On a straight thread the deviation from a true helix

where the thread helix advances uniformly. (2) On a taper thread the deviation from a true
spiral where the thread spiral advances uniformly.

Fig. 3. Tap Terms

 Left Hand Cut: Rotation in a clockwise direction from cutting when viewed from the
chamfered end of a tap.

 Length of Engagement: The length of engagement of two mating threads is the axial dis-
tance over which two mating threads are designed to contact.

 Length of Thread: The length of the thread of the tap includes the chamfered threads and
the full threads but does not include an external center. It is indicated by the letter “B” in the
illustrations at the heads of the tables.

 Limits: The limits of size are the applicable maximum and minimum sizes.
 Major Diameter: On a straight thread the major diameter is that of the major cylinder.

On a taper thread the major diameter at a given position on the thread axis is that of the
major cone at that position.

Tap Terms

Flank

Basic Minor Dia.
Base of Thread

Basic RootBasic Pitch Dia.

Angle of Thread

Tap Crest
Basic Crest

Max. Tap
Major
Dia.

Min. Tap
Major
Dia.

Basic
Major
Dia.

Basic
Height of
Thread

Heel

No Relief
Relieved to

Cutting Edge

Concentric

Cutting Edge

Cutting Face

Pitch

Negative
Rake Angle

Negative Rake Radial Positive Rake

Land

Eccentric

Eccentric
Relief

Concentric Margin

Con-Eccentric Relief

Zero Rake Positive
Rake Angle

Positive Hook 0 Deg. Hook Negative Hook
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Fig. 1. Taps Terms

 Minor Diameter: On a straight thread the minor diameter is that of the minor cylinder.
On a taper thread the minor diameter at a given position on the thread axis is that of the
minor cone at that position.

 Neck: A section of reduced diameter between two adjacent portion of a tool.
 Pitch: The distance from any point on a screw thread to a corresponding point in the next

thread, measured parallel to the axis and on the same side of the axis.

Shank
Length

I

BLANK Design 1

Thread
Length

I

Core Dia.

Flute

Land Width

Overall Length, L

4
2

I Driving
Square
Length

Truncated Center Optional

Transitional Optional
with Manufacturer

External Center

Shank
Length

I

BLANK Design 2 with Optional Neck

Thread
Length

I

Overall Length, L

4

2
I Driving

Square
Length

Truncated Neck to Shank
Optional with manufacturer

Neck Diameter d
External Center

Neck
Length

I 1

2

Shank
Length

I

BLANK Design 3

Thread
Length

I

Overall Length, L

4
2

I Driving
Square
Length

Truncated Center Optional

Transitional Optional
with Manufacturer

External Center

Tap Terms

Size of Square
across flats

Shank
Length

I

Shank Dia. dInternal Center

Thread Lead Angle

Overall Length

Thread
Length I

Chamfer
Length

Chamfer
Angle

90°

Point
Dia.

3
d

5
I

4

1

Driving Square
Length, I2

BLANK Design 2 (without optional neck)



916 TAPS

 Pitch Diameter (Simple Effective Diameter): On a straight thread, the pitch diameter is
the diameter of the imaginary coaxial cylinder, the surface of which would pass through
the thread profiles at such points as to make the width of the groove equal to one-half the
basic pitch. On a perfect thread this coincidence occurs at the point where the widths of the
thread and groove are equal. On a taper thread, the pitch diameter at a given position on the
thread axis is the diameter of the pitch cone at that position.

 Point Diameter: Diameter at the cutting edge of the leading end of the chamfered sec-
tion.

 Plug Tap: A tap having a chamfer length of 3 to 5 pitches.
 Rake: Angular relationship of the straight cutting face of a tooth with respect to a radial

line through the crest of the tooth at the cutting edge. Positive rake means that the crest of
the cutting face is angularly ahead of the balance of the cutting face of the tooth. Negative
rake means that the crest of the cutting face is angularly behind the balance of the cutting
face of the tooth. Zero rake means that the cutting face is directly on a radial line.

 Relief: Removal of metal behind the cutting edge to provide clearance between the part
being threaded and the threaded land.

 Relief, Center: Clearance produced on a portion of the tap land by reducing the diameter
of the entire thread form between cutting edge and heel.

 Relief, Chamfer: Gradual decrease in land height from cutting edge to heel on the cham-
fered portion of the land on a tap to provide radial clearance for the cutting edge.

 Relief, Con-eccentric Thread: Radial relief in the thread form starting back of a concen-
tric margin.

 Relief, Double Eccentric Thread: Combination of a slight radial relief in the thread form
starting at the cutting edge and continuing for a portion of the land width, and a greater
radial relief for the balance of the land.

 Relief, Eccentric Thread: Radial relief in the thread form starting at the cutting edge and
continuing to the heel.

 Relief, Flatted Land: Clearance produced on a portion of the tap land by truncating the
thread between cutting edge and heel.

 Relief, Grooved Land: Clearance produced on a tap land by forming a longitudinal
groove in the center of the land.

 Relief, Radial: Clearance produced by removal of metal from behind the cutting edge.
Taps should have the chamfer relieved and should have back taper, but may or may not
have relief in the angle and on the major diameter of the threads. When the thread angle is
relieved, starting at the cutting edge and continuing to the heel, the tap is said to have
“eccentric” relief. If the thread angle is relieved back of a concentric margin (usually one-
third of land width), the tap is said to have “con-eccentric” relief.

 Right Hand Cut: Rotation in clockwise direction for cutting when viewed from the
chamfered end of a tap or die.

 Roots: The surface of the thread that joins the flanks of adjacent thread forms and is iden-
tical to cone from which the thread projects.

 Screw Thread: A uniform section produced by forming a groove in the form of helix on
the external or the internal surface of a cylinder.

 Screw Thread Inserts (STI): Screw thread bushing coiled from diamond shape cross
section wire. They are screwed into oversized tapped holes to size nominal size internal
threads.

 Screw Thread Insert (STI) Taps: These taps are over the nominal size to the extent that
the internal thread they produce will accommodate a helical coil screw insert, which at
final assembly will accept a screw thread of the nominal size and pitch.

 Shank: The portion of the tool body by which it is held and driven.
 Shaving: The excessive removal of material from the product thread profile by the tool

thread flanks caused by an axial advance per revolution less than or more than the actual
lead in the tool.

 Size, Actual: Measured size of an element on an individual part.
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 Size, Basic: That size from which the limits of size are derived by the application of
allowances and tolerances.

 Size, Functional: The functional diameter of an external or internal thread is the pitch
diameter of the enveloping thread of perfect pitch, lead and flank angles, having full depth
of engagement but clear at crests and roots, and of a specified length of engagement. It may
be derived by adding to the pitch diameter in an external thread, or subtracting from the
pitch diameter in an internal thread, the cumulative effects of deviations from specified
profile, including variations in lead and flank angle over a specified length of engagement.
The effects of taper, out-of-roundness, and surface defects may be positive or negative on
either external or internal threads.

 Size, Nominal: Designation used for the purpose of general identification.

 Spiral Flute: See Flutes.

 Spiral Point: Angular fluting in the cutting face of the land at the chamfered end. It is
formed at an angle with respect to the tap axis of opposite hand to that of rotation. Its length
is usually greater than the chamfer length and its angle with respect to the tap axis is usually
made great enough to direct the chips ahead of the tap. The tap may or may not have longi-
tudinal flutes.

 Taper, Back: A gradual decrease in the diameter of the thread form on a tap from the
chamfered end of the land towards the back, which creates a slight radial relief in the
threads.

 Taper per Inch: The difference in diameter in one inch measured parallel to the axis.

 Taper Tap: A tap having a chamfer length of 7 to 10 pitches.

 Taper Thread Tap: A tap with tapered threads for producing a tapered internal thread.

 Thread, Angle of: The angle between the flanks of the thread measured in an axial plane.

 Thread Lead Angle: On a straight thread, the lead angle is the angle made by the helix of
the thread at the pitch line with a plane perpendicular to the axis. On a taper thread, the lead
angle at a given axial position is the angle made by the conical spiral of the thread, with the
plane perpendicular to the axis, at the pitch line.

 Thread per Inch: The number of thread pitches in one inch of thread length.

 Tolerance: The total permissible variation of size or difference between limits of size.

 Total Indicator Variation (TIV): The difference between maximum and minimum indi-
cator readings during a checking cycle.

BLANK Design 1

I

 L

I2

d1

I

L

I2

BLANK Design 2

d1

BLANK Design 3

L

 I
 I2

d
1

a
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Nominal Diameter
Range, inch

Nominal Diameter, inch Nominal Metric Diameter 

Blank
Design No.

Tap Dimensions, inch

Machine Screw
Size No. and

 Fractional Sizes
Decimal 
Equiv. mm inch

Overall 
Length

L

Thread
Length

I

Square
Length

I2

Shank
Diameter

d1

Size of 
Square

aOver To 

0.052 0.065 0 (0.0600) M1.6 0.0630 1 1.63 0.31 0.19 0.141 0.110

0.065 0.078 1 (0.0730) M1.8 0.0709 1 1.69 0.38 0.19 0.141 0.110

0.078 0.091 2 (0.0860) M2.0 0.0787 1 1.75 0.44 0.19 0.141 0.110

M2.2 0.0866

0.091 0.104 3 (0.0990) M2.5 0.0984 1 1.81 0.50 0.19 0.141 0.110

0.104 0.117 4 (0.1120) … … 1 1.88 0.56 0.19 0.141 0.110

0.117 0.130 5 (0.1250) M3.0 0.1182 1 1.94 0.63 0.19 0.141 0.110

0.130 0.145 6 (0.1380) M3.5 0.1378 1 2.00 0.69 0.19 0.141 0.110

0.145 0.171 8 (0.1640) M4.0 0.1575 1 2.13 0.75 0.25 0.168 0.131

0.171 0.197 10 (0.1900) M4.5 0.1772 1 2.38 0.88 0.25 0.194 0.152

M5 0.1969

0.197 0.223 12 (0.2160) … … 1 2.38 0.94 0.28 0.220 0.165

0.223 0.260 1⁄4 (0.2500) M6 0.2363 2 2.50 1.00 0.31 0.255 0.191

0.260 0.323 5⁄16 (0.3125) M7 0.2756 2 2.72 1.13 0.38 0.318 0.238

M8 0.3150

0.323 0.395 3⁄8 (0.3750) M10 0.3937 2 2.94 1.25 0.44 0.381 0.286

0.395 0.448 7⁄16 (0.4375) … … 3 3.16 1.44 0.41 0.323 0.242

0.448 0.510 1⁄2 (0.5000) M12 0.4724 3 3.38 1.66 0.44 0.367 0.275

0.510 0.573 9⁄16 (0.5625) M14 0.5512 3 3.59 1.66 0.50 0.429 0.322

0.573 0.635 5⁄8 (0.6250) M16 0.6299 3 3.81 1.81 0.56 0.480 0.360

0.635 0.709 11⁄16 (0.6875) M18 0.7087 3 4.03 1.81 0.63 0.542 0.406

0.709 0.760 3⁄4 (0.7500) … … 3 4.25 2.00 0.69 0.590 0.442

0.760 0.823 13⁄16 (0.8125) M20 0.7874 3 4.47 2.00 0.69 0.652 0.489

0.823 0.885 7⁄8 (0.8750) M22 0.8661 3 4.69 2.22 0.75 0.697 0.523

Machinery's Handbook 29th Edition
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0.885 0.948 15⁄16 (0.9375) M24 0.9449 3 4.91 2.22 0.75 0.760 0.570

0.948 1.010 1 (1.0000) M25 0.9843 3 5.13 2.50 0.81 0.800 0.600

1.010 1.073 11⁄16 (1.0625) M27 1.0630 3 5.13 2.50 0.88 0.896 0.672

1.073 1.135 11⁄8 (1.1250) … … 3 5.44 2.56 0.88 0.896 0.672

1.135 1.198 13⁄16 (1.1875) M30 1.1811 3 5.44 2.56 1.00 1.021 0.766

1.198 1.260 11⁄4 (1.2500) … … 3 5.75 2.56 1.00 1.021 0.766

1.260 1.323 15⁄16 (1.3125) M33 1.2992 3 5.75 2.56 1.06 1.108 0.831

1.323 1.385 13⁄8 (1.3750) … … 3 6.06 3.00 1.06 1.108 0.831

1.358 1.448 17⁄16 (1.4375) M36 1.4173 3 6.06 3.00 1.13 1.233 0.925

1.448 1.510 11⁄2 (1.5000) … … 3 6.38 3.00 1.13 1.233 0.925

1.510 1.635 15⁄8 (1.6250) M39 1.5353 3 6.69 3.19 1.13 1.305 0.979

1.635 1.760 13⁄4 (1.7500) M42 1.6535 3 7.00 3.19 1.25 1.430 1.072

1.760 1.885 17⁄8 (1.8750) … … 3 7.31 3.56 1.25 1.519 1.139

1.885 2.010 2 (2.0000) M48 1.8898 3 7.63 3.56 1.38 1.644 1.233

Special taps greater than 1.010 inch to 1.510 inch in diameter inclusive, having 14 or more threads per inch or 1.75- mm pitch and finer, and sizes over 1.510 inch in diameter with 10 or more 
threads per inch or 2.5- mm pitch and finer are made to general dimensions shown in Table 10.

For standard ground thread tap limits see Table 20, and Table 21 for inch and Table 16 for metric.
For cut thread tap limits Table 22 and 23.
Special ground thread tap limits are determined by using the formulas shown in Table 2 for unified inch screw threads and Table 4 for metric M profile screw threads.
Tap sizes 0.395 inch and smaller have an external center on the thread end (may be removed on bottom taps). Sizes 0.223 inch and smaller have an external center on the shank end. Sizes 0.224 

inch through 0.395 inch have truncated partial cone centers on the shank end (of diameter of shank). Sizes greater than 0.395 inch have internal centers on both the thread and shank ends.
For standard thread limits and tolerances see Table 17 for unified inch screw threads and Table 19 for metric threads.
For runout tolerances of tap elements see Table 14.
For number of flutes see Table 11.

Table 5a. Standard Tap Dimensions (Ground and Cut Thread)(Continued)  ASME B94.9-1999

Nominal Diameter
Range, inch

Nominal Diameter, inch Nominal Metric Diameter 

Blank
Design No.

Tap Dimensions, inch

Machine Screw
Size No. and

 Fractional Sizes
Decimal 
Equiv. mm inch

Overall 
Length

L

Thread
Length

I

Square
Length

I2

Shank
Diameter

d1

Size of 
Square

aOver To 

Machinery's Handbook 29th Edition
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Entry Taper Length.—Entry taper length is measured on the full diameter of the thread
forming lobes and is the axial distance from the entry diameter position to the theoretical
intersection of tap major diameter and entry taper angle. Beveled end threads provided on
taps having internal center or incomplete threads retained when external center is
removed. Whenever entry taper length is specified in terms of number of threads, this
length is measured in number of pitches, P.

Entry diameter measured at the thread crest nearest the front of the tap, is an appropriate
amount smaller than the diameter of the hole drilled for tapping.

Table 5b. Standard Tap Dimensions Tolerances 
(Ground and Cut Thread)  ASME B94.9-1999

Element

Nominal Diameter Range, 
inch

Direction

Tolerance,
inch

Over To (inclusive)
Ground
Thread

Cut
Thread

Length overall, L 0.5200 1.0100 ± 0.0300 0.0300

1.0100 2.0000 ± 0.0600 0.0600

Length of thread, I 0.0520 0.2230 ± 0.0500 0.0500

0.2230 0.5100 ± 0.0600 0.0600

0.5100 1.5100 ± 0.0900 0.0900

1.5100 2.0000 ± 0.1300 0.1300

Length of thread, I2 0.0520 1.0100 ± 0.0300 0.0300

1.0100 2.0000 ± 0.0600 0.0600

Diameter of shank, d1 0.0520 0.2230 − 0.0015 0.0040

0.2230 0.6350 − 0.0015 0.0050

0.6350 1.0100 − 0.0020 0.0050

1.0100 1.5100 − 0.0020 0.0070

1.5100 2.0000 − 0.0030 0.0070

Size of square, a 0.0520 0.5100 − 0.0040 0.0040

0.5100 1.0100 − 0.0060 0.0060

1.0100 2.0000 − 0.0080 0.0080

Optional Neck and Optional Shortened Thread Length, 
Ground and Cut Thread (Table 6)

Bottom length 1 2
1
2
---∼   pitches=

Plug length 3 5∼   pitches=

BLANK Design 3

a

L

 I
 I2

 d
1

I

BLANK Design 2 with Optional Neck

I

 L

4

2
II

1

+0.000
-0.032
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Thread length, I, is based on a length of 12 pitches of the UNC thread series.
Thread length, I, is a minimum value and has no tolerance.
When thread length, I, is added to neck length, I1, the total shall be no less than the minimum thread length, I.

Unless otherwise specified, all tolerances are in accordance with Table 5b.
For runout tolerances, see Table 14.
For number of flutes seeTable 11.

Table 6. Optional Neck and Optional Shortened Thread Length (Tap Dimensions, Ground and Cut Thread)  ASME B94.9-1999

Nominal Diameter, inch Nominal Diameter, inch Nominal Metric Diameter Tap Dimensions, inch

Over
To 

(inclusive)

Machine Screw
Size No. and

Fractional Sizes
Decimal
Equiv. mm inch

Blank
Design No.

Overall 
Length

L

Thread
Length

I

Neck Length
I1

Square
Length

I2

Shank 
Diameter

d1

Size of 
Square

a

0.104 0.117 4 (0.1120) 1 1.88 0.31 0.25 0.19 0.141 0.110
0.117 0.130 5 (0.1250) M3.0 0.1181 1 1.94 0.31 0.31 0.19 0.141 0.110
0.130 0.145 6 (0.1380) M3.5 0.1378 1 2.00 0.38 0.31 0.19 0.141 0.110
0.145 0.171 8 (0.1640) M4.0 0.1575 1 2.13 0.38 0.38 0.25 0.168 0.131
0.171 0.197 10 (0.1900) M4.5 0.1772 1 2.38 0.50 0.38 0.25 0.194 0.152

… … … M5.0 0.1969 … … … … … … …
0.197 0.223 12 (0.2160) … … 1 2.38 0.50 0.44 0.28 0.220 0.165

0.223 0.260 1⁄4 (0.2500) M6.0 0.2362 2 2.50 0.63 0.38 0.31 0.255 0.191

0.260 0.323 5⁄16 (0.3125) M7.0 0.2756 2 2.72 0.69 0.44 0.38 0.318 0.238

… … … … M8.0 0.3150 … … … … … … …

0.323 0.395 3⁄8 (0.3750) M10.0 0.3937 2 2.94 0.75 0.50 0.44 0.381 0.286

0.395 0.448 7⁄16 (0.4375) … … 3 3.16 0.88 0.50 0.41 0.323 0.242

0.448 0.510 1⁄2 (0.5000) M12.0 0.4724 3 3.38 0.94 … 0.44 0.367 0.275

0.510 0.573 9⁄16 (0.5625) M14.0 0.5512 3 3.59 1.00 … 0.50 0.429 0.322

0.573 0.635 5⁄8 (0.6250) M16.0 0.6299 3 3.81 1.09 … 0.56 0.480 0.360

0.635 0.709 11⁄16 (0.6875) M18.0 0.7087 3 4.03 1.09 … 0.63 0.542 0.406

0.709 0.760 3⁄4 (0.7500) … … 3 4.25 1.22 … 0.69 0.590 0.442

0.760 0.823 13⁄16 (0.8125) M20.0 0.7874 3 4.47 1.22 … 0.69 0.652 0.489

0.823 0.885 7⁄8 (0.8750) M22.0 0.8661 3 4.69 1.34 … 0.75 0.697 0.523

0.885 0.948 15⁄16 (0.9375) M24.0 0.9449 3 4.91 1.34 … 0.75 0.760 0.570

0.948 1.010 1 (1.0000) M25.0 0.9843 3 5.13 1.50 … 0.75 0.800 0.600
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922 TAPS

These threads are larger than nominal size to the extent that the internal thread they produce will
accommodate a helical coil screw inserts, which at final assembly will accept a screw thread of the
nominal size and pitch. 

For optional necks, refer to Table 6 using dimensions for equivalent blank sizes.

Ground Thread Taps: STI sizes 5⁄16 inch and smaller, have external center on thread end (may be
removed on bottom taps); sizes 10 through 5⁄16 inch, will have an external partial cone center on shank
end, with the length of the cone center approximately 1⁄4 of the diameter of shank; sizes larger than 5⁄16
inch may have internal centers on both the thread and shank ends.

For runout tolerances of tap elements, refer to Table 14 using dimensions for equivalent blank
sizes.

For number of flutes, refer to Table 11 using dimensions for equivalent blank sizes.

For general dimension tolerances, refer to Table 5b using Table 5a equivalent blank size.

Table 7. Machine Screw and Fractional Size Ground Thread Dimensions 
for Screw Thread Insert (STI) Taps  ASME B94.9-1999

Nominal
Size
(STI)

Threads per inch

Blank
Design

No.

Tap Dimensions, inch

Table 5a Blank
Equivalent 
(Reference)NC NF

Overall
length,

L

Thread
Length,

I

Square
Length,

I2

Shank
Diameter,

d1

Size of
Square,

a

1 64 … 1 1.81 0.50 0.19 0.141 0.110 No. 3
2 56 64 1 1.88 0.56 0.19 0.141 0.110 No. 4
3 48 56 1 1.94 0.63 0.19 0.141 0.110 No. 5
4 40 48 1 2.00 0.69 0.19 0.141 0.110 No. 6
5 40 … 1 2.13 0.75 0.25 0.168 0.131 No. 8
6 32 … 1 2.38 0.88 0.25 0.194 0.152 No. 10

… 40 1 2.13 0.75 0.25 0.168 0.131 No. 8
8 32 36 1 2.38 0.94 0.28 0.220 0.165 No. 12

10 24 32 2 2.50 1.00 0.31 0.255 0.191 1⁄4
12 24 … 2 2.72 1.13 0.38 0.318 0.238 5⁄16

1⁄4 20 28 2 2.72 1.13 0.38 0.318 0.238 5⁄16

5⁄16 18 24 2 2.94 1.25 0.44 0.381 0.286 3⁄8
3⁄8 16 … 3 3.38 1.66 0.44 0.367 0.275 1⁄2

… 24 3 3.16 1.44 0.41 0.323 0.242 7⁄16

7⁄16 14 … 3 3.59 1.66 0.50 0.429 0.322 9⁄16

… 20 3 3.38 1.66 0.44 0.367 0.275 1⁄2
1⁄2 13 … 3 3.81 1.81 0.56 0.480 0.360 5⁄8

… 20 3 3.59 1.66 0.50 0.429 0.322 9⁄16

9⁄16 12 … 3 4.03 1.81 0.63 0.542 0.406 11⁄16

… 18 3 3.81 1.81 0.56 0.480 0.360 5⁄8
5⁄8 11 … 3 4.25 2.00 0.69 0.590 0.442 3⁄4

… 18 3 4.03 1.81 0.63 0.542 0.406 11⁄16

3⁄4 10 … 3 4.69 2.22 0.75 0.697 0.523 7⁄8
… 16 3 4.47 2.00 0.69 0.652 0.489 13⁄16

7⁄8 9 14 3 5.13 2.50 0.81 0.800 0.600 1

1 8 … 3 5.75 2.56 1.00 1.021 0.766 11⁄4
… 12, 14 NS 3 5.44 2.56 0.88 0.896 0.672 11⁄8

11⁄8 7 … 3 6.06 3.00 1.06 1.108 0.831 13⁄8
… 12 3 5.75 2.56 1.00 1.021 0.766 11⁄4

11⁄4 7 … 3 6.38 3.00 1.13 1.233 0.925 11⁄2
… 12 3 6.06 3.00 1.06 1.108 0.831 13⁄8

13⁄8 6 … 3 6.69 3.19 1.13 1.305 0.979 15⁄8
… 12 3 6.38 3.00 1.13 1.233 0.925 11⁄2

11⁄2 6 … 3 7.00 3.19 1.25 1.430 1.072 13⁄4
… 12 3 6.69 3.19 1.13 1.305 0.979 15⁄8



TAPS 923

These taps are larger than nominal size to the extent that the internal thread they produce will
accommodate a helical coil screw insert, which at final assembly will accept a screw thread of the
nominal size and pitch. For optional necks, use Table 6 and dimensions for equivalent blank sizes.

Ground Thread Taps: STI sizes M8 and smaller, have external center on thread end (may be
removed on bottom taps); STI sizes M5 through M10, will have an external partial cone center on
shank end, with the length of the cone center approximately 1⁄4 of the diameter of shank; STI sizes
larger than M10 inch, may have internal centers on both the thread and shank ends.

For runout tolerances of tap elements, refer to Table 14 using dimensions for equivalent blank
sizes. For number of flutes, refer to Table 11 using dimensions for equivalent blank sizes. For general
dimension tolerances, refer to Table 5b using Table 5a equivalent blank size.

Table 8. Standard Metric Size Tap Dimensions
for Screw Thread Insert (STI) Taps  ASME B94.9-1999

Nominal
 Size (STI)

Thread Pitch, mm
Coarse Fine

Blank
 Design No. 

Tap Dimensions, inch

 Blank
 Diameter

Overall
 length,

L

Thread
 Length,

I

Square
 Length,

I2

Shank
 Diameter,

d1

Size of
 square,

a

M2.2 0.45 … 1 1.88 0.56 0.19 0.141 0.110 No.4

M2.5 0.45 … 1 1.94 0.63 0.19 0.141 0.110 No.5

M3 0.50 … 1 2.00 0.69 0.19 0.141 0.110 No.6

M3.5 0.60 … 1 2.13 0.75 0.25 0.168 0.131 No.8

M4 0.70 … 1 2.38 0.88 0.25 0.194 0.152 No.10

M5 0.80 … 2 2.50 1.00 0.31 0.255 0.191 1⁄4

M6 1 … 2 2.72 1.13 0.38 0.318 0.238 5⁄16

M7 1 … 2 2.94 1.25 0.44 0.381 0.286 3⁄8

M8 1.25 1 2 2.94 1.25 0.44 0.381 0.286 3⁄8

M10 1.5 1.25 3 3.38 1.66 0.44 0.367 0.275 1⁄2

… … 3 3.16 1.44 0.41 0.323 0.242 7⁄16

M12 1.75 1.5 1.25 3 3.59 1.66 0.50 0.429 0.322 9⁄16

M14 2 … 3 4.03 1.81 0.63 0.542 0.406 11⁄16

… 1.5 3 3.81 1.81 0.56 0.480 0.360 5⁄8

M16 2 … 3 4.25 2.00 0.69 0.590 0.442 3⁄4

… 1.5 3 4.03 1.81 0.63 0.542 0.406 11⁄16

M18 2.5 … 3 4.69 2.22 0.75 0.697 0.523 7⁄8

… 2.0 1.25 3 4.47 2.00 0.69 0.652 0.489 13⁄16

M20 2.5 2.0 3 4.91 2.22 0.75 0.760 0.570 15⁄16

… 1.25 3 4.69 2.22 0.75 0.697 0.523 7⁄8

M22 2.5 2.0 3 5.13 2.50 0.81 0.800 0.600 1

… 1.5 3 4.91 2.22 0.75 0.760 0.570 15⁄16

M24 3 … 3 5.44 2.56 0.88 0.896 0.672 11⁄8

… 2 3 5.13 2.50 0.88 0.896 0.672 11⁄16

M27 3 … 3 5.75 2.56 1.00 1.021 0.766 11⁄4

… 2 3 5.44 2.56 0.88 0.896 0.672 11⁄8

M30 3.5 … 3 6.06 3.00 1.06 1.108 0.831 13⁄8

… 2 3 5.75 2.56 1.00 1.021 0.766 11⁄4

M33 3.5 … 3 6.38 3.00 1.13 1.233 0.925 11⁄2

… 2 3 6.06 3.00 1.06 1.108 0.831 13⁄8

M36 4 3 2 3 6.69 3.19 1.13 1.305 0.979 15⁄8

M39 4 3 2 3 7.00 3.19 1.25 1.430 1.072 13⁄4



924 TAPS

Unless otherwise specified, special extension taps will be furnished with dimensions and toler-
ances as shown for machine screw and fractional taps Tables 5a, 5b, and 6, and for pipe taps in Table
13a. Exceptions are as follows: Types of centers are optional with manufacturer. Tolerances on
shank diameter d1 and I4 length as shown on the above Table 9. Shank runout tolerance in applies
only to the I4 length shown on the aboveTable 9.

Table 9. Special Extension Taps  ASME B94.9-1999, Appendix
(Tap Dimensions, Ground and Cut Threads)

Nominal Tap Size Nominal Tap Size

Fractional
Machine

Screw Pipe
Shank Length 

I4 Fractional
Machine

Screw Pipe
Shank Length 

I4

… 0-3 … 0.88 11⁄2 … … 3.00

… 4 … 1.00 15⁄8 … 3 3.13

… 5-6 … 1.13 13⁄4 … … 3.13

… 8 … 1.25 17⁄8 … … 3.25

… 10-12 1⁄16 to 1⁄4 incl. 1.38 2 … … 3.25

1⁄4 14 … 1.50 21⁄8 … … 3.38

5⁄16 … … 1.56 21⁄4 … … 3.38

3⁄8 … … 1.63 23⁄8 … … 3.50

7⁄16 … 3⁄8 to 1⁄2 incl. 1.69 21⁄2 … … 3.50

1⁄2 … … 1.69 25⁄8 … … 3.63

9⁄16 … 3⁄4 1.88 23⁄4 … … 3.63

5⁄8 … 1 2.00 27⁄8 … … 3.75

11⁄16 … … 2.13 3 … … 3.75

3⁄4 … 11⁄4 2.25 31⁄8 … … 3.88

13⁄16 … 11⁄2 2.38 31⁄4 … … 3.88

7⁄8 … … 2.50 33⁄8 … 4 4.00

15⁄16 … … 2.63 31⁄2 … … 4.00

1 … … 2.63 35⁄8 … … 4.13

11⁄8 … 2 2.75 33⁄4 … … 4.13

11⁄4 … 21⁄2 2.88 37⁄8 … … 4.25

13⁄8 … … 3.00 4 … … 4.25

Tolerances

For shank diameter, d1 for I4 length

Fractional, Inch Machine Screw Pipe, Inch Tolerances

1⁄4 to 5⁄8 incl. 0 to 14 incl. 1⁄16 to 1⁄8 incl. −0.003

11⁄16 to 11⁄2 incl. … 1⁄4 to 1 incl. −0.004

15⁄8 to 4 incl. … 11⁄4 to 4 incl. −0.006

L

 I
I

4

I
2

d
1
+0.003 d

1



TAPS 925

Unless otherwise specified, special taps 1.010 inches to 1.510 inches in diameter, inclusive, have
14 or more threads per inch or 1.75 mm pitch and finer. Sizes greater than 1.510 inch in diameter with
10 or more threads per inch, or 2.5 mm pitch and finer will be made to the general dimensions shown
above.

For tolerances see Table 5b. For runout tolerances of tap elements, see Table 14.

Table 10. Special Fine Pitch Taps, Short Series ASME B94.9-1999, Appendix
(Taps Dimensions, Ground and Cut Threads)

Nominal Diameter 
Range, inch

Nominal 
Fractional
Diameter

Nominal
Metric

Diameter

Taps Dimensions, inches

Overall 
Length

Thread
Length

Square
Length

Shank 
Diameter

Size of 
Square

Over To inch mm L I I2 d1 a

1.070 1.073 11⁄16 M27 4.00 1.50 0.88 0.8960 0.672

1.073 1.135 11⁄8 … 4.00 1.50 0.88 0.8960 0.672

1.135 1.198 13⁄16 M30 4.00 1.50 1.00 1.0210 0.766

1.198 1.260 11⁄4 … 4.00 1.50 1.00 1.0210 0.766

1.260 1.323 15⁄16 M33 4.00 1.50 1.00 1.1080 0.831

1.323 1.385 13⁄8 … 4.00 1.50 1.00 1.1080 0.831

1.385 1.448 17⁄16 M36 4.00 1.50 1.00 1.2330 0.925

1.448 1.510 11⁄2 … 4.00 1.50 1.00 1.2330 0.925

1.510 1.635 15⁄8 M39 5.00 2.00 1.13 1.3050 0.979

1.635 1.760 13⁄4 M42 5.00 2.00 1.25 1.4300 1.072

1.760 1.885 17⁄8 … 5.00 2.00 1.25 1.5190 1.139

1.885 2.010 2 M48 5.00 2.00 1.38 1.6440 1.233

2.010 2.135 21⁄8 … 5.25 2.00 1.44 1.7690 1.327

2.135 2.260 21⁄4 M56 5.25 2.00 1.44 1.8940 1.420

2.260 2.385 23⁄8 … 5.25 2.00 1.50 2.0190 1.514

2.385 2.510 21⁄2 … 5.25 2.00 1.50 2.1000 1.575

2.510 2.635 25⁄8 M64 5.50 2.00 1.50 2.1000 1.575

2.635 2.760 23⁄4 … 5.50 2.00 1.50 2.1000 1.575

2.760 2.885 27⁄8 M72 5.50 2.00 1.50 2.1000 1.575

2.885 3.010 3 … 5.50 2.00 1.50 2.1000 1.575

3.010 3.135 31⁄8 … 5.75 2.00 1.50 2.1000 1.575

3.135 3.260 31⁄4 M80 5.75 2.00 1.50 2.1000 1.575

3.260 3.385 33⁄8 … 5.75 2.00 1.50 2.1000 1.575

3.385 3.510 31⁄2 … 5.75 2.00 1.50 2.1000 1.575

3.510 3.635 35⁄8 M90 6.00 2.00 1.75 2.1000 1.575

3.635 3.760 33⁄4 … 6.00 2.00 1.75 2.1000 1.575

3.760 3.885 37⁄8 … 6.00 2.00 1.75 2.1000 1.575

3.885 4.010 4 M100 6.00 2.00 1.75 2.1000 1.575

I
4

d
1

L

 I

a

I
2
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For pulley taps seeTable 12. For taper pipe see Table 13a.For straight pipe taps see Table 13a.For STI taps, use number of flutes for blank size equivalent on Table
5a.For optional flutes Table 6.

Table 11. Standard Number of Flutes (Ground and Cut Thread)  ASME B94.9-1999

Machine Screw Size, 
Nom. Fractional Dia.

inch

Nominal Metric Dia. TPI/Pitch Straight Flutes Spiral Point
Spiral Point

 Only
Reg. Spiral

 Flute
Fast Spiral

 Flutemm inch UNC NC UNF NF mm Standard Optional Standard Optional

0 (0.0600) M1.6 0.0630 … 80 0.35 2 … 2 … … … …
1 (0.0730) … … 64 72 … 2 … 2 … … … …
2 (0.0860) M2.0 0.0787 56 64 0.40 3 2 2 … … … …
3 (0.0990) M 2.5 0.0984 48 56 0.45 3 2 2 … … … 2
4 (0.1120) … … 40 48 3 2 2 … 2 2 2
5 (0.1250) M3.0 0.1181 40 44 0.50 3 2 2 … 2 2 2
6 (0.1380) M3.5 0.1378 32 40 0.60 3 2 2 … 2 2 2
8 (0.1640) M4.0 0.1575 32 36 0.70 4 2⁄3 2 … 2 2 3

10 (0.1900) M4.5 0.1772 24 32 0.75 4 2⁄3 2 … 2 2 3
… M5 0.1969 … … 0.80 4 2⁄3 2 … 2 2 3

12 (0.2160) … … 24 28 … 4 2⁄3 2 … 2 2 3
1⁄4 (0.2500) M6 0.2362 20 28 1.00 4 2⁄3 2 3 2 3 (optional) 3
… M7 0.2756 18 24 1.00 4 2⁄2 2 3 2 3 3

5⁄16 (0.3125) M8 0.3150 18 24 1.25 4 2⁄3 2 3 2 3 3
3⁄8 (0.3750) M10 0.3937 16 24 1.50 4 3 3 … 3 3 3
7⁄16 (0.4375) … … 14 20 … 4 3 3 … 3 3 3
1⁄2 (0.5000) M12 0.4724 13 20 1.75 4 3 3 … … … 3
9⁄16 (0.5625) M14 0.5512 12 18 2.00 4 … 3 … … … …
5⁄8 (0.6250) M16 0.6299 11 18 2.00 4 … 3 … … … …
3⁄4 (0.7500) … … 10 16 … 4 … 3 … … … …
… M20 0.7874 … … 2.5 4 … … … … … …
7⁄8 (0.8750) … … 9 14 … 4 … … … … … …
… M24 0.9449 … … 3.00 4 … … … … … …

1 (1.0000) … … 8 12 … 4 … … … … … …
11⁄8 (1.1250) … … 7 12 4.00 … … … … … … …

… M30 1.1811 … … 3.50 4 … … … … … …
11⁄4 (1.2500) … … 7 … … 4 … … … … … …

… … … … 12 … 6 … … … … … …
13⁄8 (1.3750) … … 6 … … 6 … … … … … …

… … … … 12 … 6 … … … … … …
… M36 1.4173 … … 4.00 4 … … … … … …

11⁄2 (1.5000) … … 6 … … 4 … … … … … …
… … … 12 … 6 … … … … … …

13⁄4 (1.7500) … … 5 … … 6 … … … … … …
2 (2.0000) … … 41⁄2 … … 6 … … … … … …
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These taps are standard with plug chamfer in H3 limit only. All dimensions are given in inches.
These taps have an internal center in thread end. For standard thread limits see Table 20. For runout
tolerances of tap elements see Table 14.

Table 12. Pulley Taps, Fractional Size
(High Speed Steel, Ground Thread) ASME B94.9-1999

Dia.
of

Tap

Threads
per

Inch
NC

UNC

Number
of

Flutes

Length
Overall,

L

Thread
Length,

I

Neck
Length,

I1

Square
Length

I2

Length d

of Shank 
Close

Tolerance,
I4

Dia.
of

Shank,
d1

Size b

of
Square,

a

1⁄4 20 4 6, 8 1.00 0.38 0.31 1.50 0.255 0.191
5⁄16 18 4 6, 8 1.13 0.38 0.38 1.56 0.318 0.238
3⁄8 16 4 6, 8, 10 1.25 0.38 0.44 1.63 0.381 0.286
7⁄16 14 4 6, 8 1.44 0.44 0.50 1.69 0.444 0.333
1⁄2 13 4 6, 8, 10, 12 1.66 0.50 0.56 1.69 0.507 0.380
5⁄8 11 4 6, 8,10,12 1.81 0.63 0.69 2.00 0.633 0.475
3⁄4 10 4 10,12 2.00 0.75 0.75 2.25 0.759 0.569

Tolerances for General Dimensions

Element
Diameter

Range Tolerance Element
Diameter

Range Tolerance

Overall length, L 1⁄4 to 3⁄4 ±0.06 Shank Diameter, d1
a

a Shank diameter, d1, is approximately the same as the maximum major diameter for that size. 

1⁄4 to 1⁄2 −0.005

Thread length, I 1⁄4 to 3⁄4 ±0.06
Size of Square, ab

b  Size of square, a, is equal to 0.75d1 to the nearest 0.001 in. 

1⁄4 to 1⁄2
5⁄8 to 3⁄4

−0.004
−0.006Square length, I2

1⁄4 to 3⁄4 ±0.03

Neck length, I1
1⁄4 to 3⁄4 c

c Neck length I1 is optional with manufacturer. 

Length of close
tolerance shank, I4

1⁄4 to 3⁄4 d

d Length of close tolerance shank, I4, is a min. length that is held to runout tolerances per Table 14.

Straight and Taper Pipe Tap Dimensions, Ground and Cut Thread (Tables 13a and 13b)

a

d1

I4

I

 L

I2I
1

+0.03
-0.03d1

I

L

d
1

I
2

I

L
I

1
I

2

I

L

d
1

I
2

d
1



T
A

PS
928Table 13a. Straight and Taper Pipe Tap Dimensions (Ground and Cut Thread)  ASME B94.9-1999

Nominal
Size,
Inch a

a Pipe taps 1⁄8 inch are furnished with large size shanks unless the small shank is specified. 

Threads
per Inch

Number of Flutes

Length
Overall,

L

Thread
Length,

I

Square
Length,

I2

Shank
Diameter,

d1

Size of 
Square,

a

Length
Optional

Neck,
I1

Ground Thread Cut Thread only

Regular 
Thread

Inter-
rupted
Thread

NPT, 
NPTF, 
ANPT

NPSC,
NPSM,
NPSF NPT

NPSC,
NPSM

1⁄16 27 4 … 2.13 0.69 0.38 0.3125 0.234 0.375 b

b High-speed ground thread 1⁄16 to 2 inches including noninterrupted (NPT, NPTF, and ANPT). 

… … …
1⁄8 27 4 5 2.13 0.75 0.38 0.3125 0.234 … b, c

c High-speed ground thread 1⁄8 to 11⁄4 inches including interrupted (NPT, NPTF, and ANPT). 

d, e

d High-speed ground thread 1⁄8 to 1 inches including noninterrupted (NPSC, and NPSM). 
e High-speed cut thread 1⁄8 to 1inches including noninterrupted (NPSC, and NPSM). 

f, g, h

f High-speed cut thread 1⁄8 to 1inches including noninterrupted (NPT). 
g High-speed cut thread 1⁄8 to 11⁄4 inches including interrupted (NPT). 
h Carbon cut thread 1⁄8 to 11⁄4 inches including interrupted (NPT). 

…
1⁄8 27 4 5 2.13 0.75 0.38 0.4375 0.328 0.375 b, c d, e f, g, h a

1⁄4 18 4 5 2.44 1.06 0.44 0.5625 0.421 0.375 b, c d, e f, g, h a

3⁄8 18 4 5 2.56 1.06 0.50 0.7000 0.531 0.375 b, c d, e f, g, h a

1⁄2 14 4 5 3.13 1.38 0.63 0.6875 0.515 … b, c d, e f, g, h a

3⁄4 14 5 5 3.25 1.38 0.69 0.9063 0.679 … b, c d f, g, h a

1 11 1⁄2 5 5 3.75 1.75 0.81 1.1250 0.843 … b, c d f, g, h a

1 1⁄4 11 1⁄2 5 5 4.00 1.75 0.94 1.3125 0.984 … b, c … f, g, h a

1 1⁄2 11 1⁄2 7 7 4.25 1.75 1.00 1.5000 1.125 … b, i

i High-speed ground thread 11⁄2 to 2 inches including interrupted (NPT). 

… f, h …

2 11 1⁄2 7 7 4.25 1.75 1.13 1.8750 1.406 … b, i … f, h …

2 1⁄2 8 8 … 5.50 2.56 1.25 2.2500 1.687 … … … h …

3      8 8 … 6.00 2.63 1.38 2.6250 1.968 … … … h …
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All dimensions are given in inches.
The first few threads on interrupted thread pipe thread pipe taps are left full. These taps have inter-

nal centers. For runout tolerances of tap elements see Table 14. Taps marked NPS are suitable for
NPSC and NPSM. These taps have 2 to 31⁄2 threads chamfer, see Table 5a. Optional neck is for man-
ufacturing use only. For taper pipe thread limit see Table 24a. For straight pipe thread limits see
Tables 23a, 23b, and 23d.

Table 13b. Straight and Taper Pipe Taps Tolerances
(Ground and Cut Thread)  ASME B94.9-1999

Ground Thread Cut Thread

Element

Nominal Diameter
Range, inch

 Tolerances,
 inch Element

Nominal Diameter
Range, inch

 Tolerances,
 inchOver

To
(inclusive) Over

To
(inclusive)

Length overall, L
1⁄16

3⁄4 ±0.031
Length overall, L

1⁄8 3⁄4 ±0.031
1 2 ±0.063 1 3 ±0.063

Length of thread, I

1⁄16
3⁄4 ±0.063

Length of thread, I

1⁄8 3⁄4 ±0.063

1 11⁄4 ±0.094 1 11⁄4 ±0.094

11⁄2 2 ±0.125 11⁄2 3 ±0.125

Length of square, I2

1⁄16
3⁄4 ±0.031 Length of square, I2

1⁄8 3⁄4 ±0.031
1 2 ±0.063 1 3 ±0.063

Diameter of shank, d1

1⁄16
1⁄8 −0.002

Diameter of shank, d1

1⁄8 1⁄2 −0.007
1⁄4 1 −0.002 3⁄4 3 −0.009

11⁄4 2 −0.002

Size of square, a

1⁄8 … −0.004

Size of square, a

1⁄16
1⁄8 −0.004 1⁄4 3⁄4 −0.006

1⁄4 3⁄4 −0.006 1 3 −0.008
1 2 −0.008

Table 14. Runout and Locational Tolerance of Tap Elements  ASME B94.9-1999

Range Sizes (Inclusive) Total Runout FIM, Inch

Machine Screw Metric
Pipe,
Inch Cut Thread

Ground
Thread

Location,
Inch

Shank, d1
#0 to 5⁄16 M1.6 to M8 1⁄16 0.0060 0.0010 …
11⁄32 to 4 M10 to M100 1⁄8 to 4 0.0080 0.0016 …

Major diameter, da

#0 to 5⁄16 M1.6 to M8 1⁄16 0.0050 0.0010 …
11⁄32 to 4 M10 to M100 1⁄8 to 4 0.0080 0.0016 …

Pitch Diameter, d2
#0 to 5⁄16 M1.6 to M8 1⁄16 0.0050 0.0010 …
11⁄32 to 4 M10 to M100 1⁄8 to 4 0.0080 0.0016 …

Chamfer a, c

a Chamfer should preferably be inspected by light projection to avoid errors due to indicator contact
points dropping into the thread groove. 

#0 to 1⁄2 M1.6 to M12
1⁄16  to 
1⁄8

0.0040 0.0020 …

17⁄32 to 4 M14 to M100 1⁄8 to 4 0.0060 0.0030 …

Square, a
#0 to 1⁄2 M1.6 to M12

1⁄16  to 
1⁄8

… … 0.0060

17⁄32 to 4 M14 to M100 1⁄8 to 4 … … 0.0080

,

d1,A-B
A-B

AB

c, A-B
Chamfer A-B

Pitch Diameter
d2, da,A-B

Major Diameter

,
,

,
, ,a
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All dimensions are given in inches. Not all styles of taps are available with all limits listed. For cal-
culation of limits other than those listed, see formulas in Table 4.

Table 15.  Tap Thread Limits: Metric Sizes, Ground Thread
(M Profile Standard Thread Limits in Inches)  ASME B94.9-1999

Nom.
Dia
mm

Pitch,
mm

Major Diameter (Inches) Pitch Diameter (Inches)

Basic Min. Max. Basic

 Limit # D # Limit  Limit # D # Limit

D Min. Max. D Min. Max.

1.6 0.35 0.06299 0.06409 0.06508 0.05406

3

0.05500 0.05559 … … …
2 0.4 0.07874 0.08000 0.08098 0.06850 0.06945 0.07004 … … …
2.5 0.45 0.09843 0.09984 0.10083 0.08693 0.08787 0.08846 … … …

3 0.5 0.11811 0.11969 0.12067 0.10531 0.10626 0.10685 5 0.10278a, b

a Minimum and maximum major diameters are 0.00102 larger than shown. 
b Standard D limit for thread forming taps. 

0.10787a, b

3.5 0.6 0.13780 0.13969 0.14067 0.12244

4

0.12370 0.12449 …

4 0.7 0.15748 0.15969 0.16130 0.13957 0.14083 0.14161 6 0.14185a, b 0.14264a, b

4.5 0.75 0.17717 0.17953 0.18114 0.15799 0.15925 0.16004 … … …

5 0.8 0.19685 0.19937 0.20098 0.17638 0.17764 0.17843 7 0.17917b, c

c Minimum and maximum major diameters are 0.00154 larger than shown. 

0.17996b, c

6 1 0.23622 0.23937 0.24098 0.21063

5

0.21220 0.21319 8 0.21374b, c 0.2147b, c

7 1 0.27559 0.27874 0.28035 0.25000 0.25157 0.25256 …

8 1.25 0.31496 0.31890 0.32142 0.28299 0.28433 0.28555 9 0.2864b, d

d Minimum and maximum major diameters are 0.00205 larger than shown. 

0.2875b, d

10 1.5 0.39370 0.39843 0.40094 0.35535
6

0.35720 0.35843 10 0.3593b, e

e Minimum and maximum major diameters are 0.00256 larger than shown. 

0.3605b, e

12 1.75 0.47244 0.47795 0.48047 0.42768 0.42953 0.43075 11 0.43209e 0.43331e

14 2 0.55118 0.55748 0.56000 0.50004 7 0.50201 0.50362 … … …

14 1.25 0.55118 0.55500 0.55600 0.51920 4 0.52070f

f These sizes are intended for spark plug applications; use tolerances from Table 2 column D. 

0.52171f … … …

16 2 0.62992 0.63622 0.63874 0.57878 7 0.58075 0.58236 … … …

18 1.5 0.70870 0.71350 0.71450 0.67030 4 0.67180f 0.67230f 7 0.58075 0.58236

20 2.5 0.78740 0.79528 0.79780 0.72346 7 0.72543 0.72705 … … …
24 3 0.94488 0.95433 0.95827 0.86815 8 0.87063 0.8722 … … …
30 3.5 1.18110 1.19213 1.19606 1.09161

9
1.0942 1.0962 … … …

36 4 1.41732 1.42992 1.43386 1.31504 1.3176 1.3197 … … …
42 4.5 1.65354 1.66772 1.71102 1.53846

10
1.5415 1.5436 … … …

48 5 1.88976 1.90552 1.98819 1.76189 1.7649 1.7670 … … …

Table 16.  Tap Thread Limits: Metric Sizes, Ground Thread
(M Profile Standard Thread Limits in Millimeters)  ASME B94.9-1999

Size
mm Pitch

Major Diameter

Pitch Diameter

Basic D #

D # Limit

D #

D # Limit

Basic Min. Max. Min. Max. Min. Max.

1.6 0.35 1.60 1.628 1.653 1.373

3

1.397 1.412 … … …
2 0.4 2.00 2.032 2.057 1.740 1.764 1.779 … … …
2.5 0.45 2.50 2.536 2.561 2.208 2.232 2.247 … … …
3 0.5 3.00 3.040 3.065 2.675 2.699 2.714 5 2.725a,b 2.740a,b

3.5 0.6 3.50 3.548 3.573 3.110

4

3.142 3.162 … … …
4 0.7 4.00 4.056 4.097 3.545 3.577 3.597 6 3.603a,b 3.623a,b

4.5 0.75 4.50 4.560 4.601 4.013 4.045 4.065 … … …
5 0.8 5.00 5.064 5.105 4.480 4.512 4.532 7 4.551b,c 4.571b,c

6 1.00 6.00 6.121 5.351 5.391
5

5.391 5.416 8 5.429b,c 5.454b,c

7 1.00 7.00 7.121 6.351 6.391 6.391 6.416 … … …
8 1.25 8.00 8.10 8.164 7.188 7.222 7.253 9 7.274b,d 7.305b,d

10 1.50 10.0 10.12 10.184 9.026
6

9.073 9.104 10 9.125b,d 9.156b,d

12 1.75 12.0 12.14 12.204 10.863 10.910 10.941 11 10.975b,e 11.006b,e

14 2.00 14.0 14.01 14.164 13.188 4 7.222f 7.253f … … …
14 1.25 14.0 14.16 14.224 12.701

7
12.751 12.792 … … …

16 2.00 16.0 16.16 16.224 14.701 14.751 14.792 … … …
18 1.50 18.0 18.12 18.184 17.026 4 17.063f 17.076f … … …
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Notes for Table 16: Inch translations are listed in Table 15. Limit listed in Table 16 are the most
commonly used in industry. Not all styles of taps are available with all limits listed. For calculations
of limits other than listed, see formulas in Table 4

The above recommended taps normally produce the class of thread indicated in average materials
when used with reasonable care. However, if the tap specified does not give a satisfactory gage fit in
the work, a choice of some other limit tap will be necessary.

P = pitch.
The chamfered length is measured at the cutting edge and is the axial length from the point diame-

ter to the theoretical intersection of the major diameter and the chamfer angle. Whenever chamfer
length is specified in terms of threads, this length is measured in number of pitches as shown. The
point diameter is approximately equal to the basic thread minor diameter.

20 2.50 20.0 20.20 20.263 18.376 7 18.426 18.467 … … …
24 3.00 24.0 24.24 24.34 22.051 8 22.114 22.155 … … …
30 3.50 30.0 30.28 30.38 27.727

9
27.792 27.844 … … …

36 4.00 36.0 36.32 36.42 33.402 33.467 33.519 … … …
42 4.50 42.0 42.36 42.46 39.077

10
39.155 39.207 … … …

48 5.00 48.0 48.48 48.58 44.103 44.182 44.246 … … …

a Minimum and maximum major diameters are 0.026 larger than shown. 
b Standard D limit for thread forming taps. 
c Minimum and major diameters are 0.039 larger than shown. 
d Minimum and major diameters are 0.052 larger than shown. 
e Minimum and major diameters are 0.065 larger than shown. 
f These sizes are intended for spark plug applications; use tolerances from Table 2 column D. 

Table 17. Tap Size Recommendations for Class 6H Metric Screw Threads

Nominal
Diameter,

mm
Pitch,
mm

Recommended
Thread Limit

Number

Internal Threads, Pitch Diameter

 Min. (mm) Max. (mm)  Min. (inch) Max. (inch)

1.6 0.35 D3 1.373 1.458 0.05406 0.05740
2 0.4 D3 1.740 1.830 0.06850 0.07250
2.5 0.45 D3 2.208 2.303 0.08693 0.09067
3 0.5 D3 2.675 2.775 0.10537 0.10925
3.5 0.6 D4 3.110 3.222 0.12244 0.12685
4 0.7 D4 3.545 3.663 0.13957 0.14421
4.5 0.75 D4 4.013 4.131 0.15789 0.16264
5 0.8 D4 4.480 4.605 0.17638 0.18130
6 1 D5 5.350 5.500 0.201063 0.21654
7 1 D5 6.350 6.500 0.2500 0.25591
8 1.25 D5 7.188 7.348 0.28299 0.28929

10 1.5 D6 9.206 9.206 0.35535 0.36244
12 1.75 D6 10.863 11.063 0.42768 0.43555
14 2 D7 12.701 12.913 0.50004 0.50839
16 2 D7 14.701 14.913 0.57878 0.58713
20 2.5 D7 18.376 18.600 0.72346 0.73228
24 3 D8 22.051 22.316 0.86815 0.87858
30 3.5 D9 27.727 28.007 1.09161 1.10264
36 4 D9 33.402 33.702 1.31504 1.32685

Table 18. Standard Chamfers for Thread Cutting Taps  ASME B94.9-1999

Type of tap

Chamfer length 

Type of tap

Chamfer length 

Min. Max. Min. Max.

Straight threads taps

Bottom 1P 2P

Taper pipe taps 2P 31⁄2 P
Semibottom 2P 3P

Plug 3P 5P

Taper 7P 10P

Table 16. (Continued) Tap Thread Limits: Metric Sizes, Ground Thread
(M Profile Standard Thread Limits in Millimeters)  ASME B94.9-1999

Size
mm Pitch

Major Diameter

Pitch Diameter

Basic D #

D # Limit

D #

D # Limit

Basic Min. Max. Min. Max. Min. Max.
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All dimensions are given in inches.

The above recommended taps normally produce the class of thread indicated in average materials
when used with reasonable care. However, if the tap specified does not give a satisfactory gage fit in
the work, a choice of some other limit tap will be necessary.

Table 19. Taps Sizes for Classes 2B and 3B Unified Screw Threads 
Machine Screw, Numbered, and Fractional Sizes  ASME B94.9-1999

Size

Threads per Inch Recommended Tap For Class of Threada

a Recommended taps are for cutting threads only and are not for roll-form threads. 

Pitch Diameter Limits For Class of Thread
NC

UNC
NF

UNF Class 2Bb

b Cut thread taps in sizes #3 to 11⁄2 in. NC and NF, inclusive, may be used under all normal conditions
and in average materials for producing Class 2B tapped holes. 

Class 3Bc

c Taps suited for class 3B are satisfactory for class 2B threads. 

Min., All
Classes (Basic)

Max
Class 2B

Max
Class 3B

Machine Screw Numbered Size Taps

0 … 80 G H2 G H1 0.0519 0.0542 0.0536
1 64 … G H2 G H1 0.0629 0.0655 0.0648
1 … 72 G H2 G H1 0.0640 0.0665 0.0659
2 56 … G H2 G H1 0.0744 0.0772 0.0765
2 … 64 G H2 G H1 0.0759 0.0786 0.0779
3 48 … G H2 G H1 0.0855 0.0885 0.0877
3 … 56 G H2 G H1 0.0874 0.0902 0.0895
4 40 … G H2 G H2 0.0958 0.0991 0.0982
4 … 48 G H2 G H1 0.0985 0.1016 0.1008
5 40 … G H2 G H2 0.1088 0.1121 0.1113
5 … 44 G H2 G H1 0.1102 0.1134 0.1126
6 32 … G H3 G H2 0.1177 0.1214 0.1204
6 … 40 G H2 G H2 0.1218 0.1252 0.1243
8 32 … G H3 G H2 0.1437 0.1475 0.1465
8 … 36 G H2 G H2 0.1460 0.1496 0.1487
10 24 … G H3 G H3 0.1629 0.1672 0.1661
10 … 32 G H3 G H2 0.1697 0.1736 0.1726
12 24 … G H3 G H3 0.1889 0.1933 0.1922
12 … 28 G H3 G H3 0.1928 0.1970 0.1959

Fractional Size Taps

1⁄4 20 … G H5 G H3 0.2175 0.2224 0.2211
1⁄4 … 28 G H4 G H3 0.2268 0.2311 0.2300
5⁄16 18 … G H5 G H3 0.2764 0.2817 0.2803
5⁄16 … 24 G H4 G H3 0.2854 0.2902 0.2890
3⁄8 16 … G H5 G H3 0.3344 0.3401 0.3387
3⁄8 … 24 G H4 G H3 0.3479 0.3528 0.3516
7⁄16 14 … G H5 G H3 0.3911 0.3972 0.3957
7⁄16 … 20 G H5 G H3 0.4050 0.4104 0.4091
1⁄2 13 … G H5 G H3 0.4500 0.4565 0.4548
1⁄2 … 20 G H5 G H3 0.4675 0.4731 0.4717
9⁄16 12 … G H5 G H3 0.5084 0.5152 0.5135
9⁄16 … 18 G H5 G H3 0.5264 0.5323 0.5308
5⁄8 11 … G H5 G H3 0.5660 0.5732 0.5714
5⁄8 … 18 G H5 G H3 0.5889 0.5949 0.5934
3⁄4 10 … G H5 G H5 0.6850 0.6927 0.6907
3⁄4 … 16 G H5 G H3 0.7094 0.7159 0.7143
7⁄8 9 … G H6 G H4 0.8028 0.8110 0.8089
7⁄8 … 14 G H6 G H4 0.8286 0.8356 0.8339
1 8 … G H6 G H4 0.9188 0.9276 0.9254
1 … 12 G H6 G H4 0.9459 0.9535 0.9516
1 14NS 14NS G H6 G H4 0.9536 0.9609 0.9590

11⁄8 7 … G H8 G H4 1.0322 1.0416 1.0393

11⁄8 … 12 G H6 G H4 1.0709 1.0787 1.0768

11⁄4 7 … G H8 G H4 1.1572 1.1668 1.1644

11⁄4 … 12 G H6 G H4 1.1959 1.2039 1.2019

13⁄8 6 … G H8 G H4 1.2667 1.2771 1.2745

13⁄8 … 12 G H6 G H4 1.3209 1.3291 1.3270

11⁄2 6 … G H8 G H4 1.3917 1.4022 1.3996

11⁄2 … 12 G H6 G H4 1.4459 1.4542 1.4522
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General notes:
Limits listed in above table are the most commonly used in the industry.
Not all styles of taps are available with all limits listed.
For calculation of limits other than those listed, see formulas and Table 2.

Table 20. Tap Thread Limits: Machine Screw Sizes, Ground Thread  ASME B94.9-1999
(Unified and American National Thread Forms, Standard Thread Limits)

Size

Threads per Inch Major Diameter

Pitch Diameter

Basic

H1 limit H2 limit H3 limit H4 limit H5 limit H6 limita

a Minimum and maximum major diameters are 0.0010 larger than shown. 

H7 limitb

b Minimum and maximum major diameters are 0.0020 larger than shown. 

H8 limitc

c Minimum and maximum major diameters are 0.0035 larger than shown. 

NC
UNF

NF 
UNF NS Basic Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.

0 … 80 … 0.0600 0.0605 0.0616 0.0519 0.0519 0.0524 0.0524 0.0529 … … … … … … … … … … … …

1 64 … … 0.0730 0.0736 0.0750 0.0629 0.0629 0.0634 0.0634 0.0639 … … … … … … … … … … … …

1 … 72 … 0.0730 0.0736 0.0748 0.0640 0.064 0.0645 0.0645 0.0650 … … … … … … … … … … … …

2 56 … … 0.0860 0.0866 0.0883 0.0744 0.0744 0.0749 0.0749 0.0754 … … … … … … … … … … … …

2 64 … 0.0860 0.0866 0.0880 0.0759 … … 0.0764 0.0769 … … … … … … … … … … … …

3 48 … 0.0990 0.0999 0.1017 0.0855 … … 0.086 0.0865 … … … … … … … … … … … …

3 … 56 … 0.0990 0.0997 0.1013 0.0874 0.0874 0.0879 0.0879 0.0884 … … … … … … … … … … … …

4 40 … … 0.1120 0.1134 0.1153 0.0958 0.0958 0.0963 0.0963 0.0968 … … … … 0.0978d

d Minimum and maximum major diameters are 0.0015 larger than shown. 

0.0983d … … … … … …

4 … … 36 0.1120 0.1135 0.1156 0.0940 0.094 0.0945 0.0945 0.0950 … … … … 0.0960d 0.0965d … … … … … …

4 … 48 … 0.1120 0.1129 0.1147 0.0985 0.0985 0.0990 0.0990 0.0995 … … … … 0.1005d 0.1010d … … … … … …

5 40 … … 0.1250 0.1264 0.1283 0.1088 0.1088 0.1093 0.1093 0.1098 … … … … 0.1108d 0.1113d … … … … … …

5 … 44 … 0.1250 0.1262 0.1280 0.1102 … … 0.1107 0.1112 … … … … 0.1122d 0.1127d … … … … … …

6 32 … … 0.1380 0.1400 0.1421 0.1177 0.1177 0.1182 0.1182 0.1187 0.1187 0.1192 … … 0.1197a 0.1202a … … 0.1207 0.1212 0.1222 0.1227

6 … 40 … 0.1380 0.1394 0.1413 0.1218 0.1218 0.1223 0.1223 0.1228 … … … … 0.1238a 0.1243a … … … … … …

8 32 … … 0.1640 0.1660 0.1681 0.1437 0.1437 0.1442 0.1442 0.1447 0.1447 0.1452 … … 0.1457a 0.1462a … … 0.1467 0.1472 0.1482 0.1487

8 … 36 … 0.1640 0.1655 0.1676 0.1460 … … 0.1465 0.1470 … … … … 0.1480a 0.1485a … … … … … …

10 24 … … 0.1900 0.1927 0.1954 0.1629 0.1629 0.1634 0.1634 0.1639 0.1639 0.1644 0.1644 0.1649 … … 0.1654 0.1659 0.1659 0.1664 … …

10 … 32 … 0.1900 0.1920 0.1941 0.1697 0.1697 0.1702 0.1702 0.1707 0.1707 0.1712 0.1712 0.1717 … … 0.1722 0.1727 0.1727 0.1732 0.1742 0.1747

12 24 … … 0.2160 0.2187 0.2214 0.1889 … … … … 0.1899 0.1904 0.1904 0.1909 … … 0.1914 0.1919 … … … …

12 … 28 … 0.2160 0.2183 0.2206 0.1928 … … … … 0.1938 0.1943 0.1943 0.1948 … … 0.1953 0.1958 … … … …

Machinery's Handbook 29th Edition
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(Unified and American National Thread Forms, Standard Thread Limits)

Size
inch

NC
UNC

NF
UNF NS

Major Diameter Pitch Diameter

Basic Min. Max. Basic

H1 limit H2 limit H3 limit H4 limit H5 limit H6 limita H7 limit H8 limitb

Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.

1⁄4 20 … … 0.2500 0.2532 0.2565 0.2175 0.2175 0.2180 0.2180 0.2185 0.2185 0.2190 … … 0.2195a 0.2200a … … … … … …

1⁄4 … 28 … 0.2500 0.2523 0.2546 0.2268 0.2268 0.2273 0.2273 0.2278 0.2278 0.2283 0.2283 0.2288 … … … … … … … …

5⁄16 18 … … 0.3125 0.3161 0.3197 0.2764 0.2764 0.2769 0.2769 02774 0.2774 0.2779 … … 0.2784a 0.2789a … … 0.2794c 0.2799c … …

5⁄16 … 24 … 0.3125 0.3152 0.3179 0.2854 0.2854 0.2859 0.2859 0.2864 0.2864 0.2869 0.2869 0.2874 … … … … 0.2884c 0.2889c … …

3⁄8 16 … … 0.3750 0.3790 0.3831 0.3344 0.3344 0.3349 0.3349 0.3354 0.3354 0.3359 … … 0.3364a 0.3369a … … 0.3374c 0.3379c … …

3⁄8 … 24 … 0.3750 0.3777 0.3804 0.3479 0.3479 0.3484 0.3484 0.3489 0.3489 0.3494 0.3494 0.3499 … … … … 0.3509c 0.3514c … …

7⁄16 14 … … 0.4375 0.4422 0.4468 0.3911 … … 0.3916 0.3921 0.3921 0.3926 … … 0.3931a 0.3936a … … … … 0.3946 0.3951

7⁄16 … 20 … 0.4375 0.4407 0.4440 0.4050 … … … … 0.4060 0.4065 … … 0.4070a 0.4075a … … … … 0.4085 0.4090

1⁄2 13 … … 0.5000 0.5050 0.5100 0.4500 0.4500 0.4505 0.4505 0.4510 0.4510 0.4515 … … 0.4520a 0.4525a … … … … 0.4535 0.4540

1⁄2 … 20 … 0.5000 0.5032 0.5065 0.4675 0.4675 0.4680 0.4680 0.4685 0.4685 0.4690 … … 0.4695a 0.4700a … … … … 0.4710 0.4715

9⁄16 12 … … 0.5625 0.5679 0.5733 0.5084 … … … … 0.5094 0.5099 … … 0.5104a 0.5109a … … 0.5114c 0.5119c … …

9⁄16 … 18 … 0.5625 0.5661 0.5697 0.5264 … … 0.5269 0.5274 0.5274 0.5279 … … 0.5284a 0.5289a … … 0.5294c 0.5299c … …

5⁄8 11 … … 0.6250 0.6309 0.6368 0.566 … … 0.5665 0.567 0.567 0.5675 … … 0.5680a 0.5685a … … 0.5690c 0.5695c … …

5⁄8 … 18 … 0.6250 0.6286 0.6322 0.5889 … … 0.5894 0.5899 0.5899 0.5904 … … 0.5909a 0.5914a … … 0.5919c 0.5924c … …

11⁄16 … … 11 0.6875 0.6934 0.6993 0.6285 … … … … 0.6295 0.6300 … … … … … … … … … …

11⁄16 … … 16 0.6875 0.6915 0.6956 0.6469 … … … … 0.6479 0.6484 … … … … … … … … … …

3⁄4 10 … … 0.7500 0.7565 0.7630 0.6850 … … 0.6855 0.6860 0.6860 0.6865 … … 0.6870 0.6875 … … 0.6880d 0.6885d … …

3⁄4 … 16 … 0.7500 0.7540 0.7581 0.7094 0.7094 0.7099 0.7099 0.7104 0.7104 0.7109 … … 0.7114a 0.1119a … … 0.7124d 0.4129d … …

7⁄8 9 … … 0.8750 0.8822 0.8894 0.8028 … … … … … … 0.8043 0.8048 … … 0.8053 0.8058 … … … …

Machinery's Handbook 29th Edition
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General notes:

Limits listed in Table 21 are the most commonly used in the industry.

Not all styles of taps are available with all limits listed.

For calculation of limits other than those listed, see formulas and Table 2.

7⁄8 … 14 … 0.8750 0.8797 0.8843 0.8286 … … 0.8291 0.8296 … … 0.8301 0.8306 … … … … … … … …

1 8 … … 1.0000 1.0082 1.0163 0.9188 … … … … … … 0.9203 0.9208 … … 0.9213 0.9218 … … … …

1 … 12 … 1.0000 1.0054 1.0108 0.9459 … … … … … … 0.9474 0.9479 … … … … … … … …

1 … … … 1.0000 1.0047 1.0093 0.9536 … … … … … … 0.9551 0.9556 … … … … … … … …

11⁄8 7 … 1.1250 1.1343 1.1436 1.0322 … … … … … … 1.0337 1.0342 … … … … … … … …

11⁄8 12 … 1.1250 1.1304 1.1358 1.0709 … … … … … … 1.0724 1.0729 … … … … … … … …

11⁄4 7 … 1.2500 1.2593 1.2686 1.1572 … … … … … … 1.1587 1.1592 … … … … … … … …

11⁄4 12 … 1.2500 1.2554 1.2608 1.1959 … … … … … … 1.1974 1.1979 … … … … … … … …

13⁄8 6 … 1.3750 1.3859 1.3967 1.2667 … … … … … … 1.2682 1.2687 … … … … … … … …

13⁄8 12 … 1.3750 1.3804 1.3858 1.3209 … … … … … … 1.3224 1.3229 … … … … … … … …

11⁄2 6 … 1.5000 1.5109 1.5217 1.3917 … … … … … … 1.3932 1.3937 … … … … … … … …

11⁄2 12 … 1.5000 1.5054 1.5108 1.4459 … … … … … … 1.4474 1.4479 … … … … … … … …

13⁄4 5 … 1.7500 1.7630 1.7760 1.6201 … … … … … … 1.6216 1.6221 … … … … … … … …

2 4.5 … 2.0000 2.0145 2.0289 1.8557 … … … … … … 1.8572 1.8577 … … … … … … … …

a Minimum and maximum major diameters are 0.0010 larger than shown. 
b Minimum and maximum major diameters are 0.0035 larger than shown. 
c Minimum and maximum major diameters are 0.0020 larger than shown. 
d Minimum and maximum major diameters are 0.0015 larger than shown. 

Table 21. (Continued) Tap Thread Limits: Fractional Sizes, Ground Thread  ASME B94.9-1999
(Unified and American National Thread Forms, Standard Thread Limits)

Size
inch

NC
UNC

NF
UNF NS

Major Diameter Pitch Diameter

Basic Min. Max. Basic

H1 limit H2 limit H3 limit H4 limit H5 limit H6 limita H7 limit H8 limitb

Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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A maximum lead error of ±0.003 inch in 1 inch of thread is permitted.
All dimensions are given in inches.
Thread limits are computed from Table 3.

Table 22. Tap Thread Limits: Machine Screw Sizes, Cut Thread  ASME B94.9-1999
Unified and American National Thread Forms, Standard Thread Limits

Size

Threads per Inch Major Diameter Pitch Diameter

NC
UNC

NF
UNF

NS
UNS Basic Min. Max. Basic Min. Max.

0 … 80 … 0.0600 0.0609 0.0624 0.0519 0.0521 0.0531

1 64 … … 0.0730 0.0739 0.0754 0.0629 0.0631 0.0641

1 … 72 … 0.0730 0.0740 0.0755 0.0640 0.0642 0.0652

2 56 … … 0.0860 0.0872 0.0887 0.0744 0.0746 0.0756

2 … 64 … 0.0860 0.0870 0.0885 0.0759 0.0761 0.0771

3 48 … … 0.0990 0.1003 0.1018 0.0855 0.0857 0.0867

3 … 56 … 0.0990 0.1002 0.1017 0.0874 0.0876 0.0886

4 … … 36 0.1120 0.1137 0.1157 0.0940 0.0942 0.0957

4 40 … … 0.1120 0.1136 0.1156 0.0958 0.0960 0.0975

4 … 48 … 0.1120 0.1133 0.1153 0.0985 0.0987 0.1002

5 40 … … 0.1250 0.1266 0.1286 0.1088 0.1090 0.1105

6 32 … … 0.1380 0.1402 0.1422 0.1177 0.1182 0.1197

6 … … 36 0.1380 0.1397 0.1417 0.1200 0.1202 0.1217

6 … 40 … 0.1380 0.1396 0.1416 0.1218 0.1220 0.1235

8 32 … … 0.1640 0.1662 0.1682 0.1437 0.1442 0.1457

8 … 36 … 0.1640 0.1657 0.1677 0.1460 0.1462 0.1477

8 … … 40 0.1640 0.1656 0.1676 0.1478 0.1480 0.1495

10 24 … … 0.1900 0.1928 0.1948 0.1629 0.1634 0.1649

10 … 32 … 0.1900 0.1922 0.1942 0.1697 0.1702 0.1717

12 24 … … 0.2160 0.2188 0.2208 0.1889 0.1894 0.1909

12 … 28 … 0.2160 0.2184 0.2204 0.1928 0.1933 0.1948

14 … … 24 0.2420 0.2448 0.2473 0.2149 0.2154 0.2174

Angle Tolerance

Threads per Inch Half Angle Full Angle

20 to 28 ±0°45′ ±0°65′

30 and finer ±0°60′ ±0°90′
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A maximum lead error of ±0.003 inch in 1 inch of thread is permitted.
All dimensions are given in inches.
Thread limits are computed from Table 3.

Table 23. Tap Thread Limits: Fractional Sizes, Cut Thread  ASME B94.9-1999
(Unified and American National Thread Forms)

Threads per Inch Major Diameter Pitch Diameter

Size
NC

UNC
NF

UNF
NS

UNS Basic Min. Max. Basic Min. Max.
1⁄8 … … 40 0.1250 0.1266 0.1286 0.1088 0.1090 0.1105
5⁄32 … … 32 0.1563 0.1585 0.1605 0.13595 0.13645 0.1380
3⁄16 … … 24 0.1875 0.1903 0.1923 0.1604 0.1609 0.1624
3⁄16 … … 32 0.1875 0.1897 0.1917 0.1672 0.1677 0.1692
1⁄4 20 … … 0.2500 0.2532 0.2557 0.2175 0.2180 0.2200
1⁄4 … 28 … 0.2500 0.2524 0.2549 0.2268 0.2273 0.2288
5⁄16 18 … … 0.3125 0.3160 0.3185 0.2764 0.2769 0.2789
5⁄16 … 24 … 0.3125 0.3153 0.3178 0.2854 0.2859 0.2874
3⁄8 16 … … 0.3750 0.3789 0.3814 0.3344 0.3349 0.3369
3⁄8 … 24 … 0.3750 0.3778 0.3803 0.3479 0.3484 0.3499
7⁄16 14 … … 0.4375 0.4419 0.4449 0.3911 0.3916 0.3941
7⁄16 … 20 … 0.4375 0.4407 0.4437 0.4050 0.4055 0.4075
1⁄2 13 … … 0.5000 0.5047 0.5077 0.4500 0.4505 0.4530
1⁄2 … 20 … 0.5000 0.5032 0.5062 0.4675 0.4680 0.4700
9⁄16 12 … … 0.5625 0.5675 0.5705 0.5084 0.5089 0.5114
9⁄16 … 18 … 0.5625 0.5660 0.5690 0.5264 0.5269 0.5289
5⁄8 11 … … 0.6250 0.6304 0.6334 0.5660 0.5665 0.5690
5⁄8 … 18 … 0.6250 0.6285 0.6315 0.5889 0.5894 0.5914
3⁄4 10 … … 0.7500 0.7559 0.7599 0.6850 0.6855 0.6885
3⁄4 … 16 … 0.7500 0.7539 0.7579 0.7094 0.7099 0.7124
7⁄8 9 … … 0.8750 0.8820 0.8860 0.8028 0.8038 0.8068
7⁄8 … 14 … 0.8750 0.8799 0.8839 0.8286 0.8296 0.8321
1 8 … … 1.0000 1.0078 1.0118 0.9188 0.9198 0.9228
1 … 12 … 1.0000 1.0055 1.0095 0.9459 0.9469 0.9494
1 … … 14 1.0000 1.0049 1.0089 0.9536 0.9546 0.9571

11⁄8 7 … … 1.1250 1.1337 1.1382 1.0322 1.0332 1.0367
11⁄8 … 12 … 1.1250 1.1305 1.1350 1.0709 1.0719 1.0749
11⁄4 7 … … 1.2500 1.2587 1.2632 1.1572 1.1582 1.1617
11⁄4 … 12 … 1.2500 1.2555 1.2600 1.1959 1.1969 1.1999
13⁄8 6 … … 1.3750 1.3850 1.3895 1.2667 1.2677 1.2712
13⁄8 … 12 … 1.3750 1.3805 1.3850 1.3209 1.3219 1.3249
11⁄2 6 … … 1.5000 1.5100 1.5145 1.3917 1.3927 1.3962
11⁄2 … 12 … 1.5000 1.5055 1.5100 1.4459 1.4469 1.4499
13⁄4 5 … … 1.7500 1.7602 1.7657 1.6201 1.6216 1.6256
2 4.5 … … 2.0000 2.0111 2.0166 1.8557 1.8572 1.8612

Threads per Inch Half Angle Full Angle

41⁄2 to 51⁄2 ±0° 35′ ±0° 53′
6 to 9 ±0° 40′ ±0° 60′

10 to 28 ±0° 45′ ±0° 68′
30 to 64 ±0° 60′ ±0° 90′
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All dimensions are given in inches.
Maximum pitch diameter of tap is based upon an allowance deducted from the maximum product

pitch diameter of NPSC or NPSM, whichever is smaller.
Minimum pitch diameter of tap is derived by subtracting the ground thread pitch diameter tolerance

for actual equivalent size.
Lead tolerance: A maximum lead deviation pf ± 0.0005 inch within any two threads not farther

apart than one inch. 
Angle Tolerance: 111⁄2 to 27 threads per inch, plus or minus 30 min. in half angle. 

Taps made to the specifications in Table 23a are to be marked NPS and used for NPSC and NPSM.

Table 23a. Straight Pipe Thread Limits: NPS, Ground Thread
ANSI Straight Pipe Thread Form (NPSC, NPSM) ASME B94.9-1999

Nominal
Size,

Inches

Threads
per Inch,

NPS,
NPSC,
NPSM

Major Diameter Pitch Diameter

Plug at
Gaging
Notch

Min.
G

Max.
H

Plug at
Gaging
Notch

E
Min.

K
Max.

L

1⁄8 27 0.3983 0.4022 0.4032 0.3736 0.3746 0.3751

1⁄4 18 0.5286 0.5347 0.5357 0.4916 0.4933 0.4938

3⁄8 18 0.6640 0.6701 0.6711 0.6270 0.6287 0.6292

1⁄2 14 0.8260 0.8347 0.8357 0.7784 0.7806 0.7811

3⁄4 14 1.0364 1.0447 1.0457 0.9889 0.9906 0.9916

1 111⁄2 1.2966 1.3062 1.3077 1.2386 1.2402 1.2412

Formulas for NPS Ground Thread Tapsa

a In the formulas, M equals the actual measured pitch diameter. 

Nominal
Size

Major Diameter
Minor
Dia.

Threads
per Inch A B

Min. G Max. H Max. 27 0.0296 0.0257
1⁄8 H − 0.0010 (K + A) − 0.0010 M − B 18 0.0444 0.0401

1⁄4 to 3⁄4 H − 0.0010 (K + A) − 0.0020 M − B 14 0.0571 0.0525

1 H − 0.0015 (K + A) − 0.0021 M − B 111⁄2 0.0696 0.0647

Table 23b. Straight Pipe Thread Limits: NPSF Ground Thread
 ANSI Standard Straight Pipe Thread Form (NPSF) ASME B94.9-1999

Nominal
Size,

Inches

Threads
per

Inch

Major Diameter Pitch Diameter

Min.
G

Max.
H

Plug at
Gaging
Notch

E
Min.

K
Max.

L

Minora

Dia.
Flat,
Max.

a As specified or sharper. 

1⁄16 27 0.3008 0.3018 0.2812 0.2772 0.2777 0.004

1⁄8 27 0.3932 0.3942 0.3736 0.3696 0.3701 0.004

1⁄4 18 0.5239 0.5249 0.4916 0.4859 0.4864 0.005

3⁄8 18 0.6593 0.6603 0.6270 0.6213 0.6218 0.005

1⁄2 14 0.8230 0.8240 0.7784 0.7712 0.7717 0.005

3⁄4 14 1.0335 1.0345 0.9889 0.9817 0.9822 0.005

All dimensions are given in inches.
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All dimensions are given in inches.
Lead Tolerance: A maximum lead deviation of ±0.0005 inch within any two threads not farther

apart than one inch.
Angle Tolerance: Plus or minus 30 min. in half angle for 14 to 27 threads per inch, inclusive.

Maximum pitch diameter of tap is based on an allowance deducted from the maximum product
pitch diameter of NPSC.

Minimum pitch diameter of tap equals maximum pitch diameter minus the tolerance.
All dimensions are given in inches.
Lead Tolerance: ± 0.003 inch per inch of thread.
Angle Tolerance: For all pitches, tolerance will be ± 45″ for half angle and ± 68″ for full angle. Taps

made to these specifications are to be marked NPS and used for NPSC thread form.
Taps made to the specifications in Table 23a are to be marked NPS and used for NPSC.
As the American National Standard straight pipe thread form is to be maintained, the major and

minor diameters vary with the pitch diameter. Either a flat or rounded form is allowable at both the
crest and the root.

Table 23c. ASME Standard Straight Pipe Thread Limits: NPSF Ground Thread
 Dryseal ANSI Standard Straight Pipe Thread Form (NPSF) ASME B94.9-1999

Formulas For American Dryseal (NPSF) Ground Thread Taps

Nominal
Size,

Inches

Major Diameter Pitch Diameter
Max.
Minor
Dia.

Min.
G

Max.
H

Min.
K

Max.
L

1⁄16 H − 0.0010 K + Q − 0.0005 L − 0.0005 E − F M − Q

1⁄8 H − 0.0010 K + Q − 0.0005 L − 0.0005 E − F M − Q

1⁄4 H − 0.0010 K + Q − 0.0005 L − 0.0005 E − F M − Q

3⁄8 H − 0.0010 K + Q − 0.0005 L − 0.0005 E − F M − Q

1⁄2 H − 0.0010 K + Q − 0.0005 L − 0.0005 E − F M − Q

3⁄4 H − 0.0010 K + Q − 0.0005 L − 0.0005 E − F M − Q

Values to Use in Formulas

Threads per Inch E F M Q

27
Pitch diameter of 

plug at gaging notch

0.0035
Actual measured
pitch diameter

0.0251

18 0.0052 0.0395

14 0.0067 0.0533

Table 23d. ANSI Standard Straight Pipe Tap Limits: (NPS)Cut Thread 
ANSI Straight Pipe Thread Form (NPSC)  ASME B94.9-1999

Nominal
Size

Threads
per Inch,

NPS,
NPSC

Size at
Gaging
Notch

Pitch Diameter Values to Use in Formulas

Min. Max. A B C

1⁄8 27 0.3736 0.3721 0.3751 0.0267 0.0296 0.0257

1⁄4 18 0.4916 0.4908 0.4938
0.0408 0.0444 0.0401

3⁄8 18 0.6270 0.6257 0.6292

1⁄2 14 0.7784 0.7776 0.7811
0.0535 0.0571 0.0525

3⁄4 14 0.9889 0.9876 0.9916

1 111⁄2 1.2386 1.2372 1.2412 0.0658 0.0696 0.0647

The following are approximate formulas, in which M = measured pitch diameter in inches:

Major dia., min. = M + A

Major dia., max. = M + B Minor dia., max. = M − C
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All dimensions are given in inches.

Lead Tolerance: ± 0.003 inch per inch on cut thread, and ± 0.0005 inch per inch on ground thread. 

Angle Tolerance: ± 40 min. in half angle and 60 min. in full angle for 8 cut threads per inch; ± 45
min. in half angle and 68 min. in full angle for 111⁄2 to 27 cut threads per inch; ±25 min. in half angle
for 8 ground threads per inch; and ±30 min. in half angle for 111⁄2 to 27 ground threads per inch.

All dimensions are given in inches.

Table 24a. Taper Pipe Thread Limits (Ground and Cut Thread: Ground Thread For 
NPS, NPTF, and ANPT; Cut Thread for NPT only)  ASME B94.9-1999

Nominal
Size

Threads
per Inch

Gage Measurement Taper per Inch on Diametera

a Taper is 0.0625 inch per 1.000 inch on diameter (1:16) (3⁄4 inch per 12 inches). 

Reference
Dimensions

Projection
Inchb

b Distance small end of tap projects through L1 taper ring gage. 

Tolerance ± Cut Thread Ground Thread
L1,

Lengthc

c Dimension, L1, thickness on thin ring gage; see ASME B1.20.1 and B1.20.5. 

Tap Drill Size
NPT, ANPT,

NPTF d

d Given sizes permit direct tapping without reaming the hole, but only give full threads for approxi-
mate L1 distance. 

Cut
Thread

Ground
Thread Min. Max. Min. Max.

1⁄16 27 0.312 0.0625 0.0625 0.0599 0.0703 0.0599 0.0651 0.1600 C
1⁄8 27 0.312 0.0625 0.0625 0.0599 0.0703 0.0599 0.0651 0.1615 Q
1⁄4 18 0.459 0.0625 0.0625 0.0599 0.0703 0.0599 0.0651 0.2278 7⁄16
3⁄8 18 0.454 0.0625 0.0625 0.0599 0.0703 0.0599 0.0651 0.2400 9⁄16
1⁄2 14 0.579 0.0625 0.0625 0.0599 0.0677 0.0599 0.0651 0.3200 45⁄64
3⁄4 11.5 0.565 0.0625 0.0625 0.0599 0.0677 0.0599 0.0651 0.3390 29⁄32

1 11.5 0.678 0.0937 0.0937 0.0599 0.0677 0.0599 0.0651 0.4000 19⁄64

11⁄4 11.5 0.686 0.0937 0.0937 0.0599 0.0677 0.0599 0.0651 0.4200 131⁄64

11⁄2 11.5 0.699 0.0937 0.0937 0.0599 0.0677 0.0599 0.0651 0.4200 123⁄32

2 8 0.667 0.0937 0.0937 0.0599 0.0677 0.0599 0.0651 0.4360 23⁄16

21⁄2 8 0.925 0.0937 0.0937 0.0612 0.0664 0.0612 0.0651 0.6820 239⁄64

3 20 0.925 0.0937 0.0937 0.0612 0.0664 0.0612 0.0651 0.7660 315⁄16

Table 24b. Taper Pipe Thread — Widths of Flats at Tap Crests and Roots for Cut 
Thread NPT and Ground Thread NPT, ANPT, and NPTF  ASME B94.9-1999

Threads
per
Inch

Tap Flat
Width

at

Column I Column II

NPT—Cut and Ground Threada

ANPT—Ground Thread a

a Cut thread taps made to Column I are marked NPT but are not recommended for ANPT applica-
tions. Ground thread taps made to Column I are marked NPT and may be used for NPT and ANPT
applications. Ground thread taps made to Column II are marked NPTF and used for dryseal applica-
tion.

NPTF
Ground
Thread a

Min.b

b Minimum minor diameter flats are not specified and may be as sharp as practicable. 

Max. Min.b Max.

27
 Major diameter 0.0014 0.0041 0.0040 0.0055
 Minor diameter … 0.0041 … 0.0040

18
 Major diameter 0.0021 0.0057 0.0050 0.0065
 Minor diameter … 0.0057 … 0.0050

14
 Major diameter 0.0027 0.0064 0.0050 0.0065
 Minor diameter … 0.0064 … 0.0050

111⁄2
 Major diameter 0.0033 0.0073 0.0060 0.0083
 Minor diameter … 0.0073 … 0.0060

8
 Major diameter 0.0048 0.0090 0.0080 0.0103
 Minor diameter … 0.0090 … 0.0080
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These taps are over the nominal size to the extent that the internal thread they produce will accom-
modate a helical coil screw insert, which at final assembly will accept a screw thread of the normal
size and pitch.

Table 25. Tap Thread Limits for Screw Thread Inserts (STI), Ground Thread, 
Machine Screw, and Fractional Size  ASME B94.9-1999

Nominal
Screw Size

STI
Fractional
 Size STI

Threads
Per Inch

Tap Major
Diameter

Pitch Diameter Limits

2B 3B

NC NF Min. Max. H limit Min. Max. H limit Min. Max.

1 … 64 … 0.0948 0.0958 H2 0.0837 0.0842 H1 0.0832 0.0837

2 … 56 … 0.1107 0.1117 H2 0.0981 0.0986 H1 0.0976 0.0981

… … 64 0.1088 0.1088 H2 0.0967 0.0972 H1 0.0962 0.0967

3 … 48 … 0.1289 0.1289 H2 0.1131 0.1136 H1 0.1126 0.1131

… … 56 0.1237 0.1247 H2 0.1111 0.1116 H1 0.1106 0.1111

4 … 40 … 0.1463 0.1473 H2 0.1288 0.1293 H1 0.1283 0.1288

… … 48 0.1409 0.1419 H2 0.1261 0.1266 H1 0.1256 0.1261

5 … 40 … 0.1593 0.1603 H2 0.1418 0.1423 H1 0.1413 0.1418

6 … 32 … 0.1807 0.1817 H3 0.1593 0.1598 H2 0.1588 0.1593

… … 40 0.1723 0.1733 H2 0.1548 0.1553 H1 0.1543 0.1548

8 … 32 … 0.2067 0.2077 H3 0.1853 0.1858 H2 0.1848 0.1853

… … 36 0.2022 0.2032 H2 0.1826 0.1831 H1 0.1821 0.1826

10 … 24 … 0.2465 0.2475 H3 0.2180 0.2185 H2 0.2175 0.2180

… … 32 0.2327 0.2337 H3 0.2113 0.2118 H2 0.2108 0.2113

12 … 24 … 0.2725 0.2735 H3 0.2440 0.2445 H2 0.2435 0.2440

… 1⁄4 20 … 0.3177 0.3187 H3 0.2835 0.2840 H2 0.2830 0.2835

… … … 28 0.2985 0.2995 H3 0.2742 0.2747 H2 0.2737 0.2742

… 5⁄16 18 … 0.3874 0.3884 H4 0.3501 0.3506 H3 0.3496 0.3501

… … … 24 0.3690 0.3700 H3 0.3405 0.3410 H2 0.3400 0.3405

… 3⁄8 16 … 0.4592 0.4602 H4 0.4171 0.4176 H3 0.4166 0.4171

… … … 24 0.4315 0.4325 H3 0.4030 0.4035 H2 0.4025 0.4030

… 7⁄16 14 … 0.5333 0.5343 H4 0.4854 0.4859 H3 0.4849 0.4854

… … … 20 0.5052 0.5062 H4 0.4715 0.4720 H3 0.4710 0.4715

… 1⁄2 13 … 0.6032 0.6042 H4 0.5514 0.5519 H3 0.5509 0.5514

… … … 20 0.5677 0.5687 H4 0.5340 0.5345 H3 0.5335 0.5340

… 9⁄16 12 … 0.6741 0.6751 H4 0.6182 0.6187 H3 0.6117 0.6182

… … … 18 06374 0.6384 H4 0.6001 0.6006 H3 0.5996 0.6001

… 5⁄8 11 … 0.7467 0.7477 H4 0.6856 0.6861 H3 0.6851 0.6856

… … … 18 0.6999 0.7009 H4 0.6626 0.6631 H3 0.6621 0.6626

… 3⁄4 10 … 0.8835 0.8850 H5 0.8169 0.8174 H3 0.8159 0.8164

… … … 18 0.8342 0.8352 H4 0.7921 0.7926 H3 0.7916 0.7921

… 7⁄8 9 … 1.0232 1.0247 H5 0.9491 0.9496 H3 0.9481 0.9486

… … … 14 0.9708 0.9718 H4 0.9234 0.9239 H3 0.9224 0.9229

… 1 8 … 1.1666 1.1681 H6 1.0832 1.0842 H4 1.0822 1.0832

… … … 12 1.1116 1.1126 H6 1.0562 1.0572 H4 1.0552 1.0562

… … … 14 NS 1.0958 1.0968 H6 1.0484 1.0494 H4 1.0474 1.0484

… 11⁄8 7 … 1.3151 1.3171 H6 1.2198 1.2208 H4 1.2188 1.2198

… 12 1.2366 1.2376 H6 1.1812 1.1822 H4 1.1802 1.1812

… 11⁄4 7 … 1.4401 1.4421 H6 1.3448 1.3458 H4 1.3438 1.3448

… … … 12 1.3616 1.3626 H6 1.3062 1.3072 H4 1.3052 1.3062

… 13⁄8 6 … 1.5962 1.5982 H8 1.4862 1.4872 H6 1.4852 1.4862

… … … 12 1.4866 1.4876 H6 1.4312 1.4322 H4 1.4302 1.4312

… 11⁄2 6 … 1.7212 1.7232 H8 1.6112 1.6122 H6 1.6102 1.6112

… … … 12 1.6116 1.6126 H6 1.5562 1.5572 H4 1.5552 1.5562
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These taps are over the nominal size to the extent that the internal thread they produce will accom-
modate a helical coil screw insert, which at final assembly will accept a screw thread of the normal
size and pitch.

STI basic thread dimensions are determined by adding twice the single thread height (2 ×
0.64952P) to the basic dimensions of the nominal thread size.

Formulas for major and pitch diameters are presented in MIL-T-21309E.

Table 26a. Tap Thread Limits  ASME B94.9-1999
for Screw Thread Inserts (STI), Ground Thread, Metric Size (Inch)

Metric
Size
STI

Pitch,
mm

Tap Major 
Diameter,

inch

Tap Pitch Diameter Limits, inch

Tolerance Class 4H Tolerance Class 5H and 6H

Min. Max. H limit Min. Max. H limit Min. Max.

M2.5 0.45 0.1239 0.1229 1 0.1105 0.1100 2 0.1110 0.1105

M3 0.5 0.1463 0.1453 1 0.1314 0.1309 2 0.1319 0.1314

M3.5 0.6 0.1714 0.1704 1 0.1537 0.1532 2 0.1542 0.1537

M4 0.7 0.1971 0.1955 2 0.1764 0.1759 3 0.1769 0.1764

M5 0.8 0.2418 0.2403 2 0.2184 0.2179 3 0.2187 0.2184

M6 1 0.2922 0.2906 2 0.2629 0.2624 3 0.2634 0.2629

M7 1 0.3316 0.3300 2 0.3022 0.3017 3 0.3027 0.3022

M8 1 0.3710 0.3694 2 0.3416 0.3411 3 0.3421 0.3416

1.25 0.3853 0.3828 2 0.3480 0.3475 3 0.3485 0.3480

M10 1 0.4497 0.4481 2 0.4203 0.4198 3 0.4208 0.4203

1 0.4641 0.4616 2 0.4267 0.4262 3 0.4272 0.4267

1.25 0.4776 0.4751 3 0.4336 0.4331 4 0.4341 0.4336

M12 1.25 0.5428 0.5403 3 0.5059 0.5054 4 0.5064 0.5059

1.5 0.5564 0.5539 3 0.5123 0.5118 4 0.5128 0.5123

1.75 0.5700 0.5675 3 0.5187 0.5182 4 0.5192 0.5187

M14 1.5 0.6351 0.6326 3 0.5911 0.5906 4 0.5916 0.5911

2 0.6623 0.6598 3 0.6039 0.6034 4 0.6049 0.6044

M16 1.5 0.7139 0.7114 3 0.6698 0.6693 4 0.6703 0.6698

2 0.7410 0.7385 3 0.6826 0.6821 4 0.6836 0.6831

M18 1.5 0.7926 0.7901 3 0.7485 0.7480 4 0.7490 0.7485

2 0.8198 0.8173 3 0.7613 0.7608 4 0.7623 0.7618

2.5 0.8470 0.8445 3 0.7741 0.7736 4 0.7751 0.7748

M20 1.5 0.8713 0.8688 3 0.8273 0.8268 4 0.8278 0.8273

2 0.8985 0.8960 3 0.8401 0.8396 4 0.8411 0.8406

2.5 0.9257 0.9232 3 0.8529 0.8524 4 0.8539 0.8534

M22 1.5 0.9500 0.9475 3 0.9060 0.9055 4 0.9065 0.9060

2 0.9773 0.9748 3 0.9188 0.9183 5 0.9198 0.9193

2.5 1.0044 1.0019 3 0.9316 0.9311 5 0.9326 0.9321

M24 2 1.0559 1.0534 4 0.9981 0.9971 6 0.9991 0.9981

3 1.1117 1.1078 4 1.0236 1.0226 6 1.0246 1.0236

M27 2 1.1741 1.1716 4 1.1162 1.1152 6 1.1172 1.1162

3 1.2298 1.2259 4 1.1417 1.1407 6 1.1427 1.1417

M30 2 1.2922 1.2897 4 1.2343 1.2333 6 1.2353 1.2343

3.5 1.3750 1.3711 4 1.2726 1.2716 6 1.2736 1.2726

M33 2 1.4103 1.4078 4 1.3525 1.3515 6 1.3535 1.3525

3 1.4931 1.4892 4 1.3907 1.3797 6 1.3917 1.3907

M36 2 1.5284 1.5259 4 1.4706 1.4696 6 1.4716 1.4706

3 1.5841 1.5802 6 1.4971 1.4961 8 1.4981 1.4971

4 1.6384 1.6345 6 1.5226 1.5216 8 1.5236 1.5226

M39 2 1.6465 1.6440 4 1.5887 1.5877 6 1.5897 1.5887

3 1.7022 1.6983 6 1.6152 1.6142 8 1.6162 1.6152

4 1.7565 1.7516 6 1.6407 1.6397 8 1.6417 1.6407
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These taps are over the nominal size to the extent that the internal thread they produce will accom-
modate a helical coil screw insert, which at final assembly will accept a screw thread of the normal
size and pitch.

STI basic thread dimensions are determined by adding twice the single thread height (2 ×
0.64952P) to the basic dimensions of the nominal thread size.

Formulas for major and pitch diameters are presented in MIL-T-21309E.

Table 26b. Tap Thread Limits  ASME B94.9-1999
for Screw Thread Inserts (STI), Ground Thread, Metric Size (mm)

Metric
Size
STI

Pitch,
mm

Tap Major 
Diameter,

mm

Tap Pitch Diameter Limits, mm

Tolerance Class 4H Tolerance Class 5H and 6H

Min. Max. H limit Min. Max. H limit Min. Max.

M2.5 0.45 3.147 3.122 1 2.807 2.794 2 2.819 2.807
M3 0.5 3.716 3.691 1 3.338 3.325 2 3.350 3.338
M3.5 0.6 4.354 4.328 1 3.904 3.891 2 3.917 3.904
M4 0.7 5.006 4.966 2 4.481 4.468 3 4.493 4.481
M5 0.8 6.142 6.104 2 5.547 5.535 3 5.555 5.547
M6 1 7.422 7.381 2 6.678 6.665 3 6.690 6.678
M7 1 8.423 8.382 2 7.676 7.663 3 7.689 7.676
M8 1 9.423 9.383 2 8.677 8.664 3 8.689 8.677

1.25 9.787 9.723 2 8.839 8.827 3 8.852 8.839
M10 1 11.422 11.382 2 10.676 10.663 3 10.688 10.676

1 11.788 11.725 2 10.838 10.825 3 10.851 10.838
1.25 12.131 12.068 3 11.013 11.001 4 11.026 11.013

M12 1.25 13.787 13.724 3 12.850 12.837 4 12.863 12.850
1.5 14.133 14.069 3 13.012 13.000 4 13.025 13.012
1.75 14.478 14.415 3 13.175 13.162 4 13.188 13.175

M14 1.5 16.132 16.068 3 15.014 15.001 4 15.027 15.014
2 16.822 16.759 3 15.339 15.326 4 15.364 15.352

M16 1.5 18.133 18.070 3 17.013 17.000 4 17.026 17.013
2 18.821 18.758 3 17.338 17.325 4 17.363 17.351

M18 1.5 20.132 20.069 3 19.012 18.999 4 19.025 19.012
2 20.823 20.759 3 19.337 19.324 4 19.362 19.350
2.5 21.514 21.450 3 19.662 19.649 4 19.688 19.675

M20 1.5 22.131 22.068 3 21.013 21.001 4 21.026 21.013
2 22.822 22.758 3 21.339 21.326 4 21.364 21.351
2.5 23.513 23.449 3 21.664 21.651 4 21.689 21.676

M22 1.5 24.130 24.067 3 23.012 23.000 4 23.025 23.012
2 24.823 24.760 3 23.338 23.325 5 23.363 23.350
2.5 25.512 25.448 3 23.663 23.650 5 23.688 23.675

M24 2 26.820 26.756 4 25.352 25.352 6 25.377 25.352
3 28.237 28.132 4 25.999 25.974 6 26.025 25.999

M27 2 29.822 29.759 4 28.351 28.326 6 28.377 28.351
3 31.237 31.138 4 28.999 28.974 6 29.025 28.999

M30 2 32.822 32.758 4 31.351 31.326 6 31.377 31.351
3.5 34.925 34.826 4 32.324 32.299 6 32.349 32.324

M33 2 35.822 35.758 4 34.354 34.324 6 34.379 34.354
3 37.925 37.826 4 35.324 35.298 6 35.349 35.324

M36 2 38.821 38.758 4 37.353 37.328 6 37.379 37.353
3 40.236 40.137 6 38.026 38.001 8 38.052 38.026
4 41.615 41.516 6 38.674 38.649 8 38.699 37.674

M39 2 41.821 41.758 4 40.353 40.328 6 40.378 40.353
3 43.236 43.137 6 41.026 4 1.001 8 41.051 41.026
4 44.615 44.516 6 41.674 41.648 8 41.699 41.674
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Acme and Square-Threaded Taps

These taps are usually made in sets, three taps in a set being the most common. For very
fine pitches, two taps in a set will be found sufficient, whereas as many as five taps in a set
are used for coarse pitches. The table on the next page gives dimensions for proportioning
both Acme and square-threaded taps when made in sets. In cutting the threads of square-
threaded taps, one leading tap maker uses the following rules: The width of the groove
between two threads is made equal to one-half the pitch of the thread, less 0.004 inch
(0.102 mm), making the width of the thread itself equal to one-half of the pitch, plus 0.004
inch (0.102 mm). The depth of the thread is made equal to 0.45 times the pitch, plus 0.0025
inch (0.064 mm). This latter rule produces a thread that for all the ordinarily used pitches
for square-threaded taps has a depth less than the generally accepted standard depth, this
latter depth being equal to one-half the pitch. The object of this shallow thread is to ensure
that if the hole to be threaded by the tap is not bored out so as to provide clearance at the
bottom of the thread, the tap will cut its own clearance. The hole should, however, always
be drilled out large enough so that the cutting of the clearance is not required of the tap.

The table, Dimensions of Acme Threads Taps in Sets of Three Taps, may also be used for
the length dimensions for Acme taps. The dimensions in this table apply to single-threaded
taps. For multiple-threaded taps or taps with very coarse pitch, relative to the diameter, the
length of the chamfered part of the thread may be increased. Square-threaded taps are made
to the same table as Acme taps, with the exception of the figures in column K, which for
square-threaded taps should be equal to the nominal diameter of the tap, no oversize allow-
ance being customary in these taps. The first tap in a set of Acme taps (not square-threaded
taps) should be turned to a taper at the bottom of the thread for a distance of about one-quar-
ter of the length of the threaded part. The taper should be so selected that the root diameter
is about 1⁄32  inch (0.794 mm) smaller at the point than the proper root diameter of the tap.
The first tap should preferably be provided with a short pilot at the point. For very coarse
pitches, the first tap may be provided with spiral flutes at right angles to the angle of the
thread. Acme and square-threaded taps should be relieved or backed off on the top of the
thread of the chamfered portion on all the taps in the set. When the taps are used as machine
taps, rather than as hand taps, they should be relieved in the angle of the thread, as well as
on the top, for the whole length of the chamfered portion. Acme taps should also always be
relieved on the front side of the thread to within 1⁄32  inch (0.794 mm) of the cutting edge.

Adjustable Taps.—Many adjustable taps are now used, especially for accurate work.
Some taps of this class are made of a solid piece of tool steel that is split and provided with
means of expanding sufficiently to compensate for wear. Most of the larger adjustable taps
have inserted blades or chasers that are held rigidly, but are capable of radial adjustment.
The use of taps of this general class enables standard sizes to be maintained readily.

Drill Hole Sizes for Acme Threads.—Many tap and die manufacturers and vendors
make available to their customers computer programs designed to calculate drill hole sizes
for all the Acme threads in their ranges from the basic dimensions. The large variety and
combination of dimensions for such tools prevent inclusion of a complete set of tables of
tap drills for Acme taps in this Handbook. The following formulas (dimensions in inches)
for calculating drill hole sizes for Acme threads are derived from the American National
Standard, ANSI/ASME B1.5-1997, Acme Screw Threads.

To select a tap drill size for an Acme thread, first calculate the maximum and minimum
internal product minor diameters for the thread to be produced. (Dimensions for general
purpose, centralizing, and stub Acme screw threads are given in the Threads and Thread-
ing section, starting on page 1921.) Then select a drill that will yield a finished hole some-
where between the established maximum and minimum product minor diameters.
Consider staying close to the maximum product limit in selecting the hole size, to reduce
the amount of material to be removed when cutting the thread. If there is no standard drill
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size that matches the hole diameter selected, it may be necessary to drill and ream, or bore
the hole to size, to achieve the required hole diameter.

Diameters of General-Purpose Acme Screw Threads of Classes 2G, 3G, and 4G  may be
calculated from pitch = 1/number of threads per inch, and: 

minimum diameter = basic major diameter − pitch
maximum diameter = minimum minor diameter + 0.05 × pitch

Table 27. Dimensions of Acme Threads Taps in Sets of Three Taps

Nomi-
nal
Dia. A B C D E F G H I K

1⁄2 41⁄4 17⁄8 23⁄8 1⁄2 17⁄8 5⁄8 13⁄4 7⁄8 11⁄2 0.520
9⁄16 47⁄8 21⁄8 23⁄4 9⁄16 23⁄16

3⁄4 2 1 13⁄4 0.582
5⁄8 51⁄2 23⁄8 31⁄8 5⁄8 21⁄2 7⁄8 21⁄4 11⁄8 2 0.645
11⁄16 6 21⁄2 31⁄2 313⁄16 213⁄16

15⁄16 29⁄16 11⁄4 21⁄4 0.707
3⁄4 61⁄2 211⁄16 313⁄16

11⁄16 31⁄8 1 213⁄16 13⁄8 27⁄16 0.770
13⁄16 67⁄8 213⁄16 41⁄16

3⁄4 35⁄16 11⁄16 3 17⁄16 2 5⁄8 0.832
7⁄8 71⁄4 3 41⁄4 3⁄4 31⁄2 11⁄8 31⁄8 11⁄2 23⁄4 0.895
15⁄16 79⁄16 31⁄8 47⁄16

13⁄16 35⁄8 13⁄16 31⁄4 19⁄16 27⁄8 0.957

1 77⁄8 31⁄4 45⁄8 13⁄16 313⁄16 11⁄4 33⁄8 15⁄8 3 1.020

11⁄8 81⁄2 39⁄16 415⁄16
7⁄8 41⁄16 15⁄16 35⁄8 13⁄4 33⁄16 1.145

11⁄4 9 33⁄4 51⁄4 15⁄16 45⁄16 13⁄8 37⁄8 17⁄8 33⁄8 1.270

13⁄8 91⁄2 4 51⁄2 1 41⁄2 17⁄16 41⁄16 2 31⁄2 1.395

11⁄2 10 41⁄4 53⁄4 1 43⁄4 11⁄2 41⁄4 21⁄8 35⁄8 1.520

15⁄8 101⁄2 41⁄2 6 1 5 11⁄2 41⁄2 21⁄8 37⁄8 1.645

13⁄4 11 43⁄4 61⁄4 11⁄16 53⁄16 19⁄16 411⁄16 21⁄4 4 1.770

17⁄8 113⁄8 47⁄8 61⁄2 11⁄16 57⁄16 19⁄16 415⁄16 21⁄4 41⁄4 1.895

2 113⁄4 5 63⁄4 11⁄8 55⁄8 15⁄8 51⁄8 23⁄8 43⁄8 2.020

21⁄4 121⁄2 51⁄4 71⁄4 11⁄8 61⁄8 13⁄16 51⁄2 21⁄2 43⁄4 2.270

21⁄2 131⁄4 51⁄2 73⁄4 13⁄4 69⁄16 17⁄8 57⁄8 25⁄8 51⁄8 2.520

23⁄4 14 53⁄4 81⁄4 11⁄4 7 2 61⁄4 23⁄4 51⁄2 2.770

3 15 61⁄4 83⁄4 11⁄4 71⁄2 2 63⁄4 3 53⁄4 3.020

A

D E

B

1ST TAP IN SET

ROOT DIA. – 0.010"

F G2ND TAP IN SET

ROOT DIA. – 0.010"

H IFINISHING TAP

C

K
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Example:1⁄2 -10 Acme 2G, pitch = 1 ⁄10 = 0.1

minimum diameter = 0.5 − 0.1 = 0.4

Table 28. Proportions of Acme and Square-Threaded Taps Made in Sets 

Types
of Tap

No. of 
Taps
in Set

Order of 
Tap

in Set A B C

Acme
Thread
Taps

2
1st R + 0.65T R + 0.010 1⁄8 L to 1⁄6 L

2d D A on 1st tap − 0.005 1⁄4 L to 1⁄3 L

3

1st R + 0.45T R + 0.010 1⁄8 L to 1⁄6 L

2d R + 0.80T A on 1st tap − 0.005 1⁄6 L to 1⁄4 L

3d D A on 2d tap − 0.005 1⁄4 L to 1⁄3 L

4

1st R + 0.40T R + 0.010 1⁄8 L

2d R + 0.70T A on 1st tap − 0.005 1⁄6 L

3d R + 0.90T A on 2d tap − 0.005 1⁄5 L

4th D A on 3d tap − 0.005 1⁄4 L to 1⁄3 L

5

1st R + 0.37T R + 0.010 1⁄8 L

2d R + 0.63T A on 1st tap − 0.005 1⁄6 L

3d R + 0.82T A on 2d tap − 0.005 1⁄5 L

4th R + 0.94T A on 3d tap − 0.005 1⁄5 L to 1⁄4 L

5th D A on 4th tap − 0.005 1⁄4 L to 1⁄3 L

Square-
Threaded

Taps

2
1st R + 0.67T R 1⁄8 L to 1⁄6 L

2d D A on 1st tap − 0.005 1⁄4 L to 1⁄3 L

3

1st R + 0.41T R 1⁄8 L to 1⁄6 L

2d R + 0.080T A on 1st tap − 0.005 1⁄6 L to 1⁄4 L

3d D A on 2d tap − 0.005 1⁄4 L to 1⁄3 L

4

1st R + 0.32T R 1⁄8 L

2d R + 0.62T A on 1st tap − 0.005 1⁄6 L

3d R + 0.90T A on 2d tap − 0.005 1⁄5 L

4th D A on 3d tap − 0.005 1⁄4 L to 1⁄3 L

5

1st R + 0.26T R 1⁄8 L

2d R + 0.50T A on 1st tap − 0.005 1⁄6 L

3d R + 0.72T A on 2d tap − 0.005 1⁄5 L

4th R + 0.92T A on 3d tap − 0.005 1⁄5 L to 1⁄4 L

5th D A on 4th tap − 0.005 1⁄4 L to 1⁄3L

BR –0.010"

L
C

R = root diameter of thread
T = double depth of full thread

D = full diameter of tap

A
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maximum diameter = 0.4 + (0.05 × 0.1) = 0.405
drill selected = letter X or 0.3970 + 0.0046 (probable oversize) = 0.4016
Diameters of Acme Centralizing Screw Threads of Classes 2C, 3C, and 4C  may be cal-

culated from pitch = 1/number of threads per inch, and:
minimum diameter = basic major diameter − 0.9 × pitch
maximum diameter = minimum minor diameter + 0.05 × pitch
Example:1⁄2 -10 Acme 2C, pitch = 1 ⁄10 = 0.1

minimum diameter = 0.5 − (0.9 × 0.1) = 0.41
maximum diameter = 0.41 + (0.05 × 0.1) = 0.415
drill selected = 13⁄32  or 0.4062 + 0.0046 (probable oversize) = 0.4108.

Diameters for Acme Centralizing Screw Threads of Classes 5C and 6C: These classes
are not recommended for new designs, but may be calculated from: 

minimum diameter = [basic major diameter − (0.025 √ basic major dia.)] − 0.9 × pitch

maximum diameter = minimum minor diameter + 0.05 × pitch

pitch = 1/number of threads per inch

Example:1⁄2 -10 Acme 5C, pitch = 1 ⁄10 = 0.1

minimum diameter = [0.5 − (0.025 √ 0.5)] − (0.9 × 0.1) = 0.3923
maximum diameter = 0.3923 + (0.05 × 0.1) = 0.3973
drill selected = 25⁄64  or 0.3906 + 0.0046 (probable oversize) = 0.3952

Tapping Square Threads.—If it is necessary to tap square threads, this should be done
by using a set of taps that will form the thread by a progressive cutting action, the taps vary-
ing in size in order to distribute the work, especially for threads of comparatively coarse
pitch. From three to five taps may be required in a set, depending upon the pitch. Each tap
should have a pilot to steady it. The pilot of the first tap has a smooth cylindrical end from
0.003 to 0.005 inch (0.076-0.127 mm) smaller than the hole, and the pilots of following
taps should have teeth.
Collapsible Taps.—The collapsing tap shown in the accompanying illustration is one of
many different designs that are manufactured. These taps are often used in turret lathe
practice in place of solid taps. When using this particular style of collapsing tap, the adjust-
able gage A is set for the length of thread required. When the tap has been fed to this depth,
the gage comes into contact with the end of the work, which causes the chasers to collapse
automatically. The tool is then withdrawn, after which the chasers are again expanded and
locked in position by the handle seen at the side of the holder.

Collapsing Tap

Collapsible taps do not need to be backed out of the hole at the completion of the thread,
reducing the tapping time and increasing production rates.
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STANDARD TAPERS 

Standard Tapers

Certain types of small tools and machine parts, such as twist drills, end mills, arbors,
lathe centers, etc., are provided with taper shanks which fit into spindles or sockets of cor-
responding taper, thus providing not only accurate alignment between the tool or other part
and its supporting member, but also more or less frictional resistance for driving the tool.
There are several standards for “self-holding” tapers, but the American National, Morse,
and the Brown & Sharpe are the standards most widely used by American manufacturers.

The name self-holding has been applied to the smaller tapers—like the Morse and the
Brown & Sharpe—because, where the angle of the taper is only 2 or 3 degrees, the shank of
a tool is so firmly seated in its socket that there is considerable frictional resistance to any
force tending to turn or rotate the tool relative to the socket. The term “self-holding” is used
to distinguish relatively small tapers from the larger or self-releasing type. A milling
machine spindle having a taper of 31⁄2  inches per foot is an example of a self-releasing
taper. The included angle in this case is over 16 degrees and the tool or arbor requires a pos-
itive locking device to prevent slipping, but the shank may be released or removed more
readily than one having a smaller taper of the self-holding type.
Tapers for Machine Tool Spindles.—Various standard tapers have been used for the
taper holes in the spindles of machine tools, such as drilling machines, lathes, milling
machines, or other types requiring a taper hole for receiving either the shank of a cutter, an
arbor, a center, or any tool or accessory requiring a tapering seat. The Morse taper repre-
sents a generally accepted standard for drilling machines. See more on this subject,
page 959.

The headstock and tailstock spindles of lathes also have the Morse taper in most cases;
but the Jarno, the Reed (which is the short Jarno), and the Brown & Sharpe have also been
used. Milling machine spindles formerly had Brown & Sharpe tapers in most cases.

In 1927, the milling machine manufacturers of the National Machine Tool Builders’
Association adopted a standard taper of 31⁄2 inches per foot. This comparatively steep taper
has the advantage of insuring instant release of arbors or adapters. 

The British Standard for milling machine spindles is also 31⁄2 inches taper per foot and
includes these large end diameters: 13⁄8 inches, 13⁄4 inches, 23⁄4 inches, and 31⁄4 inches.

Morse Taper.—Dimensions relating to Morse standard taper shanks and sockets may be
found in an accompanying table. The taper for different numbers of Morse tapers is slightly
different, but it is approximately 5⁄8  inch per foot in most cases. The table gives the actual
tapers, accurate to five decimal places. Morse taper shanks are used on a variety of tools,
and exclusively on the shanks of twist drills. Dimensions for Morse Stub Taper Shanks are
given in Table 1a, and for Morse Standard Taper Shanks in Table 1b.

Brown & Sharpe Taper.—This standard taper is used for taper shanks on tools such as
end mills and reamers, the taper being approximately 1⁄2  inch per foot for all sizes except for
taper No. 10, where the taper is 0.5161 inch per foot. Brown & Sharpe taper sockets are
used for many arbors, collets, and machine tool spindles, especially milling machines and
grinding machines. In many cases there are a number of different lengths of sockets corre-

National Machine Tool Builders’ Association Tapers

Taper Numbera

a Standard taper of 31⁄2 inches per foot 

Large End Diameter Taper Numbera Large End Diameter

30 11⁄4 50 23⁄4
40 13⁄4 60 41⁄4
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sponding to the same number of taper; all these tapers, however, are of the same diameter
at the small end.
Jarno Taper.—The Jarno taper was originally proposed by Oscar J. Beale of the Brown &
Sharpe Mfg. Co. This taper is based on such simple formulas that practically no calcula-
tions are required when the number of taper is known. The taper per foot of all Jarno taper
sizes is 0.600 inch on the diameter. The diameter at the large end is as many eighths, the
diameter at the small end is as many tenths, and the length as many half inches as are indi-
cated by the number of the taper. For example, a No. 7 Jarno taper is 7⁄8  inch in diameter at
the large end; 7⁄10 , or 0.700 inch at the small end; and 7⁄2 , or 31⁄2  inches long; hence, diameter
at large end = No. of taper ÷ 8; diameter at small end = No. of taper ÷ 10; length of taper =
No. of taper ÷ 2. The Jarno taper is used on various machine tools, especially profiling
machines and die-sinking machines. It has also been used for the headstock and tailstock
spindles of some lathes.

American National Standard Machine Tapers: This standard includes a self-holding
series (Tables 2, 3, 4, 5 and 7a) and a steep taper series, Table 6. The self-holding taper

Table 1a. Morse Stub Taper Shanks

No.
of

Taper

Taper
per

Foota

Taper
per

Inchb

Small
End of
Plug, b

D

Dia.
End of

Socket, a
A

Shank Tang

Total
Length,

B
Depth,

C
Thickness,

E
Length,

F

1 0.59858 0.049882 0.4314 0.475 15⁄16 11⁄8 13⁄64
5⁄16

2 0.59941 0.049951 0.6469 0.700 111⁄16 17⁄16
19⁄64

7⁄16

3 0.60235 0.050196 0.8753 0.938 2 13⁄4 25⁄64
9⁄16

4 0.62326 0.051938 1.1563 1.231 23⁄8 21⁄16
33⁄64

11⁄16

5 0.63151 0.052626 1.6526 1.748 3 211⁄16
3⁄4 15⁄16

Tang Socket Tang Slot

No.
of

Taper

Radius
of Mill,

G

Min. Depth of
Tapered Hole

Socket
End to

Tang Slot,
M

Diameter,
H

Plug Depth,
P

Drilled
X

Reamed
Y

Width,
N

Length,
O

1 3⁄16
13⁄32

7⁄8 5⁄16
29⁄32

25⁄32
7⁄32

23⁄32

2 7⁄32
39⁄64 11⁄16 15⁄32 17⁄64

15⁄16
5⁄16

15⁄16

3 9⁄32
13⁄16 11⁄4 13⁄8 15⁄16 11⁄16

13⁄32 11⁄8
4 3⁄8 13⁄32 17⁄16 19⁄16 11⁄2 13⁄16

17⁄32 13⁄8
5 9⁄16 119⁄32 113⁄16 115⁄16 17⁄8 17⁄16

25⁄32 13⁄4
All dimensions in inches.
Radius J is 3⁄64 , 1⁄16 , 5⁄64 , 3⁄32 , and 1⁄8  inch respectively for Nos. 1, 2, 3, 4, and 5 tapers.

a These are basic dimensions. 
b These dimensions are calculated for reference only. 
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series consists of 22 sizes which are listed in Table 7a. The reference gage for the self-hold-
ing tapers is a plug gage. Table 7b gives the dimensions and tolerances for both plug and
ring gages applying to this series. Tables 2 through 5 inclusive give the dimensions for self-
holding taper shanks and sockets which are classified as to (1) means of transmitting
torque from spindle to the tool shank, and (2) means of retaining the shank in the socket.
The steep machine tapers consist of a preferred series (bold-face type, Table 6) and an
intermediate series (light-face type). A self-holding taper is defined as “a taper with an
angle small enough to hold a shank in place ordinarily by friction without holding means.
(Sometimes referred to as slow taper.)” A steep taper is defined as “a taper having an angle
sufficiently large to insure the easy or self-releasing feature.” The term “gage line” indi-
cates the basic diameter at or near the large end of the taper.

Table 1b. Morse Standard Taper Shanks

No. of
Taper

Taper
per Foot

Taper
per Inch

Small
End of
Plug

D

Diameter
End of
Socket

A

Shank
Depth

of Hole
H

Length
B

Depth
S

0 0.62460 0.05205 0.252 0.3561 211⁄32 27⁄32 21⁄32

1 0.59858 0.04988 0.369 0.475 29⁄16 27⁄16 25⁄32

2 0.59941 0.04995 0.572 0.700 31⁄8 215⁄16 239⁄64

3 0.60235 0.05019 0.778 0.938 37⁄8 311⁄16 31⁄4
4 0.62326 0.05193 1.020 1.231 47⁄8 45⁄8 41⁄8
5 0.63151 0.05262 1.475 1.748 61⁄8 57⁄8 51⁄4
6 0.62565 0.05213 2.116 2.494 89⁄16 81⁄4 721⁄64

7 0.62400 0.05200 2.750 3.270 115⁄8 111⁄4 105⁄64

Plug
Depth

P

Tang or Tongue Keyway Keyway
to End

K
Thickness

t
Length

T
Radius

R Dia.
Width

W
Length

L

2 0.1562 1⁄4 5⁄32 0.235 11⁄64
9⁄16 115⁄16

21⁄8 0.2031 3⁄8 3⁄16 0.343 0.218 3⁄4 21⁄16

29⁄16 0.2500 7⁄16
1⁄4 17⁄32 0.266 7⁄8 21⁄2

33⁄16 0.3125 9⁄16
9⁄32

23⁄32 0.328 13⁄16 31⁄16

41⁄16 0.4687 5⁄8 5⁄16
31⁄32 0.484 11⁄4 37⁄8

53⁄16 0.6250 3⁄4 3⁄8 113⁄32 0.656 11⁄2 415⁄16

71⁄4 0.7500 11⁄8 1⁄2 2 0.781 13⁄4 7

10 1.1250 13⁄8 3⁄4 25⁄8 1.156 25⁄8 91⁄2
Tolerances on rate of taper: all sizes 0.002 in. per foot. This tolerance may be applied on shanks only in the direction 

that increases the rate of taper, and on sockets only in the direction that decreases the rate of taper.
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Table 2. American National Standard Taper Drive with Tang, 
Self-Holding Tapers  ANSI/ASME B5.10-1994 (R2008)

All dimensions are in inches. (1) See Table 7b for plug and ring gage dimensions.

Tolerances: For shank diameter A at gage line, + 0.002 − 0.000; for hole diameter A, + 0.000 −
0.002. For tang thickness E up to No. 5 inclusive, + 0.000 − 0.006; No. 6, + 0.000 − 0.008. For width
N of tang slot up to No. 5 inclusive, + 0.006; − 0.000; No. 6, + 0.008 − 0.000. For centrality of tang E
with center line of taper, 0.0025 (0.005 total indicator variation). These centrality tolerances also
apply to the tang slot N. On rate of taper, all sizes 0.002 per foot. This tolerance may be applied on
shanks only in the direction which increases the rate of taper and on sockets only in the direction
which decreases the rate of taper. Tolerances for two-decimal dimensions are plus or minus 0.010,
unless otherwise specified.

No.
of

Taper

Diameter
at Gage
Line (1)

A

Shank Tang

Total
Length

of Shank
B

Gage Line
to End

of Shank
C

Thickness
E

Length
F

Radius
of Mill

G
Diameter

H

0.239 0.23922 1.28 1.19 0.125 0.19 0.19 0.18
0.299 0.29968 1.59 1.50 0.156 0.25 0.19 0.22
0.375 0.37525 1.97 1.88 0.188 0.31 0.19 0.28
1 0.47500 2.56 2.44 0.203 0.38 0.19 0.34
2 0.70000 3.13 2.94 0.250 0.44 0.25 0.53
3 0.93800 3.88 3.69 0.312 0.56 0.22 0.72
4 1.23100 4.88 4.63 0.469 0.63 0.31 0.97
41⁄2 1.50000 5.38 5.13 0.562 0.69 0.38 1.20

5 1.74800 6.12 5.88 0.625 0.75 0.38 1.41
6 2.49400 8.25 8.25 0.750 1.13 0.50 2.00

Socket Tang Slot

No.
of

Taper
Radius

J

Min. Depth of Hole
K

Gage Line
to

Tang Slot
M

Shank End
to Back of
Tang Slot

PDrilled Reamed
Width

N
Length

O

0.239 0.03 1.06 1.00 0.94 0.141 0.38 0.13
0.299 0.03 1.31 1.25 1.17 0.172 0.50 0.17
0.375 0.05 1.63 1.56 1.47 0.203 0.63 0.22
1 0.05 2.19 2.16 2.06 0.218 0.75 0.38
2 0.06 2.66 2.61 2.50 0.266 0.88 0.44
3 0.08 3.31 3.25 3.06 0.328 1.19 0.56
4 0.09 4.19 4.13 3.88 0.484 1.25 0.50
41⁄2 0.13 4.62 4.56 4.31 0.578 1.38 0.56

5 0.13 5.31 5.25 4.94 0.656 1.50 0.56
6 0.16 7.41 7.33 7.00 0.781 1.75 0.50
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Table 3. American National Standard Taper Drive with Keeper Key Slot, 
 Self-Holding Tapers  ANSI/ASME B5.10-1994 (R2008)

All dimensions are in inches. (1) See Table 7b for plug and ring gage dimensions.
Tolerances: For shank diameter A at gage line, +0.002, −0; for hole diameter A, +0, −0.002. For

tang thickness E up to No. 5 inclusive, +0, −0.006; larger than No. 5, +0, −0.008. For width of slots N
and N ′ up to No. 5 inclusive, +0.006, −0; larger than No. 5, +0.008, −0. For centrality of tang E with
center line of taper 0.0025 (0.005 total indicator variation). These centrality tolerances also apply to
slots N and N ′. On rate of taper, see footnote in Table 2. Tolerances for two-decimal dimensions are
±0.010 unless otherwise specified.

No.
of

Taper

Dia.
at

Gage
Line
(1)
A

Shank Tang Socket

Total
Length

B

Gage
Line

to
End
C

Thickness
E

Length
F

Radius
of

Mill
G

Diameter
H

Radius
J

Min. Depth
of Hole

K

Gage
Line to
Tang
Slot
MDrill Ream

3 0.938 3.88 3.69 0.312 0.56 0.28 0.78 0.08 3.31 3.25 3.06

4 1.231 4.88 4.63 0.469 0.63 0.31 0.97 0.09 4.19 4.13 3.88

41⁄2 1.500 5.38 5.13 0.562 0.69 0.38 1.20 0.13 4.63 4.56 4.32

5 1.748 6.13 5.88 0.625 0.75 0.38 1.41 0.13 5.31 5.25 4.94

6 2.494 8.56 8.25 0.750 1.13 0.50 2.00 0.16 7.41 7.33 7.00

7 3.270 11.63 11.25 1.125 1.38 0.75 2.63 0.19 10.16 10.08 9.50

No.
of

Taper

Tang Slot Keeper Slot in Shank Keeper Slot in Socket

Width
N

Length
O

Shank End
to Back of

Slot
P

Gage Line
to Bottom

of Slot
Y ′

Length
X

Width
N ′

Gage
Line to
Front

of Slot
Y

Length
Z

Width
N ′

3 0.328 1.19 0.56 1.03 1.13 0.266 1.13 1.19 0.266

4 0.484 1.25 0.50 1.41 1.19 0.391 1.50 1.25 0.391

41⁄2 0.578 1.38 0.56 1.72 1.25 0.453 1.81 1.38 0.453

5 0.656 1.50 0.56 2.00 1.38 0.516 2.13 1.50 0.516

6 0.781 1.75 0.50 2.13 1.63 0.641 2.25 1.75 0.641

7 1.156 2.63 0.88 2.50 1.69 0.766 2.63 1.81 0.766
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Table 4. American National Standard Nose Key Drive with Keeper Key Slot, 
Self-Holding Tapers  ANSI/ASME B5.10-1994 (R2008)

All dimensions are in inches. AE is 0.005 greater than one-half of A.
Width of drive key R″ is 0.001 less than width R″ of keyway.
Tolerances: For diameter A of hole at gage line, +0, −0.002; for diameter A of shank at gage line,

+0.002, −0; for width of slots N and N ′, +0.008, −0; for width of drive keyway R ′ in socket, +0, −
0.001; for width of drive keyway R in shank, 0.010, −0; for centrality of slots N and N ′ with center
line of spindle, 0.007; for centrality of keyway with spindle center line: for R, 0.004 and for R ′, 0.002
T.I.V. On rate of taper, see footnote in Table 2. Two-decimal dimensions, ±0.010 unless otherwise
specified.

Taper A(1) B ′ C Q I ′ I R S

200 2.000 5.13

Min
0.003
Max
0.035

for
all

sizes

0.25 1.38 1.63 1.010 0.562
250 2.500 5.88 0.25 1.38 2.06 1.010 0.562
300 3.000 6.63 0.25 1.63 2.50 2.010 0.562
350 3.500 7.44 0.31 2.00 2.94 2.010 0.562
400 4.000 8.19 0.31 2.13 3.31 2.010 0.562
450 4.500 9.00 0.38 2.38 3.81 3.010 0.812
500 5.000 9.75 0.38 2.50 4.25 3.010 0.812
600 6.000 11.31 0.44 3.00 5.19 3.010 0.812
800 8.000 14.38 0.50 3.50 7.00 4.010 1.062

1000 10.000 17.44 0.63 4.50 8.75 4.010 1.062
1200 12.000 20.50 0.75 5.38 10.50 4.010 1.062

Taper D D ′a

a Thread is UNF-2B for hole; UNF-2A for screw. (1) See Table 7b for plug and ring gage dimen-
sions.

W X N ′ R ′ S ′ T

200 1.41 0.375 3.44 1.56 0.656 1.000 0.50 4.75
250 1.66 0.375 3.69 1.56 0.781 1.000 0.50 5.50
300 2.25 0.375 4.06 1.56 1.031 2.000 0.50 6.25
350 2.50 0.375 4.88 2.00 1.031 2.000 0.50 6.94
400 2.75 0.375 5.31 2.25 1.031 2.000 0.50 7.69
450 3.00 0.500 5.88 2.44 1.031 3.000 0.75 8.38
500 3.25 0.500 6.44 2.63 1.031 3.000 0.75 9.13
600 3.75 0.500 7.44 3.00 1.281 3.000 0.75 10.56
800 4.75 0.500 9.56 4.00 1.781 4.000 1.00 13.50

1000 … … 11.50 4.75 2.031 4.000 1.00 16.31
1200 … … 13.75 5.75 2.031 4.000 1.00 19.00

Taper U V M N O P Y Z

200 1.81 1.00 4.50 0.656 1.56 0.94 2.00 1.69
250 2.25 1.00 5.19 0.781 1.94 1.25 2.25 1.69
300 2.75 1.00 5.94 1.031 2.19 1.50 2.63 1.69
350 3.19 1.25 6.75 1.031 2.19 1.50 3.00 2.13
400 3.63 1.25 7.50 1.031 2.19 1.50 3.25 2.38
450 4.19 1.50 8.00 1.031 2.75 1.75 3.63 2.56
500 4.63 1.50 8.75 1.031 2.75 1.75 4.00 2.75
600 5.50 1.75 10.13 1.281 3.25 2.06 4.63 3.25
800 7.38 2.00 12.88 1.781 4.25 2.75 5.75 4.25

1000 9.19 2.50 15.75 2.031 5.00 3.31 7.00 5.00
1200 11.00 3.00 18.50 2.531 6.00 4.00 8.25 6.00
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Table 5. American National Standard Nose Key Drive with Drawbolt, 
Self-Holding Tapers  ANSI/ASME B5.10-1994 (R2008)

All dimensions in inches.
Exposed length C is 0.003 minimum and 0.035 maximum for all sizes.
Drive Key D ′ screw sizes are 3⁄8 -24 UNF-2A up to taper No. 400 inclusive and 1⁄2 -20 UNF-2A for

larger tapers.
Tolerances: For diameter A of hole at gage line, +0.000, −0.002 for all sizes; for diameter A of

shank at gage line, +0.002, −0.000; for all sizes; for width of drive keyway R ′ in socket, +0.000, −
0.001; for width of drive keyway R in shank, +0.010, −0.000; for centrality of drive keyway R ′, with
center line of shank, 0.004 total indicator variation, and for drive keyway R ′, with center line of spin-
dle, 0.002. On rate of taper, see footnote in Table 2. Tolerances for two-decimal dimensions are
±0.010 unless otherwise specified.

Sockets

No.
of

Taper

Dia.
at

Gage
Line
Aa

a See Table 7b for plug and ring gage dimensions. 

Drive Key Drive Keyway

Gage
Line to
Front of
Relief

T

Dia.
of

Relief
U

Depth
of

Relief
V

Dia.
of

Draw
Bolt
Hole

d

Screw Holes

Width
R″

Width
R ′

Depth
S ′

Center Line 
to Center
of Screw

D

UNF 2B 
Hole UNF 
2A Screw

D ′

200 2.000 1.41 0.38 0.999 1.000 0.50 4.75 1.81 1.00 1.00
250 2.500 1.66 0.38 0.999 1.000 0.50 5.50 2.25 1.00 1.00
300 3.000 2.25 0.38 1.999 2.000 0.50 6.25 2.75 1.00 1.13
350 3.500 2.50 0.38 1.999 2.000 0.50 6.94 3.19 1.25 1.13
400 4.000 2.75 0.38 1.999 2.000 0.50 7.69 3.63 1.25 1.63
450 4.500 3.00 0.50 2.999 3.000 0.75 8.38 4.19 1.50 1.63
500 5.000 3.25 0.50 2.999 3.000 0.75 9.13 4.63 1.50 1.63
600 6.000 3.75 0.50 2.999 3.000 0.75 10.56 5.50 1.75 2.25
800 8.000 4.75 0.50 3.999 4.000 1.00 13.50 7.38 2.00 2.25

1000 10.000 … … 3.999 4.000 1.00 16.31 9.19 2.50 2.25
1200 12.000 … … 3.999 4.000 1.00 19.00 11.00 3.00 2.25

Shanks

No.
of

Taper

Length
from
Gage
Line
B ′

Drawbar Hole Drive Keyway

Dia.
UNC-2B

AL

Depth
of

Drilled
Hole

E

Depth
of

Thread
AP

Dia.
of

Counter
Bore

G

Gage
Line to

First
Thread

AO

Depth
of 60°

Chamfer
J

Width
R

Depth
S

Center
Line to
Bottom

of
Keyway

AE

200 5.13 7⁄8 -9 2.44 1.75 0.91 4.78 0.13 1.010 0.562 1.005

250 5.88 7⁄8 -9 2.44 1.75 0.91 5.53 0.13 1.010 0.562 1.255
300 6.63 1-8 2.75 2.00 1.03 6.19 0.19 2.010 0.562 1.505
350 7.44 1-8 2.75 2.00 1.03 7.00 0.19 2.010 0.562 1.755
400 8.19 11⁄2 -6 4.00 3.00 1.53 7.50 0.31 2.010 0.562 2.005

450 9.00 11⁄2 -6 4.00 3.00 1.53 8.31 0.31 3.010 0.812 2.255

500 9.75 11⁄2 -6 4.00 3.00 1.53 9.06 0.31 3.010 0.812 2.505

600 11.31 2-41⁄2 5.31 4.00 2.03 10.38 0.50 3.010 0.812 3.005

800 14.38 2-41⁄2 5.31 4.00 2.03 13.44 0.50 4.010 1.062 4.005

1000 17.44 2-41⁄2 5.31 4.00 2.03 16.50 0.50 4.010 1.062 5.005

1200 20.50 2-41⁄2 5.31 4.00 2.03 19.56 0.50 4.010 1.062 6.005
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Table 6. ANSI Standard Steep Machine Tapers  ANSI/ASME B5.10-1994 (R2008)

All dimensions given in inches.
The tapers numbered 10, 20, 30, 40, 50, and 60 that are printed in heavy-faced type are designated

as the “Preferred Series.” The tapers numbered 5, 15, 25, 35, 45, and 55 that are printed in light-faced
type are designated as the “Intermediate Series.”

Table 7a. American National Standard Self-holding Tapers —
 Basic Dimensions  ANSI/ASME B5.10-1994 (R2008)

All dimensions given in inches.

No. of
Taper

Taper
per

Foota

a This taper corresponds to an included angle of 16°, 35 ′, 39.4″.

Dia.
at

Gage
Lineb

b The basic diameter at gage line is at large end of taper. 

Length
Along
Axis

No. of
Taper

Taper
per

Foota

Dia.at
Gage
Lineb

Length
Along
Axis

5 3.500 0.500 0.6875 35 3.500 1.500 2.2500
10 3.500 0.625 0.8750 40 3.500 1.750 2.5625

15 3.500 0.750 1.0625 45 3.500 2.250 3.3125
20 3.500 0.875 1.3125 50 3.500 2.750 4.0000

25 3.500 1.000 1.5625 55 3.500 3.500 5.1875
30 3.500 1.250 1.8750 60 3.500 4.250 6.3750

No.
of

Taper

Taper
per

Foot

Dia. at
Gage
Linea

A

a See illustrations above Tables 2 through 5.

Means of
Driving and Holdinga

Origin
of

Series

.239 0.50200 0.23922

} Tang Drive With Shank Held in by Friction
(See Table 2)

Brown &
Sharpe Taper

Series
.299 0.50200 0.29968

.375 0.50200 0.37525

1 0.59858 0.47500

Morse
Taper
Series

2 0.59941 0.70000

3 0.60235 0.93800

4 0.62326 1.23100

} Tang Drive With Shank Held in by Key
(See Table 3)

41⁄2 0.62400 1.50000

5 0.63151 1.74800

6 0.62565 2.49400

7 0.62400 3.27000

200 0.750 2.000

} Key Drive With Shank Held in by Key 
(See Table 4)

} Key Drive With Shank Held in by Draw-bolt 
(See Table 5)

3⁄4  Inch
per

Foot
Taper
Series

250 0.750 2.500

300 0.750 3.000

350 0.750 3.500

400 0.750 4.000

450 0.750 4.500

500 0.750 5.000

600 0.750 6.000

800 0.750 8.000

1000 0.750 10.000

1200 0.750 12.000
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Table 7b. American National Standard Plug and Ring Gages for the 
Self-Holding Taper Series  ANSI/ASME B5.10-1994 (R2008)

All dimensions are in inches.
The amount of taper deviation for Class X, Class Y, and Class Z gages are the same, respectively,

as the amounts shown for tolerances on diameter A. Taper deviation is the permissible allowance
from true taper at any point of diameter in the length of the gage. On taper plug gages, this deviation
may be applied only in the direction which decreases the rate of taper. On taper ring gages, this devi-
ation may be applied only in the direction which increases the rate of taper. Tolerances on two-deci-
mal dimensions are ±0.010.

British Standard Tapers.—British Standard 1660: 1972, “Machine Tapers, Reduction
Sleeves, and Extension Sockets,” contains dimensions for self-holding and self-releasing
tapers, reduction sleeves, extension sockets, and turret sockets for tools having Morse and
metric 5 per cent taper shanks. Adapters for use with 7⁄24  tapers and dimensions for spindle
noses and tool shanks with self-release tapers and cotter slots are included in this Standard.

No.
of

Taper

Tapera

per
Foot

a The taper per foot and diameter A at gage line are basic dimensions. Dimensions in Column A ′ are
calculated for reference only. 

Diametera

at Gage
Line

A

Tolerances for Diameter Ab

b Tolerances for diameter A are plus for plug gages and minus for ring gages. 

Diameter at 
Small
End
A ′

Length
Gage Line

to End
L

Depth of
Gaging-
Notch,

Plug Gage
L ′

Class X
Gage

Class Y
Gage

Class Z
Gage

0.239 0.50200 0.23922 0.00004 0.00007 0.00010 0.20000 0.94 0.048
0.299 0.50200 0.29968 0.00004 0.00007 0.00010 0.25000 1.19 0.048
0.375 0.50200 0.37525 0.00004 0.00007 0.00010 0.31250 1.50 0.048
1 0.59858 0.47500 0.00004 0.00007 0.00010 0.36900 2.13 0.040
2 0.59941 0.70000 0.00004 0.00007 0.00010 0.57200 2.56 0.040
3 0.60235 0.93800 0.00006 0.00009 0.00012 0.77800 3.19 0.040
4 0.62326 1.23100 0.00006 0.00009 0.00012 1.02000 4.06 0.038
41⁄2 0.62400 1.50000 0.00006 0.00009 0.00012 1.26600 4.50 0.038
5 0.63151 1.74800 0.00008 0.00012 0.00016 1.47500 5.19 0.038
6 0.62565 2.49400 0.00008 0.00012 0.00016 2.11600 7.25 0.038
7 0.62400 3.27000 0.00010 0.00015 0.00020 2.75000 10.00 0.038

200 0.75000 2.00000 0.00008 0.00012 0.00016 1.703 4.75 0.032
250 0.75000 2.50000 0.00008 0.00012 0.00016 2.156 5.50 0.032
300 0.75000 3.00000 0.00010 0.00015 0.00020 2.609 6.25 0.032
350 0.75000 3.50000 0.00010 0.00015 0.00020 3.063 7.00 0.032
400 0.75000 4.00000 0.00010 0.00015 0.00020 3.516 7.75 0.032
450 0.75000 4.50000 0.00010 0.00015 0.00020 3.969 8.50 0.032
500 0.75000 5.00000 0.00013 0.00019 0.00025 4.422 9.25 0.032
600 0.75000 6.00000 0.00013 0.00019 0.00025 5.328 10.75 0.032
800 0.75000 8.00000 0.00016 0.00024 0.00032 7.141 13.75 0.032

1000 0.75000 10.00000 0.00020 0.00030 0.00040 8.953 16.75 0.032
1200 0.75000 12.00000 0.00020 0.00030 0.00040 10.766 19.75 0.032
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Table 8. Dimensions of Morse Taper Sleeves

Table 9. Morse Taper Sockets — Hole and Shank Sizes

A B C D E F G H I K L M

2 1 39⁄16 0.700 5⁄8 1⁄4 7⁄16 23⁄16 0.475 21⁄16
3⁄4 0.213

3 1 315⁄16 0.938 1⁄4 5⁄16
9⁄16 23⁄16 0.475 21⁄16

3⁄4 0.213

3 2 47⁄16 0.938 3⁄4 5⁄16
9⁄16 25⁄8 0.700 21⁄2 7⁄8 0.260

4 1 47⁄8 1.231 1⁄4 15⁄32
5⁄8 23⁄16 0.475 21⁄16

3⁄4 0.213

4 2 47⁄8 1.231 1⁄4 15⁄32
5⁄8 25⁄8 0.700 21⁄2 7⁄8 0.260

4 3 53⁄8 1.231 3⁄4 15⁄32
5⁄8 31⁄4 0.938 31⁄16 13⁄16 0.322

5 1 61⁄8 1.748 1⁄4 5⁄8 3⁄4 23⁄16 0.475 21⁄16
3⁄4 0.213

5 2 61⁄8 1.748 1⁄4 5⁄8 3⁄4 25⁄8 0.700 21⁄2 7⁄8 0.260

5 3 61⁄8 1.748 1⁄4 5⁄8 3⁄4 31⁄4 0.938 31⁄16 13⁄16 0.322

5 4 65⁄8 1.748 3⁄4 5⁄8 3⁄4 41⁄8 1.231 37⁄8 11⁄4 0.478

6 1 85⁄8 2.494 3⁄8 3⁄4 11⁄8 23⁄16 0.475 21⁄16
3⁄4 0.213

6 2 85⁄8 2.494 3⁄8 3⁄4 11⁄8 25⁄8 0.700 21⁄2 7⁄8 0.260

6 3 85⁄8 2.494 3⁄8 3⁄4 11⁄8 31⁄4 0.938 31⁄16 13⁄16 0.322

6 4 85⁄8 2.494 3⁄8 3⁄4 11⁄8 41⁄8 1.231 37⁄8 11⁄4 0.478

6 5 85⁄8 2.494 3⁄8 3⁄4 11⁄8 51⁄4 1.748 415⁄16 11⁄2 0.635

7 3 115⁄8 3.270 3⁄8 11⁄8 13⁄8 31⁄4 0.938 31⁄16 13⁄16 0.322

7 4 115⁄8 3.270 3⁄8 11⁄8 13⁄8 41⁄8 1.231 37⁄8 11⁄4 0.478

7 5 115⁄8 3.270 3⁄8 11⁄8 13⁄8 51⁄4 1.748 415⁄16 11⁄2 0.635

7 6 121⁄2 3.270 11⁄4 11⁄8 13⁄8 73⁄8 2.494 7 13⁄4 0.760

Size

Morse Taper

Size

Morse Taper

Size

Morse Taper

Hole Shank Hole Shank Hole Shank

1 by 2 No. 1 No. 2 2 by 5 No. 2 No. 5 4 by 4 No. 4 No. 4

1 by 3 No. 1 No. 3 3 by 2 No. 3 No. 2 4 by 5 No. 4 No. 5

1 by 4 No. 1 No. 4 3 by 3 No. 3 No. 3 4 by 6 No. 4 No. 6

1 by 5 No. 1 No. 5 3 by 4 No. 3 No. 4 5 by 4 No. 5 No. 4

2 by 3 No. 2 No. 3 3 by 5 No. 3 No. 5 5 by 5 No. 5 No. 5

2 by 4 No. 2 No. 4 4 by 3 No. 4 No. 3 5 by 6 No. 5 No. 6
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Table 10. Brown & Sharpe Taper Shanks

Num-
ber of 
Taper

Taper 
per

Foot
(inch)

Dia. of
Plug at
Small
End

Plug Depth, P Keyway 
from

End of 
Spindle

Shank
Depth

Length
of

Key-
waya

a Special lengths of keyway are used instead of standard lengths in some places. Standard lengths
need not be used when keyway is for driving only and not for admitting key to force out tool. 

Width 
of

Key-
way

Length
of

Arbor 
Tongue

Diame-
ter of
Arbor

Tongue

Thick-
ness of
Arbor 

Tongue
B & Sb

Stan-
dard

b “B & S Standard” Plug Depths are not used in all cases. 

Mill.
Mach.
Stan-
dard Miscell.D K S L W T d t

1c

c Adopted by American Standards Association. 

.50200 .20000 15⁄16 … … 15⁄16 13⁄16
3⁄8 .135 3⁄16 .170 1⁄8

2c .50200 .25000 13⁄16 … … 111⁄64 11⁄2 1⁄2 .166 1⁄4 .220 5⁄32

3c .50200 .31250

11⁄2 … … 115⁄32 17⁄8 5⁄8 .197 5⁄16 .282 3⁄16

… … 13⁄4 123⁄32 21⁄8 5⁄8 .197 5⁄16 .282 3⁄16

… … 2 131⁄32 23⁄8 5⁄8 .197 5⁄16 .282 3⁄16

4 .50240 .35000
… 11⁄4 … 113⁄64 121⁄32

11⁄16 .228 11⁄32 .320 7⁄32

111⁄16 … … 141⁄64 23⁄32
11⁄16 .228 11⁄32 .320 7⁄32

5 .50160 .45000

… 13⁄4 … 111⁄16 23⁄16
3⁄4 .260 3⁄8 .420 1⁄4

… … 2 115⁄16 27⁄16
3⁄4 .260 3⁄8 .420 1⁄4

21⁄8 … … 21⁄16 29⁄16
3⁄4 .260 3⁄8 .420 1⁄4

6 .50329 .50000 23⁄8 … … 219⁄64 27⁄8 7⁄8 .291 7⁄16 .460 9⁄32

7 .50147 .60000

… … 21⁄2 213⁄32 31⁄32
15⁄16 .322 15⁄32 .560 5⁄16

27⁄8 … … 225⁄32 313⁄32
15⁄16 .322 15⁄32 .560 5⁄16

… 3 … 229⁄32 317⁄32
15⁄16 .322 15⁄32 .560 5⁄16

8 .50100 .75000 39⁄16 … … 329⁄64 41⁄8 1 .353 1⁄2 .710 11⁄32

9 .50085 .90010
… 4 … 37⁄8 45⁄8 11⁄8 .385 9⁄16 .860 3⁄8
41⁄4 … … 41⁄8 47⁄8 11⁄8 .385 9⁄16 .860 3⁄8

10 .51612 1.04465

5 … … 427⁄32 523⁄32 15⁄16 .447 21⁄32 1.010 7⁄16

… 511⁄16 … 517⁄32 613⁄32 15⁄16 .447 21⁄32 1.010 7⁄16

… … 67⁄32 61⁄16 615⁄16 15⁄16 .447 21⁄32 1.010 7⁄16

11 .50100 1.24995
515⁄16 … … 525⁄32 621⁄32 15⁄16 .447 21⁄32 1.210 7⁄16

… 63⁄4 … 619⁄32 715⁄32 15⁄16 .447 21⁄32 1.210 7⁄16

12 .49973 1.50010
71⁄8 71⁄8 … 615⁄16 715⁄16 11⁄2 .510 3⁄4 1.460 1⁄2
… … 61⁄4 … … … … … … …

13 .50020 1.75005 73⁄4 … … 79⁄16 89⁄16 11⁄2 .510 3⁄4 1.710 1⁄2
14 .50000 2.00000 81⁄4 81⁄4 … 81⁄32 95⁄32 111⁄16 .572 27⁄32 1.960 9⁄16

15 .5000 2.25000 83⁄4 … … 817⁄32 921⁄32 111⁄16 .572 27⁄32 2.210 9⁄16

16 .50000 2.50000 91⁄4 … … 9 101⁄4 17⁄8 .635 15⁄16 2.450 5⁄8
17 .50000 2.75000 93⁄4 … … … … … … … … …

18 .50000 3.00000 101⁄4 … … … … … … … … …
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Table 11. Jarno Taper Shanks

Tapers for Machine Tool Spindles.—Most lathe spindles have Morse tapers, most mill-
ing machine spindles have American Standard tapers, almost all smaller milling machine
spindles have R8 tapers, page 968, and large vertical milling machine spindles have Amer-
ican Standard tapers. The spindles of drilling machines and the taper shanks of twist drills
are made to fit the Morse taper. For lathes, the Morse taper is generally used, but lathes may
have the Jarno, Brown & Sharpe, or a special taper. Of 33 lathe manufacturers, 20 use the
Morse taper; 5, the Jarno; 3 use special tapers of their own; 2 use modified Morse (longer
than the standard but the same taper); 2 use Reed (which is a short Jarno); 1 uses the Brown
& Sharpe standard. For grinding machine centers, Jarno, Morse, and Brown & Sharpe
tapers are used. Of ten grinding machine manufacturers, 3 use Brown & Sharpe; 3 use
Morse; and 4 use Jarno. The Brown & Sharpe taper is used extensively for milling machine
and dividing head spindles. The standard milling machine spindle adopted in 1927 by the
milling machine manufacturers of the National Machine Tool Builders' Association (now
The Association for Manufacturing Technology [AMT]), has a taper of 31⁄2  inches per foot.
This comparatively steep taper was adopted to ensure easy release of arbors.

Number
of Taper

Length
A

Length
B

Diameter
C

Diameter
D

Taper
per foot

2 11⁄8 1 0.20 0.250 0.600

3 15⁄8 11⁄2 0.30 0.375 0.600

4 23⁄16 2 0.40 0.500 0.600

5 211⁄16 21⁄2 0.50 0.625 0.600

6 33⁄16 3 0.60 0.750 0.600

7 311⁄16 31⁄2 0.70 0.875 0.600

8 43⁄16 4 0.80 1.000 0.600

9 411⁄16 41⁄2 0.90 1.125 0.600

10 51⁄4 5 1.00 1.250 0.600

11 53⁄4 51⁄2 1.10 1.375 0.600

12 61⁄4 6 1.20 1.500 0.600

13 63⁄4 61⁄2 1.30 1.625 0.600

14 71⁄4 7 1.40 1.750 0.600

15 73⁄4 71⁄2 1.50 1.875 0.600

16 85⁄16 8 1.60 2.000 0.600

17 813⁄16 81⁄2 1.70 2.125 0.600

18 95⁄16 9 1.80 2.250 0.600

19 913⁄16 91⁄2 1.90 2.375 0.600

20 105⁄16 10 2.00 2.500 0.600
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Table 12. American National Standard Plug and Ring Gages for Steep Machine 
Tapers  ANSI/ASME B5.10-1994 (R2008)

All dimensions are in inches.
The amounts of taper deviation for Class X, Class Y, and Class Z gages are the same, respectively,

as the amounts shown for tolerances on diameter A. Taper deviation is the permissible allowance
from true taper at any point of diameter in the length of the gage. On taper plug gages, this deviation
may be applied only in the direction which decreases the rate of taper. On taper ring gages, this devi-
ation may be applied only in the direction which increases the rate of taper. Tolerances on two-deci-
mal dimensions are ±0.010.

No.
of

Taper

Taper
per

Foota
(Basic)

a The taper per foot and diameter A at gage line are basic dimensions. Dimensions in Column A ′ are
calculated for reference only. 

Diameter
at

Gage Linea

A

Tolerances for Diameter Ab

b Tolerances for diameter A are plus for plug gages and minus for ring gages. 

Diame-
ter at
Small
Enda

A ′

Length
Gage Line

to
Small End

L

Overall
Length
of Gage

Body
B

Dia.
of

Opening
C

Class X
Gage

Class Y
Gage

Class Z
Gage

5 3.500 0.500 0.00004 0.00007 0.00010 0.2995 0.6875 0.81 0.30

10 3.500 0.625 0.00004 0.00007 0.00010 0.3698 0.8750 1.00 0.36

15 3.500 0.750 0.00004 0.00007 0.00010 0.4401 1.0625 1.25 0.44

20 3.500 0.875 0.00006 0.00009 0.00012 0.4922 1.3125 1.50 0.48

25 3.500 1.000 0.00006 0.00009 0.00012 0.5443 1.5625 1.75 0.53

30 3.500 1.250 0.00006 0.00009 0.00012 0.7031 1.8750 2.06 0.70

35 3.500 1.500 0.00006 0.00009 0.00012 0.8438 2.2500 2.44 0.84

40 3.500 1.750 0.00008 0.00012 0.00016 1.0026 2.5625 2.75 1.00

45 3.500 2.250 0.00008 0.00012 0.00016 1.2839 3.3125 3.50 1.00

50 3.500 2.750 0.00010 0.00015 0.00020 1.5833 4.0000 4.25 1.00

55 3.500 3.500 0.00010 0.00015 0.00020 1.9870 5.1875 5.50 1.00

60 3.500 4.250 0.00010 0.00015 0.00020 2.3906 6.3750 6.75 2.00
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Table 13. Jacobs Tapers and Threads for Drill Chucks and Spindles

Usual Chuck Capacities for Different Taper Series Numbers: No. 0 taper, drill diameters, 0-5⁄32

inch; No. 1, 0-1⁄4  inch; No. 2, 0-1⁄2  inch; No. 2 “Short,” 0-5⁄16  inch; No. 3, 0-1⁄2 , 1⁄8 -5⁄8 , 3⁄16 -3⁄4 , or 1⁄4 -13⁄16

inch; No. 4, 1⁄8 -3⁄4  inch; No. 5, 3⁄8 -1; No. 6, 0-1⁄2  inch; No. 33, 0-1⁄2  inch.
Usual Chuck Capacities for Different Thread Sizes: Size 5⁄16 -24, drill diameters 0-1⁄4  inch; size 3⁄8 -

24, drill diameters 0-3⁄8 , 1⁄16 -3⁄8 , or 5⁄64 -1⁄2  inch; size 1⁄2 -20, drill diameters 0-1⁄2 , 1⁄16 -3⁄8 , or 5⁄64 -1⁄2  inch; size
5⁄8 -11, drill diameters 0-1⁄2  inch; size 5⁄8 -16, drill diameters 0-1⁄2 , 1⁄8-  -5⁄8 , or 3⁄16 -3⁄4  inch; size 45⁄64 -16, drill
diameters 0-1⁄2  inch; size 3⁄4 -16, drill diameters 0-1⁄2  or 3⁄16 -3⁄4 .

Taper
Series A B C

Taper
per Ft.

Taper
Series A B C

Taper
per Ft.

No. 0 0.2500 0.22844 0.43750 0.59145 No. 4 1.1240 1.0372 1.6563 0.62886
No. 1 0.3840 0.33341 0.65625 0.92508 No. 5 1.4130 1.3161 1.8750 0.62010
No. 2 0.5590 0.48764 0.87500 0.97861 No. 6 0.6760 0.6241 1.0000 0.62292
No. 2a

a These dimensions are for the No. 2 “short” taper. 

0.5488 0.48764 0.75000 0.97861 No. 33 0.6240 0.5605 1.0000 0.76194
No. 3 0.8110 0.74610 1.21875 0.63898 … … … … …

Thread
Size

Diameter D Diameter E Dimension F

Max. Min. Max. Min. Max. Min.
5⁄16 -24 0.531 0.516 0.3245 0.3195 0.135 0.115
5⁄16 -24 0.633 0.618 0.3245 0.3195 0.135 0.115
3⁄8 -24 0.633 0.618 0.385 0.380 0.135 0.115
1⁄2 -20 0.860 0.845 0.510 0.505 0.135 0.115
5⁄8 -11 1.125 1.110 0.635 0.630 0.166 0.146
5⁄8 -16 1.125 1.110 0.635 0.630 0.166 0.146

45⁄64 -16 1.250 1.235 0.713 0.708 0.166 0.146
3⁄4 -16 1.250 1.235 0.760 0.755 0.166 0.146
1-8 1.437 1.422 1.036 1.026 0.281 0.250
1-10 1.437 1.422 1.036 1.026 0.281 0.250

11⁄2 -8 1.871 1.851 1.536 1.526 0.343 0.312

Threada

Size

a Except for 1-8, 1-10, 11⁄2 -8 all threads are now manufactured to the American National Standard
Unified Screw Thread System, Internal Class 2B, External Class 2A. Effective date 1976. 

G

Hb

b Tolerances for dimension H are as follows: 0.030 inch for thread sizes 5⁄16  -24 to 3⁄4 -16, inclusive and
0.125 inch for thread sizes 1-8 to 11⁄2 -8, inclusive. 

Plug Gage Pitch Dia. Ring Gage Pitch Dia.
Max Min Go Not Go Go Not Go

5⁄16 -24 0.3114 0.3042 0.437c

c Length for Jacobs 0B5 ⁄16 chuck is 0.375 inch, length for 1B5 ⁄16 chuck is 0.437 inch. 

0.2854 0.2902 0.2843 0.2806
3⁄8 -24 0.3739 0.3667 0.562d

d Length for Jacobs No. 1BS chuck is 0.437 inch. 

0.3479 0.3528 0.3468 0.3430
1⁄2 -20 0.4987 0.4906 0.562 0.4675 0.4731 0.4662 0.4619
5⁄8 -11 0.6234 0.6113 0.687 0.5660 0.5732 0.5644 0.5589
5⁄8 -16 0.6236 0.6142 0.687 0.5844 0.5906 0.5830 0.5782

45⁄64 -16 0.7016 0.6922 0.687 0.6625 0.6687 0.6610 0.6561
3⁄4 -16 0.7485 0.7391 0.687 0.7094 0.7159 0.7079 0.7029
1-8 1.000 0.9848 1.000 0.9188 0.9242 0.9188 0.9134
1-10 1.000 0.9872 1.000 0.9350 0.9395 0.9350 0.9305

11⁄2 -8 1.500 1.4848 1.000 1.4188 1.4242 1.4188 1.4134
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Usable
threads

Face of column

Standard steep machine
taper 3.500 inch per ft

E
min

��
��

X See Note 3

X .0004

See note 4

–X–

M

F

B

K

C
D min

G

L min
section Z-Z

Optional
Key Construction

.015

.015

Max variation
from gage line

X

Slot and key location

.002 total M

A
gage

����
����
����

F′
F

Keyseat
Key tight fit in slot when
insert key is used

G

Preferred
Key Construction

G′

J

45° 45°
Z

H

H

Z
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All dimensions are given in inches.

Tolerances:

Two-digit decimal dimensions ± 0.010 unless otherwise specified.

A—Taper: Tolerance on rate of taper to be 0.001 inch per foot applied only in direction which decreases rate of taper.

F ′—Centrality of keyway with axis of taper 0.002 total at maximum material condition. (0.002 Total indicator variation)

F—Centrality of solid key with axis of taper 0.002 total at maximum material condition. (0.002 Total indicator variation)

Note 1: Holes spaced as shown and located within 0.006 inch diameter of true position.

Note 2: Holes spaced as shown and located within 0.010 inch diameter of true position.

Note 3: Maximum turnout on test plug: 
0.0004 at 1 inch projection from gage line. 
0.0010 at 12 inch projection from gage line.

Note 4: Squareness of mounting face measured near mounting bolt hole circle.

Size
No.

Gage
Dia.of
Taper

A

Dia.of
Spindle

B

Pilot
Dia.

C

Clearance
Hole for
Draw-in

Bolt Min.
D

Minimum
Dimension

Spindle
End to

Column
E

Width
of

Driving
Key

F

Width
of

Keyseat
F ′

Maximum
Height of
Driving

Key
G

Minimum
Depth

of
Keyseat

G ′

Distance
fromCenter
to Driving

Keys
H

Radius
of Bolt
Hole
Circle

J

Size of
Threads
for Bolt
Holes

UNC-2B
K

Full Depth of
Arbor Hole
in Spindle

Min.
L

Depth
of Usable

Thread
for Bolt

Hole
M

30 1.250 2.7493
2.7488

0.692
0.685 0.66 0.50 0.6255

0.6252
0.624
0.625 0.31 0.31 0.660

0.654
1.0625

(Note 1) 0.375-16 2.88 0.62

40 1.750 3.4993
3.4988

1.005
0.997 0.66 0.62 0.6255

0.6252
0.624
0.625 0.31 0.31 0.910

0.904
1.3125

(Note 1) 0.500-13 3.88 0.81

45 2.250 3.9993
3.9988

1.286
1.278 0.78 0.62 0.7505

0.7502
0.749
0.750 0.38 0.38 1.160

1.154
1.500

(Note 1) 0.500-13 4.75 0.81

50 2.750 5.0618
5.0613

1.568
1.559 1.06 0.75 1.0006

1.0002
0.999
1.000 0.50 0.50 1.410

1.404 2.000(Note 2) 0.625-11 5.50 1.00

60 4.250 8.7180
8.7175

2.381
2.371 1.38 1.50 1.0006

1.0002
0.999
1.000 0.50 0.50 2.420

2.414
3.500

(Note 2) 0.750-10 8.62 1.25

Table 1. (Continued) Essential Dimensions of American National Standard Spindle Noses for Milling Machines  ANSI B5.18-1972 (R2009)

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



964 STANDARD TAPERS

Table 2. Essential Dimensions of American National Standard Tool Shanks for 
Milling Machines  ANSI B5.18-1972 (R2009)

All dimensions are given in inches.
Tolerances: Two digit decimal dimensions ± 0.010 inch unless otherwise specified.
M—Permissible for Class 2B “NoGo” gage to enter five threads before interference.
N—Taper tolerance on rate of taper to be 0.001 inch per foot applied only in direction which

increases rate of taper.
Y—Centrality of drive slot with axis of taper shank 0.004 inch at maximum material condition.

(0.004 inch total indicator variation)

Size
No.

Gage
Dia.of
Taper

N

Tap Drill
Size for
Draw-in
Thread

O

Dia.of
Neck

P

Size of
Thread

for Draw-in
Bolt

UNC-2B
M

Pilot
Dia.

R

Length
of Pilot

S

Minimum
Length of

Usable
Thread

T

Minimum
Depth of
Clearance

Hole
U

30 1.250 0.422
0.432

0.66
0.65 0.500-13 0.675

0.670 0.81 1.00 2.00

40 1.750 0.531
0.541

0.94
0.93 0.625-11 0.987

0.980 1.00 1.12 2.25

45 2.250 0.656
0.666

1.19
1.18 0.750-10 1.268

1.260 1.00 1.50 2.75

50 2.750 0.875
0.885

1.50
1.49 1.000-8 1.550

1.540 1.00 1.75 3.50

60 4.250 1.109
1.119

2.28
2.27 1.250-7 2.360

2.350 1.75 2.25 4.25

Size.
No.

Distance
from

Rear of
Flange
to End

of Arbor
V

Clearance
of Flange
from Gage
Diameter

W

Tool Shank
Centerline to
Driving Slot

X

Width of
Driving

Slot
Y

Distance
from Gage

Line to
Bottom

of C'bore
Z

Depth
of 60°
Center

K

Diameter
of

C'bore
L

30 2.75 0.045
0.075

0.640
0.625

0.635
0.645 2.50 0.05

0.07
0.525
0.530

40 3.75 0.045
0.075

0.890
0.875

0.635
0.645 3.50 0.05

0.07
0.650
0.655

45 4.38 0.105
0.135

1.140
1.125

0.760
0.770 4.06 0.05

0.07
0.775
0.780

50 5.12 0.105
0.135

1.390
1.375

1.010
1.020 4.75 0.05

0.12
1.025
1.030

60 8.25 0.105
0.135

2.400
2.385

1.010
1.020 7.81 0.05

0.12
1.307
1.312
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Table 3. American National Standard Draw-in Bolt Ends
 ANSI B5.18-1972 (R2009)

All dimensions are given in inches.

Table 4. American National Standard Pilot Lead on Centering Plugs for Flatback 
Milling Cutters  ANSI B5.18-1972 (R2009)

Size
No. Length of

Small End
A

Length of
Usable Thread
at Small End

B

Length of 
Usable Thread 

on Large Diam-
eter
C

Size of Thread
for Large End

UNC-2A
M

Size of Thread
for Small End

UNC-2A
D

30 1.06 0.75 0.75 0.500-13 0.375-16

40 1.25 1.00 1.12 0.625-11 0.500-13

45 1.50 1.12 1.25 0.750-10 0.625-11

50 1.50 1.25 1.38 1.000-8 0.625-11

60 1.75 1.37 2.00 1.250-7 1.000-8
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Table 5. Essential Dimensions for American National Standard Spindle Nose with 
Large Flange  ANSI B5.18-1972 (R2009)

All dimensions are given in inches.

Tolerances: Two-digit decimal dimensions ± 0.010 unless otherwise specified.

A—Tolerance on rate of taper to be 0.001 inch per foot applied only in direction which decreases
rate of taper.

F—Centrality of solid key with axis of taper 0.002 inch total at maximum material condition.
(0.002 inch Total indicator variation)

F1—Centrality of keyseat with axis of taper 0.002 inch total at maximum material condition. 
(0.002 inch Total indicator variation)

Note 1: Maximum runout on test plug: 
0.0004 at 1 inch projection from gage line.
 0.0010 at 12 inch projection from gage line.

Note 2: Squareness of mounting face measured near mounting bolt hole circle.

Note 3: Holes located as shown and within 0.010 inch diameter of true position.

Size
No.

Gage
Diam.

of
Taper

A

Dia.
of

Spindle
Flange

B

Pilot
Dia.

C

Clearance
Hole
for

Draw-in
Bolt
Min.

D

Min.
Dim.

Spindle
End
to

Column
E

Width
of

Driving
Key

F

Height
of

Driving
Key
Max.

G

Depth
of

Keyseat
Min.
G1

Distance
from

Center to
Driving

Keys
First

Position
H1

50A 2.750 8.7180
8.7175

1.568
1.559 1.06 0.75 1.0006

1.0002 0.50 0.50 1.410
1.404

Size
No.

Distance
from

Center to
Driving

Keys
Second
Position

Radius
of Bolt
Hole

Circles
(See Note 3)

Size of
Threads

for
Bolt

Holes
UNC-2B

Full
Depth

of
Arbor

Hole in
Spindle

Min.
L

Depth
of

Usable
Thread

for
Bolt

Holes

Width
of

Keyseat
F1

Inner Outer

H2 J1 J2 K1 K2 M1 M2

50A 2.420
2.410 2.000 3.500 0.625-11 0.750-10 5.50 1.00 1.25 0.999

1.000
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V-Flange Tool Shanks and Retention Knobs.—Dimensions of ANSI B5.18-1972
(R2009) standard tool shanks and corresponding spindle noses are detailed on pages 962
through  965, and are suitable for spindles used in milling and associated machines. Corre-
sponding equipment for higher-precision numerically controlled machines, using reten-
tion knobs instead of drawbars, is usually made to the ANSI/ASME B5.50-1985 standard.

Essential Dimensions of V-Flange Tool Shanks  ANSI/ASME B5.50-1985

Notes: Taper tolerance to be 0.001 in. in 12 in. applied in direction that increases rate of taper. Geo-
metric dimensions symbols are to ANSI Y14.5M-1982. Dimensions are in inches. Deburr all sharp
edges. Unspecified fillets and radii to be 0.03 ± 0.010R, or 0.03 ± 0.010 × 45 degrees. Data for size 60
are not part of Standard. For all sizes, the values for dimensions U (tol. ± 0.005) are 0.579: for V (tol.
± 0.010), 0.440; for W (tol. ± 0.002), 0.625; for X (tol. ± 0.005), 0.151; and for Y (tol. ± 0.002), 0.750.

A B C D E F G H J K

Tolerance ±0.005 ±0.010 Min. + 0.015
−0.000 UNC 2B ±0.010 ±0.002 +0.000

−0.015
+0.000
−0.015

Size Gage Dia.
30 1.250 1.875 0.188 1.00 0.516 0.500-13 1.531 1.812 0.735 0.640
40 1.750 2.687 0.188 1.12 0.641 0.625-11 2.219 2.500 0.985 0.890
45 2.250 3.250 0.188 1.50 0.766 0.750-10 2.969 3.250 1.235 1.140
50 2.750 4.000 0.250 1.75 1.031 1.000-8 3.594 3.875 1.485 1.390
60 4.250 6.375 0.312 2.25 1.281 1.250-7 5.219 5.500 2.235 2.140

A L M N P R S T Z

Tolerance ±0.001 ±0.005 +0.000
−0.015 Min. ±0.002 ±0.010 Min.

Flat
+0.000
−0.005

Size Gage Dia.
30 1.250 0.645 1.250 0.030 1.38 2.176 0.590 0.650 1.250
40 1.750 0.645 1.750 0.060 1.38 2.863 0.720 0.860 1.750
45 2.250 0.770 2.250 0.090 1.38 3.613 0.850 1.090 2.250
50 2.750 1.020 2.750 0.090 1.38 4.238 1.125 1.380 2.750

60 4.250 1.020 4.250 0.120
0.200 1.500 5.683 1.375 2.04 4.250
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Essential Dimensions of V-Flange Tool Shank Retention Knobs
 ANSI/ASME B5.50-1985

Notes: Dimensions are in inches. Material: low-carbon steel. Heat treatment: carburize and harden
to 0.016 to 0.028 in. effective case depth. Hardness of noted surfaces to be Rockwell 56-60; core
hardness Rockwell C35-45. Hole J shall not be carburized. Surfaces C and R to be free from tool
marks. Deburr all sharp edges. Geometric dimension symbols are to ANSI Y14.5M-1982.

 Data for size 60 are not part of Standard.

Collets

R8 Collet.—The dimensions in this figure are believed reliable. However, there are varia-
tions among manufacturers of R8 collets, especially regarding the width and depth of the
keyway. Some sources do not agree with all dimensions in this figure. R8 collets are not
always interchangeable.

Size A B C D E F

30 0.500-13 0.520 0.385 1.10 0.460 0.320

40 0.625-11 0.740 0.490 1.50 0.640 0.440

45 0.750-10 0.940 0.605 1.80 0.820 0.580

50 1.000-8 1.140 0.820 2.30 1.000 0.700

60 1.250-7 1.460 1.045 3.20 1.500 1.080

Tolerances UNC- 2A ±0.005 ±0.005 ±0.040 ±0.005 ±0.005

Size G H J K L M R

30 0.04 0.10 0.187 0.65
0.64 0.53 0.19 0.094

40 0.06 0.12 0.281 0.94
0.92 0.75 0.22 0.094

45 0.08 0.16 0.375 1.20
1.18 1.00 0.22 0.094

50 0.10 0.20 0.468 1.44
1.42 1.25 0.25 0.125

60 0.14 0.30 0.500 2.14
2.06 1.50 0.31 0.125

Tolerances ±0.010 ±0.010 ±0.010 +0.000
−0.010 ±0.040 +0.010

−0.005
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Bridgeport R8 Collet Dimensions

Collets Styles for Lathes, Mills, Grinders, and Fixtures

Collet Styles

Collets for Lathes, Mills, Grinders, and Fixtures 

Collet Style

Dimensions Max. Capacity (inches)

Bearing Diam., A Length, B Thread, C Round Hex Square

1A 1 0.650 2.563 0.640 × 26 RH 0.500 0.438 0.344

1AM 1 1.125 3.906 1.118 × 24 RH 1.000 0.875 0.719

1B 2 0.437 1.750 0.312 × 30 RH 0.313 0.219 0.188

1C 1 0.335 1.438 0.322 × 40 RH 0.250 0.219 0.172

1J 1 1.250 3.000 1.238 × 20 RH 1.063 0.875 0.750

1K 3 1.250 2.813 None 1.000 0.875 0.719

2A 1 0.860 3.313 0.850 × 20 RH 0.688 0.594 0.469

2AB 2 0.750 2.563 0.500 × 20 RH 0.625 0.484 0.391

2AM 1 0.629 3.188 0.622 × 24 RH 0.500 0.438 0.344

0.9495
0.9490

1.25
3.0625

4.00 0.125

0.9375 1.2500

Keyway − Wide ×     Deep

All dimensions in inches.

7
16
------ 20 UNF– Thread

16° 51'

5
32
------ 3

32
------

0.9375

A

1

C

B

A

A C

B

B

C

B

A

4

A

5

C

B

7

A C

B
9

A C

B
2

10

A C

B
8

A

3

A C

B
12

A C

B
11

A

B

B

6

C
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2B 2 0.590 2.031 0.437 × 26 RH 0.500 0.438 0.344

2C 1 0.450 1.812 0.442 × 30 RH 0.344 0.594 0.234

2H 1 0.826 4.250 0.799 × 20 RH 0.625 0.531 1.000

2J 1 1.625 3.250 1.611 × 18 RH 1.375 1.188 0.438

2L 1 0.950 3.000 0.938 × 20 RH 0.750 0.656 1.000

2M 4 2 Morse 2.875 0.375 × 16 RH 0.500 0.438 0.344

2NS 1 0.324 1.562 0.318 × 40 RH 0.250 0.203 0.172

2OS 1 0.299 1.250 0.263 × 40 RH 0.188 0.156 0.125

2S 1 0.750 3.234 0.745 × 18 RH 0.563 0.484 0.391

2VB 2 0.595 2.438 0.437 × 26 RH 0.500 0.438 0.344

3AM 1 0.750 3.188 0.742 × 24 RH 0.625 0.531 0.438

3AT 1 0.687 2.313 0.637 × 26 RH 0.500 0.438 0.344

3B 2 0.875 3.438 0.625 × 16 RH 0.750 0.641 0.531

3C 1 0.650 2.688 0.640 × 26 RH 0.500 0.438 0.344

3H 1 1.125 4.438 1.050 × 20 RH 0.875 0.750 0.625

3J 1 2.000 3.750 1.988 × 20 RH 1.750 1.500 1.250

3NS 1 0.687 2.875 0.647 × 20 RH 0.500 0.438 0.344

3OS 1 0.589 2.094 0.518 × 26 RH 0.375 0.313 0.266

3PN 1 0.650 2.063 0.645 × 24 RH 0.500 0.438 0.344

3PO 1 0.599 2.063 0.500 × 24 RH 0.375 0.313 0.266

3S 1 1.000 4.594 0.995 × 20 RH 0.750 0.656 0.531

3SC 1 0.350 1.578 0.293 × 36 RH 0.188 0.156 0.125

3SS 1 0.589 2.125 0.515 × 26 RH 0.375 0.313 0.266

4C 1 0.950 3.000 0.938 × 20 RH 0.750 0.656 0.531

4NS 1 0.826 3.500 0.800 × 20 RH 0.625 0.531 0.438

4OS 1 0.750 2.781 0.660 × 20 RH 0.500 0.438 0.344

4PN 1 1.000 2.906 0.995 × 16 RH 0.750 0.656 0.531

4S 1 0.998 3.250 0.982 × 20 RH 0.750 0.656 0.531

5C 1 1.250 3.281 1.238 × 20 RHa 1.063 0.906 0.750

5M 5 1.438 3.438 1.238 × 20 RH 0.875 0.750 0.625

5NS 1 1.062 4.219 1.050 × 20 RH 0.875 0.750 0.625

5OS 1 3.500 3.406 0.937 × 18 RH 0.750 0.641 0.516

5P 1 0.812 3.687 0.807 × 24 RH 0.625 0.531 0.438

5PN 1 1.312 3.406 1.307 × 16 RH 1.000 0.875 0.719

5SC 1 0.600 2.438 0.500 × 26 RH 0.375 0.328 0.266

5ST 1 1.250 3.281 1.238 × 20 RH 1.063 0.906 0.750

5V 1 0.850 3.875 0.775 × 18 RH 0.563 0.484 0.391

6H 1 1.375 4.750 1.300 × 10 RH 1.125 0.969 0.797

6K 1 0.842 3.000 0.762 × 26 RH 0.625 0.531 0.438

6L 1 1.250 4.438 1.178 × 20 RH 1.000 0.875 0.719

6NS 1 1.312 5.906 1.234 × 14 RH 1.000 0.859 0.703

6R 1 1.375 4.938 1.300 × 20 RH 1.125 0.969 0.781

7B 4 7 B&S 3.125 0.375 × 16 RH 0.500 0.406 0.344

7 B&S 4 7 B&S 2.875 0.375 × 16 RH 0.500 0.406 0.344

7P 1 1.125 4.750 1.120 × 20 RH 0.875 0.750 0.625

7R 6 1.062 3.500 None 0.875 0.750 0.625

8H 1 1.500 4.750 1.425 × 20 RH 1.250 1.063 0.875

8ST 1 2.375 5.906 2.354 × 12 RH 2.125 1.844 1.500

8WN 1 1.250 3.875 1.245 × 16 RH 1.000 0.875 0.719

9B 4 9 B&S 4.125 0.500 × 13 RH 0.750 0.641 0.531

10L 1 1.562 5.500 1.490 × 18 RH 1.250 1.063 0.875

10P 1 1.500 4.750 1.495 × 20 RH 1.250 1.063 0.875

16C 1 1.889 4.516 1.875 × 1.75 mm RHb 1.625 1.406 1.141

20W 1 0.787 2.719 0.775 × 6-1 cm 0.563 0.484 0.391

22J 1 2.562 4.000 2.550 × 18 RH 2.250 1.938 1.563

32S 1 0.703 2.563 0.690 × 24 RH 0.500 0.438 0.344

Collets for Lathes, Mills, Grinders, and Fixtures (Continued)

Collet Style

Dimensions Max. Capacity (inches)

Bearing Diam., A Length, B Thread, C Round Hex Square
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Dimensions in inches unless otherwise noted. Courtesy of  Hardinge Brothers, Inc.
Additional dimensions of the R8 collet are given on page 968.

DIN 6388, Type B, and DIN 6499, ER Type Collets

35J 1 3.875 5.000 3.861 × 18 RH 3.500 3.000 2.438

42S 1 1.250 3.688 1.236 × 20 RH 1.000 0.875 0.719

50V 8 1.250 4.000 1.125 × 24 RH 0.938 0.813 0.656

52SC 1 0.800 3.688 0.795 × 20 RH 0.625 0.531 0.438

115 1 1.344 3.500 1.307 × 20 LH 1.125 0.969 0.797

215 1 2.030 4.750 1.990 × 18 LH 1.750 1.500 1.219

315 1 3.687 5.500 3.622 × 16 LH 3.250 2.813 2.250

B3 7 0.650 3.031 0.437 × 20 RH 0.500 0.438 0.344

D5 7 0.780 3.031 0.500 × 20 RH 0.625 0.531 0.438

GTM 7 0.625 2.437 0.437 × 20 RH 0.500 0.438 0.344

J&L 9 0.999 4.375 None 0.750 0.641 0.516

JC 8 1.360 4.000 None 1.188 1.000 0.813

LB 10 0.687 2.000 None 0.500 0.438 0.344

RO 11 1.250 2.938 0.875 × 16 RH 1.125 0.969 0.781

RO 12 1.250 4.437 0.875 × 16 RH 0.800 0.688 0.563

RO 12 1.250 4.437 0.875 × 16 RH 1.125 0.969 0.781

RO 11 1.250 2.938 0.875 × 16 RH 0.800 0.688 0.563

R8 7 0.950 4.000 0.437 × 20 RH 0.750 0.641 0.531

a Internal stop thread is 1.041 × 24 RH. 
b Internal stop thread is 1.687 × 20 RH. 

ER Type Type B

Collet
Standard Type

Dimensions

B (mm) L (mm) A (mm) C

Type B,
DIN 6388

16 25.50 40 4.5-16 …
20 29.80 45 5.5-20 …
25 35.05 52 5.5-25 …
32 43.70 60 9.5-32 …

ER Type,
DIN 6499

ERA8 8.50 13.5 0.5-5 8°
ERA11 11.50 18 0.5-7 8°
ERA16 17 27 0.5-10 8°
ERA20 21 31 0.5-13 8°
ERA25 26 35 0.5-16 8°
ERA32 33 40 2-20 8°

ERA40
41 46 3-26 8°
41 39 26-30 8°

ERA50 52 60 5-34 8°

Collets for Lathes, Mills, Grinders, and Fixtures (Continued)

Collet Style

Dimensions Max. Capacity (inches)

Bearing Diam., A Length, B Thread, C Round Hex Square

L

A

C

30

B A B

L
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ARBORS, CHUCKS, AND SPINDLES

Portable Tool Spindles

Circular Saw Arbors.—ANSI Standard B107.4-1982  “Driving and Spindle Ends for
Portable Hand, Air, and Air Electric Tools” calls for a round arbor of 5⁄8-inch diameter for
nominal saw blade diameters of 6 to 8.5 inches, inclusive, and a 3⁄4-inch diameter round
arbor for saw blade diameters of 9 to 12 inches, inclusive.
Spindles for Geared Chucks.—Recommended threaded and tapered spindles for porta-
ble tool geared chucks of various sizes are as given in the following table:

Recommended Spindle Sizes

Vertical and Angle Portable Tool Grinder Spindles.—The 5⁄8-11 spindle with a length
of 11⁄8 inches shown on page 974 is designed to permit the use of a jam nut with threaded
cup wheels. When a revolving guard is used, the length of the spindle is measured from the
wheel bearing surface of the guard. For unthreaded wheels with a 7⁄8-inch hole, a safety
sleeve nut is recommended. The unthreaded wheel with 5⁄8-inch hole is not recommended
because a jam nut alone may not resist the inertia effect when motor power is cut off.
Straight Grinding Wheel Spindles for Portable Tools.—Portable grinders with pneu-
matic or induction electric motors should be designed for the use of organic bond wheels
rated 9500 ft per min (48.25 m/s). Light-duty electric grinders may be designed for vitri-
fied wheels rated 6500 ft per min (33.0 m/s). Recommended maximum sizes of wheels of
both types are as given in the following table:

Recommended Maximum Grinding Wheel Sizes for Portable Tools

Minimum T with the first three spindles is about 1⁄8 inch to accommodate cutting off wheels.
Flanges are assumed to be according to ANSI B7.1 and threads to ANSI B1.1.

Chuck Sizes,
Inch

Recommended Spindles

Threaded Tapera

a Jacobs number. 

3⁄16 and 1⁄4 Light 3⁄8-24 1
1⁄4 and 5⁄16 Medium 3⁄8-24 or 1⁄2-20 2 Short
3⁄8 Light 3⁄8-24 or 1⁄2 -20 2
3⁄8 Medium 1⁄2-20 or 5⁄8 -16 2
1⁄2 Light 1⁄2-20 or 5⁄8 -16 33
1⁄2 Medium 5⁄8-16 or 3⁄4 -16 6
5⁄8 and 3⁄4 Medium 5⁄8-16 or 3⁄4 -16 3

Spindle
Size

Maximum Wheel Dimensions

9500 fpm 6500 fpm

Diameter
D

Thickness
T

Diameter
D

Thickness
T

3⁄8-24 × 11⁄8 21⁄2 1⁄2 4 1⁄2
1⁄2-13 × 13⁄4 4 3⁄4 5 3⁄4
5⁄8-11 × 21⁄8 8 1 8 1
5⁄8-11 × 31⁄8 6 2 … …
5⁄8-11 × 31⁄8 8 11⁄2 … …
3⁄4-10 × 31⁄4 8 2 … …
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American Standard Square Drives for Portable Air 
and Electric Tools  ASA B5.38-1958

All dimensions in inches.
Incorporating fillet radius (RM) at shoulder of male tang precludes use of minimum diameter cross-

hole in socket (EF), unless female drive end is chamfered (shown as optional).
If female drive end is not chamfered, socket cross-hole diameter (EF) is increased to compensate

for fillet radius RM, max.

Minimum clearance across flats male to female is 0.001 inch through 3⁄4-inch size; 0.002 inch in 1-
and 11⁄2-inch sizes. For impact wrenches AM should be held as close to maximum as practical.

CF, min. for both designs A and B should be equal to CM, max.

DESIGN A DESIGN B

Drive
Size

Male End

Desig
n.

AM BM

Max.

CM DM EM

Min.
FM

Max.
RM

Max.Max. Min. Max. Min. Max. Min.
1⁄4 A 0.252 0.247 0.330 0.312 0.265 0.165 0.153 … 0.078 0.015
3⁄8 A 0.377 0.372 0.500 0.438 0.406 0.227 0.215 … 0.156 0.031
1⁄2 A 0.502 0.497 0.665 0.625 0.531 0.321 0.309 … 0.187 0.031
5⁄8 A 0.627 0.622 0.834 0.656 0.594 0.321 0.309 … 0.187 0.047
3⁄4 B 0.752 0.747 1.000 0.938 0.750 0.415 0.403 0.216 … 0.047

1 B 1.002 0.997 1.340 1.125 1.000 0.602 0.590 0.234 … 0.063

11⁄2 B 1.503 1.498 1.968 1.625 1.562 0.653 0.641 0.310 … 0.094

DESIGN A DESIGN B

Drive
Size

Female End

Design

AF BF

Min.

DF EF

Min.
RF

Max.Max. Min. Max. Min.
1⁄4 A 0.258 0.253 0.335 0.159 0.147 0.090 …
3⁄8 A 0.383 0.378 0.505 0.221 0.209 0.170 …
1⁄2 A 0.508 0.503 0.670 0.315 0.303 0.201 …
5⁄8 A 0.633 0.628 0.839 0.315 0.303 0.201 …
3⁄4 B 0.758 0.753 1.005 0.409 0.397 0.216 0.047

1 B 1.009 1.004 1.350 0.596 0.584 0.234 0.062
11⁄2 B 1.510 1.505 1.983 0.647 0.635 0.310 0.125



974 PORTABLE TOOL SPINDLES

American Standard Threaded and Tapered Spindles for 
Portable Air and Electric Tools  ASA B5.38-1958

All dimensions in inches. Threads are per inch and right-hand. Tolerances: On R, plus or minus 1⁄64
inch; on L, plus 0.000, minus 0.030 inch.

Threaded Spindle Taper Spindle (Jacobs) Master Plug Gage

Nom.
Dia.
and
Thd.

Pitch Dia.

R L No.a

a Jacobs taper number. 

DM LM EG DG LG

Taper
per

Footb

b Calculated from EG, DG, LG for the master plug gage. 

Max. Min.
3⁄8-24 0.3479 0.3455 1⁄16

9⁄16
c

c Also 7⁄16 inch. 

1 0.335-0.333 0.656 0.38400 0.33341 0.65625 0.92508

1⁄2-20 0.4675 0.4649 1⁄16
9⁄16

2Sd

d 2S stands for 2 Short. 

0.490-0.488 0.750 0.54880 0.48764 0.7500 0.97861

2 0.490-0.488 0.875 0.55900 0.48764 0.87500 0.97861

5⁄8-16 0.5844 0.5812 3⁄32
11⁄16

33 0.563-0.561 1.000 0.62401 0.56051 1.000 0.76194
6 0.626-0.624 1.000 0.67600 0.62409 1.000 0.62292

3⁄4-16 0.7094 0.7062 3⁄32
11⁄16 3 0.748-0.746 1.219 0.81100 0.74610 1.21875 0.63898

American Standard Abrasion Tool Spindles for 
Portable Air and Electric Tools  ASA B5.38-1958

Sanders and Polishers

Vertical and Angle Grinders

With Revolving Cup Guard Stationary Guard
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All dimensions in inches. Threads are right-hand.

American Standard Hexagonal Chucks and Shanks for 
Portable Air  and Electric Tools  ASA B5.38-1958

All dimensions in inches. Tolerances on B is plus or minus 0.005 inch.

Straight Wheel Grinders Cone Wheel Grinders

H R L D L
3⁄8-24 UNF-2A 1⁄4 11⁄8 3⁄8-24 UNF-2A 9⁄16
1⁄2-13 UNC-2A 3⁄8 13⁄4 1⁄2-13 UNC-2A 11⁄16
5⁄8-11 UNC-2A 1⁄2 21⁄8 5⁄8-11 UNC-2A 15⁄16
5⁄8-11 UNC-2A 1 31⁄8
3⁄4-10 UNC-2A 1 31⁄4

Nominal
Hexagon

H

B
L

Max.
Nominal
Hexagon

H

B
L

Max.Min. Max. Min. Max.
1⁄4 0.253 0.255 3⁄8 15⁄16

5⁄8 0.630 0.632 11⁄32 15⁄8
5⁄16 0.314 0.316 13⁄64 1 3⁄4 0.755 0.758 11⁄32 17⁄8
7⁄16 0.442 0.444 17⁄64 11⁄8 … … … … …

Shanks

American Standard Abrasion Tool Spindles for 
Portable Air and Electric Tools  ASA B5.38-1958 (Continued)
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Mounted Wheels and Mounted Points

These wheels and points are used in hard-to-get-at places and are available with a vitri-
fied bond. The wheels are available with aluminum oxide or silicon carbide abrasive
grains. The aluminum oxide wheels are used to grind tough and tempered die steels and the
silicon carbide wheels, cast iron, chilled iron, bronze, and other non-ferrous metals.

The illustrations on pages 976 and 977 give the standard shapes of mounted wheels and
points as published by the Grinding Wheel Institute. A note about the maximum operating
speed for these wheels is given at the bottom of the first page of illustrations. Metric sizes
are given on page 978.

Fig. 1a. Standard Shapes and  Sizes of Mounted Wheels and Points ANSI B74.2-1982

See Table 1 for inch sizes of Group W shapes, and for metric sizes for all shapes

The maximum speeds of mounted vitrified wheels and points of average grade range
from about 38,000 to 152,000 rpm for diameters of 1 inch down to 1⁄4 inch. However, the
safe  operating speed usually is limited by the critical speed (speed at which vibration or
whip tends to become excessive) which varies according to wheel or point dimensions,
spindle diameter, and overhang.



MOUNTED WHEELS AND POINTS 977

Fig. 1b. Standard Shapes and  Sizes of Mounted Wheels and Points ANSI B74.2-1982
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Table 1. Shapes and Sizes of Mounted Wheels and Points  ANSI B74.2-1982

Abrasive Shape No.a

Abrasive Shape Size

Abrasive Shape No.a

Abrasive Shape Size

Diameter
mm

Thickness
mm

Diameter
mm

Thickness
mm

A 1 20 65 A 24 6 20
A 3 22 70 A 25 25 …
A 4 30 30 A 26 16 …
A 5 20 28 A 31 35 26
A 11 21 45 A 32 25 20
A 12 18 30 A 34 38 10
A 13 25 25 A 35 25 10
A 14 18 22 A 36 40 10
A 15 6 25 A 37 30 6
A 21 25 25 A 38 25 25
A 23 20 25 A 39 20 20
B 41 16 16 B 97 3 10
B 42 13 20 B 101 16 18
B 43 6 8 B 103 16 5
B 44 5.6 10 B 104 8 10
B 51 11 20 B 111 11 18
B 52 10 20 B 112 10 13
B 53 8 16 B 121 13 …
B 61 20 8 B 122 10 …
B 62 13 10 B 123 5 …
B 71 16 3 B 124 3 …
B 81 20 5 B 131 13 13
B 91 13 16 B 132 10 13
B 92 6 6 B 133 10 10
B 96 3 6 B 135 6 13

Abrasive
Shape No.a

a See shape diagrams in Figs. 1a  and  1b  on pages 976 and  977.

Abrasive Shape Size
Abrasive

Shape No.a

Abrasive Shape Size

D
mm

T
mm

D
inch

T
inch

D
mm

T
mm

D
inch

T
inch

W 144 3 6 1⁄8 1⁄4 W 196 16 26 5⁄8 1
W 145 3 10 1⁄8 3⁄8 W 197 16 50 5⁄8 2
W 146 3 13 1⁄8 1⁄2 W 200 20 3 3⁄4 1⁄8
W 152 5 6 3⁄16

1⁄4 W 201 20 6 3⁄4 1⁄4
W 153 5 10 3⁄16

3⁄8 W 202 20 10 3⁄4 3⁄8
W 154 5 13 3⁄16

1⁄2 W 203 20 13 3⁄4 1⁄2
W 158 6 3 1⁄4 1⁄8 W 204 20 20 3⁄4 3⁄4
W 160 6 6 1⁄4 1⁄4 W 205 20 25 3⁄4 1
W 162 6 10 1⁄4 3⁄8 W 207 20 40 3⁄4 11⁄2
W 163 6 13 1⁄4 1⁄2 W 208 20 50 3⁄4 2
W 164 6 20 1⁄4 3⁄4 W 215 25 3 1 1⁄8
W 174 10 6 3⁄8 1⁄4 W 216 25 6 1 1⁄4
W 175 10 10 3⁄8 3⁄8 W 217 25 10 1 3⁄8
W 176 10 13 3⁄8 1⁄2 W 218 25 13 1 1⁄2
W 177 10 20 3⁄8 3⁄4 W 220 25 25 1 1
W 178 10 25 3⁄8 1 W 221 25 40 1 11⁄2
W 179 10 30 3⁄8 11⁄4 W 222 25 50 1 2
W 181 13 1.5 1⁄2 1⁄16 W 225 30 6 11⁄4 1⁄4
W 182 13 3 1⁄2 1⁄8 W 226 30 10 11⁄4 3⁄8
W 183 13 6 1⁄2 1⁄4 W 228 30 20 11⁄4 3⁄4
W 184 13 10 1⁄2 3⁄8 W 230 30 30 11⁄4 11⁄4
W 185 13 13 1⁄2 1⁄2 W 232 30 50 11⁄4 2
W 186 13 20 1⁄2 3⁄4 W 235 40 6 11⁄2 1⁄4
W 187 13 25 1⁄2 1 W 236 40 13 11⁄2 1⁄2
W 188 13 40 1⁄2 11⁄2 W 237 40 25 11⁄2 1
W 189 13 50 1⁄2 2 W 238 40 40 11⁄2 11⁄2
W 195 16 20 5⁄8 3⁄4 W 242 50 25 2 1
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BROACHES AND BROACHING

The Broaching Process

The broaching process may be applied in machining holes or other internal surfaces and
also to many flat or other external surfaces. Internal broaching is applied in forming either
symmetrical or irregular holes, grooves, or slots in machine parts, especially when the size
or shape of the opening, or its length in proportion to diameter or width, make other
machining processes impracticable. Broaching originally was utilized for such work as
cutting keyways, machining round holes into square, hexagonal, or other shapes, forming
splined holes, and for a large variety of other internal operations. The development of
broaching machines and broaches finally resulted in extensive application of the process to
external, flat, and other surfaces. Most external or surface broaching is done on machines
of vertical design, but horizontal machines are also used for some classes of work. The
broaching process is very rapid, accurate, and it leaves a finish of good quality. It is
employed extensively in automotive and other plants where duplicate parts must be pro-
duced in large quantities and for dimensions within small tolerances.

Types of Broaches.—A number of typical broaches and the operations for which they are
intended are shown by the diagrams, Fig. 1. Broach A produces a round-cornered, square
hole. Prior to broaching square holes, it is usually the practice to drill a round hole having a
diameter d somewhat larger than the width of the square. Hence, the sides are not com-
pletely finished, but this unfinished part is not objectionable in most cases. In fact, this
clearance space is an advantage during the broaching operation in that it serves as a chan-
nel for the broaching lubricant; moreover, the broach has less metal to remove. Broach B is
for finishing round holes. Broaching is superior to reaming for some classes of work,
because the broach will hold its size for a much longer period, thus insuring greater accu-
racy. Broaches C and D are for cutting single and double keyways, respectively. Broach C
is of rectangular section and, when in use, slides through a guiding bushing which is
inserted in the hole. Broach E is for forming four integral splines in a hub. The broach at F
is for producing hexagonal holes. Rectangular holes are finished by broach G. The teeth on
the sides of this broach are inclined in opposite directions, which has the following advan-
tages: The broach is stronger than it would be if the teeth were opposite and parallel to each
other; thin work cannot drop between the inclined teeth, as it tends to do when the teeth are
at right angles, because at least two teeth are always cutting; the inclination in opposite
directions neutralizes the lateral thrust. The teeth on the edges are staggered, the teeth on
one side being midway between the teeth on the other edge, as shown by the dotted line. A
double cut broach is shown at H. This type is for finishing, simultaneously, both sides f of
a slot, and for similar work. Broach I is the style used for forming the teeth in internal gears.
It is practically a series of gear-shaped cutters, the outside diameters of which gradually
increase toward the finishing end of the broach, Broach J is for round holes but differs from
style B in that it has a continuous helical cutting edge. Some prefer this form because it
gives a shearing cut. Broach K is for cutting a series of helical grooves in a hub or bushing.
In helical broaching, either the work or the broach is rotated to form the helical grooves as
the broach is pulled through.

In addition to the typical broaches shown in Fig. 1, many special designs are now in use
for performing more complex operations. Two surfaces on opposite sides of a casting or
forging are sometimes machined simultaneously by twin broaches and, in other cases,
three or four broaches are drawn through a part at the same time, for finishing as many
duplicate holes or surfaces. Notable developments have been made in the design of
broaches for external or “surface” broaching.

Burnishing Broach: This is a broach having teeth or projections which are rounded on
the top instead of being provided with a cutting edge, as in the ordinary type of broach. The
teeth are highly polished, the tool being used for broaching bearings and for operations on
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other classes of work where the metal is relatively soft. The tool compresses the metal, thus
making the surface hard and smooth. The amount of metal that can be displaced by a
smooth-toothed burnishing broach is about the same as that removed by reaming. Such
broaches are primarily intended for use on babbitt, white metal, and brass, but may also be
satisfactorily used for producing a glazed surface on cast iron. This type of broach is also
used when it is only required to accurately size a hole.

Pitch of Broach Teeth.—The pitch of broach teeth depends upon the depth of cut or chip
thickness, length of cut, the cutting force required and power of the broaching machine. In
the pitch formulas which follow

L = length, in inches (mm), of layer to be removed by broaching
d =depth of cut per tooth as shown by Table 1 (For internal broaches, d = depth of

cut as measured on one side of broach or one-half difference in diameters of
successive teeth in case of a round broach.)

F =a factor (For brittle types of material, F = 3 or 4 for roughing teeth, and 6 for
finishing teeth. For ductile types of material, F = 4 to 7 for roughing teeth and
8 for finishing teeth.)

b =width in inches (mm), of layer to be removed by broaching
P =pressure required in tons per square inch (MPa), of an area equal to depth of cut

times width of cut, in inches (mm) (Table 2)
T =usable capacity, in tons (metric tons), of broaching machine = 70% of maxi-

mum tonnage

Fig. 1. Types of Broaches
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Table 1. Designing Data for Surface Broaches

Table 2. Broaching Pressure P for Use in Pitch Formulas (2a) and (2b)

The minimum pitch shown by Formula (1) is based upon the receiving capacity of the
chip space. The minimum pitch should not be less than 0.2 inch (5.0 mm) unless a smaller
pitch is required for extremely short cuts to provide at least two teeth in contact simulta-
neously with the part being broached. A reduction below 0.2 inch (5.0 mm) is seldom
required in surface broaching but may be necessary in connection with internal broaching. 

(1)

Whether the minimum pitch may be used or not depends upon the power of the available
machine. The factor F in the formula provides for the increase in volume as the material is
broached into chips. If a broach has adjustable inserts for the finishing teeth, the pitch of the
finishing teeth may be smaller than the pitch of the roughing teeth because of the smaller
depth d of the cut. The higher value of F for finishing teeth prevents the pitch from becom-
ing too small, so that the spirally curled chips will not be crowded into too small a space.

Material to be Broached

Depth of Cut per Tooth Face
Angle

or Rake,
Degrees

Clearance Angle,
DegreesRoughinga

a The lower depth-of-cut values for roughing are recommended when work is not very rigid, the tol-
erance is small, a good finish is required, or length of cut is comparatively short. 

Finishing

inch mm inch mm Rough Finish

Steel, High Tensile Strength 0.0015–0.002 0.04-0.05 0.0005 0.013 10–12 1.5–3 0.5–1

Steel, Med.Tensile Strength 0.0025–0.005 0.06-0.13 0.0005 0.013 14–18 1.5–3 0.5–1

Cast Steel 0.0025–0.005 0.06-0.13 0.0005 0.013 10 1.53 0.5

Malleable Iron 0.0025–0.005 0.06-0.13 0.0005 0.013 7 1.5–3 0.5

Cast Iron, Soft 0.006–0.010 0.15-0.25 0.0005 0.013 10–15 1.5–3 0.5

Cast Iron, Hard 0.003–0.005 0.08-0.13 0.0005 0.013 5 1.5–3 0.5

Zinc Die Castings 0.005–0.010 0.13-0.25 0.0010 0.025 12b

b In broaching these materials, smooth surfaces for tooth and chip spaces are especially recom-
mended.

5 2

Cast Bronze 0.010–0.025 0.25-0.64 0.0005 0.013 8 0 0

Wrought Aluminum Alloys 0.005–0.010 0.13-0.25 0.0010 0.025 15b 3 1

Cast Aluminum Alloys 0.005–0.010 0.13-0.25 0.0010 0.025 12b 3 1

Magnesium Die Castings 0.010–0.015 0.25-0.38 0.0010 0.025 20b 3 1

Material to be Broached

Depth d of cut per tooth, inch (mm)

Side-cutting Broaches0.024 (0.60) 0.01 (0.25) 0.004 (0.10) 0.002 (0.05) 0.001 (0.025)

Presure, P Presure, P Cut, d

To
n/

in
2

M
Pa

To
n/

in
2

M
Pa

To
n/

in
2

M
Pa

To
n/

in
2

M
Pa

To
n/

in
2

M
Pa

To
n/

in
2

M
Pa

inch mm

Steel, High Tensile Strength … … … … 250 3447 312 4302 200 2758 0.004 0.10

Steel, Med. Tensile Strength … … … … 158 2179 185 2551 243 3351 143 1972 0.006 0.15

Cast Steel … … … … 128 1765 158 2179 … … 115 1586 0.006 0.15

Malleable Iron … … … … 108 1489 128 1765 … … 100 1379 0.006 0.15

Cast Iron … … 115 1586 115 1586 143 1972 … … 115 1586 0.020 0.51

Cast Brass … … 50 689 50 689 … … … … … … … …

Brass, Hot pressed … … 85 1172 85 1172 … … … … … … … …

Zinc Die Castings … … 70 965 70 965 … … … … … … … …

Cast Bronze 35 483 35 483 … … … … … … … … … …

Wrought Aluminum … … 70 965 70 965 … … … … … … … …

Cast Aluminum … … 85 1172 85 1172 … … … … … … … …

Magnesium Alloy 35 483 35 483 … … … … … … … … … …

Minimum pitch 3 LdF=
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The pitch of the roughing and finishing teeth should be equal for broaches without separate
inserts (notwithstanding the different values of d and F) so that some of the finishing teeth
may be ground into roughing teeth after wear makes this necessary.

If the pitch obtained by Formula (2b), or Formula (2a) in metric calculations, is larger
than the minimum obtained by Formula (1), this larger value should be used because it is
based upon the usable power of the machine. As the notation indicates, 70 per cent of the
maximum tonnage T is taken as the usable capacity. The 30 per cent reduction is to provide
a margin for the increase in broaching load resulting from the gradual dulling of the cutting
edges. The procedure in calculating both minimum and allowable pitches will be illus-
trated by an example.

Example:Determine pitch of broach for cast iron if L = 220 mm; d = 0.1 mm; and F = 4.

Next, apply Formula (2b). Assume that b = 75 mm and T = 8 metric ton; for cast iron and
depth d of 0.1 mm, P = 1586 MPa (Table 2). Then,

This pitch is safely above the minimum. If in this case the usable tonnage of an available
machine were, say, 7 metric tons instead of 8 metric tons, the pitch as shown by Formula
(2b) might be increased to about 38.1 mm, thus reducing the number of teeth cutting simul-
taneously and, consequently, the load on the machine; or the cut per tooth might be reduced
instead of increasing the pitch, especially if only a few teeth are in cutting contact, as might
be the case with a short length of cut. If the usable tonnage in the preceding example were,
say, 10 metric tons, then a pitch of 26.68 mm would be obtained by Formula (2b); hence the
pitch in this case should not be less than the minimum of approximately 28.14 mm
obtained from Formula (1).

Depth of Cut per Tooth.—The term “depth of cut” as applied to surface or external
broaches means the difference in the heights of successive teeth. This term, as applied to
internal broaches for round, hexagonal or other holes, may indicate the total increase in the
diameter of successive teeth; however, to avoid confusion, the term as here used means in
all cases and regardless of the type of broach, the depth of cut as measured on one side.

In broaching free cutting steel, the Broaching Tool Institute recommends 0.003 to 0.006
inch (0.076–0.15 mm) depth of cut for surface broaching; 0.002 to 0.003 inch (0.05–0.076
mm) for multispline broaching; and 0.0007 to 0.0015 inch (0.018–0.038 mm) for round
hole broaching. The accompanying table contains data from a German source and applies
specifically to surface broaches. All data relating to depth of cut are intended as a general
guide only. While depth of cut is based primarily upon the machinability of the material,
some reduction from the depth thus established may be required particularly when the
work supporting fixture in surface broaching is not sufficiently rigid to resist the thrust
from the broaching operation. In some cases, the pitch and cutting length may be increased
to reduce the thrust force. Another possible remedy in surface broaching certain classes of
work is to use a side-cutting broach instead of the ordinary depth cutting type. A broach
designed for side cutting takes relatively deep narrow cuts which extend nearly to the full
depth required. The side cutting section is followed by teeth arranged for depth cutting to
obtain the required size and surface finish on the work. In general, small tolerances in sur-
face broaching require a reduced cut per tooth to minimize work deflection resulting from
the pressure of the cut. See Cutting Speed for Broaching starting on page 1073 for broach-
ing speeds.

US Units

(2a)

Metric Units

(2b)Allowable pitch
dLbP

T
--------------  inch= Allowable pitch

dLbP

9810T
---------------  mm=

Minimum pitch 3 220 0.1× 4× 28.14mm= =

Allowable pitch 0.1 220× 75× 1586×
9810 8( )

----------------------------------------------------- 33.34mm= =
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Terms Commonly Used in Broach Design

Face Angle or Rake.—The face angle (see diagram) of broach teeth affects the chip flow
and varies considerably for different materials. While there are some variations in practice,
even for the same material, the angles given in the accompanying table are believed to rep-
resent commonly used values. Some broach designers increase the rake angle for finishing
teeth in order to improve the finish on the work.

Clearance Angle.—The clearance angle (see illustration) for roughing steel varies from
1.5 to 3 degrees and for finishing steel from 0.5 to 1 degree. Some recommend the same
clearance angles for cast iron and others, larger clearance angles varying from 2 to 4 or 5
degrees. Additional data will be found in Table 1.

Land Width.—The width of the land usually is about 0.25 × pitch. It varies, however,
from about one-fourth to one-third of the pitch. The land width is selected so as to obtain
the proper balance between tooth strength and chip space.

Depth of Broach Teeth.—The tooth depth as established experimentally and on the basis
of experience, usually varies from about 0.37 to 0.40 of the pitch. This depth is measured
radially from the cutting edge to the bottom of the tooth fillet.

Radius of Tooth Fillet.—The “gullet” or bottom of the chip space between the teeth
should have a rounded fillet to strengthen the broach, facilitate curling of the chips, and
safeguard against cracking in connection with the hardening operation. One rule is to make
the radius equal to one-fourth the pitch. Another is to make it equal 0.4 to 0.6 the tooth
depth. A third method preferred by some broach designers is to make the radius equal one-
third of the sum obtained by adding together the land width, one-half the tooth depth, and
one-fourth of the pitch.

Total Length of Broach.—After the depth of cut per tooth has been determined, the total
amount of material to be removed by a broach is divided by this decimal to ascertain the
number of cutting teeth required. This number of teeth multiplied by the pitch gives the
length of the active portion of the broach. By adding to this dimension the distance over
three or four straight teeth, the length of a pilot to be provided at the finishing end of the
broach, and the length of a shank which must project through the work and the faceplate of
the machine to the draw-head, the overall length of the broach is found. This calculated
length is often greater than the stroke of the machine, or greater than is practical for a
broach of the diameter required. In such cases, a set of broaches must be used.

Chip Breakers.—The teeth of broaches frequently have rounded chip-breaking grooves
located at intervals along the cutting edges. These grooves break up wide curling chips and
prevent them from clogging the chip spaces, thus reducing the cutting pressure and strain
on the broach. These chip-breaking grooves are on the roughing teeth only. They are stag-
gered and applied to both round and flat or surface broaches. The grooves are formed by a
round edged grinding wheel and usually vary in width from about 1⁄32 to 3⁄32 inch (0.79 to
2.38 mm) depending upon the size of broach. The more ductile the material, the wider the
chip breaker grooves should be and the smaller the distance between them. Narrow slotting
broaches may have the right- and left-hand corners of alternate teeth beveled to obtain
chip-breaking action.
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Shear Angle.—The teeth of surface broaches ordinarily are inclined so they are not at
right angles to the broaching movement. The object of this inclination is to obtain a shear-
ing cut which results in smoother cutting action and an improvement in surface finish. The
shearing cut also tends to eliminate troublesome vibration. Shear angles for surface
broaches are not suitable for broaching slots or any profiles that resist the outward move-
ment of the chips. When the teeth are inclined, the fixture should be designed to resist the
resulting thrusts unless it is practicable to incline the teeth of right- and left-hand sections
in opposite directions to neutralize the thrust. The shear angle usually varies from 10 to 25
degrees.

Types of Broaching Machines.—Broaching machines may be divided into horizontal
and vertical designs, and they may be classified further according to the method of opera-
tion, as, for example, whether a broach in a vertical machine is pulled up or pulled down in
forcing it through the work. Horizontal machines usually pull the broach through the work
in internal broaching but short rigid broaches may be pushed through. External surface
broaching is also done on some machines of horizontal design, but usually vertical
machines are employed for flat or other external broaching. Although parts usually are
broached by traversing the broach itself, some machines are designed to hold the broach or
broaches stationary during the actual broaching operation. This principle has been applied
both to internal and surface broaching.

 Vertical Duplex Type: The vertical duplex type of surface broaching machine has two
slides or rams which move in opposite directions and operate alternately. While the broach
connected to one slide is moving downward on the cutting stroke, the other broach and
slide is returning to the starting position, and this returning time is utilized for reloading the
fixture on that side; consequently, the broaching operation is practically continuous. Each
ram or slide may be equipped to perform a separate operation on the same part when two
operations are required.

 Pull-up Type: Vertical hydraulically operated machines which pull the broach or
broaches up through the work are used for internal broaching of holes of various shapes,
for broaching bushings, splined holes, small internal gears, etc. A typical machine of this
kind is so designed that all broach handling is done automatically.

 Pull-down Type: The various movements in the operating cycle of a hydraulic pull-
down type of machine equipped with an automatic broach-handling slide, are the reverse
of the pull-up type. The broaches for a pull-down type of machine have shanks on each end,
there being an upper one for the broach-handling slide and a lower one for pulling through
the work.

 Hydraulic Operation: Modern broaching machines, as a general rule, are operated
hydraulically rather than by mechanical means. Hydraulic operation is efficient, flexible in
the matter of speed adjustments, low in maintenance cost, and the “smooth” action
required for fine precision finishing may be obtained. The hydraulic pressures required,
which frequently are 800 to 1000 pounds per square inch (5.5 to 6.9 MPa), are obtained
from a motor-driven pump forming part of the machine. The cutting speeds of broaching
machines frequently are between 20 and 30 feet per minute (6.1 to 9.1 m/min), and the
return speeds often are double the cutting speed, or higher, to reduce the idle period.

Ball-Broaching.—Ball-broaching is a method of securing bushings, gears, or other com-
ponents without the need for keys, pins, or splines. A series of axial grooves, separated by
ridges, is formed in the bore of the workpiece by cold plastic deformation of the metal
when a tool, having a row of three rotating balls around its periphery, is pressed through the
parts. When the bushing is pressed into a broached bore, the ridges displace the softer
material of the bushing into the grooves, thus securing the assembly. The balls can be made
of high-carbon chromium steel or carbide, depending on the hardness of the component.
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Broaching Difficulties.—The accompanying table has been compiled from information
supplied by the National Broach and Machine Co. and presents some of the common
broaching difficulties, their causes and means of correction.

Causes of Broaching Difficulties

Broaching
Difficulty Possible Causes

Stuck broach Insufficient machine capacity; dulled teeth; clogged chip gullets; failure of 
power during cutting stroke.

To remove a stuck broach, workpiece and broach are removed from the 
machine as a unit; never try to back out broach by reversing machine. If 
broach does not loosen by tapping workpiece lightly and trying to slide it off 
its starting end, mount workpiece and broach in a lathe and turn down work-
piece to the tool surface. Workpiece may be sawed longitudinally into sev-
eral sections in order to free the broach.

Check broach design, perhaps tooth relief (back off) angle is too small or 
depth of cut per tooth is too great.

Galling and
pickup

Lack of homogeneity of material being broached—uneven hardness, 
porosity; improper or insufficient coolant; poor broach design, mutilated 
broach; dull broach; improperly sharpened broach; improperly designed or 
outworn fixtures.

Good broach design will do away with possible chip build-up on tooth 
faces and excessive heating. Grinding of teeth should be accurate so that the 
correct gullet contour is maintained. Contour should be fair and smooth.

Broach breakage Overloading; broach dullness; improper sharpening; interrupted cutting 
stroke; backing up broach with workpiece in fixture; allowing broach to pass 
entirely through guide hole; ill fitting and/or sharp edged key; crooked 
holes; untrue locating surface; excessive hardness of workpiece; insufficient 
clearance angle; sharp corners on pull end of broach.

When grinding bevels on pull end of broach use wheel that is not too 
pointed.

Chatter Too few teeth in cutting contact simultaneously; excessive hardness of 
material being broached; loose or poorly constructed tooling; surging of ram 
due to load variations.

Chatter can be alleviated by changing the broaching speed, by using shear 
cutting teeth instead of right angle teeth, and by changing the coolant and the 
face and relief angles of the teeth.

Drifting or
misalignment of
tool during
cutting stroke

Lack of proper alignment when broach is sharpened in grinding machine, 
which may be caused by dirt in the female center of the broach; inadequate 
support of broach during the cutting stroke, on a horizontal machine espe-
cially; body diameter too small; cutting resistance variable around I.D. of 
hole due to lack of symmetry of surfaces to be cut; variations in hardness 
around I.D. of hole; too few teeth in cutting contact.

Streaks in
broached surface

Lands too wide; presence of forging, casting or annealing scale; metal 
pickup; presence of grinding burrs and grinding and cleaning abrasives.

Rings in the
broached hole

Due to surging resulting from uniform pitch of teeth; presence of sharpen-
ing burrs on broach; tooth clearance angle too large; locating face not 
smooth or square; broach not supported for all cutting teeth passing through 
the work. The use of differential tooth spacing or shear cutting teeth helps in 
preventing surging. Sharpening burrs on a broach may be removed with a 
wood block.



986 FILES AND BURS

FILES AND BURS

Files

Definitions of File Terms.—The following file terms apply to hand files but not to rotary
files and burs.

 Axis: Imaginary line extending the entire length of a file equidistant from faces and
edges.

 Back: The convex side of a file having the same or similar cross-section as a half-round
file.

 Bastard Cut: A grade of file coarseness between coarse and second cut of American pat-
tern files and rasps.

 Blank: A file in any process of manufacture before being cut.
 Blunt: A file whose cross-sectional dimensions from point to tang remain unchanged.
 Coarse Cut: The coarsest of all American pattern file and rasp cuts.
 Coarseness: Term describing the relative number of teeth per unit length, the coarsest

having the least number of file teeth per unit length; the smoothest, the most. American
pattern files and rasps have four degrees of coarseness: coarse, bastard, second and
smooth. Swiss pattern files usually have seven degrees of coarseness: 00, 0, 1, 2, 3, 4, 6
(from coarsest to smoothest). Curved tooth files have three degrees of coarseness: stan-
dard, fine and smooth.

 Curved Cut: File teeth which are made in curved contour across the file blank.
 Cut: Term used to describe file teeth with respect to their coarseness or their character

(single, double, rasp, curved, special).
 Double Cut: A file tooth arrangement formed by two series of cuts, namely the overcut

followed, at an angle, by the upcut.
 Edge: Surface joining faces of a file. May have teeth or be smooth.
 Face: Widest cutting surface or surfaces that are used for filing.
 Heel or Shoulder: That portion of a file that abuts the tang.
 Hopped: A term used among file makers to represent a very wide skip or spacing

between file teeth.
 Length: The distance from the heel to the point.
 Overcut: The first series of teeth put on a double-cut file.
 Point: The front end of a file; the end opposite the tang.
 Rasp Cut: A file tooth arrangement of round-topped teeth, usually not connected, that

are formed individually by means of a narrow, punch-like tool.
 Re-cut: A worn-out file which has been re-cut and re-hardened after annealing and

grinding off the old teeth.
 Safe Edge: An edge of a file that is made smooth or uncut, so that it will not injure that

portion or surface of the workplace with which it may come in contact during filing.
 Second Cut: A grade of file coarseness between bastard and smooth of American pattern

files and rasps.
 Set: To blunt the sharp edges or corners of file blanks before and after the overcut is

made, in order to prevent weakness and breakage of the teeth along such edges or corners
when the file is put to use.

 Shoulder or Heel: See Heel or Shoulder.

 Single Cut: A file tooth arrangement where the file teeth are composed of single unbro-
ken rows of parallel teeth formed by a single series of cuts.

 Smooth Cut: An American pattern file and rasp cut that is smoother than second cut.
 Tang: The narrowed portion of a file which engages the handle.
 Upcut: The series of teeth superimposed on the overcut, and at an angle to it, on a double-

cut file.



FILES AND BURS 987

File Characteristics.—Files are classified according to their shape or cross-section and
according to the pitch or spacing of their teeth and the nature of the cut.

Cross-section and Outline: The cross-section may be quadrangular, circular, triangular,
or some special shape. The outline or contour may be tapered or blunt. In the former, the
point is more or less reduced in width and thickness by a gradually narrowing section that
extends for one-half to two-thirds of the length. In the latter the cross-section remains uni-
form from tang to point.

Cut: The character of the teeth is designated as single, double, rasp or curved. The single
cut file (or float as the coarser cuts are sometimes called) has a single series of parallel teeth
extending across the face of the file at an angle of from 45 to 85 degrees with the axis of the
file. This angle depends upon the form of the file and the nature of the work for which it is
intended. The single cut file is customarily used with a light pressure to produce a smooth
finish. The double cut file has a multiplicity of small pointed teeth inclining toward the
point of the file arranged in two series of diagonal rows that cross each other. For general
work, the angle of the first series of rows is from 40 to 45 degrees and of the second from 70
to 80 degrees. For double cut finishing files the first series has an angle of about 30 degrees
and the second, from 80 to 87 degrees. The second, or upcut, is almost always deeper than
the first or overcut. Double cut files are usually employed, under heavier pressure, for fast
metal removal and where a rougher finish is permissible. The rasp is formed by raising a
series of individual rounded teeth from the surface of the file blank with a sharp narrow,
punch-like cutting tool and is used with a relatively heavy pressure on soft substances for
fast removal of material. The curved tooth file has teeth that are in the form of parallel arcs
extending across the face of the file, the middle portion of each arc being closest to the
point of the file. The teeth are usually single cut and are relatively coarse. They may be
formed by steel displacement but are more commonly formed by milling.

With reference to coarseness of cut the terms coarse, bastard, second and smooth cuts are
used, the coarse or bastard files being used on the heavier classes of work and the second or
smooth cut files for the finishing or more exacting work. These degrees of coarseness are
only comparable when files of the same length are compared, as the number or teeth per
inch of length decreases as the length of the file increases. The number of teeth per inch
varies considerably for different sizes and shapes and for files of different makes. The
coarseness range for the curved tooth files is given as standard, fine and smooth. In the case
of Swiss pattern files, a series of numbers is used to designate coarseness instead of names;
Nos. 00, 0, 1, 2, 3, 4 and 6 being the most common with No. 00 the coarsest and No. 6 the
finest.

Classes of Files.—There are five main classes of files: mill or saw files; machinists' files;
curved tooth files; Swiss pattern files; and rasps. The first two classes are commonly
referred to as American pattern files.

Mill or Saw Files: These are used for sharpening mill or circular saws, large crosscut
saws; for lathe work; for draw filing; for filing brass and bronze; and for smooth filing gen-
erally. The number identifying the following files refers to the illustration in Fig. 1

1) Cantsaw files have an obtuse isosceles triangular section, a blunt outline, are single cut
and are used for sharpening saws having “M”-shaped teeth and teeth of less than 60-degree
angle;  2) Crosscut files have a narrow triangular section with short side rounded, a blunt
outline, are single cut and are used to sharpen crosscut saws. The rounded portion is used to
deepen the gullets of saw teeth and the sides are used to sharpen the teeth themselves. ;

3) Double ender files have a triangular section, are tapered from the middle to both ends,
are tangless are single cut and are used reversibly for sharpening saws;  4) The mill file
itself, is usually single cut, tapered in width, and often has two square cutting edges in addi-
tion to the cutting sides. Either or both edges may be rounded, however, for filing the gul-
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lets of saw teeth. The blunt mill file has a uniform rectangular cross-section from tip to
tang;  5) The triangular saw files or taper saw files have an equilateral triangular section,
are tapered, are single cut and are used for filing saws with 60-degree angle teeth. They
come in taper, slim taper, extra slim taper and double extra slim taper thicknesses Blunt tri-
angular and blunt hand saw files are without taper;  and  6)  Web saw files have a diamond-
shaped section, a blunt outline, are single cut and are used for sharpening pulpwood or web
saws.

Machinists' Files: These files are used throughout industry where metal must be
removed rapidly and finish is of secondary importance. Except for certain exceptions in
the round and half-round shapes, all are double cut. 7) Flat files have a rectangular section,
are tapered in width and thickness, are cut on both sides and edges and are used for general
utility work;  8) Half round files have a circular segmental section, are tapered in width and
thickness, have their flat side double cut, their rounded side mostly double but sometimes
single cut, and are used to file rounded holes, concave corners, etc. in general filing work;
9) Hand files are similar to flat files but taper in thickness only. One edge is uncut or
“safe.”;  and  10) Knife files have a “knife-blade” section, are tapered in width only, are
double cut, and are used by tool and die makers on work having acute angles.

Machinist's general purpose files have a rectangular section, are tapered and have single
cut teeth divided by angular serrations which produce short cutting edges. These edges
help stock removal but still leave a smooth finish and are suitable for use on various mate-
rials including aluminum, bronze, cast iron, malleable iron, mild steels and annealed tool
steels.
11) Pillar files are similar to hand files but are thicker and not as wide;  12) Round files
have a circular section, are tapered, single cut, and are generally used to file circular open-
ings or curved surfaces;  13) Square files have a square section, are tapered, and are used
for filing slots, keyways and for general surface filing where a heavier section is preferred;
14) Three square files have an equilateral triangular section and are tapered on all sides.
They are double cut and have sharp corners as contrasted with taper triangular files which
are single cut and have somewhat rounded corners. They are used for filing accurate inter-
nal angles, for clearing out square corners, and for filing taps and cutters;  and  15) Ward-
ing files have a rectangular section, and taper in width to a narrow point. They are used for
general narrow space filing.

Wood files are made in the same sections as flat and half round files but with coarser teeth
especially suited for working on wood.

Fig. 1. Styles of Mill or Saw Files

Curved Tooth Files: Regular curved tooth files are made in both rigid and flexible forms.
The rigid type has either a tang for a conventional handle or is made plain with a hole at
each end for mounting in a special holder. The flexible type is furnished for use in special
holders only. The curved tooth files come in standard fine and smooth cuts and in parallel

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15
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flat, square, pillar, pillar narrow, half round and shell types. A special curved tooth file is
available with teeth divided by long angular serrations. The teeth are cut in an “off center”
arc. When moved across the work toward one edge of the file a fast cutting action is pro-
vided; when moved toward the other edge, a smoothing action; thus the file is made to
serve a dual purpose.

Swiss Pattern Files: These are used by tool and die makers, model makers and delicate
instrument parts finishers. They are made to closer tolerances than the conventional Amer-
ican pattern files although with similar cross-sections. The points of the Swiss pattern files
are smaller, the tapers are longer and they are available in much finer cuts. They are prima-
rily finishing tools for removing burrs left from previous finishing operations truing up
narrow grooves, notches and keyways, cleaning out corners and smoothing small parts.
For very fine work, round and square handled needle files, available in numerous cross-
sectional shapes in overall lengths from 4 to 7 3⁄4 inches, are used. Die sinkers use die sink-

ers files and die sinkers rifflers. The files, also made in many different cross-sectional
shapes, are 31⁄2 inches in length and are available in the cut Nos. 0, 1, 2, and 4. The rifflers
are from 51⁄2 to 63⁄4 inches long, have cutting surfaces on either end, and come in numerous
cross-sectional shapes in cut Nos. 0, 2, 3, 4 and 6. These rifflers are used by die makers for
getting into corners, crevices, holes and contours of intricate dies and molds. Used in the
same fashion as die sinkers rifflers, silversmiths rifflers, that have a much heavier cross-
section, are available in lengths from 6 7⁄8 to 8 inches and in cuts Nos. 0, 1, 2, and 3. Blunt

machine files in Cut Nos. 00, 0, and 2 for use in ordinary and bench filing machines are
available in many different cross-sectional shapes, in lengths from 3 to 8 inches.

Rasps: Rasps are employed for work on relatively soft substances such as wood, leather,
and lead where fast removal or material is required. They come in rectangular and half
round cross-sections, the latter with and without a sharp edge.

Special Purpose Files: Falling under one of the preceding five classes of files, but modi-
fied to meet the requirements of some particular function, are a number of special purpose
files. The long angle lathe file is used for filing work that is rotating in a lathe. The long
tooth angle provides a clean shear, eliminates drag or tear and is self-clearing. This file has
safe or uncut edges to protect shoulders of the work which are not to be filed. The foundry
file has especially sturdy teeth with heavy set edges for the snagging of castings—the
removing of fins, sprues, and other projections. The die casting file has extra strong teeth
on corners and edges as well as sides for working on die castings of magnesium, zinc, or
aluminum alloys. A special file for stainless steel is designed to stand up under the abrasive
action of stainless steel alloys. Aluminum rasps and files are designed to eliminate clog-
ging. A special tooth construction is used in one type of aluminum tile which breaks up the
filings, allows the file to clear itself and overcomes chatter. A brass file is designed so that
with a little pressure the sharp, high-cut teeth bite deep while with less pressure, their short
uncut angle produces a smoothing effect. The lead float has coarse, single cut teeth at
almost right angles to the file axis. These shear away the metal under ordinary pressure and
produce a smoothing effect under light pressure. The shear tooth file has a coarse single cut
with a long angle for soft metals or alloys, plastics, hard rubber and wood. Chain saw files
are designed to sharpen all types of chain saw teeth. These files come in round, rectangular,
square and diamond-shaped sections. The round and square sectioned files have either
double or single cut teeth, the rectangular files have single cut teeth and the diamond-
shaped files have double cut teeth.

Effectiveness of Rotary Files and Burs.—There it very little difference in the efficiency
of rotary files or burs when used in electric tools and when used in air tools, provided the
speeds have been reasonably well selected. Flexible-shaft and other machines used as a
source of power for these tools have a limited number of speeds which govern the revolu-
tions per minute at which the tools can be operated.
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The carbide bur may be used on hard or soft materials with equally good results. The
principle difference in construction of the carbide bur is that its teeth or flutes are provided
with a negative rather than a radial rake. Carbide burs are relatively brittle, and must be
treated more carefully than ordinary burs. They should be kept cutting freely, in order to
prevent too much pressure, which might result in crumbling of the cutting epics.

At the same speeds, both high-speed steel and carbide burs remove approximately the
same amount of metal. However, when carbide burs are used at their most efficient speeds,
the rate of stock removal may be as much as four times that of ordinary burs. In certain
cases, speeds much higher than those shown in the table can be used. It has been demon-
strated that a carbide bur will last up to 100 times as long as a high-speed steel bur of corre-
sponding size and shape.

Approximate Speeds of Rotary Files and Burs

As recommended by the Nicholson File Company.

Steel Wool.—Steel wool is made by shaving thin layers of steel from wire. The wire is
pulled, by special machinery built for the purpose, past cutting tools or through cutting dies
which shave off chips from the outside. Steel wool consists of long, relatively strong, and
resilient steel shavings having sharp edges. This characteristic renders it an excellent abra-
sive. The fact that the cutting characteristics of steel wool vary with the size of the fiber,
which is readily controlled in manufacture, has adapted it to many applications.

Metals other than steel have been made into wool by the same processes as steel, and
when so manufactured have the same general characteristics. Thus wool has been made
from copper, lead, aluminum, bronze, brass, monel metal, and nickel. The wire from which
steel wool is made may be produced by either the Bessemer, or the basic or acid open-
hearth processes. It should contain from 0.10 to 0.20 per cent carbon; from 0.50 to 1.00 per
cent manganese; from 0.020 to 0.090 per cent sulphur; from 0.050 to 0.120 per cent phos-
phorus; and from 0.001 to 0.010 per cent silicon. When drawn on a standard tensile-
strength testing machine, a sample of the steel should show an ultimate strength of not less
than 120,000 pounds per square inch (828 MPa).

Steel Wool Grades

Tool
Diameter

Medium Cut, High-Speed Steel Bur or File Carbide Bur

Mild Steel Cast Iron Bronze Aluminum Magnesium
Medium

Cut
Fine
Cut

inches mm Speed, Revolutions per Minute Any Material
1⁄8 3.2 4600 7000 15,000 20,000 30,000 45,000 30,000
1⁄4 6.4 3450 5250 11,250 15,000 22,500 30,000 20,000
3⁄8 9.5 2750 4200 9000 12,000 18,000 24,000 16,000
1⁄2 12.7 2300 3500 7500 10,000 15,000 20,000 13,350
5⁄8 15.9 2000 3100 6650 8900 13,350 18,000 12,000
3⁄4 19.1 1900 2900 6200 8300 12,400 16,000 10,650
7⁄8 22.2 1700 2600 5600 7500 11,250 14,500 9650

1 25.4 1600 2400 5150 6850 10,300 13,000 8650
11⁄8 28.6 1500 2300 4850 6500 9750 … …

11⁄4 31.8 1400 2100 4500 6000 9000 … …

Description Grade
Fiber Thickness

Description Grade
Fiber Thickness

Inch Millimeter Inch Millimeter

Super Fine 0000 0.001 0.025 Medium 1 0.0025 0.06
Extra Fine 000 0.0015 0.035 Medium Coarse 2 0.003 0.075
Very Fine 00 0.0018 0.04 Coarse 3 0.0035 0.09
Fine 0 0.002 0.05 Extra Coarse 4 0.004 0.10
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KNURLS AND KNURLING

ANSI Standard Knurls and Knurling.—The ANSI/ASME Standard B94.6-1984 cov-
ers knurling tools with standardized diametral pitches and their dimensional relations with
respect to the work in the production of straight, diagonal, and diamond knurling on cylin-
drical surfaces having teeth of uniform pitch parallel to the cylinder axis or at a helix angle
not exceeding 45 degrees with the work axis.

These knurling tools and the recommendations for their use are equally applicable to
general purpose and precision knurling. The advantage of this ANSI Standard system is
the provision by which good tracking (the ability of teeth to mesh as the tool penetrates the
work blank in successive revolutions) is obtained by tools designed on the basis of diame-
tral pitch instead of TPI (teeth per inch) when used with work blank diameters that are mul-
tiples of 1⁄64 inch for 64 and 128 diametral pitch or 1⁄32 inch for 96 and 160 diametral pitch.
The use of knurls and work blank diameters which will permit good tracking should
improve the uniformity and appearance of knurling, eliminate the costly trial and error
methods, reduce the failure of knurling tools and production of defective work, and
decrease the number of tools required. Preferred sizes for cylindrical knurls are given in
Table 1 and detailed specifications appear in Table 2.

Table 1. ANSI Standard Preferred Sizes for Cylindrical Type Knurls 
 ANSI/ASME B94.6-1984 (R2009)

The 96 diametral pitch knurl should be given preference in the interest of tool simplification.
Dimensions Dnt, F, and A are in inches.

Table 2. ANSI Standard Specifications for Cylindrical Knurls
 with Straight or Diagonal Teeth  ANSI/ASME B94.6-1984 (R2009)

All dimensions except diametral pitch are in inches.
Approximate angle of space between sides of adjacent teeth for both straight and diagonal teeth is

80 degrees. The permissible eccentricity of teeth for all knurls is 0.002 inch maximum (total indica-
tor reading).

Number of teeth in a knurl equals diametral pitch multiplied by nominal diameter.
Diagonal teeth have 30-degree helix angle, ψ.

Nominal
Outside

Diameter Dnt

Width
of Face

F

Diameter
of Hole

A

Standard Diametral Pitches, P

64 96 128 160

Number of Teeth, Nt, for Standard Pitches

1⁄2 3⁄16
3⁄16 32 48 64 80

5⁄8 1⁄4 1⁄4 40 60 80 100
3⁄4 3⁄8 1⁄4 48 72 96 120
7⁄8 3⁄8 1⁄4 56 84 112 140

Additional Sizes for Bench and Engine Lathe Tool Holders
5⁄8 5⁄16

7⁄32 40 60 80 100
3⁄4 5⁄8 1⁄4 48 72 96 120

1 3⁄8 5⁄16 64 96 128 160

Diame-
tral

Pitch
P

Nominal Diameter, Dnt Tracking
Correction

Factor
Q

Tooth Depth, h,
+ 0.0015,
− 0.0000

Radius
at

Root
R

1⁄2 5⁄8 3⁄4 7⁄8 1

Major Diameter of Knurl,
Dot, +0.0000, −0.0015 Straight Diagonal

64 0.4932 0.6165 0.7398 0.8631 0.9864 0.0006676 0.024 0.021 0.0070
0.0050

96 0.4960 0.6200 0.7440 0.8680 0.9920 0.0002618 0.016 0.014 0.0060
0.0040

128 0.4972 0.6215 0.7458 0.8701 0.9944 0.0001374 0.012 0.010 0.0045
0.0030

160 0.4976 0.6220 0.7464 0.8708 0.9952 0.00009425 0.009 0.008 0.0040
0.0025
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The term Diametral Pitch applies to the quotient obtained by dividing the total number of
teeth in the circumference of the work by the basic blank diameter; in the case of the knurl-
ing tool it would be the total number of teeth in the circumference divided by the nominal
diameter. In the Standard the diametral pitch and number of teeth are always measured in a
transverse plane which is perpendicular to the axis of rotation for diagonal as well as
straight knurls and knurling.

Cylindrical Knurling Tools.—The cylindrical type of knurling tool comprises a tool
holder and one or more knurls. The knurl has a centrally located mounting hole and is pro-
vided with straight or diagonal teeth on its periphery. The knurl is used to reproduce this
tooth pattern on the work blank as the knurl and work blank rotate together.

*Formulas for Cylindrical Knurls 

P =diametral pitch of knurl = Nt ÷ Dnt (1)

Dnt =nominal diameter of knurl = Nt ÷ P (2)

Nt =no. of teeth on knurl = P × Dnt (3)
*Pnt =circular pitch on nominal diameter = π ÷ P (4)
*Pot =circular pitch on major diameter = πDot ÷ Nt (5)

Dot =major diameter of knurl = Dnt − (NtQ ÷ π) (6) 

Q =Pnt − Pot = tracking correction factor in Formula (7) 

Tracking Correction Factor Q: Use of the preferred pitches for cylindrical knurls, Table

2, results in good tracking on all fractional work-blank diameters which are multiples of 1⁄64

inch for 64 and 128 diametral pitch, and 1⁄32 inch for 96 and 160 diametral pitch; an indica-
tion of good tracking is evenness of marking on the work surface during the first revolution
of the work.

The many variables involved in knurling practice require that an empirical correction
method be used to determine what actual circular pitch is needed at the major diameter of
the knurl to produce good tracking and the required circular pitch on the workpiece. The
empirical tracking correction factor, Q, in Table 2 is used in the calculation of the major
diameter of the knurl, Formula (6).

Cylindrical Knurl
* Note: For diagonal knurls, Pnt and Pot are the transverse circular pitches which are measured in the
plane perpendicular to the axis of rotation. 
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Flat Knurling Tools.—The flat type of tool is a knurling die, commonly used in recipro-
cating types of rolling machines. Dies may be made with either single or duplex faces hav-
ing either straight or diagonal teeth. No preferred sizes are established for flat dies.

Flat Knurling Die with Straight Teeth: 

R =radius at root
P =diametral pitch = Nw ÷ Dw (8)

Dw =work blank (pitch) diameter = Nw ÷ P (9)
Nw =number of teeth on work = P × Dw (10)

h =tooth depth
Q = tracking correction factor (see Table 2)
Pl =linear pitch on die

=circular pitch on work pitch diameter = P − Q (11)

Table 3. ANSI Standard Specifications for Flat Knurling Dies
 ANSI/ASME B94.6-1984 (R2009)

All dimensions except diametral pitch are in inches.

Teeth on Knurled Work

Formulas Applicable to Knurled Work.—The following formulas are applicable to
knurled work with straight, diagonal, and diamond knurling.

Diametral
Pitch,

P

Linear
Pitch,a

Pl

a The linear pitches are theoretical. The exact linear pitch produced by a flat knurling
die may vary slightly from those shown depending upon the rolling condition and the
material being rolled. 

Tooth Depth,
h Radius

at
Root,

R

Diametral
Pitch,

P

Linear
Pitch,a

Pl

Tooth Depth,
h Radius

at
Root,

RStraight Diagonal Straight Diagonal

64 0.0484 0.024 0.021 0.0070
0.0050 128 0.0244 0.012 0.010 0.0045

0.0030

96 0.0325 0.016 0.014 0.0060
0.0040 160 0.0195 0.009 0.008 0.0040

0.0025
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Formulas for Straight or Diagonal Knurling with Straight or Diagonal Tooth Cylindri-
cal Knurling Tools Set with Knurl Axis Parallel with Work Axis: 

P =diametral pitch = Nw ÷ Dw (12)

Dw =work blank diameter = Nw ÷ P (13)

Nw =no. of teeth on work = P × Dw (14)

a =“addendum” of tooth on work = (Dow − Dw) ÷ 2 (15) 

h =tooth depth (see Table 2)
Dow =knurled diameter (outside diameter after knurling) = Dw + 2a (16) 

Formulas for Diagonal and Diamond Knurling with Straight Tooth Knurling Tools Set
at an Angle to the Work Axis: 

If, ψ =angle between tool axis and work axis
P =diametral pitch on tool

Pψ =diametral pitch produced on work blank (as measured in the transverse plane)
by setting tool axis at an angle ψ with respect to work blank axis

Dw =diameter of work blank; and
Nw =number of teeth produced on work blank (as measured in the transverse plane)

then, Pψ =P cos ψ (17)
and, N =DwP cos ψ (18)

For example, if 30 degree diagonal knurling were to be produced on 1-inch diameter
stock with a 160 pitch straight knurl:

Good tracking is theoretically possible by changing the helix angle as follows to corre-
spond to a whole number of teeth (138):

Whenever it is more practical to machine the stock, good tracking can be obtained by
reducing the work blank diameter as follows to correspond to a whole number of teeth
(138):

Table 4. ANSI Standard Recommended Tolerances on Knurled Diameters 
ANSI/ASME B94.6-1984 (R2009)

Toler-
ance
Class

Diametral Pitch

64 96 128 160 64 96 128 160

Tolerance on Knurled
Outside Diameter

Tolerance on Work-Blank
Diameter Before Knurling

I
+ 0.005 + 0.004 + 0.003 + 0.002

± 0.0015 ± 0.0010 ± 0.0007 ± 0.0005
− 0.012 − 0.010 − 0.008 − 0.006

II
+ 0.000 + 0.000 + 0.000 + 0.000

± 0.0015 ± 0.0010 ± 0.0007 ± 0.0005
− 0.010 − 0.009 − 0.008 − 0.006

III
+ 0.000 + 0.000 + 0.000 + 0.000 + 0.000 + 0.0000 + 0.000 + 0.0000
− 0.006 − 0.005 − 0.004 − 0.003 − 0.0015 − 0.0010 − 0.0007 − 0.0005

Nw DwP 30°cos 1.000 160× 0.86603× 138.56 teeth= = =

ψcos Nw Dw÷ P 138 1 160×( )÷ 0.8625= = =

ψ 301⁄2  degrees, approximately=

Dw

Nw

P ψcos
----------------- 138

160 0.866×
---------------------------- 0.996 inch= = =



KNURLS AND KNURLING 995

Recommended Tolerances on Knurled Outside Diameters.—The  r ecommended
applications of the tolerance classes shown in Table 4 are as follows:

Class I: Tolerances in this classification may be applied to straight, diagonal and raised
diamond knurling where the knurled outside diameter of the work need not be held to close
dimensional tolerances. Such applications include knurling for decorative effect, grip on
thumb screws, and inserts for moldings and castings.

Class II: Tolerances in this classification may be applied to straight knurling only and are
recommended for applications requiring closer dimensional control of the knurled outside
diameter than provided for by Class I tolerances.

Class III: Tolerances in this classification may be applied to straight knurling only and
are recommended for applications requiring closest possible dimensional control of the
knurled outside diameter. Such applications include knurling for close fits.

Note: The width of the knurling should not exceed the diameter of the blank, and knurl-
ing wider than the knurling tool cannot be produced unless the knurl starts at the end of the
work.

Marking on Knurls and Dies.—Each knurl and die should be marked as follows: a.
when straight to indicate its diametral pitch; b. when diagonal, to indicate its diametral
pitch, helix angle, and hand of angle.

Concave Knurls.—The radius of a concave knurl should not be the same as the radius of
the piece to be knurled. If the knurl and the work are of the same radius, the material com-
pressed by the knurl will be forced down on the shoulder D and spoil the appearance of the
work. A design of concave knurl is shown in the accompanying illustration, and all the
important dimensions are designated by letters. To find these dimensions, the pitch of the
knurl required must be known, and also, approximately, the throat diameter B. This diam-
eter must suit the knurl holder used, and be such that the circumference contains an even
number of teeth with the required pitch. When these dimensions have been decided upon,
all the other unknown factors can be found by the following formulas: Let R = radius of
piece to be knurled; r = radius of concave part of knurl; C = radius of cutter or hob for cut-
ting the teeth in the knurl; B = diameter over concave part of knurl (throat diameter); A =
outside diameter of knurl; d = depth of tooth in knurl; P = pitch of knurl (number of teeth
per inch circumference); p = circular pitch of knurl; then r = R + 1⁄2d; C = r + d; A = B + 2r −
(3d + 0.010 inch); and d = 0.5 × p × cot α/2, where α is the included angle of the teeth.

As the depth of the tooth is usually very
slight, the throat diameter B will be accurate
enough for all practical purposes for calculat-
ing the pitch, and it is not necessary to take
into consideration the pitch circle. For exam-
ple, assume that the pitch of a knurl is 32, that
the throat diameter B is 0.5561 inch, that the
radius R of the piece to be knurled is 1⁄16 inch,
and that the angle of the teeth is 90 degrees;
find the dimensions of the knurl. Using the
notation given:

p
1
P
--- 1

32
------ 0.03125 inch   = = = d 0.5 0.03125× 45°cot× 0.0156 inch= =

r
1
16
------ 0.0156

2
----------------+ 0.0703 inch= = C 0.0703 0.0156+ 0.0859 inch= =

A 0.5561 0.1406 0.0468 0.010+( )–+ 0.6399 inch= =
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TOOL WEAR AND SHARPENING

Metal cutting tools wear constantly when they are being used. A normal amount of wear
should not be a cause for concern until the size of the worn region has reached the point
where the tool should be replaced. Normal wear cannot be avoided and should be differen-
tiated from abnormal tool breakage or excessively fast wear. Tool breakage and an exces-
sive rate of wear indicate that the tool is not operating correctly and steps should be taken
to correct this situation.

There are several basic mechanisms that cause tool wear. It is generally understood that
tools wear as a result of abrasion which is caused by hard particles of work material plow-
ing over the surface of the tool. Wear is also caused by diffusion or alloying between the
work material and the tool material. In regions where the conditions of contact are favor-
able, the work material reacts with the tool material causing an attrition of the tool material.
The rate of this attrition is dependent upon the temperature in the region of contact and the
reactivity of the tool and the work materials with each other. Diffusion or alloying also
occurs where particles of the work material are welded to the surface of the tool. These
welded deposits are often quite visible in the form of a built-up edge, as particles or a layer
of work material inside a crater or as small mounds attached to the face of the tool. The dif-
fusion or alloying occurring between these deposits and the tool weakens the tool material
below the weld. Frequently these deposits are again rejoined to the chip by welding or they
are simply broken away by the force of collision with the passing chip. When this happens,
a small amount of the tool material may remain attached to the deposit and be plucked from
the surface of the tool, to be carried away with the chip. This mechanism can cause chips to
be broken from the cutting edge and the formation of small craters on the tool face called
pull-outs. It can also contribute to the enlargement of the larger crater that sometimes
forms behind the cutting edge. Among the other mechanisms that can cause tool wear are
severe thermal gradients and thermal shocks, which cause cracks to form near the cutting
edge, ultimately leading to tool failure. This condition can be caused by improper tool
grinding procedures, heavy interrupted cuts, or by the improper application of cutting flu-
ids when machining at high cutting speeds. Chemical reactions between the active constit-
uents in some cutting fluids sometimes accelerate the rate of tool wear. Oxidation of the
heated metal near the cutting edge also contributes to tool wear, particularly when fast cut-
ting speeds and high cutting temperatures are encountered. Breakage of the cutting edge
caused by overloading, heavy shock loads, or improper tool design is not normal wear and
should be corrected.

The wear mechanisms described bring about visible manifestations of wear on the tool
which should be understood so that the proper corrective measures can be taken, when
required. These visible signs of wear are described in the following paragraphs and the cor-
rective measures that might be required are given in the accompanying Tool Trouble-
Shooting Check List. The best procedure when trouble shooting is to try to correct only one
condition at a time. When a correction has been made it should be checked. After one con-
dition has been corrected, work can then start to correct the next condition.

Flank Wear.—Tool wear occurring on the flank of the tool below the cutting edge is
called flank wear. Flank wear always takes place and cannot be avoided. It should not give
rise to concern unless the rate of flank wear is too fast or the flank wear land becomes too
large in size. The size of the flank wear can be measured as the distance between the top of
the cutting edge and the bottom of the flank wear land. In practice, a visual estimate is usu-
ally made instead of a precise measurement, although in many instances flank wear is
ignored and the tool wear is “measured” by the loss of size on the part. The best measure of
tool wear, however, is flank wear. When it becomes too large, the rubbing action of the
wear land against the workpiece increases and the cutting edge must be replaced. Because
conditions vary, it is not possible to give an exact amount of flank wear at which the tool
should be replaced. Although there are many exceptions, as a rough estimate, high-speed
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steel tools should be replaced when the width of the flank wear land reaches 0.005 to 0.010
inch (0.13–0.25 mm) for finish turning and 0.030 to 0.060 inch (0.76–1.52 mm) for rough
turning; and for cemented carbides 0.005 to 0.010 inch (0.13–0.25 mm) for finish turning
and 0.020 to 0.040 inch (0.51–1.02 mm) for rough turning.

Under ideal conditions which, surprisingly, occur quite frequently, the width of the flank
wear land will be very uniform along its entire length. When the depth of cut is uneven,
such as when turning out-of-round stock, the bottom edge of the wear land may become
somewhat slanted, the wear land being wider toward the nose. A jagged-appearing wear
land usually is evidence of chipping at the cutting edge. Sometimes, only one or two sharp
depressions of the lower edge of the wear land will appear, to indicate that the cutting edge
has chipped above these depressions. A deep notch will sometimes occur at the “depth of
cut line,” or that part of the cutting opposite the original surface of the work. This can be
caused by a hard surface scale on the work, by a work-hardened surface layer on the work,
or when machining high-temperature alloys. Often the size of the wear land is enlarged at
the nose of the tool. This can be a sign of crater breakthrough near the nose or of chipping
in this region. Under certain conditions, when machining with carbides, it can be an indica-
tion of deformation of the cutting edge in the region of the nose.

When a sharp tool is first used, the initial amount of flank wear is quite large in relation to
the subsequent total amount. Under normal operating conditions, the width of the flank
wear land will increase at a uniform rate until it reaches a critical size after which the cut-
ting edge breaks down completely. This is called catastrophic failure and the cutting edge
should be replaced before this occurs. When cutting at slow speeds with high-speed steel
tools, there may be long periods when no increase in the flank wear can be observed. For a
given work material and tool material, the rate of flank wear is primarily dependent on the
cutting speed and then the feed rate.

Cratering.—A deep crater will sometimes form on the face of the tool which is easily rec-
ognizable. The crater forms at a short distance behind the side cutting edge leaving a small
shelf between the cutting edge and the edge of the crater. This shelf is sometimes covered
with the built-up edge and at other times it is uncovered. Often the bottom of the crater is
obscured with work material that is welded to the tool in this region. Under normal operat-
ing conditions, the crater will gradually enlarge until it breaks through a part of the cutting
edge. Usually this occurs on the end cutting edge just behind the nose. When this takes
place, the flank wear at the nose increases rapidly and complete tool failure follows
shortly. Sometimes cratering cannot be avoided and a slow increase in the size of the crater
is considered normal. However, if the rate of crater growth is rapid, leading to a short tool
life, corrective measures must be taken.

Cutting Edge Chipping.—Small chips are sometimes broken from the cutting edge
which accelerates tool wear but does not necessarily cause immediate tool failure. Chip-
ping can be recognized by the appearance of the cutting edge and the flank wear land. A
sharp depression in the lower edge of the wear land is a sign of chipping and if this edge of
the wear land has a jagged appearance it indicates that a large amount of chipping has taken
place. Often the vacancy or cleft in the cutting edge that results from chipping is filled up
with work material that is tightly welded in place. This occurs very rapidly when chipping
is caused by a built-up edge on the face of the tool. In this manner the damage to the cutting
edge is healed; however, the width of the wear land below the chip is usually increased and
the tool life is shortened.

Deformation.—Deformation occurs on carbide cutting tools when taking a very heavy
cut using a slow cutting speed and a high feed rate. A large section of the cutting edge then
becomes very hot and the heavy cutting pressure compresses the nose of the cutting edge,
thereby lowering the face of the tool in the area of the nose. This reduces the relief under the
nose, increases the width of the wear land in this region, and shortens the tool life.
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Surface Finish.—The finish on the machined surface does not necessarily indicate poor
cutting tool performance unless there is a rapid deterioration. A good surface finish is,
however, sometimes a requirement. The principal cause of a poor surface finish is the
built-up edge which forms along the edge of the cutting tool. The elimination of the built-
up edge will always result in an improvement of the surface finish. The most effective way
to eliminate the built-up edge is to increase the cutting speed. When the cutting speed is
increased beyond a certain critical cutting speed, there will be a rather sudden and large
improvement in the surface finish. Cemented carbide tools can operate successfully at
higher cutting speeds, where the built-up edge does not occur and where a good surface fin-
ish is obtained. Whenever possible, cemented carbide tools should be operated at cutting
speeds where a good surface finish will result. There are times when such speeds are not
possible. Also, high-speed tools cannot be operated at the speed where the built-up edge
does not form. In these conditions the most effective method of obtaining a good surface
finish is to employ a cutting fluid that has active sulphur or chlorine additives.

Cutting tool materials that do not alloy readily with the work material are also effective in
obtaining an improved surface finish. Straight titanium carbide and diamond are the two
principal tool materials that fall into this category.

The presence of feed marks can mar an otherwise good surface finish and attention must
be paid to the feed rate and the nose radius of the tool if a good surface finish is desired.
Changes in the tool geometry can also be helpful. A small “flat,” or secondary cutting edge,
ground on the end cutting edge behind the nose will sometimes provide the desired surface
finish. When the tool is in operation, the flank wear should not be allowed to become too
large, particularly in the region of the nose where the finished surface is produced.

Sharpening Twist Drills.—Twist drills are cutting tools designed to perform concur-
rently several functions, such as penetrating directly into solid material, ejecting the
removed chips outside the cutting area, maintaining the essentially straight direction of the
advance movement and controlling the size of the drilled hole. The geometry needed for
these multiple functions is incorporated into the design of the twist drill in such a manner
that it can be retained even after repeated sharpening operations. Twist drills are resharp-
ened many times during their service life, with the practically complete restitution of their
original operational characteristics. However, in order to assure all the benefits which the
design of the twist drill is capable of providing, the surfaces generated in the sharpening
process must agree with the original form of the tool's operating surfaces, unless a change
of shape is required for use on a different work material.

The principal elements of the tool geometry which are essential for the adequate cutting
performance of twist drills are shown in Fig. 1. The generally used values for these dimen-
sions are the following:

Point angle: Commonly 118°, except for high strength steels, 118° to 135°; aluminum
alloys, 90° to 140°; and magnesium alloys, 70° to 118°.

Helix angle: Commonly 24° to 32°, except for magnesium and copper alloys, 10° to 30°.
Lip relief angle: Commonly 10° to 15°, except for high strength or tough steels, 7° to 12°.

The lower values of these angle ranges are used for drills of larger diameter, the higher
values for the smaller diameters. For drills of diameters less than 1⁄4 inch (6.35 mm), the
lip relief angles are increased beyond the listed maximum values up to 24°. For soft and
free machining materials, 12° to 18° except for diameters less than 1⁄4 inch (6.35 mm),
20° to 26°.

Relief Grinding of the Tool Flanks.—In sharpening twist drills the tool flanks contain-
ing the two cutting edges are ground. Each flank consists of a curved surface which pro-
vides the relief needed for the easy penetration and free cutting of the tool edges. In
grinding the flanks, Fig. 2, the drill is swung around the axis A of an imaginary cone while
resting in a support which holds the drill at one-half the point angle B with respect to the
face of the grinding wheel. Feed f for stock removal is in the direction of the drill axis. The
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relief angle is usually measured at the periphery of the twist drill and is also specified by
that value. It is not a constant but should increase toward the center of the drill.

The relief grinding of the flank surfaces will generate the chisel angle on the web of the
twist drill. The value of that angle, typically 55°, which can be measured, for example, with
the protractor of an optical projector, is indicative of the correctness of the relief grinding.

Fig. 1. The principal elements of tool geometry on twist drills.

Drill Point Thinning.—The chisel edge is the least efficient operating surface element of
the twist drill because it does not cut, but actually squeezes or extrudes the work material.
To improve the inefficient cutting conditions caused by the chisel edge, the point width is
often reduced in a drill-point thinning operation, resulting in a condition such as that shown
in Fig. 3. Point thinning is particularly desirable on larger size drills and also on those
which become shorter in usage, because the thickness of the web increases toward the shaft
of the twist drill, thereby adding to the length of the chisel edge. The extent of point thin-
ning is limited by the minimum strength of the web needed to avoid splitting of the drill
point under the influence of cutting forces.

Fig. 2. In grinding the face of the twist drill the tool 
is swung around the axis A of an imaginary cone, 

while resting in a support tilted by half of the point 
angle β with respect to the face of the grinding 

wheel. Feed f for stock removal is in the direction 
of the drill axis.

Fig. 3. The chisel edge C after thinning 
the web by grinding off area T.

Fig. 4. Split point or “crankshaft” type 
web thinning.
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Both sharpening operations—the relieved face grinding and the point thinning—should
be carried out in special drill grinding machines or with twist drill grinding fixtures
mounted on general-purpose tool grinding machines, designed to assure the essential accu-
racy of the required tool geometry. Off-hand grinding may be used for the important web
thinning when a special machine is not available; however, such operation requires skill
and experience.

Improperly sharpened twist drills, e.g. those with unequal edge length or asymmetrical
point angle, will tend to produce holes with poor diameter and directional control.

For deep holes and also drilling into stainless steel, titanium alloys, high temperature
alloys, nickel alloys, very high strength materials and in some cases tool steels, split point
grinding, resulting in a “crankshaft” type drill point, is recommended. In this type of point-
ing, see Fig. 4, the chisel edge is entirely eliminated, extending the positive rake cutting
edges to the center of the drill, thereby greatly reducing the required thrust in drilling.
Points on modified-point drills must be restored after sharpening to maintain their
increased drilling efficiency.
Sharpening Carbide Tools.—Cemented carbide indexable inserts are usually not
resharpened but sometimes they require a special grind in order to form a contour on the
cutting edge to suit a special purpose. Brazed type carbide cutting tools are resharpened
after the cutting edge has become worn. On brazed carbide tools the cutting-edge wear
should not be allowed to become excessive before the tool is re-sharpened. One method of
determining when brazed carbide tools need resharpening is by periodic inspection of the
flank wear and the condition of the face. Another method is to determine the amount of
production which is normally obtained before excessive wear has taken place, or to deter-
mine the equivalent period of time. One disadvantage of this method is that slight varia-
tions in the work material will often cause the wear rate not to be uniform and the number
of parts machined before regrinding will not be the same each time. Usually, sharpening
should not require removal of more than 0.005 to 0.010 inch (0.13–0.25 mm) of carbide.

General Procedure in Carbide Tool Grinding: The general procedure depends upon the
kind of grinding operation required. If the operation is to resharpen a dull tool, a diamond
wheel of 100 to 120 grain size is recommended although a finer wheel—up to 150 grain
size—is sometimes used to obtain a better finish. If the tool is new or is a “standard” design
and changes in shape are necessary, a 100-grit diamond wheel is recommended for rough-
ing and a finer grit diamond wheel can be used for finishing. Some shops prefer to rough
grind the carbide with a vitrified silicon carbide wheel, the finish grinding being done with
a diamond wheel. A final operation commonly designated as lapping may or may not be
employed for obtaining an extra-fine finish.

Wheel Speeds: The speed of silicon carbide wheels usually is about 5000 feet per minute
(25.4 m/s). The speeds of diamond wheels generally range from 5000–6000 fpm (25.4–
30.5 m/s); yet lower speeds (550–3000 fpm or 2.8–15.2 m/s) can be effective.

Offhand Grinding: In grinding single-point tools (excepting chip breakers) the common
practice is to hold the tool by hand, press it against the wheel face and traverse it continu-
ously across the wheel face while the tool is supported on the machine rest or table which
is adjusted to the required angle. This is known as “offhand grinding” to distinguish it from
the machine grinding of cutters as in regular cutter grinding practice. The selection of
wheels adapted to carbide tool grinding is very important.
Silicon Carbide Wheels.—The green colored silicon carbide wheels generally are pre-
ferred to the dark gray or gray-black variety, although the latter are sometimes used.

Grain or Grit Sizes: For roughing, a grain size of 60 is very generally used. For finish
grinding with silicon carbide wheels, a finer grain size of 100 or 120 is common. A silicon
carbide wheel such as C60-I-7V may be used for grinding both the steel shank and carbide
tip. However, for under-cutting steel shanks up to the carbide tip, it may be advantageous
to use an aluminum oxide wheel suitable for grinding softer, carbon steel.
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Grade: According to the standard system of marking, different grades from soft to hard
are indicated by letters from A to Z. For carbide tool grinding fairly soft grades such as G,
H, I, and J are used. The usual grades for roughing are I or J and for finishing H, I, and J. The
grade should be such that a sharp free-cutting wheel will be maintained without excessive
grinding pressure. Harder grades than those indicated tend to overheat and crack the car-
bide.

Structure: The common structure numbers for carbide tool grinding are 7 and 8. The
larger cup-wheels (10 to 14 inches or 254–356 mm) may be of the porous type and be des-
ignated as 12P. The standard structure numbers range from 1 to 15 with progressively
higher numbers indicating less density and more open wheel structure.
Diamond Wheels.—Wheels with diamond-impregnated grinding faces are fast and cool
cutting and have a very low rate of wear. They are used extensively both for resharpening
and for finish grinding of carbide tools when preliminary roughing is required. Diamond
wheels are also adapted for sharpening multi-tooth cutters such as milling cutters, reamers,
etc., which are ground in a cutter grinding machine.

Resinoid bonded wheels are commonly used for grinding chip breakers, milling cutters,
reamers or other multi-tooth cutters. They are also applicable to precision grinding of car-
bide dies, gages, and various external, internal and surface grinding operations. Fast, cool
cutting action is characteristic of these wheels.

Metal bonded wheels are often used for offhand grinding of single-point tools especially
when durability or long life and resistance to grooving of the cutting face, are considered
more important than the rate of cutting. Vitrified bonded wheels are used both for roughing
of chipped or very dull tools and for ordinary resharpening and finishing. They provide
rigidity for precision grinding, a porous structure for fast cool cutting, sharp cutting action
and durability.
Diamond Wheel Grit Sizes.—For roughing with diamond wheels a grit size of 100 is the
most common both for offhand and machine grinding. 

Grit sizes of 120 and 150 are frequently used in offhand grinding of single point tools
1) for resharpening;  2) for a combination roughing and finishing wheel;  and  3) for chip-
breaker grinding.

Grit sizes of 220 or 240 are used for ordinary finish grinding all types of tools (offhand
and machine) and also for cylindrical, internal and surface finish grinding. Grits of 320 and
400 are used for “lapping” to obtain very fine finishes, and for hand hones. A grit of 500 is
for lapping to a mirror finish on such work as carbide gages and boring or other tools for
exceptionally fine finishes.

Diamond Wheel Grades.—Diamond wheels are made in several different grades to bet-
ter adapt them to different classes of work. The grades vary for different types and shapes
of wheels. Standard Norton grades are H, J, and L, for resinoid bonded wheels, grade N for
metal bonded wheels and grades J, L, N, and P, for vitrified wheels. Harder and softer
grades than standard may at times be used to advantage.

Diamond Concentration.—The relative amount (by carat weight) of diamond in the dia-
mond section of the wheel is known as the “diamond concentration.” Concentrations of
100 (high), 50 (medium) and 25 (low) ordinarily are supplied. A concentration of 50 repre-
sents one-half the diamond content of 100 (if the depth of the diamond is the same in each
case) and 25 equals one-fourth the content of 100 or one-half the content of 50 concentra-
tion.

100 Concentration: Generally interpreted to mean 72 carats of diamond/in3 of abrasive
section. (A 75 concentration indicates 54 carats/in3.) Recommended (especially in grit
sizes up to about 220) for general machine grinding of carbides, and for grinding cutters
and chip breakers. Vitrified and metal bonded wheels usually have 100 concentration.
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50 Concentration: In the finer grit sizes of 220, 240, 320, 400, and 500, a 50 concentra-
tion is recommended for offhand grinding with resinoid bonded cup-wheels.

25 Concentration: A low concentration of 25 is recommended for offhand grinding with
resinoid bonded cup-wheels with grit sizes of 100, 120 and 150.

Depth of Diamond Section: The radial depth of the diamond section usually varies from
1⁄16 to 1⁄4 inch (1.6 to 6.4 mm). The depth varies somewhat according to the wheel size and
type of bond.

Dry Versus Wet Grinding of Carbide Tools.—In using silicon carbide wheels, grinding
should be done either absolutely dry or with enough coolant to flood the wheel and tool.
Satisfactory results may be obtained either by the wet or dry method. However, dry grind-
ing is the most prevalent usually because, in wet grinding, operators tend to use an inade-
quate supply of coolant to obtain better visibility of the grinding operation and avoid
getting wet; hence checking or cracking in many cases is more likely to occur in wet grind-
ing than in dry grinding.

Wet Grinding with Silicon Carbide Wheels: One advantage commonly cited in connec-
tion with wet grinding is that an ample supply of coolant permits using wheels about one
grade harder than in dry grinding thus increasing the wheel life. Plenty of coolant also pre-
vents thermal stresses and the resulting cracks, and there is less tendency for the wheel to
load. A dust exhaust system also is unnecessary.

Wet Grinding with Diamond Wheels: In grinding with diamond wheels the general prac-
tice is to use a coolant to keep the wheel face clean and promote free cutting. The amount
of coolant may vary from a small stream to a coating applied to the wheel face by a felt pad.

Coolants for Carbide Tool Grinding.—In grinding either with silicon carbide or dia-
mond wheels a coolant that is used extensively consists of water plus a small amount either
of soluble oil, sal soda, or soda ash to prevent corrosion. One prominent manufacturer rec-
ommends for silicon carbide wheels about 1 ounce of soda ash per gallon of water and for
diamond wheels kerosene. The use of kerosene is quite general for diamond wheels and
usually it is applied to the wheel face by a felt pad. Another coolant recommended for dia-
mond wheels consists of 80 per cent water and 20 per cent soluble oil.

Peripheral Versus Flat Side Grinding.—In grinding single point carbide tools with sili-
con carbide wheels, the roughing preparatory to finishing with diamond wheels may be
done either by using the flat face of a cup-shaped wheel (side grinding) or the periphery of
a “straight” or disk-shaped wheel. Even where side grinding is preferred, the periphery of
a straight wheel may be used for heavy roughing as in grinding back chipped or broken
tools (see left-hand diagram). Reasons for preferring peripheral grinding include faster
cutting with less danger of localized heating and checking especially in grinding broad sur-
faces. The advantages usually claimed for side grinding are that proper rake or relief angles
are easier to obtain and the relief or land is ground flat. The diamond wheels used for tool
sharpening are designed for side grinding. (See right-hand diagram.)
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Lapping Carbide Tools.—Carbide tools may be finished by lapping, especially if an
exceptionally fine finish is required on the work as, for example, tools used for precision
boring or turning non-ferrous metals. If the finishing is done by using a diamond wheel of
very fine grit (such as 240, 320, or 400), the operation is often called “lapping.” A second
lapping method is by means of a power-driven lapping disk charged with diamond dust,
Norbide powder, or silicon carbide finishing compound. A third method is by using a hand
lap or hone usually of 320 or 400 grit. In many plants the finishes obtained with carbide
tools meet requirements without a special lapping operation. In all cases any feather edge
which may be left on tools should be removed and it is good practice to bevel the edges of
roughing tools at 45 degrees to leave a chamfer 0.005 to 0.010 inch wide (0.127–0.254
mm). This is done by hand honing and the object is to prevent crumbling or flaking off at
the edges when hard scale or heavy chip pressure is encountered.

Hand Honing: The cutting edge of carbide tools, and tools made from other tool materi-
als, is sometimes hand honed before it is used in order to strengthen the cutting edge. When
interrupted cuts or heavy roughing cuts are to be taken, or when the grade of carbide is
slightly too hard, hand honing is beneficial because it will prevent chipping, or even possi-
bly, breakage of the cutting edge. Whenever chipping is encountered, hand honing the cut-
ting edge before use will be helpful. It is important, however, to hone the edge lightly and
only when necessary. Heavy honing will always cause a reduction in tool life. Normally,
removing 0.002 to 0.004 inch (0.051–0.102 mm) from the cutting edge is sufficient. When
indexable inserts are used, the use of pre-honed inserts is preferred to hand honing
although sometimes an additional amount of honing is required. Hand honing of carbide
tools in between cuts is sometimes done to defer grinding or to increase the life of a cutting
edge on an indexable insert. If correctly done, so as not to change the relief angle, this pro-
cedure is sometimes helpful. If improperly done, it can result in a reduction in tool life.
Chip Breaker Grinding.—For this operation a straight diamond wheel is used on a uni-
versal tool and cutter grinder, a small surface grinder, or a special chipbreaker grinder. A
resinoid bonded wheel of the grade J or N commonly is used and the tool is held rigidly in
an adjustable holder or vise. The width of the diamond wheel usually varies from 1⁄8 to 1⁄4
inch (3.2–6.4 mm). A vitrified bond may be used for wheels as thick as 1⁄4 inch (6.35 mm),
and a resinoid bond for relatively narrow wheels.
Summary of Miscellaneous Points.—In grinding a single-point carbide tool, traverse it
across the wheel face continuously to avoid localized heating. This traverse movement
should be quite rapid in using silicon carbide wheels and comparatively slow with dia-
mond wheels. A hand traversing and feeding movement, whenever practicable, is gener-
ally recommended because of greater sensitivity. In grinding, maintain a constant,
moderate pressure. Manipulating the tool so as to keep the contact area with the wheel as
small as possible will reduce heating and increase the rate of stock removal. Never cool a
hot tool by dipping it in a liquid, as this may crack the tip. Wheel rotation should preferably
be against the cutting edge or from the front face toward the back. If the grinder is driven
by a reversing motor, opposite sides of a cup wheel can be used for grinding right-and left-
hand tools and with rotation against the cutting edge. If it is necessary to grind the top face
of a single-point tool, this should precede the grinding of the side and front relief, and top-
face grinding should be minimized to maintain the tip thickness. In machine grinding with
a diamond wheel, limit the feed per traverse to 0.001 inch (0.025 mm) for 100 to 120 grit;
0.0005 inch (0.013 mm) for 150 to 240 grit; and 0.0002 inch (0.005 mm) for 320 grit and
finer.
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CUTTING SPEEDS AND FEEDS

Introduction to Speeds and Feeds

Work Materials.—The large number of work materials that are commonly machined
vary greatly in their basic structure and the ease with which they can be machined. Yet it is
possible to group together certain materials having similar machining characteristics, for
the purpose of recommending the cutting speed at which they can be cut. Most materials
that are machined are metals and it has been found that the most important single factor
influencing the ease with which a metal can be cut is its microstructure, followed by any
cold work that may have been done to the metal, which increases its hardness. Metals that
have a similar, but not necessarily the same microstructure, will tend to have similar
machining characteristics. Thus, the grouping of the metals in the accompanying tables
has been done on the basis of their microstructure.

Except for a few soft and gummy metals, experience indicates that harder metals are
more difficult to cut than softer metals. Also, any given metal is more difficult to cut when
it is in a harder form than when it is softer. It is more difficult to penetrate the harder metal
and more power is required. These factors in turn will generate a higher cutting tempera-
ture at any given cutting speed, thereby making it necessary to use a slower speed, for the
cutting temperature must always be kept within the limits that can be sustained by the cut-
ting tool without failure. Hardness, then, is an important property that must be considered
when machining a given metal. Hardness alone, however, cannot be used as a measure of
cutting speed. For example, if pieces of AISI 11L17 and AISI 1117 steel both have a hard-
ness of 150 Bhn, their recommended cutting speeds for high-speed steel tools may be 140
fpm (0.71 m/s) and 130 fpm (0.66 m/s), respectively. In some metals, two entirely different
microstructures can produce the same hardness. As an example, a fine pearlite microstruc-
ture and a tempered martensite microstructure can result in the same hardness in a steel.
These microstructures will not machine alike. For practical purposes, however, informa-
tion on hardness is usually easier to obtain than information on microstructure; thus, hard-
ness alone is usually used to differentiate between different cutting speeds for machining a
metal. In some situations, the hardness of a metal to be machined is not known. When the
hardness is not known, the material condition can be used as a guide.

The surface of ferrous metal castings has a scale that is more difficult to machine than the
metal below. Some scale is more difficult to machine than others, depending on the
foundry sand used, the casting process, the method of cleaning the casting, and the type of
metal cast. Special electrochemical treatments sometimes can be used that almost entirely
eliminate the effect of the scale on machining, although castings so treated are not fre-
quently encountered. Usually, when casting scale is encountered, the cutting speed is
reduced approximately 5 or 10 per cent. Difficult-to-machine surface scale can also be
encountered when machining hot-rolled or forged steel bars.

Metallurgical differences that affect machining characteristics are often found within a
single piece of metal. The occurrence of hard spots in castings is an example. Different
microstructures and hardness levels may occur within a casting as a result of variations in
the cooling rate in different parts of the casting. Such variations are less severe in castings
that have been heat treated. Steel bar stock is usually harder toward the outside than toward
the center of the bar. Sometimes there are slight metallurgical differences along the length
of a bar that can affect its cutting characteristics.

Cutting Tool Materials.—The recommended cutting feeds and speeds in the accompa-
nying tables are given for high-speed steel, coated and uncoated carbides, ceramics, cer-
mets, and polycrystalline diamonds. More data are available for HSS and carbides because
these materials are the most commonly used. Other materials that are used to make cutting
tools are cemented oxides or ceramics, cermets, cast nonferrous alloys (Stellite), single-
crystal diamonds, polycrystalline diamonds, and cubic boron nitride.
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Carbon Tool Steel: It is used primarily to make the less expensive drills, taps, and ream-
ers. It is seldom used to make single-point cutting tools. Hardening in carbon steels is very
shallow, although some have a small amount of vanadium and chromium added to
improve their hardening quality. The cutting speed to use for plain carbon tool steel should
be approximately one-half of the recommended speed for high-speed steel.

High-Speed Steel: This designates a number of steels having several properties that
enhance their value as cutting tool material. They can be hardened to a high initial or room-
temperature hardness ranging from 63 Rc to 65 Rc for ordinary high-speed steels and up to
70 Rc for the so-called superhigh-speed steels. They retain sufficient hardness at tempera-
tures up to 1,000 or 1,100°F (573 or 593°C) to enable them to cut at cutting speeds that will
generate these tool temperatures, and return to their original hardness when cooled to room
temperature. They harden very deeply, enabling high-speed steels to be ground to the tool
shape from solid stock and to be reground many times without sacrificing hardness at the
cutting edge. High-speed steels can be made soft by annealing so that they can be machined
into complex cutting tools such as drills, reamers, and milling cutters and then hardened.

The principal alloying elements of high-speed steels are tungsten (W), molybdenum
(Mo), chromium (Cr), vanadium (V), together with carbon (C). There are a number of
grades of high-speed steel that are divided into two types: tungsten high-speed steels and
molybdenum high-speed steels. Tungsten high-speed steels are designated by the prefix T
before the number that designates the grade. Molybdenum high-speed steels are desig-
nated by the prefix letter M. There is little performance difference between comparable
grades of tungsten or molybdenum high-speed steel.

The addition of 5 to 12 per cent cobalt to high-speed steel increases its hardness at the
temperatures encountered in cutting, thereby improving its wear resistance and cutting
efficiency. Cobalt slightly increases the brittleness of high-speed steel, making it suscepti-
ble to chipping at the cutting edge. For this reason, cobalt high-speed steels are primarily
made into single-point cutting tools that are used to take heavy roughing cuts in abrasive
materials and through rough abrasive surface scales.

The M40 series and T15 are a group of high-hardness or so-called super high-speed steels
that can be hardened to 70 Rc; however, they tend to be brittle and difficult to grind. For
cutting applications, they are usually heat treated to 67-68 Rc to reduce their brittleness and
tendency to chip. The M40 series is appreciably easier to grind than T15. They are recom-
mended for machining tough die steels and other difficult-to-cut materials; they are not
recommended for applications where conventional high-speed steels perform well. High-
speed steels made by the powder-metallurgy process are tougher and have an improved
grindability when compared with similar grades made by the customary process. Tools
made of these steels can be hardened about 1 Rc higher than comparable high-speed steels
made by the customary process without a sacrifice in toughness. They are particularly use-
ful in applications involving intermittent cutting and where tool life is limited by chipping.
All these steels augment rather than replace the conventional high-speed steels.

Cemented Carbides are also called sintered carbides or simply carbides. They are harder
than high-speed steels and have excellent wear resistance. Information on these and other
hard metal tools is included in the section CEMENTED CARBIDES starting on page 785.

Cemented carbides retain a very high degree of hardness at temperatures up to 1400°F
(760°C) and even higher; therefore, very fast cutting speeds can be used. When used at fast
cutting speeds, they produce good surface finishes on the workpiece. Carbides are more
brittle than high-speed steel and, therefore, must be used with more care. 
There are four distinct types of carbides: 1) straight tungsten carbides;  2) crater-resistant
carbides;  3) titanium carbides;  and  4) coated carbides.

Straight Tungsten Carbide: This is the most abrasion-resistant cemented carbide and is
used to machine gray cast iron, most nonferrous metals, and nonmetallic materials, where
abrasion resistance is the primary criterion. Straight tungsten carbide will rapidly form a
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crater on the tool face when used to machine steel, which reduces the life of the tool. Tita-
nium carbide is added to tungsten carbide in order to counteract the rapid formation of the
crater. In addition, tantalum carbide is usually added to prevent the cutting edge from
deforming when subjected to the intense heat and pressure generated in taking heavy cuts.

Crater-Resistant Carbides: These carbides, containing titanium and tantalum carbides
in addition to tungsten carbide, are used to cut steels, alloy cast irons, and other materials
that have a strong tendency to form a crater.

Titanium Carbides: These carbides are made entirely from titanium carbide and small
amounts of nickel and molybdenum. They have an excellent resistance to cratering and to
heat. Their high hot hardness enables them to operate at higher cutting speeds, but they are
more brittle and less resistant to mechanical and thermal shock. Therefore, they are not rec-
ommended for taking heavy or interrupted cuts. Titanium carbides are less abrasion-resis-
tant and not recommended for cutting through scale or oxide films on steel. Although the
resistance to cratering of titanium carbides is excellent, failure caused by crater formation
can sometimes occur because the chip tends to curl very close to the cutting edge, thereby
forming a small crater in this region that may break through.

Coated Carbides: These are available only as indexable inserts because the coating
would be removed by grinding. The principal coating materials are titanium carbide (TiC),
titanium nitride (TiN), and aluminum oxide (Al2O3). A very thin layer approximately
0.0002 inch (5.08 µm) of coating material is deposited over a cemented carbide insert; the
material below the coating is the substrate. The overall performance of the coated carbide
is limited by the substrate, which provides the required toughness, resistance to deforma-
tion, and thermal shock. With an equal tool life, coated carbides can operate at higher cut-
ting speeds than uncoated carbides. The increase may be 20 to 30 per cent and sometimes
up to 50 per cent faster. Titanium carbide and titanium nitride coated carbides usually oper-
ate in the medium (200-800 fpm, 1.0-4.1 m/s) cutting speed range, and aluminum oxide
coated carbides are used in the higher (800-1600 fpm, 4.1-8.1 m/s) cutting speed range.

Carbide Grade Selection: The selection of the best grade of carbide for a particular
application is very important. An improper grade of carbide will result in a poor perfor-
mance—it may even cause the cutting edge to fail before any significant amount of cutting
has been done. Because of the many grades and the many variables that are involved, the
carbide producers should be consulted to obtain recommendations for the application of
their grades of carbide. A few general guidelines can be given that are useful to form an
orientation. Metal cutting carbides usually range in hardness from about 89.5 Ra (Rock-
well A Scale) to 93.0 Ra with the exception of titanium carbide, which has a hardness range
of 90.5 Ra to 93.5 Ra. Generally, the harder carbides are more wear-resistant and more
brittle, whereas the softer carbides are less wear-resistant but tougher. A choice of hard-
ness must be made to suit the given application. The very hard carbides are generally used
for taking light finishing cuts. For other applications, select the carbide that has the highest
hardness with sufficient strength to prevent chipping or breaking. Straight tungsten car-
bide grades should always be used unless cratering is encountered. Straight tungsten car-
bides are used to machine gray cast iron, ferritic malleable iron, austenitic stainless steel,
high-temperature alloys, copper, brass, bronze, aluminum alloys, zinc alloy die castings,
and plastics. Crater-resistant carbides should be used to machine plain carbon steel, alloy
steel, tool steel, pearlitic malleable iron, nodular iron, other highly alloyed cast irons, fer-
ritic stainless steel, martensitic stainless steel, and certain high-temperature alloys. Tita-
nium carbides are recommended for taking high-speed finishing and semifinishing cuts on
steel, especially the low-carbon, low-alloy steels, which are less abrasive and have a strong
tendency to form a crater. They are also used to take light cuts on alloy cast iron and on
some high-nickel alloys. Nonferrous materials, such as some aluminum alloys and brass,
that are essentially nonabrasive may also be machined with titanium carbides. Abrasive
materials and others that should not be machined with titanium carbides include gray cast
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iron, titanium alloys, cobalt- and nickel-base superalloys, stainless steel, bronze, many
aluminum alloys, fiberglass, plastics, and graphite. The feed used should not exceed about
0.020 inch/rev (0.51 mm/rev).

Coated carbides can be used to take cuts ranging from light finishing to heavy roughing
on most materials that can be cut with these carbides. The coated carbides are recom-
mended for machining all free-machining steels, all plain carbon and alloy steels, tool
steels, martensitic and ferritic stainless steels, precipitation-hardening stainless steels,
alloy cast iron, pearlitic and martensitic malleable iron, and nodular iron. They are also rec-
ommended for taking light finishing and roughing cuts on austenitic stainless steels.
Coated carbides should not be used to machine nickel- and cobalt-base superalloys, tita-
nium and titanium alloys, brass, bronze, aluminum alloys, pure metals, refractory metals,
and nonmetals such as fiberglass, graphite, and plastics.

Ceramic Cutting Tool Materials: These are made from finely powdered aluminum
oxide particles sintered into a hard dense structure without a binder material. Aluminum
oxide is also combined with titanium carbide to form a composite, which is called a cermet.
These materials have a very high hot hardness enabling very high cutting speeds to be used.
For example, ceramic cutting tools have been used to cut AISI 1040 steel at a cutting speed
of 18,000 fpm (91.4 m/s) with a satisfactory tool life. However, much lower cutting speeds,
in the range of 1000-4000 fpm (5.1-20.3 m/s) and lower, are more common because of lim-
itations placed by the machine tool, cutters, and chucks. Although most applications of
ceramic and cermet cutting tool materials are for turning, they have also been used success-
fully for milling. Ceramics and cermets are relatively brittle and a special cutting edge
preparation is required to prevent chipping or edge breakage. This preparation consists of
honing or grinding a narrow flat land, 0.002 to 0.006 inch (50.8-152.4 µm) wide, on the
cutting edge that is made about 30 degrees with respect to the tool face. For some heavy-
duty applications, a wider land is used. The setup should be as rigid as possible and the feed
rate should not normally exceed 0.020 inch (508 µm), although 0.030 inch (762 µm) has
been used successfully. Ceramics and cermets are recommended for roughing and finish-
ing operations on all cast irons, plain carbon and alloy steels, and stainless steels. Materials
up to a hardness of 60 Rockwell C scale can be cut with ceramic and cermet cutting tools.
These tools should not be used to machine aluminum and aluminum alloys, magnesium
alloys, titanium, and titanium alloys.

Cast Nonferrous Alloy: Cutting tools of this alloy are made from tungsten, tantalum,
chromium, and cobalt plus carbon. Other alloying elements are also used to produce mate-
rials with high temperature and wear resistance. These alloys cannot be softened by heat
treatment and must be cast and ground to shape. The room-temperature hardness of cast
nonferrous alloys is lower than for high-speed steel, but the hardness and wear resistance is
retained to a higher temperature. The alloys are generally marketed under trade names
such as Stellite, Crobalt, and Tantung. The initial cutting speed for cast nonferrous tools
can be 20 to 50 per cent greater than the recommended cutting speed for high-speed steel.

Diamond Cutting Tools are available in three forms: single-crystal natural diamonds
shaped to a cutting edge and mounted on a tool holder on a boring bar; polycrystalline dia-
mond indexable inserts made from synthetic or natural diamond powders that have been
compacted and sintered into a solid mass, and chemically vapor-deposited diamond. Sin-
gle-crystal and polycrystalline diamond cutting tools are very wear-resistant, and recom-
mended for machining abrasive materials that cause other cutting tool materials to wear
rapidly. Typical of abrasive materials machined with single-crystal and polycrystalline
diamond tools and cutting speeds used are the following: fiberglass, 300 to 1000 fpm (1.5
to 5.1 m/s); fused silica, 900 to 950 fpm (4.6 to 4.8 m/s); reinforced melamine plastics, 350
to 1000 fpm (1.8 to 5.1 m/s); reinforced phenolic plastics, 350 to 1000 fpm (1.8 to 5.1 m/s);
thermosetting plastics, 300 to 2000 fpm (1.5 to 10.2 m/s); Teflon, 600 fpm (3.0 m/s);
nylon, 200 to 300 fpm (1.0 to 1.5 m/s); mica, 300 to 1000 fpm (1.5 to 5.1 m/s); graphite, 200
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to 2000 fpm (1.0 to 10.1 m/s); babbitt bearing metal, 700 fpm (3.6 m/s); and aluminum-
silicon alloys, 1000 to 2000 fpm (5.1 to 10.2 m/s).

Another important application of diamond cutting tools is to produce fine surface fin-
ishes on soft nonferrous metals that are difficult to finish by other methods. Surface fin-
ishes of 1 to 2 microinches (0.025 to 0.051 µm) can be readily obtained with single-crystal
diamond tools, and finishes down to 10 microinches (0.25 µm) can be obtained with poly-
crystalline diamond tools. In addition to babbitt and the aluminum-silicon alloys, other
metals finished with diamond tools include: soft aluminum, 1000 to 2000 fpm (5.1 to 10.2
m/s); all wrought and cast aluminum alloys, 600 to 1500 fpm (3.0 to 7.6 m/s); copper, 1000
fpm (5.1 m/s); brass, 500 to 1000 fpm (2.5 to 5.1 m/s); bronze, 300 to 600 fpm (1.5 to 3.0
m/s); oilite bearing metal, 500 fpm (2.5 m/s); silver, gold, and platinum, 300 to 2500 fpm
(1.5 to 12.7 m/s); and zinc, 1000 fpm (5.1 m/s). Ferrous alloys, such as cast iron and steel,
should not be machined with diamond cutting tools because the high cutting temperatures
generated will cause the diamond to transform into carbon.

Chemically Vapor-Deposited (CVD) Diamond: This tool material offers performance
characteristics well suited to highly abrasive or corrosive materials, and hard-to-machine
composites. CVD diamond is available in two forms: thick-film tools, which are fabricated
by brazing CVD diamond tips, approximately 0.020 inch (0.51 mm) thick, to carbide sub-
strates; and thin-film tools, having a pure diamond coating over the rake and flank surfaces
of a ceramic or carbide substrate.

CVD is pure diamond, made at low temperatures and pressures, with no metallic binder
phase. This diamond purity gives CVD diamond tools extreme hardness, high abrasion
resistance, low friction, high thermal conductivity, and chemical inertness. CVD tools are
generally used as direct replacements for PCD (polycrystalline diamond) tools, primarily
in finishing, semifinishing, and continuous turning applications of extremely wear-inten-
sive materials. The small grain size of CVD diamond (ranging from less than 1 µm to 50
µm) yields superior surface finishes compared with PCD, and the higher thermal conduc-
tivity and better thermal and chemical stability of pure diamond allow CVD tools to oper-
ate at faster speeds without generating harmful levels of heat. The extreme hardness of
CVD tools may also result in significantly longer tool life.

CVD diamond cutting tools are recommended for the following materials: a l umin um
and other ductile;  nonferrous alloys such as copper, brass, and bronze;  and  highly abra-
sive composite materials such as graphite, carbon-carbon, carbon-filled phenolic, fiber-
glass, and honeycomb materials.

Cubic Boron Nitride (CBN): Next to diamond, CBN is the hardest known material. It
will retain its hardness at a temperature of 1800°F and higher, making it an ideal cutting
tool material for machining very hard and tough materials at cutting speeds beyond those
possible with other cutting tool materials. Indexable inserts and cutting tool blanks made
from this material consist of a layer, approximately 0.020 inch thick, of polycrystalline
cubic boron nitride firmly bonded to the top of a cemented carbide substrate. Cubic boron
nitride is recommended for rough and finish turning hardened plain carbon and alloy
steels, hardened tool steels, hard cast irons, all hardness grades of gray cast iron, and super-
alloys. As a class, the superalloys are not as hard as hardened steel; however, their combi-
nation of high strength and tendency to deform plastically under the pressure of the cut, or
gumminess, places them in the class of hard-to-machine materials. Conventional materials
that can be readily machined with other cutting tool materials should not be machined with
cubic boron nitride. Round indexable CBN inserts are recommended when taking severe
cuts in order to provide maximum strength to the insert. When using square or triangular
inserts, a large lead angle should be used, normally 15°, and whenever possible, 45°. A
negative rake angle should always be used, which for most applications is negative 5°. The
relief angle should be 5° to 9°. Although cubic boron nitride cutting tools can be used with-
out a coolant, flooding the tool with a water-soluble type coolant is recommended.
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Cutting Speed, Feed, Depth of Cut, Tool Wear, and Tool Life.—The cutting condi-
tions that determine the rate of metal removal are the cutting speed, the feed rate, and the
depth of cut. These cutting conditions and the nature of the material to be cut determine the
power required to take the cut. The cutting conditions must be adjusted to stay within the
power available on the machine tool to be used. Power requirements are discussed in ESTI-
MATING SPEEDS AND MACHINING POWER starting on page 1081.

Cutting conditions must also be considered in relation to the tool life. Tool life is defined
as the cutting time to reach a predetermined amount of wear, usually flank wear. Tool life
is determined by assessing the time—the tool life—at which a given predetermined flank
wear is reached, 0.01 in. (0.25 mm), 0.015 in. (0.38 mm), 0.025 in. (0.64 mm), 0.03 in.
(0.76 mm), for example. This amount of wear is called the tool wear criterion, and its size
depends on the tool grade used. Usually, a tougher grade can be used with a bigger flank
wear, but for finishing operations, where close tolerances are required, the wear criterion is
relatively small. Other wear criteria are a predetermined value of the machined surface
roughness and the depth of the crater that develops on the rake face of the tool.

ANSI B94.55M, specification for tool life testing with single-point tools, defines the end
of tool life as a given amount of wear on the flank of a tool. This standard is followed when
making scientific machinability tests with single-point cutting tools in order to achieve
uniformity in testing procedures so that results from different machinability laboratories
can be readily compared. It is not practicable or necessary to follow this standard in the
shop; however, it should be understood that the cutting conditions and tool life are related.

Tool life is influenced most by cutting speed, then by feed rate, and least by depth of cut.
When depth of cut is increased to about 10 times greater than the feed, a further increase in
the depth of cut will have no significant effect on tool life. This characteristic of the cutting
tool performance is very important in determining the operating or cutting conditions for
machining metals. Conversely, if the cutting speed or feed is decreased, the increase in the
tool life will be proportionately greater than the decrease in the cutting speed or the feed.

Tool life is reduced when either feed or cutting speed is increased. For example, the cut-
ting speed and the feed may be increased if a shorter tool life is accepted; furthermore, the
reduction in the tool life will be proportionately greater than the increase in the cutting
speed or the feed. However, it is less well understood that a higher feed rate (feed/rev ×
speed) may result in a longer tool life if a higher feed/rev is used in combination with a
lower cutting speed. This principle is well illustrated in the speed tables of this section,
where two sets of feed and speed data are given (labeled optimum and average) that result
in the same tool life. The optimum set results in a greater feed rate (i.e., increased produc-
tivity) although the feed/rev is higher and cutting speed lower than the average set. Com-
plete instructions for using the speed tables and for estimating tool life are given in How to
Use the Feeds and Speeds Tables starting on page 1021.

Selecting Cutting Conditions.—The first step in establishing cutting conditions is to
select depth of cut. The depth of cut will be limited by the amount of metal to be machined
from the workpiece, by the power available on the machine tool, by the rigidity of the
workpiece and cutting tool, and by the rigidity of the setup. Depth of cut has the least effect
upon tool life, so the heaviest possible depth of cut should always be used.

The second step is to select the feed (feed/rev for turning, drilling, and reaming, or
feed/tooth for milling). The available power must be sufficient to make the required depth
of cut at the selected feed. The maximum feed possible that will produce an acceptable sur-
face finish should be selected.

The third step is to select the cutting speed. Although the accompanying tables provide
recommended cutting speeds and feeds for many materials, experience in machining a cer-
tain material may form the best basis for adjusting given cutting speeds to a particular job.
In general, depth of cut should be selected first, followed by feed, and last cutting speed.
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Table 1.  Tool Troubleshooting Check List

Problem Tool
Material Remedy

Excessive flank
wear—Tool life
too short

Carbide 1. Change to harder, more wear-resistant grade
2. Reduce the cutting speed
3. Reduce the cutting speed and increase the feed to maintain produc-

tion
4. Reduce the feed
5. For work-hardenable materials—increase the feed
6. Increase the lead angle
7. Increase the relief angles

HSS 1. Use a coolant
2. Reduce the cutting speed
3. Reduce the cutting speed and increase the feed to maintain produc-

tion
4. Reduce the feed
5. For work-hardenable materials—increase the feed
6. Increase the lead angle
7. Increase the relief angle

Excessive cratering Carbide 1. Use a crater-resistant grade
2. Use a harder, more wear-resistant grade
3. Reduce the cutting speed
4. Reduce the feed
5. Widen the chip breaker groove

HSS 1. Use a coolant
2. Reduce the cutting speed
3. Reduce the feed
4. Widen the chip breaker groove

Cutting edge 
chipping

Carbide 1. Increase the cutting speed
2. Lightly hone the cutting edge
3. Change to a tougher grade
4. Use negative-rake tools
5. Increase the lead angle
6. Reduce the feed
7. Reduce the depth of cut
8. Reduce the relief angles
9. If low cutting speed must be used, use a high-additive EP cutting 

fluid

HSS 1. Use a high additive EP cutting fluid
2. Lightly hone the cutting edge before using
3. Increase the lead angle
4. Reduce the feed
5. Reduce the depth of cut
6. Use a negative rake angle
7. Reduce the relief angles

Carbide and HSS 1. Check the setup for cause if chatter occurs
2. Check the grinding procedure for tool overheating
3. Reduce the tool overhang

Cutting edge
deformation

Carbide 1. Change to a grade containing more tantalum
2. Reduce the cutting speed
3. Reduce the feed

Poor surface finish Carbide 1. Increase the cutting speed
2. If low cutting speed must be used, use a high additive EP cutting 

fluid

4. For light cuts, use straight titanium carbide grade

5. Increase the nose radius

6. Reduce the feed

7. Increase the relief angles

8. Use positive rake tools
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Cutting Speed Formulas

Most machining operations are conducted on machine tools having a rotating spindle. Cut-
ting speeds are usually given in feet or meters per minute and these speeds must be con-
verted to spindle speeds, in revolutions per minute, to operate the machine. Conversion is
accomplished by use of the following formulas:

where N is the spindle speed in revolutions per minute (rpm); V is the cutting speed in feet
per minute (fpm) for U.S. units and meters per minute (m/min) for metric units. In turning,
D is the diameter of the workpiece; in milling, drilling, reaming, and other operations that
use a rotating tool, D is the cutter diameter in inches for U.S. units and in millimeters for
metric units. π = 3.1416.

Example:The cutting speed for turning a 4-inch (101.6-mm) diameter bar has been found
to be 575 fpm (175.3 m/min). Using both the inch and metric formulas, calculate the lathe
spindle speed.

When the cutting tool or workpiece diameter and the spindle speed in rpm are known, it
is often necessary to calculate the cutting speed in feet or meters per minute. In this event,
the following formulas are used.

As in the previous formulas, N is the rpm and D is the diameter in inches for the U.S. unit
formula and in millimeters for the metric formula.

Example:Calculate the cutting speed in feet per minute and in meters per minute if the
spindle speed of a 3⁄4-inch (19.05-mm) drill is 400 rpm.

Poor surface finish 
(Continued)

HSS 1. Use a high additive EP cutting fluid

2. Increase the nose radius

3. Reduce the feed

4. Increase the relief angles

5. Increase the rake angles

Diamond 1. Use diamond tool for soft materials

Notching at the depth of 
cut line

Carbide and HSS 1. Increase the lead angle

2. Reduce the feed

For U.S. units: For metric units:

For U.S. units: For metric units:

Table 1. (Continued)  Tool Troubleshooting Check List

Problem Tool
Material Remedy

N
12V

πD
---------- 12 252×

π 8×
--------------------- 120  rpm= = = N

1000V

πD
---------------- 318.3

V

D
----  rpm= =

N
12V

πD
---------- 12 575×

3.1416 4×
------------------------- 549 rpm= = = N

1000V

πD
---------------- 1000 175.3×

3.1416 101.6×
------------------------------------ 549 rpm= = =

V
πDN

12
------------  fpm= V

πDN

1000
------------  m/min=

V
πDN

12
------------ π 0.75× 400×

12
----------------------------------- 78.5 fpm= = =

V
πDN

1000
------------ π 19.05× 400×

1000
-------------------------------------- 24.9 m/min= = =
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Cutting Speeds and Equivalent RPM for Drills of Number and Letter Sizes

For fractional drill sizes, use the following table.

Size
No.

Cutting Speed, Feet per Minute

30 ′ 40 ′ 50 ′ 60 ′ 70 ′ 80 ′ 90 ′ 100 ′ 110 ′ 130 ′ 150 ′

Revolutions per Minute for Number Sizes

1 503 670 838 1005 1173 1340 1508 1675 1843 2179 2513
2 518 691 864 1037 1210 1382 1555 1728 1901 2247 2593
4 548 731 914 1097 1280 1462 1645 1828 2010 2376 2741
6 562 749 936 1123 1310 1498 1685 1872 2060 2434 2809
8 576 768 960 1151 1343 1535 1727 1919 2111 2495 2879

10 592 790 987 1184 1382 1579 1777 1974 2171 2566 2961
12 606 808 1010 1213 1415 1617 1819 2021 2223 2627 3032
14 630 840 1050 1259 1469 1679 1889 2099 2309 2728 3148
16 647 863 1079 1295 1511 1726 1942 2158 2374 2806 3237
18 678 904 1130 1356 1582 1808 2034 2260 2479 2930 3380
20 712 949 1186 1423 1660 1898 2135 2372 2610 3084 3559
22 730 973 1217 1460 1703 1946 2190 2433 2676 3164 3649
24 754 1005 1257 1508 1759 2010 2262 2513 2764 3267 3769
26 779 1039 1299 1559 1819 2078 2338 2598 2858 3378 3898
28 816 1088 1360 1631 1903 2175 2447 2719 2990 3534 4078
30 892 1189 1487 1784 2081 2378 2676 2973 3270 3864 4459
32 988 1317 1647 1976 2305 2634 2964 3293 3622 4281 4939
34 1032 1376 1721 2065 2409 2753 3097 3442 3785 4474 5162
36 1076 1435 1794 2152 2511 2870 3228 3587 3945 4663 5380
38 1129 1505 1882 2258 2634 3010 3387 3763 4140 4892 5645
40 1169 1559 1949 2339 2729 3118 3508 3898 4287 5067 5846
42 1226 1634 2043 2451 2860 3268 3677 4085 4494 5311 6128
44 1333 1777 2221 2665 3109 3554 3999 4442 4886 5774 6662
46 1415 1886 2358 2830 3301 3773 4244 4716 5187 6130 7074
48 1508 2010 2513 3016 3518 4021 4523 5026 5528 6534 7539
50 1637 2183 2729 3274 3820 4366 4911 5457 6002 7094 8185
52 1805 2406 3008 3609 4211 4812 5414 6015 6619 7820 9023
54 2084 2778 3473 4167 4862 5556 6251 6945 7639 9028 10417

Size Revolutions per Minute for Letter Sizes

A 491 654 818 982 1145 1309 1472 1636 1796 2122 2448
B 482 642 803 963 1124 1284 1445 1605 1765 2086 2407
C 473 631 789 947 1105 1262 1420 1578 1736 2052 2368
D 467 622 778 934 1089 1245 1400 1556 1708 2018 2329
E 458 611 764 917 1070 1222 1375 1528 1681 1968 2292
F 446 594 743 892 1040 1189 1337 1486 1635 1932 2229
G 440 585 732 878 1024 1170 1317 1463 1610 1903 2195
H 430 574 718 862 1005 1149 1292 1436 1580 1867 2154
I 421 562 702 842 983 1123 1264 1404 1545 1826 2106
J 414 552 690 827 965 1103 1241 1379 1517 1793 2068
K 408 544 680 815 951 1087 1223 1359 1495 1767 2039
L 395 527 659 790 922 1054 1185 1317 1449 1712 1976
M 389 518 648 777 907 1036 1166 1295 1424 1683 1942
N 380 506 633 759 886 1012 1139 1265 1391 1644 1897
O 363 484 605 725 846 967 1088 1209 1330 1571 1813
P 355 473 592 710 828 946 1065 1183 1301 1537 1774
Q 345 460 575 690 805 920 1035 1150 1266 1496 1726
R 338 451 564 676 789 902 1014 1127 1239 1465 1690
S 329 439 549 659 769 878 988 1098 1207 1427 1646
T 320 426 533 640 746 853 959 1066 1173 1387 1600
U 311 415 519 623 727 830 934 1038 1142 1349 1557
V 304 405 507 608 709 810 912 1013 1114 1317 1520
W 297 396 495 594 693 792 891 989 1088 1286 1484
X 289 385 481 576 672 769 865 962 1058 1251 1443
Y 284 378 473 567 662 756 851 945 1040 1229 1418
Z 277 370 462 555 647 740 832 925 1017 1202 1387



RPM FOR VARIOUS SPEEDS 1017

Revolutions per Minute for Various Cutting Speeds and Diameters

Dia.,
Inches

Cutting Speed, Feet per Minute
40 50 60 70 80 90 100 120 140 160 180 200

Revolutions per Minute
1⁄4 611 764 917 1070 1222 1376 1528 1834 2139 2445 2750 3056
5⁄16 489 611 733 856 978 1100 1222 1466 1711 1955 2200 2444
3⁄8 408 509 611 713 815 916 1018 1222 1425 1629 1832 2036
7⁄16 349 437 524 611 699 786 874 1049 1224 1398 1573 1748
1⁄2 306 382 459 535 611 688 764 917 1070 1222 1375 1528
9⁄16 272 340 407 475 543 611 679 813 951 1086 1222 1358
5⁄8 245 306 367 428 489 552 612 736 857 979 1102 1224
11⁄16 222 273 333 389 444 500 555 666 770 888 999 1101
3⁄4 203 254 306 357 408 458 508 610 711 813 914 1016
13⁄16 190 237 284 332 379 427 474 569 664 758 853 948
7⁄8 175 219 262 306 349 392 438 526 613 701 788 876
15⁄16 163 204 244 285 326 366 407 488 570 651 733 814

1 153 191 229 267 306 344 382 458 535 611 688 764
11⁄16 144 180 215 251 287 323 359 431 503 575 646 718

11⁄8 136 170 204 238 272 306 340 408 476 544 612 680

13⁄16 129 161 193 225 258 290 322 386 451 515 580 644

11⁄4 123 153 183 214 245 274 306 367 428 490 551 612

15⁄16 116 146 175 204 233 262 291 349 407 466 524 582

13⁄8 111 139 167 195 222 250 278 334 389 445 500 556

17⁄16 106 133 159 186 212 239 265 318 371 424 477 530

11⁄2 102 127 153 178 204 230 254 305 356 406 457 508

19⁄16 97.6 122 146 171 195 220 244 293 342 390 439 488

15⁄8 93.9 117 141 165 188 212 234 281 328 374 421 468

111⁄16 90.4 113 136 158 181 203 226 271 316 362 407 452

13⁄4 87.3 109 131 153 175 196 218 262 305 349 392 436

17⁄8 81.5 102 122 143 163 184 204 244 286 326 367 408
2 76.4 95.5 115 134 153 172 191 229 267 306 344 382
21⁄8 72.0 90.0 108 126 144 162 180 216 252 288 324 360

21⁄4 68.0 85.5 102 119 136 153 170 204 238 272 306 340

23⁄8 64.4 80.5 96.6 113 129 145 161 193 225 258 290 322

21⁄2 61.2 76.3 91.7 107 122 138 153 184 213 245 275 306

25⁄8 58.0 72.5 87.0 102 116 131 145 174 203 232 261 290

23⁄4 55.6 69.5 83.4 97.2 111 125 139 167 195 222 250 278

27⁄8 52.8 66.0 79.2 92.4 106 119 132 158 185 211 238 264
3 51.0 63.7 76.4 89.1 102 114 127 152 178 203 228 254
31⁄8 48.8 61.0 73.2 85.4 97.6 110 122 146 171 195 219 244

31⁄4 46.8 58.5 70.2 81.9 93.6 105 117 140 164 188 211 234

33⁄8 45.2 56.5 67.8 79.1 90.4 102 113 136 158 181 203 226

31⁄2 43.6 54.5 65.5 76.4 87.4 98.1 109 131 153 174 196 218

35⁄8 42.0 52.5 63.0 73.5 84.0 94.5 105 126 147 168 189 210

33⁄4 40.8 51.0 61.2 71.4 81.6 91.8 102 122 143 163 184 205

37⁄8 39.4 49.3 59.1 69.0 78.8 88.6 98.5 118 138 158 177 197
4 38.2 47.8 57.3 66.9 76.4 86.0 95.6 115 134 153 172 191
41⁄4 35.9 44.9 53.9 62.9 71.8 80.8 89.8 108 126 144 162 180

41⁄2 34.0 42.4 51.0 59.4 67.9 76.3 84.8 102 119 136 153 170

43⁄4 32.2 40.2 48.2 56.3 64.3 72.4 80.4 96.9 113 129 145 161
5 30.6 38.2 45.9 53.5 61.1 68.8 76.4 91.7 107 122 138 153
51⁄4 29.1 36.4 43.6 50.9 58.2 65.4 72.7 87.2 102 116 131 145

51⁄2 27.8 34.7 41.7 48.6 55.6 62.5 69.4 83.3 97.2 111 125 139

53⁄4 26.6 33.2 39.8 46.5 53.1 59.8 66.4 80.0 93.0 106 120 133
6 25.5 31.8 38.2 44.6 51.0 57.2 63.6 76.3 89.0 102 114 127
61⁄4 24.4 30.6 36.7 42.8 48.9 55.0 61.1 73.3 85.5 97.7 110 122

61⁄2 23.5 29.4 35.2 41.1 47.0 52.8 58.7 70.4 82.2 93.9 106 117

63⁄4 22.6 28.3 34.0 39.6 45.3 50.9 56.6 67.9 79.2 90.6 102 113
7 21.8 27.3 32.7 38.2 43.7 49.1 54.6 65.5 76.4 87.4 98.3 109
71⁄4 21.1 26.4 31.6 36.9 42.2 47.4 52.7 63.2 73.8 84.3 94.9 105

71⁄2 20.4 25.4 30.5 35.6 40.7 45.8 50.9 61.1 71.0 81.4 91.6 102

73⁄4 19.7 24.6 29.5 34.4 39.4 44.3 49.2 59.0 68.9 78.7 88.6 98.4
8 19.1 23.9 28.7 33.4 38.2 43.0 47.8 57.4 66.9 76.5 86.0 95.6
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Revolutions per Minute for Various Cutting Speeds and Diameters

Dia.,
Inches

Cutting Speed, Feet per Minute
225 250 275 300 325 350 375 400 425 450 500 550

Revolutions per Minute
1⁄4 3438 3820 4202 4584 4966 5348 5730 6112 6493 6875 7639 8403
5⁄16 2750 3056 3362 3667 3973 4278 4584 4889 5195 5501 6112 6723
3⁄8 2292 2546 2801 3056 3310 3565 3820 4074 4329 4584 5093 5602
7⁄16 1964 2182 2401 2619 2837 3056 3274 3492 3710 3929 4365 4802
1⁄2 1719 1910 2101 2292 2483 2675 2866 3057 3248 3439 3821 4203
9⁄16 1528 1698 1868 2037 2207 2377 2547 2717 2887 3056 3396 3736
5⁄8 1375 1528 1681 1834 1987 2139 2292 2445 2598 2751 3057 3362
11⁄16 1250 1389 1528 1667 1806 1941 2084 2223 2362 2501 2779 3056
3⁄4 1146 1273 1401 1528 1655 1783 1910 2038 2165 2292 2547 2802
13⁄16 1058 1175 1293 1410 1528 1646 1763 1881 1998 2116 2351 2586
7⁄8 982 1091 1200 1310 1419 1528 1637 1746 1855 1965 2183 2401
15⁄16 917 1019 1120 1222 1324 1426 1528 1630 1732 1834 2038 2241

1 859 955 1050 1146 1241 1337 1432 1528 1623 1719 1910 2101
11⁄16 809 899 988 1078 1168 1258 1348 1438 1528 1618 1798 1977

11⁄8 764 849 933 1018 1103 1188 1273 1358 1443 1528 1698 1867

13⁄16 724 804 884 965 1045 1126 1206 1287 1367 1448 1609 1769

11⁄4 687 764 840 917 993 1069 1146 1222 1299 1375 1528 1681

15⁄16 654 727 800 873 946 1018 1091 1164 1237 1309 1455 1601

13⁄8 625 694 764 833 903 972 1042 1111 1181 1250 1389 1528

17⁄16 598 664 730 797 863 930 996 1063 1129 1196 1329 1461

11⁄2 573 636 700 764 827 891 955 1018 1082 1146 1273 1400

19⁄16 550 611 672 733 794 855 916 978 1039 1100 1222 1344

15⁄8 528 587 646 705 764 822 881 940 999 1057 1175 1293

111⁄16 509 566 622 679 735 792 849 905 962 1018 1132 1245

13⁄4 491 545 600 654 709 764 818 873 927 982 1091 1200

113⁄16 474 527 579 632 685 737 790 843 895 948 1054 1159

17⁄8 458 509 560 611 662 713 764 815 866 917 1019 1120

115⁄16 443 493 542 591 640 690 739 788 838 887 986 1084
2 429 477 525 573 620 668 716 764 811 859 955 1050
21⁄8 404 449 494 539 584 629 674 719 764 809 899 988

21⁄4 382 424 468 509 551 594 636 679 721 764 849 933

23⁄8 362 402 442 482 522 563 603 643 683 724 804 884

21⁄2 343 382 420 458 496 534 573 611 649 687 764 840

25⁄8 327 363 400 436 472 509 545 582 618 654 727 800

23⁄4 312 347 381 416 451 486 520 555 590 625 694 763

27⁄8 299 332 365 398 431 465 498 531 564 598 664 730
3 286 318 350 381 413 445 477 509 541 572 636 700
31⁄8 274 305 336 366 397 427 458 488 519 549 611 672

31⁄4 264 293 323 352 381 411 440 470 499 528 587 646

33⁄8 254 283 311 339 367 396 424 452 481 509 566 622

31⁄2 245 272 300 327 354 381 409 436 463 490 545 600

35⁄8 237 263 289 316 342 368 395 421 447 474 527 579

33⁄4 229 254 280 305 331 356 382 407 433 458 509 560

37⁄8 221 246 271 295 320 345 369 394 419 443 493 542
4 214 238 262 286 310 334 358 382 405 429 477 525
41⁄4 202 224 247 269 292 314 337 359 383 404 449 494

41⁄2 191 212 233 254 275 297 318 339 360 382 424 466

43⁄4 180 201 221 241 261 281 301 321 341 361 402 442
5 171 191 210 229 248 267 286 305 324 343 382 420
51⁄4 163 181 199 218 236 254 272 290 308 327 363 399

51⁄2 156 173 190 208 225 242 260 277 294 312 347 381

53⁄4 149 166 182 199 215 232 249 265 282 298 332 365
6 143 159 174 190 206 222 238 254 270 286 318 349
61⁄4 137 152 168 183 198 213 229 244 259 274 305 336

61⁄2 132 146 161 176 190 205 220 234 249 264 293 322

63⁄4 127 141 155 169 183 198 212 226 240 254 283 311
7 122 136 149 163 177 190 204 218 231 245 272 299
71⁄4 118 131 144 158 171 184 197 210 223 237 263 289

71⁄2 114 127 139 152 165 178 190 203 216 229 254 279

73⁄4 111 123 135 148 160 172 185 197 209 222 246 271
8 107 119 131 143 155 167 179 191 203 215 238 262
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Revolutions per Minute for Various Cutting Speeds and Diameters (Metric Units)

Dia.,
mm

Cutting Speed, Meters per Minute

5 6 8 10 12 16 20 25 30 35 40 45

Revolutions per Minute

5 318 382 509 637 764 1019 1273 1592 1910 2228 2546 2865

6 265 318 424 530 637 849 1061 1326 1592 1857 2122 2387

8 199 239 318 398 477 637 796 995 1194 1393 1592 1790

10 159 191 255 318 382 509 637 796 955 1114 1273 1432

12 133 159 212 265 318 424 531 663 796 928 1061 1194

16 99.5 119 159 199 239 318 398 497 597 696 796 895

20 79.6 95.5 127 159 191 255 318 398 477 557 637 716

25 63.7 76.4 102 127 153 204 255 318 382 446 509 573

30 53.1 63.7 84.9 106 127 170 212 265 318 371 424 477

35 45.5 54.6 72.8 90.9 109 145 182 227 273 318 364 409

40 39.8 47.7 63.7 79.6 95.5 127 159 199 239 279 318 358

45 35.4 42.4 56.6 70.7 84.9 113 141 177 212 248 283 318

50 31.8 38.2 51 63.7 76.4 102 127 159 191 223 255 286

55 28.9 34.7 46.3 57.9 69.4 92.6 116 145 174 203 231 260

60 26.6 31.8 42.4 53.1 63.7 84.9 106 133 159 186 212 239

65 24.5 29.4 39.2 49 58.8 78.4 98 122 147 171 196 220

70 22.7 27.3 36.4 45.5 54.6 72.8 90.9 114 136 159 182 205

75 21.2 25.5 34 42.4 51 68 84.9 106 127 149 170 191

80 19.9 23.9 31.8 39.8 47.7 63.7 79.6 99.5 119 139 159 179

90 17.7 21.2 28.3 35.4 42.4 56.6 70.7 88.4 106 124 141 159

100 15.9 19.1 25.5 31.8 38.2 51 63.7 79.6 95.5 111 127 143

110 14.5 17.4 23.1 28.9 34.7 46.2 57.9 72.3 86.8 101 116 130

120 13.3 15.9 21.2 26.5 31.8 42.4 53.1 66.3 79.6 92.8 106 119

130 12.2 14.7 19.6 24.5 29.4 39.2 49 61.2 73.4 85.7 97.9 110

140 11.4 13.6 18.2 22.7 27.3 36.4 45.5 56.8 68.2 79.6 90.9 102

150 10.6 12.7 17 21.2 25.5 34 42.4 53.1 63.7 74.3 84.9 95.5

160 9.9 11.9 15.9 19.9 23.9 31.8 39.8 49.7 59.7 69.6 79.6 89.5

170 9.4 11.2 15 18.7 22.5 30 37.4 46.8 56.2 65.5 74.9 84.2

180 8.8 10.6 14.1 17.7 21.2 28.3 35.4 44.2 53.1 61.9 70.7 79.6

190 8.3 10 13.4 16.8 20.1 26.8 33.5 41.9 50.3 58.6 67 75.4

200 8 39.5 12.7 15.9 19.1 25.5 31.8 39.8 47.7 55.7 63.7 71.6

220 7.2 8.7 11.6 14.5 17.4 23.1 28.9 36.2 43.4 50.6 57.9 65.1

240 6.6 8 10.6 13.3 15.9 21.2 26.5 33.2 39.8 46.4 53.1 59.7

260 6.1 7.3 9.8 12.2 14.7 19.6 24.5 30.6 36.7 42.8 49 55.1

280 5.7 6.8 9.1 11.4 13.6 18.2 22.7 28.4 34.1 39.8 45.5 51.1

300 5.3 6.4 8.5 10.6 12.7 17 21.2 26.5 31.8 37.1 42.4 47.7

350 4.5 5.4 7.3 9.1 10.9 14.6 18.2 22.7 27.3 31.8 36.4 40.9

400 4 4.8 6.4 8 9.5 12.7 15.9 19.9 23.9 27.9 31.8 35.8

450 3.5 4.2 5.7 7.1 8.5 11.3 14.1 17.7 21.2 24.8 28.3 31.8

500 3.2 3.8 5.1 6.4 7.6 10.2 12.7 15.9 19.1 22.3 25.5 28.6
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Revolutions per Minute for Various Cutting Speeds and Diameters (Metric Units)

Dia.,
mm

Cutting Speed, Meters per Minute

50 55 60 65 70 75 80 85 90 95 100 200

Revolutions per Minute

5 3183 3501 3820 4138 4456 4775 5093 5411 5730 6048 6366 12,732

6 2653 2918 3183 3448 3714 3979 4244 4509 4775 5039 5305 10,610

8 1989 2188 2387 2586 2785 2984 3183 3382 3581 3780 3979 7958

10 1592 1751 1910 2069 2228 2387 2546 2706 2865 3024 3183 6366

12 1326 1459 1592 1724 1857 1989 2122 2255 2387 2520 2653 5305

16 995 1094 1194 1293 1393 1492 1591 1691 1790 1890 1989 3979

20 796 875 955 1034 1114 1194 1273 1353 1432 1512 1592 3183

25 637 700 764 828 891 955 1019 1082 1146 1210 1273 2546

30 530 584 637 690 743 796 849 902 955 1008 1061 2122

35 455 500 546 591 637 682 728 773 819 864 909 1818

40 398 438 477 517 557 597 637 676 716 756 796 1592

45 354 389 424 460 495 531 566 601 637 672 707 1415

50 318 350 382 414 446 477 509 541 573 605 637 1273

55 289 318 347 376 405 434 463 492 521 550 579 1157

60 265 292 318 345 371 398 424 451 477 504 530 1061

65 245 269 294 318 343 367 392 416 441 465 490 979

70 227 250 273 296 318 341 364 387 409 432 455 909

75 212 233 255 276 297 318 340 361 382 403 424 849

80 199 219 239 259 279 298 318 338 358 378 398 796

90 177 195 212 230 248 265 283 301 318 336 354 707

100 159 175 191 207 223 239 255 271 286 302 318 637

110 145 159 174 188 203 217 231 246 260 275 289 579

120 133 146 159 172 186 199 212 225 239 252 265 530

130 122 135 147 159 171 184 196 208 220 233 245 490

140 114 125 136 148 159 171 182 193 205 216 227 455

150 106 117 127 138 149 159 170 180 191 202 212 424

160 99.5 109 119 129 139 149 159 169 179 189 199 398

170 93.6 103 112 122 131 140 150 159 169 178 187 374

180 88.4 97.3 106 115 124 133 141 150 159 168 177 354

190 83.8 92.1 101 109 117 126 134 142 151 159 167 335

200 79.6 87.5 95.5 103 111 119 127 135 143 151 159 318

220 72.3 79.6 86.8 94 101 109 116 123 130 137 145 289

240 66.3 72.9 79.6 86.2 92.8 99.5 106 113 119 126 132 265

260 61.2 67.3 73.4 79.6 85.7 91.8 97.9 104 110 116 122 245

280 56.8 62.5 68.2 73.9 79.6 85.3 90.9 96.6 102 108 114 227

300 53.1 58.3 63.7 69 74.3 79.6 84.9 90.2 95.5 101 106 212

350 45.5 50 54.6 59.1 63.7 68.2 72.8 77.3 81.8 99.1 91 182

400 39.8 43.8 47.7 51.7 55.7 59.7 63.7 67.6 71.6 75.6 79.6 159

450 35.4 38.9 42.4 46 49.5 53.1 56.6 60.1 63.6 67.2 70.7 141

500 31.8 35 38.2 41.4 44.6 47.7 50.9 54.1 57.3 60.5 63.6 127
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SPEED AND FEED TABLES

How to Use the Feeds and Speeds Tables

Introduction to the Feed and Speed Tables.—The principal tables of feed and speed
values are listed in the table below. In this section, Tables 1 through 9 give data for turning,
Tables 10 through 15e give data for milling, and Tables 17 through 23 give data for ream-
ing, drilling, threading.

 The materials in these tables are categorized by description, and Brinell hardness num-
ber (Bhn) range or material condition. So far as possible, work materials are grouped by
similar machining characteristics. The types of cutting tools (HSS end mill, for example)
are identified in one or more rows across the tops of the tables. Other important details con-
cerning the use of the tables are contained in the footnotes to Tables 1, 10 and 17. Informa-
tion concerning specific cutting tool grades is given in notes at the end of each table.

Principal Speed and Feed Tables

Feeds and Speeds for Turning

Table 1. Cutting Feeds and Speeds for Turning Plain Carbon and Alloy Steels

Table 2. Cutting Feeds and Speeds for Turning Tool Steels

Table 3. Cutting Feeds and Speeds for Turning Stainless Steels

Table 4a. Cutting Feeds and Speeds for Turning Ferrous Cast Metals

Table 4b. Cutting Feeds and Speeds for Turning Ferrous Cast Metals

Table 5c. Cutting-Speed Adjustment Factors for Turning with HSS Tools

Table 5a. Turning-Speed Adjustment Factors for Feed, Depth of Cut, and Lead Angle

Table 5b. Tool Life Factors for Turning with Carbides, Ceramics, Cermets, CBN, and Polycrystalline 
Diamond

Table 6. Cutting Feeds and Speeds for Turning Copper Alloys

Table 7. Cutting Feeds and Speeds for Turning Titanium and Titanium Alloys

Table 8. Cutting Feeds and Speeds for Turning Light Metals

Table 9. Cutting Feeds and Speeds for Turning Superalloys

Feeds and Speeds for Milling

Table 10. Cutting Feeds and Speeds for Milling Aluminum Alloys

Table 11. Cutting Feeds and Speeds for Milling Plain Carbon and Alloy Steels

Table 12. Cutting Feeds and Speeds for Milling Tool Steels

Table 13. Cutting Feeds and Speeds for Milling Stainless Steels

Table 14. Cutting Feeds and Speeds for Milling Ferrous Cast Metals

Table 15a. Recommended Feed in Inches per Tooth (ft) for Milling with High Speed Steel Cutters

Table 15b. End Milling (Full Slot) Speed Adjustment Factors for Feed, Depth of Cut, and Lead 
Angle

Table 15c. End, Slit, and Side Milling Speed Adjustment Factors for Radial Depth of Cut

Table 15d. Face Milling Speed Adjustment Factors for Feed, Depth of Cut, and Lead Angle

Table 15e. Tool Life Adjustment Factors for Face Milling, End Milling, Drilling, and Reaming

Table 16. Cutting Tool Grade Descriptions and Common Vendor Equivalents

Feeds and Speeds for Drilling, Reaming, and Threading

Table 17. Feeds and Speeds for Drilling, Reaming, and Threading Plain Carbon and Alloy Steels

Table 18. Feeds and Speeds for Drilling, Reaming, and Threading Tool Steels

Table 19. Feeds and Speeds for Drilling, Reaming, and Threading Stainless Steels

Table 20. Feeds and Speeds for Drilling, Reaming, and Threading Ferrous Cast Metals

Table 21. Feeds and Speeds for Drilling, Reaming, and Threading Light Metals

Table 22. Feed and Diameter Speed Adjustment Factors for HSS Twist Drills and Reamers

Table 23. Feeds and Speeds for Drilling and Reaming Copper Alloys
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Each of the cutting speed tables in this section contains two distinct types of cutting speed
data. The speed columns at the left of each table contain traditional Handbook cutting
speeds for use with high-speed steel (HSS) tools. For many years, this extensive collection
of cutting data has been used successfully as starting speed values for turning, milling,
drilling, and reaming operations. Instructions and adjustment factors for use with these
speeds are given in Table 5c (feed and depth-of-cut factors) for turning, and in Table 15a
(feed, depth of cut, and cutter diameter) for milling. Feeds for drilling and reaming are dis-
cussed in Using the Feed and Speed Tables for Drilling, Reaming, and Threading. With
traditional speeds and feeds, tool life may vary greatly from material to material, making it
very difficult to plan efficient cutting operations, in particular for setting up unattended
jobs on CNC equipment where the tool life must exceed cutting time, or at least be predict-
able so that tool changes can be scheduled. This limitation is reduced by using the com-
bined feed/speed data contained in the remaining columns of the speed tables.

The combined feed/speed portion of the speed tables gives two sets of feed and speed
data for each material represented. These feed/speed pairs are the optimum and average
data (identified by Opt. and Avg.); the optimum set is always on the left side of the column
and the average set is on the right. The optimum feed/speed data are approximate values of
feed and speed that achieve minimum-cost machining by combining a high productivity
rate with low tooling cost at a fixed tool life. The average feed/speed data are expected to
achieve approximately the same tool life and tooling costs, but productivity is usually
lower, so machining costs are higher. The data in this portion of the tables are given in the
form of two numbers, of which the first is the feed in thousandths of an inch per revolution
(or per tooth, for milling) and the second is the cutting speed in feet per minute. For exam-
ple, the feed/speed set 15 ⁄215 represents a feed of 0.015 in/rev (0.38 mm/rev) at a speed of
215 fpm (65.6 m/min). Blank cells in the data tables indicate that feed/speed data for these
materials were not available at the time of publication.

Generally, the feed given in the optimum set should be interpreted as the maximum safe
feed for the given work material and cutting tool grade, and the use of a greater feed may
result in premature tool wear or tool failure before the end of the expected tool life. The
primary exception to this rule occurs in milling, where the feed may be greater than the
optimum feed if the radial depth of cut is less than the value established in the table foot-
note; this topic is covered later in the milling examples. Thus, except for milling, the speed
and tool life adjustment tables, to be discussed later, do not permit feeds that are greater
than the optimum feed. On the other hand, the speed and tool life adjustment factors often
result in cutting speeds that are well outside the given optimum to average speed range.

The combined feed/speed data in this section were contributed by Dr. Colding of Colding
International Corp., Ann Arbor, MI. The speed, feed, and tool life calculations were made
by means of a special computer program and a large database of cutting speed and tool life
testing data. The COMP computer program uses tool life equations that are extensions of
the F. W. Taylor tool life equation, first proposed in the early 1900s. The Colding tool life
equations use a concept called equivalent chip thickness (ECT), which simplifies cutting
speed and tool life predictions, and the calculation of cutting forces, torque, and power
requirements. ECT is a basic metal cutting parameter that combines the four basic turning
variables (depth of cut, lead angle, nose radius, and feed per revolution) into one basic
parameter. For other metal cutting operations (milling, drilling, and grinding, for exam-
ple), ECT also includes additional variables such as the number of teeth, width of cut, and
cutter diameter. The ECT concept was first presented in 1931 by Prof. R. Woxen, who
showed that equivalent chip thickness is a basic metal cutting parameter for high-speed
cutting tools. Dr. Colding later extended the theory to include other tool materials and
metal cutting operations, including grinding.

The equivalent chip thickness is defined by ECT = A/CEL, where A is the cross-sectional
area of the cut (approximately equal to the feed times the depth of cut), and CEL is the cut-
ting edge length or tool contact rubbing length. ECT and several other terms related to tool
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geometry are illustrated in Figs. 1 and  2. Many combinations of feed, lead angle, nose
radius and cutter diameter, axial and radial depth of cut, and numbers of teeth can give the
same value of ECT. However, for a constant cutting speed, no matter how the depth of cut,
feed, or lead angle, etc., are varied, if a constant value of ECT is maintained, the tool life
will also remain constant. A constant value of ECT means that a constant cutting speed
gives a constant tool life and an increase in speed results in a reduced tool life. Likewise, if
ECT were increased and cutting speed were held constant, as illustrated in the generalized
cutting speed vs. ECT graph that follows, tool life would be reduced.

In the tables, the optimum feed/speed data have been calculated by COMP to achieve a
fixed tool life based on the maximum ECT that will result in successful cutting, without
premature tool wear or early tool failure. The same tool life is used to calculate the average

feed/speed data, but these values are based on one-half of the maximum ECT. Because the
data are not linear except over a small range of values, both optimum and average sets are
required to adjust speeds for feed, lead angle, depth of cut, and other factors.

Fig. 1. Cutting Geometry, Equivalent Chip
Thickness, and Cutting Edge Length

a =depth of cut
A = A ′ = chip cross-sectional area

CEL = CELe = engaged cutting edge length
ECT = equivalent chip thickness =A ′/CEL

f =feed/rev
r =nose radius

LA = lead angle (U.S.)
LA(ISO) = 90−LA

Fig. 2. Cutting Geometry for Turning
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 Tool life is the most important factor in a machining system, so feeds and speeds cannot
be selected as simple numbers, but must be considered with respect to the many parameters
that influence tool life. The accuracy of the combined feed/speed data presented is
believed to be very high. However, machining is a variable and complicated process and
use of the feed and speed tables requires the user to follow the instructions carefully to
achieve good predictability. The results achieved, therefore, may vary due to material con-
dition, tool material, machine setup, and other factors, and cannot be guaranteed.

The feed values given in the tables are valid for the standard tool geometries and fixed
depths of cut that are identified in the table footnotes. If the cutting parameters and tool
geometry established in the table footnotes are maintained, turning operations using either
the optimum or average feed/speed data (Tables 1 through 9) should achieve a constant
tool life of approximately 15 minutes; tool life for milling, drilling, reaming, and threading
data (Tables 10 through 14 and Tables 17 through 22) should be approximately 45 minutes.
The reason for the different economic tool lives is the higher tooling cost associated with
milling-drilling operations than for turning. If the cutting parameters or tool geometry are
different from those established in the table footnotes, the same tool life (15 or 45 minutes)
still may be maintained by applying the appropriate speed adjustment factors, or tool life
may be increased or decreased using tool life adjustment factors. The use of the speed and
tool life adjustment factors is described in the examples that follow.

Both the optimum and average feed/speed data given are reasonable values for effective
cutting. However, the optimum set with its higher feed and lower speed (always the left
entry in each table cell) will usually achieve greater productivity. In Table 1, for example,
the two entries for turning 1212 free-machining plain carbon steel with uncoated carbide
are 17 ⁄805 and 8 ⁄1075. These values indicate that a feed of 0.017 in./rev and a speed of 805
ft/min, or a feed of 0.008 in./rev and a speed of 1075 ft/min can be used for this material.
The tool life, in each case, will be approximately 15 minutes. If one of these feed and speed
pairs is assigned an arbitrary cutting time of 1 minute, then the relative cutting time of the
second pair to the first is equal to the ratio of their respective feed × speed products. Here,
the same amount of material that can be cut in 1 minute, at the higher feed and lower speed
(17 ⁄805), will require 1.6 minutes at the lower feed and higher speed (8 ⁄1075) because 17
× 805/(8 × 1075) = 1.6 minutes.

Cutting Speed versus Equivalent Chip Thickness with Tool Life as a Parameter
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Speed and Feed Tables for Turning.—Speeds for HSS (high-speed steel) tools are
based on a feed of 0.012 inch/rev and a depth of cut of 0.125 inch; use Table 5c to adjust the
given speeds for other feeds and depths of cut. The combined feed/speed data in the
remaining columns are based on a depth of cut of 0.1 inch, lead angle of 15 degrees, and
nose radius of 3⁄64 inch. Use Table 5a to adjust given speeds for other feeds, depths of cut,
and lead angles; use Table 5b to adjust given speeds for increased tool life up to 180 min-
utes. Examples are given in the text.

Examples Using the Feed and Speed Tables for Turning: The examples that follow give
instructions for determining cutting speeds for turning. In general, the same methods are
also used to find cutting speeds for milling, drilling, reaming, and threading, so reading
through these examples may bring some additional insight to those other metalworking
processes as well. The first step in determining cutting speeds is to locate the work material
in the left column of the appropriate table for turning, milling, or drilling, reaming, and
threading.

Example 1, Turning:Find the cutting speed for turning SAE 1074 plain carbon steel of
225 to 275 Brinell hardness, using an uncoated carbide insert, a feed of 0.015 in./rev, and a
depth of cut of 0.1 inch.

In Table 1, feed and speed data for two types of uncoated carbide tools are given, one for
hard tool grades, the other for tough tool grades. In general, use the speed data from the tool
category that most closely matches the tool to be used because there are often significant
differences in the speeds and feeds for different tool grades. From the uncoated carbide
hard grade values, the optimum and average feed/speed data given in Table 1 are 17 ⁄615
and 8 ⁄815, or 0.017 in./rev at 615 ft/min and 0.008 in./rev at 815 ft/min. Because the
selected feed (0.015 in./rev) is different from either of the feeds given in the table, the cut-
ting speed must be adjusted to match the feed. The other cutting parameters to be used must
also be compared with the general tool and cutting parameters given in the speed tables to
determine if adjustments need to be made for these parameters as well. The general tool
and cutting parameters for turning, given in the footnote to Table 1, are depth of cut = 0.1
inch, lead angle = 15°, and tool nose radius = 3⁄64 inch.

Table 5a is used to adjust the cutting speeds for turning (from Tables 1 through 9) for
changes in feed, depth of cut, and lead angle. The new cutting speed V is found from V =
Vopt × Ff × Fd, where Vopt is the optimum speed from the table (always the lower of the two
speeds given), and Ff and Fd are the adjustment factors from Table 5a for feed and depth of
cut, respectively.

To determine the two factors Ff and Fd, calculate the ratio of the selected feed to the opti-

mum feed, 0.015 ⁄0.017 = 0.9, and the ratio of the two given speeds Vavg and Vopt, 815 ⁄615
= 1.35 (approximately). The feed factor Fd = 1.07 is found in Table 5a at the intersection of
the feed ratio row and the speed ratio column. The depth-of-cut factor Fd = 1.0 is found in
the same row as the feed factor in the column for depth of cut = 0.1 inch and lead angle =
15°, or for a tool with a 45° lead angle, Fd = 1.18. The final cutting speed for a 15° lead
angle is V = Vopt × Ff × Fd = 615 × 1.07 × 1.0 = 658 fpm. Notice that increasing the lead
angle tends to permit higher cutting speeds; such an increase is also the general effect of
increasing the tool nose radius, although nose radius correction factors are not included in
this table. Increasing lead angle also increases the radial pressure exerted by the cutting
tool on the workpiece, which may cause unfavorable results on long, slender workpieces.

Example 2, Turning:For the same material and feed as the previous example, what is the
cutting speed for a 0.4-inch depth of cut and a 45° lead angle?

As before, the feed is 0.015 in./rev, so Ff is 1.07, but Fd = 1.03 for depth of cut equal to 0.4
inch and a 45° lead angle. Therefore, V = 615 × 1.07 × 1.03 = 676 fpm. Increasing the lead
angle from 15° to 45° permits a much greater (four times) depth of cut, at the same feed and
nearly constant speed. Tool life remains constant at 15 minutes. (Continued on page 1035)
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Material
AISI/SAE Designation

Brinell
Hardness

Tool Material

HSS

Uncoated Carbide Coated Carbide Ceramic

CermetHard Tough Hard Tough Hard Tough

Speed 
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Free-machining plain carbon steels
(resulfurized): 1212, 1213, 1215 {

100-150 150 f
s

17
805

 8
1075

36
405

17
555

17
1165

8
1295

28
850

13
1200

15
3340

8
4985

15
1670

8
2500

7
1610

3
2055

150-200 160
f
s

17
745

8
935

36
345

17
470

28
915

13
1130

28
785

13
1110

15
1795

8
2680

15
1485

8
2215

7
1490

3
1815

1108, 1109, 1115, 1117, 1118, 1120, 1126, 1211 {

100-150 130
f
s

17
730

8
990

36
300

17
430

17
1090

8
1410

28
780

13
1105

15
1610

8
2780

15
1345

8
2005

7
1355

3
1695150-200 120

1132, 1137, 1139, 1140, 1144, 1146, 1151 {

175-225 120
f
s

17
615

8
815

36
300

17
405

17
865

8
960

28
755

13
960

13
1400

7
1965

13
1170

7
1640

275-325 75

f
s

17
515

8
685

36
235

17
340

17
720

8
805

28
650

13
810

10
1430

5
1745

10
1070

5
1305

325-375 50

375-425 40

(Leaded): 11L17, 11L18, 12L13, 12L14 {

100-150 140
f
s

17
745

8
935

36
345

17
470

28
915

13
1130

28
785

13
1110

15
1795

8
2680

15
1485

8
2215

7
1490

3
1815150-200 145

200-250 110 f
s

17
615

8
815

36
300

17
405

17
865

8
960

28
755

13
960

13
1400

7
1965

13
1170

7
1640

Plain carbon steels: 1006, 1008, 1009, 1010, 1012, 
1015, 1016, 1017, 1018, 1019, 1020, 1021, 1022, 
1023, 1024, 1025, 1026, 1513, 1514

100-125 120
f
s

17
805

8
1075

36
405

17
555

17
1165

8
1295

28
850

13
1200

15
3340

8
4985

15
1670

8
2500

7
1610

3
2055

125-175 110 f
s

17
745

8
935

36
345

17
470

28
915

13
1130

28
785

13
1110

15
1795

8
2680

15
1485

8
2215

7
1490

3
1815

175-225 90

f

s

17
615

8
815

36
300

17
405

17
865

8
960

28
755

13
960

13
1400

7
1965

13
1170

7
1640

225-275 70

Machinery's Handbook 29th Edition
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 Plain carbon steels (continued): 1027, 1030, 1033, 
1035, 1036, 1037, 1038, 1039, 1040, 1041, 1042, 
1043, 1045, 1046, 1048, 1049, 1050, 1052, 1524, 
1526, 1527, 1541

125-175 100 f
s

17
745

8
935

36
345

17
470

28
915

13
1130

28
785

13
1110

15
1795

8
2680

15
1485

8
2215

7
1490

3
1815

175-225 85
f
s

17
615

8
815

36
300

17
405

17
865

8
960

28
755

13
960

13
1400

7
1965

13
1170

7
1640225-275 70

275-325 60

f
s

17
515

8
685

36
235

17
340

17
720

8
805

28
650

13
810

10
1430

5
1745

10
1070

5
1305

325-375 40

375-425 30

Plain carbon steels (continued): 1055, 1060, 1064, 
1065, 1070, 1074, 1078, 1080, 1084, 1086, 1090, 
1095, 1548, 1551, 1552, 1561, 1566

125-175 100
f
s

17
730

8
990

36
300

17
430

17
1090

8
1410

28
780

13
1105

15
1610

8
2780

15
1345

8
2005

7
1355

3
1695175-225 80

225-275 65
f

s

17
615

8
815

36
300

17
405

17
865

8
960

28
755

13
960

13
1400

7
1965

13
1170

7
1640

7
1365

3
1695

275-325 50

f
s

17
515

8
685

36
235

17
340

17
720

8
805

28
650

13
810

10
1430

5
1745

10
1070

5
1305

325-375 35

375-425 30

Free-machining alloy steels, (resulfurized): 4140, 
4150

175-200 110

f

s

17
525

8
705

36
235

17
320

17
505

8
525

28
685

13
960

15
1490

8
2220

15
1190

8
1780

7
1040

3
1310200-250 90

250-300 65 f
s

17
355

8
445

36
140

17
200

17
630

8
850

28
455

13
650

10
1230

5
1510

10
990

5
1210

7
715

3
915

300-375 50

f

s

17
330

8
440

36
125

17
175

17
585

8
790

28
125

13
220

8
1200

4
1320

8
960

4
1060

7
575

3
740375-425 40

Table 1. (Continued) Cutting Feeds and Speeds for Turning Plain Carbon and Alloy Steels

Material
AISI/SAE Designation

Brinell
Hardness

Tool Material

HSS

Uncoated Carbide Coated Carbide Ceramic

CermetHard Tough Hard Tough Hard Tough

Speed 
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Machinery's Handbook 29th Edition
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Free-machining alloy steels: (leaded): 41L30, 
41L40, 41L47, 41L50, 43L47, 51L32, 52L100, 
86L20, 86L40

150-200 120 f
s

17
730

8
990

36
300

17
430

17
1090

8
1410

28
780

13
1105

15
1610

8
2780

15
1345

8
2005

7
1355

3
1695

200-250 100 f
s

17
615

8
815

36
300

17
405

17
865

8
960

28
755

13
960

13
1400

7
1965

13
1170

7
1640

7
1355

3
1695

250-300 75

f
s

17
515

8
685

36
235

17
340

17
720

8
805

28
650

13
810

10
1430

5
1745

10
1070

5
1305

300-375 55

375-425 50

Alloy steels: 4012, 4023, 4024, 4028, 4118, 4320, 
4419, 4422, 4427, 4615, 4620, 4621, 4626, 4718, 
4720, 4815, 4817, 4820, 5015, 5117, 5120, 6118, 
8115, 8615, 8617, 8620, 8622, 8625, 8627, 8720, 
8822, 94B17

125-175 100

f

s

17
525

8
705

36
235

17
320

17
505

8
525

28
685

13
960

15
1490

8
2220

15
1190

8
1780

7
1040

3
1310175-225 90

225-275 70
f

s

17
355

8
445

36
140

17

200
17
630

8
850

28
455

13
650

10
1230

5
1510

10
990

5
1210

7
715

3
915

275-325 60
f

s

17
330

8
440

36
135

17
190

17
585

8
790

28
240

13
350

9
1230

5
1430

8
990

5
1150

7
655

3
840

325-35 50
f
s

17
330

8
440

36
125

17
175

17
585

8
790

28
125

13
220

8
1200

4
1320

8
960

4
1060

7
575

3
740375-425 30 (20)

Alloy steels: 1330, 1335, 1340, 1345, 4032, 4037, 
4042, 4047, 4130, 4135, 4137, 4140, 4142, 4145, 
4147, 4150, 4161, 4337, 4340, 50B44, 50B46, 
50B50, 50B60, 5130, 5132, 5140, 5145, 5147, 
5150, 5160, 51B60, 6150, 81B45, 8630, 8635, 
8637, 8640, 8642, 8645, 8650, 8655, 8660, 8740, 
9254, 9255, 9260, 9262, 94B30
E51100, E52100 use (HSS Speeds)

175-225 85 (70) f
s

17
525

8
705

36
235

17
320

17
505

8
525

28
685

13
960

15
1490

8
2220

15
1190

8
1780

7
1020

3
1310

225-275 70 (65)
f

s

17
355

8
445

36
140

17
200

17
630

8
850

28
455

13
650

10
1230

5
1510

10
990

5
1210

7
715

3
915

275-325 60 (50)
f

s

17
330

8
440

36
135

17
190

17
585

8
790

28
240

13
350

9
1230

5
1430

8
990

5
1150

7
655

3
840

325-375 40 (30)
f
s

17
330

8
440

36
125

17
175

17
585

8
790

28
125

13
220

8
1200

4
1320

8
960

4
1060

7
575

3
740375-425 30 (20)

Table 1. (Continued) Cutting Feeds and Speeds for Turning Plain Carbon and Alloy Steels

Material
AISI/SAE Designation

Brinell
Hardness

Tool Material

HSS

Uncoated Carbide Coated Carbide Ceramic

CermetHard Tough Hard Tough Hard Tough

Speed 
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Machinery's Handbook 29th Edition
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Speeds for HSS (high-speed steel) tools are based on a feed of 0.012 inch/rev and a depth of cut of 0.125 inch; use Table 5c to adjust the given speeds for other feeds
and depths of cut. The combined feed/speed data in the remaining columns are based on a depth of cut of 0.1 inch, lead angle of 15 degrees, and nose radius of 3⁄64 inch.
Use Table 5a to adjust given speeds for other feeds, depths of cut, and lead angles; use Table 5b to adjust given speeds for increased tool life up to 180 minutes. Examples
are given in the text.

The combined feed/speed data in this table are based on tool grades (identified in Table 16) as follows: uncoated carbides, hard = 17, tough = 19, † = 15; coated
carbides, hard = 11, tough = 14; ceramics, hard = 2, tough = 3, ‡ = 4; cermet = 7 .

Ultra-high-strength steels (not ASI): AMS alloys 
6421 (98B37 Mod.), 6422 (98BV40), 6424, 
6427, 6428, 6430, 6432, 6433, 6434, 6436, and 
6442; 300M and D6ac

220-300 65

f
s

17
220

8
295

36
100

17
150

20
355

10
525

28
600

13
865

10
660

5
810

7
570

3
740300-350 50

350-400 35 f

s

17
165

8
185

36
55

17
105

17
325

8
350

28
175

13
260

8
660

4
730

7
445

3
560

43-48 Rc 25

f
s

17
55†

8
90

7
385

3
645

10
270

5
50048-52 Rc 10

Maraging steels (not AISI): 18% Ni, Grades 200, 
250, 300, and 350

250-325 60 f
s

17
220

8
295

36
100

17
150

20
355

10
525

28
600

13
865 660 810 10

570
5
740 7 3

50-52 Rc 10 f
s

17
55†

8
90

7
385‡

3
645

10
270

5
500

Nitriding steels (not AISI): Nitralloy 125, 135, 135 
Mod., 225, and 230, Nitralloy N, Nitralloy EZ, 
Nitrex 1

200-250 70 f

s

17
525

8
705

36
235

17
320

17
505

8
525

28
685

13
960

15
1490

8
2220

15
1190

8
1780

7
1040

3
1310

300-350 30 f
s

17
330

8
440

36
125

17
175

17
585

8
790

28
125

13
220

8
1200

4
1320

8
960

4
1060

7
575

3
740

Table 1. (Continued) Cutting Feeds and Speeds for Turning Plain Carbon and Alloy Steels

Material
AISI/SAE Designation

Brinell
Hardness

Tool Material

HSS

Uncoated Carbide Coated Carbide Ceramic

CermetHard Tough Hard Tough Hard Tough

Speed 
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.
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Speeds for HSS (high-speed steel) tools are based on a feed of 0.012 inch/rev and a depth of cut of 0.125 inch; use Table 5c to adjust the given speeds for other feeds
and depths of cut. The combined feed/speed data in the remaining columns are based on a depth of cut of 0.1 inch, lead angle of 15 degrees, and nose radius of 3⁄64 inch.
Use Table 5a to adjust given speeds for other feeds, depths of cut, and lead angles; use Table 5b to adjust given speeds for increased tool life up to 180 minutes. Examples
are given in the text.The combined feed/speed data in this table are based on tool grades (identified in Table 16) as follows: uncoated carbides, hard = 17, tough = 19, †
= 15; coated carbides, hard = 11, tough = 14; ceramics, hard = 2, tough = 3, ‡ = 4; cermet = 7.

Table 2. Cutting Feeds and Speeds for Turning Tool Steels

Material
AISI Designation

Brinell
Hardness

Tool Material
Uncoated Uncoated Carbide Coated Carbide Ceramic

CermetHSS Hard Tough Hard Tough Hard Tough

Speed
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min
Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Water hardening: W1, W2, W5 150-200 100

f
s

17
455

8
610

36
210

17
270

17
830

8
1110

28
575

13
805

13
935

7
1310

13
790

7
1110

7
915

3
1150

Shock resisting: S1, S2, S5, S6, S7 175-225 70
Cold work, oil hardening: O1, O2, O6, O7 175-225 70
Cold work, high carbon, high chromium: D2, 

D3, D4, D5, D7 200-250 45
Cold work, air hardening: A2, A3, A8, A9, 

A10 200-250 70

f
s

17
445

8
490

36
170

17
235

17
705

8
940

28
515

13
770

13
660

7
925

13
750

7
1210

7
1150

3
1510

A4, A6 200-250 55
A7 225-275 45

Hot work, chromium type: H10, H11, H12, H13, 
H14, H19

150-200 80
200-250 65

325-375 50 f
s

17
165

8
185

36
55

17
105

17
325

8
350

28
175

13
260

8
660

4
730

7
445

3
560

48-50 Rc 20
f
s

17
55†

8
90

7
385‡

3
645

10
270

5
50050-52 Rc 10

52-56 Rc —
Hot work, tungsten type: H21, H22, H23, H24, 

H25, H26
150-200 60

f
s

17
445

8
490

36
170

17
235

17
705

8
940

28
515

13
770

13
660

7
925

13
750

7
1210

7
1150

3
1510

200-250 50

Hot work, molybdenum type: H41, H42, H43
150-200 55
200-250 45

Special purpose, low alloy: L2, L3, L6 150-200 75 f
s

17
445

8
610

36
210

17
270

17
830

8
1110

28
575

13
805

13
935

7
1310

13
790

7
1110

7
915

3
1150

Mold: P2, P3, P4, P5, P6, P26, P21
100-150 90 f

s
17
445

8
610

36
210

17
270

17
830

8
1110

28
575

13
805

13
935

7
1310

13
790

7
1110

7
915

3
1150150-200 80

High-speed steel: M1, M2, M6, M10, T1, 
T2,T6 200-250 65

M3-1, M4 M7, M30, M33, M34, M36, M41, 
M42, M43, M44, M46, M47, T5, T8 225-275 55 f

s
17
445

8
490

36
170

17
235

17
705

8
940

28
515

13
770

13
660

7
925

13
750

7
1210

7
1150

3
1510

T15, M3-2 225-275 45
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Table 3. Cutting Feeds and Speeds for Turning Stainless Steels

See footnote to Table 1 for more information. The combined feed/speed data in this table are based on tool grades (identified in Table 16) as follows: uncoated car-
bides, hard = 17, tough = 19; coated carbides, hard = 11, tough = 14; cermet = 7, † = 18.

Material
Brinell

Hardness

Tool Material

Uncoated Uncoated Carbide Coated Carbide
Cermet

HSS Hard Tough Hard Tough

Speed
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Free-machining stainless steel
 (Ferritic): 430F, 430FSe 135-185 110

f

s
20
480

10
660

36
370

17
395

17
755

8
945

28
640

13
810

7
790

3
995

(Austenitic): 203EZ, 303, 303Se, 303MA, 
303Pb, 303Cu, 303 Plus X

135-185 100 f

s

13
520

7
640

36
310

17
345

28
625

13
815

7
695

3
875225-275 80

(Martensitic): 416, 416Se, 416 Plus X, 
420F, 420FSe, 440F, 440FSe

135-185 110 f

s

13
520

7
640

36
310

28
625

13
815

7
695

3
875185-240 100

275-325 60 f

s

13
210

7
260

36
85

17
135

28
130

13
165375-425 30

Stainless steels (Ferritic): 405, 409 429, 
430, 434, 436, 442, 446, 502 135-185 90 f

s
20
480

10
660

36
370

17
395

17
755

8
945

28
640

13
810

7
790

3
995

(Austenitic): 201, 202, 301, 302, 304, 304L, 
305, 308, 321, 347, 348

135-185 75

f
s

13
520

7
640

36
310

17
345

28
625

13
815

7
695

3
875

225-275 65
(Austenitic): 302B, 309, 309S, 310, 310S, 

314, 316, 316L, 317, 330 135-185 70

(Martensitic): 403, 410, 420, 501

135-175 95
175-225 85
275-325 55

f
s

13
210

7
260

36
85

17
135

28
130

13
165

13
200†

7
230

375-425 35

(Martensitic): 414, 431, Greek Ascoloy, 
440A, 440B, 440C

225-275 55-60
275-325 45-50
375-425 30

(Precipitation hardening):15-5PH, 17-4PH, 
17-7PH, AF-71, 17-14CuMo, AFC-77, 
AM-350, AM-355, AM-362, Custom 455, 
HNM, PH13-8, PH14-8Mo, PH15-7Mo, 
Stainless W

150-200 60 f

s

13
520

7
640

36
310

17
345

28
625

13
815

13
695

7
875275-325 50

325-375 40 f

s

13
195

7
240

36
85

17
155375-450 25
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Table 4a. Cutting Feeds and Speeds for Turning Ferrous Cast Metals

Speeds for HSS (high-speed steel) tools are based on a feed of 0.012 inch/rev and a depth of cut of 0.125 inch; use Table 5c to adjust the given speeds for other feeds
and depths of cut. The combined feed/speed data in the remaining columns are based on a depth of cut of 0.1 inch, lead angle of 15 degrees, and nose radius of 3⁄64 inch.
Use Table 5a to adjust the given speeds for other feeds, depths of cut, and lead angles; use Table 5b to adjust given speeds for increased tool life up to 180 minutes.
Examples are given in the text.

The combined feed/speed data in this table are based on tool grades (identified in Table 16) as follows: uncoated carbides, tough = 15; Coated carbides, hard = 11,
tough = 14; ceramics, hard = 2, tough = 3; cermet = 7; CBN = 1.

Material
Brinell

Hardness

Tool Material

HSS

Uncoated Carbide Coated Carbide Ceramic

Cermet CBNTough Hard Tough Hard Tough

Speed
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Gray Cast Iron

ASTM Class 20 120-150 120
f
s

28
240

13
365

28
665

13
1040

28
585

13
945

15
1490

8
2220

15
1180

8
1880

8
395

4
510

24
8490

11
36380ASTM Class 25 160-200 90

ASTM Class 30, 35, and 40 190-220 80

ASTM Class 45 and 50 220-260 60 f

s

28
160

13
245

28
400

13
630

28
360

13
580

11
1440

6
1880

11
1200

6
1570

8
335

4
420

24
1590

11
2200ASTM Class 55 and 60 250-320 35

ASTM Type 1, 1b, 5 (Ni resist) 100-215 70
f
s

28
110

13
175

28
410

13
575

15
1060

8
1590

15
885

8
1320

8
260

4
325ASTM Type 2, 3, 6 (Ni resist) 120-175 65

ASTM Type 2b, 4 (Ni resist) 150-250 50

Malleable Iron

(Ferritic): 32510, 35018 110-160 130 f
s

28
180

13
280

28
730

13
940

28
660

13
885

15
1640

8
2450

15
1410

8
2110

(Pearlitic): 40010, 43010, 45006, 45008, 
48005, 50005

160-200 95 f

s

28
125

13
200

28
335

13
505

28
340

13
510

13
1640

7
2310

13
1400

7
1970200-240 75

(Martensitic): 53004, 60003, 60004 200-255 70

f
s

28
100

13
120

28
205

13
250

11
1720

6
2240

11
1460

6
1910

(Martensitic): 70002, 70003 220-260 60

(Martensitic): 80002 240-280 50

(Martensitic): 90001 250-320 30
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Table 4b. Cutting Feeds and Speeds for Turning Ferrous Cast Metals

The combined feed/speed data in this table are based on tool grades (identified in Table 16) as shown: uncoated carbides, hard = 17; tough = 19, † = 15; coated car-
bides, hard = 11; tough = 14; ceramics, hard = 2; tough = 3; cermet = 7. Also, see footnote to Table 4a.

Material
Brinell

Hardness

Tool Material

Uncoated
HSS

Uncoated Carbide Coated Carbide Ceramic

CermetHard Tough Hard Tough Hard Tough

Speed (fpm)

f = feed (0.001 in./rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Nodular (Ductile) Iron

(Ferritic): 60-40-18, 65-45-12 140-190 100 f

s

28
200

13
325

28
490

13
700

28
435

13
665

15
970

8
1450

15
845

8
1260

8
365

4
480

(Ferritic-Pearlitic): 80-55-06 {
190-225 80

f
s

28
130

13
210

28
355

13
510

28
310

13
460

11
765

6
995

11
1260

6
1640

8
355

4
445225-260 65

(Pearlitic-Martensitic): 100-70-03 240-300 45

(Martensitic): 120-90-02 {
270-330 30 f

s

28
40

13
65

28
145

13
175

10
615

5
750

10
500

5
615

8
120

4
145300-400 15

Cast Steels

(Low-carbon): 1010, 1020
100-150 110 f

s

17
370

8
490

36
230

17
285

17
665

8
815

28
495

13
675

15
2090

8
3120

7
625

3
790125-175 100

(Medium-carbon): 1030, 1040, 1050 {
175-225

9070

f
s

17
370

8
490

36
150

17
200

17
595

8
815

28
410

13
590

15
1460

8
2170

7
625

3
790

225-300

(Low-carbon alloy): 1320, 2315, 2320, 
4110, 4120, 4320, 8020, 8620 {

150-200 90

200-250 80

250-300 60

(Medium-carbon alloy): 1330, 1340, 
2325, 2330, 4125, 4130, 4140, 4330, 
4340, 8030, 80B30, 8040, 8430, 8440, 
8630, 8640, 9525, 9530, 9535

{

175-225 80 f
s

17
310

8
415

36
115

17
150

17
555

8
760

15
830

8
1240225-250 70

250-300 55 f
s

28
70†

13
145

1544
5

8
665300-350 45

350-400 30 f
s

28
115†

13
355

28
335

13
345

15
955

8
1430
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Table 5a. Turning-Speed Adjustment Factors for Feed, Depth of Cut, and Lead Angle

Use with Tables 1 through 9. Not for HSS tools. Tables 1 through 9 data, except for HSS tools, are based on depth of cut = 0.1 inch, lead angle = 15 degrees, and tool
life = 15 minutes. For other depths of cut, lead angles, or feeds, use the two feed/speed pairs from the tables and calculate the ratio of desired (new) feed to optimum feed
(largest of the two feeds given in the tables), and the ratio of the two cutting speeds (Vavg/Vopt). Use the value of these ratios to find the feed factor Ff at the intersection
of the feed ratio row and the speed ratio column in the left half of the table. The depth-of-cut factor Fd is found in the same row as the feed factor in the right half of the
table under the column corresponding to the depth of cut and lead angle. The adjusted cutting speed can be calculated from V = Vopt × Ff × Fd, where Vopt is the smaller
(optimum) of the two speeds from the speed table (from the left side of the column containing the two feed/speed pairs). See the text for examples.

Table 5b. Tool Life Factors for Turning with Carbides, Ceramics, Cermets, CBN, and Polycrystalline Diamond

Except for HSS speed tools, feeds and speeds given in Tables 1 through 9 are based on 15-minute tool life. To adjust speeds for another tool life, multiply the cutting
speed for 15-minute tool life V15 by the tool life factor from this table according to the following rules: for small feeds where feed ≤ 1⁄2 fopt, the cutting speed for desired
tool life is VT = fs × V15; for medium feeds where 1⁄2 fopt < feed < 3⁄4 fopt, VT = fm × V15; and for larger feeds where 3⁄4 fopt ≤ feed ≤ fopt, VT = fl × V15. Here, fopt is the largest
(optimum) feed of the two feed/speed values given in the speed tables.

Ratio of
Chosen
Feed to

Optimum
Feed

Ratio of the two cutting speeds given in the tables Depth of Cut and Lead Angle

Vavg/Vopt 1 in. (25.4 mm) 0.4 in. (10.2 mm) 0.2 in. (5.1 mm) 0.1 in. (2.5 mm) 0.04 in. (1.0 mm)

1.00 1.10 1.25 1.35 1.50 1.75 2.00 15° 45° 15° 45° 15° 45° 15° 45° 15° 45°

Feed Factor, Ff Depth of Cut and Lead Angle Factor, Fd

1.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.74 1.0 0.79 1.03 0.85 1.08 1.0 1.18 1.29 1.35
0.90 1.00 1.02 1.05 1.07 1.09 1.10 1.12 0.75 1.0 0.80 1.03 0.86 1.08 1.0 1.17 1.27 1.34
0.80 1.00 1.03 1.09 1.10 1.15 1.20 1.25 0.77 1.0 0.81 1.03 0.87 1.07 1.0 1.15 1.25 1.31
0.70 1.00 1.05 1.13 1.22 1.22 1.32 1.43 0.77 1.0 0.82 1.03 0.87 1.08 1.0 1.15 1.24 1.30
0.60 1.00 1.08 1.20 1.25 1.35 1.50 1.66 0.78 1.0 0.82 1.03 0.88 1.07 1.0 1.14 1.23 1.29
0.50 1.00 1.10 1.25 1.35 1.50 1.75 2.00 0.78 1.0 0.82 1.03 0.88 1.07 1.0 1.14 1.23 1.28
0.40 1.00 1.09 1.28 1.44 1.66 2.03 2.43 0.78 1.0 0.84 1.03 0.89 1.06 1.0 1.13 1.21 1.26
0.30 1.00 1.06 1.32 1.52 1.85 2.42 3.05 0.81 1.0 0.85 1.02 0.90 1.06 1.0 1.12 1.18 1.23
0.20 1.00 1.00 1.34 1.60 2.07 2.96 4.03 0.84 1.0 0.89 1.02 0.91 1.05 1.0 1.10 1.15 1.19
0.10 1.00 0.80 1.20 1.55 2.24 3.74 5.84 0.88 1.0 0.91 1.01 0.92 1.03 1.0 1.06 1.10 1.12

Tool Life, T
(minutes)

Turning with Carbides:
Workpiece < 300 Bhn

Turning with Carbides: Workpiece > 300 Bhn;
Turning with Ceramics: Any Hardness

Turning with Mixed Ceramics:
Any Workpiece Hardness

fs fm fl fs fm fl fs fm fl

15 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
45 0.86 0.81 0.76 0.80 0.75 0.70 0.89 0.87 0.84
90 0.78 0.71 0.64 0.70 0.63 0.56 0.82 0.79 0.75

180 0.71 0.63 0.54 0.61 0.53 0.45 0.76 0.72 0.67
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Table 5c. Cutting-Speed Adjustment Factors for Turning with HSS Tools

For use with HSS tool data only from Tables 1 through 9. Adjusted cutting speed V = VHSS × Ff × Fd,
where VHSS is the tabular speed for turning with high-speed tools.

Example 3, Turning:Determine the cutting speed for turning 1055 steel of 175 to 225
Brinell hardness using a hard ceramic insert, a 15° lead angle, a 0.04-inch depth of cut and
0.0075 in./rev feed.

The two feed/speed combinations given in Table 5a for 1055 steel are 15 ⁄1610 and
8 ⁄2780, corresponding to 0.015 in./rev at 1610 fpm and 0.008 in./rev at 2780 fpm, respec-
tively. In Table 5a, the feed factor Ff = 1.75 is found at the intersection of the row corre-
sponding to feed/fopt = 7.5 ⁄15 = 0.5 and the column corresponding to Vavg/Vopt = 2780 ⁄1610
= 1.75 (approximately). The depth-of-cut factor Fd = 1.23 is found in the same row, under
the column heading for a depth of cut = 0.04 inch and lead angle = 15°. The adjusted cutting
speed is V = 1610 × 1.75 × 1.23 = 3466 fpm.

Example 4, Turning:The cutting speed for 1055 steel calculated in Example 3 represents
the speed required to obtain a 15-minute tool life. Estimate the cutting speed needed to
obtain a tool life of 45, 90, and 180 minutes using the results of Example 3.

To estimate the cutting speed corresponding to another tool life, multiply the cutting
speed for 15-minute tool life V15 by the adjustment factor from the Table 5b, Tool Life Fac-
tors for Turning. This table gives three factors for adjusting tool life based on the feed used,
fs for feeds less than or equal to 1⁄2 fopt, fm for midrange feeds between 1⁄2 and 3⁄4 fopt and fl for
large feeds greater than or equal to 3⁄4 fopt and less than fopt. In Example 3, fopt is 0.015 in./rev
and the selected feed is 0.0075 in./rev = 1⁄2 fopt. The new cutting speeds for the various tool
lives are obtained by multiplying the cutting speed for 15-minute tool life V15 by the factor

Feed Feed Factor Depth of Cut
Depth-of-Cut

Factor

in. mm Ff in. mm Fd

0.002 0.05 1.50 0.005 0.13 1.50
0.003 0.08 1.50 0.010 0.25 1.42
0.004 0.10 1.50 0.016 0.41 1.33
0.005 0.13 1.44 0.031 0.79 1.21
0.006 0.15 1.34 0.047 1.19 1.15
0.007 0.18 1.25 0.062 1.57 1.10
0.008 0.20 1.18 0.078 1.98 1.07
0.009 0.23 1.12 0.094 2.39 1.04
0.010 0.25 1.08 0.100 2.54 1.03
0.011 0.28 1.04 0.125 3.18 1.00
0.012 0.30 1.00 0.150 3.81 0.97
0.013 0.33 0.97 0.188 4.78 0.94
0.014 0.36 0.94 0.200 5.08 0.93
0.015 0.38 0.91 0.250 6.35 0.91
0.016 0.41 0.88 0.312 7.92 0.88
0.018 0.46 0.84 0.375 9.53 0.86
0.020 0.51 0.80 0.438 11.13 0.84
0.022 0.56 0.77 0.500 12.70 0.82
0.025 0.64 0.73 0.625 15.88 0.80
0.028 0.71 0.70 0.688 17.48 0.78
0.030 0.76 0.68 0.750 19.05 0.77
0.032 0.81 0.66 0.812 20.62 0.76
0.035 0.89 0.64 0.938 23.83 0.75
0.040 1.02 0.60 1.000 25.40 0.74
0.045 1.14 0.57 1.250 31.75 0.73
0.050 1.27 0.55 1.250 31.75 0.72
0.060 1.52 0.50 1.375 34.93 0.71
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for small feeds fs from the column for turning with ceramics in Table 5b. These calcula-
tions, using the cutting speed obtained in Example 3, follow.

Depth of cut, feed, and lead angle remain the same as in Example 3. Notice, increasing
the tool life from 15 to 180 minutes, a factor of 12, reduces the cutting speed by only about
one-third of the V15 speed.

Table 6. Cutting Feeds and Speeds for Turning Copper Alloys

Abbreviations designate: A, annealed; CD, cold drawn.

The combined feed/speed data in this table are based on tool grades (identified in Table 16) as fol-
lows: uncoated carbide, 15; diamond, 9. See the footnote to Table 7.

Tool Life Cutting Speed

15 min V15 = 3466 fpm
45 min V45 = V15 × 0.80 = 2773 fpm
90 min V90 = V15 × 0.70 = 2426 fpm
180 min V180 = V15 × 0.61 = 2114 fpm

Group 1

Architectural bronze (C38500); Extra-high-headed brass (C35600); Forging brass (C37700); Free-
cutting phosphor bronze, B2 (C54400); Free-cutting brass (C36000); Free-cutting Muntz metal 
(C37000); High-leaded brass (C33200; C34200); High-leaded brass tube (C35300); Leaded com-
mercial bronze (C31400); Leaded naval brass (C48500); Medium-leaded brass (C34000)

Group 2

Aluminum brass, arsenical (C68700); Cartridge brass, 70% (C26000); High-silicon bronze, B 
(C65500); Admiralty brass (inhibited) (C44300, C44500); Jewelry bronze, 87.5% (C22600); 
Leaded Muntz metal (C36500, C36800); Leaded nickel silver (C79600); Low brass, 80% 
(C24000); Low-leaded brass (C33500); Low-silicon bronze, B (C65100); Manganese bronze, A 
(C67500); Muntz metal, 60% (C28000); Nickel silver, 55-18 (C77000); Red brass, 85% (C23000); 
Yellow brass (C26800) 

Group 3

Aluminum bronze, D (C61400); Beryllium copper (C17000, C17200, C17500); Commercial-
bronze, 90% (C22000); Copper nickel, 10% (C70600); Copper nickel, 30% (C71500); Electrolytic 
tough pitch copper (C11000); Guilding, 95% (C21000); Nickel silver, 65-10 (C74500); Nickel sil-
ver, 65-12 (C75700); Nickel silver, 65-15 (C75400); Nickel silver, 65-18 (C75200); Oxygen-free 
copper (C10200) ; Phosphor bronze, 1.25% (C50200); Phosphor bronze, 10% D (C52400) Phos-
phor bronze, 5% A (C51000); Phosphor bronze, 8% C (C52100); Phosphorus deoxidized copper 
(C12200)

Wrought Alloys
Description and UNS 

Alloy Numbers
Material

Condition

HSS
Uncoated
Carbide

Polycrystalline
Diamond

Speed
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min)
Metric Units:
f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg.

Group 1 A
CD

300
350

f
s

28
1170

13
1680

Group 2 A
CD

200
250

f
s

28
715

13
900

Group 3 A
CD

100
110

f
s

28
440

13
610

7
1780

13
2080
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Table 7. Cutting Feeds and Speeds for Turning Titanium and Titanium Alloys

The speed recommendations for turning with HSS (high-speed steel) tools may be used as starting
speeds for milling titanium alloys, using Table 15a to estimate the feed required. Speeds for HSS
(high-speed steel) tools are based on a feed of 0.012 inch/rev and a depth of cut of 0.125 inch; use
Table 5c to adjust the given speeds for other feeds and depths of cut. The combined feed/speed data
in the remaining columns are based on a depth of cut of 0.1 inch, lead angle of 15 degrees, and nose
radius of 3⁄64 inch. Use Table 5a to adjust given speeds for other feeds, depths of cut, and lead angles;
use Table 5b to adjust given speeds for increased tool life up to 180 minutes. Examples are given in
the text. The combined feed/speed data in this table are based on tool grades (identified in Table 16)
as follows: uncoated carbide, 15.

Table 8. Cutting Feeds and Speeds for Turning Light Metals

Material
Brinell

Hardness

Tool Material

HSS Uncoated Carbide (Tough)

Speed
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min)
Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg.

Commercially Pure and Low Alloyed

99.5Ti, 99.5Ti-0.15Pd 110-150 100-105 f
s

28
55

13
190

99.1Ti, 99.2Ti, 99.2Ti-0.15Pd,
98.9Ti-0.8Ni-0.3Mo 180-240 85-90 f

s
28
50

13
170

99.0 Ti 250-275 70 f
s

20
75

10
210

Alpha Alloys and Alpha-Beta Alloys

5Al-2.5Sn, 8Mn, 2Al-11Sn-5Zr-
1Mo, 4Al-3Mo-1V, 5Al-6Sn-2Zr-
1Mo, 6Al-2Sn-4Zr-2Mo, 6Al-2Sn-
4Zr-6Mo, 6Al-2Sn-4Zr-2Mo-0.25Si

300-350 50

f
s

17
95

8
250

6Al-4V 310-350 40

6Al-6V-2Sn, Al-4Mo, 320-370 30

8V-5Fe-IAl 320-380 20

6Al-4V, 6Al-2Sn-4Zr-2Mo,
6Al-2Sn-4Zr-6Mo,
6Al-2Sn-4Zr-2Mo-0.25Si

320-380 40

4Al-3Mo-1V, 6Al-6V-2Sn, 7Al-4Mo 375-420 20

I Al-8V-5Fe 375-440 20

Beta Alloys

13V-11Cr-3Al, 8Mo-8V-2Fe-3Al,
3Al-8V-6Cr-4Mo-4Zr,
11.5Mo-6Zr-4.5Sn

{
275-350 25

f
s

17
55

8
150375-440 20

Material
Description

Material
Condition

Tool Material

HSS Uncoated Carbide (Tough) Polycrystalline Diamond

Speed
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min)
Metric: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg.

All wrought and cast magnesium alloys A, CD, ST, and A 800
All wrought aluminum alloys, including 

6061-T651, 5000, 6000, and 7000 series
CD 600

f
s

36
2820

17
4570

ST and A 500

All aluminum sand and permanent mold 
casting alloys

AC 750
ST and A 600

Aluminum Die-Casting Alloys

Alloys 308.0 and 319.0 — — f
s

36
865

17
1280

11
5890a

8
8270

Alloys 390.0 and 392.0
AC 80 f

s
24
2010

11
2760

8
4765

4
5755ST and A 60

Alloy 413 — — f
s

32
430

15
720

10
5085

5
6570

All other aluminum die-casting alloys 
including alloys 360.0 and 380.0

ST and A 100

AC 125 f
s

36
630

17
1060

11
7560

6
9930
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Abbreviations for material condition: A, annealed; AC, as cast; CD, cold drawn; and ST and A,
solution treated and aged, respectively. Speeds for HSS (high-speed steel) tools are based on a feed
of 0.012 inch/rev and a depth of cut of 0.125 inch; use Table 5c to adjust the HSS speeds for other
feeds and depths of cut. The combined feed/speed data are based on a depth of cut of 0.1 inch, lead
angle of 15 degrees, and nose radius of 3⁄64 inch. Use Table 5a to adjust given speeds for other feeds,
depths of cut, and lead angles; use Table 5b to adjust given speeds for increased tool life up to 180
minutes. The data are based on tool grades (identified in Table 16) as follows: uncoated carbide, 15;
diamond, 9.

Table 9. Cutting Feeds and Speeds for Turning Superalloys

The speed recommendations for rough turning may be used as starting values for milling and drill-
ing with HSS tools. The combined feed/speed data in this table are based on tool grades (identified in
Table 16) as follows: uncoated carbide = 15; ceramic, hard = 4, tough = 3; CBN = 1.

a The feeds and speeds for turning Al alloys 308.0 and 319.0 with (polycrystalline) diamond tooling
represent an expected tool life T = 960 minutes = 16 hours; corresponding feeds and speeds for 15-
minute tool life are 11 ⁄28600 and 6 ⁄37500.

Tool Material

Material Description

HSS Turning
Uncoated
Carbide Ceramic

CBNRough Finish Tough Hard Tough

Speed (fpm)

f = feed (0.001 in./rev), s = speed (ft/min)
Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

T-D Nickel 70-80 80-100
Discalloy 15-35 35-40

f
s

24
90

11
170

20
365

10
630

19-9DL, W-545 25-35 30-40
16-25-6, A-286, Incoloy 800, 801, 

and 802, V-57 { 30-35 35-40

Refractaloy 26 15-20 20-25 f
s

20
75

10
135

20
245

10
420J1300 15-25 20-30

Inconel 700 and 702, Nimonic 90 and 
95 { 10-12 12-15

f
s

20
75

10
125

11
1170

6
2590

11
405

6
900

20
230

10
400

S-816, V-36 10-15 15-20
S-590

10-20
15-30

Udimet 630 20-25
N-155 { 15-25
Air Resist 213; Hastelloy B, C, G and 

X (wrought); Haynes 25 and 188; 
J1570; M252 (wrought); Mar-
M905 and M918; Nimonic 75 and 
80

{ 15-20 20-25

CW-12M; Hastelloy B and C (cast); 
N-12M { 8-12 10-15

Rene 95 (Hot Isostatic Pressed) — —
HS 6, 21, 2, 31 (X 40), 36, and 151; 

Haynes 36 and 151; Mar-M302, 
M322, and M509, WI-52

{ 10-12 10-15

f
s

28
20

13
40

11
895

6
2230

10
345

5
815

20
185

10
315

Rene 41 10-15 12-20
Incoloy 901 10-20 20-35
Waspaloy 10-30 25-35
Inconel 625, 702, 706, 718 (wrought), 

721, 722, X750, 751, 901, 600, and 
604

{ 15-20 20-35

AF2-1DA, Unitemp 1753 8-10 10-15
Colmonoy, Inconel 600, 718, K-

Monel, Stellite { — —

Air Resist 13 and 215, FSH-H14, Nasa C-
W-Re, X-45 10-12 10-15

f
s

28
15

13
15

11
615

6
1720

10
290

5
700

20
165

10
280

Udimet 500, 700, and 710 10-15 12-20
Astroloy 5-10 5-15
Mar-M200, M246, M421, and Rene 77, 

80, and 95 (forged)
10-12
10-15

B-1900, GMR-235 and 235D, IN 100 
and 738, Inconel 713C and 718 
(cast), M252 (cast)

{
8-10

8-10
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Speeds for HSS (high-speed steel) tools are based on a feed of 0.012 inch/rev and a depth of cut of
0.125 inch; use Table 5c to adjust the given speeds for other feeds and depths of cut. The combined
feed/speed data in the remaining columns are based on a depth of cut of 0.1 inch, lead angle of 15
degrees, and nose radius of 3⁄64 inch. Use Table 5a to adjust given speeds for other feeds, depths of cut,
and lead angles; use Table 5b to adjust given speeds for increased tool life up to 180 minutes. Exam-
ples are given in the text.

Speed and Feed Tables for Milling.—Tables 10 through 14 give feeds and speeds for
milling. The data in the first speed column can be used with high-speed steel tools using the
feeds given in Table 15a; these are the same speeds contained in previous editions of the
Handbook. The remaining data in Tables 10 through 14 are combined feeds and speeds for
end, face, and slit, slot, and side milling that use the speed adjustment factors given in
Tables 15b, 15c, and 15d. Tool life for the combined feed/speed data can also be adjusted
using the factors in Table 15e. Table 16 lists cutting tool grades and vendor equivalents.

End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle tool
with a diameter of 1.0 inch, an axial depth of cut of 0.2 inch, and a radial depth of cut of 1
inch (full slot). Use Table 15b to adjust speeds for other feeds and axial depths of cut, and
Table 15c to adjust speeds if the radial depth of cut is less than the tool diameter. Speeds are
valid for all tool diameters.

Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face
mill, operating with a 15-degree lead angle, 3⁄64-inch nose radius, axial depth of cut = 0.1
inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diameter ratio =
3⁄4). These speeds are valid if the cutter axis is above or close to the center line of the work-
piece (eccentricity is small). Under these conditions, use Table 15d to adjust speeds for
other feeds and axial and radial depths of cut. For larger eccentricity (i.e., when the cutter
axis to workpiece center line offset is one half the cutter diameter or more), use the end and
side milling adjustment factors (Tables 15b and 15c) instead of the face milling factors.

Slit and Slot Milling: Table data for slit milling are based on an 8-tooth, 10-degree helix
angle tool with a cutter width of 0.4 inch, diameter D of 4.0 inch, and a depth of cut of 0.6
inch. Speeds are valid for all tool diameters and widths. See the examples in the text for
adjustments to the given speeds for other feeds and depths of cut.

Tool life for all tabulated values is approximately 45 minutes; use Table 15e to adjust tool
life from 15 to 180 minutes.

Using the Feed and Speed Tables for Milling: The basic feed for milling cutters is the
feed per tooth (f), which is expressed in inches per tooth. There are many factors to con-
sider in selecting the feed per tooth and no formula is available to resolve these factors.
Among the factors to consider are the cutting tool material; the work material and its hard-
ness; the width and the depth of the cut to be taken; the type of milling cutter to be used and
its size; the surface finish to be produced; the power available on the milling machine; and
the rigidity of the milling machine, the workpiece, the workpiece setup, the milling cutter,
and the cutter mounting.

The cardinal principle is to always use the maximum feed that conditions will permit.
Avoid, if possible, using a feed that is less than 0.001 inch per tooth because such low feeds
reduce the tool life of the cutter. When milling hard materials with small-diameter end
mills, such small feeds may be necessary, but otherwise use as much feed as possible.
Harder materials in general will require lower feeds than softer materials. The width and
the depth of cut also affect the feeds. Wider and deeper cuts must be fed somewhat more
slowly than narrow and shallow cuts. A slower feed rate will result in a better surface fin-
ish; however, always use the heaviest feed that will produce the surface finish desired. Fine
chips produced by fine feeds are dangerous when milling magnesium because spontane-
ous combustion can occur. Thus, when milling magnesium, a fast feed that will produce a
relatively thick chip should be used. Cutting stainless steel produces a work-hardened
layer on the surface that has been cut. Thus, when milling this material, the feed should be
large enough to allow each cutting edge on the cutter to penetrate below the work-hardened
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layer produced by the previous cutting edge. The heavy feeds recommended for face mill-
ing cutters are to be used primarily with larger cutters on milling machines having an ade-
quate amount of power. For smaller face milling cutters, start with smaller feeds and
increase as indicated by the performance of the cutter and the machine.

When planning a milling operation that requires a high cutting speed and a fast feed,
always check to determine if the power required to take the cut is within the capacity of the
milling machine. Excessive power requirements are often encountered when milling with
cemented carbide cutters. The large metal removal rates that can be attained require a high
horsepower output. An example of this type of calculation is given in the section on
Machining Power that follows this section. If the size of the cut must be reduced in order to
stay within the power capacity of the machine, start by reducing the cutting speed rather
than the feed in inches per tooth.

The formula for calculating the table feed rate, when the feed in inches per tooth is
known, is as follows:

where fm =milling machine table feed rate in inches per minute (ipm)

ft =feed in inch per tooth (ipt)

nt =number of teeth in the milling cutter

N =spindle speed of the milling machine in revolutions per minute (rpm)

Example:Calculate the feed rate for milling a piece of AISI 1040 steel having a hardness
of 180 Bhn. The cutter is a 3-inch diameter high-speed steel plain or slab milling cutter
with 8 teeth. The width of the cut is 2 inches, the depth of cut is 0.062 inch, and the cutting
speed from Table 11 is 85 fpm. From Table 15a, the feed rate selected is 0.008 inch per
tooth.

Example 1, Face Milling:Determine the cutting speed and machine operating speed for
face milling an aluminum die casting (alloy 413) using a 4-inch polycrystalline diamond
cutter, a 3-inch width of cut, a 0.10-inch depth of cut, and a feed of 0.006 inch/tooth.

Table 10 gives the feeds and speeds for milling aluminum alloys. The feed/speed pairs
for face milling die cast alloy 413 with polycrystalline diamond (PCD) are 8 ⁄2320 (0.008
in./tooth feed at 2320 fpm) and 4 ⁄4755 (0.004 in./tooth feed at 4755 fpm). These speeds are
based on an axial depth of cut of 0.10 inch, an 8-inch cutter diameter D, a 6-inch radial
depth (width) of cut ar, with the cutter approximately centered above the workpiece, i.e.,
eccentricity is low, as shown in Fig. 3. If the preceding conditions apply, the given feeds
and speeds can be used without adjustment for a 45-minute tool life. The given speeds are
valid for all cutter diameters if a radial depth of cut to cutter diameter ratio (ar/D) of 3⁄4 is
maintained (i.e., 6⁄8 = 3⁄4). However, if a different feed or axial depth of cut is required, or if
the ar/D ratio is not equal to 3⁄4, the cutting speed must be adjusted for the conditions. The
adjusted cutting speed V is calculated from V = Vopt × Ff × Fd × Far, where Vopt is the lower
of the two speeds given in the speed table, and Ff, Fd, and Far are adjustment factors for
feed, axial depth of cut, and radial depth of cut, respectively, obtained from Table 15d (face
milling); except, when cutting near the end or edge of the workpiece as in Fig. 4, Table 15c
(side milling) is used to obtain Ff.

fm ftntN=

N
12V

πD
---------- 12 85×

3.14 3×
------------------- 108 rpm= = =

fm ftntN 0.008 8× 108×= =

7 ipm (approximately)=
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In this example, the cutting conditions match the standard conditions specified in the speed
table for radial depth of cut to cutter diameter (3 in./4 in.), and depth of cut (0.01 in), but the
desired feed of 0.006 in./tooth does not match either of the feeds given in the speed table
(0.004 or 0.008). Therefore, the cutting speed must be adjusted for this feed. As with turn-
ing, the feed factor Ff is determined by calculating the ratio of the desired feed f to maxi-
mum feed fopt from the speed table, and from the ratio Vavg/Vopt of the two speeds given in
the speed table. The feed factor is found at the intersection of the feed ratio row and the
speed ratio column in Table 15d. The speed is then obtained using the following equation:

Example 2, End Milling:What cutting speed should be used for cutting a full slot (i.e., a
slot cut from the solid, in one pass, that is the same width as the cutter) in 5140 steel with
hardness of 300 Bhn using a 1-inch diameter coated carbide (insert) 0° lead angle end mill,
a feed of 0.003 in./tooth, and a 0.2-inch axial depth of cut?

The feed and speed data for end milling 5140 steel, Brinell hardness = 275-325, with a
coated carbide tool are given in Table 11 as 15 ⁄80 and 8 ⁄240 for optimum and average sets,
respectively. The speed adjustment factors for feed and depth of cut for full slot (end mill-
ing) are obtained from Table 15b. The calculations are the same as in the previous exam-
ples: f/fopt = 3 ⁄15 = 0.2 and Vavg/Vopt = 240 ⁄80 = 3.0, therefore, Ff = 6.86 and Fd = 1.0. The
cutting speed for a 45-minute tool life is V = 80 × 6.86 × 1.0 = 548.8, approximately 550
ft/min.

Example 3, End Milling:What cutting speed should be used in Example 2 if the radial
depth of cut ar is 0.02 inch and axial depth of cut is 1 inch?

In end milling, when the radial depth of cut is less than the cutter diameter (as in Fig. 4),
first obtain the feed factor Ff from Table 15c, then the axial depth of cut and lead angle fac-
tor Fd from Table 15b. The radial depth of cut to cutter diameter ratio ar/D is used in Table

15c to determine the maximum and minimum feeds that guard against tool failure at high
feeds and against premature tool wear caused by the tool rubbing against the work at very
low feeds. The feed used should be selected so that it falls within the minimum to maxi-
mum feed range, and then the feed factor Ff can be determined from the feed factors at min-
imum and maximum feeds, Ff1 and Ff2  as explained below.

Fig. 3. Fig. 4. 

ar

Feed

Work

Cutter

D

ar
Feed

D

e

Cutter

Work

Chosen feed
Optimum feed
------------------------------------- f

fopt

-------- 0.006
0.008
------------- 0.75= = = Average speed

Optimum speed
----------------------------------------

Vavg

Vopt

-----------
4755
2320
------------ 2.0≈= =

Ff 1.25 1.43+( ) 2⁄ 1.34= = Fd 1.0= Far 1.0=

V 2320 1.34× 1.0× 1.0× 3109 fpm, and 3.82 3109 4⁄× 2970 rpm= = =
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The maximum feed fmax is found in Table 15c by multiplying the optimum feed from the
speed table by the maximum feed factor that corresponds to the ar/D ratio, which in this
instance is 0.02 ⁄1 = 0.02; the minimum feed fmin is found by multiplying the optimum feed
by the minimum feed factor. Thus, fmax = 4.5 × 0.015 = 0.0675 in./tooth and fmin = 3.1 ×
0.015 = 0.0465 in./tooth. If a feed between these maximum and minimum values is
selected, 0.050 in./tooth for example, then for ar/D = 0.02 and Vavg/Vopt = 3.0, the feed fac-
tors at maximum and minimum feeds are Ff1 = 7.90 and Ff2 = 7.01, respectively, and by
interpolation, Ff = 7.90 + (0.050 − 0.0465)/(0.0675 − 0.0465) × (7.01 − 7.90) = 7.75. 

The depth of cut factor Fd is obtained from Table 15b, using fmax from Table 15c instead
of the optimum feed fopt for calculating the feed ratio (chosen feed/optimum feed). In this
example, the feed ratio = chosen feed/fmax = 0.050 ⁄0.0675 = 0.74, so the feed factor is Fd =
0.93 for a depth of cut = 1.0 inch and 0° lead angle. Therefore, the final cutting speed is 80
× 7.75 × 0.93 = 577 ft/min. Notice that fmax obtained from Table 15c was used instead of the
optimum feed from the speed table, in determining the feed ratio needed to find Fd.

Slit Milling.—The tabular data for slit milling is based on an 8-tooth, 10-degree helix
angle cutter with a width of 0.4 inch, a diameter D of 4.0 inch, and a depth of cut of 0.6 inch.
The given feeds and speeds are valid for any diameters and tool widths, as long as suffi-
cient machine power is available. Adjustments to cutting speeds for other feeds and depths
of cut are made using Table 15c or 15d, depending on the orientation of the cutter to the
work, as illustrated in Case 1 and Case 2 of Fig. 5. The situation illustrated in Case 1 is
approximately equivalent to that illustrated in Fig. 3, and Case 2 is approximately equiva-
lent to that shown in Fig. 4.

Case 1: If the cutter is fed directly into the workpiece, i.e., the feed is perpendicular to the
surface of the workpiece, as in cutting off, then Table 15d (face milling) is used to adjust
speeds for other feeds. The depth of cut portion of Table 15d is not used in this case (Fd =
1.0), so the adjusted cutting speed V = Vopt × Ff × Far. In determining the factor Far from
Table 15d, the radial depth of cut ar is the length of cut created by the portion of the cutter
engaged in the work.

Case 2: If the cutter feed is parallel to the surface of the workpiece, as in slotting or side
milling, then Table 15c (side milling) is used to adjust the given speeds for other feeds. In
Table 15c, the cutting depth (slot depth, for example) is the radial depth of cut ar that is
used to determine maximum and minimum allowable feed/tooth and the feed factor Ff.
These minimum and maximum feeds are determined in the manner described previously,
however, the axial depth of cut factor Fd is not required. The adjusted cutting speed, valid
for cutters of any thickness (width), is given by V = Vopt × Ff.

Fig. 5. Determination of Radial Depth of Cut or in Slit Milling

Case 1

f

Work

ar

Case 2

f

Slit Mill

feed/rev, f

Chip
Thickness

ar
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Table 10. Cutting Feeds and Speeds for Milling Aluminum Alloys

Abbreviations designate: A, annealed; AC, as cast; CD, cold drawn; and ST and A, solution treated and aged, respectively.
End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle tool with a diameter of 1.0 inch, an axial depth of cut of 0.2 inch, and a radial

depth of cut of 1 inch (full slot). Use Table 15b to adjust speeds for other feeds and axial depths of cut, and Table 15c to adjust speeds if the radial depth of cut is less than
the tool diameter. Speeds are valid for all tool diameters.

Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree lead angle, 3⁄64-inch nose radius, axial depth of
cut = 0.1 inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diameter ratio = 3⁄4). These speeds are valid if the cutter axis is above or close to the
center line of the workpiece (eccentricity is small). Under these conditions, use Table 15d to adjust speeds for other feeds and axial and radial depths of cut. For larger
eccentricity (i.e., when the cutter axis to workpiece center line offset is one half the cutter diameter or more), use the end and side milling adjustment factors (Tables 15b
and 15c) instead of the face milling factors.

Slit and Slot Milling: Table data for slit milling are based on an 8-tooth, 10-degree helix angle tool with a cutter width of 0.4 inch, diameter D of 4.0 inch, and a depth
of cut of 0.6 inch. Speeds are valid for all tool diameters and widths. See the examples in the text for adjustments to the given speeds for other feeds and depths of cut.

Tool life for all tabulated values is approximately 45 minutes; use Table 15e to adjust tool life from 15 to 180 minutes. The combined feed/speed data in this table are
based on tool grades (identified in Table 16) as follows: uncoated carbide = 15; diamond = 9.

Material

Material
Condi-
tion*

End Milling Face Milling Slit Milling

HSS

Indexable Insert
Uncoated
Carbide

Indexable Insert
Uncoated
Carbide

Polycrystalline
Diamond HSS

Indexable Insert
Uncoated
Carbide

f = feed (0.001 in./tooth), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

All wrought aluminum alloys, 
6061-T651, 5000, 6000, 7000 series

CD
ST and A f

s
15
165

8
850

15
620

8
2020

39
755

20
1720

8
3750

4
8430

16
1600

8
4680

39
840

20
2390All aluminum sand and permanent

 mold casting alloys
CD

ST and A

Aluminum Die-Casting Alloys

Alloys 308.0 and 319.0 — f
s

15
30

8
100

15
620

8
2020

39
755

20
1720

16
160

8
375

39
840

20
2390

Alloys 360.0 and 380.0 — f
s

15
30

8
90

15
485

8
1905

39
555

20
1380

8
3105

4
7845

16
145

8
355

39
690

20
2320

Alloys 390.0 and 392.0 — f
s

39
220

20
370

Alloy 413 — f
s

15
355

8
1385

39
405

20
665

8
2320

4
4755

39
500

20
1680

All other aluminum die-casting alloys {
ST and A

AC f
s

15
30

8
90

15
485

8
1905

39
555

20
1380

8
3105

4
7845

16
145

8
335

39
690

20
2320
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1044Table 11. Cutting Feeds and Speeds for Milling Plain Carbon and Alloy Steels

Material
Brinell

Hardness

HSS

End Milling Face Milling Slit Milling

HSS Uncoated Carbide Coated Carbide Uncoated Carbide Coated Carbide Uncoated Carbide Coated Carbide

Speed
(fpm)

f = feed (0.001 in./tooth), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Free-machining plain carbon 
steels (resulfurized): 1212, 
1213, 1215

{
100-150 140

f

s
7
45

4
125

7
465

4
735

7
800

4
1050

39
225

20
335

39
415

20
685

39
265

20
495

39
525

20
830

150-200 130 f
s

7
35

4
100

39
215

20
405

(Resulfurized): 1108, 1109, 
1115, 1117, 1118, 1120, 1126, 
1211

{
100-150 130

f
s

730
4 7 4 7 4 39 20 39 20 39 20 39 20

150-200 115 85 325 565 465 720 140 220 195 365 170 350 245 495

(Resulfurized): 1132, 1137, 
1139, 1140, 1144, 1146, 1151 {

175-225 115 f
s

7
30

4
85

39
185

20
350

275-325 70

f
s

7
25

4
70

7
210

4
435

7
300

4
560

39
90

20
170

39
175

20
330

39
90

20
235

39
135

20
325325-375 45

375-425 35

(Leaded): 11L17, 11L18, 12L13, 
12L14 {

100-150 140
f
s

7
35

4
100

39
215

20
405150-200 130

200-250 110
f

s

7
30

4
85

39
185

20
350

Plain carbon steels: 1006, 1008, 
1009, 1010, 1012, 1015, 1016, 
1017, 1018, 1019, 1020, 1021, 
1022, 1023, 1024, 1025, 1026, 
1513, 1514

100-125 110
f

s

7
45

4
125

7
465

4
735

7
800

4
1050

39
225

20
335

39
415

20
685

39
265

20
495

39
525

20
830

125-175 110 f
s

7
35

4
100

39
215

20
405

175-225 90
f
s

7
30

4
85

39
185

20
350225-275 65
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Plain carbon steels: 1027, 1030, 
1033, 1035, 1036, 1037, 1038, 
1039, 1040, 1041, 1042, 1043, 
1045, 1046, 1048, 1049, 1050, 
1052, 1524, 1526, 1527, 1541

125-175 100 f
s

7
35

4
100

39
215

20
405

175-225 85 f
s

7
30

4
85

39
185

20
350225-275 70

275-325 55

f
s

7
25

4
70

7
210

4
435

7
300

4
560

39
90

20
170

39
175

20
330

39
90

20
235

39
135

20
325325-375 35

375-425 25

Plain carbon steels: 1055, 1060, 
1064, 1065, 1070, 1074, 1078, 
1080, 1084, 1086, 1090, 1095, 
1548, 1551, 1552, 1561, 1566

125-175 90
f

s

7
30

4
85

7
325

4
565

7
465

4
720

39
140

20
220

39
195

20
365

39
170

20
350

39
245

20
495175-225 75

225-275 60 f
s

7
30

4
85

39
185

20
350

275-325 45

f
s

7
25

4
70

7
210

4
435

7
300

4
560

39
90

20
170

39
175

20
330

39
90

20
235

39
135

20
325325-375 30

375-425 15

Free-machining alloy steels 
(Resulfurized): 4140, 4150

175-200 100
f

s

15
7

8
30

15
105

8
270

15
270

8
450

39
295

20
475

39
135

20
305

7
25

4
70200-250 90

250-300 60 f
s

15
6

8
25

15
50

8
175

15
85

8
255

39
200

20
320

39
70

20
210

7
25

4
70

300-375 45 f
s

15
5

8
20

15
40

8
155

15
75

8
225

39
175

20
280375-425 35

Table 11. (Continued) Cutting Feeds and Speeds for Milling Plain Carbon and Alloy Steels

Material
Brinell

Hardness

HSS

End Milling Face Milling Slit Milling

HSS Uncoated Carbide Coated Carbide Uncoated Carbide Coated Carbide Uncoated Carbide Coated Carbide

Speed
(fpm)

f = feed (0.001 in./tooth), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.
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Free-machining alloy steels 
(Leaded): 41L30, 41L40, 41L47, 
41L50, 43L47, 51L32, 52L100, 
86L20, 86L40

150-200 115 f
s

7
30

4
85

7
325

4
565

7
465

4
720

39
140

20
220

39
195

20
365

39
170

20
350

39
245

20
495

200-250 95
f

s

7
30

4
85

39
185

20
350

250-300 70
f
s

7
25

4
70

7
210

4
435

7
300

4
560

39
90

20
170

39
175

20
330

39
90

20
235

39
135

20
325300-375 50

375-425 40

Alloy steels: 4012, 4023, 4024, 
4028, 4118, 4320, 4419, 4422, 
4427, 4615, 4620, 4621, 4626, 
4718, 4720, 4815, 4817, 4820, 
5015, 5117, 5120, 6118, 8115, 
8615, 8617, 8620, 8622, 8625, 
8627, 8720, 8822, 94B17

125-175 100 f
s

15
7

8
30

15
105

8
270

15
220

8
450

39
295

20
475

39
135

20
305

39
265

20
495175-225 90

225-275 60 f
s

15
6

8
25

15
50

8
175

15
85

8
255

39
200

20
320

39
70

20
210

39
115

20
290

275-325 50 f
s

15
5

8
20

15
45

8
170

15
80

8
240

39
190

20
305

325-375 40 f
s

15
5

8
20

15
40

8
155

15
75

8
225

39
175

20
280375-425 25

Alloy steels: 1330, 1335, 1340, 
1345, 4032, 4037, 4042, 4047, 
4130, 4135, 4137, 4140, 4142, 
4145, 4147, 4150, 4161, 4337, 
4340, 50B44, 50B46, 50B50, 
50B60, 5130, 5132, 5140, 5145, 
5147, 5150, 5160, 51B60, 6150, 
81B45, 8630, 8635, 8637, 8640, 
8642, 8645, 8650, 8655, 8660, 
8740, 9254, 9255, 9260, 9262, 
94B30
E51100, E52100: use (HSS 
speeds)

175-225 75 (65) f
s

15
5

8
30

15
105

8
270

15
220

8
450

39
295

20
475

39
135

20
305

39
265

20
495

225-275 60 f
s

15
5

8
25

15
50

8
175

15
85

8
255

39
200

20
320

39
70

20
210

39
115

20
290

275-325 50 (40) f
s

15
5

8
25

15
45

8
170

15
80

8
240

39
190

20
305

325-375 35 (30)

f
s

15
5

8
20

15
40

8
155

15
75

8
225

39
175

20
280375-425 20

Table 11. (Continued) Cutting Feeds and Speeds for Milling Plain Carbon and Alloy Steels

Material
Brinell

Hardness

HSS

End Milling Face Milling Slit Milling

HSS Uncoated Carbide Coated Carbide Uncoated Carbide Coated Carbide Uncoated Carbide Coated Carbide

Speed
(fpm)

f = feed (0.001 in./tooth), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.
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For HSS (high-speed steel) tools in the first speed column only, use Table 15a for recommended feed in inches per tooth and depth of cut.
End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle tool with a diameter of 1.0 inch, an axial depth of cut of 0.2 inch, and a radial

depth of cut of 1 inch (full slot). Use Table 15b to adjust speeds for other feeds and axial depths of cut, and Table 15c to adjust speeds if the radial depth of cut is less than
the tool diameter. Speeds are valid for all tool diameters.

Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree lead angle, 3⁄64-inch nose radius, axial depth of
cut = 0.1 inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diameter ratio = 3⁄4). These speeds are valid if the cutter axis is above or close to the
center line of the workpiece (eccentricity is small). Under these conditions, use Table 15d to adjust speeds for other feeds and axial and radial depths of cut. For larger
eccentricity (i.e., when the cutter axis to workpiece center line offset is one half the cutter diameter or more), use the end and side milling adjustment factors (Tables 15b
and 15c) instead of the face milling factors.

Slit and Slot Milling: Table data for slit milling are based on an 8-tooth, 10-degree helix angle tool with a cutter width of 0.4 inch, diameter D of 4.0 inches, and a depth
of cut of 0.6 inch. Speeds are valid for all tool diameters and widths. See the examples in the text for adjustments to the given speeds for other feeds and depths of cut.

Tool life for all tabulated values is approximately 45 minutes; use Table 15e to adjust tool life from 15 to 180 minutes. The combined feed/speed data in this table are
based on tool grades (identified in Table 16) as follows: end and slit milling uncoated carbide = 20 except † = 15; face milling uncoated carbide = 19; end, face, and slit
milling coated carbide = 10.

Ultra-high-strength steels (not 
AISI): AMS 6421 (98B37 Mod.), 
6422 (98BV40), 6424, 6427, 
6428, 6430, 6432, 6433, 6434, 
6436, and 6442; 300M, D6ac

220-300 60 f
s

8
165

4
355

8
300

4
480300-350 45

350-400 20 f
s

8
15

4
45

8
150

4
320

39
130

20
235

39
75

20
175

43-52 Rc — f
s

5
20†

3
55

39
5

20
15

Maraging steels (not AISI): 18% Ni 
Grades 200, 250, 300, and 350

250-325 50 f
s

8
165

4
355

8
300

4
480

50-52 Rc — f
s

5
20†

3
55

39
5

20
15

Nitriding steels (not AISI): Nitralloy 
125, 135, 135 Mod., 225, and 230, 
Nitralloy N, Nitralloy EZ, Nitrex 1

200-250 60 f
s

15
7

8
30

15
105

8
270

15
220

8
450

39
295

20
475

39
135

20
305

39
265

20
495

300-350 25 f
s

15
5

8
20

15
40

8
155

15
75

8
225

39
175

20
280

Table 11. (Continued) Cutting Feeds and Speeds for Milling Plain Carbon and Alloy Steels

Material
Brinell

Hardness

HSS

End Milling Face Milling Slit Milling

HSS Uncoated Carbide Coated Carbide Uncoated Carbide Coated Carbide Uncoated Carbide Coated Carbide

Speed
(fpm)

f = feed (0.001 in./tooth), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.
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Material
Brinell

Hardness

HSS

End Milling Face Milling Slit Milling

HSS
Uncoated
Carbide

Coated
Carbide

Uncoated
Carbide CBN

Uncoated
Carbide

Coated
Carbide

Speed
(fpm)

f = feed (0.001 in./tooth), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Water hardening: W1, W2, W5 150-200 85

f
s

8
25

4
70

8
235

4
455

8
405

4
635

39
235

20
385

39
115

20
265

39
245

20
445

Shock resisting: S1, S2, S5, S6, S7 175-225 55
Cold work, oil hardening: O1, O2, 

O6, O7 175-225 50

Cold work, high carbon, high chro-
mium: D2, D3, D4, D5, D7 200-250 40

Cold work, air hardening: A2, 
A3, A8, A9, A10 { 200-250 50

f
s

39
255

20
385

A4, A6 200-250 45
A7 225-275 40

Hot work, chromium type: H10, 
H11, H12, H13, H14, H19

150-200 60
200-250 50

325-375 30 f
s

8
15

4
45

8
150

4
320

39
130

20
235

39
75

20
175

48-50 Rc —
f
s

5
20†

3
55

39
50

20
135

39
5†

20
1550-52 Rc —

52-56 Rc —
Hot work, tungsten and molybde-

num types: H21, H22, H23, H24, 
H25, H26, H41, H42, H43

150-200 55
f
s

39
255

20
385200-250 45

Special-purpose, low alloy: L2, L3, 
L6 150-200 65

f
s

8
25

4
70

8
235

4
455

8
405

4
635

39
235

20
385

39
115

20
265

39
245

20
445

Mold: P2, P3, P4, P5, P6 P20, P21
100-150 75
150-200 60

High-speed steel: M1, M2, M6, 
M10, T1, T2, T6 200-250 50

M3-1, M4, M7, M30, M33, M34, 
M36, M41, M42, M43, M44, 
M46, M47, T5, T8

{ 225-275 40 f
s

39
255

20
385

T15, M3-2 225-275 30
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For HSS (high-speed steel) tools in the first speed column only, use Table 15a for recommended feed in inches per tooth and depth of cut.
End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle tool with a diameter of 1.0 inch, an axial depth of cut of 0.2 inch, and a radial

depth of cut of 1 inch (full slot). Use Table 15b to adjust speeds for other feeds and axial depths of cut, and Table 15c to adjust speeds if the radial depth of cut is less than
the tool diameter. Speeds are valid for all tool diameters.

Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree lead angle, 3⁄64-inch nose radius, axial depth of
cut = 0.1 inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diameter ratio = 3⁄4). These speeds are valid if the cutter axis is above or close to the
center line of the workpiece (eccentricity is small). Under these conditions, use Table 15d to adjust speeds for other feeds and axial and radial depths of cut. For larger
eccentricity (i.e., when the cutter axis to workpiece center line offset is one half the cutter diameter or more), use the end and side milling adjustment factors (Tables 15b
and 15c) instead of the face milling factors.

Slit and Slot Milling: Table data for slit milling are based on an 8-tooth, 10-degree helix angle tool with a cutter width of 0.4 inch, diameter D of 4.0 inches, and a depth
of cut of 0.6 inch. Speeds are valid for all tool diameters and widths. See the examples in the text for adjustments to the given speeds for other feeds and depths of cut.

Tool life for all tabulated values is approximately 45 minutes; use Table 15e to adjust tool life from 15 to 180 minutes. The combined feed/speed data in this table are
based on tool grades (identified in Table 16) as follows: uncoated carbide = 20, † = 15; coated carbide = 10; CBN = 1.

Table 13. Cutting Feeds and Speeds for Milling Stainless Steels

Material
Brinell

Hardness

HSS

End Milling Face Milling Slit Milling

HSS
Uncoated
Carbide

Coated
Carbide

Coated
Carbide

Uncoated
Carbide

Coated
Carbide

Speed
(fpm)

f = feed (0.001 in./tooth), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Free-machining stainless steels (Ferritic): 430F, 
430FSe 135-185 110 f

s
7
30

4
80

7
305

4
780

7
420

4
1240

39
210

20
385

39
120

20
345

39
155

20
475

(Austenitic): 203EZ, 303, 303Se, 303MA, 
303Pb, 303Cu, 303 Plus X

{ 135-185 100

f

s

7
20

4
55

7
210

4
585

39
75

20
240

225-275 80

(Martensitic): 416, 416Se, 416 Plus X, 420F, 
420FSe, 440F, 440FSe {

135-185 110
185-240 100
275-325 60
375-425 30

Stainless steels (Ferritic): 405, 409, 429, 430, 
434, 436, 442, 446, 502 135-185 90 f

s
7
30

4
80

7
305

4
780

7
420

4
1240

39
210

20
385

39
120

20
345

39
155

20
475

(Austenitic): 201, 202, 301, 302, 304, 304L, 
305, 308, 321, 347, 348

{ 135-185 75

f
s

7
20

4
55

7
210

4
585

39
75

20
240

225-275 65
(Austenitic): 302B, 309, 309S, 310,

310S, 314, 316, 316L, 317, 330 135-185 70

(Martensitic): 403, 410, 420, 501 {

135-175 95
175-225 85
275-325 55
375-425 35
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For HSS (high-speed steel) tools in the first speed column only, use Table 15a for recommended feed in inches per tooth and depth of cut.

End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle tool with a diameter of 1.0 inch, an axial depth of cut of 0.2 inch, and a radial
depth of cut of 1 inch (full slot). Use Table 15b to adjust speeds for other feeds and axial depths of cut, and Table 15c to adjust speeds if the radial depth of cut is less than
the tool diameter. Speeds are valid for all tool diameters.

Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree lead angle, 3⁄64-inch nose radius, axial depth of
cut = 0.1 inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diameter ratio = 3⁄4). These speeds are valid if the cutter axis is above or close to the
center line of the workpiece (eccentricity is small). Under these conditions, use Table 15d to adjust speeds for other feeds and axial and radial depths of cut. For larger
eccentricity (i.e., when the cutter axis to workpiece center line offset is one half the cutter diameter or more), use the end and side milling adjustment factors (Tables 15b
and 15c) instead of the face milling factors.

Slit and Slot Milling: Table data for slit milling are based on an 8-tooth, 10-degree helix angle tool with a cutter width of 0.4 inch, diameter D of 4.0 inch, and a depth
of cut of 0.6 inch. Speeds are valid for all tool diameters and widths. See the examples in the text for adjustments to the given speeds for other feeds and depths of cut.

Tool life for all tabulated values is approximately 45 minutes; use Table 15e to adjust tool life from 15 to 180 minutes. The combined feed/speed data in this table are
based on tool grades (identified in Table 16) as follows: uncoated carbide = 20; coated carbide = 10.

Stainless Steels (Martensitic): 414, 431, 
Greek Ascoloy, 440A, 440B, 440C {

225-275 55-60

275-325 45-50

375-425 30

(Precipitation hardening): 15-5PH, 17-4PH, 17-
7PH, AF-71, 17-14CuMo, AFC-77, AM-350, 
AM-355, AM-362, Custom 455, HNM, PH13-
8, PH14-8Mo, PH15-7Mo, Stainless W

150-200 60 f
s

7
20

4
55

7
210

4
585

39
75

20
240

275-325 50

325-375 40

375-450 25

Table 13. Cutting Feeds and Speeds for Milling Stainless Steels

Material
Brinell

Hardness

HSS

End Milling Face Milling Slit Milling

HSS
Uncoated
Carbide

Coated
Carbide

Coated
Carbide

Uncoated
Carbide

Coated
Carbide

Speed
(fpm)

f = feed (0.001 in./tooth), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.
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Table 14. Cutting Feeds and Speeds for Milling Ferrous Cast Metals

Material
Brinell

Hardness

HSS

End Milling Face Milling Slit Milling

HSS
Uncoated
Carbide

Coated
Carbide

Uncoated
Carbide

Coated
Carbide Ceramic CBN

Uncoated
Carbide

Coated
Carbide

Speed
(fpm)

f = feed (0.001 in./tooth), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Gray Cast Iron

ASTM Class 20 120-150 100
f
s

5
35

3
90

5
520

3
855

39
140

20
225

39
285

20
535

39
1130

20
1630

39
200

20
530

39
205

20
420ASTM Class 25 160-200 80

ASTM Class 30, 35, and 40 190-220 70

ASTM Class 45 and 50 220-260 50 f
s

5
30

3
70

5
515

3
1100

39
95

20
160

39
185

20
395

39
845

20
1220

39
150

20
400

39
145

20
380ASTM Class 55 and 60 250-320 30

ASTM Type 1, 1b, 5 (Ni resist) 100-215 50

ASTM Type 2, 3, 6 (Ni resist) 120-175 40

ASTM Type 2b, 4 (Ni resist) 150-250 30

Malleable Iron

(Ferritic): 32510, 35018 110-160 110 f
s

5
30

3
70

5
180

3
250

39
120

20
195

39
225

20
520

39
490

20
925

39
85

20
150

(Pearlitic): 40010, 43010, 45006, 45008, 
48005, 50005

160-200 80 f

s

5
25

3
65

5
150

3
215

39
90

20
150

39
210

20
400

39
295

20
645

39
70

20
125200-240 65

(Martensitic): 53004, 60003, 60004 200-255 55

(Martensitic): 70002, 70003 220-260 50

(Martensitic): 80002 240-280 45

(Martensitic): 90001 250-320 25

Nodular (Ductile) Iron

(Ferritic): 60-40-18, 65-45-12 140-190 75 f
s

7
15

4
35

7
125

4
240

39
100

20
155

39
120

20
255

39
580

20
920

39
60

20
135

(Ferritic-Pearlitic): 80-55-06 {
190-225 60

f
s

7
10

4
30

7
90

4
210

39
95

20
145

39
150

20
275

39
170

20
415

39
40

20
100225-260 50

(Pearlitic-Martensitic): 100-70-03 240-300 40

(Martensitic): 120-90-02 270-330 25
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For HSS (high-speed steel) tools in the first speed column only, use Table 15a for recommended feed in inches per tooth and depth of cut.

End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle tool with a diameter of 1.0 inch, an axial depth of cut of 0.2 inch, and a radial
depth of cut of 1 inch (full slot). Use Table 15b to adjust speeds for other feeds and axial depths of cut, and Table 15c to adjust speeds if the radial depth of cut is less than
the tool diameter. Speeds are valid for all tool diameters.

Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree lead angle, 3⁄64-inch nose radius, axial depth of
cut = 0.1 inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diameter ratio = 3⁄4). These speeds are valid if the cutter axis is above or close to the
center line of the workpiece (eccentricity is small). Under these conditions, use Table 15d to adjust speeds for other feeds and axial and radial depths of cut. For larger
eccentricity (i.e., when the cutter axis to workpiece center line offset is one half the cutter diameter or more), use the end and side milling adjustment factors (Tables 15b
and 15c) instead of the face milling factors.

Slit and Slot Milling: Table data for slit milling are based on an 8-tooth, 10-degree helix angle tool with a cutter width of 0.4 inch, diameter D of 4.0 inches, and a depth
of cut of 0.6 inch. Speeds are valid for all tool diameters and widths. See the examples in the text for adjustments to the given speeds for other feeds and depths of cut.

Tool life for all tabulated values is approximately 45 minutes; use Table 15e to adjust tool life from 15 to 180 minutes. The combined feed/speed data in this table are
based on tool grades (identified in Table 16) as follows: uncoated carbide = 15 except † = 20; end and slit milling coated carbide = 10; face milling coated carbide = 11
except ‡ = 10. ceramic = 6; CBN = 1.

Cast Steels

(Low carbon): 1010, 1020 100-150 100 f

s

7
25

4
70

7
245†

4
410

7
420

4
650

39
265‡

20
430

39
135†

20
260

39
245

20
450

(Medium carbon): 1030, 1040 1050 {

125-175 95

175-225 80

f
s

7
20

4
55

7
160†

4
400

7
345

4
560

39
205‡

20
340

39
65†

20
180

39
180

20
370

225-300 60

150-200 85

(Low-carbon alloy): 1320, 2315, 2320, 
4110, 4120, 4320, 8020, 8620 {

200-250 75

250-300 50

(Medium-carbon alloy): 1330, 1340, 
2325, 2330, 4125, 4130, 4140, 4330, 
4340, 8030, 80B30, 8040, 8430, 8440, 
8630, 8640, 9525, 9530, 9535

{

175-225 70 f

s

7
15

4
45

7
120†

4
310

39
45†

20
135225-250 65

250-300 50 f
s

39
25

20
40300-350 30

Table 14. Cutting Feeds and Speeds for Milling Ferrous Cast Metals

Material
Brinell

Hardness

HSS

End Milling Face Milling Slit Milling

HSS
Uncoated
Carbide

Coated
Carbide

Uncoated
Carbide

Coated
Carbide Ceramic CBN

Uncoated
Carbide

Coated
Carbide

Speed
(fpm)

f = feed (0.001 in./tooth), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.
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Table 15a. Recommended Feed in Inches per Tooth (ft) for Milling with High Speed Steel Cutters

Material
Hardness,

HB

End Mills

Plain
or

Slab
Mills

Form
Relieved
Cutters

Face Mills
and

Shell End
Mills

Slotting
and
Side
Mills

Depth of Cut, .250 inch (6.35 mm) Depth of Cut, .050 inch (1.27 mm)

Cutter Diameter, inch (mm) Cutter Diameter, inch (mm)

1⁄2 inch
(12.7 mm)

3⁄4 inch
(25.4 mm)

1 inch and up
(19.05 mm)

1⁄4 inch
(6.35 mm)

1⁄2 inch
(12.7 mm)

3⁄4 inch
(19.05 mm)

1 inch and up
(25.4 mm)

ft = feed per tooth, inch; Metric Units: ft × 25.4 = mm

Free-machining plain carbon steels 100-185 .001 .003 .004 .001 .002 .003 .004 .003-.008 .005 .004-.012 .002-.008

Plain carbon steels, AISI 1006 to 1030; 1513 to 
1522 {

100-150 .001 .003 .003 .001 .002 .003 .004 .003-.008 .004 .004-.012 .002-.008

150-200 .001 .002 .003 .001 .002 .002 .003 .003-.008 .004 .003-.012 .002-.008

AISI 1033 to 1095; 1524 to 1566 {

120-180 .001 .003 .003 .001 .002 .003 .004 .003-.008 .004 .004-.012 .002-.008

180-220 .001 .002 .003 .001 .002 .002 .003 .003-.008 .004 .003-.012 .002-.008

220-300 .001 .002 .002 .001 .001 .002 .003 .002-.006 .003 .002-.008 .002-.006

Alloy steels having less than 3% carbon. Typical 
examples: AISI 4012, 4023, 4027, 4118, 4320 4422, 
4427, 4615, 4620, 4626, 4720, 4820, 5015, 5120, 
6118, 8115, 8620 8627, 8720, 8820, 8822, 9310, 
93B17

125-175 .001 .003 .003 .001 .002 .003 .004 .003-.008 .004 .004-.012 .002-.008

175-225 .001 .002 .003 .001 .002 .003 .003 .003-.008 .004 .003-.012 .002-.008

225-275 .001 .002 .003 .001 .001 .002 .003 .002-.006 .003 .003-.008 .002-.006

275-325 .001 .002 .002 .001 .001 .002 .002 .002-.005 .003 .002-.008 .002-.005

Alloy steels having 3% carbon or more. Typical 
examples: AISI 1330, 1340, 4032, 4037, 4130, 4140, 
4150, 4340, 50B40, 50B60, 5130, 51B60, 6150, 
81B45, 8630, 8640, 86B45, 8660, 8740, 94B30

175-225 .001 .002 .003 .001 .002 .003 .004 .003-.008 .004 .003-.012 .002-.008

225-275 .001 .002 .003 .001 .001 .002 .003 .002-.006 .003 .003-.010 .002-.006

275-325 .001 .002 .002 .001 .001 .002 .003 .002-.005 .003 .002-.008 .002-.005

325-375 .001 .002 .002 .001 .001 .002 .002 .002-.004 .002 .002-.008 .002-.005

Tool steel
150-200 .001 .002 .002 .001 .002 .003 .003 .003-.008 .004 .003-.010 .002-.006

200-250 .001 .002 .002 .001 .002 .002 .003 .002-.006 .003 .003-.008 .002-.005

Gray cast iron

120-180 .001 .003 .004 .002 .003 .004 .004 .004-.012 .005 .005-.016 .002-.010

180-225 .001 .002 .003 .001 .002 .003 .003 .003-.010 .004 .004-.012 .002-.008

225-300 .001 .002 .002 .001 .001 .002 .002 .002-.006 .003 .002-.008 .002-.005

Free malleable iron 110-160 .001 .003 .004 .002 .003 .004 .004 .003-.010 .005 .005-.016 .002-.010
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Pearlitic-Martensitic malleable iron

160-200 .001 .003 .004 .001 .002 .003 .004 .003-.010 .004 .004-.012 .002-.018

200-240 .001 .002 .003 .001 .002 .003 .003 .003-.007 .004 .003-.010 .002-.006

240-300 .001 .002 .002 .001 .001 .002 .002 .002-.006 .003 .002-.008 .002-.005

Cast steel

100-180 .001 .003 .003 .001 .002 .003 .004 .003-.008 .004 .003-.012 .002-.008

180-240 .001 .002 .003 .001 .002 .003 .003 .003-.008 .004 .003-.010 .002-.006

240-300 .001 .002 .002 .005 .002 .002 .002 .002-.006 .003 .003-.008 .002-.005

Zinc alloys (die castings) … .002 .003 .004 .001 .003 .004 .006 .003-.010 .005 .004-.015 .002-.012

Copper alloys (brasses & bronzes)
100-150 .002 .004 .005 .002 .003 .005 .006 .003-.015 .004 .004-.020 .002-.010

150-250 .002 .003 .004 .001 .003 .004 .005 .003-.015 .004 .003-.012 .002-.008

Free cutting brasses & bronzes 80-100 .002 .004 .005 .002 .003 .005 .006 .003-.015 .004 .004-.015 .002-.010

Cast aluminum alloys—as cast … .003 .004 .005 .002 .004 .005 .006 .005-.016 .006 .005-.020 .004-.012

Cast aluminum alloys—hardened … .003 .004 .005 .002 .003 .004 .005 .004-.012 .005 .005-.020 .004-.012

Wrought aluminum alloys— cold drawn … .003 .004 .005 .002 .003 .004 .005 .004-.014 .005 .005-.020 .004-.012

Wrought aluminum alloys—hardened … .002 .003 .004 .001 .002 .003 .004 .003-.012 .004 .005-.020 .004-.012

Magnesium alloys … .003 .004 .005 .003 .004 .005 .007 .005-.016 .006 .008-.020 .005-.012

Ferritic stainless steel 135-185 .001 .002 .003 .001 .002 .003 .003 .002-.006 .004 .004-.008 .002-.007

Austenitic stainless steel
135-185 .001 .002 .003 .001 .002 .003 .003 .003-.007 .004 .005-.008 .002-.007

185-275 .001 .002 .003 .001 .002 .002 .002 .003-.006 .003 .004-.006 .002-.007

Martensitic stainless steel

135-185 .001 .002 .002 .001 .002 .003 .003 .003-.006 .004 .004-.010 .002-.007

185-225 .001 .002 .002 .001 .002 .002 .003 .003-.006 .004 .003-.008 .002-.007

225-300 .0005 .002 .002 .0005 .001 .002 .002 .002-.005 .003 .002-.006 .002-.005

Monel 100-160 .001 .003 .004 .001 .002 .003 .004 .002-.006 .004 .002-.008 .002-.006

Table 15a. Recommended Feed in Inches per Tooth (ft) for Milling with High Speed Steel Cutters

Material
Hardness,

HB

End Mills

Plain
or

Slab
Mills

Form
Relieved
Cutters

Face Mills
and

Shell End
Mills

Slotting
and
Side
Mills

Depth of Cut, .250 inch (6.35 mm) Depth of Cut, .050 inch (1.27 mm)

Cutter Diameter, inch (mm) Cutter Diameter, inch (mm)

1⁄2 inch
(12.7 mm)

3⁄4 inch
(25.4 mm)

1 inch and up
(19.05 mm)

1⁄4 inch
(6.35 mm)

1⁄2 inch
(12.7 mm)

3⁄4 inch
(19.05 mm)

1 inch and up
(25.4 mm)

ft = feed per tooth, inch; Metric Units: ft × 25.4 = mm
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Table 15b. End Milling (Full Slot) Speed Adjustment Factors for Feed, Depth of Cut, and Lead Angle

For HSS (high-speed steel) tool speeds in the first speed column of Tables 10 through 14, use Table 15a to determine appropriate feeds and depths of cut.

Cutting feeds and speeds for end milling given in Tables 11 through 14 (except those for high-speed steel in the first speed column) are based on milling a 0.20-inch
deep full slot (i.e., radial depth of cut = end mill diameter) with a 1-inch diameter, 20-degree helix angle, 0-degree lead angle end mill. For other depths of cut (axial),
lead angles, or feed, use the two feed/speed pairs from the tables and calculate the ratio of desired (new) feed to optimum feed (largest of the two feeds are given in the
tables), and the ratio of the two cutting speeds (Vavg/Vopt). Find the feed factor Ff at the intersection of the feed ratio row and the speed ratio column in the left half of the
Table. The depth of cut factor Fd is found in the same row as the feed factor, in the right half of the table under the column corresponding to the depth of cut and lead
angle. The adjusted cutting speed can be calculated from V = Vopt × Ff × Fd, where Vopt is the smaller (optimum) of the two speeds from the speed table (from the left side
of the column containing the two feed/speed pairs). See the text for examples.

If the radial depth of cut is less than the cutter diameter (i.e., for cutting less than a full slot), the feed factor Ff in the previous equation and the maximum feed fmax must
be obtained from Table 15c. The axial depth of cut factor Fd can then be obtained from this table using fmax in place of the optimum feed in the feed ratio. Also see the
footnote to Table 15c.

Cutting Speed, V = Vopt × Ff × Fd

Ratio
of

Chosen
Feed to

Optimum
Feed

Ratio of the two cutting speeds Depth of Cut and Lead Angle

(average/optimum) given in the tables

1 in (25.4 mm) 0.4 in (10.2 mm) 0.2 in (5.1 mm) 0.1 in (2.4 mm) 0.04 in (1.0 mm)Vavg/Vopt

1.00 1.25 1.50 2.00 2.50 3.00 4.00 0° 45° 0° 45° 0° 45° 0° 45° 0° 45°

Feed Factor, Ff Depth of Cut and Lead Angle Factor, Fd

1.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.91 1.36 0.94 1.38 1.00 0.71 1.29 1.48 1.44 1.66

0.90 1.00 1.06 1.09 1.14 1.18 1.21 1.27 0.91 1.33 0.94 1.35 1.00 0.72 1.26 1.43 1.40 1.59

0.80 1.00 1.12 1.19 1.31 1.40 1.49 1.63 0.92 1.30 0.95 1.32 1.00 0.74 1.24 1.39 1.35 1.53

0.70 1.00 1.18 1.30 1.50 1.69 1.85 2.15 0.93 1.26 0.95 1.27 1.00 0.76 1.21 1.35 1.31 1.44

0.60 1.00 1.20 1.40 1.73 2.04 2.34 2.89 0.94 1.22 0.96 1.25 1.00 0.79 1.18 1.28 1.26 1.26

0.50 1.00 1.25 1.50 2.00 2.50 3.00 4.00 0.95 1.17 0.97 1.18 1.00 0.82 1.14 1.21 1.20 1.21

0.40 1.00 1.23 1.57 2.29 3.08 3.92 5.70 0.96 1.11 0.97 1.12 1.00 0.86 1.09 1.14 1.13 1.16

0.30 1.00 1.14 1.56 2.57 3.78 5.19 8.56 0.98 1.04 0.99 1.04 1.00 0.91 1.04 1.07 1.05 1.09

0.20 1.00 0.90 1.37 2.68 4.49 6.86 17.60 1.00 0.85 1.00 0.95 1.00 0.99 0.97 0.93 0.94 0.88

0.10 1.00 0.44 0.80 2.08 4.26 8.00 20.80 1.05 0.82 1.00 0.81 1.00 1.50 0.85 0.76 0.78 0.67

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



SPE
E

D
S A

N
D

 FE
E

D
S

1056

Table 15c. End, Slit, and Side Milling Speed Adjustment Factors for Radial Depth of Cut

This table is for side milling, end milling when the radial depth of cut (width of cut) is less than the tool diameter (i.e., less than full slot milling), and slit milling when
the feed is parallel to the work surface (slotting). The radial depth of cut to diameter ratio is used to determine the recommended maximum and minimum values of
feed/tooth, which are found by multiplying the feed/tooth factor from the appropriate column above (maximum or minimum) by feedopt from the speed tables. For
example, given two feed/speed pairs 7⁄15 and 4⁄45 for end milling cast, medium-carbon, alloy steel, and a radial depth of cut to diameter ratio ar/D of 0.10 (a 0.05-inch width
of cut for a 1⁄2-inch diameter end mill, for example), the maximum feed fmax = 2.05 × 0.007 = 0.014 in./tooth and the minimum feed fmin = 1.44 × 0.007 = 0.010 in./tooth.
The feed selected should fall in the range between fmin and fmax. The feed factor Fd is determined by interpolating between the feed factors Ff1 and Ff2 corresponding to
the maximum and minimum feed per tooth, at the appropriate ar/D and speed ratio. In the example given, ar/D = 0.10 and Vavg/Vopt = 45 ⁄15 = 3, so the feed factor Ff1 at
the maximum feed per tooth is 6.77, and the feed factor Ff2 at the minimum feed per tooth is 7.76. If a working feed of 0.012 in/tooth is chosen, the feed factor Ff is half
way between 6.77 and 7.76 or by formula, Ff = Ff2 + (feed − fmin)/(fmax − fmin) × (Ff1 − Ff2 ) = 7.76 + (0.012 − 0.010)/(0.014 − 0.010) × (6.77 − 7.76) = 7.27. The cutting
speed is V = Vopt × Ff × Fd, where Fd is the depth of cut and lead angle factor from Table 15b that corresponds to the feed ratio (chosen feed)/fmax, not the ratio (chosen
feed)/optimum feed. For a feed ratio = 0.012 ⁄0.014 = 0.86 (chosen feed/fmax), depth of cut = 0.2 inch and lead angle = 45°, the depth of cut factor Fd in Table 15b is
between 0.72 and 0.74. Therefore, the final cutting speed for this example is V = Vopt × Ff × Fd = 15 × 7.27 × 0.73 = 80 ft/min.

Slit and Side Milling: This table only applies when feed is parallel to the work surface, as in slotting. If feed is perpendicular to the work surface, as in cutting off,
obtain the required speed-correction factor from Table 15d (face milling). The minimum and maximum feeds/tooth for slit and side milling are determined in the man-
ner described above, however, the axial depth of cut factor Fd is not required. The adjusted cutting speed, valid for cutters of any thickness (width), is given by V = Vopt

× Ff. Examples are given in the text.

Ratio of
Radial

Depth of Cut
to Diameter

Cutting Speed, V = Vopt × Ff × Fd

Maximum
Feed/Tooth

Factor

Vavg/Vopt

Minimum
Feed/Tooth

Factor

Vavg/Vopt

1.25 1.50 2.00 2.50 3.00 4.00 1.25 1.50 2.00 2.50 3.00 4.00

Feed Factor Ff at Maximum Feed per Tooth, Ff1 Feed Factor Ff at Minimum Feed per Tooth, Ff2

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.70 1.18 1.30 1.50 1.69 1.85 2.15

0.75 1.00 1.15 1.24 1.46 1.54 1.66 1.87 0.70 1.24 1.48 1.93 2.38 2.81 3.68

0.60 1.00 1.23 1.40 1.73 2.04 2.34 2.89 0.70 1.24 1.56 2.23 2.95 3.71 5.32

0.50 1.00 1.25 1.50 2.00 2.50 3.00 4.00 0.70 1.20 1.58 2.44 3.42 4.51 6.96

0.40 1.10 1.25 1.55 2.17 2.83 3.51 4.94 0.77 1.25 1.55 2.55 3.72 5.08 8.30

0.30 1.35 1.20 1.57 2.28 3.05 3.86 5.62 0.88 1.23 1.57 2.64 4.06 5.76 10.00

0.20 1.50 1.14 1.56 2.57 3.78 5.19 8.56 1.05 1.40 1.56 2.68 4.43 6.37 11.80

0.10 2.05 0.92 1.39 2.68 4.46 6.77 13.10 1.44 0.92 1.29 2.50 4.66 7.76 17.40

0.05 2.90 0.68 1.12 2.50 4.66 7.75 17.30 2.00 0.68 1.12 2.08 4.36 8.00 20.80

0.02 4.50 0.38 0.71 1.93 4.19 7.90 21.50 3.10 0.38 0.70 1.38 3.37 7.01 22.20
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Table 15d. Face Milling Speed Adjustment Factors for Feed, Depth of Cut, and Lead Angle

For HSS (high-speed steel) tool speeds in the first speed column, use Table 15a to determine appropriate feeds and depths of cut.

Tabular feeds and speeds data for face milling in Tables 11 through 14 are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree lead angle, 3⁄64-
inch cutter insert nose radius, axial depth of cut = 0.1 inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diameter ratio = 3⁄4). For other depths of
cut (radial or axial), lead angles, or feed, calculate the ratio of desired (new) feed to optimum feed (largest of the two feeds given in the speed table), and the ratio of the
two cutting speeds (Vavg/Vopt). Use these ratios to find the feed factor Ff at the intersection of the feed ratio row and the speed ratio column in the left third of the table.
The depth of cut factor Fd is found in the same row as the feed factor, in the center third of the table, in the column corresponding to the depth of cut and lead angle. The
radial depth of cut factor Far is found in the same row as the feed factor, in the right third of the table, in the column corresponding to the radial depth of cut to cutter
diameter ratio ar/D. The adjusted cutting speed can be calculated from V = Vopt × Ff × Fd × Far, where Vopt is the smaller (optimum) of the two speeds from the speed table
(from the left side of the column containing the two feed/speed pairs).

The cutting speeds as calculated above are valid if the cutter axis is centered above or close to the center line of the workpiece (eccentricity is small). For larger eccen-
tricity (i.e., the cutter axis is offset from the center line of the workpiece by about one-half the cutter diameter or more), use the adjustment factors from Tables 15b and
15c (end and side milling) instead of the factors from this table. Use Table 15e to adjust end and face milling speeds for increased tool life up to 180 minutes.

Slit and Slot Milling: Tabular speeds are valid for all tool diameters and widths. Adjustments to the given speeds for other feeds and depths of cut depend on the
circumstances of the cut. Case 1: If the cutter is fed directly into the workpiece, i.e., the feed is perpendicular to the surface of the workpiece, as in cutting off, then this
table (face milling) is used to adjust speeds for other feeds. The depth of cut factor is not used for slit milling (Fd = 1.0), so the adjusted cutting speed V = Vopt × Ff × Far.
For determining the factor Far, the radial depth of cut ar is the length of cut created by the portion of the cutter engaged in the work. Case 2: If the cutter is fed parallel
to the surface of the workpiece, as in slotting, then Tables 15b and 15c are used to adjust the given speeds for other feeds. See Fig. 5.

Cutting Speed V = Vopt × Ff × Fd × Far

Ratio
of

Chosen
Feed to

Optimum
Feed

Ratio of the two cutting speeds Depth of Cut, inch (mm), and Lead Angle
Ratio of

Radial Depth of Cut/Cutter
Diameter, ar/D

(average/optimum) given in the tables

Vavg/Vopt

1 in 0.4 in 0.2 in 0.1 in 0.04 in
(25.4 mm) (10.2 mm) (5.1 mm) (2.4 mm) (1.0 mm)

1.00 1.10 1.25 1.35 1.50 1.75 2.00 15° 45° 15° 45° 15° 45° 15° 45° 15° 45° 1.00 0.75 0.50 0.40 0.30 0.20 0.10
Feed Factor, Ff Depth of Cut Factor, Fd Radial Depth of Cut Factor, Far

1.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.78 1.11 0.94 1.16 0.90 1.10 1.00 1.29 1.47 1.66 0.72 1.00 1.53 1.89 2.43 3.32 5.09
0.90 1.00 1.02 1.05 1.07 1.09 1.10 1.12 0.78 1.10 0.94 1.16 0.90 1.09 1.00 1.27 1.45 1.58 0.73 1.00 1.50 1.84 2.24 3.16 4.69
0.80 1.00 1.03 1.09 1.10 1.15 1.20 1.25 0.80 1.10 0.94 1.14 0.91 1.08 1.00 1.25 1.40 1.52 0.75 1.00 1.45 1.73 2.15 2.79 3.89
0.70 1.00 1.05 1.13 1.22 1.22 1.32 1.43 0.81 1.09 0.95 1.14 0.91 1.08 1.00 1.24 1.39 1.50 0.75 1.00 1.44 1.72 2.12 2.73 3.77
0.60 1.00 1.08 1.20 1.25 1.35 1.50 1.66 0.81 1.09 0.95 1.13 0.92 1.08 1.00 1.23 1.38 1.48 0.76 1.00 1.42 1.68 2.05 2.61 3.52
0.50 1.00 1.10 1.25 1.35 1.50 1.75 2.00 0.81 1.09 0.95 1.13 0.92 1.08 1.00 1.23 1.37 1.47 0.76 1.00 1.41 1.66 2.02 2.54 3.39
0.40 1.00 1.09 1.28 1.44 1.66 2.03 2.43 0.82 1.08 0.95 1.12 0.92 1.07 1.00 1.21 1.34 1.43 0.78 1.00 1.37 1.60 1.90 2.34 2.99
0.30 1.00 1.06 1.32 1.52 1.85 2.42 3.05 0.84 1.07 0.96 1.11 0.93 1.06 1.00 1.18 1.30 1.37 0.80 1.00 1.32 1.51 1.76 2.10 2.52
0.20 1.00 1.00 1.34 1.60 2.07 2.96 4.03 0.86 1.06 0.96 1.09 0.94 1.05 1.00 1.15 1.24 1.29 0.82 1.00 1.26 1.40 1.58 1.79 1.98
0.10 1.00 0.80 1.20 1.55 2.24 3.74 5.84 0.90 1.04 0.97 1.06 0.96 1.04 1.00 1.10 1.15 1.18 0.87 1.00 1.16 1.24 1.31 1.37 1.32
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Table 15e. Tool Life Adjustment Factors for Face Milling, End Milling,
Drilling, and Reaming

The feeds and speeds given in Tables 11 through 14 and Tables 17 through 23 (except for HSS
speeds in the first speed column) are based on a 45-minute tool life. To adjust the given speeds to
obtain another tool life, multiply the adjusted cutting speed for the 45-minute tool life V45 by the tool
life factor from this table according to the following rules: for small feeds, where feed ≤ 1⁄2 fopt, the
cutting speed for the desired tool life T is VT = fs × V15; for medium feeds, where 1⁄2 fopt < feed < 3⁄4 fopt,
VT = fm × V15; and for larger feeds, where 3⁄4 fopt ≤ feed ≤ fopt, VT = fl × V15. Here, fopt is the largest (opti-

mum) feed of the two feed/speed values given in the speed tables or the maximum feed fmax obtained
from Table 15c, if that table was used in calculating speed adjustment factors.

Table 16. Cutting Tool Grade Descriptions and Common Vendor Equivalents

See Table 2 on page 791 and the section Cemented Carbides and Other Hard Materials for more
detailed information on cutting tool grades.

The identification codes in column two correspond to the grade numbers given in the footnotes to
Tables 1 to 4b, 6 to 14, and 17 to 23.

Tool Life,
T

(minutes)

Face Milling with Carbides
and Mixed Ceramics

End Milling with Carbides
and HSS

Twist Drilling and
Reaming with HSS

fs fm fl fs fm fl fs fm fl

15 1.69 1.78 1.87 1.10 1.23 1.35 1.11 1.21 1.30
45 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
90 0.72 0.70 0.67 0.94 0.89 0.83 0.93 0.89 0.85

180 0.51 0.48 0.45 0.69 0.69 0.69 0.87 0.80 0.72

Grade
Description

Tool
Identification

Code

Approximate Vendor Equivalents

Sandvik
Coromant Kennametal Seco Valenite

Cubic boron nitride 1 CB50 KD050 CBN20 VC721
Ceramics 2 CC620 K060 480 —

3 CC650 K090 480 Q32

4 (Whiskers) CC670 KYON2500 — —

5 (Sialon) CC680 KYON2000 480 —

6 CC690 KYON3000 — Q6

Cermets 7 CT515 KT125 CM VC605

8 CT525 KT150 CR VC610

Polycrystalline 9 CD10 KD100 PAX20 VC727

Coated carbides 10 GC-A — — —

11 GC3015 KC910 TP100 SV310

12 GC235 KC9045 TP300 SV235

13 GC4025 KC9025 TP200 SV325

14 GC415 KC950 TP100 SV315

Uncoated carbides 15 H13A K8, K4H 883 VC2

16 S10T K420, K28 CP20 VC7

17 S1P K45 CP20 VC7

18 S30T — CP25 VC5

19 S6 K21, K25 CP50 VC56

20 SM30 KC710 CP25 VC35M
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Using the Feed and Speed Tables for Drilling, Reaming, and Threading.—The first
two speed columns in Tables 17 through 23 give traditional Handbook speeds for drilling
and reaming. The following material can be used for selecting feeds for use with the tradi-
tional speeds.

The remaining columns in Tables 17 through 23 contain combined feed/speed data for
drilling, reaming, and threading, organized in the same manner as in the turning and mill-
ing tables. Operating at the given feeds and speeds is expected to result in a tool life of
approximately 45 minutes, except for indexable insert drills, which have an expected tool
life of approximately 15 minutes per edge. Examples of using this data follow.

 Adjustments to HSS drilling speeds for feed and diameter are made using Table 22;
Table 5a is used for adjustments to indexable insert drilling speeds, where one-half the drill
diameter D is used for the depth of cut. Tool life for HSS drills, reamers, and thread chasers
and taps may be adjusted using Table 15e and for indexable insert drills using Table 5b.

The feed for drilling is governed primarily by the size of the drill and by the material to be
drilled. Other factors that also affect selection of the feed are the workpiece configuration,
the rigidity of the machine tool and the workpiece setup, and the length of the chisel edge.
A chisel edge that is too long will result in a very significant increase in the thrust force,
which may cause large deflections to occur on the machine tool and drill breakage. 

For ordinary twist drills, the feed rate used is given in the table that follows. For addi-
tional information also see the table Approximate Cutting Speeds and Feeds for Standard
Automatic Screw Machine Tools—Brown and Sharpe on page 1171. 

The lower values in the feed ranges should be used for hard materials such as tool steels, superal-
loys, and work-hardening stainless steels; the higher values in the feed ranges should be used to drill
soft materials such as aluminum and brass.

Example 1, Drilling:Determine the cutting speed and feed for use with HSS drills in
drilling 1120 steel.

Table 17 gives two sets of feed and speed parameters for drilling 1120 steel with HSS
drills. These sets are 16 ⁄50 and 8 ⁄95, i.e., 0.016 in./rev feed at 50 ft/min and 0.008 in./rev at
95 fpm, respectively. These feed/speed sets are based on a 0.6-inch diameter drill. Tool life
for either of the given feed/speed settings is expected to be approximately 45 minutes.

 For different feeds or drill diameters, the cutting speeds must be adjusted and can be
determined from V = Vopt × Ff × Fd, where Vopt is the minimum speed for this material given
in the speed table (50 fpm in this example) and Ff and Fd are the adjustment factors for feed
and diameter, respectively, found in Table 22.

Feet Rate for Twist Drills

Drill Size, inch (mm) Feed Rate, inch/rev (mm/rev)

smaller than 1⁄8 inch (3.175 mm) 0.001 to 0.003 in/rev (0.025–0.08 mm/rev)

from 1⁄8- to 1⁄4-inch (3.175–6.35 mm) 0.002 to 0.006 in/rev (0.05–0.15 mm/rev) 

from 1⁄4- to 1⁄2-inch (6.35–12.7 mm) 0.004 to 0.010 in/rev (0.10–0.25 mm/rev)

from 1⁄2- to 1-inch (12.7–25.4 mm) 0.007 to 0.015 in./rev (0.18–0.38 mm/rev) 

larger than 1 inch (25.4 mm) 0.010 to 0.025 in/rev (0.25–0.64 mm/rev)
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1060Table 17. Feeds and Speeds for Drilling, Reaming, and Threading Plain Carbon and Alloy Steels

Material
Brinell

Hardness

Drilling Reaming Drilling Reaming Threading

HSS HSS
Indexable Insert
Coated Carbide HSS HSS

Speed
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Free-machining plain carbon steels (Resulfurized): 
1212, 1213, 1215 {

100-150 120 80 f
s

21
55

11
125

8
310

4
620

36
140

18
185

83
140

20
185

150-200 125 80

(Resulfurized): 1108, 1109, 1115, 1117, 1118, 1120, 
1126, 1211 {

100-150 110 75 f
s

16
50

8
95

8
370

4
740

27
105

14
115

83
90

20
115150-200 120 80

(Resulfurized): 1132, 1137, 1139, 1140, 1144, 1146, 
1151 {

175-225 100 65 f
s

8
365

4
735

275-325 70 45
325-375 45 30
375-425 35 20

(Leaded): 11L17, 11L18, 12L13, 12L14 {

100-150 130 85
150-200 120 80

200-250 90 60 f
s

8
365

4
735

Plain carbon steels: 1006, 1008, 1009, 1010, 1012, 
1015, 1016, 1017, 1018, 1019, 1020, 1021, 1022, 
1023, 1024, 1025, 1026, 1513, 1514

{

100-125 100 65 f
s

21
55

11
125

8
310

4
620

36
140

18
185

83
140

20
185

125-175 90 60
175-225 70 45 f

s

8
365

4
735225-275 60 40

Plain carbon steels: 1027, 1030, 1033, 1035, 1036, 
1037, 1038, 1039, 1040, 1041, 1042, 1043, 1045, 
1046, 1048, 1049, 1050, 1052, 1524, 1526, 1527, 
1541

{

125-175 90 60

f
s

8
365

4
735

175-225 75 50
225-275 60 40
275-325 50 30
325-375 35 20
375-425 25 15

Machinery's Handbook 29th Edition
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Plain carbon steels (Continued): 1055, 1060, 1064, 
1065, 1070, 1074, 1078, 1080, 1084, 1086, 1090, 
1095, 1548, 1551, 1552, 1561, 1566

{

125-175 85 55 f
s

16
50

8
95

8
370

4
740

27
105

14
115

83
90

20
115175-225 70 45

225-275 50 30 f
s

8
365

4
735

275-325 40 25
325-375 30 20
375-425 15 10

Free-machining alloy steels (Resulfurized): 4140, 
4150 {

175-200 90 60 f

s

16
75

8
140

8
410

4
685

26
150

13
160

83
125

20
160200-250 80 50

250-300 55 30
f

s

8
355

4
600

300-375 40 25 f

s

8
310

4
525375-425 30 15

(Leaded): 41L30, 41L40, 41L47, 41L50, 43L47, 
51L32, 52L100, 86L20, 86L40 {

150-200 100 65 f
s

16
50

8
95

8
370

4
740

27
105

14
115

83
90

20
115

200-250 90 60 f
s

8
365

4
735

250-300 65 40
300-375 45 30
375-425 30 15

Alloy steels: 4012, 4023, 4024, 4028, 4118, 4320, 
4419, 4422, 4427, 4615, 4620, 4621, 4626, 4718, 
4720, 4815, 4817, 4820, 5015, 5117, 5120, 6118, 
8115, 8615, 8617, 8620, 8622, 8625, 8627, 8720, 
8822, 94B17

{

125-175 85 55 f
s

16
75

8
140

8
410

4
685

26
150

13
160

83
125

20
160175-225 70 45

225-275 55 35
f

s

8
355

4
600

275-325 50 30
f

s

11
50

6
85

8
335

4
570

19
95

10
135

83
60

20
95

325-375 35 25 f
s

8
310

4
525375-425 25 15

Table 17. Feeds and Speeds for Drilling, Reaming, and Threading Plain Carbon and Alloy Steels

Material
Brinell

Hardness

Drilling Reaming Drilling Reaming Threading

HSS HSS
Indexable Insert
Coated Carbide HSS HSS

Speed
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



SPE
E

D
S A

N
D

 FE
E

D
S

1062

The two leftmost speed columns in this table contain traditional Handbook speeds for drilling and reaming with HSS steel tools. The section Feed Rates for Drilling
and Reaming contains useful information concerning feeds to use in conjunction with these speeds.

HSS Drilling and Reaming: The combined feed/speed data for drilling are based on a 0.60-inch diameter HSS drill with standard drill point geometry (2-flute with
118° tip angle). Speed adjustment factors in Table 22 are used to adjust drilling speeds for other feeds and drill diameters. Examples of using this data are given in the
text. The given feeds and speeds for reaming are based on an 8-tooth, 25⁄32-inch diameter, 30° lead angle reamer, and a 0.008-inch radial depth of cut. For other feeds, the
correct speed can be obtained by interpolation using the given speeds if the desired feed lies in the recommended range (between the given values of optimum and
average feed). If a feed lower than the given average value is chosen, the speed should be maintained at the corresponding average speed (i.e., the highest of the two
speed values given). The cutting speeds for reaming do not require adjustment for tool diameters for standard ratios of radial depth of cut to reamer diameter (i.e., fd =
1.00). Speed adjustment factors to modify tool life are found in Table 15e.

Alloy steels: 1330, 1335, 1340, 1345, 4032, 4037, 
4042, 4047, 4130, 4135, 4137, 4140, 4142, 4145, 
4147, 4150, 4161, 4337, 4340, 50B44, 50B46, 
50B50, 50B60, 5130, 5132, 5140, 5145, 5147, 5150, 
5160, 51B60, 6150, 81B45, 8630, 8635, 8637, 8640, 
8642, 8645, 8650, 8655, 8660, 8740, 9254, 9255, 
9260, 9262, 94B30
E51100, E52100: use (HSS speeds)

{

175-225 75 (60) 50 (40)
f

s

16
75

8
140

8
410

4
685

26
150

13
160

83
125

20
160

225-275 60 (50) 40 (30)
f

s

8
355

4
600

275-325 45 (35) 30 (25)
f

s

11
50

6
85

8
335

4
570

19
95

10
135

83
60

20
95

325-375 30 (30) 15 (20) f
s

8
310

4
525375-425 20 (20) 15 (10)

Ultra-high-strength steels (not AISI): AMS 6421 (98B37 
Mod.), 6422 (98BV40), 6424, 6427, 6428, 6430, 6432, 
6433, 6434, 6436, and 6442; 300M, D6ac

220-300 50 30 f
s

8
325

4
545300-350 35 20

350-400 20 10 f
s

8
270

4
450

Maraging steels (not AISI): 18% Ni Grade 200, 250, 300, 
and 350 250-325 50 30

f

s

8
325

4
545

Nitriding steels (not AISI): Nitralloy 125, 135, 135 Mod., 
225, and 230, Nitralloy N, Nitralloy EZ, Nitrex I

200-250 60 40
f

s

16
75

8
140

8
410

4
685

26
150

13
160

83
125

20
160

300-350 35 20
f

s

8
310

4
525

Table 17. Feeds and Speeds for Drilling, Reaming, and Threading Plain Carbon and Alloy Steels

Material
Brinell

Hardness

Drilling Reaming Drilling Reaming Threading

HSS HSS
Indexable Insert
Coated Carbide HSS HSS

Speed
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Machinery's Handbook 29th Edition
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Indexable Insert Drilling: The feed/speed data for indexable insert drilling are based on a tool with
two cutting edges, an insert nose radius of 3⁄64 inch (1.2 mm), a 10-degree lead angle, and diameter D
= 1 inch (2.54 mm). Adjustments to cutting speed for feed and depth of cut are made using Table 5a
on page 1034 (Adjustment Factors) using a depth of cut of D/2, or one-half the drill diameter.
Expected tool life at the given feeds and speeds is approximately 15 minutes for short hole drilling
(i.e., where maximum hole depth is about 2D or less). Speed adjustment factors to increase tool life
are found in Table 5b.

Tapping and Threading: The data in this column are intended for use with thread chasers and for
tapping. The feed used for tapping and threading must be equal to the lead (feed = lead = pitch) of the
thread being cut. The two feed/speed pairs given for each material, therefore, are representative
speeds for two thread pitches, 12 and 50 threads per inch (1 ⁄0.083 = 12, and 1 ⁄0.020 = 50). Tool life
is expected to be approximately 45 minutes at the given feeds and speeds. When cutting fewer than
12 threads per inch (pitch ≥ 0.08 inch or 2.1 mm), use the lower (optimum) speed; for cutting more
than 50 threads per inch (pitch ≤ 0.02 inch or 0.51 mm), use the larger (average) speed; and, in the
intermediate range between 12 and 50 threads per inch, interpolate between the given average and
optimum speeds.

The combined feed/speed data in this table are based on tool grades (identified in Table 16) as fol-
lows: coated carbide = 10.

Example 2, Drilling:If the 1120 steel of Example 1 is to be drilled with a 0.60-inch drill
at a feed of 0.012 in./rev, what is the cutting speed in ft/min? Also, what spindle rpm of the
drilling machine is required to obtain this cutting speed?

To find the feed factor Fd in Table 22, calculate the ratio of the desired feed to the opti-

mum feed and the ratio of the two cutting speeds given in the speed tables. The desired feed
is 0.012 in./rev and the optimum feed, as explained above is 0.016 in./rev, therefore,
feed/fopt = 0.012 ⁄0.016 = 0.75 and Vavg/Vopt = 95 ⁄50 = 1.9, approximately 2.

The feed factor Ff is found at the intersection of the feed ratio row and the speed ratio col-
umn. Ff = 1.40 corresponds to about halfway between 1.31 and 1.50, which are the feed
factors that correspond to Vavg/Vopt = 2.0 and feed/fopt ratios of 0.7 and 0.8, respectively. Fd,
the diameter factor, is found on the same row as the feed factor (halfway between the 0.7
and 0.8 rows, for this example) under the column for drill diameter = 0.60 inch. Because
the speed table values are based on a 0.60-inch drill diameter, Fd = 1.0 for this example, and
the cutting speed is V = Vopt × Ff × Fd = 50 × 1.4 × 1.0 = 70 ft/min. The spindle speed in rpm
is N = 12 × V/(π × D) = 12 × 70/(3.14 × 0.6) = 445 rpm.

Example 3, Drilling:Using the same material and feed as in the previous example, what
cutting speeds are required for 0.079-inch and 4-inch diameter drills? What machine rpm
is required for each?

Because the feed is the same as in the previous example, the feed factor is Ff = 1.40 and
does not need to be recalculated. The diameter factors are found in Table 22 on the same
row as the feed factor for the previous example (about halfway between the diameter fac-
tors corresponding to feed/fopt values of 0.7 and 0.8) in the column corresponding to drill
diameters 0.079 and 4.0 inches, respectively. Results of the calculations are summarized
below.

Drill diameter = 0.079 inch Drill diameter = 4.0 inches

Ff = 1.40 Ff = 1.40

Fd = (0.34 + 0.38)/2 = 0.36 Fd = (1.95 + 1.73)/2 = 1.85

V = 50 × 1.4 × 0.36 = 25.2 fpm V = 50 × 1.4 × 1.85 = 129.5 fpm

12 × 25.2/(3.14 × 0.079) = 1219 rpm 12 × 129.5/(3.14 × 4) = 124 rpm
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Drilling Difficulties: A drill split at the web is evidence of too much feed or insufficient
lip clearance at the center due to improper grinding. Rapid wearing away of the extreme
outer corners of the cutting edges indicates that the speed is too high. A drill chipping or
breaking out at the cutting edges indicates that either the feed is too heavy or the drill has
been ground with too much lip clearance. Nothing will “check” a high-speed steel drill
quicker than to turn a stream of cold water on it after it has been heated while in use. It is
equally bad to plunge it in cold water after the point has been heated in grinding. The small
checks or cracks resulting from this practice will eventually chip out and cause rapid wear
or breakage. Insufficient speed in drilling small holes with hand feed greatly increases the
risk of breakage, especially at the moment the drill is breaking through the farther side of
the work, due to the operator's inability to gage the feed when the drill is running too
slowly.

Small drills have heavier webs and smaller flutes in proportion to their size than do larger
drills, so breakage due to clogging of chips in the flutes is more likely to occur. When drill-
ing holes deeper than three times the diameter of the drill, it is advisable to withdraw the
drill (peck feed) at intervals to remove the chips and permit coolant to reach the tip of the
drill.

Drilling Holes in Glass: The simplest method of drilling holes in glass is to use a stan-
dard, tungsten-carbide-tipped masonry drill of the appropriate diameter, in a gun-drill. The
edges of the carbide in contact with the glass should be sharp. Kerosene or other liquid may
be used as a lubricant, and a light force is maintained on the drill until just before the point
breaks through. The hole should then be started from the other side if possible, or a very
light force applied for the remainder of the operation, to prevent excessive breaking of
material from the sides of the hole. As the hard particles of glass are abraded, they accumu-
late and act to abrade the hole, so it may be advisable to use a slightly smaller drill than the
required diameter of the finished hole.

Alternatively, for holes of medium and large size, use brass or copper tubing, having an
outside diameter equal to the size of hole required. Revolve the tube at a peripheral speed
of about 100 feet per minute (30.5 m/min), and use carborundum (80 to 100 grit) and light
machine oil between the end of the pipe and the glass. Insert the abrasive under the drill
with a thin piece of soft wood, to avoid scratching the glass. The glass should be supported
by a felt or rubber cushion, not much larger than the hole to be drilled. If practicable, it is
advisable to drill about halfway through, then turn the glass over, and drill down to meet
the first cut. Any fin that may be left in the hole can be removed with a round second-cut
file wetted with turpentine.

Smaller-diameter holes may also be drilled with triangular-shaped cemented carbide
drills that can be purchased in standard sizes. The end of the drill is shaped into a long
tapering triangular point. The other end of the cemented carbide bit is brazed onto a steel
shank. A glass drill can be made to the same shape from hardened drill rod or an old three-
cornered file. The location at which the hole is to be drilled is marked on the workpiece. A
dam of putty or glazing compound is built up on the work surface to contain the cutting
fluid, which can be either kerosene or turpentine mixed with camphor. Chipping on the
back edge of the hole can be prevented by placing a scrap plate of glass behind the area to
be drilled and drilling into the backup glass. This procedure also provides additional sup-
port to the workpiece and is essential for drilling very thin plates. The hole is usually drilled
with an electric hand drill. When the hole is being produced, the drill should be given a
small circular motion using the point as a fulcrum, thereby providing a clearance for the
drill in the hole.

Very small round or intricately shaped holes and narrow slots can be cut in glass by the
ultrasonic machining process or by the abrasive jet cutting process.
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Table 18. Feeds and Speeds for Drilling, Reaming, and Threading Tool Steels

See the footnote to Table 17 for instructions concerning the use of this table. The combined feed/speed data in this table are based on tool grades (identified in Table
16) as follows: coated carbide = 10.

Material
Brinell

Hardness

Drilling Reaming Drilling Reaming Threading

HSS HSS
Indexable Insert

Uncoated Carbide HSS HSS

Speed
(fpm)

f = feed (0.001 in/rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Water hardening: W1, W2, W5 150-200 85 55

f
s

15
45

7
85

8
360

4
605

24
90

12
95

83
75

20
95

Shock resisting: S1, S2, S5, S6, S7 175-225 50 35

Cold work (oil hardening): O1, O2, O6, O7 175-225 45 30

(High carbon, high chromium): D2, D3, D4, D5, D7 { 200-250 30 20

(Air hardening): A2, A3, A8, A9, A10 200-250 50 35

A4, A6 200-250 45 30

A7 225-275 30 20

Hot work (chromium type): H10, H11, H12, H13, 
H14, H19 {

150-200 60 40

200-250 50 30

325-375 30 20
f

s

8
270

4
450

(Tungsten type): H21, H22, H23, H24, H25, H26 {
150-200 55 35

f
s

15
45

7
85

8
360

4
605

24
90

12
95

83
75

20
95

200-250 40 25

(Molybdenum type): H41, H42, H43 {
150-200 45 30

200-250 35 20

Special-purpose, low alloy: L2, L3, L6 150-200 60 40

Mold steel: P2, P3, P4, P5, P6P20, P21
100-150 75 50

150-200 60 40

High-speed steel: M1, M2, M6, M10, T1, T2, T6 200-250 45 30

M3-1, M4, M7, M30, M33, M34, M36, M41, M42, 
M43, M44, M46, M47, T5, T8 { 225-275 35 20

T15, M3-2 225-275 25 15
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Table 19. Feeds and Speeds for Drilling, Reaming, and Threading Stainless Steels

See the footnote to Table 17 for instructions concerning the use of this table. The combined feed/speed data in this table are based on tool grades (identified in Table
16) as follows: coated carbide = 10.

Material
Brinell

Hardness

Drilling Reaming Drilling Reaming Threading

HSS HSS
Indexable Insert
Coated Carbide HSS HSS

Speed
(fpm)

f = feed (0.001 in/rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

Free-machining stainless steels (Ferritic): 430F, 430FSe 135-185 90 60
f

s
15
25

7
45

8
320

4
540

24
50

12
50

83
40

20
51

(Austenitic): 203EZ, 303, 303Se, 303MA, 303Pb, 
303Cu, 303 Plus X {

135-185 85 55
f
s

15
20

7
40

8
250

4
425

24
40

12
40

83
35

20
45

225-275 70 45

(Martensitic): 416, 416Se, 416 Plus X, 420F, 420FSe, 
440F, 440FSe {

135-185 90 60
185-240 70 45
275-325 40 25
375-425 20 10

Stainless steels (Ferritic): 405, 409, 429, 430, 434 135-185 65 45
f

s

15
25

7
45

8
320

4
540

24
50

12
50

83
40

20
51

(Austenitic): 201, 202, 301, 302, 304, 304L, 305, 308, 
321, 347, 348 {

135-185 55 35

f
s

15
20

7
40

8
250

4
425

24
40

12
40

83
35

20
45

225-275 50 30
(Austenitic): 302B, 309, 309S, 310, 310S, 314, 316 135-185 50 30

(Martensitic): 403, 410, 420, 501 {

135-175 75 50
175-225 65 45
275-325 40 25
375-425 25 15

(Martensitic): 414, 431, Greek Ascoloy {
225-275 50 30
275-325 40 25
375-425 25 15

(Martensitic): 440A, 440B, 440C {
225-275 45 30
275-325 40 25
375-425 20 10

(Precipitation hardening): 15-5PH, 17-4PH, 17-7PH, 
AF-71, 17-14CuMo, AFC-77, AM-350, AM-355, 
AM-362, Custom 455, HNM, PH13-8, PH14-8Mo, 
PH15-7Mo, Stainless W

{

150-200 50 30 f
s

15
20

7
40

8
250

4
425

24
40

12
40

83
35

20
45

275-325 45 25
325-375 35 20
375-450 20 10
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Table 20. Feeds and Speeds for Drilling, Reaming, and Threading Ferrous Cast Metals

Material
Brinell

Hardness

Drilling Reaming Drilling Reaming Threading

HSS HSS

Indexable Carbide Insert

HSS HSSUncoated Coated

Speed
(fpm)

f = feed (0.001 in/rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

ASTM Class 20 120-150 100 65

f

s

16
80

8
90

11
85

6
180

11
235

6
485

26
85

13
65

83
90

20
80ASTM Class 25 160-200 90 60

ASTM Class 30, 35, and 40 190-220 80 55

ASTM Class 45 and 50 220-260 60 40 f

s

13
50

6
50

11
70

6
150

11
195

6
405

21
50

10
30

83
55

20
45ASTM Class 55 and 60 250-320 30 20

ASTM Type 1, 1b, 5 (Ni resist) 100-215 50 30

ASTM Type 2, 3, 6 (Ni resist) 120-175 40 25

ASTM Type 2b, 4 (Ni resist) 150-250 30 20

Malleable Iron

(Ferritic): 32510, 35018 110-160 110 75
f

s

19
80

10
100

11
85

6
180

11
270

6
555

30
95

16
80

83
100

20
85

(Pearlitic): 40010, 43010, 45006, 45008, 
48005, 50005

160-200 80 55 f
s

14
65

7
65

11
235

6
485

22
65

11
45

83
70

20
60200-240 70 45

(Martensitic): 53004, 60003, 60004 200-255 55 35

(Martensitic): 70002, 70003 220-260 50 30

(Martensitic): 80002 240-280 45 30

(Martensitic): 90001 250-320 25 15

Nodular (Ductile) Iron

(Ferritic): 60-40-18, 65-45-12 140-190 100 65 f
s

17
70

9
80

11
85

6
180

11
235

6
485

28
80

14
60

83
80

20
70
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See the footnote to Table 17 for instructions concerning the use of this table. The combined feed/speed data in this table are based on tool grades (identified in Table
16) as follows: uncoated = 15; coated carbide = 11, † = 10.

(Martensitic): 120-90-02 {
270-330 25 15

330-400 10 5

(Ferritic-Pearlitic): 80-55-06
190-225 70 45

f
s

13
60

6
60

11
70

6
150

11
195

6
405

21
55

11
40

83
60

20
55225-260 50 30

(Pearlitic-Martensitic): 100-70-03 240-300 40 25

Cast Steels

(Low carbon): 1010, 1020 100-150 100 65
f

s

18
35

9
70

29
75

15
85

83
65

20
85

(Medium carbon): 1030, 1040, 1050 {

125-175 90 60

f
s

15
35

7
60

8
195†

4
475

24
65

12
70

83
55

20
70

175-225 70 45

225-300 55 35

(Low-carbon alloy): 1320, 2315, 2320, 
4110, 4120, 4320, 8020, 8620 {

150-200 75 50

200-250 65 40

250-300 50 30

(Medium-carbon alloy): 1330, 1340, 2325, 
2330, 4125, 4130, 4140, 4330, 4340, 
8030, 80B30, 8040, 8430, 8440, 8630, 
8640, 9525, 9530, 9535

{

175-225 70 45 f
s

8
130†

4
315225-250 60 35

250-300 45 30

300-350 30 20

350-400 20 10

Table 20. Feeds and Speeds for Drilling, Reaming, and Threading Ferrous Cast Metals

Material
Brinell

Hardness

Drilling Reaming Drilling Reaming Threading

HSS HSS

Indexable Carbide Insert

HSS HSSUncoated Coated

Speed
(fpm)

f = feed (0.001 in/rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.
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Table 21. Feeds and Speeds for Drilling, Reaming, and Threading Light Metals

Abbreviations designate: A, annealed; AC, as cast; CD, cold drawn; and ST and A, solution treated and aged, respectively. See the footnote to Table 17 for instruc-
tions concerning the use of this table. The combined feed/speed data in this table are based on tool grades (identified in Table 16) as follows; uncoated carbide = 15.

Material
Brinell

Hardness

Drilling Reaming Drilling Reaming Threading

HSS HSS
Indexable Insert

Uncoated Carbide HSS HSS

Speed
(fpm)

f = feed (0.001 in/rev), s = speed (ft/min) Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.

All wrought aluminum alloys, 6061-T651, 5000, 6000, 
7000 series

CD 400 400

f
s

31
390

16
580

11
3235

6
11370

52
610

26
615

83
635

20
565

ST and A 350 350

All aluminum sand and permanent mold casting alloys
AC 500 500

ST and A 350 350

Aluminum Die-Casting Alloys

Alloys 308.0 and 319.0 — — —
f

s

23
110

11
145

11
945

6
3325

38
145

19
130

83
145

20
130

Alloys 360.0 and 380.0 — — —
f

s

27
90

14
125

11
855

6
3000

45
130

23
125

83
130

20
115

Alloys 390.0 and 392.0 {
AC 300 300

ST and A 70 70

Alloys 413 — — f
s

24
65

12
85

11
555

6
1955

40
85

20
80

83
85

20
80

All other aluminum die-casting alloys {

ST and A 45 40

AC 125 100
f

s

27
90

14
125

11
855

6
3000

45
130

23
125

83
130

20
115

Magnesium Alloys

All wrought magnesium alloys A,CD,ST
and A 500 500

All cast magnesium alloys A,AC, ST
and A 450 450
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Table 22. Feed and Diameter Speed Adjustment Factors for HSS Twist Drills and Reamers

This table is specifically for use with the combined feed/speed data for HSS twist drills in Tables 17 through 23; use Tables 5a and 5b to adjust speed and tool life for
indexable insert drilling with carbides. The combined feed/speed data for HSS twist drilling are based on a 0.60-inch diameter HSS drill with standard drill point geom-
etry (2-flute with 118° tip angle). To adjust the given speeds for different feeds and drill diameters, use the two feed/speed pairs from the tables and calculate the ratio
of desired (new) feed to optimum feed (largest of the two feeds from the speed table), and the ratio of the two cutting speeds Vavg/Vopt. Use the values of these ratios to
find the feed factor Ff at the intersection of the feed ratio row and the speed ratio column in the left half of the table. The diameter factor Fd is found in the same row as
the feed factor, in the right half of the table, under the column corresponding to the drill diameter. For diameters not given, interpolate between the nearest available
sizes. The adjusted cutting speed can be calculated from V = Vopt × Ff × Fd, where Vopt is the smaller (optimum) of the two speeds from the speed table (from the left side
of the column containing the two feed/speed pairs). Tool life using the selected feed and the adjusted speed should be approximately 45 minutes. Speed adjustment
factors to modify tool life are found in Table 15e.

Cutting Speed, V = Vopt × Ff × Fd

Ratio of
Chosen
Feed to

Optimum
Feed

Ratio of the two cutting speeds
(average/optimum) given in the tables

Vavg/Vopt

Tool Diameter

0.08 in 0.15 in 0.25 in 0.40 in 0.60 in 1.00 in 2.00 in 3.00 in 4.00 in

1.00 1.25 1.50 2.00 2.50 3.00 4.00 (2 mm) (4 mm) (6 mm) (10 mm) (15 mm) (25 mm) (50 mm) (75 mm) (100 mm)

Feed Factor, Ff Diameter Factor, Fd

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.30 0.44 0.56 0.78 1.00 1.32 1.81 2.11 2.29

0.90 1.00 1.06 1.09 1.14 1.18 1.21 1.27 0.32 0.46 0.59 0.79 1.00 1.30 1.72 1.97 2.10

0.80 1.00 1.12 1.19 1.31 1.40 1.49 1.63 0.34 0.48 0.61 0.80 1.00 1.27 1.64 1.89 1.95

0.70 1.00 1.15 1.30 1.50 1.69 1.85 2.15 0.38 0.52 0.64 0.82 1.00 1.25 1.52 1.67 1.73

0.60 1.00 1.23 1.40 1.73 2.04 2.34 2.89 0.42 0.55 0.67 0.84 1.00 1.20 1.46 1.51 1.54

0.50 1.00 1.25 1.50 2.00 2.50 3.00 5.00 0.47 0.60 0.71 0.87 1.00 1.15 1.30 1.34 1.94

0.40 1.00 1.23 1.57 2.29 3.08 3.92 5.70 0.53 0.67 0.77 0.90 1.00 1.10 1.17 1.16 1.12

0.30 1.00 1.14 1.56 2.57 3.78 5.19 8.56 0.64 0.76 0.84 0.94 1.00 1.04 1.02 0.96 0.90

0.20 1.00 0.90 1.37 2.68 4.49 6.86 17.60 0.83 0.92 0.96 1.00 1.00 0.96 0.81 0.73 0.66

0.10 1.00 1.44 0.80 2.08 4.36 8.00 20.80 1.29 1.26 1.21 1.11 1.00 0.84 0.60 0.46 0.38
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Table 23. Feeds and Speeds for Drilling and Reaming Copper Alloys

Abbreviations designate: A, annealed; CD, cold drawn. The two leftmost speed columns in this
table contain traditional Handbook speeds for HSS steel tools. The text contains information con-
cerning feeds to use in conjunction with these speeds.

HSS Drilling and Reaming: The combined feed/speed data for drilling and Table 22 are used to
adjust drilling speeds for other feeds and drill diameters. Examples are given in the text. The given
feeds and speeds for reaming are based on an 8-tooth, 25⁄32-inch diameter, 30° lead angle reamer, and
a 0.008-inch radial depth of cut. For other feeds, the correct speed can be obtained by interpolation
using the given speeds if the desired feed lies in the recommended range (between the given values
of optimum and average feed). The cutting speeds for reaming do not require adjustment for tool
diameter as long as the radial depth of cut does not become too large. Speed adjustment factors to
modify tool life are found in Table 15e.

Indexable Insert Drilling: The feed/speed data for indexable insert drilling are based on a tool with
two cutting edges, an insert nose radius of 3⁄64 inch, a 10-degree lead angle, and diameter D of 1 inch.
Adjustments for feed and depth of cut are made using Table 5a (Turning Speed Adjustment Factors)
using a depth of cut of D/2, or one-half the drill diameter. Expected tool life at the given feeds and
speeds is 15 minutes for short hole drilling (i.e., where hole depth is about 2D or less). Speed adjust-
ment factors to increase tool life are found in Table 5b. The combined feed/speed data in this table are
based on tool grades (identified in Table 16) as follows: uncoated carbide = 15.

Using the Feed and Speed Tables for Tapping and Threading.—The feed used in tap-
ping and threading is always equal to the pitch of the screw thread being formed. The
threading data contained in the tables for drilling, reaming, and threading (Tables 17

Group 1

Architectural bronze(C38500); Extra-high-leaded brass (C35600); Forging brass (C37700); Free-
cutting phosphor bronze (B-2) (C54400); Free-cutting brass (C36000); Free-cutting Muntz metal 
(C37000); High-leaded brass (C33200, C34200); High-leaded brass tube (C35300); Leaded com-
mercial bronze (C31400); Leaded naval brass (C48500); Medium-leaded brass (C34000) 

Group 2

Aluminum brass, arsenical (C68700); Cartridge brass, 70% (C26000); High-silicon bronze, B 
(C65500); Admiralty brass (inhibited) (C44300, C44500); Jewelry bronze, 87.5% (C22600); 
Leaded Muntz metal (C36500, C36800); Leaded nickel silver (C79600); Low brass, 80% 
(C24000); Low-leaded brass (C33500); Low-silicon bronze, B (C65100); Manganese bronze, A 
(C67500); Muntz metal, 60% (C28000); Nickel silver, 55-18 (C77000); Red brass, 85% 
(C23000); Yellow brass (C26800)

Group 3

Aluminum bronze, D (C61400); Beryllium copper (C17000, C17200, C17500); Commercial 
bronze, 90% (C22000); Copper nickel, 10% (C70600); Copper nickel, 30% (C71500);Electro-
lytic tough-pitch copper (C11000); Gilding, 95% (C21000); Nickel silver, 65-10 (C74500); 
Nickel silver, 65-12 (C75700); Nickel silver, 65-15 (C75400); Nickel silver, 65-18 (C75200); 
Oxygen-free copper (C10200); Phosphor bronze, 1.25% (C50200); Phosphor bronze, 10% D 
(C52400); Phosphor bronze, 5% A (C51000); Phosphor bronze, 8% C (C52100); 
Phosphorus deoxidized copper (C12200)

Alloy
Description

and
UNS Alloy
Numbers

Material
Condition

Drilling Reaming Drilling Reaming

HSS HSS
Indexable Insert

Uncoated Carbide HSS

Speed
(fpm)

f = feed (0.001 in./rev), s = speed (ft/min)
Metric Units: f × 25.4 = mm/rev, s × 0.3048 = m/min

Opt. Avg. Opt. Avg. Opt. Avg.

Wrought Alloys

Group 1 A
CD

160
175

160
175

f
s

21
210

11
265

11
405

6
915

36
265

18
230

Group 2 A
CD

120
140

110
120

f
s

24
100

12
130

11
205

6
455

40
130

20
120

Group 3 A
CD

60
65

50
60

f
s

23
155

11
195

11
150

6
340

38
100

19
175
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through 23) are primarily for tapping and thread chasing, and do not apply to thread cutting
with single-point tools.

The threading data in Tables 17 through 23 give two sets of feed (pitch) and speed values,
for 12 and 50 threads/inch, but these values can be used to obtain the cutting speed for any
other thread pitches. If the desired pitch falls between the values given in the tables, i.e.,
between 0.020 inch (50 tpi) and 0.083 inch (12 tpi), the required cutting speed is obtained
by interpolation between the given speeds. If the pitch is less than 0.020 inch (more than 50
tpi), use the average speed, i.e., the largest of the two given speeds. For pitches greater than
0.083 inch (fewer than 12 tpi), the optimum speed should be used. Tool life using the given
feed/speed data is intended to be approximately 45 minutes, and should be about the same
for threads between 12 and 50 threads per inch.

Example:Determine the cutting speed required for tapping 303 stainless steel with a 1⁄2-
20 coated HSS tap.

The two feed/speed pairs for 303 stainless steel, in Table 19, are 83 ⁄35 (0.083 in./rev at 35
fpm) and 20 ⁄45 (0.020 in./rev at 45 fpm). The pitch of a 1⁄2-20 thread is 1 ⁄20 = 0.05 inch, so
the required feed is 0.05 in./rev. Because 0.05 is between the two given feeds (Table 19),
the cutting speed can be obtained by interpolation between the two given speeds as fol-
lows:

The cutting speed for coarse-pitch taps must be lower than for fine-pitch taps with the
same diameter. Usually, the difference in pitch becomes more pronounced as the diameter
of the tap becomes larger and slight differences in the pitch of smaller-diameter taps have
little significant effect on the cutting speed. Unlike all other cutting tools, the feed per rev-
olution of a tap cannot be independently adjusted—it is always equal to the lead of the
thread and is always greater for coarse pitches than for fine pitches. Furthermore, the
thread form of a coarse-pitch thread is larger than that of a fine-pitch thread; therefore, it is
necessary to remove more metal when cutting a coarse-pitch thread.

Taps with a long chamfer, such as starting or tapper taps, can cut faster in a short hole than
short chamfer taps, such as plug taps. In deep holes, however, short chamfer or plug taps
can run faster than long chamfer taps. Bottoming taps must be run more slowly than either
starting or plug taps. The chamfer helps to start the tap in the hole. It also functions to
involve more threads, or thread form cutting edges, on the tap in cutting the thread in the
hole, thus reducing the cutting load on any one set of thread form cutting edges. In so
doing, more chips and thinner chips are produced that are difficult to remove from deeper
holes. Shortening the chamfer length causes fewer thread form cutting edges to cut,
thereby producing fewer and thicker chips that can easily be disposed of. Only one or two
sets of thread form cutting edges are cut on bottoming taps, causing these cutting edges to
assume a heavy cutting load and produce very thick chips.

Spiral-pointed taps can operate at a faster cutting speed than taps with normal flutes.
These taps are made with supplementary angular flutes on the end that push the chips
ahead of the tap and prevent the tapped hole from becoming clogged with chips. They are
used primarily to tap open or through holes although some are made with shorter supple-
mentary flutes for tapping blind holes.

The tapping speed must be reduced as the percentage of full thread to be cut is increased.
Experiments have shown that the torque required to cut a 100 per cent thread form is more
than twice that required to cut a 50 per cent thread form. An increase in the percentage of
full thread will also produce a greater volume of chips.

The tapping speed must be lowered as the length of the hole to be tapped is increased.
More friction must be overcome in turning the tap and more chips accumulate in the hole.
It will be more difficult to apply the cutting fluid at the cutting edges and to lubricate the tap

V 35
0.05 0.02–

0.083 0.02–
------------------------------ 45 35–( )+ 40 fpm= =
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to reduce friction. This problem becomes greater when the hole is being tapped in a hori-
zontal position.

Cutting fluids have a very great effect on the cutting speed for tapping. Although other
operating conditions when tapping frequently cannot be changed, a free selection of the
cutting fluid usually can be made. When planning the tapping operation, the selection of a
cutting fluid warrants a very careful consideration and perhaps an investigation.

Taper threaded taps, such as pipe taps, must be operated at a slower speed than straight
thread taps with a comparable diameter. All the thread form cutting edges of a taper
threaded tap that are engaged in the work cut and produce a chip, but only those cutting
edges along the chamfer length cut on straight thread taps. Pipe taps often are required to
cut the tapered thread from a straight hole, adding to the cutting burden.

The machine tool used for the tapping operation must be considered in selecting the tap-
ping speed. Tapping machines and other machines that are able to feed the tap at a rate of
advance equal to the lead of the tap, and that have provisions for quickly reversing the spin-
dle, can be operated at high cutting speeds. On machines where the feed of the tap is con-
trolled manually—such as on drill presses and turret lathes—the tapping speed must be
reduced to allow the operator to maintain safe control of the operation.

There are other special considerations in selecting the tapping speed. Very accurate
threads are usually tapped more slowly than threads with a commercial grade of accuracy.
Thread forms that require deep threads for which a large amount of metal must be
removed, producing a large volume of chips, require special techniques and slower cutting
speeds. Acme, buttress, and square threads, therefore, are generally cut at lower speeds.

Cutting Speed for Broaching.—Broaching offers many advantages in manufacturing
metal parts, including high production rates, excellent surface finishes, and close dimen-
sional tolerances. These advantages are not derived from the use of high cutting speeds;
they are derived from the large number of cutting teeth that can be applied consecutively in
a given period of time, from their configuration and precise dimensions, and from the
width or diameter of the surface that can be machined in a single stroke. Most broaching
cutters are expensive in their initial cost and are expensive to sharpen. For these reasons, a
long tool life is desirable, and to obtain a long tool life, relatively slow cutting speeds are
used. In many instances, slower cutting speeds are used because of the limitations of the
machine in accelerating and stopping heavy broaching cutters. At other times, the avail-
able power on the machine places a limit on the cutting speed that can be used; i.e., the
cubic inches of metal removed per minute must be within the power capacity of the
machine.

The cutting speeds for high-speed steel broaches range from 3 to 50 feet per minute,
although faster speeds have been used. In general, the harder and more difficult to machine
materials are cut at a slower cutting speed and those that are easier to machine are cut at a
faster speed. Some typical recommendations for high-speed steel broaches are: AISI 1040,
10 to 30 fpm; AISI 1060, 10 to 25 fpm; AISI 4140, 10 to 25 fpm; AISI 41L40, 20 to 30 fpm;
201 austenitic stainless steel, 10 to 20 fpm; Class 20 gray cast iron, 20 to 30 fpm; Class 40
gray cast iron, 15 to 25 fpm; aluminum and magnesium alloys, 30 to 50 fpm; copper alloys,
20 to 30 fpm; commercially pure titanium, 20 to 25 fpm; alpha and beta titanium alloys, 5
fpm; and the superalloys, 3 to 10 fpm. Surface broaching operations on gray iron castings
have been conducted at a cutting speed of 150 fpm, using indexable insert cemented car-
bide broaching cutters. In selecting the speed for broaching, the cardinal principle of the
performance of all metal cutting tools should be kept in mind; i.e., increasing the cutting
speed may result in a proportionately larger reduction in tool life, and reducing the cutting
speed may result in a proportionately larger increase in the tool life. When broaching most
materials, a suitable cutting fluid should be used to obtain a good surface finish and a better
tool life. Gray cast iron can be broached without using a cutting fluid although some shops
prefer to use a soluble oil.
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Spade Drills

Spade drills are used to produce holes ranging in size from about 1 inch to 6 inches
(approximately 25–150 mm) diameter, and even larger. Very deep holes can be drilled and
blades are available for core drilling, counterboring, and for bottoming to a flat or con-
toured shape. There are two principal parts to a spade drill, the blade and the holder. The
holder has a slot into which the blade fits; a wide slot at the back of the blade engages with
a tongue in the holder slot to locate the blade accurately. A retaining screw holds the two
parts together. The blade is usually made from high-speed steel, although cast nonferrous
metal and cemented carbide-tipped blades are also available. Spade drill holders are clas-
sified by a letter symbol designating the range of blade sizes that can be held and by their
length. Standard stub, short, long, and extra long holders are available; for very deep holes,
special holders having wear strips to support and guide the drill are often used. Long, extra
long, and many short length holders have coolant holes to direct cutting fluid, under pres-
sure, to the cutting edges. In addition to its function in cooling and lubricating the tool, the
cutting fluid also flushes the chips out of the hole. The shank of the holder may be straight
or tapered; special automotive shanks are also used. A holder and different shank designs
are shown in Fig. 1; Figs. 2a through Fig. 2f show some typical blades.

Fig. 1. Spade Drill Blade Holder

Spade Drill Geometry.—Metal separation from the work is accomplished in a like man-
ner by both twist and spade drills, and the same mechanisms are involved for each. The two
cutting lips separate the metal by a shearing action that is identical to that of chip formation
by a single-point cutting tool. At the chisel edge, a much more complex condition exists.
Here the metal is extruded sideways and at the same time is sheared by the rotation of the
blunt wedge-formed chisel edge. This combination accounts for the very high thrust force
required to penetrate the work. The chisel edge of a twist drill is slightly rounded, but on
spade drills, it is a straight edge. Thus, it is likely that it is more difficult for the extruded
metal to escape from the region of the chisel edge with spade drills. However, the chisel
edge is shorter in length than on twist drills and the thrust for spade drilling is less.

Coolant
holes

Milling machine
taper shank

Morse taper
shank

Straight shank

Coolant inductor

Automotive shank
(special)

Body diameter

Blade retaining screw

Locating flats

Body

Blade slot

Flute
Flute length

Seating surface



SPADE DRILLS 1075

Typical Spade Drill Blades

Basic spade drill geometry is shown in Fig. 3. Normally, the point angle of a standard tool
is 130 degrees and the lip clearance angle is 18 degrees, resulting in a chisel edge angle of
108 degrees. The web thickness is usually about 1⁄4 to 5⁄16 as thick as the blade thickness.
Usually, the cutting edge angle is selected to provide this web thickness and to provide the
necessary strength along the entire length of the cutting lip. A further reduction of the
chisel edge length is sometimes desirable to reduce the thrust force in drilling. This reduc-
tion can be accomplished by grinding a secondary rake surface at the center or by grinding
a split point, or crankshaft point, on the point of the drill.

The larger point angle of a standard spade drill—130 degrees as compared with 118
degrees on a twist drill—causes the chips to flow more toward the periphery of the drill,
thereby allowing the chips to enter the flutes of the holder more readily. The rake angle
facilitates the formation of the chip along the cutting lips. For drilling materials of average
hardness, the rake angle should be 10 to 12 degrees; for hard or tough steels, it should be 5
to 7 degrees; and for soft and ductile materials, it can be increased to 15 to 20 degrees. The
rake surface may be flat or rounded, and the latter design is called radial rake. Radial rake
is usually ground so that the rake angle is maximum at the periphery and decreases uni-
formly toward the center to provide greater cutting edge strength at the center. A flat rake
surface is recommended for drilling hard and tough materials in order to reduce the ten-
dency to chipping and to reduce heat damage.

A most important feature of the cutting edge is the chip splitters, which are also called
chip breaker grooves. Functionally, these grooves are chip dividers; instead of forming a
single wide chip along the entire length of the cutting edge, these grooves cause formation
of several chips that can be readily disposed of through the flutes of the holder. Chip split-
ters must be carefully ground to prevent the chips from packing in the grooves, which
greatly reduces their effectiveness. Splitters should be ground perpendicular to the cutting
lip and parallel to the surface formed by the clearance angle. The grooves on the two cut-

Fig. 2a. Standard blade
Fig. 2b. Standard blade with cor-

ner chamfer Fig. 2c. Core drilling blade

Fig. 2d. Center cutting facing or 
bottoming blade

Fig. 2e. Standard blade with split 
point or crankshaft point

Fig. 2f. Center cutting radius 
blade
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ting lips must not overlap when measured radially along the cutting lip. Fig. 4 and the
accompanying table show the groove form and dimensions.

Fig. 3. Spade Drill Blade

On spade drills, the front lip clearance angle provides the relief. It may be ground on a
drill grinding machine but usually it is ground flat. The normal front lip clearance angle is
8 degrees; in some instances, a secondary relief angle of about 14 degrees is ground below
the primary clearance. The wedge angle on the blade is optional. It is generally ground on
thicker blades having a larger diameter to prevent heel dragging below the cutting lip and
to reduce the chisel edge length. The outside-diameter land is circular, serving to support
and guide the blade in the hole. Usually it is ground to have a back taper of 0.001 to 0.002
inch per inch (or mm/mm) per side. The width of the land is approximately 20 to 25 per cent
of the blade thickness. Normally, the outside-diameter clearance angle behind the land is 7
to 10 degrees. On many spade drill blades, the outside-diameter clearance surface is
stepped about 0.030 inch (0.76 mm) below the land.

Fig. 4. Spade Drill Chip Splitter Dimensions in Inches

Spade Drilling.—Spade drills are used on drilling machines and other machine tools
where the cutting tool rotates; they are also used on turning machines where the work

Wedge angle
(optional)
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Blade diameter
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R
Radial rake

Front lip clearance angle

Chip splitters

Point angle

Web

Chisel edge
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Cutting edge
angle

Flat
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Locating
slot

Chisel edge
angle
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rotates and the tool is stationary. Although there are some slight operational differences,
the methods of using spade drills are basically the same. An adequate supply of cutting
fluid must be used, which serves to cool and lubricate the cutting edges; to cool the chips,
thus making them brittle and more easily broken; and to flush chips out of the hole. Flood
cooling from outside the hole can be used for drilling relatively shallow holes, of about one
to two and one-half times the diameter in depth. For deeper holes, the cutting fluid should
be injected through the holes in the drill. When drilling very deep holes, it is often helpful
to blow compressed air through the drill in addition to the cutting fluid to facilitate ejection
of the chips. Air at full shop pressure is throttled down to a pressure that provides the most
efficient ejection. The cutting fluids used are light and medium cutting oils, water-soluble
oils, and synthetics, and the type selected depends on the work material.

Starting a spade drill in the workpiece needs special attention. The straight chisel edge on
the spade drill has a tendency to wander as it starts to enter the work, especially if the feed
is too light. This wander can result in a mispositioned hole and possible breakage of the
drill point. The best method of starting the hole is to use a stub or short-length spade drill
holder and a blade of full size that should penetrate at least 1⁄8 inch (3.18 mm) at full diame-
ter. The holder is then changed for a longer one as required to complete the hole to depth.
Difficulties can be encountered if spotting with a center drill or starting drill is employed
because the angles on these drills do not match the 130-degree point angle of the spade
drill. Longer spade drills can be started without this starting procedure if the drill is guided
by a jig bushing and if the holder is provided with wear strips.

Chip formation warrants the most careful attention as success in spade drilling is depen-
dent on producing short, well-broken chips that can be easily ejected from the hole.
Straight, stringy chips or chips that are wound like a clock spring cannot be ejected prop-
erly; they tend to pack around the blade, which may result in blade failure. The chip split-
ters must be functioning to produce a series of narrow chips along each cutting edge. Each
chip must be broken, and for drilling ductile materials they should be formed into a “C” or
“figure 9” shape. Such chips will readily enter the flutes on the holder and flow out of the
hole.

Proper chip formation is dependent on the work material, the spade drill geometry, and
the cutting conditions. Brittle materials such as gray cast iron seldom pose a problem
because they produce a discontinuous chip, but austenitic stainless steels and very soft and
ductile materials require much attention to obtain satisfactory chip control. Thinning the
web or grinding a split point on the blade will sometimes be helpful in obtaining better chip
control, as these modifications allow use of a heavier feed. Reducing the rake angle to
obtain a tighter curl on the chip and grinding a corner chamfer on the tool will sometimes
help to produce more manageable chips.

In most instances, it is not necessary to experiment with the spade drill blade geometry to
obtain satisfactory chip control. Control usually can be accomplished by adjusting the cut-
ting conditions; i.e., the cutting speed and the feed rate.

Normally, the cutting speed for spade drilling should be 10 to 15 per cent lower than that
for an equivalent twist drill, although the same speed can be used if a lower tool life is
acceptable. The recommended cutting speeds for twist drills on Tables 17 through 23,
starting on page 1060, can be used as a starting point; however, they should be decreased
by the percentage just given. It is essential to use a heavy feed rate when spade drilling to
produce a thick chip. and to force the chisel edge into the work. In ductile materials, a light
feed will produce a thin chip that is very difficult to break. The thick chip on the other hand,
which often contains many rupture planes, will curl and break readily. The table on
page 1078 gives suggested feed rates for different spade drill sizes and materials. These
rates should be used as a starting point and some adjustments may be necessary as experi-
ence is gained.
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Feed Rates for Spade Drilling

Material
Hardness,

Bhn

Spade Drill Diameter, inches Spade Drill Diameter, mm
1–11⁄4 11⁄4–2 2–3 3–4 4–5 5–8 25 – 32 32 – 50 50 – 76 76 – 102 102 – 127 127 – 203

Feed—inch/rev Feed—mm/rev

Free Machining Steel 100–240 0.014 0.016 0.018 0.022 0.025 0.030 0.36 0.41 0.46 0.56 0.64 0.76
240–325 0.010 0.014 0.016 0.020 0.022 0.025 0.25 0.36 0.41 0.51 0.56 0.64

Plain Carbon Steels   
100–225 0.012 0.015 0.018 0.022 0.025 0.030 0.30 0.38 0.46 0.56 0.64 0.76
225–275 0.010 0.013 0.015 0.018 0.020 0.025 0.25 0.33 0.38 0.46 0.51 0.64
275–325 0.008 0.010 0.013 0.015 0.018 0.020 0.20 0.25 0.33 0.38 0.46 0.51

Free Machining Alloy Steels  
150–250 0.014 0.016 0.018 0.022 0.025 0.030 0.36 0.41 0.46 0.56 0.64 0.76
250–325 0.012 0.014 0.016 0.018 0.020 0.025 0.30 0.36 0.41 0.46 0.51 0.64
325–375 0.010 0.010 0.014 0.016 0.018 0.020 0.25 0.25 0.36 0.41 0.46 0.51

Alloy Steels 

125–180 0.012 0.015 0.018 0.022 0.025 0.030 0.30 0.38 0.46 0.56 0.64 0.76
180–225 0.010 0.012 0.016 0.018 0.022 0.025 0.25 0.30 0.41 0.46 0.56 0.64
225–325 0.009 0.010 0.013 0.015 0.018 0.020 0.23 0.25 0.33 0.38 0.46 0.51
325–400 0.006 0.008 0.010 0.012 0.014 0.016 0.15 0.20 0.25 0.30 0.36 0.41

Tool Steels
Water Hardening 150–250 0.012 0.014 0.016 0.018 0.020 0.022 0.30 0.36 0.41 0.46 0.51 0.56
Shock Resisting 175–225 0.012 0.014 0.015 0.016 0.017 0.018 0.30 0.36 0.38 0.41 0.43 0.46
Cold Work 200–250 0.007 0.008 0.009 0.010 0.011 0.012 0.18 0.20 0.23 0.25 0.28 0.30
Hot Work 150–250 0.012 0.013 0.015 0.016 0.018 0.020 0.30 0.33 0.38 0.41 0.46 0.51
Mold 150–200 0.010 0.012 0.014 0.016 0.018 0.018 0.25 0.30 0.36 0.41 0.46 0.46
Special-Purpose 150–225 0.010 0.012 0.014 0.016 0.016 0.018 0.25 0.30 0.36 0.41 0.41 0.46

High-Speed Steel 200–240 0.010 0.012 0.013 0.015 0.017 0.018 0.25 0.30 0.33 0.38 0.43 0.46

Gray Cast Iron  

110–160 0.020 0.022 0.026 0.028 0.030 0.034 0.51 0.56 0.66 0.71 0.76 0.86
160–190 0.015 0.018 0.020 0.024 0.026 0.028 0.38 0.46 0.51 0.61 0.66 0.71
190–240 0.012 0.014 0.016 0.018 0.020 0.022 0.30 0.36 0.41 0.46 0.51 0.56
240–320 0.010 0.012 0.016 0.018 0.018 0.018 0.25 0.30 0.41 0.46 0.46 0.46

Ductile or Nodular Iron  
140–190 0.014 0.016 0.018 0.020 0.022 0.024 0.36 0.41 0.46 0.51 0.56 0.61
190–250 0.012 0.014 0.016 0.018 0.018 0.020 0.30 0.36 0.41 0.46 0.46 0.51
250–300 0.010 0.012 0.016 0.018 0.018 0.018 0.25 0.30 0.41 0.46 0.46 0.46

Malleable Iron
Ferritic 110–160 0.014 0.016 0.018 0.020 0.022 0.024 0.36 0.41 0.46 0.51 0.56 0.61

Pearlitic  { 160–220 0.012 0.014 0.016 0.018 0.020 0.020 0.30 0.36 0.41 0.46 0.51 0.51
220–280 0.010 0.012 0.014 0.016 0.018 0.018 0.25 0.30 0.36 0.41 0.46 0.46

Free Machining Stainless Steel
Ferritic … 0.016 0.018 0.020 0.024 0.026 0.028 0.41 0.46 0.51 0.61 0.66 0.71
Austenitic … 0.016 0.018 0.020 0.022 0.024 0.026 0.41 0.46 0.51 0.56 0.61 0.66
Martensitic … 0.012 0.014 0.016 0.016 0.018 0.020 0.30 0.36 0.41 0.41 0.46 0.51

Stainless Steel
Ferritic … 0.012 0.014 0.018 0.020 0.020 0.022 0.30 0.36 0.46 0.51 0.51 0.56
Austenitic … 0.012 0.014 0.016 0.018 0.020 0.020 0.30 0.36 0.41 0.46 0.51 0.51
Martensitic … 0.010 0.012 0.012 0.014 0.016 0.018 0.25 0.30 0.30 0.36 0.41 0.46

Aluminum Alloys … 0.020 0.022 0.024 0.028 0.030 0.040 0.51 0.56 0.61 0.71 0.76 1.02

Copper Alloys  (Soft) 0.016 0.018 0.020 0.026 0.028 0.030 0.41 0.46 0.51 0.66 0.71 0.76
(Hard) 0.010 0.012 0.014 0.016 0.018 0.018 0.25 0.30 0.36 0.41 0.46 0.46

Titanium Alloys … 0.008 0.010 0.012 0.014 0.014 0.016 0.20 0.25 0.30 0.36 0.36 0.41
High-Temperature Alloys … 0.008 0.010 0.012 0.012 0.014 0.014 0.20 0.25 0.30 0.30 0.36 0.36

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Power Consumption and Thrust for Spade Drilling.—In each individual setup, there
are factors and conditions influencing power consumption that cannot be accounted for in
a simple equation; however, those given below will enable the user to estimate power con-
sumption and thrust accurately enough for most practical purposes. They are based on
experimentally derived values of unit horsepower, as given in Table 24. As a word of cau-
tion, these values are for sharp tools. In spade drilling, it is reasonable to estimate that a dull
tool will increase the power consumption and the thrust by 25 to 50 per cent. The unit
horsepower values in the table are for the power consumed at the cutting edge, to which
must be added the power required to drive the machine tool itself, in order to obtain the
horsepower required by the machine tool motor. An allowance for power to drive the
machine is provided by dividing the horsepower at the cutter by a mechanical efficiency
factor, em. This factor can be estimated to be 0.90 for a direct spindle drive with a belt, 0.75
for a back gear drive, and 0.70 to 0.80 for geared head drives. Thus, for spade drilling the
formulas are

Table 24. Unit Horsepower / Kilowatt for Spade Drilling

Example:Estimate the horsepower and thrust required to drive a 2-inch diameter spade
drill in AISI 1045 steel that is quenched and tempered to a hardness of 275 Bhn. From
Table 17 on page 1060, the cutting speed, V, for drilling this material with a twist drill is 50
feet per minute. This value is reduced by 10 per cent for spade drilling and the speed
selected is thus 0.9 × 50 = 45 feet per minute. The feed rate (from Table , page 1078) is
0.015 in/rev. and the unit horsepower from Table 24 above is 0.94. The machine efficiency
factor is estimated to be 0.80 and it will be assumed that a 50 per cent increase in the unit
horsepower must be allowed for dull tools.

where
hpc =horsepower at the cutter
hpm = horsepower at the motor
Bs =thrust for spade drilling in pounds

uhp = unit horsepower
D =drill diameter in inches
f =feed in inches per revolution

fm =feed in inches per minute
N =spindle speed in revolutions per minute

em =mechanical efficiency factor

where
kwc =power at the cutter in kilowatts
kwm = power at the motor kilowatts 
Bs =thrust for spade drilling in newtons

ukw = unit kilowatt power
D =drill diameter in millimeters
f =feed in millimeters per revolution

fm =feed in millimeters per minute
N =spindle speed in revolutions per minute

em =mechanical efficiency factor

Material Hardness uhp ukw Material Hardness uhp ukw

Plain Carbon and 
Alloy Steel 

85−200 Bhn 0.79 0.0359 Titanium Alloys 250−375 Bhn 0.72 0.0328
200−275 0.94 0.0428 High-Temp Alloys 200−360 Bhn 1.44 0.0655
275−375 1.00 0.0455 Aluminum Alloys … 0.22 0.0100
375−425 1.15 0.0523 Magnesium Alloys … 0.16 0.0073
45−52 Rc 1.44 0.0655

Copper Alloys  
20−80 Rb 0.43 0.0196

Cast Irons 
110−200 Bhn 0.50 0.0228 80−100 Rb 0.72 0.0328
200−300 1.08 0.0491

Stainless Steels 
135−275 Bhn 0.94 0.0428
30−45 Rc 1.08 0.0491

hpc uhp
πD2

4
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Step 1. Calculate the spindle speed from the formula:

where N =spindle speed in revolutions per minute

V =cutting speed in feet per minute

D =drill diameter in inches

Thus,

Step 2. Calculate the horsepower at the cutter:

Step 3. Calculate the horsepower at the motor and provide for a 50 per cent power
increase for the dull tool:

Step 4. Estimate the spade drill thrust:

Trepanning.—Cutting a groove in the form of a circle or boring or cutting a hole by
removing the center or core in one piece is called trepanning. Shallow trepanning, also
called face grooving, can be performed on a lathe using a single-point tool that is similar to
a grooving tool but has a curved blade. Generally, the minimum outside diameter that can
be cut by this method is about 3 inches (76.2 mm) and the maximum groove depth is about
2 inches (50.8 mm). Trepanning is probably the most economical method of producing
deep holes that are 2 inches (50.8 mm), and larger, in diameter. Fast production rates can be
achieved. The tool consists of a hollow bar, or stem, and a hollow cylindrical head to which
a carbide or high-speed steel, single-point cutting tool is attached. Usually, only one cut-
ting tool is used although for some applications a multiple cutter head must be used; e.g.,
heads used to start the hole have multiple tools. In operation, the cutting tool produces a
circular groove and a residue core that enters the hollow stem after passing through the
head. On outside-diameter exhaust trepanning tools, the cutting fluid is applied through
the stem and the chips are flushed around the outside of the tool; inside-diameter exhaust
tools flush the chips out through the stem with the cutting fluid applied from the outside.
For starting the cut, a tool that cuts a starting groove in the work must be used, or the trepan-
ning tool must be guided by a bushing. For holes less than about five diameters deep, a
machine that rotates the trepanning tool can be used. Often, an ordinary drill press is satis-
factory; deeper holes should be machined on a lathe with the work rotating. A hole diame-
ter tolerance of ±0.010 inch (±0.254 mm) can be obtained easily by trepanning and a
tolerance of ±0.001 inch (±0.0254 mm) has sometimes been held. Hole runout can be held
to ±0.003 inch per foot (±0.25 mm/m) and, at times, to ±0.001 inch per foot (±0.083
mm/m). On heat-treated metal, a surface finish of 125 to 150 µm AA can be obtained and
on annealed metals 100 to 250 µm AA is common.

N
12V

πD
----------=

N
12 45×
π 2×

------------------ 86 revolutions per minute= =

hpc uhp
πD2

4
----------
 
  fN 0.94

π 22×
4

---------------
 
  0.015 86× 3.8= = =

hpm

hpc

em

-------- 3.8
0.80
---------- 4.75 horsepower= = =

hpm  (dull tool) 1.5 4.75× 7.125 horsepower= =

Bs 148 500, uhp× fD× 148 500, 0.94× 0.015× 2× 4188 lb (sharp tool)= = =

Bs 1.5 4188× 6282 lb (dull tool)= =
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ESTIMATING SPEEDS AND MACHINING POWER

Estimating Planer Cutting Speeds.—Whereas most planers of modern design have a
means of indicating the speed at which the table is traveling, or cutting, many older planers
do not. The following formulas are useful for planers that do not have a means of indicating
the table or cutting speed. It is not practicable to provide a formula for calculating the exact
cutting speed at which a planer is operating because the time to stop and start the table
when reversing varies greatly. The formulas below will provide a reasonable estimate.

where Vc =cutting speed; fpm or m/min
Sc =number of cutting strokes per minute of planer table
L = length of table cutting stroke; ft or m

Cutting Speed for Planing and Shaping.—The traditional HSS cutting tool speeds in
Tables 1 through 4b and Tables 6 through 9, pages 1026 through  1038, can be used for
planing and shaping. The feed and depth of cut factors in Tables 5c should also be used, as
explained previously. Very often, other factors relating to the machine or the setup will
require a reduction in the cutting speed used on a specific job.
Cutting Time for Turning, Boring, and Facing.—The time required to turn a length of
metal can be determined by the following formula in which T = time in minutes, L = length
of cut in inches (or mm), f = feed in inches per revolution (or mm/min), and N = lathe spin-
dle speed in revolutions per minute.

When making job estimates, the time required to load and to unload the workpiece on the
machine, and the machine handling time, must be added to the cutting time for each length
cut to obtain the floor-to-floor time.
Planing Time.—The approximate time required to plane a surface can be determined
from the following formula in which T = time in minutes, L = length of stroke in feet (or
meter), Vc = cutting speed in feet per minute (m/min), Vr = return speed in feet per minute
(m/min); W = width of surface to be planed in inches (or mm), F = feed in inches (or mm),
and 0.025 = approximate reversal time factor per stroke in minutes for most planers:

Speeds for Metal-Cutting Saws.—The table on page 1082 gives speeds and feeds for
solid-tooth, high-speed-steel, circular, metal-cutting saws are recommended by Saws
International, Inc. (sfpm = surface feet per minute = 3.142 × blade diameter in inches × rpm
of saw shaft ÷ 12). Also see page 1180 for bandsaw blade speeds.

Speeds for Turning Unusual Materials.—Slate, on account of its peculiarly stratified
formation, is rather difficult to turn, but if handled carefully, can be machined in an ordi-
nary lathe. The cutting speed should be about the same as for cast iron. A sheet of fiber or
pressed paper should be interposed between the chuck or steadyrest jaws and the slate, to
protect the latter. Slate rolls must not be centered and run on the tailstock. A satisfactory
method of supporting a slate roll having journals at the ends is to bore a piece of lignum
vitae to receive the turned end of the roll, and center it for the tailstock spindle.

Rubber can be turned at a peripheral speed of 200 feet per minute (61 m/min), although it
is much easier to grind it with an abrasive wheel that is porous and soft. For cutting a rubber
roll in two, the ordinary parting tool should not be used, but a tool shaped like a knife; such
a tool severs the rubber without removing any material.
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Gutta percha can be turned as easily as wood, but the tools must be sharp and a good soap-and-water lubricant used.

Copper can be turned easily at 200 feet per minute (61 m/min). See also Table 6 on page 1036.

Limestone such as is used in the construction of pillars for balconies, etc., can be turned at 150 feet per minute (46 m/min), and the formation of
ornamental contours is quite easy.  Marble is a treacherous material to turn. It should be cut with a tool such as would be used for brass, but at a speed
suitable for cast iron. It must be handled very carefully to prevent flaws in the surface.

Speeds, Feeds, and Tooth Angles for Sawing Various Material with Solid-tooth, High-speed-steel, Circular, Metal-cutting Saws 

First entry is cutting speed, second entry is feed
α =Cutting angle (Front), degree
β =Relief angle (Back), degree

Materials

Rake Angle Stock Diameters, inches Stock Diameters, millimeters

α β 1⁄4–3⁄4 3⁄4–11⁄2 11⁄2–21⁄2 21⁄2–31⁄2 6 – 19 19 – 38 38 – 63 63 –89

Aluminum 24 12 6500 sfpm
100 in/min

6200 sfpm
85 in/min

6000 sfpm
80 in/min

5000 sfpm,
75 in/min

1981 m/min
2540 mm/min

1890 m/min
2159 mm/min

1829 m/min
2159 mm/min

1524 m/min
2159 mm/min

Light Alloys with Cu, Mg, and Zn 22 10 3600 sfpm
70 in/min

3300 sfpm
65 in/min

3000 sfpm,
63 in/min

2600 sfpm
60 in/min

1097 m/min
1778 mm/min

1006 m/min
1651 mm/min

914 m/min
1600 mm/min

792 m/min
1524 mm/min

Light Alloys with High Si 20 8 650 sfpm
16 in/min

600 sfpm
16 in/min

550 sfpm
14 in/min

550 sfpm
12 in/min

198 m/min
406 mm/min

183 m/min
406 mm/min

168 m/min
356 mm/min

168 m/min
305 mm/min

Copper 20 10 1300 sfpm
24 in/min

1150 sfpm
24 in/min

1000 sfpm
22 in/min

800 sfpm
22 in/min

396 m/min
610 mm/min

351 m/min
610 mm/min

305 m/min
559 mm/min

244 m/min
559 mm/min

Bronze 15 8 1300 sfpm
24 in/min

1150 sfpm
24 in/min

1000 sfpm
22 in/min

800 sfpm
20 in/min

396 m/min
610 mm/min

351 m/min
610 mm/min

305 m/min
559 mm/min

244 m/min
508 mm/min

Hard Bronze 10 8 400 sfpm
6.3 in/min

360 sfpm
6 in/min

325 sfpm
5.5 in/min

300 sfpm
5.1 in/min

122 m/min
160 mm/min

110 m/min
152 mm/min

99 m/min
140 mm/min

91 m/min
130 mm/min

Cu-Zn Brass 16 8 2000 sfpm
43 in/min

2000 sfpm
43 in/min

1800 sfpm
39 in/min

1800 sfpm
35 in/min

610 m/min
1092 mm/min

610 m/min
192 mm/min

549 m/min
991 mm/min

549 m/min
889 mm/min

Gray Cast Iron 12 8 82 sfpm
4 in/min

75 sfpm
4 in/min

72 sfpm
3.5 in/min

66 sfpm
3 in/min

25 m/min
102 mm/min

23 m/min
102 mm/min

22 m/min
89 mm/min

20 m/min
76 mm/min

Carbon Steel 20 8 160 sfpm
6.3 in/min

150 sfpm
5.9 in/min

150 sfpm
5.5 in/min

130 sfpm
5.1 in/min

49 m/min
160 mm/min

46 m/min
150 mm/min

46 m/min
140 mm/min

40 m/min
130 mm/min

Medium Hard Steel 18 8 100 sfpm
5.1 in/min

100 sfpm
4.7 in/min

80 sfpm
4.3 in/min

80 sfpm
4.3 in/min

30 m/min
130 mm/min

30 m/min
119 mm/min

24 m/min
109 mm/min

24 m/min
109 mm/min

Hard Steel 15 8 66 sfpm
4.3 in/min

66 sfpm
4.3 in/min

60 sfpm
4 in/min

57 sfpm
3.5 in/min

20 m/min
109 mm/min

20 m/min
109 mm/min

18 m/min
102 mm/min

17 m/min
89 mm/min

Stainless Steel 15 8 66 sfpm
2 in/min

63 sfpm
1.75 in/min

60 sfpm
1.75 in/min

57 sfpm
1.5 in/min

20 m/min
51 mm/min

19 m/min
44 mm/min

18 m/min
44 mm/min

17 m/min
38 mm/min

�
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The foregoing speeds are for high-speed steel tools. Tools tipped with tungsten carbide
are adapted for cutting various non-metallic products which cannot be machined readily
with steel tools, such as slate, marble, synthetic plastic materials, etc. In drilling slate and
marble, use flat drills; and for plastic materials, tungsten-carbide-tipped twist drills. Cut-
ting speeds ranging from 75 to 150 feet per minute (23–46 m/min) have been used for drill-
ing slate (without coolant) and a feed of 0.025 inch per revolution (0.64 mm/rev) for drills
3⁄4 and 1 inch (19.05 and 25.4 mm) in diameter.

Estimating Machining Power

Knowledge of the power required to perform machining operations is useful when plan-
ning new machining operations, for optimizing existing machining operations, and to
develop specifications for new machine tools that are to be acquired. The available power
on any machine tool places a limit on the size of the cut that it can take. When much metal
must be removed from the workpiece it is advisable to estimate the cutting conditions that
will utilize the maximum power on the machine. Many machining operations require only
light cuts to be taken for which the machine obviously has ample power; in this event, esti-
mating the power required is a wasteful effort. Conditions in different shops may vary and
machine tools are not all designed alike, so some variations between the estimated results
and those obtained on the job are to be expected. However, by using the methods provided
in this section a reasonable estimate of the power required can be made, which will suffice
in most practical situations.

The measure of power in customary inch units is the horsepower; in SI metric units it is
the kilowatt, which is used for both mechanical and electrical power. The power required
to cut a material depends upon the rate at which the material is being cut and upon an exper-
imentally determined power constant, Kp, which is also called the unit horsepower, unit
power, or specific power consumption. The power constant is equal to the horsepower
required to cut a material at a rate of one cubic inch per minute; in SI metric units the power
constant is equal to the power in kilowatts required to cut a material at a rate of one cubic
centimeter per second, or 1000 cubic millimeters per second (1 cm3 = 1000 mm3). Differ-
ent values of the power constant are required for inch and for metric units, which are
related as follows: to obtain the SI metric power constant, multiply the inch power constant
by 2.73; to obtain the inch power constant, divide the SI metric power constant by 2.73.
Values of the power constant in Tables 1a, and 1b can be used for all machining operations
except drilling and grinding. Values given are for sharp tools.

Table 1a. Power Constants, Kp, Using Sharp Cutting Tools

Material Brinell
Hardness

Kp

Inch
Units

Kp

Metric
Units

Material Brinell
Hardness

Kp

Inch
Units

Kp

Metric
Units

Ferrous Cast Metals

Gray Cast
Iron {

100-120 0.28 0.76 Malleable Iron

120-140 0.35 0.96 Ferritic 150-175 0.42 1.15

140-160 0.38 1.04

160-180 0.52 1.42

{

175-200 0.57 1.56

180-200 0.60 1.64 Pearlitic 200-250 0.82 2.24

200-220 0.71 1.94 250-300 1.18 3.22

220-240 0.91 2.48

Cast Steel {

150-175 0.62 1.69

Alloy Cast
Iron {

150-175 0.30 0.82 175-200 0.78 2.13

175-200 0.63 1.72 200-250 0.86 2.35

200-250 0.92 2.51 … … … …
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The value of the power constant is essentially unaffected by the cutting speed, the depth
of cut, and the cutting tool material. Factors that do affect the value of the power constant,
and thereby the power required to cut a material, include the hardness and microstructure
of the work material, the feed rate, the rake angle of the cutting tool, and whether the cut-
ting edge of the tool is sharp or dull. Values are given in the power constant tables for dif-
ferent material hardness levels, whenever this information is available. Feed factors for the
power constant are given in Table 2. All metal cutting tools wear but a worn cutting edge
requires more power to cut than a sharp cutting edge.

Factors to provide for tool wear are given in Table 3. In this table, the extra-heavy-duty
category for milling and turning occurs only on operations where the tool is allowed to
wear more than a normal amount before it is replaced, such as roll turning. The effect of the
rake angle usually can be disregarded. The rake angle for which most of the data in the
power constant tables are given is positive 14 degrees. Only when the deviation from this
angle is large is it necessary to make an adjustment. Using a rake angle that is more positive
reduces the power required approximately 1 per cent per degree; using a rake angle that is
more negative increases the power required; again approximately 1 per cent per degree.

Many indexable insert cutting tools are formed with an integral chip breaker or other cut-
ting edge modifications, which have the effect of reducing the power required to cut a
material. The extent of this effect cannot be predicted without a test of each design. Cutting
fluids will also usually reduce the power required, when operating in the lower range of
cutting speeds. Again, the extent of this effect cannot be predicted because each cutting
fluid exhibits its own characteristics.

High-Temperature Alloys, Tool Steel, Stainless Steel, and Nonferrous Metals

High-Temperature Alloys

Stainless Steel {

150-175 0.60 1.64

A286 165 0.82 2.24 175-200 0.72 1.97

A286 285 0.93 2.54 200-250 0.88 2.40

Chromoloy 200 0.78 3.22 Zinc Die Cast Alloys … 0.25 0.68

Chromoloy 310 1.18 3.00 Copper (pure) … 0.91 2.48

Inco 700 330 1.12 3.06 Brass

Inco 702 230 1.10 3.00 Hard … 0.83 2.27

Hastelloy-B 230 1.10 3.00 Medium … 0.50 1.36

M-252 230 1.10 3.00 Soft … 0.25 0.68

M-252 310 1.20 3.28 Leaded … 0.30 0.82

Ti-150A 340 0.65 1.77

U-500 375 1.10 3.00 Bronze

Hard … 0.91 2.48

Monel Metal … 1.00 2.73 Medium … 0.50 1.36

Tool Steel {

175-200 0.75 2.05 Aluminum

200-250 0.88 2.40 Cast … 0.25 0.68

250-300 0.98 2.68 Rolled (hard) … 0.33 0.90

300-350 1.20 3.28

350-400 1.30 3.55 Magnesium Alloys … 0.10 0.27

Table 1a. (Continued) Power Constants, Kp, Using Sharp Cutting Tools

Material Brinell
Hardness

Kp

Inch
Units

Kp

Metric
Units

Material Brinell
Hardness

Kp

Inch
Units

Kp

Metric
Units
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The machine tool transmits the power from the driving motor to the workpiece, where it
is used to cut the material. The effectiveness of this transmission is measured by the
machine tool efficiency factor, E. Average values of this factor are given in Table 4. For-
mulas for calculating the metal removal rate, Q, for different machining operations are
given in Table 5. These formulas are used together with others given below. The following
formulas can be used with either customary inch or with SI metric units.

Pc = (1)

Pm = (2)

where Pc =power at the cutting tool; hp, or kW

Table 1b. Power Constants, Kp, Using Sharp Cutting Tools

Material Brinell
Hardness

Kp

Inch
Units

Kp

Metric
Units

Material Brinell
Hardness

Kp

Inch
Units

Kp

SI Metric
Units

Wrought Steels

Plain Carbon Steels

All Plain
Carbon Steels

80-100 0.63 1.72

All Plain
Carbon Steels

220-240 0.89 2.43

100-120 0.66 1.80 240-260 0.92 2.51

120-140 0.69 1.88 260-280 0.95 2.59

140-160 0.74 2.02 280-300 1.00 2.73

160-180 0.78 2.13 300-320 1.03 2.81

180-200 0.82 2.24 320-340 1.06 2.89

200-220 0.85 2.32 340-360 1.14 3.11

Free Machining Steels

AISI 1108, 1109, 
1110, 1115, 1116, 
1117, 1118, 1119, 
1120, 1125, 1126, 
1132

100-120 0.41 1.12
AISI 1137, 1138, 
1139, 1140, 
1141, 1144, 
1145, 1146, 
1148, 1151

180-200 0.51 1.39

120-140 0.42 1.15 200-220 0.55 1.50

140-160 0.44 1.20 220-240 0.57 1.56

160-180 0.48 1.31 240-260 0.62 1.69

180-200 0.50 1.36 … … …

Alloy Steels

AISI 4023, 4024, 
4027, 4028, 4032, 
4037, 4042, 4047, 
4137, 4140, 4142, 
4145, 4147, 4150, 
4340, 4640, 4815, 
4817, 4820, 5130, 
5132, 5135, 5140, 
5145, 5150, 6118, 
6150, 8637, 8640, 
8642, 8645, 8650, 
8740

140-160 0.62 1.69

AISI 4130, 4320, 
4615, 4620, 
4626, 5120, 
8615, 8617, 
8620, 8622, 
8625, 8630, 8720

140-160 0.56 1.53

160-180 0.65 1.77 160-180 0.59 1.61

180-200 0.69 1.88 180-200 0.62 1.69

200-220 0.72 1.97 200-220 0.65 1.77

220-240 0.76 2.07 220-240 0.70 1.91

240-260 0.80 2.18 240-260 0.74 2.02

260-280 0.84 2.29 260-280 0.77 2.10

280-300 0.87 2.38 280-300 0.80 2.18

300-320 0.91 2.48 300-320 0.83 2.27

320-340 0.96 2.62 320-340 0.89 2.43

340-360 1.00 2.73 … … …

AISI 1330, 1335, 
1340, E52100

160-180 0.79 2.16 … … …

180-200 0.83 2.27 … … …

200-220 0.87 2.38 … … …

KpCQW

Pc

E
-----

KpCQW

E
---------------------=
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Pm =power at the motor; hp, or kW
Kp =power constant (see Tables 1a and 1b)
Q =metal removal rate; in 3/min or cm3/s (see Table 5)
C =feed factor for power constant (see Table 2)
W = tool wear factor (see Table 3)
E =machine tool efficiency factor (see Table 4)
V =cutting speed, fpm, or m/min
N =cutting speed, rpm
f =feed rate for turning; in/rev or mm/rev
f =feed rate for planing and shaping; in/stroke, or mm/stroke

Table 2. Feed Factors, C, for Power Constants

Inch Units SI Metric Units

Feed
in.a C

Feed
in.a C

Feed
mmb C

Feed
mmb C

0.001 1.60 0.014 0.97 0.02 1.70 0.35 0.97

0.002 1.40 0.015 0.96 0.05 1.40 0.38 0.95

0.003 1.30 0.016 0.94 0.07 1.30 0.40 0.94

0.004 1.25 0.018 0.92 0.10 1.25 0.45 0.92

0.005 1.19 0.020 0.90 0.12 1.20 0.50 0.90

0.006 1.15 0.022 0.88 0.15 1.15 0.55 0.88

0.007 1.11 0.025 0.86 0.18 1.11 0.60 0.87

0.008 1.08 0.028 0.84 0.20 1.08 0.70 0.84

0.009 1.06 0.030 0.83 0.22 1.06 0.75 0.83

0.010 1.04 0.032 0.82 0.25 1.04 0.80 0.82

0.011 1.02 0.035 0.80 0.28 1.01 0.90 0.80

0.012 1.00 0.040 0.78 0.30 1.00 1.00 0.78

0.013 0.98 0.060 0.72 0.33 0.98 1.50 0.72

a Turning, in/rev; milling, in/tooth; planing and shaping, in/stroke; broaching, in/tooth. 
b Turning, mm/rev; milling, mm/tooth; planing and shaping, mm/stroke; broaching, mm/tooth. 

Table 3. Tool Wear Factors, W

Type of Operation W

For all operations with sharp cutting tools 1.00

Turning: Finish turning (light cuts) 1.10

Normal rough and semifinish turning 1.30

Extra-heavy-duty rough turning 1.60-2.00

Milling: Slab milling 1.10

End milling 1.10

Light and medium face milling 1.10-1.25

Extra-heavy-duty face milling 1.30-1.60

Drilling: Normal drilling 1.30

Drilling hard-to-machine materials and drilling with a very
dull drill

1.50

Broaching: Normal broaching 1.05-1.10

Heavy-duty surface broaching 1.20-1.30

Planing and 
Shaping

Use values given for turning
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ft =feed per tooth; in/tooth, or mm/tooth
fm =feed rate; in/min or mm/min
dt =maximum depth of cut per tooth: inch, or mm
d =depth of cut; inch, or mm
nt =number of teeth on milling cutter
nc =number of teeth engaged in work
w =width of cut; inch, or mm

Example:A 180-200 Bhn AISI 4130 shaft is to be turned on a geared head lathe using a
cutting speed of 350 fpm (107 m/min), a feed rate of 0.016 in/rev (0.40 mm/rev), and a
depth of cut of 0.100 inch (2.54 mm). Estimate the power at the cutting tool and at the
motor, using both the inch and metric data.

Inch units:
Kp =0.62 (from Table 1b)
C =0.94 (from Table 2)
W =1.30 (from Table 3)
E =0.80 (from Table 4)
Q =12 Vfd = 12 × 350 × 0.016 × 0.100 (from Table 5)
Q =6.72 in3/min

Pc =

Pm =

SI metric units:
Kp =1.69 (from Table 1b)
C =0.94 (from Table 2)
W =1.30 (from Table 3)
E =0.80 (from Table 4)

Q =  (from Table 5)

Table 4. Machine Tool Efficiency Factors, E

Type of Drive E Type of Drive E

Direct Belt Drive 0.90 Geared Head Drive 0.70-0.80

Back Gear Drive 0.75 Oil-Hydraulic Drive 0.60-0.90

Table 5. Formulas for Calculating the Metal Removal Rate, Q

Operation

Metal Removal Rate

For Inch Units Only
Q = in3/min

For SI Metric Units Only
Q = cm3/s

Single-Point Tools
(Turning, Planing, and Shaping) 12Vfd

Milling fmwd

Surface Broaching 12Vwncdt

V

60
------ fd

fmwd

60 000,
------------------

V

60
------uncd

t

KpCQW 0.62 0.94× 6.72× 1.30× 5.1 hp= =

Pc

E
----- 5

0.80
---------- 6.4 hp= =

V

60
------ fd

107
60
--------- 0.40× 2.54× 1.81  cm

3
/s= =
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Pc =

Pm =

Whenever possible the maximum power available on a machine tool should be used
when heavy cuts must be taken. 

The cutting conditions for utilizing the maximum power should be selected in the follow-
ing order: 1) select the maximum depth of cut that can be used;  2) select the maximum
feed rate that can be used;  and  3) estimate the cutting speed that will utilize the maximum
power available on the machine. This sequence is based on obtaining the longest tool life
of the cutting tool and at the same time obtaining as much production as possible from the
machine.

The life of a cutting tool is most affected by the cutting speed, then by the feed rate, and
least of all by the depth of cut. The maximum metal removal rate that a given machine is
capable of machining from a given material is used as the basis for estimating the cutting
speed that will utilize all the power available on the machine.

Example:A 3.2 mm deep cut is to be taken on a 200–210 Bhn AISI 1050 steel part using
a 7.5 kW geared head lathe. The feed rate selected for this job is 0.45 mm/rev. Estimate the
cutting speed that will utilize the maximum power available on the lathe.

Kp =2.32 (From Table 1b)

C =0.92 (From Table 2)

W =1.30 (From Table 3)

E =0.80 (From Table 4)

Example:A 160-180 Bhn gray iron casting that is 6 inches wide is to have 1⁄8 inch stock
removed on a 10 hp milling machine, using an 8 inch diameter, 10 tooth, indexable insert
cemented carbide face milling cutter. The feed rate selected for this cutter is 0.012 in/tooth,
and all the stock (0.125 inch) will be removed in one cut. Estimate the cutting speed that
will utilize the maximum power available on the machine.

Kp =0.52 (From Table 1a)

C =1.00 (From Table 2)

W =1.20 (From Table 3)

E =0.80 (From Table 4)

KpCQW 1.69 0.94× 1.81× 1.30× 3.74 kW= =

Pc

E
----- 3.74

0.80
---------- 4.677 kW= =

Qmax

PmE

KpCW
---------------- 7.5 0.80×

2.32 0.92× 1.30×
--------------------------------------------= = Pm

KpCQW

E
---------------------=

 
 

2.16 cm
3
/sec=

V
60Qmax

fd
------------------- 60 2.16×

0.45 3.2×
------------------------= = Q

V

60
------ fd= 

 

90.0 m/min=
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Estimating Drilling Thrust, Torque, and Power.—Although the lips of a drill cut metal
and produce a chip in the same manner as the cutting edges of other metal cutting tools, the
chisel edge removes the metal by means of a very complex combination of extrusion and
cutting. For this reason a separate method must be used to estimate the power required for
drilling. Also, it is often desirable to know the magnitude of the thrust and the torque
required to drill a hole. The formulas and tabular data provided in this section are based on
information supplied by the National Twist Drill Division of Regal-Beloit Corp. The val-
ues in Tables 6 through 9 are for sharp drills and the tool wear factors are given in Table 3.
For most ordinary drilling operations 1.30 can be used as the tool wear factor. When drill-
ing most difficult-to-machine materials and when the drill is allowed to become very dull,
1.50 should be used as the value of this factor. It is usually more convenient to measure the
web thickness at the drill point than the length of the chisel edge; for this reason, the
approximate w/d ratio corresponding to each c/d ratio for a correctly ground drill is pro-
vided in Table 7. For most standard twist drills the c/d ratio is 0.18, unless the drill has been
ground short or the web has been thinned. The c/d ratio of split point drills is 0.03. The for-
mulas given below can be used for spade drills, as well as for twist drills. Separate formulas
are required for use with customary inch units and for SI metric units.

Table 6. Work Material Factor, Kd, for Drilling with a Sharp Drill

Work Material Material Constant, Kd

AISI 1117 (Resulfurized free machining mild steel) 12,000
Steel, 200 Bhn 24,000
Steel, 300 Bhn 31,000
Steel, 400 Bhn 34,000
Cast Iron, 150 Bhn 14,000
Most Aluminum Alloys 7,000
Most Magnesium Alloys 4,000
Most Brasses 14,000
Leaded Brass 7,000

Austenitic Stainless Steel (Type 316)
24,000a for Torque

a Values based upon a limited number of tests. 

35,000a for Thrust

Titanium Alloy Ti6Al4V  40Rc

18,000a for Torque
29,000a for Thrust

René 41  40Rc 40,000ab min.

b Will increase with rapid wear. 

Hastelloy-C
30,000a for Torque
37,000a for Thrust

Qmax

PmE

KpCW
---------------- 10 0.80×

0.52 1.00× 1.20×
-------------------------------------------- 12.82 in

3
/min= = = Pm

KpCQW

E
---------------------=

 
 

fm

Qmax

wd
------------- 12.82

6 0.125×
---------------------- 17.1 in/min= = = Q fmwd=( )

N
fmax

ftnt

---------- 17
0.012 10×
------------------------- 142.4 rpm= = = fm ftntN=( )

V
πDN

12
------------ π 8 142××

12
--------------------------- 298.3 fpm= = = N

12V

πD
----------= 
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Table 7. Chisel Edge Factors for Torque and Thrust

For drills of standard design, use c/d = 0.18; for split point drills, use c/d = 0.03
c/d = Length of Chisel Edge ÷ Drill Diameter.
w/d = Web Thickness at Drill Point ÷ Drill Diameter.

For inch units only:
T =2KdFfFTBW + KdD2JW (1)

M =KdFfFMAW (2)
Pc =MN/63.025 (3) 

For SI metric units only:
T =0.05 KdFf FT BW + 0.007 KdD2JW (4)

M =  = 0.000025 KdFfFM AW (5)

Pc =MN/9550 (6) 
Use with either inch or metric units:

(7)

where Pc =Power at the cutter; hp, or kW Pm =Power at the motor; hp, or kW
M =Torque; in. lb, or N.m
T =Thrust; lb, or N

Kd =Work material factor (See Table 6)
Ff =Feed factor (See Table 8)
FT =Thrust factor for drill diameter (See Table 9)
FM =Torque factor for drill diameter (See Table 9)

A =Chisel edge factor for torque (See Table 7)
B =Chisel edge factor for thrust (See Table 7)
J =Chisel edge factor for thrust (See Table 7)

W =Tool wear factor (See Table 3)
N =Spindle speed; rpm
E =Machine tool efficiency factor (See Table 4)
D =Drill diameter; in., or mm
c =Chisel edge length; in., or mm (See Table 7)
w =Web thickness at drill point; in., or mm (See Table 7)

Example:A standard 7⁄8 inch drill is to drill steel parts having a hardness of 200 Bhn on a
drilling machine having an efficiency of 0.80. The spindle speed to be used is 350 rpm and
the feed rate will be 0.008 in./rev. Calculate the thrust, torque, and power required to drill
these holes:

Kd =24,000 (From Table 6) Ff =0.021 (From Table 8)
FT =0.899 (From Table 9) FM =0.786 (From Table 9)
A =1.085 (From Table 7) B =1.355 (From Table 7) J =0.030 (From Table 7)

c/d
Approx.

w/d

Torque
Factor

A

Thrust
Factor

B

Thrust
Factor

J c/d
Approx.

w/d

Torque
Factor

A

Thrust
Factor

B

Thrust
Factor

J

0.03 0.025 1.000 1.100 0.001 0.18 0.155 1.085 1.355 0.030
0.05 0.045 1.005 1.140 0.003 0.20 0.175 1.105 1.380 0.040
0.08 0.070 1.015 1.200 0.006 0.25 0.220 1.155 1.445 0.065
0.10 0.085 1.020 1.235 0.010 0.30 0.260 1.235 1.500 0.090
0.13 0.110 1.040 1.270 0.017 0.35 0.300 1.310 1.575 0.120
0.15 0.130 1.080 1.310 0.022 0.40 0.350 1.395 1.620 0.160

KdFfFMAW

40 000,
------------------------------

Pm

Pc

E
-----=
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W =1.30 (From Table 3)

T =2KdFf FTBW + Kdd2JW

= 2 × 24,000 × 0.21 × 0.899 × 1.355 × 1.30 + 24,000 × 0.8752 × 0.030 × 1.30
= 2313 lb

M =KdFfFMAW

= 24,000 × 0.021 × 0.786 × 1.085 × 1.30 = 559 in. lb

Twist drills are generally the most highly stressed of all metal cutting tools. They must
not only resist the cutting forces on the lips, but also the drill torque resulting from these
forces and the very large thrust force required to push the drill through the hole. Therefore,
often  when drilling smaller holes, the twist drill places a limit on the power used and for
very large holes, the machine may limit the power.

Table 8. Feed Factors Ff for Drilling

Inch Units SI Metric Units

Feed,
in./rev Ff

Feed,
in./rev Ff

Feed,
mm/rev Ff

Feed,
mm/rev Ff

0.0005 0.0023 0.012 0.029 0.01 0.025 0.30 0.382
0.001 0.004 0.013 0.031 0.03 0.060 0.35 0.432
0.002 0.007 0.015 0.035 0.05 0.091 0.40 0.480
0.003 0.010 0.018 0.040 0.08 0.133 0.45 0.528
0.004 0.012 0.020 0.044 0.10 0.158 0.50 0.574
0.005 0.014 0.022 0.047 0.12 0.183 0.55 0.620
0.006 0.017 0.025 0.052 0.15 0.219 0.65 0.708
0.007 0.019 0.030 0.060 0.18 0.254 0.75 0.794
0.008 0.021 0.035 0.068 0.20 0.276 0.90 0.919
0.009 0.023 0.040 0.076 0.22 0.298 1.00 1.000
0.010 0.025 0.050 0.091 0.25 0.330 1.25 1.195

Table 9. Drill Diameter Factors: FT for Thrust,  FM for Torque

Inch Units SI Metric Units

Drill
Dia.,
in.

FT FM

Drill
Dia.,
in.

FT FM

Drill
Dia.,
mm

FT FM

Drill
Dia.,
mm

FT FM

0.063 0.110 0.007 0.875 0.899 0.786 1.60 1.46 2.33 22.00 11.86 260.8
0.094 0.151 0.014 0.938 0.950 0.891 2.40 2.02 4.84 24.00 12.71 305.1
0.125 0.189 0.024 1.000 1.000 1.000 3.20 2.54 8.12 25.50 13.34 340.2
0.156 0.226 0.035 1.063 1.050 1.116 4.00 3.03 12.12 27.00 13.97 377.1
0.188 0.263 0.049 1.125 1.099 1.236 4.80 3.51 16.84 28.50 14.58 415.6
0.219 0.297 0.065 1.250 1.195 1.494 5.60 3.97 22.22 32.00 16.00 512.0
0.250 0.330 0.082 1.375 1.290 1.774 6.40 4.42 28.26 35.00 17.19 601.6
0.281 0.362 0.102 1.500 1.383 2.075 7.20 4.85 34.93 38.00 18.36 697.6
0.313 0.395 0.124 1.625 1.475 2.396 8.00 5.28 42.22 42.00 19.89 835.3
0.344 0.426 0.146 1.750 1.565 2.738 8.80 5.96 50.13 45.00 21.02 945.8
0.375 0.456 0.171 1.875 1.653 3.100 9.50 6.06 57.53 48.00 22.13 1062
0.438 0.517 0.226 2.000 1.741 3.482 11.00 6.81 74.90 50.00 22.86 1143
0.500 0.574 0.287 2.250 1.913 4.305 12.50 7.54 94.28 58.00 25.75 1493
0.563 0.632 0.355 2.500 2.081 5.203 14.50 8.49 123.1 64.00 27.86 1783
0.625 0.687 0.429 2.750 2.246 6.177 16.00 9.19 147.0 70.00 29.93 2095
0.688 0.741 0.510 3.000 2.408 7.225 17.50 9.87 172.8 76.00 31.96 2429
0.750 0.794 0.596 3.500 2.724 9.535 19.00 10.54 200.3 90.00 36.53 3293
0.813 0.847 0.689 4.000 3.031 12.13 20.00 10.98 219.7 100.00 39.81 3981

12V

πD
---------- 12 101×

π 0.750×
----------------------- 514  rpm= =
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MICROMACHINING

Introduction

Recent technological advancement and market need for product miniaturization demand
three-dimensional (3D) microcomponents. Although microelectronic manufacturing
techniques can produce pseudo 3D microdevices using silicon and other semiconducting
materials, such materials are neither robust nor biocompatible for demanding applications
in aerospace, medical, sensor, defense, petroleum, and transportation. Examples of robust
applications include microdrilling holes for fuel or ink injection nozzles, electronic printed
circuit boards, microfabrication of watch components, air bearings, cooling holes in turbo-
machinery, high aspect ratio features on tool steel molds and dies, etc. There are alternative
nontraditional processes to produce microfeatures on robust engineering materials such as
laser micromachining, electrical discharge microdrilling, electrochemical micromachin-
ing, chemical etching, electron/ion beam machining; however, these processes are either
cost prohibitive, limited to conductive materials, or inferior when comparing resulting sur-
face integrity, subsurface damage, high aspect ratio, or microfeature quality. Microfabri-
cation with traditional processes such as micromilling, microdrilling, microturning… are
still the preferred choice in most applications. There is no standard that defines microma-
chining, but most researchers uses cutting tools to produce components with key dimen-
sions less than 1 mm (0.040 inch) or when depth of cut is comparable to tool sharpness or
tool grain size in their micromachining studies.

Realizing the needs for traditional micromanufacturing, there are more commercially
available machine tools and microtools in the market. However, costly equipment, lack of
in-depth understanding of micromachining, and limited guidelines for effective use of
microtools are still the bottleneck for full application of micromachining. Universities and
research institutes worldwide have started theoretical investigation of micromachining
and produced positive results from the academic point of view. Without practical guide-
lines on micromachining, technicians and machinists probably would make wrong and
costly decisions when simply extending macroscale machining practices into microscale
machining applications – a microtool simply breaks at even conservative macroscale
parameters for speeds, feeds, and depth of cut.This section, while complementing other
chapters in this Handbook, focuses on practicality, based on proven theories and published
data, to help decision makers to understand the requirements for micromachining, and as a
guide to people on the shop floor to quickly and confidently begin using the recommended
parameters and techniques. Both US standard and SI metric units are included for conve-
nience. Examples of how to use the data and equations are given throughout this chapter.

Machine Tool Requirements

To obtain the same surface speed as in macromachining, a machine tool must:
a) Be capable of rotating a workpiece or tool at high speeds of 25,000 rpm or above
b) Control spindle runout to submicron level
c) Have a very robust mechanical and thermal structure that is not affected by vibration

or thermal drift
d) Have high resolution tool positioning and feeding mechanisms
Success in micromachining depends on tool quality and precision of the machine tool.

Machine spindle runout, tool concentricity and tool positioning accuracy must be in the
neighborhood of 1/100th of tool diameter or less for successful operation. Tolerance stack
up for spindle runout, tool eccentricity, and wandering of a microdrill causes cyclic bend-
ing of the tool that lead to catastrophic failure. At a low rotatational speeds, the displace-
ment of a spindle can be monitored with a sensitive mechanical indicator. However, this
option is not applicable for machines that operates at or above a few thousands rpm. Other
non-contact techniques using capacitance, magnetism, or light would be more appropriate.
Fig. 1a shows an example of spindle runout measuring setup. A laser beam is pointed at a
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rotating precision plug gage. The spindle displacement is then recorded on a computer for
further analysis and display in either frequency or time domain. Commercial laser systems
can provide displacement readings to ±0.1 µm resolution. 

An example of spindle runout is shown in Fig. 1b; the spindle runout of a Haas OM2
machine was measured with a Keyence laser system to be ±1.25 µm. Care must be prac-
ticed to isolate vibration of the spindle or it would affect the sensor reading, and avoid
direct eye contact with the reflected laser from the shiny plug gage.

Microcutting Tools

Tool Stiffness.—It is relatively easy to have a rigid turning or facing microtool, but it
requires careful planning to maintain rigidity of a micromill or a microdrill. Geometries of
macroscale and microscale drilling/milling tools are the same: tool diameter, number of
cutting flutes, point included angle for microdrill, helix angle, web thickness, clearance
angle, flute length, shank diameter, and overall length. A careful selection of microtools
must consider the intended machined features and highest possible tool stiffness. The two
most important geometries that affect the microtool stiffness are the tool diameter and flute
length assuming the number of flutes has been chosen. It can be shown that the torsional
stiffness of a mill/drill is proportional to (tool diameter)4 and (flute length)−2. For a specific
mill/drill tool dimension, the milling/drilling strategy must be adjusted accordingly to
avoid tool breakage.

Fig. 1a. Setup for spindle runout measurement. Fig. 1b. Spindle runout of Haas OM2
CNC micromilling machine. 

Example 1, Spindle Speed for Macro vs. Micro Machining:The speed and feed table on page 1049
recommends a milling speed of 585 ft/min (178 m/min) and feed of 0.004 in/tooth (0.1 mm/tooth) for 
end milling 316L stainless steel using an uncoated carbide tool.

Macromachining: To have the said surface speed for an Ø1/2 inch (Ø12.5 mm) end mill, the required 
spindle speed is

Micromachining: To obtain the same surface speed for an Ø0.004 inch (Ø0.1 mm) micromill, the 
new spindle speed is

To turn, face, or bore a stainless steel microshaft of Ø0.004 inch (Ø0.1 mm) at this cutting speed, a 
lathe spindle would need to rotate at 558,633 rpm too. A machine tool with spindle speed exceeding 
500,000 rpm is rare or simply not commercially available at this time.

Applying the recommended macro feed of 0.004 in/tooth (0.1 mm/tooth) for an 0.004 inch (0.1 mm) 
diameter micromill would break the tool because the feed/tooth is as large as the microtool diameter.
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Tool Sharpness.—The tool edge radius is critical in micromachining. Figs. 2a through 2d
shows two scenarios for the same microcutting tools with edge radius r. The tool can be
either a turning, facing, or boring microtool that linearly engages a workpiece material at a
certain depth of cut. A similar tool can move in a circular path as a microdrill or micromill,
and engage a workpiece at a certain chip load (feed per tooth). If the depth of cut (or chip
load) is too shallow, the tool simply plows the material and pushes it away elastically. This
elastic material layer just springs back after the tool passes by. If the depth of cut is substan-
tial (recommended), then a chip is formed and a new machined surface is generated with
negligible spring back. 

Typical fine grain carbide tools are first sintered from submicron carbide particles in a
cobalt matrix, and then ground and lapped to final geometry. Optimal edge radii of 1-4 µm
(39-156 µinch) are typically designed for sintered tools to balance edge sharpness and
edge strength. Only single crystalline diamond tools can be ground and lapped to edge radii
within the nanometer range. 

The threshold for minimum depth of cut has been investigated theoretically and verified
experimentally by many researchers. It varies from 5-40% of the tool edge radius depend-
ing on the workpiece material and original rake angles. The threshold depth of cut or chip
load, therefore, can be conservatively set to be 50% of the tool edge radius. When machin-
ing below this threshold, a microtool just rubs and plows the surface with negative effec-
tive rake angle and deforms it elastically during the first pass. This results in high cutting
force, high specific energy, fast tool wear, rough surface finish, and significant burrs. In

Example 2, Stiffness of Microtools:If a drill diameter of 0.8 mm is selected instead of 1.0 mm, 
then the 20% reduction of diameter will result in a reduction in torsional stiffness E of:

Similarly, if a flute length of 1.2 mm is chosen instead of 1.0 mm, the 20% change in flute 
length will lead to a decrease in torsional stiffness E of:

Chip load is commonly used interchangeably with feedrate for a cutting tool with multiple cutting 
edges (teeth) such as in milling or drilling. Chip load is defined as tool feed distance for each tooth 
and represents the chip size forming for each tooth. Chip load can also be interpreted as the radial 
depth of cut for each tooth in milling.  The following equation converts chip load of a cutting edge to 
feedrate of a multiple-edge cutting tool:

where f =feedrate of tool (mm/min, in/min)
cL =chip load of a cutting edge (mm/tooth, in/tooth)
n =number of cutting flutes or cutting edges (#teeth/rev)
N =rotational speed (rpm)

Example 3:A two-flute uncoated carbide end mill with diameter Ø1 mm (Ø0.040 in) is used for 
micromilling pure titanium. Table 13b suggests a chip load of 17 µm/tooth and cutting speed of 90 
m/min. The rotational speed is computed as:

The feedrate for this operation is:

∆E
D2( )4 D1( )4–

D1( )4
---------------------------------- 0.84 1.04–

1.04
-------------------------- 59%–= = =

∆E
L2( ) 2– L1( ) 2––

L1( ) 2–
------------------------------------- 1.2 2– 1.0 2––

1.0 2–
------------------------------ 30%–= = =

f cLnN=

N
V

πD
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-------
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subsequent passes when the cumulative depth is greater than the critical depth of cut, then
a tool can remove materials as chips and the cycle repeats.

It is crucial to verify the tool edge radius before deciding on cutting parameters. Measur-
ing of tool edge radius, however, is not trivial. A tool edge radius can be estimated from a
scanning electron microscopic picture when the cutting edge is parallel to the electron
beam (Fig. 6), or from a scanned image at the neighborhood of a cutting edge on an atomic
force microscope (Figs. 3a and  3b), or by scanning an edge on an optical microscope pro-
filer in different views to reconstruct a 3D image of the tool edge before finding its radius.

Effect of Depth of Cut (Chip Load) in Micromachining

Fig. 2a. (a) Microfacing, depth of cut < 0.5 r. Fig. 2b. (b) Microfacing, depth of cut > 0.5 r.

Fig. 2c. (c) Micromilling, chip load < 0.5 r. Fig. 2d. (d) Micromilling, chip load > 0.5 r.
Figs. 2a and 2c illustrate rubbing and plowing of material with negative effective rake angle at a 

shallow depth of cut. Figs. 2b and 2d illustrate chip removal from material with positive effective 
rake angle at a deep depth of cut.

Tool Edge Measurement by Atomic Force Microscopy

Note the different vertical and horizontal scales.

Fig. 3a. New polycrystalline diamond tool
with a 750 nm edge radius.

Fig. 3b. New single crystalline diamond
tool with a 10 nm edge radius.
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Tool Materials.—Using the right microtool is essential for micromachining. A microtool
that successfully drills through holes on a plastic printed circuit board is not necessarily
able to drill deep blind holes on titanium alloys. Understanding the requirements and
selecting the right microtool for each condition saves time, money, and frustration. It has
been theoretically derived and experimentally proven that the smaller is the chip, then the
higher is the stress to generate it. Microcutting tools, therefore, have to be designed for
higher stress with extreme geometrical constraints. When depth of cut is smaller than the
average grain size of a workpiece, each grain generates different stress on the cutting edge
and eventually fatigues the tool.

Microtools as small as 25 µm (0.001 inch) are commercially available. Common tool
materials are high speed steel (HSS), cermet, carbide, cubic boron nitride (CBN), poly-
crystalline diamond (PCD), and single crystalline diamond (SCD). The HSS is commonly
not used in micromachining of metal since it does not have required hardness and strength
to resist plastic deformation. A SCD tool is available for microturning, but not for micro-
drilling or micromilling. Carbide and cermet, having properties between HSS and dia-
mond, are most suitable for microcutting tools. They are sintered from random abrasive
grains in either cobalt or nickel binder with a small addition of molybdenum or chromium.
A higher binder content increases the tool toughness and crack resistance, but reduces the
tool bulk hardness. Using ultra fine grain (submicron size) abrasives in a lesser amount of
binder is the optimal solution because a tool with submicron carbide grains can maintain a
high hardness while improving its crack resistance against chattering, interrupted cuts, or
cyclic deflection due to spindle runout.

Microtool failure modes include shearing, chipping, and wear. To minimize shearing and
catastrophic tool failure, a tool should be made from a high hardness substrate and with a
geometry suitable for micromachining, i.e., large included angle and sharp cutting edge
(Fig. 4). A tool with smaller than minimum included angle will be deformed and fractured
in service.

Fig. 4. (a) Tool geometry, and (b) change of tool edge radius due to coating.

Fig. 5. Microtool minimum included angles.
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Coating of microtools is still a technical challenge due to conflicting constraints for tool
performance. Chemical or physical vapor deposition (CVD or PVD) techniques have been
developed to coat cutting tools with mono/multiple layers of intermetallic or ceramic com-
pounds (Table 1). Criteria for acceptable tool coating are numerous: uniformity, high hard-
ness, high toughness, low friction, high wear resistance, surface smoothness, high
chemical/diffusion resistance, and high temperature stability at a reasonable cost.
Although a coating thickness of 2-4 µm (79-157 µin) is acceptable for a macrotool, the
coating thickness on a microtool should be thinner to minimize fracture and peeling of the
coating. Both CVD and PVD processes not only add the coating thickness to the edge
radius, but the extra coating also increases the radius at sharp corners (Fig. 4b). This is
unfortunate since the thicker coating reduces the tool sharpness by enlarging the tool edge
radius and causes an unfavorable plowing effect with negative effective rake angle. An
uncoated microtool might perform satisfactorily, but the same machining parameters can
be devastating to an over-coated microtool (Fig. 6). A thin coating of less than 1.5 µm fol-
lowing by an edge sharpening process would improve the tool performance, however, at
the expense of higher tool cost. Published data indicate that micrograin carbide tools with
1.5 µm TiN coating is the best for micromilling of H13 tool steel hardened to 45 HRc.

Tool Offset and Positioning.—Tool offset and tool positioning are crucial in micromill-
ing and microdrilling because a tool is small and extremely fragile especially if it has a high
aspect ratio (length to diameter ratio). Common shop practices to find tool offset and posi-
tion often damage a tool or workpiece. Non-contact techniques using light, magnetism,
capacitance, ultrasound, etc. are the preferred choice for precisely locating the relative
position between tool and workpiece. Selection of a suitable sensor depends at least on fol-
lowing criteria:

• Better resolution compared to that of the machine tool axis

• Small working zone to cover a microtool

• Fast sampling rate for intended tool speed

Example 4, Required Included Angle:Find the minimum included angle for an ultra-fine 
grain carbide tool of 12 GPa Vicker hardness to machine the F799 Co-Cr alloy of 1500 MPa (0.2 
× 106 psi) tensile strength.

Solution: Referring to Fig. 5, locate workpiece strength at point A on the vertical axis (1500 
MPa). Locate point B for tool hardness on the horizontal axis (12 GPa). The intersection at C of 
the horizontal line from A and the vertical line from B indicates that the minimum included tool 
angle should be 75°.

Table 1. Commercial Coatings for Microtools

Coating Structure

Hardness Coefficient 
of Friction

Coating
Thickness

Maximum
Temperature

GPa 106 psi µm µinch ºC ºF

TiN monolayer 24 3.5 0.55 1-5 39-197 600 1110
TiCN gradient 37 5.4 0.20 1-4 39-157 400 750
TiAlCN gradient 28 4.1 0.30 1-4 39-157 500 930
TiAlN multilayer 28 4.1 0.60 1-4 39-157 700 1290
AlTiN gradient 38 5.5 0.70 1-3 39-118 900 1650
ZrN monolayer 20 2.9 0.40 1-4 39-157 550 1020
CrN monolayer 18 2.6 0.30 1-4 39-157 700 1290
Diamond like gradient 20 2.9 0.15 0.5-1.5 20-59 400 750
AlTiN/Si3N4 nanocomposite 45 6.5 0.45 1-4 39-157 1200 2190
AlCrN/Si3N4 nanocomposite 42 6.1 0.35 1-5 39-197 1100 2010
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A mechanical edge finder is adequate for most macromachining setups, but it is not suit-
able for micromachining especially with small and pliable parts. Fig. 7a shows a non-con-
tact technique to detect part edge or find lateral tool offset. A rotating precision plug gage,
mounted on a machine spindle, is positioned between a stationary laser sensor and the
workpiece. The small laser beam is aimed at the plug gage center and on the part edge when
the plug gage is withdrawn away from the beam path. These two laser sensor readings
allow computing the tool center offset. A precision plug gage should be used instead of a
cutting tool shank for better repeatability.

Fig. 6. Peeling (a) and cracking (b) of 4µm-thick TiN coating layer on a WC
micromill. Back scattered electron technique shows high contrast of a dark
TiN coating layer against the bright WC/Co substrate in the background.

Example 5, Sensor Requirement:  Select a sensor for microdrilling using
Microdrill: 100 µm diameter, 1 mm flute length (Ø0.004 inch, 0.040 inch flute length).
Machine tool: 1 µm (40 µinch) repeatability and 500,000 rpm capability.
Solution: A laser displacement sensor is selected to satisfy the following specifications:
Resolution: 0.1 µm (4 µinch)
Spot size: 25-75 µm (0.001-0.003 µinch). Although most drill shanks are Ø3.175 mm 

(Ø0.125 inch), the working zone should be as small as possible to detect the shank center.
In order to make 6 measurements when a tool is rotating at 500,000 rpm, the time between 

measurements is:

A laser with minimum 20 µs sampling rate (50 kHz) would be sufficient.

Example 6, Lateral Tool Offset Calculation:Use a laser displacement sensor and a Ø3.175 
mm (Ø1/8 inch) plug gage to detect the edge of a ground block.

Solution:
i) Mount the plug gage on the machine spindle and rotate it at 5000 rpm.
ii) Scan a laser beam across the plug gage and stop when the distance from the laser source to 

the target is minimum, i.e., the beam is at the gage center. Read L1 =35mm.
iii) Jog the plug gage away from the beam path, read distance to the part edge L2 = 55 mm.
iv) The lateral offset from the spindle center to the workpiece edge is then:

Lateral offset = L2 − L1 − D/2 = 55 − 35 − (3.175/2) = 18.412 mm

b
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Fig. 7a. Setup for lateral edge detection using laser sensor.

Fig. 7b compares the accuracy and repeatability of the non-contact method shown in Fig.
7a against those of a mechanical edge finder. 

Fig. 7b. Superior accuracy and repeatability of laser
edge detection technique compared to mechanical technique.

It is rather simple to find the lateral offset as illustrated in Example 6, but it is more diffi-
cult to find the exact vertical offset for a slender microdrill or micromill without damaging
it. One can attempt to use the common “paper technique” or take a risk with an available
contact sensor for z-setting. In the paper technique, one would use a hand to slide a piece of
paper on top of a workpiece while gradually lowering a tool. The tool stops when a resis-
tance on the paper is felt. The paper technique is tedious, subjective, and tool dependent.
Fig. 8b shows scattering of data up to ±5 µm when finding z-offset for a center drill, but it
is ±15 µm for a milling cutter with 4 teeth.

A commercial contact sensor requires a tool to move down and press against a solid sur-
face. A pressure sensor then triggers an audible or visual signal to indicate a positive con-
tact. The pressure level on such sensor is preset for macrotool setting and cannot be
adjusted for a microtool. In both cases, the tool tip is one paper thickness or one contact
sensor height above the workpiece – if the tool survives. 

A non-contact sensor is more practical and reliable. The same laser displacement sensor
used for lateral tool offset can also be used for vertical tool offset. Fig. 8a shows a precision
ring with secured circular plastic membrane that is used for indirect measurement. The
membrane center is marked with a reference (e.g., crossing lines) at which the height can
be measured with the laser displacement sensor. Upon placing the fixture on top of a work-
piece and then lowering a tool onto the reference mark, a slight contact of the tool and the
flexible membrane is precisely detected with the laser beam pointing near the contact
point. When this happens, the tool tip is at the same height as the membrane. The repeat-
ability of tool offset using this technique is well within the positioning repeatability 3 µm
of the tested Haas OM2 machine tool (Fig. 8b).
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Fig. 8a. Microtool offset and microtool height detection using laser.

Fig. 8b. Superior accuracy and repeatability of laser offset
and height detection technique compared to paper technique.

When a part is small or does not have a large surface for the fixture to rest on, then an indi-
rect technique to find vertical tool offset for a microdrill or micromill is recommended. The
following example illustrates this.

Tool Damage.—Tool damage can be categorized by the relative size of the damage, rang-
ing from submicron to hundreds of microns, as indicated in Table 2. The tool failure mech-
anisms include damages due to mechanical, thermal, and chemical effects, and adhesion.
Examples of microtool damages are illustrated in Figs. 10a through 10d.

Mechanical effect  is the most common source of tool damage. Abrasive wear is caused
by sliding of hard particles from workpiece or tool against the cutting tool surface. Attri-
tion wear is larger than abrasion wear; it occurs when one or a few grains of the tool are
weakened at their grain boundaries and are dislodged from the tool. Microchiping and
chipping are larger chunks of tool being removed due to mechanical or thermal shocks
upon loading and unloading. Machining at optimal parameters and with a rigid setup will
reduce vibration, shock, and mechanical damage to a microtool.

Example 7, Vertical Tool Offset Calculation:A vice or collet is used to clamp a micropart for 
drilling. The micropart protrudes upward a distance h1 = 0.1000 inch. If the vice surface has 
been qualified as a reference, it can be used to find the vertical offset of a microdrill tip (Fig. 9).

i) Measure the fixture height at the reference mark using the laser sensor, h2 = 0.3500 inch.
ii) Position the fixture on top of the vice.
iii) Lower the microdrill onto the reference mark of the membrane. Stop when the membrane 

is slightly deflected which can be detected easily with the laser sensor.
iv) Calculate the required drill vertical offset:

Vertical offset = h2 − h1 = 0.3500 − 0.1000 = 0.2500 inch.
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Thermal effect is the second cause of tool damage. A cutting tool edge is softened at high
machining temperature, deformed plastically, and removed from the tool. Both high speed
steel tools and carbide tools with high cobalt content are vulnerable to thermal damage.
High temperature also promotes diffusion, i.e., atoms from the tool and workpiece move

Fig. 9. Indirect vertical tool offset detection technique.

Microtool Damages

Fig. 10a. Abrasion with progressive wear
from center to edge (label “1”) due to

different cutting speed on a microdrill.

Fig. 10b. Built-up-edge at a cutting lip (label “2”) 
and side (label “3”) of a microdrill.

Fig. 10c. Adhesion wear (label “4”) due to
built-up-edge on a micromill (label “5”).

Fig. 10d. Chipping at the cutting edge of a carbide 
micromill due to local depletion of cobalt binder.
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mutually across their interfaces, therefore degrading their properties and causing diffusion
wear. Diamond with a carbon-rich matrix cannot be used with low-carbon ferrous alloys
like steels or stainless steels because diamond carbonizes at temperatures exceeding
600°C and carbon diffuses to the steel due to its lower carbon content and high affinity to
carbon. The useful life of a tool can be extended by proper application of coolant to reduce
thermal damage, or by use of a protective coating that blocks undesirable thermal diffusion
from/to a tool surface.

Chemical damage of a tool is due to a chemical reaction between a tool material and its
environment like air, cutting fluid, or workpiece material. Tool oxidation is common when
cutting in air at high speed. An oxidation reaction is accelerated with temperature, but can
be eliminated when inert gas is used to shield the cutting tool from surrounding oxygen. A
chain reaction can also occur and further degrade a tool. For example, iron in steel is first
oxidized at high cutting temperature to form iron oxide; the iron oxide then weakens the
aluminum oxide coating of a tool and leads to peeling and chipping of the coating.

Adhesion tool damage happens when a built-up-edge (BUE) welds strongly to a tool sur-
face and then breaks away with a minute amount of tool material. When machining soft
materials, a chip tends to adhere to the tool and grow in size. When the BUE is large and
becomes unstable, it is removed with the chip while also shearing off part of the cutting
tool due to the higher adhesion strength between BUE and tool than the intergrain binding
strength of the tool. Stainless steel, nickel and titanium alloys are known for causing adhe-
sion wear on carbide microtools. Adhesion damage can be reduced by using proper lubri-
cant to reduce friction between chip and tool, by coating the tool with a smooth and low
friction layer, by reducing tool edge radius, or by increasing cutting speed to raise the tool
surface temperature and soften the BUE while reducing its weldability to the tool surface.

Microtool failures occur due to a combination of the above mechanisms. For example,
peeling of tool coating might be due to coating defects, or to mechanical mechanisms when
a large gradient of stress exists across a thick coating layer; the loosened coating particles
then rub and cause mechanical abrasive wear on a tool. Thermal mechanisms may cause
workpiece atoms to diffuse, weaken, and dislodge several tool grains as microchipping.

Tool Life.—Tool life criteria in macromachining are documented in ANSI/ASME
B94.55M-1985, Tool Life Testing with Single-Point Turning Tools. This standard suggests
an end of tool life when a tool exhibits:

• An average flank wear of 300 µm (0.0118 in), or
• Any maximum flank wear land of 600 µm (0.0236 in), or
• Any tool wear notch of 1000 µm (0.0394 in), or
• A crater wear of 100 µm (0.0039 in).
It is obvious that such criteria for a macrotool cannot be applied to a microtool because (i)

it would be cost prohibitive to continue testing until 300 µm flank wear, and (ii) the wear
criteria are even larger than most tool dimensions. 

In the absence of a microtool standard, researchers have set their own criteria based on
direct observation and/or indirect monitoring of microtool tool wear effects. Published
data varies on microtool wear thresholds: 5 µm flank/nose wear on diamond tools, or 50

Table 2. Categories of Tool Damage 

Microtool damage
Damage size

Mechanism
µm µinch

Abrasion < 1 < 39 Mechanical, thermal
Attrition 1 – 3 39 – 118 Mechanical, thermal
Peeling 1 – 3 39 – 118 Mechanical, chemical
Microchipping 3 – 10 118 – 394 Mechanical, adhesion
Chipping 10 – 30 394 – 1,180 Mechanical
Fracture > 100 > 3,940 Mechanical
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µm flank/nose wear on carbide tools, or chipping dimensions relative to cutting tool grain
size, or peeling of tool coating, etc. A variety of techniques have been suggested for tool
monitoring; the direct techniques measure the tool conditions (e.g., flank wear, crater
wear) while the indirect techniques measure the consequence of tool wear (e.g., burr size,
change of microhole diameter).

The importance of tool life monitoring and tool life prediction is presented in the section
MACHINING ECONOMETRICS starting on page 1132. The following material expands
from that and covers relevant information for tool life of microtools.

The general Taylor equation that relates tool life and machining parameters also applies
in micromachining:

(1)

where V =  surface cutting speed (m/min, ft/min)
f =  tool feed (mm/rev, in/rev) or chip load (mm/tooth, in/tooth)
d =  depth of cut (mm, inch)
T =  tool life (min)

g, a, b, c =  constants
When thermal damage mechanism dominates then a >> b, c in Equation (1). The term a

dominates mathematically and the effects of feed and depth of cut are insignificant com-
pared to speed. The general Taylor equation can be rewritten as:

(2)

If n = 1/a, then this equation is the same as that in the Econometrics section:

(3)

When tool chipping occurs then both terms b, c >> a, therefore the feed and depth of cut
are more important than surface speed. The general tool life reduces to

Table 3. Microtool Wear and Monitoring Techniques

Measurement Metrology Equipment / Sensor

Direct

Tool wear
Tool edge conditions

Microscope

Wear particles
Particle radioactivity

Spectrophotometer, scintillator

Tool-workpiece junction resistance Voltmeter
Workpiece features (hole diameter,

slot depth…)
Microscope
Interferometer

Indirect

Cutting force, torque, power
Dynamometer
Strain gage, ampere meter

Sound emitted from tool-workpiece
friction

Acoustic emission transducer
Microphone

Vibration
Accelerometer
Displacement sensor

Temperature
Thermocouple
Pyrometer

Surface roughness Profilometer, interferometer,
optical profiler…

Burr dimension Microscope, interferometer,
optical profiler…

VafbdcT g=

VaT
g

fbdc
----------=

VTn g

fbdc
----------
 
  n

C= =
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(4)

Chipping is generally not acceptable since a chipped tool generates excessive burr and a
very rough surface. By reducing depth of cut and feed, then chipping should be eliminated
assuming micromachining with a quality tool and machine tool. When stable parameters
are applied, then the only damage mechanism is thermal and tool life can be predicted with
Equation (3).

It has been shown that flank wear due to abrasion is directly proportional to the magni-
tude of acoustic signal or feeding force. An increase of 300% in micromilling feeding force
from an initial value was established as a threshold for reaching the tool life. A reduction in
feeding force, however, might indicate gradual failure of a microtool due to fatigue crack
propagation. Indirect monitoring of tool wear by monitoring feeding force for both micro-
milling and microdrilling would be a preferred technique since this does not interfere with
the machining process and reduce productivity. In the absence of a sensitive commercial
system that can reliably and accurately monitor tool force and tool life in micromachining,
direct tool wear monitoring should still be a popular practice. 

Traditional tests using the Taylor approach would machine at the same cutting speed
until reaching the predetermined tool failure criteria. Such tests can be time consuming if a
chosen speed is too low, and only applicable to turning since a constant cutting speed is
required. In reality, a part must be machined with the same tool in different directions and
speeds to obtain the final profile and surface finish. Several techniques were developed to
accelerate the testing method since turning tests alone are tedious, expensive, and do not
reflect actual part machining. The cumulative wear technique, assuming that the abrasion
wear mechanism is the same at different cutting speeds, is more flexible and can reduce the
testing time and cost. The proposed cumulative tool life testing technique:

• Is flexible. If an initial speed is too slow, testing speed can be increased and the cumu-
lative time and tool wear recorded.

• Is simple. Manual machines can be used instead of CNC machines. The same rpm on
a manual lathe can be used for the turning test until tool failure. Times and cutting
speeds for all passes are used to calculate the equivalent time and speed.

• Is more cost effective. Both turning and facing can be combined to completely con-
sume an expensive workpiece material.

• Is order independent. The level of cutting speed is not important if providing the same
tool wear mechanism. Experimental data for macromachining shows no difference
of tool life if changing cutting speeds from low to high, or in reverse order.

Consider a tool that machines at cutting speed V and stops after machining time ∆t before
reaching its tool life T. The tool then cuts at different speeds and times until reaching the
tool life criteria – for example, 50 µm flank wear on a carbide microendmill. The fraction
of tool life when cutting at each speed and time is ∆t/T, and the total tool life fraction is

(5)

The theoretical value of the total tool life fraction Q should be one. Experimental values
for Q were found to be in the range 1.2-1.5. When combining with Taylor Equation (3),
then Equation (5) becomes

(6)

After machining with a tool at different times and speeds in different conditions (e.g., dif-
ferent tool coatings), it is necessary to compare the tool performance by calculating its

fbdcT
g

Va
------ C ′= =

∆t1

T1
--------

∆t2

T2
-------- …

∆tk

Tk

--------+ + +
∆ti

Ti

-------

i 1=

k

∑ Q= =

∆tiVi
1 n/

i 1=

k

∑ QC1 n/=
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equivalent tool life and equivalent tool speed. The equivalent tool life Te is just the sum of
all machining time periods:

(7)

The equivalent tool speed must produce the same tool damage as a tool after cumulative
machining. The total tool damage is given in Equation (6) as:

(8a)

Solving for the equivalent cutting speed Ve

(8b)

When Q = 1 then, (Ve)1/n is the mathematical average of all (Vi)1/n terms, by definition.

Mathematical models for cumulative tool wear are now derived for most popular
machining operations, namely turning, drilling, facing, and milling. 

• For turning with different cutting speeds, Equation (6) is applied. If turning speeds
are kept the same from one pass to another, substitute V=Vi, into Equation (6) to obtain:

(9)

• For drilling, tool wear would be most substantial at the cutting lip where cutting speed
is at the highest. Since cutting speed is constant during drilling as in turning, the tool
wear model for drilling is the same as in Equation (6) for variable speeds, and Equation
(9) for constant speed.

• For facing, the cutting speed reduces linearly from the maximum Vi at the outer most
radius to zero at the spindle center. It can be shown that the cumulative tool life model
for facing is:

(10)

• For milling, the actual machining time is the time during which chips are produced.
The chip generating time involves geometry of a tool and milling parameters. The
cumulative tool life model for face milling is

(11)
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where λ =milling factor
a =width of cut (radial depth) in milling

M =number of teeth
D =milling cutter diameter

Workpiece Materials

Micromachining is often utilized to fabricate components for miniaturized sensors, med-
ical, optical, and electronic devices, etc. Common engineering materials for these applica-
tions include stainless steel, aluminum, titanium, copper, and tool steel for miniature
molds and dies.

Workpiece materials must meet certain conditions for successful micromachining.
Unlike macromachining, a micromachining tool is subjected to fluctuating cutting force
when it encounters each grain since microtool size is comparable to material grain size. A
microtool is more vulnerable to fatigue fracture and the resulting surface – if the tool sur-
vives – would be rough due to different spring-back protrusion from each grain due to dif-
ferent crystallographic orientations of the grains, and direction-dependent properties of
the material. Homogenous workpiece materials with very fine and uniform grain sizes
should be chosen for micromachining. Inclusions and large precipitates should be mini-
mized to avoid damage to a fragile tool edge. 

Example 8, Cumulative Tool Life:

Turning Test: Dry turning a metal matrix composite rod (Ø18 mm, 100mm long) at constant 
256 rpm on a manual lathe, depth of cut 0.5 mm, feed 0.07 mm/rev. Carbide tool TNPR331M-
H1, tool holder MTENN2020-33.

This Al-SiC composite is very abrasive and is ideal for tool life model testing since abrasive 
wear is the main mechanism and flank wear is clearly seen and measured on a carbide tool. In 
this test, a tool is turned at constant rpm until reaching 300 µm flank wear. At least two data 
points are required to calculate the effect of speed, or the slope n in Taylor equation. From Table
4, the speed and tool life pairs are (14.48 m/min, 3.54 min) and (9.56 m/min, 5.58 min). The 
slope n is derived from Equation (3) for these two data points is

When considering many data points, the averaged value of n is 0.94. A spread sheet such as 
Table 4 is a convenient way to tabulate cumulative values of each ∆t and ∆tV1/n term, and then 
use these to calculate the equivalent tool life Te with Equation (7), and the equivalent tool speed 
Ve with Equation (8b). The plot for all experimental data at constant cutting speeds and cumula-
tive speeds is shown in Fig. 11a. Having all data points fitting on the same line indicates the 
validity of cumulative tool life models.

Facing Test: The same material and cutting tools are used in the facing test. Tool wear and 
tool life plots are shown in Figs. 11b and  11c. There is no difference in tool life when machining 
at low then high speed or the other way around.

Table 4. Spread Sheet for Example 8, Cumulative Tool Life in Turning

∆ Length
(mm)

Diameter
(mm)

Speed
(m/min)

∆t
(min) ∆tV1/n

Cumulative Flank
 Wear
(µm)

Feed
(mm/rev)

Equivalent

RPM ∆tV1/n ∆t (min)
Ve

(m/min)
Te

(min)

256 26.5 18.0 14.48 1.48 25.39 25.39 1.48 199 0.07
256 16.0 18.0 14.48 0.89 15.33 40.72 2.37 242 0.07
256 21.0 18.0 14.48 1.17 20.12 60.84 3.54 300 0.07 14.48 3.54
179 18.5 17.0 9.56 1.48 16.30 16.30 1.48 160 0.07
179 21.5 17.0 9.56 1.72 18.95 35.25 3.19 233 0.07
179 25.0 17.0 9.56 2.00 22.03 57.28 5.19 289 0.07

projected 61.61 5.58 300 9.56 5.58

n
V2 V1⁄( )log

T1 T2⁄( )log
----------------------------- 9.56 14.48⁄( )log

3.54 5.58⁄( )log
----------------------------------------- 0.91= = =
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Fig. 11a. Tool life plot for turning tools. Circumference speed refers
to the maximum cutting speed at the outer radius in turning. 

Cast A359/SiC/20p; tool H1 WC (-8,0,9,5,60,30,0.4mm); 0.5 mm depth; 0.07 mm/rev feed; dry.

Fig. 11b. Cumulative flank wear of tool facing at high-to-low circumference speed.
Cast A359/SiC/20p; tool H1 WC (-8,0,9,5,60,30,0.4mm); 0.5 mm depth; 0.07 mm/rev feed; dry.

Fig. 11c.  Tool life plot for facing tools. Circumference speed refers
to the maximum cutting speed at the outer radius in facing.

Cast A359/SiC/20p; tool H1 WC (-8,0,9,5,60,30,0.4mm); 0.5 mm depth; 0.07 mm/rev feed; dry.
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Ductile Regime Micromachining

Crystallographic Directions and Planes.—When machining in micro or nano scale, the
workpiece atom orientation affects the machining performance because the material prop-
erties change with crystalline orientation. Figs. 12a and  12b show blocks of same material
but with different surfaces. For example, the surface of the silicon block shown in Fig. 12a
is harder, stiffer (higher elastic modulus), and is more difficult to machine than the same
silicon block in Fig. 12b. Miller indices are commonly used to specify particular crystallo-
graphic orientations of atoms.

Consider a simple cubic system where atoms are located at corners (cubic as with manga-
nese), at corners and inside (body centered cubic as with iron and chrominum), or at cor-
ners and on the surfaces (face centered cubic as with aluminum and copper) systems. For
convenience, we will set a coordinate system Oxyz, as shown in Fig. 13a, and the size of
the cube is set at one atomic spacing unit (OA = OC = OD = 1).

During a micro/nano machining process, a cutting tool pushes and shears a grain. The
cutting action forces some atoms to slide in certain directions and planes to form chips on

Example 9, Grain Size Consideration:The speed and feed table on page 1049 recommends a 
chip load (feed) of 0.1 mm/tooth (0.004 in/tooth) for macro-scale end milling 316L stainless 
steel using an uncoated carbide tool. Assume the average material grain size is 15 µm.

Macromilling:  Using a Ø1/2 inch (Ø12.5 mm) end mill, the number of grains being cut by 
each tooth would be

Micromilling: Selecting a Ø0.1 mm (Ø0.004 in) end mill, the recommended chip load would 
be 13 µm for stainless steel (see Table 13b, page 1131). The number of grains being cut by each 
tooth is

The cutting force on the macrotool and resulting surface finish are uniform due to the averag-
ing effect from seven grains. Because a microtool shears less than one single grain at a time, the 
micromachined surface is irregular due to different spring-back amounts of each individual 
grain, and the cutting force on the microtool fluctuates depending on each grain orientation.

Fig. 12a. Block of materials with (110) surface. Fig. 12b. Block of same material with (100) surface. 

Fig. 13a. Fig. 13b. Fig. 13c. 
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15 µm grain⁄
--------------------------------- 100 µm

15 µm grain⁄
--------------------------------- 6.67 grains= = =

chip load
grain size
----------------------- 13 µm

15 µm grain⁄
--------------------------------- 0.87 grains= =

(110) (100)

D G

C

B

F

O

A

x

E [001]

z

y

(001)

x

z

y
(110)

x

z

y
(111)



DUCTILE REGIME MICROMACHINING 1109

the tool rake face. These specific directions and planes are called slip systems. Soft materi-
als such as copper and aluminum have more slip systems, therefore, are easier to be
machined compared to harder materials such as steel with fewer slip systems.

The directional Miller index is the coordinate of a vector representing the atom sliding
direction. In Fig. 13a, if the atom slides from C to G (also the same as sliding from O to D),
then this vector with corresponding coordinates are given by:

Similarly, if an atom slides from B to A (or C to O) then the Miller direction is:

The Miller plane represents the planes that intersect with the coordinate system. The
plane DEFG in Fig. 13a, congruent with OABC, intersects the z-axis while parallel with
the x and y axes. The Miller index for this plane is represented by the inverse of the axis
intersection:

The plane EGCA in Fig. 13b, congruent with DFBO, intersects the x and y axes while
parallel with z axis. The Miller index for this plane is:

The plane DCA in Fig. 13c, congruent with BEG, intersects all the x, y, and z axes. The
Miller index for this plane is:

Miller Index Nomenclature: In both direction and plane Miller indices, any minus sign is
written on top of the number and all commas are omitted for simplicity. 

A pair of square brackets "[  ]" are used to indicate a specific direction, and the pointed
brackets" < >" are used to indicate a family of directions with similar geometries. For
example, the <100> family has 12 directions similar to [100], [001]… which are all the
edges of the cube in Fig. 13a.

A pair of regular brackets "(  )" are used to indicate a specific plane, and the curly brackets
"{ }" are used to indicate a family of planes with similar geometries. For example, the
{100} family has 6 planes similar to (100), (001)… which are all the surfaces of the cube in
Fig. 13a.
Introduction.—The concept of ductile-regime machining has been investigated since the
1960s for amorphous brittle materials such as glasses. Silicon, germanium, and glasses
have become strategic materials that are widely used to fabricate intricate components in
microelectronics, optical, defense industries, and recently as micro optical-electrical-
mechanical systems. Silicon and other brittle materials are known for their low machin-
ability unless they are machined in the ductile-regime conditions. When utilized at the
optimal machining conditions, only minimum effort is required for the subsequent etch-
ing, grinding, or polishing to remove the damaged subsurface. This section summarizes
the theory and provides practical guidance for ductile regime machining.
Theory.—The mechanism of ductile-regime machining has been studied by many
researchers. Using fracture mechanics approach, it can be shown that there is a threshold
below which the ductile regime prevails:

(12)

CG OD xD xO– yD yO– zD zO–, ,[ ] 0 0 1, ,[ ] or 001[ ] direction= = =

BA CO xO xC– yO yC– zO zC–, ,[ ] 0 1– 0, ,[ ]  or 010[ ]  direction= = =

Plane DEFG
1

x-intercept
-------------------------- 1

y-intercept
-------------------------- 1

z-intercept
-------------------------,,

 
  1

∞
---- 1

∞
---- 1

1
---,,

 
  0 0 1, ,( )=  or 001( )  plane= =

Plane EGCA
1

x-intercept
-------------------------- 1

y-intercept
-------------------------- 1

z-intercept
-------------------------,,

 
  1

1
--- 1

1
--- 1

∞
----,,

 
  1 1 0,,( )  or 110( )  plane= = =

Plane DCA
1

x-intercept
-------------------------- 1

y-intercept
-------------------------- 1

z-intercept
-------------------------,,

 
  1

1
--- 1

1
--- 1

1
---,,

 
  1 1 1, ,( ) or 111( )  plane= = =

dc
plastic flow energy

fracture energy
---------------------------------------------- A

E

H
----
 
  Kc

H
------
 
 

2
= =



1110 DUCTILE REGIME MICROMACHINING

where dc =critical depth of cut (m, inch)
A =constant
E =Young’s modulus (Pa, psi)

Kc =surface fracture toughness (Pa·m0.5, psi·in0.5)
H =surface microhardness (Pa, psi)

A shallow depth of cut, therefore, would energetically promote plastic flow rather than
brittle fracture in the substrate and the chips. Table 5 tabulates properties of some brittle
materials and their experimental critical depths of cut.

The constant A in Equation (12) varies in the range 0.1–0.6 due to measuring uncertainty
of surface toughness Kc, elastic modulus E, and microhardness H in a testing environment.
These properties depend on crystalline orientation of the materials, surface conditions, and
tool geometry.

• The critical resolved shear stress, on a crystalline plane due to the cutting action, is
directly proportional to the Schmid factor cosλcosφ, where φ and λ are the orientations
of the slip plane and slip direction. An ideal ductile mode machining would happen
when the cutting shear stress is parallel to both the slip plane and the slip direction, oth-
erwise a pseudo ductile mode with micro cleavages occurs. True ductile-regime
machining happens only along certain crystalline orientations, but brittle machining
occurs at other crystalline orientations. This explains why micromachining a crystal-
line specimen at the same speed, depth of cut, and coolant produces ductile machined
surfaces in one direction but brittle machined surfaces on others.

• Cutting fluid changes the surface properties of materials (Kc, E, and H) and affects
conditions for ductile regime micromachining. When micromachining the (100) ger-
manium using a single crystalline diamond tool, the critical depth of cut changes from
0.13 µm (5 µin.) with distilled water as cutting fluid to 0.29 µm (11 µin.) in dry machin-
ing.

• Tool geometry also affects the results. Plowing and fracture of material occurs when
depth of cut is less than approximately half of the tool cutting edge radius (see
Microcutting Tools on page 1093). Tools with negative top rake angle are usually uti-
lized because a negative rake causes a compressive zone in the workpiece ahead of and
below the tool and suppresses microcrack formation.

Case Study.—A study used polished (001) p-type silicon wafers of Ø100 mm (Ø4 inch).
Small grooves were faced at different constant depth of cut or gradually changing depth of
cut to study the ductile behavior (Fig. 14). Single crystalline diamond tools with (001) rake
surface, 10-40 nm edge sharpness, +5° rake angle, and 0.51mm or 2.00 mm nose radii were
used for a facing operation. The complete tool nomenclature follows the American Stan-
dards Association (back rake angle, side rake angle, end relief angle, end clearance angle,

Table 5. Selected Properties of Some Brittle Materials

Materials
Young modulus

(GPa)
Fracture toughness

(MPa·m0.5)
Knoop hardness

(GPa)
Critical depth of cut

 (µm)

α-Al2O3 275–393 3.85–5.90 19.6–20.1 1.0
SiC 382–475 2.50–3.50 24.5–25.0 0.2
Si 168 0.6 10 0.5

Example 10, Mirror-finish Micromachining:Diamond tools with sharp cutting edge radii are 
very effective to machine brittle or ductile material with the exception of ferrous alloys such as 
tool steels or stainless steels. The cutting speed has minimum effect on surface finish, but a 
reduction of the feedrate leads to improvement of surface finish.

An optical quality surface of 1.4-1.9 nm Rmax was obtained when turning single crystalline 
quartz with a diamond tool (−20° rake, 0.8 mm nose radius) at < 0.3 µm depth of cut, 3 m/s 
speed, and 8.1 µm/rev feedrate.
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side relief angle, side clearance angle, end cutting edge angle, side cutting edge angle, nose
radius) with the addition of edge sharpness as (5°,0°,0°,5°,5°,30°,0°,0.51-2.00 mm,10-40
nm). The ultraprecision machining process was performed on a rigid system that has 9 nm
positioning accuracy. Compressed air was used to blow chips away from the finish
machined area. Surface finish of a machined wafer was measured with an atomic force
microscope (AFM) and a phase-shift interferometer (PSI).

Surface finish measurements indicated ductile or brittle chip fracture on machined sur-
faces. As depth of cut reduced below 1 µm, the surface finish was also diminished due to a
higher percentage of ductile machined surfaces. Perfect ductile regime machining was
achieved when depth of cut was between 0.1–0.5 µm. A smaller depth of cut in the neigh-
borhood of 0.05 µm (50 nm), however, worsened the surface finish because machining at
such shallow depth of cut (close to the cutting tool edge radius of 40 nm) would plow and
fracture the material surface. At the same cutting parameters, micromachining along the
silicon <110> directions gave better surface finish while brittle chipping was seen when
cutting along the silicon <100> directions (Figs. 15,  16a, and  16b).

Cutting Fluids in Micromachining

Micromilling and microdrilling, among the most versatile manufacturing processes, can
be leveraged from existing technology to produce 3D microparts or microcavities in molds
and dies for mass-replication. Although macro-scale milling and drilling technology is
mature, micro-scale milling/drilling technology is yet to be fully developed. Extending
common practices in macromachining to micromachining often ends up with failure. Very
short tool life is experienced with micromachining, and flood cooling is not effective in

Fig. 14. Machining plan on (001) wafers. A
wafer was faced at a constant depth in different
zones (left) or changing cutting depth in a
taper cut (right).

Fig. 15. Surface finish as a function of the
maximum chip thickness (depth of cut) and
crystalline direction of the silicon wafer. The
minimum surface finish is with ductile
machined surface.

Fig. 16a. Perfect ductile regime machining
of (001) silicon along [110].

Fig. 16b. Mixed mode of ductile regime
and pitting along [100].

Speed 75 m/min, feed 2.5µm/rev; depth 0.5µm; SCD tool (5°,0°,0°,5°,5°,30°, 0°, 0.5mm,10-40nm).
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microdrilling because coolant cannot flow into a partially drilled microhole. This section
recommends how to select and apply a cutting fluid for effective micro milling/drilling.

Micro milling/drilling requires high rotation speed exceeding 25,000 rpm of a small tool
to achieve an acceptable surface cutting speed for material removal. When drilling steel,
50% of the heat generated conducts into the drill, but 80% of heat will go to the tool when
drilling titanium. A microdrill with sharp cutting edges subjected to high temperature and
high stress will fail easily if cutting fluid is not adequate. When rotating a microtool at a
very high rotating speed, flood coolant is not effective since it does not have enough
momentum to penetrate the boundary layer (fast moving air layer) around a fast rotating
tool, or wet the bottom of a deep microhole. In addition, any unfiltered chip from recycled
coolant can damage a microtool or fragile workpiece. Micromist (minimum quantity lubri-
cation, MQL) has been studied by many researchers and is proven to provide proper cool-
ing and lubricating in micromachining. In ideal conditions, a stream of micron-size
lubricant particles in micromist:

• Does not contain any chip or solid contaminant
• Has enough momentum to penetrate the boundary layer of a fast rotating tool
• Adheres to the fast rotating tool despite high centrifugal force, and
• Wets the tool and workpiece to provide effective cooling and lubricating. 
The following section discusses safety, selection of cutting fluid, application method,

and recommends optimal setup for micromachining.
Safety.—The aspect of health and safety when using micromist is a concern. A mist does
not only cause potential health issues for workers in the environment, but also contami-
nates other instruments and machines nearby. Biodegradable fluids must be used; polyol
esters are superior to common vegetable oils because the former have higher biodegrad-
ability, are less “sticky” due to oxidizing, and increase in molecular weight with time and
temperature. Due to the aerosol formation during mist flow at high pressure, an air purifi-
cation unit or proper ventilating fan should be installed to minimize breathing of the aero-
sol particles by operators, and prevent damage to adjacent equipment.
Benefits.—Most conventional machining processes like turning, milling, drilling, and
grinding can benefit from micromist lubrication when applied properly. Although applica-
tion of micromist is limited when the mist flow is obstructed — as in gun drilling — suc-
cessful microdrilling has been reported for microholes with 10:1 aspect ratio
(depth/diameter). At optimal conditions, micromist significantly minimizes built-up-
edges, reduces burr size and cutting force, and therefore improves tool life for both coated
and uncoated tools. Depending on which cutting fluid is used and how it is applied,
researchers have found the effect of micromist ranges from “the same as flood cooling” to
“extending tool life 3-10 times over flood cooling.” There is yet any published paper on
inferior results of micromist over dry and flood cooling.

Fig. 17. Schematic of a micromist system for micromachining. Courtesy of Unist Inc.

Systems that can generate micromist for minimum quantity lubrication machining are
commercially available. A typical design (Fig. 17) includes a resevoir for biocompatible
oil, feeding tubes, and an atomizing unit that mixes a compressed air flow with a controlled
volume of oil. A needle is necessary to direct the mist to a predetermined location. The
resulting oil microdroplets – size and speed – should be adjustable to effectively penetrate

Reservoir

Manifold
Pulse generator

Metering pump

Hose
Hypodermic
needle tip

Air inlet



CUTTING FLUID IN MICROMACHINING 1113

and wet a tool/part interface. This can be done by adjusting the air pressure, type of oil, and
volume of oil released into the air stream.

Selection of Cutting Fluid.—A cutting fluid is selected for both cooling and lubricating
purposes in micromachining. It should be environmentally friendly, should not interact
chemically at high temperature with tool or workpiece, and can be cleaned and disinfected
from the machined parts. It must have low surface energy relative to the surface energy of
the cutting tool and workpiece material, high thermal diffusivity, and lubricity. For micro-
mist applications, a cutting fluid must be able to flow easily in a small tube (low viscosity)
and to form microdroplets.

Complete wetting is desirable for a cutting fluid because it covers large surface areas of
tool and workpiece and effectively removes heat from the source. Its self spreading capa-
bility due to the differential surface energy allows cutting fluid to penetrate deep into the
chip/tool interface to effectively lubricate and cool this zone. Wetting condition can be
assessed by two methods:

Pendant drop technique: A drop of liquid is formed and suspended vertically at the end
of a solid tube. The side view of a drop is analyzed to compute the liquid surface tension
using a tensiometer (Figs. 18a and  18b).

Sessile drop technique: A drop of liquid is placed on a horizontal surface. The side view
of the drop is analyzed to calculate the liquid contact angle or measure it with a goniometer
(Fig. 19).

Fig. 19. Sessile drop technique to assess wetting of cutting fluid.

The following section presents a simpler approach to calculating the contact angle and
drop size using a modified sessile drop technique. This technique uses a toolmaker's
microscope, available at most manufacturing shops, to measure the top view of a drop,
instead of a goniometer to measure the side view.

Drop Size Measurement.—A microdroplet must have sufficient momentum to penetrate
the boundary air layer moving around a fast rotating microtool and to wet the tool after-
ward. Calculation of momentum and contact angle for wetting assessment requires the
droplet dimension. Knowing the lubricant drop size allows proper calibration of a microm-

Fig. 18a. Side view of a pendant drop 
below a stainless steel tube.

Fig. 18b. Calculated surface tension from
starting to full forming of a droplet. 
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ist system to maintain the system effectiveness. Table 6 summarizes different techniques
to measure the liquid drop size. The techniques are basically intrusive and nonintrusive
methods to either collect the droplets for subsequent analysis, or in situ imaging the in-
flight droplets. 

The nonintrusive techniques use dedicated laboratory research instruments to provide
accurate dimensions and comprehensive statistical information of microdroplets. The
effect of variables like air pressure on drop size and speed can be automatically calculated
and analyzed. 

The intrusive techniques use less sophisticated instruments to collect and analyze drop-
lets directly or indirectly. These simpler techniques, however, depend on operator skills
for collecting reliable data.

The slide technique is a simple way to study drop size and its wetting characteristic. The
setup is shown in Fig. 20a, in which a mask and glass plate are quickly exposed to a steady
stream of micromist droplets. Only few droplets are able to pass through the mask opening
and deposit on a clean glass plate behind it. 

It is assumed that (i) droplet volume remains the same before and after touching the glass
plate, (ii) gravity effect on a microscale droplet is negligible, and (iii) the droplet forms part
of a sphere on the plate to minimize its total surface energy. Using Equations (13) and (14)
that follow, the average volume of a single droplet can be calculated by measuring the
average projected droplet diameter P and its height h on a toolmaker's microscope:

where V =volume of microdroplet (mm3, in3)
P =projected droplet diameter (mm, in)
h =height of a microdroplet (mm, in)
D =air-borne diameter of microdroplet (mm, in)

Table 6. Liquid Droplet Measurement Techniques

Intrusive Nonintrusive

Slide: collect droplets on a slide for micro-
scopic assessment.

Solidification: transform droplets to solid for 
sieving or weighting.

Momentum: analyze droplet impact.
Heat Transfer: analyze cooling effect of drop-

lets with a hot wire anemometer.

Light shadowing: analyze shadows of in flight 
droplets.

Laser Doppler Anemometry: analyze visibil-
ity, intensity and phase shift of scattered 
laser from a small sample of droplets.

Laser Diffractometry: scan and analyze a large 
group of droplets.

Fig. 20a. Setup for microdroplet collection. Fig. 20b. Analysis of droplet geometry. 
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The drop size varies with air pressure and volume of oil for atomization. In general,
higher air pressure and velocity give more uniform and smaller drop size. Table 7 lists
results of average drop sizes measured using this technique. Among different cutting flu-
ids, the average diameter of in-flight droplets is approximately 1 µm for the CL2210EP
lubricant, but it can be as large as 9 µm for other fluids.

The following practical guides will assist in obtaining reliable results using the slide
technique.

• The solid surface (glass plate, workpiece, or cutting tool) should be as smooth as pos-
sible, flat and polished, clean and positioned horizontally. Any surface defect such
as machining marks or burrs will distort the droplet profile.

• The solid must be cleaned thoroughly before testing to avoid contamination of the
tested liquid and distorted data. Ultrasonic cleaning in alcohol or degreaser follow-
ing by dry air blowing should be adequate.

• For meaningful information, about 10-20 droplets should be measured. Ignore very
large drops that are coalesced from smaller droplets, and very small satellite drops
that are splashed off upon impact of a droplet on the glass plate.

• A measurement should be as quick as possible, using minimum light since a tiny liq-
uid droplet might evaporate or spread when heated in bright light.

Contact Angle Measurement.—Droplet volume is calculated in the previous section by
the sessile drop technique, and the same volume can be used for calculating the droplet
contact angle. Alternatively, a predetermined droplet volume can be set and dispensed on
a solid surface using a micropipette. The contact angle of a sessile droplet on a flat surface
can be computed from the following equation:

(15)

where P =projected droplet diameter (mm, in)
V =droplet volume (mm3, in3)
θ =contact angle (°)
K =0 for θ between 90° and 180°,  K = 1 for θ between 0° and 90°

Table 7. Properties of Selected Lubricants

Lubricant 2210EP 2210 2200 2300HD

Surface tension (mN/m) 26 29 34 34
Droplet diameter (µm) 0.97 2.3 6.7 8.4
Viscosity (Pa-s) @270s-1 shear rate 0.016 0.014 0.023 0.061
Contact angle on 316L (°) 7 14 10 18
Contact angle on WC (°) 7 7 10 12

Example 11, Drop Size Calculation:Set the Unist system at 32 strokes/min, 3.6 mm stroke 
length, 3.78 bar pressure. Collect droplets of CL2100EP and measure with a toolmaker's micro-
scope.

The average projected drop size is 2 µm and average drop height is 0.3 µm. The drop volume 
is calculated using Equation (13) to be

Using Equation (14), the average air-borne diameter of a droplet is
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The ratio P over V1/3 is called the normalized diameter of the droplet. Using the normal-
ized diameter, the contact angle can be calculated using Equation (15), by looking up the
value in a table (Table 8), or read from a graph (Figs. 22a and  22b).

Fig. 21 shows the top view of some liquid droplets on stainless steel sheets from which
contact angles are calculated and plotted for comparison. The cutting fluids are chosen
from different commercially available oil-based lubricants: CL2200, CL2210,
CL2210EP, and CL2300HD. Other coolants were also included for comparison: water,
KM, and water-soluble coolants RL1:15, BC1:5, and CL1:30. The nomenclature x:yy
indicates dilution ratio of concentrated coolant in water for the water soluble fluids.

Fig. 21. Wetting of Different Cutting Fluids on 316L Stainless Steel. Constant Drop Volume = 0.25 µL.

Table 7 and Fig. 23 compare contact angles of these cutting fluids on different solids. The
oil-based CL2210EP lubricant forms the lowest contact angle of 7° on 316L stainless steel,
uncoated carbide, and titanium. This is in contrast to 60-70° from other water-based fluids.
Surface tension of the CL2210EP lubricant is 26 mN/m, the lowest among others, thus it
easily wets a carbide microtool and workpiece surfaces during machining.

Fig. 22a. Plot of contact angle vs. normalized
diameter for all angles.

Fig. 22b.  Plot of contact angle vs. normalized
diameter for small angles.

Fig. 23. Average and range of contact angles for different cutting fluids 
on 316L stainless steel, tungsten carbide, and titanium.
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Table 8. Contact Angle (θ°) of Micromist Droplets for Practical Tests

Drop Size, P Drop Volume, V (µL)

mm inch 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

1.00 0.039 51 54 58 61 64 67 70 73 75 77 79 81 83 85 87 88 90 91 93 94 95

1.10 0.043 40 44 47 50 53 55 58 61 63 65 67 69 71 73 75 77 78 80 81 83 84

1.20 0.047 32 35 38 40 43 45 48 50 52 54 57 59 60 62 64 66 67 69 71 72 73

1.30 0.051 26 28 30 33 35 37 39 41 43 45 47 49 51 53 54 56 57 59 60 62 63

1.40 0.055 21 23 25 27 29 30 32 34 36 38 39 41 42 44 46 47 49 50 51 53 54

1.50 0.059 17 19 20 22 24 25 27 28 30 31 33 34 36 37 38 40 41 42 44 45 46

1.60 0.063 14 15 17 18 20 21 22 24 25 26 27 29 30 31 32 34 35 36 37 38 39

1.70 0.067 12 13 14 15 16 18 19 20 21 22 23 24 25 26 27 28 30 21 32 33 34

1.80 0.071 10 11 12 13 14 15 16 17 18 19 20 21 21 22 23 24 25 26 27 28 29

1.90 0.075 8.5 9.3 10 11 12 13 13 14 15 16 17 18 18 19 20 21 22 22 23 24 25

2.00 0.079 7.3 8.0 8.7 9.4 10 11 12 12 13 14 14 15 16 17 17 18 19 19 20 21 21

2.10 0.083 6.3 6.9 7.5 8.2 8.8 9.4 10 11 11 12 13 13 14 14 15 16 16 17 17 18 19

2.20 0.087 5.5 6.0 6.6 7.1 7.7 8.2 8.7 9.3 10 10 11 11 12 13 13 14 14 15 15 16 16

2.30 0.091 4.8 5.3 5.7 6.2 6.7 7.2 7.7 8.1 8.6 9.1 10 10 10 11 11 12 12 13 13 14 14

2.40 0.094 4.2 4.6 5.1 5.5 5.9 6.3 6.7 7.2 7.6 8.0 8.4 8.8 9.2 10 10 10 11 11 12 12 13

2.50 0.098 3.7 4.1 4.5 4.8 5.2 5.6 6.0 6.3 6.7 7.1 7.4 7.8 8.2 8.6 8.9 9.3 10 10 10 11 11

2.60 0.102 3.3 3.7 4.0 4.3 4.6 5.0 5.3 5.6 6.0 6.3 6.6 7.0 7.3 7.6 7.9 8.3 8.6 8.9 9.3 10 10

2.70 0.106 3.0 3.3 3.6 3.9 4.1 4.4 4.7 5.0 5.3 5.6 5.9 6.2 6.5 6.8 7.1 7.4 7.7 8.0 8.3 8.6 8.9

2.80 0.110 2.7 2.9 3.2 3.5 3.7 4.0 4.2 4.5 4.8 5.0 5.3 5.6 5.8 6.1 6.4 6.6 6.9 7.2 7.4 7.7 8.0

2.90 0.114 2.4 2.6 2.9 3.1 3.3 3.6 3.8 4.1 4.3 4.5 4.8 5.0 5.3 5.5 5.7 6.0 6.2 6.4 6.7 6.9 7.2

3.00 0.118 2.2 2.4 2.6 2.8 3.0 3.2 3.5 3.7 3.9 4.1 4.3 4.5 4.7 5.0 5.2 5.4 5.6 5.8 6.0 6.3 6.5

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Dynamics of Microdroplets.—Several models are derived to study the dynamics of a
microdroplet when it approaches a fast rotating tool. To effectively wet and lubricate a
rotating tool, a microdroplet must (i) have enough momentum to penetrate the boundary
layer around a fast rotating tool to reach the tool surface, and then (ii) adhere and wet the
tool surface despite centrifugal force acting on the microdroplet.

Propelling Microdroplets Toward a Rotating Tool: The coordinates of a microdroplet
after leaving a nozzle and moving toward a rotating tool can be expressed as

Example 12, Contact Angle Measurement:Set volume V = 0.25µL on a micropipette and then 
dispense several droplets of CL2100EP on a clean titanium plate. The average size of the drop-
lets, measured on a toolmaker's microscope, is P = 2.520 mm. To find wetting capability of this 
coolant on titanium, it is necessary to calculate its contact angle.

Graphical Solution: Using 1µL= 10-6 L = 1 mm3, the normalized diameter is

 Starting at point A = 4.0 on the vertical Normalized Diameter (P/V1/3) axis of Fig. 22b, draw a 
horizontal line until it intersects with the curve at B.

Draw a vertical line from point B until it intersects with the Contact Angle axis at C. Read the 
contact angle ~9° for this oil and titanium.

Table Look-up Solution: Locate drop volume of 0.25 µL on the first row of Table 8.
Locate projected drop size of 2.52 mm on the first column. Since 2.52 mm is not available, 

choose the closest number, 2.50 mm. 
Read the contact angle from the intersection of row and column as 9.3°

Example 13, Contact Angle Measurement (continued from Example 11):In Example 11,
droplets of CL2100EP were collected on a glass plate, the average projected drop size P = 2 µm
was measured, and the average drop volume was calculated to be V = 0.49 µm3. The information 
obtained can be used to calculate contact angle.

a) The normalized diameter is

b) Use Fig. 22b with normalized diameter of 2.53, and read the contact angle of ~18°.
The same cutting fluid Cl2100EP forms different contact angles of 18° on glass and 9° on tita-

nium. This is due to the different surface energies of glass and titanium.

Fig. 24a. Propelling of microdroplets
toward a rotating tool.

Fig. 24b. Force balancing of a microdroplet
on the rotating tool.
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where xpn, ypn = coordinates of a microdroplet from the nozzle

α =  3µD

D,  m = diameter and mass of a droplet

t =time

Vf =velocity of boundary air layer

V0 =velocity of a microdroplet when leaving the mist nozzle

µ =viscosity

β =angle between microdroplet velocity and the x-axis

The distance ypn away from a nozzle will reach a steady state value (α/m)V0sinβ after a
long time (t→∞). This means if a tool and nozzle distance is closer than this steady state
value, then the microdroplets will reach the tool surface.

Force Balancing of Microdroplets on a Rotating Tool: After reaching the tool surface, a
microdroplet on a rotating tool is subject to adhesion force along lubricant/solid interface
and centrifugal force. The work of adhesion is given by Young-Dupre equation:

(18a)

where σL =surface tension of lubricant/air

σS =surface tension of solid/air

σSL =surface tension of solid/lubricant

Wa =work of adhesion between solid/lubricant

θ = contact angle

If the adhesion force from surface tension is greater than centrifugal force, then the
microdroplet will adhere and spread on the tool surface. Otherwise, the droplet will be sep-
arated from the rotating tool due to a higher centrifugal force. The condition for a micro-
droplet to adhere to the rotating cutting tool is given in Equation (18b) and plotted with tool
surface speed and microdroplet size as two independent variables. 

(18b)

where σL =surface tension of lubricant/air (N/m)

θ =  contact angle (º)

m =mass of microdroplet (kg)

Vc =cutting tool surface speed (m/s)

P =projected drop size (m)

Dt = tool diameter (m)

The plot in Fig. 25 is for CL2210EP lubricant and uncoated carbide tool with Ø1 mm
flute diameter. The curve divides the plot into two regions: the upper region where adhe-
sion is dominating, and the lower region where centrifugal force is stronger, i.e., a micro-
droplet is propelled radially away and does not wet the tool. With the droplet size of 1-10
µm for all lubricants in this study, the adhesion force is dominating and a microdroplet
should adhere to the rotating tool at any rotating speed of the tested machine (0-50,000 rpm
or 0-150 m/min for a Ø1 mm tool). Wetting of CL2210EP microdroplets on carbide tools
was also experimentally verified.

Wa σS σL σSL–+ 1 θcos+( )σL= =

2m Vc( )2

Dt

--------------------- P 1 θcos+( )σL≤
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Fig. 25. Adhesion threshold of microdroplets on a rotating tool.
CL2210EP lubricant, Ø1 mm uncoated carbide tool at different speeds.

Note: 1pm = 1 picometer = 10−12 meter.

Simulation using computational fluid dynamics is used to study the 2D flow of micro-
droplets near a rotating cutting tool. Fig. 26a shows the velocity field of microdroplets
moving from left to right and around a counter-clockwise rotating cylinder. A stagnant
location with zero microdroplet speed is found near the top of the cylinder (cutting tool).
When micromilling in MQL condition, a workpiece should not be positioned at such stag-
nant location since it would receive no lubrication. Practical setups are suggested in Fig.
26b.

Fig. 26a. Computational fluid dynamic simulation of microdroplet dynamics. 

Fig. 26b. Practical machining setups of tool and workpiece to avoid stagnant zone.

Case Studies.—Many researchers have applied micromist in their micro and macro
machining studies. An example of each is given in this section.

Use of Micromist in Micromilling of 316L Stainless Steel: Micromilling using Ø1 mm
WC tool, 10 µm/tooth chip load, 0.348 mm axial depth, 0.558 mm radial depth were per-
formed on 316L stainless steel with different coolants. Using the cumulative tool life mod-
els (see Tool Life on page 1102), tool life of micromilling tools are plotted and compared in
Fig. 27. Large scattering of data and low machinability is observed when dry micromilling
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of 316L stainless steel. The machinability improves with flood cooling, spray mist, and
micromist respectively. Fig. 27 shows the data points start at lower left corner for dry
machining then shift to the upper right corner of the graph for micromilling in MQL, i.e., a
tool can be used at higher speed for longer time to reach the same flank wear of 50µm.
Scanning electron microscopy examination indicates significant built-up edges and attri-
tion failure of dry cutting tools (Fig. 28a). In contrast, a well-defined abrasive tool wear is
observed on a long lasting tool after micromilling with spray mist or in MQL conditions
(Fig. 28b). Micromilling in MQL condition using CL2210EP extends tool life signifi-
cantly over dry machining of 316L stainless steel.

Fig. 27. Effect of cutting fluid conditions on micromilling of 316L stainless steel.
10 µm/tooth chip load, 0.348 mm axial depth, 0.558 mm radial depth, Ø1 mm uncoated carbide tool.

Use of Micromist in Macrofacing of 4140 Steel: Bars of 4140 steel, 2 inch (50 mm)
diameter, 6 inch (150 mm) long were faced at 54 m/min (177 ft/min) maximum surface
cutting speed, 0.1 mm/rev feed (0.004 in/rev), and 0.5 mm (0.020 in.) depth of cut.
Uncoated carbide inserts TNG431 were used in the study. The operation was in dry condi-
tion, flood with Rustlick 1:15 water soluble water-based coolant, and CL2210EP oil
micromist. Periodic interruption of the operation was made to remove a tool for wear
assessment on a toolmaker's microscope. Fig. 29 plots flank wear of all tools and Figs. 30a,
30b, and  30c compare the tool tip conditions after 75 passes. At identical machining con-
ditions, crater, flank and nose wear are worst for dry machining. Flood cooling improves
the tool wear but nose wear is still substantial. Micromist provides the best tool protection
with reduced flank and crater wear, and negligible nose wear.

Fig. 28a. Built-up edge (lower right) and adhesion 
wear (upper left) on a carbide tool.
(dry cutting, 1.4 min @ 18 m/min) 

Fig. 28b. Uniform abrasive flank
wear on a carbide tool.

(micromist, 21.7 min @ 15 m/min) 
Micromill Ø1 mm, 10 µm/tooth chip load, 0.348 mm axial depth, 0.558 mm radial depth.
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Fig. 29. Flank wear of uncoated carbide tools in different cutting fluids.
Macrofacing of 4140 steel, 54 m/min, 0.1 mm/rev feed, 0.5 mm depth of cut.

Microfabrication Processes and Parameters

This section discusses three major microfabrication processes: micromilling, microdrill-
ing, and microturning. Setup, tooling, and process parameters for common engineering
materials are then recommended.
Micromilling.—Micromilling is among the most versatile of microfabrication processes.
Although alternative nontraditional processes to produce microfeatures such as laser
micromachining, electrical discharge micromachining, electrochemical micromachining,
chemical microetching, electron/ion beam micromachining are available, these processes
are either cost prohibitive, or inferior when comparing resulting surface and subsurface
integrity, anisotropic aspect ratio or feature quality. Successful micromilling requires new
tool geometry, tool material, machining parameters, and machining skills. It is technically
incorrect and costly to perform micromilling by just scaling down a milling cutter, or
parameters from macroscale milling. Commercial micromills are available for diameters
of 25 µm (0.001 inch) and up, see Table 9.

• Tool material. Carbide tools should be sintered from fine grains, and ground to small
cutting edge radius (see Microcutting Tools on page 1093).

• Milling direction. Down milling is the preferred mode since a micromill will engage
a workpiece and remove a wedge shape chip with decreasing chip thickness. In con-
trast, a tool in upmilling would rub on the workpiece until the effective chip thickness
is greater than one-half of the cutting edge radius (see Tool Sharpness on page 1094).

• Lubrication. Micromist should be used with all micromachining, but adequate venti-
lation and filtering are required to avoid inhaling of micromist. The nozzle should be as
close as possible to the work and positioned to let the cutting flutes pull the mist into the
cutting zone. Tool and workpiece should be arranged to avoid the stagnant zone (see
Figs. 26a,  26b,  31a, and  31b).

• Tool vibration. Avoid unnecessary disengaging then engaging of microtool and
workpiece in a milling program when programing the tool path. Vibration and bending

Comparison of Tool Wear After 75 Facing Passes

Fig. 30a.  Dry machining. Fig. 30b. Rustlick 1:15 flood cooling. Fig. 30c. CL2210EP micromist.
There is negligible nose wear for machining in micromist. 

Macrofacing on 4140 steel, 54 m/min, 0.1 mm/rev feed, 0.5 mm depth of cut.
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of a microtool when starting and ending a cut could fatigue and shorten the tool life of
the microtool (Fig. 32).

Fig. 32. Vibration of a micromill when engaging and disengaging a workpiece.
Carbide mill Ø1 mm (Ø0.040 inch), 316L stainless steel, 25000 rpm,

10µm/tooth feed, 0.348 mm axial depth, 0.558mm radial depth.

Fig. 33. Micromill nomenclature.

Positioning of a Micromist Nozzle in Micromilling

Fig. 31a. Top view. Fig. 31b. Side view.
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Optional geometries include: Flute lengths: stub, standard, or optional extended length (10-80%
longer); Number of flutes: 2, 3, or 4; Helix angles: 25°, 30°, 50°; End configuration: hemisphere, flat;
Units: metric and US customary.

Table 9. Commercial Micromills
 (A stub flute length is about half of standard flute length)

Mill diameter Stub flute length Standard flute length Overall length Shank diameter

(mm) (inch) (mm) (inch) (mm) (inch) (mm) (inch) (mm) (inch)

0.025 0.0010 0.051 0.002 0.076 0.003 38.1 1.5 3.175 0.125

0.051 0.0020 0.076 0.003 0.152 0.006 38.1 1.5 3.175 0.125

0.076 0.0030 0.127 0.005 0.229 0.009 38.1 1.5 3.175 0.125

0.102 0.0040 0.152 0.006 0.305 0.012 38.1 1.5 3.175 0.125

0.127 0.0050 0.203 0.008 0.381 0.015 38.1 1.5 3.175 0.125

0.152 0.0060 0.254 0.010 0.457 0.018 38.1 1.5 3.175 0.125

0.178 0.0070 0.279 0.011 0.533 0.021 38.1 1.5 3.175 0.125

0.203 0.0080 0.305 0.012 0.610 0.024 38.1 1.5 3.175 0.125

0.229 0.0090 0.356 0.014 0.686 0.027 38.1 1.5 3.175 0.125

0.254 0.0100 0.381 0.015 0.762 0.030 38.1 1.5 3.175 0.125

0.279 0.0110 0.432 0.017 0.838 0.033 38.1 1.5 3.175 0.125

0.305 0.0120 0.457 0.018 0.914 0.036 38.1 1.5 3.175 0.125

0.330 0.0130 0.508 0.020 0.991 0.039 38.1 1.5 3.175 0.125

0.356 0.0140 0.533 0.021 1.067 0.042 38.1 1.5 3.175 0.125

0.381 0.0150 0.584 0.023 1.143 0.045 38.1 1.5 3.175 0.125

0.406 0.0160 0.610 0.024 1.219 0.048 38.1 1.5 3.175 0.125

0.432 0.0170 0.660 0.026 1.295 0.051 38.1 1.5 3.175 0.125

0.457 0.0180 0.686 0.027 1.372 0.054 38.1 1.5 3.175 0.125

0.483 0.0190 0.737 0.029 1.448 0.057 38.1 1.5 3.175 0.125

0.508 0.0200 0.762 0.030 1.524 0.060 38.1 1.5 3.175 0.125

0.533 0.0210 0.813 0.032 1.600 0.063 38.1 1.5 3.175 0.125

0.559 0.0220 0.838 0.033 1.676 0.066 38.1 1.5 3.175 0.125

0.584 0.0230 0.889 0.035 1.753 0.069 38.1 1.5 3.175 0.125

0.610 0.0240 0.914 0.036 1.829 0.072 38.1 1.5 3.175 0.125

0.635 0.0250 0.965 0.038 1.905 0.075 38.1 1.5 3.175 0.125

0.660 0.0260 0.991 0.039 1.981 0.078 38.1 1.5 3.175 0.125

0.686 0.0270 1.041 0.041 2.057 0.081 38.1 1.5 3.175 0.125

0.711 0.0280 1.067 0.042 2.134 0.084 38.1 1.5 3.175 0.125

0.737 0.0290 1.118 0.044 2.210 0.087 38.1 1.5 3.175 0.125

0.762 0.0300 1.143 0.045 2.286 0.090 38.1 1.5 3.175 0.125

0.792 0.0312 1.194 0.047 2.388 0.094 38.1 1.5 3.175 0.125

0.889 0.0350 1.346 0.053 2.667 0.105 38.1 1.5 3.175 0.125

1.016 0.0400 1.524 0.060 3.048 0.120 38.1 1.5 3.175 0.125

1.143 0.0450 1.727 0.068 3.429 0.135 38.1 1.5 3.175 0.125

1.194 0.0470 1.803 0.071 3.581 0.141 38.1 1.5 3.175 0.125

1.270 0.0500 1.905 0.075 3.810 0.150 38.1 1.5 3.175 0.125

1.397 0.0550 2.108 0.083 4.191 0.165 38.1 1.5 3.175 0.125

1.524 0.0600 2.286 0.090 4.572 0.180 38.1 1.5 3.175 0.125
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Microdrilling.—Microdrilling is a more complex operation compared to turning or mill-
ing. Chip removal and effective supply of cutting fluid is easy with the latter, but not with
microdrilling due to extremely limited space around a microdrill.

• Tool material. As with a micromill, a carbide microdrill should be sintered from fine
grains, and ground to small cutting edge radius (Tool Sharpness on page 1094).

• Hole quality. Spindle runout, tool eccentricity, and wandering of a microdrill causes
cyclic bending of the tool that leads to catastrophic failure. To control drill wandering,
precision pre-drilling of a center hole can be tried, or the drilled surface must be ground
to minimize deflection of a slender drill when starting on an irregular surface.

• High aspect ratio. Pecking is essential for microhole drilling since chips have to be
extracted and cutting fluid must penetrate into a small and deep microhole. The pecking
depth can be deep in the beginning, but it must be reduced when drilling deeper. Start
with an initial pecking depth of 2 × drill diameter and gradually reduce it to 0.5 × diam-
eter at a depth of 10 × diameter. Pecking depth and cycles can be calculated from:

(19)

P =  incremental pecking depth (mm, in)
D =drill diameter (mm, in)
R =drill aspect ratio = hole depth / drill diameter

See Example 14 for more on the the use of Equation (19).
• Apply micromist with a fixed nozzle pointing to the drill tip; making an angle of 60-

70° with the tool axis is recommended (Fig. 34). In this way, the chip is blown away
after a pecking cycle and the microdrill is re-lubricated before re-entering into the hole.
Adequate ventilation and filtering are required to avoid inhaling of micromist.

Fig. 34. Positioning of a micromist nozzle in microdrilling.
The nozzle and workpiece should be stationary.

Commercial microdrills are available for drill diameters of 100 µm (0.004 inch) and
above (Table 10).

Fig. 35. Microdrill Nomenclature.
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Optional geometries include: Flute lengths: standard or extended length (10-80% longer); Number
of flutes: 2, 3, or 4; Included angles: 118°, 130°; Helix angles: 25°, 30°, 50°; Units: metric and US
customary.

Table 10. Commercial Microdrills

Drill diameter
Standard

flute length
Extended

flute length Overall length Shank diameter

(mm) (inch) (mm) (inch) (mm) (inch) (mm) (inch) (mm) (inch)

0.102 0.0040 1.016 0.040 1.778 0.070 38.1 1.5 3.175 0.125
0.127 0.0050 1.524 0.060 2.286 0.090 38.1 1.5 3.175 0.125
0.150 0.0059 2.032 0.080 3.048 0.120 38.1 1.5 3.175 0.125
0.160 0.0063 2.032 0.080 3.048 0.120 38.1 1.5 3.175 0.125
0.170 0.0067 2.032 0.080 3.048 0.120 38.1 1.5 3.175 0.125
0.180 0.0071 2.540 0.100 3.810 0.150 38.1 1.5 3.175 0.125
0.191 0.0075 2.540 0.100 3.810 0.150 38.1 1.5 3.175 0.125
0.201 0.0079 2.540 0.100 3.810 0.150 38.1 1.5 3.175 0.125
0.211 0.0083 2.540 0.100 3.810 0.150 38.1 1.5 3.175 0.125
0.221 0.0087 2.540 0.100 3.810 0.150 38.1 1.5 3.175 0.125
0.231 0.0091 3.810 0.150 5.588 0.220 38.1 1.5 3.175 0.125
0.241 0.0095 3.810 0.150 5.588 0.220 38.1 1.5 3.175 0.125
0.249 0.0098 3.810 0.150 5.588 0.220 38.1 1.5 3.175 0.125
0.254 0.0100 3.810 0.150 5.588 0.220 38.1 1.5 3.175 0.125
0.267 0.0105 3.810 0.150 5.588 0.220 38.1 1.5 3.175 0.125
0.279 0.0110 3.810 0.150 5.588 0.220 38.1 1.5 3.175 0.125
0.292 0.0115 3.810 0.150 5.588 0.220 38.1 1.5 3.175 0.125
0.300 0.0118 5.715 0.225 7.112 0.280 38.1 1.5 3.175 0.125
0.305 0.0120 5.715 0.225 7.112 0.280 38.1 1.5 3.175 0.125
0.318 0.0125 5.715 0.225 7.112 0.280 38.1 1.5 3.175 0.125
0.330 0.0130 5.715 0.225 7.112 0.280 38.1 1.5 3.175 0.125
0.343 0.0135 5.715 0.225 7.112 0.280 38.1 1.5 3.175 0.125
0.351 0.0138 5.715 0.225 7.112 0.280 38.1 1.5 3.175 0.125
0.368 0.0145 5.715 0.225 7.112 0.280 38.1 1.5 3.175 0.125
0.396 0.0156 6.350 0.250 7.112 0.280 38.1 1.5 3.175 0.125
0.399 0.0157 6.350 0.250 7.493 0.295 38.1 1.5 3.175 0.125
0.406 0.0160 6.350 0.250 7.493 0.295 38.1 1.5 3.175 0.125
0.450 0.0177 6.350 0.250 7.493 0.295 38.1 1.5 3.175 0.125
0.457 0.0180 6.350 0.250 7.493 0.295 38.1 1.5 3.175 0.125
0.500 0.0197 6.604 0.260 7.874 0.310 38.1 1.5 3.175 0.125
0.508 0.0200 6.604 0.260 7.874 0.310 38.1 1.5 3.175 0.125

Example 14:Select a microdrill and pecking cycles to drill Ø0.005 inch holes to 0.050 inch 
depth in titanium. 

From Table 10, select the Ø0.005 inch drill with the 0.060 inch standard length. A drill with 
extended length of 0.090 inch is unnecessary because the extra length would decrease the drill 
stiffness by about 56% (see Example 2). Use micromist to lubricate the drill and blow the 
extracted chips away. The pecking cycle in Table 11 is recommended.

During the first pecking cycle, drill to 0.0100 inch depth then withdraw the tool. For the sec-
ond pecking cycle, the incremental pecking depth P of 0.0092 inch is calculated from Equation
(19). During the 2nd pecking cycle, the drill travels to a depth of 0.0192 inch, withdraws to 
remove chips, then continues down for pecking cycle #3.The incremental pecking in cycle #7 
should be increased by 0.0003 inch so that the pecking cycle #8 will drill the hole to the required 
depth of 0.0500 inch.
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Microturning.—Product miniaturization and the demand for ultraprecision products
drives the rapid development of micro/nano turning. This technology produces polished
and high quality spherical and aspherical parts from metals, ceramics, semiconductors,
and polymers that cannot be economically produced by traditional grinding, lapping, or
polishing processes. Micro/nano turning also produces intricate shapes with low or no sub-
surface damage because it operates in the ductile-regime mode (see Ductile Regime Micro-
machining on page 1108).

Diamonds are commonly used for micro/nano turning. Polycrystalline diamond (PCD)
tools are sintered from microsize diamond grains. PCD tools are less expensive but with
limited capability due to large edge radius (few hundred nanometers) and lower edge
strength due to attrition wear. Single crystalline diamond (SCD) tools are best for
micro/nano turning because they:

• Have single crystalline structure that allows a sharp cutting edge as small as 10 nm,
• Have the highest thermal conductivity among all engineering materials,
• Retain high strength and hardness at high temperature,
• Have high elastic and shear moduli to resist plastic deformation, and
• Have a low coefficient of friction.
A diamond tool, however, is costly and brittle. A tool with zero or negative rake angle (i)

improves its edge strength, and (ii) forms a hydrostatic compressive stress field in the
material just in front of and below the tool, and therefore, minimizes crack initiation. Sin-
gle crystal diamond typically have the (110) crystal plane as the rake face and are brazed
onto a steel shanks of different shapes and sizes.

Not any material can be successfully micro/nano turned with a diamond tool. Ferrous
alloys and silicon carbide (SiC) are not suitable for diamond turning because of diffusion
from the highly concentrated carbon in the diamond tool to a lower concentration zone of
carbon in the workpiece materials. Other materials, although machinable with diamond,
should be homogeneous and contain few if no impurities. Any hard inclusions might either
damage a sharp diamond edge or be sheared off and smear against the machined surface.
Fig. 36a shows hard beryllides in beryllium copper CA173 that plow and smear a mirror
finish surface (Fig. 36b).

Table 11. Pecking Cycle, Drill Dia. D = 0.005 inch

Pecking
cycle #

Hole depth
(inch) Aspect ratio P/D

Pecking depth,
P (inch)

1 0.0100 2.00 1.83 0.0092
2 0.0192 3.83 1.53 0.0076

3 0.0268 5.36 1.27 0.0064
4 0.0332 6.63 1.06 0.0053
5 0.0385 7.70 0.88 0.0044
6 0.0429 8.58 0.74 0.0037
7 0.0466 9.32 0.61 0.0031
8 0.0497 9.93 0.51 0.0026
9 0.0522 10.44 0.43 0.0021

Table 12. Examples of Diamond Machinable Materials

Semiconductor Metal Ceramic Plastics
Cadmium telluride
Gallium arsenide
Germanium
Lithium niobate
Silicon
Silicon nitride
Zinc selenide
Zinc sulphide

Aluminum alloys
Copper alloys
Electroless nickel
Gold
Magnesium
Silver
Zinc

Aluminum oxide
Zirconium oxide
Optical glasses
Quartz

Acrylic
Fluoroplastics
Nylon
Polycarbonate
Polymethylmethacrylate
Propylene
Styrene
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Micromist is required to lubricate and cool both the tool and the machined surface. The
micromist nozzle should move with the tool while blowing the micro/nano chips away
from the machined surface. Adequate ventilation and filtering of micromist are required to
avoid environmental issues.

Speeds and Feeds.—In macromachining of engineering materials, the material grains are
very small compared to the cutting tool dimensions and edge radius. Only bulk material
properties such as material strength, hardness, and thermal conductivity affect machining
performance. However, when the workpiece grain size is similar to the tool edge radius
then the workpiece material will have more influence on micromachining performance
(see Workpiece Materials on page 1106). Since plastically deformed materials are nor-
mally harder than the original material, machining feed must be (i) deeper than this hard-
ened layer, and (ii) at least half of the tool edge radius (see Microcutting Tools on page
1093).

Microturning Parameters: Criteria for selecting turning speed and feed are tool life and
surface finish, and less concern on tool fracture since a turning tool is robust and rigid. Cut-
ting speeds for single crystalline diamond are very high and depend mostly on the rigidity
of the setup and the machine tool capability. Turning at 100-500 m/min (330-1650 ft/min)
is common for most metals and metal matrix composites.

Selection of feed depends on the surface finish required, because this is the main objec-
tive for using diamond for turning in the ductile regime mode. Models for a macroma-
chined surface finish have been proposed which assume:

• The depth of cut is less than tool nose radius but more than cutting edge radius,
• There is no built-up-edge on the tool, therefore, effect of cutting speed is negligible,
• Workpiece of polycrystalline material with fine grains is used and grain orientation

does not significantly affect surface finish of large areas,
• Chips are completely removed without side-burr, and
• No error is introduced from imperfect machine kinematics (such as asynchronous

spindle error motion).

The theoretical surface finish values are functions of feed and tool nose radius, and can be
computed from Equations (20) and  (21) and plotted as in Figs. 37a and 37b.

Fig. 36a. Beryllide particles at grain boundaries
of diamond turned beryllium copper.

Fig. 36b. Deep scratch on machined surface 
caused by a broken beryllide. The
arrow shows tool cutting direction.

Example 15, Work Hardening of Titanium Alloy:Micromachining Ti 6Al 4V alloy with a car-
bide tool generates a work-hardening depth of about 1-2 µm (40-80 µinch). The microhardness 
increases 8-14% above the base material hardness to ~350 Vicker. Chip load for microdrilling 
or micromilling should be greater than this hardened zone depth.
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where Ra =average surface finish (m, inch)
Rt =peak-to-valley surface finish (m, inch)

f =tool feed for each revolution (m, inch)
R =tool nose radius (m, inch)

Microdrilling/Milling Parameters: The combination of spindle runout and radial cutting
force can deflect and break a tool. Finite element analysis (FEA) of a micromill shows that
the critical area is the junction between the cylindrical flute and solid conical shank. Using
4.7 GPa and 93 GPa as the average values of measured flexural strength and elastic modu-
lus of carbide, the analysis indicates that a Ø1 mm carbide micromill will break if deflected
more than 34% of its diameter. 

Fig. 38 shows crash-test and calculated data for catastrophic tool failure when micromill-
ing 316L stainless steel. The radial depth of cut and chip load are normalized to the tool
diameter for ease of comparison. The data points form a line that divides the plane into two
regions: tool failure and tool safe areas. A tool will break if milling parameters are chosen
to be above this threshold line. Therefore, all milling parameters should be conservatively
selected below the threshold for a production run.

(20)

(21)

Example 16, Turning Parameter Selection:  Select tool and parameters to achieve Ra = 1 µm
when turning 6061-T6 aluminum.

Solution: Use a single crystalline diamond tool with tool nose radius R =1 mm (0.040 inch) 
and cutting edge radius of 80 nm (3 µin).

Depth of cut: Depth must be between the nose radius and edge radius, so choose 0.5 mm.
Cutting speed: Speed does not affect surface finish, so choose 303 m/min (1000 ft/min).
Feed: Referring to Fig. 37b, from point A (R = 1 mm), draw a vertical line to intersect with Ra

= 1 µm curve at B. Draw a horizontal line at B and intersect vertical axis at C, and read the feed 
= 0.18 mm/rev (0.007 in/rev). Alternatively, Equation (21) can be rearranged and used to com-
pute the feed distance for each revolution as follows:

Effect of Tool Nose Radius and Tool Feed on Surface Finish

Fig. 37a. Peak-to-valley surface finish Rt. Fig. 37b. Average surface finish Ra.
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Tables 13a and 13b tabulate starting speeds and feeds for uncoated micrograin carbide
micromilling and microdrilling tools, in US customary and metric units respectively.
Drilling speed is normally reduced to approximately 50% of the milling speed of the same
material, due to the high aspect ratio and difficulty of chip evacuation in microdrilling (Fig.
40).

Fig. 38. Catastrophic failure threshold of micro-milling tools as percentage of tool diameter.
Dry milling 316L stainless steel, Ø1 mm tool diameter, 2 flutes, 0.348 mm axial depth of cut.

Fig. 39. Recommended chip load as a function of 
carbide cutter size for various materials.

Fig. 40. Relationship of drilling vs. milling speed 
using carbide tools on different

engineering materials.

Example 17, Micromill and Microdrill Selection:Select parameters to micromill and micro-
drill 316L stainless steel using an uncoated carbide Ø1 mm, 2 flute microtool.

Micromilling: Speed selection depends on tool life and cutting fluid. Table 13b suggests 68 
m/min for micromilling. Both radial and axial depth of cut affect selection of feed. Select 35% 
axial depth (0.35 × tool diameter = 0.35 mm), and 60% radial depth (0.60 × tool diameter = 0.6 
mm). From point A (60%) on the vertical axis of Fig. 38, draw a horizontal line that intersects 
the threshold line at point B, then find point C on the horizontal axis. The chip load that causes 
immediate tool fracture would be slightly more than 5% of tool diameter (50 µm/tooth). A con-
servative chip load would be 13 µm/tooth as indicated in Table 13b.

Microdrilling: Table 13b suggests 28 m/min speed and 13 µm/tooth feed for drilling. Reduc-
tion of drilling speed to only 50-60% (59% in this example) of milling speed is necessary to 
facilitate chip removal in microdrilling.
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Table 13a. Speeds and Feeds for Micro Milling/Drilling
with Uncoated Carbide Tools (US Customary Units)

Materials Examples

Vicker
micro-

hardness

Mill
speed

(ft/min)

Drill
speed

(ft/min)

Chip load (µin/tooth), D = drill or mill diameter

D<
0.04 in.

D<
0.06 in.

D<
0.08 in.

D<
0.10 in.

D<
0.12 in.

Steel

12L14 <120 558 213 1400 1700 2000 2300 2600

1010 <265 453 141 1300 1500 1700 2000 2300

4063 <208 361 141 1300 1500 1700 2000 2300

Stainless
steel

409, 410, 446 <318 246 125 600 600 800 900 1000

304, 316, 316L <265 223 92 500 600 700 800 900

17-7 PH <318 230 148 400 450 600 700 900

Nickel

Pure nickel 197 92 500 600 700 800 900

Monel 400 138 66 500 600 700 800 900

Inconel 718 98 56 300 300 350 400 500

Titanium

Pure titanium 295 131 650 700 850 950 1100

Cast titanium 266 52 650 700 850 950 1100

Ti 6Al 4V 243 52 650 700 850 950 1100

Aluminum

1100 1624 902 1500 1700 1950 2250 2550

A356 1558 738 2100 2350 2700 3150 3600

6061 971 492 2100 2350 2700 3150 3600

Copper

C17200 (soft Be-Cu) 617 531 1299 1457 1693 1969 2244

C85400 (annealed brass) 689 531 1772 2047 2362 2677 3071

C95400 (Al bronze) 623 289 1457 1732 1969 2244 2598

Plastics ABS, PVC
thermoplastics 623 492 5900 6800 7800 9000 10300

Table 13b. Speeds and Feeds for Micro Milling/Drilling with
Uncoated Carbide Tools (SI Metric Units)

Materials Examples

Vicker
micro-

hardness

Mill
speed

(m/min)

Drill
speed

(m/min)

Chip load (µm/tooth), D = drill or mill diameter

D  <
1.0 mm

D  <
1.5 mm

D  <
2.0 mm

D  <
2.5 mm

D  <
3.0 mm

Steel

12L14 <120 170 65 38 43 50 57 65

1010 <265 138 43 33 38 43 51 58

4063 <208 110 43 33 38 43 51 58

Stainless
steel

409, 410,446 <318 75 38 15 15 20 23 25

304, 316, 316L <265 68 28 13 15 18 20 23

17-7 PH <318 70 45 10 11 15 18 23

Nickel

Pure nickel 60 28 13 15 18 20 23

Monel 400 42 20 13 15 18 20 23

Inconel 718 30 17 8 8 9 10 13

Titanium

Pure titanium 90 40 17 18 22 24 28

Cast titanium 81 16 17 18 22 24 28

Ti 6Al 4V 74 16 17 18 22 24 28

Aluminum

1100 495 275 38 43 50 57 65

A356 475 225 53 60 69 80 91

6061 296 150 53 60 69 80 91

Copper

C17200
(soft Be-Cu) 188 162 33 37 43 50 57

C85400
(annealed brass) 210 162 45 52 60 68 78

C95400 Al 
bronze 190 88 37 44 50 57 66

Plastics ABS, PVC
thermoplastics 190 150 150 173 198 229 262
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Tool Wear And Tool Life Relationships

Tool Wear.—Tool-life is defined as the cutting time to reach a predetermined wear, called
the tool wear criterion. The size of tool wear criterion depends on the grade used, usually a
tougher grade can be used at bigger flank wear. For finishing operations, where close toler-
ances are required, the wear criterion is relatively small. Other alternative wear criteria are
a predetermined value of the surface roughness, or a given depth of the crater which devel-
ops on the rake face of the tool. The most appropriate wear criteria depends on cutting
geometry, grade, and materials.

Tool-life is determined by assessing the time — the tool-life — at which a given prede-
termined flank wear is reached, 0.25, 0.4, 0.6, 0.8 mm etc. Fig. 1 depicts how flank wear
varies with cutting time (approximately straight lines in a semi-logarithmic graph) for
three combinations of cutting speeds and feeds. Alternatively, these curves may represent
how variations of machinability impact on tool-life, when cutting speed and feed are con-
stant. All tool wear curves will sooner or later bend upwards abruptly and the cutting edge
will break, i.e., catastrophic failure as indicated by the white arrows in Fig. 1.

Fig. 1. Flank Wear as a Function of Cutting Time

The maximum deviation from the average tool-life 60 minutes in Fig. 1 is assumed to
range between 40 and 95 minutes, i.e. −33% and +58% variation. The positive deviation
from the average (longer than expected tool-life) is not important, but the negative one
(shorter life) is, as the edge may break before the scheduled tool change after 60 minutes,
when the flank wear is 0.6 mm.

It is therefore important to set the wear criterion at a safe level such that tool failures due
to “normal” wear become negligible. This is the way machinability variations are mas-
tered.

Equivalent Chip Thickness (ECT).—ECT combines the four basic turning variables,
depth of cut, lead angle, nose radius and feed per revolution into one basic parameter. For
all other metal cutting operations such as drilling, milling and grinding, additional vari-
ables such as number of teeth, width of cut, and cutter diameter are included in the param-
eter ECT. In turning, milling, and drilling, according to the ECT principle, when the
product of feed times depth of cut is constant the tool-life is constant no matter how the
depth of cut or feed is selected, provided that the cutting speed and cutting edge length are
maintained constant. By replacing the geometric parameters with ECT, the number of tool-
life tests to evaluate cutting parameters can be reduced considerably, by a factor of 4 in
turning, and in milling by a factor of 7 because radial depth of cut, cutter diameter and num-
ber of teeth are additional parameters.
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 The introduction of the ECT concept constitutes a major simplification when predicting
tool-life and calculating cutting forces, torque, and power. ECT was first presented in 1931
by Professor R. Woxen, who both theoretically and experimentally proved that ECT is a
basic metal cutting parameter for high-speed cutting tools. Dr. Colding later proved that
the concept also holds for carbide tools, and extended the calculation of ECT to be valid for
cutting conditions when the depth of cut is smaller than the tool nose radius, or for round
inserts. Colding later extended the concept to all other metal cutting operations, including
the grinding process. 

The definition of ECT is:

where A =  cross sectional area of cut (approximately = feed × depth of cut), (mm2 or
inch2)

CEL =  cutting edge length (tool contact rubbing length), (mm or inch), see Fig. 1
on page 1023.

An exact value of A is obtained by the product of ECT and CEL. In turning, milling, and
drilling, ECT varies between 0.05 and 1 mm, and is always less than the feed/rev or
feed/tooth; its value is usually about 0.7 to 0.9 times the feed.

Example 1:For a feed of 0.8 mm/rev, depth of cut a = 3 mm, and a cutting edge length
CEL = 4 mm, the value of ECT is approximately ECT = 0.8 × 3 ÷ 4 = 0.6 mm. 

The product of ECT, CEL, and cutting speed V (m/min or ft/min) equals the metal
removal rate, MRR, measured in terms of the volume of chips removed per minute: 

The specific metal removal rate SMRR is the metal removal rate per mm cutting edge
length CEL, thus:

Example 2:Using above data and a cutting speed of V = 250 m/min specific metal
removal rate becomes SMRR = 0.6 × 250 = 150 (cm3/min/mm).

ECT in Grinding: In grinding ECT is defined as in the other metal cutting processes, and
is approximately equal to ECT = Vw × ar ÷ V, where Vw is the work speed, ar is the depth
of cut, and A = Vw × ar. Wheel life is constant no matter how depth ar, or work speed Vw,
is selected at V = constant (usually the influence of grinding contact width can be
neglected). This translates into the same wheel life as long as the specific metal removal
rate is constant, thus:

In grinding, ECT is much smaller than in the other cutting processes, ranging from about
0.0001 to 0.001 mm (0.000004 to 0.00004 inch). The grinding process is described in a
separate chapter GRINDING FEEDS AND SPEEDS starting on page 1197.

Tool-life Relationships.—Plotting the cutting times to reach predetermined values of
wear typically results in curves similar to those shown in Fig. 2 (cutting time versus cutting
speed at constant feed per tooth) and Fig. 3 (cutting time versus feed per tooth at constant
cutting speed). These tests were run in 1993 with mixed ceramics turn-milling hard steel,
82 RC, at the Technische Hochschule Darmstadt.

ECT
Area

CEL
-------------  (mm or inch)=

MRR 1000V Area× 1000V ECT CEL mm3/min××= =

V Area×  cm3/min or inch3/min=

SMRR 1000V ECT×  mm3/min/mm=

V ECT×  cm3/min/mm or inch3/min/inch=

SMRR 1000Vw ar×  mm3/min/mm=
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 Tool-life has a maximum value at a particular setting of feed and speed. Economic and
productive cutting speeds always occur on the right side of the curves in Figs. 2 and 4,
which are called Taylor curves, represented by the so called Taylor’s equation.

The variation of tool-life with feed and speed constitute complicated relationships, illus-
trated in Figs. 6a,  6b, and  6c.
Taylor’s Equation.—Taylor’s equation is the most commonly used relationship between
tool-life T, and cutting speed V. It constitutes a straight line in a log-log plot, one line for
each feed, nose radius, lead angle, or depth of cut, mathematically represented by:

(1a)

where n =  is the slope of the line
C =is a constant equal to the cutting speed for T = 1 minute

By transforming the equation to logarithmic axes, the Taylor lines become straight lines
with slope = n. The constant C is the cutting speed on the horizontal (V) axis at tool-life T =
1 minute, expressed as follows

(1b)

 For different values of feed or ECT, log-log plots of Equation (1a) form approximately
straight lines in which the slope decreases slightly with a larger value of feed or ECT. In
practice, the Taylor lines are usually drawn parallel to each other, i.e., the slope n is
assumed to be constant.

Fig. 4 illustrates the Taylor equation, tool-life T versus cutting speed V, plotted in log-log
coordinates, for four values of ECT = 0.1, 0.25, 0.5 and 0.7 mm.

In Fig. 4, starting from the right, each T-V line forms a generally straight line that bends
off and reaches its maximum tool-life, then drops off with decreasing speed (see also Figs.
2 and 3. When operating at short tool-lives, approximately when T is less than 5 minutes,
each line bends a little so that the cutting speed for 1 minute life becomes less than the value
calculated by constant C. 

The Taylor equation is a very good approximation of the right hand side of the real tool-
life curve (slightly bent). The portion of the curve to the left of the maximum tool-life gives
shorter and shorter tool-lives when decreasing the cutting speed starting from the point of
maximum tool-life. Operating at the maximum point of maximum tool-life, or to the left of
it, causes poor surface finish, high cutting forces, and sometimes vibrations.

Fig. 2. Influence of feed per tooth on cutting time Fig. 3. Influence of cutting speed on tool-life
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Fig. 4. Definition of slope n and constant C in Taylor’s equation

Evaluation of Slope n, and Constant C.—When evaluating the value of the Taylor slope
based on wear tests, care must be taken in selecting the tool-life range over which the slope
is measured, as the lines are slightly curved.

The slope n can be found in three ways:
• Calculate n from the formula n = (ln C - ln V)/ln T, reading the values of C and V for

any value of T in the graph.
• Alternatively, using two points on the line, (V1, T1) and (V2, T2), calculate n using the

relationship V1 × T1
n = V2 × T2

n. Then, solving for n,

• Graphically, n may be determined from the graph by measuring the distances “a” and
“b” using a mm scale, and n is the ratio of a and b, thus, n = a/b

Example:Using Fig. 4, and a given value of ECT= 0.7 mm, calculate the slope and con-
stant of the Taylor line.

On the Taylor line for ECT= 0.7, locate points corresponding to tool-lives T1 = 15 min-
utes and T2 = 60 minutes. Read off the associated cutting speeds as, approximately, V1 =
110 m/min and V2 = 65 m/min.

The slope n is then found to be n = ln (110/65)/ln (60/15) = 0.38
The constant C can be then determined using the Taylor equation and either point (T1, V1)

or point (T2, V2), with equivalent results, as follows:

C = V × Tn = 110 × 150.38 = 65 × 600.38 = 308 m/min (1027 fpm)

The Generalized Taylor Equation.—The above calculated slope and constant C define
tool-life at one particular value of feed f, depth of cut a, lead angle LA, nose radius r, and
other relevant factors.

The generalized Taylor equation includes these parameters and is written

(2)

where A = area; and, n, m, p, q, and s = constants.
There are two problems with the generalized equation: 1) a great number of tests have to

be run in order to establish the constants n, m, p, q, s, etc.;  and  2) the accuracy is not very
good because Equation (2) yields straight lines when plotted versus f, a, LA, and r, when in
reality, they are parabolic curves..

ECT = 0.1
ECT = 0.25
ECT = 0.5
ECT = 0.7

1

10

100

10 100 1000

V m/min

T
 m

in
u

te
s

a

b

C

T2,V2

T1,V1

Tmax

n = a/b

n
ln V1 V2⁄( )
ln T2 T1⁄( )
--------------------------=

Tn A f m ap LAq rs××××=

LIVE GRAPH
Click here to view

/knovel2/view_hotlink.jsp?hotlink_id=444758170


1136 MACHINING ECONOMETRICS

The Generalized Taylor Equation using Equivalent Chip Thickness (ECT): Due to the
compression of the aforementioned geometrical variables (f, a, LA, r, etc.) into ECT, Equa-
tion (2) can now be rewritten:

(3)

Experimental data confirms that the Equation (3) holds, approximately, within the range
of the test data, but as soon as the equation is extended beyond the test results, the error can
become very great because the V-ECT curves are represented as straight lines by Equation
(3)and the real curves have a parabolic shape. 

The Colding Tool-life Relationship.—This relationship contains 5 constants H, K, L, M,
and N0, which attain different values depending on tool grade, work material, and the type
of operation, such as longitudinal turning versus grooving, face milling versus end milling,
etc.

This tool-life relationship is proven to describe, with reasonable accuracy, how tool-life
varies with ECT and cutting speed for any metal cutting and grinding operation. It is
expressed mathematically as follows either as a generalized Taylor equation  (4a), or, in
logarithmic coordinates  (4b):

(4a)

(4b)

where x = ln ECT y =ln V z =ln T

M = the vertical distance between the maximum point of cutting speed (ECTH, VH)
for T = 1 minute and the speed VG at point (ECTG, VG), as shown in Fig. 5.

2M = the horizontal distance between point (ECTH, VG) and point (VG, ECTG)

H and K = the logarithms of the coordinates of the maximum speed point (ECTH, VH) at
tool-life T = 1 minute, thus H = ln(ECTH) and K = ln (VH)

N0 and L = the variation of the Taylor slope n with ECT: n = N0 − L × ln (ECT)

Fig. 5. Definitions of the constants H, K, L, M, and N0 for tool-life
equation in the V-ECT plane with tool-life constant 

The constants L and N0 are determined from the slopes n1 and n2 of two Taylor lines at
ECT1 and ECT2, and the constant M from 3 V-ECT values at any constant tool-life. Con-
stants H and K are then solved using the tool-life equation with the above-calculated values
of L, N0 and M.
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V T
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The G- and H-curves.—The G-curve defines the longest possible tool-life for any given
metal removal rate, MRR, or specific metal removal rate, SMRR. It also defines the point
where the total machining cost is minimum, after the economic tool-life TE, or optimal
tool-life TO, has been calculated, see Optimization Models, Economic Tool-life when Feed

is Constant starting on page 1149.

The tool-life relationship is depicted in the 3 planes: T-V, where ECT is the plotted
parameter (the Taylor plane); T-ECT, where V is plotted; and, V-ECT, where T is a param-
eter. The latter plane is the most useful because the optimal cutting conditions are more
readily understood when viewing in the V-ECT plane. Figs. 6a, 6b, and 6c show how the
tool-life curves look in these 3 planes in log-log coordinates. 

Fig. 6a. Tool-life vs. cutting sped T-V, ECT plotted

Fig. 6a shows the Taylor lines, and Fig. 6b illustrates how tool-life varies with ECT at
different values of cutting speed, and shows the H-curve. Fig. 6c illustrates how cutting
speed varies with ECT at different values of tool-life. The H- and G-curves are also drawn
in Fig. 6c.

Fig. 6b. Tool-life vs. ECT, T-ECT, cutting speed plotted

A simple and practical method to ascertain that machining is not done to the left of the H-
curve is to examine the chips. When ECT is too small, about 0.03-0.05 mm, the chips tend
to become irregular and show up more or less as dust.
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Fig. 6c. Cutting speed vs. ECT, V-ECT, tool-life plotted

The V-ECT-T Graph and the Tool-life Envelope.—  The tool-life envelope, in Fig. 7, is
an area laid over the V-ECT-T graph, bounded by the points A, B, C, D, and E, within which
successful cutting can be realized. The H- and G-curves represent two borders, lines AE
and BC. The border curve, line AB, shows a lower limit of tool-life, TMIN = 5 minutes, and
border curve, line DE, represents a maximum tool-life, TMAX = 300 minutes. 

TMIN is usually 5 minutes due to the fact that tool-life versus cutting speed does not follow
a straight line for short tool-lives; it decreases sharply towards one minute tool-life. TMAX

varies with tool grade, material, speed and ECT from 300 minutes for some carbide tools to
10000 minutes for diamond tools or diamond grinding wheels, although systematic studies
of maximum tool-lives have not been conducted.

Sometimes the metal cutting system cannot utilize the maximum values of the V-ECT-T
envelope, that is, cutting at optimum V-ECT values along the G-curve, due to machine
power or fixture constraints, or vibrations. Maximum ECT values, ECTMAX, are related to
the strength of the tool material and the tool geometry, and depend on the tool grade and
material selection, and require a relatively large nose radius. 

Fig. 7. Cutting speed vs. ECT, V-ECT, tool-life plotted

Minimum ECT values, ECTMIN, are defined by the conditions at which surface finish
suddenly deteriorates and the cutting edge begins rubbing rather than cutting. These condi-
tions begin left of the H-curve, and are often accompanied by vibrations and built-up edges
on the tool. If feed or ECT is reduced still further, excessive tool wear with sparks and tool
breakage, or melting of the edge occurs. For this reason, values of ECT lower than approx-
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imately 0.03 mm should not be allowed. In Fig. 7, the ECTMIN boundary is indicated by
contour line A ′E ′.

In milling the minimum feed/tooth depends on the ratio ar/D, of radial depth of cut ar,
and cutter diameter D. For small ar/D ratios, the chip thickness becomes so small that it is
necessary to compensate by increasing the feed/tooth. See High-speed Machining Econo-
metrics starting on page 1161 for more on this topic.

Fig. 7 demonstrates, in principle, minimum cost conditions for roughing at point OR, and
for finishing at point OF, where surface finish or tolerances have set a limit. Maintaining
the speed at OR, 125 m/min, and decreasing feed reaches a maximum tool-life = 300 min-
utes at ECT = 0.2, and a further decrease of feed will result in shorter lives.

Similarly, starting at point X (V = 150, ECT = 0.5, T = 15) and reducing feed, the H-curve
will be reached at point E (ECT = 0.075, T = 300). Continuing to the left, tool-life will
decrease and serious troubles occur at point E ′ (ECT = 0.03).

Starting at point OF (V = 300, ECT = 0.2, T = 15) and reducing feed the H-curve will be
reached at point E (ECT = 0.08, T = 15). Continuing to the left, life will decrease and seri-
ous troubles occur at ECT = 0.03.

Starting at point X (V = 400, ECT = 0.2, T = 5) and reducing feed the H-curve will be
reached at point E (ECT = 0.09, T = 7). Continuing to the left, life will decrease and serious
troubles occur at point A ′ (ECT =0.03), where T = 1 minute.

Cutting Forces and Chip Flow Angle.—There are three cutting forces, illustrated in Fig.
8, that are associated with the cutting edge with its nose radius r, depth of cut a, lead angle
LA, and feed per revolution f, or in milling feed per tooth fz. There is one drawing for rough-
ing and one for finishing operations.

Fig. 8. Definitions of equivalent chip thickness, ECT, and chip flow angle, CFA.

The cutting force FC, or tangential force, is perpendicular to the paper plane. The other
two forces are the feed or axial force FA, and the radial force FR directed towards the work
piece. The resultant of FA and FR is called FH. When finishing, FR is bigger than FA, while
in roughing FA is usually bigger than FR. The direction of FH, measured by the chip flow
angle CFA, is perpendicular to the rectangle formed by the cutting edge length CEL and
ECT (the product of ECT and CEL constitutes the cross sectional area of cut, A). The
important task of determining the direction of FH, and calculation of FA and FR, are shown
in the formulas given in the Fig. 8.

The method for calculating the magnitudes of FH, FA, and FR is described in the follow-
ing. The first thing is to determine the value of the cutting force FC. Approximate formulas

Roughing:
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to calculate the tangential cutting force, torque and required machining power are found in
the section ESTIMATING SPEEDS AND MACHINING POWER starting on page 1081.

Specific Cutting Force, Kc: The specific cutting force, or the specific energy to cut, Kc, is
defined as the ratio between the cutting force FC and the chip cross sectional area, A. thus,
Kc = FC ÷ A N/mm2.

The value of Kc decreases when ECT increases, and when the cutting speed V increases.
Usually, Kc is written in terms of its value at ECT = 1, called Kc1, and neglecting the effect
of cutting speed, thus Kc = Kc1 × ECTB, where B = slope in log-log coordinates

Fig. 9. Kc vs. ECT, cutting speed plotted

A more accurate relationship is illustrated in Fig. 9, where Kc is plotted versus ECT at 3
different cutting speeds. In Fig. 9, the two dashed lines represent the aforementioned equa-
tion, which each have different slopes, B. For the middle value of cutting speed, Kc varies
with ECT from about 1900 to 1300 N/mm2 when ECT increases from 0.1 to 0.7 mm. Gen-
erally the speed effect on the magnitude of Kc is approximately 5 to 15 percent when using
economic speeds.

Fig. 10. FH /FC vs. ECT, cutting speed plotted

Determination of Axial, FA, and Radial, FR, Forces: This is done by first determining the
resultant force FH and then calculating FA and FR using the Fig. 8 formulas. FH is derived
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from the ratio FH/FC, which varies with ECT and speed in a fashion similar to Kc. Fig. 10

shows how this relationship may vary. 
As seen in Fig. 10, FH/FC is in the range 0.3 to 0.6 when ECT varies from 0.1 to 1 mm, and

speed varies from 200 to 250 m/min using modern insert designs and grades. Hence, using
reasonable large feeds FH/FC is around 0.3 - 0.4 and when finishing about 0.5 - 0.6.

Example:Determine FA and FR, based on the chip flow angle CFA and the cutting force
FC, in turning. 

Using a value of Kc = 1500 N/mm2 for roughing, when ECT = 0.4, and the cutting edge
length CEL = 5 mm, first calculate the area A = 0.4 × 5 = 2 mm2. Then, determine the cut-
ting force FC = 2 × 1500 = 3000 Newton, and an approximate value of FH = 0.5 × 3000 =
1500 Newton. 

Using a value of Kc = 1700 N/mm2 for finishing, when ECT = 0.2, and the cutting edge
length CEL = 2 mm, calculate the area A = 0.2 × 2 = 0.4 mm2. The cutting force FC = 0.4 ×
1700 = 680 Newton and an approximate value of FH = 0.35 × 680 = 238 Newton. 

Fig. 8 can be used to estimate CFA for rough and finish turning. When the lead angle LA
is 15 degrees and the nose radius is relatively large, an estimated value of the chip flow
angle becomes about 30 degrees when roughing, and about 60 degrees in finishing. Using
the formulas for FA and FR relative to FH gives:

Roughing:
FA = FH × cos (CFA) = 1500 × cos 30 = 1299 Newton
FR = FH × sin (CFA) = 1500 × sin 30 = 750 Newton

Finishing:
FA = FH × cos (CFA) = 238 × cos 60 = 119 Newton
FR = FH × sin (CFA) = 238 × sin 60 = 206 Newton

The force ratio FH/FC also varies with the tool rake angle and increases with negative
rakes. In grinding, FH is much larger than the grinding cutting force FC; generally FH/FC is
approximately 2 to 4, because grinding grits have negative rakes of the order -35 to -45
degrees.
Forces and Tool-life.—Forces and tool life are closely linked. The ratio FH/FC is of par-
ticular interest because of the unique relationship of FH/FC with tool-life.

Fig. 11a. FH /FC vs. ECT

The results of extensive tests at Ford Motor Company are shown in Figs. 11a and  11b,
where FH/FC and tool-life T are plotted versus ECT at different values of cutting speed V.
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For any constant speed, tool-life has a maximum at approximately the same values of ECT
as has the function FH/FC.

Fig. 11b. Tool-life vs. ECT

The Force Relationship: Similar tests performed elsewhere confirm that the FH/FC func-
tion can be determined using the 5 tool-life constants (H, K, M, L, N0) introduced previ-
ously, and a new constant (LF/L).

(5)

The constant a depends on the rake angle; in turning a is approximately 0.25 to 0.5 and
LF/L is 10 to 20. FC attains it maximum values versus ECT along the H-curve, when the
tool-life equation has maxima, and the relationships in the three force ratio planes look
very similar to the tool-life functions shown in the tool-life planes in Figs. 6a,  6b, and  6c.

Fig. 12. Tool-life vs. FH/FC

Tool-life varies with FH/FC with a simple formula according to Equation (5) as follows:
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where L is the constant in the tool-life equation, Equation (4a) or (4b), and LF is the corre-
sponding constant in the force ratio equation, Equation (5). In Fig. 12 this function is plot-
ted for a = 0.5 and for LF/L = 5, 10, and 20.

Accurate calculations of aforementioned relationships require elaborate laboratory tests,
or better, the design of a special test and follow-up program for parts running in the ordi-
nary production. A software machining program, such as Colding International Corp.
COMP program can be used to generate the values of all 3 forces, torque and power
requirements both for sharp and worn tools 
Surface Finish Ra and Tool-life.—It is well known that the surface finish in turning
decreases with a bigger tool nose radius and increases with feed; usually it is assumed that
Ra increases with the square of the feed per revolution, and decreases inversely with
increasing size of the nose radius. This formula, derived from simple geometry, gives rise
to great errors. In reality, the relationship is more complicated because the tool geometry
must be taken into account, and the work material and the cutting conditions also have a
significant influence.

Fig. 13. Ra vs. ECT, nose radius r constant

Fig. 13 shows surface finish Ra versus ECT at various cutting speeds for turning cast iron
with carbide tools and a nose radius r = 1.2 mm. Increasing the cutting speed leads to a
smaller Ra value. 

Fig. 14 shows how the finish improves when the tool nose radius, r, increases at a con-
stant cutting speed (168 m/min) in cutting nodular cast iron.

In Fig. 15, Ra is plotted versus ECT with cutting speed V for turning a 4310 steel with car-
bide tools, for a nose radius r = 1.2 mm, illustrating that increasing the speed also leads to a
smaller Ra value for steel machining.

A simple rule of thumb for the effect of increasing nose radius r on decreasing surface
finish Ra, regardless of the ranges of ECT or speeds used, albeit within common practical
values, is as follows. In finishing, 
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In roughing, multiply the finishing values found using Equation (6) by 1.5, thus, Ra (Rough)
= 1.5 × Ra (Finish) for each ECT and speed.

Example 1:Find the decrease in surface roughness resulting from a tool nose radius
change from r = 0.8 mm to r =1.6 mm in finishing. Also, find the comparable effect in
roughing.

For finishing, using r2 =1.6 and r1 = 0.8, Ra1/Ra2 = (1.6/0.8)0.5 = 1.414, thus, the surface
roughness using the larger tool radius is Ra2 = Ra1 ÷ 1.414 = 0.7Ra1

In roughing, at the same ECT and speed, Ra = 1.5 × Ra2 =1.5 × 0.7Ra1 = 1.05Ra1

Example 2:Find the decrease in surface roughness resulting from a tool nose radius
change from r = 0.8 mm to r =1.2 mm

For finishing, using r2 =1.2 and r1 = 0.8, Ra1/Ra2 = (1.2/0.8)0.5 = 1.224, thus, the surface
roughness using the larger tool radius is Ra2 = Ra1 ÷ 1.224 = 0.82Ra1

In roughing, at the same ECT and speed, Ra = 1.5 × Ra2 =1.5 × 0.82Ra1 = 1.23Ra1

It is interesting to note that, at a given ECT, the Ra curves have a minimum, see Figs. 13

and 15, while tool-life shows a maximum, see Figs. 6b and 6c. As illustrated in Fig. 16, Ra

increases with tool-life T when ECT is constant, in principle in the same way as does the
force ratio.

Fig. 16. Ra vs. T, holding ECT constant

The Surface Finish Relationship: Ra is determined using the same type of mathematical
relationship as for tool-life and force calculations:

where KRA, HRA, MRA, NORA, and LRA are the 5 surface finish constants.

Fig. 14. Ra vs. ECT

 cutting speed constant, nose radius r varies
Fig. 15. Ra vs. ECT,

cutting speed and nose radius r constant
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Shape of Tool-life Relationships for Turning, Milling, Drilling and Grinding Opera-
tions—Overview.—A summary of the general shapes of tool-life curves (V-ECT-T
graphs) for the most common machining processes, including grinding, is shown in double
logarithmic coordinates in Fig. 17a through Fig. 17h.

Fig. 17a. Tool-life for turning cast iron
using coated carbide

Fig. 17b. Tool-life for turning low-alloy steel
using coated carbide

Fig. 17c. Tool-life for end-milling AISI 4140 steel 
using high-speed steel

Fig. 17d. Tool-life for end-milling low-allow steel 
using uncoated carbide
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Calculation Of Optimized Values Of Tool-life, Feed And Cutting Speed 

Minimum Cost.—Global optimum is defined as the absolute minimum cost considering
all alternative speeds, feeds and tool-lives, and refers to the determination of optimum
tool-life TO, feed fO, and cutting speed VO, for either minimum cost or maximum produc-
tion rate. When using the tool-life equation, T = f (V, ECT), determine the corresponding
feed, for given values of depth of cut and operation geometry, from optimum equivalent
chip thickness, ECTO. Mathematically the task is to determine minimum cost, employing
the cost function CTOT = cost of machining time + tool changing cost + tooling cost. Mini-
mum cost optima occur along the so-called G-curve, identified in Fig. 6c.

Another important factor when optimizing cutting conditions involves choosing the
proper cost values for cost per edge CE, replacement time per edge TRPL, and not least, the
hourly rate HR that should be applied. HR is defined as the portion of the hourly shop rate
that is applied to the operations and machines in question. If optimizing all operations in
the portion of the shop for which HR is calculated, use the full rate; if only one machine is
involved, apply a lower rate, as only a portion of the general overhead rate should be used,
otherwise the optimum, and anticipated savings, are erroneous. 

Fig. 17e. Tool-life for end-milling low-alloy steel 
using coated carbide

Fig. 17f. Tool-life for face-milling SAE 1045 steel 
using coated carbide

Fig. 17g. Tool-life for solid carbide drill Fig. 17h. Wheel-life in grinding M4 tool-steel
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Production Rate.—The production rate is defined as the cutting time or the metal
removal rate, corrected for the time required for tool changes, but neglecting the cost of
tools.

The result of optimizing production rate is a shorter tool-life, higher cutting speed, and a
higher feed compared to minimum cost optimization, and the tooling cost is considerably
higher. Production rates optima also occur along the G-curve.

The Cost Function.—There are a number of ways the total machining cost CTOT can be
plotted, for example, versus feed, ECT, tool-life, cutting speed or other parameter. In Fig.
18a, cost for a face milling operation is plotted versus cutting time, holding feed constant,
and using a range of tool-lives, T, varying from 1 to 240 minutes. 

The tabulated values show the corresponding cutting speeds determined from the tool-
life equation, and the influence of tooling on total cost. Tooling cost, CTOOL = sum of tool
cost + cost of replacing worn tools, decreases the longer the cutting time, while the total
cost, CTOT, has a minimum at around 10 seconds of cutting time. The dashed line in the
graph represents the cost of machining time: the product of hourly rate HR, and the cutting
time tc divided by 60. The slope of the line defines the value of HR.

Fig. 18b. Total cost vs. cutting time for simultaneously cutting with 1, 2, and 4 tools

tc CTOOL CTOT T V

Fig. 18a. Variation of tooling cost CTOOL,
and total cost CC, with cutting time tc,
including minimum cost cutting time
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The cutting time for minimum cost varies with the ratio of tooling cost and HR. Minimum
cost moves towards a longer cutting time (longer tool-life) when either the price of the
tooling increases, or when several tools cut simultaneously on the same part. In Fig. 18b,
this is exemplified by running 2 and 4 cutters simultaneously on the same work piece, at the
same feed and depth of cut, and with a similar tool as in Fig. 18a. As the tooling cost goes
up 2 and 4 times, respectively, and HR is the same, the total costs curves move up, but also
moves to the right, as do the points of minimum cost and optimal cutting times. This means
that going somewhat slower, with more simultaneously cutting tools, is advantageous.
Global Optimum.—Usually, global optimum occurs for large values of feed, heavy
roughing, and in many cases the cutting edge will break trying to apply the large feeds
required. Therefore, true optima cannot generally be achieved when roughing, in particu-
lar when using coated and wear resistant grades; instead, use the maximum values of feed,
ECTmax, along the tool-life envelope, see Fig. 7.

As will be shown in the following, the first step is to determine the optimal tool-life TO,
and then determine the optimum values of feeds and speeds.

The example in Fig. 19 assumes that TO = 22 minutes and the feed and speed optima were
calculated as fO = 0.6 mm/tooth, VO = 119 m/min, and cutting time tcO = 4.9 secs. 

The point of maximum production rate corresponds to fO = 0.7 mm/tooth, VO = 163
m/min, at tool-life TO =5 minutes, and cutting time tcO = 3.6 secs. The tooling cost is
approximately 3 times higher than at minimum cost (0.059 versus 0.0186), while the piece
cost is only slightly higher: $0.109 versus $0.087.

When comparing the global optimum cost with the minimum at feed = 0.1 mm/tooth the
graph shows it to be less than half (0.087 versus 0.164), but also the tooling cost is about 1/3
lower (0.0186 versus 0.027). The reason why tooling cost is lower depends on the tooling
cost term tc × CE/T (see Calculation of Cost of Cutting and Grinding Operations on page

Optimum Tool-life TO = 22 minutes

Fig. 19. Variation of tooling and total cost 
with cutting time, comparing global optimum 

with minimum cost at fz = 0.1 mm
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1154). In this example, cutting times tc= 4.9 and 9.81 seconds, at T = 22 and 30 minutes
respectively, and the ratios are proportional to 4.9/22 = 0.222 and 9.81/30 = 0.327 respec-
tively.

The portions of the total cost curve for shorter cutting times than at minimum corre-
sponds to using feeds and speeds right of the G-curve, and those on the other side are left of
this curve.

Optimization Models, Economic Tool-life when Feed is Constant.—Usually, optimi-
zation is performed versus the parameters tool-life and cutting speed, keeping feed at a
constant value. The cost of cutting as function of cutting time is a straight line with the
slope = HR = hourly rate. This cost is independent of the values of tool change and tooling.
Adding the cost of tool change and tooling, gives the variation of total cutting cost which
shows a minimum with cutting time that corresponds to an economic tool-life, TE. Eco-
nomic tool-life represents a local optima (minimum cost) at a given constant value of feed,
feed/tooth, or ECT.

Using the Taylor Equation: V × T = C and differentiating CTOT with respect to T yields:

Economic tool-life:

TE = TV × (1/n − 1), minutes

Economic cutting speed:

VE = C/TE
n, m/min, or sfm

In these equations, n and C are constants in the Taylor equation for the given value of
feed. Values of Taylor slopes, n, are estimated using the speed and feed Tables 1 through
23 starting on page 1026 and handbook Table 5b on page 1034 for turning, and Table 15e
on page 1058 for milling and drilling; TV is the equivalent tooling-cost time. TV = TRPL +
60 × CE ÷ HR, minutes, where TRPL = time for replacing a worn insert, or a set of inserts in a
milling cutter or inserted drill, or a twist drill, reamer, thread chaser, or tap. TV is described
in detail, later; CE = cost per edge, or set of edges, or cost per regrind including amortized
price of tool;  and  HR = hourly shop rate, or that rate that is impacted by the changes of cut-
ting conditions .

In two dimensions, Fig. 20a shows how economic tool-life varies with feed per tooth. In
this figure, the equivalent tooling-cost time TV is constant, however the Taylor constant n
varies with the feed per tooth.

Fig. 20a. Economic tool-life, TE vs. feed per tooth, fz
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Economic tool-life increases with greater values of TV, either when TRPL is longer, or
when cost per edge CE is larger for constant HR, or when HR is smaller and TRPL and CE are
unchanged. For example, when using an expensive machine (which makes HR bigger) the
value of TV gets smaller, as does the economic tool-life, TE = TV × (1/n - 1). Reducing TE

results in an increase in the economic cutting speed, VE. This means raising the cutting
speed, and illustrates the importance, in an expensive system, of utilizing the equipment
better by using more aggressive machining data.

Fig. 20b. Tool-life vs. cutting speed, constant ECT

As shown in Fig. 20a for a face milling operation, economic tool-life TE varies consider-
ably with feed/tooth fz, in spite of the fact that the Taylor lines have only slightly different
slopes (ECT = 0.51, 0.6, 1.54), as shown in Fig. 20b. The calculation is based on the follow-
ing cost data: TV = 6, hourly shop rate HR = $60/hour, cutter diameter D = 125 mm with
number of teeth z = 10, and radial depth of cut ar = 40 mm. 

The conclusion relating to the determination of economic tool-life is that both hourly rate
HR and slope n must be evaluated with reasonable accuracy in order to arrive at good val-
ues. However, the method shown will aid in setting the trend for general machining eco-
nomics evaluations. 

 Global Optimum, Graphical Method.—There are several ways to demonstrate in
graphs how cost varies with the production parameters including optimal conditions. In all
cases, tool-life is a crucial parameter. 

Cutting time tc is inversely proportional to the specific metal removal rate, SMRR = V ×
ECT, thus, 1/tc = V × ECT. Taking the log of both sides,

(7)

where C is a constant. 
Equation (7) is a straight line with slope (- 1) in the V-ECT graph when plotted in a log-

log graph. This means that a constant cutting time is a straight 45-degree line in the V-ECT
graph, when plotted in log-log coordinates with the same scale on both axis (a square
graph).

The points at which the constant cutting time lines (at 45 degrees slope) are tangent to the
tool-life curves define the G-curve, along which global optimum cutting occurs.

Note: If the ratio a/CEL is not constant when ECT varies, the constant cutting time lines
are not straight, but the cutting time deviation is quite small in most cases. 
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In the V-ECT graph, Fig. 21, 45-degree lines have been drawn tangent to each tool-life
curve: T=1, 5, 15, 30, 60, 100 and 300 minutes. The tangential points define the G-curve,
and the 45-degree lines represent different constant cutting times: 1, 2, 3, 10 minutes, etc.
Following one of these lines and noting the intersection points with the tool-life curves T =
1, 5, etc., many different speed and feed combinations can be found that will give the same
cutting time. As tool-life gets longer (tooling cost is reduced), ECT (feed) increases but the
cutting speed has to be reduced.

Fig. 21. Constant cutting time in the V-ECT plane, tool-life constant

Global Optimum, Mathematical Method.—Global optimization is the search for extre-
mum of CTOT for the three parameters: T, ECT, and V. The results, in terms of the tool-life
equation constants, are:

Optimum tool-life:

where nO = slope at optimum ECT.

The same approach is used when searching for maximum production rate, but without
the term containing tooling cost.

Optimum cutting speed:

Optimum ECT:

Global optimum is not reached when face milling for very large feeds, and CTOT

decreases continually with increasing feed/tooth, but can be reached for a cutter with many
teeth, say 20 to 30. In end milling, global optimum can often be achieved for big feeds and
for 3 to 8 teeth.
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Determination Of Machine Settings And Calculation Of Costs

Based on the rules and knowledge presented in Chapters 1 and 2, this chapter demon-
strates, with examples, how machining times and costs are calculated. 

Additional formulas are given, and the speed and feed tables given in SPEED AND
FEED TABLES starting on page 1021 should be used. Finally the selection of feeds, speeds
and tool-lives for optimized conditions are described with examples related to turning, end
milling, and face milling.

There are an infinite number of machine settings available in the machine tool power
train producing widely different results. In practice only a limited number of available set-
tings are utilized. Often, feed is generally selected independently of the material being cut,
however, the influence of material is critical in the choice of cutting speed. The tool-life is
normally not known or directly determined, but the number of pieces produced before the
change of worn tools is better known, and tool-life can be calculated using the formula for
piece cutting time tc given in this chapter.

It is well known that increasing feeds or speeds reduces the number of pieces cut between
tool changes, but not how big are the changes in the basic parameter tool-life. Therefore,
there is a tendency to select “safe” data in order to get a long tool-life. Another common
practice is to search for a tool grade yielding a longer life using the current speeds and
feeds, or a 10-20% increase in cutting speed while maintaining the current tool-life. The
reason for this old-fashioned approach is the lack of knowledge about the opportunities the
metal cutting process offers for increased productivity.

For example, when somebody wants to calculate the cutting time, he/she can select a
value of the feed rate (product of feed and rpm), and easily find the cutting time by dividing
cutting distance by the feed rate. The number of pieces obtained out of a tool is a guess-
work, however. This problem is very common and usually the engineers find desired tool-
lives after a number of trial and error runs using a variety of feeds and speeds. If the user is
not well familiar with the material cut, the tool-life obtained could be any number of sec-
onds or minutes, or the cutting edge might break. 

There are an infinite number of feeds and speeds, giving the same feed rate, producing
equal cutting time. The same cutting time per piece tc is obtained independent of the selec-
tion of feed/rev f and cutting speed V, (or rpm), as long as the feed rate FR remains the same:
FR = f1 × rpm1 = f2 × rpm2 = f3 × rpm3 …, etc. However, the number of parts before tool
change Nch will vary considerably including the tooling cost ctool and the total cutting cost
ctot.

The dilemma confronting the machining-tool engineer or the process planner is how to
set feeds and speeds for either desired cycle time, or number of parts between tool changes,
while balancing the process versus other operations or balancing the total times in one cell
with another. These problems are addressed in this section.

Nomenclature
f = feed/rev or tooth, mm fE =economic feed fO =optimum feed
T = tool-life, minutes TE =economic tool-life TO =optimum tool-life
V =cutting speed, m/min VE =economic cutting speed VO =optimum cutting

speed, m/min
Similarly, economic and optimum values of:

ctool = piece cost of tooling, $ CTOOL = cost of tooling per batch, $
ctot = piece total cost of cutting, $ CTOT = total cost of cutting per batch, $
FR =feed rate measured in the feeding direction, mm/rev
N =batch size

Nch =number of parts before tool change
tc = piece cutting time, minutes TC =cutting time per batch, minutes

tcyc = piece cycle time, minutes TCYC = cycle time before tool change, minutes
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ti = idle time (tool “air” motions during cycle), minutes
z = cutter number of teeth

The following variables are used for calculating the per batch cost of cutting:
CC =cost of cutting time per batch, $

CCH =cost of tool changes per batch, $
CE =cost per edge, for replacing or regrinding, $
HR =hourly rate, $
TV =equivalent tooling-cost time, minutes

TRPL = time for replacing worn edge(s), or tool for regrinding, minutes
Note: In the list above, when two variables use the same name, one in capital letters and

one lower case, TC and tc for example, the variable name in capital letters refers to batch
processing and lowercase letters to per piece processing, such as TC = Nch × tc, CTOT = Nch ×
ctot, etc.

Formulas Valid For All Operation Types Including Grinding

Calculation of Cutting Time and Feed Rate

Feed Rate:
FR = f × rpm (mm/min), where f is the feed in mm/rev along the feeding direction, 
rpm is defined in terms of work piece or cutter diameter D in mm, and cutting speed

V in m/min, as follows:

Cutting time per piece:

Note: Constant cutting time is a straight 45-degree line in the V-ECT graph, along which
tool-life varies considerably, as is shown in Chapter 2.

where the units of distance cut Dist, diameter D, and feed f are mm, and V is in
m/min.

In terms of ECT, cutting time per piece, tc, is as follows:

where a = depth of cut, because feed × cross sectional chip area = f × a = CEL × ECT.
Example 3, Cutting Time:Given Dist =105 mm, D =100 mm, f = 0.3 mm, V = 300 m/min,

rpm = 700, FR = 210 mm/min, find the cutting time.
Cutting time = tc = 105 × 3.1416 × 100 ÷ (1000 × 300 × 0.3) = 0.366 minutes = 22 seconds

Scheduling of Tool Changes

Number of parts before tool change: 
Nch = T÷ tc

Cycle time before tool change:
TCYC = Nch × (tc + ti), where tcyc = tc + ti, where tc = cutting time per piece, ti = idle time

per piece
Tool-life:

T = Nch × tc

Example 4:  Given tool-life T = 90 minutes, cutting time tc = 3 minutes, and idle time ti =
3 minutes, find the number of parts produced before a tool change is required and the time
until a tool change is required.

rpm 1000V

πD
---------------- 318V

D
-------------= =

tc
Dist

FR

----------- Dist

f rpm×
----------------- Dist πD×

1000V f×
-------------------------= = =

tc

Dist πD×
1000V

------------------------- a

CEL ECT×
------------------------------×=
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Number of parts before tool change = Nch = 90/3 = 30 parts.

Cycle time before tool change = TCYC = 30 × (3 + 3) = 180 minutes 

Example 5:  Given cutting time, tc = 1 minute, idle time ti = 1 minute, Nch = 100 parts, cal-
culate the tool-life T required to complete the job without a tool change, and the cycle time
before a tool change is required.

Tool-life = T = Nch × tc = 100 × 1 = 100 minutes.

Cycle time before tool change = TCYC = 100 × (1 + 1) = 200 minutes. 

Calculation of Cost of Cutting and Grinding Operations.—When machining data var-
ies, the cost of cutting, tool changing, and tooling will change, but the costs of idle and
slack time are considered constant.

Cost of Cutting per Batch:
CC = HR × TC/60
TC = cutting time per batch = (number of parts) × tc, minutes, or when determining

time for tool change TCch = Nch × tc minutes = cutting time before tool change.
tc = Cutting time/part, minutes
HR = Hourly Rate

Cost of Tool Changes per Batch:

where T = tool-life, minutes, and TRPL = time for replacing a worn edge(s), or tool
for regrinding, minutes

Cost of Tooling per Batch:
Including cutting tools and holders, but without tool changing costs, 

Cost of Tooling + Tool Changes per Batch:
Including cutting tools, holders, and tool changing costs,

Total Cost of Cutting per Batch:

 Equivalent Tooling-cost Time, TV:

The two previous expressions can be simplified by using 

thus:

CCH

HR

60
------- TC

TRPL

T
------------××=

$
min
--------- min⋅ $=

CTOOL

HR

60
------- TC

60CE

HR

-------------

T
-------------××=

$
min
--------- min

min

hr
--------- $

hr

$
-----⋅ ⋅

min
----------------------------⋅ ⋅ $=

CTOOL CCH+( )
HR

60
------- TC×

TRPL

60CE

HR

-------------+

T
--------------------------------×=

CTOT

HR

60
------- TC× 1

TRPL

60CE

HR

-------------+

T
--------------------------------+

 
 
 
 
 

=

TV TRPL

60CE

HR

-------------+=

CTOOL CCH+( )
HR

60
------- TC×

TV

T
------×=
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CE = cost per edge(s) is determined using two alternate formulas, depending on
whether tools are reground or inserts are replaced:

Cost per Edge, Tools for Regrinding

Cost per Edge, Tools with Inserts:

Note: In practice allow for insert failures by multiplying the insert cost by 4/3, that is,
assuming only 3 out of 4 edges can be effectively used.

Example 6, Cost per Edge-Tools for Regrinding:Use the data in the table below to calcu-
late the cost per edge(s) CE, and the equivalent tooling-cost time TV, for a drill.

Using the cost per edge formula for reground tools, CE = (40 + 5 × 6) ÷ (1 + 5) = $6.80

When the hourly rate is $50/hr, 

Calculate economic tool-life using  thus, TE = 9.17 × (1/0.25 - 1) =

9.16 × 3 = 27.48 minutes.
Having determined, elsewhere, the economic cutting time per piece to be tcE = 1.5 min-

utes, for a batch size = 1000 calculate:
Cost of Tooling + Tool Change per Batch:

Total Cost of Cutting per Batch: 

Example 7, Cost per Edge-Tools with Inserts:  Use data from the table below to calculate
the cost of tooling and tool changes, and the total cost of cutting.

For face milling, multiply insert price by safety factor 4/3 then calculate the cost per
edge: CE =10 × (5/3) × (4/3) + 750/500 = 23.72 per set of edges

When the hourly rate is $50, equivalent tooling-cost time is TV = 2 + 23.72 × 60/50 =
30.466 minutes (first line in table below). The economic tool-life for Taylor slope n =
0.333 would be TE = 30.466 × (1/0.333 -1) = 30.466 × 2 = 61 minutes.

 When the hourly rate is $25, equivalent tooling-cost time is TV = 2 + 23.72 × 60/25 =
58.928 minutes (second line in table below). The economic tool-life for Taylor slope n =
0.333 would be TE = 58.928 × (1/0.333 -1) =58.928 × 2 = 118 minutes.

Time for cutter
replacement
TRPL, minute

Cutter
Price, $

Cost per
regrind, $

Number of
regrinds

Hourly shop 
rate, $

Batch
size

Taylor
slope, n

Economic cutting
time, tcE minute

1 40 6 5 50 1000 0.25 1.5

CTOT

HR

60
------- TC× 1

TV

T
------+ 

 =

CE
cost of tool number of regrinds cost/regrind×( )+

1 number of regrinds+
-----------------------------------------------------------------------------------------------------------------------=

CE
cost of insert(s)

number of edges per insert
---------------------------------------------------------------- cost of  cutter body

cutter body life in number of edges
------------------------------------------------------------------------------------+=

TV TRPL

60CE

HR

-------------+ 1 60 6.8( )
50

------------------+ 9.16minutes= = =

TE TV
1
n
--- 1–
 
 ×=

CTOOL CCH+( )
HR

60
------- TC×

TV

T
------× 50

60
------ 1000 1.5×× 9.16

27.48
-------------× $ 417= = =

CTOT

HR

60
------- TC× 1

TV

T
------+ 

  50
60
------ 1000 1.5×× 1 9.16

27.48
-------------+ 

 × $ 1617= = =
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With above data for the face mill, and after having determined the economic cutting time
as tcE = 1.5 minutes, calculate for a batch size = 1000 and $50 per hour rate:

Cost of Tooling + Tool Change per Batch:

Total Cost of Cutting per Batch:

Similarly, at the $25/hour shop rate, (CTOOL + CCH) and CTOT are $312 and $937, respec-
tively.

Example 8, Turning:  Production parts were run in the shop at feed/rev = 0.25 mm. One
series was run with speed V1 = 200 m/min and tool-life was T1 = 45 minutes. Another was
run with speed V2 = 263 m/min and tool-life was T2 = 15 minutes. Given idle time ti = 1
minute, cutting distance Dist =1000 mm, work diameter D = 50 mm. 

First, calculate Taylor slope, n, using Taylor’s equation V1 × T1
n = V2 × T2

n, as follows:

Economic tool-life TE is next calculated using the equivalent tooling-cost time TV, as
described previously. Assuming a calculated value of TV = 4 minutes, then TE can be calcu-
lated from

Economic cutting speed, VE can be found using Taylor’s equation again, this time using
the economic tool-life, as follows,

Using the process data, the remaining economic parameters can be calculated as follows:
Economic spindle rpm, rpmE = (1000VE)/(πD) = (1000 × 278)/(3.1416 × 50) = 1770 rpm
Economic feed rate, FRE = f × rpmE = 0.25 × 1770 = 443 mm/min
Economic cutting time, tcE = Dist/ FRE =1000/ 443 = 2.259 minutes
Economic number of parts before tool change, NchE = TE ÷ tcE =12 ÷ 2.259 = 5.31 parts
Economic cycle time before tool change, TCYCE = NchE × (tc + ti) = 5.31 × (2.259 + 1) =

17.3 minutes.

Time for replace-
ment of inserts
 TRPL, minutes

Number of
inserts

Price per
insert

Edges per
insert

Cutter
Price

Edges per
cutter

Cost per set
of edges, CE

Hourly
shop rate 

TV

min-
utes

Face mill
2 10 5 3 750 500 23.72 50 30.466
2 10 5 3 750 500 23.72 25 58.928

End mill
1 3 6 2 75 200 4.375 50 6.25

Turning
1 1 5 3 50 100 2.72 30 6.44

CTOOL CCH+( )
HR

60
------- TC×

TV

T
------× 50

60
------ 1000 1.5×× 30.466

61
----------------× $ 624= = =

CTOT

HR

60
------- TC× 1

TV

T
------+ 

  50
60
------ 1000 1.5×× 1 30.466

61
----------------+ 

 × $ 1874= = =

n ln
V1

V2
------ ln

T2

T1
-----÷ ln

200
263
--------- ln

15
45
------÷ 0.25= = =

TE TV
1
n
--- 1– 
 × 4 1

0.25
---------- 1– 
 × 12 minutes= = =

VE1 TE( )n× V2 T2( )n×=

VE1 V2

T2

TE

------
 
 

n

× 263
15
12
------
 
 

0.25
× 278 m/min= = =
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Variation Of Tooling And Total Cost With The Selection Of Feeds And Speeds

It is a well-known fact that tool-life is reduced when either feed or cutting speed is
increased. When a higher feed/rev is selected, the cutting speed must be decreased in order
to maintain tool-life. However, a higher feed rate (feed rate = feed/rev × rpm, mm/min) can
result in a longer tool-life if proper cutting data are applied. Optimized cutting data require
accurate machinability databases and a computer program to analyze the options. Reason-
ably accurate optimized results can be obtained by selecting a large feed/rev or tooth, and
then calculating the economic tool-life TE. Because the cost versus feed or ECT curve is
shallow around the true minimum point, i.e., the global optimum, the error in applying a
large feed is small compared with the exact solution.

Once a feed has been determined, the economic cutting speed VE can be found by calcu-
lating the Taylor slope, and the time/cost calculations can be completed using the formulas
described in last section. 

The remainder of this section contains examples useful for demonstrating the required
procedures. Global optimum may or may not be reached, and tooling cost may or may not
be reduced, compared to currently used data. However, the following examples prove that
significant time and cost reductions are achievable in today’s industry. 

Note: Starting values of reasonable feeds in mm/rev can be found in the Handbook speed
and feed tables, see Principal Speed and Feed Tables on page 1021, by using the favg values
converted to mm as follows: feed (mm/rev) = feed (inch/rev) × 25.4 (mm/inch), thus 0.001
inch/rev = 0.001× 25.4 = 0.0254 mm/rev. When using speed and feed Tables 1 through 23,
where feed values are given in thousandths of inch per revolution, simply multiply the
given feed by 25.4/1000 = 0.0254, thus feed (mm/rev) = feed (0.001 inch/rev) × 0.0254
(mm/ 0.001inch).

Example 9, Converting Handbook Feed Values From Inches to Millimeters: Handbook
tables give feed values fopt and favg for 4140 steel as 17 and 8 × (0.001 inch/rev) = 0.017 and
0.009 inch/rev, respectively. Convert the given feeds to mm/rev.

feed = 0.017 × 25.4 = 17 × 0.0254 = 0.4318 mm/rev
feed = 0.008 × 25.4 = 8 × 0.0254 = 0.2032 mm/rev
Example 10, Using Handbook Tables to Find the Taylor Slope and Constant:Calculate

the Taylor slope and constant, using cutting speed data for 4140 steel in Table 1 starting on
page 1026, and for ASTM Class 20 grey cast iron using data from Table 4a on page 1032,
as follows:

For the 175-250 Brinell hardness range, and the hard tool grade, 

For the 175-250 Brinell hardness range, and the tough tool grade, 

For the 300-425 Brinell hardness range, and the hard tool grade, 

For the 300-425 Brinell hardness range, and the tough tool grade, 

For ASTM Class 20 grey cast iron, using hard ceramic,

n
ln V1 V2⁄( )
ln T2 T1⁄( )
-------------------------- ln 525 705⁄( )

ln 15 45⁄( )
-------------------------------- 0.27= = = C V1 T1( )n× 1458= =

n
ln V1 V2⁄( )
ln T2 T1⁄( )
-------------------------- ln 235 320⁄( )

ln 15 45⁄( )
-------------------------------- 0.28= = = C V1 T1( )n× 685= =

n
ln V1 V2⁄( )
ln T2 T1⁄( )
-------------------------- ln 330 440⁄( )

ln 15 45⁄( )
-------------------------------- 0.26= = = C V1 T1( )n× 894= =

n
ln V1 V2⁄( )
ln T2 T1⁄( )
-------------------------- ln 125 175⁄( )

ln 15 45⁄( )
-------------------------------- 0.31= = = C V1 T1( )n× 401= =
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Selection of Optimized Data.—Fig. 22 illustrates cutting time, cycle time, number of
parts before a tool change, tooling cost, and total cost, each plotted versus feed for a con-
stant tool-life. Approximate minimum cost conditions can be determined using the formu-
las previously given in this section. 

First, select a large feed/rev or tooth, and then calculate economic tool-life TE, and the
economic cutting speed VE, and do all calculations using the time/cost formulas as
described previously.

Fig. 22. Cutting time, cycle time, number of parts before tool change, tooling cost, and total cost
vs. feed for tool-life = 15 minutes, idle time = 10 s, and batch size = 1000 parts

Example 11, Step by Step Procedure: Turning - Facing out:1) Select a big feed/rev, in
this case f = 0.9 mm/rev (0.035 inch/rev). A Taylor slope n is first determined using the
Handbook tables and the method described in Example 10. In this example, use n = 0.35
and C = 280. 

2) Calculate TV from the tooling cost parameters: 

If  cost of insert = $7.50;  edges per insert = 2;  cost of tool holder = $100;  life of holder
= 100 insert sets;  and  for tools with inserts, allowance for insert failures = cost per insert
by 4/3, assuming only 3 out of 4 edges can be effectively used.

Then, cost per edge = CE is calculated as follows:

The time for replacing a worn edge of the facing insert =TRPL = 2.24 minutes. Assuming
an hourly rate HR = $50/hour, calculate the equivalent tooling-cost time TV

TV = TRPL + 60 × CE/HR =2.24 +60 × 6/50 = 9.44 minutes
3) Determine economic tool-life TE

TE = TV × (1/n − 1) = 9.44 × (1/ 0.35 − 1) = 17.5 minutes
4) Determine economic cutting speed using the Handbook tables using the method

shown in Example 10,

 m/min = 280 / 17.50.35 = 103 m/min 

n
ln V1 V2⁄( )
ln T2 T1⁄( )
-------------------------- ln 1490 2220⁄( )

ln 15 45⁄( )
-------------------------------------- 0.36= = = C V1 T1( )n× 5932= =
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5) Determine cost of tooling per batch (cutting tools, holders and tool changing) then
total cost of cutting per batch: 

CTOOL = HR × TC × (CE/T)/60
(CTOOL+CCH) = HR × TC × ((TRPL+CE/T)/60

CTOT =HR × TC (1 + (TRPL+CE)/T)

Example 12, Face Milling - Minimum Cost :  This example demonstrates how a modern
firm, using the formulas previously described, can determine optimal data. It is here
applied to a face mill with 10 teeth, milling a 1045 type steel, and the radial depth versus the
cutter diameter is 0.8. The V-ECT-T curves for tool-lives 5, 22, and 120 minutes for this
operation are shown in Fig. 23a.

Fig. 23a. Cutting speed vs. ECT, tool-life constant

The global cost minimum occurs along the G-curve, see Fig. 6c and Fig. 23a, where the
45-degree lines defines this curve. Optimum ECT is in the range 1.5 to 2 mm.

For face and end milling operations, ECT = z × fz × ar/D × aa/CEL ÷ π. The ratio aa/CEL

= 0.95 for lead angle LA = 0, and for ar/D = 0.8 and 10 teeth, using the formula to calculate
the feed/tooth range gives for ECT = 1.5, fz = 0.62 mm and for ECT = 2, fz = 0.83 mm.

Fig. 23b. Cutting time per part vs. feed per tooth

Using computer simulation, the minimum cost occurs approximately where Fig. 23a
indicates it should be. Total cost has a global minimum at fz around 0.6 to 0.7 mm and a
speed of around 110 m/min. ECT is about 1.9 mm and the optimal cutter life is TO = 22 min-
utes. Because it may be impossible to reach the optimum feed value due to tool breakage,
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the maximum practical feed fmax is used as the optimal value. The difference in costs
between a global optimum and a practical minimum cost condition is negligible, as shown
in Figs. 23c and  23e. A summary of the results are shown in Figs. 23a through  23e, and
Table 1.

Fig. 23c. Total cost vs. feed/tooth

When plotting cutting time/part, tc, versus feed/tooth, fz, at T = 5, 22, 120 in Figs. 23b,
tool-life T = 5 minutes yields the shortest cutting time, but total cost is the highest; the min-
imum occurs for fz about 0.75 mm, see Figs. 23c. The minimum for T = 120 minutes is
about 0.6 mm and for TO = 22 minutes around 0.7 mm.

Fig. 23d. Tooling cost versus feed/tooth

Fig. 23d shows that tooling cost drop off quickly when increasing feed from 0.1 to 0.3 to
0.4 mm, and then diminishes slowly and is almost constant up to 0.7 to 0.8 mm/tooth. It is
generally very high at the short tool-life 5 minutes, while tooling cost of optimal tool-life
22 minutes is about 3 times higher than when going slow at T =120 minutes.
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Fig. 23e. Total cost vs. cutting speed at 3 constant tool-lives, feed varies

The total cost curves in Fig. 23e. were obtained by varying feed and cutting speed in order
to maintain constant tool-lives at 5, 22 and 120 minutes. Cost is plotted as a function of
speed V instead of feed/tooth. Approximate optimum speeds are V = 150 m/min at T = 5
minutes, V = 180 m/min at T = 120 minutes, and the global optimum speed is VO = 110
m/min for TO = 22 minutes.

Table 1 displays the exact numerical values of cutting speed, tooling cost and total cost
for the selected tool-lives of 5, 22, and 120 minutes, obtained from the software program.

Table 1. Face Milling, Total and Tooling Cost versus ECT,
Feed/tooth fz, and Cutting Speed V, at Tool-lives 5, 22, and 120 minutes

High-speed Machining Econometrics

High-speed Machining - No Mystery.—This section describes the theory and gives the
basic formulas for any milling operation and high-speed milling in particular, followed by
several examples on high-speed milling econometrics. These rules constitute the basis on
which selection of milling feed factors is done. Selection of cutting speeds for general mill-
ing is done using the Handbook Table 10 through 14, starting on page 1043.

High-speed machining is no mystery to those having a good knowledge of metal cutting.
Machining materials with very good machinability, such as low-alloyed aluminum, have
for ages been performed at cutting speeds well below the speed values at which these mate-
rials should be cut. Operating at these low speeds often results in built-up edges and poor
surface finish, because the operating conditions selected are on the wrong side of the Tay-
lor curve, i.e. to the left of the H-curve representing maximum tool-life values (see Fig. 4
on page 1135).

fz ECT

T = 5 minutes T = 22 minutes T = 120 minutes

V CTOT CTOOL V CTOT CTOOL V CTOT CTOOL

0.03 0.08 489 0.72891 0.39759 416 0.49650 0.10667 344 0.49378 0.02351

0.08 0.21 492 0.27196 0.14834 397 0.19489 0.04187 311 0.20534 0.00978

0.10 0.26 469 0.22834 0.12455 374 0.16553 0.03556 289 0.17674 0.00842

0.17 0.44 388 0.16218 0.08846 301 0.12084 0.02596 225 0.13316 0.00634

0.20 0.51 359 0.14911 0.08133 276 0.11204 0.02407 205 0.12466 0.00594

0.40 1.03 230 0.11622 0.06339 171 0.09051 0.01945 122 0.10495 0.00500

0.60 1.54 164 0.10904 0.05948 119 0.08672 0.01863 83 0.10301 0.00491

0.70 1.80 141 0.10802 0.05892 102 0.08665 0.01862 70 0.10393 0.00495

0.80 2.06 124 0.10800 0.05891 89 0.08723 0.01874 60 0.10547 0.00502

1.00 2.57 98 0.10968 0.05982 69 0.08957 0.01924 47 0.10967 0.00522
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In the 1950’s it was discovered that cutting speed could be raised by a factor of 5 to 10
when hobbing steel with HSS cutters. This is another example of being on the wrong side
of the Taylor curve.

One of the first reports on high-speed end milling using high-speed steel (HSS) and car-
bide cutters for milling 6061-T651 and A356-T6 aluminum was reported in a study funded
by Defense Advanced Research Project Agency (DARPA). Cutting speeds of up to 4400
m/min (14140 fpm) were used. Maximum tool-lives of 20 through 40 minutes were
obtained when the feed/tooth was 0.2 through 0.25 mm (0.008 to 0.01 inch), or measured
in terms of ECT around 0.07 to 0.09 mm. Lower or higher feed/tooth resulted in shorter
cutter lives. The same types of previously described curves, namely T-ECT curves with
maximum tool-life along the H-curve, were produced. 

When examining the influence of ECT, or feed/rev, or feed/tooth, it is found that too
small values cause chipping, vibrations, and poor surface finish. This is caused by inade-
quate (too small) chip thickness, and as a result the material is not cut but plowed away or
scratched, due to the fact that operating conditions are on the wrong (left) side of the tool-
life versus ECT curve (T-ECT with constant speed plotted).

There is a great difference in the thickness of chips produced by a tooth traveling through
the cutting arc in the milling process, depending on how the center of the cutter is placed in
relation to the workpiece centerline, in the feed direction. Although end and face milling
cut in the same way, from a geometry and kinematics standpoint they are in practice distin-
guished by the cutter center placement away from, or close to, the work centerline, respec-
tively, because of the effect of cutter placement on chip thickness. This is the criteria used
to distinguishing between the end and face milling processes in the following.

Depth of Cut/Cutter Diameter, ar/D is the ratio of the radial depth of cut ar and the cutter
diameter D. In face milling when the cutter axis points approximately to the middle of the
work piece axis, eccentricity is close to zero, as illustrated in Figs. 3 and 4, page 1041, and
Fig. 5 on page 1042. In end milling, ar/D = 1 for full slot milling.

Mean Chip Thickness, hm is a key parameter that is used to calculate forces and power
requirements in high-speed milling. If the mean chip thickness hm is too small, which may
occur when feed/tooth is too small (this holds for all milling operations), or when ar/D
decreases (this holds for ball nose as well as for straight end mills), then cutting occurs on
the left (wrong side) of the tool-life versus ECT curve, as illustrated in Figs. 6b and  6c.

In order to maintain a given chip thickness in end milling, the feed/tooth has to be
increased, up to 10 times for very small ar/D values in an extreme case with no run out and
otherwise perfect conditions. A 10 times increase in feed/tooth results in 10 times bigger
feed rates (FR) compared to data for full slot milling (valid for ar/D = 1), yet maintain a
given chip thickness. The cutter life at any given cutting speed will not be the same, how-
ever.

Increasing the number of teeth from say 2 to 6 increases equivalent chip thickness ECT
by a factor of 3 while the mean chip thickness hm remains the same, but does not increase
the feed rate to 30 (3 × 10) times bigger, because the cutting speed must be reduced. How-
ever, when the ar/D ratio matches the number of teeth, such that one tooth enters when the
second tooth leaves the cutting arc, then ECT = hm. Hence, ECT is proportional to the num-
ber of teeth. Under ideal conditions, an increase in number of teeth z from 2 to 6 increases
the feed rate by, say, 20 times, maintaining tool-life at a reduced speed. In practice about 5
times greater feed rates can be expected for small ar/D ratios (0.01 to 0.02), and up to 10
times with 3 times as many teeth. So, high-speed end milling is no mystery.

Chip Geometry in End and Face Milling.—Fig. 24 illustrates how the chip forming
process develops differently in face and end milling, and how mean chip thickness hm var-
ies with the angle of engagement AE, which depends on the ar/D ratio. The pertinent chip
geometry formulas are given in the text that follows. 
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Fig. 24. 

Comparison of face milling and end milling geometryHigh-speed end milling refers to
values of ar/D that are less than 0.5, in particular to ar/D ratios which are considerably
smaller. When ar/D = 0.5 (AE = 90 degrees) and diminishing in end milling, the chip thick-
ness gets so small that poor cutting action develops, including plowing or scratching. This
situation is remedied by increasing the feed/tooth, as shown in Table 2a as an increasing
fz/fz0 ratio with decreasing ar/D. For end milling, the fz/fz0 feed ratio is 1.0 for ar/D = 1 and
also for ar/D = 0.5. In order to maintain the same hm as at ar/D = 1, the feed/tooth should
be increased, by a factor of 6.38 when ar/D is 0.01 and by more than 10 when ar/D is less
than 0.01. Hence high-speed end milling could be said to begin when ar/D is less than 0.5

In end milling, the ratio fz/fz0 = 1 is set at ar/D = 1.0 (full slot), a common value in vendor
catalogs and handbooks, for hm = 0.108 mm.

The face milling chip making process is exactly the same as end milling when face mill-
ing the side of a work piece and ar/D = 0.5 or less. However, when face milling close to and
along the work centerline (eccentricity is close to zero) chip making is quite different, as
shown in Fig. 24. When ar/D = 0.74 (AE = 95 degrees) in face milling, the fz/fz0 ratio = 1 and
increases up to 1.4 when the work width is equal to the cutter diameter (ar/D = 1). The face
milling fz/fz0 ratio continues to diminish when the ar/D ratio decreases below ar/D = 0.74,
but very insignificantly, only about 11 percent when ar/D = 0.01. 

In face milling fz/fz0 = 1 is set at ar/D = 0.74, a common value recommended in vendor
catalogs and handbooks, for hm = 0.151 mm.

Fig. 25 shows the variation of the feed/tooth-ratio in a graph for end and face milling.

Fig. 25. Feed/tooth versus ar/D for face and end milling
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Table 2a. Variation of Chip Thickness and fz/fz0 with ar/D

In Table 2a, a standard value fz0 = 0.17 mm/tooth (commonly recommended average
feed) was used, but the fz/fz0 values are independent of the value of feed/tooth, and the pre-
viously mentioned relationships are valid whether fz0 = 0.17 or any other value. 

In both end and face milling, hm = 0.108 mm for fz0 = 0.17mm when ar/D =1. When the
fz/fz0 ratio = 1, hm = 0.15 for face milling, and 0.108 in end milling both at ar/D = 1 and 0.5.
The tabulated data hold for perfect milling conditions, such as, zero run-out and accurate
sharpening of all teeth and edges.

Mean Chip Thickness hm and Equivalent Chip Thickness ECT.—The basic formula
for equivalent chip thickness ECT for any milling process is:

ECT = fz × z/π × (ar/D) × aa/CEL, where fz = feed/tooth, z = number of teeth, D = cutter
diameter, ar = radial depth of cut, aa = axial depth of cut, and CEL = cutting edge length.
As a function of mean chip thickness hm:

ECT = hm × (z/2) × (AE/180), where AE = angle of engagement.
Both terms are exactly equal when one tooth engages as soon as the preceding tooth

leaves the cutting section. Mathematically, hm = ECT when z = 360/AE; thus:

for face milling, AE = arccos (1 - 2 × (ar/D)2)
for end milling, AE = arccos (1 - 2 × (ar/D))

Calculation of Equivalent Chip Thickness (ECT) versus Feed/tooth and Number of
teeth.: Table 2b is a continuation of Table 2a, showing the values of ECT for face and end
milling for decreasing values ar/D, and the resulting ECT when multiplied by the fz/fz0 ratio
fz0 = 0.17 (based on hm = 0.108). 

Small ar/D ratios produce too small mean chip thickness for cutting chips. In practice,
minimum values of hm are approximately 0.02 through 0.04 mm for both end and face
milling.

Formulas.—  Equivalent chip thickness can be calculated for other values of fz and z by
means of the following formulas:

Face milling: ECTF = ECT0F × (z/8) × (fz/0.17) × (aa/CEL)

or, if ECTF is known calculate fz using:

fz = 0.17 × (ECTF/ECT0F) × (8/z) × (CEL/aa)

ar/D

Face Milling End Milling (straight)

ecentricity e = 0
z =8

fz0 =  0.17
cos AE = 1 − 2 × (ar/D)2

z =2
fz0 =  0.17

cos AE = 1 − 2 × (ar/D)

AE hm/fz hm ECT/hm fz/fz0 AE hm/fz hm ECT/hm fz/fz0

1.0000 180.000 0.637 0.108 5.000 1.398 180.000 0.637 0.108 1.000 1.000
0.9000 128.316 0.804 0.137 3.564 1.107 143.130 0.721 0.122 0.795 0.884
0.8000 106.260 0.863 0.147 2.952 1.032 126.870 0.723 0.123 0.711 0.881
0.7355 94.702 0.890 0.151 2.631 1.000 118.102 0.714 0.122 0.667 0.892
0.6137 75.715 0.929 0.158 1.683 0.958 103.144 0.682 0.116 0.573 0.934
0.5000 60.000 1.025 0.162 1.267 0.932 90.000 0.674 0.115 0.558 1.000
0.3930 46.282 0.973 0.165 1.028 0.915 77.643 0.580 0.099 0.431 1.098
0.2170 25.066 0.992 0.169 0.557 0.897 55.528 0.448 0.076 0.308 1.422
0.1250 14.361 0.997 0.170 0.319 0.892 41.410 0.346 0.059 0.230 1.840
0.0625 7.167 0.999 0.170 0.159 0.891 28.955 0.247 0.042 0.161 2.574
0.0300 3.438 1.000 0.170 0.076 0.890 19.948 0.172 0.029 0.111 3.694
0.0100 1.146 1.000 0.170 0.025 0.890 11.478 0.100 0.017 0.064 6.377
0.0010 0.115 1.000 0.000 0.000 0.890 3.624 0.000 0.000 0.000 20.135
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In face milling, the approximate values of aa/CEL = 0.95 for lead angle LA = 0° (90° in
the metric system); for other values of LA, aa/CEL = 0.95 × sin (LA), and 0.95 × cos (LA) in
the metric system.

Example, Face Milling:  For a cutter with D = 250 mm and ar = 125 mm, calculate ECTF

for fz = 0.1, z = 12, and LA = 30 degrees. First calculate ar/D = 0.5, and then use Table 2b

and find ECT0F = 0.2. 
Calculate ECTF with above formula:
ECTF = 0.2 × (12/8) × (0.1/0.17) × 0.95 × sin 30 = 0.084 mm. 

End milling: ECTE = ECT0E × (z/2) × (fz/0.17) × (aa/CEL),
or if ECTE is known calculate fz from:
fz = 0.17 × (ECTE/ECT0E) × (2/z)) × (CEL/aa)
The approximate values of aa/CEL = 0.95 for lead angle LA = 0° (90° in the metric sys-

tem).
Example, High-speed End Milling:For a cutter with D = 25 mm and ar = 3.125 mm, cal-

culate ECTE for fz = 0.1 and z = 6. First calculate ar/D = 0.125, and then use Table 2b and
find ECT0E = 0.0249. 

Calculate ECTE with above formula: 
ECTE = 0.0249 × (6/2) × (0.1/0.17) × 0.95 × 1 = 0.042 mm. 

Example, High-speed End Milling:  For a cutter with D = 25 mm and ar = 0.75 mm, cal-
culate ECTE for fz = 0.17 and z = 2 and 6. First calculate ar/D = 0.03, and then use Table 2b

and find fz/fz0 = 3.694 
Then, fz = 3.694 × 0.17 = 0.58 mm/tooth and ECTE = 0.0119 × 0.95 = 0.0113 mm and

0.0357 × 0.95 = 0.0339 mm for 2 and 6 teeth respectively. These cutters are marked HS2
and HS6 in Figs. 26a,  26d, and  26e.

Example, High-speed End Milling:  For a cutter with D = 25 mm and ar = 0.25 mm, cal-
culate ECTE for fz = 0.17 and z = 2 and 6. First calculate ar/D = 0.01, and then use Table 2b

and find ECT0E = 0.0069 and 0.0207 for 2 and 6 teeth respectively. When obtaining such
small values of ECT, there is a great danger to be far on the left side of the H-curve, at least
when there are only 2 teeth. Doubling the feed would be the solution if cutter design and
material permit.

Example, Full Slot Milling:For a cutter with D = 25 mm and ar = 25 mm, calculate ECTE

for fz = 0.17 and z = 2 and 6. First calculate ar/D =1, and then use Table 2b and find ECTE =

Table 2b. Variation of ECT, Chip Thickness and fz/fz0 with ar/D

ar/D

Face Milling End Milling (straight)

hm fz/fz0 ECT

ECT0

corrected-
for fz/fz0 hm fz/fz0 ECT

ECT0

corrected-
for fz/fz0

1.0000 0.108 1.398 0.411 0.575 0.108 1.000 0.103 0.103
0.9000 0.137 1.107 0.370 0.410 0.122 0.884 0.093 0.082
0.8080 0.146 1.036 0.332 0.344 0.123 0.880 0.083 0.073
0.7360 0.151 1.000 0.303 0.303 0.121 0.892 0.076 0.067
0.6137 0.158 0.958 0.252 0.242 0.116 0.934 0.063 0.059
0.5900 0.159 0.952 0.243 0.231 0.115 0.945 0.061 0.057
0.5000 0.162 0.932 0.206 0.192 0.108 1.000 0.051 0.051
0.2170 0.169 0.897 0.089 0.080 0.076 1.422 0.022 0.032
0.1250 0.170 0.892 0.051 0.046 0.059 1.840 0.013 0.024
0.0625 0.170 0.891 0.026 0.023 0.042 2.574 0.006 0.017
0.0300 0.170 0.890 0.012 0.011 0.029 3.694 0.003 0.011
0.0100 0.170 0.890 0.004 0.004 0.017 6.377 0.001 0.007
0.0010 0.170 0.890 0.002 0.002 0.005 20.135 0.001 0.005
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0.108 × 0.95 = 0.103 and 3 × 0.108 × 0.95 = 0.308 for 2 and 6 teeth, respectively. These
cutters are marked SL2 and SL6 in Figs. 26a,  26d, and  26e.

Physics behind hm and ECT, Forces and Tool-life (T).—The ECT concept for all metal
cutting and grinding operations says that the more energy put into the process, by increas-
ing feed/rev, feed/tooth, or cutting speed, the life of the edge decreases. When increasing
the number of teeth (keeping everything else constant) the work and the process are sub-
jected to a higher energy input resulting in a higher rate of tool wear.

In high-speed milling when the angle of engagement AE is small the contact time is
shorter compared to slot milling (ar/D = 1) but the chip becomes shorter as well. Maintain-
ing the same chip thickness as in slot milling has the effect that the energy consumption to
remove the chip will be different. Hence, maintaining a constant chip thickness is a good
measure when calculating cutting forces (keeping speed constant), but not when determin-
ing tool wear. Depending on cutting conditions the wear rate can either increase or
decrease, this depends on whether cutting occurs on the left or right side of the H-curve.

Fig. 26a shows an example of end milling of steel with coated carbide inserts, where cut-
ting speed V is plotted versus ECT at 5, 15, 45 and 180 minutes tool-lives. Notice that the
ECT values are independent of ar/D or number of teeth or feed/tooth, or whether fz or fz0 is
used, as long as the corresponding fz/fz0-ratio is applied to determine ECTE. The result is
one single curve per tool-life. Had cutting speed been plotted versus fz0, ar/D, or z values
(number of teeth), several curves would be required at each constant tool-life, one for each
of these parameters This illustrates the advantage of using the basic parameter ECT rather
than fz, or hm, or ar/D on the horizontal axis.

Fig. 26a. Cutting speed vs. ECT, tool-life plotted, for end milling

Example:  The points (HS2, HS6) and (SL2, SL6) on the 45-minute curve in Fig. 26a
relate to the previous high-speed and full slot milling examples for 2 and 6 teeth, respec-
tively.

Running a slot at fz0 = 0.17 mm/tooth (hm = 0.108, ECTE = 0.103 mm) with 2 teeth and for
a tool-life 45 minutes, the cutting speed should be selected at V = 340 m/min at point SL2
and for six teeth (hm = 0.108 mm, ECTE = 0.308) at V = 240 m/min at point SL6. 

When high-speed milling for ar/D = 0.03 at fz = 3.394 × 0.17 = 0.58 mm/tooth = 0.58
mm/tooth, ECT is reduced to 0.011 mm (hm = 0.108) the cutting speed is 290 m/min to
maintain T = 45 minutes, point HS2. This point is far to the left of the H-curve in Fig.26b,
but if the number of teeth is increased to 6 (ECTE = 3 × 0.103 = 0.3090), the cutting speed
is 360 m/min at T = 45 minutes and is close to the H-curve, point HS6. Slotting data using
6 teeth are on the right of this curve at point SL6, approaching the G-curve, but at a lower
slotting speed of 240 m/min. 
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Depending on the starting fz value and on the combination of cutter grade - work material,
the location of the H-curve plays an important role when selecting high-speed end milling
data.

Feed Rate and Tool-life in High-speed Milling, Effect of ECT and Number of
Teeth.—Calculation of feed rate is done using the formulas in previously given: 

Feed Rate:
FR = z × fz × rpm, where z × fz = f (feed/rev of cutter). Feed is measured along the

feeding direction.
rpm = 1000 × V/3.1416/D, where D is diameter of cutter.

Fig. 26b shows the variation of feed rate FR plotted versus ar/D for tool-lives 5, 15, 45
and 180 minutes with a 25 mm diameter cutter and 2 teeth. Fig. 26c shows the variation of
feed rate FR when plotted versus ECT. In both graphs the corresponding cutting speeds are
also plotted. The values for ar/D = 0.03 in Fig. 26b correspond to ECT = 0.011 in Fig. 26c.

Feed rates have minimum around values of ar/D = 0.8 and ECT=0.75 and not along the
H-curve. This is due to the fact that the fz/fz0 ratio to maintain a mean chip thickness = 0.108
mm changes FR in a different proportion than the cutting speed.

Fig. 26b. High speed feed rate and cutting speed versus ar/D
 at T = 5, 15, 45, and 180 minutes

Fig. 26c. High speed feed rate and 
cutting speed versus ECT, ar/D
plotted at T = 5, 15, 45, and 180 
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Fig. 26d. Feed rate versus ECT comparison of slot milling (ar/D = 1) and high-speed
milling at (ar/D = 0.03) for 2, 4, and 6 teeth at T = 45 minutes

A comparison of feed rates for full slot (ar/D = 1) and high-speed end milling (ar/D =
0.03 and fz = 3.69 × fz0 = 0.628 mm) for tool-life 45 minutes is shown in Fig. 26d. The points
SL2, SL4, SL6 and HS2, HS4, HS6, refer to 2, 4, and 6 teeth (2 to 6 teeth are commonly
used in practice). Feed rate is also plotted versus number of teeth z in Fig. 26e, for up to 16
teeth, still at fz = 0.628 mm.

Comparing the effect of using 2 versus 6 teeth in high-speed milling shows that feed rates
increase from 5250 mm/min (413 ipm) up to 18000 mm/min (1417ipm) at 45 minutes tool-
life. The effect of using 2 versus 6 teeth in full slot milling is that feed rate increases from
1480 mm/min (58 ipm) up to 3230 mm/min (127 ipm) at tool-life 45 minutes. If 16 teeth
could be used at ar/D = 0.03, the feed rate increases to FR = 44700 mm/min (1760 ipm), and
for full slot milling FR = 5350 mm/min (210 ipm).

Fig. 26e. Feed rate versus number of teeth comparison of slot milling (ar/D = 1) and high-speed
milling at (ar/D = 0.03) for 2, 4, and 6 teeth at T = 45 minutes

Comparing the feed rates that can be obtained in steel cutting with the one achieved in the
earlier referred DARPA investigation, using HSS and carbide cutters milling 6061-T651
and A356-T6 aluminum, it is obvious that aluminium end milling can be run at 3 to 6 times
higher feed rates. This requires 3 to 6 times higher spindle speeds (cutter diameter 25 mm,
radial depth of cut ar = 12.5 mm, 2 teeth). Had these tests been run with 6 teeth, the feed
rates would increase up to 150000-300000 mm/min, when feed/tooth = 3.4 × 0.25 = 0.8
mm/tooth at ar/D = 0.03. 

Process Econometrics Comparison of High-speed and Slot End Milling .—When
making a process econometrics comparison of high-speed milling and slot end milling use
the formulas for total cost ctot (Determination Of Machine Settings And Calculation Of

Costs starting on page 1152). Total cost is the sum of the cost of cutting, tool changing, and
tooling:

ctot= HR × (Dist/FR) × (1 + TV/T)/60

where TV =TRPL + 60 × CE/HR = equivalent tooling-cost time, minutes

TRPL = replacement time for a set of edges or tool for regrinding

CE =cost per edge(s)

HR =hourly rate, $
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Fig. 27. compares total cost ctot, using the end milling cutters of the previous examples,
for full slot milling with high-speed milling at ar/D =0.03, and versus ECT at T =45 min-
utes.

Fig. 27. Cost comparison of slot milling (ar/D = 1) and high-speed
milling at (ar/D = 0.03) for 2, 4, and 6 teeth at T = 45 minutes 

The feed/tooth for slot milling is fz0 = 0.17 and for high-speed milling at ar/D = 0.03 the
feed is fz = 3.69 × fz0 = 0.628 mm.

The calculations for total cost are done according to above formula using tooling cost at
TV = 6, 10, and 14 minutes, for z = 2, 4, and 6 teeth respectively. The distance cut is Dist =
1000 mm. Full slot milling costs are,

at feed rate FR = 3230 and z = 6

ctot = 50 × (1000/3230) × (1 + 14/45)/60 = $0.338 per part

at feed rate FR =1480 and z = 2

ctot = 50 × (1000/1480) × (1 + 6/45)/60 = $0.638 per part 

High-speed milling costs,

at FR=18000, z = 6

ctot = 50 × (1000/18000) × (1 + 14/45)/60 = $0.0606 per part

at FR= 5250, z = 2

ctot = 50 × (1000/5250) × (1 + 6/45)/60 = $0.180 per part 

The cost reduction using high-speed milling compared to slotting is enormous. For high-
speed milling with 2 teeth, the cost for high-speed milling with 2 teeth is 61 percent
(0.208/0.338) of full slot milling with 6 teeth (z = 6). The cost for high-speed milling with
6 teeth is 19 percent (0.0638/0.338) of full slot for z = 6.

Aluminium end milling can be run at 3 to 6 times lower costs than when cutting steel.
Costs of idle (non-machining) and slack time (waste) are not considered in the example.
These data hold for perfect milling conditions such as zero run-out and accurate sharpen-
ing of all teeth and edges.
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SHEET METAL WORKING AND PRESSES

Basic Theory of Metal Working

Metal working theory provides a background from which reasonable evaluations may be
made of the deformations obtainable without instability and fracture. The fundamental
principles, rules, and laws of metal working theory are used to describe the plastic flow or
deformation of solid materials when subjected to external loads. For this purpose, such
materials are considered as homogeneous, continuous, isotropic media. Understanding the
theory underlying metal working is important for both the design and production engineer. 

Solid materials may be subjected to forces that may be classified as either volume forces
or surface forces. In this discussion, only surface forces acting on the surface as external
forces are considered.

In analyzing design situations for either dimensioning purposes or forming processes, it
is most appropriate to use force per unit area as a measure of the load rather than the total
force distributed over the area. 

The force per unit area is called the stress (σ) and is described as follows: 

(1)

Common ways of loading solid bodies include compression, tension, shear, torsion, or a
combination of these stresses, such as fatigue. In Fig. 1 is shown a tensile specimen loaded
with force F. The stress on a cross section A perpendicular to the longitudinal axis is
defined

(2)

where F = force (lb) and A = cross-section area (in2).

If a cross section is inclined at an angle to the longitudinal axis, the mean oblique stress
may be defined by

(3)

where Aθ = inclined cross section area of specimen (in2); and, θ = inclined angle cross sec-
tion area of specimen (º).

The mean oblique stress lies in the direction of the longitudinal axis of the specimen.
Force F can be divided into components Fn , which is perpendicular to cross-section Aθ and
Ft, which is parallel to cross section Aθ, so that the state of the stresses can be defined by

(4)

where σθ = normal stress—stress normal to cross section Aθ (lb/in2); and τθ= shear stress—
stress parallel to cross section Aθ (lb/in2).

σ force
area
------------=

σ F

A
---=

σm
F

Aθ
------

F

A
--- θsin= =

σθ
Fn

Aθ
------

F

A
--- θ2

sin= =

τθ
Ft

Aθ
------

F

2A
------- 2θsin= =
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Fig. 1. A Tensile Specimen with Cross Section Area A Subjected to the Load F

Stress-Strain Relationship.—When solid materials are subjected to stress, they usually
respond in an elastic fashion; that is, the strain produced by the stress is reversible (the
strain goes back to zero when the stress is removed), and the magnitude of the strain is
directly proportional to the magnitude of the stress. This relationship between stress and
strain is usually referred to as Hooke’s Law and can be written

(5)

where E = modulus of elasticity (lb/in2).
The most common procedure for describing the various relationships between stress and

strain is the tensile test, which is used to determine the modulus of elasticity, the elastic
limit, the elongation, the proportional limit, the reduction area, the tensile strength, the
yield point, the yield strength, and other tensile properties. The stress (σ), calculated from
the load, and the strain (ε), calculated from the extension, can either be plotted as

1) nominal (engineering) stress-strain, or
2) true stress-strain
The first is more important in design, and the second is more important in manufacturing.

The graphs used in each case will be different.
Nominal Stress-Strain: Nominal stress, also called engineering stress, is defined as the

ratio of the applied load F to the original cross-section area A of the specimen:

(6)

where σn = nominal stress (lb/in2); F = applied load in the test (lb); and, A0 = original cross-
section area of specimen (in2).

Nominal strain is defined as

(7)

where εn = nominal strain (in/in); l0 = original gauge length (in); and l = instantaneous
length of the specimen (in).

True Stress-Strain: A nominal stress-strain curve does not give a true indication of the
deformation characteristic of a solid because it is based on the original cross-section area
A0 of the specimen, and this dimension changes continuously during the test. In the solu-
tion of technical problems in metalworking, true stress and true strain are much more
important.

True stress σ is defined as the ratio of the load F to the actual stress-section area A of the
specimen:

n

t

θ

Aθ

A F

F

F

F

F

stress
strain
------------- E constant= =

σn
F

A0
------=

εn

l l0–

l
----------- ∆l

l
-----= =
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(8)

where σ = true stress (lb/in2); F = applied load in the test (lb); A = actual area (instanta-
neous area resisting the load (in2).

True strain in a tensile test can be defined by dividing the total elongation into small
increments of actual change in length. Then, using calculus, it can be shown that true strain
is defined by the equation

(9)

where ε = true strain (in/in); and l = instantaneous length at any moment during elongation
(in).

If the true stress, based on the actual (instantaneous) cross-sectional area of the specimen,
is used, it is found that the stress-strain curve increases continuously up to fracture. If the
strain measurement is also based on instantaneous measurements, the curve obtained is
known as a true stress-strain curve (Fig. 2).

The stress-strain curve in Fig. 2(a) can be represented by the equation

(10)

where K = is the strength coefficient (lb/in2), and n = strain-hardening (work-hardening)
exponent.

This equation is called the flow curve, and it represents the behavior of metals in the plas-
tic zone, including their capacity for cold strain hardening. 

When the curve shown in Fig. 2(a) is plotted on a logarithmic graph as in Fig. 2(b), it is
found that the curve is a straight line, and the slope of the line is equal to the exponent n.
The value of constant K equals the value of true stress at a true strain value to 1.

The strain-hardening exponent may have a value from n = 0 (perfectly plastic solid) to n
= 1 (elastic solid). For most metals, n has values between 0.10 and 0.50. 

Fig. 2. True Stress-strain Curve for Medium Steel: a) Nonlogarithmic; b) Logarithmic

Ductility is most commonly defined as the ability of a metal to plastically deform easily
upon application of a tensile force without breaking or fracturing. Ductility may be
expressed as either percentage of elongation or percentage of area reduction in the speci-
men.

Elongation can be defined as

(11)

σ F

A
---=

ε ln
l

l0
----
 
 =

σ Kεn
=

a) Nonlogarithmic b) Logarithmic

δ
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------------- 100×=
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Reduction can be defined as

(12)

where lf = length at the fracture (in); l0 = the original specimen’s gauge length (in); A0 =
original specimen’s gauge cross-section area, (in2); Af = cross-section area of the specimen
at the fracture, (in2). Note: lf length is measured between the original gauge marks after the
pieces of the broken specimen are placed together.

Elongation ranges approximately between 8% and 60% for most metals, and 20% and
90% are typical measurements for the reduction of area. Ductile materials such as thermo-
plastic and superplastic materials show large deformation before fracture, and of course,
exhibit much higher ductility, but brittle materials have little or no ductility.

Designing Sheet Metal Parts for Production

Sheet metal parts should be designed to satisfy the following criteria: 
The parts should allow high productivity rates.
They should make highly efficient use of the materials involved.
The production machines should be easy to service.
Machines should be usable by workers with relatively basic skills.
Unfortunately, very few product designers concern themselves with suitability of pro-

duction, their prime concern is usually the function of the part. 

Design rules for parts to be produced by blanking and punching: 
Avoid part design with complex configurations.
Use minimum dimensions of punched openings relative to material thickness given in

Table 1.
Use minimum distances between punched opening and rounded radius relative to mate-

rial thickness given in Table 2.

Note: With fine punching process, minimal diameter of punched hole is (0.50 - 0.70) T.

Table 1. Minimal Dimensions of Punched Openings

Material
Form of opening 

Circle
dmin = 

Square
bmin =

Rectangular
bmin = 

Oval 
bmin = 

Stainless steel 1.50 T 1.40 T 1.20 T 1.10 T

High-carbon steel 1.20 T 1.10 T 0.90 T 0.80 T

Medium-carbon steel 1.00 T 0.90 T 0.70 T 0.60 T

Low-carbon steel 0.90 T 0.80 T 0.60 T 0.55 T

Brass and copper 0.80 T 0.70 T 0.60 T 0.55 T

Magnesium alloy at 500° F 0.25 T 0.45 T 0.35 T 0.30 T

ψ
A0 Af–

A0
----------------- 100×=

b

b b b

d
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Design rules for parts produced by bending: 
Minimum bend radius should be used only if it is necessary for correct function of part. 
The bend radius should be larger than the thickness of the material. 
Use minimum distances between punched opening and bend radius given in Table 2.
Flange length as shown in Table 2 needs to be h ≥ 2T.
If a part has more than one bend, it is necessary to define technological data. 

Table 2. Minimum Distance between Punched Opening and 
Edges and Rounded Radius

Part is Form of 
opening Minimum Distance Sketch 

Blanked 

Circle

Rectangle

Bent Circle 

a

b

c

a Al and brass 
b Steel
c Al-alloy 6000 series 

Drawn Circle 

c T≥
r 0.5T≥

c

c

cc

c

c

r

T

c 1.2T≥
r 0.5T≥

c 2T≥

r 0.5 1.0–( )T≥

r 1.0 2.0–( )T≥

r 2.0 3.0–( )T≥

h
r

c

T

d d1 2r–( )≤

D1 d1 2r–( )≥

D D1 3T d2+ +( )≥

c r 0.5T+≥

r1

d

r

T

c c

D

D

d

d
2

r



1336 SHEARING

Design rules of parts produced by drawing:
 Avoid very complicated parts. 
Make diameter of flange D less than three times the diameter of shell (D < 3d), if height h

of shell is greater than twice the diameter of shell (h > 2d) as shown in Table 2.
Avoid design of rectangular and square shells with bottom radii less than the corner

radius in the junction area.
The shortest distance between corner radii should be no less than the depth of shell. 

Shearing

Shearing involves the cutting of flat material such as metal sheets, plates, or strips. To be
classified as shearing, the cutting action must be along a straight line. The piece of sheet
metal sheared off may or may not be called a blank. Shearing is performed in a special
machine with different types of blades or cutters. The machines may be foot-, hand-, or
power-operated. The shear is equipped with long or rotary blades for cutting. The upper
blade of power shears is often inclined to reduce the required cutting force.

During shearing operations, three phases (Fig. 3) may be noted:
Phase I - Plastic Deformation: As the upper blade begins to push into the work material,

plastic deformation occurs in the surfaces of the sheet, and the stress on the material is
lower than the yield stress.

Phase II - Penetration: As the blade moves downward, penetration occurs, in which the
blade compresses the work material and cuts into the metal. In this phase, the stress on the
material is higher than the yield stress but lower than the UTS.

Phase III - Fracture: As the blade continues to travel into the work material, fracture
begins in the material at the two cutting edges. The stress on the work material is equal to
the shearing stress. If the clearance between the blades is correct, the two fracture lines
meet, resulting in a separation of the work material into two parts. 

Fig. 3. Schematic Illustration of the Phases of Shearing

Shearing is the preferred way to cut blanks whenever the blank shape permits its use. In
most cases, however, the limitation of straight lines in the shape of the blank eliminates the
use of shears. Shearing is economical because no expensive dies have to be made for cut-
ting out the blanks. Shearing is used for the following purposes: 

1) To cut strip or coiled stock into blanks
2) To cut strip or coiled stock into smaller strips to feed into a blanking or drawing die
3) To trim large sheets, squaring the edges of the sheet.

Shearing Forces.—Calculating the force and power involved in shearing operations var-
ies according to the types of blades. There are three types of blades:
a) straight parallel blades;  b) straight inclined blades;  and  c) rotary cutters.

Shearing with Straight Parallel Blades: The shearing force with straight parallel cutters
can be calculated approximately as

(13)

Phase I Phase II Phase III

Fd Fd Fd

F
F

F

Holder

Upper blade

Lower blade Work material

F τA=
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where F = shearing force (lb); τ = shear strength of the material (lb/in2); and A = cutting
area (in2). The cutting area is calculated as

(13a)

where b = length of the cutting material (in), and T = thickness of material (in).

This calculated shearing force needs to be increased by 20 to 40% depending on whether
the following conditions exist: an enlarged clearance between the blades, variations in the
thickness of the material, the obtuseness of the cutting edge angles, and other unpredict-
able factors.

The real force of the shearing machine is

(14)

Shearing with Straight Inclined Blades: Shears with straight inclined blades are used for
cutting material of relatively small thickness compared with the width of cutting. Using
inclined blades reduces the shearing force and increases the range of movement necessary
to disjoin the material. The penetration of the upper blade into the material is gradual and
as a result, the shearing force is lower.

The shearing force can be calculated as

(15)

where where n =  0.75 to 0.85 (for most materials); k = 0.7 to 0.8 (ratio UTS/τ); λ = t h e
relative amount of penetration of the upper blade into material (Table 3); and, φ = ang l e
of inclination of the upper blade.

The real force of the shearing machine is

(16)

Shearing with Rotary Cutters: The rotary shearing operation is much like shearing with
straight inclined blades because the straight blade may be thought of as a rotary cutter with
an endless radius. It is possible to make straight line cuts as well as to produce circular
blanks and irregular shapes by this method. In Fig. 4 is illustrated the conventional
arrangement of the cutters in a rotary shearing machine for the production of a perpendic-
ular edge. Only the upper cutter is rotated by the power drive system. The upper cutter
pinches the material and causes it to rotate between the two cutters.

Table 3. Relative Amount of Penetration of the Blade into the Material

Material

Thickness of material T, inch (mm)

< 0.04 inch
(< 1.0 mm)

0.04 – 0.08 inch
(1.0 – 2.0 mm)

0.08 – 0.16 inch
(2 – 4 mm)

> 0.16 inch
(> 4 mm)

Plain carbon steel 0.75 to 0.70 0.70 to 0.65 0.65 to 0.55 0.50 to 0.40
Medium steel 0.65 to 0.60 0.60 to 0.55 0.55 to 0.48 0.45 to 0.35
Hard steel 0.50 to 0.47 0.47 to 0.45 0.44 to 0.38 0.35 to 0.25
Aluminum and copper (annealed) 0.80 to 0.75 0.75 to 0.70 0.70 to 0.60 0.60 to 0.50

A bT=

FM 1.3F=

F n k UTS λ T
2

φtan
-----------⋅ ⋅ ⋅=

FM 1.3F=
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Fig. 4. Schematic Illustration of Shearing with Rotary Cutters

Shearing force with rotary cutters can be calculated approximately as

(17)

where where φ = ; µ = lap of cutters, (inch); T = thickness of material,
(inch); D = diameter of cutter, (inch); n = 0.75 to 0.85 (for most materials); k = 0.7 to 0.8
(ratio UTS ⁄ τ); and, λ = relative amount of penetration of the cutters, (Table 3).

The real force of a shearing machine with rotary cutter is

(18)

Rotary shearing machines are equipped with special holding fixtures that rotate the work
material to generate the desired circle. 

Clearance.—Clearance is defined as the space between the upper and lower blades. With-
out proper clearance, the cutting action no longer progresses. With too little clearance, a
defect known as “secondary shear” is produced. If too much clearance is used, extreme
plastic deformation will occur. Proper clearance may be defined as that clearance which
causes no secondary shear and a minimum of plastic deformation. 

The clearance between straight blades (parallel and inclined) is: c = (0.02 to 0.05), mm.

The clearance between rotary cutters with parallel inclined axes is

(19)

where T = material thickness (in).

Cutoff and Parting

Cutoff.—Cutoff is a shearing operation in which the shearing action must be along a line.
The pieces of sheet metal cutoff are the blanks. Fig. 5 shows several types of cutoff opera-
tions. As seen in the illustration, a cutoff is made by one or more single line cuts. The line
of cutting may be straight, curved, or angular. The blanks need to be nested on the strip in
such a way that scrap is avoided. Some scrap may be produced at the start of a new strip or
coil of sheet metal in certain cases. This small amount is usually negligible.

The use of cutoff operations is limited by the shape of a blank. Only blanks that nest per-
fectly may be produced by this operation. Cutoff is performed in a die and therefore may be
classified as a stamping operation. With each cut, a new part is produced. More blanks may
be produced per stroke of the press ram by adding more single-line cutting edges.

c

T

Work material

Driven cutter

Shear line

F n k UTS λ T
2

2 φtan
--------------⋅ ⋅ ⋅=

1 µ T+
D

-------------–acos

FM 1.3F=

c 0.1 to 0.2( )T=
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Fig. 5. Types of Cutoff

Parting.—Parting is a cutting operation of a sheet-metal strip by a die with cutting edges
on two opposite sides. During parting, some amount of scrap is produced, as shown in Fig.
6. This might be required when the blank outline is not a regular shape and is precluded
from perfectly nesting on the strip. Thus, parting is not as efficient an operation as cutoff.

Fig. 6. Types of Parting

Blanking and Punching

Blanking and punching are fabricating processes used to cut materials into forms by the
use of a die. Major variables in these processes are as follows: the punch force, the speed of
the punch, the surface condition and materials of the punch and die, the condition of the
blade edge of the punch and die, the lubricant, and the amount of clearance. 

In blanking, a workpiece is removed from the primary material strip or sheet when it is
punched. The material that is removed is the new workpiece or blank. Punching is a fabri-
cating process that removes a scrap slug from the workpiece each time a punch enters the
punching die. This process leaves a hole in the workpiece (Fig. 7).

Fig. 7. Blanking and Punching 
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Characteristics of the blanking process include:
1)  Ability to produce workpieces in both strip and sheet material during medium and

mass production.
2) Removal of the workpiece from the primary material stock as a punch enters a die.
3) Control of the quality by the punch and die clearance.
4) Ability to produce holes of varying shapes quickly.
Characteristics of the punching process include: 
1) Ability to produce holes in both strip and sheet material during medium and mass pro-

duction.
2) Ability to produce holes of varying shapes quickly. 
There are three phases in the process of shearing during blanking and punching as illus-

trated in Fig. 8.

Fig. 8. Phases in the Process of Shearing

    In Phase I, work material is compressed across and slightly deformed between the
punch and die, but the stress and deformation in the material does not exceed the plastic
limit. This phase is known as the elastic phase. 

    In Phase II, the work material is pushed farther into the die opening by the punch; at this
point in the operation the material has been obviously deformed at the rim, between the
cutting edges of the punch and the die. The concentration of outside forces causes plastic
deformation at the rim of the material. At the end of this phase, the stress in the work mate-
rial close to the cutting edges reaches a value corresponding to the material shear strength,
but the material resists fracture. This phase is called the plastic phase. 

    During Phase III, the strain in the work material reaches the fracture limit, and micro-
cracks appear, which turn into macro-cracks, followed by separation of the parts of the
workpiece. The cracks in the material start at the cutting edge of the punch on the upper
side of the work material, and at the die edge on the lower side of the material; the crack
propagates along the slip planes until complete separation of the part from the sheet occurs.
A slight burr is generally left at the bottom of the hole and at the top of the slug. The slug is
then pushed farther into the die opening. The slug burnish zone expands and is held in the
die opening. The whole burnish zone contracts and clings to the punch. 
Blanking and Punching Clearance .—Clearance, c , is the space (per side) between the

punch and the die opening shown in Fig. 9, such that: 

Ideally, proper clearance between the cutting edges enables the fractures to start at the
cutting edge of the punch and the die. The fractures will proceed toward each other until
they meet. The fractured portion of the sheared edge then has a clean appearance. For opti-
mum finish of a cut edge, correct clearance is necessary. This clearance is a function of the
type, thickness, and temper of the material. 

When clearance is not sufficient, additional layers of the material must be cut before
complete separation is accomplished. With correct clearance, the angle of the fracture will
permit a clean break below the burnish zone because the upper and lower fractures will
extend toward one another. Excessive clearance will result in a tapered cut edge, because
for any cutting operation, the opposite side of the material that the punch enters after cut-
ting will be the same size as the die opening. 

Punch Work material

Phase I Phase II Phase III Die

c
Dd dp–

2
------------------=
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Where Clearance is Applied: Whether clearance is deducted from the dimensions of the
punch or added to the dimensions of the die opening depends upon the nature of the work-
piece. In the blanking process (a blank of given size is required), the die opening is made to
that size and the punch is made smaller. Conversely, in the punching process (when holes
of a given size are required), the punch is made to the dimensions and the die opening is
made larger. Therefore, for blanking, the clearance is deducted from the size of the punch,
and for piercing the clearance is added to the size of the die opening. 

Value for Clearance: Clearance is generally expressed as a percentage of the material
thickness, although an absolute value is sometimes specified. 

Table 4 shows the value of the shear clearance in percentages, depending on the type and
thickness of the material. 

Table 5 shows absolute values for the blanking and punching clearance for high-carbon
steel (0.60% to 1.0% carbon) depending on the thickness of the work material. 

Fig. 9. Punch and Die Clearance 

Table 4. Values for Clearance as a Percentage of the Thickness of the Material 

Material
Material Thickness, T

< 0.040 inch
(< 1.0 mm)

0.040-0.080 inch
(1.0-2.0 mm)

0.082-0.118 inch
(2.1- 3.0 mm)

0.122-0.197 inch
(3.1-5.0 mm)

0.200-0.275 inch
(5.1-7.0 mm)

Low carbon steel 5.0 6.0 7.0 8.0 9.0 
Copper and soft brass 5.0 6.0 7.0 8.0 9.0 
Medium carbon steel 
0.20% to 0.25% carbon 6.0 7.0 8.0 9.0 10.0 

Hard brass 6.0 7.0 8.0 9.0 10.0 
Hard steel,
0.40% to 0.60% carbon 7.0 8.0 9.0 10.0 12.0 

Table 5. Absolute Values of Clearance for Blanking and 
Punching High-Carbon Steel 

Material Thickness, T Clearance, c Material Thickness, T Clearance, c

(inch) (mm) (inch) (mm) (inch) (mm) (inch) (mm)

0.012 0.3048 0.00006 0.001524 0.157 3.9878 0.0095 0.24130
0.197 5.0038 0.0009 0.02286 0.177 4.4958 0.0116 0.29464
0.315 8.0010 0.0013 0.03302 0.197 5.0038 0.0138 0.35052
0.040 1.0160 0.0016 0.04064 0.236 5.9944 0.0177 0.44958
0.047 1.1938 0.0020 0.05080 0.275 6.9850 0.0226 0.57404
0.060 1.5240 0.0026 0.06604 0.315 8.0010 0.0285 0.72390
0.078 1.9812 0.0035 0.08890 0.394 10.0076 0.0394 1.00076
0.098 2.4892 0.0047 0.11938 0.472 11.9888 0.0502 1.27508
0.118 2.9972 0.0059 0.14986 0.590 14.9860 0.0689 1.75006
0.138 3.5052 0.0077 0.19558 0.748 18.9992 0.0935 2.37490

c

dp

Dd
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 Effect of Clearance:  Manufacturers have performed many studies on the effect of clear-
ance on punching and blanking. Clearance affects not only the smoothness of the fracture,
but also the deformation force and deformation work. A tighter blanking and punching
clearance generates more heat on the cutting edge and the bulging area tightens around the
punch. These effects produce a faster breakdown of the cutting edge. If the clearance
increases, the bulging area disappears and the roll-over surface is stretched and will retract
after the slug breaks free. Less heat is generated with increases in the blanking and punch-
ing clearance, and the edge breakdown rate is reduced. The deformation force is greatest
when the punch diameter is small compared to the thickness of the work material. In one
test, for example, a punching force of about 142 kN was required to punch 19 mm holes
into 8 mm mild steel when the clearance was about 10 percent. With a clearance of about
4.5 per cent, the punching force increased to 147 kN and a clearance of 2.75 per cent
resulted in a force of 153.5 kN. 
Die Opening Profile.—  Die opening profiles depend on the purpose and required toler-
ance of the workpiece. Two opening profiles are shown in Figs. 10a and 10b.

The profile in Fig. 10a gives the highest quality workpiece. To allow a die block to be
sharpened more times, the height h of the die block needs to be greater than the thickness of
the workpiece. The value of h is given in Table 6. The die opening profile in Fig. 10b is
used for making a small part with low accuracy from very soft material, such as soft thin
brass. The angle of the cone α = 15′ to 45′.

Angle α = 3° to 5°

Deformation Force, Deformation Work, and Force of Press .—Deformation Force:

Deformation force F for punching and blanking with flat face of punch is defined by the
following equation: 

(20)

where F = deformation force, lb (N)
L = the total length of cutting, inch (mm)
T = thickness of the material, inch (mm)

τm = shear stress, lb/in2 (MPa)
UTS =  the ultimate tensile strength of the work material, lb/in2 (MPa)

Force of Press: Such variables as unequal thickness of the material, friction between the
punch and workpiece, or dull cutting edges, can increase the necessary force by up to 30
per cent, so these variables must be considered in selecting the power requirements of the
press. That is, the force requirement of the press, Fp is 

Fig. 10a. Opening Profile for 
High Quality Part

Fig. 10b. Opening for 
Low Accuracy Part

Table 6. Value of Dimension h Based on Material Thickness 

Work material thickness, T
< 0.04 inch
 ( < 1 mm)

> 0.04 to 0.2 inch
( >1 to 5 mm )

> 0.2 to 0.4 inch
( > 5 to 10 mm)

Height h 0.14 in (3.5 mm) 0.26 in (6.5 mm) 0.45 in (11.5 mm)

h

F LTτm 0.8LT UTS( )= =
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(21)

The blanking and punching force can be reduced if the punch or die has bevel-cut edges.
In blanking operations, bevel shear angles should be used on the die to ensure that the
workpiece remains flat. In punching operations, bevel shear angles should be used on the
punch.

 Deformation Work W for punching and blanking with flat face of punch is defined by the
following equation: 

(22)
where  k = a coefficient that depends on the shear strength of the material and the thick-

ness of the material
 F = deformation force (lb) 
T = material thickness (in) 

Stripper Force .—Elastic Stripper: When spring strippers are used, it is necessary to cal-
culate the amount of force required to effect stripping. This force may be calculated by the
following equation: 

This formula has been used for many years by a number of manufacturers and has been
found to be satisfactory for most punching and blanking operations. 

After the total stripping force has been determined, the stripping force per spring must be
found in order to establish the number and dimensions of springs required. Maximum
force per spring is usually listed in the manufacturer’s catalog.

The correct determined force per spring must satisfy the following relationship: 

(24)

where Fmax = maximum force per spring, lb (newton)
FSO =  stripping force per spring, lb (newton)

Fs = total stripping force, lb (newton)
n =  number of springs

Fine Blanking.—The process called fine blanking uses special presses and tooling to pro-
duce flat components from sheet metal or plate, with high dimensional accuracy. Accord-
ing to Hydrel A. G., Romanshorn, Switzerland, fine-blanking presses can be powered
hydraulically or mechanically, or by a combination of these methods, but they must have
three separate and distinct movements. These movements serve to clamp the work mate-
rial, to perform the blanking operation, and to eject the finished part from the tool. Forces

Table 7. Values for Coefficient k for Some Materials

.Material

Shear Strength
lb/in2

(MPa)

Material Thickness, inch (mm)
< 0.040 in.
< (1.0 mm)

0.040 −0.078 in.
(1.0−2.0 mm) 

0.078 − 0.157 in.
(2.0− 4.0 mm)

> 0.157 in.
> 4.0 mm

Low carbon steel 35,000 − 50,000
(240 − 345) 0.70 − 0.65 0.64 −0.60 0.58 − 0.50 0.45 − 0.35 

Medium carbon steel
0.20 to 0.25% carbon 

50,000 − 70,000
(345 − 483) 0.60 − 0.55 0.54 − 0.50 0.49 − 0.42 0.40 − 0.30 

Hard steel
0.40 to 0.60% carbon 

70,000 − 95,000
(483 − 655) 0.45 − 0.42 0.41 −0.38 0.36 − 0.32 0.30 − 0.20 

Copper, annealed 21,000 (145) 0.75 − 0.69 0.70 − 0.65 0.64 − 0.55 0.50 − 0.40 

(23a)

where Fs =  stripping force (lb) 
P =  sum of the perimeters of all the punch-

ing or blanking faces (inch) 
T =  thickness of material (inch)

(23b)

where Fs =  stripping force (N) 
P =  sum of the perimeters of all the punch-

ing or blanking faces (mm) 
T =  thickness of material (mm)

Fp 1.3F=

W kFT=

Fs

1
0.00117
-------------------PT 855PT= = Fs 5.9PT=

Fmax Fso

Fs

n
-----> >



1344 FINE BLANKING

of 1.5-2.5 times those used in conventional stamping are needed for fine blanking, so
machines and tools must be designed and constructed accordingly. In mechanical fine-
blanking presses the clamping and ejection forces are exerted hydraulically. Such presses
generally are of toggle-type design and are limited to total forces of up to about 280 tons.
Higher forces generally require all-hydraulic designs. These presses are also suited to
embossing, coining, and impact extrusion work.

Cutting elements of tooling for fine blanking generally are made from 12 per cent chro-
mium steel, although high speed steel and tungsten carbide also are used for long runs or
improved quality. Cutting clearances between the punch and die as a percentage of the
thickness of material are given in Table 8. The clamping elements are sharp projections of
90-degree V-section that follow the outline of the workpiece and are incorporated into
each tool as part of the stripper plate with thin material and also as part of the die plate when
material thicker than 0.15 inch (3.81 mm) is to be blanked. Pressure applied to the elements
containing the V-projections prior to the blanking operation causes the sharp edges to enter
the material surface preventing sideways movement of the blank. The pressure applied as
the projections bite into the work surface near the contour edges also squeezes the material,
causing it to flow toward the cutting edges, reducing the usual rounding effect at the cut
edge. When small details such as gear teeth are to be produced, V-projections are often
used on both sides of the work, even with thin materials, to enhance the flow effect. With
suitable tooling, workpieces can be produced with edges that are perpendicular to top and
bottom surfaces within 0.004 inch (0.1mm) on thicknesses of 0.2 inch (5.0 mm), for
instance. V-projection dimensions for various material thicknesses are shown in Table 9.
Dimensions for V-projections Used in Fine-Blanking Tools .

Fine-blanked edges are free from the fractures that result from conventional tooling and
can have surface finishes down to 80 µin. (2.0 µm) Ra with suitable tooling. Close toler-
ances can be held on inner and outer forms and on hole center distances. Flatness of fine-
blanked components is better than that of parts made by conventional methods but distor-
tion may occur with thin materials due to release of internal stresses. Widths must be
slightly greater than are required for conventional press working. Generally, the strip
width must be 2-3 times the thickness, plus the width of the part measured transverse to the
feed direction. Other factors to be considered are shape, material quality, size and shape of
the V-projection in relation to the die outline, and spacing between adjacent blanked parts.
Holes and slots can be produced with ratios of width to material thickness down to 0.7,
compared with the 1:1 ratio normally specified for conventional tooling. Operations such
as countersinking, coining, and bending up to 60 degrees can be incorporated in fine-
blanking tooling.

The cutting force in pounds, lb (Newton, N) exerted in fine blanking is 0.9 times the
length of the cut in inches (mm) times the material thickness in inches (mm), times the ten-
sile strength in lbf/in2 (MPa). Pressure in lb (N) exerted by the clamping element(s) carry-
ing the V-projections is calculated by multiplying the length of the V-projection, which
depends on its shape, in inches (mm) by its height (h), times the material tensile strength in

Table 8. Values for Clearances Used in Fine-Blanking Tools
as a Percentage of the Thickness of the Material

Material Thickness Clearance, % 
(in.) (mm) Inside Contour Outside Contour 

<0.040 <1.016 2.0 

1.0
0.040 - 0.063 1.016 - 1.600 1.5 
0.063 - 0.098 1.600 - 2.489 1.25 
0.098 - 0.125 2.489 - 3.175 1.0 
0.125 - 0.197 3.175 - 5.004 0.8 

0.50.197 - 0.315 5.004 - 8.001 0.7 
0.315 - 0.630 8.001 - 16.002 0.5 
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lbf/in.2 (MPa), times an empirical factor f. Factor f has been determined to be 2.4 – 4.4 for a
tensile strength of 28,000-113,000 lbf/in2 (193-779 MPa). The clamping pressure is
approximately 30 per cent of the cutting force, calculated previously. Dimensions and
positioning of the V-projection(s) are related to the material thickness, quality, and tensile
strength. A small V-projection close to the line of cut has about the same effect as a large
V-projection spaced away from the cut. However, if the V-projection is too close to the cut,
it may move out of the material at the start of the cutting process, reducing its effectiveness.
Positioning the V-projection at a distance from the line of cut increases both material and
blanking force requirements. Location of the V-projection relative to the line of cut also
affects tool life.

Shaving.—  The edges of punched and blanked parts are generally rough and uneven. A
shaving operation is used to achieve very precise clean parts. Shaving is the process of
removing a thin layer of material from the inside or outside contour of a workpiece or from
both sides with a sharp punch and die. 

 Shaving a Punched Workpiece: It is necessary to provide a small amount of stock on the
punched or blanked workpiece for subsequent shaving. This amount, δ, is the difference
between diameters of the hole after shaving and before shaving. 

(25)

Table 9. Dimensions for V-projections Used in Fine-Blanking Tools

V-Projections On Stripper Plate Only V-Projections On Both Stripper and Die Plate
Material Thickness A h r H R

V-Projections On Stripper Plate Only
0.040-0.063 0.040 0.012 0.008 … …
0.063-0.098 0.055 0.015 0.008 … …
0.098-0.125 0.083 0.024 0.012 … …
0.125-0.157 0.098 0.028 0.012 … …
0.157-0.197 0.110 0.032 0.012 … …

V-Projections On Both Stripper and Die Plate
0.157-0.197 0.098 0.020 0.008 0.032 0.032
0.197-0.248 0.118 0.028 0.008 0.040 0.040
0.248-0.315 0.138 0.032 0.008 0.047 0.047
0.315-0.394 0.177 0.040 0.020 0.060 0.060
0.394-0.492 0.217 0.047 0.020 0.070 0.080
0.492-0.630 0.276 0.063 0.020 0.087 0.118

All units are in inches.

δ d do–=
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where where  d =  diameter of hole after shaving (inch or mm); and, d0 = d iame te r  o f
hole before shaving (inch or mm).

The value of δ is 0.006 to 0.0098 inch (0.15 to 0.25 mm) for a previously-punched hole,
and 0.004 to 0.006 inch (0.10 to 0.15 mm) for a previously-drilled hole. 

The diameter of punch dp can be calculated from the formula:

(26)

where d = diameter of hole after shaving (inch or mm) 
ε =production tolerance of the hole (inch or mm) 
i =amount of compensation for tightening of the hole after shaving (inch or mm) 

(i = 0.0002 to 0.00067 in. or 0.005-0.017 mm) 
The diameter of the die Dd is 

(27)

Shaving a Blanked Workpiece: Thin layers of material can be removed from a blanked
surface by a process similar to punching. If the workpiece after shaving needs to have a
diameter D, the punch diameter for the blanking operation is 

(28)

The die diameter for the blanking operation is 

(29)

where D = diameter of final piece (inch or mm) 
c =  clearance between die and punch (inch or mm) 
δ =amount of material for shaving (inch or mm) 

Bending

One of the most common processes for sheet-metal forming is bending, which is used to
form pieces such as L, U, or V-profiles, and also to improve the stiffness of a piece by
increasing its moment of inertia. Bending metal is a uniform straining process that plasti-
cally deforms the material and changes its shape. The material is stressed above the yield
strength but below the ultimate tensile strength. The surface area of the material changes
only in the bending zone. "Bending" usually refers to linear deformation about one axis.
Bending may be performed by air bending, bottoming bending, or coining.

 Air Bending: Air bending is done with the punch touching the workpiece but not bottom-
ing it in the lower die. The profile of a die for air bending can have a right angle or an acute
angle. The edges of the die with which the workpiece is in contact are rounded, and the
radius of the punch will always be smaller than the bending radius. 

Bottoming Bending and Coining: Bottoming or coining bending is the process by which
the punch and the workpiece bottom on the die. It is necessary to flatten the bottom bend
area of the workpiece between the tip of the punch and bottom on the die in order to avoid
springback. The tonnage required on this type of press is higher than in air bending. 
Inside Bend Radius .—Fig. 11 shows the terminology used in the bending process. 

Fig. 11. Schematic Illustration of Terminology Used in the Bending Process 

One of the most important factors influencing the quality of bent workpieces is the inside
bend radius which must be within defined limits. 

dp d ε i+ +=

Dd (1.20 to 1.30)dp=

dp D δ+=

dd dp 2c+ D δ 2c+ += =

Bend allowance

Inside bend radiusBend angle

T

Neutral axis
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Minimum Bend Radius: If the bend radius is less than Rmin given in Equation (30), partic-
ularly in harder materials, the material at the outside of the bend will tend to "orange peel."
If this orange peeling, or opening of the grain, is severe enough, the metal will fracture or
crack off completely in extreme cases.

The minimum bend radius, Rmin is given by the following formula: 

(30)

where T = material thickness (inch or mm); and, r = percentage reduction in a tensile test
for a given material (%).

 Maximum Bend Radius: If the bend radius is greater than Rmax given in Equation (31),
the bend will be very hard to control and will spring back erratically. The amount of spring-
back will worsen on thinner materials. When large radius bends are required an allowance
should always be made for this in the tolerance of the part. 

To achieve permanent plastic deformation in the outer fibers of the bent workpiece the
maximum bend radius must be 

(31)

where E = modulus of elasticity, lb/in2 (N/mm2); YS =  yield strength, lb/in2 (N/mm2);
and, T = thickness of material, inches (mm).

 Neutral Axis: When material is formed, the deformation in the inside fibers of the mate-
rial will compress during forming and the fibers of the material on the outside of the bend
will expand. The material between these two regions remains neutral during forming and
is referred to as the neutral axis of the material. The length of fibers along the neutral axis
of the bend does not change during forming. This neutral axis is used when figuring the
bend allowance for flat blank layouts. 

Allowances for Bending Sheet Metal: In bending steel, brass, bronze, or other metals, the
problem is to find the length of straight stock required for each bend; these lengths are
added to the lengths of the straight sections to obtain the total length of the material before
bending.

If L = length (inch or mm) of straight stock required before bending; T = thickness (inch
or mm); and R = inside radius of bend (inch or mm):

For 90° bends in soft brass and soft copper see Table 10 or:

(32)
For 90° bends in half-hard copper and brass, soft steel, and aluminum see Table 11 or:

(33)
For 90° bends in bronze, hard copper, cold-rolled steel, and spring steel see Table 12 or:

(34)

Example, Showing Application of Formulas:Find the length before bending of the part
illustrated by Fig. 12. Soft steel is to be used.

Fig. 12. 

Rmin T
50
r

------ 1–
 
 =

Rmax

TE

2 YS( )
---------------≤

L 0.55 T×( ) 1.57 R×( )+=

L 0.64 T×( ) 1.57 R×( )+=

L 0.71 T×( ) 1.57 R×( )+=
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Table 10. Lengths of Straight Stock Required for 90-Degree Bends in Soft Copper and Soft Brass

Radius R
of Bend,
Inches

Thickness T of Material, Inch

1⁄64
1⁄32

3⁄64
1⁄16

5⁄64
3⁄32

1⁄8 5⁄32
3⁄16

7⁄32
1⁄4 9⁄32

5⁄16

1⁄32 0.058 0.066 0.075 0.083 0.092 0.101 0.118 0.135 0.152 0.169 0.187 0.204 0.221
3⁄64 0.083 0.091 0.100 0.108 0.117 0.126 0.143 0.160 0.177 0.194 0.212 0.229 0.246
1⁄16 0.107 0.115 0.124 0.132 0.141 0.150 0.167 0.184 0.201 0.218 0.236 0.253 0.270
3⁄32 0.156 0.164 0.173 0.181 0.190 0.199 0.216 0.233 0.250 0.267 0.285 0.302 0.319
1⁄8 0.205 0.213 0.222 0.230 0.239 0.248 0.265 0.282 0.299 0.316 0.334 0.351 0.368

5⁄32 0.254 0.262 0.271 0.279 0.288 0.297 0.314 0.331 0.348 0.365 0.383 0.400 0.417
3⁄16 0.303 0.311 0.320 0.328 0.337 0.346 0.363 0.380 0.397 0.414 0.432 0.449 0.466
7⁄32 0.353 0.361 0.370 0.378 0.387 0.396 0.413 0.430 0.447 0.464 0.482 0.499 0.516
1⁄4 0.401 0.409 0.418 0.426 0.435 0.444 0.461 0.478 0.495 0.512 0.530 0.547 0.564

9⁄32 0.450 0.458 0.467 0.475 0.484 0.493 0.510 0.527 0.544 0.561 0.579 0.596 0.613
5⁄16 0.499 0.507 0.516 0.524 0.533 0.542 0.559 0.576 0.593 0.610 0.628 0.645 0.662

11⁄32 0.549 0.557 0.566 0.574 0.583 0.592 0.609 0.626 0.643 0.660 0.678 0.695 0.712
3⁄8 0.598 0.606 0.615 0.623 0.632 0.641 0.658 0.675 0.692 0.709 0.727 0.744 0.761

13⁄32 0.646 0.654 0.663 0.671 0.680 0.689 0.706 0.723 0.740 0.757 0.775 0.792 0.809
7⁄16 0.695 0.703 0.712 0.720 0.729 0.738 0.755 0.772 0.789 0.806 0.824 0.841 0.858

15⁄32 0.734 0.742 0.751 0.759 0.768 0.777 0.794 0.811 0.828 0.845 0.863 0.880 0.897
1⁄2 0.794 0.802 0.811 0.819 0.828 0.837 0.854 0.871 0.888 0.905 0.923 0.940 0.957

9⁄16 0.892 0.900 0.909 0.917 0.926 0.935 0.952 0.969 0.986 1.003 1.021 1.038 1.055
5⁄8 0.990 0.998 1.007 1.015 1.024 1.033 1.050 1.067 1.084 1.101 1.119 1.136 1.153

11⁄16 1.089 1.097 1.106 1.114 1.123 1.132 1.149 1.166 1.183 1.200 1.218 1.235 1.252
3⁄4 1.187 1.195 1.204 1.212 1.221 1.230 1.247 1.264 1.281 1.298 1.316 1.333 1.350

13⁄16 1.286 1.294 1.303 1.311 1.320 1.329 1.346 1.363 1.380 1.397 1.415 1.432 1.449
7⁄8 1.384 1.392 1.401 1.409 1.418 1.427 1.444 1.461 1.478 1.495 1.513 1.530 1.547

15⁄16 1.481 1.489 1.498 1.506 1.515 1.524 1.541 1.558 1.575 1.592 1.610 1.627 1.644

1 1.580 1.588 1.597 1.605 1.614 1.623 1.640 1.657 1.674 1.691 1.709 1.726 1.743

1 1⁄16 1.678 1.686 1.695 1.703 1.712 1.721 1.738 1.755 1.772 1.789 1.807 1.824 1.841

1 1⁄8 1.777 1.785 1.794 1.802 1.811 1.820 1.837 1.854 1.871 1.888 1.906 1.923 1.940

1 3⁄16 1.875 1.883 1.892 1.900 1.909 1.918 1.935 1.952 1.969 1.986 2.004 2.021 2.038

1 1⁄4 1.972 1.980 1.989 1.997 2.006 2.015 2.032 2.049 2.066 2.083 2.101 2.118 2.135
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Table 11. Lengths of Straight Stock Required for 90-Degree Bends in Half-Hard Brass and Sheet Copper, Soft Steel, and Aluminum

Radius R
of Bend,
Inches

Thickness T of Material, Inch

1⁄64
1⁄32

3⁄64
1⁄16

5⁄64
3⁄32

1⁄8 5⁄32
3⁄16

7⁄32
1⁄4 9⁄32

5⁄16

1⁄32 0.059 0.069 0.079 0.089 0.099 0.109 0.129 0.149 0.169 0.189 0.209 0.229 0.249
3⁄64 0.084 0.094 0.104 0.114 0.124 0.134 0.154 0.174 0.194 0.214 0.234 0.254 0.274
1⁄16 0.108 0.118 0.128 0.138 0.148 0.158 0.178 0.198 0.218 0.238 0.258 0.278 0.298
3⁄32 0.157 0.167 0.177 0.187 0.197 0.207 0.227 0.247 0.267 0.287 0.307 0.327 0.347
1⁄8 0.206 0.216 0.226 0.236 0.246 0.256 0.276 0.296 0.316 0.336 0.356 0.376 0.396

5⁄32 0.255 0.265 0.275 0.285 0.295 0.305 0.325 0.345 0.365 0.385 0.405 0.425 0.445
3⁄16 0.305 0.315 0.325 0.335 0.345 0.355 0.375 0.395 0.415 0.435 0.455 0.475 0.495
7⁄32 0.354 0.364 0.374 0.384 0.394 0.404 0.424 0.444 0.464 0.484 0.504 0.524 0.544
1⁄4 0.403 0.413 0.423 0.433 0.443 0.453 0.473 0.493 0.513 0.533 0.553 0.573 0.593

9⁄32 0.452 0.462 0.472 0.482 0.492 0.502 0.522 0.542 0.562 0.582 0.602 0.622 0.642
5⁄16 0.501 0.511 0.521 0.531 0.541 0.551 0.571 0.591 0.611 0.631 0.651 0.671 0.691

11⁄32 0.550 0.560 0.570 0.580 0.590 0.600 0.620 0.640 0.660 0.680 0.700 0.720 0.740
3⁄8 0.599 0.609 0.619 0.629 0.639 0.649 0.669 0.689 0.709 0.729 0.749 0.769 0.789

13⁄32 0.648 0.658 0.668 0.678 0.688 0.698 0.718 0.738 0.758 0.778 0.798 0.818 0.838
7⁄16 0.697 0.707 0.717 0.727 0.737 0.747 0.767 0.787 0.807 0.827 0.847 0.867 0.887

15⁄32 0.746 0.756 0.766 0.776 0.786 0.796 0.816 0.836 0.856 0.876 0.896 0.916 0.936
1⁄2 0.795 0.805 0.815 0.825 0.835 0.845 0.865 0.885 0.905 0.925 0.945 0.965 0.985

17⁄32 0.844 0.854 0.864 0.874 0.884 0.894 0.914 0.934 0.954 0.974 0.994 1.014 1.034
9⁄16 0.894 0.904 0.914 0.924 0.934 0.944 0.964 0.984 1.004 1.024 1.044 1.064 1.084
5⁄8 0.992 1.002 1.012 1.022 1.032 1.042 1.062 1.082 1.102 1.122 1.42 1.162 1.182

11⁄16 1.090 1.100 1.110 1.120 1.130 1.140 1.160 1.180 1.200 1.220 1.240 1.260 1.280
3⁄4 1.188 1.198 1.208 1.218 1.228 1.238 1.258 1.278 1.298 1.318 1.338 1.358 1.378

13⁄16 1.286 1.296 1.306 1.316 1.326 1.336 1.356 1.376 1.396 1.416 1.436 1.456 1.476
7⁄8 1.384 1.394 1.404 1.414 1.424 1.434 1.454 1.474 1.494 1.514 1.534 1.554 1.574

15⁄16 1.483 1.493 1.503 1.513 1.523 1.553 1.553 1.573 1.693 1.613 1.633 1.653 1.673

1 1.581 1.591 1.601 1.611 1.621 1.631 1.651 1.671 1.691 1.711 1.731 1.751 1.771
1 1⁄16 1.697 1.689 1.699 1.709 1.719 1.729 1.749 1.769 1.789 1.809 1.829 1.849 1.869

1 1⁄8 1.777 1.787 1.797 1.807 1.817 1.827 1.847 1.867 1.887 1.907 1.927 1.947 1.967

1 3⁄16 1.875 1.885 1.895 1.905 1.915 1.925 1.945 1.965 1.985 1.005 2.025 2.045 2.065

1 1⁄4 1.973 1.983 1.993 1.003 2.013 2.023 2.043 2.063 2.083 2.103 2.123 2.143 2.163
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Table 12. Lengths of Straight Stock Required for 90-Degree Bends in Hard Copper, Bronze, Cold-Rolled Steel, and Spring Steel

Radius R
of Bend,
Inches

Thickness T of Material, Inch

1⁄64
1⁄32

3⁄64
1⁄16

5⁄64
3⁄32

1⁄8 5⁄32
3⁄16

7⁄32
1⁄4 9⁄32

5⁄16

1⁄32 0.060 0.071 0.082 0.093 0.104 0.116 0.138 0.160 0.182 0.204 0.227 0.249 0.271
3⁄64 0.085 0.096 0.107 0.118 0.129 0.141 0.163 0.185 0.207 0.229 0.252 0.274 0.296
1⁄16 0.109 0.120 0.131 0.142 0.153 0.165 0.187 0.209 0.231 0.253 0.276 0.298 0.320
3⁄32 0.158 0.169 0.180 0.191 0.202 0.214 0.236 0.258 0.280 0.302 0.325 0.347 0.369
1⁄8 0.207 0.218 0.229 0.240 0.251 0.263 0.285 0.307 0.329 0.351 0.374 0.396 0.418

5⁄32 0.256 0.267 0.278 0.289 0.300 0.312 0.334 0.356 0.378 0.400 0.423 0.445 0.467
3⁄16 0.305 0.316 0.327 0.338 0.349 0.361 0.383 0.405 0.427 0.449 0.472 0.494 0.516
7⁄32 0.355 0.366 0.377 0.388 0.399 0.411 0.433 0.455 0.477 0.499 0.522 0.544 0.566
1⁄4 0.403 0.414 0.425 0.436 0.447 0.459 0.481 0.503 0.525 0.547 0.570 0.592 0.614

9⁄32 0.452 0.463 0.474 0.485 0.496 0.508 0.530 0.552 0.574 0.596 0.619 0.641 0.663
5⁄16 0.501 0.512 0.523 0.534 0.545 0.557 0.579 0.601 0.623 0.645 0.668 0.690 0.712

11⁄32 0.551 0.562 0.573 0.584 0.595 0.607 0.629 0.651 0.673 0.695 0.718 0.740 0.762
3⁄8 0.600 0.611 0.622 0.633 0.644 0.656 0.678 0.700 0.722 0.744 0.767 0.789 0.811

13⁄32 0.648 0.659 0.670 0.681 0.692 0.704 0.726 0.748 0.770 0.792 0.815 0.837 0.859
7⁄16 0.697 0.708 0.719 0.730 0.741 0.753 0.775 0.797 0.819 0.841 0.864 0.886 0.908

15⁄32 0.736 0.747 0.758 0.769 0.780 0.792 0.814 0.836 0.858 0.880 0.903 0.925 0.947
1⁄2 0.796 0.807 0.818 0.829 0.840 0.852 0.874 0.896 0.918 0.940 0.963 0.985 1.007

9⁄16 0.894 0.905 0.916 0.927 0.938 0.950 0.972 0.994 1.016 1.038 1.061 1.083 1.105
5⁄8 0.992 1.003 1.014 1.025 1.036 1.048 1.070 1.092 1.114 1.136 1.159 1.181 1.203

11⁄16 1.091 1.102 1.113 1.124 1.135 1.147 1.169 1.191 1.213 1.235 1.258 1.280 1.302
3⁄4 1.189 1.200 1.211 1.222 1.233 1.245 1.267 1.289 1.311 1.333 1.356 1.378 1.400

13⁄16 1.288 1.299 1.310 1.321 1.332 1.344 1.366 1.388 1.410 1.432 1.455 1.477 1.499
7⁄8 1.386 1.397 1.408 1.419 1.430 1.442 1.464 1.486 1.508 1.530 1.553 1.575 1.597

15⁄16 1.483 1.494 1.505 1.516 1.527 1.539 1.561 1.583 1.605 1.627 1.650 1.672 1.694

1 1.582 1.593 1.604 1.615 1.626 1.638 1.660 1.682 1.704 1.726 1.749 1.771 1.793

1 1⁄16 1.680 1.691 1.702 1.713 1.724 1.736 1.758 1.780 1.802 1.824 1.847 1.869 1.891

1 1⁄8 1.779 1.790 1.801 1.812 1.823 1.835 1.857 1.879 1.901 1.923 1.946 1.968 1.990

1 3⁄16 1.877 1.888 1.899 1.910 1.921 1.933 1.955 1.977 1.999 2.021 2.044 2.066 2.088

1 1⁄4 1.974 1.985 1.996 2.007 2.018 2.030 2.052 2.074 2.096 2.118 2.141 2.163 2.185
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For bend at left-hand end (180-degree bend)

For bend at right-hand end (60-degree bend)

Total length before bending = 3.5 + 1.338 + 0.707 = 5.545 inches
Angle of Bend Other Than 90 Degrees: For angles other than 90 degrees, find length L,

using tables or formulas, and multiply L by angle of bend, in degrees, divided by 90 to find
length of stock before bending. In using this rule, note that angle of bend is the angle
through which the material has actually been bent; hence, it is not always the angle as given
on a drawing. To illustrate, in Fig. 13, the angle on the drawing is 60 degrees, but the angle
of bend A is 120 degrees (180 − 60 = 120); in Fig. 14, the angle of bend A is 60 degrees; in
Fig. 15, angle A is 90 − 30 = 60 degrees. Formulas (32), (33), and (34) apply to parts bent
with simple tools or on the bench, where limits of ± 1⁄64 inch are specified. If a part has two
or more bends of the same radius, it is, of course, only necessary to obtain the length
required for one of the bends and then multiply by the number of bends, to obtain the total
allowance for the bent sections.

Springback: Every plastic deformation is followed by elastic recovery. As a conse-
quence of this phenomenon, which occurs when a flat-rolled metal or alloy is cold-worked,
upon release of the forming force, the material has a tendency to partially return to its orig-
inal shape. This effect is called springback and is influenced not only by the tensile and
yield strengths, but also by the thickness, bend radius, and bend angle. To estimate spring-
back, an approximate formula in terms of the bend radius before springback Ri and bend
radius after springback Rf is as follows 

(35)

where Ri = bend radius before springback, inch (mm) ; Rf = bend radius after springback,
inch (mm) ; YS = yield strength of the material, lb/in2 (MPa); E =  modulus of elasticity
of the material lb/in2 (MPa); and,  T = material thickness, inch (mm).

Other Bending Allowance Formulas: When bending sheet steel or brass, add from 1⁄3 to 1⁄2
the thickness of the stock, for each bend, to the sum of the inside dimensions of the finished
piece, to get the length of the straight blank. The harder the material the greater the allow-
ance (1⁄3 of the thickness is added for soft stock and 1⁄2 of the thickness for hard material).
The data given in, Table 13, refers particularly to the bending of sheet metal for counters,
bank fittings, and general office fixtures, for which purpose it is not absolutely essential to
have the sections of the bends within very close limits. Absolutely accurate data for this
work cannot be deduced as the hardness and other mechanical properties vary consider-
ably. The values given in the table apply to sheet steel, aluminum, brass and bronze. Expe-
rience has demonstrated that for semi-square corners, such as those formed in a V-die, the
amount to be deducted from the sum of the outside bend dimensions, shown in Fig. 16 as
the sum of the letters from a to e, is as follows: X = 1.67 BG, where X = the amount to be

Fig. 13. Fig. 14. Fig. 15. 

L 0.64 0.125×( ) 1.57 0.375×( )+[ ] 180
90
---------× 1.338= =

L 0.64 0.125×( ) 1.57 0.625×( )+[ ] 60
90
------× 0.707= =

Ri

Rf

----- 4
Ri YS( )

ET
-----------------
 
 

3
3

Ri YS( )
ET

-----------------
 
 – 1+=
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deducted; B = the number of bends; and G = the decimal equivalent of the gage thickness
of the stock. The values of X for different gages and numbers of bends are given in the
table.

Fig. 16. 

The lower part of the table applies to square bends that are either drawn through a block
of steel made to the required shape, or are drawn through rollers in a drawbench. The pres-
sure applied not only gives a much sharper corner, but it also elongates the material more
than in the V-die process. In this example, the deduction is X = 1.33 BG.

Example:The following further illustrates this type of calculation. A strip having two
bends is to have outside dimensions of 2, 11⁄2 and 2 inches, and is made of stock 0.125 inch
thick. The sum of the outside dimensions is thus 51⁄2 inches, and from Table 13 the amount
to be deducted is found to be 0.416; hence the blank will be 5.5 − 0.416 = 5.084 inches long.

Approximate values for sheet steel, aluminum, brass, and bronze.

Bending Force: The bending force is a function of the strength of the material, the length
of the workpiece, and the die opening. A good approximation of the required force F is 

(36)

where F =bending force (lb or N)
L = length of the workpiece (inch or mm) 
T =material thickness (inch or mm)

Table 13. Allowances for Square Bends in Sheet Metal

Square Bends Gage T
hi

ck
ne

ss
In

ch
es

Amount to be deducted from the sum of the
outside bend dimensions, (in)

1
Bend

2
Bends

3
Bends

4
Bends

5
Bends

6
Bends

7
Bends

Formed in a 
Press by a V-die

18 0.0500 0.083 0.166 0.250 0.333 0.416 0.500 0.583

16 0.0625 0.104 0.208 0.312 0.416 0.520 0.625 0.729

14 0.0781 0.130 0.260 0.390 0.520 0.651 0.781 0.911

13 0.0937 0.156 0.312 0.468 0.625 0.781 0.937 1.093

12 0.1093 0.182 0.364 0.546 0.729 0.911 1.093 1.276

11 0.1250 0.208 0.416 0.625 0.833 1.041 1.250 1.458

10 0.1406 0.234 0.468 0.703 0.937 1.171 1.406 1.643

Rolled or 
Drawn in a 
Draw-bench

18 0.0500 0.066 0.133 0.200 0.266 0.333 0.400 0.466

16 0.0625 0.083 0.166 0.250 0.333 0.416 0.500 0.583

14 0.0781 0.104 0.208 0.312 0.416 0.521 0.625 0.729

13 0.0937 0.125 0.250 0.375 0.500 0.625 0.750 0.875

12 0.1093 0.145 0.291 0.437 0.583 0.729 0.875 1.020

11 0.1250 0.166 0.333 0.500 0.666 0.833 1.000 1.166

10 0.1406 0.187 0.375 0.562 0.750 0.937 1.125 1.312

F
LT2 UTS( )

W
--------------------------=



DRAWING 1353

UTS = ultimate tensile strength of the material (lb/in2 or MPa)
W = die opening (inch or mm)

Three-roll Bending.—Many curved sheet metal parts, such as rings, cylinders, truncated
cones, or segments of these shapes, are impractical to produce by press forming. Such parts
are best produced by a process called roll bending. In this process workpiece is produced
from a flat blank by passing it between three staggered rolls. Depending upon such vari-
ables as the composition of the work material, machine capability, or workpiece size, the
shape may be formed in a single pass or a series of passes, with roll adjustments necessary
after each pass. Fig. 17 illustrates the basic set-up for three-roll bending on pyramid-type
machines.

To achieve permanent deformation in the outside and inside fibers of the material, the
following relationship must apply:

(37)

where D = outer diameter of the workpiece, inch (mm) 
T =material thickness, inch (mm)
E =modulus of elasticity, lb/in2 (MPa)

YS = yield stress, lb/in2 (MPa)
Nowadays, three-roll bending is one of the bending operations most used in industrial

manufacturing. With only one set of rolls and by setting only one axis, it is possible to
achieve different radii or a distribution of radii along the profile length within the bending
plane. In addition to the high flexibility and thus economy of this process, it can achieve
high quality standards, too, if suitable measures are used. 

Drawing

The drawing of metal, or deep drawing is the process by which a punch is used to force
sheet metal to flow between the surfaces of a punch and a die. Many products made from
sheet metals are given the required shape by using a drawing operation. A blank is first cut
from flat stock, and then a shell of cylindrical, conical or special shape is produced from
this flat blank by means of one or more drawing dies. Most drawn parts are of cylindrical
shape, but rectangular, square, and specialized shapes are sometimes produced. With this
process, it is possible to get a final part-using minimal operations and generating minimal
scrap-that can be assembled without further operations. 

Mechanics of Deep Drawing .—As the material is drawn into the die by the punch, it
flows into a three-dimensional shape. The blank is held in place with a blank holder using

Fig. 17. Three-roll Bending

T
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φ
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T
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a fixed force. High compressive stresses act upon the metal, which without the offsetting
effect of a blank holder, would result in a severely wrinkled workpiece. 

Wrinkling is one of the major defects in deep drawing; it can damage the dies and
adversely affect part assembly and function. The prediction and prevention of wrinkling is
very important. There are a number of different analytical and experimental methods that
can help to predict and prevent flange wrinkling, including finite element modeling
(FEM).

There are many important variables in the deep drawing process but they can be classi-
fied as either: material and friction factors, or tooling and equipment factors.

Important material properties such as the strain hardening coefficient (n) and normal
anisotropy (R) affect deep-drawing operations. Friction and lubrication at the punch, die,
and workpiece interfaces are very important in a successful deep drawing process. 

Unlike bending operations, in which metal is plastically deformed in a relatively small
area, drawing operations impose plastic deformation over large areas and stress states are
different in different regions of the part. As a starting point, consider what appear to be
three zones undergoing types of deformation: 

1) The flat portion of the blank that has not yet entered the die cavity (the flange) 
2) The portion of the blank that is in the die cavity (the wall) 
3) The zone of contact between the punch and the blank (bottom) 
The radial tensile stress is due to the blank being pulled into the female die, and the com-

pressive stress, normal in the blank sheet, is due to the blank holder pressure. The punch
transmits force F to the bottom of the cup, so the part of the blank that is formed into the
bottom of the cup is subjected to radial and tangential tensile stress. From the bottom, the
punch transmits the force through the walls of the cup to the flange. In this stressed state,
the walls tend to elongate in a longitudinal direction. Elongation causes the cup wall to
become thinner, which can cause the workpiece to tear. 

If a drawing die radius in a deep drawing operation is too small, it will cause fracture of
the cup in the zone between the wall and the flange. If a punch corner radius is too small it
may cause fracture in the zone between a wall and bottom of a cup. Fracture can also result
from high longitudinal tensile stresses in the bottom cup, due to a high ratio between the
blank diameter and the punch diameter. Parts made by deep drawing usually require sev-
eral successive draws. One or more annealing operations may be required to reduce work
hardening by restoring the ductile grain structure.

 Number of Draws: The number of successive draws n required is a function of the ratio
of the part height h to the part diameter d, and is given by this formula: 

(38)

where where  n = number of draws; h =  part height; and,  d = part diameter.
The value of n for the cylindrical cup draw is given in Table 14.

Deep Drawability : Deep drawability is the ability of a sheet metal to be formed, or
drawn, into a cupped or cavity shape without cracking or otherwise failing. The depth to
which metal can be drawn in one operation depends upon the quality and kind of material,
its thickness, and the amount that the work material is thinned in drawing.

 Drawing a Cylindrical Cup Without a Flange: A general rule for determining the depth
to which a cylindrical cup without a flange can be drawn in one operation is defined as the
ratio of the mean diameter dm of the drawn cup to the blank diameter D. This relation is

Table 14. Number of Draws (n) for a Cylindrical Cup Draw.

h/d < 0.6 0.6 to1.4 1.4 to 2.5 2.5 to 4.0 4.0 to 7.0 7.0 to 12.0 

n 1 2 3 4 5 6 

n
h

d
---=
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known as the drawing ratio m. The value of the drawing ratio for the first and succeeding
operations is given by: 

The magnitude of these ratios determines the following parameters: 
1) the stresses and forces of the deep drawing processes 
2) the number of successive draws 
3) the blank holder force 
4) the quality of the final drawn parts. 
Table 15 shows optimal drawing ratios for cylindrical cups of sheet steel and brass with-

out a flange. 

Diameters of drawing workpieces for the first and succeeding operations are given by: 

Drawing a Cylindrical Cup With a Flange: Table 16 gives values of the drawing ratio m
for the first and succeeding operations for drawing a cylindrical cup with flange. 

Diameters of drawing workpiece for the first and succeeding operations are given by 

However, diameter Df needs to be accomplished in the first drawing operation if possi-
ble.

Diameters of Shell Blanks: The diameters of blanks for drawing plain cylindrical shells
can be obtained from Table 17, which gives a very close approximation for thin stock. The
blank diameters given in this table are for sharp-cornered shells and are found by the fol-
lowing formula

(39)

where where D = diameter of flat blank (inch or mm); d =  diameter of finished shell
(inch or mm); and, h = height of finished shell (inch or mm).

Example 1:If the diameter of the finished shell d, is to be 1.5 inches (mm), and the height
h, 2 inches (mm), the trial diameter of the blank D, would be found as follows:

Table 15.  Optimal Ratios M for Drawing a Cylindrical Cup Without Flanges

Relative Thickness of the Material 

Drawing ratio m 2.0 − 1.5 1.5 − 1.0 1.0 − 0.6 0.6 − 0.3 0.3 − 0.15 0.15 − 0.08 

m1 0.48 − 0.50 0.50 − 0.53 0.53 − 0.55 0.55 − 0.58 0.58 − 0.60 0.60 − 0.63 

m2 0.73 − 0.75 0.75 − 0.76 0.76 − 0.78 0.78 − 0.79 0.79 − 0.80 0.80 − 0.82 

m3 0.76 − 0.78 0.78 − 0.79 0.79 − 0.80 0.81 − 0.82 0.81 − 0.82 0.82 − 0.84 

m4 0.78 − 0.80 0.80 − 0.81 0.81 − 0.82 0.82 − 0.83 0.83 − 0.85 0.85 − 0.86 

m5 0.80 − 0.82 0.82 −0.84 0.84 − 0.85 0.85 − 0.86 0.86 − 0.87 0.78 − 0.90 

m1

dm1

D
--------= m2

dm2

Dm1

----------= m3

dm3

Dm2

----------= … mn

dm
n

Dm
n 1–

----------------=

Tr

T

D
----100 (%)=

d1 m1D= d2 m2d1= … di midi 1–=

d1 m1D= d2 m2d1= … di midi 1–=

D d
2

4dh+=
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For a round-cornered cup, the following formula, in which r equals the radius of the cor-
ner, will give fairly accurate diameters, provided the radius does not exceed, say, 1⁄4 the
height of the shell:

(40)

These formulas are based on the assumption that the thickness of the drawn shell is to be
the same as the original thickness of the stock and that the blank is so proportioned that its
area will equal the area of the drawn shell. This method of calculating the blank diameter is
quite accurate for thin material, when there is only a slight reduction in the thickness of the
metal incident to drawing; but when heavy stock is drawn and the thickness of the finished
shell is much less than the original thickness of the stock, the blank diameter obtained from
Formulas (39) or (40) will be too large, because when the stock is drawn thinner, there is an
increase in area. When an appreciable reduction in thickness is to be made, the blank diam-
eter can be obtained by first determining the “mean height” of the drawn shell by the fol-
lowing formula. This formula is only approximately correct, but will give results
sufficiently accurate for most work:

(41)

where M = approximate mean height of drawn shell (inch or mm); h = height of drawn shell
(inch or mm); t = thickness of shell (inch or mm); and T = thickness of metal (inch or mm)
before drawing.

After determining the mean height, the blank diameter for the required shell diameter is
obtained from Table 16, the mean height being used instead of the actual height.

Table 16. Values of Ratio m for Drawing a Cylindrical Cup With Flange

Drawing
 ratio 

m

Relative thickness of the material  

2.0 - 1.5 1.5 - 1.0 1.0 - 0.6 0.6 - 0.3 0.3 - 0.15 

m1

1.1 0.51 0.53 0.55 0.57 0.59 
1.3 0.49 0.51 0.53 0.54 0.55 
1.5 0.47 0.49 0.50 0.51 0.52 
1.8 0.45 0.46 0.47 0.48 0.48 
2.0 0.42 0.43 0.44 0.45 0.45 
2.5 0.37 0.38 0.38 0.38 0.38 
3.0 0.32 0.33 0.33 0.33 0.33 

m2 … 0.73 0.75 0.76 0.78 0.80 
m3 … 0.75 0.78 0.79 0.80 0.82 
m4 … 0.78 0.80 0.82 0.83 0.84 
m5 … 0.80 0.82 0.84 0.85 0.86 

Df

h
Rp

d

Rd
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Table 17. Diameters of Blanks for Drawn Cylindrical Shells

Dia.
of

Shell

Height of Shell

1⁄4 1⁄2 3⁄4 1 1 1⁄4 1 1⁄2 1 3⁄4 2 2 1⁄4 2 1⁄2 2 3⁄4 3 3 1⁄4 3 1⁄2 3 3⁄4 4 4 1⁄2 5 5 1⁄2 6

1⁄4 0.56 0.75 0.90 1.03 1.14 1.25 1.35 1.44 1.52 1.60 1.68 1.75 1.82 1.89 1.95 2.01 2.14 2.25 2.36 2.46

1⁄2 0.87 1.12 1.32 1.50 1.66 1.80 1.94 2.06 2.18 2.29 2.40 2.50 2.60 2.69 2.78 2.87 3.04 3.21 3.36 3.50

3⁄4 1.14 1.44 1.68 1.89 2.08 2.25 2.41 2.56 2.70 2.84 2.97 3.09 3.21 3.33 3.44 3.54 3.75 3.95 4.13 4.31

1 1.41 1.73 2.00 2.24 2.45 2.65 2.83 3.00 3.16 3.32 3.46 3.61 3.74 3.87 4.00 4.12 4.36 4.58 4.80 5.00

1 1⁄4 1.68 2.01 2.30 2.56 2.79 3.01 3.21 3.40 3.58 3.75 3.91 4.07 4.22 4.37 4.51 4.64 4.91 5.15 5.39 5.62

1 1⁄2 1.94 2.29 2.60 2.87 3.12 3.36 3.57 3.78 3.97 4.15 4.33 4.50 4.66 4.82 4.98 5.12 5.41 5.68 5.94 6.18

1 3⁄4 2.19 2.56 2.88 3.17 3.44 3.68 3.91 4.13 4.34 4.53 4.72 4.91 5.08 5.26 5.41 5.58 5.88 6.17 6.45 6.71

2 2.45 2.83 3.16 3.46 3.74 4.00 4.24 4.47 4.69 4.90 5.10 5.29 5.48 5.66 5.83 6.00 6.32 6.63 6.93 7.21

2 1⁄4 2.70 3.09 3.44 3.75 4.04 4.31 4.56 4.80 5.03 5.25 5.46 5.66 5.86 6.05 6.23 6.41 6.75 7.07 7.39 7.69

2 1⁄2 2.96 3.36 3.71 4.03 4.33 4.61 4.87 5.12 5.36 5.59 5.81 6.02 6.22 6.42 6.61 6.80 7.16 7.50 7.82 8.14

2 3⁄4 3.21 3.61 3.98 4.31 4.62 4.91 5.18 5.44 5.68 5.92 6.15 6.37 6.58 6.79 6.99 7.18 7.55 7.91 8.25 8.58

3 3.46 3.87 4.24 4.58 4.90 5.20 5.48 5.74 6.00 6.25 6.48 6.71 6.93 7.14 7.35 7.55 7.94 8.31 8.66 9.00

3 1⁄4 3.71 4.13 4.51 4.85 5.18 5.48 5.77 6.04 6.31 6.56 6.80 7.04 7.27 7.49 7.70 7.91 8.31 8.69 9.06 9.41

3 1⁄2 3.97 4.39 4.77 5.12 5.45 5.77 6.06 6.34 6.61 6.87 7.12 7.36 7.60 7.83 8.05 8.26 8.67 9.07 9.45 9.81

3 3⁄4 4.22 4.64 5.03 5.39 5.73 6.05 6.35 6.64 6.91 7.18 7.44 7.69 7.92 8.16 8.38 8.61 9.03 9.44 9.83 10.20

4 4.47 4.90 5.29 5.66 6.00 6.32 6.63 6.93 7.21 7.48 7.75 8.00 8.25 8.49 8.72 8.94 9.38 9.80 10.20 10.58

4 1⁄4 4.72 5.15 5.55 5.92 6.27 6.60 6.91 7.22 7.50 7.78 8.05 8.31 8.56 8.81 9.04 9.28 9.72 10.15 10.56 10.96

4 1⁄2 4.98 5.41 5.81 6.19 6.54 6.87 7.19 7.50 7.79 8.08 8.35 8.62 8.87 9.12 9.37 9.60 10.06 10.50 10.92 11.32

4 3⁄4 5.22 5.66 6.07 6.45 6.80 7.15 7.47 7.78 8.08 8.37 8.65 8.92 9.18 9.44 9.69 9.93 10.40 10.84 11.27 11.69

5 5.48 5.92 6.32 6.71 7.07 7.42 7.75 8.06 8.37 8.66 8.94 9.22 9.49 9.75 10.00 10.25 10.72 11.18 11.62 12.04

5 1⁄4 5.73 6.17 6.58 6.97 7.33 7.68 8.02 8.34 8.65 8.95 9.24 9.52 9.79 10.05 10.31 10.56 11.05 11.51 11.96 12.39

5 1⁄2 5.98 6.42 6.84 7.23 7.60 7.95 8.29 8.62 8.93 9.23 9.53 9.81 10.08 10.36 10.62 10.87 11.37 11.84 12.30 12.74

5 3⁄4 6.23 6.68 7.09 7.49 7.86 8.22 8.56 8.89 9.21 9.52 9.81 10.10 10.38 10.66 10.92 11.18 11.69 12.17 12.63 13.08

6 6.48 6.93 7.35 7.75 8.12 8.49 8.83 9.17 9.49 9.80 10.10 10.39 10.68 10.95 11.23 11.49 12.00 12.49 12.96 13.42
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Example 2:Suppose a shell 2 inches (mm) in diameter and 33⁄4 inches (mm) high is to be
drawn, and that the original thickness of the stock is 0.050 inch (mm), and the thickness of
drawn shell, 0.040 inch (mm). To what diameter should the blank be cut? Obtain the mean
height from Formula (41):

According to Table 16, the blank diameter for a shell 2 inches (mm) in diameter and 3
inches (mm) high is 5.29 inches (mm). Formula (41) is accurate enough for all practical
purposes, unless the reduction in the thickness of the metal is greater than about one-fifth
the original thickness. When there is considerable reduction, a blank calculated by this for-
mula produces a shell that is too long. However, the error is in the right direction, as the
edges of drawn shells are ordinarily trimmed.

If the shell has a rounded corner, the radius of the corner should be deducted from the fig-
ures given in the table. For example, if the shell referred to in Example 2 had a corner of 1⁄4-
inch (mm) radius, the blank diameter would equal 5.29 − 0.25 = 5.04 inches (mm).

Another formula that is sometimes used for obtaining blank diameters for shells, when
there is a reduction in the thickness of the stock, is as follows:

(42)

where In this formula D = blank diameter (inch or mm); a = outside diameter (inch or
mm); b = inside diameter (inch or mm); t = thickness of shell at bottom (inch or mm);
and, h = depth of shell (inch or mm).

Equation (42) is based on the volume of metal in the drawn shell. It is assumed that the
shells are cylindrical, and no allowance is made for a rounded corner at the bottom, or for
trimming the shell after drawing. To allow for trimming, add required amount to depth h.

When a shell is of irregular cross-section, if its weight is known, the blank diameter (D),
can be determined by the following formula:

(43)

where D =blank diameter, inches (mm) 
W =weight of shell, lbs (kg) 
w =weight of metal, lb/in3 (kg/mm3)
t = thickness of the shell, inch (mm)

In the construction of dies for producing shells, especially of irregular form, a common
method to be used is to make the drawing tool first. The required blank diameter then can
be determined by trial. One method is to cut a trial blank as near to size and shape as can be
estimated. The outline of this blank is then scribed on a flat sheet, after which the blank is
drawn. If the finished shell shows that the blank is not of the right diameter or shape, a new
trial blank is cut either larger or smaller than the size indicated by the line previously
scribed, this line acting as a guide. If a model shell is available, the blank diameter can also
be determined as follows:

First, cut a blank somewhat large, and from the same material used for making the model;
then, reduce the size of the blank until its weight equals the weight of the model.

Forces: The punch force for drawing a cylindrical shell needs to supply the various types
of work required in deep drawing, such as the work of deformation, redundant work, fric-
tion work, and the work required for ing (if required).

 Force for the First Drawing Operation: The calculation of the punch force for the first
drawing operation (neglecting friction) is given by the following formula: 
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(44)

where dm1 =  mean diameter of shell after the first operation, (inch or mm)
T =  material thickness, (inch or mm)

UTS =  ultimate tensile strength of the material, (lb/in2 or N/mm2)
 Force for Subsequent Drawing Operations: Subsequent drawing operations are differ-

ent from the first operation: as in the deep-drawing process, the flange diameter decreases
but the zone of the plastic deformation does not change. The punch force for the next draw-
ing operation can be calculated by the approximate empirical formula as follows: 

(45)

where dp =  punch diameter (inch or mm)
D =  blank diameter (inch or mm)
T =  material thickness (inch or mm)

UTS =  ultimate tensile strength of the material (lb/in2 or MPa)
Shapes of Blanks for Rectangular Shells: There is no formula for determining the shape

of the blank for rectangular drawing that will produce the part as drawn to print. All corner
contours must be developed. However, the following conservative procedure will get the
die in the final design ballpark with a minimum of trials. When laying out a blank by this
method, first draw a plan view of the finished shell or lines representing the shape of the
part at the bottom, the corners being given the required radius, as shown in Fig. 18. Next,
insert the sides and ends, making the length L and the width W equal to the length and width
of the drawn part minus twice the radius r at the corners. To provide just the right amount
of material for the corners, the first step is to find what blank diameter will be required to
draw a cylindrical shell having a radius r. This diameter can be calculated by the formula
for the blank diameter (D) of the cylindrical shell: 

(46)
where D =  blank diameter (inch or mm)

d =  diameter of drawn shell (inch or mm) 
h =  height of shell (inch or mm)

After determining the diameter D, scribe arcs at each corner having radius R equal to one-
half of diameter D. The outline of the blank for the rectangular part is then obtained by
drawing curved lines between the ends and the sides, as shown in Fig. 18. These curves
should touch the arcs R.

Fig. 18. Layout Design for Deep Drawn Rectangular Shell
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When laying out the blank it is usually advisable to plan for a form that will produce cor-
ners a little higher than the sides. The wear of the die is at the corners, and when it occurs,
the material will thicken and the drawn part will be low at the corners if no allowance for
this wear has been made on the blank. 

Blank for Rectangular Flanged Shells: The shape of the blank for a rectangular flanged
shell may be determined in practically the same way as described in the foregoing, except
that the width of the flange must be considered. Referring to Fig. 18, the dimension h in the
flat blank is made equal to the height of the drawn part plus the width of the flange; how-
ever, the blank diameter D for a cylindrical shell having a flange can be determined by the
formula

(47)

where D = blank diameter, (inch or mm)

d = diameter of drawn shell, (inch or mm) 

d1 = diameter measured across the flange, (inch or mm)

h = height of shell, (inch or mm)

After determining diameter D and the corresponding radius R, the outline of the blank is
drawn the same as for a rectangular shell without the flange. 

Ironing Process.—The ironing process is the reduction in thickness of drawn shell walls
by pulling them through tight dies. Ironing is a very useful process when employed in com-
bination with deep drawing to produce a uniform wall thickness and to increase the wall
height. It is done to obtain a wall that is thin compared with the shell bottom; or merely to
correct natural wall thickening toward the top edge of a drawn shell.

Basically, in the ironing processes, a previously deep-drawn shell is placed on a punch
and pushed through one or more ironing die rings that have a smaller inside diameter than
the outside diameter of the shell (Fig. 19). Hence, the clearance between the ironing rings
and the punch is less than the shell’s wall thickness, so the shell after ironing has a constant
wall thickness equal to the clearance. The theoretical maximum reduction in wall thick-
ness per operation due to ironing is approximately 60%.

Fig. 19.  Ironing of drawn cup: a) cup before ironing; b) cup after ironing.

a) Ironing Force: Ironing involves the compression and additional work hardening of
the metal. The stress on the sidewall can be quite severe, creating the additional possibility
of cup failure. 

The force required to iron a cylindrical workpiece can be calculated as

(48)

where Fir = ironing force (lb); d0 = outside diameter of cylindrical cup (in.); Sc = compres-
sive strength of metal (lb/in2); T = thickness of material (in.); and, c = clearance between
punch and die (in.).

D d2 4dh+=

Punch
Workpiece

Ironing ring c

d0

F,v

T
Drawn cup Ironed cup

a) b)

Fir Scπd0 T c–( )=



STRETCH FORMING 1361

Stretch Forming

Stretch forming is a metal forming process in which a blank of sheet metal is formed by
the simultaneous application of tensile loads to the material over a die in order to form large
contoured parts in the required shape.

During stretch forming, the sheet blank is subjected to both elastic and plastic deforma-
tion. The most appropriate measure of formability for stretch forming is the strain harden-
ing exponent, or n value:

(49)

where k = a constant. 

A high value of n is desired if the sheet is to show good stretch formability. To assess the
formability of sheet metals while forming a workpiece, a technique called circle grade
analysis (CGA) is used to construct a forming limit diagram of the sheet metal to be used.

Two methods are used in stretch forming: simple stretch forming, also called the block
method, and stretch-wrap forming, also called tangential stretch forming.

Simple Stretch Forming.—In the simple stretch forming process, the sheet blank to be
formed is clamped between two gripping jaws located on opposite ends, and the tool
moves into the clamped sheet blank as shown in Fig. 20.

Fig. 20. Simple Stretch Forming: a) Starting Position; b) Final Position

The most common stretch presses are oriented vertically; the form die rests on a press
table that can be raised to the sheet by a hydraulic ram. As the form die is driven into the
sheet, the tensile forces increase and the sheet plastically deforms into a new shape. 

At the beginning of the process, the sheet blank first drapes itself around the form block,
following its contours. Due to the large contact area between form block and blank, the
frictional forces prevent a deformation of the sheet in this region.

Stretch-Wrap Forming.—In this method also, a sheet blank is gripped from two oppo-
site ends and stretched into the plastic region before being wrapped over a punch, so that
the whole cross-section of the material undergoes a uniform plastic deformation; then the
die is brought down to complete the operation. The main difference from the simple stretch
forming process is that both the form block and the gripping jaws are movable (Fig. 21).

Stretch formed parts are typically large and possess large radial bends. The shapes that
can be produced range from a simple curved surface to complex non-uniform cross sec-
tions. Stretch forming is capable of shaping parts with very high accuracy and smooth sur-
faces. Ductile materials are preferable, the most commonly used being aluminum, steel,
and titanium. Typical stretch formed parts are large curved panels such as door panels in
cars or wing panels on aircraft. 
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Fig. 21. Stretch Draw Forming: a) Starting Position; b) Final Position.

The advantages of this process are the following:

a) The tensile forces applied always act tangentially to the body of the blank

b) The lack of springback in the finished part

c) Flexible low-cost tooling

d) Increase of yield stress up to 10%

e) Less forming pressure required

f) The die can be made of inexpensive material

The disadvantages are these:

a) More material required for gripping

b) Difficulty of adaptation to modern high-speed automated lines 

c) Reduction of material thickness by 5 to 7%

Spinning

Metal spinning is the process of forming various seamless and axially symmetrical parts
from flat circles of sheet metal (blank) or from a length of tubing over a mandrel with tools
or rollers. There are three types of metal spinning processes: conventional spinning, shear
spinning, and tube spinning.

Conventional Spinning .—In conventional metal spinning, a disc of metal is rotated at
controlled speeds on a specialized machine similar in design to a machine lathe. Instead of
the clamping chuck common on a machine lathe, a wood or metal spinning mandrel is
used, the form of which corresponds with the internal contour of the part to be produced.
The blank is clamped between the spinning mandrel and a follower on the tailstock spindle,
as shown in Fig. 22.

The mandrel, blank, and holder are then set in rotation. Spinning tools or spinning rollers
are forced against the rotating blank by hand or by a computer controlled hydraulic mech-
anism. The process requires a series of crossing steps, as indicated in Fig. 22, to complete
the shaping of the workpiece. With this forming technique, a material’s thickness gener-
ally does not change from the blank to the finished component. If the spinning forces
applied with the hydraulic mechanism are higher in comparison to hand spinning, man-
drels made of a harder material have to be used, e.g., boiler plate, chilled cast iron, or hard-
ened tool steel. 
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Formed workpiece
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Fig. 22. Conventional Spinning

Shear Spinning.—Shear spinning is the process of forming complex shapes such as cones
with tapering walls or symmetrical-axis curvilinear shapes such as the nose cones of mis-
siles. This process achieves a deliberate and controlled reduction in blank thickness (Fig.
23), as opposed to a limited reduction of blank thickness in conventional spinning.

The shear forming roller or rollers achieve local metal flow, which applies a pressure on
the blank against the support from the steel mandrel. Special shear forming rollers control
the material’s flow, and they move the free material parallel to the axis of the mandrel. The
remaining portion of the blank, which does not take part in the actual deformation, remains
always at right angles with respect to the axis of rotation and does not change its external
diameter. The material flow takes place in the axial direction. The wall of the workpiece is
produced from the reduction in blank thickness, but the diameter of the blank stays con-
stant, as shown in Fig. 23. The thickness of the initial blank depends on the angle of the
final part and the finished wall requirements and can be calculated by the formula:

(50)

where T = thickness of the initial blank (inch or mm); Tw = wall thickness of the spun part
(inch or mm); and, α = half angle of cone.

 The bottom and the flange maintain their original thickness. A particular advantage is
that the surface finishes achieved are comparable to those achieved with grinding or fine
turning. The accuracy of the shape and the dimensional repeatability are excellent. 

Fig. 23. Shear Spinning

Tube Spinning.—Tube spinning is used to reduce the wall thickness of a hollow cylindri-
cal blank while it is spinning on a cylindrical mandrel using spinning tools (Fig. 24).
Applying the spinning tool to the cylindrical blank internally or externally achieves reduc-
tion of the workpiece wall, and this reduction in turn results in an increase in the work-
piece’s length. Workpieces may be spun either forward and backward.
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The ideal tangential force in forward tube spinning may be calculated by the following
formula:

(51)

where where Ft = ideal tangential force (lb or N); σf(m) = average flow stress of the mate-
rial (lb/in2 or MPa); T = thickness of the initial blank (inch or mm); Tw = wall thickness
of the spun part (inch or mm); and, f = feed (inch or mm).

Because of friction and other influencing factors, the force exerted is about twice that of
the ideal force.

Fig. 24. Tube Spinning

Rubber Pad and Hydroforming Processes

In the rubber pad forming process, one of the dies in a set (punch or die) is replaced with
a flexible material such as rubber or polyurethane. Polyurethane is widely used because of
its resistance to abrasion and its long fatigue life. Several processes utilize rubber pad
forming techniques. Fig. 25 schematically illustrates the Verson-Wheelon, Marform, and
hydroforming processes. 

Guerin Process.—Fig. 26 shows the Guerin process, synonymous with the term “rubber
pad forming,” in which a rigid forming block is placed on the lower bed of the press; on top
of this block, the blank is positioned and a soft die of rubber or polyurethane (hardness 50
to 70 Shore) is forced over the rigid block and blank into its required shape. The thickness
of the rubber pad, which is held in a sturdy cast-iron or steel container, is usually three
times the height of the formed block, but it must be a minimum of 1.5 times thicker than the

Fig. 25. Rubber Pad Forming Processes: a) Verson-Wheelon; b) Marform; c) Hydroforming
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height of a rigid form block. During the process cycle, the rubber pad deforms elastically
over the form block and the blank, applying a strong pressure. The pressure that the soft die
exerts on the blank is uniform, so that the forming process creates no thinning of the mate-
rial, but the radii are more shallow than those produced in conventional dies. 

The following formula can be used to determine total pad forming pressure:

where where p = total rubber pad pressure (psi); F = capacity of press (tons); and ,  A =

area of pad (in2).

Fig. 26. Guerin Forming Process

An improvement over the Guerin process is the Marform process (see Fig. 25), which
features the addition of a blankholder and die cushion to make this process suitable for
deeper draws and to alleviate the wrinkling problems common to the Guerin process.

The advantages of the rubber pad forming processes compared to conventional forming
processes are the following:

a) For forming a workpiece, only one part of the tool (punch or die) is necessary.
b) One rubber pad or diaphragm takes the place of many different shapes, thicknesses,

and kinds of tools, returning to its original shape when the pressure is released.
c) Tool material is low cost and easy to machine.
d) No tool marks are created during forming, so parts with very fine surfaces can be

formed.
e) Set-up time is usually shorter than in conventional forming operations.
However, these processes also have some disadvantages:
a) The rubber pad and diaphragm have limited lifetimes.
b) The production rate is relatively slow.
c) Rubber pads or diaphragms exert less pressure than conventional die, resulting in less

sharply formed workpieces that usually need some hand finishing.

Superplastic Forming and Diffusion Bonding

Conventional metals and alloys will extend in tension no more than 120%, regardless of
the temperature or speed with which the metal is pulled. However, it was been known since
the 1920s that some materials could endure enormous tensile strains without necking. This
phenomenon of materials, called “superplasticity,” has been scientifically investigated. In
the beginning, activities were primarily concentrated in research laboratories and were
entirely directed towards the exploration of basic material science. The materials investi-
gated appeared not to be sufficiently attractive for real production. But this changed with
the development of supersonic aircraft with high requirements for power density and skin
temperature.

A general definition of the term “superplasticity” was formulated for the first time in
1991 during the International World Conference on Superplasticity of Advanced Materi-
als: “Superplasticity is the ability of a polycrystalline material to exhibit, in a generally iso-
tropic manner, very high tensile elongations prior to failure.”

Some materials developed for superplastic forming include
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• titanium (Ti-6Al-N) 
• aluminum (2004, 2419, 7475) 
• aluminum-lithium (2090, 2091, 8090) 
• stainless steel (2205 series). 
In general, the alloys chosen for superplastic forming should have a grain size below 10

microns in diameter. The grain size must not increase if it is kept at temperatures 90% of
melting for a few hours, and the alloys must have strain rate sensitivity parameters of 0.35
< m <= 0.85.

High strain rate sensitivity is necessary for reducing the rate of flow localization, i.e.,
necking. A low rate of damage accumulation, e.g., cavitation, is necessary to allow large
plastic strains to be reached. 

Superplastic Forming .—Superplastic forming (SPF) is a metal forming process that
takes advantage of the high extendability of certain materials in order to form components
whose shapes might be otherwise very difficult to obtain. Today, superplastic forming of
titanium and aluminum alloys is a standard industrial practice that is accepted worldwide.
Due to the high temperatures and simultaneously relatively low gas pressure (typically less
than 200 psi) superplastic forming has found widespread application. Because of tita-
nium’s (and some other alloys’) high affinity with oxygen and hydrogen, inert gases are
exclusively used as the pressure medium. Fig. 27 schematically illustrates the SPF process
in four steps.

Typically, the closed die and the blank with created seal are heated to the same tempera-
ture in a special hydraulic hot-press (Step 1). Inert gas pressure is introduced at a controlled
rate using a sophisticated gas management system until the sheet is fully formed against
the die surface (Steps 2 and 3). Each workpiece’s geometry is unique and requires a unique
pressure/time profile to maintain the appropriate strain rate. As the sheet thins, it requires
less forming pressure. However, as the workpiece radius decreases, more pressure is
required.

The advantages of the superplastic process are the following:
a) Using one of the alloys with superplastic capabilities means getting to the finished

product in fewer steps, which means lower costs.

Fig. 27. Schematic Illustration of Superplastic Forming Process
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b) Products that are usually formed in several parts separately can be integrally formed as
a single part through superplastic forming. The single piece forming minimizes the
number of parts and joints, and thus leads to weight savings.

c) Since the forming needs only the female die, the investment cost for the die is reduced.
d) Little or no residual stress develops in the formed parts.
e) Superior transferability of the die surface to the workpiece is provided.
f) Material waste is minimized.
Disadvantages are these:
a) There is low productivity because of low strain rates, typically 10−4 to 10−2/s
b) Material costs are high.
Although the process is increasingly being applied in the aerospace and automotive

industries as a way of manufacturing very complex geometries at a fraction of the cost of
conventional stamping, some practical problems are still of concern, the main ones being
predicting the final thickness distribution of the formed parts, determining the optimum
pressure cycles, and learning more about the microstructure of superplastic material and
how it changes during such dramatic elongation.
Diffusion Bonding.—The International Institute of Welding (IIW) has accepted the defi-
nition of solid state diffusion bonding proposed by Kazakov. This definition is: “Diffusion
bonding of materials in the solid state is a process for making a monolithic joint through the
formation of bonds at atomic level, as a result of closure of plastic deformation at elevated
temperature, which aids interdiffusion at the surface layers of the materials being joined.”

The process is dependent on a number of parameters, such as time, applied pressure,
bonding temperature, and the method of heat application. The process allows bonding of
homogeneous or heterogeneous materials. Hence, structures can be manufactured from
two or three metal sheets. Diffusion bonding generally occurs in three stages:

a) The deformation process results in the surfaces to be joined coming into intimate con-
tact, but not enough to produce gross deformation. 

b) Bonds are formed by diffusion-controlled mechanisms where the diffusion grain
boundary predominates. At this stage, pores are eliminated and finally the grain boundary
arrangement ensues.

c) In the third stage, volume diffusion dominates and the joining process is completed.
The mechanism of diffusion bonding involves holding together sheet metal components

under moderate pressure, about 10 MPa, (1450 psi) at an elevated temperature of (0.5 -
0.8)Tm (where Tm is the melting temperature in K), usually in a protective atmosphere or
vacuum to protect oxidation during bonding. The length of time the materials are held at
this temperature depends upon the materials being bonded, the joint properties required,
and the remaining bonding parameters. 

The aim in diffusion bonding is to bring the surfaces of two or more pieces being joined
sufficiently close so that interdiffusion can result in bond formation. To form a high quality
bond, surface roughness must be limited to minimum values (Ra < 4 microns); cleanliness
must be absolute; and flat surfaces’ waviness must be held to less than 400 microns. 

A minimum of deformation and an almost complete lack of residual stresses are charac-
teristics of the process, except possibly when two different metals being diffusion-bonded
together have large differences in their coefficients of thermal expansion (CTE). This can
cause strains to develop at the interface, which can cause premature failure of the bond. 

The process is most commonly used for titanium in the aerospace industry, and some-
times it is combined with superplastic forming. Titanium is the easiest of all common engi-
neering materials to join by diffusion bonding, due to its ability to dissolve its own oxide at
bonding temperatures (bonding of Ti alloys takes place at 925ºC). 

The more conventional form of diffusion bonding usually takes place in a uniaxial load-
ing press. Pressure and heat can be applied by different means. More complex geometries
than are possible by the uniaxial process can be handled by hot isocratic pressing, which
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involves the application of high-temperature, high-pressure argon gas to components. A
hot isostatic press consists of a furnace within a gas pressure vessel. The components must
be encapsulated in a sealed can to prevent the gas from entering the site of the bond. 

The advantages of diffusion bonding include the following:
a) Limited microstructural changes.
b) The ability to join dissimilar alloys.
c) The ability to fabricate very complex shapes, especially using superplastic forming.
d) Minimal deformation.
e) A highly automated process that does not require highly skilled workers
f) The ability to produce high quality joints so that neither metallurgical discontinuities

nor porosity exist across the interface.
g) Diffusion bonding is free from ultraviolet radiation and gas emission, so there is no

direct detrimental effect on the environment, and health and safety standards are main-
tained.

Disadvantages:
a) Slowness of the process.
b) Protective atmosphere required.
c) Expensive equipment.
d) Smooth surface finish requirements.
e) Need for exceptional cleanliness.
Electron beam diffusion bonding is a variant of diffusion bonding in which only the

interface region is heated, resulting in considerable energy savings. The heating source is
an electron beam that is swept over the area of the joint at such a speed that fusion of the
titanium or aluminum alloy is prevented. A force is applied across the joint. As the heated
area is very limited, higher forces can be used without the risk of plastic collapse of the
components being bonded, resulting in a significant reduction of bonding time. 
Combined DB/SPF.—Diffusion bonding (DB) is often combined with superplastic
forming (SPF) in the manufacture of complex structures in the airspace industry. This pro-
cess is probably the most spectacular near-net shape process that has been developed spe-
cifically within the airspace industry, and its industrial importance is such that it should be
considered separately. The process is used commercially for titanium and its alloys. 

The most common SPF/DB approaches are 2-sheet (hat stiffened structures), 3-sheet
(truss-core structures) and 4-sheet (rib-stiffed structures).

The processing conditions for superplastic forming and diffusion bonding are similar,
both requiring an elevated temperature and benefiting from the fine grain size. Therefore,
these two processes have been combined into one manufacturing process known as
DB/SPF, which produces parts of greater complexity than sheet forming alone can. Fig. 28
schematically illustrates diffusion bonding with superplastic forming to create a more
complicated part shape in the same die. 

The combined DB/SPF process generally occurs in two steps.
Step 1: The sheets have a stop-off material, such as boron nitride, placed on them in loca-

tions where no bonding is to occur in order to prevent diffusion bonding. Sheets are put
down in layers, with stop-off areas into the die, heated together at an elevated temperature,
and then bonded together by the use of pressure. 

Step 2: In the same die, the SPF process is used to shape the outside of the laminated
sheets. Pressure is applied by blowing gas between the sheets, usually into two phases. In
the first phase, gas pressure is applied to cause a plastic stretching of the sheets, which
eventually contact the die cavity and take a shape like that of the membrane. In the second
phase, the pressure is increased to make the final shape of the part. This process generates
a part that is very well bonded in the required locations.

However, this process also has its challenges. One of these involves how to apply the
stop-off material in the proper location using the most cost-effective process. Historically,
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silk screening has been used to define the required pattern for the stop-off material. This
process requires several pieces of equipment, including a wash booth, since the screen
needs to be cleaned after each part. A masking paper and laser scribing process has also
been developed for defining the stop-off pattern.

There are a number of commercial applications of superplastic forming and diffusion
bonding, including aerospace, ground transportation, and numerous miscellaneous other
uses. Examples are wing access panels in the Airbus A310 and A320; bathroom sinks in
the Boeing 737, turbo fan engine-cooling duct components in the B-1, the T-38, the C-17,
and the F-15E, and external window frames in the space shuttle.

High-Energy Rate Metal Forming Processes 

The term “high-energy rate forming processes” (HERF) refers to dynamic metal forming
processes that form workpieces at very high velocities and extremely high pressure. HERF
processes involve a short sharp forming energy input usually of microsecond duration that
is transmitted to the workpiece surface through a medium such as air or water. The result-
ing shockwave accelerates the workpiece to high velocity and with its significant kinetic
energy impacts the die, which has the desired shape of the finished part.

High-energy rate metal forming was studied fairly extensively as early as the 1950s. Sev-
eral processes have been developed, including explosive forming and two-capacitor, dis-
charge-based forming methods; they are electrohydraulic and electromagnetic forming.

Explosive Forming.—Explosive forming is a manufacturing process that uses explosions
to force sheet metal into dies. In this method, the explosive charge is located at some pre-
determined distance from the workpiece, and the energy is transmitted through an inter-
vening medium such as air, oil, or water. The maximum pressure at the workpiece may
range from a few thousand psi to several hundred thousand psi, depending on the parame-
ters of the operation. Fig. 29 shows a typical explosive forming operation. 

The workpiece is clamped and sealed over the die cavity. A vacuum is then created in the
die cavity. The die assembly is put together at the bottom of the tank. The explosive charge

Fig. 28. Schematic Illustration DB/SPF Process
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is placed in the intervening medium at a certain distance above the workpiece. After the
detonation of the charge, the liquid buffer is instantaneously converted from a fluid of low
density, temperature, and pressure to a fluid of high density, high temperature, and high
pressure, causing the rapid forming of the blank into the cavity die. The extremely high
forming velocity of explosive forming minimizes material springback, but it does not com-
plete eliminate it. If the relative elongation of material is more than 10% it can be formed
without the chance of fracturing. 

The distance between the charge and the blank is called the “standoff distance.” The
standoff distance and the amount of charge determine the amount of pressure transmitted
to the workpiece. Other factors, such as the explosive type, the explosive’s shape, and the
type of buffer medium, also affect the pressure.

An understanding of the compression waves and rarefactions developed in detonation is
extremely important in predicting the forming metal’s reaction. In the aviation and aero-
space industries, the explosive method of forming has been used since the 1980’s. 

Explosive: Explosives are substances that undergo rapid chemical reaction, during
which heat and large quantities of gaseous products are evolved. Explosives can be solid
(TNT-trinitro toluene), liquid (nitroglycerine), or gaseous (oxygen-acetylene mixtures).

Die Material: Different materials are used for the explosive forming process. For
instance: kirksite and fiberglass are used for low pressure and few parts; epoxy and con-
crete are used for low pressure and larger numbers of parts; and ductile iron, tool steel, and
cast steel are used for high pressure and many parts.

Fig. 29. Explosive Forming Set-up

 Explosive forming has the following characteristic features: a) very large sheets with
relatively complex shapes, although usually axisymmetric;  b) low tooling costs, but high
labor costs;  c) long cycle times;  d) suitability for low-quantity production;  e )  ma in t e -
nance of precise tolerances;  and  f) controllable smoothness of contours.

An exceptionally interesting development in the field of explosive method forming is the
fabrication of spherical pressure vessels with diameters up to 13 ft, thickness from 0.12 to
0.79 in. of high strength steel designed for water or oil storage in the chemical industry, and
other uses.
Electromagnetic Forming.—Electromagnetic metal forming (EMF) is a high-energy
rate cold forming process that can deform metal workpieces without contact. This process
uses ultrastrong pulsed magnetic fields to form metal parts rapidly. A capacitor bank is
suddenly discharged by means of a switch through a coil in which the workpiece is placed. 

Basically, whenever an electrical current is rapidly sent through an electrical conductor,
it will develop a magnetic field. This change in magnetic field will induce eddy currents in
the workpiece that generally run in a direction opposite to the current in the coil (Lenz’s
law). The two antiparallel currents repel each other, supplying energy to the workpiece in
the form of kinetic energy, which accelerates in the workpiece up to a certain velocity, such



HIGH-ENERGY RATE METAL FORMING PROCESSES 1371

as 650 to 1000 ft/s. This kinetic energy drives the material into the die, causing forming on
impact. This method is quite useful for general applications and suitable for any workpiece
made from a good conductor, provided the current pulse is of a sufficiently high frequency. 

There are two very broad ways in which this technique can be employed:
Radial forming, in which a round part such as a tube or ring is compressed or expanded.

The forming can be done either inward or outward onto a die to give the tube a more com-
plex shape (Fig. 30). One of the most common applications of electromagnetic forming is
the compression crimp sealing and assembly of axis-symmetric components such as auto-
motive oil filter canisters.

Fig. 30. Schematic Illustration of Electromagnetic Radial Forming of Tube

Sheet metal forming, in which using the flat coil configuration shown in Fig. 31 forms a
sheet metal. The velocity of the workpiece is sufficient to cause its impact against a die to
give it a more complex shape. The workpiece material should have an electrical resistance
of less than 38 µΩ/in.The die needs to be made of either nonmetallic materials or of poor
electric conductors.

Advantages of electromagnetic metal forming include: a) reduced number of operations
needed;  b) narrow tolerances;  c) improved strain distribution;  d) high repeatability;
e) high productivity;  f) less reliance on lubricants;  and  g) lower energy cost.

Electrohydraulic Forming.—Electrohydraulic forming is also known as electric spark
forming or electric discharge forming. In this process an electric arc’s discharge is used to
convert electrical energy to mechanical energy. Electrical energy is stored in large capaci-
tors, and then a pulse of high current is delivered across two electrodes positioned a short
distance apart while submerged in a transfer medium (water or oil). Capacitor banks have
typically stored 55 to 58 BTU at a charged voltage of 20 kV. This creates a sudden release
of steam, which, along with ionization, causes the development of a high pressure shock
wave within the transfer medium. The die cavity containing the blank to be formed is
immersed in the tank as well. When exposed to the shock wave, the blank is forced to take
on the shape of the die. A schematic illustration of the process is shown in Fig. 32.

Fig. 31. Schematic Illustration of Electromagnetic Sheet Metal Forming
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Electrohydraulic forming is a hybrid between explosive forming and electromagnetic
forming. The liquid-based shock is very similar to what would be produced by the explo-
sive method. However, this method uses essentially the same equipment (capacitor banks)
that produces the current in electromagnetic forming method. Electrohydraulic forming
methods are adapted for use to the production of smaller part sizes. On the other hand, this
method is more favorable for automation because of the fine control of energy discharges
and the compactness of the system. 

Fig. 32. Electrohydraulic Forming Set-up

Lubricants and Their Effects on Press Work 

Most sheet-metal forming operations use lubricants to protect the die and part from
excessive wear caused by scratching, scoring, welding, and galling. The physical charac-
teristics of the lubricant and metal-forming operation involved determine the application
method to be used. 

Methods for applying lubricant to sheet metal include dips, swabs, brushes, wipers, roll-
ers, or recirculation. Of these, the three most common are the following: 1) manually wip-
ing lubricant onto a surface with a rag;  2) roll coating, during which metal blanks pass
through rollers that apply the compound;  and  3) flooding, during which tooling and metal
sheets are drenched with lubricant, and the excess liquid is recovered via a filtration and
recirculation system.
Lubricants for Blanking Operations.—Blanking dies used for carbon and low-alloy
steels are often run with only mill lubricant, but will last longer if lightly oiled. Higher alloy
and stainless steels require thicker lubricants. Kerosene is usually used with aluminum.
Lubricant thickness needs to be about 0.0001 inch (0.0025 mm). During successive
strokes, metal debris adheres to the punch and may accelerate wear, but damage may be
reduced by application of the lubricant to the sheet or strip. High-speed blanking may
require heavier applications of lubrication. For sheets thicker than 1/8 inch (3.18 mm) and
for stainless steel, high-pressure lubricants containing sulfurs and chlorines are often used. 
Lubricants for Drawing Operations.—Shallow drawing and forming of steel can be
done with low-viscosity oils and soap solutions, but during deep drawing, different lubri-
cation requirements exist, from hydrodynamic lubrication in the blank holder to boundary
lubrication at the drawing radius, where breakdown of the film very often occurs. Charac-
teristic of deep drawing is the high pressure involved in the operation, on the order of
100,000 pounds per square inch (690 MPa). To deal with such force, the choice of lubricant
is critical to the success of the operation. Under such pressure, the drawing lubricant
should cool the die and the workpiece, provide boundary lubrication between the die and
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the workpiece, prevent metal-to-metal adhesion or welding, and cushion the die during the
drawing operation. 

Lubricants work by forming lubricating films between two sliding surfaces in contact
with each other. When these metal surfaces are viewed under magnification, peaks and
valleys become apparent, even on finely-ground surfaces. 

The lubricating film needs to prevent the asperities (peaks) on the two surfaces in sliding
contact with each other from damaging the mating surface. Under hydrodynamic or full-
film lubrication, two surfaces are completely separated by a fluid film, with no contact
between the asperities. This condition could change as speeds vary during start-and-stop
modes or if the pressure and temperature increase beyond the lubricant's film strength.
Boundary lubricants work up to a certain temperature and pressure, and then the boundary
additive breaks down and metal contacts metal. The working temperature varies with the
type and amount of additive used and its interaction with other additives. 

Three types of drawing lubricants are used: 1) drawing oils;  2) emulsions;  and  3) lubri-
cants containing both oil and solid substances.

Drawing oils become an absorbed film, and they take the form of light or soluble oils
such as straight mineral oil or emulsions of soluble oil and soap, or of heavy oils, fats, and
greases such as tallow or lard oil. Aqueous solutions of non-oily lubricants containing
some suspended solids are called emulsions. These lubricants are not widely used in deep
drawing because they contain little or no oil. 

Lubricants containing both oil and solid substances are used in applications involving
severe drawing; these lubricants contain oily components that reduce friction and heat.
The combination of the oil and the solids produces enough lubrication for severe drawing
applications such as deep drawing. Deep drawing often involves ironing or thinning the
wall by up to 35 per cent, and lubricant containing high proportions of chemically-active
components. Dry soaps and polymer films are frequently used for these purposes. Alumi-
num can be shallow drawn with oils of low to medium viscosity, and for deep drawing, tal-
low may be added, as well as wax or soap suspensions for very large reductions. 

Lubricant Removal.—Removing lubricant from a formed part after the deep drawing
operation is important because any lubricant left behind can interfere with subsequent
steps in the manufacturing of the part. Mineral oils, animal fat, and vegetable oils can be
removed with an organic solvent by emulsification or saponification, or with an aqueous
alkaline cleaner. Greases can also be removed from sheet metal with an organic solvent or
an alkaline cleaner. Solids are more difficult to remove because they are not readily solu-
ble. The presence of solids often requires that additional cleaning methods be used. Petro-
leum oils can raise special issues from removal through disposal. These oils require the use
of alkaline cleaners for removal, which can then contaminate cleaner tanks with oil, lead-
ing to potential disposal challenges. Vegetable oils can be removed with hot water if the
parts are cleaned immediately, and with a mildly to moderately alkaline cleaner if the parts
are cleaned after they have been left standing for a few days. 

Joining and Edging

A duct system is an assembly whose main function is to convey air. Elements of the duct
system are sheets, transverse joints, longitudinal seams, and reinforcements.The sheets
must be able to withstand deflection caused by both internal pressure and vibration due to
turbulent air flow. Transverse joints must be able to withstand 1.5 times the maximum
operating pressure without failure. Transverse joint designs should be consistent with the
static pressure class, sealing requirements, materials involved, and support interval dis-
tances. Notching, bending, folding, and fit up tolerances shall be appropriate for the proper
class. Longitudinal seams also must be able to withstand 1.5 times the operating pressure
without deformation. Seams must be formed and assembled with proper dimension and
proportion for tight and secure fit up. Seams may be a butt, corner, plug, or spot weld
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design. Seam types must be selected based on material and pressure. A duct section
between adjacent hangers must be able to carry its own weight and to resist external loads
for which it is constructed. The reinforcing members must be able to resist the external
deflection of the sheet, and their own deflection.

There is a relationship between duct width, reinforcement spacing, reinforcement size,
pressure, and sheet thickness. For constant pressure and constant duct size, the thicker
sheet allows more distance between reinforcements. The higher the pressure the shorter
the spacing between reinforcements. Joints and intermediate reinforcements are labor
intensive and may be more costly than the savings gained by a reduction in wall thickness.
Thicker duct wall and stronger joints are more cost effective than using more reinforce-
ment. The following material illustrates various joint designs, used both in duct work and
other sheet metal assemblies.

Sheet Metal Joints

Plain Lap and Flush Lap: 

Raw and Flange Corner: 

Flange and Flange Corner: 

Standing Seam: 

Fig. 33.  Plain Lap

The plain lap (Fig. 33) and flush lap (Fig. 34) are both used for 
various materials such as galvanized or black iron, copper, stain-
less steel, aluminum, or other metals, and may be soldered, and/or 
riveted, as well as spot, tack, or solid-welded. Lap dimensions 
vary with the particular application, and since it is the duty of the 
draftsman to specify straight joints in lengths that use full-sheet 
sizes, transverse lap dimensions must be known.

Fig. 34. Flush Lap

Fig. 35. Raw and Flange Corner

The raw and flange corner (Fig. 35) is generally spot-welded, but 
may be riveted or soldered. For heavy gages it is tack-welded or 
solid-welded.

Fig. 36.  Flange and Flange
Corner

The flange and flange corner (Fig. 36) is a refinement of the raw 
and flange corner. It is particularly useful for heavy-gage duct sec-
tions which require flush outside corners and must be field-
erected.

Fig. 37. Standing Seam

The standing seam (Fig. 37) is often used for large plenums, or 
casings. Before the draftsman is able to lay out a casing drawing, 
one of the items of information needed is seam allowance mea-
surements, so that panel sizes can be detailed for economical use 
of standard sheets. Considering velocity levels, standing seams 
are considered for duct interiors: 1-inch (25.4 mm) seam is nor-
mally applied for duct widths up to 42-inch (1067 mm), and 11⁄2-
inch (38 mm) for bigger ducts.
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 Groove Seam: 

 Corner Standing Seam: 

 Double Seam: 

 Slide-Corner: 

Button Punch Snap Lock: 

Pittsburg:

Flange:

Fig. 38.  Groove Seam

The groove seam (Fig. 38) is often used for rectangular or round 
duct straight joints, or to join some sheets for fittings that are too 
large to be cut out from standard sheets. It is also known as the 
pipelock, or flat lock seam.

Fig. 39. Corner Standing Seam  

The corner standing seam (Fig. 39) has applications similar to the 
standing seam, and also can be used for straight-duct sections. 
This type of seam is mostly applied at the ends at 8 inches (203 
mm) intervals.

Fig. 40. Double Corner Seam   

The double corner seam (Fig. 40) at one time was the most com-
monly used method for duct fabrication. However, although it is 
seldom used because of the hand operations required for assem-
bly, the double seam can be used advantageously for duct fittings 
with compound curves. It is called the slide lock seam. Machines 
are available to automatically close this seam.

Fig. 41. Slide Corner   

The slide-corner (Fig. 41) is a large version of the double seam. It 
is often used for field assembly of straight joints, such as in an 
existing ceiling space, or other restricted working area where 
ducts must be built in place. To assemble the duct segments, oppo-
site ends of each seam are merely “entered” and then pushed into 
position. Ducts are sent to job sites “knocked-down” for more effi-
cient use of shipping space.

Fig. 42. Button Punch Snap Lock

The button punch snap lock (Fig. 42) is a flush-type seam which 
may be soldered or caulked. This seam can be modified slightly 
for use as a “snap lock”. This type of seam is not applicable for alu-
minum or other soft metals. This seam may be used up to 4” (10.2 
cm) w.g. by using screws at the ends. The pocket depth should not 
be smaller than  5⁄8inch (15.88 mm) for 20, 22 and 26 gage material 
(0.91- 0.45 mm).

Fig. 43.  Pittsburgh   

The Pittsburg (Fig. 43) is the most commonly used seam for stan-
dard gage duct construction. The common pocket depths are  5⁄16 inch 

(7.94 mm) and  5⁄8inch (15.88 mm) depending on the thickness of 
the sheet.

Fig. 44.  Flange

The flange (Fig. 44) is an end edge stiffener. The draftsman must 
indicate size of flange, direction of bend, degree of bend (if other 
than 90°) and when full corners are desired. Full corners are gen-
erally advisable for collar connections to concrete or masonry 
wall openings at louvers.
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Hem:

Flat Drive Slip: 

Standing Drive Slip: 

Flat Drive Slip Reinforced: 

Double “S” Slip Reinforced: 

Flat “S” Slip: 

Hemmed “S” Slip: 

Other Types of Duct Connections
Clinch-bar Slip and Flange: 

Fig. 45.  Hem  

The hem edge (Fig. 45) is a flat, finished edge. As with the flange, 
this hem must be designated by the draftsman. For example, draw-
ing should show:  3⁄4 inch (19 mm) hem out.

Fig. 46. Drive Slip

The drive slip is one of the simplest transverse joints. It is appli-
cable where pressure is less than 2 inches (50.8 mm) w.g. This is a 
slide type connection generally used on small ducts in combina-
tion of “S” slips but should not be used above 2 inches w.g. 

Fig. 47. Standing Drive Slip

This slip is also a slide type connection. It is made by elongating 
the flat drive slip and fastening standing portions 2 inches (50.8 
mm) from each end. The design is applicable for any length in 2 
inches w.g, 36 inches (914 mm) for 3 inches w.g., and 30 inches 
(762 mm) at 4 inches w.g. service.

Fig. 48. Drive Slip Reinforced

This reinforcement on the flat drive slip is made by adding a 
transverse angle section after a fixed interval.

Fig. 49. Double “S” Slip     

The double “S” slip is used, to eliminate the problem of notching 
and bending, especially for large ducts. Use 24 gage sheet for 30 
inches (762 mm) width or less, and 22 gage sheet over 30 inches-
width. (22 gage = 0.76 mm, 24 gage= 0.60 mm)

Fig. 50. Plain “S” Slip

Normally the “S” slip is used for small ducts. However, it is also 
useful if the connection of a large duct is tight to a beam, column or 
other object, and an “S” slip is substituted for the shop standard 
slip. Service above 2 inches w.g. is not applicable. Gage shall not 
be less than 24, and shall not be less than the duct gage. When it is 
applied on all four edges, fasten within 2 inches of the corners and 
at 12 inches (305 mm) maximum interval.

Fig. 51. Hemmed “S” Slip

This modified “S” slip is made by adding hem and an angle for 
reinforcing. The hem edge is a flat and finished edge. Hemmed 
“S” slip is mostly applied with angle. The drive is generally 16 
gage (0.76 mm), forming a 1 inch height slip pocket and screws at 
the end. Notching and bending operations on “S” slip joints can be 
cumbersome and costly, especially for large sizes. Tie each sec-
tion of the duct within 2 inches (50 mm) from the corner at maxi-
mum 6 inches (152.4 mm) interval.

Fig. 52. Clinch-bar Slip and 
Flange 

The clinch-bar slip and flange (Fig. 52), uses the principle of the 
standing seam, but with a duct lap in the direction of airflow. These 
slips are generally assembled as a framed unit with full corners either 
riveted or spot-welded, which adds to the duct cross-section rigidity. 
Reinforcement may be accomplished by spot welding the flat-bar to 
the flange of the large end. Accessibility to all four sides of the duct 
is required because the flange of the slip must be folded over the 
flange on the large end after the ducts are connected.

H
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Clinch-bar Slip and Angle : 

Flanged Duct Connections
Angle Frame, or Ring: 

Flanged End and Angle: 

Formed Flanges: 

Double Flanges and Cleat: 

Clinch-type Flanged Connections: 

Fig. 53.  Clinch-bar Slip and 
Angle

The clinch bar slip and angle (Fig. 53), is similar to clinch bar slip 
(Fig. 52), but it has a riveted or spot-welded angle on the large end. 
This connection can also have a raw large end which is inserted into 
the space between the angle and the shop-fabricated slip. Matched 
angles, minimum of 16 gage (1.52 mm), are riveted or spot welded to 
the smaller sides of the ducts, to pull the connection “home.”

Fig. 54. Raw Ends and 
Matched ∠s

Any of the following flanged connections may have gaskets. The 
draftsman should not allow for gasket thicknesses in calculations for 
running length dimensions, nor should he indicate angle sizes, bolt 
centers, etc., as these items are established in job specifications and 
approved shop standards. Generally, angles are fastened to duct sec-
tions in the shop. If conditions at job site require consideration for 
length contingencies, the draftsman should specify “loose angles” 
such as at a connection to equipment that may be located later. The 
most common matched angle connection is the angle frame, or ring
(Fig. 54). The angles are fastened flush to the end of the duct.

Fig. 55. Flanged Ends and 
Matched ∠s

The flanged end and angle (Fig. 55), is often used for ducts 16 ga or 
lighter, as the flange provides a metal-to-metal gasket and holds the 
angle frame or ring on the duct without additional fastening. The 
draftsman may indicate in a field note that a round-duct fitting is to 
be “rotated as required”. This type of angle-ring-connection is con-
venient for such a condition.

Fig. 56. Formed Flanges  

Double flanges (Fig. 56), are similar to Fig. 44, except that the con-
necting flange has a series of matched bolt holes. This connection, 
caulked airtight, is ideal for single-wall apparatus casings or ple-
nums. The flanges are formed at the ends of the duct, after assembly 
they will form a T shape. Mating flanges shall be locked together by 
long clips. In order to form effective seal, gasket is used with suitable 
density and resiliency. At the corners 16 gage (1.5 mm) thickness 
steel corners are used with  3⁄8 inch (9.5 mm) diameter bolts.

Fig. 57. Double Flanges and 
Cleat   

Double Flanges and Cleat (Fig. 57) is identical to (Fig. 56), but has 
an air seal cleat. The reinforcements are attached to the duct wall on 
both sides of the joint.

Fig. 58. Bead Clinch and Z
Rings      

Clinch-type flanged connections for round ducts, 16 ga or lighter, 
are shown in Fig. 58. The angles or rings can be loose, as explained 
in Flanged End and Angle, (Fig. 55). The draftsman should indicate 
flange sizes, bend direction, and type of assembly. An example such 
as the flange lap for a field assembly of a 10 gage (3.4 mm) casing 
corner would be written: 11⁄2 inches (38 mm) flange out square on 
side with  9⁄32inch (7 mm) ∅ bolt holes 12 inches (30 cm) CC. At the 
beginning and ending angles are connected by rivets or welding. The 
bolt will be  5⁄16 inch (8 mm) ∅ at 6 inch (152 mm) maximum spacing.
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Classification of Dies 

Dies may be classified according to a variety of elements and in keeping with the diver-
sity of die design. According to the number of stations involved, dies for sheet metal work-
ing may be classified as: a) single-station dies (either compound dies or combination dies)
and, b) multiple-station dies (progressive dies and transfer dies).

Single-Station Dies.—Single-station dies may be compound dies or combination dies.

Compound Die: This is a die in which two or more cutting operations are performed to
produce a part in a single press stroke. A die that produces washers is a good example of a
compound die (Fig. 59).

Combination Die: This is a die in which both cutting and noncutting operations are per-
formed to produce a part at one stroke of the press. A combination die is economical, and a
more accurate part is obtained because it eliminates the problem of relocating the work-
piece. However, a combination die is not always desirable; for example, when the punch-
ing hole is too close to the edge of the blank, the cutting edge would be so weak that failure
would result. A die that produces cups with flanges is a good example of the suitable use of
combination dies (Fig. 60).

Fig. 60. Combination Die

Multiple-Station Dies.—Multiple-station dies are arranged so that a series of sequential
operations is performed with each press stroke. Two die types are used:

Fig. 59. Compound Die
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Progressive Die: A progressive die (Fig. 61) is used to transform coil stock or strips into
a finished part. This transformation is performed progressively by a series of stations
aligned in a row; the workpiece is fed from station to station with each stroke, by being
attached to the scrap skeleton. Force for the movement is applied to the incoming sheet
metal strip or coil and outgoing scrap skeleton by means of rolls. 

The cost of a progressive die is high, so it is best used for high-volume production.
Transfer Die: In transfer die operations, individual stock blanks are mechanically moved

from die station to die station within a single die set. Large workpieces are done with tan-
dem press lines, in which the stock is moved from press to press where specific operations
are performed.
Steel Rule Dies.—Steel rule dies (or knife dies) were patented by Robert Gair in 1879,
and, as the name implies, have cutting edges made from steel strips of about the same pro-
portions as the steel strips used in making graduated rules for measuring purposes. Accord-
ing to J. A. Richards, Sr., of the J. A. Richards Co., Kalamazoo, MI, a pioneer in the field,
these dies were first used in the printing and shoemaking industries for cutting out shapes
in paper, cardboard, leather, rubber, cork, felt, and similar soft materials. Steel rule dies
were later adopted for cutting upholstery material for the automotive and other industries,
and for cutting out simple to intricate shapes in sheet metal, including copper, brass, and
aluminum. A typical steel rule die, partially cut away to show the construction, is shown in
Fig. 62, and is designed for cutting a simple circular shape. Such dies generally cost 25 to
35 per cent of the cost of conventional blanking dies, and can be produced in much less
time. The die shown also cuts a rectangular opening in the workpiece, and pierces four
holes, all in one press stroke.

The die blocks that hold the steel strips on edge on the press platen or in the die set may be
made from plaster, hot lead or type metal, or epoxy resin, all of which can be poured to
shape. However, the material most widely used for light work is 3⁄4-in. (19.05 mm) thick,
five- or seven-ply maple or birch wood. Narrow slots are cut in this wood with a jig saw to
hold the strips vertically. Where greater forces are involved, as with operations on metal
sheets, the blocks usually are made from Lignostone densified wood or from metal. In the
3⁄4-in. thickness mostly used, medium- and high-density grades of Lignostone are avail-
able. The 3⁄4-in. thickness is made from about 35 plies of highly compressed lignite wood,

Fig. 61. Progressive Die
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bonded with phenolformaldehyde resin, which imparts great density and strength. The
material is made in thicknesses up to 6 in. (15.24 cm), and in various widths and lengths.

Steel rule die blocks can carry punches of various shapes to pierce holes in the stock, also
projections designed to form strengthening ribs and other shapes in material such as alumi-
num, at the same time as the die cuts the component to shape. Several dies can be combined
or nested, and operated together in a large press, to produce various shapes simultaneously
from one sheet of material.

As shown in Fig. 62, the die steel is held in the die block slot on its edge, usually against
the flat platen of a die set attached to the moving slide of the press. The sharp, free end of
the rule faces toward the workpiece, which is supported by the face of the other die half.
This other die half may be flat or may have a punch attached to it, as shown, and it with-
stands the pressure exerted in the cutting or forming action when the press is operated. The
closed height of the die is adjusted to permit the cutting edge to penetrate into the material
to the extent needed, or, if there is a punch, to carry the cutting edges just past the punch
edges for the cutting operation. After the sharp edge has penetrated it, the material often
clings to the sides of the knife. Ejector inserts made from rubber, combinations of cork and
rubber, and specially compounded plastics material, or purpose-made ejectors, either
spring- or positively actuated, are installed in various positions alongside the steel rules
and the punch. These ejectors are compressed as the dies close, and when the dies open,
they expand, pushing the material clear of the knives or the punch.

The cutting edges of the steel rules can be of several shapes, as shown in profile in Fig. 63,
to suit the material to be cut, or the type of cutting operation. Shape A is used for shearing
in the punch in making tools for blanking and piercing operations, the sharp edge later
being modified to a flat, producing a 90° cutting edge, B. The other shapes in Fig. 63 are
used for cutting various soft materials that are pressed against a flat surface for cutting. The
shape at C is used for thin, and the shape at D for thicker materials.

Steel rule die steel is supplied in lengths of 30 and 50 in., or in coils of any length, with the
edges ground to the desired shape, and heat treated, ready for use. The rule material width
is usually referred to as the height, and material can be obtained in heights of 0.95, 1, 11⁄8,

11⁄4, and 11⁄2 in. Rules are available in thicknesses of 0.055, 0.083, 0.11, 0.138, 0.166, and
0.25 in. (4 to 18 points in printers' measure of 72 points = 1 in.). Generally, stock thick-

Fig. 62. Steel Rule Die for Cutting a Circular Shape, Sectioned to Show the Construction
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nesses of 0.138 or 0.166 in. (10 and 12 points) are preferred, the thinner rules being used
mainly for dies requiring intricate outlines. The stock can be obtained in soft or hard tem-
per. The standard edge bevel is 46°, but bevels of 40 to 50° can be used. Thinner rule stock
is easiest to form to shape and is often used for short runs of 50 pieces or thereabouts. The
thickness and hardness of the material to be blanked also must be considered when choos-
ing rule thickness.

Making of Steel Rule Dies: Die making begins with a drawing of the shape required. Saw
cutting lines may be marked directly on the face of the die block in a conventional layout
procedure using a height gage, or a paper drawing may be pasted to or drawn on the die
board. Because paper stretches and shrinks, Mylar or other nonshrink plastics sheets may
be preferred for the drawing. A hole is drilled off the line to allow a jig saw to be inserted,
and jig saw or circular saw cuts are then made under manual control along the drawing
lines to produce the slots for the rules. Jig saw blades are available in a range of sizes to suit
various thicknesses of rule and for sawing medium-density Lignostone, a speed of 300
strokes/min is recommended, the saw having a stroke of about 2 inch (50.8 mm). To make
sure the rule thickness to be used will be a tight fit in the slot, trials are usually carried out
on scrap pieces of die block before cuts are made on a new block.

During slot cutting, the saw blade must always be maintained vertical to the board being
cut, and magnifying lenses are often used to keep the blade close to the line. Carbide or car-
bide-tipped saw blades are recommended for clean cuts as well as for long life. To keep any
“islands” (such as the center of a circle) in position, various places in the sawn line are cut
to less than full depth for lengths of 1⁄4-1⁄2 in. (6.4-12.7 mm), and to heights of 5⁄8 to 3⁄4 in. (16-
19 mm) to bridge the gaps. Slots of suitable proportions must be provided in the steel rules,
on sides away from cutting edges, to accommodate these die block bridges.

Rules for steel rule dies are bent to shape to fit the contours called for on the drawing by
means of small, purpose-built bending machines, fitted with suitable tooling. For bends of
small radius, the tooling on these machines is arranged to perform a peening or hammering
action to force the steel rule into close contact with the radius-forming component of the
machine so that quite small radii, as required for jig saw puzzles, for instance, can be pro-
duced with good accuracy. Some forms are best made in two or more pieces, then joined by
welding or brazing. The edges to be joined are mitered for a perfect fit, and are clamped
securely in place for joining. Electrical resistance or a gas heating torch is used to heat the
joint. Wet rags are applied to the steel at each side of the joint to keep the material cool and
the hardness at the preset level, as long as possible.

When shapes are to be blanked from sheet metal, the steel rule die is arranged with flat,
90° edges (B, in Fig. 63), which cut by pushing the work past a close-fitting counter-punch.
This counterpunch, shown in Fig. 62, may be simply a pad of steel or other material, and
has an outline corresponding to the shape of the part to be cut. Sometimes the pad may be
given a gradual, slight reduction in height to provide a shearing action as the moving tool
pushes the work material past the pad edges. As shown in Fig. 62, punches can be incorpo-
rated in the die to pierce holes, cut slots, or form ribs and other details during the blanking

Fig. 63. Cutting Edges for Steel Rule Dies
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operation. These punches are preferably made from high-carbon, high-vanadium, alloy
steel, heat treated to Rc 61 to 63, with the head end tempered to Rc 45 to 50.

Heat treatment of the high-carbon-steel rules is designed to produce a hardness suited to
the application. Rules in dies for cutting cartons and similar purposes, with mostly straight
cuts, are hardened to Rc 51 to 58. For dies requiring many intricate bends, lower-carbon
material is used, and is hardened to Rc 38 to 45. And for dies to cut very intricate shapes, a
steel in dead-soft condition with hardness of about Rb 95 is recommended. After the intri-
cate bends are made, this steel must be carburized before it is hardened and tempered. For
this material, heat treatment uses an automatic cycle furnace, and consists of carburizing in
a liquid compound heated to 1500°F (816°C) and quenching in oil, followed by “tough”
tempering at 550°F (288°Χ) and cooling in the furnace.

After the hardened rule has been reinstalled in the die block, the tool is loaded into the
press and the sharp die is used with care to shear the sides of the pad to match the die con-
tours exactly. A close fit, with clearances of about half those used in conventional blanking
dies, is thus ensured between the steel rule and the punch. Adjustments to the clearances
can be made at this point by grinding the die steel or the punch. After the adjustment work
is done, the sharp edges of the rule steel are ground flat to produce a land of about 1⁄64 in.
(0.40 mm) wide (B in Fig. 63), for the working edges of the die. Clearances for piercing
punches should be similar to those used on conventional piercing dies.

Pipe and Tube Bending 

The difference between a pipe and a tube is how they are measured, and ultimately what
they are used for. A pipe is a vessel - a tube is structural. A pipe is measured by the inner
diameter; a tube is measured by the outer diameter.

Generally, a tube will have a consistent outer diameter and its inner diameter may have
varying wall thicknesses to increase its strength. However, a pipe will have a consistent
inner diameter and its outer diameter may have varying wall thicknesses.

The terms used in tube bending are defined in Fig. 64a, and those used in pipe bending are
defined in Fig. 64b.

The radius of the bend R is defined with respect to the centerline of the tube or pipe. When
the tube or pipe is bent, fibers at the outside wall are in tension and fibers at the wall on the
inside bend are in compression. This condition of tensile stress causes thinning and elonga-
tion of the wall at the outside, and the compression stress causes thickening and shortening
of the inner wall. As a result, the cross-section of the bent section of the tube is flattened.
The oval distortions grow stronger if thinner tube/pipe walls and smaller bending radii of
the workpiece have been selected. Ovality can be calculated by the following formula:

(52)

Fig. 64a. Dimension and Terms: a) Tube Fig. 64b. Dimension and Terms: b) Pipe
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where u =percent ovality of tube
Dmax =maximum outer tube diameter after bending (inch or mm)
Dmin =minimum outer tube diameter after bending (inch or mm)

D = initial outside tube diameter (inch or mm)
When the ratio of the tube diameter to the wall thickness is small enough, the tube can be

bent on a relatively small radius. The material-specific diagram in Fig. 65 may be used for
a first proposition to determine whether a tube or pipe with defined dimensions (outer
diameter and wall thickness) can be bent at all. 

Bending without workpiece failure is impossible below the bending limit determined by
stretching. The bending limit due to wrinkling separates the range where bending with
mandrel and wiper shoe is possible from the range in which the tubes/pipes can also be bent
without a mandrel. 

Due to the elastic-plastic behavior of metallic materials, the tube/pipe will spring back by
a certain angle after every bending attempt because of the phenomenon of elasticity. While
in the valid range of Hooke's law (elastic line), the shaping energy is completely given back
as work of elastic strain in the form of resiliency. But after the external strain has been
removed, it is partly dissipated as work of plasticity when performing the elastic-plastic
shaping. In this case, the extent of springback is only caused by the elastic (reversible) part
of the shaping workpiece that is stored in the tube/pipe as potential energy during the bend-
ing process. Springback is an inevitable phenomenon of bending and can only be compen-
sated for by overbending the workpiece. 

Different methods can be used for bending tubes/pipes, depending on the material in use
and the required finishing precision. The most common processes for bending tubes or
pipes include press bending (ram tube bending), rotary draw bending (round bending),
compression bending, and 3-roll bending.
Press Bending.—Press bending, also called ram tube bending, was probably the first
tube/pipe bending method used to cold-form materials. When press bending is applied, the
bending tool with the inwrought bending radius is pressed against two counter rollers,
either manually or by means of hydraulics. This motion forces the tube/pipe inserted
between the radius block (die) and the counter-rollers to bend around the die radius (Fig.
66). The tube/pipe cannot be supported by the mandrel. This tube bending method creates
some cross-section ovality; therefore, this method is suitable for thick-walled pipes and
large bending radii where high levels of cross-section ovality are acceptable, such as in fur-
niture tubing and handrails. Large sweeping curves can be bent in small increments, mov-
ing the tube/pipe for each bend.

Fig. 65. Technical Limits of the Tube/pipe Bending Process
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Fig. 66. Press Bending

Rotary Draw Bending.—Today, rotary draw bending is the most widely used method of
bending tube and pipe, particularly for tight radii, good finishes, and thin-walled tubes.
When rotary draw bending is used, the tube/pipe is inserted in the bending machine and
fastened between the bend die and the clamp die. The rotation of both tools (the bending
die and the clamp) around the bending axis bend the tube/pipe according to the radius of the
bend die (Fig. 67).

Fig. 67. Rotary Draw Bending: a) Starting Position; b) Ending Position

The pressure bar serves the purpose of receiving the radial stress that is generated during
the forming process, and in addition it supports the straight tube/pipe end from outside. If a
mandrel and a wiper shoe are applied additionally (mandrel bending), high workpiece
quality can be achieved even in thin-walled pipes and in tight-bending radii. 

The steel plug, or mandrel, fits inside the tube during rotary draw bending. The plug or
mandrel supports the tube internally to reduce the amount of tube cross-section flattening
during tube bending. After the tube has been bent, the operator extracts the mandrel from
the tube, releases the clamp, and then removes the workpiece from the machine.

With modern mandrel bending machines, almost any kind of cold formable tube/pipe,
depending on the material, can be safely bent to bending radii of approximately 1.5D with
the desired precision. The forming possibilities are not at all limited to bending only round
pipes. Oval pipes and flat and mono-block material can be formed just as well by bending
as square or other open profiles. Depending on the shape of the workpiece, the required
forming tools are adapted accordingly. 

This method of bending tube/pipe is used in the manufacture of exhaust pipes, custom
exhaust pipes, turbocharger exhaust and intake tubing, dairy tubing and process tubing,
heat exchanger tubing, and all stainless and aluminum tubing where a nondeformed diam-
eter finish is critical. 

The main differences among rotary-draw-bending machines are the maximum workable
outside pipe diameter and the degree of automation of the various functions. Only the
bending function of the so-called “1-axis controlled bending machines” is automatic; in
them, feeding and contortion are carried out manually. For the user of CNC or bending
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machines with fully automatic control, however, all functions are available automatically.
These bending machines can be supplemented with automatic feeding and unloading sys-
tems for the production of large series without any problems. 

Compression Bending.—Compression bending is a process whereby pipe or tube is bent
to a reasonably tight radius, usually without the use of mandrel or precision tooling. It is
accomplished by clamping the tube/pipe behind the rear tangent point and then by a wiper
shoe on a rotary arm rolling or compressing the material around and onto a bending die
(Fig. 68).

Fig. 68. Compression Bending: a) Starting Position; b) Ending Position

Roll Bending.—Roll bending is used for bending tube/pipe to a large radius (i.e., to a large
circumference). Pipe and tube roll benders comprise three rolls on separate shafts; the tube
or pipe is rolled through the rolls while the top roller exerts downward pressure on the top
roll to deform the tube or pipe (Fig. 69). Roll pipe and tube benders are available in 2- or 3-
driven roll machines, with either manual or hydraulic adjustment of the top roll.

This tube/pipe bending process is ideal for forming helical pipe coils for heat transfer
applications, as well as for making long sweeping sections such as those used in steel con-
struction-curved trusses and roof components for structures requiring large open spaces.
Pipe cross-sections are defined very little when such sweeping sections are formed.

The oldest method of bending a tube/pipe consists of first packing its inside with loose
particles (usually sand) and then bending it into a suitable tool. The filler functions to pre-
vent the tube from buckling inward. After the tube has been bent, the sand is shaken out. 

Fig. 69. Roll Bending: a) Starting Position; b) Finished

Use of Filling Material in Bending.—A simple method of preventing distortion consists
in using filling material inside the pipe, supporting the walls to prevent flattening at the
bend. Dry sand is often used. Materials such as resin, tar, or lead are also sometimes
employed. The pipe is first filled with the molten resin, lead, or low-melting-point alloy,
and then after bending, the pipe is heated to melt and remove the filling material. Resin has
often been used for bending small brass and copper pipes, and lead or other alloys for small
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iron and steel pipes. Before bending copper or brass pipe or tubing, the latter should be
annealed.

Alloy of Low Melting Point Used as Filler: Filling tubes with lead may result in satisfac-
tory bends, but the comparatively high melting point of lead often negatively effects on the
physical properties of the tube. Commercial alloys such as “Cerrobend” and “Bendalloy”
have melting points of about 160 degrees F. They are composed of bismuth, lead, tin, and
cadmium. With these materials, tubes having a wall as thin as 0.007 inch have been bent to
small radii. The metal filler conforms to the inside of the tube so closely that the tube can be
bent just as though it were a solid rod.

This method has been applied to the bending of copper, brass, duralumin, plain steel, and
stainless steel tubes with uniform success. Tubes plated with chromium or nickel can be
bent without danger of the plate flaking off. The practice usually is economical for tubes up
to 2 inches in diameter. The method is considered ideal when the number of tubes of a
given size or kind is more or less limited or when the bend is especially severe.

When a tube-bending operation has been completed, removal of the metal filler is
accomplished by heating the tube in steam, in a bath of boiling water, or in air of about the
same temperature. The metal can then be drained out and used again and again.

Presses for Sheet Metal Working

A stamping press is a metal working machine tool that utilizes the force and speed of a
moving ram to transmit force, or an amount of tonnage, to a specific die in order to achieve
a workpiece’s final shape, often with little or no scrap, and whenever possible, with mini-
mal operator intervention. There are two major types of press brakes, which are classified
by the nature of their drive systems: mechanical and hydraulic. Mechanical and hydraulic
sheet metal working presses are available in several basic designs and a wide range of
sizes, tonnage capacities, and operating speeds. The moving forces of the presses are gen-
erated by either mechanical or hydraulic mechanisms that are mounted in the frame. The
two most common types of frames are the gap-frame (C-frame) and the straight side frame.
Each has its advantages and disadvantages. Frames may be fabricated by casting or by
welding heavy rolled steel plates. Both mechanical and hydraulic sheet metal stamping
presses are classified by the following main characteristics: frame, drive, action, tonnage,
stroke, and strokes per minute.
Mechanical Presses.—Mechanical presses are manufacturing devices designed and built
to operate all types of dies. Mechanical presses typically store energy in a rotating flywheel
driven by an electric motor. The flywheel revolves around a crankshaft until engaged by a
clutch device. The energy of the rotating flywheel is transmitted to the vertical movement
of the ram by the use of a press drive mechanism. 

Drive: The press drive refers to the style of mechanism used to obtain the ram movement.
The most common press drive mechanisms for mechanical presses are the crankshaft, the
eccentric, the screw, and the knuckle.

The crankshaft is a mechanical element for translating the rotational motion of the elec-
trical drive motor to the linear motion of the ram assembly in an up-and-down motion. In
the press, each revolution of the crankshaft drives the ram through one complete up-and-
down cycle of the machine. In a flywheel press, the flywheel is connected directly to the
crankshaft, and each revolution of the flywheel completes one ram movement. The func-
tion of the flywheel is to store the necessary energy to carry out a pressing operation.

Eccentric—many of the newer presses are made using an eccentric for translating the
rotational motion of the electric drive motor to the linear motion of the ram. The main dis-
advantage of the eccentric press drive is the limitation of press strokes. To obtain more
press strokes, the eccentric offset must be increased in diameter. 

The screw drive press is not as widely used, but the unique characteristics of the screw
press have driven an increase in its use. As the name suggests, this type of press drive uses



PRESSES FOR SHEET METAL WORKING 1387

a mechanical screw to translate rotational motion into the linear motion of the ram. Briefly,
the ram acts as the nut on a rotating screw shaft, moving up or down depending on the
screw rotation. Energy is either delivered from a flywheel, which is usually coupled with a
torque-limiting (slipping) clutch, or by a direct drive reversing electric motor.

The knuckle—the knuckle press is a modified version of the crankshaft style. The crank-
shaft is behind the press frame in this type of press. The knuckle crankshaft runs from left
to right in relation to the press frame. The knuckle is a group of three levers, one lever or
connector of which joins the crankshaft throw to the other two levers. The upper lever or
knuckle is fixed to a pivot point in the press crown at one end. The lower knuckle is fixed to
a pivot point on the press ram at one end. The knuckle press is used for dies that coin, or
when heavy sheet metal is drawn or formed. Because of the knuckle, the stroke of the press
is limited. Fig. 70 schematically illustrates a knuckle drive mechanism.

Tonnage: The tonnage of a press is the force that a press ram is able to exert. In actual
practice, press rams can and do exert forces greater than the rated tonnage. A safety factor
is designed into the frame and drive mechanism. The tonnage of a mechanical press is cal-
culated when the ram is near the bottom of its stroke. Thus, the tonnage of a mechanical
press is constant and cannot be varied as in the hydraulic press. 

The tonnage of a mechanical press when the ram is not near the bottom of its stroke is
greatly reduced. Most press manufacturers will supply curves showing the tonnage avail-
able for each inch of stroke. Fig. 71 illustrates the available tonnage curve for mechanical
press. Mechanical presses have forces that typically range from 20 to 5,000 tons. A few
specially designed large capacity presses with ratings up to 6,000 tons are in operation. 

Stroke: The stroke of a press is the distance of ram movement from its up position to its
down position. The offset on a crankshaft determines the press stroke. The stroke is con-
stant for the crankshaft and eccentric drives. Strokes on mechanical presses range from 0.2
to 45 inches. 

Strokes per Minute: Strokes per minute (press speed) is a self-explanatory term. The C-
frame low tonnage presses (15 to 30 tons) have the highest stroke per minute of all press
types. They run at up to 1,800 strokes per minute and typically involve light forming, such
as electrical connectors; when cutting dies are operated, the speeds usually range from
around 20 to 800 strokes per minute.

Action: The term “action” simply means the number of rams on the press. The types of
press actions include the following: 

Fig. 70. Knuckle Drive Mechanism
Fig. 71. Available Tonnage Curve

for a Mechanical Press
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Single action: One ram operated by a mechanism located in the crown or bed of a press.
These presses are used for blanking, bending, forming, and other operations. They perform
a single action with each cycle of the press.

Double action: One inner ram and one outer ram are operated by a mechanism located in
the crown or bed on the press. The rams move from the crown towards the bed on the down-
stroke. They are used for severe forming and drawing operations.

Triple action: Same as double action with the addition of a third ram located in the bed of
the press. The third ram moves upward in the bed soon after the other two rams lower.

Large presses (like the ones used in the automotive industry) have a die cushion inte-
grated in the bolster plate to apply the blank holder force. This is necessary when a single
acting press is used for deep drawing.

Fig. 72 schematically illustrates a mechanical press with its basic components.

Gap-frame Presses.—The most noticeable characteristic of a press is the frame’s style of
construction. The frame is the supporting element of a press. All of the shafts and bearings,
as well as the ram and gearing, are mounted in the frame. Frames may be fabricated by cast-
ing or by welding heavy rolled steel plates.

The cast frame has excellent rigidity but is expensive. The welded frame is lower in cost
in most cases. Due to the greater toughness of rolled steel, welded frames have more resis-
tance to shock loading.

The C-frame press gets its name from its shape. The most common types of C-frame are
the inclinable or open-back inclinable (OBI), the solid frame or open-back stationary
(OBS), the open-end press, and the adjustable bed or knee frame press.

Inclinable-frame press: The frame of an inclinable press can be tilted backward to an
angle of around 30°. This inclination permits finished parts, slugs, or both, to slide to the
rear of the machine upon completion. As the name implies, a fixed-position, or noninclin-
able machine does not tilt, and parts and/or slugs must either drop vertically or be removed
by some other means. 

Solid-frame press: Because of the more rigid base and solid construction, solid frame
presses or OBS presses are built in higher tonnages than inclinable presses. These presses
have larger beds and frame openings than inclinable presses and can handle larger dies. 

Adjustable-bed press: The third type of C-frame press is the adjustable bed or knee press.
The lower leg of the “C-frame forms an adjustable table or bed, and thus a wide range of
shut heights may be obtained. Because of possible lack of rigidity, only smaller tonnages
are made with this style of frame. The adjustable bed press is one of the most versatile
presses.

Open-end press: This press has the unusual feature of having the driveshaft located from
front to back. Most presses of the C-frame type have the driveshaft from right to left. The

Fig. 72. Schematic Illustration of Mechanical
Drive Presses with Basic Components
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advantage gained in the open-end press is great accessibility. All of the large gears and fly-
wheel are at the back and out of the way. Only smaller tonnage presses are made in this
style, however.
Straight Side Presses.—Straight side presses are so named because of the vertical col-
umns on either side of the machine. This design eliminates the problem of angular deflec-
tion. Also, die life and part accuracy are enhanced. Straight side presses have frames
consisting of a crown member, two upright side members, a bed or fundament of the press,
and the bolster, which mounts on the press bed and accommodates the die while strength-
ening the bed. These components are often secured in a preloaded position by four tie rods.
They may also be bolted and keyed together or welded into one piece. As a result, straight
side presses are stiffer vertically than gap frame units, and any deflection under load tends
to be symmetrical.

Straight side presses are suitable for progressive die and transfer die applications and
cover an enormous range of types, sizes, and speeds. 
Hydraulic Presses.—Hydraulic presses are manufacturing devices designed and built to
operate dies using hydraulic drive systems to deliver a controlled force. 

Drive System: These systems are relatively less complex, and comprise a motor, a pump,
a valving system, and a hydraulic cylinder with the piston connected to the ram. The cylin-
der is usually double-acting so that hydraulic fluid (oil or water) is pumped under pressure
into the top, above the piston, to make the ram move down; to make it come up, fluid is
pumped into the bottom, under the piston. The pressure of the fluid under the piston is gen-
erally held between 10 to 15% of the pressure of the fluid above the piston. This is done to
keep the ram from dropping by force of gravity, and also to help control the ram throughout
the stroke.

Valving System: The valving system ensures the desired control and direction of flow
either into or out of the cylinder. Fig. 73 schematically illustrates a hydraulic press drive
system with its basic components.

Fig. 73. Schematic Illustration of Hydraulic Press Drive System

Frame: Hydraulic presses have various frame types, including C-frames, straight-sided
frames, H-frames, four-column frames, and other shapes depending on the application. 

Tonnage: The tonnage of a hydraulic press is simple: the piston area times the hydraulic
pressure in the cylinder. By changing the pressure, the tonnage may be varied. The tonnage
of a hydraulic press ranges from about 50 tons to 50,000 tons.

Stroke: The stroke is variable on the hydraulic press and can vary from 0.4 in. to 48 in. 
Strokes per Minute: Hydraulic presses are faster and more reliable than ever. The tech-

nology has undergone constant change. Improvements in seals, more efficient pumps, and
stronger hoses and couplings have virtually eliminated leaks and minimized maintenance.



1390 MECHANICAL AND HYDRAULIC PRESSES COMPARED

So, for operations requiring very short strokes, such as punching and blanking, a hydraulic
press can achieve speeds that compare favorably with those of mechanical presses, espe-
cially when the material is hand fed. Because drawing and forming operations must be run
more slowly to allow time for the metal to flow, press speeds usually range from around 5
to 100 strokes per minute, depending on the part size and the severity of the operation being
performed.

Mechanical and Hydraulic Presses, Advantages and Disadvantages.—The mechani-
cal press has been the first choice of many press users for years. Training of tool and die
makers and tool designers has been oriented toward applying mechanical presses to sheet
metal pressworking. However, modern hydraulic presses also offer good performance and
reliability. Factors that may favor the use of hydraulic presses over their mechanical coun-
terparts may include the following:

a) Full power during the stroke: Maximum power is maintained during the entire stroke
of a hydraulic press. This allows for rapid movement to a position just above the part,
when the stroke is slowed for the working stroke and an adjustable slowdown speed
during forming. The result is more strokes per minute. 

b) Overload protection: Because the pressure is pre-adjusted, if the pressure exceeds a
limit, such as might occur when a part is not properly ejected, the machine shuts down,
eliminating catastrophic results to tooling or to the machine.

c) Cost: Depending on the application, a hydraulic press may cost less than an equivalent
mechanical press.

d) Lower operating costs: Hydraulic presses have fewer operating parts; therefore, there
are fewer things to break. Automatic lubrication of moving parts helps eliminate
maintenance problems.

e) Flexibility: Owing primarily to electronic controls and robotics, hydraulic presses fit
well into such areas as flexible manufacturing systems (FMS) and factory automation.

f) No design limitations: The principles of hydraulic force allow for creative engineering.
Presses can be designed for traditional down-acting, up-acting, side-acting and multi-
action operation. Power systems can be placed above, below, or away from the press
and force actuators. Large bed presses can be designed for low tonnage applications
and small bed presses can be designed for high tonnage requirements.

g) Unlimited control options: The hydraulic press can be controlled in a variety of ways,
ranging from basic relays to more sophisticated PLC or PC control systems. Operator
interfaces can be added to press systems to facilitate ease of job set by storing individ-
ual job parameters for each die. Presses can be controlled for precise pressure and
position, including pressure holding, speed control, and dynamic adjustments to real-
time operating variances. Ram force and speed can be controlled in any direction with
various levels of precision.

h) Small footprint: Hydraulics allow for generation of high pressure over a small surface
area. This reduces the overall structure required for support of the force actuators.
When compared to mechanical presses, hydraulic presses consume almost 50 percent
less space for the same tonnage capability. This size advantage results in lower manu-
facturing costs and a faster return on investment by requiring less long-term overhead
expense.

i) Hydroforming: Hydroforming is one of the areas in which hydraulic presses have no
competition. The hydraulic press ram moves down to close the die and the hydroform-
ing high-pressure fluid fills and acts onto the inside tubular parts and expands it to fill
the die. The mechanical presses are not capable of carrying out the hydroforming
operation, as they do not have the speed control or the ability to stay on the bottom for
performing the high pressure forming operations.

Although hydraulic presses have many advantages, they also suffer from some disadvan-
tages when compared to mechanical presses. Some of the disadvantages include:
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a) Tolerances: While some hydraulic presses do maintain high tolerances, most of them
are limited to approximately 0.020 inch. When closer tolerances are required on these
machines, they are usually accounted for in the tooling, which increases the cost of the
die or other tooling.

b) Speed: Although high speed is attainable in hydraulic presses, generally, a mechanical
press will produce parts faster. This is especially true when short strokes are used.

c) Automatic feeding: Because of fewer moving parts, there is less equipment on which
to attach automatic feed mechanisms. Therefore, most automatic feed equipment must
be integrated into the process via electronic components, which increase cost.

Factors that may favor the use of mechanical presses over their hydraulic counterparts
may include these:

• The mechanical press is faster than the hydraulic press.
• The mechanical press is by far the most suitable for blanking and punching.
• Mechanical presses do not require as large a motor as hydraulic presses because they

can store energy in the flywheel and then dissipate the energy throughout the press
stroke.

• Mechanical presses can be easily adapted to use different rolls and transfer feeds for
progressive dies.

• Mechanical presses with short strokes are more economical than hydraulic presses. 

Lubrication System.—The lubrication systems of mechanical and hydraulic presses are
very important. If the lubricating system should fail, not only will the press stop, but also
many of the parts are likely to be damaged beyond repair. Therefore, when lubrication fail-
ure occurs, the press can seldom be run again without a major overhaul.

The lubricating system delivers oil to the moving parts of the press to reduce friction and
to assist in keeping the parts cool. Most newer and more modern presses are equipped with
a pressure re-circulating lubricating system that delivers the oil under pressure to the bear-
ings and bushings and other lubricant points.

After selection of the correct lubricant, the next most critical factors to long machine and
lubricant life are keeping the lubricant clean and dry. Details such as machine criticality,
operating environment, and component clearances as well as lubricant type, viscosity,
flow rate, and economic issues must be carefully considered for optimum lubricant con-
tamination control.

In any press application, the most important aspect for insuring maximum press and
lubricant life is the selection of the correct lubricant. This process includes choosing the
correct base oil, the correct oil viscosity, and the correct additives for the application. Next
in importance is keeping the oil clean and dry. Particulate and water contamination can
have devastating effects on machine and lubricant life. The primary source of particulate
contamination in lubricants is ambient dust and dirt. While the composition can vary, in
general, dust and dirt will contain materials such as silicon oxides and aluminum oxides.
Elemental indicators of dirt ingression would be silicon (Si), aluminum (Al), and in some
cases calcium (Ca) and magnesium (Mg). If a contaminant particle is larger than the clear-
ance between two slide surfaces, the particle will grind against them, removing metal from
the slide surfaces in a process called abrasive wear. The resultant wear particles can cause
a chain reaction by increasing the total number of particulates in the lubricant. Addition-
ally, this newly generated abrasive wear material can get broken into smaller particles and
become harder due to the process of work hardening. These more numerous and harder
particles combine with the original solid contaminants to increase the amount of abrasive
material that is in the lubricant. Under conditions of high velocity or high pressure or both,
small particles can impinge on a press surface and result in erosive wear. In this case, par-
ticles can be much smaller than the machine clearances and still cause extensive damage
due to the velocities and pressures involved. Particles generated during erosive wear also
add to the overall contamination of the system and further increase machine wear. Erosive
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wear most commonly occurs in hydraulic systems that contain servo or proportional
devices. Two most commonly lubricant systems are:

Lost Lubricant Systems: Lost lubricant systems are used on smaller gap presses. Older
presses are usually lubricated by grease, and newer ones by oil. A hand pump is often used
in lost lubricant systems. The major disadvantages of this system are that used lubricant
must be cleaned periodically, and if a hand pump is used, lubrication of the machine
depends on the reliability of the operator.

Re-circulating Lubricant Systems: In these, oil is pumped from a reservoir, filtered, and
then distributed to all lubrication points. The pump is powered by an electric motor or by a
press-driven mechanical device. The circulating oil lubricates, cools, and flushes small
particles from the bearing and friction surfaces.

If the failure of the lubrication system is not detected early, serious damage to the
machine will occur. Thermo-chromatic indicators are often used for early detection of
lubrication system failure. By the use of thermo-chromatic indicators, mechanical or elec-
trical problems can be detected immediately by the operator or maintenance person. The
machine can then be inspected and repaired before serious damage occurs. A few dollars
invested in thermo-chromatic indicators can save thousands of dollars on expensive
repairs and production losses.

Another sign of lubrication system failure is the presence of bronze particles around the
bearing. In this case, it is usually too late for inexpensive repairs because serious damage
of the bearing or friction surfaces has already occurred.
Press Selection.—When selecting a press, compromises must be made if more than just
one type of stamping operation is desired; there is not a single universal type of press that
provides productive and efficient operation. Such compromises include consideration of
the following primary factors: a) tonnage; b) energy capacity;  c) press size and frame
design;  d) speed;  and  e) control system for press.

Other factors can be considered as well, such as the number of operations to be per-
formed, quantities and production rates, size, geometry and accuracy of workpieces, and
equipment costs.

A press-rated tonnage for mechanical presses is the maximum force that should be
exerted by the slide against the workpiece at a given distance above the bottom of the
stroke. The higher the rating is, the greater the torque capacity of its drive members and its
capability of delivering more flywheel energy. Presses with flywheel-type drives are basi-
cally used for light blanking and piercing operations. The energy requirements of these
machines are small and the machines operate at relatively high speeds. Single-geared
presses are mostly used for shallow drawn workpieces and require more energy than fly-
wheel types. Double-geared presses are used for deeper draw operations when a larger
amount of energy is needed.

As stamping operations become more automated, the use of CNC system and various
electro-mechanical systems to feed material to the press must also be factored in. There are
mechanical blank handing systems where manual handling is not practical due to speed
and size. High volume feeding is done with coil stock, which also requires an investment in
additional feeding equipment.
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ELECTRICAL DISCHARGE MACHINING

Generally called EDM, electrical discharge machining uses an electrode to remove metal
from a workpiece by generating electric sparks between conducting surfaces. The two
main types of EDM are termed sinker or plunge, used for making mold or die cavities, and
wire, used to cut shapes such as are needed for stamping dies. For die sinking, the electrode
usually is made from copper or graphite and is shaped as a positive replica of the shape to
be formed on or in the workpiece. A typical EDM sinker machine, shown diagrammati-
cally in Fig. 1, resembles a vertical milling machine, with the electrode attached to the ver-
tical slide. The slide is moved down and up by an electronic, servo-controlled drive unit
that controls the spacing between the electrode and the workpiece on the table. The table
can be adjusted in three directions, often under numerical control, to positions that bring a
workpiece surface to within 0.0005-0.030 inch(0.013–0.76 mm) from the electrode sur-
face, where a spark is generated.

Wire EDM, shown diagrammatically in Fig. 2, are numerically controlled and somewhat
resemble a bandsaw with the saw blade replaced by a fine brass or copper wire, which
forms the electrode. This wire is wound off one reel, passed through tensioning and guide
rollers, then through the workpiece and through lower guide rollers before being wound
onto another reel for storage and eventual recycling. One set of guide rollers, usually the
lower, can be moved on two axes at 90 degrees apart under numerical control to adjust the
angle of the wire when profiles of varying angles are to be produced. The table also is mov-
able in two directions under numerical control to adjust the position of the workpiece rela-
tive to the wire. Provision must be made for the cut-out part to be supported when it is freed
from the workpiece so that it does not pinch and break the wire.

EDM applied to grinding machines is termed EDG. The process uses a graphite wheel as
an electrode, and wheels can be up to 12 inch (30.48 cm) in diameter by 6 inch(15.24 cm)
wide. The wheel periphery is dressed to the profile required on the workpiece and the
wheel profile can then be transferred to the workpiece as it is traversed past the wheel,
which rotates but does not touch the work. EDG machines are highly specialized and are
mainly used for producing complex profiles on polycrystaline diamond cutting tools and
for shaping carbide tooling such as form tools, thread chasers, dies, and crushing rolls.

EDM Terms*.— Anode: The positive terminal of an electrolytic cell or battery. In EDM,
incorrectly applied to the tool or electrode.

Fig. 1. Sinker or Plunge Type EDM Machines Are 
Used to Sink Cavities in Molds and Dies

Fig. 2. Wire Type EDM Machines Are Used
 to Cut Stamping Die Profiles.

* Source: Hansvedt Industries 
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Barrel effect: In wire EDM, a condition where the center of the cut is wider than the entry
and exit points of the wire, due to secondary discharges caused by particles being pushed
to the center by flushing pressure from above and beneath the workpiece.

Capacitor: An electrical component that stores an electric charge. In some EDM power
supplies, several capacitors are connected across the machining gap and the current for the
spark comes directly from the capacitors when they are discharged.

Cathode: The negative terminal in an electrolytic cell or battery. In EDM incorrectly
applied to the workpiece. 

Colloidal suspension: Particles suspended in a liquid that are too fine to settle out. In
EDM, the tiny particles produced in the sparking action form a colloidal suspension in the
dielectric fluid.

Craters: Small cavities left on an EDM surface by the sparking action, also known as
pits.

Dielectric filter : A filter that removes particles from 5 µm (0.00020 inch) down to as fine
as 1 µm (0.00004 inch) in size, from dielectric fluid.

Dielectric fluid : The non-conductive fluid that circulates between the electrode and the
workpiece to provide the dielectric strength across which an arc can occur, to act as a cool-
ant to solidify particles melted by the arc, and to flush away the solidified particles.

Dielectric strength: In EDM, the electrical potential (voltage) needed to break down
(ionize) the dielectric fluid in the gap between the electrode and the workpiece.

Discharge channel: The conductive pathway formed by ionized dielectric and vapor
between the electrode and the workpiece.

Dither: A slight up and down movement of the machine ram and attached electrode, used
to improve cutting stability.

Duty cycle: The percentage of a pulse cycle during which the current is turned on (on
time), relative to the total duration of the cycle. 

EDG: Electrical discharge grinding using a machine that resembles a surface grinder but
has a wheel made from electrode material. Metal is removed by an EDM process rather
than by grinding.

Electrode growth: A plating action that occurs at certain low-power settings, whereby
workpiece material builds up on the electrode, causing an increase in size.

Electrode wear: Amount of material removed from the electrode during the EDM pro-
cess. This removal can be end wear or corner wear, and is measured linearly or volumetri-
cally but is most often expressed as end wear per cent, measured linearly. 

Electro-forming: An electro-plating process used to make metal EDM electrodes.
Energy: Measured in joules, is the equivalent of volt-coulombs or volt-ampere- seconds.
Farad: Unit of electrical capacitance, or the energy-storing capacity of a capacitor.
Gap: The closest point between the electrode and the workpiece where an electrical dis-

charge will occur. (See Overcut)
Gap current: The average amperage flowing across the machining gap.
Gap voltage: The voltage across the gap while current is flowing. The voltage across the

electrode/workpiece before current flows is called the open gap voltage. Heat-affected
zone. The layer below the recast layer, which has been subjected to elevated temperatures
that have altered the properties of the workpiece metal.

Ion: An atom or group of atoms that has lost or gained one or more electrons and is there-
fore carrying a positive or negative electrical charge, and is described as being ionized.

Ionization: The change in the dielectric fluid that is subjected to a voltage potential
whereby it becomes electrically conductive, allowing it to conduct the arc.

Low-wear: An EDM process in which the volume of electrode wear is between 2 and 15
per cent of the volume of workpiece wear. Normal negative polarity wear ratios are 15 to
40 per cent.

Negative electrode: The electrode voltage potential is negative relative to the workpiece.
No-wear: An EDM process in which electrode wear is virtually eliminated and the wear

ratio is usually less than 2 per cent by volume.
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Orbit: A programmable motion between the electrode and the workpiece, produced by a
feature built in to the machine, or an accessory, that produces a cavity or hole larger than
the electrode. The path can be planetary (circular), vectorial, or polygonal (trace). These
motions can often be performed in sequence, and combined with x-axis movement of the
electrode.

Overcut: The distance between one side of an electrode and the adjacent wall of the
workpiece cavity. 

Overcut taper: The difference between the overcut dimensions at the top (entrance) and
at the bottom of the cavity.

Plasma: A superheated, highly ionized gas that forms in the discharge channel due to the
applied voltage.

Positive electrode: The electrode voltage potential is positive with respect to the work-
piece. is the opposite of this condition.

Power parameters: A set of power supply, servo, electrode material, workpiece mate-
rial, and flushing settings that are selected to produce a desired metal removal rate and sur-
face finish.

Quench: The rapid cooling of the EDM surface by the dielectric fluid, which is partially
responsible for metallurgical changes in the recast layer and in the heat- affected zone.

Recast layer: A layer created by the solidification of molten metal on the workpiece sur-
face after it has been melted by the EDM process.

Secondary discharge: A discharge that occurs as conductive particles are carried out
along the side of the electrode by the dielectric fluid.

Spark in: A method of locating an electrode with respect to the workpiece, using high fre-
quency, low amperage settings so that there is no cutting action. The electrode is advanced
toward the workpiece until contact is indicated and this point is used as the basis for setting
up the job.

Spark out: A technique used in orbiting, which moves the electrode in the same path until
sparking ceases.

Square wave: An electrical wave shape generated by a solid state power supply.
Stroke: The distance the ram travels under servo control.
UV axis: A mechanism that provides for movement of the upper head of a wire EDM

machine to allow inclined surfaces to be generated. 
White layer: The surface layer of an EDM cut that is affected by the heat generated dur-

ing the process. The characteristics of the layer depend on the material, and may be
extremely hard martensite or an annealed layer.

Wire EDM: An EDM machine or process in which the electrode is a continuously
unspooling, conducting wire that moves in preset patterns in relation to the workpiece.

Wire guide: A replaceable precision round diamond insert, sized to match the wire, that
guides the wire at the entrance and exit points of a wire cut.

Wire speed: The rate at which the wire is fed axially through the workpiece (not the rate
at which cutting takes place), adjusted so that clean wire is maintained in the cut but slow
enough to minimize waste.
The EDM Process.—During the EDM process, energy from the sparks created between
the electrode and the workpiece is dissipated by the melting and vaporizing of the work-
piece material preferentially, only small amounts of material being lost from the electrode.
When current starts to flow between the electrode and the work, the dielectric fluid in the
small area in which the gap is smallest, and in which the spark will occur, is transformed
into a plasma of hydrogen, carbon, and various oxides. This plasma forms a conducting
passageway, consisting of ionized or electrically charged particles, through which the
spark can form between the electrode and the workpiece. After current starts to flow, to
heat and vaporize a tiny area, the striking voltage is reached, the voltage drops, and the
field of ionized particles loses its energy, so that the spark can no longer be sustained. As
the voltage then begins to rise again with the increase in resistance, the electrical supply is



1396 ELECTRICAL DISCHARGE MACHINING

cut off by the control, causing the plasma to implode and creating a low-pressure pulse that
draws in dielectric fluid to flush away metallic debris and cool the impinged area. Such a
cycle typically lasts a few microseconds (millionths of a second, or µs), and is repeated
continuously in various places on the workpiece as the electrode is moved into the work by
the control system.

Flushing: An insulating dielectric fluid is made to flow in the space between the work-
piece and the electrode to prevent premature spark discharge, cool the workpiece and the
electrode, and flush away the debris. For sinker machines, this fluid is paraffin, kerosene,
or a silicon-based dielectric fluid, and for wire machines, the dielectric fluid is usually
deionized water. The dielectric fluid can be cooled in a heat exchanger to prevent it from
rising above about 100°F (38°Χ), at which cooling efficiency may be reduced. The fluid
must also be filtered to remove workpiece particles that would prevent efficient flushing of
the spark gaps. Care must be taken to avoid the possibility of entrapment of gases gener-
ated by sparking. These gases may explode, causing danger to life, breaking a valuable
electrode or workpiece, or causing a fire.

Flushing away of particles generated during the process is vital to successful EDM oper-
ations. A secondary consideration is the heat transferred to the side walls of a cavity, which
may cause the workpiece material to expand and close in around the electrode, leading to
formation of dc arcs where conductive particles are trapped. Flushing can be done by forc-
ing the fluid to pass through the spark gap under pressure, by sucking it through the gap, or
by directing a side nozzle to move the fluid in the tank surrounding the workpiece. In pres-
sure flushing, fluid is usually pumped through strategically placed holes in the electrode or
in the workpiece. Vacuum flushing is used when side walls must be accurately formed and
straight, and is seldom needed on numerically controlled machines because the table can
be programmed to move the workpiece sideways.

Flushing needs careful consideration because of the forces involved, especially where
fluid is pumped or sucked through narrow passageways, and large hydraulic forces can
easily be generated. Excessively high pressures can lead to displacement of the electrode,
the workpiece, or both, causing inaccuracy in the finished product. Many low-pressure
flushing holes are preferable to a few high-pressure holes. Pressure-relief valves in the sys-
tem are recommended.

Electronic Controls: The electrical circuit that produces the sparks between the elec-
trode and the workpiece is controlled electronically, the length of the extremely short on
and off periods being matched by the operator or the programmer to the materials of the
electrode and the workpiece, the dielectric, the rate of flushing, the speed of metal removal,
and the quality of surface finish required. The average current flowing between the elec-
trode and the workpiece is shown on an ammeter on the power source, and is the determin-
ing factor in machining time for a specific operation. The average spark gap voltage is
shown on a voltmeter.

EDM machines can incorporate provision for orbiting the electrode so that flushing is
easier, and cutting is faster and increased on one side. Numerical control can also be used
to move the workpiece in relation to the electrode with the same results. Numerical control
can also be used for checking dimensions and changing electrodes when necessary. The
clearance on all sides between the electrode and the workpiece, after the machining opera-
tion, is called the overcut or overburn. The overcut becomes greater with increases in the
on time, the spark energy, or the amperage applied, but its size is little affected by voltage
changes. Allowances must be made for overcut in the dimensioning of electrodes. Side-
wall encroachment and secondary discharge can take up parts of these allowances, and
electrodes must always be made smaller to avoid making a cavity or hole too large.

Polarity: Polarity can affect processing speed, finish, wear, and stability of the EDM
operation. On sinker machines, the electrode is generally, made positive to protect the
electrode from excessive wear and preserve its dimensional accuracy. This arrangement
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removes metal at a slower rate than electrode negative, which is mostly used for high-
speed metal removal with graphite electrodes. Negative polarity is also used for machining
carbides, titanium, and refractory alloys using metallic electrodes. Metal removal with
graphite electrodes can be as much as 50 per cent faster with electrode negative polarity
than with electrode positive, but negative polarity results in much faster electrode wear, so
it is generally restricted to electrode shapes that can be redressed easily.

Newer generators can provide less than 1 per cent wear with either copper or graphite
electrodes during roughing operations. Roughing is typically done with a positive-polarity
electrode using elevated on times. Some electrodes, particularly micrograin graphites,
have a high resistance to wear. Fine-grain, high-density graphites provide better wear char-
acteristics than coarser, less dense grades, and copper-tungsten resists wear better than
pure copper electrodes.

Machine Settings: For vertical machines, a rule of thumb for power selection on graphite
and copper electrodes is 50 to 65 amps per square inch of electrode engagement. For exam-
ple, an electrode that is 1⁄2 in2 (3.2 cm2) might use 0.5 × 0.5 × 50 = 12.5 amps. Although each
square inch of electrode surface may be able to withstand higher currents, lower settings
should be used with very large jobs or the workpiece may become overheated and it may be
difficult to clean up the recast layer. Lower amperage settings are required for electrodes
that are thin or have sharp details. The voltage applied across the arc gap between the elec-
trode and the workpiece is ideally about 35 volts, but should be as small as possible to
maintain stability of the process.

Spark Frequency: Spark frequency is the number of times per second that the current is
switched on and off. Higher frequencies are used for finishing operations and for work on
cemented carbide, titanium, and copper alloys. The frequency of sparking affects the sur-
face finish produced, low frequencies being used with large spark gaps for rapid metal
removal with a rough finish, and higher frequencies with small gaps for finer finishes.
High frequency usually increases, and low frequency reduces electrode wear.

The Duty Cycle: Electronic units on modern EDM machines provide extremely close
control of each stage in the sparking cycle, down to millionths of a second (µs). A typical
EDM cycle might last 100 µs. Of this time, the current might be on for 40 µs and off for 60
µs. The relationship between the lengths of the on and off times is called the duty cycle and
it indicates the degree of efficiency of the operation. The duty cycle states the on time as a
percentage of the total cycle time and in the previous example it is 40 per cent. Although
reducing the off time will increase the duty cycle, factors such as flushing efficiency, elec-
trode and workpiece material, and dielectric condition control the minimum off time.
Some EDM units incorporate sensors and fuzzy logic circuits that provide for adaptive
control of cutting conditions for unattended operation. Efficiency is also reported as the
amount of metal removed, expressed as in3/hr.

In the EDM process, work is done only during the on time, and the longer the on time, the
more material is removed in each sparking cycle. Roughing operations use extended on
time for high metal-removal rates, resulting in fewer cycles per second, or lower fre-
quency. The resulting craters are broader and deeper so that the surface is rougher and the
heat-affected zone (HAZ) on the workpiece is deeper. With positively charged electrodes,
the spark moves from the electrode toward the workpiece and the maximum material is
removed from the workpiece. However, every spark takes a minute particle from the elec-
trode so that the electrode also is worn away. Finishing electrodes tend to wear much faster
than roughing electrodes because more sparks are generated in unit time.

The part of the cycle needed for reionizing the dielectric (the off time) greatly affects the
operating speed. Although increasing the off time slows the process, longer off times can
increase stability by providing more time for the ejected material to be swept away by the
flow of the dielectric fluid, and for deionization of the fluid, so that erratic cycling of the
servo-mechanisms that advance and retract the electrode is avoided. In any vertical EDM
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operation, if the overcut, wear, and finish are satisfactory, machining speed can best be
adjusted by slowly decreasing the off time setting in small increments of 1 to 5 µs until
machining becomes erratic, then returning to the previous stable setting. As the off time is
decreased, the machining gap or gap voltage will slowly fall and the working current will
rise. The gap voltage should not be allowed to drop below 35 to 40 volts.

Metal Removal Rates (MRR): Amounts of metal removed in any EDM process depend
largely on the length of the on time, the energy/spark, and the number of sparks/second.
The following data were provided by Poco Graphite, Inc., in their EDM Technical Manual.
For a typical roughing operation using electrode positive polarity on high-carbon steel, a
67 per cent duty cycle removed 0.28 in3/hr(4.59 cm3/hr). For the same material, a 50 per
cent duty cycle removed 0.15 in3/hr(2.46 cm3/hr), and a 33 per cent duty cycle for finishing
removed 0.075 in3/hr(1.23 cm3/hr).

In another example, shown in the top data row in Table 1, a 40 per cent duty cycle with a
frequency of 10 kHz and peak current of 50 amps was run for 5 minutes of cutting time.
Metal was removed at the rate of 0.8 in3/hr(13.11 cm3/hr) with electrode wear of 2.5 per
cent and a surface finish of 400 µinch Ra. When the on and off times in this cycle were
halved, as shown in the second data row in Table 1, the duty cycle remained at 40 per cent,
but the frequency doubled to 20 kHz. The result was that the peak current remained unal-
tered, but with only half the on time the MRR was reduced to 0.7 in3/hr(11.47 cm3/hr), the
electrode wear increased to 6.3 per cent, and the surface finish improved to 300 µinch Ra.
The third and fourth rows in Table 1 show other variations in the basic cycle and the results.

Table 1. Effect of Electrical Control Adjustments on EDM Operations

The Recast Layer: One drawback of the EDM process when used for steel is the recast
layer, which is created wherever sparking occurs. The oil used as a dielectric fluid causes
the EDM operation to become a random heat-treatment process in which the metal surface
is heated to a very high temperature, then quenched in oil. The heat breaks down the oil into
hydrocarbons, tars, and resins, and the molten metal draws out the carbon atoms and traps
them in the resolidified metal to form the very thin, hard, brittle surface called the recast
layer that covers the heat-affected zone (HAZ). This recast layer has a white appearance
and consists of particles of material that have been melted by the sparks, enriched with car-
bon, and drawn back to the surface or retained by surface tension. The recast layer is harder
than the parent metal and can be as hard as glass, and must be reduced or removed by vapor
blasting with glass beads, polishing, electrochemical or abrasive flow machining, after the
shaping process is completed, to avoid cracking or flaking of surface layers that may cause
failure of the part in service.

Beneath the thin recast layer, the HAZ, in steel, consists of martensite that usually has
been hardened by the heating and cooling sequences coupled with the heat-sink cooling
effect of a thick steel workpiece. This martensite is hard and its rates of expansion and con-
traction are different from those of the parent metal. If the workpiece is subjected to heat-
ing and cooling cycles in use, the two layers are constantly stressed and these stresses may
cause formation of surface cracks. The HAZ is usually much deeper in a workpiece cut on
a sinker than on a wire machine, especially after roughing, because of the increased heating
effect caused by the higher amounts of energy applied.

On Time
(µs)

Off Time
(µs)

Frequency
(kHz)

Peak Current
(Amps)

Metal Removal Rate Electrode
Wear
(%)

Surface
Finish

(µin Ra)(in3/hr) (cm3/hr)

40 60 10 50 0.08 1.31 2.5 400
20 30 20 50 0.7 11.47 6.3 300
40 10 20 50 1.2 19.66 1.4 430
40 60 10 25 0.28 4.59 2.5 350
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The depth of the HAZ depends on the amperage and the length of the on time, increasing
as these values increase, to about 0.012-0.015 in ch (0.30–0.38 mm) deep. Residual stress
in the HAZ can range up to 650 N/mm2. The HAZ cannot be removed easily, so it is best
avoided by programming the series of cuts taken on the machine so that most of the HAZ
produced by one cut is removed by the following cut. If time is available, cut depth can be
reduced gradually until the finishing cuts produce an HAZ having a thickness of less than
0.0001 inch(2.54 mm).

Workpiece Materials.—Most homogeneous materials used in metalworking can be
shaped by the EDM process. Some data on typical workpiece materials are given in Table
2. Sintered materials present some difficulties caused by the use of a cobalt or other binder
used to hold the carbide or other particles in the matrix. The binder usually melts at a lower
temperature than the tungsten, molybdenum, titanium, or other carbides, so it is preferen-
tially removed by the sparking sequence and the carbide particles are thus loosened and
freed from the matrix. The structures of sintered materials based on tungsten, cobalt, and
molybdenum require higher EDM frequencies with very short on times, so that there is less
danger of excessive heat buildup, leading to melting. Copper-tungsten electrodes are rec-
ommended for EDM of tungsten carbides. When used with high frequencies for powdered
metals, graphite electrodes often suffer from excessive wear.

Workpieces of aluminum, brass, and copper should be processed with metallic elec-
trodes of low melting points such as copper or copper-tungsten. Workpieces of carbon and
stainless steel that have high melting points should be processed with graphite electrodes.
The melting points and specific gravities of the electrode material and of the workpiece
should preferably be similar.

Electrode Materials.—Most EDM electrodes are made from graphite, which provides a
much superior rate of metal removal than copper because of the ability of graphite to resist
thermal damage. Graphite has a density of 1.55 to 1.85 g/cm3, lower than most metals.
Instead of melting when heated, graphite sublimates, that is, it changes directly from a
solid to a gas without passing through the liquid stage. Sublimation of graphite occurs at a
temperature of 3350°C (6062°F). EDM graphite is made by sintering a compressed mix-
ture of fine graphite powder (1 to 100 micron particle size) and coal tar pitch in a furnace.
The open structure of graphite means that it is eroded more rapidly than metal in the EDM
process. The electrode surface is also reproduced on the surface of the workpiece. The
sizes of individual surface recesses may be reduced during sparking when the work is
moved under numerical control of workpiece table movements.

Table 2. Characteristics of Common Workpiece Materials for EDM

Material
Specific
Gravity

Melting Point
Vaporization
Temperature Conductivity

(Silver = 100)°F °C °F °C

Aluminum 2.70 1220 660 4442 2450 63.00
Brass 8.40 1710 930 … …
Cobalt 8.71 2696 1480 5520 2900 16.93
Copper 8.89 1980 1082 4710 2595 97.61
Graphite 2.07 N/A 6330 3500 70.00
Inconel … 2350 1285 … …
Magnesium 1.83 1202 650 2025 1110 39.40
Manganese 7.30 2300 1260 3870 2150 15.75
Molybdenum 10.20 4748 2620 10,040 5560 17.60
Nickel 8.80 2651 1455 4900 2730 12.89
Carbon Steel 7.80 2500 1371 … 12.00
Tool Steel … 2730 1500 … …
Stainless Steel … 2750 1510 … …
Titanium 4.50 3200 1700 5900 3260 13.73
Tungsten 18.85 6098 3370 10,670 5930 14.00
Zinc 6.40 790 420 1663 906 26.00
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The fine grain sizes and high densities of graphite materials that are specially made for
high-quality EDM finishing provide high wear resistance, better finish, and good repro-
duction of fine details, but these fine grades cost more than graphite of larger grain sizes
and lower densities. Premium grades of graphite cost up to five times as much as the least
expensive and about three times as much as copper, but the extra cost often can be justified
by savings during machining or shaping of the electrode.

Graphite has a high resistance to heat and wear at lower frequencies, but will wear more
rapidly when used with high frequencies or with negative polarity. Infiltrated graphites for
EDM electrodes are also available as a mixture of copper particles in a graphite matrix, for
applications where good machinability of the electrode is required. This material presents
a trade-off between lower arcing and greater wear with a slower metal-removal rate, but
costs more than plain graphite.

EDM electrodes are also made from copper, tungsten, silver-tungsten, brass, and zinc,
which all have good electrical and thermal conductivity. However, all these metals have
melting points below those encountered in the spark gap, so they wear rapidly. Copper
with 5 per cent tellurium, added for better machining properties, is the most commonly
used metal alloy. Tungsten resists wear better than brass or copper and is more rigid when
used for thin electrodes but is expensive and difficult to machine. Metal electrodes, with
their more even surfaces and slower wear rates, are often preferred for finishing operations
on work that requires a smooth finish. In fine-finishing operations, the arc gap between the
surfaces of the electrode and the workpiece is very small and there is a danger of dc arcs
being struck, causing pitting of the surface. This pitting is caused when particles dislodged
from a graphite electrode during fine-finishing cuts are not flushed from the gap. If struck
by a spark, such a particle may provide a path for a continuous discharge of current that will
mar the almost completed work surface.

Some combinations of electrode and workpiece material, electrode polarity, and likely
amounts of corner wear are listed in Table 3. Corner wear rates indicate the ability of the
electrode to maintain its shape and reproduce fine detail. The column headed Capacitance
refers to the use of capacitors in the control circuits to increase the impact of the spark with-
out increasing the amperage. Such circuits can accomplish more work in a given time, at
the expense of surface-finish quality and increased electrode wear.

Table 3. Types of Electrodes Used for Various Workpiece Materials

Electrode
Electrode
Polarity Workpiece Material Corner Wear (%) Capacitance

Copper + Steel 2–10 No
Copper + Inconel 2–10 No
Copper + Aluminum <3 No
Copper − Titanium 20–40 Yes
Copper − Carbide 35–60 Yes
Copper − Copper 34–45 Yes
Copper − Copper-tungsten 40–60 Yes
Copper-tungsten + Steel 1–10 No
Copper-tungsten − Copper 20–40 Yes
Copper-tungsten − Copper-tungsten 30–50 Yes
Copper-tungsten − Titanium 15–25 Yes
Copper-tungsten − Carbide 35–50 Yes
Graphite + Steel <1 No
Graphite − Steel 30–40 No
Graphite + Inconel <1 No
Graphite − Inconel 30–40 No
Graphite + Aluminum <1 No
Graphite − Aluminum 10–20 No
Graphite − Titanium 40–70 No
Graphite − Copper N/A Yes
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Electrode Wear: Wear of electrodes can be reduced by leaving the smallest amounts of
finishing stock possible on the workpiece and using no-wear or low-wear settings to
remove most of the remaining material so that only a thin layer remains for finishing with
the redressed electrode. The material left for removal in the finishing step should be only
slightly more than the maximum depth of the craters left by the previous cut. Finishing
operations should be regarded as only changing the quality of the finish, not removing
metal or sizing. Low power with very high frequencies and minimal amounts of offset for
each finishing cut are recommended.

On manually adjusted machines, fine finishing is usually carried out by several passes of
a full-size finishing electrode. Removal of a few thousandths of an inch from a cavity with
such an arrangement requires the leading edge of the electrode to recut the cavity over the
entire vertical depth. By the time the electrode has been sunk to full depth, it is so worn that
precision is lost. This problem sometimes can be avoided on a manual machine by use of an
orbiting attachment that will cause the electrode to traverse the cavity walls, providing
improved speed, finish, and flushing, and reducing corner wear on the electrode.

Selection of Electrode Material: Factors that affect selection of electrode material
include metal-removal rate, wear resistance (including volumetric, corner, end, and side,
with corner wear being the greatest concern), desired surface finish, costs of electrode
manufacture and material, and characteristics of the material to be machined. A major fac-
tor is the ability of the electrode material to resist thermal damage, but the electrode's den-
sity, the polarity, and the frequencies used are all important factors in wear rates. Copper
melts at about 1085°C (1985°F) and spark-gap temperatures must generally exceed
3800°C (6872°F), so use of copper may be made unacceptable because of its rapid wear
rates. Graphites have good resistance to heat and wear at low frequencies, but will wear
more with high frequency, negative polarity, or a combination of these.

Making Electrodes.—Electrodes made from copper and its alloys can be machined con-
ventionally by lathes, and milling and grinding machines, but copper acquires a burr on
run-off edges during turning and milling operations. For grinding copper, the wheel must
often be charged with beeswax or similar material to prevent loading of the surface. Flat
grinding of copper is done with wheels having open grain structures (46-J, for instance) to
contain the wax and to allow room for the soft, gummy, copper chips. For finish grinding,
wheels of at least 60 and up to 80 grit should be used for electrodes requiring sharp corners
and fine detail. These wheels will cut hot and load up much faster, but are necessary to
avoid rapid breakdown of sharp corners. 

Factors to be considered in selection of electrode materials are: the electrode material
cost cost/in3;  the time to manufacture electrodes; difficulty of flushing;  the number of
electrodes needed to complete the job;  speed of the EDM;  amount of electrode wear dur-
ing EDM;  and  workpiece surface-finish requirements.

Copper electrodes have the advantage over graphite in their ability to be discharge-
dressed in the EDM, usually under computer numerical control (CNC). The worn elec-
trode is engaged with a premachined dressing block made from copper-tungsten or car-
bide. The process renews the original electrode shape, and can provide sharp, burr-free
edges. Because of its higher vaporization temperature and wear resistance, discharge
dressing of graphite is slow, but graphite has the advantage that it can be machined conven-
tionally with ease.

Machining Graphite: Graphites used for EDM are very abrasive, so carbide tools are
required for machining them. Graphite does not shear away and flow across the face of the
tool as metal does, but fractures or is crushed by the tool pressure and floats away as a fine
powder or dust. Graphite particles have sharp edges and, if allowed to mix with the
machine lubricant, will form an abrasive slurry that causes rapid wear of machine guiding
surfaces. Dust may also cause respiratory problems and allergic reactions, especially if the
graphite is infiltrated with copper, so an efficient exhaust system is needed for machining.
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Compressed air can be used to flush out the graphite dust from blind holes, for instance,
but provision must be made for vacuum removal of the dust to avoid hazards to health and
problems with wear caused by the hard, sharp-edged particles. Air velocities of at least 500
ft/min(152 m/min) are recommended for flushing, and of 2000 ft/min(610 m/min) in col-
lector ducts to prevent settling out. Fluids can also be used, but small-pore filters are
needed to keep the fluid clean. High-strength graphite can be clamped or chucked tightly
but care must be taken to avoid crushing. Collets are preferred for turning because of the
uniform pressure they apply to the workpiece. Sharp corners on electrodes made from less
dense graphite are liable to chip or break away during machining.

For conventional machining of graphite, tools of high-quality tungsten carbide or poly-
crystaline diamond are preferred and must be kept sharp. Recommended cutting speeds for
high-speed steel tools are 100-300 ft/min (30–91 m/min), tungsten carbide 500-750 ft/min
(152–229 m/min), and polycrystaline diamond, 500-2000 surface ft/min(152–610
m/min). Tools for turning should have positive rake angles and nose radii of 1⁄64 to 1⁄32 inch.
Depths of cut of 0.015 to 0.020 inch produce a better finish than light cuts such as 0.005
inch because of the tendency of graphite to chip away rather than flow across the tool face.
Low feed rates of 0.005 inch/rev for rough- and 0.001 to 0.003 inch/rev for finish-turning
are preferred. Cutting off is best done with a tool having an angle of 20°.

For bandsawing graphite, standard carbon steel blades can be run at 2100-3100 surface
ft/min(640–945 m/min). Use low power feed rates to avoid overloading the teeth and the
feed rate should be adjusted until the saw has a very slight speed up at the breakthrough
point. Milling operations require rigid machines, short tool extensions, and firm clamping
of parts. Milling cutters will chip the exit side of the cut, but chipping can be reduced by use
of sharp tools, positive rake angles, and low feed rates to reduce tool pressure. Feed/tooth
for two-flute end mills is 0.003 to 0.005 inch (0.076 to 0.13 mm) for roughing and 0.001 to
0.003 inch (0.025 to 0.076 mm) for finishing.

Standard high-speed steel drills can be used for drilling holes but will wear rapidly, caus-
ing holes that are tapered or undersized, or both. High-spiral, tungsten carbide drills should
be used for large numbers of holes over 1⁄16 inch (1.59 mm) diameter, but diamond-tipped
drills will last longer. Pecking cycles should be used to clear dust from the holes. Com-
pressed air can be passed through drills with through coolant holes to clear dust. Feed rates
for drilling are 0.0015 to 0.002 inch/rev for drills up to 1⁄32, 0.001 to 0.003 inch/rev for 1⁄32- to
1⁄8-inch drills, and 0.002 to 0.005 inch/rev for larger drills. Standard taps without fluid are
best used for through holes, and for blind holes, tapping should be completed as far as pos-
sible with a taper tap before the bottoming tap is used.

For surface grinding of graphite, a medium (60) grade, medium-open structure, vitreous-
bond, green-grit, silicon-carbide wheel is most commonly used. The wheel speed should
be 5300-6000 surface ft/min(1615–1829 m/min), with traversing feed rates at about 56
ft/min(17.1 m/min). Roughing cuts are taken at 0.005 to 0.010 inch/pass (0.13 – 0.25
mm/pass), and finishing cuts at 0.001 to 0.003 inch/pass (0.025 – 0.076 mm/pass). Surface
finishes in the range of 18 to 32 µinch (0.457 – 0.813 micron) Ra are normal, and can be
improved by longer spark-out times and finer grit wheels, or by lapping. Graphite can be
centerless ground using a silicon-carbide, resinoid-bond work wheel and a regulating
wheel speed of 195 ft/min(59.4 m/min).

Wire EDM, orbital abrading, and ultrasonic machining are also used to shape graphite
electrodes. Orbital abrading uses a die containing hard particles to remove graphite, and
can produce a fine surface finish. In ultrasonic machining, a water-based abrasive slurry is
pumped between the die attached to the ultrasonic transducer and the graphite workpiece
on the machine table. Ultrasonic machining is rapid and can reproduce small details down
to 0.002 inch (0.05 mm) in size, with surface finishes down to 8 µin (0.203 micron) Ra. If
coolants are used, the graphite should be dried for 1 hour at over 400°F (204°C) (but not in
a microwave oven) to remove liquids before used.
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Wire EDM.—In the wire EDM process, with deionized water as the dielectric fluid, car-
bon is extracted from the recast layer, rather than added to it. When copper-base wire is
used, copper atoms migrate into the recast layer, softening the surface slightly so that wire-
cut surfaces are sometimes softer than the parent metal. On wire EDM machines, very high
amperages are used with very short on times, so that the heat-affected zone (HAZ) is quite
shallow. With proper adjustment of the on and off times, the depth of the HAZ can be held
below 1 micron (0.00004 inch).

The cutting wire is used only once, so that the portion in the cut is always cylindrical and
has no spark-eroded sections that might affect the cut accuracy. The power source controls
the electrical supply to the wire and to the drive motors on the table to maintain the preset
arc gap within 0.l micron (0.000004 inch) of the programmed position. On wire EDM
machines, the water used as a dielectric fluid is deionized by a deionizer included in the
cooling system, to improve its properties as an insulator. Chemical balance of the water is
also important for good dielectric properties.

Drilling Holes for Wire EDM: Before an aperture can be cut in a die plate, a hole must be
provided in the workpiece. Such holes are often “drilled” by EDM, and the wire threaded
through the workpiece before starting the cut. The “EDM drill” does not need to be rotated,
but rotation will help in flushing and reduce electrode wear. The EDM process can drill a
hole 0.04 inch(1 mm) in diameter through 4-inch(101 mm) thick steel in about 3 minutes,
using an electrode made from brass or copper tubing. Holes of smaller diameter can be
drilled, but the practical limit is 0.012 inch(0.3 mm) because of the overcut, the lack of
rigidity of tubing in small sizes, and the excessive wear on such small electrodes. The prac-
tical upper size limit on holes is about 0.12 inch (3 mm) because of the comparatively large
amounts of material that must be eroded away for larger sizes. However, EDM is com-
monly used for making large or deep holes in such hard materials as tungsten carbide. For
instance, a 0.2-inch(5 mm) hole has been made in carbide 2.9 inch (74 mm) thick in 49
minutes by EDM. Blind holes are difficult to produce with accuracy, and must often be
made with cut-and-try methods.

Deionized water is usually used for drilling and is directed through the axial hole in the
tubular electrode to flush away the debris created by the sparking sequence. Because of the
need to keep the extremely small cutting area clear of metal particles, the dielectric fluid is
often not filtered but is replaced continuously by clean fluid that is pumped from a supply
tank to a disposal tank on the machine.

Wire Electrodes: Wire for EDM generally is made from yellow brass containing copper
63 and zinc 37 per cent, with a tensile strength of 50,000-145,000 lbf/in2 (345–1000 MPa),
and may be from 0.002-0.012 inch (0.05–0.30 mm) diameter.

In addition to yellow brass, electrode wires are also made from brass alloyed with alumi-
num or titanium for tensile strengths of 140,000-160,000 lbf/in2(965–1103 MPa). Wires
with homogeneous, uniform electrolytic coatings of alloys such as brass or zinc are also
used. Zinc is favored as a coating on brass wires because it gives faster cutting and reduced
wire breakage due to its low melting temperature of 419°C, and vaporization temperature
of 906°C. The layer of zinc can boil off while the brass core, which melts at 930°C, contin-
ues to deliver current.

Some wires for EDM are made from steel for strength, with a coating of brass, copper, or
other metal. Most wire machines use wire negative polarity (the wire is negative) because
the wire is constantly renewed and is used only once, so wear is not important. Important
qualities of wire for EDM include smooth surfaces, free from nicks, scratches and cracks,
precise diameters to ±0.00004 inch(±1 micron) for drawn and ±0.00006 inch(±2 µιχρον)
for plated, high tensile strength, consistently good ductility, uniform spooling, and good
protective packaging.
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IRON AND STEEL CASTINGS

Material Properties

Cast irons and cast steels encompass a large family of ferrous alloys, which, as the name
implies, are cast to shape rather than being formed by working in the solid state. In general,
cast irons contain more than 2 per cent carbon and from 1 to 3 per cent silicon. Varying the
balance between carbon and silicon, alloying with different elements, and changing melt-
ing, casting, and heat-treating practices can produce a broad range of properties. In most
cases, the carbon exists in two forms: free carbon in the form of graphite and combined car-
bon in the form of iron carbide (cementite). Mechanical and physical properties depend
strongly on the shape and distribution of the free graphite and the type of matrix surround-
ing the graphite particles.

The four basic types of cast iron are white iron, gray iron, malleable iron, and ductile iron.
In addition to these basic types, there are other specific forms of cast iron to which special
names have been applied, such as chilled iron, alloy iron, and compacted graphite cast iron.
Gray Cast Iron.—Gray cast iron may easily be cast into any desirable form and it may
also be machined readily. It usually contains from 1.7 to 4.5 per cent carbon, and from 1 to
3 per cent silicon. The excess carbon is in the form of graphite flakes and these flakes
impart to the material the dark-colored fracture which gives it its name. Gray iron castings
are widely used for such applications as machine tools, automotive cylinder blocks, cast-
iron pipe and fittings and agricultural implements.

The American National Standard Specifications for Gray Iron Castings—ANSI/ASTM
A48-76 groups the castings into two categories. Gray iron castings in Classes 20A, 20B,
20C, 25A, 25B, 25C, 30A, 30B, 30C, 35A, 35B, and 35C are characterized by excellent
machinability, high damping capacity, low modulus of elasticity, and comparative ease of
manufacture. Castings in Classes 40B, 40C, 45B, 45C, 50B, 50C, 60B, and 60C are usually
more difficult to machine, have lower damping capacity, higher modulus of elasticity, and
are more difficult to manufacture. The prefix number indicates minimum tensile strength
in pounds per square inch, i.e., 20 is 20,000 psi (138 MPa), 25 is 25,000 psi(172 MPa), 30
is 30,000 psi (207 MPa), etc.

High-strength iron castings produced by the Meehanite-controlled process may have
various combinations of physical properties to meet different requirements. In addition to
a number of general engineering types, there are heat-resisting, wear-resisting and corro-
sion-resisting Meehanite castings.
White Cast Iron.—When nearly all of the carbon in a casting is in the combined or
cementite form, it is known as white cast iron. It is so named because it has a silvery-white
fracture. White cast iron is very hard and also brittle; its ductility is practically zero. Cast-
ings of this material need particular attention with respect to design since sharp corners and
thin sections result in material failures at the foundry. These castings are less resistant to
impact loading than gray iron castings, but they have a compressive strength that is usually
higher than 200,000 psi(1379 MPa) as compared to 65,000-160,000 psi(448–1103 MPa)
for gray iron castings. Some white iron castings are used for applications that require max-
imum wear resistance but most of them are used in the production of malleable iron cast-
ings.
Chilled Cast Iron.—Many gray iron castings have wear-resisting surfaces of white cast
iron. These surfaces are designated by the term “chilled cast iron” since they are produced
in molds having metal chills for cooling the molten metal rapidly. This rapid cooling
results in the formation of cementite and white cast iron.
Alloy Cast Iron.—This term designates castings containing alloying elements such as
nickel, chromium, molybdenum, copper, and manganese in sufficient amounts to appre-
ciably change the physical properties. These elements may be added either to increase the
strength or to obtain special properties such as higher wear resistance, corrosion resistance,
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or heat resistance. Alloy cast irons are used extensively for such parts as automotive cylin-
ders, pistons, piston rings, crankcases, brake drums; for certain machine tool castings, for
certain types of dies, for parts of crushing and grinding machinery, and for application
where the casting must resist scaling at high temperatures. Machinable alloy cast irons
having tensile strengths up to 70,000 psi(483 MPa) or even higher may be produced.

Malleable-iron Castings.—Malleable iron is produced by the annealing or graphitization
of white iron castings. The graphitization in this case produces temper carbon which is
graphite in the form of compact rounded aggregates. Malleable castings are used for many
industrial applications where strength, ductility, machinability, and resistance to shock are
important factors. In manufacturing these castings, the usual procedure is to first produce a
hard, brittle white iron from a charge of pig iron and scrap. These hard white-iron castings
are then placed in stationary batch-type furnaces or car-bottom furnaces and the graphiti-
zation (malleablizing) of the castings is accomplished by means of a suitable annealing
heat treatment. During this annealing period the temperature is slowly (50 hours) increased
to as much as 1650 or 1700°F(899 or 927°C), after which time it is slowly (60 hours)
cooled. The American National Standard Specifications for Malleable Iron Castings—
ANSI/ASTM A47-77 specifies the following grades and their properties: No. 32520, hav-
ing a minimum tensile strength of 50,000 psi (345 MPa), a minimum yield strength of
32,500 psi (224 MPa), and a minimum elongation in 2 inches (50.8 mm) of 10 per cent; and
No. 35018, having a minimum tensile strength of 53,000 psi (365 MPa), a minimum yield
strength of 35,000 psi (241 MPa), and a minimum elongation in 2 inches of 18 per cent.

Cupola Malleable Iron: Another method of producing malleable iron involves initially
the use of a cupola or a cupola in conjunction with an air furnace. This type of malleable
iron, called cupola malleable iron, exhibits good fluidity and will produce sound castings.
It is used in the making of pipe fittings, valves, and similar parts and possesses the useful
property of being well suited to galvanizing. The American National Standard Specifica-
tions for Cupola Malleable Iron — ANSI/ASTM 197-79 calls for a minimum tensile
strength of 40,000 pounds per square inch (276 MPa); a minimum yield strength of 30,000
psi (207 MPa); and a minimum elongation in 2 inches of 5 per cent.

Pearlitic Malleable Iron: This type of malleable iron contains some combined carbon in
various forms. It may be produced either by stopping the heat treatment of regular mallea-
ble iron during production before the combined carbon contained therein has all been
transformed to graphite or by reheating regular malleable iron above the transformation
range. Pearlitic malleable irons exhibit a wide range of properties and are used in place of
steel castings or forgings or to replace malleable iron when a greater strength or wear resis-
tance is required. Some forms are made rigid to resist deformation while others will
undergo considerable deformation before breaking. This material has been used in axle
housings, differential housings, camshafts, and crankshafts for automobiles; machine
parts; ordnance equipment; and tools. Tension test requirements of pearlitic malleable iron
castings called for in ASTM Specification A 220–79 are given in the accompanying table.

Tension Test Requirements of Pearlitic Malleable Iron Castings  ASTM A220-79

Ductile Cast Iron.—A distinguishing feature of this widely used type of cast iron, also
known as spheroidal graphite iron or nodular iron, is that the graphite is present in ball-like
form instead of in flakes as in ordinary gray cast iron. The addition of small amounts of
magnesium- or cerium-bearing alloys together with special processing produces this sphe-
roidal graphite structure and results in a casting of high strength and appreciable ductility.

Casting Grade Numbers 40010 45008 45006 50005 60004 70003 80002 90001

Min. Tensile Strength
psi 60000 65000 65000 70000 80000 85000 95000 105000

MPa 414 448 448 483 552 586 655 724

Min. Yield Strength 
psi 40000 45000 45000 50000 60000 70000 80000 90000

MPa 276 310 310 345 414 483 552 621
Min. Elongation in 2 Inch, % 10 8 6 5 4 3 2 1
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Its toughness is intermediate between that of cast iron and steel, and its shock resistance is
comparable to ordinary grades of mild carbon steel. Melting point and fluidity are similar
to those of the high-carbon cast irons. It exhibits good pressure tightness under high stress
and can be welded and brazed. It can be softened by annealing or hardened by normalizing
and air cooling or oil quenching and drawing.

Five grades of this iron are specified in ASTM A 536-80—Standard Specification for
Ductile Iron Castings. The grades and their corresponding matrix microstructures and heat
treatments are as follows: Grade 60-40-18, ferritic, may be annealed; Grade 65-45-12,
mostly ferritic, as-cast or annealed; Grade 80-55-06, ferritic/pearlitic, as-cast; Grade 100-
70-03, mostly pearlitic, may be normalized; Grade 120-90-02, martensitic, oil quenched
and tempered. The grade nomenclature identifies the minimum tensile strength, on per
cent yield strength, and per cent elongation in 2 inches. Thus, Grade 60–40–18 has a mini-
mum tensile strength of 60,000 psi, a minimum 0.2 per cent yield strength of 40,000 psi,
and minimum elongation in 2 inches of 18 per cent. Several other types are commercially
available to meet specific needs. The common grades of ductile iron can also be specified
by only Brinell hardness, although the appropriate microstructure for the indicated hard-
ness is also a requirement. This method is used in SAE Specification J434C for automotive
castings and similar applications. Other specifications not only specify tensile properties,
but also have limitations in composition. Austenitic types with high nickel content, high
corrosion resistance, and good strength at elevated temperatures, are specified in ASTM
A439-80.

Ductile cast iron can be cast in molds containing metal chills if wear-resisting surfaces
are desired. Hard carbide areas will form in a manner similar to the forming of areas of
chilled cast iron in gray iron castings. Surface hardening by flame or induction methods is
also feasible. Ductile cast iron can be machined with the same ease as gray cast iron. It
finds use as crankshafts, pistons, and cylinder heads in the automotive industry; forging
hammer anvils, cylinders, guides, and control levers in the heavy machinery field; and
wrenches, clamp frames, face-plates, chuck bodies, and dies for forming metals in the tool
and die field. The production of ductile iron castings involves complex metallurgy, the use
of special melting stock, and close process control. The majority of applications of ductile
iron have been made to utilize its excellent mechanical properties in combination with the
castability, machinability, and corrosion resistance of gray iron.
Steel Castings.—Steel castings are especially adapted for machine parts that must with-
stand shocks or heavy loads. They are stronger than either wrought iron, cast iron, or mal-
leable iron and are very tough. The steel used for making steel castings may be produced
either by the open-hearth, electric arc, side-blow converter, or electric induction methods.
The raw materials used are steel scrap, pig iron, and iron ore, the materials and their pro-
portions varying according to the process and the type of furnace used. The open-hearth
method is used when large tonnages are continually required while a small electric furnace
might be used for steels of widely differing analyses, which are required in small lot pro-
duction. The high frequency induction furnace is used for small quantity production of
expensive steels of special composition such as high-alloy steels. Steel castings are used
for such parts as hydroelectric turbine wheels, forging presses, gears, railroad car frames,
valve bodies, pump casings, mining machinery, marine equipment, engine casings, etc.

Steel castings can generally be made from any of the many types of carbon and alloy
steels produced in wrought form and respond similarly to heat treatment; they also do not
exhibit directionality effects that are typical of wrought steel. Steel castings are classified
into two general groups: carbon steel and alloy steel.
Carbon Steel Castings.—Carbon steel castings may be designated as low-carbon
medium-carbon, and high-carbon. Low-carbon steel castings have a carbon content of less
than 0.20 per cent (most are produced in the 0.16 to 0.19 per cent range). Other elements
present are: manganese, 0.50 to 0.85 per cent; silicon, 0.25 to 0.70 per cent; phosphorus,
0.05 per cent max.; and sulfur, 0.06 per cent max. Their tensile strengths (annealed condi-
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tion) range from 40,000 to 70,000 pounds per square inch (276-483 MPa). Medium-carbon
steel castings have a carbon content of from 0.20 to 0.50 per cent. Other elements present
are: manganese, 0.50 to 1.00 per cent; silicon, 0.20 to 0.80 per cent; phosphorus, 0.05 per
cent max.; and sulfur, 0.06 per cent max. Their tensile strengths range from 65,000 to
105,000 pounds per square inch (448-724 MPa) depending, in part, upon heat treatment.
High-carbon steel castings have a carbon content of more than 0.50 per cent and also con-
tain: manganese, 0.50 to 1.00 per cent; silicon, 0.20 to 0.70 per cent; and phosphorus and
sulfur, 0.05 per cent max. each. Fully annealed high-carbon steel castings exhibit tensile
strengths of from 95,000 to 125,000 pounds per square inch (655-125 MPa). See Table 1
for grades and properties of carbon steel castings.

Alloy Steel Castings.—Alloy cast steels are those in which special alloying elements
such as manganese, chromium, nickel, molybdenum, vanadium have been added in suffi-
cient quantities to obtain or increase certain desirable properties. Alloy cast steels are com-
prised of two groups—the low-alloy steels with their alloy content totaling less than 8 per
cent and the high-alloy steels with their alloy content totaling 8 per cent or more. The addi-
tion of these various alloying elements in conjunction with suitable heat-treatments, makes
it possible to secure steel castings having a wide range of properties. The three accompany-
ing tables give information on these steels. The lower portion of Table 1 gives the engi-
neering grades of low-alloy cast steels grouped according to tensile strengths and gives
properties normally expected in the production of steel castings. Tables 2 and 3 give the
standard designations and nominal chemical composition ranges of high-alloy castings

Table 1. Mechanical Properties of Steel Castings

Tensile
Strength,
ksi (MPa)

Yield
Point,

ksi (MPa) E
lo

ng
at

io
n

in
 2

 I
nc

h,
Pe

r 
C

en
t

Brinell
Hardness
Number

Type of
Heat

Treatment

Application
Indicating
Properties

Structural Grades of Carbon Steel Castings

60 (414) 30 (207) 32 120 Annealed
Low electric resistivity. Desirable magnetic 
properties. Carburizing and case hardening 
grades. Weldability.

65 (448) 35 (241) 30 130 Normalized Good weldability. Medium strength with 
good machinability and high ductility.70 (483) 38 (262) 28 140 Normalized

80 (552) 45 (310) 26 160
Normalized and tempered

High strength carbon steels with good 
machinability, toughness and good fatigue 
resistance.85 (586) 50 (345) 24 175

100 (689) 70 (483) 20 200 Quenched and tempered Wear resistance. Hardness.

Engineering Grades of Low Alloy Steel Castings

70 (483) 45 (310) 26 150
Normalized and tempered

Good weldability. Medium strength with high 
toughness and good machinability. For high 
temperature service.80 (552) 50 (345) 24 170

90 (621) 60 (414) 22 190
Normalized and tempereda

a Quench and temper heat treatments may also be employed for these classes. 

Certain steels of these classes have good high 
temperature properties and deep hardening 
properties. Toughness.100 (689) 68 (469) 20 209

110 (758) 85 (586) 20 235
Quenched and tempered

Impact resistance. Good low temperature 
properties for certain steels. Deep hardening. 
Good combination of strength and toughness.

120 (827) 95 (655) 16 245

150 (1034) 125 (862) 12 300 Quenched and tempered Deep hardening. High strength. Wear and 
fatigue resistance.

175 (1207) 148 (1020) 8 340
Quenched and tempered

High strength and hardness. Wear resistance. 
High fatigue resistance.200 (1379) 170 (1172) 5 400

For general information only. Not for use as design or specification limit values. The values listed above have been compiled 
by the Steel Founders' Society of America as those normally expected in the production of steel castings. The castings are clas-
sified according to tensile strength values which are given in the first column. Specifications covering steel castings are pre-
pared by the American Society for Testing and Materials, the Association of American Railroads, the Society of Automotive 
Engineers, the United States Government (Federal and Military Specifications), etc. These specifications appear in publications
issued by these organizations.

ksi = kips per square inch = 1000s of pounds per square inch; MPa = megapascals.
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which may be classified according to heat or corrosion resistance. The grades given in
these tables are recognized in whole or in part by the Alloy Casting Institute (ACI), the
American Society for Testing and Materials (ASTM), and the Society of Automotive
Engineers (SAE).

The specifications committee of the Steel Founders Society issues a Steel Castings
Handbook with supplements. Supplement 1 provides design rules and data based on the
fluidity and solidification of steel, mechanical principles involved in production of molds
and cores, cleaning of castings, machining, and functionality and weight aspects. Data and
examples are included to show how these rules are applied. Supplement 2 summarizes the
standard steel castings specification issued by the ASTM SAE, Assoc. of Am. Railroads
(AAR), Am. Bur of Shipping (ABS), and Federal authorities, and provides guidance as to
their applications. Information is included for carbon and alloy cast steels, high alloy cast
steels, and centrifugally cast steel pipe. Details are also given of standard test methods for
steel castings, including mechanical, non-destructive (visual, liquid penetrant, magnetic
particle, radiographic, and ultrasonic), and testing of qualifications of welding procedures
and personnel. Other supplements cover such subjects as tolerances, drafting practices,
properties, repair and fabrication welding, of carbon, low alloy and high alloy castings,
foundry terms, and hardenability and heat treatment.

Austenitic Manganese Cast Steel: Austenitic manganese cast steel is an important high-
alloy cast steel which provides a high degree of shock and wear resistance. Its composition
normally falls within the following ranges: carbon, 1.00 to 1.40 per cent; manganese,
10.00 to 14.00 per cent; silicon, 0.30 to 1.00 per cent; sulfur, 0.06 per cent max.; phospho-
rus, 0.10 per cent, max. In the as-cast condition, austenitic manganese steel is quite brittle.
In order to strengthen and toughen the steel, it is heated to between 1830 and 1940°F (999
and 1060°C) and quenched in cold water. Physical properties of quenched austenitic man-
ganese steel that has been cast to size are as follows: tensile strength, 80,000-100,000
psi(552–689 MPa); shear strength (single shear), 84,000 psi(579 MPa); elongation in 2
inches(50.8 mm), 15 to 35 per cent; reduction in area, 15 to 35 per cent; and Brinell hard-
ness number, 180 to 220. When cold worked, the surface of such a casting increases to a
Brinell hardness of from 450 to 550. In many cases the surfaces are cold worked to maxi-
mum hardness to assure immediate hardness in use. Heat-treated austenitic manganese

Table 2. Nominal Chemical Composition and Mechanical Properties 
of Heat-Resistant Steel Castings  ASTM A297-81

Grade
Nominal Chemical

Composition, Per Centa

a Remainder is iron. 

Tensile Strength,
min

0.2 Per Cent Yield
Strength, min

Per Cent
Elongation

in 2 inch, or 50 
mm, min.ksi MPa ksi MPa

HF 19 Chromium, 9 Nickel 70 485 35 240 25
HH 25 Chromium, 12 Nickel 75 515 35 240 10
HI 28 Chromium, 15 Nickel 70 485 35 240 10
HK 25 Chromium, 20 Nickel 65 450 35 240 10
HE 29 Chromium, 9 Nickel 85 585 40 275 9
HT 15 Chromium, 35 Nickel 65 450 … … 4
HU 19 Chromium, 39 Nickel 65 450 … … 4
HW 12 Chromium, 60 Nickel 60 415 … … …
HX 17 Chromium, 66 Nickel 60 415 … … …
HC 28 Chromium 55 380 … … …
HD 28 Chromium, 5 Nickel 75 515 35 240 8
HL 29 Chromium, 20 Nickel 65 450 35 240 10
HN 20 Chromium, 25 Nickel 63 435 … … 8
HP 26 Chromium, 35 Nickel 62.5 430 34 235 4.5
ksi = kips per square inch = 1000s of pounds per square inch; MPa = megapascals.
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steel is machined only with great difficulty since it hardens at and slightly ahead of the
point of contact of the cutting tool. Grinding wheels mounted on specially adapted
machines are used for boring, planing, keyway cutting, and similar operations on this steel.
Where grinding cannot be employed and machining must be resorted to, high-speed tool
steel or cemented carbide tools are used with heavy, rigid equipment and slow, steady
operation. In any event, this procedure tends to be both tedious and expensive. Austenitic
manganese cast steel can be arc-welded with manganese-nickel steel welding rods con-
taining from 3 to 5 per cent nickel, 10 to 15 per cent manganese, and, usually, 0.60 to 0.80
per cent carbon.

Casting of Metals

Definitions.—Molten metals are shaped by pouring (casting) into a mold of the required
form, which they enter under gravity, centrifugal force, or various degrees of pressure.
Molds are made of refractory materials like sand, plaster, graphite, or metal. Sand molds
are formed around a pattern or replica of the part to be made, usually of wood though plas-
tics or metal may be used when large numbers of molds for similar parts are to be made.

Green-sand molding is used for most sand castings, sand mixed with a binder being
packed around the pattern by hand, with power tools, or in a vibrating machine which may
also exert a compressive force to pack the grains more closely. The term “green-sand”

Table 3. Nominal Chemical Composition and Mechanical Properties
 of Corrosion-Resistant Steel Castings  ASTM A743-81a

Grade
Nominal Chemical

Composition, Per Centa

Tensile
Strength,

min

0.2% Yield
Strength,

min

Per Cent
Elonga-

tion
in 2 inch,

or 50
mm, min

Per Cent
Reduction
of Area,

minksi MPa ksi MPa

CF-8 9 Chromium, 9 Nickel 70b 485b 30b 205b 35 …

CG-12 22 Chromium, 12 Nickel 70 485 28 195 35 …
CF-20 19 Chromium, 9 Nickel 70 485 30 205 30 …
CF-8M 19 Chromium, 10 Nickel, with Molybdenum 70 485 30 205 30 …
CF-8C 19 Chromium, 10 Nickel with Niobium 70 485 30 205 30 …
CF-16, CF-16Fa 19 Chromium, 9 Nickel, Free Machining 70 485 30 205 25 …
CH-20, CH-10 25 Chromium, 12 Nickel 70 485 30 205 30 …
CK-20 25 Chromium, 20 Nickel 65 450 28 195 30 …
CE-30 29 Chromium, 9 Nickel 80 550 40 275 10 …
CA-15, CA-15M 12 Chromium 90 620 65 450 18 30
CB-30 20 Chromium 65 450 30 205 … …
CC-50 28 Chromium 55 380 … … … …
CA-40 12 Chromium 100 690 70 485 15 25
CF-3 19 Chromium, 9 Nickel 70 485 30 205 35 …
CF-3M 19 Chromium, 10 Nickel, with Molybdenum 70 485 30 205 30 …
CG6MMN Chromium-Nickel-Manganese -Molybdenum 75 515 35 240 30 …
CG-8M 19 Chromium, 11 Nickel, with Molybdenum 75 520 35 240 25 …
CN-7M 20 Chromium, 29 Nickel, with Copper and Molybdenum 62 425 25 170 35 …
CN-7MS 19 Chromium, 24 Nickel, with Copper and Molybdenum 70 485 30 205 35 …
CW-12M Nickel, Molybdenum, Chromium 72 495 46 315 4.0 …
CY-40 Nickel, Chromium, Iron 70 485 28 195 30 …
CZ-100 Nickel Alloy 50 345 18 125 10 …
M-35-1 Nickel-Copper Alloy 65 450 25 170 25 …
M-35-2 Nickel-Copper Alloy 65 450 30 205 25 …
CA-6NM 12 Chromium, 4 Nickel 110 755 80 550 15 35
CD-4MCu 25 Chromium, 5 Nickel, 2 Molybdenum, 3 Copper 100 690 70 485 16 …
CA-6N 11 Chromium, 7 Nickel 140 965 135 930 15 50

a Remainder is iron. 
b For low ferrite or non-magnetic castings of this grade, the following values shall apply: tensile

strength, min, 65 ksi (450 MPa); yield point, min, 28 ksi (195 MPa). 
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implies that the binder is not cured by heating or chemical reactions. The pattern is made in
two “halves,” which usually are attached to opposite sides of a flat plate. Shaped bars and
other projections are fastened to the plate to form connecting channels and funnels in the
sand for entry of the molten metal into the casting cavities. The sand is supported at the
plate edges by a box-shaped frame or flask, with locating tabs that align the two mold
halves when they are later assembled for the pouring operation.

Hollows and undercut surfaces in the casting are produced by cores, also made from
sand, that are placed in position before the mold is closed, and held in place by tenons in
grooves (called prints) formed in the sand by pattern projections. An undercut surface is
one from which the pattern cannot be withdrawn in a straight line, so must be formed by a
core in the mold. When the poured metal has solidified, the frame is removed and the sand
falls or is cleaned off, leaving the finished casting(s) ready to be cut from the runners.

Gray iron is easily cast in complex shapes in green-sand and other molds and can be
machined readily. The iron usually contains carbon, 1.7–4.5, and silicon, 1–3 per cent by
weight. Excess carbon in the form of graphite flakes produces the gray surface from which
the name is derived, when a casting is fractured.

Shell molding invented by a German engineer, Croning, uses a resin binder to lock the
grains of sand in a 1⁄4- to 3⁄8-inch(6.4–9.5mm)-thick layer of sand/resin mixture, which
adheres to a heated pattern plate after the mass of the mixture has been dumped back into
the container. The hot resin quickly hardens enough to make the shell thus formed suffi-
ciently rigid to be removed from the pattern, producing a half mold. The other half mold is
produced on another plate by the same method. Pattern projections form runner channels,
basins, core prints, and locating tenons in each mold half. Cores are inserted to form inter-
nal passages and undercuts. The shell assembly is placed in a molding box and supported
with some other material such as steel shot or a coarse sand, when the molten metal is to be
poured in. Some shell molds are strong enough to be filled without backup, and the two
mold halves are merely clamped together for metal to be poured in to make the casting(s).

V-Process is a method whereby dry, unbonded sand is held to the shape of a pattern by a
vacuum. The pattern is provided with multiple vent passages that terminate in various
positions all over its surface, and are connected to a common plenum chamber. A heat-
softened, 0.002–0.005inch(51–127 mm) thick plastics film is draped over the pattern and
a vacuum of 200–400 mm of mercury is applied to the chamber, sucking out the air beneath
the film so that the plastics is drawn into close contact with the pattern. A sand box or flask
with walls that also contain hollow chambers and a flat grid that spans the central area is
placed on the pattern plate to confine the dry unbonded sand that is allowed to fall through
the grid on to the pattern.

After vibration to compact the sand around the pattern, a former is used to shape a sprue
cup into the upper surface of the sand, connecting with a riser on the pattern, and the top
surface of the sand is covered with a plastics film that extends over the flask sides. The hol-
low chambers in the flask walls are then connected to the vacuum source. The vacuum is
sufficient to hold the sand grains in their packed condition between the plastics films above
and beneath, firmly in the shape defined by the pattern, so that the flask and the sand half-
mold can be lifted from the pattern plate. Matching half molds made by these procedures
are assembled into a complete mold, with cores inserted if needed. With both mold halves
still held by vacuum, molten metal is poured through the sprue cup into the mold, the plas-
tics film between the mold surfaces being melted and evaporated by the hot metal. After
solidification, the vacuum is released and the sand, together with the casting(s), falls from
the mold flasks. The castings emerge cleanly, and the sand needs only to be cooled before
reuse.

Permanent mold, or gravity die, casting is mainly used for nonferrous metals and alloys.
The mold (or die) is usually iron or steel, or graphite, and is cooled by water channels or by
air jets on the outer surfaces. Cavity surfaces in metal dies are coated with a thin layer of
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heat-resistant material. The mold or die design is usually in two halves, although many
multiple-part molds are in use, with loose sand or metal cores to form undercut surfaces.
The cast metal is simply poured into a funnel formed in the top of the mold, although elab-
orate tilting mechanisms are often used to control the passage of metal into (and emergence
of air from) the remote portions of die cavities.

Because the die temperature varies during the casting cycle, its dimensions vary corre-
spondingly. The die is opened and ejectors push the casting(s) out as soon as its tempera-
ture is low enough for sufficient strength to build up. During the period after solidification
and before ejection, cooling continues but shrinkage of the casting(s) is restricted by the
die. The alloy being cast must be sufficiently ductile to accommodate these restrictions
without fracturing. An alloy that tears or splits during cooling in the die is said to be hot
short and cannot be cast in rigid molds. Dimensions of the casting(s) at shop temperatures
will be related to the die temperature and the dimensions at ejection. Rules for casting
shrinkage that apply to friable (sand) molds do not hold for rigid molds. Designers of metal
molds and dies rely on temperature-based calculations and experience in evolving shrink-
age allowances.

Low-pressure casting uses mold or die designs similar to those for gravity casting. The
container (crucible) for the molten metal has provision for an airtight seal with the mold,
and when gas or air pressure (6–10 lb/in2 or 41.37–68.95 kPa) is applied to the bath surface
inside the crucible, the metal is forced up a hollow refractory tube (stalk) projecting from
the die underside. This stalk extends below the bath level so that metal entering the die is
free from oxides and impurities floating on the surface. The rate of filling is controlled so
that air can be expelled from the die by the entering metal. With good design and control,
high-quality, nonporous castings are made by both gravity and low-pressure methods,
though the extra pressure in low-pressure die casting may increase the density and improve
the reproduction of fine detail in the die.

Squeeze casting uses a metal die, of which one half is clamped to the bed of a large (usu-
ally) hydraulic press and the other to the vertically moving ram of the press. Molten metal
is poured into the lower die and the upper die is brought down until the die is closed. The
amount of metal in the die is controlled to produce a slight overflow as the die closes to
ensure complete filling of the cavity. The heated dies are lubricated with graphite and pres-
sures up to 25 tons/in2 (345 MPa) may be applied by the press to squeeze the molten metal
into the tiniest recesses in the die. When the press is opened, the solidified casting is pushed
out by ejectors.

Finishing Operations for Castings

Removal of Gates and Risers from Castings.—After the molten iron or steel has solidi-
fied and cooled, the castings are removed from their molds, either manually or by placing
them on vibratory machines and shaking the sand loose from the castings. The gates and
risers that are not broken off in the shake-out are removed by impact, sawing, shearing, or
burning-off methods. In the impact method, a hammer is used to knock off the gates and
risers. Where the possibility exists that the fracture would extend into the casting itself, the
gates or risers are first notched to assure fracture in the proper place. Some risers have a
necked-down section at which the riser breaks off when struck. Sprue-cutter machines are
also used to shear off gates. These machines facilitate the removal of a number of small
castings from a central runner. Band saws, power saws. and abrasive cut-off wheel
machines are also used to remove gates and risers. The use of band saws permits following
the contour of the casting when removing unwanted appendages. Abrasive cut-off wheels
are used when the castings are too hard or difficult to saw. Oxyacetylene cutting torches are
used to cut off gates and risers and to gouge out or remove surface defects on castings.
These torches are used on steel castings where the gates and risers are of a relatively large
size. Surface defects are subsequently repaired by conventional welding methods.
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Any unwanted material in the form of fins, gates, and riser pads that come above the cast-
ing surface, chaplets, parting-line flash, etc., is removed by chipping with pneumatic ham-
mers, or by grinding with such equipment as floor or bench-stand grinders, portable
grinders, and swing-frame grinders.

Blast Cleaning of Castings.—Blast cleaning of castings is performed to remove adhering
sand, to remove cores, to improve the casting appearance, and to prepare the castings for
their final finishing operation, which includes painting, machining, or assembling. Scale
produced as a result of heat treating can also be removed. A variety of machines are used to
handle all sizes of casting. The methods employed include blasting with sand, metal shot,
or grit; and hydraulic cleaning or tumbling. In blasting, sharp sand, shot, or grit is carried
by a stream of compressed air or water or by centrifugal force (gained as a result of whirl-
ing in a rapidly rotating machine) and directed against the casting surface by means of noz-
zles. The operation is usually performed in cabinets or enclosed booths. In some setups the
castings are placed on a revolving table and the abrasive from the nozzles that are either
mechanically or hand-held is directed against all the casting surfaces. Tumbling machines
are also employed for cleaning, the castings being placed in large revolving drums together
with slugs, balls, pins, metal punchings, or some abrasive, such as sandstone or granite
chips, slag, silica, sand, or pumice. Quite frequently, the tumbling and blasting methods
are used together, the parts then being tumbled and blasted simultaneously. Castings may
also be cleaned by hydroblasting. This method uses a water-tight room in which a mixture
of water and sand under high pressure is directed at the castings by means of nozzles. The
action of the water and sand mixture cleans the castings very effectively.

Heat Treatment of Steel Castings.—Steel castings can be heat treated to bring about dif-
fusion of carbon or alloying elements, softening, hardening, stress-relieving, toughening,
improved machinability, increased wear resistance, and removal of hydrogen entrapped at
the surface of the casting. Heat treatment of steel castings of a given composition follows
closely that of wrought steel of similar composition. For discussion of types of heat treat-
ment refer to Heat Treatment Of Standard Steels starting on page 461 of this Handbook.

Estimating Casting Weight.—Where no pattern or die has yet been made, as when pre-
paring a quotation for making a casting, the weight of a cast component can be estimated
with fair accuracy by calculating the volume of each of the casting features, such as box- or
rectangular-section features, cylindrical bosses, housings, ribs, and other parts, and adding
them together. Several computer programs, also measuring mechanisms that can be
applied to a drawing, are available to assist with these calculations. When the volume of
metal has been determined it is necessary only to multiply by the unit weight of the alloy to
be used, to arrive at the weight of the finished casting. The cost of the metal in the finished
casting can then be estimated by multiplying the weight in lb by the cost/lb of the alloy.
Allowances for melting losses, and for the extra metal used in risers and runners, and the
cost of melting and machining may also be added to the cost/lb. Estimates of the costs of
pattern- or die-making, molding, pouring and finishing of the casting(s), may also be
added, to complete the quotation estimate.

Pattern Materials—Shrinkage, Draft, and Finish Allowances

Woods for Patterns.—Woods commonly used for patterns are white pine, mahogany,
cherry, maple, birch, white wood, and fir. For most patterns, white pine is considered supe-
rior because it is easily worked, readily takes glue and varnish, and is fairly durable. For
medium- and small-sized patterns, especially if they are to be used extensively, a harder
wood is preferable. Mahogany is often used for patterns of this class, although many prefer
cherry. As mahogany has a close grain, it is not as susceptible to atmospheric changes as a
wood of coarser grain. Mahogany is superior in this respect to cherry, but is more expen-
sive. In selecting cherry, never use young timber. Maple and birch are employed quite
extensively, especially for turned parts, as they take a good finish. White wood is some-
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times substituted for pine, but it is inferior to the latter in being more susceptible to atmo-
spheric changes.
Selection of Wood.—It is very important to select well-seasoned wood for patterns; that
is, it should either be kiln-dried or kept 1 or 2 years before using, the time depending upon
the size of the lumber. During the seasoning or drying process, the moisture leaves the
wood cells and the wood shrinks, the shrinkage being almost entirely across the grain
rather than in a lengthwise direction. Naturally, after this change takes place, the wood is
less liable to warp, although it will absorb moisture in damp weather. Patterns also tend to
absorb moisture from the damp sand of molds, and to minimize troubles from this source
they are covered with varnish. Green or water-soaked lumber should not be put in a drying
room, because the ends will dry out faster than the rest of the log, thus causing cracks. In a
log, there is what is called “sap wood” and “heart wood.” The outer layers form the sap
wood, which is not as firm as the heart wood and is more likely to warp; hence, it should be
avoided, if possible.
Pattern Varnish.—Patterns intended for repeated use are varnished to protect them
against moisture, especially when in the damp molding sand. The varnish used should dry
quickly to give a smooth surface that readily draws from the sand. Yellow shellac varnish
is generally used. It is made by dissolving gum shellac in grain alcohol. Wood alcohol is
sometimes substituted, but is inferior. The color of the varnish is commonly changed for
covering core prints, in order that the prints may be readily distinguished from the body of
the pattern. Black shellac varnish is generally used. At least three coats of varnish should
be applied to patterns, the surfaces being rubbed down with sandpaper after applying the
preliminary coats, in order to obtain a smooth surface.
Shrinkage Allowances.—The shrinkage allowances ordinarily specified for patterns to
compensate for the contraction of castings in cooling are as follows: cast iron, 3⁄32-1⁄8 inch/
ft(7.8–10.4 mm/m); common brass, 3⁄16 inch/ft(15.6 mm/m); yellow brass, 7⁄32 inch/ft(18.23
mm/m); bronze, 5⁄32 inch/ft(13 mm/m); aluminum, 1⁄8-5⁄32 inch/ft(10.42–13.02 mm/m); mag-
nesium, 1⁄8-11⁄64 inch/ft(10.42–14.32 mm/m); steel, 3⁄16 inch/ft(15.62 mm/m). These shrink-
age allowances are approximate values only because the exact allowance depends upon the
size and shape of the casting and the resistance of the mold to the normal contraction of the
casting during cooling. It is, therefore, possible that more than one shrinkage allowance
will be required for different parts of the same pattern. Another factor that affects shrink-
age allowance is the molding method, which may vary to such an extent from one foundry
to another, that different shrinkage allowances for each would have to be used for the same
pattern. For these reasons it is recommended that patterns be made at the foundry where the
castings are to be produced to eliminate difficulties due to lack of accurate knowledge of
shrinkage requirements.

An example of how casting shape can affect shrinkage allowance is given in the Steel
Castings Handbook. In this example a straight round steel bar required a shrinkage allow-
ance of approximately 9⁄32 inch/ft(23.4 mm/m). The same bar but with a large knob on each
end required a shrinkage allowance of only 3⁄16 inch/ft(15.6 mm/m). A third steel bar with
large flanges at each end required a shrinkage allowance of only 7⁄64 inch/ft(9.1 mm/m).
This example would seem to indicate that the best practice in designing castings and mak-
ing patterns is to obtain shrinkage values from the foundry that is to make the casting
because there can be no fixed allowances.
Metal Patterns.—Metal patterns are especially adapted to molding machine practice,
owing to their durability and superiority in retaining the required shape. The original mas-
ter pattern is generally made of wood, the casting obtained from the wood pattern being
finished to make the metal pattern. The materials commonly used are brass, cast iron, alu-
minum, and steel. Brass patterns should have a rather large percentage of tin, to improve
the casting surface. Cast iron is generally used for large patterns because it is cheaper than
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brass and more durable. Cast-iron patterns are largely used on molding machines. Alumi-
num patterns are light but they require large shrinkage allowances. White metal is some-
times used when it is necessary to avoid shrinkage. The gates for the mold may be cast or
made of sheet brass. Some patterns are made of vulcanized rubber, especially for light
match-board work.
Obtaining Weight of Casting from Pattern Weight.—To obtain the approximate
weight of a casting, multiply the weight of the pattern by the factor given in the accompa-
nying table. For example, if the weight of a white-pine pattern is 4 pounds what is the
weight of a solid cast-iron casting obtained from that pattern? Casting weight = 4 × 16 = 64
pounds. If the casting is cored, fill the core-boxes with dry sand, and multiply the weight of
the sand by one of the following factors: For cast iron, 4; for brass, 4.65; for aluminum, 1.4.
Then subtract the product of the sand weight and the factor just given from the weight of
the solid casting, to obtain the weight of the cored casting. The weight of wood varies con-
siderably, so the results obtained by the use of the table are only approximate, the factors
being based on the average weight of the woods listed. For metal patterns, the results may
be more accurate.

Factors for Obtaining Weight of Casting from Pattern Weight

Die Casting

Die casting is a method of producing finished castings by forcing molten metal into a
hard metal die, which is arranged to open after the metal has solidified so that the casting
can be removed. The die-casting process makes it possible to secure accuracy and unifor-
mity in castings, and machining costs are either eliminated altogether or are greatly
reduced. The greatest advantage of the die-casting process is that parts are accurately and
often completely finished when taken from the die. When the dies are properly made, cast-
ings may be accurate within 0.001 inch(25.4 µm) or even less and a limit of 0.002 or 0.003
inch/inch (or mm/mm) of casting dimension can be maintained on many classes of work.

Die castings are used extensively in the manufacture of such products as cash registers,
meters, time-controlling devices, small housings, washing machines, and parts for a great
variety of mechanisms. Lugs and gear teeth are cast in place and both external and internal
screw threads can be cast. Holes can be formed within about 0.001 inch (25.4 µm) of size
and the most accurate bearings require only a finish-reaming operation. Figures and letters
may be cast sunken or in relief on wheels for counting or printing devices, and with inge-
nious die designs, many shapes that formerly were believed too intricate for die casting are
now produced successfully by this process.

Die casting uses hardened steel molds (dies) into which the molten metal is injected at
high speed, reaching pressures up to 10 tons/in2 (152 MPa), force being applied by a
hydraulically actuated plunger moving in a cylindrical pressure chamber connected to the
die cavity(s). If the plan area of the casting and its runner system cover 50 in2 (322.6 cm2),
the total power applied is 10 tons/in2 of pressure on the metal × 50 in2 of projected area,
producing a force of 500 tons, and the die-casting machine must hold the die shut against
this force. Massive toggle mechanisms stretch the heavy 6-in (15.24 cm) diameter steel tie
bars through about 0.045 inch (1.14 mm) on a typical (500-ton) machine to generate this
force. Although the die is hot, metal entering the die cavity is cooled quickly, producing
layers of rapidly chilled, dense material about 0.015 inch (0.38 mm) thick in the metal hav-

Pattern Material

Factors

Cast
Iron Aluminum Copper Zinc

Brass: 70% Copper,
30% Zinc

White pine 16.00 5.70 19.60 15.00 19.00
Mahogany, Honduras 12.00 4.50 14.70 11.50 14.00
Cherry 10.50 3.80 13.00 10.00 12.50
Cast Iron 1.00 0.35 1.22 0.95 1.17
Aluminum 2.85 1.00 3.44 2.70 3.30
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ing direct contact with the die cavity surfaces. Because the high injection forces allow cast-
ings to be made with thin walls, these dense layers form a large proportion of the total wall
thickness, producing high casting strength. This phenomenon is known as the skin effect,
and should be taken into account when considering the tensile strengths and other proper-
ties measured in (usually thicker) test bars.

As to the limitations of the die-casting process it may be mentioned that the cost of dies is
high, and, therefore, die casting is economical only when large numbers of duplicate parts
are required. The stronger and harder metals cannot be die cast, so that the process is not
applicable for casting parts that must necessarily be made of iron or steel, although special
alloys have been developed for die casting that have considerable tensile and compressive
strength.

Many die castings are produced by the hot-chamber method in which the pressure cham-
ber connected to the die cavity is immersed permanently in the molten metal and is auto-
matically refilled through a hole that is uncovered as the (vertical) pressure plunger moves
back after filling the die. This method can be used for alloys of low melting point and high
fluidity such as zinc, lead, tin, and magnesium. Other alloys requiring higher pressure,
such as brass, or that can attack and dissolve the ferrous pressure chamber material, such as
aluminum, must use the slower cold-chamber method with a water-cooled (horizontal)
pressure chamber outside the molten metal.

Porosity.—Molten metal injected into a die cavity displaces most of the air, but some of
the air is trapped and is mixed with the metal. The high pressure applied to the metal
squeezes the pores containing the air to very small size, but subsequent heating will soften
the casting so that air in the surface pores can expand and cause blisters. Die castings are
seldom solution heat treated or welded because of this blistering problem. The chilling
effect of the comparatively cold die causes the outer layers of a die casting to be dense and
relatively free of porosity. Vacuum die casting, in which the cavity atmosphere is evacu-
ated before metal is injected, is sometimes used to reduce porosity. Another method is to
displace the air by filling the cavity with oxygen just prior to injection. The oxygen is
burned by the hot metal so that porosity does not occur.

When these special methods are not used, machining depths must be limited to 0.020–
0.035 inch (0.50–0.89 mm) if pores are not to be exposed, but as-cast accuracy is usually
good enough for only light finishing cuts to be needed. Special pore-sealing techniques
must be used if pressure tightness is required.

Designing Die Castings.—Die castings are best designed with uniform wall thicknesses
(to reduce cooling stresses) and cores of simple shapes (to facilitate extraction from the
die). Heavy sections should be avoided or cored out to reduce metal concentrations that
may attract trapped gases and cause porosity concentrations. Designs should aim at arrang-
ing for metal to travel through thick sections to reach thin ones if possible. Because of the
high metal injection pressures, conventional sand cores cannot be used, so cored holes and
apertures are made by metal cores that form part of the die. Small and slender cores are eas-
ily bent or broken, so should be avoided in favor of piercing or drilling operations on the
finished castings. Ribbing adds strength to thin sections, and fillets should be used on all
inside corners to avoid high stress concentrations in the castings. Sharp outside corners
should be avoided. Draft allowances on a die casting are usually from 0.5 to 1.5 degrees per
side to permit the castings to be pushed off cores or out of the cavity.

Alloys Used for Die Casting.—The alloys used in modern die-casting practice are based
on aluminum, zinc, and copper, with small numbers of castings also being made from mag-
nesium, tin, and lead based alloys.

Aluminum-Base Alloys.—Aluminum-base die-casting alloys are used more extensively
than any other base metal alloy because of their superior strength combined with ease of
castability. Linear shrinkage of aluminum alloys on cooling is about 12.9 to 15.5 × 10−6

inch/inch-°F. Casting temperatures are of the order of 1200°F (649°C). Most aluminum
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die castings are produced in aluminum-silicon-copper alloys such as the Aluminum Asso-
ciation (AA) No. 380 (ASTM SC84A; UNS A038000), containing silicon 7.5 to 9.5 and
copper 3 to 4 per cent. Silicon increases fluidity for complete die filling, but reduces
machinability, and copper adds hardness but reduces ductility in aluminum alloys. A less-
used alloy having slightly greater fluidity is AA No. 384 (ASTM SC114A; UNS A03840)
containing silicon 10.5 to 12.0 and copper 3.0 to 4.5 per cent. For marine applications, AA
360 (ASTM 100A; UNS A03600) containing silicon 9 to 10 and copper 0.6 per cent is rec-
ommended, the copper content being kept low to reduce susceptibility to corrosion in salt
atmospheres. The tensile strengths of AA 380, 384, and 360 alloys are 47,000, 48,000, and
46,000 lb/in2(324, 331, and 317 MPa), respectively. Although 380, 384, and 360 are the
most widely used die-castable alloys, several other aluminum alloys are used for special
applications. For instance, the AA 390 alloy, with its high silicon content (16 to 18 per
cent), is used for internal combustion engine cylinder castings, to take advantage of the
good wear resistance provided by the hard silicon grains. No. 390 alloy also contains 4 to 5
per cent copper, and has a hardness of 120 Brinell with low ductility, and a tensile strength
of 41,000 lb/in2(283 MPa).

Zinc-Base Alloys.—In the molten state, zinc is extremely fluid and can therefore be cast
into very intricate shapes. The metal also is plentiful and has good mechanical properties.
Zinc die castings can be made to closer dimensional limits and with thinner walls than alu-
minum. Linear shrinkage of these alloys on cooling is about 9 to 13 × 10−6 in/in-°F. The
low casting temperatures (750–800°F or 399–427°C) and the hot-chamber process allow
high production rates with simple automation. Zinc die castings can be produced with
extremely smooth surfaces, lending themselves well to plating and other finishing meth-
ods. The established zinc alloys numbered 3, 5 and 7 [ASTM B86 (AG40A; UNS Z33520),
AG41A (UNS Z35531), and AG40B (UNS Z33522)] each contains 3.5 to 4.3 per cent of
aluminum, which adds strength and hardness, plus carefully controlled amounts of other
elements. Recent research has brought forward three new alloys of zinc containing 8, 12,
and 27 per cent of aluminum, which confer tensile strength of 50,000–62,000 lb/in2(345–
427 MPa) and hardness approaching that of cast iron (105–125 Brinell). These alloys can
be used for gears and racks, for instance, and as housings for shafts that run directly in
reamed or bored holes, with no need for bearing bushes.

Copper-Base Alloys.—Brass alloys are used for plumbing, electrical, and marine compo-
nents where resistance to corrosion must be combined with strength and wear resistance.
With the development of the cold-chamber casting process, it became possible to make die
castings from several standard alloys of copper and zinc such as yellow brass (ASTM
B176-Z30A; UNS C85800) containing copper 58, zinc 40, tin 1, and lead 1 per cent. Tin
and lead are included to improve corrosion resistance and machinability, respectively, and
this alloy has a tensile strength of 45,000 lb/in2(310 MPa). Silicon brass (ASTM B176-
ZS331A; UNS C87800) with copper 65 and zinc 34 per cent also contains 1 per cent sili-
con, giving it more fluidity for castability and with higher tensile strength (58,000 psi or
400 MPa) and better resistance to corrosion. High silicon brass or tombasil (ASTM B176-
ZS144A), containing copper 82, zinc 14, and silicon 4 per cent, has a tensile strength of
70,000 lb/in2 (483 MPa) and good wear resistance, but at the expense of machinability.

Magnesium-Base Alloys.—Light weight combined with good mechanical properties and
excellent damping characteristics are principal reasons for using magnesium die castings.
Magnesium has a low specific heat and does not dissolve iron so it may be die cast by the
cold- or hot-chamber methods. For the same reasons, die life is usually much longer than
for aluminum. The lower specific heat and more rapid solidification make production
about 50 per cent faster than with aluminum. To prevent oxidation, an atmosphere of CO2
and air, containing about 0.5 per cent of SF6 gas, is used to exclude oxygen from the surface
of the molten metal. The most widely used alloy is AZ91D (ASTM B94; UNS 11916), a
high-purity alloy containing aluminum 9 and zinc 0.7 per cent, and having a yield strength
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of 23,000 lb/in2 (Table 8a on page 546). AZ91D has a corrosion rate similar to that of 380
aluminum (see Aluminum-Base Alloys on page 1415).

Tin-Base Alloys.—In this group tin is alloyed with copper, antimony, and lead. SAE
Alloy No. 10 contains, as the principal ingredients, in percentages, tin, 90; copper, 4 to 5;
antimony, 4 to 5; lead, maximum, 0.35. This high-quality babbitt mixture is used for main-
shaft and connecting-rod bearings or bronze-backed bearings in the automotive and air-
craft industries. SAE No. 110 contains tin, 87.75; antimony, 7.0 to 8.5; copper, maximum,
2.25 to 3.75 per cent and other constituents the same as No. 10. SAE No. 11, which con-
tains a little more copper and antimony and about 4 per cent less tin than No. 10, is also used
for bearings or other applications requiring a high-class tin-base alloy. These tin-base
compositions are used chiefly for automotive bearings but they are also used for milking
machines, soda fountains, syrup pumps, and similar apparatus requiring resistance against
the action of acids, alkalies, and moisture.

Lead-Base Alloys.—These alloys are employed usually where a cheap noncorrosive
metal is needed and strength is relatively unimportant. Such alloys are used for parts of
lead-acid batteries, for automobile wheel balancing weights, for parts that must withstand
the action of strong mineral acids and for parts of X-ray apparatus. SAE Composition No.
13 contains (in percentages) lead, 86; antimony, 9.25 to 10.75; tin, 4.5 to 5.5 per cent. SAE
Specification No. 14 contains less lead and more antimony and copper. The lead content is
76; antimony, 14 to 16; and tin, 9.25 to 10.75 per cent. Alloys Nos. 13 and 14 are inexpen-
sive owing to the high lead content and may be used for bearings that are large and sub-
jected to light service.

Dies for Die-Casting Machines.—Dies for die-casting machines are generally made of
steel although cast iron and nonmetallic materials of a refractory nature have been used, the
latter intended especially for bronze or brass castings, which, owing to their comparatively
high melting temperatures, would damage ordinary steel dies. The steel most generally
used is low-carbon steel. Chromium-vanadium and tungsten steels are used for aluminum,
magnesium, and brass alloys, when dies must withstand relatively high temperatures.

Making die-casting dies requires considerable skill and experience. Dies must be so
designed that the metal will rapidly flow to all parts of the impression and at the same time
allow the air to escape through shallow vent channels, 0.003-0.005 inch(76-127 mm)
deep, cut into the parting of the die. To secure solid castings, the gates and vents must be
located with reference to the particular shape to be cast. Shrinkage is another important
feature, especially on accurate work. The amount usually varies from 0.002-0.007 inch per
inch(or mm per mm), but to determine the exact shrinkage allowance for an alloy contain-
ing three or four elements is difficult except by experiment.

Die-Casting Bearing Metals in Place.—Practically all the metals that are suitable for
bearings can be die cast in place. Automobile connecting rods are an example of work to
which this process has been applied successfully. After the bearings are cast in place, they
are finished by boring or reaming. The best metals for the bearings, and those that also can
be die cast most readily, are the babbitts containing about 85 per cent tin with the remainder
copper and antimony. These metals should not contain over 9 per cent copper. The copper
constitutes the hardening element in the bearing. A recommended composition for a high-
class bearing metal is 85 per cent tin, 10 per cent antimony, and 5 per cent copper. The anti-
mony may vary from 7 to 10 per cent and the copper from 5 to 8 per cent. To reduce costs,
some bearing metals use lead instead of tin. One bearing alloy contains from 95 to 98 per
cent lead. The die-cast metal becomes harder upon seasoning a few days. In die-casting
bearings, the work is located from the bolt holes that are drilled previous to die casting. It is
important that the bolt holes be drilled accurately with relation to the remainder of the
machined surfaces.

Injection Molding of Metal.—The die casting and injection molding processes have
been combined to make possible the injection molding of many metal alloys by mixing
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powdered metal, of 5 to 10 µm (0.0002 to 0.0004 inch) particle size with thermoplastic
binders. These binders are chosen for maximum flow characteristics to ensure that the
mixture can penetrate to the most remote parts of the die/mold cavities. Moderate pres-
sures and temperatures are used for the injection molding of these mixtures, and the
molded parts harden as they cool so that they can be removed as solids from the mold.
Shrinkage allowances for the cavities are greater than are required for the die casting pro-
cess, because the injection molded parts are subject to a larger shrinkage (10 to 35 per cent)
after removal from the die, due to evaporation of the binder and consolidation of the pow-
der.

Binder removal may take several days because of the need to avoid distortion, and when
it is almost complete the molded parts are sintered in a controlled atmosphere furnace at
high temperatures to remove the remaining binder and consolidate the powdered metal
component that remains. Density can thus be increased to about 95 per cent of the density
of similar material produced by other processes. Tolerances are similar to those in die cast-
ing, and some parts are sized by a coining process for greater accuracy. The main limitation
of the process is size, parts being restricted to about a 1.5-inch cube.

Precision Investment Casting

Investment casting is a highly developed process that is capable of great casting accuracy
and can form extremely intricate contours. The process may be utilized when metals are
too hard to machine or otherwise fabricate; when it is the only practical method of produc-
ing a part; or when it is more economical than any other method of obtaining work of the
quality required. Precision investment casting is especially applicable in producing either
exterior or interior contours of intricate form with surfaces so located that they could not be
machined readily if at all. The process provides efficient, accurate means of producing
such parts as turbine blades, airplane, or other parts made from alloys that have high melt-
ing points and must withstand exceptionally high temperatures, and many other products.
The accuracy and finish of precision investment castings may either eliminate machining
entirely or reduce it to a minimum. The quantity that may be produced economically may
range from a few to thousands of duplicate parts.

Investment casting uses an expendable pattern, usually of wax or injection-molded plas-
tics. Several wax replicas or patterns are usually joined together or to bars of wax that are
shaped to form runner channels in the mold. Wax shapes that will produce pouring funnels
also are fastened to the runner bars. The mold is formed by dipping the wax assembly (tree)
into a thick slurry containing refractory particles. This process is known as investing. After
the coating has dried, the process is repeated until a sufficient thickness of material has
been built up to form a one-piece mold shell. Because the mold is in one piece, undercuts,
apertures, and hollows can be produced easily. As in shell molding, this invested shell is
baked to increase its strength, and the wax or plastics pattern melts and runs out or evapo-
rates (lost-wax casting). Some molds are backed up with solid refractory material that is
also dried and baked to increase the strength. Molds for lighter castings are often treated
similarly to shell molds described before. Filling of the molds may take place in the atmo-
sphere, in a chamber filled with inert gas or under vacuum, to suit the metal being cast.
Materials That May Be Cast.—The precision investment process may be applied to a
wide range of both ferrous and nonferrous alloys. In industrial applications, these include
alloys of aluminum and bronze, Stellite, Hastelloys, stainless and other alloy steels, and
iron castings, especially where thick and thin sections are encountered. In producing
investment castings, it is possible to control the process in various ways so as to change the
porosity or density of castings, obtain hardness variations in different sections, and vary
the corrosion resistance and strength by special alloying.
General Procedure in Making Investment Castings.—Precision investment casting is
similar in principle to the “lost-wax” process that has long been used in manufacturing
jewelry, ornamental pieces, and individual dentures, inlays, and other items required in
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dentistry, which is not discussed here. When this process is employed, both the pattern and
mold used in producing the casting are destroyed after each casting operation, but they may
both be replaced readily. The “dispensable patterns” (or cluster of duplicate patterns) is
first formed in a permanent mold or die and is then used to form the cavity in the mold or
“investment” in which the casting (or castings) is made. The investment or casting mold
consists of a refractory material contained within a reinforcing steel flask. The pattern is
made of wax, plastics, or a mixture of the two. The material used is evacuated from the
investment to form a cavity (without parting lines) for receiving the metal to be cast. Evac-
uation of the pattern (by the application of sufficient heat to melt and vaporize it) and the
use of a master mold or die for reproducing it quickly and accurately in making duplicate
castings are distinguishing features of this casting process. Modern applications of the pro-
cess include many developments such as variations in the preparation of molds, patterns,
investments, etc., as well as in the casting procedure. Application of the process requires
specialized knowledge and experience.

Master Mold for Making Dispensable Patterns.—Duplicate patterns for each casting
operation are made by injecting the wax, plastics, or other pattern material into a master
mold or die that usually is made either of carbon steel or of a soft metal alloy. Rubber, alloy
steels, and other materials may also be used. The mold cavity commonly is designed to
form a cluster of patterns for multiple castings. The mold cavity is not, as a rule, an exact
duplicate of the part to be cast because it is necessary to allow for shrinkage and perhaps to
compensate for distortion that might affect the accuracy of the cast product. In producing
master pattern molds there is considerable variation in practice. One general method is to
form the cavity by machining; another is by pouring a molten alloy around a master pattern
that usually is made of monel metal or of a high-alloy stainless steel. If the cavity is not
machined, a master pattern is required. Sometimes, a sample of the product itself may be
used as a master pattern, when, for example, a slight reduction in size due to shrinkage is
not objectionable. The dispensable pattern material, which may consist of waxes, plastics,
or a combination of these materials, is injected into the mold by pressure, by gravity, or by
the centrifugal method. The mold is made in sections to permit removal of the dispensable
pattern. The mold while in use may be kept at the correct temperature by electrical means,
by steam heating, or by a water jacket.

Shrinkage Allowances for Patterns.—The shrinkage allowance varies considerably for
different materials. In casting accurate parts, experimental preliminary casting operations
may be necessary to determine the required shrinkage allowance and possible effects of
distortion. Shrinkage allowances, in inches per inch, usually average about 0.022 for steel,
0.012 for gray iron, 0.016 for brass, 0.012 to 0.022 for bronze, 0.014 for aluminum and
magnesium alloys. (See also Shrinkage Allowances on page 1413.)

Casting Dimensions and Tolerances.—Generally, dimensions on investment castings
can be held to ±0.005 inch and on specified dimensions to as low as ±0.002 inch. Many fac-
tors, such as the grade of refractory used for the initial coating on the pattern, the alloy com-
position, and the pouring temperature, affect the cast surface finish. Surface
discontinuities on the as-cast products therefore can range from 30-300 min (0.76–7.6
mm) in height.

Investment Materials.—For investment casting of materials having low melting points,
a mixture of plaster of Paris and powdered silica in water may be used to make the molds,
the silica forming the refractory and the plaster acting as the binder. To cast materials hav-
ing high melting points, the refractory may be changed to sillimanite, an alumina-silicate
material having a low coefficient of expansion that is mixed with powdered silica as the
binder. Powdered silica is then used as the binder. The interior surfaces of the mold are
reproduced on the casting so, when fine finishes are needed, a first coating of fine silliman-
ite sand and a silicon ester such as ethyl silicate with a small amount of piperidine, is
applied and built up to a thickness of about 0.06 inch (1.5 mm). This investment is covered
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with a coarser grade of refractory that acts to improve bonding with the main refractory
coatings, before the back up coatings are applied.

With light castings, the invested material may be used as a shell, without further rein-
forcement. With heavy castings the shell is placed in a larger container which may be of
thick waxed paper or card, and further slurry is poured around it to form a thicker mold of
whatever proportions are needed to withstand the forces generated during pouring and
solidification. After drying in air for several hours, the invested mold is passed through an
oven where it is heated to a temperature high enough to cause the wax to run out. When
pouring is to take place, the mold is pre-heated to between 700 and 1000°C (1292 and
1832°F), to get rid of any remaining wax, to harden the binder and prepare for pouring the
molten alloy. Pouring metal into a hot mold helps to ensure complete filling of intricate
details in the castings. Pouring may be done under gravity, under a vacuum under pressure,
or with a centrifuge. When pressure is used, attention must be paid to mold permeability to
ensure gases can escape as the metal enters the cavities.
Casting Operations.—The temperature of the flask for casting may range all the way
from a chilled condition up to 2000°F (1093°C) or higher, depending upon the metal to be
cast, the size and shape of the casting or cluster, and the desired metallurgical conditions.
During casting, metals are nearly always subjected to centrifugal force vacuum, or other
pressure. The procedure is governed by the kind of alloy, the size of the investment cavity,
and its contours or shape.
Investment Removal.—When the casting has solidified, the investment material is
removed by destroying it. Some investments are soluble in water, but those used for fer-
rous castings are broken by using pneumatic tools, hammers, or by shot or abrasive blast-
ing and tumbling to remove all particles. Gates, sprues, and runners may be removed from
the castings by an abrasive cutting wheel or a band saw according to the shape of the cluster
and machinability of the material.
Accuracy of Investment Castings.—The accuracy of precision investment castings
may, in general, compare favorably with that of many machined parts. The overall toler-
ance varies with the size of the work, the kind of metal and the skill and experience of the
operators. Under normal conditions, tolerances may vary from ±0.005 or ±0.006 inch per
inch(ορ mm/mm), down to ±0.0015 to ±0.002 inch per inch( or mm/mm), and even
smaller tolerances are possible on very small dimensions. Where tolerances applying to a
lengthwise dimension must be smaller than would be normal for the casting process, the
casting gate may be placed at one end to permit controlling the length by a grinding opera-
tion when the gate is removed.
Casting Weights and Sizes.—Investment castings may vary in weight from a fractional
part of an ounce up to 75 pounds(34 kg) or more. Although the range of weights represent-
ing the practice of different firms specializing in investment casting may vary from about
1⁄2 pound up to 10 or 20 lb(4.5 or 9.1 kg), a practical limit of 10 or 15 lb(4.5 or 6.8 kg) is
common. The length of investment castings ordinarily does not exceed 12 or 15 in(30 or 38
cm), but much longer parts may be cast. It is possible to cast sections having a thickness of
only a few thousandths of an inch, but the preferred minimum thickness, as a general rule,
is about 0.020 inch(0.50 mm) for alloys of high castability and 0.040 inch(1 mm) for alloys
of low castability.
Design for Investment Casting.—As with most casting processes, best results from
investment casting are achieved when uniform wall thicknesses between 0.040 and 0.375
inch (1 and 10 mm) are used for both cast components and channels forming runners in the
mold. Gradual transition from thick to thin sections is also desirable. It is important that
molten metal should not have to pass through a thin section to fill a thick part of the casting.
Thin edges should be avoided because of the difficulty of producing them in the wax pat-
tern. Fillets should be used in all internal corners to avoid stress concentrations that usually
accompany sharp angles. Thermal contraction usually causes distortion of the casting, and
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should be allowed for if machining is to be minimized. Machining allowances vary from
0.010 inch (0.25 mm) on small, to 0.04 inch (1mm) on large parts. With proper arrange-
ment of castings in the mold, grain size and orientation can be controlled and directional
solidification can often be used to advantage to ensure desired physical properties in the
finished components.

Casting Milling Cutters by Investment Method.—Possible applications of precision
investment casting in tool manufacture and in other industrial applications are indicated by
its use in producing high-speed steel milling cutters of various forms and sizes. Removal of
the risers, sand blasting to improve the appearance, and grinding the cutting edges are the
only machining operations required. The bore is used as cast. Numerous tests have shown
that the life of these cutters compares favorably with high-speed steel cutters made in the
usual way.

Extrusion of Metals

The Basic Process.—Extrusion is a metalworking process used to produce long, straight
semifinished products such as bars, tubes, solid and hollow sections, wire and strips by
squeezing a solid slug of metal, either cast or wrought, from a closed container through a
die. An analogy to the process is the dispensing of toothpaste from a collapsible tube.

During extrusion, compressive and shear, but no tensile, forces are developed in the
stock, thus allowing the material to be heavily deformed without fracturing. The extrusion
process can be performed at either room or high temperature, depending on the alloy and
method. Cross sections of varying complexity can also be produced, depending on the
materials and dies used.

In the specially constructed presses used for extrusion, the load is transmitted by a ram
through an intermediate dummy block to the stock. The press container is usually fitted
with a wear-resistant liner and is constructed to withstand high radial loads. The die stack
consists of the die, die holder, and die backer, all of which are supported in the press end
housing or platen, which resists the axial loads. 

The following are characteristics of different extrusion methods and presses: 
1) The movement of the extrusion relative to the ram. In “direct extrusion,” the ram is

advanced toward the die stack; in “indirect extrusion,” the die moves down the con-
tainer bore

2) The position of the press axis, which is either horizontal or vertical
3) The type of drive, which is either hydraulic or mechanical
4) The method of load application, which is either conventional or hydrostatic
In forming a hollow extrusion, such as a tube, a mandrel integral with the ram is pushed

through the previously pierced raw billet.

Cold Extrusion: Cold extrusion has often been considered a separate process from hot
extrusion; however, the only real difference is that cold or only slightly warm billets are
used as starting stock. Cold extrusion is not limited to certain materials; the only limiting
factor is the stresses in the tooling. In addition to the soft metals such as lead and tin, alumi-
num alloys, copper, zirconium, titanium, molybdenum, beryllium, vanadium, niobium,
and steel can be extruded cold or at low deformation temperatures. Cold extrusion has
many advantages, such as no oxidation or gas/metal reactions; high mechanical properties
due to cold working if the heat of deformation does not initiate recrystallization; narrow
tolerances; good surface finish if optimum lubrication is used; fast extrusion speeds can be
used with alloys subject to hot shortness. Examples of cold extruded parts are collapsible
tubes, aluminum cans, fire extinguisher cases, shock absorber cylinders, automotive pis-
tons, and gear blanks.

Hot Extrusion: Most hot extrusion is performed in horizontal hydraulic presses rated in
size from 250 to 12,000 tons. The extrusions are long pieces of uniform cross sections, but
complex cross sections are also produced. Most types of alloys can be hot extruded.



1422 EXTRUSION

Owing to the temperatures and pressures encountered in hot extrusion, the major prob-
lems are the construction and the preservation of the equipment. The following are approx-
imate temperature ranges used to extrude various types of alloys:

 In addition, pressures range from as low as 5000 psi (34.5 MPa) to over 100,000 psi (690
MPa). Therefore, lubrication and protection of the chamber, ram, and die are generally
required. The use of oil and graphite mixtures is often sufficient at the lower temperatures;
while at higher temperatures, glass powder, which becomes a molten lubricant, is used.

Extrusion Applications: The stress conditions in extrusion make it possible to work
materials that are brittle and tend to crack when deformed by other primary metalworking
processes. The most outstanding feature of the extrusion process, however, is its ability to
produce a wide variety of cross-sectional configurations; shapes can be extruded that have
complex, nonuniform, and nonsymmetrical sections that would be difficult or impossible
to roll or forge. Extrusions in many instances can take the place of bulkier, more costly
assemblies made by welding, bolting, or riveting. Many machining operations may also be
reduced through the use of extruded sections. However, as extrusion temperatures
increase, processing costs also increase, and the range of shapes and section sizes that can
be obtained becomes narrower.

While many asymmetrical shapes are produced, symmetry is the most important factor in
determining extrudability. Adjacent sections should be as nearly equal as possible to per-
mit uniform metal flow through the die. The length of their protruding legs should not
exceed 10 times their thickness.

The size and weight of extruded shapes are limited by the section configuration and prop-
erties of the material extruded. The maximum size that can be extruded on a press of a
given capacity is determined by the “circumscribing circle,” which is defined as the small-
est diameter circle that will enclose the shape. This diameter controls the die size, which in
turn is limited by the press size. For instance, the larger presses are generally capable of
extruding aluminum shapes with a 25-inch (63.5 cm)-diameter circumscribing circle and
steel and titanium shapes with about 22-inch (55.9 cm)-diameter circle.

The minimum cross-sectional area and minimum thickness that can be extruded on a
given size press are dependent on the properties of the material, the extrusion ratio (ratio of
the cross-sectional area of the billet to the extruded section), and the complexity of shape.
As a rule thicker sections are required with increased section size.The table gives approxi-
mate minimum cross section and minimum thickness of some commonly extruded metals.

Extruded shapes minimize and sometimes eliminate the need for machining; however,
they do not have the dimensional accuracy of machined parts. Smooth surfaces with fin-
ishes better than 30 µinch (0.762 mm) rms are attainable in magnesium and aluminum; an
extruded finish of 125 µinch (3.175 mm) rms is generally obtained with most steels and
titanium alloys. Minimum corner and fillet radii of 1⁄64 inch(0.39 mm) are preferred for alu-
minum and magnesium alloys; while for steel, minimum corner radii of 0.030 inch (0.76
mm) and fillet radii of 0.125 inch(3.2 mm) are typical.

Extrusion of Tubes: In tube extrusion, the metal passes through a die, which determines
its outer diameter, and around a central mandrel, which determines its inner diameter.
Either solid or hollow billets may be used, with the solid billet being used most often.

magnesium, 650–850°F (343–454°C) aluminum, 650–900°F (343–482°C)
copper, 1200–2000°F (649–1093°C) steel, 2200–2400°F (1204–1316°C)
titanium, 1300–2100°F (704–1149°C) nickel 1900–2200°F (1038–1204°C)
refractory alloys, up to 4000°F (2204°C).

Material

Minimum Cross Section Minimum Thickness

inch2 mm2 inch mm

Carbon and alloy steels 0.40 258 0.120 3
Stainless steels 0.45 - 0.70 290 - 452 0.120 - 0.187 3.0 - 4.8
Titanium 0.50 323 0.150 3.8
Aluminum < 0.40 < 258 0.040 1.0
Magnesium < 0.40 < 258 0.040 1.0
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When a solid billet is extruded, the mandrel must pierce the billet by pushing axially
through it before the metal can pass through the annular gap between the die and the man-
drel. Special presses are used in tube extrusion to increase the output and improve the qual-
ity compared to what is obtained using ordinary extrusion presses. These special hydraulic
presses independently control ram and mandrel positioning and movement.

Powder Metallurgy

Powder metallurgy is a process whereby metal parts in large quantities can be made by
the compressing and sintering of various powdered metals such as brass, bronze, alumi-
num, and iron. Compressing of the metal powder into the shape of the part to be made is
done by accurately formed dies and punches in special types of hydraulic or mechanical
presses. The “green” compressed pieces are then sintered in an atmosphere controlled fur-
nace at high temperatures, causing the metal powder to be bonded together into a solid
mass. A subsequent sizing or pressing operation and supplementary heat treatments may
also be employed. The physical properties of the final product are usually comparable to
those of cast or wrought products of the same composition. Using closely controlled con-
ditions, steel of high hardness and tensile strength has also been made by this process.

Any desired porosity from 5 to 50 per cent can be obtained in the final product. Large
quantities of porous bronze and iron bearings, which are impregnated with oil for self-
lubrication, have been made by this process. Other porous powder metal products are used
for filtering liquids and gases. Where continuous porosity is desired in the final product,
the voids between particles are kept connected or open by mixing one per cent of zinc stear-
ate or other finely powdered metallic soap throughout the metal powder before briquetting
and then boiling this out in a low temperature baking before the piece is sintered.

The dense type of powdered metal products include refractory metal wire and sheet,
cemented carbide tools, and electrical contact materials (products which could not be
made as satisfactorily by other processes) and gears or other complex shapes which might
also have been made by die casting or the precise machining of wrought or cast metal.

Advantages of Powder Metallurgy.—Parts requiring irregular curves, eccentrics, radial
projections, or recesses often can be produced only by powder metallurgy. Parts that
require irregular holes, keyways, flat sides, splines or square holes that are not easily
machined, can usually be made by this process. Tapered holes and counter-bores are easily
produced. Axial projections can be formed but the permissible size depends on the extent
to which the powder will flow into the die recesses. Projections not more than one-quarter
the length of the part are practicable. Slots, grooves, blind holes, and recesses of varied
depths are also obtainable.

Limiting Factors in Powdered Metal Process.—The number and variety of shapes that
may be obtained are limited by lack of plastic flow of powders, i.e., the difficulty with
which they can be made to flow around corners. Tolerances in diameter usually cannot be
held closer than 0.001 inch (0.025 mm) and tolerances in length are limited to 0.005 inch
(0.13 mm). This difference in diameter and length tolerances may be due to the elasticity of
the powder and spring of the press.

Factors Affecting Design of Briquetting Tools.—High-speed steel is recommended for
dies and punches and oil-hardening steel for strippers and knock-outs. One manufacturer
specifies dimensional tolerances of 0.0002 inch(5 mm) and super-finished surfaces for
these tools. Because of the high pressures employed and the abrasive character of certain
refractory materials used in some powdered metal composition, there is frequently a ten-
dency toward severe wear of dies and punches. In such instances, carbide inserts, chrome
plating, or highly resistant die steels are employed. With regard to the shape of the die, cor-
ner radii, fillets, and bevels should be used to avoid sharp corners. Feather edges, threads,
and reentrant angles are usually impracticable. The making of punches and dies is particu-
larly exacting because allowances must be made for changes in dimensions due to growth
after pressing and shrinkage or growth during sintering.
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SOLDERING AND BRAZING

Metals may be joined without using fasteners by employing soldering, brazing, and weld-
ing. Soldering involves the use of a non-ferrous metal whose melting point is below that of
the base metal and in all cases below 800°F (427°C). Brazing entails the use of a non-ferrous
filler metal with a melting point below that of the base metal but above 800°F (427°C). In
fusion welding, abutting metal surfaces are made molten, are joined in the molten state, and
then allowed to cool. The use of a filler metal and the application of pressure are considered
to be optional in the practice of fusion welding.

Soldering

Soldering employs lead- or tin-base alloys with melting points below 800°F (427°C) and
is commonly referred to as soft soldering. Use of hard solders, silver solders and spelter
solders which have silver, copper, or nickel bases and have melting points above 800°F
(427°C) is known as brazing. Soldering is used to provide a convenient joint that does not
require any great mechanical strength. It is used in a great many instances in combination
with mechanical staking, crimping or folding, the solder being used only to seal against
leakage or to assure electrical contact. The accompanying table, page 1425, gives some of
the properties and uses of various solders that are generally available.

Forms Available.—Soft solders can be obtained in bar, cake, wire, pig, slab ingot, ribbon,
segment, powder, and foil-form for various uses to which they are put. In bar form they are
commonly used for hand soldering. The pigs, ingots, and slabs are used in operations that
employ melting kettles. The ribbon, segment, powder and foil forms are used for special
applications and the cake form is used for wiping. Wire forms are either solid or they con-
tain acid or rosin cores for fluxing. These wire forms, both solid and core containing, are
used in hand and automatic machine applications. Prealloyed powders, suspended in a
fluxing medium, are frequently applied by brush and, upon heating, consistently wet the
solderable surfaces to produce a satisfactory joint.

Fluxes for Soldering.—The surfaces of the metals being joined in the soldering operation
must be clean in order to obtain an efficient joint. Fluxes clean the surfaces of the metal in
the joint area by removing the oxide coating present, keep the area clean by preventing for-
mation of oxide films, and lower the surface tension of the solder thereby increasing its
wetting properties. Rosin, tallow, and stearin are mild fluxes which prevent oxidation but
are not too effective in removing oxides present. Rosin is used for electrical applications
since the residue is non-corrosive and non-conductive. Zinc chloride and ammonium chlo-
ride (sal ammoniac), used separately or in combination, are common fluxes that remove
oxide films readily. The residue from these fluxes may in time cause trouble, due to their
corrosive effects, if they are not removed or neutralized. Washing with water containing
about 5 ounces(142 g) of sodium citrate (for non-ferrous soldering) or 1 ounce(28.35 g) of
trisodium phosphate (for ferrous and non-ferrous soldering) per gallon(1 U.S. gallon =
3.754 liters) followed by a clear water rinse or washing with commercial water-soluble
detergents are methods of inactivating and removing this residue.

Methods of Application.—Solder is applied using a soldering iron, a torch, a solder bath,
electric induction or resistance heating, a stream of hot neutral gas or by wiping. Clean sur-
faces which are hot enough to melt the solder being applied or accept molten solder are
necessary to obtain a good clean bond. Parts being soldered should be free of oxides, dirt,
oil, and scale. Scraping and the use of abrasives as well as fluxes are resorted to for prepar-
ing surfaces for soldering. The procedures followed in soldering aluminum, magnesium
and stainless steel differ somewhat from conventional soldering techniques and are indi-
cated in the material which follows

Soldering Aluminum: Two properties of aluminum which tend to make it more difficult
to solder are its high thermal conductivity and the tenacity of its ever-present oxide film.
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Aluminum soldering is performed in a temperature range of from 550-770°F (288–
410°C), compared to 375-400°F (191–204°C) temperature range for ordinary metals,
because of the metal's high thermal conductivity. Two methods can be used, one using flux
and one using abrasion. The method employing flux is most widely used and is known as
flow soldering. In this method flux dissolves the aluminum oxide and keeps it from re-
forming. The flux should be fluid at soldering temperatures so that the solder can displace
it in the joint. In the friction method the oxide film is mechanically abraded with a solder-
ing iron, wire brush, or multi-toothed tool while being covered with molten solder. The
molten solder keeps the oxygen in the atmosphere from reacting with the newly-exposed
aluminum surface; thus wetting of the surface can take place.

The alloys that are used in soldering aluminum generally contain from 50 to 75 per cent
tin with the remainder zinc. 

The following aluminum alloys are listed in order of ease of soldering: commercial and
high-purity aluminum;  wrought alloys containing not more than 1 per cent manganese or
magnesium;  and  finally the heat-treatable alloys which are the most difficult.

Cast and forged aluminum parts are not generally soldered.

Properties of Soft Solder Alloys  Appendix, ASTM:B 32-70

Nominal
Compositiona

Per Cent Specific
Gravityb

Melting Ranges,c
Degrees Fahrenheit

UsesSn Pb Sb Ag Solidus Liquidus

70 30 … … 8.32 361 378 For coating metals.
63 37 … … 8.40 361 361 As lowest melting solder for dip and hand soldering methods.

60 40 … … 8.65 361 374 “Fine Solder.” For general purposes, but particularly where the 
temperature requirements are critical.

50 50 … … 8.85 361 421 For general purposes. Most popular of all.
45 55 … … 8.97 361 441 For automobile radiator cores and roofing seams.

40 60 … … 9.30 361 460 Wiping solder for joining lead pipes and cable sheaths. For auto-
mobile radiator cores and heating units.

35 65 … … 9.50 361 477 General purpose and wiping solder.
30 70 … … 9.70 361 491 For machine and torch soldering.
25 75 … … 10.00 361 511 For machine and torch soldering.

20 80 … … 10.20 361 531 For coating and joining metals. For filling dents or seams in auto-
mobile bodies.

15 85 … … 10.50 440d 550 For coating and joining metals.

10 90 … … 10.80 514d 570 For coating and joining metals.

5 95 … … 11.30 518 594 For coating and joining metals.

40 58 2 … 9.23 365 448 Same uses as (50-50) tin-lead but not recommended for use on 
galvanized iron.

35 63.2 1.8 … 9.44 365 470 For wiping and all uses except on galvanized iron.

30 68.4 1.6 … 9.65 364 482 For torch soldering or machine soldering, except on galvanized 
iron.

25 73.7 1.3 … 9.96 364 504 For torch and maching soldering, except on galvanized iron.

20 79 1 … 10.17 363 517 For machine soldering and coating of metals, tipping, and like 
uses, but not recommended for use on galvanized iron.

95 … 5 … 7.25 452 464 For joints on copper in electrical, plumbing and heating work.

… 97.5 … 2.5 11.35 579 579
For use on copper, brass, and similar metals with torch heating. 

Not recommended in humid environments due to its known 
susceptibility to corrosion.

1 97.5 … 1.5 11.28 588 588 For use on copper, brass, and similar metals with torch heating.

a Abbreviations of alloying elements are as follows: Sn, tin; Pb, lead; Sb, antimony; and Ag, silver. 
b The specific gravity multiplied by 0.0361 equals the density in pounds per cubic inch. 
c The alloys are completely solid below the lower point given, designated “solidus,” and completely

liquid above the higher point given, designated “liquidus.” In the range of temperatures between these
two points the alloys are partly solid and partly liquid. 

d For some engineering design purposes, it is well to consider these alloys as having practically no
mechanical strength above 360 degrees F (182°C). 
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Soldering Magnesium: Magnesium is not ordinarily soldered to itself or other metals.
Soldering is generally used for filling small surface defects, voids or dents in castings or
sheets where the soldered area is not to be subjected to any load. Two solders can be used:
one with a composition of 60 per cent cadmium, 30 per cent zinc, and 10 per cent tin has a
melting point of 315°F (157°C); the other has a melting point of 500°F (260°C) and has a
nominal composition of 90 per cent cadmium and 10 per cent zinc.

The surfaces to be soldered are cleaned to a bright metallic luster by abrasive methods
before soldering. The parts are preheated with a torch to the approximate melting tempera-
ture of the solder being used. The solder is applied and the surface under the molten solder
is rubbed vigorously with a sharp pointed tool or wire brush. This action results in the wet-
ting of the magnesium surface. To completely wet the surface, the solder is kept molten
and the rubbing action continued. The use of flux is not recommended.

Soldering Stainless Steel: Stainless steel is somewhat more difficult to solder than other
common metals. This is true because of a tightly adhering oxide film on the surface of the
metal and because of its low thermal conductivity. The surface of the stainless steel must
be thoroughly cleaned. This can be done by abrasion or by clean white pickling with acid.
Muriatic (hydrochloric) acid saturated with zinc or combinations of this mixture and 25 per
cent additional muriatic acid, or 10 per cent additional acetic acid, or 10 to 20 per cent addi-
tional water solution of orthophosphoric acid may all be used as fluxes for soldering stain-
less steel. Tin-lead solder can be used successfully. Because of the low thermal
conductivity of stainless steel, a large soldering iron is needed to bring the surfaces to the
proper temperature. The proper temperature is reached when the solder flows freely into
the area of the joint. Removal of the corrosive flux is important in order to prevent joint
failure. Soap and water or a commercial detergent may be used to remove the flux residue.
Ultrasonic Fluxless Soldering.—This more recently introduced method of soldering
makes use of ultrasonic vibrations which facilitates the penetration of surface films by the
molten solder thus eliminating the need for flux. The equipment offered by one manufac-
turer consists of an ultrasonic generator, ultrasonic soldering head which includes a trans-
ducer coupling, soldering tip, tip heater, and heating platen. Metals that can be soldered by
this method include aluminum, copper, brass, silver, magnesium, germanium, and silicon.

Brazing

Brazing is a metal joining process which uses a non-ferrous filler metal with a melting
point below that of the base metals but above 800°F (427°C). The filler metal wets the base
metal when molten in a manner similar to that of a solder and its base metal. There is a
slight diffusion of the filler metal into the hot, solid base metal or a surface alloying of the
base and filler metal. The molten metal flows between the close-fitting metals because of
capillary forces.
Filler Metals for Brazing Applications.—Brazing filler metals have melting points that
are lower than those of the base metals being joined and have the ability when molten to
flow readily into closely fitted surfaces by capillary action. The commonly used brazing
metals may be considered as grouped into the seven standard classifications shown in
Tables 1a and 1b. These are aluminum-silicon; copper-phosphorus; silver; nickel; copper
and copper-zinc; magnesium; and precious metals.

The solidus and liquidus are given in Tables 1a and 1b instead of the melting and flow
points in order to avoid confusion. The solidus is the highest temperature at which the
metal is completely solid or, in other words, the temperature above which the melting
starts. The liquidus is the lowest temperature at which the metal is completely liquid, that
is, the temperature below which the solidification starts.

Fluxes for Brazing.—In order to obtain a sound joint the surfaces in and adjacent to the
joint must be free from dirt, oil, and oxides or other foreign matter at the time of brazing.
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Table 1a. Brazing Filler Metals [ Based on Specification and Appendix of  American Welding Society AWS A5.8–81]

AWS
Classifica-

tiona

Nominal Composition,b Per Cent Temperature, Degrees F

Standard 
Formc UsesAg Cu Zn Al Ni Other

Soli-
dus

Liq-
uidus

Brazing
Range

BAlSi-2 … … … 92.5 … Si, 7.5 1070 1135 1110–1150 7 For joining the following aluminum alloys: 1060, EC, 1100, 3003, 3004, 5005, 
5050, 6053, 6061, 6062, 6063, 6951 and cast alloys A612 and C612. All of these 
filler metals are suitable for furnace and dip brazing. BAlSi-3, -4 and -5 are suitable 
for torch brazing. Used with lap and tee joints rather than butt joints. Joint clearances 
run from .006 to .025 inch.

BAlSi-3 … 4 … 86 … Si, 10 970 1085 1160–1120 2, 3, 5

BAlSi-4 … … … 88 … Si, 12 1070 1080 1080–1120 2, 3, 4, 5

BAlSi-5 … … … 90 … Si, 10 1070 1095 1090–1120 7

BAlSi-6 … … … 90 … Si, 7.5; Mg. 
2.5 1038 1125 1110–1150 7

BAlSi-6 through -11 are vacuum brazing filler metals. Magnesium is present as an 
O2 getter. When used in vacuum, solidus & liquidus temperatures are different from 
those shown.

BAlSi-7 … … … 88.5 … Si, 10; Mg, 
1.5 1038 1105 1090–1120 7

BAlSi-8 … … … 86.5 … Si, 12; Mg, 
1.5 1038 1075 1080–1120 2, 7

BAlSi-9 … … … 87 … Si, 12; Mg, 
0.3 1044 1080 1080–1120 7

BAlSi-10 … … … 86.5 … Si, 11; Mg, 
2.5 1038 1086 1080–1120 2

BAlSi-11 … … … 88.4 … Si, 10 Mg, 
1.5; Bi, 0.1 1038 1105 1090–1120 7

BCuP-1 … 95 … … … P, 5 1310 1695 1450–1700 1

For joining copper and its alloys with some limited use on silver, tungsten and 
molybdenum. Not for use on ferrous or nickel-base alloys. Are used for cupro-nickels 
but caution should be exercised when nickel content is greater than 30 per cent. Suit-
able for all brazing processes. Lap joints recommended but butt joints may be used. 
Clearances used range from .001 to .005 inch.

BCuP-2 … 93 … … … P, 7 1310 1460 1350–1550 2, 3, 4

BCuP-3 5 89 … … … P, 6 1190 1485 1300–1500 2, 3, 4

BCuP-4 6 87 … … … P, 7 1190 1335 1300–1450 2, 3, 4

BCuP-5 15 80 … … … P, 5 1190 1475 1300–1500 1, 2, 3, 4

BCuP-6 2 91 … … … P, 7 1190 1450 1350–1500 2, 3, 4

BCuP-7 5 88 … … … P, 6.8 1190 1420 1300–1500 2, 3, 4

BAg-1 45 15 16 … … Cd, 24 1125 1145 1145–1400 1, 2, 4 For joining most ferrous and nonferrous metals except aluminum and magnesium. 
These filler metals have good brazing properties and are suitable for preplacement in 
the joint or for manual feeding into the joint. All methods of heating may be used. 
Lap joints are generally used; however, butt joints may be used. Joint clearances of 
.002 to .005 inch are recommended. Flux is generally required.

BAg-1a 50 15.5 16.5 … … Cd, 18 1160 1175 1175–1400 1, 2, 4

BAg-2 35 26 21 … … Cd, 18 1125 1295 1295–1550 1, 2, 4, 7

Machinery's Handbook 29th Edition
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BAg-2a 30 27 23 … … Cd, 20 1125 1310 1310–1550 1, 2, 4

For joining most ferrous and nonferrous metals except aluminum and magnesium. 
These filler metals have good brazing properties and are suitable for preplacement in 
the joint or for manual feeding into the joint. All methods of heating may be used. 
Lap joints are generally used; however, butt joints may be used. Joint clearances of 
.002 to .005 inch are recommended. Flux is generally required.

BAg-3 50 15.5 15.5 … 3 Cd, 16 1170 1270 1270–1500 1, 2, 4, 7

BAg-4 40 30 28 … 2 … 1240 1435 1435–1650 1, 2

BAg-5 45 30 25 … … … 1250 1370 1370–1550 1, 2

BAg-6 50 34 16 … … … 1270 1425 1425–1600 1, 2

BAg-7 56 22 17 … … Sn, 5 1145 1205 1205–1400 1, 2

BAg-8 72 28 … … … … 1435 1435 1435–1650 1, 2, 4

BAg-8a 72 27.8 … … … Li, 2. 1410 1410 1410–1600 1, 2

BAg-13 54 40 5 … 1 … 1325 1575 1575–1775 1, 2

BAg-13a 56 42 … … 2 … 1420 1640 1600–1800 1, 2

BAg-18 60 30 … … … Sn, 10 1115 1325 1325–1550 1, 2

BAg-19 92.5 7.3 … … … Li, 2 1435 1635 1610–1800 1, 2

BAg-20 30 38 32 … … … 1250 1410 1410–1600 1, 2, 4

BAg-21 63 28.5 … … 2.5 Sn, 6 1275 1475 1475–1650 1, 2, 4

BAg-22 49 16 23 … 4.5 Mn, 7.5 1260 1290 1290–1525 1, 2, 4, 7

BAg-23 85 … … … … Mn, 15 1760 1780 1780–1900 1, 2, 4

BAg-24 50 20 28 … 2 … 1220 1305 1305–1550 1, 2

BAg-25 20 40 35 … … Mn, 5 1360 1455 1455–1555 2, 4

BAg-26 25 38 33 … 2 Mn, 2 1305 1475 1475–1600 1, 2, 4, 7

BAg-27 25 35 26.5 … … Cd, 13.5 1125 1375 1375–1575 1, 2, 4

BAg-28 40 30 28 … … Sn, 2 1200 1310 1310–1550 1, 2, 4

a These classifications contain chemical symbols preceded by “B” which stands for brazing filler metal. 
b These are nominal compositions. Trace elements may be present in small amounts and are not shown. Abbreviations used are: Ag, silver; Cu, copper; Zn, zinc; Al,

aluminum; Ni, nickel; Ot, other; Si, silicon; P, phosphorus; Cd, cadmium; Sn, tin; Li, lithium; Cr, chromium; B, boron; Fe, iron; O, oxygen; Mg, magnesium; W, tungsten;
Pd, palladium; and Au, gold. 

c Numbers specify standard forms as follows: 1, strip; 2, wire; 3, rod; 4, powder; 5, sheet; 6, paste; 7, clad sheet or strip; and 8, transfer tape. 

Table 1a. (Continued) Brazing Filler Metals [ Based on Specification and Appendix of  American Welding Society AWS A5.8–81]

AWS
Classifica-

tiona

Nominal Composition,b Per Cent Temperature, Degrees F

Standard 
Formc UsesAg Cu Zn Al Ni Other

Soli-
dus

Liq-
uidus

Brazing
Range
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Table 1b. Brazing Filler Metals [ Based on Specification and Appendix of  American Welding Society AWS A5.8–81]

AWS
Classificationa

Nominal Composition,b Per Cent Temperature, Degrees F
Standard 

Formc UsesNi Cu Cr B Si Other Solidus Liquidus
Brazing
Range

BNi-1 74 … 14 3.5 4 Fe, 4.5 1790 1900 1950–2200 1, 2, 3, 4, 8
For brazing AISI 300 and 400 series stainless steels, 

and nickel- and cobalt-base alloys. Particularly suited to 
vacuum systems and vacuum tube applications because 
of their very low vapor pressure. The limiting element is 
chromium in those alloys in which it is employed. Spe-
cial brazing procedures required with filler metal con-
taining manganese.

BNi-2 82.5 … 7 3 4.5 Fe, 3 1780 1830 1850–2150 1, 2, 3, 4, 8
BNi-3 91 … … 3 4.5 Fe, 1.5 1800 1900 1850–2150 1, 2, 3, 4, 8
BNi-4 93.5 … … 1.5 3.5 Fe, 1.5 1800 1950 1850–2150 1, 2, 3, 4, 8
BNi-5 71 … 19 … 10 … 1975 2075 2100–2200 1, 2, 3, 4, 8
BNi-6 89 … … … … P, 11 1610 1610 1700–1875 1, 2, 3, 4, 8
BNi-7 77 … 13 … … P, 10 1630 1630 1700–1900 1, 2, 3, 4, 8
BNi-8 65.5 4.5 … … 7 Mn, 23 1800 1850 1850–2000 1, 2, 3, 4, 8

BCu-1 … 100 … … … … 1980 1980 2000–2100 1, 2

For joining various ferrous and nonferrous metals. 
They can also be used with various brazing processes. 
Avoid overheating the Cu-Zn alloys. Lap and butt joints 
are commonly used.

BCu-1a … 99 … … … Ot, 1 1980 1980 2000–2100 4
BCu-2 … 86.5 … … … O, 13.5 1980 1980 2000–2100 6

RBCuZn-A … 59 … … … Zn, 41 1630 1650 1670–1750 1, 2, 3

RBCuZn-C … 58 … … 0.1 Zn, 40; Fe, 0.7; 
Mn, 0.3; Sn, 1 1590 1630 1670–1750 2

RBCuZn-D 10 48 … … 0.2 Zn, 42 1690 1715 1720–1800 1, 2, 3
BCuZn-E … 50 … … … Zn, 50 1595 1610 1610–1725 1, 2, 3, 4, 5

BCuZn-F … 50 … … … Zn, 46.5; Sn, 
3.5 1570 1580 1580–1700 1, 2, 3, 4, 5

BCuZn-G … 70 … … … Zn, 30 1680 1750 1750–1850 1, 2, 3, 4, 5
BCuZn-H … 80 … … … Zn, 20 1770 1830 1830–1950 1, 2, 3, 4, 5

BMg-1 … … … … … a 830 1100 1120–1160 2, 3 BMg-1 is used for joining AZ10A, K1A, and M1A 
magnesium-base metals.

BAu-1 … 63 … … … Au, 37 1815 1860 1860–2000 1, 2, 4 For brazing of iron, nickel, and cobalt-base metals 
where resistance to oxidation or corrosion is required. 
Low rate of interaction with base metal facilitates use on 
thin base metals. Used with induction, furnace, or resis-
tance heating in a reducing atmosphere or in a vacuum 
and with no flux. For other applications, a borax-boric 
acid flux is used.

BAu-2 … 20.5 … … … Au, 79.5 1635 1635 1635–1850 1, 2, 4
BAu-3 3 62.5 … … … Au, 34.5 1785 1885 1885–1995 1, 2, 4
BAu-4 18.5 … … … … Au, 81.5 1740 1740 1740–1840 1, 2, 4
BAu-5 36 … … … … Au, 30; Pd, 34 2075 2130 2130–2250 1, 2, 4
BAu-6 22 … … … … Au, 70; Pd, 8 1845 1915 1915–2050 1, 2, 4

BCo-1 17 … … … 8
Cr, 19; W, 4; B, 
0.8; C, 0.4; Co, 
59

2050 2100 2100–2250 1, 3, 4, 8 Generally used for high temperature properties and 
compatability with cobalt-base metals.

a Al, 9; Zn, 2; Mg, 89. 
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Cleaning may be achieved by chemical or mechanical means. Some of the mechanical
means employed are filing, grinding, scratch brushing and machining. The chemical
means include the use of trisodium phosphate, carbon tetrachloride, and trichloroethylene
for removing oils and greases.

Fluxes are used mainly to prevent the formation of oxides and to remove any oxides on
the base and filler metals. They also promote free flow of the filler metal during the course
of the brazing operation. 

They are made available in the following forms: powders;  pastes or solutions;  gases or
vapors;  and  as coatings on the brazing rods.

In the powder form a flux can be sprinkled along the joint, provided that the joint has been
preheated sufficiently to permit the sprinkled flux to adhere and not be blown away by the
torch flame during brazing. A thin paste or solution is easily applied and when spread on
evenly, with no bare spots, gives a very satisfactory flux coating. Gases or vapors are used
in controlled atmosphere furnace brazing where large amounts of assemblies are mass-
brazed. Coatings on the brazing rods protect the filler metal from becoming oxidized and
eliminate the need for dipping rods into the flux, but it is recommended that flux be applied
to the base metal since it may become oxidized in the heating operation. No matter which
flux is used, it performs its task only if it is chemically active at the brazing temperature.

Chemical compounds incorporated into brazing fluxes include borates (sodium, potas-
sium, lithium, etc.), fused borax, fluoborates (potassium, sodium, etc.), fluorides (sodium,
potassium, lithium, etc.), chlorides (sodium, potassium, lithium), acids (boric, calcined
boric acid), alkalies (potassium hydroxide, sodium hydroxide), wetting agents, and water

Table 2. Guide to Selection of Brazing Filler Metals and Fluxes

Base Metals
Being Brazed

Filler
Metals

Recommendeda

AWS
Brazing

 Flux
Type No.

Effective
Temperature

Range,
°F(°C)

Flux
Ingredients

Flux
Supplied

As

Flux 
Method

of
Useb

All brazeable aluminum 
alloys BA1Si 1 700–1190

(371–643)
Chlorides,
Fluorides Powder 1, 2

3, 4
All brazeable magne-

sium alloys BMg 2 900–1200
(482–649)

Chloides,
Fluorides Powder 3, 4

Alloys such as alumi-
num-bronze;
aluminum- brass con-
taining additions of 
aluminum of 0.5 per 
cent or more

BCuZn, BCuP 4c 1050–1800
(566–982)

Chlorides,
Fluorides,
Borates,
Wetting agent

Paste
or

Powder
1, 2, 3

Titanium and zirconium 
in base alloys BAg 6 700–1600

(371–871)
Chlorides, Fluorides, 
Wetting agent

Paste or
Powder 1, 2, 3

Any other brazeable 
alloys not listed above

All brazing 
filler metals 
except BA1Si 
and BMg

3 700–2000
(371–1093)

Boric acid,
 Borates,
Fluorides,
Fluooates,
Wetting agent
Must contain
 fluorine compound

Paste,
Powder,

or
Liquid

1, 2, 3

All brazing 
filler metals 
except BA1Si, 
BMg, and BAg 
1 through 
BAg 7

5 1000–2200
(538–1204)

Borax, Boric acid
Borates,
Wetting agent
No fluorine 
in any form

Paste,
Powder,

or
Liquid

1, 2, 3

a Abbreviations used in this column are as follows: B, brazing filler metal; Al, aluminum; Si, silicon;
Mg, magnesium; Cu, copper; Zn, zinc; P, phosphorus; and Ag, silver. 

b Explanation of numbering system used is as follows: 1—dry powder is sprinkled in joint region;
2—heated metal filler rod is dipped into powder or paste; 3—flux is mixed with alcohol, water,
monochlorobenzene, etc., to form a paste or slurry; 4—flux is used molten in a bath. 

c Types 1 and 3 fluxes, alone or in combination, may be used with some of these base metals also. 
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(either as water of crystallization or as an addition for paste fluxes). Table 2 provides a
guide which will aid in the selection of brazing fluxes that are available commercially.

Methods of Steadying Work for Brazing.—Pieces to be joined by brazing after being
properly jointed may be held in a stable position by means of clamping devices, spot welds,
or mechanical means such as crimping, staking, or spinning. When using clamping devices
care must be taken to avoid the use of devices containing springs for applying pressure
because springs tend to lose their properties under the influence of heat. Care must also be
taken to be sure that the clamping devices are no larger than is necessary for strength con-
siderations, because a large metal mass in contact with the base metal near the brazing area
would tend to conduct heat away from the area too quickly and result in an inefficient
braze. Thin sections that are to be brazed are frequently held together by spot welds. It must
be remembered that these spot welds may interfere with the flow of the molten brazing
alloy and appropriate steps must be taken to be sure that the alloy is placed where it can
flow into all portions of the joint.

Methods of Supplying Heat for Brazing.—The methods of supplying heat for brazing
form the basis of the classification of the different brazing methods and are as follows.

Torch or Blowpipe Brazing: Air-gas, oxy-acetylene, air-acetylene, and oxy-other fuel
gas blowpipes are used to bring the areas of the joint and the filler material to the proper
heat for brazing. The flames should generally be neutral or slightly reducing but in some
instances some types of bronze welding require a slightly oxidizing flame.

Dip Brazing: Baths of molten alloy, covered with flux, or baths of molten salts are used
for dip brazing. The parts to be brazed are first assembled, usually with the aid of jigs, and
are dipped into the molten metal, then raised and allowed to drain. The molten alloy enters
the joint by capillary action. When the salt bath is used, the filler metal is first inserted
between the parts being joined, or, in the form of wire, is wrapped around the area of the
joint. The brazing metal melts and flows into the joint, again by capillary action.

Furnace Brazing: Furnaces that are heated electrically or by gas or oil with auxiliary
equipment that maintains a reducing or protective atmosphere and controlled temperatures
therein are used for brazing large numbers of units, usually without flux.

Resistance Brazing: Heat is supplied by means of hot or incandescent electrodes. The
heat is produced by the resistance of the electrodes to the flow of electricity and the filler
metal is frequently used as an insert between the parts being joined.

Induction Brazing: Parts to be joined are heated by being placed near a coil carrying an
electric current. Eddy current losses of the induced electric current are dissipated in the
form of heat raising the temperature of the work to a point higher than the melting point of
the brazing alloy. This method is both quick and clean.

Vacuum Furnace Brazing: Cold-wall vacuum furnaces, with electrical-resistance radi-
ant heaters, and pumping systems capable of evacuating a conditioned chamber to moder-
ate vacuum (about 0.01 micron) in 5 minutes are recommended for vacuum brazing.
Metals commonly brazed in vacuum are the stainless steels, heat-resistant alloys, titanium,
refractory metals, and aluminum. Fluxes and filler metals containing alloying elements
with low boiling points or high vapor pressure are not used.

Brazing Symbol Application.—ANSI/AWS A2.4-79 symbols for brazing are also used
for welding with the exception of the symbol for a scarf joint (see the diagram at the top of
page 1432, and the symbol for a scarf joint in the table Basic Weld Symbols on page 1477,
for applications of brazing symbols). The second, third and fourth figures from the top of
the next page show how joint clearances are indicated. If no special joint preparation is
required, only the arrow is used with the brazing process indicated In the tail.
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Typical Applications of Standard Brazing Symbols
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WELDING

Welding of metals requires that they be heated to a molten state so that they fuse together.
A filler wire or rod is held in the heated zone to add material that will replace metal con-
sumed by the process and to produce a slightly raised area that can be dressed down to
make a level surface if needed. Most welding operations today use an electric arc, though
the autogenous method using a torch that burns a mixture of (usually) acetylene and oxy-
gen gases to heat the components is still used for certain work. Lasers are also used as the
heating medium for some welding operations. In arc welding, a low-voltage, high-current
arc is struck between the end of an electrode in a holder and the work, generating intense
heat that immediately melts tile surface.

Electrodes, Fluxes, and Processes

Electrodes for welding may be made of a tungsten or other alloy that does not melt at
welding temperatures (nonconsumable) or of an alloy similar to that of the work so that it
melts and acts as the filler wire (consumable). In welding with a nonconsumable electrode,
filler metal is added to the pool as welding proceeds. Filler metals that will produce welds
having strength properties similar to those of the work are used where high-strength welds
are specified.

Briefly, the effects of the main alloying elements in welding filler wires and electrodes
are: carbon adds strength but may cause brittle weld metal if cooling is rapid, so low-car-
bon wire is preferred; silicon adds strength and reduces oxidation, changes fluidity, and
gives a flatter weld bead; manganese strengthens and assists deoxidation, plus it reduces
effects of sulfur, lowering the risk of hot cracking; sulfur may help form iron sulfide, which
increases the risk of hot cracking; and phosphorus, may contribute to hot cracking.

Fluxes in (usually) granular form are added to the weld zone, as coatings on the filler wire
or as a core in the tube that forms the (consumable) electrode. The flux melts and flows in
the weld zone, shielding the arc from the oxygen in the atmosphere, and often contains
materials that clean impurities from the molten metal and prevent grain growth during
recrystallization.

Processes.—There are approximately 100 welding and allied welding processes but the
four manual arc welding processes: gas metal arc welding (GMAW) (which is also com-
monly known as MIG for metal inert gas), flux-cored arc (FCAW), shielded metal arc
(SMAW), gas tungsten arc welding (GTAW), account for over 90 per cent of the arc weld-
ing used in production, fabrication, structural, and repair applications. FCAW and SMAW
use fluxes to shield the arc and FCAW uses fluxes and gases to protect the weld from oxy-
gen and nitrogen. GMAW and GTAW use mixtures of gases to protect the weld.

There are two groups of weld types, groove and fillet, which are self-explanatory. Each
type of weld may be made with the work at any angle from horizontal (flat) to inverted
(overhead). In a vertical orientation, the electrode tip may move down the groove or fillet
(vertical down), or up (vertical up). In any weld other than flat, skill is needed to prevent the
molten metal falling from the weld area.

Because of the many variables, such as material to be welded and its thickness, equip-
ment, fluxes, gases, electrodes, degree of skill, and strength requirements for the finished
welds, it is not practicable to set up a complete list of welding recommendations that would
have general validity. Instead, examples embracing a wide range of typical applications,
and assuming common practices, are presented here for the most-used welding processes.
The recommendations given are intended as a guide to finding the best approach to any
welding job, and are to be varied by the user to fit the conditions encountered in the specific
welding situation.



1434 GAS METAL ARC WELDING

Gas Metal Arc Welding (GMAW)

The two most cost-effective manual arc welding processes are GMAW and FCAW.
These two welding processes are used with more than 50 per cent of the arc welding con-
sumable electrodes purchased. Gas metal arc welding modes extend from short-circuit
welding, where the consumable electrode wire is melted into the molten pool in a rapid
succession of short circuits during which the arc is extinguished, to pulsed and regular
spray transfer, where a stream of fine drops and vaporized weld metal is propelled across
the continuous arc gap by electromagnetic forces in the arc.

GMAW is the most-used welding process and the two most common GMAW low-car-
bon steel electrodes used for production welding in North America are the E70S-3 and
E70S-6 from the ANSI/AWS Standard A5 series of specifications for arc welding. The
E70S-3 contains manganese and silicon as deoxidants and is mainly used for welding low-
carbon steels, using argon mixtures as shielding gases. The wire used in the E70S-6 elec-
trodes has more silicon than wire used for the E70S-3 electrodes, and is preferred where
straight CO2 or argon mixes are used as the shielding gas or if the metal to be welded is con-
taminated. The deoxidizing properties of the E70S-6 electrode also may be beneficial for
high-current, deep-penetration welds, and welds in which higher than normal impact-
strength properties are required.

E80S-D2 wire contains more manganese and silicon, plus 0.5 per cent molybdenum for
welding such steels as AISI 4130, and steels for high-temperature service. The argon +
CO2 mixture is preferred to exert the influence of argon's inertness over the oxidizing
action of CO2. E70S-2 electrodes contain aluminum, titanium, and zirconium to provide
greater deoxidation action and are valuable for welding contaminated steel plate.

When the GMAW welding process is used for galvanized steels, minute welding cracks
may be caused by the reaction of the zinc coating on the work with silicon in the electrode.
Galvanized steel should be welded with an electrode having the lowest possible silicon
content such as the E70S-3. For welding low-carbon and low-alloy steels with conven-
tional argon mixture shielding gases, there is little difference between the E70S-3 and
E70S-6.
Electrode Diameters.—One of the most important welding decisions is selecting the
optimum GMAW electrode diameter. Selection of electrode diameters should be based on
the material thickness, as shown for carbon and stainless steels in Table 1, the compatibil-
ity of the electrode current requirements with the material thickness, the mode of weld
metal transfer, and the deposition rate potential shown in Table 2. The two most popular
GMAW electrode sizes are 0.035 inch (1.0 mm) and 0.045 inch (1.2 mm). Diameters of
electrodes used for GMAW exert a strong influence on cost of welding. Table 2 also shows
how the weld deposition rate varies in short-circuit and spray transfer modes in welding
carbon and stainless steels.

Table 1. GMAW Electrode Sizes for Welding Carbon and Stainless Steels

The table is based on suitability of the electrode size to mode of weld transfer, material thickness,
and cost effectiveness. If a smaller electrode size is selected, the lower deposition rates could
increase welding costs by 20 to 60 per cent.

Material Thickness

Electrode Diameter

0.030 inch
(0.8 mm)

0.035 inch
(1.0 mm)

0.045 inch
(1.2 mm)

0.062 inch
(1.6 mm)

25 to 21 gage (0.020 to 0.032 inch) yes … … …

20 gage to 1⁄4 inch (0.036 to 0.25 inch) … yes … …

3⁄16 to 7⁄16 inch flat and horizontal … … yes …

1⁄2 inch and up … … … yes
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Table 2. Typical Maximum GMAW Deposition Rates for Carbon and Stainless 
Steels. Constant-Voltage 450-amp Power Source and Standard Wire Feeder

For the lowest-cost welds with GMAW electrodes larger than 0.030 inch in diameter, the power
source should provide a minimum of 350 amps. The compatibility of the optimum current range of
the 0.035-inch (1.0-mm) electrode and its deposition potential make it the first choice for welding of
20 gage to 1⁄4 inch (0.88 to 6.4 mm) thicknesses. For welding thinner sheet metals of 25 to 21 gage, the
optimum electrode diameter is 0.030 inch (0.8 mm). The 0.045-inch (1.2-mm) electrode is the most
practical choice for spray transfer applications on materials over 1⁄4 inch (6.4 mm) thick and thicker.

As an example, when welding 1⁄4-in. (6.4-mm) thick steel, with 100 per cent arc-on time
and a labor cost of $15/h, the deposition rate with a 0.035-in. (0.9-mm) electrode is approx-
imately 11 lb/h (5 kg/h). The labor cost per lb at $15/h ÷ 11 lb/h = $1.36/lb ($3.00/kg). If an
electrode of 0.045-in. (1.2-mm) diameter is used for the same application, the deposition
rate is 16 lb/h (7.2 kg/h) and at a $15/h labor rate, the cost of weld metal deposited = $15/h
÷ 16 lb/h = $0.93/lb ($2.00/kg). The 0.045-in. diameter electrode would also cost less per
pound than a smaller wire, and the weld time with the 0.045-in. electrode would be
reduced, so less shielding gas also would be consumed.
GMAW Welding of Sheet Steel.—In GMAW, the short-circuit transfer mode is used to
weld carbon steel, low-alloy steel, and stainless steel sheet of 24 gage (0.023 in., or 0.6
mm) to 11 gage (0.12 in., or 3 mm). The most common gage sizes welded with short-circuit
transfer are 20 gage to 11 gage (0.88 to 3 mm) and the best GMAW electrode for these thin,
sheet metal gages is the 0.035-in. (1-mm) diameter electrode. The short-circuit current
requirements for these operations are typically 50 to 200 amps with voltages in the range of
14 to 22 volts. The optimum short-circuit voltage for the majority of applications is 16 to
18 volts.
Shielding Gases for Welding Carbon and Low-Alloy Steels.—With more  than 40
GMAW gas mixtures available for welding carbon steels, low-alloy steels, and stainless
steels, selection is often confusing. Reactive oxygen and carbon dioxide (CO2) are added
to argon to stabilize the arc and add energy to the weld. CO2 can provide more energy to the
weld than oxygen. As the CO2 content in a shielding gas mixture is increased to certain lev-
els, the voltage requirements are increased. Argon + oxygen mixtures will require lower
voltages than mixtures containing argon with 10 to 25 per cent CO2. Helium may also be
added to argon if increased weld energy is required.
Shielding Gases for Short-Circuit Welding of Carbon Steels.—GMAW short-circuit
transfer (SCT) is used mainly for welding thin metals of less than 10 gage, and gaps. With
the SCT mode of weld metal transfer, the arc short circuits many times each second. The
numerous short circuits switch the arc energy on and off. The short circuits and low current
cause the transferred weld to freeze rapidly. Short-circuit transfer on carbon steel gage
metals thicker than 1⁄16 in. (1.6 mm) requires a shielding gas that will provide substantial
weld energy. For these applications, argon with 15–25 per cent CO2 is recommended.

If short-circuit transfer is used on metals thinner than 18 gage (0.047 in., 1.2 mm), melt-
through and distortion often occur. Melt-through and distortion can be reduced on very
thin-gage carbon and low-alloy steels by using a shielding gas that provides less weld
energy than argon + 15 to 25 per cent CO2 mixes. Argon + oxygen mixtures can utilize

Weld transfer
mode

Electrode Diameter

0.030 inch
(0.8 mm)

0.035 inch
(1.0 mm)

0.045 inch
(1.2 mm)

0.062 inch
(1.6 mm)

Short circuit 5 lb/h 7 lb/h 9 lb/h
…

(2.3 kg/h) (3.2 kg/h) (4 kg/h)

Spray transfer 9 lb/h 11 lb/h 19 lb/h 21 lb/h

(4 kg/h) (5 kg/h) (8.6 kg/h) (9.5 kg/h)
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lower voltages to sustain the arc. Argon mixed with 2 to 5 per cent oxygen is a practical
mixture for thin carbon steel of less than 16 gage, where there is sensitivity to heat.

Shielding Gases for Spray Transfer Welding of Carbon Steels.—With GMAW spray
transfer, all traditional argon gas mixtures will provide spatter-free spray weld transfer,
depending on the electrode diameter and welding parameters used. The electrode diameter
and the electrode current density influence the formation of the weld metal to be trans-
ferred. For example, with a 0.035-inch (0.9 mm) diameter electrode using a mixture con-
taining argon 75 + CO2 25 per cent, a small globular weld droplet is formed on the end of
the electrode tip in the conventional spray transfer parameter range. With the same gas
mixture, a 0.045-inch (1.14-mm) diameter electrode, and current above 330 amps, the
globular formation disappears and the metal transfers in the spray mode.

Spatter potential stemming from shielding gas, with 0.035 inch (0.90 mm) and smaller
diameter electrodes can be controlled by reducing the CO2 content in the argon mixture to
less than 21 per cent. Each different shielding gas will primarily influence the open arc
spray transfer mode by variations in the weld energy provided through the welding voltage
requirements.

Gas selection in spray transfer must be given careful consideration. In welding of clean
cold-rolled carbon steel or low-alloy steel less than 3⁄8 inch (9.5 mm) thick, the energy
potential of the arc is less important than it is for welding of steels thicker than 1⁄2 inch(13
mm) or steels with mill scale. The energy level of the arc is also a key factor in welding
steels for which higher than normal impact properties are specified.

A simple, practical multipurpose gas mixture for carbon and low-alloy steels is argon +
15 to 20 per cent CO2, and a mixture of argon + 17 per cent CO2 would be ideal. This two-
part argon/CO2 mixture provides higher weld energy than two-component argon + CO2
mixtures having less than 10 per cent CO2, argon + oxygen mixtures, or argon + CO2 +
oxygen tri-component mixtures. The argon + 17 per cent CO2 mixture will provide an arc
slightly less sensitive to mill scale than the other mixtures mentioned.

The argon + 17 per cent CO2 mixture also has practical benefits in that it provides suffi-
cient weld energy for all GMAW short-circuit and spray transfer applications with cylin-
der or bulk gases. The argon + 17 per cent CO2 mixture may also be used for all-position
FCAW electrodes in welding carbon steels, low-alloy steels, and stainless steels.

Shielding Gases for GMAW Welding of Stainless Steels.—The  ma jo r  p rob l ems
encountered when using GMAW on stainless steels of thinner than 14 gage include con-
trolling potential melt-through, controlling distortion, and black oxidation on the weld sur-
face. These three welding problems have a common denominator, which is heat. The key
to welding thin stainless steel is to minimize the potential heat when welding, by appropri-
ate choice of gas mixture.

A popular gas mixture that is often recommended for GMAW welding of thin-gage stain-
less steel is the three-part helium gas mixture containing helium 90 + argon 7.5 + CO2 2.5
per cent. In contrast to gas mixtures without helium, the helium tri-mixture requires the use
of higher voltages to sustain the arc, which adds unnecessary heat to the heat-sensitive
thin-gage welds.

A practical and lower-cost alternative for GMAW short-circuit transfer on stainless
steels is an argon mixture with 2 to 4 per cent CO2. The argon + CO2 mixture allows use of
lower voltages than is practical with argon/helium mixtures, and the lower voltages result-
ing from the argon + CO2 mixture will help to reduce distortion and oxidation, and
decrease the melt-through potential. The mixture that works with short-circuit transfer is
also a logical practical choice for spray transfer welding of stainless steel because it is less
oxidizing than argon/oxygen mixtures. Table 3 provides practical gas mixture recommen-
dations for specific applications.
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Table 3. Shielding Gases for Welding Carbon Steels and Stainless Steels

Preferred choice of shielding gas is 1, followed by 2 and 3.

For GMAW spray transfer welding of stainless steels thicker than 11 gage, the traditional
GMAW shielding gas has been argon 98 + oxygen 2 per cent. The argon + oxygen mixture
provides excellent, stable, spray transfer, but the oxygen promotes oxidation, leaving the
weld with a black surface. To reduce the oxidation, the 2 per cent oxygen can be replaced
with the less oxidizing 2–4 per cent CO2.

Shielding Gases for GMAW Welding of Aluminum.—For GMAW welding of alumi-
num, helium is added to argon to provide additional weld energy, increasing penetration
width, and reducing porosity potential. A gas mixture that has worked well in practice and
can be used on the majority of aluminum applications is argon + 25 to 35 per cent helium.
Mixtures with higher helium content, of 50 to 90 per cent, require voltages and flow rates
that may be excessive for many established aluminum applications.

Welding Controls.—The two primary controls for welding with GMAW are the elec-
trode wire feed control on the wire feeder and the voltage control on the power source. As
shown in Fig. 1, these controls typically consist of switches and knobs but do not have the
scales, seen enlarged at the upper left, that indicate combinations of wire feed rate, wire
gage, volts, and amps. These scales have been added here to allow clearer explanation of
the functioning of the wire feed control.

The typical wire feed unit provides maximum feed rates of 600 to 800 in/min(15.2–
20.3 m/min). The scale surrounding the setting knob on a wire feed control unit usually
has only 10 unnumbered graduations, somewhat like the hour markers on a clock face.
On most machines, each of these graduations represents an adjustment of the feed rate

Application

Gas mixtures

Argon +
Oxygen

Argon + CO2
+ Oxygen

Argon +
2–4%
CO2

Argon + 
6–10%

CO2

Argon + 
13–20%

CO2

Argon + 
25%
CO2

Short-circuit melt-
through problems;
less than 20 gage

1 1 1 1 2 3

Short-circuit 18 to
11 gage … … … … 1 1

Spray if mill scale or
surface problems;
carbon steels

… … … … 1 2

Spray if low energy
required; carbon
steel

1 1 1 1 … …

Spray, best impact
strengths, lowest
porosity; carbon
 steels

… … … … 1 …

Best single gas
mixture for carbon
steels

… … … … 1 …

Short-circuit;
stainless steels … … 1 … … …

Spray; stainless
steels 2 … 1 … … …

Best single gas
mixture for stainless
and duplex steels

… … 1 … … …
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of approximately 70 in/min(1.8 m/min). For each increase in the wire feed rate of 70
in/min(1.8 m/min), depending on the voltage, the welding current increases by approxi-
mately 20 to 40 amps, depending on the wire diameter and wire feed positions.

In Fig. 1, a black sector has been drawn in on the wire feed rate adjustment knob to indi-
cate the range of wire feed rates usable with the gas mixture and the electrode diameter
(gage) specified. The wire feed and voltage settings shown are for welding thin-gage car-
bon, low-alloy, or stainless steels with a 0.030 or 0.035 inch (0.76 or 0.89 mm) diameter
electrode. The left edge of the sector on the wire feed knob is set to the eight o'clock posi-
tion, corresponding to 70 in/min(1.8 m/min). The optimum voltage for this wire feed rate
is 15. If a setting is too low, the knob is turned to the second (nine o'clock) or third (ten
o'clock) position to increase the current. The voltage typically increases or decreases by 1
volt for each graduation of the wire feed quadrant.

The short-circuit transfer current range of 50 to 200 amps corresponds to a wire feed rate
of 70 to 420 in/min(1.8–10.7 m/min), and is typically found between the eight and one
o'clock positions on the scale, as indicated by the black sector on the knob in Fig. 1.

Diagrammatic quadrants have been added at the left in Fig. 1, to show the material thick-
ness, voltage, and current that correspond to the setting of the wire feed rate adjustment
knob. Optimum settings are easily made for short-circuit welding of sheet metals. When
using a 0.030-in. (0.8-mm) or 0.035-in. (1-mm) diameter GMAW electrode, for instance,
to weld 16-gage carbon or stainless steel with a conventional 200-to 450-amp constant-volt-
age power source and wire feeder, the wire feed control is set to the ten o'clock position for
a feed rate of 210 in/min(5.3 m/min). With digital wire feed units, the short-circuit current
range is typically between 100 and 400 in/min(2.54 and 10.16 m/min), so a good starting
point is to set the wire feeder at 210 in/min(5.3 m/min). The welding voltage is set to 17.

Fig. 1. Wire Feed Settings for Short-Circuit Welding of 
Carbon, Low-Alloy, and Stainless Steel Sheet.

Many welders set their parameters by an established mark on the equipment or by the
sound of the arc as the weld is being made. The sound of the arc, influenced by the optimum
current and voltage set, should be a consistent, smooth, crackling noise. If the SCT sound
is harsh, the voltage should be increased slightly. If the sound is soft, the voltage should be
decreased in volt increments until the sound becomes a smooth crackle. For welding met-
als thicker than 16 gage but less than 10 gage, the wire feed control should be moved to the
eleven o'clock position (280 in/min, or 7.1 m/min), and the voltage reset to 18.
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Welding of thicknesses less than 16 gage should be started with the wire feed control at
the nine o'clock position (140 in/min, or 3.6 m/min) and the voltage control set to 16. The
parameters discussed above apply when using argon mixtures containing 15 to 25 per cent
CO2.

GMAW Spray Transfer.—In the spray transfer mode, spatter is often caused by the volt-
age being set so low that the electrode runs into the weld, resulting in expulsion of molten
metal from the weld pool. GMAW spray transfer is normally used for welding carbon,
low-alloy, and stainless steels of a minimum thickness of 1⁄8 in. (3.2 mm).

In Table 4, typical deposition rates with a 0.045-in. (1.2-mm) carbon steel electrode are
compared with rates for larger carbon steel GMAW and flux-cored electrodes. These
welds are typically carried out in the flat and horizontal positions. The practical GMAW
electrode diameters commonly used for spray transfer are 0.035-in. (1-mm), 0.045-in.
(1.2-mm), and 0.062-in. (1.6-mm) diameter. The most cost-effective GMAW electrode
that also has the greatest range of applications on metals over 3⁄16 in. thick is the 0.045-in.
(1.2-mm) diameter size.

Table 4. Typical Deposition Rates for Carbon Steel Welding Electrodes

GMAW Spray Transfer Welding of Metal Thicknesses Less than 1⁄4 in. (6.4 mm).—

The most versatile GMAW electrode for a welding shop that welds carbon, low-alloy,
and stainless steels from 20 gage to 1⁄4 in. (6.4 mm) thick is the 0.035 in. (1.0 mm) diameter
electrode. The traditional practical spray transfer current range of between 200 and 350
amps for the 0.035 in. electrode is well suited for welding thicknesses from 10 gage to 1⁄4 in.
(6.4 mm).

The correct parameters for a 0.035 in. (1 mm) electrode and spray transfer welding are
found on the wire feed unit between the one and five o'clock positions, or, on a digital wire
feeder, between 420 and 700 in/min(10.7 and 17.8 m/min). In the drawing at the left in Fig.
2, the spray transfer wire feed range is shaded. When the wire feed rate has been set, the
voltage should be fine-tuned so that the electrode wire tip is just touching the weld and a
smooth crackling sound without spatter is produced.

An optimum single spray transfer mode current setting for a 0.035-in. (1-mm) diameter
electrode for most welding applications is approximately 280 amps with the wire feed set
at the three o'clock position for 560 in/min. Manual or high-speed mechanized welds on
material of 10 gage to 1⁄4 in. thick can be made at the three o'clock wire feed position with
only an adjustment for voltage, which should be set initially at 31 volts, when using an
argon + CO2 mixture.

GMAW Spray Transfer for Metal Thicknesses 1⁄4 in. (6.4 mm) and Up.—The 0.45-in.
(1.2-mm) diameter is the most cost-effective GMAW electrode for spray transfer welding
of carbon, low-alloy, and stainless steels 1⁄4 in. and thicker. A 7⁄16-in. (11.2-mm) single-pass,
no-weave, fillet weld can be produced with this electrode. If larger single-pass welds are
required, use of flux-cored electrodes should be considered.

Electrode Diameter

Electrode Type Amperagea

aThe optimum ampere value for the electrode type is shown. The 0.045 GMAW electrode is the most
versatile and cost-effective electrode for welding material of 14 gage to 1 inch thick. 

Deposit Rates

inch mm lb/h kg/h

0.035 1.0 GMAW 350 11 5
0.045 1.2 GMAW 380 13 6
0.062 1.6 GMAW 400 14 6.4

1⁄16 1.6 FCAW 350 15 7
3⁄32 2.4 FCAW 450 16 7.3
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A 400-amp power source is a practical cost-effective unit to use with the 0.045-in. diam-
eter electrode. Globular spray transfer, obtained at the ten o'clock position on the wire feed
adjustment knob, starts at current levels of approximately 230 amps and requires a wire
feed rate of approximately 210 in/min (90 mm/s). Most spray applications are carried out
in the higher-energy, deeper-penetrating 270- to 380-amp range, or between twelve and
two o'clock wire feed positions giving 350 to 490 in./min (150 to 210 mm/s). In this range,
in which there is minimum weld spatter, the weld deposits are in the form of minute drop-
lets and vaporized weld metal.

The quadrants at the top in Fig. 3 show some typical settings for feed rate, voltage, and
current, with different shielding gases. An ideal starting point with a 0.045-in. (1.2-mm)
diameter electrode is to set the wire feed rate knob at the one o'clock position, or 420
in./min, at which rate the current drawn, depending on the power source used, should be
about 320 to 350 amps. The best starting voltage for the 0.045-in. (1.2-mm) electrode is 30
volts. The arc length should then be set as indicated in Fig. 4. With current over 400 amps
at 560 in./min, the 0.045-in. diameter electrode may produce a turbulent weld puddle and a
digging arc, which can lead to lack of fusion, porosity, and cracks.

GMAW Spray Transfer with 0.062-in. (1.6-mm) Diameter Electrodes.—Elec t rode
wire of 0.062-in. (1.6-mm) diameter is the largest size in normal use and is often chosen for
its high deposition rates. Due to the high-current requirements for the spray transfer mode,
use of these thicker electrodes is generally restricted to metal thicknesses of 1⁄2 in. (13 mm)
and thicker. The high-current requirement reduces ease of welding. This electrode size is
suitable for mechanized welding in which fillet welds greater than 3⁄8 in. (9.6 mm) are
required.

As indicated at the lower left in Fig. 3, the current range for 0.062-in. (1.6-mm) elec-
trodes is narrow and most welds are made in the range of 360 to 420 amps, or between the
ten and eleven o'clock positions on the wire feed control unit for 210 to 280 in./min (90 to
120 mm/s). The quadrants at the lower center and lower right in Fig. 3 show deposition
rates in lb/h and kg/h for 0.045-in. (1.2-mm) and 0.062-in. (1.6-mm) diameter electrodes.

Some optimum settings for GMAW welding with a mixture of argon + 15 to 20 per cent
CO2 gases are given in Table 5.

Fig. 2. GMAW Spray Transfer Parameters with 
0.035-inch (0.9-mm) Diameter Electrodes
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Table 5. Optimum Settings for GMAW with Argon + 15–20 per cent CO2

Note: If argon + oxygen gas mixtures are used, voltage should be lowered by 1 to 4 volts for the
spray transfer mode. The faster the weld travel speed, the lower the voltage required.

Spray Transfer Voltage.—The usual setting for spray transfer welding with commonly
used electrode diameters is between 25 and 35 volts (see Fig. 4A). To set the optimum volt-
age for GMAW spray transfer, set the voltage initially so that it is too high, usually between
30 and 35 volts. With excess voltage, there should be a visible gap between the tip of the
electrode and the weld, and the arc sound should be free from crackle. With the sequence
shown in Fig. 4, the voltage should now be reduced until a consistent smooth crackle sound
is produced. If the voltage is lowered too much, the electrode will run into the weld, mak-
ing a harsh crackling sound, and the resulting weld expulsion will cause spatter.

Fig. 3. GMAW Spray Transfer Parameters for Various Electrodes and Gases.

Diameters

Mode

Wire Feed Rates

Amps Voltsinch mm in/min m/min

0.035 1.0
short circuit 210 5.3 140 17

spray transfer 560 14.2 280 29–30

0.045 1.2
short circuit 210 5.3 190 18

spray transfer 420 10.7 380 30–31

0.052 1.4 spray transfer 280 7.1 370 31–32

0.062 1.6 spray transfer 280 7.1 410 31–32
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Fig. 4. Setting Optimum Voltage for GMAW Spray Transfer Welding.

Flux-Cored Arc Welding

FCAW welding offers unique benefits for specific applications, but flux-cored consum-
able electrodes cost more than the solid electrodes used in gas metal arc welding, so users
need to be aware of FCAW benefits and disadvantages compared with those of GMAW
welding. Generally, flux-cored electrodes designed for use without a shielding gas are
intended for welding outdoors. Most indoor FCAW welding is done with gas-shielded
FCAW welding electrode wire. Some Standards for gas-shielded FCAW electrodes for
various countries are listed in Table 6.

Table 6. Standards for Gas-Shielded, Flux-Cored Welding Electrodes

All-Position, Gas-Shielded Electrodes.—The term “all-position” does not necessarily
mean that these electrodes are the best choice for all positions. Also, flux-cored electrodes
may meet all standard specifications, but there will inevitably be subtle differences in weld
transfer characteristics and recommended current, voltage, and other settings between
electrodes made by different manufacturers. The chemistry and slag of the electrodes
developed for welding in the flat and horizontal positions (E70T-X) typically provide
superior results when they are used for flat and horizontal applications where the surface
conditions of the plate are suspect or large, deep-penetrating welds are required. All-posi-
tion electrodes are intended for, and best used in, vertical and overhead welds. For exten-

Steel Type Country Standard

Low-Carbon Steels

USA AWS A5.20

Canada CSA W48.5

Japan JIS Z3313

Germany DIN 8559

Low-Alloy Steels

USA AWS A5.29

Canada CSA W48.3-M

United Kingdom BS 639-2492

Stainless Steels USA AWS A5.22

VOLTS
(too high)

Long Arc
Quiet Spray

Sound

VOLTS

31    32    33

A

A

VOLTS
(too low)

No Arc
Noisy Erratic

Crackle Spatter

VOLTS

24    25    26

B

B

VOLTS
(Correct)

Small Arc Length
Smooth Crackle

Sound

VOLTS

26    27    28

C

C
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sive welding in flat or horizontal positions, the welder is better served with the electrodes
designed for these specific positions.

All-position, gas-shielded FCAW electrodes provide unique benefits and potential for
cost savings. In contrast with short-circuit GMAW, or pulsed GMAW, the all-position
FCAW electrodes used for vertical up welding of carbon, low-alloy, or stainless steels are
simpler to operate, are capable of greater weld quality, and will provide two to three times
the rate of weld deposition. The electrode most commonly used in the USA for vertical up
welding on carbon steels is the type E71T-1. The equivalent to the E71T-1 standardized
electrode specification now in use in other countries include: Canada, E4801T9; Germany,
SGR1; and Japan, YFW 24.

If the end user selects the correct all-position electrode diameter, the routine weaving of
the electrode during vertical up and overhead applications may be minimized. Keeping the
weld weave to a minimum reduces the skill level needed by the welder and increases the
potential for consistent side-wall fusion and minimum porosity. If weaving is necessary, a
straight-line oscillation technique is often preferred. Typical settings for welding with var-
ious sizes of gas-shielded FCAW electrodes are shown in Table 7.

Table 7. Typical Settings for Welding with Gas-Shielded FCAW Electrodes

Material Condition and Weld Requirements.—Practical considerations for selecting a
gas-shielded, flux-cored electrode depend on the material condition and weld require-
ments. FCAW electrodes are beneficial if the surface of the material to be welded is con-
taminated with mill scale, rust, oil, or paint; the fillet weld size is to be over 3⁄8 in. (9.6 mm)
wide (a GMAW single-pass fillet weld with an electrode size of 0.045 in. is typically 3⁄8 in.
wide); the weld is vertical up, or overhead; the required impact strengths and other
mechanical properties are above normal levels; crack resistance needs to be high; and
increased penetration is required.

Selecting an FCAW Electrode.—Selection of FCAW electrodes is simplified by match-
ing the characteristics of flux-cored types with the material and weld requirements listed
above. Once the correct electrode type is selected, the next step is to choose the optimum
size. In selecting an all-position, flux-cored electrode for vertical up or overhead welding,
the steel thickness is the prime consideration. Selecting the optimum electrode diameter
allows the high current capability of the electrode to be fully used to attain maximum dep-
osition rates and allows use of the highest penetrating current without concern for exces-
sive heat-related problems during welding. When used in the optimum current range, the
deposited filler metal matches the required amount of filler metal for the specific size of the
weld, determined by the plate thickness.

Electrode Diameter

Vertical Up Welds Flat and Horizontal Weldsinch (mm)

0.035 (1)
Feed rate

Current
Voltage

450 ipm (11.4 m/min)
165 amps
28 volts

Feed rate
Current
Voltage

630 ipm (16.0 m/min)
250 amps
30 volts

0.045 (1.2)
Feed rate

Current
Voltage

350 ipm (8.9 m/min)
200 amps
25 volts

Feed rate
Current
Voltage

560 ipm (14.2 m/min)
280 amps
26 Volts

0.052 (1.4)
Feed rate

Current
Voltage

240 ipm (6.1 m/min)
200 amps
25 volts

Feed rate
Current
Voltage

520 ipm (13.2 m/min)
300 amps
30 volts

0.062 (1.6)
Feed rate

Current
Voltage

210 ipm (5.3 m/min)
240 amps
25 volts

Feed rate
Current
Voltage

350 ipm (8.9 m/min)
340 amps
29 volts

3⁄32 (2.4) …
Feed rate

Current
Voltage

210 ipm (5.3 m/min)
460 amps
32 volts
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The following suggestions and recommendations are made for FCAW welding of car-
bon, low-alloy, and stainless steels having flat surfaces. For vertical up welds on steels of
thicknesses from 1⁄8 to 3⁄16 in. (3.2 to 4.8 mm) and for vertical up welds on pipe in the thick-
ness range of 1⁄4 to 1⁄2 in. (6.4 to 13 mm), consider the 0.035-in. (1.0-mm) diameter E71T-1
electrode. For vertical up welds on steels in the range of 1⁄4 to 3⁄8 in. (6.4 to 9.6 mm) thick-
ness, consider the 0.045-in. (1.2-mm) diameter E71T-1 electrode or, in nonheat-sensitive
applications, the 0.062-in. (1.6-mm) diameter E71T-1 electrode. For vertical up welds on
steels of over 3⁄8 in. (9.6 mm) thickness, consider the 0.062-in. (1.6-mm) diameter E71T-1
electrodes for optimum deposition rates. For flat and horizontal welds on steels of 3⁄8 to 3⁄4 in.
(9.6 to 19 mm) thickness, consider the 1⁄16-in. (1.6-mm) diameter E70T-X electrodes. For
flat and horizontal welds on steels over 3⁄4 in. (19 mm) in thickness, consider the 3⁄32-in. (2.4-
mm) E70T-X electrodes.

FCAW Welding of Low-Carbon Steels.—Low-carbon steel is usually called carbon
steel or mild steel. The most-used FCAW electrode for welding carbon steels in the flat or
horizontal welding positions is the type E70T-1. which is suited to welding of reasonably
clean steel using single-pass or multi-pass welds. Type E70T-2 has added deoxidizers and
is suited to surfaces with mill scale or other contamination. This type is used when no more
than two layers of weld are to be applied. Type E70T-5 is used for single-pass or multi-pass
welds where superior impact properties or improved crack resistance are required. The
E70T-X electrodes typically range in size from 0.045 to 3⁄32 in. (1.2 to 2.4 mm) in diameter.
Type E71T-1 all-position electrodes are available in diameters of 0.035 in. (1 mm) to 0.062
in. (1.6 mm). With the FCAW process, multi-pass welds are defined as a condition where
three or more weld passes are placed on top of each other.

Settings for Gas-Shielded, All-Position, FCAW Electrodes.—The optimum setting
range (volts and amps) for vertical up welding with all-position FCAW electrodes is rather
narrow. The welder usually obtains the greatest degree of weld puddle control at the rec-
ommended low to medium current settings. The electrode manufacturers' recommended
current range for an E71T-1 electrode of 0.045-in. (1.2-mm) diameter for vertical up weld-
ing may be approximately 130 to 250 amps. Using the 0.045-in. (1.2-mm) diameter elec-
trode at 250 amps for a vertical up weld in 1⁄4-in. (6.4-mm) thick steel, the welder may find
that after 3 to 4 inches (75–100 mm) of weld, the weld heat built up in the steel being
welded is sufficient to make the weld puddle fluidity increasingly difficult to control.
Reducing the current to 160–220 amps will make it possible to maintain control over the
weld puddle.

A typical optimum setting for a vertical up weld with an E71T-1, 0.035-in. (1.2-mm)
diameter, all-position electrode is as follows. First, set the wire feed rate. If the wire feeder
maximum rate is 650 to 750 in/min(16.5–19.0 m/min), the setting mark on the adjustment
knob should be set between the one and two o'clock positions on the dial to obtain a feed
rate of 450 in/min(11 m/min). If the wire feeder has a digital readout, the rate setting
should be the same. At the 450-in./min setting, the welding current with the 0.035-in. all-
position electrode should be optimized at between 160 and 170 amps. The welding voltage
should be set at 27 to 28 volts with the electrode tip just touching the weld. If there is a gap
causing the weld puddle to become too fluid, the voltage should be lowered. If the elec-
trode runs into the weld, causing spatter, the voltage needs to be increased.

With the above conditions, welding steel of 1⁄8 to 1⁄4 in. thickness will deposit 5 to 7 lb/h
(2.2 to 3 kg/h). The 0.035-in. electrode is also ideal for welding steel pipe with wall thick-
nesses of less than 1⁄2 in. (13 mm). The thickness of the pipe after bevelling controls the size
of electrode to be used. The 0.035-in. (6.4-mm) electrode can produce a 1⁄4 -in. (6.4-mm)
vertical up fillet weld on such a pipe without weaving.
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Contact Tip Recess.—The dimension labeled contact tip recess in Fig. 2, and indicated as
1⁄8 in.(3 mm), should be about 1⁄2 in. (13 mm) for a minimum electrode extension of 3⁄4 in. (19
mm), for FCAW welding. This dimension is critical for obtaining high-quality welds with
all-position electrodes because they have a fast-freezing slag and operate with low to
medium current and voltage. If the recess dimension is less than the optimum, the voltage
may be lower than the minimum recommended, and if the settings are less than the mini-
mum, the fast-freezing slag may solidify too rapidly, causing excess porosity or “worm
tracks” on the weld surface.

The recommended length of electrode extension for all-position FCAW, E71T-1 elec-
trodes is 3⁄4 to 1 in. (19 to 25 mm). The size of this extension not only affects the minimum
required parameters, but a long electrode extension also ensures preheating of the elec-
trode and allows lower current to be used. Preheating the electrode is further beneficial as
it reduces moisture on the electrode surface, and in the electrode flux. When a change is
made from the GMAW to the FCAW process, welders must be aware of the influence on
weld quality of the electrode extension in the FCAW process.
Porosity and Worm Tracks.—As mentioned above, porosity and worm tracks typically
result from a combination of incorrect electrode extension, incorrect welding settings,
humidity, electrode moisture, refill scale, rust, paint, oils, or poor welding technique.
Where humidity levels are high, potential for porosity and worm tracks increases. The
FCAW process is less sensitive to mill scale than the GMAW spray transfer mode but mill
scale will often cause excess weld porosity. The best way to avoid the effects of mill scale,
rust, oil, and surface contaminants is to grind the area to be welded.

Another way to reduce porosity is to keep weaving to a minimum. If the correct size flux-
cored electrode is used, weaving can be kept to a minimum for most flux-cored applica-
tions. The forehand technique produces the best weld bead surface on fillet weld beads up
to 3⁄4 in. (19 mm) steel thickness in the flat and horizontal weld positions. On larger single-
pass fillet welds, the backhand technique is beneficial because the voltage directed at the
weld provides additional weld puddle control to the fluid welds. The backhand technique
used for flat and horizontal welds produces a more convex weld bead, reduces potential for
porosity, and increases penetration.

If porosity or worm tracks occur, the prime solution is in weld practices that increase heat
at the weld, but the following remedies can also be tried. Grind clean the surface to be
welded; use recommended electrode extensions; increase current (wire feed rate) decrease
voltage; use the backhand welding technique; slow down travel speed, consider use of a
different electrode formulation containing increased deoxidizers, avoid weaving; change
from argon + CO2 mixture to straight CO2; and provide a protective cover to keep the elec-
trode spool clean and dry.
Welding with 0.045-in. (1.2-mm) Diameter All-Position Electrodes.—Fig. 5 shows
wire feed settings for welding of steel with 0.045-in. (1.2-mm) diameter, E71T-1 all-posi-
tion electrodes using a mixture of argon + 15 to 25 per cent CO2 as the shielding gas, and an
electrode extension of 3⁄4 in. (18 mm). Parameters for vertical up welding, shown at the left
in Fig. 5, include setting the wire feed rate at the twelve o'clock position, or about 350
in./min, using 200 to 190 amps, and setting the voltage between 24 and 25 volts. Optimum
parameters for flat welding, shown at the right in Fig. 5 include setting the wire feed rate at
three o'clock position, or 560 in./min (240 mm/s), and 270 amps at 25 to 27 volts.

Welding with 0.052-in. (1.3-mm) Diameter All-Position Electrodes.—Se t t i ngs  fo r
vertical up and flat welding with all-position E71T-1 electrodes of 0.052-in. (1.3-mm)
diameter are seen at the left in Fig. 6. These electrodes are suited to welding steel having
thicknesses of 1⁄4 in. (6 mm) and thicker. For vertical up welding, the wire feed rate is set
between the ten and eleven o'clock positions, or 250 in./min (106 mm/s), with about 200
amps at 25 volts. Flat welding with these electrodes is best done with the wire feed rate set
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between the two and three o'clock positions, or 490 to 560 in./min (207 to 237 mm/s), giv-
ing approximately 300 amps at 28 volts.

Settings for all-position E71T-1 electrodes of 0.062-in. (1.6-mm) diameter, shown at the
right in Fig. 6, for vertical up welding are just before the ten o'clock position, or 190
in./min, giving 230 to 240 amps with voltage adjusted to 24–25 volts. For flat welding, the
wire feed is set to the twelve o'clock position, giving 340–350 amps with a voltage of 29–
30 volts.

High-Deposition, All-Position Electrodes.—Vertical up weld deposition rates of 10 to
14 lb/h can be achieved with the E71T-1, 0.062-in. (1.6-mm) and 0.045-in. (1.2-mm) flux-
cored electrodes. Settings are shown in Fig. 6 for E71T-1, FCAW electrodes of 0.052- and
0.062-in. (1.4- and 1.6-mm) diameter. These electrodes are suited to applications in which
the steel thickness is 1⁄4 in. and thicker, and are the most cost-effective diameter for all-posi-
tion welds on carbon and stainless steels of 1⁄4 in. (6.35 mm) thickness and thicker. In con-
trast, vertical up welds, using GMAW or SMAW, may deposit an average of 2 to 4 lb/h (1
to 2 kg/h). Deposition rates are based on welding 60 minutes of each hour. Pulsed GMAW
provides deposition rates of 3 to 6 lb/h (1.3-2.7 kg/h). Average rates for vertical up welding
with all-position, flux-cored electrodes are shown in Table 8.

The average deposition rates in Table 9 are to be expected with FCAW electrodes avail-
able today. Special electrodes are also available that are specifically designed to provide
higher deposition rates. A typical manual welder, welding on steel of 1⁄4 to 3⁄8 in. thickness
for 30 minutes of each hour with an all-position flux-cored 0.062-in. (1.6-mm) or 0.045-in.
(1.2-mm) diameter electrode would deposit about 4–5 lb/h.

Fig. 5. Wire Feed and Voltage Settings for FCAW Welding with 0.045-in. (1.2-mm)
 Diameter E71T-1 Electrodes. Optimum settings are circled.

Fig. 6. Wire Feed and Voltage Settings for Vertical Up Welding 
with 0.052- and 0.062-in. Diameter Electrodes
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Table 8. Deposition Rates for Vertical Up Welding with All-Position, 
Flux-Cored Electrodes (ET71T-1)

Table 9. Average Deposition Rates for Flat and Horizontal Welds

The average deposition rates of pulsed GMAW and FCAW for vertical up welds are sim-
ilar for applications where the steel thickness is 1⁄8 in. (3.2 mm) or less. On steels thicker
than 1⁄8 in., where the current may be increased, and larger-diameter all-position FCAW
electrodes may be used, deposition rates will be much greater than with pulsed GMAW.
Compared with GMAW electrodes for pulsed welding, FCAW all-position electrodes
require less costly equipment, less welding skill, and have potential for increased weld
fusion with less porosity than with GMAW pulsed techniques.

Electrode Diameters and Deposition Rates.—A cost-effective welding shop can
achieve deposition rates on flat and horizontal welds of 12 to 15 lb/h (5 to 7 kg/h) with both
the GMAW 0.045-in. wire and the 0.062-in. flux-cored wire electrodes, without welder
discomfort, and with welds of consistent quality.

The first consideration in selecting the optimum size of gas-shielded FCAW E70T-X
electrode for manual flat and horizontal welds on steels thicker than 1⁄4 in. (6.4 mm) is the
current requirements needed to achieve deposition rates of 12 to 15 lb/h (5 to 7 kg/h).
Large-size electrodes of 3⁄32-in. (2.4-mm) diameter require 500 amps or more to attain opti-
mum deposition rates. These 3⁄32-in. diameter electrodes are often used with power sources
in the 300–400 amp range, but even when the power source provides 500 to 600 amps,
welding is often performed at the low end of the electrode's current requirements. With the
large, 3⁄32-in. diameter electrodes, welder appeal is low, smoke is often excessive, and dep-
osition rates are often only comparable with smaller, easier-to-operate FCAW electrodes.

Typical deposition rates for flat and horizontal welds with various electrode sizes and
weld settings are shown in Table 9. In connection with this table, it may be noted that high
deposition rates in welding steel plate thicker than 1⁄4 in. require use of currents above the
minimum shown for the various sizes of electrodes. The optimum current requirements for
the most popular electrode sizes indicate that a 450-amp power source is the most suitable
for welding steel of more than 1⁄4 in. thickness. The two most cost-effective and versatile

Electrode Diameter
Typical Deposition Rate

Range Average Deposition Rate

in. (mm) lb/h (kg/h) lb/h (kg/h)

0.035 (1) 2.7–6.5 (1.2–3) 5 (2.3)
0.045 (1.2) 5–11 (2.3–5) 8 (3.6)
0.052 (1.4) 4–8 (1.8–3.6) 6.5 (3)
0.062 (1.6) 4–11 (1.8–5) 8.5 (4)

Process

Electrode Size
Cost-Effective
Current Range

Optimum
Current Deposition Rate

in. (mm) (amps) (amps) lb/h (kg/h)

GMAW
spray transfer

0.035 (1) 250–350 285 9 (4)
0.045 (1.2) 300–400 385 13 (5.9)
0.052 (1.4) 350–470 410 11 (5)
0.062 (1.6) 375–500 450 17 (7.7)

FCAW

0.045 (1.2) 225–310 300 14 (6.4)
0.052 (1.4) 260–350 310 15 (6.8)
0.062 (1.6) 300–400 340 15 (6.8)

3⁄32 (2.4) 380–560 460 17 (7.7)



1448 FLUX-CORED ARC WELDING

consumables for thin and thick steel sections are the 0.045 in. for GMAW and the 0.062 in.
for FCAW electrodes.

The approach to a welding application is critical to achievement of optimum weld quality
at minimum cost. In many applications, minimal consideration is given to weld costs. Half
of every man-hour of welding in many shops could be saved with selection of the correct
electrode diameter used with optimum parameter settings. A practical point that is often
overlooked in selection of FCAW electrodes is that the larger the electrode diameter, the
more restricted is the application thickness range. Large FCAW electrodes such as the 3⁄32
in. (2.4 mm) are neither suitable nor cost-effective for the common steel thickness range of
1⁄4 to 1⁄2 in. (6.4 to 13 mm). Smaller FCAW electrodes such as the 1⁄16-in. (1.6-mm) diameter,
are suitable for both thin and thick applications. A 1⁄6-in. diameter FCAW electrode used in
the 300- to 350-amp range provides excellent deposition rates with superior welder appeal
and negligible smoke.

Large-diameter 3⁄32-in. (2.4-mm) electrodes are popular for manual applications. How-
ever, from a practical point of view, this electrode size is often better suited to mechanized
high-current welding in which the high currents required for optimum deposition rates
may be safely used without health risks. Use of an electrode at 60 to 80 per cent of its weld-
ing current capability indicates that the correct diameter electrode has been selected for the
application. When an electrode is used at its maximum-current capability, it shows that the
next size larger electrode should be preferred, and when the low end of the current capabil-
ity is in use, the electrode selected is typically too large.

The 0.062-in. (1.6-mm) Diameter, E70T-X Electrode.—The 0.062-in. (1.6-mm) diam-
eter FCAW electrode is the most practical size of its type and will provide excellent depo-
sition rate potential with a practical current range and the broadest application range.
Settings for the common 1⁄16-in. diameter E70T-1 electrode are shown in Fig. 7. With the
GMAW process, a 3⁄8- to 7⁄16-in. (9.6- to 11-mm) minimum-weave fillet weld is typically the
maximum size that can be made in a single pass. The 0.062-in. (1⁄16-in, 1.6-mm) FCAW
electrode can easily produce a 3⁄4-in. (19-mm), nonweave, single-pass fillet weld. This size
of electrode is also a practical choice for welding steel of 1⁄4 in. (6.4 mm) or greater thick-
ness. From a cost perspective, FCAW consumable electrodes should be used whenever the
GMAW process is not suitable. 

The average deposition efficiency of a flux-cored electrode is 85 per cent, which means
that for every 100 lb or kg of electrode material used, 85 lb or kg ends up as weld material.
In contrast, the average deposition efficiency of a GMAW electrode used with argon mix-
tures and correct equipment settings should be a minimum of 99 per cent.

Fig. 7. Settings for 1⁄16-in. (1.6-mm) FCAW, E70T-X Electrodes.
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Shielding Gases and FCAW Electrodes.—The E70T-X flux-cored electrodes that are
recommended for flat and horizontal welds use CO2 gas shielding. Because of new OSHA
welding smoke restrictions, manufacturers of FCAW electrodes now provide E70T-X
consumable electrodes that can be used with less reactive argon + CO2 mixtures to reduce
smoke levels. The fast-freezing slag, all-position, E71T-1 flux-cored electrodes can use
either CO2 or argon + 15 to 25 per cent CO2 mixtures for welding carbon, low-alloy, or
stainless steels. The argon + CO2 mixture is often selected because it provides the highest
energy from a reactive gas mixture with a compatible voltage range.

Instead of CO2, welders often prefer the arc characteristics, lower smoke levels, and
lower voltage requirements of the argon + CO2 mixtures for all-position welding. How-
ever, if lower reactive argon mixtures such as argon + oxygen, or argon with less than 13
per cent CO2, are used, the weld voltage requirements and the arc plasma energy are
reduced, adding to the possibility of changing the mechanical properties significantly,
increasing the porosity, and raising the potential for forming worm tracks.

Shielded Metal Arc Welding

With the shielded metal arc welding (SMAW) process, commonly known as stick weld-
ing, it is most important to select an electrode that is suited to the application. For welding
austenitic stainless or high-alloy steels, the electrode is first selected to match the mechan-
ical and chemical requirements of the metal to be welded. Secondary requirements such as
the welding position, penetration potential, deposition capabilities, and ease of slag
removal are then considered. Many electrodes for SMAW welding of low- to medium-car-
bon steels have unique characteristics making them the most suitable and cost-effective for
a specific welding application.

In interpreting the ANSI/AWS Standard specification code for SMAW electrodes shown
in Table 10, for example, E60XX, the E stands for a low-carbon steel, metal arc welding
electrode. The next two digits, such as 60 or 70, indicate the approximate tensile strength
of the weld deposit in thousands of psi. 

Of the last two digits, the first indicates the usability as follows: 1 = usable in all welding
positions;  2 = usable for flat or horizontal positions;  and  3 = usable in flat position only.

The final digit, combined with the above, indicates the type of flux coating, as shown in
Table 10.

British Standard BS 639:1986 defines requirements for covered carbon- and carbon-
manganese-steel electrodes for manual metal arc welding, depositing weld metal having a
tensile strength of not more than 650 N/mm2. Appendix A of this standard lists minimum
mandatory and optional characteristics of these electrodes. The extensive classifications
provide for electrodes to be rated for strength, toughness, and covering (STC), with codes
such as E 51 5 4 BB [160 3 0 H]. In this series, E indicates that the electrode is covered and
is for manual metal arc welding. The next two digits (51) indicate the strength (tensile,
yield, and elongation) properties. The next digits (5 and 4) give the temperatures at which
minimum average impact strengths of 28J (at −40°C) and 47J (at −30°C), using Charpy V-
notch test specimens, are required. The next group is for the covering and the BB stands for
basic, high efficiency. Other letters are B for basic; C for cellulosic; R for rutile, RR for
rutile, heavy coated; and S for other.

Table 10. Significance of Digits in ANSI/AWS A5.18-1979 Standard

Third and
Fourth Digits Flux Type and Characteristics, SMAW Electrodes

10 High-cellulose coating bonded with sodium silicate. Deep penetration, energetic 
spray-type arc. All-positional, DCEPa only

11 Similar to 10 but bonded with potassium silicate to permit use with AC or DCEP
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The letters in brackets are optional, and the first group indicates the efficiency, which is
the ratio of the mass of weld metal to the mass of nominal diameter core wire consumed
with the largest diameter electrode, rounded up to the nearest multiple of 10. The next digit
(3) is the maker's advice for the position(s) to be used. Codes for this category include 1, all
positions; 2, all positions except vertical down; 3, flat, and for fillet welds, horizontal/ver-
tical; 4, flat; 5, flat, vertical/down; and for fillet welds, horizontal/vertical; and 9, other.
The digit at (0), which may have numbers from 0 to 9, shows the polarity, and the minimum
open-circuit voltage to be used for that electrode. A 0 here indicates that the electrode is not
suited for use with AC. The (H) is included only for hydrogen-controlled electrodes that
will deposit not more than 15 ml of diffusible hydrogen for each 100 g of deposited weld
metal. The corresponding ISO Standard for BS 639 is ISO 2560. Low-alloy steel elec-
trodes and chromium and chromium nickel steel electrodes are covered in BS 2493 and BS
2926.

The most common electrodes used for the SMAW process are the AWS types E60XX
and E70XX. SMAW welding electrode Standards are issued by the American Welding
Society (AWS), the British Standards Institute (BS), Canada (CSA), Germany (DIN), and
Japan (JIS) and are shown in Table 11.

AWS E60XX Electrodes.—Characteristics of the E60XX electrodes influence the
weld position capability, ease of slag removal, penetration potential, weld travel speed
capability, and weld deposition rates. These electrodes are designed for welding low-
carbon steels and they provide welds with typical tensile strength in the range of
58,000-65,000 lbf/in2(400–448 MPa), depending on the specific electrode utilized, the
base metal condition and chemistry, and the amount of weld dilution. In selecting an
electrode for SMAW welding, knowing that the mechanical and chemical requirements
have been matched, it is necessary to choose electrodes with characteristics that influ-
ence the features required, as shown in Table 11.

12 High-rutile coating, bonded with sodium silicate. Quiet arc, medium penetration, 
all-positional, AC or DCEN

13 Similar to 12 but bonded with sodium silicate and with easily ionized materials 
added. Gives steady arc on low voltage. All-positional, AC or DCEN

14 Similar to 12 with addition of medium amount of iron powder. All-positional, AC 
or DC

15 Lime-fluoride coating (basic low-hydrogen) bonded with sodium silicate. All-
positional. For welding high-tensile steels. DCEP only

16 Similar to 15 but bonded with potassium silicate. AC or DCEP

18 Similar to 15 but with addition of iron powder. All-positional, AC or DC

20 High iron-oxide coating bonded with sodium silicate. Flat or HV positions. Good 
X-ray quality. AC or DC

24 Heavy coating containing high percentage of iron powder for fast deposition rates. 
Flat and horizontal positions only. AC or DC

27 Very heavy coating with ingredients similar to 20 and high percentage of iron 
powder. Flat or horizontal positions. High X-ray quality. AC or DC

28 Similar to 18 but heavier coating and suited for use in flat and HV positions only. 
AC or DC

30 High-iron-oxide-type coating but produces less fluid slag than 20. For use in flat 
position only (primarily narrow-groove butt welds). Good X-ray quality. AC or 
DC

a DC = direct current, AC = alternating current, EP = electrode positive, EN = electrode negative. 

Third and
Fourth Digits Flux Type and Characteristics, SMAW Electrodes
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Table 11. Characteristics of SMAW Welding Electrodes Made to
Standards of Various Countries

Table 12 shows approximate current requirements for AWS E60XX electrodes for weld-
ing sheet metal carbon steels. The current ranges specified vary slightly with different
electrode manufacturers. For welding sheet metal start at the low end of the given current
requirements with electrodes of 3⁄16-in (5-mm) diameter or smaller. For metals thicker than
10 gage (0.134 in.), start in the center of the current range, then adjust to suit. A high DC
current may result in arc blow, and improved results may then be obtained with AC.

Table 12. Diameters of AWS E6010/E6011 SMAW Electrodes for
Welding Low-Carbon Steel Sheet Metal

For welding thicker materials, a good starting setting is in the middle of the current range
shown in Table 12. In welding material less than 1⁄4-in. (6.4-mm) thick, vertically, with an
E6010 electrode, try a 1⁄8-in. (3.2-mm) electrode at 90 to 100 amps. For welding thicknesses
between 3⁄16 and 5⁄16 in. (5 and 8 mm) with the E6010 electrode, vertically, try the 5⁄16-in. (8-
mm) diameter electrode at 100 to 125 amps. For thicknesses of 3⁄8 to 1 in. (9.5 to 25 mm), try
a 3⁄16-in. (5-mm) diameter electrode at 155 to 165 amps.

Recommended current ranges, shown in Table 13 for the various sizes of AWS E60XX
electrodes most commonly used for welding carbon steel, will give optimum results with
SMAW electrodes. An ideal starting point for the current setting for any SMAW electrode
diameter is in the middle of the range. The current ranges shown are average values taken
from literature of electrode manufacturers in three different countries.

Standard Description

AWS E6010
CSA E41010
BS E4343C10
DIN E4343C4
JIS

Designed for welding pipe and general structures. Excellent for all-position and vertical down 
welding. Slag is light and easy to remove. Deep, penetrating arc. Low deposition rates. 
Polarity DC + (electrode positive).

AWS E6011
CSA E41011
BS E4343C13
DIN E4343C4
JIS D4311

Similar to E6010 but modified to allow use of AC. Excellent for welding sheet metal corner 
joints vertical down. Polarity AC or DC + (electrode positive).

AWS 6012
CSA E41012
BS E4332R12
DIN E4332R(C)
JIS D4313

Designed for welding sheet metal and light structural steels. Medium penetration suitable for 
gaps or where minimum weld dilution is needed. Ideal for flat, horizontal, or vertical down 
welding. Will weld faster than the E6010-11 electrode. Polarity AC or DC—(electrode neg-
ative).

AWS E6013
CSA E41013
BS E4332R21
DIN E4332R3
JIS D4313

Excellent AC or DC—performance. All-position. Shallow penetration. Good choice for low 
open-circuit welding machines. AC or DC both excellent on thin structural applications. 
Polarity AC or DC (DC both polarities).

AWS 6027
CSA 41027
BSE4343A13035
DIN 4343AR11
JIS D4327

Iron powder is added to the flux to provide higher deposition rates. Ideal for multipass groove 
and fillet welding in flat and horizontal positions. Polarity AC or DC (both polarities).

SWG of Sheet Metal to be
Welded

Electrode Diameter Current Starting Level

in. (mm) (amps)

18 3⁄32 (2.5) 45–60

16–14 1⁄8 (3.2) 80–110

12 5⁄32 (4) 125–135

10 3⁄16 (5) 135–150
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AWS E70XX Electrodes.—Information on the most commonly used AWS E70XX elec-
trodes is given in Table 15. For critical welding applications, low-hydrogen electrodes are
typically used. It is most important that manufacturers' instructions regarding storage
requirements for keeping low-hydrogen electrodes free from moisture are followed. Cur-
rent ranges for welding low-carbon steel sheet metal with E70XX electrodes of diameters
from 3⁄32 to 3⁄16 in. (2.5 to 5 mm) are shown in Table 14. The optimum starting point is in the
middle of the current range indicated.

Table 14. Current Ranges for SMAW E70XX Welding Electrodes

In using AWS E7018 electrodes for vertical up welding of plate thicknesses of 3⁄16 to 5⁄16 in.
(5 to 8 mm), try a 1⁄8-in. (3.2-mm) diameter electrode. For vertical up welding of thick-
nesses greater than 5⁄16 in. (8 mm), try a 5⁄32-in. (4-mm) electrode. With AWS E7018 elec-
trodes, to make horizontal fillet welds in plate thicknesses of 10 swg (0.135 in., 3.4 mm),
try a 3⁄16-in. (5-mm) electrode, for 1⁄4-in. (6.4-mm) plate, try the 7⁄32-in. (5.5-mm) electrode,
and for steel plate thicker than 1⁄4 in., try the 1⁄4-in. (6.4-mm) diameter electrode.

Table 15. Characteristics of AWS Electrodes for SMAW Welding

Table 13. Current Ranges for AWS E60XX SMAW Electrodes

Electrode
Diameter E6010/E6011 E6012 E6013 E6027

in. (mm) (amps) (amps) (amps) (amps)
1⁄16 (1.6) … 25–50 20–40 …

3⁄32 (2.5) 40–75 40–100 50–100 …

1⁄8 (3.2) 75–130 85–140 75–135 120–180

5⁄32 (4) 90–170 115–185 110–185 155–245

3⁄16 (5) 135–220 145–240 150–235 200–300

1⁄4 (6.4) 205–325 250–390 240–340 300–410

5⁄16 (8) 260–420 290–480 310–425 370–480

Electrode Diameter E7014 E7018 E7024

in. (mm) (amps) (amps) (amps)
3⁄32 (2.5) 75–120 70–105 85–135

1⁄8 (3.2) 110–155 110–160 130–180

5⁄32 (4) 145–210 150–215 175–240

3⁄16 (5) 190–280 180–275 230–315

7⁄32 (5.5) 255–335 255–350 280–370

1⁄4 (6.4) 330–415 295–360 325–450

5⁄16 (8) 380–490 370–480 390–530

Standard Description

AWS E7014
CSA E48014
BS E5121RR11011
DIN E5121RR8
JIS D4313

An iron-powder, all-position electrode for shallow penetration. 
Excellent for vertical down and applications with poor fit. Similar 
to AWS E6012-E6013 with added iron powder. For welding mild 
and low-alloy steels. Polarity AC or DC, + or −.
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The E7024 electrode is suggested for horizontal fillet welds. For 10-gage (0.135-in, 3.4-
mm) material, try the 1⁄8-in. (3.2-mm) diameter electrode; for above 10-gage to 3⁄16-in. (5-
mm) material, try the 5⁄32-in. (4-mm) diameter electrode. For plate of 3⁄16- to 1⁄4-in. thickness,
try the 3⁄16-in. size, and for plate thicker than 1⁄4 in., try the 1⁄4-in. (6.4-mm) electrode.

Gas Tungsten Arc Welding

Often called TIG (for tungsten inert gas) welding, gas tungsten arc welding (GTAW)
uses a nonconsumable tungsten electrode with a gas shield, and was, until the development
of plasma arc welding (PAW), the most versatile of all common manual welding pro-
cesses. Plasma arc welding is a modified GTAW process. In contrast to GTAW, plasma arc
welding has less sensitivity to arc length variations, superior low-current arc stability,
greater potential tungsten life, and the capability for single-pass, full-penetration welds on
thick sections.

In examining a potential welding application, the three primary considerations are:
achieving a quality weld, ease of welding, and cost. Selecting the optimum weld process
becomes more complex as sophisticated electronic technology is applied to conventional
welding equipment and consumable electrodes. Rapid advances in gas metal arc and PAW
welding power source technology, and the development of many new flux-cored elec-
trodes, have made selection of the optimum welding process or weld consumable more dif-
ficult. When several manual welding processes are available, the logical approach in
considering GTAW for production welding is to first examine whether the job can be
welded by gas metal arc or flux-cored methods.

GTAW Welding Current.—A major benefit offered by GTAW, compared with
GMAW, FCAW, or SMAW, is the highly concentrated, spatter-free, inert heat from the
tungsten arc, which is beneficial for many applications. The GTAW process can use any of
three types of welding current, including: direct-current straight polarity, electrode nega-
tive (DC−), direct-current reverse polarity, electrode positive (DC+), alternating current
with high frequency for arc stabilization (ACHF). Each of the different current types pro-
vides benefits that can be used for a specific application.

GTAW Direct-Current Straight Polarity (DC−): The most common GTAW current is
straight polarity, where the electrode is connected to the negative terminal on the power
source and the ground is connected to the positive terminal. Gas tungsten arc welding is
used with inert gases such as argon, and argon + helium to weld most metals. During a DC−
straight-polarity weld, electrons flow from the negative tungsten electrode tip and pass
through the electric field in the arc plasma to the positive workpiece, as shown in Fig. 8.

AWS E7018
CSA E48018
BS E5154B11026(H)
DIN E5154B(R)10
JIS D5016

An iron-powder, low-hydrogen, all-position electrode. Excellent for 
rigid, highly stressed structures of low- to medium-carbon steel. 
Can also be used for welding mild and high-strength steels, high-
carbon steels, and alloy steels. Polarity AC or DC + reverse polar-
ity.

AWS 7024
CSA E48024
BS E5122RR13034
DIN E5122RR11
JIS D4324

An iron-powder electrode with low hydrogen, usable in all posi-
tions. Excellent for high-amperage, large, fillet welds in flat and 
horizontal positions. Polarity AC or DC, + or −.

AWS E7028
CSA E48028
BS E514B12036(H)
DIN E5143B(R)12
JIS D5026

An iron-powder, low-hydrogen electrode suitable for horizontal fil-
lets and grooved flat position welding. Higher deposition rates. 
More cost-effective than the AWS E7018 electrode. Polarity AC 
or DC + reverse polarity.

Standard Description
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Plasma is a high-temperature, ionized, gaseous column that is formed when electrons in
the arc collide with the shielding gas molecules. The gas atoms lose one or more electrons,
leaving them positively charged. The electrons and the resulting plasma are concentrated
at the electrode tip, where they cause the plasma pressure to be at its greatest. The electron
density thins out as the electrons travel from the straight-polarity, negatively charged,
tungsten electrode across the open arc. As the electrons traverse the arc to the work, the
resulting arc column width increases slightly, controlled in part by the electromagnetic
forces generated by the current. With the increase in the arc column width, the density and
pressure of the plasma decrease. The electrons collide with the work, liberating much heat.
The downward pressure of the plasma is exerted against the surface of the weld pool. The
gas ions in the plasma are positively charged and greater in mass than the electrons.

In DC−, straight-polarity welding, the positive gas ions are drawn to the negative elec-
trode. The electron flow to the weld ensures that most of the arc heat is generated at the pos-
itive work side of the arc. This current setup provides maximum penetration potential, as
indicated in Fig. 8. With DC−, straight polarity, the tungsten electrode can carry a higher
current and operate at lower temperatures than with the other current arrangements.

Direct-Current Reverse Polarity (DC+): With direct-current positive polarity (DC+),
the tungsten electrode is connected to the power-source positive terminal so that the elec-
trons flow from the negative work to the positive electrode. As illustrated in Fig. 9, the
electrons impinging on the electrode tip reverse the direction of the heat concentration that
occurs with straight polarity, as described above. Approximately two-thirds of the heat
generated with DC+ reverse polarity is at the electrode tip, and the electrode becomes very
hot, even with low current levels. DC+ reverse polarity requires large-diameter electrodes.

Fig. 8. Straight Polarity (DC−) Provides Highest Electrode Current Capacity
 and Deepest Penetration Potential.

In the current range of 100 to 150 amps, DC+ reverse polarity requires a 1⁄4-in. (6.4-mm)
diameter electrode. This larger electrode produces a weld puddle almost twice as wide as
that produced by a 120-amp, 1⁄16-in. (1.6-mm) diameter, DC− straight polarity electrode.
Most of the heat is generated at the electrode tip with DC+ reverse polarity, so penetration
is much less than with DC− straight polarity. With DC+ reverse polarity, the positive gas
ions in the arc plasma are drawn to the negative workpiece where they bombard and break
up the surface oxides that form on metals such as aluminum and magnesium. However, the
best welding method for aluminum and magnesium is to use alternating current (AC),
which combines the benefits of DC− straight and DC+ reverse polarity.

Alternating Current (AC): The surface oxides formed on metals such as aluminum and
magnesium disturb the arc and reduce the weld quality. Welding of these metals requires
DC+ reverse or AC polarity to break up the surface oxides. An alternating current (AC)
cycle consists of one-half cycle of straight polarity and one-half cycle of reverse polarity.
With alternating current, the cleaning action benefits of the reverse-polarity arc can be
combined with the electrode current-carrying capacity of the straight-polarity arc. In weld-
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ing aluminum and magnesium, the half cycles of AC polarity may become unbalanced.
During the AC cycle, the reverse electrode-positive portion of the cycle is restricted by the
oxides on the surfaces of these materials. The surface oxides are poor conductors and make
it difficult for the electrons generated by the reverse-polarity part of the cycle to flow from
the work to the electrode tip, but they do not upset the straight polarity in which the elec-
trons flow from the electrode to the work.

Fig. 9. Direct-Current (DC+) Reverse Polarity Provides a Shallow, Wide, Weld Pool.

DC Component: The part of the reverse-polarity cycle of alternating current (AC) that is
upset by the poor conductivity of the oxides is changed into direct-current, straight polarity
(DC−) and is directed back to the power source where it may cause overheating. The feed-
back is referred to as the DC component and its characteristics are important in deciding
which process to use because, if an AC power source designed for shielded metal arc weld-
ing is to be used to weld aluminum by the GTAW process, the power source must be der-
ated to protect the equipment. The power-source manufacturer will provide information on
the level of derating required.

Power sources are available for GTAW that provide a balanced AC wave, and manufac-
turers will provide information about the benefits of balanced wave versus unbalanced
wave, GTAW power sources, and equipment to protect against the DC component.

High Frequency and AC: To maintain the stability of the alternating-current (AC) arc
when the positive cycle of the arc is upset by the aluminum oxide, and to avoid contamina-
tion of the tungsten electrode, high-frequency current is used to assist in arc ignition during
each AC cycle. In direct-current, straight-polarity (DC−) welding of carbon and stainless
steels, the high-frequency current is typically selected by the HF arc start-only switch.
During AC welding of steels without oxide problems, the HF switch may be left on the arc
start-only setting. When AC is used on aluminum, magnesium, or other metals with poor
electron-conductive oxides, the HF switch should be moved to the continuous setting.

High-frequency current is also beneficial in that it promotes gas ionization. The more
positively charged molecules produced, the more cleaning action takes place in the direct-
current, reverse-polarity (DCRP) cycle.
Selecting the Tungsten Electrode Type.—Use of the correct tungsten electrode compo-
sition is vital to producing good-quality GTAW welds. Tungsten has the highest melting
temperature of all metals. Pure tungsten provides a low-current capacity and requires addi-
tion of such alloying elements as thorium or zirconium to increase the current-carrying
capability. The electrode diameter and the electrode tip configuration also require consid-
eration as both have a great influence on the performance and application potential of
GTAW welding.

Table 17 shows typical compositions of commonly used GTAW tungsten electrode
materials from the American Welding Society AWS A5.12 Standard. New electrode com-
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positions have been designed that utilize other alloys and rare-earth metals. These elec-
trodes are designed for longer lives in both GTAW and plasma welding.

 Pure Tungsten: Pure tungsten electrode material provides good arc stability with alter-
nating current (AC). Tungsten has low current capacity and low resistance to electrode
contamination. Pure tungsten is good for low-amperage welding of aluminum and magne-
sium alloys. On medium- to high-current ferrous applications, there is a potential for tung-
sten inclusions in the weld.

With DC, the current capacity of pure tungsten is lower than with the alloyed tungsten
electrodes. During AC welding, a molten ball shape forms at the pure tungsten electrode
tip, and this formation is desirable for welding aluminum.

Table 16. Selection of Gas Tungsten Arc Welding (GTAW) Electrodes

Table 17. Common Tungsten Electrode Compositions

In the classification column, E = electrode; W = tungsten; P = pure; Th = thoriated (thorium oxide);
Zr = zirconiated (zirconium oxide). The colors are codes used by manufacturers to identify the mate-
rial. Tungsten percentages are minimum requirements. The EWTh-3 is also called striped tungsten
because it is made with a strip of thoriated material along the length. This electrode needs to be pre-
heated by striking an arc to melt the tip, providing for the thorium and the tungsten to combine before
welding is started.

The electrode recommendations in Table 16 are a guide to attaining good-quality GTAW
welds from the venous types of polarities available.

Electrode and Current Selection.—Tables 18 and 19 show approximate current recom-
mendations for common electrode types and diameters. The GTAW electrode size should
be selected so that its midrange current provides the energy required for the intended appli-
cation. If the electrode is too thin, excess current may be required, causing the electrode to
wear too quickly or melt and contaminate the weld. If the electrodes used are found to be
constantly at the top end of the current range, a change should be made to the next larger
size. Tables 20 and 21 show recommended sizes of electrodes and filler metal rods or wires
for welding various thicknesses of carbon, low-alloy, and stainless steels and aluminum.

Table 18. Recommended Current Ranges for Thoriated GTAW Electrodes

Base Metal Electrode Current Recommendations

Carbon, low-alloy, stainless, 
and nickel steels

Thoriated DCEN Use EWZr electrodes with AC on 
thin materials

Aluminum Zirconium
or pure tungsten

AC Use EWZr on critical applications

Aluminum Thoriated
zirconium

DCEP Use EWZr or EWP electrodes with DCEP on 
thin sections

Copper and copper alloys Thoriated DCEN Use EWZr or EWP with AC on thin sections

Magnesium Zirconium AC Use DCEP with same electrode on thin sections

Titanium Thoriated DCEN …

Classification Color
Tungsten

(%)
Thorium Oxide

(%)
Zirconium Oxide

(%)

EWP Green 99.50 … …

EWTh-1 Yellow 98.50 0.8–1.2 …

EWTh-2 Red 97.50 1.7–2.2 …

EWTh-3 Blue 98.95 0.35–0.55 …

EWZr Brown 99.20 … 0.15–0.4

Electrode Current Range (amps)
1⁄16 in. (1.6 mm) 60–150

3⁄32 in. (2.4 mm) 150–250

1⁄8 in. (3.2 mm) 250–400

5⁄32 in. (4 mm) 400–500
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The electrode selected must suit the application and the current capacity of the power source.

Table 19. Current Ranges for EWP and EWZr GTAW Electrodes

Table 20. Electrode and Current Recommendations 
for Carbon, Low-Alloy, and Stainless Steels

Note: The shielding gas is argon at 15 to 20 cu ft/h (CFH). For stainless steel, reduce the current by
approximately 10 per cent.

Table 21. Recommendations for GTAW Welding of Aluminum
with EWP Electrodes Using AC and High-Frequency Current

Thoriated Electrodes: In contrast with the pure EWP electrodes, thoriated electrodes
have a higher melting temperature and up to about 50 per cent more current-carrying
capacity, with superior arc starting and arc stability. These electrodes are typically the first
choice for critical DC welding applications, but do not have the potential to maintain a
rounded ball shape at the tip. The best welding mode for these electrodes is with the tip
ground to a tapered or fine point.

Zirconiated Electrodes: Tungsten electrodes with zirconium are practical for critical
applications and have less sensitivity to contamination and superior current capacity than
pure tungsten electrodes.

Protecting and Prolonging Electrode Life: To improve tungsten electrode life, the tip
should be tapered in accordance with the manufacturer's recommendations. There must
also be preflow, postflow shielding gas coverage to protect the electrode before and after
the weld. When possible, high frequency should be used to avoid scratch starts, which con-
taminate the electrode. The shortest possible electrode extension should be employed, to
avoid the possibility of the electrode touching the filler or weld metal. The grinding wheel
used to sharpen the tungsten must not be contaminated from grinding other metals or with
dirt.

Electrode
Ampere Range
AC Balanced

Ampere Range
AC Unbalanced

in. (mm) EWP EWZr EWP EWZr
1⁄16 (1.6) 30–80 60–120 50–100 70–150

3⁄32 (2.4) 60–130 100–180 100–160 140–235

1⁄8 (3.2) 100–180 160–250 150–210 225–325

5⁄32 (4) 160–240 200–320 200–275 300–400

Material Thickness
Electrode
Diameter

Filler Rod
Diameter Current Range (amps)

in. (mm) in. (mm) in. (mm) DCEN EWTh
1⁄16 (1.6) 1⁄16 (1.6) 1⁄16 (1.6) 60–100

1⁄8 (3.2) 3⁄32 (2.4) 3⁄32 (2.4) 150–170

3⁄16 (4.8) 3⁄32 (2.4) 1⁄8 (3.2) 180–220

1⁄4 (6.4) 1⁄8 (3.2) 5⁄32 (7.2) 260–300

Material Thickness Electrode Diameter
Filler Rod
Diameter AC Current Range

in. (mm) in. (mm) in. (mm) (amps)
1⁄16 (1.6) 1⁄16 (1.6) 1⁄16 (1.6) 40–70

1⁄8 (3.2) 3⁄32 (2.4) 3⁄32 (2.4) 70–125

3⁄16 (4.8) 1⁄8 (3.2) 1⁄8 (3.2) 110–170

1⁄4 (6.4) 5⁄32 (4) 3⁄16 (4.8) 170–220
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Filler Metals.—Specifications covering composition and mechanical properties for
GTAW filler metal are published by the American Welding Society under the following
classifications: A5.7, copper and copper alloys;  A5.9, chromium and chromium nickel;

A5.10, aluminum;  A5.14, nickel;  A5.16, titanium;  A5.18, carbon steels;  A5.19, magne-
sium;  and  A5.28, low-alloy steels.

Filler metals must be kept dry and clean if they are to be used satisfactorily.

Shielding Gases.—Inert gases such as argon, and argon + helium mixtures are most com-
monly used for GTAW. Helium provides greater thermal conductivity and additional arc
voltage potential than argon, and is normally added to argon when more weld energy is
required for improved penetration and increased mechanized welding travel speeds.
Argon gas mixtures containing 30 to 75 per cent helium provide benefits for manual weld-
ing of aluminum over 3⁄8 in. (9.6 mm) thick; mechanized welding of aluminum where high
speeds are required; mechanized welding of carbon and stainless steels where good pene-
tration is needed; mechanized welding of stainless steel where good penetration and faster
speeds are required; and for copper of 1⁄4 in. (6.4 mm) thickness and thicker.

Shielding gas purity for GTAW welding is important. Welding-grade argon is supplied
at a purity of at least 99.996 per cent and helium is produced to a minimum purity of 99.995
per cent. However, shielding gases may be contaminated due to poor cylinder filling prac-
tices. If impure gas is suspected, the following test is suggested. With the HF and power on,
create an arc without welding and hold the arc for about 30 seconds. Examine the electrode
tip for signs of unusual coloration, oxidation, or contamination, which result from impuri-
ties in the shielding gas.

Plasma Arc Welding (PAW)

When an electric current passes between two electrodes through certain gases, the energy
of the gas molecules is increased so that they accelerate and collide with each other more
often. With increases in energy, the binding forces between the nuclei and the electrons are
exceeded, and electrons are released from the nuclei. The gas now consists of neutral mol-
ecules, positively charged atoms, and negatively charged electrons. The plasma gas is said
to be ionized, so that it is capable of conducting electric current. Plasma forms in all weld-
ing arcs but in plasma arc welding it is generated by a series of events that begins with inert
gas passing through the welding torch nozzle. High-frequency current is then generated
between the tungsten electrode (cathode) and the torch nozzle (anode), forming a low-cur-
rent pilot arc. The ionized path of this nontransferred arc is then transferred from the tung-
sten electrode to the work, and a preset plasma current is generated.

The above sequence of events provides the ionized path for the plasma current between
the electrode and the work so that arcing between the electrode and the nozzle ceases.
(Nontransferred arcs may be used for metal spraying or nonmetallic welds.) Forcing the
ionized gas through the small orifice in the nozzle increases both the level of ionization and
the arc velocity, and arc temperatures between 30,000 and 50,000°F (16,650 and
27,770°C) are generated.

Gases for Plasma Arc Welding.—Argon is the preferred gas for plasma arc welding
(PAW) as it is easily ionized and the plasma column formed by argon can be sustained by
a low voltage. The low thermal conductivity of argon produces a plasma column with a
narrow, concentrated hot core surrounded by a cooler outer zone. Argon plasmas are suited
to welding steel up to 1⁄8 in. (3.2 mm). For thicker materials, requiring a hotter arc and using
higher current melt-in technique, a mixture of argon 25 + helium 75 per cent may be used.
Additions of helium and hydrogen to the gas mixture improve heat transfer, reduce poros-
ity, and increase weld travel speed. For welding materials thinner than 1⁄8 in. thick by the
plasma gas keyhole method (full penetration welds), gases may contain up to 15 per cent
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hydrogen with the remainder argon. Good results are obtained with argon + 5 per cent
hydrogen in welding stainless and nickel steels over 1⁄8 in. thick.

Shielding Gases.—A shielding gas is needed to protect the narrow plasma arc column and
the weld pool, and generally is provided by mixtures of argon, argon + hydrogen, argon +
helium, or argon + O2 + CO2, depending on compatibility with the material being welded.
Shielding gas flow rates vary from 5 to 35 cu ft/h (2.4 to 17 l/min). However, if argon is
used for both plasma and shielding, the plasma gas will become less concentrated. The nor-
mally tight plasma arc column will expand in contact with the colder shielding gas, reduc-
ing ionization and thus concentration and intensity of the plasma column. With no
shielding gas, the tight column is unaffected by the surrounding oxygen and nitrogen of the
atmosphere, which are not easily ionized.

Hydrogen is added to the shielding gas when welding low-alloy steels of less than 1⁄16 in.
(1.6 mm) thickness, or stainless and nickel steels, with many benefits. The hydrogen mol-
ecules dissociate in contact with the arc at temperatures of about 7,000°F (3,870°C) and the
energy thus created is released when the hydrogen molecules recombine on contact with
the work surface. The diatomic molecular action creates a barrier around the plasma, main-
taining column stiffness. Hydrogen in the shielding gas combines with oxygen in the weld
zone, releasing it into the atmosphere and keeping the weld clean. Hydrogen reduces the
surface tension of the weld pool, increasing fluidity, and the added energy increases pene-
tration.

Helium mixed with the argon shielding gas is beneficial for all metals as it increases the
ionization potential, allowing use of higher voltages that give increased welding tempera-
tures. Flow rates are in the range of 15 to 50 cu ft/h (7 to 24 l/min). Arc-starting efficiency
is reduced with pure helium, but adding 25 per cent of argon helps both arc starting and sta-
bility. Helium additions of 25 to 75 per cent are made to obtain increased thermal benefits.

Argon + CO2 shielding gas mixtures are beneficial in fusion welding of carbon steels. A
mixture of argon with 20 to 30 per cent CO2 improves weld fluidity. Shielding gas mixtures
of argon + CO2 with an argon + 5 per cent hydrogen plasma should be considered for weld-
ing carbon steel of 1⁄16 to 1⁄4 in. thickness. Steels with higher amounts of carbon have higher
heat conductivity and need application of more heat than is needed with stainless steels.
Manufacturers usually make recommendations on types of gas mixtures to use with their
equipment.
PAW Welding Equipment.—The PAW process uses electrode negative (DCEN) polar-
ity in a current range from 25 to 400 amps, and equipment is offered by many manufactur-
ers. Solid-state inverter units are available with nonmechanical contactors. Most PAW
units contain a high-frequency generator, a small DC power supply, controls for welding
and shielding gas mixtures, and a torch coolant control. A weld sequencer is recom-
mended, especially for keyhole mode welding, but it is also useful in automated fusion
welding. The sequencer provides control of up-slope and down-slope conditions for gas
mixtures and current, so that it is possible to make welds without run-on and run-off tabs,
as is necessary with circumferential welds.

Generally, plasma arc torches are liquid-cooled using deionized water in the coolant
lines to the torch to avoid effects of electrolysis. Electrodes are usually tungsten with 2 per
cent thorium. If the welding shop already has a constant-current power supply and a cool-
ant recirculator, plasma arc welding may be used by addition of a pilot arc welding console
and a torch.
Applications.—Fusion welding is the main use for plasma arc welding. The process is
used for high-volume, repetitive, high-duty cycle, manual and automated operations on
lap, flange, butt, and corner fusion welds, in all positions. Joint design for materials less
than 0.01 in. (0.254 mm) thick may require a flange type joint for rigidity and to allow use
of extra, weld metal reinforcement. Filler metal may be added during fusion welding, and
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automated hot or cold wire feeders can be used. Fusion welding uses a soft, less-restricted
arc with low gas flows, and the current level may vary from approximately 25 to 200 amps.
The soft arc is obtained by setting the end of the tungsten electrode level with the face of the
torch nozzle, in which position lower currents and gas flows are required. With these con-
ditions, the weld bead is slightly wider than a bead produced with a recessed electrode.

Low-Current Plasma Fusion Welding: With the reduced consumption of gas and elec-
tric current, the low-current plasma fusion welding method is ideal for welding metals
down to 0.001 in. (0.025 mm) in thickness, as the low-current plasma pilot arc allows arcs
to be started consistently with currents of less than 1 amp. With currents below 1 amp, the
pilot arc is usually left in the continuous mode to maintain the arc. In the conditions
described, arc stability is improved and the process is much less sensitive to variations in
the distance of the torch from the workpiece. Given this height tolerance, setting up is sim-
plified, and with the smaller torches required, it is often easier to see the weld pool than
with the GTAW process. Some plasma welding units incorporate gas flow meters that are
designed for low flow rates, and currents in the range of 0.1 to 15 amps can be selected.

Low-current plasma arc welding is more economical than other gas tungsten arc welding
methods, especially with solid-state inverter systems and smaller torches. The process is
useful for sealing type welds where joint access is good, and for welding components of
office furniture, household items, electronic and aerospace parts, metallic screening, and
thin-wall tubing.

Keyhole mode welding describes a method whereby abutting edges of two plates are
melted simultaneously, forming a vapor capillary (or keyhole) and the resulting molten-
walled hole moves along the joint line. This method requires the end of the tungsten elec-
trode to be positioned well back inside the torch nozzle to produce a high-velocity,
restricted arc column with sufficient energy to pierce the workpiece. This mode is also
used for the plasma cutting process, but the major difference is that welding uses very low
plasma flow rates of the order of 1 to 3 cu ft/h (0.5 to 1.4 l/min) for work thicknesses of 1⁄16

to 5⁄32 in. (1.6 to 4 mm). These low rates avoid unwanted displacement of the weld metal.
After the arc pierces the workpiece, the torch moves along the weld line and the thin layer
of molten metal is supported by surface tension as it flows to the rear of the line of move-
ment, where it solidifies and forms the weld.

As it passes through the keyhole, the high-velocity plasma gas column flushes the molten
weld pool and carries away trapped gases and contaminants that otherwise would be
trapped in the weld. Plasma arc keyhole welding is affected less by surface and internal
defects in the work material than is the GTAW process. Most metals that can be welded by
the gas tungsten arc method can be plasma arc welded with the conventional DC electrode,
negative keyhole method, except aluminum, which requires a variable polarity keyhole
method.

Plasma keyhole welding is usually automated because it requires consistent travel speed
and torch height above the work. A typical operation is welding steel with square abutting
edges (no bevels) in thicknesses of 0.09 to 0.375 in. (2.3 to 9 mm), where 100 per cent pen-
etration in a single pass is required. Producing square-groove butt welds in materials
thicker than 1⁄2 in. by the plasma arc keyhole process requires some edge preparation and
several filler passes. The finished weld is uniformly narrow and the even distribution of
heat means that distortion is minimized.
Welding Aluminum.—The variable polarity plasma arc (VPPA) process was developed
for welding metals that form an oxide skin, such as aluminum. Electrode negative
(straight) polarity is necessary for the plasma arc to provide sufficient heat to the work-
piece and minimize heat buildup in the tungsten electrode. With electrode negative polar-
ity, electrons move rapidly from the negative cathode tungsten electrode to the positive
anode workpiece, generating most of the heat in the workpiece. Because of the oxide skin
on aluminum, however, straight polarity produces an erratic arc, poor weld fluidity, and an
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irregularly shaped weld bead. The oxide skin must be broken up if the metal flow is to be
controlled, and this breakup is effected by a power supply that constantly switches from
negative to positive polarity.

A typical cycle uses a 20-ms pulse of electrode negative polarity and a 3-ms pulse of elec-
trode positive polarity. The pulses are generated as square waves and the positive (clean-
ing) pulse is set at 30 to 80 amps higher than the negative pulse for greater oxide-breaking
action. The tenacious oxide skin is thus broken constantly and the rapid cycle changes
result in optimum cathode cleaning with minimum deterioration of the tungsten electrode
and consistent arc stability. Varying polarity has advantages in both gas metal arc and
plasma arc welding, but with the keyhole process it allows single-pass, square-groove,
full-penetration welds in materials up to 1⁄2 in. (12.7 mm) thick.

The VPPA process ensures extremely low levels of porosity in weld areas in aluminum.
VPPA welding is often used in the vertical up position for aluminum because it provides
superior control of root reinforcement, which tends to be excessive when welding is done
in the flat position. Pulsing in the VPPA process when welding aluminum of 1⁄8 to 1⁄4 in.
thickness in the flat position gives satisfactory root profiles. Pulsing gives improved arc
control in keyhole welds in both ferrous and nonferrous metals and is beneficial with melt-
in fusion welding of thin materials as it provides better control of heat input to the work-
piece.

Plasma Arc Surface Coating

Plasma Arc Surfacing uses an arc struck between the electrode and the workpiece, or
transferred arc, to apply coatings of other metals or alloys to the workpiece surface. This
high-temperature process produces homogeneous welds in which the ionized plasma gas
stream melts both the work surface and a stream of powdered alloy or filler wire fed into
the arc. Dilution of the base metal can be held below 5 per cent if required. With arc tem-
peratures between 25,000 and 50,000°F (14,000 and 28,000°C), deposition occurs rapidly,
and a rate of 15 lb/h (6.8 kg/h) of powdered alloy is not unusual. Deposition from wire can
be performed at rates up to 28 lb/h (12.7 kg/h), much higher than with oxygen/fuel or gas
metal/arc methods.

In the nontransferred arc process used for coating of surfaces, the arc is struck between
the electrode and the torch nozzle, so that it does not attach to the work surface. This pro-
cess is sometimes called metal spraying, and is used for building up surfaces for hard fac-
ing, and for application of anticorrosion and barrier layers. Argon is frequently used as the
plasma gas. As the coating material in the form of powder or wire enters the plasma, it is
melted thoroughly by the plasma column and is propelled toward the work at high velocity
to form a mechanical bond with the work surface. Some 500 different powder combina-
tions are available for this process, so that a variety of requirements can be fulfilled, and
deposition rates up to 100 lb/h (45 kg/h) can be achieved.

The plasma arc process allows parts to be modified or recovered if worn, and surfaces
with unique properties can be provided on new or existing components. Low levels of
porosity in the deposited metal can be achieved. Metal spraying can be performed manu-
ally or automatically, and its use depends primarily on whether a mechanical bond is
acceptable. Other factors include the volume of parts to be treated, the time needed for the
process and for subsequent finishing, the quality requirements for the finished parts, rejec-
tion rates, and costs of consumable materials and energy.

Some systems are available that can use either metal powder or wire as the spray mate-
rial, and can be operated at higher voltage settings that result in longer plasma arc lengths
at temperatures over 10,000°F (5,537°C). With these systems, the plasma velocity is
increased to about 12,000 ft/s (3,658 m/s), giving an extremely dense coating with less than
1 per cent porosity. Current ranges of 30 to 500 amps are available, and nitrogen is fre-
quently used as the plasma gas, coupled with CO2, nitrogen, or compressed air as the
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shielding gas. Gas flow rates are between 50 and 350 cubic feet per hour (24 and 165
l/min). Large or small surface areas can be coated at low cost, with minimum heat input, if
other aspects of the process are compatible with the product being made.

Plasma Arc Cutting of Metals

Plasma Arc Cutting.—Higher current and gas flow rates than for plasma arc welding are
used for the plasma arc cutting (PAC) process, which operates on DC straight polarity, and
uses a transferred arc to melt through the material to be cut. The nozzle is positioned close
to the work surface and the velocity of the plasma jet is greatly increased by a restricting
nozzle orifice so that it blows away the metal as it is melted to make the cut. The higher
energy level makes the process much faster than cutting with an oxygen/fuel torch on cut-
ting steel of less than 1⁄2 in.(12.7 mm) thick, but the process produces kerfs with some vari-
ation in the width and in the bevel angle, affecting the precision of the part. Some of the
molten metal may recast itself on the edges of the cut and may be difficult to remove.

Factors that affect plasma cutting include the type and pressure of the gas, its flow pat-
tern, the current, the size and shape of the nozzle orifice, and its closeness to the work sur-
face. To reduce noise and fumes, mechanized plasma arc cutting is often performed with
the workpiece submerged in water. Oxidation of cut surfaces is almost nonexistent with
the underwater method.
Precision Plasma Arc Cutting.—A later development of the above process uses a mag-
netic field in the cutter head to stabilize the plasma arc by means of Lorentz forces that
cause it to spin faster and tighter on the electrode tip. The magnetic field also confines the
spinning plasma so that a narrower kerf is produced without adverse effect on cutting
speed. Results from this process are somewhat comparable with those from laser cutting
and, with numerical control of machine movements, it is used for production of small
batches of blanks for stamping and similar applications. With galvanized and aluminized
steel, edges are clean and free from burrs, but some slag may cling to edges of mild-steel
parts.

Cutting Metals with an Oxidizing Flame

The oxyhydrogen and oxyacetylene flames are especially adapted to cutting metals.
When iron or steel is heated to a high temperature, it has a great affinity for oxygen and
readily combines with it to form various oxides, and causing the metal to be disintegrated
and burned with great rapidity. The metal-cutting or burning torch operates on this princi-
ple. A torch tip is designed to preheat the metal, which is then burned or oxidized by a jet of
pure oxygen. The kerf or path left by the flame is suggestive of a saw cut when the cutting
torch has been properly adjusted and used. The traversing motion of the torch along the
work may be controlled either by hand or mechanically.
Arc Cutting.—According to the Procedure Handbook of Arc-Welding Design & Prac-
tice, published by The Lincoln Electric Co., a steel may be cut easily, and with great accu-
racy by means of the oxyacetylene torch. All metals, however, do not cut as easily as steel.
Cast iron, stainless steels, manganese steels, and nonferrous materials are not as readily cut
and shaped with the oxyacetylene cutting process because of their reluctance to oxidize.
For these materials, arc cutting is often used to good advantage.

The cutting of steel is a chemical action. The oxygen combines readily with the iron to
form iron oxide. In cast iron, this action is hindered by the presence of carbon in graphite
form. Thus, cast iron cannot be cut as readily as steel; higher temperatures are necessary
and cutting is slower. In steel, the action starts at bright red heat, whereas in cast iron, the
temperature must be nearer to the melting point to obtain a sufficient reaction.
The Cutting Torch.—The ordinary cutting torch consists of a heating jet using oxygen
and acetylene, oxygen and hydrogen, or, in fact, any other gas that, when combined with
oxygen, will produce sufficient heat. By the use of this heating jet, the metal is first brought
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to a sufficiently high temperature, and an auxiliary jet of pure oxygen is then turned onto
the red-hot metal, and the action just referred to takes place. Some cutting torches have a
number of preheating flame ports surrounding the central oxygen port, so that a preheating
flame will precede the oxygen regardless of the direction in which the torch is moved. This
arrangement has been used to advantage in mechanically guided torches. The rate of cut-
ting varies with the thickness of the steel, the size of the tip, and the oxygen pressure.

Adjustment and Use of Cutting Torch.—When using the cutting torch for the cutting of
steel plate, the preheating flame first comes into contact with the edge of the plate and
quickly raises it to a white-hot temperature. The oxygen valve is then opened, and as the
pure oxygen comes into contact with the heated metal, the latter is burned or oxidized.

Metals That Can Be Cut.—Metals such as wrought iron and steels of comparatively
low-carbon content can be cut readily with the cutting torch. High-carbon steels may be cut
successfully if preheated to a temperature that depends somewhat on the carbon content.
The higher the carbon content, the greater the degree of preheating required. A black heat
is sufficient for ordinary tool steel, but a low red heat may be required for some alloy tool
steels. Brass and bronze plates have been cut by interposing them between steel plates.

Cutting Stainless Steel.—Stainless steel can be cut readily by the flux-injection method.
The elements that give stainless steels their desirable properties produce oxides that reduce
the flame cutting operation to a slow melting-away process when the conventional oxy-
acetylene cutting equipment is used. By injecting a suitable flux directly into the stream of
cutting oxygen before it enters the torch, the obstructing oxides can be removed. Portable
flux feeding units are designed to inject a predetermined amount of the flux powder. The
rate of flux flow is accurately regulated by a vibrator type of dispenser with rheostat con-
trol. The flux-injection method is applicable either to machine cutting or to a hand-con-
trolled torch. The operating procedure and speed of cutting are practically the same as in
cutting mild steel.

Cutting Cast Iron.—The cutting of cast iron with the oxyacetylene torch is practicable,
although it cannot be cut as readily as steel. The ease of cutting seems to depend largely on
the physical character of the cast iron, very soft cast iron being more difficult to cut than
harder varieties. The cost is much higher than that for cutting the same thickness of steel,
because of the larger preheating flame necessary and the larger oxygen consumption. In
spite of this extra cost, however, this method is often economical. The slag from a cast-iron
cut contains considerable melted cast iron, whereas in steel, the slag is practically free from
particles of the metal, indicating that cast-iron cutting is partly a melting operation.
Increased speed and decreased cost often can be obtained by feeding a steel rod, about 1⁄4
inch(6.35 mm) in diameter, into the top of the cut, beneath the torch tip. This rod furnishes
a large amount of slag that flows over the cut and increases the temperature of the cast iron.
Special tips are used because of the larger amounts of heat and oxygen required.

Mechanically Guided Torches.—Cutting torches used for cutting openings in plates or
blocks or for cutting parts to some definite outline are often guided mechanically or by
numerical control. Torches guided by pantograph mechanisms are especially adapted for
tracing the outline to be cut from a pattern or drawing. Other designs are preferable for
straight-line cutting and one type is designed for circular cutting.

Cutting Steel Castings.—When cutting steel castings, care should be taken to prevent
burning pockets in the metal when the flame strikes a blowhole. If a blowhole is pene-
trated, the molten oxide will splash into the cavity and the flame will be diverted. The pres-
ence of the blowhole is generally indicated by excessive sparks. The operator should
immediately move the torch back along the cut and direct it at an angle so as to strike the
metal beneath the blowhole and burn it away if possible beyond the cavity. Cutting in the
normal position then may be resumed.
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Thickness of Metal That Can Be Cut.—The maximum thickness of metal that can be
cut by these high-temperature flames depends largely upon the gases used and the pressure
of the oxygen, which may be as high as 150 lb/in.2(1034 kPa). The thicker the metal, the
higher the pressure required. When using an oxyacetylene flame, it might be practicable to
cut iron or steel up to 12 or 14 inches(30.5 or 35.6 cm) in thickness, whereas an oxyhydro-
gen flame has been used to cut steel plates 24 inches(61 cm) thick. The oxyhydrogen flame
will cut thicker material principally because it is longer than the oxyacetylene flame and
can penetrate to the full depth of the cut, thus keeping all the oxide in a molten condition so
that it can be easily blown out by the oxygen cutting jet. A mechanically guided torch will
cut thick material more satisfactorily than a hand-guided torch, because the flame is
directed straight into the cut and does not wobble, as it tends to do when the torch is held by
hand. With any flame, the cut is less accurate and the kerf wider, as the thickness of the
metal increases. When cutting light material, the kerf might be 1⁄16 inch(1.59 mm) wide,
whereas for heavy stock, it might be 1⁄4 or 3⁄8 inch(6.35 or 9.5 mm) wide.

Hard Facing

Hard facing is a method of adding a coating, edge, or point, of a metal or alloy capable of
resisting abrasion, corrosion, heat, or impact, to a metal component. The process can be
applied equally well to new parts or old worn parts. The most common welding methods
used to apply hard-facing materials include the oxyacetylene gas, shielded-metal arc, sub-
merged arc, plasma arc, and inert-gas-shielded arc (consuming and nonconsuming elec-
trode). Such coatings can also be applied by a spraying process, using equipment designed
to handle the coating material in the form of a wire or a powder.

Hard-Facing Materials.—The first thing to be considered in the selection of a hard-fac-
ing material is the type of service the part in question is to undergo. Other considerations
include machinability, cost of hard-facing material, porosity of the deposit, appearance in
use, and ease of application. Only generalized information can be given here to guide the
selection of a material as the choice is dependent upon experience with a particular type of
service. Generally, the greater the hardness of the facing material, the greater is its resis-
tance to abrasion and shock or impact wear. Many hardenable materials may be used for
hard facing such as carbon steels, low-alloy steels, medium-alloy steels, and medium-high
alloys but none of these is outstanding. Some of the materials that might be considered to
be preferable are high-speed steel, austenitic manganese steel, austenitic high-chromium
iron, cobalt-chromium alloy, copper-base alloy, and nickel-chromium-boron alloy.

High-Speed Steels.—These steels are available in the form of welding rods (RFe5) and
electrodes (EFe5) for hard facing where hardness is required at service temperatures up to
1100°F (593°C) and where wear resistance and toughness are also required. Typical sur-
facing operations are done on cutting tools, shear blades, reamers, forming dies, shearing
dies, guides, ingot tongs, and broaches using these metals.

Hardness: These steels have a hardness of 55 to 60 on the Rockwell C scale in the as-
welded condition and a hardness of 30 Rockwell C in the annealed condition. At a temper-
ature of 1100°F (593°C), the as-deposited hardness of 60 Rockwell C falls off very slowly
to 47 Rockwell C. At about 1200°F (649°C), the maximum Rockwell C hardness is 30.

Resistance Properties: As deposited, the alloys can withstand only medium impact, but
when tempered, the impact resistance is increased appreciably. Deposits of these alloys
will oxidize readily because of their high molybdenum content but can withstand atmo-
spheric corrosion. They do not withstand liquid corrosives.

Other Properties or Characteristics: The metals are well suited for metal-to-metal wear
especially at elevated temperatures. They retain their hardness at elevated temperatures
and can take a high polish. For machining, these alloys must first be annealed. Full hard-
ness may be regained by a subsequent heat treatment of the metal.
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Austenitic Manganese Steels.—These metals are available in the form of electrodes
(EFeMn) for hard facing when dealing with metal-to-metal wear and impact. Uses include
facing rock-crushing equipment and railway frogs and crossings.

Hardness: Hardness of the as-deposited metals are 170 to 230 Bhn, but they can be work-
hardened to 450 to 550 Bhn very readily. For all practical purposes, these metals have no
hot hardness as they become brittle when reheated above 500-600 °F(260–316°C).

Resistance Properties: These metals have high impact resistance. Their corrosion and
oxidation resistance are similar to those of ordinary carbon steels. Their resistance to abra-
sion is only mediocre compared with hard abrasives like quartz.

Other Properties or Characteristics: The yield strength of the deposited metal in com-
pression is low, but any compressive deformation rapidly raises it until plastic flow ceases.
This property is an asset in impact wear situations. Machining is difficult with ordinary
tools and equipment; finished surfaces are usually ground.

Austenitic High-Chromium Irons.—These metals are available in rod (RFeCr-A) and
electrode (EFeCr-A) form and are used for facing agricultural machinery parts, coke
chutes, steel mill guides, sand-blasting equipment, and brick-making machinery.

Hardness: The as-welded deposit ranges in hardness from 51 to 62 Rockwell C. Under
impact, the deposit work hardens somewhat, but the resulting deformation also leads to
cracking and impact service is therefore avoided. Hot hardness decreases slowly at tem-
peratures up to 800 and 900°F (427 and 482°C). At 900°F (482°C), the instantaneous hard-
ness is 43 Rockwell C. In 3 minutes under load, the hardness drops to 37 Rockwell C. At
1200°F (649°C), the instantaneous hardness is 5 Rockwell C. The decrease in hardness
during hot testing is practically recovered on cooling to ambient temperatures.

Resistance Properties: Deposits will withstand only light impact without cracking.
Dynamic compression stresses above 60,000 psi(414 MPa) should be avoided. These met-
als exhibit good oxidation resistance up to 1800°F(982°C) and can be considered for hot
wear applications where hot plasticity is not objectionable. They are not very resistant to
corrosion from liquids and will rust in moist air, but are more stable than ordinary iron and
steel. Resistance to low-stress scratching is outstanding and is related to the amount of hard
carbides present. However, under high-stress grinding abrasion, performance is only
mediocre and they are not deemed suitable for such service.

Other Properties or Characteristics: The deposited metals have a yield strength (0.1 per
cent offset) of between 80,000 and 140,000 pounds per square inch(552 and 965 MPa) in
compression and an ultimate strength of from 150,000 to 280,000 psi(1034–1930 MPa).
Their tensile strength is low and therefore tension uses are avoided in design. These depos-
its are considered to be commercially unmachinable and are also very difficult to grind.
When ground, a grinding wheel of aluminum oxide abrasive with a 24-grit size and a hard
(Q) and medium-spaced resinoid bond is recommended for off-hand high-speed work and
a slightly softer (P) vitrified bond for off-hand low-speed work.

Cobalt-Base Alloys.—These metals are available in both rod (RCoCr) and electrode
(ECoCr) form and are frequently used to surface the contact surfaces of exhaust valves in
aircraft, truck, and bus engines. Other uses include parts such as valve trim in steam
engines, and on pump shafts, where conditions of corrosion and erosion are encountered.
Several metals with a greater carbon content are available (CoCr-B, CoCr-C) and are used
in applications requiring greater hardness and abrasion resistance but where impact resis-
tance is not mandatory or expected to be a factor.

Hardness: Hardness ranges on the Rockwell C scale for gas-welded deposits are as fol-
lows: CoCr-A, 38 to 47; CoCr-B, 45 to 49; and CoCr-C, 48 to 58. For arc-welded deposits,
hardness ranges (Rockwell C) as follows: CoCr-A, 23 to 47; CoCr-B, 34 to 47; and CoCr-
C, 43 to 58. The values for arc-weld deposits depend for the most part on the base metal
dilution. The greater the dilution, the lower the hardness. Many surfacing alloys are soft-
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ened permanently by heating to elevated temperatures, however, these metals are excep-
tional. They do exhibit lower hardness values when hot but return to their approximate
original hardness values upon cooling. Elevated-temperature strength and hardness are
outstanding properties of this group. Their use at 1200°F(649°C) and above is considered
advantageous but between 1000 and 1200°F(538–649°C), their advantages are not defi-
nitely established, and at temperatures below 1000°F(538°C), other surfacing metals may
prove better.

Resistance Properties: In the temperature range from 1000 to 1200 degrees F (538–
649°C), weld deposits of these metals have a great resistance to creep. Tough martensitic
steel deposits are considered superior to cobalt-base deposits in both flow resistance and
toughness. The chromium in the deposited metal promotes the formation of a thin, tightly
adherent scale that provides a scaling resistance to combustion products of internal com-
bustion engines, including deposits from leaded fuels. These metals are corrosion-resistant
in such media as air, food, and certain acids. It is advisable to conduct field tests to deter-
mine specific corrosion resistance for the application being considered.

Other Properties or Characteristics: Deposits are able to take a high polish and have a
low coefficient of friction and therefore are well suited for metal-to-metal wear resistance.
Machining of these deposits is difficult; the difficulty increases in proportion to the
increase in carbon content. CoCr-A alloys are preferably machined with sintered carbide
tools. CoCr-C deposits are finished by grinding.

Copper-Base Alloys.—These metals are available in rod (RCuA1-A2, RCuA1-B,
RCuA1-C, RCuA1-D, RCuA1-E, RCuSi-A, RCuSn, RCuSn-D, RCuSn-E, and RCuZn-E)
and electrode (ECuA1-A2, ECuA1-B, ECuA1-C, ECuA1-D, ECuA1-E, ECuSi, ECuSn-
A, ECuSn-C, ECuSn-E, and ECuZn-E) forms and are used in depositing overlays and
inlays for bearing, corrosion-resistant, and wear-resistant surfaces. The CuA1-A2 rods
and electrodes are used for surfacing bearing surfaces between the hardness ranges of 130
to 190 Bhn as well as for corrosion-resistant surfaces. The CuA1-B and CuA1-C rods and
electrodes are used for surfacing bearing surfaces of hardness ranges 140 to 290 Bhn. The
CuA1-D and CuA1-E rods and electrodes are used on bearing and wear-resistant surfaces
requiring the higher hardnesses of 230 to 390 Bhn such as are found on gears, cams, wear
plates, and dies. The copper-tin (CuSn) metals are used where a lower hardness is required
for surfacing, for corrosion-resistant surfaces, and sometimes for wear-resistant applica-
tions.

Hardness: Hardness of a deposit depends upon the welding process employed and the
manner of depositing the metal. Deposits made by the inert-gas metal-arc process (both
consumable and nonconsumable electrode) will be higher in hardness than deposits made
with the gas, metal-arc, and carbon-arc processes because lower losses of aluminum, tin,
silicon, and zinc are achieved due to the better shielding from oxidation. Copper-base alloys
are not recommended for use at elevated temperatures because their hardness and mechan-
ical properties decrease consistently as the temperature goes above 400°F (204°C).

Resistance Properties: The highest impact resistance of the copper-base alloy metals is
exhibited by CuA1-A2 deposits. As the aluminum content increases, the impact resistance
decreases markedly. CuSi weld deposits have good impact properties. CuSn metals as
deposited have low impact resistance and CuZn-E deposits have a very low impact resis-
tance. Deposits of the CuA1 filler metals form a protective oxide coating upon exposure to
the atmosphere. Oxidation resistance of CuSi deposits is fair and that of CuSn deposits are
comparable to pure copper. With the exception of the CuSn-E and CuZn-E alloys, these
metals are widely used to resist many acids, mild alkalies, and salt water. Copper-base
alloy deposits are not recommended for use where severe abrasion is encountered in ser-
vice. CuA1 filler metals are used to overlay surfaces subjected to excessive wear from
metal-to-metal contact such as gears, cams, sheaves, wear plates, and dies.
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Other Properties or Characteristics: All copper-base alloy metals are used for overlays
and inlays for bearing surfaces with the exception of the CuSi metals. Metals selected for
bearing surfaces should have a Brinell hardness of 50 to 75 units below that of the mating
metal surface. Slight porosity is generally acceptable in bearing service as a porous deposit
is able to retain oil for lubricating purposes. CuA1 deposits in compression have elastic
limits ranging from 25,000 to 65,000(172 to 448 MPa) and ultimate strengths of 120,000
to 171,000(827 to 1179 MPa). The elastic limit and ultimate strength of CuSi deposits in
compression are 22,000 and 60,000(152 to 414 MPa), respectively. CuZn-E deposits in
compression have an elastic limit of only about 5000(34 MPa) and an ultimate strength of
20,000(138 MPa). All copper-base alloy deposits can be machined.

Nickel-Chromium-Boron Alloys.—These metals are available in both rod (RNiCr) and
electrode (ENiCr) form and their deposits have good metal-to-metal wear resistance, good
low-stress, scratch-abrasion resistance, corrosion resistance, and retention of hardness at
elevated temperatures. These properties make the alloys suitable for use on seal rings,
cement pump screws, valves, screw conveyors, and cams. Three different formulations of
these metals are recognized (NiCr-A, NiCr-B, and NiCr-C).

Hardness: Hardness of the deposited NiCr-A from rods range from 35 to 40 Rockwell C;
of NiCr-B rods, 45 to 50 Rockwell C; of NiCr-C rods, 56 to 62 Rockwell C. Hardness of the
deposited NiCr-A from electrodes ranges from 24 to 35 Rockwell C; of NiCr-B from elec-
trodes, 30 to 45 Rockwell C; and of NiCr-C electrodes, 35 to 56. The lower hardness values
and greater ranges of hardness values of the electrode deposits are attributed to the dilution
of deposit and base metals. Hot Rockwell C hardness values of NiCr-A electrode deposits
range from 30 to 19 in the temperature range from 600-1000°F (316–538°C) from instan-
taneous loading to a 3-minute loading interval. NiCr-A rod deposits range from 34 to 24 in
the same temperature range and under the same load conditions. Hot Rockwell C hardness
values of NiCr-B electrode deposits range from 41 to 26 in the temperature range from 600
to 1000°F(315–538°C) from instantaneous loading to a 3-minute loading interval. NiCr-B
rod deposits range from 46 to 37 in the same temperature range and under the same load
conditions. Hot Rockwell C hardness values of NiCr-C electrode deposits range from 49 to
31 in the temperature range from 600 to 1000 degrees F from instantaneous loading to a 3-
minute loading interval. NiCr-C rod deposits range from 55 to 40 in the same temperature
range and under the same load conditions.

Resistance Properties: Deposits of these metal alloys will withstand light impact fairly
well. When plastic deformation occurs, cracks are more likely to appear in the NiCr-C
deposit than in the NiCr-A and NiCr-B deposits. NiCr deposits are oxidation-resistant up
to 1800°F(982°C). Their use above 1750°F (954°C) is not recommended because fusion
may begin near this temperature. NiCr deposits are completely resistant to atmospheric,
steam, salt water, and salt spray corrosion and to the milder acids and many common cor-
rosive chemicals. It is advisable to conduct field tests when a corrosion application is con-
templated. These metals are not recommended for high-stress grinding abrasion. NiCr
deposits have good metal-to-metal wear resistance, take a high polish under wearing con-
ditions, and are particularly resistant to galling. These properties are especially evident in
the NiCr-C alloy.

Other Properties or Characteristics: In compression, these alloys have an elastic limit
of 42,000 lb/in2(290 MPa). Their yield strength in compression is 92,000 lb/in2(634 MPa)
(0.01 per cent offset), 150,000 lb/in2 (1034 MPa) (0.10 per cent offset), and 210,000
lb/in2(1448 MPa) (0.20 per cent offset). Deposits of NiCr filler metals may be machined
with tungsten carbide tools using slow speeds, light feeds, and heavy tool shanks. They are
also finished by grinding using a soft-to-medium vitrified silicon carbide wheel.

Chromium Plating.—Chromium plating is an electrolytic process of depositing chro-
mium on metals either as a protection against corrosion or to increase the surface-wearing
qualities. The value of chromium-plating plug and ring gages has probably been more
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thoroughly demonstrated than any other single application of this treatment. Chromium-
plated gages not only wear longer, but when worn, the chromium may be removed and the
gage replated and reground to size.

In general, chromium-plated tools have operated well, giving greatly improved perfor-
mance on nearly all classes of materials such as brass, bronze, copper, nickel, aluminum,
cast iron, steel, plastics, asbestos compositions, and similar materials. Increased cutting
life has been obtained with chromium-plated drills, taps, reamers, files, broaches, tool tips,
saws, thread chasers, and the like. Dies for stamping, drawing, hot forging, die casting, and
for molding plastics materials have shown greatly increased life after being plated with
hard chromium.

Special care is essential in grinding and lapping tools preparatory to plating the cutting
edges, because the chromium deposit is influenced materially by the grain structure and
hardness of the base metal. The thickness of the plating may vary from 0.0001 to 0.001 or
0.002 inch, the thicker platings being used to build up undersize tools such as taps and
reamers. A common procedure in the hard chromium plating of tools, as well as for parts to
be salvaged by depositing chromium to increase diameters, is as follows:
1) Degrease with solvent;  2) Mount the tools on racks;  3) Clean in an anodic alkali bath
held at a temperature of 82°C (180°F) for 3 to 5 minutes;  4) Rinse in boiling water;
5) Immerse in a 20 per cent hydrochloric acid solution for 2 to 3 seconds;  6) Rinse in cold
water;  7) Rinse in hot water;  8) Etch in a reverse-current chromic acid bath for 2 to 5 min-
utes;  9) Place work immediately in the chromium plating bath;  and  10) Remove hydro-
gen embrittlement, if necessary, by immersing the plated tools for 2 hours in an oil bath
maintained at 177°C (350°F).

Chromium has a very low coefficient of friction. The static coefficient of friction for steel
on chromium-plated steel is 0.17, and the sliding coefficient of friction is 0.16. This value
may be compared with the static coefficient of friction for steel on steel of 0.30 and a sliding
coefficient of friction of 0.20. The static coefficient of friction for steel on babbitt is 0.25,
and the sliding coefficient of friction 0.20, whereas for chromium-plated steel on babbitt,
the static coefficient of friction is 0.15, and the sliding coefficient of friction is 0.13. These
figures apply to highly polished bearing surfaces. Articles that are to be chromium plated
in order to resist frictional wear should be highly polished before plating so that full advan-
tage can be taken of the low coefficient of friction that is characteristic of chromium. Chro-
mium resists attack by almost all organic and inorganic compounds, except muriatic and
sulfuric acids. The melting point of chromium is 2930°F (1610°C), and it remains bright up
to 1200°F (649°C). Above 1200 degrees F, a light adherent oxide forms and does not
readily become detached. For this reason, chromium has been used successfully for pro-
tecting articles that must resist high temperatures, even above 2000°F(1093°C).

Electron-Beam (EB) Welding

Heat for melting of metals in electron-beam welding is obtained by generating electrons,
concentrating them into a beam, and accelerating them to between 30 and 70 per cent of the
speed of light, using voltages between 25 and 200 kV. The apparatus used is called an elec-
tron-beam gun, and it is provided with electrical coils to focus and deflect the beam as
needed for the welding operation. Energy input depends on the number of electrons
impinging on the work in unit time, their velocity, the degree of concentration of the beam,
and the traveling speed of the workpiece being welded. Some 6.3 × 1015 electrons/s are
generated in a 1-mA current stream. With beam diameters of 0.01 to 0.03 in. (0.25 to 0.76
mm), beam power can reach 100 kW and power density can be as high as 107 W/in2 (1.55
× 104 W/mm2), higher than most arc welding levels.

At these power densities, an electron beam can penetrate steel up to 4 in thick and form a
vapor capillary or keyhole, as described earlier. Although patterns can be traced by deflect-
ing the beam, the method used in welding is to move the electron gun or the workpiece. A
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numerical control, or computer numerical control, program is used because of the accuracy
required to position the narrow beam in relation to the weld line.

Equipment is available for electron-beam welding under atmospheric pressure or at var-
ious degrees of vacuum. The process is most efficient (produces the narrowest width and
deepest penetration welds) at high levels of vacuum, of the order of 10-6 to 10-3 torr or
lower (standard atmospheric pressure is about 760 torr, or 760 mm of mercury), so that a
vacuum chamber large enough to enclose the work is needed. Operation in a vacuum min-
imizes contamination of the molten weld material by oxygen and nitrogen. Gases pro-
duced during welding are also extracted rapidly by the vacuum pump so that welding of
reactive metals is eased. However, the pumping time and the size of many workpieces
restrict the use of high-vacuum enclosures.

At atmospheric pressures, scattering of the beam electrons by gas molecules is increased
in relation to the number of stray molecules and the distance traveled, so that penetration
depth is less and the beam spread is greater. In the atmosphere, the gun-to-work distance
must be less than about 1.5 in. (38 mm). Electron-beam welding at atmospheric pressure
requires beam-accelerating voltages above 150 kV, but lower values can be used with a
protective gas. Helium is preferred because it is lighter than air and permits greater pene-
tration. Argon, which is heavier than air and allows less penetration, can also be used to
prevent contamination.

Required safety precautions, such as radiation shields to guard workers against the
effects of X-rays when the electron beam strikes the work, are essential when electron-
beam welding is done at atmospheric pressure. Such barriers are usually built into enclo-
sures that are designed specifically for electron-beam welding in a partial vacuum. Ade-
quate ventilation is also required to remove ozone and other gases generated when the
process is used in the atmosphere.

Carbon, low-alloy, and stainless steels; high-temperature and refractory alloys; copper
and aluminum alloys can be electron-beam welded, and single-pass, reasonably square,
butt welds can be made in materials up to 1 in. (25.4 mm) thick at good speeds with nonva-
cuum equipment rated at 60 kW. Edges of thick material to be electron-beam welded
require precision machining to provide good joint alignment and minimize the joint gap.
Dissimilar metals usually may be welded without problems.

Because of the heat-sink effect, electron-beam welds solidify and cool very rapidly,
causing cracking in certain materials such as low-ferrite stainless steel. Although capital
costs for electron-beam welding are generally higher than for other methods, welding of
large numbers of parts and the high welding travel rates make the process competitive.

Pipe Welding

Pipe Welding.—Welding of (usually steel) pipe is commonly performed manually, with
the pipe joint stationary, or held in a fixture whereby rotation can be used to keep the weld
location in a fixed, downhand, position. Alternatively, pipe may need to be welded on site,
without rotation, and the welder then has to exert considerable skill to produce a satisfac-
tory, pressure-tight joint. Before welding stationary pipe, a welder must be proficient in
welding in the four basic positions: 1G flat, 2G horizontal, 3G vertical and 4G overhead,
depicted at the top in Figs. 1a,  1b,  1c, and  1d.
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Positioning of Joint Components in Pipe Welding

At the bottom are shown pipe joints in three positions, the first of which, Fig. 1e, corre-
sponds to the 2G horizontal (non-rotational) position in the upper row. The remaining two
are respectively 5G, Fig. 1f, that represents pipe with the weld in a fixed vertical (non-rota-
tional) position; and 6G, Fig. 1g, that typifies pipe to be welded at an angle and not rotated
during welding.

For satisfactory pipe welding, consideration must be given to the chemical composition
and thickness of the metal to be welded; selection of a suitable electrode material composi-
tion and size; determination of the current, voltage and wire feed rate to be used; prepara-
tion of the joint or edges of the pipes; and ways of holding the pipes in the positions needed
while welding is carried out. High-quality tack welds, each about 1.5 inches (38 mm) long,
and projecting about 1⁄16 inch (1.6 mm) beyond the inner wall of the pipe, are usually made
to hold the parts of the assembly in position during welding. 

SMAW (stick) welding was used almost exclusively for pipe welding until the advent of
MIG welding with its potential for much greater rates of deposition. It cannot be empha-
sized too strongly that practices suitable for SMAW cannot be transferred to MIG welding,
for which greater expertise is required if satisfactory welds are to be produced. MIG short-
circuit, globular, and spray transfer, and pulsed MIG, with flux or metal-cored consum-
ables (electrodes) can now all be used for pipe welding. Use of all-position, flux-cored,
MIG consumables in particular, can reduce skill requirements, improve weld quality, and
hold down costs in pipe welding. 

Among the important items involved in the change to the MIG process is the automatic
wire feeder. With today’s wire feeding equipment, an increase of one increment on the
dial, say from the 9 to the 10 o’clock position, can increase the wire feed rate by 70
in/min(1.8 m/min). As an example, such an increase could raise the weld current from 110
to 145 amps and the weld voltage from 16 to 17, resulting in an increase of 40 per cent in the
energy supplied to the weld. Another vital parameter is the amount that the wire sticks out
from the contact tip. In low-parameter, short-circuit welding, a small change in the wire
stick-out can alter the energy supplied to the weld by 20 to 30 per cent. 

Root passes: Whatever welding process is selected, the most important step in pipe weld-
ing, as in other types of welding, is the root pass, which helps to determine the degree of
penetration of the weld metal, and affects the amount of lack of fusion in the finished weld.
During the root pass, the action of the arc in the weld area should reshape the gap between

Fig. 1a. Flat
Position 1G

Fig. 1b. Horizontal
Position 2G

Fig. 1c. Vertical
Position 3G

Fig. 1d. Overhead
Position 4G

Fig. 1e. Horizontal position 2G
Pipe Axis Vertical

Fig. 1f. Position 5G
Pipe Fixed, Axis Horizontal

Fig. 1g. Position 6G
Pipe Fixed, Axis Inclined
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the adjacent sides of the joint into a pear-shaped opening, often called a “keyhole.” As the
work proceeds, this keyhole opening is continuously being filled, on the trailing side of the
weld, by the metal being deposited from the electrode. The keyhole travels along with the
weld so that the root pass produces a weld that penetrates slightly through the inner wall of
the pipe.

MIG short-circuit root welding of carbon steel pipe requires a gap of 5⁄32± 1⁄32 (4 ± 0.8 mm),
between the ends of the pipe, and the width of the root faces (at the base of the bevels)
should be 1⁄16 to 3⁄32 inch (1.6 to 2.4 mm). The recommended bevel angle for MIG pipe weld-
ing is 40E (80E included angle) and the maximum root gap is 3⁄16 inch (4.8 mm). The root
pass in 1G welds should be made in the vertical-down direction with the electrode held
between the 2 and 3 o’clock positions. When an 0.035-inch (0.9-mm) diameter E70S-3
MIG wire is used with the above root dimensions, weaving is not needed for the root pass
except when welding over tack welds.

Fill passes: In welding carbon steel pipe in the 1G position with an 0.035-inch diameter
electrode wire, MIG short circuit fill passes should use a minimum of 135 amps and be
done in the vertical-up position. Fill passes should deposit a maximum thickness of no
more than 1⁄8 inch (3.2 mm). Inclusion of CO2 gas in the mixture will improve weld fusion.
With flux-cored electrodes, the minimum amount of wire stick out is 3⁄4 inch (19 mm).
Weld fusion can be improved in welding pipe of 0.4 inch (10 mm) wall thickness and
thicker by preheating the work to a temperature between 400 and 500°F (204 and 260°C).

Horizontal Pipe Welding: In 1G welds (see Fig. 1a), the pipe should be rotated in the
direction that moves the solidifying area away from the wire tip, to minimize penetration
and resulting breakthrough. Welding of pipe in the 2G, horizontal position is made more
difficult by the tendency for the molten metal to drip from the weld pool. Such dripping
may cause an excessively large keyhole to form during the root-welding pass, and in sub-
sequent passes electrode metal may be lost. Metal may also be lost from the edge of the
upper pipe, causing an undercut at that side of the weld.

Vertical-down welding: With the pipe axis horizontal (as in the 5G position in Fig. 1f),
vertical-down welding is usually started at the top or 12 o’clock location, and proceeds
until the 6 o’clock location is reached. Welding then starts again at the 12 o’clock location
and continues in the opposite direction until the 6 o’clock location is reached. Vertical-
down welding is mainly used for thin-walled, low-carbon steel pipe of 1⁄8 to 5⁄16 inch (3.2 to
7.9 mm) wall thickness, which has low heat-retaining capacity so that the weld metal cools
slowly, producing a soft and ductile structure. The slow rate of cooling also permits faster
weld deposition, and, when several beads are deposited, causes an annealing effect that
may refine the entire weld structure.

Vertical-up welding: In the 5G position, vertical-up welding normally begins at the 6
o’clock location and continues up to the 12 o’clock location, the weld then being com-
pleted by starting at the 6 o’clock location on the other side of the pipe and traversing up to
the 12 o’clock location again. Vertical-up welding is more suited to pipe with thick walls
and to alloy steels. However, the greater heat sink effect of the heavy-walled pipe may
result in a faster cooling rate and embrittlement of the material, especially in alloy steels.
The cooling rate can be reduced by slowing the rate of traverse and depositing a heavier
bead of metal, both facilitated by welding in the vertical-up direction.

Using a thicker electrode and higher current for thicker-walled pipe to reduce the number
of beads required may result in dripping from the molten puddle of metal. Defects such as
pin holes, lack of fusion, and cold lap, may then appear in the weld. Vertical-up welding of
pipe in the 5G, fixed, horizontal position, Fig. 1f, used for thick-walled pipe, is probably
the most difficult for a welder, but once mastered will form the basis for other methods of
pipe welding. Starting at the 6 o’clock location, the arc for the root pass is struck overhead,
with the electrode at an angle of 5 to 10° from the vertical, on the joint, not on the tack weld.
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A long arc should be maintained for a short-period while weaving the electrode to pre-heat
the area ahead of the weld. Only small amounts of filler metal will be transferred while this
long arc is maintained in the overhead position. The electrode tip is then advanced to estab-
lish the correct arc length and held in position long enough for the keyhole to form before
starting to lay down the root bead, moving up toward the 12 o’clock location.

Thin-wall pipe: The optimum globular/spray parameters for welding rotated, (1G posi-
tion) thin-wall pipe of less than 12 inch(305 mm) diameter are 0.035-inch (1 mm) elec-
trode wire fed at 380-420 in./min (9.7–10.7 m/min) with a protective gas mixture of argon
80 to 85, CO2 15 to 20 per cent, and current of 190 to 210 amps. These conditions will pro-
vide deposition rates of about 6 lb/hr (3 kg/hr).
Use of Flux-cored Electrodes.—Small diameter, flux cored electrodes developed in the
eighties are still a rarity in many pipe welding shops, but flux cored welding can produce
consistent, high-quality, low-cost welds on carbon steel or stainless pipe. Flux cored E71T-
1, 0.035-inch (1 mm) diameter wire provides a continuous, medium energy, open arc, with
a practical current range of 135 to 165 amps for welding pipe. This current range is similar
to the optimum MIG short-circuit current range, and is 25 to 30 percent less current than the
minimum open arc spray transfer current for an 0.035-inch (1 mm) diameter MIG wire.

In contrast to MIG short circuit welding, FCAW works with an open arc and no short cir-
cuits. The FCAW arc energy is continuous, and, in contrast to short-circuit transfer, pro-
vides increased weld fusion potential. The weld metal from the flux-cored tubular wire is
transferred from the periphery and the center of the wire, resulting in broad coverage of the
weld. The plasma in the flux cored arc is wider than MIG plasma, and the flux-cored arc is
less focused and easier to control than the MIG spray arc.

Open arc, gas shielded, flux-cored welding can produce spray type transfer at lower cur-
rents than open arc MIG spray transfer. With FCAW, the current density is high because
the electrode wire cross-sectional area is less than that of the same size MIG solid wire due
to the central core of flux. This higher density provides for improved weld penetration
potential. The FCAW process produces slag, which serves as a mold to hold the fluid mol-
ten metal in place, an ideal arrangement for vertical-up and overhead welds.

All position, flux-cored wires require less operator skill for vertical-up and overhead
welds than MIG, SMAW, and TIG processes. Fill passes can also be completed in 30 to 50
percent less time with all-position, flux-cored wires than with MIG short circuit and
SMAW wires.

For good quality FCAW, welders need to know the best root and bevel dimensions, and
the importance of maintaining those dimensions for continuous weld fusion; the preferred
direction of pipe rotation; the diameter of flux cored electrode best suited for welding thin
wall pipe; the optimum parameter range for that electrode on 1G and 5G welds; the pre-
ferred amount of wire stick out (typically 0.7 inch or 18 mm); and how to fine tune the volt-
age. When flux-cored welding is to be used for the fill passes, MIG short circuit welding is
recommended for the root welds to reduce the possibility of slag from the flux being
trapped in the weld. Higher weld deposit rates are provided with flux-cored, vertical-up
welding, and there is the temptation to weld faster with a process that’s easy to use. Conser-
vative wire feed setting are recommended unless the high deposition rates are shown to
provide consistent weld fusion. Wire feed settings should allow the welder time to control
and direct the weave into the critical groove locations.
Complete Weld Fusion.—It is essential that new weld metal deposits be completely
fused with the pipe components, and with metal laid down in successive passes. Factors
that can prevent complete fusing are too numerous to list here. Some basic rules that, if fol-
lowed, will improve weld fusion and quality in MIG welding in the 1G and 5G positions
are:

1) The maximum gap at the root should be 3⁄16 inch (5 mm)
2) The root land should be 1⁄16 to 3⁄32 inch (1.6 to 2.4 mm) wide
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3) A bevel angle of 80° inclusive should be used for MIG and flux-cored welding of pipe
to provide width for weaving and improve fusion.

4) An 0.035-in MIG electrode should have a minimum short circuit current of 135 amps
for fill passes

5) Tack and root welds should be made in the vertical-down position.
6) Tack welds should be about 1.5 in (38 mm) long by 1⁄16 to 3⁄32 inch (1.6 to 2.4 mm) thick.
7) Short circuit fill passes should be made in the vertical-up position.
8) With flux-cored electrodes, a minimum of 0.7 inch (18 mm) wire stick out from the

contact tip must be maintained.
9) Current and voltage must be related to the pipe wall thickness 
10) Argon + 25 per cent CO2 is recommended for short circuit welding of pipe roots.
11) Use of undiluted CO2 gas will improve MIG weld fusion in fill passes because of the

“digging” action of the arc, and the increased weld energy
12) With pipe wall thicknesses of 0.4 inch (10 mm) or greater, preheating to between 400

and 500°F (205 and 260°C), will help make fusion complete.

Other Methods.—Pulsed MIG is a viable alternative to flux-cored for all-position welds
on 5G pipe, but requires more costly equipment. The pulsed MIG process however, has
few advantages over conventional MIG and flux-cored when the latter are used correctly.
Pulsed MIG may have some advantage on mechanized 5G welds, and on welding of stain-
less steel, pipe in the 5G position. 

Metal-cored electrode wire also has few advantages for pipe welds because they work
best with low-energy gas welds, which cancels out the increased current density claimed
for them.

On most manual pipe welds, the welder needs time to control and direct the weave to
ensure even heating and avoid lack of fusion. Satisfactory welds are often performed at
travel speeds of 4 to 12 in/min (0.10–0.31 m/min) giving deposit rates of 3-5 lb/hr (1.36–
2.27 kg/hr). 

Pipe Welding Procedure

Because of the variety of parameter combinations that can be used in pipe welding, it is
suggested that charts be prepared and displayed in welding booths to remind welders of the
basic settings to be used. Examples of such charts for tack, root, fill and cover passes, are
included in what follows:

FCAW 5G (Non-rotated) MIG Welding of Thick-Walled, Carbon-steel Pipes, Proce-
dure for Root Welding.—This procedure can be applied to most pipe sizes, and should be
given special consideration for 5G (non-rotated) welds on carbon steel pipe with 3⁄8 inch (10
mm) wall thickness and thicker. 

Pipe and Weld Data

Pipe bevel included angle = 80
Root face land = 3⁄32 ± 1⁄32 inch (2.4 ± 0.8 mm)

Root gap between faces = 5⁄32 ± 1⁄32 inch (4 ± 0.8 mm)
Electrode for root  weld = 0.035-inch (0.9 mm) diameter, E70S-3 flux-cored. 

Gas = argon with 15–25% CO2

Gas  flow  rates = 30 to 40 cubic ft/hr (0.85–1.13 m3/hr)
Set wire feeder to 210–280 in/min (10 to 11 o’clock position on many feeders) for current

of 140–170 amps, 17–18 volts.

Wire extension: For MIG root weld, set contact tip to stick outside the nozzle, 1⁄16 to 1⁄8 inch
(1.6 to 3 mm). Maintain 3⁄8 to 5⁄8 inch (10 to 16 mm) maximum wire stick out from contact
tip.
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Tack Welding Procedures for FCAW 5G Pipe Welds: Make tack welds 1.5 to 2 inches
(38 to 50 mm) long. After welding, grind full length of tack to thickness of approximately
1⁄16 inch (1.6 mm). Feather tack ends back 3⁄8 to 1⁄2 inches (9.5 to 13 mm). 

On pipes of less than 6 inches (15 cm) outside diameter, use three tack welds, equally
spaced, starting at 12 o’clock. 

On pipes over 6 inches outside diameter use 4 tack welds. Locate tack welds at 12, 3, 6,
and 9 o’clock. 

Root Welding Procedures for FCAW 5G Pipe Welds: Root weld MIG vertical-down.
Weld sequence: 12 to 3, 9 to 6, 3 to 6, and 12 to 9 o’clock positions. 

Start and finish MIG root welds at tack centers. Use slight weave oscillation over tacks.
No weave necessary if 1⁄8- to 5⁄32-inch root gap is maintained. Weaving may be required if
root gap is less than 1⁄8 inch (3 mm). Weaving is also beneficial for root welds between 7 and
6 o’clock, and between 5 and 6 o’clock. After each root pass, blend the starts and stops back
to the original tack thickness. 

To complete the root, ensure that the weld stops and starts on the last tack, and that the
root weld center is ground flat or slightly concave. Remove any slag islands.
FCAW 5G (Non-rotated) MIG Welding of Thick-Walled, Carbon-steel Pipes, Proce-
dure for Fill and Cover Welds.—This procedure can be applied to most common pipe
sizes, and should be given special consideration for 5G (non-rotated) welds on carbon steel
pipe with 3⁄8 inch (10 mm) wall thickness and thicker.

Pipe and Weld Data

Electrode  for fill and  cover  passes = 0.035 inch (0.9 mm) diameter,
71T-1 flux-cored 

Gas = argon with 15–25% CO2

Gas  flow rates = 30 to 40 cubic ft/hr 
Set an initial wire feed rate of 350 to 450 in/min (12 to 1 o'clock position on typical wire

feed unit), 135–165 amps, 25–28 volts. Alternatively, use a wire feed setting of 350 in/min
(12 o’clock on wire feed unit), which should result in about 135–145 amps, 25–26 volts. If
the weld pool and weld heat build up permit, increase the wire feed rate to 380 in/min
(between the 12 and 1 o’clock positions), 150 amps, 27 volts. Try also a wire feed setting
of 420 in/min (1 o’clock on the wire feeder), 165 amps, 28 volts. Determine the low and
maximum wire feed rates to be used by examination of the weld fusion obtained in sec-
tioned test samples.

Wire extension: Adjust contact tip so it is recessed 1⁄2 inch within the nozzle to provide a
total wire stick out from the contact tip of 0.7 to 1 inch (18 to 25 mm). 

Fill and Cover Pass Procedures for FCAW 5G Pipe Welds: Weld vertical-up. If the pipe
diameter allows the fill pass to be made in two passes, start at the 7 o’clock position and
weld to the 1 o’clock position. This approach is preferable to starting and finishing on the
root tacks. Starting at the 7 o’clock position will ensure that optimum weld energy is
achieved as the first pass welds over the initial 6 o’clock root tack location. Use the grinder
to feather the first 1 inch (25 mm) of the weld start and stop of the first pass, before applying
the second vertical-up weld pass. Use a slight weave action for the fill pass. 

Remove all flux-cored slag between weld passes. Make sure no fill pass is greater in
depth than 1⁄8 inch (3 mm). Use a straight weave across the root face. At the bevel edge use
a slight upward motion with the gun. The motion should be no greater than the wire diam-
eter. Then use a slight back step for added bevel fusion and to avoid undercuts.

Leave 1⁄32 to 1⁄16 inch (0.8 to 1.6 mm) of the groove depth to provide for the optimum cover
pass profile. The bevel edge will act as a guide for the cover pass weld. If more weld fusion
is required for pipe thicker than 3⁄8 inch (10 mm), after the root weld is complete, preheat the
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pipe to between 400 and 600°F (200–300°C) before welding. Preheating is typically not
necessary for a cover pass.

For pipe diameters on which the welder needs more than two passes for the vertical-up
welds, the recommended sequence for vertical-up welding is: 

1) First pass, weld from the 7 to the 4 o’clock position. Start with a slight forehand nozzle
angle. At the 4 o’clock position, the gun should be at the same angle as the pipe.

2) Second pass, weld from the 10 to the 1 o’clock position, then grind all stops and start
again at the 1-inch (25 mm) position.

3) Third pass, weld from the 4 to the 1 o’clock position.
4) Fourth pass, weld from the 7 to the 10 o’clock position.

 FCAW 5G (Non-rotated) Welding of Thin-Walled Carbon Steel Pipes, Procedure
for Root, Fill and Cover Pass Welding.—This procedure can be applied to most com-
mon pipe sizes, and should be given special consideration for 5G (non-rotated) welding of
carbon steel pipe with wall thicknesses up to 3⁄8 inch (10 mm).

Pipe and Weld Data

Electrode for root weld = 0.035 inch diameter, E70S-6 flux cored.
Gas = argon with 15–25% CO2

Gas  flow rates = 30 to 40 cubic ft/hr

Root Welding Procedure for 5G Welds: Use root welding data from Root Welding Pro-
cedures for FCAW 5G Pipe Welds, above.

Fill and Cover Pass Procedures for 5G Welds: Use MIG short-circuit, vertical-up for
fill and cover passes. Electrode wire and gas, same as for root weld.

Weld vertical-up. If the vertical-up fill pass can be made in two passes, weld from the 7 to
the 1 o’clock position, to avoid starting and finishing on the root tacks. Starting just past 6
o’clock ensures that optimum weld energy is achieved as the first pass welds over the ini-
tial 6 o’clock root tack location. Feather 1 inch (25 mm) of the weld start and stop on the
first pass with the grinder before applying the second vertical-up weld pass. Use a slight
weave action.

Use MIG short-circuit wire feed, 200–230 in/min 125–135 amps, 19–22 volts. Start at
optimum 210 in/min (10 o’clock on the wire feeder) for 130 amps, 21–22 volts. Fine tune
voltage by listening to arc sound to obtain a consistent rapid crackle sound.

Electrode sticks out 1⁄2 to 5⁄8 inch, contact tip flush with nozzle end. 

Remove MIG surface slag islands between weld passes. No fill pass should be thicker
than 1⁄8 inch (3 mm). Use straight weave across the root face. At the bevel, use a slight
upward motion with the gun. The motion should be no greater than the wire diameter. Then
use a slight back step for added bevel fusion and to avoid possibility of undercut.

For the cover pass, leave 1⁄32 to 1⁄16 inch of the groove depth for the optimum cover pass
profile. The bevel edge will act as a guide for the cover pass weld. 

If more weld fusion is required after the root is complete and between fill passes, pre-heat
pipe to 200-400°F (93–204°C).

For pipe diameters on which more than two passes are required for the circumference the
weld sequence is:
1) First pass, weld from the 7 to the 4 o’clock position. Start with a slight forehand nozzle
angle. At the 4 o’clock position the gun should point straight at the joint;  2) Second pass,
weld from the 10 to the 1 o’clock position, then grind all stops and starts for at least 1 inch
(25 mm);  3) Third pass, weld from the 4 to the 1 o’clock position;  and  4) Fourth pass,
weld from the 7 to the 10 o’clock position.
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Weld and Welding Symbols

American National Standard Weld and Welding Symbols.—Graphical symbols for
welding provide a means of conveying complete welding information from the designer to
the welder by means of drawings. The symbols and their method of use (examples of which
are given in the table following this section) are part of the American National Standard
ANSI/AWS A2.4-79 sponsored by the American Welding Society.

In the Standard a distinction is made between the terms weld symbol and welding symbol.
Weld symbols, shown in the table Basic Weld Symbols, are ideographs used to indicate the
type of weld desired, whereas welding symbol denotes a symbol made up of as many as
eight elements conveying explicit welding instructions. 

The eight elements which may appear in a welding symbol are: reference line;  a r row;
basic weld symbols;  dimensions and other data;  supplementary symbols;  f i n i sh  sym-
bols;  tail and specification;  and  process or other reference.

The standard location of elements of a welding symbol are shown in Fig. 1.

Fig. 1. Standard Location of Elements of a Welding Symbol

Reference Line: This is the basis of the welding symbol. All other elements are oriented
with respect to this line. The arrow is affixed to one end and a tail, when necessary, is
affixed to the other.

Arrow: This connects the reference line to one side of the joint in the case of groove, fil-
let, flange, and flash or upset welding symbols. This side of the joint is known as the arrow
side of the joint. The opposite side is known as the other side of the joint. In the case of
plug, slot, projection, and seam welding symbols, the arrow connects the reference line to
the outer surface of one of the members of the joint at the center line of the weld. In this case
the member to which the arrow points is the arrow side member: the other member is the
other side member. In the case of bevel and J-groove weld symbols, a two-directional
arrow pointing toward a member indicates that the member is to be chamfered.

Basic Weld Symbols: These designate the type of welding to be performed. The basic
symbols which are shown in the table Basic Weld Symbols are placed approximately in the
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center of the reference line, either above or below it or on both sides of it as shown in Fig.
1. Welds on the arrow side of the joint are shown by placing the weld symbols on the side
of the reference line towards the reader (lower side). Welds on the other side of the joint are
shown by placing the weld symbols on the side of the reference line away from the reader
(upper side).

Supplementary Symbols: These convey additional information relative to the extent of
the welding, where the welding is to be performed, and the contour of the weld bead. The
“weld-all-around” and “field” symbols are placed at the end of the reference line at the
base of the arrow as shown in Fig. 1 and the table Supplementary Weld Symbols.

Dimensions: These include the size, length, spacing, etc., of the weld or welds. The size
of the weld is given to the left of the basic weld symbol and the length to the right. If the
length is followed by a dash and another number, this number indicates the center-to-cen-
ter spacing of intermittent welds. Other pertinent information such as groove angles,
included angle of countersink for plug welds and the designation of the number of spot or
projection welds are also located above or below the weld symbol. The number designat-
ing the number of spot or projection welds is always enclosed in parentheses.

Contour and Finish Symbols: The contour symbol is placed above or below the weld
symbol. The finish symbol always appears above or below the contour symbol (see Fig. 1).

The following finish symbols indicate the method, not the degrees of finish: C— ch ip -
ping;  G—grinding;  M—machining;  R—rolling;  and  H—hammering.

For indication of surface finish refer to the section SURFACE TEXTURE starting on page
733.

Tail: The tail which appears on the end of the reference line opposite to the arrow end is
used when a specification, process, or other reference is made in the welding symbol.
When no specification, process, or other reference is used with a welding symbol, the tail
may be omitted.

Table 1. Basic Weld Symbols

For examples of basic weld symbol applications see  starting on page 1480.

Groove Weld Symbols

Square Scarfa

a This scarf symbol used for brazing only (see page 1432).

V Bevel U J Flare V Flare bevel

Other Weld Symbols

Fillet
Plug

or
slot

Spot
or

projection
Seam

Back
or

backing
Surfacing

Flange

Edge Corner
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Table 2. Supplementary Weld Symbols

Melt-Thru Symbol: The melt-thru symbol is used only where 100 per cent joint or mem-
ber penetration plus reinforcement are required.

Specification, Process, or Other Designation: These are placed in the tail of the welding
symbol and are in accordance with the American National Standard. They do not have to
be used if a note is placed on the drawing indicating that the welding is to be done to some
specification or that instructions are given elsewhere as to the welding procedure to be
used.

Letter Designations: American National Standard letter designations for welding and
allied processes are shown in the table on page 1479.

Further Information: For complete information concerning welding specification by the
use of standard symbols, reference should be made to American National Standard
ANSI/AWS A2.4-79, which may be obtained from either the American National Stan-
dards Institute or the American Welding Society listed below.

Welding Codes, Rules, Regulations, and Specifications.—Codes recommending pro-
cedures for obtaining specified results in the welding of various structures have been estab-
lished by societies, institutes, bureaus, and associations, as well as state and federal
departments.

The latest codes, rules, etc., may be obtained from these agencies, whose names and
addresses are listed as follows:  PV = Pressure Vessels;  P = Piping;  T = Tanks;  S B  =
Structural and Bridges;  S = Ships;  AC = Aircraft Construction;  and  EWM = Electrical
Welding Machinery.

Air Force/LGM, Department of the Air Force, Washington, DC 20330. (AC)
American Bureau of Shipping, 45 Eisenhower Drive, Paramus, NJ 07652. (S)
American Institute of Steel Construction., 1 E. Wacker Drive, Chicago, IL 60601. (SB)
American National Standards Institute, 25 W. 43rd St. NY, NY 10036. (PV, P, EWM)
American Petroleum Institute, 1220 L St., NW, Washington, DC 20005. (PV)
American Society of Mechanical Engineers, 3 Park Avenue, NY, NY 10016. (PV)
American Welding Society, N.W. 550 LeJeune Road, Miami, FL 33126. (T, S, SB, AC)
Federal Aviation Administration, 800 Independence Avenue, S.W. Washington DC

20591. (AC)
Insurance Services Office, 545 Washington Blvd., Jersey City, NJ 07310. (PV)
Lloyd's Register of North America, 1401 Enclave Parkway, Houston, TX 77077 (S)
Mechanical Contractors Association., 1385 Piccard Drive, Rockville, MD 20850. (P)
National Electrical Manufacturers. Association., 1300 North Street, Rosslyn, VA 22209.

(EWM)
Naval Facilities Engineering Command, 1322 Patterson Ave., Washington Navy Yard,

DC 20374. (SB)
U.S. Government Printing Office, Washington, 732 N. Capitol St, N.W. DC 20401. (PV)

Weld
all

around

Field
weld Melt-thru

Backing
or spacer
material

Contour

Flush Convex Concave
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American National Standard Letter Designations for Welding and Allied Processes 
ANSI/AWS A2.4-91

Letter
Designation

Welding and
Allied Processes

Letter
Designation

Welding and
Allied Processes

AAC air carbon arc cutting HPW hot pressure welding

AAW air acetylene welding IB induction brazing

AB arc brazing INS iron soldering

ABD adhesive bonding IRB infrared brazing

AC arc cutting IRS infrared soldering

AHW atomic hydrogen welding IS induction soldering

AOC oxygen arc cutting IW induction welding

ASP arc spraying LBC laser beam cutting

AW carbon arc welding LBC-A laser beam cutting—air

B brazing LBC-EV laser beam cutting—
evaporativeBB block brazing

BMAW bare metal arc welding LBC-IG laser beam cutting—
inert gasCAB carbon arc brazing

CAC carbon arc cutting LBC-O laser beam cutting—oxygen

CAW carbon arc welding LBW laser beam welding

CAW-G gas carbon arc welding LOC oxygen lance cutting

CAW-S shielded carbon arc welding MAC metal arc cutting

CAW-T twin carbon arc welding OAW oxyacetylene welding

CEW coextrusion welding OC oxygen cutting

CW cold welding OFC oxyfuel gas cutting

DB dip brazing OFC-A oxyacetylene cutting

DFB diffusion brazing OFC-H oxyhydrogen cutting

DFW diffusion welding OFC-N oxynatural gas cutting

DS dip soldering OFC-P oxypropane cutting

EBC electron beam cutting OFW oxyfuel gas cutting

EBW electron beam welding OHW oxyhydrogen welding

EBW-HV electron beam welding—
high vacuum

PAC plasma arc cutting

PAW plasma arc welding

EBW-MV electron beam welding—
medium vacuum

PEW percussion welding

PGW pressure gas welding

EBW-NV electron beam welding—
nonvacuum

POC metal powder cutting

PSP plasma spraying

EGW electrogas welding PW projection welding

ESW electroslag welding RB resistance brazing

EXW explosion welding RS resistance soldering

FB furnace brazing RSEW resistance seam welding

FCAW flux-cored arc welding RSEW-HF resistance seam welding—
high frequencyFLB flow brazing

FLOW flow welding RSEW-I resistance seam welding—
inductionFLSP flame spraying

FOC chemical flux cutting RSW resistance spot welding

FOW forge welding ROW roll welding

FRW friction welding RW resistance welding

FS furnace soldering S soldering

FW flash welding SAW submerged arc welding

GMAC gas metal arc cutting SAW-S series submerged arc
weldingGMAW gas metal arc welding

GMAW-P gas metal arc welding—pulsed arc SMAC shielded metal arccutting

GMAW-S gas metal arc welding—
short-circuiting arc

SMAW shielded metal arc
welding

GTAC gas tungsten arc cutting SSW solid state welding

GTAW gas tungsten arc welding SW stud arc welding

GTAW-P gas tungsten arc welding—
pulsed arc
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Application of American National Standard Welding Symbols 

Desired Weld Symbol Symbol Meaning

Symbol indicates fillet weld on arrow 
side of the joint.

Symbol indicates square-groove weld 
on other side of the joint.

Symbol indicates bevel-groove weld 
on both sides of joint. Breaks in 
arrow indicate bevels on upper 
member of joint. Breaks in arrows 
are used on symbols designating 
bevel and J-groove welds.

Symbol indicates plug weld on arrow 
side of joint.

Symbol indicates resistance-seam 
weld. Weld symbol appears on both 
sides of reference line pointing up 
the fact that arrow and other side of 
joint references have no signifi-
cance.

Symbol indicates electron beam seam 
weld on other side of joint.

�
�

A

A A – A

A

A A – A

RSEW

RSEW

A

A

A – A

EBW

EBW
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Symbol indicates single-pass back 
weld.

Symbol indicates a built-up surface 1⁄8
inch thick.

Symbol indicates a bead-type back 
weld on the other side of joint, and a 
J-groove grooved horizontal mem-
ber (shown by break in arrow) and 
fillet weld on arrow side of the joint.

Symbol indicates two fillet welds, 
both with 1⁄2-inch leg dimensions.

Symbol indicates a 1⁄2-inch fillet weld 
on arrow side of the joint and a 1⁄4-
inch fillet weld on far side of the 
joint.

Symbol indicates a fillet weld on 
arrow side of joint with 1⁄4- and 1⁄2-
inch legs. Orientation of legs must 
be shown on drawing.

Application of American National Standard Welding Symbols (Continued)

Desired Weld Symbol Symbol Meaning

��
Groove Weld Made
Before Welding
Other Side

Back Weld

2

2
3

1/8

2 23

1/8

�

1/2

1/2

1/2

1/2

�

1/4

1/2

1/2

1/4

��
�

1/2

1/4

(          )

Orientation
Shown on
Drawing

1/4 1/2×
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Symbol indicates a 24-inch long fillet 
weld on the arrow side of the joint.

Symbol indicates a series of intermit-
tent fillet welds each 2 inches long 
and spaced 5 inches apart on centers 
directly opposite each other on both 
sides of the joint.

Symbol indicates a series of intermit-
tent fillet welds each 3 inches long 
and spaced 10 inches apart on cen-
ters. The centers of the welds on one 
side of the joint are displaced from 
those on the other.

Symbol indicates a fillet weld around 
the perimeter of the member.

Symbol indicates a 1⁄4-inch V-groove 
weld with a 1⁄8-inch root penetration.

Symbol indicates a 1⁄4-inch bevel weld 
with a 5⁄16-inch root penetration plus 
a subsequent 3⁄8-inch fillet weld.

Application of American National Standard Welding Symbols (Continued)

Desired Weld Symbol Symbol Meaning

24
6 24

6

2 2 2

5 5
 of

Weld
C

Locate Welds at
Ends of Joint

2–5

2–5

3 3
33

10 5

 of
Weld
C

Locate Welds at
Ends of Joint

3–10

3–10

��
��

1/4

1/8 Root
Penetration

1/4 1/8+

5/16

5/16
1/41/4

3/8 3/8

1 Note
Overlap

1/4 5/16

3/8

+
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Symbol indicates a bevel weld with a 
root opening of 3⁄36 inch.

Symbol indicates a V-groove weld 
with a groove angle of 65 degrees on 
the arrow side and 90 degrees on the 
other side.

Symbol indicates a flush surface with 
the reinforcement removed by chip-
ping on the other side of the joint 
and a smooth grind on the arrow 
side. The symbols C and G should 
be the user's standard finish sym-
bols.

Symbol indicates a 2-inch U-groove 
weld with a 25-degree groove angle 
and no root opening for both sides 
of the joint.

Symbol indicates plug welds of 1-
inch diameter, a depth of filling of 1⁄2
inch and a 60-degree angle of coun-
tersink spaced 6 inches apart on cen-
ters.

Symbol indicates all-around bevel 
and square-groove weld of these 
studs.

Application of American National Standard Welding Symbols (Continued)

Desired Weld Symbol Symbol Meaning

3/16

3/16

65

90

90

65

C–

G
–

25

25

2

2

0

R

R
R = User’s
St’d.

25
02

1/2
2 6

A

A

6

60

ID

A – A

1/21 62
60

��
��

Preparation

Process
Reference
Must Be
Placed on
Symbol

SW

SW
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Symbol indicates an electron beam 
seam weld with a minimum accept-
able joint strength of 200 pounds per 
lineal inch.

Symbol indicates four 0.10-inch 
diameter electron beam spot welds 
located at random.

Symbol indicates a fillet weld on the 
other side of joint and a flare-bevel-
groove weld and a fillet weld on the 
arrow side of the joint.

Symbol indicates gas tungsten-arc 
seam weld on arrow side of joint.

Symbol indicates edge-flange weld 
on arrow side of joint and flare-V-
groove weld on other side of joint.

Symbol indicates melt-thru weld. By 
convention, this symbol is placed on 
the opposite side of the reference 
line from the corner-flange symbol.

Application of American National Standard Welding Symbols (Continued)

Desired Weld Symbol Symbol Meaning

Min. Acceptable
Shear Strength
200 lb/lin. in.

A

A

A–A

EBW
200

A

A A–A

0.10′′

0.10′′

(4)

EBW
0.10′′

����

�
A

A
A–A

GTAW

GTAW
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Nondestructive Testing

Nondestructive testing (NDT) is aimed at examination of a component or assembly, usu-
ally for surface or internal cracks or other nonhomogeneities, to determine the structure, or
to measure thickness, by some means that will not impair its use for the intended purpose.
Traditional methods include use of radiography, ultrasonic vibration, dye penetrants, mag-
netic particles, acoustic emission, leakage, and eddy currents. These methods are simple to
use but some thought needs to be given to their application and to interpretation of the
results. Space limitations preclude a full discussion of NDT here, but the nature of the
welding process makes these methods particularly useful, so some information on use of
NDT for testing welds is given below.

Nondestructive Testing Symbol Application.—The application of nondestructive test-
ing symbols is also covered in American National Standard ANSI/AWS A2.4-79.

Basic Testing Symbols: These are shown in the following table.

ANSI Basic Symbols for Nondestructive Testing  ANSI/AWS A2.4-79

Testing Symbol Elements: The testing symbol consists of the following elements: Refer-
ence Line, Arrow, Basic Testing Symbol, Test-all-around Symbol, (N) Number of Tests,
Test in Field, Tail, and Specification or other reference.

The standard location of the testing symbol elements are shown in the following figure.

Locations of Testing Symbol Elements

The arrow connects the reference line to the part to be tested. The side of the part to which
the arrow points is considered to be the arrow side. The side opposite the arrow side is con-
sidered to be the other side.

Location of Testing Symbol: Tests to be made on the arrow side of the part are indicated
by the basic testing symbol on the side of the reference line toward the reader.

Symbol Type of Test Symbol Type of Test

AET Acoustic Emission PT Penetrant

ET Eddy Current PRT Proof

LT Leak RT Radiographic

MT Magnetic Particle UT Ultrasonic

NRT Neutron Radiographic VT Visual

Basic testing symbol

(N)

T L}{
}{
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th

er
si

d
e
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rr

o
w

si
d

e

Reference line

Tail

Specifications
or other
reference

Arrow
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Length of section
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Tests to be made on the other side of the part are indicated by the basic testing symbol on
the side of the reference line away from the reader.

To specify where only a certain length of a section is to be considered, the actual length
or percentage of length to be tested is shown to the right of the basic test symbol. To specify
the number of tests to be taken on a joint or part, the number of tests is shown in parenthe-
ses.

Tests to be made on both sides of the part are indicated by test symbols on both sides of
the reference line. Where nondestructive symbols have no arrow or other significance, the
testing symbols are centered in the reference line.

Combination of Symbols: Nondestructive basic testing symbols may be combined and
nondestructive and welding symbols may be combined.

Direction of Radiation: When specified, the direction of radiation may be shown in con-
junction with the radiographic or neutron radiographic basic testing symbols by means of
a radiation symbol located on the drawing at the desired angle.

Tests Made All Around the Joint: To specify tests to be made all around a joint a circular
test-all-around symbol is used.

Areas of Revolution: For nondestructive testing of areas of revolution, the area is indi-
cated by the test-all-around symbol and appropriate dimensions.

Plane Areas: The area to be examined is enclosed by straight broken lines having a small
circle around the angle apex at each change in direction.
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LASERS

Introduction

Lasers are used for cutting, welding, drilling, surface treatment, and marking. The word
laser stands for Light Amplification by Stimulated Emission of Radiation, and a laser is a
unit that produces optical-frequency radiation in intense, controllable quantities of energy.
When directed against the surface of a material, this quantity of energy is high enough to
cause a localized effect. Heating by a laser is controlled to produce only the desired result
in a specific area, ensuring low part distortion.

The four basic components of a laser, shown in Fig. 1, are an amplifying medium, a
means to excite this medium, mirrors arranged to form an optical resonator, and an output
transmission device to cause beam energy to exit from the laser. The laser output wave-
length is controlled by the type of amplifying medium used. The most efficient industrial
lasers use optical excitation or electrical discharge to stimulate the medium and start the
lasing action.

Solid-state lasers, in which the medium is a solid crystal of an optically pure material
such as glass or yttrium aluminum garnet (YAG) doped with neodymium (Nd), are excited
by a burst of light from a flashlamp(s) arranged in a reflective cavity that acts to concen-
trate the excitation energy into the crystal. Neodymium lasers emit radiation at 1.06 µm (1
µm = 0.00004 in.), in the near infrared portion of the spectrum.

The carbon dioxide (CO2) laser uses a gaseous mixture of helium, nitrogen, and carbon
dioxide. The gas molecules are energized by an electric discharge between strategically
placed cathodes and anodes. The light produced by CO2 lasers has a wavelength of approx-
imately 10.6 µm.
Laser Light.—The characteristics of light emitted from a laser are determined by the
medium and the design of the optical resonator. Photons traveling parallel to the optical
axis are amplified and the design provides for a certain portion of this light energy to be
transmitted from the resonator. This amplifier/resonator action determines the wavelength
and spatial distribution of the laser light.

The transmitted laser light beam is monochromatic (one color) and coherent (parallel
rays), with low divergence and high brightness, characteristics that distinguish coherent
laser light from ordinary incoherent light and set the laser apart as a beam source with high
energy density. A typical industrial laser operating in a very narrow wavelength band
determined by the laser medium is called monochromatic because it emits light in a spe-
cific segment of the optical spectrum. The wavelength is important for beam focusing and
material absorption effects.

Coherent laser light can be 100,000 times higher in energy density than equivalent-
power incoherent light. The most important aspect of coherent light for industrial laser
applications is directionality, which reduces dispersion of energy as the beam is directed
over comparatively long distances to the workpiece.
Laser Beams.—The slight tendency of a laser beam to expand in diameter as it moves
away from its source is called beam divergence, and is important in determining the size of
the spot where it is focused on the work surface. The beam-divergence angle for high-
power lasers used in processing industrial materials is larger than the diffraction-limited
value because the divergence angle tends to increase with increasing laser output power.
The amount of divergence thus is a major factor in concentration of energy in the work.

The power emitted per unit area per unit solid angle is called brightness. Because the
laser can produce very high levels of power in very narrowly collimated beams, it is a
source of high brightness energy. This brightness factor is a major characteristic of solid-
state lasers. Other important beam characteristics in industrial lasers include spatial mode
and depth of focus. Ideally, the output beam of the laser selected should have a mode struc-
ture, divergence, and wavelength sufficient to process the application in optimum time and
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with a minimum of heat input. A beam-quality factor, M2, is commonly used to define the
productive performance of a laser. This factor is a measure of the ratio between the spot
diameter of a given laser to that of a theoretically perfect beam. Beam quality is expressed
as “times diffraction” and is always greater than 1. For CO2 lasers at the 1-kW level, M2 =
1.5, and for YAG lasers at 500 W, M2 = 12.0 is typical.

The mode of a laser beam is described by the power distribution profile over its cross-
section. Called transverse modes, these profiles are represented by the term TEMmn, where
TEM stands for transverse electromagnetic, and m and n are small integers indicating that
power distribution is bell-shaped (Gaussian) TEM00, or donut-shaped TEM01*.

Fig. 2 shows various transverse electromagnetic modes commonly used in materials pro-
cessing applications. For such applications, it is helpful to determine the peak and total
power generated by the laser. Diffraction in Gaussian beams is inherently limited and other
modes of operation may have larger beam-divergence angles, causing less power to be
delivered to the workpiece. The selection process for industrial applications should con-
sider only those lasers that produce the lowest-order mode beam, in a Gaussian-shaped
energy profile (see Fig. 2), with a narrow beam divergence. Solid-state lasers do not meet
all these criteria, and with high-power CO2 lasers, it is sometimes necessary to compro-
mise because of reduced output power, large physical size, and complexity of the laser
design.

Although a laser with a TEM00 output beam is preferred for optimum performance, the
application may not always require such a beam. For example, many CO2 laser cutting
operations are performed with a TEM01* beam and welding is often done with a mixture of
each of these modes. Lasers can be operated in three temporal modes, continuous wave
(CW), pulsed, and superpulsed (called Q-switched for YAG lasers), depending on the
materials being processed.

The smallest focused spot diameter that will provide the highest energy intensity can be
produced by a TEM00 laser. The fundamental mode output of CO2 lasers is limited to 2500
watts. Complex spatial patterns are often caused by inhomogeneities in solid-state laser
crystals and are controlled by insertion of apertures that greatly reduce output power.
However, standard lasers suit the needs of most industrial users as beam divergence is only
one factor in laser design.
Beam Focusing.—The diameter of a focused laser beam spot can be estimated by multi-
plying the published beam divergence value by the focal length of the lens or by the rela-
tionship of the wavelength to the unfocused beam diameter. Thus, the beam from a CO2
laser operating at a 10.6-µm wavelength, using the same focal length lens, will produce a

Fig. 1. Basic Components of a Laser
Fig. 2. Spatial Intensity Distribution
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focused spot ten times larger than the beam from a Nd:YAG laser operating at a 1.06-µm
wavelength.

Effects of various beam spot sizes and depths of focus are shown in Fig. 3. High-power
density is required for most focused beam applications such as cutting, welding, drilling,
and scribing, so these applications generally require a tightly focused beam. The peak
power density of a Gaussian beam is found by dividing the power at the workpiece by the
area of the focused spot. Power density varies with the square of the area, so that a change
in the focused spot size can influence power density by a factor of 4 and careful attention
must be given to maintaining beam focus.

Another factor of concern in laser processing is depth of focus, defined as the range of
depth over which the focused spot varies by ±5 per cent. This relationship is extremely
important in cutting sheet metal, where it is affected by variations in surface flatness. Cut-
ting heads that adapt automatically to maintain constant surface-to-nozzle spacing are
used to reduce this effect.

Types of Industrial Lasers.—Specific types of lasers are suited to specific applications,
and Table 1 lists the most common lasers used in processing typical industrial materials.
Solid-state lasers are typically used for drilling, cutting, spot and seam welding, and mark-
ing on thin sheet metal. CO2 lasers are used to weld, cut, surface treat, and mark both metals
and nonmetals. For example, CO2 lasers are suited to ceramic scribing and Nd:YAG lasers
for drilling turbine blades. Factors that affect suitability include wavelength, power den-
sity, and spot size. Some applications can use more than one laser type. Cutting sheet
metal, an established kilowatt-level CO2 laser application, can also be done with kilowatt-
level Nd:YAG lasers. For some on-line applications that require multiaxis beam motion,
the Nd:YAG laser may have advantages in close coupling the laser beam to the workpiece
through fiber optics.

Table 1. Common Industrial Laser Applications

Applications: A = cutting, B = welding, C = surface treatment, D =drilling, E = marking, F = micro-
machining.

Industrial Laser Systems.—The laser should be located as close as possible to the work-
piece to minimize beam-handling problems. Ability to locate the beam source away from
its power supply and ancillary equipment, and to arrange the beam source at an angle to the

Fig. 3. Focus Characteristics of a Laser Beam. Fig. 4. Typical Laser Systems.

Type
Wavelength

(µm)
Operating

Mode
Power Range

(watts) Applications

Nd:YAG 1.06 Pulsed 10-2,000 A, B, D, E, F

Nd: YAG 1.06 Continuous 500-3,000 A, B, C

Nd: YAG 1.06 Q-switched 5-150 D, E, F

CO2 10.6 Pulsed 5-3,000 A, B, D, E

CO2 10.6 Superpulsed 1,000-5,000 A

CO2 10.6 Continuous 100-25,000 A, B, C
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workpiece allows the laser to be used in many automatic and numerically controlled set
ups. Fig. 4 shows typical laser system arrangements.

Lasers require power supplies and controllers for lasers are usually housed in industrial
grade enclosures suited to factory floor conditions. Because the laser is a relatively ineffi-
cient converter of electrical energy to electromagnetic energy (light), the waste heat from
the beam source must be removed by heat exchangers located away from the processing
area. Flowing gas CO2 lasers require a source of laser gas, used to make up any volume lost
in the normal recycling process. Gas can be supplied from closely linked tanks or piped
from remote bulk storage.

Delivery of a high-quality beam from the laser to the workpiece often requires sub-
systems that change the beam path by optical means or cause the beam to be directed along
two or more axes. Five-axis beam motion systems, for example, using multiple optical ele-
ments to move the beam in X, Y, Z, and rotation/tilt, are available.

Solid-state laser beams can be transmitted through flexible optical fibers. If there is no
beam motion, the workpiece must be moved. The motion systems used can be as simple as
an XY or rotary table, or as complex as a multistation, dual-feed table. Hybrid systems
offer a combination of beam and workpiece motion and are frequently used in multiaxis
cutting applications. All motions are controlled by an auxiliary unit such as a CNC, NC,
paper tape, or programmable controller. Newer types of controllers interface with the
beam source to control the entire process. Gas jet nozzles, wire feed, or seam tracking
equipment are often used, and processing may be monitored and controlled by signals
from height sensors, ionized by-product (plasma) detectors, and other systems.
Safety.—Safety for lasers is covered in ANSI Z136.1-2000: Safe Use Of Lasers. Most
industrial lasers require substantial electrical input at high-voltage and amperage condi-
tions. Design of the beam source and the associated power supply should be to accepted
industry electrical standards. Protective shielding is advised where an operator could inter-
act, physically, with the laser beam, and would be similar to safety shields provided on
other industrial equipment.

Radiation from a laser is intense light concentrated in tight bundles of energy. The high
energy density and selective absorption characteristics of the laser beam have the potential
to cause serious damage to the eye. For this reason, direct viewing of the beam from the
laser should be restricted. Safety eyewear is commercially available to provide protection
for each type of laser used. Certain lasers, such as the 1.06-µm solid-state units, should be
arranged in a system such that workers are shielded from direct and indirect radiation.
Other types of lasers, such as the 10.6-µm CO2 laser, when operated without shielding,
should meet industry standards for maximum permissible exposure levels. Much informa-
tion is published on laser radiation safety, so that the subject is highly documented. Laser
suppliers are very familiar with local regulations and are a good source for prepurchase
information. Certain materials, notably many plastics compositions, when vaporized, will
produce potentially harmful fumes.Precautionary measures such as workstation exhaust
systems typically handle this problem.
Laser Beam/Material Interaction.—Industrial lasers fall into categories of effective-
ness because the absorption of laser light by industrial materials depends on the specific
wavelength. However, at room temperature, CO2 laser light at 10.6 µm wavelength is fully
absorbed by most organic and inorganic nonmetals.

Both CO2 and YAG can be used in metalworking applications, although YAG laser light
at 1.06 µm is absorbed to a higher degree in metals. Compensation for the lower absorption
of CO: light by metals is afforded by high-energy-density beams, which create small
amounts of surface temperature change that tend to increase the beam-coupling coeffi-
cient.

At CO2 power densities in excess of 106 W/cm2, effective absorptivity in metals
approaches that of nonmetals. Above certain temperatures, metals will absorb more infra-
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red energy. In steel at 400°C, for instance, the absorption rate is increased by 50 per cent. In
broad-area beam processing, where the energy density (104 W/cm2) is low, some form of
surface coating may be required to couple the beam energy into a metal surface.

Thermal Properties of Workpieces.—When a laser beam is coupled to a workpiece, ini-
tial conversion of energy to work, in the form of heat, is confined to a very thin layer (100-
200 Ångstroms) of surface material. The absorbed energy converted to heat will change
the physical state of the workpiece, and depending on the energy intensity of the beam, a
material will heat, melt, or vaporize. Fig. 5 shows percentage of energy absorption versus
temperature for various phase changes in materials.

Heating, melting, and vaporization of a material by laser radiation depends on the ther-
mal conductivity and specific heat of the material. The heating rate is inversely propor-
tional to the specific heat per unit volume, so that the important factor for heat flow is the
thermal diffusivity of the work material. This value determines how rapidly a material will
accept and conduct thermal energy, and a high thermal diffusivity will allow a greater
depth of fusion penetration with less risk of thermal cracking.

Heat produced by a laser in surface layers is rapidly quenched into the material and the
complementary cooling rate is also rapid. In some metals, the rate is 106 C°/s. This rapid
cooling results in minimum residual heat effects, due to the slower thermal diffusivity of
heat spreading from the processed area. However, rapid cooling may produce undesired
effects in some metals. Cooling that is too rapid prevents chemical mixing and may result
in brittle welds.

Thermosetting plastics are specifically sensitive to reheating, which may produce a
gummy appearance or a charred, ashlike residue. Generally, the sensitivity of a material to
heat from a laser is as apparent as with any other localized heating process. Any literature
describing the behavior of materials when exposed to heat will apply to laser processing.

Cutting Metal with Lasers

The energy in a laser beam is absorbed by the surface of the impinged material, and the
energy is converted into work in the form of heat, which raises the temperature to the melt-
ing or vaporization point. A jet of gas is arranged to expel excess molten metal and vapor
from the molten area. Moving the resulting molten-walled hole along a path with continu-
ous or rapidly pulsed beam power produces a cut. The width of this cut (kerf), the quality of
the cut edges, and the appearance of the underside of the cut (where the dross collects) are
determined by choice of laser, beam quality, delivered power, and type of motion

Fig. 5. Laser Energy Absorption
Intensity vs. Temperature Fig. 6. Factors in Laser Cutting.
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employed (beam, workpiece, or combination). Fig. 6 identifies the factors involved in pro-
ducing a high-quality cut.

Power versus penetration and cutting rate are essentially straight-line functions for most
ferrous metals cut with lasers. A simple relationship states that process depth is propor-
tional to power and inversely proportional to speed. Thus, for example, doubling power
will double penetration depth. The maximum possible thickness that can be cut is, there-
fore, a function of power, cutting rate, and compromise on cut quality. Currently, 25 mm (1
in.) is considered the maximum thickness of steel alloys that can be cut. The most econom-
ically efficient range of thicknesses is up to 12.5 mm (0.49 in.).

Metals reflect laser light at increasing percentages with increasing wavelength. The
high-energy densities generated by high-power CO2 lasers overcome these reflectivity
effects. Shorter-wavelength lasers such as Nd:YAG do not suffer these problems because
more of their beam energy is absorbed.

Beam Assistance Techniques.—In cutting ferrous alloys, a jet of oxygen concentric with
the laser beam is directed against the heated surface of the metal. The heat of the molten
puddle of steel produced by the laser power causes the oxygen to combine with the metal,
so that the jet burns through the entire thickness of the steel. This melt ablation process also
uses the gas pressure to eject the molten metal from the cut kerf. Control of the gas pres-
sure, shape of the gas stream, and positioning of the gas nozzle orifice above the metal sur-
face are critical factors. A typical gas jet nozzle is shown in Fig. 7. Cutting highly alloyed
steels, such as stainless steel, is done with pulsed CO2 laser beams. High-pressure gas jets
with the nozzle on the surface of the metal and nonoxidizing gas assistance can be used to
minimize or eliminate clinging dross.

Fig. 7. Laser Gas Cutting Nozzle for Steel.

The narrow kerf produced by the laser allows cut patterns to be nested as close as one
beam diameter apart, and sharply contoured and profiled cuts can be made, even in narrow
angle locations. For this type of work and for other reasons, confining the kerf width to a
dimension equal to, or slightly greater than, the diameter of the laser beam is important.
Kerf width is a function of beam quality, focus, focus position, gas pressure, gas nozzle to
surface spacing, and processing rate. Table 2 shows typical kerf widths.

Cut Edge Roughness.—Cutting with a continuous-wave (CW) output CO2 laser can pro-
duce surface roughness values of 8-15 µm (315-590 µin) in 1.6-mm (0.063-in) cold-rolled
steel and 30-35 µm (1180-1380 µin) in mild steel. Surface roughness of 30-50 µm (1180-
1970 µin) in thin-gage stainless steel sheets is routine when using oxygen to assist cutting.
Table 3 lists some surface roughness values.
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Table 3. Surface Roughness Values for Laser Cutting with Oxygen

Heat-Affected Zones.—Control of beam focus, focus position, assist gas conditions, and
processing rates produces differences in hardness that are barely discernible in steels up to
2 mm (0.078 in.) thick. Small increases in hardness to a depth of 0.1-0.2 mm (0.004-0.008
in.) are common. Cutting with a pulsed CO2 laser reduces these values to less than 0.1 mm
(0.004 in.), making this mode of operation beneficial for some end-use applications. Table
4 shows typical values for the heat-affected zone in mild steels.

Table 4. Heat-Affected Zone in Mild Steels

Rates for laser cutting of metals are typically reported as data developed under ideal con-
ditions, that is, in a controlled development laboratory environment using technician-oper-
ated equipment. Rates achieved on the shop floor using semiskilled system operators to
produce complicated shapes may vary dramatically from published data. Speed versus
thickness for cutting steel is shown in Fig. 8 for 1000- and 1500-W power levels, and cut-
ting performance for several other metals of various thicknesses is shown in Table 5. Cut-
ting rate data for pulsed and CW Nd:YAG lasers for steel also are shown in Fig. 8, and for
Nd:YAG cutting of other metals in Table 5.

Table 2. Typical Kerf Widths in CO2 Laser Cutting

Material

Thickness Kerf

mm in. mm in.

Carbon Steel

1.5 0.06 0.05 0.002

2.25 0.09 0.12 0.005

3.12 0.12 0.2 0.008

6.25 0.25 0.3 0.012

Aluminum 2.25 0.09 0.25 0.01

Plastics <4.0 <0.16 2 × beam diameter

Material

Thickness Surface Finish

mm in. µm µin

Stainless Steel

1 0.04 30 1200

2 0.08 35 1400

3 0.12 50 2000

Cold-Rolled Steel

1 0.04 8 320

2 0.08 10 400

3 0.12 15 600

Mild Steel

1 0.04 30 1200

2 0.08 30 1200

3 0.12 35 1400

Material Thickness CW HAZ Pulsed HAZ

mm in. mm in. mm in.

4 0.157 0.50 0.020 0.15 0.006

3 0.118 0.37 0.015 0.15 0.006

2 0.078 0.10 0.004 0.12 0.005

1 0.039 0.75 0.030 0.07 0.003
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Table 5. CO2 and Nd: YAG Cutting Speeds for Nonferrous Metals

Fig. 8. Typical Cutting Rates for CO2 and YAG Lasers.

Cutting of Nonmetals.—Laser cutting of nonmetals has three requirements: a focused
beam of energy at a wavelength that will be absorbed easily by the material so that melting
or vaporization can occur; a concentric jet of gas, usually compressed air, to remove the
by-products from the cut area; and a means to generate cuts in straight or curved outlines.
Residual thermal effects resulting from the process present a greater problem than in cut-
ting of metals and limit applications of lasers in nonmetal processing.

When subjected to a laser beam, paper, wood, and other cellular materials undergo
vaporization caused by combustion. The cutting speed depends on laser power, material
thickness, and water and air content of the material. Thermoplastic polymer materials are
cut by melting and gas jet expulsion of the melted material from the cut area. The cutting
speed is governed by laser power, material thickness, and pressure of gas used to eject the
displaced material.

Polymers that may be cut by combustion or chemical degradation include the thermoset-
ting plastics, for example, epoxies and phenolics. Cutting speed is determined by the laser

Material

CO2 (1500 watts) Nd: YAG

Thickness Speed Thickness Speed Power

mm in. m/min ft/min mm in. m/min ft/min watts

Copper

1 0.04 2.25 7.4 … … …

2 0.08 0.75 2.5 … … …

3 0.12 0.35 1.15 … … …

Aluminum

1 0.04 8 26.2 1.5 0.06 2.5 8.2 1000

2 0.08 4 13.1 2.5 0.1 1.0 3.3 1000

3 0.12 1.5 4.9 3.5 0.14 0.5 1.6 1000

Titanium
1 0.04 6 19.7 0.4 0.016 1.0 3.3 150

2 0.08 3 9.8 … … …

Tungsten … … 0.08 0.003 0.03 0.1 250

Brass
1 0.04 3 9.8 … … …

2 0.08 1.5 4.9 … … …

Hastalloy 2.5 0.1 2.8 9.2 … … …

Hastalloy X … … 0.08 0.003 0.5 1.6 150

Inconel 718 4 0.16 1.1 3.6 … … …

+
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+
+
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power and is higher for thermosets than for other polymers due to the phase change to
vapor.

Composite materials are generally easy to cut, but the resulting cut may not be of the
highest quality, depending on the heat sensitivity of the composite materials. High-pres-
sure cutting processes such as fluid jets have proven to be more effective than lasers for
cutting many composite materials.

Nonmetal cutting processes require moderate amounts of power, so the only limitation
on cut thickness is the quality of the cut. In practice, the majority of cutting applications are
to materials less than 12 mm thick. Cutting rates for some commonly used nonmetals are
shown in Table 6. Nonmetal cutting applications require a gas jet to remove molten, vapor-
ized, or chemically degraded matter from the cut area.

Compressed air is used for many plastics cutting applications because it is widely avail-
able and cheap to produce, so it is a small cost factor in nonmetal cutting. A narrow kerf is
a feature of nonmetal cutting, and it is especially important in the cutting of compactly
nested parts such as those produced in cutting of fabrics. Nonmetals react in a variety of
ways to laser-generated heat, so that it is difficult to generalize on edge roughness, but ther-
mally sensitive materials will usually show edge effects.

Table 6. CO2 Laser Cutting Rates for Nonmetals

Welding with Lasers

Laser Welding Theory.—Conversion of absorbed laser energy into heat causes metals to
undergo a phase change from solid to liquid and, as energy is removed, back to solid. This
fusion welding process is used to produce selective area spot welds or linear continuous
seam welds. The two types of laser welding processes, conduction and deep penetration, or
keyhole, are shown in Fig. 9.

Conduction welding: relies on the thermal diffusivity characteristics of the metal to con-
duct heat into the joint area. By concentrating heat into the focused beam diameter and pro-
gramming this heat input for short time periods, more heat is conducted into the joint than
is radiated outward from the joint. Conduction welds are generally used for spot welding
and partial penetration seam welding.

Deep penetration keyhole welding: is produced by beam energy converted to heat that
causes a hole to be produced through the thickness of the metal. Vapor pressure of evapo-
rated metal holds a layer of molten metal in place against the hole wall.

Movement of the hole, by beam or workpiece motion, causes the molten metal to flow
around the hole and solidify behind the beam interaction point. The resolidified metal has
a different structure than the base metal. Maximum practical penetration limits are approx-
imately 25 mm (2 in.) with today's available laser power technology.

If the physical change from solid to liquid to solid does not produce a ductile fusion zone,
and if the brittleness of the resolidified metal cannot be reduced easily by postweld anneal-
ing, then the laser welding process, as with other fusion welding processes, may not be via-
ble. If the metal-to-metal combination does not produce an effective weld, other

Material

Thickness Speed Power

Material

Thickness Speed Power

mm in m/min ft/min watts mm in m/min ft/min watts

Polythene 1 0.04 11 36 500 Fiberglass 1.6 0.063 5.2 17 450

Polypropylene 1 0.04 17 56 500 Glass 1 0.04 1.5 4.9 500

Polystyrene 1 0.04 19 62 500 Alumina 1 0.04 1.4 4.6 500

Nylon 1 0.04 20 66 500 Hardwood 10 0.39 2.6 8.5 500

ABS 1 0.04 21 69 500 Plywood 12 0.47 4.8 15.7 1000

Polycarbonate 1 0.04 21 69 500 Cardboard 4.6 0.18 9.0 29.5 350

PVC 1 0.04 28 92 500
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considerations such as filler metal additions to modify fusion zone chemistry should be
considered.

Fig. 9. Types of Laser Welds.

Welded Joint Design.—For optimum results, the edges of parts to be laser beam welded
should be in close contact. When a part is being designed and there is a choice of welding
process, designers should design joints and joint tolerances to the optimum for laser weld-
ing. Fig. 10 shows suitable joint designs for the laser fusion welding process. Joint toler-
ances are one of the more important parameters influencing part weldability, and for
corner, tee, and lap joints, gaps should be not more than 25 per cent of the thickness of the
thinnest section. For butt and edge joints, the percentage is reduced to 10. Addition of filler
metal to compensate for large joint gaps is becoming popular.

Fig. 10. Examples of Laser Weld Joint Designs.

Welding Rates.—The information presented in Fig. 11 for welding with CO2 and
Nd:YAG lasers should be considered as typical for the specific lasers shown and is for use
in optimum conditions. These data are provided only as guidelines.
Processing Gas.—The proper choice of processing gas is important for both conduction
and keyhole welding. Gases that ionize easily should not be used to shield the beam/mate-
rial interaction point. Energy intensities of 106 W/cm2 or higher can occur in the zone
where incident and reflected laser light overlap and gases can vaporize, producing a
plasma that attenuates further beam transmission.

One of the most important advantages of laser welding is the low total heat input charac-
teristic of the focused high-energy density beam. Heat concentration resulting from the
beam energy conversion at the workpiece surface causes most conduction to be perpendic-
ular to the direction of motion. With the beam (or workpiece) moving faster than the speed
of thermal conduction, there is significant heat flow only in the perpendicular direction.
Thus, material solid to solid, or solid to liquid, changes tend to occur only in the narrow
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path of heat conduction, and the amount of heat necessary to penetrate a given material
thickness is reduced to only that needed to fuse the joint. With limited excess heat through
the low total heat mechanism, parts can be produced by laser welding with minimum ther-
mal distortion.

Helium is the ideal gas for laser welding, but other gases such as CO2 and argon have
been used. Neither CO2 nor argon produces a clean, perfectly smooth weld, but weld integ-
rity seems sufficient to suggest them as alternatives. The cost of welding assistance gas can
be greater than for laser gases in CO2 laser welding and may be a significant factor in man-
ufacturing cost per welded part.

Fig. 11. Rates for CO2 and Nd:YAG Laser Welding.

Drilling with Lasers

Laser Drilling Theory.—Laser drilling is performed by direct, percussive, and trepan-
ning methods that produce holes of increasing quality respectively, using increasingly
more sophisticated equipment. The drilling process occurs when the localized heating of
the material by a focused laser beam raises the surface temperature above the melting tem-
perature for metal or, for nonmetals, above the vaporization temperature.
Direct Drilling.—The single-pulse, single-hole process is called direct drilling. The pro-
cess hole size is determined by the thermal characteristics of the material, the beam spot
size, the power density, the beam quality, and the focus location. Of these parameters,
beam quality, in terms of beam divergence, is an important criterion because of its effect on
the hole size. Single-pulse drilled holes are usually limited to a depth of 1.5 mm (0.06 in.)
in metals and up to 8 mm (0.315 in.) in nonmetals. Maximum hole diameter for pulsed
solid-state laser metal drilling is in the 0.5-to 0.75-mm (0.02- to 0.03-in) range, and CO2
direct drilling can produce holes up to 1.0 mm (0.04 in.) in diameter. The aspect ratio
(depth to midhole diameter) is typically under 10:1 in metals and for many nonmetals it can
be 15:1. Hole taper is usually present in direct drilling of metals. The amount of taper
(entrance hole to exit hole diameter change) can be as much as 25 per cent in many metals.
Direct drilling produces a recast layer with a depth of about 0.1 mm (0.004 in.). Diameter
tolerances are ±10 per cent for the entrance hole, depending on beam quality and assist gas
pressure.
Percussive Drilling.—Firing a rapid sequence of pulses produces a hole of higher quality
than direct drilling in metal thicknesses up to 25 mm (1 in.). This process is known as per-
cussive drilling. Multiple pulses may be necessary, depending on the metal thickness. Typ-
ical results using percussion drilled holes are: maximum depth achievable, 25 mm (1 in.);
maximum hole diameter, 1.5 mm (0.06 in.); aspect ratio, 50:1; recast layer, 0.5 mm (0.02
in.); taper under 10 per cent; and hole diameter tolerance ±5 per cent.
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Trepanning.—To improve hole quality, some companies use the trepanning method to
cut a hole. In this process, a focused beam is moved around the circumference of the hole
to be drilled by a rotating mirror assembly. The closeness of spacing of the beam pulses
that need to be overlapped to produce the hole depends on the quality requirements. Typi-
cal results are: maximum hole depth, 10 mm (0.39 in.); maximum hole diameter, 2.5 mm
(0.1 in.); and recast layer thickness, 25 µm (985 µin).

Drilling Rates.—Laser drilling is a fast process but is very dependent on the above-men-
tioned process factors. It is difficult to generalize on laser drilling rates because of the large
number of combinations of material, hole diameter, depth, number of holes per part, and
part throughput. With Nd:YAG lasers, direct drilling rates of 1 ms are typical.

Heat Treatment with Lasers

The defocused beam from a CO2 laser impinging on a metal surface at room temperature
will have 90 per cent or more of its power reflected. In steels, the value is about 93 per cent.
Compared with focused beam processing, which uses power densities greater than 105

W/cm2, the power density of laser beams designed for heat treatment, at less than 104

W/cm2, is insufficient to overcome reflectivity effects. Therefore, the metal surface needs
to be prepared by one of several processes that will enhance absorption characteristics.
Surface roughening can be used to produce tiny craters that can trap portions of the beam
long enough to raise the surface temperature to a point where more beam energy is
absorbed. Coating the metal surface is a common expedient. Black enamel paint is easy to
apply and the laser beam causes the enamel to vaporize, leaving a clean surface.

The absorbed laser beam energy, converted to heat, raises the temperature of the metal in
the beam pattern for as long as the beam remains in one place. The length of the dwell time
is used to control the depth of the heat treatment and is an extremely effective means for
control of case depth in hardening.

Materials Applicability.—Hardenable ferrous metals, such as medium- and high-carbon
steels, tool steels, low-alloy steels and cast irons, and steels with fine-carbide dispersion,
are good candidates for laser heat treating. Marginally hardenable metals include annealed
carbon steels, spheroidized carbon steels, mild-carbon steels (0.2 per cent C), and ferritic
nodular cast irons. Low-carbon steels (<0.1 per cent C), austenitic stainless steels, and non-
ferrous alloys and metals are not hardenable.

The effect of the metal microstructure on depth of hardening is an important factor. Cast
iron, with a graphite and tempered martensite structure, presents a low carbon-diffusion
distance that favors deep-hardened cases. The same is true for steel with a tempered mar-
tensite or bainite structure. On the other hand, cast iron with a graphite/ferrite structure and
spheroidized iron (Fe3C plus ferrite) structures have large carbon-diffusion patterns and
therefore produce very shallow or no case depths.

Hardening Rates.—Laser hardening is typically slower than conventional techniques
such as induction heating. However, by limiting the area to be hardened, the laser can
prove to be cost-effective through the elimination of residual heat effects that cause part
distortion. A typical hardening rate is 130 cm2/min. (20 in2/min.) for a 1-mm (0.039-in)
case depth in 4140 steel.

Cladding with Lasers

In laser cladding, for applying a coating of a hard metal to a softer alloy, for instance, a
shaped or defocused laser beam is used to heat either preplaced or gravity-fed powdered
alloys. The cladding alloy melts and flows across the surface of the substrate, rapidly solid-
ifying when laser power is removed. Control of laser power, beam or part travel speed, clad
thickness, substrate thickness, powder feed rate, and shielding gas are process variables
that are determined for each part.
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Many of the alloys currently used in plasma arc or metal inert gas cladding techniques
can be used with the laser cladding process. Among these materials, Stellites, Colmonoys,
and other alloys containing carbides are included, plus Inconel, Triballoy, Fe-Cr-C-X
alloys, and tungsten and titanium carbides.

Controlled minimal dilution may be the key technical advantage of the laser cladding
process. Dilution is defined as the total volume of the surface layer contributed by melting
of the substrate, and it increases with increasing power, but decreases with either increas-
ing travel speed or increasing beam width transverse to the direction of travel. Tests com-
paring laser dilution to other cladding techniques show the laser at <2 per cent compared to
5-15 per cent for plasma arc and 20-25 per cent for stick electrode processes.

The laser cladding process results in a dense, homogenous, nonporous clad layer that is
metallurgically bonded to the substrate. These qualities are in contrast to the mechanically
bonded, more porous layer produced by other methods.

Marking with Lasers

Laser marking technology can be divided into two groups; those that produce a repetitive
mark are listed as mask marking, and those that involve rapid changes of mark characteris-
tics are classified as scanned beam marking. The amount of data that can be marked in a
unit of time (writing speed) depends on laser energy density, galvanometer speed, com-
puter control, and the dimensions of the mark. Heat-type marks have been made at rates up
to 2500 mm/s (100 in/s) and engraved marks at rates of 500-800 mm/s (20-30 in/s). Writing
fields are of various sizes, but a typical field measures 100 × 100 mm (4 × 4 in.).

Mask Marking.—In mask marking, the beam from a CO2 laser is projected through a
reflective mask that passes beam energy only through uncoated areas. The beam energy is
reimaged by a wide field lens onto the material's surface where the absorbed heat changes
the molecular structure of the material to produce a visible mark. Examples are clouding
PVC or acrylics, effecting a change in a colored surface (usually by adjusting proportions
of pigment dyes), or by ablating a surface layer to expose a sublayer of a different color.

CO2 lasers can be pulsed at high rates and have produced legible marks at line speeds of
20,000 marks/h. These lasers produce energy densities in the 1-20 J/cm2 range, which cor-
responds to millions of watts/cm2 of power density and allows marking to be performed in
areas covering 0.06 to 6 cm2. The minimum width of an individual line is 0.1 mm (0.004
in.). Mask marking is done by allowing the beam from a laser to be projected through a
mask containing the mark to be made. Reimaging the beam by optics onto the workpiece
causes a visible change in the material, resulting in a permanent mark. Mask marking is
used for materials that are compatible with the wavelength of the laser used.

Scanned-Beam Marking.—Focusing a pulsed laser beam to a small diameter concen-
trates the power and produces high-energy density that will cause a material to change its
visual character. Identified by several names (spot, stroke, pattern generation, or engrav-
ing), this application is best known as scanned beam.

In the scanned-beam method, the beam from a pulsed YAG or CO2 laser is directed onto
the surface of a part by a controlled mirror oscillation that changes the beam path in a pre-
programmed manner. The programming provides virtually unlimited choice of patterns to
be traced on the part. The pulsed laser output can be sequenced with beam manipulation to
produce a continuous line or a series of discrete spots that visually suggest a pattern (dot
matrix).

The energy density in the focused beam is sufficient to produce a physical or chemical
change in most materials. For certain highly reflective metals, such as aluminum, better
results are obtained by pretreating the surface (anodizing). Not all scanned beam applica-
tions result in removal of base metal. Some remove only a coating or produce a discolora-
tion, caused by heating, that serves as a mark.
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FINISHING OPERATIONS

Power Brush Finishing

Power brush finishing is a production method of metal finishing that employs wire, elas-
tomer bonded wire, or non-metallic (cord, natural fiber or synthetic) brushing wheels in
automatic machines, semi-automatic machines and portable air tools to smooth or roughen
surfaces, remove surface oxidation and weld scale or remove burrs.
Description of Brushes.—Brushes work in the following ways: the wire points of a brush
can be considered to act as individual culling tools so that the brush, in effect, is a multiple-
tipped cutting tool. The fill material, as it is rotated, contacts the surface of the work and
imparts an impact action which produces a coldworking effect. The type of finish pro-
duced depends upon the wheel material, wheel speed, and how the wheel is applied. 

Brushes differ in the following ways 1) fill material (wire—carbon steel, stainless steel;
synthetic; Tampico; and cord);  2) length of fill material (or trim);  and  3) the density of
the fill material.

To aid in wheel selection and use, the accompanying table made up from information
supplied by The Osborn Manufacturing Company lists the characteristics and mayor uses
of brushing wheels.
Use of Brushes.—The brushes should be located so as to bring the full face of the brush in
contact with the work. Full face contact is necessary to avoid grooving the brush. Opera-
tions that are set up with the brush face not in full contact with the work require some pro-
vision for dressing the brush face. When the tips of a brush, used with full face contact,
become dull during use with subsequent loss of working clearance, reconditioning and
resharpening is necessary. This is accomplished simply and efficiently by alternately
reversing the direction of rotation during use.
Deburring and Producing a Radius on the Tooth Profile of Gears.—T h e  b r u s h
employed for deburring and producing a radius on the tooth profile of gears is a short trim,
dense, wire-fill radial brush. The brush should be set up so as to brush across the edge as
shown in Fig. 1A. Line contact brushing, as shown in Fig. 1B should be avoided because
the Crisis face will wear non-uniformly; and the wire points, being flexible, tend to flare to
the side, thus minimizing the effectiveness of the brushing operation. When brushing
gears, the brushes are spaced and contact the tooth profile on the center line of the gear as
shown in Fig. 2. This facilitates using brush reversal to maintain the wire brushing points
at their maximum cutting efficiency.

The setup for brushing spline bores differs from brushing gears in that the brushes are
located off-center, as illustrated in Fig. 3. When helical gears are brushed, it is sometimes
necessary to favor the acute side of the gear tooth to develop a generous radius prior to
shaving. This can be accomplished by locating the brushes as shown In Fig. 4. Elastomer
bonded wire-filled brushes are used for deburring fine pitch gears. These brushes remove
the burrs without leaving any secondary roll. The use of bonded brushes is necessary when
the gears are not shaved after hobbing or gear shaping.

Fig. 1. Methods of Brushing an Edge;
(A) Correct, (B) Incorrect Fig. 2. Setup for Deburring Gears
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Adjustments for Eliminating Undesirable Conditions in Power Brush Finishing

Polishing and Buffing

The terms “polishing” and “buffing” are sometimes applied to similar classes of work in
different plants, but according to approved usage of the terms, there is the following dis-
tinction: Polishing is any operation performed with wheels having abrasive glued to the
working surfaces, whereas buffing is done with wheels having the abrasive applied loosely
instead of imbedding it into glue; moreover, buffing is not so harsh an operation as ordi-
nary polishing, and it is commonly utilized to obtain very fine surfaces having a “grainless
finish.”

Polishing Wheels.—The principal materials from which polishing wheels are made are
wood, leather, canvas, cotton cloth, plastics, felt, paper, sheepskin, impregnated rubber,
canvas composition, and wool. Leather and canvas are the materials most commonly used
in polishing wheel construction. Wooden wheels covered with material to which emery or
some other abrasive is glued are employed extensively for polishing flat surfaces, espe-

Fig. 3.  Setup for Brushing Broached Splines Fig. 4. Setup for Finishing Helical Gears

Undesirable Condition Possible Adjustments for Eliminating Condition

Brush works too
slowly

(1) Decrease trim length and increase fill density.

(2) Increase filament diameter.

(3) Increase surface speed by increasing R.P.M. or outside diameter.

Brush works too
fast

(1) Reduce filament diameter.

(2) Reduce surface speed by reducing R.P.M. or outside diameter.

(3) Reduce fill density.

(4) Increase trim length.

Action of brush
peens burr to

adjacent surface

(1) Decrease trim length and increase fill density.

(2) If wire brush tests indicate metal too ductile (burr is peened rather 
than removed), change to nonmetallic brush such as a treated 
Tampico brush used with a burring compound.

Finer or smoother
finish required

(1) Decrease trim length and increase fill density.

(2) Decrease filament diameter.

(3) Try treated Tampico or cord brushes with suitable compounds at 
recommended speeds.

(4) Use auxiliary buffing compound with brush.

Finish too smooth
and lustrous

(1) Increase trim length.

(2) Reduce brush fill density.

(3) Reduce surface speed.

(4) Increase filament diameter.

Brushing action
not sufficiently

uniform

(1) Devise hand-held or mechanical fixture or machine
which will avoid irregular off-hand manipulation.

(2) Increase trim length and decrease fill density.
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Characteristics and Applications of Brushes Used in Power Finishing 

Brush Type Description Operating Speed
Range, sfpm Uses Remarks

Radial, short trim 
dense wire fill

Develops very little impact 
action but maximum cutting 
action.

6500 Removal of burrs from gear teeth and 
sprockets. Produces blends and radii 
at juncture of intersecting surfaces.

Brush should be set up so as to brush 
across any edge. Reversal of rotation 
needed to maintain maximum cutting 
efficiency of brush points.

Radial, medium to 
long trim twisted 
knot wire fill

Normally used singly and on 
portable tools. Brush is ver-
satile and provides high 
impact action.

7500-9500 for high 
speeds. 1200 for slow 
speeds.

For cleaning welds in the automotive 
and pipeline industries. Also for 
cleaning surfaces prior to painting, 
stripping rubber flash from molded 
products and cleaning mesh-wire 
conveyor belts.

Surface speed plays an important role 
since at low speeds the brush is very 
flexible and at high speeds it is 
extremely hard and fast cutting.

Radial, medium to 
long trim crimped 
wire fill

With the 4- to 8-inch diameter 
brush, part is hand held. With 
the 10- to 15-inch diameter 
brush, part is held by 
machine.

4500-6000 Serves as utility tool on bench grinder 
for removing feather grinding burrs, 
machining burrs, and for cleaning 
and producing a satin or matte finish.

Good for hand held parts as brush is 
soft enough to conform to irregular 
surfaces and hard-to-reach areas. 
Smaller diameter brushes are not rec-
ommended for high-production oper-
ations.

Radial, sectional, non-
metallic fill (treated 
and untreated 
Tampico or cord)

Provides means for improving 
finish or improving surface 
for plating. Works best with 
grease base deburring or 
buffing compound.

5500-6500
7500 for polishing

For producing radii and improving sur-
face finish. Removes the sharp peaks 
that fixed abrasives leave on a surface 
so that surface will accept a uniform 
plating. Polishing marks and draw 
marks can be successfully blended.

Brush is selective to an edge which 
means that it removes metal from an 
edge but not from adjoining surfaces. 
It will produce a very uniform radius 
without peening or rolling any sec-
ondary metal.

Radial, wide-face, 
nonmetallic fill 
(natural fibers or 
synthetics)

Can be used with flow-through 
mounting which facilitates 
feeding of cold water and hot 
alkaline solutions through 
brush face to prevent 
buildup.

750-1200 for cleaning 
steel. 600 when used 
with slurries

For cleaning steel. Used in electrolytic 
tinplate lines, continuous galvaniz-
ing and annealing lines, and cold 
reduction lines. Used to produce dull 
or matte-type finishes on stainless 
steel and synthetics.

Speeds above 3600 sfpm will not 
appreciably improve operation as 
brush wear will be excessive. Avoid 
excessive pressures. Ammeters 
should be installed in drive-motor 
circuit to indicate brushing pressure.

Machinery's Handbook 29th Edition
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Radial, wide face, 
metallic fill

This brush is made to cus-
tomer's specifications. It is 
dynamically balanced at the 
speed at which it will oper-
ate.

2000-4000 Removes buildup of aluminum oxide 
from work rolls in aluminum mill. 
Removes lime or magnesium coat-
ings from certain types of steel. Bur-
nishes hot-dipped galvanized steel to 
produce a minimum spangled sur-
face.

Each brush should have its own drive. 
An ammeter should be present in 
drive-motor circuit to measure brush-
ing pressure. If strip is being brushed, 
a steel backup roll should be opposite 
the brush roll.

Radial, wide face, 
strip (interrupted 
brush face)

Performs cleaning operations 
that would cause a solid face 
brush to become loaded and 
unusable.

When cleaning con-
veyor belts, brush 

speed is 2 to 3 times 
that of conveyer belt.

Need for cleaning rubber and fabric 
conveyor belts of carry-back material 
which would normally foul snubber 
pulley and return idlers.

Designed for medium- to light-duty 
work. Brush face does not load.

Radial, Cup, Flared 
End, and Straight 
End, wire fill elas-
tomer bonded

Extremely fast cutting with 
maximum operator safety. 
No loss of wire through 
fatigue. Always has uniform 
face.

3600-9000 For removing oxide weld scale, burrs, 
and insulation from wire.

Periodic reversing of brush direction 
will result in a brush life ten times 
greater than non-bonded wheels. Fast 
cutting action necessitates precise 
holding of part with respect to brush.

Cup, twisted knot 
wire fill

Fast cutting wheel used on por-
table tools to clean welds, 
scale, rust, and other oxides.

8000-10,000 Used in shipyards and in structural 
steel industry. For cleaning outside 
diameter of pipe and removing burrs 
and producing radii on heat 
exchanger tube sheets and lamina-
tions for stator cores.

Fast acting brush cleans large areas 
economically. Setup time is short.

4500-6500 for deburr-
ing and producing a 

radius around periph-
ery of holes.

Radial, wire or treated 
Tampico or cord

For use with standard center-
less grinders. Brush will not 
remove metal from a cylin-
drical surface. Parts must be 
ground to size before brush-
ing.

…

For removing feather grinding burrs 
and improving surface finish. Parts of 
24 microinches can be finished down 
to 15 to 10 microinches. Parts of 10 
to 12 microinches can be finished 
down to 7 to 4 microinches.

Follows centerless grinding principles, 
except that accuracy in pressure and 
adjustment is not critical. A machine 
no longer acceptable for grinding can 
be used for brushing.

Characteristics and Applications of Brushes Used in Power Finishing (Continued)

Brush Type Description Operating Speed
Range, sfpm Uses Remarks

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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cially when good edges must be maintained. Cloth wheels are made in various ways;
wheels having disks that are cemented together are very hard and used for rough, coarse
work, whereas those having sewn disks are made of varying densities by sewing together a
larger or smaller number of disks into sections and gluing then.

Wheels in which the disks are held together by thread or metal stitches and which are not
stiffened by the use of glue usually require metal side plates to support the canvas disks.
Muslin wheels are made from sewed or stapled buffs glued together, but the outer edges of
a wheel frequently are left open or free from glue to provide an open face of any desired
depth. Wool felt wheels are flexible and resilient, and the density may be varied by sewing
two or more disks together and then cementing to form a wheel. Solid felt wheels are quite
popular for fine finishing but have little value as general utility wheels. Paper wheels are
made from strawboard paper disks and are cemented together under pressure to form a
very hard wheel for rough work. Softer wheels are similarly made from felt paper. The
“compress” canvas wheel has a cushion of polishing material formed by pieces of leather,
canvas, or felt, that are held in a crosswise radial position by two side plates attached to the
wheel hub. This cushion of polishing material may be varied in density to suit the require-
ments; it may be readily shaped to conform to the curvature of the work and this shape can
be maintained. Sheepskin polishing wheels and paper wheels are little used.
Polishing Operations and Abrasives.—Polishing operations on such parts as chisels,
hammers, screwdrivers, wrenches, and similar parts that are given a fine finish but are not
plated, usually require four operations, which are “roughing,” “dry fining,” “greasing,”
and “coloring.” The roughing is frequently regarded as a solid grinding wheel job. Some-
times there are two steps to the greasing operation—rough and fine greasing. For some
hardware, such as the cheaper screwdrivers, wrenches, etc., the operations of roughing and
dry fining are considered sufficient. For knife blades and cutlery, the roughing operation is
performed with solid grinding wheels and the polishing is known as fine or blue glazing,
but these terms are never used when referring to the polishing of hardware parts, plumbers'
supplies, etc. A term used in finishing German silver, white metal, and similar materials is
“sand-buffing,” which, in distinction from the ordinary buffing operation that is used only
to produce a very high finish, actually removes considerable metal, as in rough polishing or
flexible grinding. For sand-buffing, pumice and other abrasive powders are loosely
applied.

Aluminum oxide abrasives are widely used for polishing high-tensile-strength metals
such as carbon and alloy steels, tough iron, and nonferrous alloys. Silicon carbide abra-
sives are recommended for hard, brittle substances such as grey iron, cemented carbide
tools, and materials of low tensile strength such as brass, aluminum, and copper.
Buffing Wheels.—Buffing wheels are manufactured from disks (either whole or pieced)
of bleached or unbleached cotton or woolen cloth, and they are used as the agent for carry-
ing abrasive powders, such as tripoli, crocus, rouge, lime, etc., which are mixed with waxes
or greases as a bond. There are two main classes of buffs, one of which is known as the
“pieced-sewed” buffs, and is made from various weaves and weights of cloth. The other is
the “full-disk” buffs, which are made from specially woven material. Bleached cloth is
harder and stiffer than unbleached cloth, and is used for the faster cutting buffs. Coarsely
woven unbleached cloth is recommended for highly colored work on soft metals, and the
finer woven unbleached cloths are better adapted for harder metals. When working at the
usual speed, a stiff buff is not suitable for “cutting down” soft metal or for light plated ware,
but is used on harder metals and for heavy nickel-plated articles.
Speed of Polishing Wheels.—The proper speed for polishing is governed to some extent
by the nature of the work, but for ordinary operations, the polishing wheel should have a
peripheral speed of about 7500 ft/min (2286 m/min). If run at a lower speed, the work tends
to tear the polishing material from the wheel too readily, and the work is not as good in
quality. Muslin, felt, or leather polishing wheels having wood or iron centers should be run
at peripheral speeds varying from 300 to 7000 ft/min (91–2133 m/min). It is rarely neces-
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sary to exceed 6000 ft/min (1829 m/min), and for most purposes, 4000 ft/min (1219
m/min) is sufficient. If the wheels are kept in good condition, in perfect balance, and are
suitably mounted on substantial buffing lathes, they can be used safely at speeds within the
limits given. However, manufacturers' recommendations concerning wheel speeds should
be followed, where they apply.
Grain Numbers of Emery.—The numbers commonly used in designating the different
grains of emery, corundum, and other abrasives are 10, 12, 14, 16, 18, 20, 24, 30, 36, 40, 46,
54, 60, 70, 80, 90, 100, 120, 150, 180, and 200, ranging from coarse to fine, respectively.
These numbers represent the number of meshes per linear inch in the grading sieve. An
abrasive finer than No. 200 is known as “flour” and the degree of fineness is designated by
the letters CF, F, FF, FFF, FFFF, and PCF or SF, ranging from coarse to fine. The methods
of grading flour-emery adopted by different manufacturers do not exactly agree, the letters
differing somewhat for the finer grades. Again, manufacturers' recommendations should
be followed.
Grades of Emery Cloth.—The coarseness of emery cloth is indicated by letters and num-
bers corresponding to the grain number of the loose emery used in the manufacture of the
cloth. The letters and numbers for grits ranging from fine to coarse are as follows: FF, F,
120, 100, 90, 80, 70, 60, 54, 46, and 40. For large work roughly filed, use coarse cloth such
as numbers 46 or 54, and then finer grades to obtain the required polish. If the work has
been carefully filed, a good polish can be obtained with numbers 60 and 90 cloth, and a
brilliant polish can be achieved by finishing with number 120 and flour-emery.
Mixture for Cementing Emery Cloth to a Lapping Wheel.—Many proprietary adhe-
sives are available for application of emery cloth to the periphery of a buffing or lapping
wheel, and generally are supplied with application instructions. In the absence of such
instructions, clean the wheel thoroughly before applying the adhesive, and then rub the
emery cloth down so as to exclude all air from between the surface of the wheel and the
cloth.

Etching and Etching Fluids

Etching Fluids for Different Metals.—A common method of etching names or simple
designs upon steel is to apply a thin, even coating of beeswax or some similar substance
which will resist acid; then mark the required lines or letters in the wax with a sharp-
pointed scriber, thus exposing the steel (where the wax has been removed by the scriber
point) to the action of an acid, which is finally applied. To apply a very thin coating of bees-
wax, place the latter in a silk cloth, warm the piece to be etched, and tub the pad over it.
Regular coach varnish is also used instead of wax, as a “resist.”

An etching fluid ordinarily used for carbon steel consists of nitric acid, 1 part; water, 4
parts. It may be necessary to vary the amount of water, as the exact proportion depends
upon the carbon content and whether the steel is hard or soft. For hard steel, use nitric acid,
2 parts; acetic acid, 1 part. For high-speed steel, nickel or brass, use nitro-hydrochloric acid
(nitric, 1 part; hydrochloric, 4 parts). For high-speed steel it is sometimes better to add a
little more nitric acid. For etching bronze, use nitric acid, 100 parts; muriatic acid, 5 parts.
For brass, nitric acid, 16 parts; water, 160 parts, dissolve 6 parts potassium chlorate in 100
parts of water; then mix the two solutions and apply.

A fluid which may be used either for producing a frosted effect or for deep etching
(depending upon the time it is allowed to act) is composed of 1 ounce sulphate of copper
(blue vitriol); 1⁄4 ounce alum; 1⁄2 teaspoonful of salt; 1 gill of vinegar, and 20 drops of nitric
acid. For aluminum, use a solution composed of alcohol, 4 ounces; acetic acid, 6 ounces;
antimony chloride, 4 ounces; water, 40 ounces (1 ounce = 0.02957 liter).

Various acid-resisting materials are used for covering the surfaces of steel rules etc.,
prior to marking off the lines on a graduating machine. When the graduation lines are fine
and very closely spaced, as on machinists' scales which are divided into hundredths or
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sixty-fourths, it is very important to use a thin resist that will cling to the metal and prevent
any under-cutting of the acid: the resist should also enable fine lines to be drawn without
tearing or crumbling as the tool passes through it. One resist that has been extensively used
is composed of about 50 per cent of asphaltum, 25 per cent of beeswax, and, in addition, a
small percentage of Burgundy pitch, black pitch, and turpentine. A thin covering of this
resisting material is applied to the clean polished surface to be graduated and, after it is dry,
the work is ready for the graduating machine. For some classes of work, paraffin is used for
protecting the surface surrounding the graduation lines which are to be etched. The method
of application consists in melting the paraffin and raising its temperature high enough so
that it will flow freely; then the work is held at a slight angle and the paraffin is poured on
its upper surface. The melted paraffin forms a thin protective coating.

Conversion Coatings and the Coloring of Metals

Conversion Coatings.—Conversion coatings are thin, adherent chemical compounds
that are produced on metallic surfaces by chemical or electrochemical treatment. These
coatings are insoluble, passive, and protective, and are divided into two basic systems:
oxides or mixtures of oxides with other compounds, usually chromates or phosphates.
Conversion coatings are used for corrosion protection, as an adherent paint base; and for
decorative purposes because of their inherent color and because they can absorb dyes and
colored sealants.

Conversion coatings are produced in three or four steps. First there is a pretreatment,
which often involves mechanical surface preparation followed by decreasing and/or
chemical or electrochemical cleaning or etching. Then thermal, chemical, or electrochem-
ical surface conversion processes take place in acid or alkaline solutions applied by immer-
sion spraying, or brushing. A post treatment follows, which includes rinsing and drying,
and may also include sealing or dyeing. If coloring is the main purpose of the coating, then
oiling, waxing, or lacquering may be required.

Passivation of Copper.—The blue-green patina that forms on copper alloys during atmo-
spheric exposure is a passivated film; i.e., it prevents corrosion. This patina may be pro-
duced artificially or its growth may be accelerated by a solution of ammonium sulfate, 6
pounds (2.7 kg); copper sulfate, 3 ounces (85 g); ammonia (technical grade, 0.90 specific
gravity), 1.34 fluid ounces (39.6 cc); and water, 6.5 gallons (24.6 liters). This solution is
applied as a fine spray to a chemically cleaned surface and is allowed to dry between each
of five or six applications. In about 6 hours a patina somewhat bluer than natural begins to
develop and continues after exposure to weathering.

Small copper parts can be coated with a passivated film by immersion in or brushing with
a solution consisting of the following weight proportions: copper, 30; nitric acid, concen-
trated, 60; acetic acid (6%), 600; ammonium chloride, 11; and ammonium hydroxide
(technical grade, 0.90 specific gravity), 20. To prepare the solution, the copper is dissolved
in the nitric acid before the remaining chemicals are added, and the solution is allowed to
stand for several days before use. A coating of linseed oil is applied to the treated parts.

Coloring of Copper Alloys.—Metals are colored to enhance their appearance, to produce
an undercoat for an organic finish, or to reduce light reflection. Copper alloys can be
treated to produce a variety of colors, with the final color depending on the base metal com-
position, the coloring solution's composition, the immersion time, and the operator's skill.
Cleaning is an important part of the pretreatment; nitric and sulfuric acid solutions are used
to remove oxides and to activate the surface.

The following solutions are used to color alloys that contain 85 per cent or more of copper.
A dark red color is produced by immersing the parts in molten potassium nitrate, at 1200–
1300°F(649–704°C), for up to 20 seconds, followed by a hot water quench. The parts must
then be lacquered. A steel black color can be obtained by immersing the parts in a 180°F
(82°C) solution of arsenious oxide (white arsenic), 4 ounces (113 g); hydrochloric acid
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(1.16 specific gravity), 8 fluid ounces(23.6 cc); and water, 1 gallon(3.9 liters). The parts
are immersed until a uniform color is obtained; they are scratch brushed while wet, and then
dried and lacquered. A light brown color is obtained using a room-temperature solution of
barium sufate, 0.5 ounce (14g); ammonium carbonate, 0.25 ounce (7g); and water, 1 gallon
(3.8 liters).

The following solutions are used to color alloys that contain less than 85 per cent copper.
To color brass black, parts are placed in an oblique tumbling barrel made of stainless steel
and covered with 3 to 5 gallons (11.2 to 19.8 liters) of water. Three ounces (85 g) of copper
sulfate and 6 ounces (170 g) of sodium thiosulfate are dissolved in warm water and added
to the barrel's contents. After tumbling for 15 to 30 minutes to obtain the finish, the solution
is drained from the barrel, and the parts are washed thoroughly in clean water, dried in saw-
dust or air-blasted and, if necessary, lacquered. To produce a blue-black color, the parts are
immersed in a 130–175°F (54–79°C) solution of copper carbonate 1 pound (450 g);
ammonium hydroxide (0.89 specific gravity), 1 quart (940 cc); and water, 3 quarts. Excess
copper carbonate should be present. The proper color is obtained in 1 minute. To color
brass a hardware green, immerse the parts in a 160°F (71°C) solution of ferric nitrate, 1
ounce (28 g); sodium thiosulfate, 6 ounces; and water, 1 gallon. To color brass a light
brown, immerse the parts in a 195–212°F (91–100°C) solution of potassium chlorate, 5.5
ounces; nickel sulfate, 2.75 ounces (170 g); copper sulfate, 24 ounces (680 g) ; and water,
1 gallon (3.8 liters).

Post treatment: The treated parts should be scratch brushed to remove any excess or
loose deposits. A contrast of colors may be obtained by brushing with a slurry of fine pum-
ice, hand nabbing with an abrasive paste, mass finishing, or buffing to remove the color
from the highlights. In order to prolong the life of parts used for outdoor decorative pur-
poses, a clear lacquer should be applied. Parts intended for indoor purposes are often used
without additional protection.

Coloring of Iron and Steel.—Thin black oxide coatings are applied to steel by immers-
ing the parts to be coated in a boiling solution of sodium hydroxide and mixtures of nitrates
and nitrites. These coatings serve as paint bases and, in some cases, as final finishes. When
the coatings are impregnated with oil or wax, they furnish fairly good corrosion resistance.
These finishes are relatively inexpensive compared to other coatings.

Phosphate Coatings are applied to iron and steel parts by reacting them with a dilute
solution of phosphoric acid and other chemicals. The surface of the metal is converted into
an integral, mildly protective layer of insoluble crystalline phosphate. Small items are
coated in tumbling barrels; large items are spray coated on conveyors.

The three types of phosphate coatings in general use are zinc, iron, and manganese. Zinc
phosphate coatings vary from light to dark gray. The color depends on the carbon content
and pretreatment of the steel's surface, as well as the composition of the solution. Zinc
phosphate coatings are generally used as a base for paint or oil, as an aid in cold working,
for increased wear resistance, or for rustproofing. Iron phosphate coatings were the first
type to be used; they produce dark gray coatings and their chief application is as a paint
base. Manganese phosphate coatings are usually dark gray; however, since they are used
almost exclusively as an oil base, for break in and to prevent galling, they become black in
appearance.In general, stainless steels and certain alloy steels cannot be phosphated. Most
cast irons and alloy steels accept coating with various degrees of difficulty depending on
alloy content.

Anodizing Aluminum Alloys.—In the anodizing process, the aluminum object to be
treated is immersed as the anode in an acid electrolyte, and a direct current is applied. Oxi-
dation of the surface occurs, producing a greatly thickened, hard, porous film of aluminum
oxide. The object is then immersed in boiling water to seal the porosity and render the film
impermeable. Before sealing, the film can be colored by impregnation with dyes or pig-
ments. Special electrolytes may also be used to produce colored anodic films directly in the
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anodizing bath. The anodic coatings are used primarily for corrosion protection and abra-
sion resistance, and as a paint base.

The three principal types of anodizing processes are: chromic, in which the active agent
is chromic acid; sulfuric, in which the active agent is sulfuric acid, and hard anodizing, in
which sulfuric acid is used by itself or with additives in a low-temperature electrolyte bath.
Most of the anodic coatings range in thickness from 0.2 to 0.7 mil. The hard anodizing pro-
cess can produce coatings up to 2 mils. The chromic acid coating is less brittle than the sul-
furic, and, since the chromic electrolyte does not attack aluminum, it does not present a
corrosion problem when it is trapped in crevices. The chromic coating is less resistant to
abrasion than the sulfuric, but it cannot be used with alloys containing more than 5 per cent
copper due to corrosion of the base metal.

Chemical Conversion Coatings for Aluminum: Chemical conversion coatings for alumi-
num alloys are adherent surface layers of low volubility oxide, phosphate, or chromate
compounds produced by the reaction of the metal surface with suitable reagents. The con-
version coatings are much thinner and softer than anodic coatings but they are less expen-
sive and serve as an excellent paint base.
Magnesium Alloys.—Chemical treatment of magnesium alloys is used to provide a paint
base and to improve corrosion resistance. The popular conversion “dip” coatings are
chrome pickle and dichromate treatments, and they are very thin. Anodic coatings are
thicker and harder, and, after sealing, give the same protection against corrosion, although
painting is still desirable.
Titanium Alloys.—Chemical conversion coatings are used on titanium alloys to improve
lubricity by acting as a base for the retention of lubricants. The coatings are applied by
immersion, spraying, or brushing. A popular coating bath is an aqueous solution of phos-
phates, fluorides, and hydrofluoric acid. The coating is composed primarily of titanium
and potassium fluorides and phosphates.

Plating

Surface Coatings.—The following is a list of military plating and coating specifications.
Anodize (Chromic and Sulfuric), MIL-A-8625F: Conventional Types I, IB, and II anodic

coatings are intended to improve surface corrosion protection under severe conditions or
as a base for paint systems. Coatings can be colored with a large variety of dyes and pig-
ments. Class 1 is non-dyed; Class 2 dyed. Color is to be specified on the contract. Prior to
dying or sealing, coatings shall meet the weight requirements. 

Type I and IB coatings should be used on fatigue critical components (due to thinness of
coating). Type I unless otherwise specified shall not be applied to aluminum alloys with
over 5% copper or 7% silicon or total alloying constituents over 7.5%. Type IC is a mineral
or mixed mineral/organic acid that anodizes. It provides a non-chromate alternative for
Type I and IB coatings where corrosion resistance, paint adhesion, and fatigue resistance
are required. Type IIB is a thin sulfuric anodizing coating for use as non-chromate alterna-
tives for Type I and IB coatings where corrosion resistance, paint adhesion, and fatigue
resistance are required. Be sure to specify the class of anodic coating and any special seal-
ing requirements.

Types I, IB, IC, and IIB shall have a thickness between 0.00002 and 0.0007 inch (0.5 and
17.78 µm). Type II shall be between 0.0007 and 0.0010 inch (17.8 and 25.4 µm).

Black Chrome, MIL-C-14538C: A hard, non-reflective, abrasion, heat and corrosion
resistant coating approximately 0.0002 in.(5.08 µm) thick. Provides limited corrosion pro-
tection, but added protection can be obtained by specifying underplate such as nickel.
Color is a dull dark gray, approaching black and may be waxed or oiled to darken.

Black chromium has poor throwing power, and conforming anodes are necessary for
intricate shapes. Apply coating after heat treating and all mechanical operations are per-
formed. Steel parts with hardness in excess of 40 Rc shall be stress relieved prior to plating
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by baking one hour or more, 300-500°F (149–260°C) and baked after plating, 375 ± 25°F
(190 ± 14°C) for 3 hours. 

Black Oxide Coating, MIL-C-13924C: A uniform, mostly decorative black coating for
ferrous metals used to decrease light reflection. Only very limited corrosion protection
under mild corrosion conditions. Black oxide coatings should normally be given a supple-
mentary treatment.

Used for moving parts that cannot tolerate the dimensional change of a more corrosion
resistant finish. Use alkaline oxidizing for wrought iron, cast and malleable irons, plain car-
bon, low alloy steel and corrosion resistant steel alloys. Alkaline-chromite oxidizing may
be used on certain corrosion resistant steel alloys tempered at less than 900°F (482°C) Salt
oxidizing is suitable for corrosion resistant steel alloys that are tempered at 900°F or higher.

Cadmium, QQ-P-416F: Cadmium plating is required to be smooth, adherent, uniform in
appearance, free from blisters, pits, nodules, burning, and other defects when examined
visually without magnification. Unless otherwise specified in the engineering drawing or
procurement documentation, the use of brightening agents in the plating solution to modify
luster is prohibited on components with a specified heat treatment of 180 ksi(1241 MPa)
minimum tensile strength (or 40 Rc) and higher. Either a bright (not caused by brightening
agents) or dull luster shall be acceptable. Baking on Types II and III shall be done prior to
application of supplementary coatings. For Classes 1, 2, and 3 the minimum thicknesses
shall be 0.0005, 0.0003, and 0.0002 inch (12.7, 7.62, and 5.08 µm) respectively.

Type I is to be used as plated. Types II and III require supplementary chromate and phos-
phate treatment respectively. Chromate treatment required for type II may be colored iri-
descent bronze to brown including olive drab, yellow and forest green. Type II is
recommended for corrosion resistance. Type III is used as a paint base and is excellent for
plating stainless steels that are to be used in conjunction with aluminum to prevent gal-
vanic corrosion. For Types II and III the minimum cadmium thickness requirement shall
be met after the supplementary treatment. 

Chemical Films, MIL-C-5541E: The materials that qualify produce coatings that range
in color from clear to iridescent yellow or brown. Inspection difficulties may arise with
clear coatings because of their invisibility. 

Class 1A chemical conversion coatings are intended to provide corrosion prevention
when left unpainted as well as to improve adhesion of paint finish systems on aluminum
and aluminum alloys. May be used on tanks, tubings, and component structures where
paint finishes are not required for the exterior surfaces but are required for the interior sur-
faces.

Class 3 chemical conversion coatings are intended for use as a corrosive film for electri-
cal and electronic applications where lower resistant contacts are required. The primary
difference between Class 1A and Class 3 coating is thickness.

Chemical Finish: Black, MIL-F-495E: A uniform black corrosion retardant for copper.
Coating has no abrasion resistance. Used to blacken color and reduce gloss on copper-
alloy surfaces other than food service and water supply items. Also used as a base for sub-
sequent coatings such as lacquer, varnish, oil, and wax.

Chrome, QQ-C-320B: Has excellent hardness, wear resistance, and erosion resistance.
In addition chrome has a low coefficient of friction, is resistant to heat, and can be rendered
porous for lubrication purposes.

Types I and II have bright and satin appearances respectively.
Class 1 is used as plating for corrosion protection and Class 2, for engineering plating.

Class 1 and 2 both shall have a minimum thickness of 0.00001 in. (0.25 µm) on all visible
surfaces. If thickness is not specified use 0.002 in (50.8 µm).

Class 2a will be plated to specified dimensions or processed to specified dimensions after
plating. Class 2b will be used on parts below 40 Rc and subject to static loads or designed
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for limited life under dynamic loads. Class 2c will be used on parts below 40 Rc and
designed for unlimited life under dynamic loads. Class 2d parts have hardness of 40 Rc or
above, which are subject to static loads or designed for unlimited life under dynamic loads.
Class 2e parts have hardness of 40 Rc or above, which are designed for unlimited life under
dynamic loads.

All coated steel parts having a hardness of Rc 36 and higher shall be baked at a minimum
of 375 ± 25°F (190 ± 14°C) per the following conditions.With a tensile strength of 160-180
ksi (1103–1241 MPa), the time at temperature will be 3 hr.; at 181-220 ksi (1248–1517
MPa), the time will be 8 hr.; and at 221 ksi (1524 MPa) and above, the time will be 12 hr.

Copper, MIL-C-14550B: Has good corrosion resistance when used as an undercoat. A
number of copper processes are available, each designed for a specific purpose such as, to
improve brightness (to eliminate the need for buffing), high speed (for electro-forming),
and fine grain (to prevent case-hardening).

All steel parts having a hardness of Rc 35 and higher shall be baked at 375 ± 25°F (190 ±
14°C) for 24 hours, within four hours after plating to provide hydrogen embrittlement
relief. Plated springs and other parts subject to flexure shall not be flexed prior to baking
operations.

Class 0 will have a thickness 0.001 - 0.005 in. (25.4–127 µm) and is used for heat treat-
ment stop-off; Class 1 is 0.001 in. (25.4 µm) and is used to provide carburizing shield, also
for plated through printed circuit boards. Class 2 is 0.0005 in. (12.7 µm) thick and is used
as an undercoat for nickel and other platings. Class 3 is 0.0002 in. (5.08 µm) thick and is
used to prevent basis metal migration into tin (prevents poisoning solderability). Class 4 is
0.0001 in. (2.54 µm) thick.

Tin Lead, MIL-P-81728A: It has excellent solderability. Either a matte or bright luster is
acceptable. For electronics components, use only parts with a matte or flow brightened fin-
ish.

For brightened electronic components, the maximum thickness will be 0.0003 in. (7.62
µm) Tin 50 to 70% by weight and with a lead remainder, 0.0003-0.0005 in (7.62–12.7 µm).

Magnesium Process, MIL-M-3171C: Process #1-A chrome pickle treatment for magne-
sium. Color varies from matte gray to yellow-red. Has only fair corrosion resistance (< 24
hours, 20% salt spray resistance).

#7-A dichromate treatment for magnesium. Color varies from light brown to gray
depending on alloy. Only fair corrosion resistance (< 24 hours, 20% salt spray resistance).

#9-A galvanic anodize treatment for magnesium. Produces a dark brown to black coat-
ing. Designed to give a protective film on alloys which do not react to Dow No. 7 treat-
ment. Only fair corrosion resistance (< 24 hours, 20% salt spray resistance).

Magnesium Anodic Treatment, MIL-M-45202C: The HAE anodic finish is probably the
hardest coating currently available for magnesium. It exhibits stability at high tempera-
tures and has good dielectric strength. It serves as an excellent paint base. It requires resin
seal or paint for maximum corrosion protection.

Type/Class Thickness (inch) Comments 

Type 1

Removes metal. 
(approx. 0.0006 for 
wrought, less for die 
castings.) No dimen-
sional change

Used for protecting magnesium during shipment, storage 
and machining. Can be used as a paint base. NOTE: Must 
remove Type I coating before applying Type III and Type 
IV treatments.

Type III … Note: precleaning and pickling may result in dimensional 
changes due to metal loss.

Type IV No dimensional change

Can be used as a paint base, and is applicable to all magne-
sium alloys. Used where optical properties (black) are 
required on close tolerance parts. NOTE: Precleaning and 
pickling may result in dimensional changes due to metal 
loss.
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Coatings range from thin clear to light gray-green, to thick dark-green coatings. The clear
coatings are used as a base for subsequent clear lacquers or paints to produce a final appear-
ance similar to clear anodizing on aluminum. The light gray-green coatings are used in
most applications which are to be painted. The thick, dark-green coating offers the best
combination of abrasion resistance, protective value and paint base characteristics.

Electroless Nickel, AMS 2404C, AMS 2405B, AMS 2433B: Is typically used as a coating
to provide a hard-ductile, wear-resistant, and corrosion-resistant surface for operation in
service up to 1000F, to provide uniform build-up on complex shapes.

AMS 2404C, is deposited directly on the basis metal without a flash coating of other
metal, unless otherwise specified. AMS 2405B, is deposited directly on the basis metal
except where parts fabricated from corrosion resistant steels or alloys where a "strike"
coating of nickel or other suitable metal is required, unless otherwise specified. AMS
2433B, is a type of electroless nickel typically used to enhance the solderability of sur-
faces, but usage is not limited to such applications. Generally, the plate shall be placed
directly on the basis metal. However, aluminum alloys shall be zinc immersion coated per
ASTM B253 followed by copper flash; corrosion resistant steels and nickel and cobalt
alloys or other basis metals may use a nickel or copper flash undercoat when the purchaser
permits.

Electroless Nickel Preparation: Parts having a hardness higher than Rc 40 and have been
machined or ground after heat treatment shall be suitably stress-relieved before cleaning
and plating.

After treatment, parts having a hardness of Rc 33 and over shall be heated to 375 ± 15°F
(190.5 ± 8.5°C) for three hours. If such treatment is injurious to the parts, bake at 275 ±15°F
(135 ± 8.5°C) for four hours.

Electroless Nickel, Low-Phosphorous, Note: If permitted by drawing, the maximum
hardness and wear resistance are obtained by heating parts for 30-60 minutes, preferably in
an inert atmosphere, at 750°F ± 15°F (399 ± 8°C) except aluminum parts shall be baked at
450 ± 15°F (231.5 ± 8.5°C) for four hours. If such heating is not specified, bake at 375 ±
15°F (190.5 ± 8.5°C) for three hours. If this treatment is injurious to parts or assemblies,
bake at 275°F (135°C) for five hours.

Plating: nickel-thallium-boron (Electroless Deposition) and nickel-boron (Electroless
Deposition)

Preparation: All fabrication-type operations shall be completed.

Type/Class Typical 
Thickness Comments

Type I, Light coating.

Class A 0.2 mil Tan coating (HAE)

Grade 1 … Without post treatment (dyed)

Grade 2 … With biflouride-dichromate post treatment

Class C 0.3 mil Light green coating (Dow #17)

Type II, Heavy coating

Class A 1.5 mil Hard brown coating (HAE)

Grade 1 … Without post treatment

Grade 3 … With biflouride-dichromate post treatment

Grade 4 … With biflouride-dichromate post treatment including moist heat 
aging

Grade 5 With double application of biflouride-dichromate post treatment 
including moist heat aging.

Class D 1.2 mil Dark green coating (Dow #17)



1512 PLATING STANDARDS

Post-treatment: Cold worked or heat treated parts and aluminum alloys and other parts
requiring special thermal treatment shall be post treated as agreed upon by purchaser and
vendor. Other plated parts within four hours after plating shall be heat treated for 90 ± 10
minutes at 675°F ± 15°F (357.5 ± 8.5°C).

Electropolishing, (No MIL-SPEC No.): This process electrolytically removes or dimin-
ishes scratches, burrs, and unwanted sharp edges from most metals. Finishes from satin to
mirror-bright are produced by controlling time, temperature, or both.

Typically the thickness loss is 0.0002 inch (5 µm). This process is not recommended for
close tolerance surfaces.

Gold, MIL-G-45204C: Has a yellow to orange color depending on the proprietary pro-
cess used. Will range from matte to bright finish depending on basis metal. It has good cor-
rosive resistance and a high tarnish resistance. It provides a low contact resistance, is a
good conductor of electricity, and has excellent solderability. If the hardness grade for the
gold coating is not specified, Type I shall be furnished at a hardness of Grade A, and Type
II furnished at a hardness of Grade C.

For soldering, a thin pure soft gold coating is preferred. A minimum and maximum thick-
ness 0.00005 and 0.00010 inch (1.27 and 2.54 µm), respectively, shall be plated.

Unless otherwise specified, gold over silver underplate combinations shall be excluded
from electronics hardware. Silver or copper plus silver may not be used as an underplate
unless required by the item specification. When gold is applied to brass bronze or beryl-
lium copper, or a copper plate or strike, an antidiffusion underplate such as nickel shall be
applied.

Type I is 99.7% gold minimum (Grades A, B, or C); Type II is 99.0% (Grades B, C, or D);
and Type III is 99.9% (Grade A only). 

Grade A is 90 Knoop maximum; Grade B is 91-129 Knoop; Grade C is 130-200 Knoop;
and Grade D is 201 Knoop and over.

Class 00 has a thickness of 0.00002 inch (0.5 µm) minimum; Class 0, 0.00003 inch (0.76
µm); Class 1, 0.00005 inch (1.3 µm); Class 2, 0.0001 inch (2.5 µm); Class 3, 0.0002 inch
(5 µm); Class 4, 0.0003 inch (7.6 µm); Class 5, 0.0005 inch (12.7 µm); and Class 6, 0.0015
inch (38.1 µm).

Hard Anodize, MIL-A-8625F: The color will vary from light tan to black depending on
alloy and thickness. Can be dyed in darker colors depending on the thickness. Coating pen-
etrates base metal as much as builds up on the surface. The term thickness includes both the
buildup and penetration. It provides a very hard ceramic type coating. Abrasion resistance
will vary with alloy and thickness of coating. Has good dielectric properties.

Do not seal coatings where the main function is to obtain maximum abrasion or wear
resistance. When used for exterior applications requiring corrosion resistance but permit-
ting reduced abrasion, the coating shall be sealed (boiling deionized water or hot 5%
sodium dichromate solution, or other suitable chemical solutions).

Type III will have a thickness specified on the contract or applicable drawing. If not spec-
ified use a nominal thickness of 0.002 inch (50.8 µm). Hard coatings may vary in thickness
from 0.0005 - 0.0045 inch (12.7–114.3 µm).

Class 1 shall be not dyed or pigmented. Class 2 shall be dyed and the color specified on
the contract. The process can be controlled to very close thickness tolerances. Where max-
imum serviceability or special properties are required, consult metal finisher for best alloy
choice. Thick coatings (those over 0.004 inch (101 µm)) will tend to break down sharp
edges. Can be used as an electrical insulation coating.  “Flash” hard anodize may be used
instead of conventional anodize for corrosion resistance and may be more economical in
conjunction with other hard anodized areas.

Lubrication, Solid Film MIL-L-46010D: The Military Plating Specification establishes
the requirements for three types of heat cured solid film lubricants that are intended to
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reduce wear and prevent galling, corrosion, and seizure of metals. For use on aluminum,
copper, steel, stainless steel, titanium, and chromium, and nickel bearing surfaces.

Types I, II, and III have a thicknesses of 0.008 - 0.013 mm. No single reading less than
0.005 mm or greater than 0.018 mm. 

Type I has a curing temperature of 150 ± 15°C and an endurance life of 250 minutes;
Type II, 204 ± 15°C and 450 minutes; and Type III is a low volatile organic compound
(VOC) content lubricant with cure cycles of 150 ± 15°C for two hours, or 204 ± 15°C for
one hour with an endurance life of 450 minutes. Color 1 has a natural product color and
Color 2 has a black color.

Nickel, QQ-N-290A: There is a nickel finish for almost any need. Nickel can be depos-
ited soft, hard-dull, or bright, depending on process used and conditions employed in plat-
ing. Thus, hardness can range from 150-500 Vickers. Nickel can be similar to stainless
steel in color, or can be a dull gray (almost white) color. Corrosion resistance is a function
of thickness. Nickel has a low coefficient of thermal expansion.

All steel parts having a tensile strength of 220,000 or greater shall not be a nickel plate
without specific approval of procuring agency. 

Class 1 is used for corrosion protection. Plating shall be applied over an underplating of
copper or yellow brass on zinc and zinc based alloys. In no case, shall the copper under-
plate be substituted for any part of the specified nickel thickness. Class 2 is used in engi-
neering applications.

Grade A has a thickness of 0.0016 inch (41 µm); Grade B, 0.0012 in. (30.48 µm); Grade
C, 0.001 in. (25.4 µm); Grade D, 0.0008 in.(20.32 µm); Grade E, 0.0006 in.(15.24 µm);
Grade F, 0.0004 in.(10.16 µm); and Grade G, 0.002 in(50.8 µm).

Palladium, MIL-P-45209B: A gray, dense deposit good for undercoats. Has good wear
characteristics, corrosion resistance, catalytic properties, and good conductivity.

The thickness shall be 0.00005 in.(1.27 µm) unless otherwise specified.
Steel springs and other steel parts subject to flexure or repeated impact and of hardness

greater than Rc 40 shall be heated to 375 ± 25°F(190 ± 14°C) for three hours after plating.

Passivate, QQ-P-35C: Intended to improve the corrosion resistance of parts made from
austentic, ferritic, and martensitic corrosion-resistant steels of the 200, 300, and 400 series
and precipitation hardened corrosion resistant steels. 440°C grades may be exempt from
passivation treatments of the procuring activity.

Type II is a medium temperature nitric acid solution with sodium dichromate additive.
Type VI, a low temperature nitric acid solution; Type VII, a medium temperature nitric
acid solution; and Type VIII, a medium temperature high concentration nitric acid solu-
tion.

Phosphate Coating: Light, TT-C-490D: This specification covers cleaning methods and
pretreatment processes.

Methods
/Types

Typical
Thickness (in.) Comments 

Cleaning Methods

 … Light coating for use as a paint base.
Method I  … Mechanical or abrasive cleaning (for ferrous surfaces only).
Method II  … Used for solvent cleaning.
Method III  … Used for hot alkalines (for ferrous surfaces only).
Method IV  … Emulsion.
Method V  … Used for alkaline derusting (for ferrous surfaces only).
Method VI  … Phosphoric acid.



1514 PLATING STANDARDS

Type I is intended as a general all-purpose pretreatment prior to painting. Type II and IV
are intended primarily for use where metal parts are to be formed after painting. Type III is
intended for use where size and shape preclude using Type I, II, or IV and where items con-
taining mixed metal components are assembled prior to treatment.

Phosphate Coating: Heavy, DOD-P-16232-F: The primary differences are that Type M
is used as a heavy manganese phosphate coating for corrosion and wear resistance and
Type Z is used as a Zinc phosphate coating.

Type M has a thickness from 0.0002-0.0004 in.(5–10 µm) and Type Z, 0.0002-0.0006
in.(5–15 µm) Class 1, for both types has a supplementary preservative treatment or coating
as specified; Class 2, has a supplementary treatment with lubricating oil; and Class 3, no
supplementary treatment is required.   For Type M, Class 4 is chemically converted (may
be dyed to color as specified) with no supplementary coating or supplementary coating as
specified. For Type Z, Class 4 is the same as Class 3.

This coating is for medium and low alloy steels. The coatings range from gray to black in
color. The "heavy" phosphate coatings covered by this specification are intended as a base
for holding/retaining supplemental coatings which provide the major portion of the corro-
sion resistance.  "Light" phosphate coatings used for a paint base are covered by other
specifications. Heavy zinc phosphate coatings may be used when paint and supplemental
oil coatings are required on various parts or assemblies.

Rhodium, MIL-R-46085B: Rhodium is metallic and similar to stainless steel in color, has
excellent corrosion and abrasion resistance, is almost as hard as chromium, and has a high
reflectivity. Thicker coatings of Rhodium are very brittle.

Parts having a hardness of Rc 33 or above shall be baked at 375°F (191°C) for three hours
prior to cleaning. Parts having hardness of 40 Rc and above shall be baked within four
hours after plating at 375°F (191°C) for three hours.

Silver, QQ-S-365D: Silver has an increasing use in both decorative and engineering
fields, including electrical and electronic fields.

Silver is white matte to very bright in appearance. Has good corrosion resistance,
depending on base metal and will tarnish easily. Its hardness varies from about 90-135
Brinell depending on process and plating conditions. Solderability is excellent, but
decreases with age. Silver is the best conductor of electricity. Has excellent lubricity and
smear characteristics for antigalling uses on static seals, bushing, etc. Stress relief steel

Pretreatment Coatings

Type I … Zinc phosphate. Class 1-spray application: Class 2A and 2B-
Immersion or Dip application

Type II … Aqueous Iron Phosphate
Type III 0.0003 – 0.0005 Is an organic pretreatment coating
Type IV  … Non-aqueous iron phosphate
Type V  … Zinc phosphate

Class/Types  Thickness (in.) Comments 

Type I  … Over nickel, silver, gold, or platinum.

Type II  … Over other metals, requires nickel undercoat.

Class 1 0.000002 Used on silver for tarnish resistance.

Class 2  0.00001
Applications range from electronic to nose cones -wherever 

wear, corrosion resist solderability and reflectivity are impor-
tant.

Class 3 0.00002

Class 4 0.00010

Class 5 0.00025

Methods
/Types

Typical
Thickness (in.) Comments 
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parts at a minimum 375 ± 25°F (190 ± 14°C) or more prior to cleaning and plating if they
contain or are suspected of having damaging residual tensile stresses.

All types and grades will have a minimum thickness of 0.0005 in.(12.7 µm) unless other-
wise specified. Type I is matte, Type II is semi-bright, and Type III is bright. Grade A has
a chromate post-treatment to improve tarnish resistance. In contrast Grade B has no sup-
plementary treatment.

Tin, MIL-T-10727C: There are two different types of coating methods used, electrode-
posited (based on Use ASTM B545 standard specification for electrodeposited coatings of
tin) and hot dipped.

Thickness as specified on drawing (thickness is not part of the specification) is 0.0001-
0.0025 inch (2.5–63.5 µm), flash for soldering; 0.0002-0.0004 inch (5.08–10.16 µm), to
prevent galling and seizing; 0.0003 inch(7.62 µm) minimum, where corrosion resistance
is important; and 0.0002-0.0006 inch (5.08–15.24 µm) to prevent formation of case during
nitriding.

Color is a gray-white color in plated condition. Tin is soft, but very ductile. It has good
corrosion resistance, and has excellent solderability. Tin is not good for low temperature
applications.

If a bright finish is desired to be used in lieu of fused tin, specify Bright Tin plate. Thick-
ness can exceed that of fused tin and deposit shows excellent corrosion resistance and sol-
derability.

Vacuum Cadmium, MIL-C-8837B: Is used primarily to provide corrosion resistance to
ferrous parts free from hydrogen contamination and possible embrittlement. Recom-
mended on steels with a strength of 2.2 × 105 psi (1517 MPa) or above.

Coating is applied after all machining, brazing, welding, and forming has been com-
pleted. Prior to coating, all steel parts shall be stress relieved by baking at 375 ± 25°F (190
± 14°C) for three hours if suspected of having residual tensile stresses. Immediately prior
to coating, lightly dry abrasive blast areas are to be coated.

Type I shall be as plated; and Types II and III require supplementary chromate and phos-
phate treatments respectively.

Classes 1, 2, and 3 have thicknesses of 0.0005, 0.0003, and 0.0002 inch (12.7, 7.62, and
5.08 µm) respectively. 

Cadmium coating shall not be used, if in service, temperature reaches 450°F (232°C).
A salt spray test is required for type II and is 96 hours.

Zinc, ASTM-B633: This specification covers requirements for electrodeposited zinc
coatings applied to iron or steel articles to protect them from corrosion. It does not cover
zinc-coated wire or sheets. 

Type I will be as plated; Type II will have colored chromate conversion coatings; Type
III will have colorless chromate conversion coatings; and Type IV will have phosphate
conversion coatings.

High strength steels (tensile strength over 1700 MPa or 246,500 psi) shall not be electro-
plated.

Stress relief: All parts with ultimate tensile strength 1000 MPa (145, 000 psi) and above
at minimum 190°C (374°F) for three hours or more before cleaning and plating.

Hydrogen embrittlement relief: All electroplated parts 1200 MPa (174,000 psi) or higher
shall be baked at 190°C (374°F) for 3 hours or more within four hours after electroplating.

Corrosion Resistance Requirements
Types Test Period Hr.

II 96
III 12
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Flame Spraying Process

In this process, the forerunner of which was called the metal spraying process, metals,
alloys, ceramics, and cermets are deposited on metallic or other surfaces. The object may
be to build up worn or undersize parts, provide wear-resisting or corrosion-resisting sur-
faces, correct defective castings, etc.

Different types of equipment are available that provide the means of depositing the coat-
ings on the surfaces. In one, wire is fed automatically through the nozzle of the spray gun;
then a combustible gas, oxygen and compressed air serve to melt and blow the atomized
metal against the surface to be coated. The gas usually used is acetylene but other gases
may be used. Any desired thickness of metal may be deposited and the metals include
steels, ranging from low to high carbon content, various brass and bronze compositions,
babbitt metal, tin, zinc, lead, nickel, copper, and aluminum. The movement of the spray
gun, in covering a given surface, is controlled either mechanically or by hand. In enlarging
worn or undersize shafts, spindles, etc., it is common practice to clamp the gun in a lathe
toolholder and use the feed mechanism to traverse the gun at a uniform rate while the metal
is being deposited upon the rotating workpiece. The spraying operation may be followed
by machining or grinding to obtain a more precise dimension.

Some typical production applications using the wire process are the coating of automo-
tive exhaust valves, refinishing of transfer ink rollers for the printing industry and the
rebuilding of worn truck clutch plates. Other production applications include the metalliz-
ing of glass meter box windows, the spraying of aluminum onto cloth gauze to produce
electrolytic condenser plates, and the spraying of zinc or copper for coating ceramic insu-
lators.

With another type of equipment, metal, refractory, and ceramic powder are used instead
of wire. Ordinarily this equipment employs the use of two gases, oxygen and a fuel gas.
The fuel gas is usually acetylene but in some instances hydrogen may be used. When hand-
held, a small reservoir supplies the powder to the equipment but a larger reservoir is used
for lathe-mounted equipment or for large-scale production work. The four basic types of
coating powders used with this equipment are ceramics, oxidation-resistant metals and
alloys, self-bonding alloys, and alloys for fused coatings. These powders are used to pro-
duce wear-resistant, corrosion-resistant, heat-resistant, and electrically conductive coat-
ings.

Still other equipment employs the use of plasma flame with which vapors of materials
are raised to a higher energy level than the ordinary gaseous state. Its use raises the temper-
ature ceiling and provides a controlled atmosphere by permitting employment of an inert
or chemically inactive gas so that chemical action, such as oxidation, during the heating
and application of the spray material can be controlled. The temperatures that can be
obtained with commercially available plasma equipment often exceed 30,000°F
(16,650°C) but for most plasma flame spray processes the temperature range of from
12,000 to 20,000°F (6650–11,093°C) is optimum. Plasma flame spray materials include
alumina, zirconia, tungsten, molybdenum, tantalum, copper, aluminum, carbides, and
nickel-base alloys.

Regardless of the equipment used, what is important is the proper preparation of the sur-
face that will receive the sprayed coating. Preparation activities include the degreasing or
solvent cleaning of the surface, undercutting of the surface to provide room for the proper
coating thickness, abrasive or grit blasting the substrate to provide a roughened surface,
grooving (in the case of flat surfaces) or rough threading (in the case of cylindrical work)
the surface to be coated, preheating the base metal. Methods of obtaining a bond between
the sprayed material and the substrate are: heating the base, roughening the base, or spray-
ing a “self-bonding” material onto a smooth surface; however, heating alone is seldom
used in machine element work as the elevated temperatures required to obtain the proper
bond causes problems of warpage and surface corrosion.
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TORQUE AND TENSION IN FASTENERS

Tightening Bolts.—Bolts are often tightened by applying torque to the head or nut, which
causes the bolt to stretch. The stretching results in bolt tension or preload, which is the
force that holds a joint together. Torque is relatively easy to measure with a torque wrench,
so it is the most frequently used indicator of bolt tension. Unfortunately, a torque wrench
does not measure bolt tension accurately, mainly because it does not take friction into
account. The friction depends on bolt, nut, and washer material, surface smoothness,
machining accuracy, degree of lubrication, and the number of times a bolt has been
installed. Fastener manufacturers often provide information for determining torque
requirements for tightening various bolts, accounting for friction and other effects. If this
information is not available, the methods described in what follows give general guide-
lines for determining how much tension should be present in a bolt, and how much torque
may need to be applied to arrive at that tension.

High preload tension helps keep bolts tight, increases joint strength, creates friction
between parts to resist shear, and improves the fatigue resistance of bolted connections.
The recommended preload Fi, which can be used for either static (stationary) or fatigue
(alternating) applications, can be determined from: Fi = 0.75 × At × Sp for reusable connec-
tions, and Fi = 0.9 × At × Sp for permanent connections. In these formulas, Fi is the bolt pre-
load, At is the tensile stress area of the bolt, and Sp is the proof strength of the bolt.
Determine At from screw-thread tables or by means of formulas in this section. Proof
strength Sp of commonly used ASTM and SAE steel fasteners is given in this section and in
the section on metric screws and bolts for those fasteners. For other materials, an approxi-
mate value of proof strength can be obtained from: Sp = 0.85 × Sy, where Sy is the yield
strength of the material. Soft materials should not be used for threaded fasteners.

Once the required preload has been determined, one of the best ways to be sure that a bolt
is properly tensioned is to measure its tension directly with a strain gage. Next best is to
measure the change in length (elongation) of the bolt during tightening, using a microme-
ter or dial indicator. Each of the following two formulas calculates the required change in
length of a bolt needed to make the bolt tension equal to the recommended preload. The
change in length δ of the bolt is given by:

In Equation (1), Fi is the bolt preload; Ad is the major-diameter area of the bolt; At is the
tensile-stress area of the bolt; E is the bolt modulus of elasticity; lt is the length of the
threaded portion of the fastener within the grip; and ld is the length of the unthreaded por-
tion of the grip. Here, the grip is defined as the total thickness of the clamped material.
Equation (2) is a simplified formula for use when the area of the fastener is constant, and
gives approximately the same results as Equation (1). In Equation (2), l is the bolt length; A
is the bolt area; and δ, Fi, and E are as described before.

If measuring bolt elongation is not possible, the torque necessary to tighten the bolt must
be estimated. If the recommended preload is known, use the following general relation for
the torque: T = K × Fi × d, where T is the wrench torque, K is a constant that depends on the
bolt material and size, Fi is the preload, and d is the nominal bolt diameter. A value of K =
0.2 may be used in this equation for mild-steel bolts in the size range of 1⁄4 to 1 inch (6.35-
25.4 mm). For other steel bolts, use the following values of K: nonplated black finish, 0.3;
zinc-plated, 0.2; lubricated, 0.18; cadmium-plated, 0.16. Check with bolt manufacturers
and suppliers for values of K to use with bolts of other sizes and materials.

(1) or (2)δ Fi

Ad lt At ld×+×
Ad At E××

-------------------------------------×= δ
Fi l×
A E×
-------------=
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The proper torque to use for tightening bolts in sizes up to about 1⁄2 inch (12.7 mm) may
also be determined by trial. Test a bolt by measuring the amount of torque required to frac-
ture it (use bolt, nut, and washers equivalent to those chosen for the real application). Then,
use a tightening torque of about 50 to 60 per cent of the fracture torque determined by the
test. The tension in a bolt tightened using this procedure will be about 60 to 70 per cent of
the elastic limit (yield strength) of the bolt material.

The table that follows can be used to get a rough idea of the torque necessary to properly
tension a bolt by using the bolt diameter d and the coefficients b and m from the table; the
approximate tightening torque T in ft-lb for the listed fasteners is obtained by solving the
equation T = 10b+m log d. This equation is approximate, for use with unlubricated fasteners
as supplied by the mill. See the notes at the end of the table for more details on using the
equation.

Wrench Torque T = 10b+m log d for Steel Bolts, Studs, and Cap Screws (see notes)

Usage: Values calculated using the preceding equation are for standard, unplated industrial fasten-
ers as received from the manufacturer; for cadmium-plated cap screws, multiply the torque by 0.9;
for cadmium-plated nuts and bolts, multiply the torque by 0.8; for fasteners used with special lubri-
cants, multiply the torque by 0.9; for studs, use cap screw values for equivalent grade.

Preload for Bolts in Loaded Joints.—The following recommendations are based on
MIL-HDBK-60, a subsection of FED-STD-H28, Screw Thread Standards for Federal Ser-
vice. Generally, bolt preload in joints should be high enough to maintain joint members in
contact and in compression. Loss of compression in a joint may result in leakage of pres-
surized fluids past compression gaskets, loosening of fasteners under conditions of cyclic
loading, and reduction of fastener fatigue life.

The relationship between fastener fatigue life and fastener preload is illustrated by Fig. 1.
An axially loaded bolted joint in which there is no bolt preload is represented by line OAB,
that is, the bolt load is equal to the joint load. When joint load varies between Pa and Pb, the
bolt load varies accordingly between PBa and PBb. However, if preload PB1 is applied to the
bolt, the joint is compressed and bolt load changes more slowly than the joint load (indi-
cated by line PB1A, whose slope is less than line OAB) because some of the load is
absorbed as a reduction of compression in the joint. Thus, the axial load applied to the joint
varies between PBa ′ and PBb ′ as joint load varies between Pa and Pb. This condition results
in a considerable reduction in cyclic bolt-load variation and thereby increases the fatigue
life of the fastener.
Preload for Bolts In Shear.—In shear-loaded joints, with members that slide, the joint
members transmit shear loads to the fasteners in the joint and the preload must be sufficient
to hold the joint members in contact. In joints that do not slide (i.e., there is no relative
motion between joint members), shear loads are transmitted within the joint by frictional
forces that mainly result from the preload. Therefore, preload must be great enough for the
resulting friction forces to be greater than the applied shear force. With high applied shear
loads, the shear stress induced in the fastener during application of the preload must also be

Fastener Grade(s) Bolt Diameter d (in.) m b

SAE 2, ASTM A307 1⁄4 to 3 2.940 2.533

SAE 3 1⁄4 to 3 3.060 2.775

ASTM A-449, A-354-BB, SAE 5 1⁄4 to 3 2.965 2.759

ASTM A-325a

a Values for permanent fastenings on steel structures. 

1⁄2 to 11⁄2 2.922 2.893

ASTM A-354-BC 1⁄4 to 5⁄8 3.046 2.837

SAE 6, SAE 7 1⁄4 to 3 3.095 2.948

SAE 8 1⁄4 to 3 3.095 2.983

ASTM A-354-BD, ASTM A490a 3⁄8 to 13⁄4 3.092 3.057

Socket Head Cap Screws 1⁄4 to 3 3.096 3.014
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considered in the bolted-joint design. Joints with combined axial and shear loads must be
analyzed to ensure that the bolts will not fail in either tension or shear.

Fig. 1. Bolt Load in a Joint with Applied Axial Load

General Application of Preload.—Preload values should be based on joint require-
ments, as outlined before. Fastener applications are generally designed for maximum utili-
zation of the fastener material; that is to say, the fastener size is the minimum required to
perform its function and a maximum safe preload is generally applied to it. However, if a
low-strength fastener is replaced by one of higher strength, for the sake of convenience or
standardization, the preload in the replacement should not be increased beyond that
required in the original fastener.

To utilize the maximum amount of bolt strength, bolts are sometimes tightened to or
beyond the yield point of the material. This practice is generally limited to ductile materi-
als, where there is considerable difference between the yield strength and the ultimate
(breaking) strength, because low-ductility materials are more likely to fail due to unex-
pected overloads when preloaded to yield. Joints designed for primarily static load condi-
tions that use ductile bolts, with a yield strain that is relatively far from the strain at fracture,
are often preloaded above the yield point of the bolt material. Methods for tightening up to
and beyond the yield point include tightening by feel without special tools, and the use of
electronic equipment designed to compare the applied torque with the angular rotation of
the fastener and detect changes that occur in the elastic properties of fasteners at yield.

Bolt loads are maintained below the yield point in joints subjected to cyclic loading and
in joints using bolts of high-strength material where the yield strain is close to the strain at
fracture. For these conditions, the maximum preloads generally fall within the following
ranges: 50 to 80 per cent of the minimum tensile ultimate strength; 75 to 90 per cent of the
minimum tensile yield strength or proof load; or 100 per cent of the observed proportional
limit or onset of yield.

Bolt heads, driving recesses (in socket screws, for example), and the juncture of head and
shank must be sufficiently strong to withstand the preload and any additional stress
encountered during tightening. There must also be sufficient thread to prevent stripping
(generally, at least three fully engaged threads). Materials susceptible to stress-corrosion
cracking may require further preload limitations.
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Preload Adjustments.—Preloads may be applied directly by axial loading or indirectly
by turning of the nut or bolt. When preload is applied by turning of nuts or bolts, a torsion
load component is added to the desired axial bolt load. This combined loading increases
the tensile stress on the bolt. It is frequently assumed that the additional torsion load com-
ponent dissipates quickly after the driving force is removed and, therefore, can be largely
ignored. This assumption may be reasonable for fasteners loaded near to or beyond yield
strength, but for critical applications where bolt tension must be maintained below yield, it
is important to adjust the axial tension requirements to include the effects of the preload
torsion. For this adjustment, the combined tensile stress (von Mises stress) Ftc in psi (MPa)
can be calculated from the following:

(3)

where Ft is the axial applied tensile stress in psi (MPa), and Fs is the shear stress in psi
(MPa) caused by the torsion load application.

Some of the torsion load on a bolt, acquired when applying a preload, may be released by
springback when the wrenching torque is removed. The amount of relaxation depends on
the friction under the bolt head or nut. With controlled back turning of the nut, the torsional
load may be reduced or eliminated without loss of axial load, reducing bolt stress and low-
ering creep and fatigue potential. However, calculation and control of the back-turn angle
is difficult, so this method has limited application and cannot be used for short bolts
because of the small angles involved.

For relatively soft work-hardenable materials, tightening bolts in a joint slightly beyond
yield will work-harden the bolt to some degree. Back turning of the bolt to the desired ten-
sion will reduce embedment and metal flow and improve resistance to preload loss.

The following formula for use with single-start Unified inch screw threads calculates the
combined tensile stress, Ftc:

(4)

Single-start UNJ screw threads in accordance with MIL-S-8879 have a thread stress
diameter equal to the bolt pitch diameter. For these threads, Ftc can be calculated from:

(5)

where µ is the coefficient of friction between threads, P is the thread pitch (P = 1/n, and n is
the number of threads per inch), and d2 is the bolt-thread pitch diameter in inches. Both
Equations (2) and  (3) are derived from Equation (1); thus, the quantity within the radical
( ) represents the proportion of increase in axial bolt tension resulting from preload tor-
sion. In these equations, tensile stress due to torsion load application becomes most signif-
icant when the thread friction, µ, is high.

Coefficients of Friction for Bolts and Nuts.—Table 1 gives examples of coefficients of
friction that are frequently used in determining torque requirements. Dry threads, indi-
cated by the words "None added" in the Lubricant column, are assumed to have some
residual machine oil lubrication. Table 1 values are not valid for threads that have been
cleaned to remove all traces of lubrication because the coefficient of friction of these
threads may be very much higher unless a plating or other film is acting as a lubricant.

Ftc Ft
2 3Fs

2+=

Ftc Ft 1 3 1.96 2.31µ+
1 0.325P d2⁄–
------------------------------------ 1.96– 
  2

+=

Ftc Ft 1 3 0.637P

d2
----------------- 2.31µ+ 
  2

+=
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Table 1. Coefficients of Friction of Bolts and Nuts

Where two materials are separated by a slash (/), either may be the bolt material; the other is the nut
material.

Preload Relaxation.—Local yielding, due to excess bearing stress under nuts and bolt
heads (caused by high local spots, rough surface finish, and lack of perfect squareness of
bolt and nut bearing surfaces), may result in preload relaxation after preloads are first
applied to a bolt. Bolt tension also may be unevenly distributed over the threads in a joint,
so thread deformation may occur, causing the load to be redistributed more evenly over the
threaded length. Preload relaxation occurs over a period of minutes to hours after the appli-
cation of the preload, so retightening after several minutes to several days may be required.
As a general rule, an allowance for loss of preload of about 10 per cent may be made when
designing a joint.

Increasing the resilience of a joint will make it more resistant to local yielding, that is,
there will be less loss of preload due to yielding. When practical, a joint-length to bolt-
diameter ratio of 4 or more is recommended; for example, a 1⁄4-inch (6.35 mm) bolt and a 1-
inch (25.4 mm) or greater joint length. Through bolts, far-side tapped holes, spacers, and
washers can be used in the joint design to improve the joint-length to bolt-diameter ratio.

Over an extended period of time, preload may be reduced or completely lost due to vibra-
tion; temperature cycling, including changes in ambient temperature; creep; joint load; and
other factors. An increase in the initial bolt preload or the use of thread-locking methods
that prevent relative motion of the joint may reduce the problem of preload relaxation due
to vibration and temperature cycling. Creep is generally a high-temperature effect,
although some loss of bolt tension can be expected even at normal temperatures. Harder
materials and creep-resistant materials should be considered if creep is a problem or high-
temperature service of the joint is expected.

Mechanical properties of fastener materials vary significantly with temperature, and
allowance must be made for these changes when ambient temperatures range beyond 30 to
200°F (−1 to 93°C). Mechanical properties that may change include tensile strength, yield
strength, and modulus of elasticity. Where bolts and flange materials are generically dis-
similar, such as carbon steel and corrosion-resistant steel, or steel and brass, differences in
thermal expansion that might cause preload to increase or decrease must be taken into con-
sideration.

Methods of Applying and Measuring Preload.—Depending on the tightening method,
the accuracy of preload application may vary up to 25 per cent or more. Care must be taken
to maintain the calibration of torque and load indicators. Allowance should be made for
uncertainties in bolt load to prevent overstressing the bolts or failing to obtain sufficient
preload. The method of tensioning should be based on required accuracy and relative costs.

Bolt/Nut
Materials Lubricant

Coefficient of
Friction, µ ± 20%

Steela

a “Steel” includes carbon and low-alloy steels but not corrosion-resistant steels. 

Graphite in petrolatum or oil 0.07
Molybdenum disulfide grease 0.11
Machine oil 0.15

Steel,a cadmium-plated None added 0.12

Steel,a zinc-plated None added 0.17

Steela/bronze None added 0.15

Corrosion-resistant steel or
nickel-base alloys/silver-
plated materials

None added 0.14

Titanium/steela Graphite in petrolatum 0.08

Titanium Molybdenum disulfide grease 0.10
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The most common methods of bolt tension control are indirect because it is usually diffi-
cult or impractical to measure the tension produced in each fastener during assembly.
Table 2 lists the most frequently used methods of applying bolt preload and the approxi-
mate accuracy of each method. For many applications, fastener tension can be satisfacto-
rily controlled within certain limits by applying a known torque to the fastener. Laboratory
tests have shown that whereas a satisfactory torque tension relationship can be established
for a given set of conditions, a change of any of the variables, such as fastener material, sur-
face finish, and the presence or absence of lubrication, may severely alter the relationship.
Because most of the applied torque is absorbed in intermediate friction, a change in the sur-
face roughness of the bearing surfaces or a change in the lubrication will drastically affect
the friction and thus the torque tension relationship. Regardless of the method or accuracy
of applying the preload, tension will decrease in time if the bolt, nut, or washer seating
faces deform under load, if the bolt stretches or creeps under tensile load, or if cyclic load-
ing causes relative motion between joint members.

Table 2. Accuracy of Bolt Preload Application Methods

Tightening methods using power drivers are similar in accuracy to equivalent manual methods.

Elongation Measurement.—Bolt elongation is directly proportional to axial stress when
the applied stress is within the elastic range of the material. If both ends of a bolt are acces-
sible, a micrometer measurement of bolt length made before and after the application of
tension will ensure the required axial stress is applied. The elongation δ in inches (mm) can
be determined from the formula δ = Ft × LB ÷ E, given the required axial stress Ft in psi
(MPa), the bolt modulus of elasticity E in psi (MPa), and the effective bolt length LB in
inches (mm). LB, as indicated in Fig. 2, includes the contribution of bolt area and ends
(head and nut) and is calculated from:

(6)

where dts is the thread stress diameter, d is the bolt diameter, Ls is the unthreaded length of
the bolt shank, Lj is the overall joint length, HB is the height of the bolt head, and HN is the
height of the nut.

Fig. 2. Effective Length Applicable in Elongation Formulas

Method Accuracy Method Accuracy

By feel ±35% Computer-controlled wrench

Torque wrench ±25% below yield (turn-of-nut) ±15%

Turn-of-nut ±15% yield-point sensing ±8%

Preload indicating washer ±10% Bolt elongation ±3−5%

Strain gages ±1% Ultrasonic sensing ±1%

LB

dts

d
------
 
 

2
Ls

HB

2
-------+ 

  LJ LS

HN

2
-------+–+×=

���
���
���

��
��
��

���
���
���
���

��
��
��
��

LB

HN
1
2

HB
1
2

dts = thread stress dia.

LS

LJ

LB � ( )2

� (LS � )
           � LJ � LS �

HN HB

Note: For Headless Application, 

Substitute 1/2 Engaged Thread Length

d

dts

d

HB

2
HN

2



TORQUE AND TENSION IN FASTENERS 1527

The micrometer method is most easily and accurately applied to bolts that are essentially
uniform throughout the bolt length, that is, threaded along the entire length or that have
only a few threads in the bolt grip area. If the bolt geometry is complex, such as tapered or
stepped, the elongation is equal to the sum of the elongations of each section with allow-
ances made for transitional stresses in bolt head height and nut engagement length.

The direct method of measuring elongation is practical only if both ends of a bolt are
accessible. Otherwise, if the diameter of the bolt or stud is sufficiently large, an axial hole
can be drilled, as shown in Fig. 3, and a micrometer depth gage or other means used to
determine the change in length of the hole as the fastener is tightened. A similar method
uses a special indicating bolt that has a blind axial hole containing a pin fixed at the bottom.
The pin is usually made flush with the bolt head surface before load application. As the bolt
is loaded, the elongation causes the end of the pin to move below the reference surface. The
displacement of the pin can be converted directly into unit stress by means of a calibrated
gage. In some bolts of this type, the pin is set a distance above the bolt so that the pin is flush
with the bolt head when the required axial load is reached.

Fig. 3. Hole Drilled to Measure Elongation When One End of Stud or Bolt Is Not Accessible

The ultrasonic method of measuring elongation uses a sound pulse, generated at one end
of a bolt, that travels the length of a bolt, bounces off the far end, and returns to the sound
generator in a measured period of time. The time required for the sound pulse to return
depends on the length of the bolt and the speed of sound in the bolt material. The speed of
sound in the bolt depends on the material, the temperature, and the stress level. The ultra-
sonic measurement system can compute the stress, load, or elongation of the bolt at any
time by comparing the pulse travel time in the loaded and unstressed conditions. In a simi-
lar method, measuring round-trip transit times of longitudinal and shear wave sonic pulses
allows calculation of tensile stress in a bolt without consideration of bolt length. This
method permits checking bolt tension at any time and does not require a record of the ultra-
sonic characteristics of each bolt at zero load.

To ensure consistent results, the ultrasonic method requires that both ends of the bolt be
finished square to the bolt axis. The accuracy of ultrasonic measurement compares favor-
ably with strain gage methods, but is limited by sonic velocity variations between bolts of
the same material and by corrections that must be made for unstressed portions of the bolt
heads and threads.

The turn-of-nut method applies preload by turning a nut through an angle that corre-
sponds to a given elongation. The elongation of the bolt is related to the angle turned by the
formula: δB = θ × l ÷ 360, where δB is the elongation in inches (mm), θ is the turn angle of
the nut in degrees, and l is the lead of the thread helix in inches (mm). Substituting Ft × LB

÷ E for elongation δB in this equation gives the turn-of-nut angle required to attain preload
Ft:

(7)

where LB is given by Equation (6), and E is the modulus of elasticity.
Accuracy of the turn-of-nut method is affected by elastic deformation of the threads, by

roughness of the bearing surfaces, and by the difficulty of determining the starting point for
measuring the angle. The starting point is usually found by tightening the nut enough to
seat the contact surfaces firmly, and then loosening it just enough to release any tension
and twisting in the bolt. The nut-turn angle will be different for each bolt size, length, mate-
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rial, and thread lead. The preceding method of calculating the nut-turn angle also requires
elongation of the bolt without a corresponding compression of the joint material. The turn-
of-nut method, as just outlined, is not valid for joints with compressible gaskets or other
soft material, or if there is a significant deformation of the nut and joint material relative to
that of the bolt. The nut-turn angle would then have to be determined empirically using a
simulated joint and a tension-measuring device.

The Japanese Industrial Standards (JIS) Handbook, Fasteners and Screw Threads, indi-
cates that the turn-of-nut tightening method is applicable in both elastic and plastic region
tightening. Refer to JIS B 1083 for more detail on this subject.

Heating causes a bolt to expand at a rate proportional to its coefficient of expansion.
When a hot bolt and nut are fastened in a joint and cooled, the bolt shrinks and tension is
developed. The temperature necessary to develop an axial stress, Ft, (when the stress is
below the elastic limit) can be found as follows:

(8)

In this equation, T is the temperature in degrees Fahrenheit needed to develop the axial ten-
sile stress Ft in psi, E is the bolt material modulus of elasticity in psi, e is the coefficient of
linear expansion in in./in.-°F, and To is the temperature in degrees Fahrenheit to which the
bolt will be cooled. T − To is, therefore, the temperature change of the bolt. In finite-ele-
ment simulations, heating and cooling are frequently used to preload mesh elements in ten-
sion or compression. Equation (8) can be used to determine required temperature changes
in such problems.

Example:A tensile stress of 40,000 psi is required for a steel bolt in a joint operating at
70°F. If E is 30 × 106 psi and e is 6.2 × 10−6 in./in.-°F, determine the temperature of the bolt
needed to develop the required stress on cooling.

In practice, the bolt is heated slightly above the required temperature (to allow for some
cooling while the nut is screwed down) and the nut is tightened snugly. Tension develops
as the bolt cools. In another method, the nut is tightened snugly on the bolt, and the bolt is
heated in place. When the bolt has elongated sufficiently, as indicated by inserting a thick-
ness gage between the nut and the bearing surface of the joint, the nut is tightened. The bolt
develops the required tension as it cools; however, preload may be lost if the joint temper-
ature increases appreciably while the bolt is being heated.

Calculating Thread Tensile-Stress Area.—The tensile-stress area for Unified threads is
based on a diameter equivalent to the mean of the pitch and minor diameters. The pitch and
the minor diameters for Unified screw threads can be found from the major (nominal)
diameter, d, and the screw pitch, P = 1/n, where n is the number of threads per inch, by use
of the following formulas: the pitch diameter dp = d − 0.649519 × P; the minor diameter dm

= d − 1.299038 × P. The tensile stress area, As, for Unified threads can then be found as
follows:

(9)

UNJ threads in accordance with MIL-S-8879 have a tensile thread area that is usually

considered to be at the basic bolt pitch diameter; for these threads, . The

tensile stress area for Unified screw threads is smaller than this area, so the required tight-
ening torque for UNJ threaded bolts is greater than for an equally stressed Unified threaded
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bolt in an equivalent joint. To convert tightening torque for a Unified fastener to the equiv-
alent torque required with a UNJ fastener, use the following relationship:

(10)

where d is the basic thread major diameter, and n is the number of threads per inch.
The tensile stress area for metric threads is based on a diameter equivalent to the mean of

the pitch diameter and a diameter obtained by subtracting 1⁄6 the height of the fundamental
thread triangle from the external-thread minor diameter. The Japanese Industrial Standard
JIS B 1082 (see also ISO 898/1) defines the stress area of metric screw threads as follows:

(11)

In Equation (11), As is the stress area of the metric screw thread in mm2; d2 is the pitch
diameter of the external thread in mm, given by d2 = d − 0.649515 × P; and d3 is defined by
d3 = d1 − H/6. Here, d is the nominal bolt diameter; P is the thread pitch; d1 = d − 1.082532
× P is the minor diameter of the external thread in mm; and H = 0.866025 × P is the height
of the fundamental thread triangle. Substituting the formulas for d2 and d3 into Equation

(11) results in As = 0.7854(d − 0.9382P)2.

The stress area, As, of Unified threads in mm2 is given in JIS B 1082 as:

(12)

Relation between Torque and Clamping Force.—The Japanese Industrial Standard JIS
B 1803 defines fastener tightening torque Tf as the sum of the bearing surface torque Tw and
the shank (threaded) portion torque Ts. The relationship between the applied tightening
torque and bolt preload Fft is as follows: Tf = Ts + Tw = K × Ff × d. In the preceding, d is the
nominal diameter of the screw thread, and K is the torque coefficient defined as follows:

(13)

where P is the screw thread pitch; µs is the coefficient of friction between threads; d2 is the
pitch diameter of the thread; µw is the coefficient of friction between bearing surfaces; Dw

is the equivalent diameter of the friction torque bearing surfaces; and α′ is the flank angle
at the ridge perpendicular section of the thread ridge, defined by tan α′ = tan α cos β, where
α is the thread half angle (30°, for example), and β is the thread helix, or lead, angle. β can
be found from tan β = l ÷ 2πr, where l is the thread lead, and r is the thread radius (i.e., one-
half the nominal diameter d). When the bearing surface contact area is circular, Dw can be
obtained as follows:

(14)

where Do and Di are the outside and inside diameters, respectively, of the bearing surface
contact area.

The torques attributable to the threaded portion of a fastener, Ts, and bearing surfaces of
a joint, Tw, are as follows:

(15) (16)
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where Ff, P, µ, d2, α′, µw, and Dw are as previously defined.

Tables 3 and 4 give values of torque coefficient K for coarse- and fine-pitch metric screw
threads corresponding to various values of µs and µw. When a fastener material yields
according to the shearing-strain energy theory, the torque corresponding to the yield
clamping force (see Fig. 4) is Tfy = K × Ffy × d, where the yield clamping force Ffy is given
by:

(17)

Table 3. Torque Coefficients K for Metric Hexagon Head
Bolt and Nut Coarse Screw Threads

Values in the table are average values of torque coefficient calculated using: Equations (13) and
(14) for K and Dw; diameters d of 4, 5, 6, 8, 10, 12, 16, 20, 24, 30, and 36 mm; and selected corre-
sponding pitches P and pitch diameters d2 according to JIS B 0205 (ISO 724) thread standard.
Dimension Di was obtained for a Class 2 fit without chamfer from JIS B 1001, Diameters of Clear-
ance Holes and Counterbores for Bolts and Screws (equivalent to ISO 273-1979). The value of Do

was obtained by multiplying the reference dimension from JIS B 1002, width across the flats of the
hexagon head, by 0.95.

Fig. 4. The Relationship between Bolt Elongation and Axial Tightening Tension

Coefficient of Friction

Between
Threads,

µs

Between Bearing Surfaces, µw

0.08 0.10 0.12 0.15 0.20 0.25 0.30 0.35 0.40 0.45

0.08 0.117 0.130 0.143 0.163 0.195 0.228 0.261 0.293 0.326 0.359
0.10 0.127 0.140 0.153 0.173 0.206 0.239 0.271 0.304 0.337 0.369
0.12 0.138 0.151 0.164 0.184 0.216 0.249 0.282 0.314 0.347 0.380
0.15 0.153 0.167 0.180 0.199 0.232 0.265 0.297 0.330 0.363 0.396
0.20 0.180 0.193 0.206 0.226 0.258 0.291 0.324 0.356 0.389 0.422
0.25 0.206 0.219 0.232 0.252 0.284 0.317 0.350 0.383 0.415 0.448
0.30 0.232 0.245 0.258 0.278 0.311 0.343 0.376 0.409 0.442 0.474
0.35 0.258 0.271 0.284 0.304 0.337 0.370 0.402 0.435 0.468 0.500
0.40 0.285 0.298 0.311 0.330 0.363 0.396 0.428 0.461 0.494 0.527
0.45 0.311 0.324 0.337 0.357 0.389 0.422 0.455 0.487 0.520 0.553
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Table 4. Torque Coefficients K for Metric Hexagon Head
Bolt and Nut Fine-Screw Threads

Values in the table are average values of torque coefficient calculated using Equations (13) and
(14) for K and Dw; diameters d of 8, 10, 12, 16, 20, 24, 30, and 36 mm; and selected respective pitches
P and pitch diameters d2 according to JIS B 0207 thread standard (ISO 724). Dimension Di was
obtained for a Class 1 fit without chamfer from JIS B 1001, Diameters of Clearance Holes and Coun-
terbores for Bolts and Screws (equivalent to ISO 273-1979). The value of Do was obtained by multi-
plying the reference dimension from JIS B 1002 (small type series), width across the flats of the
hexagon head, by 0.95.
In Equation (17), σy is the yield point or proof stress of the bolt, As is the stress area of the

thread, and dA = (4As/π)1 ⁄2 is the diameter of a circle having an area equal to the stress area
of the thread. The other variables have been identified previously.

Example:Find the torque required to tighten a 10-mm coarse-threaded (P = 1.5) grade
8.8 bolt to yield assuming that both the thread- and bearing-friction coefficients are 0.12.

Solution: From Equation (17), calculate Ffy and then solve Tfy = KFfyd to obtain the torque
required to stress the bolt to the yield point.

σy =640 N/mm2 (MPa) (minimum, based on 8.8 grade rating)
As =0.7854(10 − 0.9382 × 1.5)2 = 57.99 mm2

dA =(4As/π)1 ⁄2 = 8.6 mm
d2 =9.026 mm (see JIS B 0205 or ISO 724)

Find α′ from tan α′ = tan α cos β using:

α = 30°; tan β = l ÷ 2πr; l = P = 1.5; and r = d ÷ 2 = 5 mm
tan β = 1.5 ÷ 10π = 0.0477, therefore β = 2.73°
tan α′ = tan α cos β = tan 30° × cos 2.73° = 0.577, and α′ = 29.97°

Solving Equation (17) gives the yield clamping force as follows:

K can be determined from Tables 3 (coarse thread) and Tables 4 (fine thread) or from Equa-
tions (13) and  (14). From Table 3, for µs and µw equal to 0.12, K = 0.164. The yield-point
tightening torque can then be found from Tfy = K × Ffy × d = 0.164 × 30,463 × 10 =  49.9 ×
103 N-mm = 49.9 N-m.
Obtaining Torque and Friction Coefficients.—Given suitable test equipment, the
torque coefficient K and friction coefficients between threads µs or between bearing sur-
faces µw can be determined experimentally as follows: Measure the value of the axial tight-

Coefficient of Friction

Between
Threads,

µs

Between Bearing Surfaces, µw

0.08 0.10 0.12 0.15 0.20 0.25 0.30 0.35 0.40 0.45

0.08 0.106 0.118 0.130 0.148 0.177 0.207 0.237 0.267 0.296 0.326
0.10 0.117 0.129 0.141 0.158 0.188 0.218 0.248 0.278 0.307 0.337
0.12 0.128 0.140 0.151 0.169 0.199 0.229 0.259 0.288 0.318 0.348
0.15 0.144 0.156 0.168 0.186 0.215 0.245 0.275 0.305 0.334 0.364
0.20 0.171 0.183 0.195 0.213 0.242 0.272 0.302 0.332 0.361 0.391
0.25 0.198 0.210 0.222 0.240 0.270 0.299 0.329 0.359 0.389 0.418
0.30 0.225 0.237 0.249 0.267 0.297 0.326 0.356 0.386 0.416 0.445
0.35 0.252 0.264 0.276 0.294 0.324 0.353 0.383 0.413 0.443 0.472
0.40 0.279 0.291 0.303 0.321 0.351 0.381 0.410 0.440 0.470 0.500
0.45 0.306 0.318 0.330 0.348 0.378 0.408 0.437 0.467 0.497 0.527

Ffy
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ening tension and the corresponding tightening torque at an arbitrary point in the 50 to 80
per cent range of the bolt yield point or proof stress (for steel bolts, use the minimum value
of the yield point or proof stress multiplied by the stress area of the bolt). Repeat this test
several times and average the results. The tightening torque may be considered as the sum
of the torque on the threads plus the torque on the bolt head- or nut-to-joint bearing surface.
The torque coefficient can be found from K = Tf ÷ Ff × d, where Ff is the measured axial
tension, and Tf is the measured tightening torque.

To measure the coefficient of friction between threads or bearing surfaces, obtain the
total tightening torque and that portion of the torque due to the thread or bearing surface
friction. If only tightening torque and the torque on the bearing surfaces can be measured,
then the difference between these two measurements can be taken as the thread-tightening
torque. Likewise, if only the tightening torque and threaded-portion torque are known, the
torque due to bearing can be taken as the difference between the known torques. The coef-
ficients of friction between threads and bearing surfaces, respectively, can be obtained
from the following:

As before, Ts is the torque attributable to the threaded portion of the screw, Tw is the
torque due to bearing, Dw is the equivalent diameter of friction torque on bearing surfaces
according to Equation (14), and Ff is the measured axial tension.

Torque-Tension Relationships.—Torque is usually applied to develop an axial load in a
bolt. To achieve the desired axial load in a bolt, the torque must overcome friction in the
threads and friction under the nut or bolt head. In Fig. 5, the axial load PB is a component of
the normal force developed between threads. The normal-force component perpendicular
to the thread helix is PNβ and the other component of this force is the torque load PB tan β
that is applied in tightening the fastener. Assuming the turning force is applied at the pitch
diameter of the thread, the torque T1 needed to develop the axial load is T1 = PB × tan β ×
d2/2. Substituting tan β = l ÷ πd2 into the previous expression gives T1 = PB × l ÷ 2π.

In Fig. 6, the normal-force component perpendicular to the thread flanks is PNα. With a
coefficient of friction µ1 between the threads, the friction load is equal to µ1 PNα, or µ1 PB ÷
cos α. Assuming the force is applied at the pitch diameter of the thread, the torque T2 to
overcome thread friction is given by:

(20)

(18) (19)

Fig. 5. Free Body Diagram of Thread Helix Forces Fig. 6. Thread Friction Force
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With the coefficient of friction µ2 between a nut or bolt-head pressure face and a compo-
nent face, as in Fig. 7, the friction load is equal to µ2PB. Assuming the force is applied mid-
way between the nominal (bolt) diameter d and the pressure-face diameter b, the torque T3
to overcome the nut or bolt underhead friction is:

(21)

The total torque, T, required to develop axial bolt load, PB, is equal to the sum of the
torques T1, T2, and T3 as follows:

(22)

For a fastener system with 60° threads, α = 30° and d2 is approximately 0.92d. If no loose
washer is used under the rotated nut or bolt head, b is approximately 1.5d and Equation (22)
reduces to:

(23)

In addition to the conditions of Equation (23), if the thread and bearing friction coeffi-
cients, µ1 and µ2, are equal (which is not necessarily so), then µ1 = µ2 = µ, and the previous
equation reduces to:

(24)

Example:Estimate the torque required to tighten a UNC 1⁄2-13 grade 8 steel bolt to a pre-
load equivalent to 55 per cent of the minimum tensile bolt strength. Assume that the bolt is
unplated and both the thread and bearing friction coefficients equal 0.15.

Solution: The minimum tensile strength for SAE grade 8 bolt material is 150,000 psi
(from page 1534). To use Equation (24), find the stress area of the bolt using Equation (9)
with P = 1 ⁄13, dm = d − 1.2990P, and dp = d − 0.6495P, and then calculate the necessary
preload, PB, and the applied torque, T.

Fig. 7. Nut or Bolt Head Friction Force
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Grade Marks and Material Properties for Bolts and Screws.—Bolts ,  screws,  and
other fasteners are marked on the head with a symbol that identifies the grade of the fas-
tener. The grade specification establishes the minimum mechanical properties that the fas-
tener must meet. Additionally, industrial fasteners must be stamped with a registered head
mark that identifies the manufacturer. The grade identification table identifies the grade
markings and gives mechanical properties for some commonly used ASTM and SAE steel
fasteners. Metric fasteners are identified by property grade marks, which are specified in
ISO and SAE standards. These marks are discussed with metric fasteners.

Grade Identification Marks and Mechanical Properties of Bolts and Screws

Material Steel: 1—low or medium carbon; 2—medium carbon; 3—low carbon; 4—low-carbon
martensite; 5—weathering steel; 6—alloy steel; 7— medium-carbon alloy. Treatment: a—cold
drawn; b—quench and temper.

Identifier Grade
Size
(in.)

Min. Strength
(103 psi)

Material
&

TreatmentProof Tensile Yield

A

SAE Grade 1 1⁄4 to 11⁄2 33 60 36 1

ASTM A307 1⁄4 to 11⁄2 33 60 36 3

SAE Grade 2
1⁄4 to 3⁄4 55 74 57

1
7⁄8 to 11⁄2 33 60 36

SAE Grade 4 1⁄4 to 11⁄2 65 115 100 2, a

B

SAE Grade 5 1⁄4 to 1 85 120 92

2,bASTM A449 11⁄8 to 11⁄2 74 105 81

ASTM A449 13⁄4 to 3 55 90 58

C SAE Grade 5.2 1⁄4 to 1 85 120 92 4, b

D ASTM A325, Type 1
1⁄2 to 1 85 120 92

2,b
11⁄8 to 11⁄2 74 105 81

E ASTM A325, Type 2
1⁄2 to 1 85 120 92

4, b
11⁄8 to 11⁄2 74 105 81

F ASTM A325, Type 3
1⁄2 to 1 85 120 92

5, b
11⁄8 to 11⁄2 74 105 81

G ASTM A354, Grade BC
1⁄4 to 21⁄2 105 125 109

5,b
23⁄4 to 4 95 115 99

H SAE Grade 7 1⁄4 to 11⁄2 105 133 115 7, b

I
SAE Grade 8 1⁄4 to 11⁄2 120 150 130 7, b

ASTM A354, Grade BD 1⁄4 to 11⁄2 120 150 130 6, b

J SAE Grade 8.2 1⁄4 to 1 120 150 130 4, b

K ASTM A490, Type 1
1⁄2 to 11⁄2 120 150 130

6, b

L ASTM A490, Type 3 5, b

NO MARK
A B C D

A 325

E

A 325

F

A 325

G

BC

H I J K

A 490

L

A 490
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Detecting Counterfeit Fasteners.—Fasteners that have markings identifying them as
belonging to a specific grade or property class are counterfeit if they do not meet the stan-
dards established for that class. Counterfeit fasteners may break unexpectedly at smaller
loads than expected. Generally, these fasteners are made from the wrong material or they
are not properly strengthened during manufacture. Either way, counterfeit fasteners can
lead to dangerous failures in assemblies. The law now requires testing of fasteners used in
some critical applications. Detection of counterfeit fasteners is difficult because the coun-
terfeits look genuine. The only sure way to determine if a fastener meets its specification is
to test it. However, reputable distributors will assist in verifying the authenticity of the fas-
teners they sell. For important applications, fasteners can be checked to determine whether
they perform according to the standard. Typical laboratory checks used to detect fakes
include testing hardness, elongation, and ultimate loading, and a variety of chemical tests.

Mechanical Properties and Grade Markings of Nuts.—Three grades of hex and square
nuts designated Grades 2, 5, and 8 are specified by the SAE J995 standard covering nuts in
the 1⁄4 - to 11⁄2 - inch diameter range. Grades 2, 5, and 8 nuts roughly correspond to the SAE
specified bolts of the same grade. Additional specifications are given for miscellaneous
nuts such as hex jam nuts, hex slotted nuts, heavy hex nuts, etc. Generally speaking, use
nuts of a grade equal to or greater than the grade of the bolt being used. Grade 2 nuts are not
required to be marked, however, all Grades 5 and 8 nuts in the 1⁄4 - to 11⁄2 -inch range must be
marked in one of three ways: Grade 5 nuts may be marked with a dot on the face of the nut
and a radial or circumferential mark at 120° counterclockwise from the dot; or a dot at one
corner of the nut and a radial line at 120° clockwise from the nut, or one notch at each of the
six corners of the nut. Grade 8 nuts may be identified by a dot on the face of the nut with a
radial or circumferential mark at 60° counterclockwise from the dot; or a dot at one corner
of the nut and a radial line at 60° clockwise from the nut, or two notches at each of the six
corners of the nut.

Working Strength of Bolts.—When the nut on a bolt is tightened, an initial tensile load is
placed on the bolt that must be taken into account in determining its safe working strength
or external load-carrying capacity. The total load on the bolt theoretically varies from a
maximum equal to the sum of the initial and external loads (when the bolt is absolutely
rigid and the parts held together are elastic) to a minimum equal to either the initial or exter-
nal loads, whichever is the greater (where the bolt is elastic and the parts held together are
absolutely rigid). No material is absolutely rigid, so in practice the total load values fall
somewhere between these maximum and minimum limits, depending upon the relative
elasticity of the bolt and joint members.

Some experiments made at Cornell University to determine the initial stress due to tight-
ening nuts on bolts sufficiently to make a packed joint steam-tight showed that experi-
enced mechanics tighten nuts with a pull roughly proportional to the bolt diameter. It was
also found that the stress due to nut tightening was often sufficient to break a 1⁄2-inch (12.7-
mm) bolt, but not larger sizes, assuming that the nut is tightened by an experienced
mechanic. It may be concluded, therefore, that bolts smaller than 5⁄8 inch (15.9 mm) should
not be used for holding cylinder heads or other parts requiring a tight joint. As a result of
these tests, the following empirical formula was established for the working strength of
bolts used for packed joints or joints where the elasticity of a gasket is greater than the elas-
ticity of the studs or bolts.

In this formula, W = working strength of bolt or permissible load, in pounds, after allow-
ance is made for initial load due to tightening; St = allowable working stress in tension,
pounds per square inch; and d = nominal outside diameter of stud or bolt, inches. A some-
what more convenient formula, and one that gives approximately the same results, is

W St 0.55d2 0.25d–( )=
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In this formula, W, St, and d are as previously given, and A = area at the root of the thread,
square inches.

Example:What is the working strength of a 1-inch bolt that is screwed tightly in a packed
joint when the allowable working stress is 10,000 psi?

Formulas for Stress Areas and Lengths of Engagement of Screw Threads.—The
critical areas of stress of mating screw threads are: 1) The effective cross-sectional area, or
tensile-stress area, of the external thread;  2) the shear area of the external thread, which
depends principally on the minor diameter of the tapped hole;  and  3) the shear area of the
internal thread, which depends principally on the major diameter of the external thread.
The relation of these three stress areas to each other is an important factor in determining
how a threaded connection will fail, whether by breakage in the threaded section of the
screw (or bolt) or by stripping of either the external or internal thread.

If failure of a threaded assembly should occur, it is preferable for the screw to break
rather than have either the external or internal thread strip. In other words, the length of
engagement of mating threads should be sufficient to carry the full load necessary to break
the screw without the threads stripping.

If mating internal and external threads are manufactured of materials having equal tensile
strengths, then to prevent stripping of the external thread, the length of engagement should
be not less than that given by Formula (1):

(1)

In this formula, the factor of 2 means that it is assumed that the area of the screw in shear
must be twice the tensile-stress area to attain the full strength of the screw (this value is
slightly larger than required and thus provides a small factor of safety against stripping); Le

= length of engagement, in inches; n = number of threads per inch; Kn max = maximum
minor diameter of internal thread; Es min = minimum pitch diameter of external thread for
the class of thread specified; and At = tensile-stress area of screw thread given by Formula

(2a) or (2b) or the thread tables for Unified threads, Tables 4a through 5h starting on
page 1844, which are based on Formula (2a).

For steels of up to 180,000 psi ultimate tensile strength,

(2a)

For steels of over 180,000 psi ultimate tensile strength,

(2b)

In these formulas, D = basic major diameter of the thread, E = basic pitch diameter, and the
other symbols have the same meanings as before.

Stripping of Internal Thread: If the internal thread is made of material of lower strength
than the external thread, stripping of the internal thread may take place before the screw
breaks. To determine whether this condition exists, it is necessary to calculate the factor J
for the relative strength of the external and internal threads given by Formula (3):

(3)

W St A 0.25d–( )=

W 10 000 0.55 1
2
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If J is less than or equal to 1, the length of engagement determined by Formula (1) is ade-
quate to prevent stripping of the internal thread; if J is greater than 1, the required length of
engagement Q to prevent stripping of the internal thread is obtained by multiplying the
length of engagement Le, Formula (1), by J:

(4)

In Formula (3), As and An are the shear areas of the external and internal threads, respec-
tively, given by Formulas (5) and (6):

(5)

(6)

In these formulas, n = threads per inch; Le = length of engagement from Formula (1); Kn

max = maximum minor diameter of internal thread; Es min = minimum pitch diameter of
the external thread for the class of thread specified; Ds min = minimum major diameter of
the external thread; and En max = maximum pitch diameter of internal thread.

Load to Break Threaded Portion of Screws and Bolts.—The direct tensile load P to
break the threaded portion of a screw or bolt (assuming that no shearing or torsional
stresses are acting) can be determined from the following formula:

where P = load in pounds to break screw; S = ultimate tensile strength of material of screw
or bolt in pounds per square inch; and At = tensile-stress area in square inches from For-

mula (2a), (2b), or from the screw thread tables.

Lock Wire Procedure Detail.—Wire ties are frequently used as a locking device for
bolted connections to prevent loosening due to vibration and loading conditions, or tam-
pering. The use of safety wire ties is illustrated in Figs. 1 and 2 below. The illustrations
assume the use of right-hand threaded fasteners and the following additional rules apply:

1) No more that three (3) bolts may be tied together;  2) Bolt heads may be tied as shown
only when the female thread receiver is captive;  3) Pre-drilled nuts may be tied in a fash-
ion similar to that illustrated with the following conditions.  a) Nuts must be heat-treated;

and  b) Nuts are factory drilled for use with lock wire. 4) Lock wire must fill a minimum of
75% of the drilled hole provided for the use of lock wire;  and  5) Lock wire must be air-
craft quality stainless steel of 0.508 mm (0.020 inch) diameter, 0.8128 mm (0.032 inch)
diameter, or 1.067 mm (0.042 inch) diameter. Diameter of lock wire is determined by the
thread size of the fastener to be safe-tied. a) Thread sizes of 6 mm (0.25 inch) and smaller
use 0.508 mm (0.020 inch) wire;  b) Thread sizes of 6 mm (0.25 inch) to 12 mm (0.5 inch)
use 0.8128 mm (0.032 inch) wire;  c) Thread sizes > 12 mm (0.5 inch) use 1.067 mm
(0.042 inch) wire;  and  d) The larger wire may be used in smaller bolts in cases of conve-
nience, but smaller wire must not be used in larger fastener sizes.

Fig. 1. Three (3) Bolt Procedure Fig. 2. Two (2) Bolt Procedure

Q JLe=

As 3.1416nLeKnmax 1
2n
------ 0.57735 Esmin Knmax–( )+=

An 3.1416nLeDsmin 1
2n
------ 0.57735 Dsmin Enmax–( )+=

P SAt=
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INCH THREADED FASTENERS

Dimensions of bolts, screws, nuts, and washers used in machine construction are given
here. For data on thread forms, see the section SCREW THREAD SYSTEMS starting on
page 1806.

American Square and Hexagon Bolts, Screws, and Nuts.—The 1941 American Stan-
dard ASA B18.2 covered head dimensions only. In 1952 and 1955 the Standard was
revised to cover the entire product. Some bolt and nut classifications were simplified by
elimination or consolidation in agreements reached with the British and Canadians. In
1965 ASA B18.2 was redesignated into two standards: B18.2.1 covering square and hexa-
gon bolts and screws including hexagon cap screws and lag screws and B18.2.2 covering
square and hexagon nuts. In B18.2.1-1965, hexagon head cap screws and finished hexagon
bolts were consolidated into a single product heavy semifinished hexagon bolts and heavy
finished hexagon bolts were consolidated into a single product; regular semifinished hexa-
gon bolts were eliminated; a new tolerance pattern for all bolts and screws and a positive
identification procedure for determining whether an externally threaded product should be
designated as a bolt or screw were established. Also included in this standard are heavy
hexagon bolts and heavy hexagon structural bolts. In B18.2.2-1965, regular semifinished
nuts were discontinued; regular hexagon and heavy hexagon nuts in sizes 1⁄4 through 1 inch,
finished hexagon nuts in sizes larger than 11⁄2 inches, washer-faced semifinished style of
finished nuts in sizes 5⁄8-inch and smaller and heavy series nuts in sizes 7⁄16-inch and smaller
were eliminated.

Further revisions and refinements include the addition of a skew head bolts and hex head
lag screws and the specifying of countersunk diameters for the various hex nuts. Heavy hex
structural bolts and heavy hex nuts were moved to a new structural applications standard,
ASME B18.2.6-1996, Fasteners for Use in Structural Applications. Additionally, B18.2.1
has been revised to allow easier conformance to Public Law 101-592. All these changes are
reflected in ANSI/ASME B18.2.1-1996, and ANSI/ASME B18.2.2-1987 (R1999).

Unified Square and Hexagon Bolts, Screws, and Nuts.—Items that are recognized in
the Standard as “unified” dimensionally with British and Canadian standards are shown in
bold-face in certain tables.

The other items in the same tables are based on formulas accepted and published by the
British for sizes outside the ranges listed in their standards which, as a matter of informa-
tion, are BS 1768:1963 (obsolescent) for Precision (Normal Series) Unified Hexagon
Bolts, Screws, Nuts (UNC and UNF Threads) and B.S. 1769 and amendments for Black
(Heavy Series) Unified Hexagon Bolts, etc. Tolerances applied to comparable dimensions
of American and British Unified bolts and nuts may differ because of rounding off prac-
tices and other factors.

Differentiation between Bolt and Screw.—A bolt is an externally threaded fastener
designed for insertion through holes in assembled parts, and is normally intended to be
tightened or released by torquing a nut.

A screw is an externally threaded fastener capable of being inserted into holes in assem-
bled parts, of mating with a preformed internal thread or forming its own thread and of
being tightened or released by torquing the head.

An externally threaded fastener which is prevented from being turned during assembly,
and which can be tightened or released only by torquing a nut is a bolt. (Example: round
head bolts, track bolts, plow bolts.)

An externally threaded fastener that has a thread form which prohibits assembly with a
nut having a straight thread of multiple pitch length is a screw. (Example: wood screws,
tapping screws.)
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An externally threaded fastener that must be assembled with a nut to perform its intended
service is a bolt. (Example: heavy hex structural bolt.)

An externally threaded fastener that must be torqued by its head into a tapped or other
preformed hole to perform its intended service is a screw. (Example: square head set
screw.)

Square and Hex Bolts, Screws, and Nuts.—The dimensions for square and hex bolts
and screws given in the following tables have been taken from American National Stan-
dard ANSI/ASME B18.2.1-1996 and for nuts from American National Standard
ANSI/ASME B18.2.2-1987 (R1999) Reference should be made to these Standards for
information or data not found in the following text and tables:

Designation: Bolts and screws should be designated by the following data in the
sequence shown: nominal size (fractional and decimal equivalent); threads per inch (omit
for lag screws); product length for bolts and screws (fractional or two-place decimal equiv-
alent); product name; material, including specification, where necessary; and protective
finish, if required. Examples: (1) 3⁄8-16 × 11⁄2 Square Bolt, Steel, Zinc Plated; (2) 1⁄2-13 × 3

Fig. 1. Square Bolts ( Table 1 )

Fig. 2. Heavy Hex Structural Bolts ( Table 2 ) Fig. 3. Hex Bolts, Heavy Hex Bolts (Table 3 )

Fig. 4. Hex Cap Screws, Heavy Hex Screws (Table 4)

Fig. 5. Hex Nuts, Heavy Hex Nuts (Table 7) Fig. 6. Hex Jam Nuts, Heavy Hex Jam Nuts (Table 7)
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Hex Cap Screw, SAE Grade 8 Steel; and (3) .75 × 5.00 Hex Lag Screw, Steel. (4) 1⁄2-13
Square Nut, Steel, Zinc Plated; (5) 3⁄4-16 Heavy Hex Nut, SAE J995 Grade 5 Steel; and (6)
1000-8 Hex Thick Slotted Nut, ASTM F594 (Alloy Group 1) Corrosion-Resistant Steel.

All dimensions are in inches. Bold type shows bolts unified dimensionally with British and
Canadian Standards. Threads, when rolled, shall be Unified Coarse, Fine, or 8-thread series
(UNRC, UNRF, or 8 UNR Series), Class 2A. Threads produced by other methods may be Unified
Coarse, Fine, or 8-thread series (UNC, UNF, or 8 UN Series), Class 2A.

Table 1. American National Standard and Unified Standard Square Bolts
 ANSI/ASME B18.2.1-1996

SQUARE BOLTS (Fig. 1)

Nominal
Sizea or Basic
Product Dia.

a Where specifying nominal size in decimals, zeros before the decimal point and in the fourth deci-
mal place are omitted. 

Body
Dia.bE

b See Body Diameter footnote in Table 3.

Width Across
Flats F

Width Across
Corners G

Head Height
H

Thread
Lengthc LT

c Thread lengths, LT, shown are for bolt lengths 6 inches and shorter. For longer bolt lengths add
0.250 inch to thread lengths shown. 

Max. Basic Max. Min. Max. Min. Basic Max. Min. Nom.
1⁄4 0.2500 0.260 3⁄8 0.375 0.362 0.530 0.498 11⁄64

0.188 0.156 0.750

5⁄16
0.3125 0.324 1⁄2 0.500 0.484 0.707 0.665 13⁄64

0.220 0.186 0.875

3⁄8 0.3750 0.388 9⁄16
0.562 0.544 0.795 0.747 1⁄4 0.268 0.232 1.000

7⁄16
0.4375 0.452 5⁄8 0.625 0.603 0.884 0.828 19⁄64

0.316 0.278 1.125

1⁄2 0.5000 0.515 3⁄4 0.750 0.725 1.061 0.995 21⁄64
0.348 0.308 1.250

5⁄8 0.6250 0.642 15⁄16
0.938 0.906 1.326 1.244 27⁄64

0.444 0.400 1.500

3⁄4 0.7500 0.768 11⁄8 1.125 1.088 1.591 1.494 1⁄2 0.524 0.476 1.750

7⁄8 0.8750 0.895 15⁄16
1.312 1.269 1.856 1.742 19⁄32

0.620 0.568 2.000

1 1.0000 1.022 11⁄2 1.500 1.450 2.121 1.991 21⁄32
0.684 0.628 2.250

11⁄8 1.1250 1.149 111⁄16
1.688 1.631 2.386 2.239 3⁄4 0.780 0.720 2.500

11⁄4 1.2500 1.277 17⁄8 1.875 1.812 2.652 2.489 27⁄32
0.876 0.812 2.750

13⁄8 1.3750 1.404 21⁄16
2.602 1.994 2.917 2.738 29⁄32

0.940 0.872 3.000

11⁄2 1.5000 1.531 21⁄4 2.250 2.175 3.182 2.986 1 1.036 0.964 3.250

Table 2. American National Standard Heavy Hex Structural Bolts 
 ANSI/ASME B18.2.1-1981 (R1992)a

a The table has been included for reference only. Heavy hex structural bolts have been removed from
ANSI/ASME B18.2.1 and are now included in ASME B18.2.6.

HEAVY HEX STRUCTURAL BOLTS (Fig. 2)

Nominal Sizea

or Basic
Product Dia.

Body
Dia.E

Width Across
Flats F

Width Across
Corners G

Height
H

Radius
of Fillet

R

Thrd.
Lgth.LT

Transi-
tion

Thrd.Y

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Basic Max.

1⁄2 0.5000 0.515 0.482 0.875 0.850 1.010 0.969 0.323 0.302 0.031 0.009 1.00 0.19

5⁄8 0.6250 0.642 0.605 1.062 1.031 1.227 1.175 0.403 0.378 0.062 0.021 1.25 0.22

3⁄4 0.7500 0.768 0.729 1.250 1.212 1.443 1.383 0.483 0.455 0.062 0.021 1.38 0.25

7⁄8 0.8750 0.895 0.852 1.438 1.394 1.660 1.589 0.563 0.531 0.062 0.031 1.50 0.28

1 1.0000 1.022 0.976 1.625 1.575 1.876 1.796 0.627 0.591 0.093 0.062 1.75 0.31

11⁄8 1.1250 1.149 1.098 1.812 1.756 2.093 2.002 0.718 0.658 0.093 0.062 2.00 0.34

11⁄4 1.2500 1.277 1.223 2.000 1.938 2.309 2.209 0.813 0.749 0.093 0.062 2.00 0.38

13⁄8 1.3750 1.404 1.345 2.188 2.119 2.526 2.416 0.878 0.810 0.093 0.062 2.25 0.44

11⁄2 1.5000 1.531 1.470 2.375 2.300 2.742 2.622 0.974 0.902 0.093 0.062 2.25 0.44
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All dimensions are in inches.
Bold type shows bolts unified dimensionally with British and Canadian Standards.

Threads: Threads, when rolled, are Unified Coarse, Fine, or 8-thread series (UNRC, UNRF, or 8
UNR Series), Class 2A. Threads produced by other methods may be Unified Coarse, Fine or 8-thread
series (UNC, UNF, or 8 UN Series), Class 2A.

Body Diameter: Bolts may be obtained in  “reduced diameter body.” Where  “reduced diameter
body” is specified, the body diameter may be reduced to approximately the pitch diameter of the
thread. A shoulder of full body diameter under the head may be supplied at the option of the manu-
facturer.

Material: Unless otherwise specified, chemical and mechanical properties of steel bolts conform
to ASTM A307, Grade A. Other materials are as agreed upon by manufacturer and purchaser.

Table 3. American National Standard and Unified Standard Hex and
Heavy Hex Bolts ANSI/ASME B18.2.1-1996

Nominal
Sizea or Basic

Dia.

a Nominal Size: Where specifying nominal size in decimals, zeros preceding the decimal point and
in the fourth decimal place are omitted. 

Full Size
Body Dia.E

Width Across
Flats F

Width Across
Corners G

Head Height
H

Thread
Lengthb LT

b Thread lengths, LT, shown are for bolt lengths 6 inches and shorter. For longer bolt lengths add
0.250 inch to thread lengths shown. 

Max. Basic Max. Min. Max. Min. Basic Max. Min. Nom.
HEX BOLTS (Fig. 3)

1⁄4 0.2500 0.260 7⁄16 0.438 0.425 0.505 0.484 11⁄64 0.188 0.150 0.750
5⁄16 0.3125 0.324 1⁄2 0.500 0.484 0.577 0.552 7⁄32 0.235 0.195 0.875
3⁄8 0.3750 0.388 9⁄16 0.562 0.544 0.650 0.620 1⁄4 0.268 0.226 1.000
7⁄16 0.4375 0.452 5⁄8 0.625 0.603 0.722 0.687 19⁄64 0.316 0.272 1.125
1⁄2 0.5000 0.515 3⁄4 0.750 0.725 0.866 0.826 11⁄32 0.364 0.302 1.250
5⁄8 0.6250 0.642 15⁄16 0.938 0.906 1.083 1.033 27⁄64 0.444 0.378 1.500
3⁄4 0.7500 0.768 11⁄8 1.125 1.088 1.299 1.240 1⁄2 0.524 0.455 1.750
7⁄8 0.8750 0.895 15⁄16 1.312 1.269 1.516 1.447 37⁄64 0.604 0.531 2.000

1 1.0000 1.022 11⁄2 1.500 1.450 1.732 1.653 43⁄64 0.700 0.591 2.250
11⁄8 1.1250 1.149 111⁄16 1.688 1.631 1.949 1.859 3⁄4 0.780 0.658 2.500
11⁄4 1.2500 1.277 17⁄8 1.875 1.812 2.165 2.066 27⁄32 0.876 0.749 2.750
13⁄8 1.3750 1.404 21⁄16 2.062 1.994 2.382 2.273 29⁄32 0.940 0.810 3.000
11⁄2 1.5000 1.531 21⁄4 2.250 2.175 2.598 2.480 1 1.036 0.902 3.250
13⁄4 1.7500 1.785 25⁄8 2.625 2.538 3.031 2.893 15⁄32 1.196 1.054 3.750
2 2.0000 2.039 3 3.000 2.900 3.464 3.306 111⁄32 1.388 1.175 4.250
21⁄4 2.2500 2.305 33⁄8 3.375 3.262 3.897 3.719 11⁄2 1.548 1.327 4.750
21⁄2 2.5000 2.559 33⁄4 3.750 3.625 4.330 4.133 121⁄32 1.708 1.479 5.250
23⁄4 2.7500 2.827 41⁄8 4.125 3.988 4.763 4.546 113⁄16 1.869 1.632 5.750
3 3.0000 3.081 41⁄2 4.500 4.350 5.196 4.959 2 2.060 1.815 6.250
31⁄4 3.2500 3.335 47⁄8 4.875 4.712 5.629 5.372 23⁄16 2.251 1.936 6.750
31⁄2 3.5000 3.589 51⁄4 5.250 5.075 6.062 5.786 25⁄16 2.380 2.057 7.250
33⁄4 3.7500 3.858 55⁄8 5.625 5.437 6.495 6.198 21⁄2 2.572 2.241 7.750
4 4.0000 4.111 6 6.000 5.800 6.928 6.612 211⁄16 2.764 2.424 8.250

HEAVY HEX BOLTS (Fig. 3)

1⁄2 0.5000 0.515 7⁄8 0.875 0.850 1.010 0.969 11⁄32 0.364 0.302 1.250
5⁄8 0.6250 0.642 11⁄16 1.062 1.031 1.227 1.175 27⁄64 0.444 0.378 1.500
3⁄4 0.7500 0.768 11⁄4 1.250 1.212 1.443 1.383 1⁄2 0.524 0.455 1.750
7⁄8 0.8750 0.895 17⁄16 1.438 1.394 1.660 1.589 37⁄64 0.604 0.531 2.000

1 1.0000 1.022 15⁄8 1.625 1.575 1.876 1.796 43⁄64 0.700 0.591 2.250
11⁄8 1.1250 1.149 113⁄16 1.812 1.756 2.093 2.002 3⁄4 0.780 0.658 2.500
11⁄4 1.2500 1.277 2 2.000 1.938 2.309 2.209 27⁄32 0.876 0.749 2.750
13⁄8 1.3750 1.404 23⁄16 2.188 2.119 2.526 2.416 29⁄32 0.940 0.810 3.000
11⁄2 1.5000 1.531 23⁄8 2.375 2.300 2.742 2.622 1 1.036 0.902 3.250
13⁄4 1.7500 1.785 23⁄4 2.750 2.662 3.175 3.035 15⁄32 1.196 1.054 3.750
2 2.0000 2.039 31⁄8 3.125 3.025 3.608 3.449 111⁄32 1.388 1.175 4.250
21⁄4 2.2500 2.305 31⁄2 3.500 3.388 4.041 3.862 11⁄2 1.548 1.327 4.750
21⁄2 2.5000 2.559 37⁄8 3.875 3.750 4.474 4.275 121⁄32 1.708 1.479 5.250
23⁄4 2.7500 2.827 41⁄4 4.250 4.112 4.907 4.688 113⁄16 1.869 1.632 5.750
3 3.0000 3.081 45⁄8 4.625 4.475 5.340 5.102 2 2.060 1.815 6.250
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Table 4. American National Standard and Unified Standard Heavy Hex 
Screws and Hex Cap Screws ANSI/ASME B18.2.1-1996

All dimensions are in inches.
Unification: Bold type indicates product features unified dimensionally with British and

Canadian Standards. Unification of fine thread products is limited to sizes 1 inch and smaller.
Bearing Surface: Bearing surface is flat and washer faced. Diameter of bearing surface is equal to

the maximum width across flats within a tolerance of minus 10 per cent. 
Threads Series: Threads, when rolled, are Unified Coarse, Fine, or 8-thread series (UNRC, UNRF,

or 8 UNR Series), Class 2A. Threads produced by other methods shall preferably be UNRC, UNRF
or 8 UNR but, at manufacturer's option, may be Unified Coarse, Fine or 8-thread series (UNC, UNF,
or 8 UN Series), Class 2A.

Material: Chemical and mechanical properties of steel screws normally conform to Grades 2, 5, or
8 of SAE J429, ASTM A449 or ASTM A354 Grade BD. Where specified, screws may also be made
from brass, bronze, corrosion-resisting steel, aluminum alloy or other materials.

Nominal Sizea

or Basic
Product Dia.

a Nominal Size: Where specifying nominal size in decimals, zeros preceding the decimal and in the
fourth decimal place are omitted. 

Body Dia.
E

Width Across
Flats F

Width Across
Corners G

Height
H

Thread
LengthbLT

b Thread lengths, LT, shown are for bolt lengths 6 inches and shorter. For longer bolt lengths add
0.250 inch to thread lengths shown. 

Max. Min. Basic Max. Min. Max. Min. Basic Max. Min. Basic

HEAVY HEX SCREWS (Fig. 4)

1⁄2 0.5000 0.5000 0.482 7⁄8 0.875 0.850 1.010 0.969 5⁄16 0.323 0.302 1.250
5⁄8 0.6250 0.6250 0.605 11⁄16 1.062 1.031 1.227 1.175 25⁄64 0.403 0.378 1.500
3⁄4 0.7500 0.7500 0.729 11⁄4 1.250 1.212 1.443 1.383 15⁄32 0.483 0.455 1.750
7⁄8 0.8750 0.8750 0.852 17⁄16 1.438 1.394 1.660 1.589 35⁄64 0.563 0.531 2.000

1 1.0000 1.0000 0.976 15⁄8 1.625 1.575 1.876 1.796 39⁄64 0.627 0.591 2.250
11⁄8 1.1250 1.1250 1.098 113⁄16 1.812 1.756 2.093 2.002 11⁄16 0.718 0.658 2.500
11⁄4 1.2500 1.2500 1.223 2 2.000 1.938 2.309 2.209 25⁄32 0.813 0.749 2.750
13⁄8 1.3750 1.3750 1.345 23⁄16 2.188 2.119 2.526 2.416 27⁄32 0.878 0.810 3.000
11⁄2 1.5000 1.5000 1.470 23⁄8 2.375 2.300 2.742 2.622 15⁄16 0.974 0.902 3.250
13⁄4 1.7500 1.7500 1.716 23⁄4 2.750 2.662 3.175 3.035 13⁄32 1.134 1.054 3.750
2 2.0000 2.0000 1.964 31⁄8 3.125 3.025 3.608 3.449 17⁄32 1.263 1.175 4.250
21⁄4 2.2500 2.2500 2.214 31⁄2 3.500 3.388 4.041 3.862 13⁄8 1.423 1.327 5.000c

c Thread lengths, LT, shown are for bolt lengths over 6 inches.  

21⁄2 2.5000 2.5000 2.461 37⁄8 3.875 3.750 4.474 4.275 117⁄32 1.583 1.479 5.500c

23⁄4 2.7500 2.7500 2.711 41⁄4 4.250 41.112 4.907 4.688 111⁄16 1.744 1.632 6.000c

3 3.0000 3.0000 2.961 45⁄8 4.625 4.475 5.340 5.102 17⁄8 1.935 1.815 6.500c

HEX CAP SCREWS (Finished Hex Bolts) (Fig. 4)

1⁄4 0.2500 0.2500 0.2450 7⁄16 0.438 0.428 0.505 0.488 5⁄32 0.163 0.150 0.750
5⁄16 0.3125 0.3125 0.3065 1⁄2 0.500 0.489 0.577 0.557 13⁄64 0.211 0.195 0.875
3⁄8 0.3750 0.3750 0.3690 9⁄16 0.562 0.551 0.650 0.628 15⁄64 0.243 0.226 1.000
7⁄16 0.4375 0.4375 0.4305 5⁄8 0.625 0.612 0.722 0.698 9⁄32 0.291 0.272 1.125
1⁄2 0.5000 0.5000 0.4930 3⁄4 0.750 0.736 0.866 0.840 5⁄16 0.323 0.302 1.250
9⁄16 0.5625 0.5625 0.5545 13⁄16 0.812 0.798 0.938 0.910 23⁄64 0.371 0.348 1.375
5⁄8 0.6250 0.6250 0.6170 15⁄16 0.938 0.922 1.083 1.051 25⁄64 0.403 0.378 1.500
3⁄4 0.7500 0.7500 0.7410 11⁄8 1.125 1.100 1.299 1.254 15⁄32 0.483 0.455 1.750
7⁄8 0.8750 0.8750 0.8660 15⁄16 1.312 1.285 1.516 1.465 35⁄64 0.563 0.531 2.000

1 1.0000 1.0000 0.9900 11⁄2 1.500 1.469 1.732 1.675 39⁄64 0.627 0.591 2.250
11⁄8 1.1250 1.1250 1.1140 111⁄16 1.688 1.631 1.949 1.859 11⁄16 0.718 0.658 2.500
11⁄4 1.2500 1.2500 1.2390 17⁄8 1.875 1.812 2.165 2.066 25⁄32 0.813 0.749 2.750
13⁄8 1.3750 1.3750 1.3630 21⁄16 2.062 1.994 2.382 2.273 27⁄32 0.878 0.810 3.000
11⁄2 1.5000 1.5000 1.4880 21⁄4 2.250 2.175 2.598 2.480 15⁄16 0.974 0.902 3.250
13⁄4 1.7500 1.7500 1.7380 25⁄8 2.625 2.538 3.031 2.893 13⁄32 1.134 1.054 3.750
2 2.0000 2.0000 1.9880 3 3.000 2.900 3.464 3.306 17⁄32 1.263 1.175 4.250
21⁄4 2.2500 2.2500 2.2380 33⁄8 3.375 3.262 3.897 3.719 13⁄8 1.423 1.327 5.000c

21⁄2 2.5000 2.5000 2.4880 33⁄4 3.750 3.625 4.330 4.133 117⁄32 1.583 1.479 5.500c

23⁄4 2.7500 2.7500 2.7380 41⁄8 4.125 3.988 4.763 4.546 111⁄16 1.744 1.632 6.000c

3 3.0000 3.0000 2.9880 41⁄2 4.500 4.350 5.196 4.959 17⁄8 1.935 1.815 6.500c
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All dimensions in inches.

Minimum thread length is 1⁄2 length of screw plus 0.50 inch, or 6.00 inches, whichever is shorter. Screws too short for the formula thread length shall be threaded as
close to the head as practicable.

Thread formulas: Pitch = 1 ÷ thds. per inch. Flat at root = 0.4305 × pitch. Depth of single thread = 0.385 × pitch.

Table 5. American National Standard Square Lag Screws ANSI/ASME B18.2.1-1996

Nominal Sizea

or Basic
Product

Dia.

a When specifying decimal nominal size, zeros before decimal point and in fourth decimal place are omitted. 

Body or
Shoulder

Dia. E

Width Across
Flats

F

Width Across
Corners

G
Height

H

Shoulder
Length

S

Radius
of Fillet

R

Thds.
per

Inch Thread Dimensions

Max. Min. Basic Max. Min. Max. Min. Basic Max. Min. Min. Max.
Pitch

P
Flat at
Root B

Depth of 
Thd.T

Root
Dia.D1

No. 10 0.1900 0.199 0.178 9⁄32 0.281 0.271 0.398 0.372 1⁄8 0.140 0.110 0.094 0.03 11 0.091 0.039 0.035 0.120
1⁄4 0.2500 0.260 0.237 3⁄8 0.375 0.362 0.530 0.498 11⁄64 0.188 0.156 0.094 0.03 10 0.100 0.043 0.039 0.173
5⁄16 0.3125 0.324 0.298 1⁄2 0.500 0.484 0.707 0.665 13⁄64 0.220 0.186 0.125 0.03 9 0.111 0.048 0.043 0.227
3⁄8 0.3750 0.388 0.360 9⁄16 0.562 0.544 0.795 0.747 1⁄4 0.268 0.232 0.125 0.03 7 0.143 0.062 0.055 0.265
7⁄16 0.4375 0.452 0.421 5⁄8 0.625 0.603 0.884 0.828 19⁄64 0.316 0.278 0.156 0.03 7 0.143 0.062 0.055 0.328
1⁄2 0.5000 0.515 0.482 3⁄4 0.750 0.725 1.061 0.995 21⁄64 0.348 0.308 0.156 0.03 6 0.167 0.072 0.064 0.371
5⁄8 0.6250 0.642 0.605 15⁄16 0.938 0.906 1.326 1.244 27⁄64 0.444 0.400 0.312 0.06 5 0.200 0.086 0.077 0.471
3⁄4 0.7500 0.768 0.729 11⁄8 1.125 1.088 1.591 1.494 1⁄2 0.524 0.476 0.375 0.06 41⁄2 0.222 0.096 0.085 0.579
7⁄8 0.8750 0.895 0.852 15⁄16 1.312 1.269 1.856 1.742 19⁄42 0.620 0.568 0.375 0.06 4 0.250 0.108 0.096 0.683

1 1.0000 1.022 0.976 11⁄2 1.500 1.450 2.121 1.991 21⁄32 0.684 0.628 0.625 0.09 31⁄2 0.286 0.123 0.110 0.780

11⁄8 1.1250 1.149 1.098 111⁄16 1.688 1.631 2.386 2.239 3⁄4 0.780 0.720 0.625 0.09 31⁄4 0.308 0.133 0.119 0.887

11⁄4 1.2500 1.277 1.223 17⁄8 1.875 1.812 2.652 2.489 27⁄32 0.876 0.812 0.625 0.09 31⁄4 0.308 0.133 0.119 1.012
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All dimensions in inches.

Minimum thread length is 1⁄2 length of screw plus 0.50 inch, or 6.00 inches, whichever is shorter. Screws too short for the formula thread length shall be threaded as
close to the head as practicable.

Thread formulas: Pitch = 1 ÷ thds. per inch. Flat at root = 0.4305 × pitch. Depth of single thread = 0.385 × pitch.

Table 6. American National Standard Hex Lag Screws  ANSI/ASME B18.2.1-1996

Nominal Sizea

or Basic
 Product Dia.

a When specifying decimal nominal size, zeros before decimal point and in fourth decimal place are omitted. 

Body or
Shoulder Dia.

E
Width Across Flats

F

Width Across Cor-
ners
G

Height
H

Shoulder
Length

S

Radius
of Fillet

R Thds.
per
Inch

Thread Dimensions

Max. Min. Basic Max. Min. Max. Min. Basic Max. Min. Min. Max.
Pitch

P
Flat at Root

B
Depth of Thd.

T

Root Dia.
D1

No. 10 0.1900 0.199 0.178 9⁄32 0.281 0.271 0.323 0.309 1⁄8 0.140 0.110 0.094 0.03 11 0.091 0.039 0.035 0.120
1⁄4 0.2500 0.260 0.237 3⁄8 0.438 0.425 0.505 0.484 11⁄64 0.188 0.150 0.094 0.03 10 0.100 0.043 0.039 0.173
5⁄16 0.3125 0.324 0.298 1⁄2 0.500 0.484 0.577 0.552 7⁄32 0.235 0.195 0.125 0.03 9 0.111 0.048 0.043 0.227
3⁄8 0.3750 0.388 0.360 9⁄16 0.562 0.544 0.650 0.620 1⁄4 0.268 0.226 0.125 0.03 7 0.143 0.062 0.055 0.265
7⁄16 0.4375 0.452 0.421 5⁄8 0.625 0.603 0.722 0.687 19⁄64 0.316 0.272 0.156 0.03 7 0.143 0.062 0.055 0.328
1⁄2 0.5000 0.515 0.482 3⁄4 0.750 0.725 0.866 0.826 11⁄32 0.364 0.302 0.156 0.03 6 0.167 0.072 0.064 0.371
5⁄8 0.6250 0.642 0.605 15⁄16 0.938 0.906 1.083 1.033 27⁄64 0.444 0.378 0.312 0.06 5 0.200 0.086 0.077 0.471
3⁄4 0.7500 0.768 0.729 11⁄8 1.125 1.088 1.299 1.240 1⁄2 0.524 0.455 0.375 0.06 41⁄2 0.222 0.096 0.085 0.579
7⁄8 0.8750 0.895 0.852 15⁄16 1.312 1.269 1.516 1.447 37⁄64 0.604 0.531 0.375 0.06 4 0.250 0.108 0.096 0.683

1 1.0000 1.022 0.976 11⁄2 1.500 1.450 1.732 1.653 43⁄64 0.700 0.591 0.625 0.09 31⁄2 0.286 0.123 0.110 0.780

11⁄8 1.1250 1.149 1.098 111⁄16 1.688 1.631 1.949 1.859 3⁄4 0.780 0.658 0.625 0.09 31⁄4 0.308 0.133 0.119 0.887

11⁄4 1.2500 1.277 1.223 17⁄8 1.875 1.812 2.165 2.066 27⁄32 0.876 0.749 0.625 0.09 31⁄4 0.308 0.133 0.119 1.012
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All dimensions are in inches.

Bold type shows nuts unified dimensionally with British and Canadian Standards.

Threads are Unified Coarse-, Fine-, or 8-thread series (UNC, UNF or 8UN), Class 2B. Unification
of fine-thread nuts is limited to sizes 1 inch and under.

Table 7. American National Standard and Unified Standard Hex Nuts and Jam 
Nuts and Heavy Hex Nuts and Jam Nuts  ANSI/ASME B18.2.2-1987 (R1999)

Nominal Size
 or Basic 

Major Dia. of Thread

Width Across
 Flats F

Width Across
Corners G

Thickness, Nuts
H

Thickness, Jam Nuts
H1

Basic Max. Min. Max. Min. Basic Max. Min. Basic Max. Min.

Hex Nuts (Fig. 5) and Hex Jam Nuts (Fig. 6)
1⁄4 0.2500 7⁄16 0.438 0.428 0.505 0.488 7⁄32 0.226 0.212 5⁄32 0.163 0.150

5⁄16 0.3125 1⁄2 0.500 0.489 0.577 0.557 17⁄64 0.273 0.258 3⁄16 0.195 0.180

3⁄8 0.3750 9⁄16 0.562 0.551 0.650 0.628 21⁄64 0.337 0.320 7⁄32 0.227 0.210

7⁄16 0.4375 11⁄16 0.688 0.675 0.794 0.768 3⁄8 0.385 0.365 1⁄4 0.260 0.240

1⁄2 0.5000 3⁄4 0.750 0.736 0.866 0.840 7⁄16 0.448 0.427 5⁄16 0.323 0.302

9⁄16 0.5625 7⁄8 0.875 0.861 1.010 0.982 31⁄64 0.496 0.473 5⁄16 0.324 0.301

5⁄8 0.6250 15⁄16 0.938 0.922 1.083 1.051 35⁄64 0.559 0.535 3⁄8 0.387 0.363

3⁄4 0.7500 11⁄8 1.125 1.088 1.299 1.240 41⁄64 0.665 0.617 27⁄64 0.446 0.398

7⁄8 0.8750 15⁄16 1.312 1.269 1.516 1.447 3⁄4 0.776 0.724 31⁄64 0.510 0.458

1 1.0000 11⁄2 1.500 1.450 1.732 1.653 55⁄64 0.887 0.831 35⁄64 0.575 0.519

11⁄8 1.1250 111⁄16 1.688 1.631 1.949 1.859 31⁄32 0.999 0.939 39⁄64 0.639 0.579

11⁄4 1.2500 17⁄8 1.875 1.812 2.165 2.066 11⁄16 1.094 1.030 23⁄32 0.751 0.687

13⁄8 1.3750 21⁄16 2.062 1.994 2.382 2.273 111⁄64 1.206 1.138 25⁄32 0.815 0.747

11⁄2 1.5000 21⁄4 2.250 2.175 2.598 2.480 19⁄32 1.317 1.245 27⁄32 0.880 0.808

Heavy Hex Nuts (Fig. 5) and Heavy Hex Jam Nuts (Fig. 6)
1⁄4 0.2500 1⁄2 0.500 0.488 0.577 0.556 15⁄64 0.250 0.218 11⁄64 0.188 0.156
5⁄16 0.3125 9⁄16 0.562 0.546 0.650 0.622 19⁄64 0.314 0.280 13⁄64 0.220 0.186
3⁄8 0.3750 11⁄16 0.688 0.669 0.794 0.763 23⁄64 0.377 0.341 15⁄64 0.252 0.216
7⁄16 0.4375 3⁄4 0.750 0.728 0.866 0.830 27⁄64 0.441 0.403 17⁄64 0.285 0.247
1⁄2 0.5000 7⁄8 0.875 0.850 1.010 0.969 31⁄64 0.504 0.464 19⁄64 0.317 0.277

9⁄16 0.5625 15⁄16 0.938 0.909 1.083 1.037 35⁄64 0.568 0.526 21⁄64 0.349 0.307
5⁄8 0.6250 11⁄16 1.062 1.031 1.227 1.1175 39⁄64 0.631 0.587 23⁄64 0.381 0.337

3⁄4 0.7500 11⁄4 1.250 1.212 1.443 1.382 47⁄64 0.758 0.710 27⁄64 0.446 0.398

7⁄8 0.8750 17⁄16 1.438 1.394 1660 1.589 55⁄64 0.885 0.833 31⁄64 0.510 0.458

1 1.0000 15⁄8 1.625 1.575 1.876 1.796 63⁄64 1.012 0.956 35⁄64 0.575 0.519

11⁄8 1.1250 113⁄16 1.812 1.756 2.093 2.002 17⁄64 1.139 1.079 39⁄64 0.639 0.579

11⁄4 1.2500 2 2.000 1.938 2.309 2.209 17⁄32 1.251 1.187 23⁄32 0.751 0.687

13⁄8 1.3750 23⁄16 2.188 2.119 2.526 2.416 111⁄32 1.378 1.310 25⁄32 0.815 0.747

11⁄2 1.5000 23⁄8 2.375 2.300 2.742 2.622 115⁄32 1.505 1.433 27⁄32 0.880 0.808

15⁄8 1.6250 29⁄16 2.562 2.481 2.959 2.828 119⁄32 1.632 1.556 29⁄32 0.944 0.868

13⁄4 1.7500 23⁄4 2.750 2.662 3.175 3.035 123⁄32 1.759 1.679 31⁄32 1.009 0.929

17⁄8 1.8750 215⁄16 2.938 2.844 3.392 3.242 127⁄32 1.886 1.802 11⁄32 1.073 0.989

2 2.0000 31⁄8 3.125 3.025 3.608 3.449 131⁄32 2.013 1.925 13⁄32 1.138 1.050

21⁄4 2.2500 31⁄2 3.500 3.388 4.041 3.862 213⁄64 2.251 2.155 113⁄64 1.251 1.155

21⁄2 2.5000 37⁄8 3.875 3.750 4.474 4.275 229⁄64 2.505 2.401 129⁄64 1.505 1.401

23⁄4 2.7500 41⁄4 4.250 4.112 4.907 4.688 245⁄64 2.759 2.647 137⁄64 1.634 1.522

3 3.0000 45⁄8 4.625 4.475 5.340 5.102 261⁄64 3.013 2.893 145⁄64 1.763 1.643

31⁄4 3.2500 5 5.000 4.838 5.774 5.515 33⁄16 3.252 3.124 113⁄16 1.876 1.748

31⁄2 3.5000 53⁄8 5.375 5.200 6.207 5.928 37⁄16 3.506 3.370 115⁄16 2.006 1.870

33⁄4 3.7500 53⁄4 5.750 5.562 6.640 6.341 311⁄16 3.760 3.616 21⁄16 2.134 1.990

4 4.0000 61⁄8 6.125 5.925 7.073 6.755 315⁄16 4.014 3.862 23⁄16 2.264 2.112
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Table 8. American National Standard and Unified Standard Hex Flat Nuts 
and Flat Jam Nuts and Heavy Hex Flat Nuts and Flat Jam Nuts 

 ANSI/ASME B18.2.2-1987 (R1999)

All dimensions are in inches.
Bold type indicates nuts unified dimensionally with British and Canadian Standards.

Threads are Unified Coarse-thread series (UNC), Class 2B.

Nominal
Size or

Basic Major
Dia. of Thread

Width Across
FlatsF

Width Across
CornersG

Thickness,
Flat NutsH

Thickness,
Flat Jam NutsH1

Basic Max. Min. Max. Min. Basic Max. Min. Basic Max. Min.

Hex Flat Nuts and Hex Flat Jam Nuts (Fig. 7)

11⁄8 1.1250 111⁄16 1.688 1.631 1.949 1.859 1 1.030 0.970 5⁄8 0.655 0.595

11⁄4 1.2500 17⁄8 1.875 1.812 2.165 2.066 13⁄32 1.126 1.062 3⁄4 0.782 0.718

13⁄8 1.3750 21⁄16 2.062 1.994 2.382 2.273 113⁄64 1.237 1.169 13⁄16 0.846 0.778

11⁄2 1.5000 21⁄4 2.250 2.175 2.598 2.480 15⁄16 1.348 1.276 7⁄8 0.911 0.839

Heavy Hex Flat Nuts and Heavy Hex Flat Jam Nuts (Fig. 7)

11⁄8 1.1250 113⁄16 1.812 1.756 2.093 2.002 11⁄8 1.155 1.079 5⁄8 0.655 0.579

11⁄4 1.2500 2 2.000 1.938 2.309 2.209 11⁄4 1.282 1.187 3⁄4 0.782 0.687

13⁄8 1.3750 23⁄16 2.188 2.119 2.526 2.416 13⁄8 1.409 1.310 13⁄16 0.846 0.747

11⁄2 1.5000 23⁄8 2.375 2.300 2.742 2.622 11⁄2 1.536 1.433 7⁄8 0.911 0.808

13⁄4 1.7500 23⁄4 2.750 2.662 3.175 3.035 13⁄4 1.790 1.679 1 1.040 0.929

2 2.0000 31⁄8 3.125 3.025 3.608 3.449 2 2.044 1.925 11⁄8 1.169 1.050

21⁄4 2.2500 31⁄2 3.500 3.388 4.041 3.862 21⁄4 2.298 2.155 11⁄4 1.298 1.155

21⁄2 2.5000 37⁄8 3.875 3.750 4.474 4.275 21⁄2 2.552 2.401 11⁄2 1.552 1.401

23⁄4 2.7500 41⁄4 4.250 4.112 4.907 4.688 23⁄4 2.806 2.647 15⁄8 1.681 1.522

3 3.0000 45⁄8 4.625 4.475 5.340 5.102 3 3.060 2.893 13⁄4 1.810 1.643

31⁄4 3.2500 5 5.000 4.838 5.774 5.515 31⁄4 3.314 3.124 17⁄8 1.939 1.748

31⁄2 3.5000 53⁄8 5.375 5.200 6.207 5.928 31⁄2 3.568 3.370 2 2.068 1.870

33⁄4 3.7500 53⁄4 5.750 5.562 6.640 6.341 33⁄4 3.822 3.616 21⁄8 2.197 1.990

4 4.0000 61⁄8 6.125 5.925 7.073 6.755 4 4.076 3.862 21⁄4 2.326 2.112

Fig. 7. Hex Flat Nuts, Heavy Hex Flat Nuts, 
Hex Flat Jam Nuts, and Heavy 
Hex Flat Jam Nuts (Table 8)

Fig. 8. Hex Slotted Nuts, Heavy Hex Slotted 
Nuts, and Hex Thick Slotted Nuts (Table 9)

Fig. 9. Hex Thick Nuts (Table 10)
Fig. 10. Square Nuts, Heavy 

Square Nuts (Table 10)



BOLTS AND NUTS 1547

All dimensions are in inches.
Bold type indicates nuts unified dimensionally with British and Canadian Standards.

Threads are Unified Coarse-, Fine-, or 8-thread series (UNC, UNF, or 8UN), Class 2B.
Unification  of fine-thread nuts is limited to sizes 1 inch and under.

Table 9. American National and Unified Standard Hex Slotted Nuts, Heavy Hex Slot-
ted Nuts, and Hex Thick Slotted Nuts  ANSI/ASME B18.2.2-1987 (R1999)

Nominal Size or
Basic Major

Dia. of Thread

Width Across
Flats F

Width Across
Corners G

Thickness
H

Unslotted
Thickness T

Width of Slot
S

Basic Max. Min. Max. Min. Basic Max. Min. Max. Min. Max. Min.

Hex Slotted Nuts (Fig. 8)
1⁄4 0.2500 7⁄16 0.438 0.428 0.505 0.488 7⁄32 0.226 0.212 0.14 0.12 0.10 0.07
5⁄16 0.3125 1⁄2 0.500 0.489 0.577 0.577 17⁄64 0.273 0.258 0.18 0.16 0.12 0.09
3⁄8 0.3750 9⁄16 0.562 0.551 0.650 0.628 21⁄64 0.337 0.320 0.21 0.19 0.15 0.12
7⁄16 0.4375 11⁄16 0.688 0.675 0.794 0.768 3⁄8 0.385 0.365 0.23 0.21 0.15 0.12
1⁄2 0.5000 3⁄4 0.750 0.736 0.866 0.840 7⁄16 0.448 0.427 0.29 0.27 0.18 0.15
9⁄16 0.5625 7⁄8 0.875 0.861 1.010 0.982 31⁄64 0.496 0.473 0.31 0.29 0.18 0.15
5⁄8 0.6250 15⁄16 0.938 0.922 1.083 1.051 35⁄64 0.559 0.535 0.34 0.32 0.24 0.18
3⁄4 0.7500 11⁄8 1.125 1.088 1.299 1.240 41⁄64 0.665 0.617 0.40 0.38 0.24 0.18
7⁄8 0.8750 15⁄16 1.312 1.269 1.516 1.447 3⁄4 0.776 0.724 0.52 0.49 0.24 0.18

1 1.0000 11⁄2 1.500 1.450 1.732 1.653 55⁄64 0.887 0.831 0.59 0.56 0.30 0.24
11⁄8 1.1250 111⁄16 1.688 1.631 1.949 1.859 31⁄32 0.999 0.939 0.64 0.61 0.33 0.24
11⁄4 1.2500 17⁄8 1.875 1.812 2.165 2.066 11⁄16 1.094 1.030 0.70 0.67 0.40 0.31
13⁄8 1.3750 21⁄16 2.062 1.994 2.382 2.273 111⁄64 1.206 1.138 0.82 0.78 0.40 0.31
11⁄2 1.5000 21⁄4 2.250 2.175 2.598 2.480 19⁄32 1.317 1.245 0.86 0.82 0.46 0.37

Heavy Hex Slotted Nuts (Fig. 8)
1⁄4 0.2500 1⁄2 0.500 0.488 0.577 0.556 15⁄64 0.250 0.218 0.15 0.13 0.10 0.07
5⁄16 0.3125 9⁄16 0.562 0.546 0.650 0.622 19⁄64 0.314 0.280 0.21 0.19 0.12 0.09
3⁄8 0.3750 11⁄16 0.688 0.669 0.794 0.763 23⁄64 0.377 0.341 0.24 0.22 0.15 0.12
7⁄16 0.4375 3⁄4 0.750 0.728 0.866 0.830 27⁄64 0.441 0.403 0.28 0.26 0.15 0.12
1⁄2 0.5000 7⁄8 0.875 0.850 1.010 0.969 31⁄64 0.504 0.464 0.34 0.32 0.18 0.15
9⁄16 0.5625 15⁄16 0.938 0.909 1.083 1.037 35⁄64 0.568 0.526 0.37 0.35 0.18 0.15
5⁄8 0.6250 11⁄16 1.062 1.031 1.227 1.175 39⁄64 0.631 0.587 0.40 0.38 0.24 0.18
3⁄4 0.7500 11⁄4 1.250 1.212 1.443 1.382 47⁄64 0.758 0.710 0.49 0.47 0.24 0.18
7⁄8 0.8750 17⁄16 1.438 1.394 1.660 1.589 55⁄64 0.885 0.833 0.62 0.59 0.24 0.18

1 1.0000 15⁄8 1.625 1.575 1.876 1.796 63⁄64 1.012 0.956 0.72 0.69 0.30 0.24
11⁄8 1.1250 113⁄16 1.812 1.756 2.093 2.002 17⁄64 1.139 1.079 0.78 0.75 0.33 0.24
11⁄4 1.2500 2 2.000 1.938 2.309 2.209 17⁄32 1.251 1.187 0.86 0.83 0.40 0.31
13⁄8 1.3750 23⁄16 2.188 2.119 2.526 2.416 111⁄32 1.378 1.310 0.99 0.95 0.40 0.31
11⁄2 1.5000 23⁄8 2.375 2.300 2.742 2.622 115⁄32 1.505 1.433 1.05 1.01 0.46 0.37
13⁄4 1.7500 23⁄4 2.750 2.662 3.175 3.035 123⁄32 1.759 1.679 1.24 1.20 0.52 0.43
2 2.0000 31⁄8 3.125 3.025 3.608 3.449 131⁄32 2.013 1.925 1.43 1.38 0.52 0.43
21⁄4 2.2500 31⁄2 3.500 3.388 4.041 3.862 213⁄64 2.251 2.155 1.67 1.62 0.52 0.43
21⁄2 2.5000 37⁄8 3.875 3.750 4.474 4.275 229⁄64 2.505 2.401 1.79 1.74 0.64 0.55
23⁄4 2.7500 41⁄4 4.250 4.112 4.907 4.688 245⁄64 2.759 2.647 2.05 1.99 0.64 0.55
3 3.0000 45⁄8 4.625 4.475 5.340 5.102 261⁄64 3.013 2.893 2.23 2.17 0.71 0.62
31⁄4 3.2500 5 5.000 4.838 5.774 5.515 33⁄16 3.252 3.124 2.47 2.41 0.71 0.62
31⁄2 3.5000 53⁄8 5.375 5.200 6.207 5.928 37⁄16 3.506 3.370 2.72 2.65 0.71 0.62
33⁄4 3.7500 53⁄4 5.750 5.562 6.640 6.341 311⁄16 3.760 3.616 2.97 2.90 0.71 0.62
4 4.0000 61⁄8 6.125 5.925 7.073 6.755 315⁄16 4.014 3.862 3.22 3.15 0.71 0.62

Hex Thick Slotted Nuts (Fig. 8)
1⁄4 0.2500 7⁄16 0.438 0.428 0.505 0.488 9⁄32 0.288 0.274 0.20 0.18 0.10 0.07
5⁄16 0.3125 1⁄2 0.500 0.489 0.577 0.557 21⁄64 0.336 0.320 0.24 0.22 0.12 0.09
3⁄8 0.3750 9⁄16 0.562 0.551 0.650 0.628 13⁄32 0.415 0.398 0.29 0.27 0.15 0.12
7⁄16 0.4375 11⁄16 0.688 0.675 0.794 0.768 29⁄24 0.463 0.444 0.31 0.29 0.15 0.12
1⁄2 0.5000 3⁄4 0.750 0.736 0.866 0.840 9⁄16 0.573 0.552 0.42 0.40 0.18 0.15
9⁄16 0.5625 7⁄8 0.875 0.861 1.010 0.982 39⁄64 0.621 0.598 0.43 0.41 0.18 0.15
5⁄8 0.6250 15⁄16 0.938 0.922 1.083 1.051 23⁄32 0.731 0.706 0.51 0.49 0.24 0.18
3⁄4 0.7500 11⁄8 1.125 1.088 1.299 1.240 13⁄16 0.827 0.798 0.57 0.55 0.24 0.18
7⁄8 0.8750 15⁄16 1.312 1.269 1.516 1.447 29⁄32 0.922 0.890 0.67 0.64 0.24 0.18

1 1.0000 11⁄2 1.500 1.450 1.732 1.653 1 1.018 0.982 0.73 0.70 0.30 0.24
11⁄8 1.1250 111⁄16 1.688 1.631 1.949 1.859 15⁄32 1.176 1.136 0.83 0.80 0.33 0.24
11⁄4 1.2500 17⁄8 1.875 1.812 2.165 2.066 11⁄4 1.272 1.228 0.89 0.86 0.40 0.31
13⁄8 1.3750 21⁄16 2.062 1.994 2.382 2.273 13⁄8 1.399 1.351 1.02 0.98 0.40 0.31
11⁄2 1.5000 21⁄4 2.250 2.175 2.598 2.480 11⁄2 1.526 1.474 1.08 1.04 0.46 0.37
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All dimensions are in inches.
Bold type indicates nuts unified dimensionally with British and Canadian Standards.

Table 10. American National and Unified Standard Square Nuts and Heavy Square 
Nuts and American National Standard Hex Thick Nuts 

 ANSI/ASME B18.2.2-1987 (R1999)

Nominal Size or 
Basic Major Dia. 

of Thread

Width Across 
Flats F

Width Across 
Corners G

Thickness
H

Basic Max. Min. Max. Min. Basic Max. Min.
Square Nutsa (Fig. 10)

a Coarse-thread series, Class 2B. 

1⁄4 0.2500 7⁄16 0.438 0.425 0.619 0.554 7⁄32 0.235 0.203
5⁄16 0.3125 9⁄16 0.562 0.547 0.795 0.721 17⁄64 0.283 0.249
3⁄8 0.3750 5⁄8 0.625 0.606 0.884 0.802 21⁄64 0.346 0.310
7⁄16 0.4375 3⁄4 0.750 0.728 1.061 0.970 3⁄8 0.394 0.356
1⁄2 0.5000 13⁄16 0.812 0.788 1.149 1.052 7⁄16 0.458 0.418
5⁄8 0.6250 1 1.000 0.969 1.414 1.300 35⁄64 0.569 0.525
3⁄4 0.7500 11⁄8 1.125 1.088 1.591 1.464 21⁄32 0.680 0.632
7⁄8 0.8750 15⁄16 1.312 1.269 1.856 1.712 49⁄64 0.792 0.740

1 1.0000 11⁄2 1.500 1.450 2.121 1.961 7⁄8 0.903 0.847

11⁄8 1.1250 111⁄16 1.688 1.631 2.386 2.209 1 1.030 0.970

11⁄4 1.2500 17⁄8 1.875 1.812 2.652 2.458 13⁄32 1.126 1.062

13⁄8 1.3750 21⁄16 2.062 1.994 2.917 2.708 113⁄64 1.237 1.169

11⁄2 1.5000 21⁄4 2.250 2.175 3.182 2.956 15⁄16 1.348 1.276

Heavy Square Nutsa (Fig. 10)
1⁄4 0.2500 1⁄2 0.500 0.488 0.707 0.640 1⁄4 0.266 0.218
5⁄16 0.3125 9⁄16 0.562 0.546 0.795 0.720 5⁄16 0.330 0.280
3⁄8 0.3750 11⁄16 0.688 0.669 0.973 0.889 3⁄8 0.393 0.341
7⁄16 0.4375 3⁄4 0.750 0.728 1.060 0.970 7⁄16 0.456 0.403
1⁄2 0.5000 7⁄8 0.875 0.850 1.237 1.137 1⁄2 0.520 0.464
5⁄8 0.6250 11⁄16 1.062 1.031 1.503 1.386 5⁄8 0.647 0.587
3⁄4 0.7500 11⁄4 1.250 1.212 1.768 1.635 3⁄4 0.774 0.710
7⁄8 0.8750 17⁄16 1.438 1.394 2.033 1.884 7⁄8 0.901 0.833

1 1.0000 15⁄8 1.625 1.575 2.298 2.132 1 1.028 0.956

11⁄8 1.1250 113⁄16 1.812 1.756 2.563 2.381 11⁄8 1.155 1.079

11⁄4 1.2500 2 2.000 1.938 2.828 2.631 11⁄4 1.282 1.187

13⁄8 1.3750 23⁄16 2.188 2.119 3.094 2.879 13⁄8 1.409 1.310

11⁄2 1.5000 23⁄8 2.375 2.300 3.359 3.128 11⁄2 1.536 1.433

Hex Thick Nutsb (Fig. 10)

b Unified Coarse-, Fine-, or 8-thread series (8 UN), Class 2B. 

1⁄4 0.2500 7⁄16 0.438 0.428 0.505 0.488 9⁄32 0.288 0.274
5⁄16 0.3125 1⁄2 0.500 0.489 0.577 0.557 21⁄64 0.336 0.320
3⁄8 0.3750 9⁄16 0.562 0.551 0.650 0.628 13⁄32 0.415 0.398
7⁄16 0.4375 11⁄16 0.688 0.675 0.794 0.768 29⁄64 0.463 0.444
1⁄2 0.5000 3⁄4 0.750 0.736 0.866 0.840 9⁄16 0.573 0.552
9⁄16 0.5625 7⁄8 0.875 0.861 1.010 0.982 39⁄64 0.621 0.598
5⁄8 0.6250 15⁄16 0.938 0.922 1.083 1.051 23⁄32 0.731 0.706
3⁄4 0.7500 11⁄8 1.125 1.088 1.299 1.240 13⁄16 0.827 0.798
7⁄8 0.8750 15⁄16 1.312 1.269 1.516 1.447 29⁄32 0.922 0.890

1 1.0000 11⁄2 1.500 1.450 1.732 1.653 1 1.018 0.982

11⁄8 1.1250 111⁄16 1.688 1.631 1.949 1.859 15⁄32 1.176 1.136

11⁄4 1.2500 17⁄8 1.875 1.812 2.165 2.066 11⁄4 1.272 1.228

13⁄8 1.3750 21⁄16 2.062 1.994 2.382 2.273 13⁄8 1.399 1.351

11⁄2 1.5000 21⁄4 2.250 2.175 2.598 2.480 11⁄2 1.526 1.474



NUTS 1549

Low and High Crown (Blind, Acorn) Nuts SAE Recommended Practice J483a

All dimensions are in inches. Threads are Unified Standard Class 2B, UNC or UNF Series.

Low Crown

Nom. Sizea

or Basic Major
Dia. of Thread

a When specifying a nominal size in decimals, any zero in the fourth decimal place is omitted.
Reprinted with permission. Copyright © 1990, Society of Automotive Engineers, Inc. All rights
reserved.

Width Across
Flats, F

Width Across
Corners, G

Body
Dia.,

A

Over-
all

Hgt.,H

Hexa-
gon

Hgt.,Q

Nose
Rad.,

R

Body
Rad.,

S

Drill
Dep.,T

Full
Thd.,U

Max. (Basic) Min. Max. Min. Max. Min.

6 0.1380 5⁄16 0.3125 0.302 0.361 0.344 0.30 0.34 0.16 0.08 0.17 0.25 0.16

8 0.1640 5⁄16 0.3125 0.302 0.361 0.344 0.30 0.34 0.16 0.08 0.17 0.25 0.16

10 0.1900 3⁄8 0.3750 0.362 0.433 0.413 0.36 0.41 0.19 0.09 0.22 0.28 0.19

12 0.2160 3⁄8 0.3750 0.362 0.433 0.413 0.36 0.41 0.19 0.09 0.22 0.31 0.22
1⁄4 0.2500 7⁄16 0.4375 0.428 0.505 0.488 0.41 0.47 0.22 0.11 0.25 0.34 0.25
5⁄16 0.3125 1⁄2 0.5000 0.489 0.577 0.557 0.47 0.53 0.25 0.12 0.28 0.41 0.31
3⁄8 0.3750 9⁄16 0.5625 0.551 0.650 0.628 0.53 0.62 0.28 0.14 0.33 0.45 0.38
7⁄16 0.4375 5⁄8 0.6250 0.612 0.722 0.698 0.59 0.69 0.31 0.16 0.36 0.52 0.44
1⁄2 0.5000 3⁄4 0.7500 0.736 0.866 0.840 0.72 0.81 0.38 0.19 0.42 0.59 0.50
9⁄16 0.5625 7⁄8 0.8750 0.861 1.010 0.982 0.84 0.94 0.44 0.22 0.50 0.69 0.56
5⁄8 0.6250 15⁄16 0.9375 0.922 1.083 1.051 0.91 1.00 0.47 0.23 0.53 0.75 0.62
3⁄4 0.7500 11⁄16 1.0625 1.045 1.227 1.191 1.03 1.16 0.53 0.27 0.59 0.88 0.75
7⁄8 0.8750 11⁄4 1.2500 1.231 1.443 1.403 1.22 1.36 0.62 0.31 0.70 1.00 0.88

1 1.0000 17⁄16 1.4375 1.417 1.660 1.615 1.41 1.55 0.72 0.36 0.81 1.12 1.00

11⁄8 1.1250 15⁄8 1.6250 1.602 1.876 1.826 1.59 1.75 0.81 0.41 0.92 1.31 1.12

11⁄4 1.2500 113⁄16 1.8125 1.788 2.093 2.038 1.78 1.95 0.91 0.45 1.03 1.44 1.25

High Crown

Nom. Sizea or 
Basic Major Dia. 

of Thread

Width Across 
Flats,F

Width Across-
Corners,G

Body
Dia.,

A

Over-
all

Hgt.,H

Hexa-
gon

Hgt.Q

Nose
Rad.,

R

Body
Rad.,

S

Drill
Dep.,T

Full
Thd.,U

Max. (Basic) Min. Max. Min. Max. Min.

6 0.1380 5⁄16 0.3125 0.302 0.361 0.344 0.30 0.42 0.17 0.05 0.25 0.28 0.19

8 0.1640 5⁄16 0.3125 0.302 0.361 0.344 0.30 0.42 0.17 0.05 0.25 0.28 0.19

10 0.1900 3⁄8 0.3750 0.362 0.433 0.413 0.36 0.52 0.20 0.06 0.30 0.34 0.25

12 0.2160 3⁄8 0.3750 0.362 0.433 0.413 0.36 0.52 0.20 0.06 0.30 0.38 0.28
1⁄4 0.2500 7⁄16 0.4375 0.428 0.505 0.488 0.41 0.59 0.23 0.06 0.34 0.41 0.31
5⁄16 0.3125 1⁄2 0.5000 0.489 0.577 0.557 0.47 0.69 0.28 0.08 0.41 0.47 0.38
3⁄8 0.3750 9⁄16 0.5625 0.551 0.650 0.628 0.53 0.78 0.31 0.09 0.44 0.56 0.47
7⁄16 0.4375 5⁄8 0.6250 0.612 0.722 0.698 0.59 0.88 0.34 0.09 0.50 0.62 0.53
1⁄2 0.5000 3⁄4 0.7500 0.736 0.866 0.840 0.72 1.03 0.42 0.12 0.59 0.75 0.62
9⁄16 0.5625 7⁄8 0.8750 0.861 1.010 0.982 0.84 1.19 0.48 0.16 0.69 0.81 0.69
5⁄8 0.6250 15⁄16 0.9375 0.922 1.083 1.051 0.91 1.28 0.53 0.16 0.75 0.91 0.78
3⁄4 0.7500 11⁄16 1.0625 1.045 1.227 1.191 1.03 1.45 0.59 0.17 0.84 1.06 0.94
7⁄8 0.8750 11⁄4 1.12500 1.231 1.443 1.403 1.22 1.72 0.70 0.20 0.98 1.22 1.09

1 1.0000 17⁄16 1.4375 1.417 1.660 1.615 1.41 1.97 0.81 0.23 1.14 1.38 1.25

11⁄8 1.1250 15⁄8 1.6250 1.602 1.876 1.826 1.59 2.22 0.92 0.27 1.28 1.59 1.41

11⁄4 1.2500 113⁄16 1.8125 1.788 2.093 2.038 1.78 2.47 1.03 0.28 1.44 1.75 1.56



1550 NUTS

Hex High and Hex Slotted High Nuts  SAE Standard J482a

All dimensions are in inches. Threads are Unified Standard Class 2B, UNC or UNF Series.

Nominal Sizea

or Basic Major
Diameter of Thread

a When specifying a nominal size in decimals, any zero in the fourth decimal place is omitted.
Reprinted with permission. Copyright © 1990, Society of Automotive Engineers, Inc. All rights
reserved.

Width Across Flats, F Width Across Corners, G Slot Width,S

Basic Max. Min. Max. Min. Min. Max.

1⁄4 0.2500 7⁄16 0.4375 0.428 0.505 0.488 0.07 0.10

5⁄16 0.3125 1⁄2 0.5000 0.489 0.577 0.557 0.09 0.12

3⁄8 0.3750 9⁄16 0.5625 0.551 0.650 0.628 0.12 0.15

7⁄16 0.4375 11⁄16 0.6875 0.675 0.794 0.768 0.12 0.15

1⁄2 0.5000 3⁄4 0.7500 0.736 0.866 0.840 0.15 0.18

9⁄16 0.5625 7⁄8 0.8750 0.861 1.010 0.982 0.15 0.18

5⁄8 0.6250 15⁄16 0.9375 0.922 1.083 1.051 0.18 0.24

3⁄4 0.7500 11⁄8 1.1250 1.088 1.299 1.240 0.18 0.24

7⁄8 0.8750 15⁄16 1.3125 1.269 1.516 1.447 0.18 0.24

1 1.0000 11⁄2 1.5000 1.450 1.732 1.653 0.24 0.30

11⁄8 1.1250 111⁄16 1.6875 1.631 1.949 1.859 0.24 0.33

11⁄4 1.2500 17⁄8 1.8750 1.812 2.165 2.066 0.31 0.40

Nominal Sizea

or Basic Major
Diameter of Thread

Thickness,
H

Unslotted
Thickness,T

Counterbore
(Optional)

Basic Max. Min. Max. Min. Dia., A Depth, D
1⁄4 0.2500 3⁄8 0.382 0.368 0.29 0.27 0.266 0.062

5⁄16 0.3125 29⁄64 0.461 0.445 0.37 0.35 0.328 0.078

3⁄8 0.3750 1⁄2 0.509 0.491 0.38 0.36 0.391 0.094

7⁄16 0.4375 39⁄64 0.619 0.599 0.46 0.44 0.453 0.109

1⁄2 0.5000 21⁄32 0.667 0.645 0.51 0.49 0.516 0.125

9⁄16 0.5625 49⁄64 0.778 0.754 0.59 0.57 0.594 0.141

5⁄8 0.6250 27⁄32 0.857 0.831 0.63 0.61 0.656 0.156

3⁄4 0.7500 1 1.015 0.985 0.76 0.73 0.781 0.188

7⁄8 0.8750 15⁄32 1.172 1.140 0.92 0.89 0.906 0.219

1 1.0000 15⁄16 1.330 1.292 1.05 1.01 1.031 0.250

11⁄8 1.1250 11⁄2 1.520 1.480 1.18 1.14 1.156 0.281

11⁄4 1.2500 111⁄16 1.710 1.666 1.34 1.29 1.281 0.312



ROUND HEAD BOLTS 1551

American National Standard Round Head and Round Head Square Neck Bolts 
 ANSI/ASME B18.5 -1990 (R2003)

All dimensions are in inches unless otherwise specified.
Threads are Unified Standard, Class 2A, UNC Series, in accordance with ANSI B1.1. For threads

with additive finish, the maximum diameters of Class 2A shall apply before plating or coating,
whereas the basic diameters (Class 2A maximum diameters plus the allowance) shall apply to a bolt
after plating or coating.

Bolts are designated in the sequence shown: nominal size (number, fraction or decimal equiva-
lent); threads per inch; nominal length (fraction or decimal equivalent); product name; material; and
protective finish, if required.

i.e.:1⁄2-13 × 3 Round Head Square Neck Bolt, Steel .375-16 × 2.50 Step Bolt, Steel, Zinc Plated

All dimensions are given in inches.

Nominal
Size

Body
Dia.,

E

Dia.
of Head,

A

Height
of Head,

H

Fillet
Rad.,

R

Width of
Square,

O

Depth of
Square,

P

Corner
Rad. on

Square, Q

Max. Min. Max. Min. Max. Min. Max. Max. Min. Max. Min. Max.

No. 10 0.199 .182 .469 .438 .114 .094 .031 .199 .185 .125 .094 .031
1⁄4 0.260 .237 .594 .563 .145 .125 .031 .260 .245 .156 .125 .031
5⁄16 0.324 .298 .719 .688 .176 .156 .031 .324 .307 .187 .156 .031
3⁄8 0.388 .360 .844 .782 .208 .188 .031 .388 .368 .219 .188 .047
7⁄16 0.452 .421 .969 .907 .239 .219 .031 .452 .431 .250 .219 .047
1⁄2 0.515 .483 1.094 1.032 .270 .250 .031 .515 .492 .281 .250 .047
5⁄8 0.642 .605 1.344 1.219 .344 .313 .062 .642 .616 .344 .313 .078
3⁄4 0.768 .729 1.594 1.469 .406 .375 .062 .768 .741 .406 .375 .078
7⁄8 0.895 .852 1.844 1.719 .469 .438 .062 .895 .865 .469 .438 .094

1 1.022 .976 2.094 1.969 .531 .500 .062 1.022 .990 .531 .500 .094

American National Standard T-Head Bolts ANSI/ASME B18.5 -1990 (R2003)

Nom. Sizea or 
Basic Bolt Dia.

a Where specifying nominal size in decimals, zeros preceding the decimal point and in the fourth
decimal place are omitted. For information as to threads and method of bolt designation, see footnotes
to preceding table. 

Body
Dia., E

Head
Length, A

Head
Width, B

Head
Height, H

Head
Rad., K

Fillet
Rad., R

Max. Min. Max. Min. Max. Min. Max. Min. Basic Max.
1⁄4 0.2500 .260 .237 .500 .488 .280 .245 .204 .172 .438 .031
5⁄16 0.3125 .324 .298 .625 .609 .342 .307 .267 .233 .500 .031
3⁄8 0.3750 .388 .360 .750 .731 .405 .368 .331 .295 .625 .031
7⁄16 0.4375 .452 .421 .875 .853 .468 .431 .394 .356 .875 .031
1⁄2 0.5000 .515 .483 1.000 .975 .530 .492 .458 .418 .875 .031
5⁄8 0.6250 .642 .605 1.250 1.218 .675 .616 .585 .541 1.062 .062
3⁄4 0.7500 .768 .729 1.500 1.462 .800 .741 .649 .601 1.250 .062
7⁄8 0.8750 .895 .852 1.750 1.706 .938 .865 .776 .724 1.375 .062

1 1.0000 1.022 .976 2.000 1.950 1.063 .990 .903 .847 1.500 .062



1552 ROUND HEAD BOLTS

All dimensions are given in inches.

Threads are Unified Standard, Class 2A, UNC Series, in accordance with ANSI B1.1. For threads
with additive finish, the maximum diameters of Class 2A apply before plating or coating, whereas
the basic diameters (Class 2A maximum diameters plus the allowance) apply to a bolt after plating or
coating.

Bolts are designated in the sequence shown: nominal size (number, fraction or decimal equiva-
lent); threads per inch; nominal length (fraction or decimal equivalent); product name; material; and
protective finish, if required. For example, 

1⁄2-13 × 3 Round Head Short Square Neck Bolt, Steel

 .375-16 × 2.50 Round Head Short Square Neck Bolt, Steel, Zinc Plated

All dimensions are given in inches unless otherwise specified.

*Maximum fillet radius R is 0.031 inch for all sizes.

For information as to threads and method of bolt designation, see footnotes to the preceding table.

American National Standard Round Head Short Square Neck Bolts
 ANSI/ASME B18.5-1990 (R2003)

Nomi-
nal
Size

Body
Dia.,

E

Head
Dia.,

A

Head
Height,

H

Square
Width,

O

Square
Depth,

P

Cor.
Rad. on
Sq., Q

Fillet
Rad.,

R

Max Min Max Min Max Min Max Min Max Min Max Max
1⁄4 0.260 0.213 0.594 0.563 0.145 0.125 0.260 0.245 0.124 0.093 0.031 0.031
5⁄16 0.324 0.272 0.719 0.688 0.176 0.156 0.324 0.307 0.124 0.093 0.031 0.031
3⁄8 0.388 0.329 0.844 0.782 0.208 0.188 0.388 0.368 0.156 0.125 0.047 0.031
7⁄16 0.452 0.385 0.969 0.907 0.239 0.219 0.452 0.431 0.156 0.125 0.047 0.031
1⁄2 0.515 0.444 1.094 1.032 0.270 0.250 0.515 0.492 0.156 0.125 0.047 0.031
5⁄8 0.642 0.559 1.344 1.219 0.344 0.313 0.642 0.616 0.218 0.187 0.078 0.062
3⁄4 0.768 0.678 1.594 1.469 0.406 0.375 0.768 0.741 0.218 0.187 0.078 0.062

American National Standard Round Head Fin Neck Bolts
 ANSI/ASME B18.5-1990 (R2003)

Nomi-
nal
Size

Body Dia.,
E

Head Dia.,
A

Head Height,
H

Fin Thick.,
M

Dist.Across
Fins, O

Fin Depth,
P

Max Min Max Min Max Min Max Min Max Min Max Min

No. 10 0.199 0.182 0.469 0.438 0.114 0.094 0.098 0.078 0.395 0.375 0.088 0.078
1⁄4 0.260 0.237 0.594 0.563 0.145 0.125 0.114 0.094 0.458 0.438 0.104 0.094
5⁄16 0.324 0.298 0.719 0.688 0.176 0.156 0.145 0.125 0.551 0.531 0.135 0.125
3⁄8 0.388 0.360 0.844 0.782 0.208 0.188 0.161 0.141 0.645 0.625 0.151 0.141
7⁄16 0.452 0.421 0.969 0.907 0.239 0.219 0.192 0.172 0.739 0.719 0.182 0.172
1⁄2 0.515 0.483 1.094 1.032 0.270 0.250 0.208 0.188 0.833 0.813 0.198 0.188
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American National Standard Round Head Ribbed Neck Bolts ANSI/ASME B18.5-1990 (R2003)

All dimensions are given in inches unless otherwise specified.
For information as to threads and method of designating bolts, see following table.

Nominal
Sizeaor

Basic Bolt 
Diameter

a Where specifying nominal size in decimals, zeros preceding decimal and in the fourth decimal place shall be omitted. 

Body
Diameter,

E

Head
Diameter,

A

Head
Height,

H

Head to Ribs, M

Number
of Ribs,

N

Dia. Over
Ribs,

O

Depth Over Ribs, P

Fillet
Radius,

R

For Lengths of For Lengths of

7⁄8 in. and
Shorter

1 in. and
Longer

7⁄8 in. and
Shorter

1 in. and
11⁄8 in.

1⁄4 in. and
Longer

Max Min Max Min Max Min ±0.031b

b Tolerance on the No. 10 through 1⁄2 in. sizes for nominal lengths 7⁄8 in. and shorter shall be + 0.031 and − 0.000. 

Approx Min ±0.031 Maxc

c The minimum radius is one half of the value shown. 

No. 10 0.1900 0.199 0.182 0.469 0.438 0.114 0.094 0.031† 0.063 9 0.210 0.250 0.407 0.594 0.031
1⁄4 0.2500 0.260 0.237 0.594 0.563 0.145 0.125 0.031† 0.063 10 0.274 0.250 0.407 0.594 0.031

5⁄16 0.3125 0.324 0.298 0.719 0.688 0.176 0.156 0.031† 0.063 12 0.340 0.250 0.407 0.594 0.031

3⁄8 0.3750 0.388 0.360 0.844 0.782 0.208 0.188 0.031† 0.063 12 0.405 0.250 0.407 0.594 0.031

7⁄16 0.4375 0.452 0.421 0.969 0.907 0.239 0.219 0.031† 0.063 14 0.470 0.250 0.407 0.594 0.031

1⁄2 0.5000 0.515 0.483 1.094 1.032 0.270 0.250 0.031† 0.063 16 0.534 0.250 0.407 0.594 0.031

5⁄8 0.6250 0.642 0.605 1.344 1.219 0.344 0.313 0.094 0.094 19 0.660 0.313 0.438 0.625 0.062

3⁄4 0.7500 0.768 0.729 1.594 1.469 0.406 0.375 0.094 0.094 22 0.785 0.313 0.438 0.625 0.062

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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American National Standard Step and 114 Degree Countersunk Square Neck Bolts 
 ANSI/ASME B18.5-1990 (R2003)

All dimensions are in inches unless otherwise specified.
Threads are Unified Standard, Class 2A, UNC Series, in accordance with ANSI B1.1. For threads with additive finish, the maximum diameters of Class 2A shall

apply before plating or coating, whereas the basic diameters (Class 2A maximum diameters plus the allowance) shall apply to a bolt after plating or coating.
Bolts are designated in the sequence shown: nominal size (number, fraction or decimal equivalent); threads per inch; nominal length (fraction or decimal equivalent);

product name; material; and protective finish, if required. For example
1⁄2-13 × 3 Round Head Square Neck Bolt, Steel .375-16 × 2.50 Step Bolt, Steel, Zinc Plated

Nominal
Size

Step & 114° Countersunk Bolts Step Bolts 114° Countersunk Square Neck Bolts

Body
Dia.,

E

Corner
Rad. on

Square, Q

Width of
Square,

O

Depth of
Square,

P

Dia. of
Head,

A

Height
of Head,

H

Fillet
Radius,

R

Depth of
Square,

P

Dia. of
Head,

A

Flat on
Head,

F

Height
of Head,

H

Max. Min. Max. Min. Min. Max. Min. Max. Min. Max. Min. Max. Max. Min. Max. Min. Min. Max. Min.

No. 10 0.199 0.182 0.031 0.199 0.185 0.125 0.094 0.656 0.625 0.114 0.094 0.031 0.125 0.094 0.548 0.500 0.015 0.131 0.112

1⁄4 0.260 0.237 0.031 0.260 0.245 0.156 0.125 0.844 0.813 0.145 0.125 0.031 0.156 0.125 0.682 0.625 0.018 0.154 0.135

5⁄16 0.324 0.298 0.031 0.324 0.307 0.187 0.156 1.031 1.000 0.176 0.156 0.031 0.219 0.188 0.821 0.750 0.023 0.184 0.159

3⁄8 0.388 0.360 0.047 0.388 0.368 0.219 0.188 1.219 1.188 0.208 0.188 0.031 0.250 0.219 0.960 0.875 0.027 0.212 0.183

7⁄16 0.452 0.421 0.047 0.452 0.431 0.250 0.219 1.406 1.375 0.239 0.219 0.031 0.281 0.250 1.093 1.000 0.030 0.235 0.205

1⁄2 0.515 0.483 0.047 0.515 0.492 0.281 0.250 1.594 1.563 0.270 0.250 0.031 0.312 0.281 1.233 1.125 0.035 0.265 0.229

5⁄8a

a These sizes pertain to 114 degree countersunk square neck bolts only. Dimensions given in last seven columns to the right are for these bolts only. 

.642 0.605 0.078 0.642 0.616 … … … … … … … 0.406 0.375 1.495 1.375 0.038 0.316 0.272

3⁄4a 0.768 0.729 0.078 0.768 0.741 … … … … … … … 0.500 0.469 10.754 1.625 0.041 0.368 0.314

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



WRENCH CLEARANCES 1555

American National Standard Countersunk Bolts and Slotted Countersunk Bolts
 ANSI/ASME B18.5-1990 (R2003)

All dimensions are given in inches. For thread information and method of bolt designation see foot-
notes to previous table. Heads are unslotted unless otherwise specified. For slot dimensions see
Table 1 in Slotted Head Cap Screws on page 1680.

Wrench Clearance Dimensions.—Wrench openings for nuts are given in Table 1, clear-
ances for open end engineers wrenches in Table 2, clearances for single and double hexa-
gon socket wrenches in Tables 3a (inch) and 3b (metric), clearances for 12-point box
wrenches (inch and metric) are given in Table 4. They are based on the dimensions across
the flats of the fastener. 

Nominal
 Sizea

or Basic
Bolt Diameter

a Where specifying size in decimals, zeros preceding decimal and in fourth decimal place omitted. 

Body
Diameter,

E

Head Diameter, A
Flat on Min 

Dia.,Head, Fb

b Flat on minimum diameter head calculated on minimum sharp and absolute minimum head diam-
eters and 82° head angle. 

Max
Edge
Sharp

Min
Edge
Sharp

Absolute Min 
Edge Rounded 

or FlatMax Min Max
1⁄4 0.2500 0.260 0.237 0.493 0.477 0.445 0.018
5⁄16 0.3125 0.324 0.298 0.618 0.598 0.558 0.023
3⁄8 0.3750 0.388 0.360 0.740 0.715 0.668 0.027
7⁄16 0.4375 0.452 0.421 0.803 0.778 0.726 0.030
1⁄2 0.5000 0.515 0.483 0.935 0.905 0.845 0.035
5⁄8 0.6250 0.642 0.605 1.169 1.132 1.066 0.038
3⁄4 0.7500 0.768 0.729 1.402 1.357 1.285 0.041
7⁄8 0.8750 0.895 0.852 1.637 1.584 1.511 0.042

1 1.0000 1.022 0.976 1.869 1.810 1.735 0.043
11⁄8 1.1250 1.149 1.098 2.104 2.037 1.962 0.043
11⁄4 1.2500 1.277 1.223 2.337 2.262 2.187 0.043
13⁄8 1.3750 1.404 1.345 2.571 2.489 2.414 0.043
11⁄2 1.5000 1.531 1.470 2.804 2.715 2.640 0.043

Nom. Size
or Basic Bolt Dia.

Head Height, H Slot Width, J Slot Depth, T

Maxc

c Maximum head height calculated on maximum sharp head diameter, basic bolt diameter, and 78°
head angle. 

Mind

d Minimum head height calculated on minimum sharp head diameter, basic bolt diameter, and 82°
head angle. 

Max Min Max Min
1⁄4 0.2500 0.150 0.131 0.075 0.064 0.068 0.045
5⁄16 0.3125 0.189 0.164 0.084 0.072 0.086 0.057
3⁄8 0.3750 0.225 0.196 0.094 0.081 0.103 0.068
7⁄16 0.4375 0.226 0.196 0.094 0.081 0.103 0.068
1⁄2 0.5000 0.269 0.233 0.106 0.091 0.103 0.068
5⁄8 0.6250 0.336 0.292 0.133 0.116 0.137 0.091
3⁄4 0.7500 0.403 0.349 0.149 0.131 0.171 0.115
7⁄8 0.8750 0.470 0.408 0.167 0.147 0.206 0.138

1 1.0000 0.537 0.466 0.188 0.166 0.240 0.162
11⁄8 1.1250 0.604 0.525 0.196 0.178 0.257 0.173
11⁄4 1.2500 0.671 0.582 0.211 0.193 0.291 0.197
13⁄8 1.3750 0.738 0.641 0.226 0.208 0.326 0.220
11⁄2 1.5000 0.805 0.698 0.258 0.240 0.360 0.244



1556 WRENCH CLEARANCES

Table 1. Wrench Openings for Nuts  ANSI/ASME B18.2.2-1987 (R1999), Appendix

All dimensions given in inches.

Max.a Width
Across Flats

of Nut

a Wrenches are marked with the “Nominal Size of Wrench,” which is equal to the basic or maximum
width across flats of the corresponding nut. Minimum wrench opening is (1.005W + 0.001). Tolerance
on wrench opening is (0.005W + 0.004) from minimum, where W equals nominal size of wrench. 

Wrench Openingb

b Openings for 5⁄32 to 3⁄8 widths from old ASA B18.2-1960 and italic values are from former ANSI
B18.2.2-1972.

Max.a Width
Across Flats

of Nut

Wrench Openingb Max.a Width
Across Flats

of Nut

Wrench Openingb

Min. Max. Min. Max. Min. Max.

5⁄32 0.158 0.163 11⁄4 1.257 1.267 215⁄16 2.954 2.973
3⁄16 0.190 0.195 15⁄16 1.320 1.331 3 3.016 3.035
7⁄32 0.220 0.225 13⁄8 1.383 1.394 31⁄8 3.142 3.162
1⁄4 0.252 0.257 17⁄16 1.446 1.457 33⁄8 3.393 3.414
9⁄32 0.283 0.288 11⁄2 1.508 1.520 31⁄2 3.518 3.540
5⁄16 0.316 0.322 15⁄8 1.634 1.646 33⁄4 3.770 3.793
11⁄32 0.347 0.353 111⁄16 1.696 1.708 37⁄8 3.895 3.918
3⁄8 0.378 0.384 113⁄16 1.822 1.835 41⁄8 4.147 4.172
7⁄16 0.440 0.446 17⁄8 1.885 1.898 41⁄4 4.272 4.297
1⁄2 0.504 0.510 2 2.011 2.025 41⁄2 4.524 4.550
9⁄16 0.566 0.573 21⁄16 2.074 2.088 45⁄8 4.649 4.676
5⁄8 0.629 0.636 23⁄16 2.200 2.215 47⁄8 4.900 4.928
11⁄16 0.692 0.699 21⁄4 2.262 2.277 5 5.026 5.055
3⁄4 0.755 0.763 23⁄8 2.388 2.404 51⁄4 5.277 5.307
13⁄16 0.818 0.826 27⁄16 2.450 2.466 53⁄8 5.403 5.434
7⁄8 0.880 0.888 29⁄16 2.576 2.593 55⁄8 5.654 5.686
15⁄16 0.944 0.953 25⁄8 2.639 2.656 53⁄4 5.780 5.813

1 1.006 1.015 23⁄4 2.766 2.783 6 6.031 6.157
1⁄16 1.068 1.077 213⁄16 2.827 2.845 61⁄8 6.065 6.192

11⁄8 1.132 1.142

Table 2. Clearances for Open End Engineers Wrench (15°)

Nominal Wrench 
Size

A
Min. (in)

Ba

Max. (in)

a B = arc radius created by the swing of the wrench. 

C
Min. (in)

D
Min. (in)

E
Min. (in)

Fb

Max. (in)

b F = inside arc radius of part. 

G
Ref. (in)

Hc

Max. (in)

c H = thickness of wrench head. (Dimension line not shown.) 

J Mind

in-lbf

d J = torque that wrench will withstand in inch-pounds. Values updated from ANSI/ASME
B107.100- 2002, Wrenches. 

5⁄32 0.156 0.220 0.250 0.390 0.160 0.250 0.200 0.030 0.094 35
3⁄16 0.188 0.250 0.280 0.430 0.190 0.270 0.230 0.030 0.172 45
1⁄4 0.250 0.280 0.340 0.530 0.270 0.310 0.310 0.030 0.172 67
5⁄16 0.313 0.380 0.470 0.660 0.280 0.390 0.390 0.050 0.203 138
11⁄32 0.344 0.420 0.500 0.750 0.340 0.450 0.450 0.050 0.203 193
3⁄8 0.375 0.420 0.500 0.780 0.360 0.450 0.520 0.050 0.219 275
7⁄16 0.438 0.470 0.590 0.890 0.420 0.520 0.640 0.050 0.250 413
1⁄2 0.500 0.520 0.640 1.000 0.470 0.580 0.660 0.050 0.266 550
9⁄16 0.563 0.590 0.770 1.130 0.520 0.660 0.700 0.050 0.297 770
5⁄8 0.625 0.640 0.830 1.230 0.550 0.700 0.700 0.050 0.344 1100

11⁄16 0.688 0.770 0.920 1.470 0.660 0.880 0.800 0.060 0.375 1375
3⁄4 0.750 0.770 0.920 1.510 0.670 0.880 0.800 0.060 0.375 1650

13⁄16 0.813 0.910 1.120 1.660 0.720 0.970 0.860 0.060 0.406 2200
7⁄8 0.875 0.970 1.150 1.810 0.800 1.060 0.910 0.060 0.438 2475

15⁄16 0.938 0.970 1.150 1.850 0.810 1.060 0.950 0.060 0.438 3025
1 1.000 1.050 1.230 2.000 0.880 1.160 1.060 0.060 0.500 3575

1 1⁄16 1.063 1.090 1.250 2.100 0.970 1.200 1.200 0.080 0.500 3850
1 1⁄8 1.125 1.140 1.370 2.210 1.000 1.270 1.230 0.080 0.500 4400
1 1⁄4 1.250 1.270 1.420 2.440 1.080 1.390 1.310 0.080 0.562 5775
1 5⁄16 1.313 1.390 1.690 2.630 1.170 1.520 1.340 0.080 0.562 8400
1 7⁄16 1.438 1.470 1.720 2.800 1.250 1.590 1.340 0.090 0.641 8250
1 1⁄2 1.500 1.470 1.720 2.840 1.270 1.590 1.450 0.090 0.641 8500
1 5⁄8 1.625 1.560 1.880 3.100 1.380 1.750 1.560 0.090 0.641 9000
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Fig. 1. Clearances for Open End Engineers Wrench (See Table 2)
Fig. 2. Clearance Dimensions for Single and Double 
Hexagon Socket Wrenches (See Tables 3a and3b)

Table 3a. Clearance for Single and Double Hexagon Socket Wrenches, Regular Length - Inch Series

See Fig. 2, page 1557 for Dimensions

Nominal
Opening

Radial
Clear-
ance

 C Ref.a

1/4 in. Square Drive, Q 3/8 in. Square Drive, Q 1/2 in. Square Drive, Q 3/4 in. Square Drive, Q
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1⁄8 (0.125) 0.030 1.010 0.250 0.510 0.540 35 … … … … … … … … … … … … … … …
5⁄32 (0.156) 0.030 1.010 0.281 0.510 0.540 60 … … … … … … … … … … … … … … …
3⁄16 (0.188) 0.030 1.010 0.338 0.510 0.540 95 … … … … … … … … … … … … … … …
7⁄32 (0.219) 0.030 1.010 0.382 0.510 0.540 135 … … … … … … … … … … … … … … …
1⁄4 (0.250) 0.030 1.010 0.425 0.510 0.540 190 1.260 0.472 0.690 0.720 270 … … … … … … … … … …
9⁄32 (0.281) 0.030 1.010 0.457 0.510 0.540 250 1.260 0.496 0.690 0.720 350 … … … … … … … … … …
5⁄16 (0.313) 0.030 1.010 0.510 0.510 0.540 320 1.260 0.521 0.690 0.720 440 … … … … … … … … … …

11⁄32 (0.344) 0.030 1.010 0.547 0.547 0.577 400 1.260 0.567 0.690 0.720 550 … … … … … … … … … …
3⁄8 (0.375) 0.030 1.010 0.597 0.597 0.627 500 1.260 0.613 0.690 0.720 660 1.525 0.655 0.940 0.970 1100 … … … … …
7⁄16 (0.438) 0.030 1.010 0.683 0.683 0.713 500 1.260 0.683 0.690 0.720 930 1.525 0.730 0.940 0.970 1500 … … … … …
1⁄2 (0.500) 0.030 1.010 0.697 0.697 0.727 500 1.260 0.751 0.880 0.910 1240 1.525 0.775 0.940 0.970 2000 … … … … …
9⁄16 (0.563) 0.030 1.010 0.778 0.778 0.808 500 1.260 0.814 0.880 0.910 1610 1.572 0.845 0.940 0.970 2600 … … … … …
5⁄8 (0.625) 0.030 … … … … … 1.260 0.890 0.890 0.920 200 1.572 0.942 0.970 1.000 3300 … … … … …

G

D

G

A

E

30˚

F radius 
B radius 

Wrench opening

G

G

A

C

G

K

C
L*

Q  Square Drive Nominal
Socket Opening

* Does not include 
allowance for torque 
device.
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All dimensions are in inches. For details not shown and additional socket sizes, see ANSI/ASME B107.1-2002, Socket Wrenches, Hand (Inch Series).

11⁄16 (0.688) 0.030 … … … … … 1.260 0.968 0.968 0.998 2200 1.572 1.010 1.010 1.040 4100 … … … … …
3⁄4 (0.750) 0.030 … … … … … 1.260 1.110 1.110 1.140 2200 1.572 1.080 1.080 1.110 5000 2.000 1.285 1.450 1.480 6000

13⁄16 (0.813) 0.030 … … … … … 1.406 1.141 1.141 1.171 2200 1.635 1.145 1.145 1.175 5000 2.000 1.300 1.450 1.480 6800
7⁄8 (0.875) 0.030 … … … … … 1.406 1.250 1.250 1.280 2200 1.760 1.218 1.218 1.248 5000 2.010 1.385 1.575 1.605 7700

15⁄16 (0.938) 0.030 … … … … … 1.650 1.310 1.310 1.340 2200 1.760 1.300 1.300 1.330 5000 2.010 1.450 1.575 1.605 8700
1 (1.000) 0.030 … … … … … 1.650 1.380 1.380 1.410 2200 1.760 1.375 1.375 1.405 5000 2.072 1.520 1.575 1.605 9700

1 1⁄16 (1.063) 0.030 … … … … … … … … … … 1.853 1.480 1.480 1.510 5000 2.200 1.595 1.595 1.625 10,800
1 1⁄8 (1.125) 0.030 … … … … … … … … … … 1.947 1.540 1.540 1.570 5000 2.322 1.600 1.680 1.710 11,900
1 3⁄16 (1.188) 0.030 … … … … … … … … … … 1.947 1.675 1.675 1.705 5000 2.322 1.735 1.735 1.765 13,000
1 1⁄4 (1.250) 0.030 … … … … … … … … … … 2.015 1.750 1.750 1.780 5000 2.385 1.870 1.870 1.900 14,200
1 5⁄16 (1.313) 0.030 … … … … … … … … … … 2.015 1.820 1.820 1.850 5000 2.510 1.920 1.920 1.950 15,400
1 3⁄8 (1.375) 0.030 … … … … … … … … … … 2.155 1.885 1.885 1.915 5000 2.635 1.980 1.980 2.010 16,700
1 7⁄16 (1.438) 0.030 … … … … … … … … … … 2.295 1.955 1.955 1.985 5000 2.635 2.075 2.075 2.105 18,000
1 1⁄2 (1.500) 0.030 … … … … … … … … … … 2.295 2.025 2.025 2.055 5000 2.635 2.145 2.145 2.175 18,000
1 5⁄8 (1.625) 0.030 … … … … … … … … … … … … … … … 2.760 2.260 2.260 2.290 18,000
1 3⁄4 (1.750) 0.030 … … … … … … … … … … … … … … … 2.760 2.325 2.325 2.355 18,000

1 13⁄16 (1.813) 0.030 … … … … … … … … … … … … … … … 3.135 2.400 2.400 2.430 18,000
1 7⁄8 (1.875) 0.030 … … … … … … … … … … … … … … … 3.135 2.510 2.510 2.540 18,000
2 (2.000) 0.030 … … … … … … … … … … … … … … … 3.260 2.575 2.575 2.605 18,000

2 1⁄16 (2.063) 0.030 … … … … … … … … … … … … … … … 3.385 2.695 2.695 2.725 18,000
2 1⁄8 (2.125) 0.030 … … … … … … … … … … … … … … … 3.510 2.885 2.885 2.915 18,000
2 3⁄16 (2.188) 0.030 … … … … … … … … … … … … … … … 3.697 3.025 3.025 3.055 18,000
2 1⁄4 (2.250) 0.030 … … … … … … … … … … … … … … … 3.697 3.075 3.075 3.105 18,000

a From the SAE Aeronautical Drafting Manual 

Table 3a. (Continued) Clearance for Single and Double Hexagon Socket Wrenches, Regular Length - Inch Series

See Fig. 2, page 1557 for Dimensions

Nominal
Opening

Radial
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Table 3b.  Single and Double Hexagon Socket, Regular Length - Metric Series 

(See Fig. 2, page 1557 for Dimensions)

6.3 mm Square Drive, Q 10 mm Square Drive, Q 12.5 mm Square Drive, Q 20 mm Square Drive, Q
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3.2 0.762 26 6.10 12.95 14.47 7 … … … … … … … … … … … … … … …
4 0.762 26 7.10 12.95 14.47 8 … … … … … … … … … … … … … … …

4.5 0.762 26 7.60 12.95 14.47 9 … … … … … … … … … … … … … … …
5 0.762 26 8.15 12.95 14.47 10 … … … … … … … … … … … … … … …

5.5 0.762 26 8.90 12.95 14.47 14 32 10.10 17.60 19.124 270 … … … … … … … … … …
6 0.762 26 9.90 12.95 14.47 16 32 10.10 17.60 19.124 350 … … … … … … … … … …

6.3 0.762 26 9.90 12.95 14.47 21 32 10.10 17.60 19.124 440 … … … … … … … … … …
7 0.762 26 10.90 12.95 14.47 27 32 11.05 17.60 19.124 550 … … … … … … … … … …
8 0.762 26 12.20 12.95 14.47 38 32 12.20 17.60 19.124 660 39 14.00 23.87 25.39 80 … … … … …
9 0.762 26 13.45 13.45 14.97 49 32 13.60 17.60 19.124 930 39 15.10 23.87 25.39 110 … … … … …

10 0.762 26 14.75 14.75 16.27 63 32 15.00 17.60 19.124 1240 39 16.80 23.87 25.39 153 … … … … …
11 0.762 26 16.00 16.00 17.52 68 32 16.75 17.60 19.124 1610 39 18.20 23.87 25.39 170 … … … … …
12 0.762 26 17.30 17.30 18.82 68 32 17.80 22.40 23.924 200 39 18.70 23.87 25.39 203 … … … … …
13 0.762 26 18.55 18.55 20.07 68 32 18.80 22.40 23.924 2200 39 20.25 23.87 25.39 249 … … … … …
14 0.762 26 19.80 19.80 21.32 68 32 20.00 22.40 23.924 2200 39 21.80 23.87 25.39 282 … … … … …
15 0.762 26 21.50 21.50 23.02 68 32 22.40 22.40 23.924 2200 40 22.40 23.87 25.39 339 … … … … …
16 0.762 26 22.00 22.00 23.52 68 32 22.50 22.50 24.024 2200 40 23.87 23.87 25.39 407 … … … … …
17 0.762 … … … … … 32 23.80 23.80 25.324 2200 40 24.75 24.75 26.27 475 … … … … …
18 0.762 … … … … … 32 24.60 24.60 26.124 2200 40 26.14 26.14 27.66 542 … … … … …
19 0.762 … … … … … 32 25.70 25.70 27.224 … 40 27.20 27.20 28.72 575 51 30.50 33.00 33.76 780
20 0.762 … … … … … 32 27.76 27.76 29.284 … 42 27.95 27.95 29.47 570 … … … … …
21 0.762 … … … … … 34 28.80 28.80 30.324 … 42 28.95 28.95 30.47 570 51 33.00 33.00 33.76 930
22 0.762 … … … … … 34 30.00 30.00 31.524 … 45 30.20 30.20 31.72 570 51 35.05 38.10 38.86 972
23 0.762 … … … … … 35 31.30 31.30 32.824 … 45 31.25 31.25 32.77 570 51 36.10 39.10 39.86 1015
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All dimensions are in mm. For details not shown and additional socket sizes, see ANSI/ASME B107.5M-2002, Socket Wrenches, Hand (Metric Series).

24 0.762 … … … … … 36 32.50 32.50 34.024 … 45 32.15 32.15 33.67 570 51 37.00 40.00 40.76 1085
25 0.762 … … … … … 38 33.00 33.00 34.524 … 45 33.40 33.40 34.92 570 52 37.85 40.00 40.76 1160
26 0.762 … … … … … 38 35.00 35.00 36.524 … 48 35.05 35.05 36.57 570 53 38.85 40.00 40.76 1240
27 0.762 … … … … … … … … … … 48 36.75 36.75 38.27 570 54 41.00 41.00 41.76 1330
28 0.762 … … … … … … … … … … 50 37.80 37.80 39.32 570 57 41.00 41.00 41.76 1420
29 0.762 … … … … … … … … … … 50 39.50 39.50 41.02 570 59 42.10 42.10 42.86 1520
30 0.762 … … … … … … … … … … 50 42.40 42.40 43.92 570 59 43.00 43.00 43.76 1640
31 0.762 … … … … … … … … … … 50 43.20 43.20 44.72 570 60 45.10 45.10 45.86 1730
32 0.762 … … … … … … … … … … 51 44.05 44.05 45.57 570 60 47.05 47.05 47.81 1820
34 0.762 … … … … … … … … … … … … … … … 64 49.00 49.00 49.76 2000
35 0.762 … … … … … … … … … … … … … … … 67 50.40 50.40 51.16 2030
36 0.762 … … … … … … … … … … … … … … … 67 51.80 51.80 52.56 2030
38 0.762 … … … … … … … … … … … … … … … 67 54.10 54.10 54.86 2030
40 0.762 … … … … … … … … … … … … … … … 70 57.65 57.65 58.41 2030
41 0.762 … … … … … … … … … … … … … … … 70 58.80 58.80 59.56 2030
42 0.762 … … … … … … … … … … … … … … … 70 58.80 58.80 59.56 2030
46 0.762 … … … … … … … … … … … … … … … 83 65.40 65.40 66.16 2030
50 0.762 … … … … … … … … … … … … … … … 89 72.15 72.15 72.91 2030
54 0.762 … … … … … … … … … … … … … … … 94 78.10 78.10 78.86 2030
55 0.762 … … … … … … … … … … … … … … … 95 79.10 79.10 79.86 2030
58 0.762 … … … … … … … … … … … … … … … 97 80.00 80.00 80.76 2030
60 0.762 … … … … … … … … … … … … … … … 100 84.45 84.45 85.21 2030

a  Converted from inch dimensions given in the SAE Aeronautical Drafting Manual. 

Table 3b. (Continued)  Single and Double Hexagon Socket, Regular Length - Metric Series 

(See Fig. 2, page 1557 for Dimensions)
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Table 4. Clearances for Box Wrenches - 12 Point Inch and Metric Series

US Customary (inch) Metric (mm)
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b Converted from SAE Aeronautical Drafting Manual. For details not shown, including material, see
ANSI/ASME B107.100 Wrenches 
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 1⁄8 (0.125) 0.179 0.219 0.030 0.172 60 4 4.56 6.03 0.762 4.0 12
 5⁄32 (0.156) 0.187 0.244 0.030 0.172 90 5 5.26 7.29 0.762 4.6 17
 3⁄16 (0.188) 0.218 0.301 0.030 0.203 150 5.5 6.66 8.97 0.762 6.0 18
 7⁄32 (0.219) 0.233 0.325 0.030 0.234 165 6 7.11 9.69 0.762 7.4 20
 1⁄4 (0.250) 0.269 0.378 0.030 0.295 220 7 7.91 11.05 0.762 7.7 27
 9⁄32 (0.281) 0.280 0.407 0.030 0.280 248 8 8.26 11.98 0.762 8.2 30

 5⁄16 (0.313) 0.316 0.461 0.030 0.330 275 9 9.46 13.76 0.762 9.0 40
 11⁄32 (0.344) 0.336 0.499 0.030 0.335 275 10 10.16 15.04 0.762 9.0 71

 3⁄8 (0.375) 0.362 0.543 0.030 0.344 605 11 10.71 16.15 0.762 10.0 80
 7⁄16 (0.438) 0.395 0.612 0.030 0.391 715 12 11.46 17.47 0.762 10.0 91
 1⁄2 (0.500) 0.442 0.694 0.030 0.394 1020 13 12.31 18.89 0.762 10.5 115

 9⁄16 (0.563) 0.492 0.779 0.030 0.425 1500 14 12.96 20.10 0.762 11.5 158
 5⁄8 (0.625) 0.530 0.853 0.030 0.500 2200 15 13.76 21.46 0.762 11.5 200

 11⁄16 (0.688) 0.577 0.935 0.030 0.535 2640 16 14.26 22.53 0.762 12.1 248
 3⁄4 (0.750) 0.618 1.012 0.030 0.594 2860 17 15.41 24.25 0.762 12.7 267

 13⁄16 (0.813) 0.702 1.132 0.030 0.609 3300 18 15.41 24.83 0.762 12.7 304

 7⁄8 (0.875) 0.718 1.183 0.030 0.688 3630 19 16.36 26.35 0.762 14.8 323
 15⁄16 (0.938) 0.765 1.266 0.030 0.701 4510 20 17.21 27.77 0.762 14.8 347

1      (1.000) 0.796 1.330 0.030 0.719 5390 21 17.66 28.79 0.762 16.3 372
1  1⁄16 (1.063) 0.874 1.445 0.030 0.790 5940 22 18.56 30.27 0.762 16.3 408
1  1⁄8 (1.125) 0.892 1.498 0.030 0.860 6430 23 19.41 31.69 0.762 16.5 455

1  3⁄16 (1.188) 0.937 1.579 0.030 0.890 7200 24 19.81 32.65 0.762 17.8 509
1  1⁄4 (1.250) 0.983 1.661 0.030 0.940 7920 25 20.86 34.24 0.762 17.9 559
1  5⁄16 (1.313) 1.062 1.775 0.030 0.940 8400 26 12.86 26.79 0.762 18.0 608
1  3⁄8 (1.375) 1.087 1.836 0.030 0.940 8970 27 22.86 37.37 0.762 19.8 671
1  7⁄16 (1.438) 1.144 1.929 0.030 0.953 9240 28 23.41 38.49 0.762 19.8 710

1  1⁄2 (1.500) 1.228 2.049 0.030 1.008 10,365 29 23.41 39.06 0.762 19.8 750
1  9⁄16 (1.563) 1.249 2.104 0.030 1.031 11,495 30 24.51 40.73 0.762 20.0 795
1  5⁄8 (1.625) 1.351 2.241 0.030 1.063 12,800 31 25.06 41.85 0.762 20.5 850
1 11⁄16 (1.688) 1.425 2.351 0.030 1.063 13,570 32 25.66 43.03 0.762 22.0 905
1  3⁄4 (1.750) 1.499 2.461 0.030 1.125 14,300 33 25.91 43.84 0.762 22.3 950

1 13⁄16 (1.813) 1.499 2.496 0.030 1.125 15,100 34 26.76 45.26 0.762 23.2 994
1  7⁄8 (1.875) 1.593 2.625 0.030 1.125 15,900 36 28.81 48.47 0.762 25.1 1165
2      (2.000) 1.593 2.696 0.030 1.125 17,400 41 32.21 54.68 0.762 25.3 1579
2  1⁄16 (2.063) 1.687 2.825 0.030 1.234 18,200 46 34.76 60.06 0.762 25.8 2067
2  1⁄8 (2.125) 1.687 2.861 0.030 1.234 19,000 50 38.76 66.33 0.762 27.6 2512

2  3⁄16 (2.188) 1.687 2.896 0.030 1.234 19,700 … … … … … …
2  1⁄4 (2.250) 1.687 2.931 0.030 1.234 20,500 … … … … … …

DA B

Nominal
Wrench Opening

CA
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Table 1a. American National Standard Type A Plain Washers—
Preferred Sizes ANSI/ASME B18.22.1-1965 (R2008)

All dimensions are in inches.
Preferred sizes are for the most part from series previously designated “Standard Plate” and

“SAE.” Where common sizes existed in the two series, the SAE size is designated “N” (narrow) and
the Standard Plate “W” (wide). These sizes as well as all other sizes of Type A Plain Washers are to
be ordered by ID, OD, and thickness dimensions.

Additional selected sizes of Type A Plain Washers are shown in Table 1b.

Nominal
Washer
Sizea

a Nominal washer sizes are intended for use with comparable nominal screw or bolt sizes. 

Series

Inside Diameter Outside Diameter Thickness

Basic

Tolerance

Basic

Tolerance

Basic Max. Min.Plus Minus Plus Minus

— — 0.078 0.000 0.005 0.188 0.000 0.005 0.020 0.025 0.016
— — 0.094 0.000 0.005 0.250 0.000 0.005 0.020 0.025 0.016
— — 0.125 0.008 0.005 0.312 0.008 0.005 0.032 0.040 0.025

No. 6 0.138 0.156 0.008 0.005 0.375 0.015 0.005 0.049 0.065 0.036
No. 8 0.164 0.188 0.008 0.005 0.438 0.015 0.005 0.049 0.065 0.036
No. 10 0.190 0.219 0.008 0.005 0.500 0.015 0.005 0.049 0.065 0.036

3⁄16 0.188 0.250 0.015 0.005 0.562 0.015 0.005 0.049 0.065 0.036

No. 12 0.216 0.250 0.015 0.005 0.562 0.015 0.005 0.065 0.080 0.051
1⁄4 0.250 N 0.281 0.015 0.005 0.625 0.015 0.005 0.065 0.080 0.051
1⁄4 0.250 W 0.312 0.015 0.005 0.734b

b The 0.734-inch, 1.156-inch, and 1.469-inch outside diameters avoid washers which could be used
in coin operated devices. 

0.015 0.007 0.065 0.080 0.051
5⁄16 0.312 N 0.344 0.015 0.005 0.688 0.015 0.007 0.065 0.080 0.051
5⁄16 0.312 W 0.375 0.015 0.005 0.875 0.030 0.007 0.083 0.104 0.064
3⁄8 0.375 N 0.406 0.015 0.005 0.812 0.015 0.007 0.065 0.080 0.051
3⁄8 0.375 W 0.438 0.015 0.005 1.000 0.030 0.007 0.083 0.104 0.064
7⁄16 0.438 N 0.469 0.015 0.005 0.922 0.015 0.007 0.065 0.080 0.051
7⁄16 0.438 W 0.500 0.015 0.005 1.250 0.030 0.007 0.083 0.104 0.064
1⁄2 0.500 N 0.531 0.015 0.005 1.062 0.030 0.007 0.095 0.121 0.074
1⁄2 0.500 W 0.562 0.015 0.005 1.375 0.030 0.007 0.109 0.132 0.086
9⁄16 0.562 N 0.594 0.015 0.005 1.156b 0.030 0.007 0.095 0.121 0.074
9⁄16 0.562 W 0.625 0.015 0.005 1.469b 0.030 0.007 0.109 0.132 0.086
5⁄8 0.625 N 0.656 0.030 0.007 1.312 0.030 0.007 0.095 0.121 0.074
5⁄8 0.625 W 0.688 0.030 0.007 1.750 0.030 0.007 0.134 0.160 0.108
3⁄4 0.750 N 0.812 0.030 0.007 1.469 0.030 0.007 0.134 0.160 0.108
3⁄4 0.750 W 0.812 0.030 0.007 2.000 0.030 0.007 0.148 0.177 0.122
7⁄8 0.875 N 0.938 0.030 0.007 1.750 0.030 0.007 0.134 0.160 0.108
7⁄8 0.875 W 0.938 0.030 0.007 2.250 0.030 0.007 0.165 0.192 0.136

1 1.000 N 1.062 0.030 0.007 2.000 0.030 0.007 0.134 0.160 0.108
1 1.000 W 1.062 0.030 0.007 2.500 0.030 0.007 0.165 0.192 0.136
11⁄8 1.125 N 1.250 0.030 0.007 2.250 0.030 0.007 0.134 0.160 0.108

11⁄8 1.125 W 1.250 0.030 0.007 2.750 0.030 0.007 0.165 0.192 0.136

11⁄4 1.250 N 1.375 0.030 0.007 2.500 0.030 0.007 0.165 0.192 0.136

11⁄4 1.250 W 1.375 0.030 0.007 3.000 0.030 0.007 0.165 0.192 0.136

13⁄8 1.375 N 1.500 0.030 0.007 2.750 0.030 0.007 0.165 0.192 0.136

13⁄8 1.375 W 1.500 0.045 0.010 3.250 0.045 0.010 0.180 0.213 0.153

11⁄2 1.500 N 1.625 0.030 0.007 3.000 0.030 0.007 0.165 0.192 0.136

11⁄2 1.500 W 1.625 0.045 0.010 3.500 0.045 0.010 0.180 0.213 0.153

15⁄8 1.625 1.750 0.045 0.010 3.750 0.045 0.010 0.180 0.213 0.153

13⁄4 1.750 1.875 0.045 0.010 4.000 0.045 0.010 0.180 0.213 0.153

17⁄8 1.875 2.000 0.045 0.010 4.250 0.045 0.010 0.180 0.213 0.153

2 2.000 2.125 0.045 0.010 4.500 0.045 0.010 0.180 0.213 0.153
21⁄4 2.250 2.375 0.045 0.010 4.750 0.045 0.010 0.220 0.248 0.193

21⁄2 2.500 2.625 0.045 0.010 5.000 0.045 0.010 0.238 0.280 0.210

23⁄4 2.750 2.875 0.065 0.010 5.250 0.065 0.010 0.259 0.310 0.228

3 3.000 3.125 0.065 0.010 5.500 0.065 0.010 0.284 0.327 0.249



WASHERS 1563

Table 1b. American National Standard Type A Plain Washers — 
Additional Selected Sizes  ANSI/ASME B18.22.1-1965 (R2008)

All dimensions are in inches.

The above sizes are to be ordered by ID, OD, and thickness dimensions.

Preferred Sizes of Type A Plain Washers are shown in Table 1a.

ANSI Standard Plain Washers.—The Type A plain washers were originally developed
in a light, medium, heavy and extra heavy series. These series have been discontinued and
the washers are now designated by their nominal dimensions.

The Type B plain washers are available in a narrow, regular and wide series with propor-
tions designed to distribute the load over larger areas of lower strength materials.

Plain washers are made of ferrous or non-ferrous metal, plastic or other material as spec-
ified. The tolerances indicated in the tables are intended for metal washers only.

Inside Diameter Outside Diameter Thickness

Basic

Tolerance

Basic

Tolerance

Basic Max. Min.Plus Minus Plus Minus

0.094 0.000 0.005 0.219 0.000 0.005 0.020 0.025 0.016

0.125 0.000 0.005 0.250 0.000 0.005 0.022 0.028 0.017

0.156 0.008 0.005 0.312 0.008 0.005 0.035 0.048 0.027

0.172 0.008 0.005 0.406 0.015 0.005 0.049 0.065 0.036

0.188 0.008 0.005 0.375 0.015 0.005 0.049 0.065 0.036

0.203 0.008 0.005 0.469 0.015 0.005 0.049 0.065 0.036

0.219 0.008 0.005 0.438 0.015 0.005 0.049 0.065 0.036

0.234 0.008 0.005 0.531 0.015 0.005 0.049 0.065 0.036

0.250 0.015 0.005 0.500 0.015 0.005 0.049 0.065 0.036

0.266 0.015 0.005 0.625 0.015 0.005 0.049 0.065 0.036

0.312 0.015 0.005 0.875 0.015 0.007 0.065 0.080 0.051

0.375 0.015 0.005 0.734a

a The 0.734-inch and 1.469-inch outside diameters avoid washers which could be used in coin oper-
ated devices. 

0.015 0.007 0.065 0.080 0.051

0.375 0.015 0.005 1.125 0.015 0.007 0.065 0.080 0.051

0.438 0.015 0.005 0.875 0.030 0.007 0.083 0.104 0.064

0.438 0.015 0.005 1.375 0.030 0.007 0.083 0.104 0.064

0.500 0.015 0.005 1.125 0.030 0.007 0.083 0.104 0.064

0.500 0.015 0.005 1.625 0.030 0.007 0.083 0.104 0.064

0.562 0.015 0.005 1.250 0.030 0.007 0.109 0.132 0.086

0.562 0.015 0.005 1.875 0.030 0.007 0.109 0.132 0.086

0.625 0.015 0.005 1.375 0.030 0.007 0.109 0.132 0.086

0.625 0.015 0.005 2.125 0.030 0.007 0.134 0.160 0.108

0.688 0.030 0.007 1.469a 0.030 0.007 0.134 0.160 0.108

0.688 0.030 0.007 2.375 0.030 0.007 0.165 0.192 0.136

0.812 0.030 0.007 1.750 0.030 0.007 0.148 0.177 0.122

0.812 0.030 0.007 2.875 0.030 0.007 0.165 0.192 0.136

0.938 0.030 0.007 2.000 0.030 0.007 0.165 0.192 0.136

0.938 0.030 0.007 3.375 0.045 0.010 0.180 0.213 0.153

1.062 0.030 0.007 2.250 0.030 0.007 0.165 0.192 0.136

1.062 0.045 0.010 3.875 0.045 0.010 0.238 0.280 0.210

1.250 0.030 0.007 2.500 0.030 0.007 0.165 0.192 0.136

1.375 0.030 0.007 2.750 0.030 0.007 0.165 0.192 0.136

1.500 0.045 0.010 3.000 0.045 0.010 0.180 0.213 0.153

1.625 0.045 0.010 3.250 0.045 0.010 0.180 0.213 0.153

1.688 0.045 0.010 3.500 0.045 0.010 0.180 0.213 0.153

1.812 0.045 0.010 3.750 0.045 0.010 0.180 0.213 0.153

1.938 0.045 0.010 4.000 0.045 0.010 0.180 0.213 0.153

2.062 0.045 0.010 4.250 0.045 0.010 0.180 0.213 0.153
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Table 2. American National Standard Type B Plain Washers — 

Nominal
Washer
Sizea

Seriesb

Inside Diameter Outside Diameter Thickness

Basic

Tolerance

Basic

Tolerance

Basic Max. Min.Plus Minus Plus Minus

No. 0 0.060

N 0.068 0.000 0.005 0.125 0.000 0.005 0.025 0.028 0.022

R 0.068 0.000 0.005 0.188 0.000 0.005 0.025 0.028 0.022

W 0.068 0.000 0.005 0.250 0.000 0.005 0.025 0.028 0.022

No. 1 0.073

N 0.084 0.000 0.005 0.156 0.000 0.005 0.025 0.028 0.022

R 0.084 0.000 0.005 0.219 0.000 0.005 0.025 0.028 0.022

W 0.084 0.000 0.005 0.281 0.000 0.005 0.032 0.036 0.028

No. 2 0.086

N 0.094 0.000 0.005 0.188 0.000 0.005 0.025 0.028 0.022

R 0.094 0.000 0.005 0.250 0.000 0.005 0.032 0.036 0.028

W 0.094 0.000 0.005 0.344 0.000 0.005 0.032 0.036 0.028

No. 3 0.099

N 0.109 0.000 0.005 0.219 0.000 0.005 0.025 0.028 0.022

R 0.109 0.000 0.005 0.312 0.000 0.005 0.032 0.036 0.028

W 0.109 0.008 0.005 0.406 0.008 0.005 0.040 0.045 0.036

No. 4 0.112

N 0.125 0.000 0.005 0.250 0.000 0.005 0.032 0.036 0.028

R 0.125 0.008 0.005 0.375 0.008 0.005 0.040 0.045 0.036

W 0.125 0.008 0.005 0.438 0.008 0.005 0.040 0.045 0.036

No. 5 0.125

N 0.141 0.000 0.005 0.281 0.000 0.005 0.032 0.036 0.028

R 0.141 0.008 0.005 0.406 0.008 0.005 0.040 0.045 0.036

W 0.141 0.008 0.005 0.500 0.008 0.005 0.040 0.045 0.036

No. 6 0.138

N 0.156 0.000 0.005 0.312 0.000 0.005 0.032 0.036 0.028

R 0.156 0.008 0.005 0.438 0.008 0.005 0.040 0.045 0.036

W 0.156 0.008 0.005 0.562 0.008 0.005 0.040 0.045 0.036

No. 8 0.164

N 0.188 0.008 0.005 0.375 0.008 0.005 0.040 0.045 0.036

R 0.188 0.008 0.005 0.500 0.008 0.005 0.040 0.045 0.036

W 0.188 0.008 0.005 0.625 0.015 0.005 0.063 0.071 0.056

No. 10 0.190

N 0.203 0.008 0.005 0.406 0.008 0.005 0.040 0.045 0.036

R 0.203 0.008 0.005 0.562 0.008 0.005 0.040 0.045 0.036

W 0.203 0.008 0.005 0.734c 0.015 0.007 0.063 0.071 0.056

No. 12 0.216

N 0.234 0.008 0.005 0.438 0.008 0.005 0.040 0.045 0.036

R 0.234 0.008 0.005 0.625 0.015 0.005 0.063 0.071 0.056

W 0.234 0.008 0.005 0.875 0.015 0.007 0.063 0.071 0.056

1⁄4 0.250

N 0.281 0.015 0.005 0.500 0.015 0.005 0.063 0.071 0.056

R 0.281 0.015 0.005 0.734c 0.015 0.007 0.063 0.071 0.056

W 0.281 0.015 0.005 1.000 0.015 0.007 0.063 0.071 0.056

5⁄16 0.312

N 0.344 0.015 0.005 0.625 0.015 0.005 0.063 0.071 0.056

R 0.344 0.015 0.005 0.875 0.015 0.007 0.063 0.071 0.056

W 0.344 0.015 0.005 1.125 0.015 0.007 0.063 0.071 0.056

3⁄8 0.375

N 0.406 0.015 0.005 0.734c 0.015 0.007 0.063 0.071 0.056

R 0.406 0.015 0.005 1.000 0.015 0.007 0.063 0.071 0.056

W 0.406 0.015 0.005 1.250 0.030 0.007 0.100 0.112 0.090

7⁄16 0.438

N 0.469 0.015 0.005 0.875 0.015 0.007 0.063 0.071 0.056

R 0.469 0.015 0.005 1.125 0.015 0.007 0.063 0.071 0.056

W 0.469 0.015 0.005 1.469c 0.030 0.007 0.100 0.112 0.090

1⁄2 0.500

N 0.531 0.015 0.005 1.000 0.015 0.007 0.063 0.071 0.056

R 0.531 0.015 0.005 1.250 0.030 0.007 0.100 0.112 0.090

W 0.531 0.015 0.005 1.750 0.030 0.007 0.100 0.112 0.090

9⁄16 0.562

N 0.594 0.015 0.005 1.125 0.015 0.007 0.063 0.071 0.056

R 0.594 0.015 0.005 1.469c 0.030 0.007 0.100 0.112 0.090

W 0.594 0.015 0.005 2.000 0.030 0.007 0.100 0.112 0.090

5⁄8 0.625

N 0.656 0.030 0.007 1.250 0.030 0.007 0.100 0.112 0.090

R 0.656 0.030 0.007 1.750 0.030 0.007 0.100 0.112 0.090

W 0.656 0.030 0.007 2.250 0.030 0.007 0.160 0.174 0.146
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All dimensions are in inches.
Inside and outside diameters shall be concentric within at least the inside diameter tolerance.
Washers shall be flat within 0.005-inch for basic outside diameters up through 0.875-inch and

within 0.010 inch for larger outside diameters.
For 21⁄4-, 21⁄2-, 23⁄4-, and 3-inch sizes see ANSI/ASME B18.22.1-1965 (R2008).

American National Standard Helical Spring and Tooth Lock Washers ANSI/ASME
B18.21.1-1999.—This standard covers helical spring lock washers of carbon steel; boron
steel; corrosion resistant steel, Types 302 and 305; aluminum-zinc alloy; phosphor-
bronze; silicon-bronze; and K-Monel; in various series. Tooth lock washers of carbon steel
having internal teeth, external teeth, and both internal and external teeth, of two construc-
tions, designated as Type A and Type B. Washers intended for general industrial applica-
tion are also covered. American National Standard Lock Washers (Metric Series)
ANSI/ASME B18.21.2M-1999 covers metric sizes for helical spring and tooth lock wash-
ers.

3⁄4 0.750

N 0.812 0.030 0.007 1.375 0.030 0.007 0.100 0.112 0.090

R 0.812 0.030 0.007 2.000 0.030 0.007 0.100 0.112 0.090

W 0.812 0.030 0.007 2.500 0.030 0.007 0.160 0.174 0.146

7⁄8 0.875

N 0.938 0.030 0.007 1.469c 0.030 0.007 0.100 0.112 0.090

R 0.938 0.030 0.007 2.250 0.030 0.007 0.160 0.174 0.146

W 0.938 0.030 0.007 2.750 0.030 0.007 0.160 0.174 0.146

1 1.000

N 1.062 0.030 0.007 1.750 0.030 0.007 0.100 0.112 0.090

R 1.062 0.030 0.007 2.500 0.030 0.007 0.160 0.174 0.146

W 1.062 0.030 0.007 3.000 0.030 0.007 0.160 0.174 0.146

11⁄8 1.125

N 1.188 0.030 0.007 2.000 0.030 0.007 0.100 0.112 0.090

R 1.188 0.030 0.007 2.750 0.030 0.007 0.160 0.174 0.146

W 1.188 0.030 0.007 3.250 0.030 0.007 0.160 0.174 0.146

11⁄4 1.250

N 1.312 0.030 0.007 2.250 0.030 0.007 0.160 0.174 0.146

R 1.312 0.030 0.007 3.000 0.030 0.007 0.160 0.174 0.146

W 1.312 0.045 0.010 3.500 0.045 0.010 0.250 0.266 0.234

13⁄8 1.375

N 1.438 0.030 0.007 2.500 0.030 0.007 0.160 0.174 0.146

R 1.438 0.030 0.007 3.250 0.030 0.007 0.160 0.174 0.146

W 1.438 0.045 0.010 3.750 0.045 0.010 0.250 0.266 0.234

11⁄2 1.500

N 1.562 0.030 0.007 2.750 0.030 0.007 0.160 0.174 0.146

R 1.562 0.045 0.010 3.500 0.045 0.010 0.250 0.266 0.234

W 1.562 0.045 0.010 4.000 0.045 0.010 0.250 0.266 0.234

15⁄8 1.625

N 1.750 0.030 0.007 3.000 0.030 0.007 0.160 0.174 0.146

R 1.750 0.045 0.010 3.750 0.045 0.010 0.250 0.266 0.234

W 1.750 0.045 0.010 4.250 0.045 0.010 0.250 0.266 0.234

13⁄4 1.750

N 1.875 0.030 0.007 3.250 0.030 0.007 0.160 0.174 0.146

R 1.875 0.045 0.010 4.000 0.045 0.010 0.250 0.266 0.234

W 1.875 0.045 0.010 4.500 0.045 0.010 0.250 0.266 0.234

17⁄8 1.875

N 2.000 0.045 0.010 3.500 0.045 0.010 0.250 0.266 0.234

R 2.000 0.045 0.010 4.250 0.045 0.010 0.250 0.266 0.234

W 2.000 0.045 0.010 4.750 0.045 0.010 0.250 0.266 0.234

2 2.000

N 2.125 0.045 0.010 3.750 0.045 0.010 0.250 0.266 0.234

R 2.125 0.045 0.010 4.500 0.045 0.010 0.250 0.266 0.234

W 2.125 0.045 0.010 5.000 0.045 0.010 0.250 0.266 0.234

a Nominal washer sizes are intended for use with comparable nominal screw or bolt sizes. 
b N indicates Narrow; R, Regular; and W, Wide Series. 
c The 0.734-inch and 1.469-inch outside diameter avoids washers which could be used in coin oper-

ated devices. 

Table 2. American National Standard Type B Plain Washers — 

Nominal
Washer
Sizea

Seriesb

Inside Diameter Outside Diameter Thickness

Basic

Tolerance

Basic

Tolerance

Basic Max. Min.Plus Minus Plus Minus
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Helical spring lock washers: These washers are used to provide: 1) good bolt tension
per unit of applied torque for tight assemblies;  2) hardened bearing surfaces to create uni-
form torque control;  3) uniform load distribution through controlled radii—section—cut-
off;  and  4) protection against looseness resulting from vibration and corrosion.

Nominal washer sizes are intended for use with comparable nominal screw or bolt sizes.
These washers are designated by the following data in the sequence shown: Product name;
nominal size (number, fraction or decimal equivalent); series; material; and protective fin-
ish, if required. For example: Helical Spring Lock Washer, 0.375 Extra Duty, Steel, Phos-
phate Coated.

Helical spring lock washers are available in four series: Regular, heavy, extra duty and
hi-collar as given in Tables 2 and 1. Helical spring lock washers made of materials other
than carbon steel are available in the regular series as given in Table 2.

Table 1. American National Standard High Collar Helical Spring Lock Washers 
 ANSI/ASME B18.21.1-1999

Nominal
Washer 

Size

Inside Diameter
Outside

Diameter

Washer Section

Width Thicknessa

a Mean section thickness = (inside thickness + outside thickness) ÷ 2. 

Min. Max. Max. Min. Min.

No. 4 0.112 0.114 0.120 0.173 0.022 0.022
No. 5 0.125 0.127 0.133 0.202 0.030 0.030
No. 6 0.138 0.141 0.148 0.216 0.030 0.030
No. 8 0.164 0.167 0.174 0.267 0.042 0.047

No. 10 0.190 0.193 0.200 0.294 0.042 0.047
1⁄4 0.250 0.252 0.260 0.363 0.047 0.078
5⁄16 0.3125 0.314 0.322 0.457 0.062 0.093
3⁄8 0.375 0.377 0.385 0.550 0.076 0.125
7⁄16 0.4375 0.440 0.450 0.644 0.090 0.140
1⁄2 0.500 0.502 0.512 0.733 0.103 0.172
5⁄8 0.625 0.628 0.641 0.917 0.125 0.203
3⁄4 0.750 0.753 0.766 1.105 0.154 0.218
7⁄8 0.875 0.878 0.894 1.291 0.182 0.234

1 1.000 1.003 1.024 1.478 0.208 0.250

11⁄8 1.125 1.129 1.153 1.663 0.236 0.313

11⁄4 1.250 1.254 1.280 1.790 0.236 0.313

13⁄8 1.375 1.379 1.408 2.031 0.292 0.375

11⁄2 1.500 1.504 1.534 2.159 0.292 0.375

13⁄4 1.750 1.758 1.789 2.596 0.383 0.469

2 2.000 2.008 2.039 2.846 0.383 0.469

21⁄4 2.250 2.262 2.293 3.345 0.508 0.508

21⁄2 2.500 2.512 2.543 3.595 0.508 0.508

23⁄4 2.750 2.762 2.793 4.095 0.633 0.633

3 3.000 3.012 3.043 4.345 0.633 0.633



L
O

C
K

 W
A

SH
E

R
S

1567

Table 2. American National Standard Helical Spring Lock Washers ANSI/ASME B18.21.1-1999

Nominal
Washer

Size

Inside Diameter, A Regular Heavy Extra Duty

Max. Min.
O.D., B
Max.

Section
Width, W

Section
Thickness, Ta

a T = mean section thickness  = (ti + to) ÷ 2. 

O.D.,B
Max.

Section
Width, W

Section
Thickness, Ta

O.D., B
Max.

Section
Width, W

Section
Thickness, Ta

No. 2 0.086 0.094 0.088 0.172 0.035 0.020 0.182 0.040 0.025 0.208 0.053 0.027
No. 3 0.099 0.107 0.101 0.195 0.040 0.025 0.209 0.047 0.031 0.239 0.062 0.034
No. 4 0.112 0.120 0.114 0.209 0.040 0.025 0.223 0.047 0.031 0.253 0.062 0.034
No. 5 0.125 0.133 0.127 0.236 0.047 0.031 0.252 0.055 0.040 0.300 0.079 0.045
No. 6 0.138 0.148 0.141 0.250 0.047 0.031 0.266 0.055 0.040 0.314 0.079 0.045
No. 8 0.164 0.174 0.167 0.293 0.055 0.040 0.307 0.062 0.047 0.375 0.096 0.057
No. 10 0.190 0.200 0.193 0.334 0.062 0.047 0.350 0.070 0.056 0.434 0.112 0.068
No. 12 0.216 0.227 0.220 0.377 0.070 0.056 0.391 0.077 0.063 0.497 0.130 0.080

1⁄4 0.250 0.260 0.252 0.487 0.109 0.062 0.489 0.110 0.077 0.533 0.132 0.084
5⁄16 0.3125 0.322 0.314 0.583 0.125 0.078 0.593 0.130 0.097 0.619 0.143 0.108
3⁄8 0.375 0.385 0.377 0.680 0.141 0.094 0.688 0.145 0.115 0.738 0.170 0.123
7⁄16 0.4375 0.450 0.440 0.776 0.156 0.109 0.784 0.160 0.133 0.836 0.186 0.143
1⁄2 0.500 0.512 0.502 0.869 0.171 0.125 0.879 0.176 0.151 0.935 0.204 0.162
9⁄16 0.5625 0.574 0.564 0.965 0.188 0.141 0.975 0.193 0.170 1.035 0.223 0.182
5⁄8 0.625 0.641 0.628 1.073 0.203 0.156 1.087 0.210 0.189 1.151 0.242 0.202
11⁄16 0.6875 0.704 0.691 1.170 0.219 0.172 1.186 0.227 0.207 1.252 0.260 0.221
3⁄4 0.750 0.766 0.753 1.265 0.234 0.188 1.285 0.244 0.226 1.355 0.279 0.241
13⁄16 0.8125 0.832 0.816 1.363 0.250 0.203 1.387 0.262 0.246 1.458 0.298 0.261
7⁄8 0.875 0.894 0.878 1.459 0.266 0.219 1.489 0.281 0.266 1.571 0.322 0.285
15⁄16 0.9375 0.958 0.941 1.556 0.281 0.234 1.590 0.298 0.284 1.684 0.345 0.308

1 1.000 1.024 1.003 1.656 0.297 0.250 1.700 0.319 0.306 1.794 0.366 0.330
11⁄16 1.0625 1.087 1.066 1.751 0.312 0.266 1.803 0.338 0.326 1.905 0.389 0.352

11⁄8 1.125 1.153 1.129 1.847 0.328 0.281 1.903 0.356 0.345 2.013 0.411 0.375

13⁄16 1.1875 1.217 1.192 1.943 0.344 0.297 2.001 0.373 0.364 2.107 0.431 0.396

11⁄4 1.250 1.280 1.254 2.036 0.359 0.312 2.104 0.393 0.384 2.222 0.452 0.417

15⁄16 1.3125 1.344 1.317 2.133 0.375 0.328 2.203 0.410 0.403 2.327 0.472 0.438

13⁄8 1.375 1.408 1.379 2.219 0.391 0.344 2.301 0.427 0.422 2.429 0.491 0.458

17⁄16 1.4375 1.472 1.442 2.324 0.406 0.359 2.396 0.442 0.440 2.530 0.509 0.478

11⁄2 1.500 1.534 1.504 2.419 0.422 0.375 2.491 0.458 0.458 2.627 0.526 0.496
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All dimensions are given in inches.*See ANSI/ASME B18.21.1-1999 standard for sizes over 11⁄2 to
3, inclusive, for regular and heavy helical spring lock washers and over 11⁄2 to 2, inclusive, for extra-
duty helical spring lock washers.

When carbon steel helical spring lock washers are to be hot-dipped galvanized for use
with hot-dipped galvanized bolts or screws, they are to be coiled to limits onto inch in
excess of those specified in Tables 2 and 1 for minimum inside diameter and maximum
outside diameter. Galvanizing washers under 1⁄4 inch nominal size are not recommended.

Tooth lock washers: These washers serve to lock fasteners, such as bolts and nuts, to the
component parts of an assembly, or increase the friction between the fasteners and the
assembly. They are designated in a manner similar to helical spring lock washers, and are
available in carbon steel. Dimensions are given in Tables 3 and 4.

Table 3. American National Standard Internal-External Tooth Lock Washers 
 ANSI/ASME B18.21.1-1999

All dimensions are given in inches.

Size

A B C

Size

A B C

Inside
Diameter

Outside
Diameter Thickness

Inside
Diameter

Outside
Diameter Thickness

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.

No. 4
(0.112) 0.123 0.115

0.475 0.460 0.021 0.016
5⁄16

(0.312)
0.332 0.320

0.900 0.865 0.040 0.032

0.510 0.495 0.021 0.017 0.985 0.965 0.045 0.037
0.610 0.580 0.021 0.017 1.070 1.045 0.050 0.042

1.155 1.130 0.050 0.042

No. 6
(0.138) .150 .0141

0.510 0.495 0.028 0.023
0.610 0.580 0.028 0.023

3⁄8
(0.375)

0.398 0.384

.985 .965 0.045 0.037
0.690 0.670 0.028 0.023 1.070 1.045 0.050 0.042

1.155 1.130 0.050 0.042

No. 8
(0.164) 0.176 0.168

0.610 0.580 0.034 0.028 1.260 1.220 0.050 0.042
0.690 0.670 0.034 0.028
0.760 0.740 0.034 0.028

7⁄16

(0.438)
0.464 0.448

1.070 1.045 0.050 0.042
1.155 1.130 0.050 0.042

No. 10
(0.190) 0.204 0.195

0.610 0.580 0.034 0.028 1.260 1.220 0.055 0.047
0.690 0.670 0.040 0.032 1.315 1.290 0.055 0.047
0.760 0.740 0.040 0.032
0.900 0.880 0.040 0.032

1⁄2
(0.500)

0.530 0.512

1.260 1.220 0.055 0.047
1.315 1.290 0.055 0.047

No. 12
(0.216) 0.231 0.221

0.690 0.670 0.040 0.032 1.410 1.380 0.060 0.052
0.760 0.725 0.040 0.032 1.620 1.590 0.067 0.059
0.900 0.880 0.040 0.032
0.985 0.965 0.045 0.037

9⁄16

(0.562)
.596 .576

1.315 1.290 0.055 0.047
1.430 1.380 0.060 0.052

1⁄4
(0.250)

0.267 0.256

0.760 0.725 0.040 0.032 1.620 1.590 0.067 0.059
0.900 0.880 0.040 0.032 1.830 1.797 0.067 0.059
0.985 0.965 0.045 0.037
1.070 1.045 0.045 0.037

5⁄8
(0.625)

.663 .640

1.410 1.380 0.060 0.052
1.620 1.590 0.067 0.059
1.830 1.797 0.067 0.059
1.975 1.935 0.067 0.059
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Table 4. American National Standard Internal and External Tooth Lock Washers ANSI/ASME B18.21.1-1999

All dimensions are given in inches.

Internal Tooth External Tooth Countersunk External Tooth

Internal Tooth Lock Washers

Size #2 #3 #4 #5 #6 #8 #10 #12 1⁄4 5⁄16
3⁄8 7⁄16

1⁄2 9⁄16
5⁄8 11⁄16

3⁄4 13⁄16
7⁄8 1 11⁄8 11⁄4

A Max 0.095 0.109 0.123 0.136 0.150 0.176 0.204 0.231 0.267 0.332 0.398 0.464 0.530 0.596 0.663 0.728 0.795 0.861 0.927 1.060 1.192 1.325
Min 0.089 0.102 0.115 0.129 0.141 0.168 0.195 0.221 0.256 0.320 0.384 0.448 0.512 0.576 0.640 0.704 0.769 0.832 0.894 1.019 1.144 1.275

B Max 0.200 0.232 0.270 0.280 0.295 0.340 0.381 0.410 0.478 0.610 0.692 0.789 0.900 0.985 1.071 1.166 1.245 1.315 1.410 1.637 1.830 1.975
Min 0.175 0.215 0.245 0.255 0.275 0.325 0.365 0.394 0.460 0.594 0.670 0.740 0.867 0.957 1.045 1.130 1.220 1.290 1.364 1.590 1.799 1.921

C Max 0.016 0.016 0.018 0.020 0.022 0.023 0.024 0.027 0.028 0.034 0.040 0.040 0.045 0.045 0.050 0.050 0.055 0.055 0.060 0.067 0.067 0.067
Min 0.010 0.010 0.012 0.014 0.016 0.018 0.018 0.020 0.023 0.028 0.032 0.032 0.037 0.037 0.042 0.042 0.047 0.047 0.052 0.059 0.059 0.059

External Tooth Lock Washers

A Max … 0.109 0.123 0.136 0.150 0.176 0.204 0.231 0.267 0.332 0.398 0.464 0.530 0.596 0.663 0.728 0.795 0.861 0.927 1.060 … …
Min … 0.102 0.115 0.129 0.141 0.168 0.195 0.221 0.256 0.320 0.384 0.448 0.513 0.576 0.641 0.704 0.768 0.833 0.897 1.025 … …

B Max … 0.235 0.260 0.285 0.320 0.381 0.410 0.475 0.510 0.610 0.694 0.760 0.900 0.985 1.070 1.155 1.260 1.315 1.410 1.620 … …
Min … 0.220 0.245 0.270 0.305 0.365 0.395 0.460 0.494 0.588 0.670 0.740 0.880 0.960 1.045 1.130 1.220 1.290 1.380 1.590 … …

C Max … 0.016 0.018 0.020 0.022 0.023 0.024 0.027 0.028 0.034 0.040 0.040 0.045 0.045 0.050 0.050 0.055 0.055 0.060 0.067 … …
Min … 0.010 0.012 0.014 0.016 0.018 0.018 0.020 0.023 0.028 0.032 0.032 0.037 0.037 0.042 0.042 0.047 0.047 0.052 0.059 … …

Heavy Internal Tooth Lock Washers Countersunk External Tooth Lock Washersa

a Starting with #4, approx. O.D.'s are: 0.213, 0.289, 0.322, 0.354, 0.421 0.454, 0.505, 0.599, 0.765, 0.867, and 0.976. 

Size 1⁄4 5⁄6 3⁄8 7⁄16
1⁄2 9⁄16

5⁄8 3⁄4 7⁄8 Size #4 #6 #8 #10 #12 1⁄4 #16 5⁄16
3⁄8 7⁄16

1⁄2
A Max 0.267 0.332 0.398 0.464 0.530 0.596 0.663 0.795 0.927 A Max 0.123 0.150 0.177 0.205 0.231 0.267 0.287 0.333 0.398 0.463 0.529

Min 0.256 0.320 0.384 0.448 0.512 0.576 0.640 0.768 0.894 Min 0.113 0.140 0.167 0.195 0.220 0.255 0.273 0.318 0.383 0.448 0.512
B Max 0.536 0.607 0.748 0.858 0.924 1.034 1.135 1.265 1.447 C Max 0.019 0.021 0.021 0.025 0.025 0.025 0.028 0.028 0.034 0.045 0.045

Min 0.500 0.590 0.700 0.800 0.880 0.990 1.100 1.240 1.400 Min 0.015 0.017 0.017 0.020 0.020 0.020 0.023 0.023 0.028 0.037 0.037
C Max 0.045 0.050 0.050 0.067 0.067 0.067 0.067 0.084 0.084 D Max 0.065 0.092 0.099 0.105 0.128 0.128 0.147 0.192 0.255 0.270 0.304

Min 0.035 0.040 0.042 0.050 0.055 0.055 0.059 0.070 0.075 Min 0.050 0.082 0.083 0.088 0.118 0.113 0.137 0.165 0.242 0.260 0.294
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1570 FASTENERS FOR STRUCTURAL APPLICATIONS

Fasteners for Use in Structural Applications

The ASME B18.2.6 standard covers the complete general and dimensional data for four
products in the inch series recognized as American National Standard. Heavy hex nut
thickness formulas and those for width across flats and width across corners are found in
the Appendix of ASME B18.2.2. The inclusion of dimensional data in this standard is not
intended to imply that all products described herein are stock production sizes. Fasteners
intended for use in structural applications and purchased for government use shall conform
to this standard. All dimensions in ASME B18.2.6 are in inches unless stated otherwise,
and apply to unplated or uncoated product. 

Symbols specifying geometric characteristics are in accord with ASME Y14.5M,
Dimensioning and Tolerancing. Standards for chemical and mechanical requirements for
structural bolts are included in ASTM A 325 and ASTM A 490. Heavy hex nuts are
included in ASTM A 563. Hardened steel washers are included in ASTM F436, and com-
pressible washer type direct tension indicators in ASTM F 959.

Heavy Hex Structural Bolts.—Head Width Across Flats: The width across flats of
heads shall be the distance measured perpendicular to the axis of product, overall between
two opposite sides of the head in accordance with the notes in the dimensional table.

Head Height: The head height shall be that overall distance measured parallel to the axis
of the product from the top of the head to the bearing surface and shall include the thickness
of the washer face. Raised grade and manufacturer's identification are excluded from head
height.

Bolt Length: The bolt length shall be the distance measured parallel to the axis of the
product from the bearing surface of the head to the extreme end of the bolt including point.

Threads: Threads shall be cut or rolled in accordance with ASME B 1.1. When specified,
8 thread series may be used on bolts over 1 inch in diameter. Structural bolts shall not be
undersized to accommodate heavy coatings. Threads which have been hot-dipped or
mechanically zinc coated shall meet the requirements specified in ASTM A 325.

Body Diameter: The body diameter limits are shown in Table 5.

Finish: Unless otherwise specified, bolts shall be supplied with a plain (as processed)
finish. Bolts to ASTM A 490 shall not be metallic coated.

Materials: Chemical and mechanical properties of steel bolts shall conform to ASTM A
325 or ASTM A 490.

Workmanship: Bolts shall be free from burrs, seams, laps, loose scale, irregular surfaces,
and any defects affecting serviceability. When control of surface discontinuities is
required, the purchaser shall specify conformance to ASTM F 788/F 788M, surface dis-
continuities of bolts, screws, and studs, inch and metric series.

Designation: Heavy hex structural bolts shall be designated by the following data in the
sequence shown: product name, nominal size (fractional or decimal equivalent), threads
per inch, material (including specification and type where necessary), and protective finish
(if required). See example below:

Example:Heavy Hex Structural Bolt, 3⁄4-10 × 2 1⁄4, ASTM A 325, Type 1, hot dipped zinc
coated.

Identification Grade Symbols: Each bolt shall be marked in accordance with the require-
ments of the applicable specification; ASTM A 325 or ASTM A 490 and requirements of
Table 5, Note (13).
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Table 5. Dimensions of Heavy Hex Structural Bolts  ASME B18.2.6-1996 (R2004)

Nominal Size or Basic 
Product Diameter

Note (15)

Body Diameter, 
E

Note (5)

Width Across Flats 
F

Note (2)

Width Across
Corners

G
Head Height

H
Radius of Fillet

R

Thread
Length

LT

Note (10)

Transition 
Thread
Length

Y
Note (10)

Total Runout 
of Bearing 

Surface FIM 
Note (3)

[No a (15)] Max. Min. Basic Max. Min. Max. Min. Basic Max. Min. Max. Min. Ref. Max., Ref. Max.
1⁄2 0.5000 0.515 0.482 7⁄8 0.875 0.850 1.010 0.969 5⁄16 0.323 0.302 0.031 0.009 1.00 0.19 0.016
5⁄8 0.6250 0.642 0.605 11⁄16 1.062 1.031 1.227 1.175 25⁄64 0.403 0.378 0.062 0.021 1.25 0.22 0.019
3⁄4 0.7500 0.768 0.729 11⁄4 1.250 1.212 1.443 1.383 15⁄32 0.483 0.455 0.062 0.021 1.38 0.25 0.022
7⁄8 0.8750 0.895 0.852 17⁄16 1.438 1.394 1.660 1.589 35⁄64 0.563 0.531 0.062 0.031 1.50 0.28 0.025

1 1.0000 1.022 0.976 15⁄8 1.625 1.575 1.876 1.796 39⁄64 0.627 0.591 0.093 0.062 1.75 0.31 0.028

11⁄8 1.1250 1.149 1.098 113⁄16 1.812 1.756 2.093 2.002 11⁄16 0.718 0.658 0.093 0.062 2.00 0.34 0.032

11⁄4 1.2500 1.277 1.223 2 2.000 1.938 2.309 2.209 25⁄32 0.813 0.749 0.093 0.062 2.00 0.38 0.035

13⁄8 1.3750 1.404 1.345 23⁄16 2.188 2.119 2.526 2.416 27⁄32 0.878 0.810 0.093 0.062 2.25 0.44 0.038

11⁄2 1.5000 1.531 1.470 23⁄8 2.375 2.300 2.742 2.622 15⁄16 0.974 0.902 0.093 0.062 2.25 0.44 0.041

H

[Note (3)]

[Note (3)]

30 deg. + 0
–15

[Note (6)]

(Ref.)

A

A

Cut Thread

[Note (7)] MR

LT

E

LG

LB

Y (ref.)

L

H

[Note (3)]

[Note (3)]

30 deg. + 0
–15

[Note (6)]

(Ref.)

A

A

Rolled Thread

[Note (7)] MR

LT

G

F

E

LG

LB

Y (ref.)

L

[Note (4)] M A M
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(1) Top of Head: Top of head shall be full form and chamfered or rounded with the diameter of
chamfer circle or start of rounding being equal to the maximum width across flats within a tolerance
of minus 15%.

(2) Head Taper: Maximum width across flats shall not be exceeded. No transverse section through
the head between 25% and 75% of actual head height, as measured from the bearing surface, shall be
less than the minimum width across flats.

(3) Bearing Surface: Bearing surface shall be flat and washer faced. Diameter of washer face shall
be equal to the maximum width across flats within a tolerance of minus 10%.

Thickness of the washer face shall be not less than 0.015 inch nor greater than 0.025 inch for bolt
sizes 3⁄4 inch and smaller; and not less than 0.015 inch nor greater than 0.035 inch for sizes larger than
3⁄4 inch.

The plane of the bearing surface shall be perpendicular to the axis of the body within the FIM limits
specified for total runout. Measurement of FIM shall extend as close to the periphery of the bearing
surface as possible while the bolt is being held in a collet or other gripping device at a distance of one
bolt diameter from the underside of the head.

(4) True Position of Head: The axis of the head shall be located at true position with respect to the
axis of the body (determined over a distance under the head equal to one diameter) within a tolerance
zone having a diameter equivalent to 6% of the maximum width across flats at maximum material
condition.

(5) Body Diameter: Any swell or fin under the head or any die seam on the body should not exceed
the basic bolt diameter by the following: 0.030 in, for sizes 1⁄2 inch; 0.050 inch for sizes 5⁄8 and 3⁄4 inch;
0.060 inch for sizes over 3⁄4 inch to 11⁄4 inch;  0.090 inch for sizes over 11⁄4 inch.

(6) Point: Point shall be chamfered or rounded at the manufacturer's option from approximately
0.016 inch below the minor diameter of the thread. The first full formed thread at major diameter is
located a distance no greater than 2 times the pitch measured from the end of the screw. This distance
is to be determined by measuring how far the point enters into a cylindrical NOT GO major diameter
ring gage.

(7) Straightness: Shanks of bolts shall be straight within the following limits at MMC; for bolts
with nominal lengths to and including 12 inches the maximum camber shall be 0.006 inch per inch
(0.006L) of bolt length, and for bolts with nominal lengths over 12 inches to and including 24 inches
the maximum camber shall be 0.008 inch per inch (0.008L) of length. 

(8) Bolt Length: Bolts are normally supplied in 1⁄4 inch length increments, all lengths.
(9) Length Tolerance: Bolt length tolerances shall be as tabulated below:

(10) Thread Length: The length of thread on bolts shall be controlled by the grip gaging length, LG,
max., and the body length, LB, min., as follows.

Grip gaging length, LG, max., is the distance measured parallel to the axis of bolt from the under-
head bearing surface to the face of a noncounterbored or noncountersunk standard G0 thread ring
gage assembled by hand as far as the thread will permit. It shall be used as the criterion for inspection.
The maximum grip gaging length, as calculated and rounded to two decimal places for any bolt not
threaded full length, shall be equal to the nominal bolt length minus the basic thread length (LG, max.
= Lnom. − LT). For bolts which are threaded full length, LG, max. defines the unthreaded length under
the head and shall not exceed the length of 2.5 times the thread pitch for sizes up to and including 1
inch, and 3.5 times the thread pitch for sizes larger than I inch, LG, max. represents the minimum
design grip length of the bolt and may be used for determining thread availability when selecting bolt
lengths even though usable threads may extend beyond this point.

Basic thread length, LT, is a reference dimension, intended for calculation purposes only, which
represents the distance from the extreme end of the bolt to the last complete (full form) thread.

Body length, LB, min., is the distance measured parallel to the axis of bolt from the underhead bear-
ing surface to the last scratch of thread or to the top of the extrusion angle. It shall be used as a crite-
rion for inspection. The minimum body length, as calculated and rounded to two decimal places,
shall be equal to the maximum grip gaging length minus the maximum transition thread length

Nominal Bolt Size 1⁄2 5⁄8 3⁄4 through 1 11⁄8 through 11⁄2

Nominal Bolt Length Tolerance of Length

Through 6 inches −0.12 −0.12 −0.19 −0.25

Over 6 inches −0.19 −0.25 −0.25 −0.25
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(LB, min = LG, max − Ymax.). Bolts of nominal lengths which have a calculated LB, min length equal to or
shorter than 2.5 times the thread pitch for sizes 1 inch and smaller, and 3.5 times the thread pitch for
sizes larger than 1 inch shall be threaded for full length.

Transition thread length Y is a reference dimension, intended for calculation purposes only, which
represents the length of incomplete threads and tolerance on grip gaging length.

(11) Incomplete Thread Diameter: The major diameter of incomplete thread shall not exceed the
actual major diameter of the full form thread.

(12) Threads: Threads, when rolled, shall be in the unified inch coarse or 8 thread series (UNRC or
8 UNR Series), Class 2A. Threads produced by other methods may be Unified Inch coarse or 8 thread
series (UNC or 8 UN Series), Class 2A. Acceptability of screw threads shall be determined based on
System 21, ASME B1.3M, screw thread gaging systems for dimensional acceptability, unless other-
wise specified.

(13) Identification Symbols: Identification marking symbols on the tops of heads for bolt sizes 5⁄8
inch and smaller shall project not less than 0.005 inch above the surface nor more than 0.015 inch
over the specified maximum head height. Bolt sizes larger than 5⁄8 inch shall project not less than the
equivalent in inches of 0.0075 times the basic bolt diameter above the surface nor more than 0.030
inch over the specified maximum head height.

(14) Material. Chemical and mechanical properties of steel bolts shall conform to ASTM A 325 or
ASTM A 490.

(15) Nominal Size. Where specifying nominal size in decimals, zeros preceding the decimal and in
the fourth decimal place shall be omitted.

(16) Dimensional Conformance. Heavy hex structural bolts shall have the following characteris-
tics inspected to ASME B18.18.2M to the inspection level C: threads, width across comers, head
height, grip length, visual.

If verifiable in-process inspection is used, see Dimensional Characteristics on page 1573.

Identification Source Symbols: Each bolt shall be marked to identify its source (manu-
facturer, or private label distributor) accepting the responsibility for conformance to this
and other applicable specifications.

Quality Assurance: Unless otherwise specified, products shall be furnished in accor-
dance with ASME B18.18.1M and ASME B18.18.2M as noted as below.

Dimensional Characteristics: Bolts shall conform to the dimensions indicated in Table
5. The designated characteristics defined in Table 5, Note (16) shall be inspected in accor-
dance with ASME B18.18.2M. For nondesignated characteristics, the provisions of
ASME B18.18.IM shall apply. Should a nondesignated dimension be determined to have a
variance, it shall be deemed conforming to this Standard if the user, who is the installer,
accepts the variance based on fit, form, and function considerations. Where verifiable in
process inspection is used in accordance with ASME B18.18.3M or ASME B18.18.4M,
the final inspection level sample sizes of those respective standards shall apply.
Heavy Hex Nuts.—Width Across Flats: The width across flats of heavy hex nuts shall be
the overall distance measured, perpendicular to the axis of the nut, between two opposite
sides of the nut in accordance with the notes of Table 6. For milled-from-bar hex nuts, the
nominal bar size used shall be the closest commercially available size to the specified basic
width across flats of the nut.
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Table 6. Dimensions of Heavy Hex Nuts for Use
with Structural Bolts  ASME B18.2.6-1996 (R2004)

Note: Complete table included in B18.2.2 Square and Hex Nuts (Inch Series)
(1) Unification: Only the 9⁄16 size is not unified dimensionally with British and Canadian standards.

Unification of fine thread products is limited to sizes 1 inch and under.
(2) Tops and Bearing Surfaces of Nuts: Nuts may be double chamfered or have washer faced bear-

ing surface and chamfered top.
The diameter of chamfer circle on double chamfered nuts and diameter of washer face shall be

within the limits of the maximum width across flats and 95% of the minimum width across flats.
The tops of washer faced nuts shall be flat and the diameter of chamfer circle shall be equal to the

maximum width across flats within a tolerance of −15%. The length of chamfer at hex corners shall
be 5% to 15% of the basic thread diameter.The surface of chamfer may be slightly convex or
rounded.

Bearing surfaces shall be flat and, unless otherwise specified, shall be perpendicular to the axis of
the threaded hole within the total runout (FIM) tabulated for the respective nut size, type, and
strength level.

(3) True Position of Tapped Hole: At maximum material condition, the axis of nut body shall be
located at true position with respect to the axis of the tapped hole within a tolerance zone having a
diameter equivalent to 4% of the maximum width across flats for 11⁄2 inch nominal size nuts or
smaller.

(4) Countersink: Tapped hole shall be countersunk on the bearing face or faces. The maximum
countersink diameter shall be 1.08 times the thread basic (nominal) major diameter. No part of the
threaded portion shall project beyond the bearing surface.

(5) Corner Fill: A rounding or lack of fill at junction of hex corners with chamfer shall be permis-
sible provided the width across corners is within specified limits at and beyond a distance equal to
17.5% of the basic thread diameter from the chamfered faces.

F G H
Runout of Bearing Face 

FIM

Nominal Size or 
Basic Product 

Diameter

Width Across Flats Width Across Corners Thickness

Heavy Hex Nuts

Specified Proof Load

Basic Max. Min. Max. Min. Basic Max. Min.
Up to 

150,000 psi 
150,000 psi 
and Greater

[Note (1)] [Note (6)] [Note (5)] [Note (2)]
1⁄2 0.5000 7⁄8 0.875 0.850 1.010 0.969 31⁄64 0.504 0.464 0.023 0.016
5⁄8 0.6250 11⁄16 1.062 1.031 1.227 1.175 39⁄64 0.631 0.587 0.025 0.018
3⁄4 0.7500 11⁄4 1.250 1.212 1.443 1.382 47⁄64 0.758 0.710 0.027 0.020
7⁄8 0.8750 17⁄16 1.438 1.394 1.660 1.589 55⁄64 0.885 0.833 0.029 0.022

1 1.0000 15⁄8 1.625 1.575 1.876 1.796 63⁄64 1.012 0.956 0.031 0.024

11⁄8 1.1250 113⁄16 1.812 1.756 2.093 2.002 17⁄64 1.139 1.079 0.033 0.027

11⁄4 1.2500 2 2.000 1.938 2.309 2.209 17⁄32 1.215 1.187 0.035 0.030

13⁄8 1.3750 23⁄16 2.188 2.119 2.526 2.416 111⁄32 1.378 1.310 0.038 0.033

11⁄2 1.5000 23⁄8 2.375 2.300 2.742 2.622 115⁄32 1.505 1.433 0.041 0.036

A

[Note (2)] A

[Note (2)] A

G

F
H

[Note (2)]

H

M A M[Note (3)]
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(6) Width Across Flats: Maximum width across flats shall not be exceeded (see exception in Width
Across Flats). No transverse section through the nut between 25% and 75% of the actual nut thick-
ness, as measured from the bearing surface, shall be less than the minimum width across flats. For
milled-from-bar nuts, Width Across Flats, pertaining to the nominal bar size to be used.

(7) Threads: Threads shall be UNC or 8 UN Class 2B in accordance with ASME B1.1, Unified Inch
Screw Threads. When specified, 8 thread series may be used on nuts over 1 inch in diameter.

(8) Dimensional Conformance: Heavy hex nuts shall have the following characteristics inspected
to ASME B18.18.2M to the inspection levels as follows: Width across corners, inspection level C;
Thickness, inspection level B; Visual, inspection level C.

If verifiable in-process inspection is used, see Dimensional Characteristics on page 1575.

Nut Thickness: The nut thickness shall be the overall distance measured parallel to the
axis of nut, from the top of the nut to the bearing surface, and shall include the thickness of
the washer face where provided.

Threads: Threads shall be in accordance with Table 6, Note (7).

Thread Gaging: Unless otherwise specified by the purchaser, gaging for screw thread
dimensional acceptability shall be in accordance with Gaging System 21 as specified in
ASME B1.3M Screw Thread Gaging Systems for Dimensional Acceptability-Inch and
Metric Screw Threads (UN, UNR, UNJ, M, and MJ).

Overtapping: When nuts are zinc coated, they shall be overtapped after coating in accor-
dance with the provisions of ASTM A 563.

Finish: Unless otherwise specified, nuts shall be supplied with a plain (as-processed) fin-
ish, unplated or uncoated.

Materials: Chemical and mechanical properties of heavy hex nuts shall conform to
ASTM A 563.

Workmanship: Nuts shall be free from burrs, seams, laps, loose scale, irregular surfaces,
and any defects affecting their serviceability. When control of surface discontinuities is
required, the purchaser shall specify conformance to ASTM F 812/F 812M, Surface Dis-
continuities of Nuts-Inch and Metric Series.

Designation: Nuts shall be designated by the following data in sequence shown: product
name, nominal size (fraction or decimal), threads per inch, material (including specifica-
tion.where necessary), protective finish (if required). See example below:

Example:Heavy Hex Nut, 1⁄2-13, ASTM A 563 Grade C, Plain Finish

Identification Grade Symbols: Each nut shall be marked in accordance with the require-
ments of the applicable specification: ASTM A 563 or ASTM A 194.

Identification Source Symbols: Each nut shall be marked to identify its source (manufac-
turer, or private label distributor) accepting the responsibility for conformance to this and
other applicable specifications.

Quality Assurance: Unless otherwise specified, products shall be furnished in accor-
dance with ASME B18.18.1M and ASME B18.18.2M as noted in Dimensional Charac-
teristics.

Dimensional Characteristics: Products shall conform to the dimensions indicated for
the heavy hex nut in Table 6. The designated characteristics defined in Table 6, Note (8)
shall be inspected in accordance with ASME B18.18.2M. For nondesignated char-
acteristics, the provision of B18.18.1M shall apply. Should a nondesignated dimension be
determined to have a variance, it shall be deemed conforming to this Standard if the user,
who is the installer, accepts the variance based on fit, form, and function considerations.
Where verifiable inprocess inspection is used in accordance with ASME B18.18.3M or
ASME B18.18.4M, the final inspection level sample sizes of those respective standards
shall apply.
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Hardened Steel Washers

Flat Washers.—Flat Washers Dimensions: All circular and circular clipped washers
shall conform to the dimensions shown in Table 7.

Table 7. Dimensions for Hardened Steel Circular
and Circular Clipped Washers  ASME B18.2.6-1996 (R2004)

General Notes:
(1) Dimensional Conformance: Circular and circular clipped washers shall have the following

characteristics inspected to ASME B18.18.2M to the inspection levels as follows: Width across cor-
ners, inspection level B; Visual, inspection level C.

If verifiable in-process inspection is used, see Dimensional Characteristics on page 1577.
(2) Nominal washer sizes are intended for use with comparable nominal bolt diameters. 
(3) Additional requirements are in Beveled Washers on page 1577.

Flat Washers Tolerances: Washer inside diameter, outside diameter, thickness, and
edge distance shall be in accordance with Table 7. The deviation from flatness shall not
exceed 0.010 inch as the maximum deviation from a straight edge placed on the cut side.
Circular runout of the outside diameter with respect to the hole shall not exceed 0.030 FIM.
Burrs shall not project above immediately adjacent washer surface more than 0.010 inch.

Bolt Size or 
Nominala

Washer Size, 
Inch

a Nominal washer sizes are intended for use with comparable nominal bolt diameters. 

Inside Diameter
A

Outside Diameter
B

Thickness
C

Minimum
Edge

Distance
E

Basic
Washer

Tolerance
Basic

Tolerance
Plus Minus Plus Minus Min. Max.

1⁄2 0.531 0.0313 0 1.063 0.0313 0.0313 0.097 0.177 0.438
5⁄8 0.688 0.0313 0 1.313 0.0313 0.0313 0.122 0.177 0.547
3⁄4 0.813 0.0313 0 1.469 0.0313 0.0313 0.122 0.177 0.656
7⁄8 0.938 0.0313 0 1.750 0.0313 0.0313 0.136 0.177 0.766
1 1.125 0.0313 0 2.000 0.0313 0.0313 0.136 0.177 0.875

11⁄8 1.250 0.0313 0 2.250 0.0313 0.0313 0.136 0.177 0.984

11⁄4 1.375 0.0313 0 2.500 0.0313 0.0313 0.136 0.177 1.094

13⁄8 1.500 0.0313 0 2.750 0.0313 0.0313 0.136 0.177 1.203

11⁄2 1.625 0.0313 0 3.000 0.0313 0.0313 0.136 0.177 1.313

E
CA

B

A

TOLERANCES

CIRCULAR

TOLERANCES A

CLIPPED CIRCULAR
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Finish: Unless otherwise specified, washers shall be supplied with a plain (as processed)
finish. If zinc coatings are required, they shall be in accordance with ASTM F 436.

Materials: Materials shall conform to the requirements established by ASTM F 436.

Workmanship: Washers shall be free from burrs, seams, laps, loose scale, irregular sur-
faces, and any defects affecting serviceability.

Designation: Washers shall be designated by the following data in the sequence shown:
product name, nominal size (fraction or decimal), material specification, protective finish.
See example below:

Example:Hardened Steel Circular Washer, 11⁄8 ASTM F 436, Hot-Dip Galvanized in
Accordance with ASTM A 153 Class C.

Identification Symbols: Grade and source marking and symbols shall conform to the
requirements of ASTM F 436. The source marking is intended to identify the source
accepting the responsibility for the conformance to this and other applicable specifica-
tions.

Quality Assurance: Unless otherwise specified, products shall be furnished in accor-
dance with ASME B18.18M and ASME B18.18.2M as noted in Dimensional Character-
istics.

Dimensional Characteristics: Washers shall conform to the dimensions indicated in
Table 7. The designated characteristics defined in Table 7, Note (1) shall be inspected in
accordance with ASME B18.18.2M. For nondesignated characteristics, the provisions of
ASME B18.18. 1M shall apply. Should a nondesignated dimension be determined to have
a variance, it shall be deemed conforming to this Standard if the user, who is the installer,
accepts the variance based on fit, form, and function considerations. Where verifiable in-
process inspection is used in accordance with ASME B18.18.3M or ASME B18.18.4M,
the final inspection level sample sizes of those respective standards shall apply.

Beveled Washers.—Dimensions: All square beveled and clipped square beveled washers
shall conform to the dimensions shown in Table 8.

Tolerances: Tolerances for inside diameter for beveled washers shall be in accordance
with Table 8. The flatness shall not exceed 0.010 inch as the maximum deviation from a
straight edge placed on the cut side. Burrs shall not project above immediately adjacent
washer surface more than 0.010 inch.

Finish: Unless otherwise specified, washers shall be supplied with a plain (as-processed)
finish. If zinc coatings are required, they shall be in accordance with ASTM F 436.

Materials and Mechanical Properties: Materials and properties shall conform to the
requirements established by ASTM F 436.

Workmanship: Washers shall be free from burrs, seams, laps, loose scale, irregular sur-
faces, and any defects affecting serviceability.

Designation: Washers shall be designated by the following data in the sequence shown:
product name, nominal washer size (fraction or decimal), material specification, protec-
tive finish. See example below:

Example:Square Beveled Washer, 1 1⁄4 ASTM F 436, hot-dip galvanized in accordance
with ASTM A 153 Class C.
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General notes for Table 8:
(1) Dimensional Conformance: Beveled washers shall have the following characteristics inspected

to ASME B18.18.2M to the inspection levels as follows: Width across corners, inspection level B;
Visual, inspection level C.

If verifiable in-process inspection is used, see Dimensional Characteristics on page 1578.
(2) Nonclipped washers may be rectangular providing neither side dimension is less than L.
(3) Nominal washer sizes are intended for use with comparable nominal bolt diameters. 
(4) Additional requirements are in Beveled Washers on page 1577.

Identification Symbols: Grade and source marking and symbols shall conform to the
requirements of ASTM F 436. The source marking is intended to identify the source
accepting the responsibility for conformance to this and other applicable specifications.

Quality Assurance: Unless otherwise specified, products shall be furnished in accor-
dance with ASME B18.18M and ASME B18.18.2M as noted in Dimensional Character-
istics on page 1578.

Dimensional Characteristics: Washers shall conform to the dimensions specified in
Table 8. The designated characteristics defined in Table 8, Note (1) shall be inspected in
accordance with ASME B18.18.2M. For nondesignated characteristics, the provisions of
ASME B18.18.1M shall apply. Should a nondesignated dimension be determined to have
a variance, it shall be deemed conforming to this Standard if the user, who is the installer,

Table 8. Dimensions for Hardened Beveled Washers with Slope or 
Taper in Thickness 1:6  ASME B18.2.6-1996 (R2004)

Nominal
 Washer Size
 [Note (3)]

Inside Diameter A Minimum
Side

Length
L

Thickness
T

Minimum
Edge

Distance
EBasic

Tolerance

Plus Minus
1⁄2 0.500 0.531 0.0313 0 1.750 0.313 0.438
5⁄8 0.625 0.688 0.0313 0 1.750 0.313 0.547
3⁄4 0.750 0.813 0.0313 0 1.750 0.313 0.656
7⁄8 0.875 0.938 0.0313 0 1.750 0.313 0.766

1 1.000 1.125 0.0313 0 1.750 0.313 0.875

11⁄8 1.125 1.250 0.0313 0 2.250 0.313 0.984

11⁄4 1.250 1.375 0.0313 0 2.250 0.313 1.094

13⁄8 1.375 1.500 0.0313 0 2.250 0.313 1.203

11⁄2 1.500 1.625 0.0313 0 2.250 0.313 1.313

Square Beveled

T

LA

L

TOLERANCES

T

TOLERANCES

Clipped Square Beveled
L

AL
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accepts the variance based on fit, form, and function considerations. Where verifiable in-
process inspection is used in accordance with ASME B18.18.3M or B18.18.4M, the final
inspection level sample sizes of these respective standards shall apply.

Compressible Washer-type Direct Tension Indicators.—Dimensions: The  d imen-
sions for the two washer types of direct tension indicators, Type A 325 and A 490, shall be
in accordance with Table 9.

Finish: Unless otherwise specified, direct tension indicators shall be supplied with a
plain (as-processed) finish, tinplated, or uncoated. If zinc coatings are required, they shall
be in accordance with ASTM F 959.

Materials and Performance: Direct tension indicators shall conform to the requirements
of ASTM F 959.

Workmanship: The workmanship shall be smooth and free of burrs, laps, seams, excess
mill scale, and foreign material on bearing surfaces or in protrusion welds, or other defects
which would make them unsuitable for intended application.

Designation: Compressible washer-type direct tension indicators shall be designated by
the following data in the sequence shown: product name, nominal size (fractional or deci-
mal equivalent), type (325 or 490), finish (plain, zinc, or epoxy). See example below:

Example:DTI,  1⁄2 Type 325, Plain Finish

Identification Symbols: Grade and source marking and symbols shall conform to the
requirements of ASTM F 959.

Lot Number: Each direct tension indicator shall be marked with a lot number in accor-
dance with ASTM F 959.

Quality Assurance: Unless otherwise specified, products shall be furnished in accor-
dance with ASME B18.18.1M and ASME B18.18.2M as noted in Dimensional Charac-
teristics.

Dimensional Characteristics: Direct tension indicators shall conform to the dimensions
indicated in Table 9. The designated characteristics defined in Table 9, Note (1) shall be
inspected in accordance with ASME B18.18.2M. For nondesignated characteristics, the
provisions of ASME B18.18.1M shall apply. Should a nondesignated dimension be deter-
mined to have a variance, it shall be deemed conforming to this Standard if the user, who is
the installer, accepts the variance based on fit, form, and function considerations. Where
verifiable in-process inspection is used in accordance with ASME B18.18.3M or
B18.18.4M, the final inspection level sample sizes of these respective standards shall
apply.

Fig. 3. Compressible Washer Dimensions

A B C
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Table 9. Dimensions for Compressible Washer-Type Direct Tension Indicators  ASME B18.2.6-1996 (R2004)

General Notes:
(1) Dimensional Conformance: Direct tension indicators shall have the following characteristics inspected to ASME B18.18.2M to the inspection levels as follows:

Inside diameter and Width across corners, inspection level B; Visual, inspection level C.
If verifiable in-process inspection is used, Dimensional Characteristics on page 1578.
(2) Nonclipped washers may be rectangular providing neither side dimension is less than L.
(3) Nominal washer sizes are intended for use with comparable nominal bolt diameters. 
(4) Additional requirements are in Compressible Washer-type Direct Tension Indicators on page 1579.

All Types Type A 325 Type A 490

Bolt
Size,
inch

Inside
Diameter,

inch

Protrusion
Tangential 
Diameter,

inch
B, Max.

Outside
Diameter,

inch
C

Number of 
Protrusions

(Equally
Spaced)

Thickness, inch
Outside

Diameter, 
inch

Number of 
Protrusions

(Equally
Spaced)

Thickness, inch

Without
Protrusion-

Min.

With
Protrusion-

Max.

Without
Protrusion

Min.

With
Protrusion

Max.Min. Max. Min. Max. Min. Max.
1⁄2 0.523 0.527 0.788 1.167 1.187 4 0.104 0.180 1.355 1.375 5 0.104 0.180
5⁄8 0.654 0.658 0.956 1.355 1.375 4 0.126 0.220 1.605 1.625 5 0.126 0.220
3⁄4 0.786 0.790 1.125 1.605 1.825 5 0.126 0.230 1.730 1.750 6 0.142 0.240
7⁄8 0.917 0.921 1.294 1.855 1.875 5 0.142 0.240 1.980 2.000 6 0.158 0.260
1 1.048 1.052 1.463 1.980 2.000 6 0.158 0.270 2.230 2.250 7 0.158 0.270

11⁄8 1.179 1.183 1.631 2.230 2.250 6 0.158 0.270 2.480 2.500 7 0.158 0.280

11⁄4 1.311 1.315 1.800 2.480 2.600 7 0.158 0.270 2.730 2.750 8 0.158 0.280

13⁄8 1.442 1.446 1.969 2.730 2.750 7 0.158 0.270 2.980 3.000 8 0.158 0.280

11⁄2 1.573 1.577 2.138 2.980 3.000 8 0.158 0.270 3.230 3.260 9 0.158 0.280

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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METRIC THREADED FASTENERS

A number of American National Standards covering metric bolts, screws, nuts, and
washers have been established in cooperation with the Department of Defense in such a
way that they could be used by the Government for procurement purposes. Extensive
information concerning these metric fasteners is given in the following text and tables, but
for additional manufacturing and acceptance specifications reference should be made to
the respective Standards which may be obtained by nongovernmental agencies from the
American National Standards Institute, 25 West 43rd Street, New York, N.Y. 10036.
These Standards are:

Manufacturers should be consulted concerning items and sizes in stock production.

Comparison with ISO Standards.—American National Standards for metric bolts,
screws and nuts have been coordinated to the extent possible with the comparable ISO
Standards or proposed Standards. The dimensional differences between the ANSI and the
comparable ISO Standards or proposed Standards are few, relatively minor, and none will
affect the functional interchangeability of bolts, screws, and nuts manufactured to the
requirements of either.

Where no comparable ISO Standard had been developed, as was the case when the ANSI
Standards for Metric Heavy Hex Screws, Metric Heavy Hex Bolts, and Metric Hex Lag
Screws were adopted, nominal diameters, thread pitches, body diameters, widths across
flats, head heights, thread lengths, thread dimensions, and nominal lengths are in accord
with ISO Standards for related hex head screws and bolts. At the time of ANSI adoption
(1982) there was no ISO Standard for round head square neck bolts.

The following functional characteristics of hex head screws and bolts are in agreement
between the respective ANSI Standard and the comparable ISO Standard or proposed
Standard: diameters and thread pitches, body diameters, widths across flats (see exception
below), bearing surface diameters (except for metric hex bolts), flange diameters (for met-
ric hex flange screws), head heights, thread lengths, thread dimensions, and nominal
lengths.

ANSI B18.2.3.1M-1999 (R2011) Metric Hex Cap Screws Table 1

ANSI B18.2.3.2M-1979 (R1995) Metric Formed Hex Screws Table 2

ANSI B18.2.3.3M-1979 (R2001) Metric Heavy Hex Screws Table 3

ANSI B18.2.3.8M-1981 (R2005) Metric Hex Lag Screws Table 5

ANSI B18.3.3M-1986, (R2002) Metric Socket Hd. Shldr. Screws Table 6a

ANSI B18.2.3.9M-1984 Metric Heavy Hex Flange Screws Table 7

ANSI B18.2.3.4M-2001 Metric Hex Flange Screws Table 8

ANSI B18.5.2.2M-1982 (R2000)Metric Round Head Square Neck Bolts Table 10

ANSI B18.2.3.6M-1979 (R2001) Metric Heavy Hex Bolts Table 11

ANSI B18.2.3.7M-1979 (R2001) Metric Heavy Hex Structural Bolts Table 12

ANSI B18.2.3.5M-1979 (R2001) Metric Hex Bolts Table 13

ANSI B18.3.1M-1986 (R2002) Socket Head Cap Screws (Metric Series) Table 21

ANSI B18.2.4.1M-2002 (R2007) Metric Hex Nuts, Style 1 Table 25

ANSI B18.2.4.2M-2005 Metric Hex Nuts, Style 2 Table 25

ANSI B18.2.4.3M-1979 (R2001) Metric Slotted Hex Nuts Table 24

ANSI B18.2.4.4M-1982 (R1999) Metric Hex Flange Nuts Table 26

ANSI B18.16.3M-1998 Prevailing-Torque Metric Hex Nuts Table 29

ANSI B18.16.3M-1998 Prevailing-Torque Metric Hex Flange Nuts Table 27

ANSI B18.2.4.5M-1979 (R2003) Metric Hex Jam Nuts Table 28

ANSI B18.2.4.6M-1979 (R2003) Metric Heavy Hex Nuts Table 28

ANSI B18.22M-1981 (R2000) Metric Plain Washers Table 30
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Table 1. American National Standard Metric Hex Cap Screws
 ANSI/ASME B18.2.3.1M-1999 (R2011)

All dimensions are in millimeters. 

Basic thread lengths, B, are the same as given in Table 13.

Transition thread length, X, includes the length of incomplete threads and tolerances on grip gaging
length and body length. It is intended for calculation purposes.

For additional manufacturing and acceptance specifications, reference should be made to the
ANSI/ASME B18.2.3.1M-1999.

Nominal
Screw 

Diameter,
D

and
Thread Pitch

Body Diameter
Ds

Width
Across Flats, 

S

Width Across
Corners,

E
Head Height, 

K W
re

nc
hi

ng
H

ei
gh

t,
K

1

Washer 
Face

Thick., C W
as

he
r 

Fa
ce

D
ia

.,
D

w

Max Min Max Min Max Min Max Min Min Max Min Min

M5 × 0.8 5.00 4.82 8.00 7.78 9.24 8.79 3.65 3.35 2.4 0.5 0.2 7.0

M6 × 1 6.00 5.82 10.00 9.78 11.55 11.05 4.15 3.85 2.8 0.5 0.2 8.9

M8 × 1.25 8.00 7.78 13.00 12.73 15.01 14.38 5.50 5.10 3.7 0.6 0.3 11.6

aM10 × 1.5

a This size with width across flats of 15 mm is not standard. M10 screws with 15 mm width across
flats are commonly produced in USA and other countries. The width across flats for all M10’s should
be specified.All sizes except the following are included in ISO 4014 and ISO 4017:M10 × 1.5with 15
mm width across flats, and M72 thru M100. 

10.00 9.78 15.00 14.73 17.32 16.64 6.63 6.17 4.5 0.6 0.3 13.6

M10 × 1.5 10.00 9.78 16.00 15.73 18.48 17.77 6.63 6.17 4.5 0.6 0.3 14.6

M12 × 1.75 12.00 11.73 18.00 17.73 20.78 20.03 7.76 7.24 5.2 0.6 0.3 16.6

M14 × 2 14.00 13.73 21.00 20.67 24.25 23.35 9.09 8.51 6.2 0.6 0.3 19.6

M16 × 2 16.00 15.73 24.00 23.67 27.71 26.75 10.32 9.68 7.0 0.8 0.4 22.49

M20 × 2.5 20.00 19.67 30.00 29.16 34.64 32.95 12.88 12.12 8.8 0.8 0.4 27.7

M24 × 3 24.00 23.67 36.00 35.00 41.57 39.55 15.44 14.56 10.5 0.8 0.4 33.2

M30 × 3.5 30.00 29.67 46.00 45.00 53.12 50.85 19.48 17.92 13.1 0.8 0.4 42.7

M36 × 4 36.00 35.61 55.00 53.80 63.51 60.79 23.38 21.62 15.8 0.8 0.4 51.1

M42 × 4.5 42.00 41.38 65.00 62.90 75.06 71.71 26.97 25.03 18.2 1.0 0.5 59.8

M48 × 5 48.00 47.38 75.00 72.60 86.60 82.76 31.07 28.93 21.0 1.0 0.5 69.0

M56 × 5.5 56.00 55.26 85.00 82.20 98.15 93.71 36.20 33.80 24.5 1.0 0.5 78.1

M64 × 6 64.00 63.26 95.00 91.80 109.70 104.65 41.32 38.68 28.0 1.0 0.5 87.2

M72 × 6 72.00 71.26 105.00 101.40 121.24 115.60 46.45 43.55 31.5 1.2 0.6 96.3

M80 × 6 80.00 79.26 115.00 111.00 132.72 126.54 51.58 48.42 35.0 1.2 0.6 105.4

M90 × 6 90.00 89.13 130.00 125.50 150.11 143.07 57.75 54.26 39.2 1.2 0.6 119.2

M100 × 6 100.00 99.13 145.00 140.00 167.43 159.60 63.90 60.10 43.4 1.2 0.6 133.0
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Table 2. American National Standard Metric Formed Hex Screws
 ANSI/ASME B18.2.3.2M-1979 (R1995)

All dimensions are in millimeters.
†Basic thread lengths, B, are the same as given in Table 13.
‡Transition thread length, X, includes the length of incomplete threads and tolerances on the grip

gaging length and body length. It is intended for calculation purposes.
For additional manufacturing and acceptance specifications, reference should be made to the Stan-

dard.

Socket head cap screws ANSI B18.3.1M-1986 (R2002) are functionally interchangeable
with screws which conform to ISO R861-1968 or ISO 4762-1977. However, the thread
lengths specified in the ANSI Standard are equal to or longer than required by either ISO
Standard. Consequently the grip lengths also vary on screws where the North American
thread length practice differs. Minor variations in head diameter, head height, key engage-
ment and wall thickness are due to diverse tolerancing practice and will be found docu-
mented in the ANSI Standard.

One exception with respect to width across flats for metric hex cap screws, formed hex
screws, and hex bolts is the M10 size. These are currently being produced in the United
States with a width across flats of 15 mm. This size, however, is not an ISO Standard.
Unless these M10 screws and bolts with 15 mm width across flats are specifically ordered,
the M10 size with 16 mm across flats will be furnished.

Nominal
Screw
Dia.,
D,
and

Thread
Pitch

Body
Dia.,
Ds

Width
Across
Flats,

S

Width
Across

Corners,
E

Head
Height,

K

Wren
ching
Heig
ht, K1

Washer
Face

Thick.,
C

Wash
er

Face 
Dia.,
Dw

Max Min Max Min Max Min Max Min Min Max Min Max

M5 × 0.8 5.00 4.82 8.00 7.64 9.24 8.56 3.65 3.35 2.4 0.5 0.2 6.9

M6 × 1 6.00 5.82 10.00 9.64 11.55 10.80 4.15 3.85 2.0 0.5 0.2 8.9

M8 × 1.25 8.00 7.78 13.00 12.57 15.01 14.08 5.50 5.10 3.7 0.6 0.3 11.6
aM10 × 1.5

aThis size with width across flats of 15 mm is not standard. Unless specifically ordered, M10 formed
hex screws with 16 mm width across flats will be furnished. 

10.00 9.78 15.00 14.57 17.32 16.32 6.63 6.17 4.5 0.6 0.3 13.6

M10 × 1.5 10.00 9.78 16.00 15.57 18.48 17.43 6.63 6.17 4.5 0.6 0.3 14.6

M12 × 1.75 12.00 11.73 18.00 17.57 20.78 19.68 7.76 7.24 5.2 0.6 0.3 16.6

M14 × 2 14.00 13.73 21.00 20.16 24.25 22.58 9.09 8.51 6.2 0.6 0.3 19.6

M16 × 2 16.00 15.73 24.00 23.16 27.71 25.94 10.32 9.68 7.0 0.8 0.4 22.5

M20 × 2.5 20.00 19.67 30.00 29.16 34.64 32.66 12.88 12.12 8.8 0.8 0.4 27.7

M24 × 3 24.00 23.67 36.00 35.00 41.57 39.20 15.44 14.56 10.5 0.8 0.4 33.2
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Table 3. American National Standard Metric Heavy Hex Screws
 ANSI B18.2.3.3M-1979 (R2001)

All dimensions are in millimeters.
Basic thread lengths, B, are the same as given in Table 13.
Transition thread length, X, includes the length of incomplete threads and tolerances on grip gaging

length and body length. It is intended for calculation purposes.
For additional manufacturing and acceptance specifications, reference should be made to the Stan-

dard.

ANSI letter symbols designating dimensional characteristics are in accord with those
used in ISO Standards except capitals have been used for data processing convenience
instead of the lower case letters used in the ISO Standards.

Metric Screw and Bolt Diameters.—Metric screws and bolts are furnished with full
diameter body within the limits shown in the respective dimensional tables, or are threaded
to the head (see Metric Screw and Bolt Thread Lengths on page 1593) unless the purchaser
specifies “reduced body diameter.” Metric formed hex screws (Table 4), hex flange screws
(Table 4), hex bolts (Table 4), heavy hex bolts (Table 4), hex lag screws (Table 5), heavy
hex flange screws (Table 7), and round head square neck bolts (Table 9) may be obtained
with reduced diameter body, if so specified; however, formed hex screws, hex flange
screws, heavy hex flange screws, hex bolts, or heavy hex bolts with nominal lengths
shorter than 4D, where D is the nominal diameter, are not recommended. Metric formed
hex screws, hex flange screws, heavy hex flange screws, and hex lag screws with reduced
body diameter will be furnished with a shoulder under the head. For metric hex bolts and
heavy hex bolts this is optional with the manufacturer.

For bolts and lag screws there may be a reasonable swell, fin, or die seam on the body
adjacent to the head not exceeding the nominal bolt diameter by: 0.50 mm for M5, 0.65 mm
for M6, 0.75 mm for M8 through M14, 1.25 mm for M16, 1.50 mm for M20 through M30,
2.30 mm for M36 through M48, 3.00 mm for M56 through M72, and 4.80 mm for M80
through M100.

Nominal
Screw
Dia.,
D,
and

Thread
Pitch

Body
Diameter.,

Ds

Width
Across
Flats,

S

Width
Across

Corners,
E

Head
Height,

K

Wren
ching
Heig
ht, K1

Washer
Face

Thickness,
C

Wash
er

Face
Dia.,
Dw

Max Min Max Min Max Min Max Min Min Max Min Min

M12 × 1.75 12.00 11.73 21.00 20.67 24.25 23.35 7.76 7.24 5.2 0.6 0.3 19.6
M14 × 2 14.00 13.73 24.00 23.67 27.71 26.75 9.09 8.51 6.2 0.6 0.3 22.5
M16 × 2 16.00 15.73 27.00 26.67 31.18 30.14 10.32 9.68 7.0 0.8 0.4 25.3
M20 × 2.5 20.00 19.67 34.00 33.00 39.26 37.29 12.88 12.12 8.8 0.8 0.4 31.4
M24 × 3 24.00 23.67 41.00 40.00 47.34 45.20 15.44 14.56 10.5 0.8 0.4 38.0
M30 × 3.5 30.00 29.67 50.00 49.00 57.74 55.37 19.48 17.92 13.1 0.8 0.4 46.6
M36 × 4 36.00 35.61 60.00 58.80 69.28 66.44 23.38 21.72 15.8 0.8 0.4 55.9
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Table 4. American National Standard Metric Hex Screws and Bolts —
Reduced Body Diameters

All dimensions are in millimeters.

Nominal
Dia.,D,

and
Thread
Pitch

Shoulder
Diameter,a

Ds

a Shoulder is mandatory for formed hex screws, hex flange screws, and heavy hex flange screws.
Shoulder is optional for hex bolts and heavy hex bolts. 

Body
Diameter,

Dsi

Shoulder
Length,a

Lsh

Nominal
Dia., D,

and
Thread
Pitch

Shoulder
Diameter,a

Ds

Body
Diameter,

Dsi

Shoulder
Length,a

Lsh

Max Min Max Min Max Min Max Min Max Min Max Min

Metric Formed Hex Screws (ANSI B18.2.3.2M-1979, R1995)

M5 × 0.8 5.00 4.82 4.46 4.36 3.5 2.5 M14 × 2 14.00 13.73 12.77 12.50 8.0 7.0

M6 × 1 6.00 5.82 5.39 5.21 4.0 3.0 M16 × 2 16.00 15.73 14.77 14.50 9.0 8.0

M8 × 1.25 8.00 7.78 7.26 7.04 5.0 4.0 M20 × 2.5 20.00 19.67 18.49 18.16 11.0 10.0

M10 × 1.5 10.00 9.78 9.08 8.86 6.0 5.0 M24 × 3 24.00 23.67 22.13 21.80 13.0 12.0

M12 × 1.75 12.00 11.73 10.95 10.68 7.0 6.0 … … … … … … …

Metric Hex Flange Screws (ANSI B18.2.3.4M-2001)

M5 × 0.8 5.00 4.82 4.54 4.36 3.5 2.5 M12 × 1.75 12.00 11.73 10.95 10.68 7.0 6.0

M6 × 1 6.00 5.82 5.39 5.21 4.0 3.0 M14 × 2 14.00 13.73 12.77 12.50 8.0 7.0

M8 × 1.25 8.00 7.78 7.26 7.04 5.0 4.0 M16 × 2 16.00 15.73 14.77 14.50 9.0 8.0

M10 × 1.5 10.00 9.78 9.08 8.86 6.0 5.0 … … … … … … …

Metric Hex Bolts (ANSI B18.2.3.5M−1979, R2001)

M5 × 0.8 5.48 4.52 4.46 4.36 3.5 2.5 M14 × 2 14.70 13.30 12.77 12.50 8.0 7.0

M6 × 1 6.48 5.52 5.39 5.21 4.0 3.0 M16 × 2 16.70 15.30 14.77 14.50 9.0 8.0

M8 × 1.25 8.58 7.42 7.26 7.04 5.0 4.0 M20 × 2.5 20.84 19.16 18.49 18.16 11.0 10.0

M10 × 1.5 10.58 9.42 9.08 8.86 6.0 5.0 M24 × 3 24.84 23.16 22.13 21.80 13.0 12.0

M12 × 1.75 12.70 11.30 10.95 10.68 7.0 6.0 … … … … … … …

Metric Heavy Hex Bolts (ANSI B18.2.3.6M-1979, R2001)

M12 × 1.75 12.70 11.30 10.95 10.68 7.0 6.0 M20 × 2.5 20.84 19.16 18.49 18.16 11.0 10.0

M14 × 2 14.70 13.30 12.77 12.50 8.0 7.0 M24 × 3 24.84 23.16 22.13 21.80 13.0 12.0

M16 × 2 16.70 15.30 14.77 14.50 9.0 8.0 … … … … … … …

Metric Heavy Hex Flange Screws (ANSI B18.2.3.9M-1984)

M10 × 1.5 10.00 9.78 9.08 8.86 6.0 5.0 M16 × 2 16.00 15.73 14.77 14.50 9.0 8.0

M12 × 1.75 12.00 11.73 10.95 10.68 7.0 6.0 M20 × 2.5 20.00 19.67 18.49 18.16 11.0 10.0

M14 × 2 14.00 13.73 12.77 12.50 8.0 7.0 … … … … … … …
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Table 5. American National Standard Metric Hex Lag Screws
 ANSI B18.2.3.8M-1981 (R2005)

All dimensions are in millimeters. Reduced body diameter, Dsi, is the blank diameter before roll-
ing. Shoulder is mandatory when body diameter is reduced.

Nominal
Screw
Dia.,

D

Body
Diameter,

Ds

Width
Across
Flats,

S

Width
Across

Corners,
E

Head
Height,

K

Wrench-
ing

Height,
K1

Max Min Max Min Max Min Max Min Min

5 5.48 4.52 8.00 7.64 9.24 8.63 3.9 3.1 2.4
6 6.48 5.52 10.00 9.64 11.55 10.89 4.4 3.6 2.8
8 8.58 7.42 13.00 12.57 15.01 14.20 5.7 4.9 3.7

10 10.58 9.42 16.00 15.57 18.48 17.59 6.9 5.9 4.5
12 12.70 11.30 18.00 17.57 20.78 19.85 8.0 7.0 5.2
16 16.70 15.30 24.00 23.16 27.71 26.17 10.8 9.3 7.0
20 20.84 19.16 30.00 29.16 34.64 32.95 13.4 11.6 8.8
24 24.84 23.16 36.00 35.00 41.57 39.55 15.9 14.1 10.5

Nominal
Screw
Dia.,

D

Thread Dimensions
Nominal

Screw
Dia.,

D

Thread Dimensions

Thread
Pitch,

P

Flat
at

Root,
V

Depth
of

Thread,
T

Root
Dia.,
D1

Thread
Pitch,

P

Flat
at

Root,
V

Depth
of

Thread,
T

Root
Dia.,
D1

5 2.3 1.0 0.9 3.2 12 4.2 1.8 1.6 8.7
6 2.5 1.1 1.0 4.0 16 5.1 2.2 2.0 12.0
8 2.8 1.2 1.1 5.8 20 5.6 2.4 2.2 15.6

10 3.6 1.6 1.4 7.2 24 7.3 3.1 2.8 18.1

REDUCED BODY DIAMETER

Nominal
Screw
Dia.,

D

Shoulder
Diameter,

Ds

Shoulder
Length,

Lsh

Nominal
Screw
Dia.,

D

Shoulder
Diameter,

Ds

Shoulder
Length,

Lsh

Max Min Max Min Max Min Max Min
5 5.48 4.52 3.5 2.5 12 12.70 11.30 7.0 6.0
6 6.48 5.52 4.0 3.0 16 16.70 15.30 9.0 8.0
8 8.58 7.42 5.0 4.0 20 20.84 19.16 11.0 10.0

10 10.58 9.42 6.0 5.0 24 24.84 23.16 13.0 12.0
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All dimensions are in millimeters. 
R1 rounded or chamfered: R1 ≤ 0.15 mm for M5, M6, M10; R1 ≤ 0.20 mm for M12, M16, M20

Unless specified otherwise, threads are metric coarse series in accordance with ANSI/ASME
B1.13M, Metric Screw Threads - M Profile. Tolerances for threads are to ISO Tolerance Class 4g6g.
Standard length and diameter combinations are shown in the lower chart. The government encour-
ages the general use of the part number system (PIN) to achieve maximum parts standardization. For
details not shown, including material and complete PIN system, see ANSI/ASME B18.3.3M. 

Table 6a. Hexagon Socket Head Shoulder Screws - Metric Series
 ANSI/ASME B18.3.3M-1986 (R2002)

Nominal
Shoulder, Dia.

Shoulder
Diaa , D

a The shoulder is the enlarged, unthreaded portion of the screw.  

Head
 Diameter, A Head Height, H

Chamfer or 
Radius, S Nominal Thread 

Size, D1

Thread
Length, E

Max. Min. Max. Min. Max. Min. Max. Max.
6.5 6.487 6.451 10.00 9.78 4.50 4.32 0.6 M5 × 0.8 9.75
8.0 7.987 7.951 13.00 12.73 5.50 5.32 0.8 M6 × 1 11.25

10.0 9.987 9.951 16.00 15.73 7.00 6.78 1.0 M8 × 1.25 13.25
13.0 12.984 12.941 18.00 17.73 9.00 8.78 1.2 M10 × 1.5 16.40
16.0 15.984 15.941 24.00 23.67 11.00 10.73 1.6 M12 × 1.75 18.40
20.0 19.980 19.928 30.00 29.67 14.00 13.73 2.0 M16 × 2 22.40
25.0 24.980 24.928 36.00 35.61 16.00 15.73 2.4 M20 × 2.5 27.40

Nominal
Shoulder
Diameter

Thread Neck Dia., 
G

Thread
Neck

Width, I

Shoulder
Neck Dia, 

K

Shoulder
Neck

Width. F
Thread Neck

Fillet, N

Head Fillet 
Extension

above D, M
Hexagon 
Socket 
Size, JMax. Min. Max. Min. Max. Max. Min. Max.

6.5 3.86 3.68 2.4 5.92 2.5 0.66 0.50 7.5 3
8.0 4.58 4.40 2.6 7.42 2.5 0.69 0.53 9.2 4

10.0 6.25 6.03 2.8 9.42 2.5 0.80 0.64 11.2 5
13.0 7.91 7.69 3.0 12.42 2.5 0.93 0.77 15.2 6
16.0 9.57 9.35 4.0 15.42 2.5 1.03 0.87 18.2 8
20.0 13.23 12.96 4.8 19.42 2.5 1.30 1.14 22.4 10
25.0 16.57 16.30 5.6 14.42 3.0 1.46 1.30 27.4 12

Table 6b. Standard Sizes and Socket Dimensions  ANSI/ASME B18.3.3M-1986

Standard Sizes for Government Use Dimensions Hexagon Sockets - Metric

N
om

in
al

Sh
ou

ld
er

L
en

gt
h

Nominal Shoulder Diameter

N
om

in
al

So
ck

et
 S

iz
e

Socket Width
Across Flats

J

So
ck

et
 W

id
th

A
cr

os
s

C
or

ne
rs

,C

6.5 8 10 13 16 20 25 Max Min Min
10.0 065010 080010 100010 3 3.071 3.020 3.44
12.0 130012 4 4.084 4.020 4.58
16.0 5 5.084 5.020 5.72
20.0 6 6.095 6.020 6.86
25.0 8 8.115 8.025 9.15
30.0 160030 10 10.127 10.025 11.50
40.0 065040

Range of standard diam-
eter and length combina-
tions and their part 
numbers. (PIN)

200040 12 12.146 12.032 13.80
50.0 080050 250050
60.0
70.0
80.0
90.0
100.0 100100
110.0
120.0 130120 160120 200120 250120

Z
Y

H
S

G

L 0.125

D

E

P

A

Detail Z

Detail Y

M

F

J

0.8

R
N

THIS DIA. NOT TO
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OF THREADS

I

D1K
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Table 7. American National Standard Metric Heavy Hex Flange Screws ANSI/ASME B18.2.3.9M-1984

All dimensions are in millimeters. Basic thread lengths, B, are as given in Table 13. Transition thread length, x, includes the length of incomplete threads and toler-
ances on grip gaging length and body length. It is intended for calculation purposes. For additional manufacturing and acceptance specifications, reference should be
made to ANSI/ASME B18.2.3.9M-1984 standard.

Nominal Screw
Dia., D, and
Thread Pitch

Body Dia., Ds

Width Across
Flats, S

Width Across
Corners, E

Flange
Dia., Dc

Bearing Circle
Dia., Dw

Flange Edge
Thickness, C

Head
Height, K

Wrenching
Height K1

Fillet
Radius, R

Max Min Max Min Max Min Max Min Min Max Min Max

M10 × 1.5 10.00 9.78 15.00 14.57 17.32 16.32 22.3 19.6 1.5 8.6 3.70 0.6

M12 × 1.75 12.00 11.73 18.00 17.57 20.78 19.68 26.6 23.8 1.8 10.4 4.60 0.7

M14 × 2 14.00 13.73 21.00 20.48 24.25 22.94 30.5 27.6 2.1 12.4 5.50 0.9

M16 × 2 16.00 15.73 24.00 23.16 27.71 25.94 35.0 31.9 2.4 14.1 6.20 1.0

M20 × 2.5 20.00 19.67 30.00 29.16 34.64 32.66 43.0 39.9 3.0 17.7 7.90 1.2

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Table 8. American National Standard Metric Hex Flange Screws
 ANSI/ASME B18.2.3.4M-2001

All dimensions are in millimeters. Basic thread lengths, B, are the same as given in Table 13. Tran-
sition thread length, X, includes the length of incomplete threads and tolerances on grip gaging length
and body length. This dimension is intended for calculation purposes only. For additional manufac-
turing and acceptance specifications, reference should be made to ANSI/ASME B18.2.3.4M-2001
standard.

Table 9. American National Standard Metric Round Head Square Neck Bolts 
Reduced Body Diameters ANSI/ASME B18.5.2.2M-1982 (R2000)

All dimensions are in millimeters.

Nominal
Screw Dia., D,

and
Thread Pitch Body Dia., Ds

Width Across
Flats, S

Width Across
Corners, E Fl

an
ge

D
ia

.,
D

c

B
ea

ri
ng

 C
ir

cl
e

D
ia

.,
D

w

Fl
an

ge
 E

dg
e

T
hi

ck
ne

ss
,C

H
ea

d
H

ei
gh

t,
K

W
re

nc
hi

ng
H

ei
gh

t,
K

1

Fi
lle

t
R

ad
iu

s,
R

Max Min Max Min Max Min Max Min Min Max Min Max
M5 × 0.8 5.00 4.82 7.00 6.64 8.08 7.44 11.4 9.4 1.0 5.6 2.30 0.3
M6 × 1 6.00 5.82 8.00 7.64 9.24 8.56 13.6 11.6 1.1 6.8 2.90 0.4
M8 × 1.25 8.00 7.78 10.00 9.64 11.55 10.80 17.0 14.9 1.2 8.5 3.80 0.5
M10 × 1.5 10.00 9.78 13.00 12.57 15.01 14.08 20.8 18.7 1.5 9.7 4.30 0.6
M12 × 1.75 12.00 11.73 15.00 14.57 17.32 16.32 24.7 22.0 1.8 11.9 5.40 0.7
M14 × 2 14.00 13.73 18.00 17.57 20.78 19.68 28.6 25.9 2.1 12.9 5.60 0.8
M16 × 2 16.00 15.73 21.00 20.48 24.25 22.94 32.8 30.1 2.4 15.1 6.70 1.0

Nominal
Bolt Dia., D

and Thread Pitch

Diameter of
Reduced Body Dr

Nominal
Bolt Dia., D

and Thread Pitch

Diameter of
Reduced Body Dr

Max Min Max Min

M5 × 0.8 5.00 4.36 M14 × 2 14.00 12.50
M6 × 1 6.00 5.21 M16 × 2 16.00 14.50
M8 × 1.25 8.00 7.04 M20 × 2.5 20.00 18.16
M10 × 1.5 10.00 8.86 M24 × 3 24.00 21.80
M12 × 1.75 12.00 10.68 … … …
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Table 10. American National Standard Metric Round Head Square Neck Bolts  ANSI B18.2.3.7M-1979 (R2001)

All dimensions are in millimeters.

†Lg is the grip gaging length which controls the length of thread B.

‡B is the basic thread length and is a reference dimension (see Table 14).

For additional manufacturing and acceptance specifications, see ANSI/ASME B18.5.2.2M-1982, R2000.

Nominal
Bolt Dia.,

D and
Thread
Pitch

Diameter
of Full
Body,

Ds

Head
Radius,

(Rk)

Head
height,

K

Head
Edge

Thickness,
C

Head
Dia.,
Dc

Bearing
Surface

Dia.,
Dw

Square
Depth,

F

Square
Corner
Depth,

F1

Square
Width

Across Flats,
V

Square
Width Across

Corners,
E

Max Min Ref. Max Min Max Min Max Min Max Min Min Max Min Max Min

M5 × 0.8 5.48 4.52 8.8 3.1 2.5 1.8 1.0 11.8 9.8 3.1 2.5 1.6 5.48 4.88 7.75 6.34

M6 × 1 6.48 5.52 10.7 3.6 3.0 1.9 1.1 14.2 12.2 3.6 3.0 1.9 6.48 5.88 9.16 7.64

M8 × 1.25 8.58 7.42 12.5 4.8 4.0 2.2 1.2 18.0 15.8 4.8 4.0 2.5 8.58 7.85 12.13 10.20

M10 × 1.5 10.58 9.42 15.5 5.8 5.0 2.5 1.5 22.3 19.6 5.8 5.0 3.2 10.58 9.85 14.96 12.80

M12 × 1.75 12.70 11.30 19.0 6.8 6.0 2.8 1.8 26.6 23.8 6.8 6.0 3.8 12.70 11.82 17.96 15.37

M14 × 2 14.70 13.30 21.9 7.9 7.0 3.3 2.1 30.5 27.6 7.9 7.0 4.4 14.70 13.82 20.79 17.97

M16 × 2 16.70 15.30 25.5 8.9 8.0 3.6 2.4 35.0 31.9 8.9 8.0 5.0 16.70 15.82 23.62 20.57

M20 × 2.5 20.84 19.16 31.9 10.9 10.0 4.2 3.0 43.0 39.9 10.9 10.0 6.3 20.84 19.79 29.47 25.73

M24 × 3 24.84 23.16 37.9 13.1 12.0 5.1 3.6 51.0 47.6 13.1 12.0 7.6 24.84 23.79 35.13 30.93

Machinery's Handbook 29th Edition
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Table 11. ANSI Heavy Hex Bolts ANSI B18.2.3.6M-1979 (R2001)

All dimensions are in millimeters.*Basic thread lengths, B, are the same as given in Table 13.For
additional manufacturing and acceptance specifications, reference should be made to the ANSI
B18.2.3.6M-1979, R2001 standard.

Table 12. ANSI Metric Heavy Hex Structural Bolts ANSI B18.2.3.7M-1979 (R2001)

All dimensions are in millimeters.
For additional manufacturing and acceptance specifications, reference should be made to the

ANSI B18.2.3.7M-1979 (R2001) standard.

Nominal
Dia., D

and Thread Pitch

Body
Diameter, Ds

Width Across
Flats, S

Width Across
Corners, E

Head
Height, K

Wrenching
Height, K1

Max Min Max Min Max Min Max Min Min

M12 × 1.75 12.70 11.30 21.00 20.16 24.25 22.78 7.95 7.24 5.2
M14 × 2 14.70 13.30 24.00 23.16 27.71 26.17 9.25 8.51 6.2
M16 × 2 16.70 15.30 27.00 26.16 31.18 29.56 10.75 9.68 7.0
M20 × 2.5 20.84 19.16 34.00 33.00 39.26 37.29 13.40 12.12 8.8
M24 × 3 24.84 23.16 41.00 40.00 47.34 45.20 15.90 14.56 10.5
M30 × 3.5 30.84 29.16 50.00 49.00 57.74 55.37 19.75 17.92 13.1
M36 × 4 37.00 35.00 60.00 58.80 69.28 66.44 23.55 21.72 15.8

Dia. D, and
Thread
Pitch

Body
Diameter, Ds

Width Across
Flats, S

Width Across
Corners, E

Head
Height, K W

re
nc

hi
ng

H
ei

gh
t,

K
1

W
as

he
r

Fa
ce

D
ia

.,
D

w

Washer
Face

Thickness,
C

Thread
Length, Ba

a Basic thread length, B, is a reference dimension. 

T
ra

ns
iti

on
T

hr
ea

d
L

en
gt

h,
X

b

b Transition thread length, X, includes the length of incomplete threads and tolerances on grip gaging
length and body length. It is intended for calculation purposes. 

L
en

gt
hs

≤ 
10

0

L
en

gt
hs

> 
10

0

Max Min Max Min Max Min Max Min Min Min Max Min Basic Max

M16 × 2 16.70 15.30 27.00 26.16 31.18 29.56 10.75 9.25 6.5 24.9 0.8 0.4 31 38 6.0
M20 × 2.5 20.84 19.16 34.00 33.00 39.26 37.29 13.40 11.60 8.1 31.4 0.8 0.4 36 43 7.5
M22 × 2.5 22.84 21.16 36.00 35.00 41.57 39.55 14.90 13.10 9.2 33.3 0.8 0.4 38 45 7.5
M24 × 3 24.84 23.16 41.00 40.00 47.34 45.20 15.90 14.10 9.9 38.0 0.8 0.4 41 48 9.0
M27 × 3 27.84 26.16 46.00 45.00 53.12 50.85 17.90 16.10 11.3 42.8 0.8 0.4 44 51 9.0
M30 × 3.5 30.84 29.16 50.00 49.00 57.74 55.37 19.75 17.65 12.4 46.5 0.8 0.4 49 56 10.5
M36 × 4 37.00 35.00 60.00 58.80 69.28 66.44 23.55 21.45 15.0 55.9 0.8 0.4 56 63 12.0
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Table 13. American National Standard Metric Hex Bolts
 ANSI/ASME B18.2.3.5M (R2001)

All dimensions are in millimeters.
For additional manufacturing and acceptance specifications, reference should be made to the

ANSI B18.2.3.5M-1979 (R2001) standard.

Materials and Mechanical Properties.—Unless otherwise specified, steel metric
screws and bolts, with the exception of heavy hex structural bolts, hex lag screws, and
socket head cap screws, conform to the requirements specified in SAE J1199 or ASTM
F568. Steel heavy hex structural bolts conform to ASTM A325M or ASTM A490M. Alloy
steel socket head cap screws conform to ASTM A574M, property class 12.9, where the
numeral 12 represents approximately one-hundredth of the minimum tensile strength in
megapascals and the decimal .9 approximates the ratio of the minimum yield stress to the
minimum tensile stress. This is in accord with ISO designation practice. Screws and bolts

Nominal Bolt
Dia., D and

Thread Pitch

Body
Diameter, Ds

Width
Across Flats, S

Width Across
Corners, E

Head
Height, K W

re
nc

hi
ng

H
ei

gh
t,

K
1

For Bolt Lengths

< 
12

5 
m

m

> 
12

5 
an

d
< 

20
0 

m
m

> 
20

0 
m

m

Max Min Max Min Max Min Max Min Min
Basic Thread

Length,a B

a Basic thread length, B, is a reference dimension. 

M5 × 0.8 5.48 4.52 8.00 7.64 9.24 8.63 3.58 3.35 2.4 16 22 35

M6 × 1 6.19 5.52 10.00 9.64 11.55 10.89 4.38 3.55 2.8 18 24 37

M8 × 1.25 8.58 7.42 13.00 12.57 15.01 14.20 5.68 5.10 3.7 22 28 41
bM10 × 1.5

b This size with width across flats of 15 mm is not standard. Unless specifically ordered, M10 hex
bolts with 16 mm width across flats will be furnished. 

10.58 9.42 15.00 14.57 17.32 16.46 6.85 6.17 4.5 26 32 45

M10 × 1.5 10.58 9.42 16.00 15.57 18.48 17.59 6.85 6.17 4.5 26 32 45

M12 × 1.75 12.70 11.30 18.00 17.57 20.78 19.85 7.95 7.24 5.2 30 36 49

M14 × 2 14.70 13.30 21.00 20.16 24.25 22.78 9.25 8.51 6.2 34 40 53

M16 × 2 16.70 15.30 24.00 23.16 27.71 26.17 10.75 9.68 7.0 38 44 57

M20 × 2.5 20.84 19.16 30.00 29.16 34.64 32.95 13.40 12.12 8.8 46 52 65

M24 × 3 24.84 23.16 36.00 35.00 41.57 39.55 15.90 14.56 10.5 54 60 73

M30 × 3.5 30.84 29.16 46.00 45.00 53.12 50.55 19.75 17.92 13.1 66 72 85

M36 × 4 37.00 35.00 55.00 53.80 63.51 60.79 23.55 21.72 15.8 78 84 97

M42 × 4.5 43.00 41.00 65.00 62.90 75.06 71.71 27.05 25.03 18.2 90 96 109

M48 × 5 49.00 47.00 75.00 72.60 86.60 82.76 31.07 28.93 21.0 102 108 121

M56 × 5.5 57.20 54.80 85.00 82.20 98.15 93.71 36.20 33.80 24.5 … 124 137

M64 × 6 65.52 62.80 95.00 91.80 109.70 104.65 41.32 38.68 28.0 … 140 153

M72 × 6 73.84 70.80 105.00 101.40 121.24 115.60 46.45 43.55 31.5 … 156 169

M80 × 6 82.16 78.80 115.00 111.00 132.79 126.54 51.58 48.42 35.0 … 172 185

M90 × 6 92.48 88.60 130.00 125.50 150.11 143.07 57.74 54.26 39.2 … 192 205

M100 × 6 102.80 98.60 145.00 140.00 167.43 159.60 63.90 60.10 43.4 … 212 225
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of other materials, and all materials for hex lag bolts, have properties as agreed upon by the
purchaser and the manufacturer.

Except for socket head cap screws, metric screws and bolts are furnished with a natural
(as processed) finish, unplated or uncoated unless otherwise specified.

Alloy steel socket head cap screws are furnished with an oiled black oxide coating (ther-
mal or chemical) unless a protective plating or coating is specified by the purchaser.

Metric Screw and Bolt Identification Symbols.—Screws and bolts are identified on the
top of the head by property class symbols and manufacturer's identification symbol.

Metric Screw and Bolt Designation.—Metric screws and bolts with the exception of
socket head cap screws are designated by the following data, preferably in the sequence
shown: product name, nominal diameter and thread pitch (except for hex lag screws), nom-
inal length, steel property class or material identification, and protective coating, if
required.

Example:Hex cap screw, M10 × 1.5 × 50, class 9.8, zinc plated
Heavy hex structural bolt, M24 × 3 × 80, ASTM A490M
Hex lag screw, 6 × 35, silicon bronze.

Socket head cap screws (metric series) are designated by the following data in the order
shown: ANSI Standard number, nominal size, thread pitch, nominal screw length, name of
product (may be abbreviated SHCS), material and property class (alloy steel screws are
supplied to property class 12.9 as specified in ASTM A574M: corrosion-resistant steel
screws are specified to the property class and material requirements in ASTM F837M),
and protective finish, if required.

Example:B18.3.1M—6 × 1 × 20 Hexagon Socket Head Cap Screw, Alloy Steel
B18.3.1M—10 × 1.5 × 40 SHCS, Alloy Steel Zinc Plated.

Metric Screw and Bolt Thread Lengths.—The length of thread on metric screws and
bolts (except for metric lag screws) is controlled by the grip gaging length, Lg max. This is
the distance measured parallel to the axis of the screw or bolt, from under the head bearing
surface to the face of a noncounterbored or noncountersunk standard GO thread ring gage
assembled by hand as far as the thread will permit. The maximum grip gaging length, as
calculated and rounded to one decimal place, is equal to the nominal screw length, L, minus
the basic thread length, B, or in the case of socket head cap screws, minus the minimum
thread length LT. B and LT are reference dimensions intended for calculation purposes only
and will be found in Tables 13 and 15, respectively.

Table 14. Basic Thread Lengths for Metric Round Head Square Neck Bolts
 ANSI/ASME B18.5.2.2M-1982 (R2000)

All dimensions are in millimeters
Basic thread length B is a reference dimension intended for calculation purposes only.

Nom. Bolt
Dia., D

and
Thread
Pitch

Bolt Length, L Nom. Bolt
Dia., D

and
Thread
Pitch

Bolt Length, L

≤ 125
> 125

and ≤ 200 > 200 ≤ 125
> 125

and ≤ 200 > 200

Basic Thread Length, B Basic Thread length, B

M5 × 0.8 16 22 35 M14 × 2 34 40 53

M6 × 1 18 24 37 M16 × 2 38 44 57

M8 × 1.25 22 28 41 M20 × 2.5 46 52 65

M10 × 1.5 26 32 45 M24 × 3 54 60 73

M12 × 1.75 30 36 49 … … … …
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Table 15. Socket Head Cap Screws (Metric Series)—Length of Complete Thread
 ANSI/ASME B18.3.1M-1986 (R2002)

Grip length, LG equals screw length, L, minus LT. Total length of thread LTT equals LT plus 5 times
the pitch of the coarse thread for the respective screw size. Body length LB equals L minus LTT.

The minimum thread length for hex lag screws is equal to one-half the nominal screw
length plus 12 mm, or 150 mm, whichever is shorter. Screws too short for this formula to
apply are threaded as close to the head as practicable.

Metric Screw and Bolt Diameter-Length Combinations.—For a given diameter, the
recommended range of lengths of metric cap screws, formed hex screws, heavy hex
screws, hex flange screws, and heavy hex flange screws can be found in Table 17, for
heavy hex structural bolts in Table 18, for hex lag screws in Table 16, for round head
square neck bolts in Table 19, and for socket head cap screws in Table 20. No recommen-
dations for diameter-length combinations are given in the Standards for hex bolts and
heavy hex bolts.

Hex bolts in sizes M5 through M24 and heavy hex bolts in sizes M12 through M24 are
standard only in lengths longer than 150 mm or 10D, whichever is shorter. When shorter
lengths of these sizes are ordered, hex cap screws are normally supplied in place of hex
bolts and heavy hex screws in place of heavy hex bolts. Hex bolts in sizes M30 and larger
and heavy hex bolts in sizes M30 and M36 are standard in all lengths; however, at manu-
facturer's option, hex cap screws may be substituted for hex bolts and heavy hex screws for
heavy hex bolts for any diameter-length combination.

Table 16. Recommended Diameter-Length Combinations for
Metric Hex Lag Screws ANSI B18.2.3.8M-1981 (R2005)

All dimensions are in millimeters.
Recommended diameter-length combinations are indicated by the symbol �.

Nominal
Size

Length of
Complete
Thread, LT

Nominal
Size

Length of
Complete
Thread, LT

Nominal
Size

Length of
Complete
Thread, LT

M1.6 15.2 M6 24.0 M20 52.0

M2 16.0 M8 28.0 M24 60.0

M2.5 17.0 M10 32.0 M30 72.0

M3 18.0 M12 36.0 M36 84.0

M4 20.0 M14 40.0 M42 96.0

M5 22.0 M16 44.0 M48 108.0

Nominal
Length,

L

Nominal Screw Diameter Nominal
Length,

L

Nominal Screw Diameter

5 6 8 10 12 16 20 24 10 12 16 20 24

8 � … … … … … … … 90 � � � � �

10 � � … … … … … … 100 � � � � �

12 � � � … … … … … 110 … � � � �

14 � � � … … … … … 120 … � � � �

16 � � � � … … … … 130 … … � � �

20 � � � � � … … … 140 … … � � �

25 � � � � � � … … 150 … … � � �

30 � � � � � � � … 160 … … � � �

35 � � � � � � � � 180 … … … � �

40 � � � � � � � � 200 … … … � �

45 � � � � � � � � 220 … … … … �

50 � � � � � � � � 240 … … … … �

60 … � � � � � � � 260 … … … … �

70 … … � � � � � � 280 … … … … �

80 … … � � � � � � 300 … … … … �
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All dimensions are in millimeters.

For available diameters of each type of screw, see respective dimensional table.

Table 17. Rec’d Diameter-Length Combinations for Metric Hex Cap Screws, 
Formed Hex and Heavy Hex Screws, Hex Flange and Heavy Hex Flange Screws

Nominal
Lengtha

a Lengths in parentheses are not recommended. Recommended lengths of formed hex screws, hex
flange screws, and heavy hex flange screws do not extend above 150 mm. Recommended lengths of
heavy hex screws do not extend below 20 mm. Standard sizes for government use. Recommended
diameter-length combinations are indicated by the symbol �. Screws with lengths above heavy cross
lines are threaded full length.

Diameter—Pitch

M5
×0.8

M6
×1

M8
×1.25

M10
×1.5

M12
×1.75

M14
×2

M16
×2

M20
×2.5

M24
×3

M30
×3.5

M36
×4

8 � … … … … … … … … … …

10 � � … … … … … … … … …

12 � � � … … … … … … … …

14 � � � �
b

b Does not apply to hex flange screws and heavy hex flange screws. 

… … … … … … …

16 � � � � �
b

�
b … … … … …

20 � � � � � � … … … … …

25 � � � � � � � … … … …

30 � � � � � � � � … … …

35 � � � � � � � � � … …

40 � � � � � � � � � � …

45 � � � � � � � � � � …

50 � � � � � � � � � � �

(55) … � � � � � � � � � �

60 … � � � � � � � � � �

(65) … … � � � � � � � � �

70 … … � � � � � � � � �

(75) … … � � � � � � � � �

80 … … � � � � � � � � �

(85) … … … � � � � � � � �

90 … … … � � � � � � � �

100 … … … � � � � � � � �

110 … … … … � � � � � � �

120 … … … … � � � � � � �

130 … … … … … � � � � � �

140 … … … … … � � � � � �

150 … … … … … … � � � � �

160 … … … … … … � � � � �

(170) … … … … … … … � � � �

180 … … … … … … … � � � �

(190) … … … … … … … � � � �

200 … … … … … … … � � � �

220 … … … … … … … … � � �

240 … … … … … … … … � � �

260 … … … … … … … … … � �

280 … … … … … … … … … � �

300 … … … … … … … … … � �
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All dimensions are in millimeters.
Recommended diameter-length combinations are indicated by the symbol �.
Bolts with lengths above the heavy cross lines are threaded full length.

Table 18. Recommended Diameter-Length Combinations
for Metric Heavy Hex Structural Bolts

Nominal
Length,

L

Nominal Diameter and Thread Pitch

M16 × 2 M20 × 2.5 M22 × 2.5 M24 × 3 M27 × 3 M30 × 3.5 M36 × 4

45 � … … … … … …
50 � � … … … … …
55 � � � … … … …
60 � � � � … … …
65 � � � � � … …
70 � � � � � � …
75 � � � � � � …
80 � � � � � � �

85 � � � � � � �

90 � � � � � � �

95 � � � � � � �

100 � � � � � � �

110 � � � � � � �

120 � � � � � � �

130 � � � � � � �

140 � � � � � � �

150 � � � � � � �

160 � � � � � � �

170 � � � � � � �

180 � � � � � � �

190 � � � � � � �

200 � � � � � � �

210 � � � � � � �

220 � � � � � � �

230 � � � � � � �

240 � � � � � � �

250 � � � � � � �

260 � � � � � � �

270 � � � � � � �

280 � � � � � � �

290 � � � � � � �

300 � � � � � � �

Table 19. Recommended Diameter-Length Combinations
for Metric Round Head Square Neck Bolts

Nominal
Length,a

L

Nominal Diameter and Thread Pitch

M5
× 0.8

M6
× 1

M8
× 1.25

M10
× 1.5

M12
× 1.75

M14
× 2

M16
× 2

M20
× 2.5

M24
× 3

10 � … … … … … … … …
12 � � … … … … … … …

(14) � � … … … … … … …
16 � � � … … … … … …
20 � � � � … … … … …
25 � � � � � … … … …
30 � � � � � � � … …
35 � � � � � � � … …
40 � � � � � � � � …
45 � � � � � � � � �

50 � � � � � � � � �

(55) … � � � � � � � �

60 … � � � � � � � �

(65) … … � � � � � � �

70 … … � � � � � � �

(75) … … � � � � � � �

80 … … � � � � � � �
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All dimensions are in millimeters. Recommended diameter-length combinations are indicated by
the symbol �. Standard sizes for government use.

All dimensions are in millimeters. Screws with lengths above heavy cross lines are threaded full
length. Diameter-length combinations are indicated by the symbol �. Standard sizes for government
use. In addition to the lengths shown, the following lengths are standard: 3, 4, 5, 6, 8, 10, 12, and 16
mm. No diameter-length combinations are given in the Standard for these lengths. Screws larger than
M24 with lengths equal to or shorter than LTT (see Table 15 footnote) are threaded full length.

(85) … … … � � � � � �

90 … … … � � � � � �

100 … … … � � � � � �

110 … … … … � � � � �

120 … … … … � � � � �

130 … … … … … � � � �

140 … … … … … � � � �

150 … … … … … … � � �

160 … … … … … … � � �

(170) … … … … … … … � �

180 … … … … … … … � �

(190) … … … … … … … � �

200 … … … … … … … � �

220 … … … … … … … … �

240 … … … … … … … … �

a Bolts with lengths above the heavy cross lines are threaded full length. Lengths in ( ) are not recom-
mended.

Table 20. Diameter-Length Combinations for
Socket Head Cap Screws (Metric Series)

Nominal
Length,

L

Nominal Size

M1.6 M2 M2.5 M3 M4 M5 M6 M8 M10 M12 M14 M16 M20 M24

20 � �

25 � � � �

30 � � � � �

35 … � � � � � �

40 … � � � � � �

45 … … � � � � � �

50 … … � � � � � � �

55 … … … � � � � � �

60 … … … � � � � � � �

65 … … … � � � � � � � �

70 … … … … � � � � � � � �

80 … … … … � � � � � � � �

90 … … … … … � � � � � � � �

100 … … … … … � � � � � � � � �

110 … … … … … … � � � � � � � �

120 … … … … … … � � � � � � � �

130 … … … … … … … � � � � � � �

140 … … … … … … … � � � � � � �

150 … … … … … … … � � � � � � �

160 … … … … … … … � � � � � � �

180 … … … … … … … … � � � � � �

200 … … … … … … … … � � � � � �

220 … … … … … … … … … � � � � �

240 … … … … … … … … … � � � � �

260 … … … … … … … … … … � � � �

300 … … … … … … … … … … … � � �

Table 19. (Continued) Recommended Diameter-Length Combinations
for Metric Round Head Square Neck Bolts

Nominal
Length,a

L

Nominal Diameter and Thread Pitch

M5
× 0.8

M6
× 1

M8
× 1.25

M10
× 1.5

M12
× 1.75

M14
× 2

M16
× 2

M20
× 2.5

M24
× 3
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Table 21. American National Standard Socket Head Cap Screws
Metric Series  ANSI/ASME B18.3.1M-1986 (R2002)

All dimensions are in millimeters

LG is grip length and LB is body length (see Table 15). For length of complete thread, see Table 15.

For additional manufacturing and acceptance specifications, see ANSI/ASME B18.3.1M.

Nom. Size
and

Thread
Pitch

Body
Diameter,

D

Head
Diameter

A

Head
Height

H

Cham-
fer
or

Radius
S

Hexa-
gon

Socket
Sizea

J

a See also Table 23.

Spline
Socket
Sizea

M

Key
Engage
ment

T

Transi-
tion
Dia.
Ba

Max Min Max Min Max Min Max Nom. Nom. Min Max

M1.6 × 0.35 1.60 1.46 3.00 2.87 1.60 1.52 0.16 1.5 1.829 0.80 2.0

M2 × 0.4 2.00 1.86 3.80 3.65 2.00 1.91 0.20 1.5 1.829 1.00 2.6

M2.5 × 0.45 2.50 2.36 4.50 4.33 2.50 2.40 0.25 2.0 2.438 1.25 3.1

M3 × 0.5 3.00 2.86 5.50 5.32 3.00 2.89 0.30 2.5 2.819 1.50 3.6

M4 × 0.7 4.00 3.82 7.00 6.80 4.00 3.88 0.40 3.0 3.378 2.00 4.7

M5 × 0.8 5.00 4.82 8.50 8.27 5.00 4.86 0.50 4.0 4.648 2.50 5.7

M6 × 1 6.00 5.82 10.00 9.74 6.00 5.85 0.60 5.0 5.486 3.00 6.8

M8 × 1.25 8.00 7.78 13.00 12.70 8.00 7.83 0.80 6.0 7.391 4.00 9.2

M10 × 1.5 10.00 9.78 16.00 15.67 10.00 9.81 1.00 8.0 … 5.00 11.2

M12 × 1.75 12.00 11.73 18.00 17.63 12.00 11.79 1.20 10.0 … 6.00 14.2

M14 × 2b

b The M14 × 2 size is not recommended for use in new designs. 

14.00 13.73 21.00 20.60 14.00 13.77 1.40 12.0 … 7.00 16.2

M16 × 2 16.00 15.73 24.00 23.58 16.00 15.76 1.60 14.0 … 8.00 18.2

M20 × 2.5 20.00 19.67 30.00 29.53 20.00 19.73 2.00 17.0 … 10.00 22.4

M24 × 3 24.00 23.67 36.00 35.48 24.00 23.70 2.40 19.0 … 12.00 26.4

M30 × 3.5 30.00 29.67 45.00 44.42 30.00 29.67 3.00 22.0 … 15.00 33.4

M36 × 4 36.00 35.61 54.00 53.37 36.00 35.64 3.60 27.0 … 18.00 39.4

M42 × 4.5 42.00 41.61 63.00 62.31 42.00 41.61 4.20 32.0 … 21.00 45.6

M48 × 5 48.00 47.61 72.00 71.27 48.00 47.58 4.80 36.0 … 24.00 52.6
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Table 22. Drilled Head Dimensions for Metric Hex Socket Head Cap Screws

All dimensions are in millimeters.
Drilled head metric hexagon socket head cap screws normally are not available in screw sizes

smaller than M3 nor larger than M36. The M3 and M4 nominal screw sizes have two drilled holes
spaced 180 degrees apart. Nominal screw sizes M5 and larger have six drilled holes spaced 60
degrees apart unless the purchaser specifies two drilled holes. The positioning of holes on opposite
sides of the socket should be such that the hole alignment check plug will pass completely through
the head without any deflection. When so specified by the purchaser, the edges of holes on the out-
side surface of the head will be chamfered 45 degrees to a depth of 0.30 to 0.50 mm.

Metric Nuts

The American National Standards covering metric nuts have been established in cooper-
ation with the Department of Defense in such a way that they could be used by the Govern-
ment for procurement purposes. Extensive information concerning these nuts is given in
the following text and tables, but for more complete manufacturing and acceptance speci-
fications, reference should be made to the respective Standards, which may be obtained by
non-governmental agencies from the American National Standards Institute, 25 West 43rd
Street, New York, N.Y. 10036. Manufacturers should be consulted concerning items and
sizes which are in stock production.

Comparison with ISO Standards.—American National Standards for metric nuts have
been coordinated to the extent possible with comparable ISO Standards or proposed Stan-
dards, thus: ANSI B18.2.4.1M Metric Hex Nuts, Style 1 with ISO 4032; B18.2.4.2M Met-
ric Hex Nuts, Style 2 with ISO 4033; B18.2.4.4M Metric Hex Flange Nuts with ISO 4161;
B18.2.4.5M Metric Hex Jam Nuts with ISO 4035; and B18.2.4.3M Metric Slotted Hex
Nuts, B18.2.4.6M Metric Heavy Hex Nuts in sizes M12 through M36, and B18.16.3M
Prevailing-Torque Type Steel Metric Hex Nuts and Hex Flange Nuts with comparable
draft ISO Standards. The dimensional differences between each ANSI Standard and the
comparable ISO Standard or draft Standard are very few, relatively minor, and none will
affect the interchangeability of nuts manufactured to the requirements of either.

Two holes Six holes

Nominal Size
or Basic

Screw Diameter

Hole Center Location,
W

Drilled Hole Diameter,
X

Hole Alignment
Check Plug
Diameter

Max Min Max Min Basic

M3 1.20 0.80 0.95 0.80 0.75
M4 1.60 1.20 1.35 1.20 0.90
M5 2.00 1.50 1.35 1.20 0.90
M6 2.30 1.80 1.35 1.20 0.90
M8 2.70 2.20 1.35 1.20 0.90
M10 3.30 2.80 1.65 1.50 1.40
M12 4.00 3.50 1.65 1.50 1.40
M16 5.00 4.50 1.65 1.50 1.40
M20 6.30 5.80 2.15 2.00 1.80
M24 7.30 6.80 2.15 2.00 1.80
M30 9.00 8.50 2.15 2.00 1.80
M36 10.50 10.00 2.15 2.00 1.80
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At its meeting in Varna, May 1977, ISO/TC2 studied several technical reports analyzing
design considerations influencing determination of the best series of widths across flats for
hex bolts, screws, and nuts. A primary technical objective was to achieve a logical ratio
between under head (nut) bearing surface area (which determines the magnitude of com-
pressive stress on the bolted members) and the tensile stress area of the screw thread
(which governs the clamping force that can be developed by tightening the fastener). The
series of widths across flats in the ANSI Standards agree with those which were selected by
ISO/TC2 to be ISO Standards.

One exception for width across flats of metric hex nuts, styles 1 and 2, metric slotted hex
nuts, metric hex jam nuts, and prevailing-torque metric hex nuts is the M10 size. These
nuts in M10 size are currently being produced in the United States with a width across flats
of 15 mm. This width, however, is not an ISO Standard. Unless these M10 nuts with width

Table 23. American National Standard Hexagon and Spline Sockets for
Socket Head Cap Screws—Metric Series ANSI/ASME B18.3.1M-1986 (R2002)

METRIC HEXAGON SOCKETS
 See Table 21

METRIC SPLINE SOCKET
 See Table 21

Nominal
Hexagon
Socket
Size

Socket Width
Across Flats,

J

Socket Width
Across Corners,

C

Nominal
Hexagon
Socket
Size

Socket Width
Across Flats,

J

Socket Width
Across Corners,

C

Metric Hexagon Sockets

Max Min Min Max Min Min

1.5 1.545 1.520 1.73 12 12.146 12.032 13.80
2 2.045 2.020 2.30 14 14.159 14.032 16.09
2.5 2.560 2.520 2.87 17 17.216 17.050 19.56
3 3.071 3.020 3.44 19 19.243 19.065 21.87
4 4.084 4.020 4.58 22 22.319 22.065 25.31
5 5.084 5.020 5.72 24 24.319 24.065 27.60
6 6.095 6.020 6.86 27 27.319 27.065 31.04
8 8.115 8.025 9.15 32 32.461 32.080 36.80

10 10.127 10.025 11.50 36 36.461 36.080 41.38

Metric Spline Socketsa

Nominal
Spline
Socket
Size

Socket
Major

Diameter,
M

Socket
Minor

Diameter,
N

Width
of

Tooth,
P

Max Min Max Min Max Min

1.829 1.8796 1.8542 1.6256 1.6002 0.4064 0.3810
2.438 2.4892 2.4638 2.0828 2.0320 0.5588 0.5334
2.819 2.9210 2.8702 2.4892 2.4384 0.6350 0.5842
3.378 3.4798 3.4290 2.9972 2.9464 0.7620 0.7112
4.648 4.7752 4.7244 4.1402 4.0894 0.9906 0.9398
5.486 5.6134 5.5626 4.8260 4.7752 1.2700 1.2192
7.391 7.5692 7.5184 6.4516 6.4008 1.7272 2.6764

a The tabulated dimensions represent direct metric conversions of the equivalent inch size spline
sockets shown in American National Standard Socket Cap, Shoulder and Set Screws — Inch Series
ANSI B18.3. Therefore, the spline keys and bits shown therein are applicable for wrenching the corre-
sponding size metric spline sockets. 
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across flats of 15 mm are specifically ordered, the M10 size with 16 mm width across flats
will be furnished.

In ANSI Standards for metric nuts, letter symbols designating dimensional characteris-
tics are in accord with those used in ISO Standards, except capitals have been used for data
processing convenience instead of lower case letters used in ISO Standards.

Metric Nut Tops and Bearing Surfaces.—Metric hex nuts, styles 1 and 2, slotted hex
nuts, and hex jam nuts are double chamfered in sizes M16 and smaller and in sizes M20 and
larger may either be double chamfered or have a washer-faced bearing surface and a cham-
fered top at the option of the manufacturer. Metric heavy hex nuts are optional either way
in all sizes. Metric hex flange nuts have a flange bearing surface and a chamfered top and
prevailing-torque type metric hex nuts have a chamfered bearing surface. Prevailing-
torque type metrix hex flange nuts have a flange bearing surface. All types of metric nuts
have the tapped hole countersunk on the bearing face and metric slotted hex nuts, hex
flange nuts, and prevailing-torque type hex nuts and hex flange nuts may be countersunk
on the top face.

Table 24. American National Standard Metric Slotted Hex Nuts
 ANSI B18.2.4.3M-1979 (R2001)

All dimensions are in millimeters.

Materials and Mechanical Properties.—Nonheat-treated carbon steel metric hex nuts,
style 1 and slotted hex nuts conform to material and property class requirements specified
for property class 5 nuts; hex nuts, style 2 and hex flange nuts to property class 9 nuts; hex
jam nuts to property class 04 nuts, and nonheat-treated carbon and alloy steel heavy hex
nuts to property classes 5, 9, 8S, or 8S3 nuts; all as covered in ASTM A563M. Carbon steel
metric hex nuts, style 1 and slotted hex nuts that have specified heat treatment conform to
material and property class requirements specified for property class 10 nuts; hex nuts,
style 2 to property class 12 nuts; hex jam nuts to property class 05 nuts; hex flange nuts to

Nominal
Nut Dia.

and
Thread
Pitch

Width
Across
Flats,

S

Width
Across

Corners,
E

Thickness,
M

Bearing
Face
Dia.,
Dw

Unslotted
Thickness,

F

Width
of Slot,

N

Washer
Face

Thickness
C

Max Min Max Min Max Min Min Max Min Max Min Max Min

M5 × 0.8 8.00 7.78 9.24 8.79 5.10 4.80 6.9 3.2 2.9 2.0 1.4 … …
M6 × 1 10.00 9.78 11.55 11.05 5.70 5.40 8.9 3.5 3.2 2.4 1.8 … …
M8 × 1.25 13.00 12.73 15.01 14.38 7.50 7.14 11.6 4.4 4.1 2.9 2.3 … …

aM10 × 1.5

a This size with width across flats of 15 mm is not standard. Unless specifically ordered, M10 slotted
hex nuts with 16 mm width across flats will be furnished. 

15.00 14.73 17.32 16.64 10.0 9.6 13.6 5.7 5.4 3.4 2.8 0.6 0.3
M10 × 1.5 16.00 15.73 18.48 17.77 9.30 8.94 14.6 5.2 4.9 3.4 2.8 … …
M12 × 1.75 18.00 17.73 20.78 20.03 12.00 11.57 16.6 7.3 6.9 4.0 3.2 … …
M14 × 2 21.00 20.67 24.25 23.35 14.10 13.40 19.6 8.6 8.0 4.3 3.5 … …
M16 × 2 24.00 23.67 27.71 26.75 16.40 15.70 22.5 9.9 9.3 5.3 4.5 … …
M20 × 2.5 30.00 29.16 34.64 32.95 20.30 19.00 27.7 13.3 12.2 5.7 4.5 0.8 0.4
M24 × 3 36.00 35.00 41.57 39.55 23.90 22.60 33.2 15.4 14.3 6.7 5.5 0.8 0.4
M30 × 3.5 46.00 45.00 53.12 50.85 28.60 27.30 42.7 18.1 16.8 8.5 7.0 0.8 0.4
M36 × 4 55.00 53.80 63.51 60.79 34.70 33.10 51.1 23.7 22.4 8.5 7.0 0.8 0.4
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Table 25. American National Standard Metric Hex Nuts, Styles 1 and 2
 ANSI/ASME B18.2.4.1M-2002 and B18.2.4.2M-2005

Nominal
Nut Dia.

and Thread
Pitch

Width Across
Flats a,

S

Width Across
Corners b,

E
Thickness c,

M

Bearing
Face Dia.d,

Dw

Washer Face
Thickness d,

C

Max Min Max Min Max Min Min Max Min

Metric Hex Nuts — Style 1
M1.6 × 0.35 3.20 3.02 3.70 3.41 1.30 1.05 2.3 … …
M2 × 0.4 4.00 3.82 4.62 4.32 1.60 1.35 3.1 … …
M2.5 × 0.45 5.00 4.82 5.77 5.45 2.00 1.75 4.1 … …
M3 × 0.5 5.50 5.32 6.35 6.01 2.40 2.15 4.6 … …
M3.5 × 0.6 6.00 5.82 6.93 6.58 2.80 2.55 5.1 … …
M4 × 0.7 7.00 6.78 8.08 7.66 3.20 2.90 6.0 … …
M5 × 0.8 8.00 7.78 9.24 8.79 4.70 4.40 7.0 … …
M6 × 1 10.00 9.78 11.55 11.05 5.20 4.90 8.9 … …
M8 × 1.25 13.00 12.73 15.01 14.38 6.80 6.44 11.6 … …

eM10 × 1.5 15.00 14.73 17.32 16.64 9.1 8.7 13.6 … …
fM10 × 1.5 16.00 15.73 18.48 17.77 8.40 8.04 14.6 … …
M12 × 1.75 18.00 17.73 20.78 20.03 10.80 10.37 16.6 … …
M14 × 2 21.00 20.67 24.25 23.36 12.80 12.10 19.4 … …
M16 × 2 24.00 23.67 27.71 26.75 14.80 14.10 22.4 … …
M20 × 2.5 30.00 29.16 34.64 32.95 18.00 16.90 27.9 0.8 0.4
M24 × 3 36.00 35.00 41.57 39.55 21.50 20.20 32.5 0.8 0.4
M30 × 3.5 46.00 45.00 53.12 50.85 25.60 24.30 42.5 0.8 0.4
M36 × 4 55.00 53.80 63.51 60.79 31.00 29.40 50.8 0.8 0.4

Metric Hex Nuts — Style 2
M3 × 0.5 5.50 5.32 6.35 6.01 2.90 2.65 4.6 … …
M3.5 × 0.6 6.00 5.82 6.93 6.58 3.30 3.00 5.1 … …
M4 × 0.7 7.00 6.78 8.08 7.66 3.80 3.50 5.9 … …
M5 × 0.8 8.00 7.78 9.24 8.79 5.10 4.80 6.9 … …
M6 × 1 10.00 9.78 11.55 11.05 5.70 5.40 8.9 … …
M8 × 1.25 13.00 12.73 15.01 14.38 7.50 7.14 11.6 … …

eM10 × 1.5 15.00 14.73 17.32 16.64 10.0 9.6 13.6 … …
fM10 × 1.5 16.00 15.73 18.48 17.77 9.30 8.94 14.6 … …
M12 × 1.75 18.00 17.73 20.78 20.03 12.00 11.57 16.6 … …
M14 × 2 21.00 20.67 24.25 23.35 14.10 13.40 19.6 … …
M16 × 2 24.00 23.67 27.71 26.75 16.40 15.70 22.5 … …
M20 × 2.5 30.00 29.16 34.64 32.95 20.30 19.00 27.7 0.8 0.4
M24 × 3 36.00 35.00 41.57 39.55 23.90 22.60 33.2 0.8 0.4
M30 × 3.5 46.00 45.00 53.12 50.85 28.60 27.30 42.7 0.8 0.4
M36 × 4 55.00 53.80 63.51 60.79 34.70 33.10 51.1 0.8 0.4

a  The width across flats shall be the distance, measured perpendicular to the axis of the nut,
between two opposite wrenching flats.  

b A rounding or lack of fill at the junction of hex corners with the chamfer shall be permissible. 
c  The nut thickness shall be the overall distance, measured parallel to the axis of the nut, from the

top of the nut to the bearing surface, and shall include the thickness of the washer face where pro-
vided.

d  M16 and smaller nuts shall be double chamfered. M20 and larger nuts shall be either double
chamfered or have a washer faced bearing surface and a chamfered top. 

e Dimensional requirements shown in bold type are in addition to or differ from ISO 4032. 
f When M10 hex nuts are ordered, nuts with 16 mm width across flats shall be furnished unless

15mm width across flats is specified. 
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property classes 10 and 12 nuts; and carbon or alloy steel heavy hex nuts to property classes
10S, 10S3, or 12 nuts, all as covered in ASTM A563M. Carbon steel prevailing-torque
type hex nuts and hex flange nuts conform to mechanical and property class requirements
as given in ANSI B18.16.1M.

Metric nuts of other materials, such as stainless steel, brass, bronze, and aluminum
alloys, have properties as agreed upon by the manufacturer and purchaser. Properties of
nuts of several grades of non-ferrous materials are covered in ASTM F467M.

Unless otherwise specified, metric nuts are furnished with a natural (unprocessed) finish,
unplated or uncoated.

Metric Nut Thread Series.—Metric nuts have metric coarse threads with class 6H toler-
ances in accordance with ANSI B1.13M (see Metric Screw and Bolt Diameter-Length
Combinations on page 1594 ). For prevailing-torque type metric nuts this condition applies
before introduction of the prevailing torque feature. Nuts intended for use with externally
threaded fasteners which are plated or coated with a plating or coating thickness (e.g., hot
dip galvanized) requiring overtapping of the nut thread to permit assembly, have over-
tapped threads in conformance with requirements specified in ASTM A563M.

Types of Metric Prevailing-Torque Type Nuts.—There are three basic designs for pre-
vailing-torque type nuts:

1) All-metal, one-piece construction nuts which derive their prevailing-torque character-
istics from controlled distortion of the nut thread and/or body.

2) Metal nuts which derive their prevailing-torque characteristics from addition or fusion
of a nonmetallic insert, plug. or patch in their threads.

Table 26. American National Standard Metric Hex Flange Nuts
 ANSI B18.2.4.4M-1982 (R1999)

DETAIL X

Nominal
Nut Dia.

and
Thread
Pitch

Width
Across
Flats,

S

Width
Across

Corners,
E

Flange
Dia.,
Dc

Bearing
Circle
Dia.,
Dw

Flange
Edge

Thick-
ness,

C
Thickness,

M

Flange
Top

Fillet
Radius,

R

Max Min Max Min Max Min Min Max Min Max

M5 × 0.8 8.00 7.78 9.24 8.79 11.8 9.8 1.0 5.00 4.70 0.3
M6 × 1 10.00 9.78 11.55 11.05 14.2 12.2 1.1 6.00 5.70 0.4
M8 × 1.25 13.00 12.73 15.01 14.38 17.9 15.8 1.2 8.00 7.60 0.5
M10 × 1.5 15.00 14.73 17.32 16.64 21.8 19.6 1.5 10.00 9.60 0.6
M12 × 1.75 18.00 17.73 20.78 20.03 26.0 23.8 1.8 12.00 11.60 0.7
M14 × 2 21.00 20.67 24.25 23.35 29.9 27.6 2.1 14.00 13.30 0.9
M16 × 2 24.00 23.67 27.71 26.75 34.5 31.9 2.4 16.00 15.30 1.0
M20 × 2.5 30.00 29.16 34.64 32.95 42.8 39.9 3.0 20.00 18.90 1.2

All dimensions are in millimeters.
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3) Top insert, two-piece construction nuts which derive their prevailing-torque charac-
teristics from an insert, usually a full ring of non-metallic material, located and retained in
the nut at its top surface.

The first two designs are designated in Tables 29 and 27 as “all-metal” type and the third
design as “top-insert” type.

Table 27. American National Standard Prevailing-Torque Metric
Hex Flange Nuts  ANSI B18.16.3M-1998

All dimensions are in millimeters.

Metric Nut Identification Symbols.—Carbon steel hex nuts, styles 1 and 2, hex flange
nuts, and carbon and alloy steel heavy hex nuts are marked to identify the property class
and manufacturer in accordance with requirements specified in ASTM A563M. The afore-
mentioned nuts when made of other materials, as well as slotted hex nuts and hex jam nuts,
are marked to identify the property class and manufacturer as agreed upon by manufacturer
and purchaser. Carbon steel prevailing-torque type hex nuts and hex flange nuts are
marked to identify property class and manufacturer as specified in ANSI B18.16.1M. Pre-
vailing-torque type nuts of other materials are identified as agreed upon by the manufac-
turer and purchaser.

Metric Nut Designation.—Metric nuts are designated by the following data, preferably
in the sequence shown: product name, nominal diameter and thread pitch, steel property
class or material identification, and protective coating, if required. (Note: It is common
practice in ISO Standards to omit thread pitch from the product designation when the nut
threads are the metric coarse thread series, e.g., M10 stands for M10 × 1.5).

Example:Hex nut, style 1, M10 × 1.5, ASTM A563M class 10, zinc plated
Heavy hex nut, M20 × 2.5, silicon bronze, ASTM F467, grade 651
Slotted hex nut, M20, ASTM A563M class 10.

Nominal
Dia.
and

Thread
Pitch

Width
Across
Flats,

S

Width
Across

Corners,
E

All Metal Typea

a Also includes metal nuts with nonmetallic inserts, plugs, or patches in their threads. 

Top Insert Type

Fl
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Thickness, M
(All Nut

Property Classes)

Max Min Max Min Max Min Max Min Max Min Min Max

M6 × 1 10.00 9.78 11.55 11.05 7.30 5.70 8.80 8.00 14.2 12.2 1.1 0.4
M8 × 1.25 13.00 12.73 15.01 14.38 9.40 7.60 10.70 9.70 17.9 15.8 1.2 0.5
M10 × 1.5 15.00 14.73 17.32 16.64 11.40 9.60 13.50 12.50 21.8 19.6 1.5 0.6
M12 × 1.75 18.00 17.73 20.78 20.03 13.80 11.60 16.10 15.10 26.0 23.8 1.8 0.7
M14 × 2 21.00 20.67 24.25 23.35 15.90 13.30 18.20 17.00 29.9 27.6 2.1 0.9
M16 × 2 24.00 23.67 27.71 26.75 18.30 15.30 20.30 19.10 34.5 31.9 2.4 1.0
M20 × 2.5 30.00 29.16 34.64 32.95 22.40 18.90 24.80 23.50 42.8 39.9 3.0 1.2
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Table 28. American National Standard Metric Hex Jam Nuts and Heavy Hex Nuts
 ANSI B18.2.4.5M-1979 (R2003) and  B18.2.4.6M-1979 (R2003)

All dimensions are in millimeters.

HEX JAM NUTS HEAVY HEX NUTS

Nominal
Nut Dia.

and
Thread
Pitch

Width
Across
Flats,

S

Width
Across

Corners,
E

Thickness,
M

Bearing
Face
Dia.,
Dw

Washer
Face

Thickness,
C

Max Min Max Min Max Min Min Max Min

Metric Hex Jam Nuts

M5 × 0.8 8.00 7.78 9.24 8.79 2.70 2.45 6.9 … …

M6 × 1 10.00 9.78 11.55 11.05 3.20 2.90 8.9 … …

M8 × 1.25 13.00 12.73 15.01 14.38 4.00 3.70 11.6 … …
aM10 × 1.5

a This size with width across flats of 15 mm is not standard. Unless specifically ordered, M10 hex
jam nuts with 16 mm width across flats will be furnished. 

15.00 14.73 17.32 16.64 5.00 4.70 13.6 … …

M10 × 1.5 16.00 15.73 18.48 17.77 5.00 4.70 14.6 … …

M12 × 1.75 18.00 17.73 20.78 20.03 6.00 5.70 16.6 … …

M14 × 2 21.00 20.67 24.25 23.35 7.00 6.42 19.6 … …

M16 × 2 24.00 23.67 27.71 26.75 8.00 7.42 22.5 … …

M20 × 2.5 30.00 29.16 34.64 32.95 10.00 9.10 27.7 0.8 0.4

M24 × 3 36.00 35.00 41.57 39.55 12.00 10.90 33.2 0.8 0.4

M30 × 3.5 46.00 45.00 53.12 50.85 15.00 13.90 42.7 0.8 0.4

M36 × 4 55.00 53.80 63.51 60.79 18.00 16.90 51.1 0.8 0.4

Metric Heavy Hex Nuts

M12 × 1.75 21.00 20.16 24.25 22.78 12.3 11.9 19.2 0.8 0.4

M14 × 2 24.00 23.16 27.71 26.17 14.3 13.6 22.0 0.8 0.4

M16 × 2 27.00 26.16 31.18 29.56 17.1 16.4 24.9 0.8 0.4

M20 × 2.5 34.00 33.00 39.26 37.29 20.7 19.4 31.4 0.8 0.4

M22 × 2.5 36.00 35.00 41.57 39.55 23.6 22.3 33.3 0.8 0.4

M24 × 3 41.00 40.00 47.34 45.20 24.2 22.9 38.0 0.8 0.4

M27 × 3 46.00 45.00 53.12 50.85 27.6 26.3 42.8 0.8 0.4

M30 × 3.5 50.00 49.00 57.74 55.37 30.7 29.1 46.6 0.8 0.4

M36 × 4 60.00 58.80 69.28 66.44 36.6 35.0 55.9 0.8 0.4

M42 × 4.5 70.00 67.90 80.83 77.41 42.0 40.4 64.5 1.0 0.5

M48 × 5 80.00 77.60 92.38 88.46 48.0 46.4 73.7 1.0 0.5

M56 × 5.5 90.00 87.20 103.92 99.41 56.0 54.1 82.8 1.0 0.5

M64 × 6 100.00 96.80 115.47 110.35 64.0 62.1 92.0 1.0 0.5

M72 × 6 110.00 106.40 127.02 121.30 72.0 70.1 101.1 1.2 0.6

M80 × 6 120.00 116.00 138.56 132.24 80.0 78.1 110.2 1.2 0.6

M90 × 6 135.00 130.50 155.88 148.77 90.0 87.8 124.0 1.2 0.6

M100 × 6 150.00 145.00 173.21 165.30 100.0 97.8 137.8 1.2 0.6
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Table 29. American National Standard Prevailing-Torque Metric Hex Nuts — 
Property Classes 5, 9, and 10  ANSI/ASME B18.16.3M-1998

All dimensions are in millimeters.

Nominal
Nut Dia. and
Thread Pitch

Width
Across
Flats,

S

Width
Across

Corners,
E

Property Classes 5 and 10 Nuts Property Class 9 Nuts Property Class

Bearing
Face 
Dia.,
Dw

All Metala Type

a Also includes metal nuts with non-metallic inserts, plugs, or patches in their threads. 

Top Insert Type All Metal Type Top Insert Type
5 and 10

Nuts
9

Nuts

Thickness, M
Wrenching Height,

M1

Max Min Max Min Max Min Max Min Max Min Max Min Min Min Min

M3 × 0.5 5.50 5.32 6.35 6.01 3.10 2.65 4.50 3.90 3.10 2.65 4.50 3.90 1.4 1.4 4.6
M3.5 × 0.6 6.00 5.82 6.93 6.58 3.50 3.00 5.00 4.30 3.50 3.00 5.00 4.30 1.7 1.7 5.1
M4 × 0.7 7.00 6.78 8.08 7.66 4.00 3.50 6.00 5.30 4.00 3.50 6.00 5.30 1.9 1.9 5.9
M5 × 0.8 8.00 7.78 9.24 8.79 5.30 4.80 6.80 6.00 5.30 4.80 7.20 6.40 2.7 2.7 6.9
M6 × 1 10.00 9.78 11.55 11.05 5.90 5.40 8.00 7.20 6.70 5.40 8.50 7.70 3.0 3.0 8.9
M8 × 1.25 13.00 12.73 15.01 14.38 7.10 6.44 9.50 8.50 8.00 7.14 10.20 9.20 3.7 4.3 11.6
bM10 × 1.5

b This size with width across flats of 15 mm is not standard. Unless specifically ordered, M10 slotted hex nuts with 16 mm width across flats will be furnished. 

15.00 14.73 17.32 16.64 9.70 8.70 12.50 11.50 11.20 9.60 13.50 12.50 5.6 6.2 13.6

M10 × 1.5 16.00 15.73 18.48 17.77 9.00 8.04 11.90 10.90 10.50 8.94 12.80 11.80 4.8 5.6 14.6
M12 × 1.75 18.00 17.73 20.78 20.03 11.60 10.37 14.90 13.90 13.30 11.57 16.10 15.10 6.7 7.7 16.6
M14 × 2 21.00 20.67 24.25 23.35 13.20 12.10 17.00 15.80 15.40 13.40 18.30 17.10 7.8 8.9 19.6
M16 × 2 24.00 23.67 27.71 26.75 15.20 14.10 19.10 17.90 17.90 15.70 20.70 19.50 9.1 10.5 22.5
M20 × 2.5 30.00 29.16 34.64 32.95 19.00 16.90 22.80 21.50 21.80 19.00 25.10 23.80 10.9 12.7 27.7
M24 × 3 36.00 35.00 41.57 39.55 23.00 20.20 27.10 25.60 26.40 22.60 29.50 28.00 13.0 15.1 33.2
M30 × 3.5 46.00 45.00 53.12 50.85 26.90 24.30 32.60 30.60 31.80 27.30 35.60 33.60 15.7 18.2 42.7
M36 × 4 55.00 53.80 63.51 60.79 32.50 29.40 38.90 36.90 38.50 33.10 42.60 40.60 19.0 22.1 51.1

Machinery's Handbook 29th Edition
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Metric Washers

Metric Plain Washers.—American National Standard ANSI B18.22M-1981 (R2000)
covers general specifications and dimensions for flat, round-hole washers, both soft (as
fabricated) and hardened, intended for use in general-purpose applications. Dimensions
are given in the following table. Manufacturers should be consulted for current informa-
tion on stock sizes.

Comparison with ISO Standards.—The washers covered by this ANSI Standard are
nominally similar to those covered in various ISO documents. Outside diameters were
selected, where possible, from ISO/TC2/WG6/N47 “General Plan for Plain Washers for
Metric Bolts, Screws, and Nuts.” The thicknesses given in the ANSI Standard are similar
to the nominal ISO thicknesses, however the tolerances differ. Inside diameters also differ.

ISO metric washers are currently covered in ISO 887, “Plain Washers for Metric Bolts,
Screws, and Nuts - General Plan.”

Types of Metric Plain Washers.—Soft (as fabricated) washers are generally available in
nominal sizes 1.6 mm through 36 mm in a variety of materials. They are normally used in
low-strength applications to distribute bearing load, to provide a uniform bearing surface,
and to prevent marring of the work surface.

Hardened steel washers are normally available in sizes 6 mm through 36 mm in the nar-
row and regular series. They are intended primarily for use in high-strength joints to mini-
mize embedment, to provide a uniform bearing surface, and to bridge large clearance holes
and slots.

Metric Plain Washer Materials and Finish.—Soft (as fabricated) washers are made of
nonhardened steel unless otherwise specified by the purchaser. Hardened washers are
made of through-hardened steel tempered to a hardness of 38 to 45 Rockwell C.

Unless otherwise specified, washers are furnished with a natural (as fabricated) finish,
unplated or uncoated with a light film of oil or rust inhibitor.

Metric Plain Washer Designation.—When specifying metric plain washers, the desig-
nation should include the following data in the sequence shown: description, nominal size,
series, material type, and finish, if required.

Example:Plain washer, 6 mm, narrow, soft, steel, zinc plated

Plain washer, 10 mm, regular, hardened steel.
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All dimensions are in millimeters.

Table 30. American National Standard Metric Plain Washers
 ANSI B18.22M-1981 (R2000)

Nominal
Washer
Sizea

a Nominal washer sizes are intended for use with comparable screw and bolt sizes. 

Washer
Series

Inside Diameter, A Outside Diameter, B Thickness, C

Max Min Max Min Max Min

1.6
Narrow 2.09 1.95 4.00 3.70 0.70 0.50
Regular 2.09 1.95 5.00 4.70 0.70 0.50
Wide 2.09 1.95 6.00 5.70 0.90 0.60

2
Narrow 2.64 2.50 5.00 4.70 0.90 0.60
Regular 2.64 2.50 6.00 5.70 0.90 0.60
Wide 2.64 2.50 8.00 7.64 0.90 0.60

2.5
Narrow 3.14 3.00 6.00 5.70 0.90 0.60
Regular 3.14 3.00 8.00 7.64 0.90 0.60
Wide 3.14 3.00 10.00 9.64 1.20 0.80

3
Narrow 3.68 3.50 7.00 6.64 0.90 0.60
Regular 3.68 3.50 10.00 9.64 1.20 0.80
Wide 3.68 3.50 12.00 11.57 1.40 1.00

3.5
Narrow 4.18 4.00 9.00 8.64 1.20 0.80
Regular 4.18 4.00 10.00 9.64 1.40 1.00
Wide 4.18 4.00 15.00 14.57 1.75 1.20

4
Narrow 4.88 4.70 10.00 9.64 1.20 0.80
Regular 4.88 4.70 12.00 11.57 1.40 1.00
Wide 4.88 4.70 16.00 15.57 2.30 1.60

5
Narrow 5.78 5.50 11.00 10.57 1.40 1.00
Regular 5.78 5.50 15.00 14.57 1.75 1.20
Wide 5.78 5.50 20.00 19.48 2.30 1.60

6
Narrow 6.87 6.65 13.00 12.57 1.75 1.20
Regular 6.87 6.65 18.80 18.37 1.75 1.20
Wide 6.87 6.65 25.40 24.88 2.30 1.60

8
Narrow 9.12 8.90 18.80b

b The 18.80 ⁄18.37 and 25.40 ⁄24.48 mm outside diameters avoid washers which could be used in
coin-operated devices. 

18.37b 2.30 1.60
Regular 9.12 8.90 25.40b 24.48b 2.30 1.60
Wide 9.12 8.90 32.00 31.38 2.80 2.00

10
Narrow 11.12 10.85 20.00 19.48 2.30 1.60
Regular 11.12 10.85 28.00 27.48 2.80 2.00
Wide 11.12 10.85 39.00 38.38 3.50 2.50

12
Narrow 13.57 13.30 25.40 24.88 2.80 2.00
Regular 13.57 13.30 34.00 33.38 3.50 2.50
Wide 13.57 13.30 44.00 43.38 3.50 2.50

14
Narrow 15.52 15.25 28.00 27.48 2.80 2.00
Regular 15.52 15.25 39.00 38.38 3.50 2.50
Wide 15.52 15.25 50.00 49.38 4.00 3.00

16
Narrow 17.52 17.25 32.00 31.38 3.50 2.50
Regular 17.52 17.25 44.00 43.38 4.00 3.00
Wide 17.52 17.25 56.00 54.80 4.60 3.50

20
Narrow 22.32 21.80 39.00 38.38 4.00 3.00
Regular 22.32 21.80 50.00 49.38 4.60 3.50
Wide 22.32 21.80 66.00 64.80 5.10 4.00

24
Narrow 26.12 25.60 44.00 43.38 4.60 3.50
Regular 26.12 25.60 56.00 54.80 5.10 4.00
Wide 26.12 25.60 72.00 70.80 5.60 4.50

30
Narrow 33.02 32.40 56.00 54.80 5.10 4.00
Regular 33.02 32.40 72.00 70.80 5.60 4.50
Wide 33.02 32.40 90.00 88.60 6.40 5.00

36
Narrow 38.92 38.30 66.00 64.80 5.60 4.50
Regular 38.92 38.30 90.00 88.60 6.40 5.00
Wide 38.92 38.30 110.00 108.60 8.50 7.00
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Clearance Holes for Bolts, Screws, and Studs

The Standard ASME B18.2.8-1999, R2005 covers the recommended clearance hole
sizes for #0 through 1.5 inch and M1.6 through M100 metric fasteners in three classes of
clearance using a close-, normal-, and loose-fit category.

The clearance hole tolerances for both inch and metric holes are based on ISO 286, ISO
System of Limits and Fits, using tolerance class H12 for close-fit, H13 for normal-fit, and
H14 for loose-fit clearance holes. The clearances provided by the three classes of fit are
based on regularly stepped clearances as listed in Table 1a for inch and Table 2b for metric.

Inch Fasteners.—The hole sizes for inch fasteners are patterned after USA common
usage and the general clearances translated from the metric standard. The hole tolerances
are based on the ISO System of Limits and Fits, as required by ISO 273.

The tabulated drill and hole sizes, Table 1a, list the inch fastener clearance hole recom-
mendations. The recommended drill sizes for inch fasteners are tabulated by nominal drill
designation as letter, numbers, or fractional sizes. The drill sizes were selected to provide
as nearly as practical a step-patterned clearance size for the minimum recommended hole
(Table 1b). The maximum recommended hole size is based on standard hole tolerances. 

Dimensions are in inches.

Table 1a. Clearance Holes for Inch Fasteners  ASME B18.2.8-1999, R2005

Nominal
 Screw Size

Normal Close Loose

Nominal
Drill Size

Hole Diameter Nominal
Drill Size

Hole Diameter Nominal
Drill Size

Hole Diameter

Min. Max. Min. Max. Min. Max.

#0 #48 0.076 0.082 #51 0.067 0.071 3⁄32 0.094 0.104
#1 #43 0.089 0.095 #46 0.081 0.085 #37 0.104 0.114
#2 #38 0.102 0.108 3⁄32 0.094 0.098 #32 0.116 0.126
#3 #32 0.116 0.122 #36 0.106 0.110 #30 0.128 0.140
#4 #30 0.128 0.135 #31 0.120 0.124 #27 0.144 0.156
#5 5⁄32 0.156 0.163 9⁄64 0.141 0.146 11⁄64 0.172 0.184
#6 #18 0.170 0.177 #23 0.154 0.159 #13 0.185 0.197
#8 #9 0.196 0.203 #15 0.180 0.185 #3 0.213 0.225

#10 #2 0.221 0.228 #5 0.206 0.211 B 0.238 0.250
1⁄4 9⁄32 0.281 0.290 17⁄64 0.266 0.272 19⁄64 0.297 0.311
5⁄16

11⁄32 0.344 0.354 21⁄64 0.328 0.334 23⁄64 0.359 0.373
3⁄8 13⁄32 0.406 0.416 25⁄64 0.391 0.397 27⁄64 0.422 0.438
7⁄16

15⁄32 0.469 0.479 29⁄64 0.453 0.460 31⁄64 0.484 0.500
1⁄2 9⁄16 0.562 0.572 17⁄32 0.531 0.538 39⁄64 0.609 0.625
5⁄8 11⁄16 0.688 0.698 21⁄32 0.656 0.663 47⁄64 0.734 0.754
3⁄4 13⁄16 0.812 0.824 .25⁄32 0.781 0.789 129⁄32 0.906 0.926
7⁄8 15⁄16 0.938 0.950 29⁄32 0.906 0.914 11⁄32 1.031 1.051

1 13⁄32 1.094 1.106 11⁄32 1.031 1.039 15⁄32 1.156 1.181

11⁄8 17⁄32 1.219 1.235 15⁄32 1.156 1.164 15⁄16 1.312 1.337

11⁄4 111⁄32 1.344 1.360 19⁄32 1.281 1.291 17⁄16 1.438 1.463

13⁄8 11⁄2 1.500 1.516 17⁄16 1.438 1.448 139⁄64 1.609 1.634

11⁄2 15⁄8 1.625 1.641 19⁄16 1.562 1.572 147⁄64 1.734 1.759

Table 1b. Inch Clearance Hole Allowances 

Nominal
 Screw Size

Fit Classes Nominal
 Screw Size

Fit Classes

Normal Close Loose Normal Close Loose

#0 – #4 1⁄64 0.008 1⁄32 1 3⁄32
1⁄32

5⁄32

#5 – 7⁄16
1⁄32

1⁄64
3⁄64 11⁄8 , 11⁄4 3⁄32

1⁄32
3⁄16

1⁄2 , 5⁄8 1⁄16
1⁄32

7⁄64 13⁄8 , 11⁄2 1⁄8 1⁄16
15⁄64

3⁄4 , 7⁄8 1⁄16
1⁄32

5⁄32 … … … …
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Metric Fasteners.—The recommended drill and hole sizes for metric fasteners are tabu-
lated in Table 2a. The minimum recommended hole is the drill size and the maximum
recommended hole size is based on standard tolerances. The hole sizes for metric fasteners
are in agreement with ISO 273, Fasteners-Clearance Holes for Bolts and Screws, except
that ISO 273 covers fastener sizes M1 through M150.

Dimensions are in millimeters.

Recommended Substitute Drills.—If the clearance hole application is dimensioned in
metric drill sizes for inch fasteners, or inch drill sizes for metric fasteners, Tables 3a and 3b
list the nearest standard drill size translations for the designated drills of Tables 1a and 2a.

Table 2a. Clearance Holes for Metric Fasteners  ASME B18.2.8-1999, R2005

Nominal
 Screw Size

Normal Close Loose

Nominal
Drill Size

Hole Diameter Nominal
Drill Size

Hole Diameter Nominal
Drill Size

Hole Diameter

Min. Max. Min. Max. Min. Max.

M1.6 1.8 1.8 1.94 1.7 1.7 1.8 2 2 2.25

M2 2.4 2.4 2.54 2.2 2.2 2.3 2.6 2.6 2.85

M2.5 2.9 2.9 3.04 2.7 2.7 2.8 3.1 3.1 3.4

M3 3.4 3.4 3.58 3.2 3.2 3.32 3.6 3.6 3.9

M4 4.5 4.5 4.68 4.3 4.3 4.42 4.8 4.8 5.1

M5 5.5 5.5 5.68 5.3 5.3 5.42 5.8 5.8 6.1

M6 6.6 6.6 6.82 6.4 6.4 6.55 7 7 7.36

M8 9 9 9.22 8.4 8.4 8.55 10 10 10.36

M10 11 11 11.27 10.5 10.5 10.68 12 12 12.43

M12 13.5 13.5 13.77 13 13 13.18 14.5 14.5 14.93

M14 15.5 15.5 15.77 15 15 15.18 16.5 16.5 16.93

M16 17.5 17.5 17.77 17 17 17.18 18.5 18.5 19.02

M20 22 22 22.33 21 21 21.21 24 24 24.52

M24 26 26 26.33 25 25 25.21 28 28 28.52

M30 33 33 33.39 31 31 31.25 35 35 35.62

M36 39 39 39.39 37 37 37.25 42 42 42.62

M42 45 45 45.39 43 43 43.25 48 48 48.62

M48 52 52 52.46 50 50 50.25 56 56 56.74

M56 62 62 62.46 58 58 58.3 66 66 66.74

M64 70 70 70.46 66 66 66.3 74 74 74.74

M72 78 78 78.46 74 74 74.3 82 82 82.87

M80 86 86 86.54 82 82 82.35 91 91 91.87

M90 96 96 96.54 93 93 93.35 101 101 101.87

M100 107 107 107.54 104 104 104.35 112 112 112.87

Table 2b. Metric Clearance Hole Allowances

Nominal
Screw Size

Fit Classes Nominal
Screw Size

Fit Classes

Normal Close Loose Normal Close Loose

M1.6 0.2 0.1 0.25 M20, M24 2 1 4

M2 0.4 0.1 0.3 M30 3 1 5

M2.5 0.4 0.1 0.3 M36, M42 3 1 6

M3 0.4 0.2 0.6 M48 4 2 8

M4, M5 0.5 0.3 0.8 M56-M72 6 2 10

M6 0.6 0.4 1 M80 6 2 11

M8 1 0.4 2 M90 6 3 11

M10 1 0.5 2 M100 7 4 12

M12-M16 1.5 1 2.5 … … … …
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Table 4. Recommended Clearance Holes for Metric Round Head Square Neck Bolts

Loose Clearance: Loose clearance hole sizes should be specified only for applications where max-
imum adjustment capability between components being assembled is necessary. Loose clearance
square hole or slots may not prevent bolt turning during wrenching.

All dimensions are in millimeters. Source: ANSI/ASME B18.5.2.2M-1982 (R2000), Appendix II

Table 3a. Standard Metric Drills For Inch Fasteners
 ASME B18.2.8-1999, R2005 (Appendix 1)

Nomi-
nalScrew 
Size, inch

Nominal Drill Size, mm Nomi-
nalScrew 
Size, inch

Nominal Drill Size, mm
Fit Classes Fit Classes

Normal Close Loose Normal Close Loose

#0 1.9 1.7 2.4 3⁄8 10.2 9.9 10.5

#1 2.25 2.05 2.6 7⁄16 11.8 11.5 12.2

#2 2.6 2.4 2.9 1⁄2 14.25 13.5 15.5

#3 2.9 2.7 3.3 5⁄8 17.5 16.75 19

#4 3.3 3 3.7 3⁄4 20.5 20 23

#5 4 3.6 4.4 7⁄8 24 23 26
#6 4.3 3.9 4.7 1 27.5 26 29.5
#8 5 4.6 5.4 1 1⁄8 31 29.5 33.5

#10 5.6 5.2 6 1 1⁄4 34 32.5 36.5
1⁄4 7.1 6.7 7.5 1 3⁄8 38 36.5 41
5⁄16 8.7 8.3 9.1 1 1⁄2 41 39.5 44

Table 3b. Standard Inch Drills For Metric Fasteners
 ASME B18.2.8-1999, R2005 (Appendix 1)

Nomi-
nalScrew 
Size, mm

Nominal Drill Size, inch Nomi-
nalScrew 
Size, mm

Nominal Drill Size, inch
Fit Classes Fit Classes

Normal Close Loose Normal Close Loose

M1.6 #50 #51 #47 M16 11⁄32
43⁄64

47⁄64

M2 3⁄32 #44 #38 M20 55⁄64
53⁄64

15⁄16

M2.5 #33 #36 #31 M24 1 1⁄32
63⁄64 1 7⁄64

M3 #29 1⁄8 9⁄64 M30 1 9⁄32 1 7⁄32 1 3⁄8
M4 #16 #19 #12 M36 1 17⁄32 1 15⁄32 1 21⁄32

M5 7⁄32 #4 #1 M42 1 25⁄32 1 11⁄16 1 29⁄32

M6 G 1⁄4 J M48 2 1⁄32 1 31⁄2 2 3⁄16

M8 T Q 25⁄64 M56 2 7⁄16 2 5⁄16 2 5⁄8
M10 7⁄16 Z 31⁄64 M64 2 3⁄4 2 5⁄8 2 5⁄16

M12 17⁄32
33⁄64

37⁄64 M72 3 1⁄8 2 15⁄16 3 1⁄4
M14 39⁄64

19⁄32
21⁄32 … … … …

Close Clearance: Close clearance should be specified only for square holes in very 
thin and/or soft material, or for slots, or where conditions such as critical alignment of 
assembled parts, wall thickness, or other limitations necessitate use of a minimal hole. 
Allowable swell or fins on the bolt body and/or fins on the corners of the square neck 
may interfere with close clearance round or square holes.

Normal Clearance: Normal clearance hole sizes are preferred for general purpose 
applications and should be specified unless special design considerations dictate the 
need for either a close or loose clearance hole.

Nom. Bolt
Dia., D

and Thd.
Pitch

Clearance

Corner
Radius

Rh

Nom. Bolt
Dia., D

and Thd.
Pitch

Clearance

Corner
Radius

Rh

Close Normal Loose Close Normal Loose

Min. Hole Diameter
or Square Width, H

Min. Hole Diameter
or Square Width, H

M5 × 0.8 5.5 … 5.8 0.2 M14 × 2 15.0 15.5 16.5 0.6
M6 × 1 6.6 … 7.0 0.3 M16 × 2 17.0 17.5 18.5 0.6
M8 × 1.25 … 9.0 10.0 0.4 M20 × 2.5 21.0 22.0 24.0 0.8
M10 × 1.5 … 11.0 12.0 0.4 M24 × 3 25.0 26.0 28.0 1.0
M12 × 1.75 13.0 13.5 14.5 0.6 … … … … …
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Table 5. Drill and Counterbore Sizes for Metric Socket Head Cap Screws

All dimensions are in millimeters.

Nominal Size
or Basic

Screw Diameter

Nominal Drill Size, A Counterbore
Diameter,

X

Countersink
Diameter,a

Y

a Countersink: It is considered good practice to countersink or break the edges of holes which are
smaller than B Max. (see Table 21, page 1598) in parts having a hardness which approaches, equals, or
exceeds the screw hardness. If such holes are not countersunk, the heads of screws may not seat prop-
erly  or the sharp edges on holes may deform the fillets on screws, thereby making them susceptible to
fatigue in applications involving dynamic loading. The countersink or corner relief, however, should
not be larger than is necessary to ensure that the fillet on the screw is cleared. Normally, the diameter
of countersink does not have to exceed B Max. Countersinks or corner reliefs in excess of this diameter
reduce the effective bearing area and introduce the possibility of embedment where the parts to be fas-
tened are softer than the screws or of brinnelling or flaring the heads of the screws where the parts to be
fastened are harder than the screws. 

Close Fitb

b Close Fit: The close fit is normally limited to holes for those lengths of screws which are threaded to the
head in assemblies where only one screw is to be used or where two or more screws are to be used and the
mating holes are to be produced either at assembly or by matched and coordinated tooling. 

Normal Fitc

c Normal Fit: The normal fit is intended for screws of relatively long length or for assemblies involv-
ing two or more screws where the mating holes are to be produced by conventional tolerancing meth-
ods. It provides for the maximum allowable eccentricity of the longest standard screws and for certain
variations in the parts to be fastened, such as: deviations in hole straightness, angularity between the
axis of the tapped hole and that of the hole for shank, differences in center distances of the mating
holes, etc. 

M1.6 1.80 1.95 3.50 2.0

M2 2.20 2.40 4.40 2.6

M2.5 2.70 3.00 5.40 3.1

M3 3.40 3.70 6.50 3.6

M4 4.40 4.80 8.25 4.7

M5 5.40 5.80 9.75 5.7

M6 6.40 6.80 11.25 6.8

M8 8.40 8.80 14.25 9.2

M10 10.50 10.80 17.25 11.2

M12 12.50 12.80 19.25 14.2

M14 14.50 14.75 22.25 16.2

M16 16.50 16.75 25.50 18.2

M20 20.50 20.75 31.50 22.4

M24 24.50 24.75 37.50 26.4

M30 30.75 31.75 47.50 33.4

M36 37.00 37.50 56.50 39.4

M42 43.00 44.00 66.00 45.6

M48 49.00 50.00 75.00 52.6
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HELICAL COIL SCREW THREAD INSERTS

Introduction

The ASME B18.29.2M standard delineates the dimensional, mechanical, and perfor-
mance data for the metric series helical coil screw thread insert and threaded hole into
which it is installed. Appendices that describe insert selection, STI (screw thread insert)
taps, insert installation, and removal tooling are also included.

Helical coil inserts are screw thread bushings coiled from wire of diamond-shape cross-
section. Inserts are screwed into STI-tapped holes to form nominal size internal threads.
Inserts are installed by torquing through a diametral tang. This tang is notched for removal
after installation. In the free state, they are larger in diameter than the tapped hole into
which they are installed. In the assembly operation, the torque applied to the tang reduces
the diameter of the leading coil and permits it to enter the tapped thread. The remaining
coils are reduced in diameter as they, in turn, are screwed into the tapped hole. When the
torque or rotation is stopped, the coils expand with a spring-like action anchoring the insert
in place against the tapped hole.

Dimensions.—Dimensions in this standard are in millimeters and apply before any coat-
ing. Symbols specifying geometric characteristics are in accordance with ASME Y14.5M.

Tolerance Classes 4H5H and 5H.—Because helical coil inserts are flexible, the class of
fit of the final assembly is a function of the size of the tapped hole. Helical coil STI taps are
available for both tolerance class 4H5H (or class 4H6H) and class 5H tapped holes. Toler-
ance class 5H tapped holes provide maximum production tolerances but result in lower
locking torques when screw-locking inserts are used. The higher and more consistent
torques given in Table 5 are met by the screw-locking inserts when assembled and tested in
tolerance class 4H5H (or class 4H6H) tapped holes.

Compatibility.—Assembled helical coil inserts will mate properly with items that have
M Profile external threads in accordance with ASME B1.13M. Also, due to the radius on
the crest of the insert at the minor diameter, the assembled insert will mate with MJ Profile
externally threaded parts with controlled radius root threads per ASME B1.21M.

Types of Inserts.—  Free-running inserts provides a smooth, hard, and free-running
thread. Screw-locking inserts provides a resilient locking thread produced by a series of
chords on one or more of the insert coils.

STI-tapped Hole.—The tapped hole into which the insert is installed shall be in accor-
dance with ASME B1.13M, except that diameters are larger to accommodate the wire
cross-section of the insert  (See Fig. 1.). Dimensions of the STI-tapped hole are shown in
Table 1 and are calculated per General Note (c) to Table 1.

Screw Thread Designation for Tapped Hole: The drawing note for the STI-threaded
hole per Table 1 to accept the helical coil insert shall be in accordance with the following:

Example 1:  MS ×1.25-5H STI; 23.5 T per ASME B18.29.2M.

Designation for a Helical Coil Insert: Helical coil inserts shall be designated by the fol-
lowing data, in the sequence shown:

a) product name;  b) designation of the standard;  c) nominal diameter and thread pitch (4)
nominal length;  and  d) insert type (free-running or screw-locking).

Example 2:Helical Coil insert, ASME B18.29.2M, M8 × 1.25 × 12.0 free-running.

Helical Coil insert, ASME B18.29.2M, M5 × 0.8 × 7.5 screw-locking.

The recommended B18 part number (PIN) code system for helical coil inserts is included
in ASME B18.24. This system may be used by user needing definitive part-numbering. 
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Fig. 1. Tapping Depth

Designation for STI-Threaded Hole Including Installed Helical Coil Insert: The draw-
ing note for the STI-threaded hole per Table 1 having a helical coil insert installed shall be
in accordance with this example. 

Example 3:M8 × 1.25 STI 23.5 deep;
Helical Coil insert, ASME B18.29.2M, M8 × 1.25 × 12.0, free running

Gages and Gaging: Acceptance of the threaded hole is determined by gaging with STI
GO, NOT GO (HI), and plain cylindrical gages designed and applied in accordance with
System 21 of ASME B1.3M and with ASME B1.16M.

Helical Coil Insert

Material.—Chemical composition of the inserts is austenitic corrosion-resistant (stain-
less) steel material within the limits of Table 2.

Properties.—Wire, before coiling into inserts, shall have tensile strength not lower than
1035 MPa, determined in accordance with ASTM A 370. Wire shall withstand, without
cracking, bending in accordance with ASTM E 290 at room temperature through an angle
of 180° around a diameter equal to twice the cross-sectional dimension of the wire in the
plane of the bend. The formed wire shall be of uniform quality and temper; it shall be
smooth, clean, and free from kinks, waviness, splits, cracks, laps, seams, scale, segrega-
tion, and other defects that may impair the serviceability of the insert.

Coatings.—At the option of the user, dry film lubricant coating can be applied to helical
coil inserts.The color of dry film-lubricated inserts is dark gray to black. Lubricant shall
meet requirements of Aerospace Standard SAE AS5272, type I, lubricant, solid film heat
cured, and corrosion inhibiting. Coating shall be uniformly deposited on the insert with the
minimum thickness being complete coverage. Maximum thickness shall be the avoidance
of bridging between coils. Slight fill in between closely wound coils, which immediately
separates as the coils are axially pulled apart by hand, shall not be considered bridging.

Configuration and Dimensions.—Insert configurations shall be in accordance with Fig.
2, and dimensions shall be in accordance with Tables 3 and 4. Each nominal insert size is
standardized in five lengths, which are multiples of the insert's nominal diameter. These
are 1, 1.5, 2, 2.5, and 3 times nominal diameter. Each nominal length is the minimum
through-hole length (material thickness), without countersink, into which that insert can
be installed. The nominal insert length is a reference value and cannot be measured. Actual
assembled length of the insert equals nominal length minus 0.5 pitch to minus 0.75 pitch,
with insert installed in a basic STI threaded hole. Assembled length cannot be measured in
the insert's free state.

PLUG STYLE
TAP

BOTTOMING
STYLE TAP

T

4 Pitch
incomplete
threads

1 Pitch
tab end
clearance

G

2 Pitch incomplete
threads

1 Pitch tap end
clearance
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Table 1. Screw Thread Insert Threaded Hole Data  ASME B18.29.2M-2005

Nominal 
Thread

Size

Minimum Drilling Depth for Each Insert Length, G

Countersink
Diameter, M

(120°±5°
 included 

angle)
Minor

Diameter Pitch Diameter

Min.
Major
Diam. Minimum Tapping Depth, T

Plug Taps Bottoming Taps

All
Classes

Insert Length

1D 1.5D 2D 2.5D 3D 1D 1.5D 2D 2.5D 3D Min. Max. Min. Max. Min.
4H 

Max.
5H 

Max.
6H 

Max. 1D 1.5D 2D 2.5D 3D

M2 × 0.4 5.40 6.40 7.40 8.40 9.40 3.60 4.60 5.60 6.60 7.60 2.30 2.70 2.087 2.199 2.260 2.295 2.310 2.329 2.520 2.40 3.40 4.40 5.40 6.40
M2.5 ×0.45 6.45 7.70 8.95 10.20 11.45 4.30 5.55 6.80 8.05 9.30 2.90 3.40 2.597 2.722 2.792 2.832 2.847 2.867 3.084 2.95 4.20 5.45 6.70 7.95
M3 × 0.5 7.50 9.00 10.50 12.00 13.50 5.00 5.00 8.00 9.50 11.00 3.40 4.00 3.108 3.248 3.326 3.367 3.384 3.404 3.650 3.50 5.00 6.50 8.00 9.50
M3.5 × 0.6 8.86 10.60 12.35 14.10 15.85 5.90 7.65 9.40 11.15 12.90 4.10 4.70 3.630 3.790 3.890 3.940 3.959 3.981 4.280 4.10 5.85 7.60 9.35 11.10
M4 × 0.7 10.20 12.20 14.20 16.20 18.20 6.80 8.80 10.80 12.80 14.80 4.70 5.30 4.162 4.332 4.455 4.508 4.529 4.522 4.910 4.70 6.70 8.70 10.70 12.70
M5 × 0.8 12.30 14.80 17.30 19.80 22.30 8.20 10.70 13.20 15.70 18.20 5.80 6.40 5.174 5.374 5.520 5.577 5.597 5.622 6.040 5.80 8.30 10.80 13.30 15.80
M6 × 1 15.00 18.00 21.00 24.00 27.00 10.00 13.00 16.00 19.00 22.00 7.10 7.70 6.217 6.407 6.650 6.719 6.742 6.774 7.300 7.00 10.00 13.00 16.00 19.00
M7 × 1 16.50 20.00 23.50 27.00 30.50 11.00 14.50 18.00 21.50 25.00 8.10 8.70 7.217 7.407 7.650 7.719 7.742 7.774 8.300 8.00 11.50 15.00 18.50 22.00
M8 × 1 18.00 22.00 26.00 30.00 34.00 12.00 16.00 28.00 20.00 24.00 0.10 9.70 8.217 8.407 8.650 8.719 8.742 8.774 9.300 9.00 13.00 17.00 21.00 25.00
M8 × 1.25 19.50 23.60 27.50 31.50 35.50 13.00 17.00 29.00 21.00 25.00 9.50 10.10 8.271 8.483 8.812 8.886 8.911 8.946 9.624 9.26 13.25 17.26 21.25 25.25
M10 × 1 16.00 21.00 26.00 31.00 36.00 14.00 19.00 34.00 24.00 29.00 11.10 11.70 10.217 10.407 10.650 10.719 10.742 10.774 11.300 11.00 16.00 21.00 26.00 31.00
M30 × 1.25 17.50 22.60 27.50 32.50 37.50 15.00 20.00 35.00 25.00 30.00 11.50 12.10 10.271 10.483 10.812 10.886 10.911 10.946 11.624 11.26 16.25 21.26 26.25 31.25
M10 × 1.5 19.00 24.00 29.00 34.00 39.00 16.00 21.00 38.00 26.00 31.00 11.80 12.40 10.324 10.580 10.974 11.061 11.089 11.129 11.948 11.50 16.50 21.50 26.50 31.50
M12 × 1.25 19.50 25.50 31.50 37.50 43.50 17.00 23.00 29.00 35.00 41.00 13.50 14.10 12.271 12.483 12.812 12.896 12.926 12.966 13.624 13.25 19.25 25.25 31.25 37.25
M12 × 1.5 21.00 27.00 33.00 39.00 45.00 18.00 24.00 30.00 36.00 42.00 13.00 14.40 12.324 12.560 12.974 13.067 13.099 13.139 13.948 13.50 19.50 25.50 31.50 37.60
M12 × 1.75 22.50 28.50 34.50 40.50 48.50 19.00 25.00 31.00 37.00 43.00 14.20 14.80 12.379 12.644 13.137 13.236 13.271 13.311 14.274 13.75 19.75 25.75 31.75 37.75
M14 × 1.5 23.00 30.00 37.00 44.00 51.00 20.00 27.00 34.00 41.00 48.00 15.80 16.40 14.324 14.560 14.974 15.067 15.099 15.139 15.940 15.50 22.50 29.50 38.50 43.50
M14 × 2 26.00 33.00 40.00 47.00 54.00 22.00 29.00 36.00 43.00 50.00 16.50 17.10 14.433 14.733 15.299 15.406 15.444 15.486 16.958 16.00 23.00 30.00 37.00 44.00
M16 × 1.5 25.00 33.00 41.00 49.00 57.00 22.00 30.00 38.00 46.00 50.00 17.80 18.40 16.324 16.560 16.974 17.067 17.099 17.139 17.948 17.50 25.50 33.50 41.50 49.50
M16 × 2 28.00 36.00 44.00 52.00 60.00 24.00 32.00 40.00 48.00 56.00 18.50 19.10 16.433 16.733 17.299 17.406 17.444 17.486 18.598 18.00 26.00 34.00 42.00 50.00
M18 × 1.5 27.00 36.00 45.00 54.00 63.00 24.00 33.00 42.00 51.00 60.00 19.80 20.40 18.324 18.560 18.974 19.067 19.099 19.139 19.948 19.50 28.50 37.50 46.50 55.50
M18 × 2 30.00 39.00 48.00 57.00 66.00 26.00 35.00 44.00 53.00 62.00 20.50 21.10 18.433 18.733 19.299 19.406 19.444 19.486 20.598 20.00 29.00 38.00 47.00 56.00
M18 × 2.5 33.00 42.00 51.00 60.00 69.00 28.00 37.00 46.00 55.00 64.00 21.20 21.80 18.541 18.896 19.624 19.738 19.778 19.822 21.248 20.50 29.50 38.50 47.50 56.50
M20 × 1.5 29.00 39.00 49.00 59.00 69.00 26.00 36.00 46.00 56.00 66.00 21.80 22.40 20.324 20.560 20.974 21.067 21.099 21.139 21.940 21.50 31.50 41.50 51.50 61.50
M20 × 2 32.00 42.00 52.00 62.00 72.00 28.00 38.00 48.00 58.00 68.00 22.50 23.10 20.433 20.733 21.299 21.406 21.444 21.486 22.598 22.00 32.00 42.00 52.00 62.00
M20 × 2.5 35.00 45.00 55.00 65.00 75.00 30.00 40.00 50.00 60.00 70.00 23.20 23.80 20.541 20.896 21.624 21.738 21.778 21.822 23.248 22.50 32.50 42.50 52.50 62.50
M22 × 1.5 31.00 42.00 53.00 64.00 75.00 28.00 39.00 50.00 61.00 72.00 23.80 24.40 22.324 22.560 22.974 23.067 23.099 23.139 23.948 23.50 34.50 45.50 56.50 67.50
M22 × 2 34.00 45.00 56.00 67.00 78.00 30.00 41.00 52.00 63.00 74.00 24.50 25.10 22.433 22.733 23.299 23.406 23.444 23.486 24.598 24.00 35.00 46.00 57.00 68.00
M22 × 2.5 37.00 48.00 59.00 70.00 81.00 32.00 43.00 54.00 65.00 76.00 25.20 25.80 22.541 22.896 23.624 23.738 23.778 23.822 25.248 24.50 35.50 46.50 57.50 68.50
M24 × 2 38.00 48.00 60.00 72.00 84.00 32.00 44.00 56.00 68.00 80.00 26.50 27.10 24.433 24.733 25.299 25.414 15.454 25.498 26.598 26.00 38.00 50.00 62.00 74.00
M24 × 3 42.00 54.00 66.00 78.00 90.00 36.00 48.00 60.00 72.00 84.00 27.90 28.50 24.649 25.049 25.948 26.093 26.135 26.188 27.897 27.00 39.00 51.00 63.00 75.00
M27 × 2 39.00 52.50 66.00 79.50 93.00 35.00 48.50 62.00 75.50 89.00 29.50 30.10 27.433 27.733 28.299 28.414 28.454 28.498 29.598 29.00 42.50 58.00 69.50 83.00

Machinery's Handbook 29th Edition
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Notes:

(1) The minimum drilling depths allow for
 a) countersinking the drilled hole to prevent a feather edge at the start of the

tapped hole.
b) 0.75 to 1.5 pitch of insert set-down to allow for maximum production toler-

ance.
c) Dimensions are shown for both plug and bottoming taps. Plug taps 8 mm

and smaller have a male center, and the drilled hole depth dimensions allow for
this length (one-half of the diameter of the bolt). Calculation of minimum drill-
ing depth dimension G is as follows:

Plug taps 8mm and smaller, G = insert nominal length + 0.5 × nominal bolt
diameter + 4 pitchs for tap chamfer + 1 pitch for tap end clearance + 1 pitch
allowance for countersink and maximum insert set-down.

Plug taps larger than 8 mm, G = insert nominal length + 4 pitchs for tap cham-
fer + 1 pitch for tap end clearance + 1 pitch allowance for countersink and max-
imum insert set-down.

Bottoming taps, G = insert nominal length + 2 pitchs for tap chamfer + 1 pitch
for tap end clearance + 1 pitch allowance for countersink and maximum insert
set-down.

(2) The minimum tapping depth (dimension T) is the minimum for counter-
sink holes with insert set-down of 1.5 pitch maximum  (See Fig. 1.). The dimen-
sion T = insert nominal length + 1 pitch.

(3) Thread diameters are calculated as follows:

where Hmax and Hmin are from Table 1, and tolerance is selected from the appropri-
ate table in ASME B1.13M with basic major diameter equal to the minimum
major diameter of the STI thread.

M27 × 3 45.00 68.50 72.00 85.50 99.00 39.00 52.50 66.00 79.50 93.00 30.90 31.50 27.649 28.049 28.948 29.093 29.135 29.188 30.897 30.00 43.50 57.00 70.50 84.00
M30 × 2 42.00 67.00 72.00 87.00 102.00 38.00 53.00 68.00 83.00 98.00 32.50 33.10 30.433 30.733 31.299 31.414 31.454 31.489 32.598 32.00 47.00 62.00 77.00 92.00
M30 × 3 48.00 63.00 78.00 93.00 108.00 42.00 57.00 72.00 87.00 102.00 33.90 34.50 30.649 31.049 31.948 32.093 32.136 32.188 33.897 33.00 48.00 63.00 78.00 93.00
M30 × 3.5 51.00 66.00 81.00 96.00 111.00 44.00 59.00 74.00 89.00 104.00 34.60 35.20 30.767 31.207 32.273 32.428 32.472 32.628 34.546 33.50 48.50 63.50 78.50 93.50
M33 × 2 45.00 61.60 78.00 94.50 111.00 41.00 57.50 74.00 90.50 107.00 35.50 36.10 33.433 33.733 34.299 34.414 34.454 34.498 35.598 35.00 51.50 68.00 84.50 101.00
M33 × 3 51.00 67.60 84.00 104.50 117.00 45.00 61.50 78.00 94.50 111.00 36.90 37.50 33.649 34.049 34.948 35.093 35.135 36.188 36.897 36.00 52.50 69.00 85.50 102.00
M36 × 2 48.00 66.00 84.00 102.00 120.00 44.00 62.00 80.00 98.00 116.00 38.50 39.10 36.433 36.733 37.299 37.414 37.464 37.498 38.598 38.00 58.00 74.00 92.00 110.00
M36 × 3 54.00 72.00 90.00 108.00 126.00 48.00 66.00 84.00 102.00 120.00 39.90 40.50 36.649 37.049 37.948 38.093 38.135 38.188 39.897 39.00 57.00 75.00 93.00 111.00
M36 × 4 60.00 78.00 96.00 114.00 132.00 52.00 70.00 88.00 106.00 124.00 41.30 41.90 36.866 37.341 28.598 38.763 38.809 38.873 41.196 40.00 58.00 76.00 94.00 112.00
M39 × 2 51.00 70.50 90.00 109.50 129.00 47.00 66.50 88.00 105.50 125.00 41.50 42.10 39.433 39.733 40.299 40.414 40.454 40.498 41.598 41.00 60.50 80.00 99.50 119.00
M39 × 3 57.00 76.50 96.00 115.50 135.00 51.00 70.50 90.00 109.50 129.00 42.90 43.50 39.649 40.049 40.948 41.093 41.136 41.188 42.897 42.00 61.50 81.00 100.50 120.00

Table 1. (Continued) Screw Thread Insert Threaded Hole Data  ASME B18.29.2M-2005

Nominal 
Thread

Size

Minimum Drilling Depth for Each Insert Length, G

Countersink
Diameter, M

(120°±5°
 included 

angle)
Minor

Diameter Pitch Diameter

Min.
Major
Diam. Minimum Tapping Depth, T

Plug Taps Bottoming Taps

All
Classes

Insert Length

1D 1.5D 2D 2.5D 3D 1D 1.5D 2D 2.5D 3D Min. Max. Min. Max. Min.
4H 

Max.
5H 

Max.
6H 

Max. 1D 1.5D 2D 2.5D 3D

Pitch diameter, min. Pitch diameter, min. of nominal thread 2 Hmax×+=

Pitch diameter, max. Pitch diameter, max. of nominal thread 2 Hmin×+=

Major diameter, min. Pitch diameter min. 0.649519 P×+=

Minor diameter, min. Pitch diameter min. 0.433013 P×–=

Minor diameter, max.  Minor diameter min. tolerance+=

Machinery's Handbook 29th Edition
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Fig. 2. Insert Configuration

General Notes for Fig. 2:

(a) Assembled length of insert to be measured from notch.

(b) Dimensions apply before supplementary coating (see Tables 3 and 4).

(c) Surface texture; symbols per ASME Y14.35, requirements per ASME B46.1.

(d) Dimensions and tolerancing; ASME Y14.5M.

Notes:

(1) Number of locking coils, spacing of locking coils, number of locking deformations, shape and
orientation optional locking feature for 1, 1.5, and 2 diam. length inserts symmetrically positioned
about the center of insert, and for 2.5 and 3 diam. length inserts at 1 diam. from tang end of insert.

(2) Number of free coils to be counted from notch.

Inspection and Quality Assurance

The inspection of inserts shall be in accordance with ASME B18.18.1M, with inspection
level 3 for the 15 cycle torque test.

Inspection (Nondestructive).—Inserts shall be visually examined for conformance with
drawings and workmanship requirements in accordance with ASME B18.18.1M.

Threads: The inserts, when assembled in STI threaded holes conforming to Table 1, shall
form threads conforming to ASME B1.13M tolerance class 4H5H or 5H except for the
locking feature of screw-locking inserts. The assembled insert, both types, shall accept and
function with parts having external MJ threads per ASME B1.21M.

A min. flat

CL of Wire
Section

See View L

F max.
2

H max.
2

[Note (2)]

A

Ends of Coil May Be
Square or Angular

First Coil Diam. to Meet
Free Diam. 210° from

Tang within 20°

Notch to be on Top Face of
First Coil Beyond Tangent

Point of Tang Radius

Tang Radius

Min. Metal Condition

A min. flat D

max.

To Be Measured
30° from Tang

100° max.

Tang

K

K

C

J

U

P

VNumber of
Free Coils

Free outer diam.

Gage = Pitch/2

+

60°

0.8

B

Locking Feature
   (Note (1)]
   (locking inserts only)

Min. Metal Condition

S

min.

S

min.

F

2

D max.
2

D min.
2

D

min.

R min. Tangent
to Flanks

Enlarged View L
Typ 2 Places

E max.
2

E min.
2

E min.

E max.

Section K-K0.09    D G

See View L

D

max.
H

min.

D

min.
D

max.



1618 HELICAL COIL SCREW THREAD INSERTS

The accuracy of the finished thread when the insert is installed depends on the accuracy
of the tapped hole. If the finished tapped hole gages satisfactorily, the installed insert will
be within the thread tolerance when the insert meets the requirements of the Standard. It is,
therefore, not necessary to gage the installed insert. After the insert is installed, the GO
thread plug gage may not enter freely because the insert may not have been fully seated in
the tapped hole. However, the insert should become seated after a bolt or screw is installed
and tightened.

Tang Removal Notch: The tang removal notch shall be located as shown in Fig. 2 and of
such depth that the part may be installed without failure of the tang and that the tang may be
removed, after assembly, without affecting the function of the installed insert.

Torque Test Bolts: Assembled screw-locking inserts shall be torque tested with bolts in
accordance with ASME B1.13M or ASME B1.21M, cadmium plated, or having other
coating with a similar coefficient of friction and hardness of 36 HRC to 44 HRC. The bolts
selected for this test shall be of sufficient length so the thread runout does not enter the
insert and that a minimum of one full thread extends past the end of the insert when the bolt
is fully seated. Acceptability of bolt threads shall be determined based on System 22 of
ASME B1.3M.

Until a replacement for cadmium plating on the torque test bolts is found, and test data
completed, an alternate coating/lubricant can be used to perform the torque test.
Self-Locking Torque (Destructive).—The screw-locking insert, when assembled in
threaded holes conforming to Table 1 and tested in accordance with the following para-
graphs, shall provide a frictional lock to retain the bolt threads within the torque limits
specified in Table 5.

Torque Test Block and Spacer: The insert to be tested shall be installed in a tolerance
class 4H5H or 4H6H threaded hole conforming to Table 1 in a test block made from 2024-
T4 (SAE AMS4120 or ASTM B 209M) aluminum alloy. After installation, the tang shall
be removed. The surface of the test block from which the insert is assembled shall be
marked “TOP” and shall be marked to indicate the radial location where the assembled
insert begins. A steel spacer meeting the requirements of Fig. 3 and Table 6 shall be used
for developing the bolt load.

Torque Test Method: The torque test shall consist of a 15-cycle, room temperature test. A
new bolt or screw and new tapped hole shall be used for each complete 15-cycle test For
each of the 15 cycles, bolts shall be assembled and seated to the assembly torque specified

Table 2. Screw Thread Insert Chemical Composition  ASME B18.29.2M-2005

Element Analysis,%

Check Analysis

Under, Min. Over, Max.

Carbon 0.15 max. … 0.01

Manganese 2.00 max. … 0.04

Silicon 1.00 max. … 0.05

Phosphorous 0.045 max. … 0.01

Sulphur 0.035 max. … 0.005

Chromium 17.00 to 20.00 0.20 0.20

Nickel 8.00 to 10.50 0.15 0.15

Molybdenum 0.75 max. … 0.05

Copper 0.75 max. … 0.05

Iron Remainder … …
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Table 3. Screw Thread Insert Length Data  ASME B18.29.2M-2005

Nominal
Thread Size

1 × Diam. 11⁄2 × Diam. 2 × Diam. 2 1⁄2 × Diam. 3 × Diam.

Nomi-
nal

Assembled C
Nom-
inal

Assembled C
Nom-
inal

Assembled C
Nom-
inal

Assembled C
Nom-
inal

Assembled C

Max. Min. (Ref.) Max. Min. (Ref.) Max. Min. (Ref.) Max. Min. (Ref.) Max. Min. (Ref.)

M2 × 0.4 2.00 1.80 1.70 3.250 3.00 2.80 2.70 5.500 4.00 3.80 3.70 7.750 5.00 4.80 4.70 10.125 6.00 5.80 5.70 12.375

M2.5 × 0.45 2.50 2.28 2.16 3.575 3.80 3.52 3.41 5.750 5.00 4.78 4.66 8.125 6.30 6.02 5.91 10.500 7.50 7.28 7.16 12.750

M3 × 0.5 3.00 2.75 2.62 3.750 4.50 4.25 4.12 6.375 6.00 5.75 5.62 8.875 7.50 7.25 7.12 11.375 9.00 8.75 8.62 13.875

M3.5 × 0.6 3.50 3.20 3.05 3.750 5.30 5.00 4.80 6.375 7.00 6.70 6.55 8.750 8.80 8.50 8.30 11.375 10.50 10.20 10.05 13.750

M4 × 0.7 4.00 3.65 3.47 3.625 6.00 5.65 5.47 6.125 8.00 7.65 7.47 8.625 10.00 9.65 9.47 11.125 12.00 11.65 11.47 13.625

M5 × 0.8 5.00 4.60 4.40 4.125 7.50 7.10 6.90 6.875 10.00 9.60 9.40 9.625 12.50 12.10 11.90 12.375 15.00 14.60 14.40 15.125

M6 × 1 6.00 5.50 5.25 4.000 9.00 8.50 8.25 6.750 12.00 11.50 11.25 9.500 15.00 14.50 14.25 12.125 18.00 17.50 17.25 14.875

M7 × 1 7.00 6.50 6.25 4.875 10.50 10.00 9.75 8.000 14.00 13.50 13.25 11.125 17.50 17.00 16.75 14.125 21.00 20.50 20.25 17.250

M8 × 1 8.00 7.50 7.25 5.875 12.00 11.50 11.25 9.375 16.00 15.50 15.25 13.000 20.00 19.50 19.25 16.500 24.00 23.50 23.25 20.125

M8 × 1.25 8.00 7.38 7.06 4.500 12.00 11.38 11.06 7.375 16.00 15.38 15.06 10.250 20.00 19.38 19.06 13.250 24.00 23.38 23.06 16.125

M10 × 1 10.00 9.50 9.25 7.625 15.00 14.50 14.25 12.000 20.00 19.50 19.25 16.500 25.00 24.50 24.25 21.000 30.00 29.50 29.25 25.500

M10 × 1.25 10.00 9.38 9.06 5.875 15.00 14.38 14.06 9.500 20.00 19.38 19.06 13.125 25.00 24.38 24.06 16.750 30.00 29.38 29.06 20.375

M10 × 1.5 10.00 9.25 8.87 4.875 15.00 14.25 13.87 8.000 20.00 19.25 18.87 11.125 25.00 24.25 23.87 14.250 30.00 29.25 28.87 17.375

M12 × 1.25 12.00 11.38 11.06 7.250 18.00 17.38 17.06 11.625 24.00 23.38 23.06 15.875 30.00 29.38 29.06 20.250 36.00 35.38 35.06 24.500

M12 × 1.5 12.00 11.25 10.87 6.000 18.00 17.25 16.87 9.625 24.00 23.25 22.87 13.375 30.00 29.25 28.87 17.000 36.00 35.25 34.87 20.750

M12 × 1.75 12.00 11.12 10.68 5.000 18.00 17.12 16.68 8.250 24.00 23.12 22.68 11.500 30.00 29.12 28.68 14.625 36.00 35.12 34.68 17.875

M14 × 1.5 14.00 13.25 12.87 7.125 21.00 20.25 19.87 11.375 28.00 27.25 26.87 15.625 35.00 4.25 33.87 20.000 42.00 41.25 40.87 24.250

M14 × 2 14.00 13.00 12.50 5.125 21.00 20.00 19.50 8.500 28.00 27.00 26.50 11.750 35.00 34.00 33.50 15.000 42.00 41.00 40.50 18.375

M16 × 1.5 16.00 15.25 14.87 8.250 24.00 23.25 22.87 13.125 32.00 31.25 30.87 18.000 40.00 39.25 38.87 22.750 48.00 47.25 46.87 27.625

M16 × 2 16.00 15.00 14.50 6.125 24.00 23.00 22.50 9.750 32.00 31.00 30.50 13.500 40.00 39.00 38.50 17.250 48.00 47.00 46.50 21.000

M18 × 1.5 18.00 17.25 16.87 9.500 27.00 26.25 25.87 15.000 36.00 35.25 34.87 20.375 45.00 44.25 43.87 25.875 54.00 53.25 52.87 31.375

M18 × 2 18.00 17.00 16.50 7.000 27.00 26.00 25.50 11.125 36.00 35.00 34.50 15.375 45.00 44.00 43.50 19.500 54.00 53.00 52.50 23.625
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M18 × 2.5 18.00 16.75 16.12 5.375 27.00 25.75 25.12 8.875 36.00 34.75 34.12 12.250 45.00 43.75 43.12 15.625 54.00 52.75 52.12 19.000

M20 × 1.5 20.00 19.25 18.87 10.750 30.00 29.25 28.87 16.875 40.00 39.25 38.87 22.875 50.00 49.25 48.87 28.875 60.00 59.25 58.87 35.000

M20 × 2 20.00 19.00 18.50 7.875 30.00 29.00 28.50 12.500 40.00 39.00 38.50 17.250 50.00 49.00 48.50 21.875 60.00 59.00 58.50 26.500

M20 × 2.5 20.00 18.75 18.12 6.125 30.00 28.75 28.12 9.875 40.00 38.75 38.12 13.625 50.00 48.75 48.12 17.375 60.00 58.75 58.12 21.125

M22 × 1.5 22.00 21.25 20.87 11.875 33.00 32.25 31.87 18.500 44.00 43.25 42.87 25.125 55.00 54.25 53.87 31.625 66.00 65.25 64.87 38.250

M22 × 2 22.00 21.00 20.50 8.750 33.00 32.00 31.50 13.750 44.00 43.00 42.50 18.875 55.00 54.00 53.50 23.875 66.00 65.00 64.50 29.000

M22 × 2.5 22.00 20.75 20.12 6.750 33.00 31.75 31.12 10.875 44.00 42.75 42.12 14.875 55.00 53.75 53.12 19.000 66.00 64.75 64.12 23.125

M24 × 2 24.00 23.00 22.50 9.500 36.00 35.00 34.50 15.000 48.00 47.00 16.50 20.375 60.00 59.00 58.50 25.875 72.00 71.00 70.50 31.250

M24 × 3 24.00 22.50 21.75 6.125 36.00 34.50 33.75 10.000 48.00 46.50 45.75 13.750 60.00 58.50 57.75 17.500 72.00 70.50 69.75 21.375

M27 × 2 27.00 26.00 25.50 10.875 40.50 39.50 39.00 17.000 54.00 53.00 52.50 23.250 67.50 66.50 66.00 29.375 81.00 80.00 79.50 35.500

M27 × 3 27.00 25.50 24.75 7.000 40.50 39.00 38.25 11.250 54.00 52.50 51.75 15.500 67.50 66.50 65.25 19.750 81.00 79.50 78.75 24.000

M30 × 2 30.00 29.00 28.50 12.250 45.00 44.00 43.50 19.125 60.00 59.00 58.50 25.875 75.00 74.00 73.50 32.750 90.00 89.00 88.50 39.500

M30 × 3 30.00 28.50 27.75 7.875 45.00 43.50 42.75 12.500 60.00 58.50 57.75 17.125 75.00 73.50 72.75 21.875 90.00 88.50 87.75 26.500

M30 × 3.5 30.00 28.25 27.37 6.750 45.00 43.25 42.37 10.750 60.00 58.25 57.37 14.875 75.00 73.25 72.37 18.875 90.00 88.25 87.37 23.000

M33 × 2 33.00 32.00 31.50 13.625 49.50 48.50 48.00 21.125 66.00 65.00 64.50 28.625 82.50 81.50 81.00 35.000 99.00 98.00 97.50 43.500

M33 × 3 33.00 32.50 30.75 8.750 49.50 48.00 47.25 13.875 66.00 64.50 63.75 19.000 82.50 81.00 80.25 24.125 99.00 97.50 96.75 29.250

M36 × 2 36.00 35.00 34.50 15.000 54.00 53.00 52.50 23.250 72.00 71.00 70.50 31.375 90.00 89.00 88.50 39.500 108.00 107.00 106.50 47.750

M36 × 3 36.00 34.50 33.75 9.750 54.00 52.50 51.75 15.250 72.00 70.50 69.75 20.875 90.00 88.50 87.75 26.500 108.00 106.50 105.75 32.000

M36 × 4 36.00 34.00 33.00 7.125 54.00 52.00 51.00 11.375 72.00 70.00 69.00 15.625 90.00 88.00 87.00 19.875 108.00 106.00 105.00 24.250

M39 × 2 39.00 38.00 37.50 16.375 58.50 57.50 57.00 25.250 78.00 77.00 76.50 34.125 97.50 96.50 96.00 43.000 117.00 116.00 115.50 51.875

M39 × 3 39.00 37.50 36.75 10.750 58.50 57.00 56.25 15.750 78.00 76.50 75.75 22.750 97.50 96.00 95.25 28.875 117.00 115.50 114.75 34.875

Table 3. (Continued) Screw Thread Insert Length Data  ASME B18.29.2M-2005

Nominal
Thread Size

1 × Diam. 11⁄2 × Diam. 2 × Diam. 2 1⁄2 × Diam. 3 × Diam.

Nomi-
nal

Assembled C
Nom-
inal

Assembled C
Nom-
inal

Assembled C
Nom-
inal

Assembled C
Nom-
inal

Assembled C

Max. Min. (Ref.) Max. Min. (Ref.) Max. Min. (Ref.) Max. Min. (Ref.) Max. Min. (Ref.)
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Table 4. Screw Thread Insert Dimensions  ASME B18.29.2M-2005

Nominal 
Thread Size

A,
Min.

B D E
Gage,

 F

H J P
R,

Min.
S,

Min.

U
V,

Max.Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.

M2 × 0.4 0.074 2.50 2.70 0.389 0.433 0.274 0.350 0.200 0.2495 0.2600 2.50 2.70 1.30 1.90 0.072 0.125 0.66 0.37 0.22

M2.5 × 0.45 0.082 3.20 3.70 0.437 0.487 0.318 0.394 0.225 0.2820 0.2920 3.05 3.65 1.60 2.25 0.081 0.141 1.22 0.81 0.30

M3 × 0.5 0.105 3.80 4.35 0.482 0.541 0.352 0.438 0.250 0.3145 0.3250 3.60 4.30 1.95 2.80 0.090 0.156 1.33 0'.56 0.30

M3.5 × 0.6 1.160 4.40 4.95 0.586 0.650 0.449 0.525 0.300 0.3795 0.3900 4.25 4.90 2.20 3.00 0.108 0.158 1.47 0.92 0.30

M4 × 0.7 0.163 5.05 5.60 0.683 0.758 0.510 0.612 0.350 0.4445 0.4550 4.90 5.55 2.50 3.55 0.126 0.219 1.67 1.02 0.45

M5 × 0.8 0.209 6.25 6.80 0.775 0.866 0.598 0.700 0.400 0.5085 0.5200 6.10 6.75 3.15 4.55 0.144 0.250 2.09 1.41 0.60

M6 × 1 0.267 7.40 7.95 0.975 1.083 0.748 0.875 0.500 0.6370 0.6500 7.25 7.90 3.70 4.85 0.180 0.312 2.55 1.65 0.60

M7 × 1 0.267 8.65 9.20 0.975 1.083 0.748 0.875 0.500 0.6370 0.6500 8.40 9.15 4.30 5.50 0.180 0.312 3.10 2.09 0.75

M8 × 1 0.267 9.70 10.25 0.975 1.083 0.748 0.875 0.500 0.6370 0.6500 9.20 9.65 4.75 6.50 0.180 0.312 3.58 2.27 0.75

M8 × 1.25 0.415 9.80 10.35 1.251 1.353 0.967 1.094 0.625 0.7990 0.8120 9.50 9.90 4.75 6.50 0.226 0.391 3.60 2.02 0.75

M10 × 1 0.267 11.95 12.50 0.975 1.083 0.748 0.875 0.500 0.6370 0.6500 11.10 11.55 5.50 8.00 0.180 0.312 4.90 2.95 0.75

M10 × 1.25 0.415 12.10 12.65 1.251 1.353 0.967 1.094 0.625 0.7990 0.8120 11.50 11.95 5.50 8.00 0.226 0.391 4.77 2.56 0.75

M10 × 1.5 0.511 11.95 12.50 1.522 1.624 1.160 1.312 0.750 0.9615 0.9740 11.80 12.25 5.50 8.00 0.271 0.469 4.54 2.56 0.75

M12 × 1.25 0.415 14.30 15.00 1.251 1.353 0.967 1.094 0.625 0.7990 0.8120 13.50 14.00 6.70 9.75 0.226 0.391 5.84 3.77 1.00

M12 × 1.5 0.511 14.25 14.95 1.522 1.624 1.160 1.312 0.750 0.9615 0.9740 13.80 14.30 6.70 9.75 0.271 0.469 5.58 3.50 1.20

M12 × 1.75 0.654 14.30 15.00 1.792 1.894 1.379 1.531 0.875 1.1240 1.1370 14.10 14.60 6.70 9.75 0.316 0.547 5.36 3.23 1.40

M14 × 1.5 0.511 16.55 17.25 1.522 1.624 1.160 1.312 0.750 0.9615 0.9740 15.80 16.30 7.20 11.25 0.271 0.469 6.76 4.34 1.15

M14 × 2 0.799 16.65 17.35 2.063 2.165 1.598 1.750 1.000 1.2865 1.2990 16.40 16.90 7.20 11.25 0.361 0.625 6.26 3.79 1.40

M16 × 1.5 0.511 18.90 19.60 1.522 1.624 1.160 1.312 0.750 0.9615 0.9740 17.80 18.30 8.30 12.75 0.271 0.469 7.78 5.32 1.45

M16 × 2 0.799 18.90 19.60 2.063 2.165 1.598 1.750 1.000 1.2865 1.2990 18.40 18.90 8.30 12.75 0.361 0.625 7.30 4.76 2.70

M18 × 1.5 0.511 21.05 21.75 1.522 1.624 1.160 1.312 0.750 0.9615 0.9740 19.80 20.35 9.30 14.00 0.271 0.469 8.83 6.26 1.75

M18 × 2 0.799 21.15 21.85 2.063 2.165 1.598 1.750 1.000 1.2865 1.2990 20.40 20.95 9.30 14.00 0.361 0.625 8.30 5.74 2.70
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M18 × 2.5 1.017 21.30 22.00 2.604 2.706 1.998 2.188 1.250 1.6110 1.6240 20.90 21.45 9.30 14.00 0.451 0.781 7.79 5.20 2.85

M20 × 1.5 0.511 23.15 24.00 1.522 1.624 1.160 1.312 0.750 0.9615 0.9740 21.80 22.50 10.40 14.50 0.271 0.469 9.77 7.19 2.85

M20 × 2 0.799 23.20 24.05 2.063 2.165 1.598 1.750 1.000 1.2865 1.2990 22.40 23.10 10.40 14.50 0.361 0.625 9.40 6.65 2.85

M20 × 2.5 1.017 23.55 24.40 2.604 2.706 1.998 2.188 1.250 1.6110 1.6240 22.90 23.60 10.40 14.50 0.451 0.781 8.89 6.11 2.85

M20 × 1.5 0.511 23.15 24.00 1.522 1.624 1.160 1.312 0.750 0.9615 0.9740 24.10 24.80 11.40 16.00 0.271 0.469 11.10 8.01 2.85

M22 × 2 0.799 25.60 26.50 2.063 2.165 1.598 1.750 1.000 1.2865 1.2990 24.40 25.10 11.40 16.00 0.361 0.625 10.45 7.61 2.85

M22 × 2.5 1.017 25.90 26.90 2.604 2.706 1.998 2.188 1.250 1.6110 1.6240 24.90 25.60 11.40 16.00 0.451 0.781 9.94 7.07 2.85

M24 × 2 0.799 28.10 29.10 2.063 2.165 1.598 1.750 1.000 1.2865 1.2990 26.40 27.10 12.50 16.50 0.361 0.625 11.48 8.60 2.85

M24 × 3 1.234 28.00 29.00 3.146 3.248 2.396 2.625 1.500 1.9360 1.9485 27.50 28.20 12.50 16.50 0.541 0.938 10.45 7.51 2.85

M27 × 2 0.799 31.30 32.30 2.063 2.165 1.598 1.750 1.000 1.2865 1.2990 29.40 30.10 14.00 17.50 0.361 0.625 13.14 9.93 2.85

M27 × 3 1.234 31.40 32.40 3.146 3.248 2.396 2.625 1.500 1.9360 1.9485 30.50 31.20 14.00 17.50 0.541 0.938 12.13 8.85 2.85

M30 × 2 0.799 34.50 35.70 2.063 2.165 1.598 1.750 1.000 1.2865 1.2990 32.50 33.20 15.00 19.00 0.361 0.625 14.81 11.26 2.85

M30 × 3 1.234 34.90 36.10 3.146 3.248 2.396 2.625 1.500 1.9360 1.9485 33.50 34.20 15.00 19.00 0.541 0.938 13.65 10.32 2.85

M30 × 3.5 1.451 34.90 36.10 3.687 3.789 2.833 3.062 1.750 2.2605 2.2750 34.10 34.60 15.00 19.00 0.631 1.094 13.13 9.65 2.85

M33 × 2 0.799 37.80 39.20 2.063 2.165 1.598 1.750 1.000 1.2865 1.2990 35.80 36.50 17.00 21.00 0.361 0.625 16.35 12.74 2.85

M33 × 3 1.234 38.10 39.50 3.146 3.248 2.396 2.625 1.500 1.9360 1.9485 36.50 37.20 17.00 21.00 0.541 0.938 15.19 11.78 2.85

M36 × 2 0.799 41.00 42.40 2.063 2.165 1.598 1.750 1.000 1.2865 1.2990 39.00 39.70 18.50 22.50 0.361 0.625 17.77 14.29 2.85

M36 × 3 1.234 41.30 42.70 3.146 3.248 2.396 2.625 1.500 1.9360 1.9485 39.50 40.20 18.50 22.50 0.541 0.938 16.73 13.23 2.85

M36 × 4 1.688 41.50 42.90 4.228 4.330 3.271 3.500 2.000 2.5855 2.5980 40.60 41.10 18.50 22.50 0.722 1.250 15.57 12.12 2.85

M39 × 2 0.799 44.30 45.70 2.063 2.165 1.598 1.750 1.000 1.2865 1.2990 42.30 43.00 20.00 24.00 0.361 0.625 19.28 15.77 2.85

M39 × 3 1.234 44.40 45.80 3.146 3.248 2.396 2.625 1.500 1.9360 1.9485 42.50 43.20 20.00 24.00 0.541 0.938 18.28 14.68 2.85

Table 4. (Continued) Screw Thread Insert Dimensions  ASME B18.29.2M-2005

Nominal 
Thread Size

A,
Min.

B D E
Gage,

 F

H J P
R,

Min.
S,

Min.

U
V,

Max.Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
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in Table 5. Bolts shall be completely disengaged from the locking coils of the insert at the
end of each cycle. The test shall be run at less than 40 rpm to yield a dependable measure of
torque and avoid heating of the bolt.

Maximum Locking Torque: Maximum locking torque shall be the highest torque value
encountered on any installation or removal cycle and shall not exceed the values specified
in Table 5. Maximum locking torque readings shall be taken on the first and seventh instal-
lation cycles before the assembly torque is applied and on the 15th removal cycle.

Table 5. Self Locking Torque  ASME B18.29.2M-2005

Minimum Breakaway Torque: Minimum breakaway torque shall be the torque required
to overcome static friction when 100% of the locking feature is engaged and the bolt or
screw is not seated (no axial load). It shall be recorded at the start of the 15th removal cycle.
The torque value for any cycle shall be not less than the applicable value shown in Table 5.

Acceptance: The inserts shall be considered to have failed if, at the completion of any of
the tests and inspection, any of the following conditions exist:

a) any break or crack in the insert
b) installation or removal torque exceeds the maximum locking torque value in Table 5

c) breakaway torque less than the values in Table 5

d) movement of the insert beyond 90° relative to the top surface when installing or
removing the test bolt

e) seizure or galling of the insert or test bolt
f) tang not broken off, which interferes with the test bolt at installation
g) tang breaks off during insert installation

Nominal Thread 
Size

Maximum
Locking

Torque Instal-
lation or 

Removal, N-m

Minimum
Breakaway 

Torque, N-m
Nominal

Thread Size

Maximum
Locking

Torque Instal-
lation or 

Removal, N-m

Minimum
Breakaway 

Torque, N-m

M2 × 0.4 0.12 0.03 M18 × 1.5 42 5.5
M2.5 × 0.45 0.22 0.06 M18 × 2 42 5.5
M3 × 0.5 0.44 0.1 M18×2.5 42 5.5
M3.5 × 0.6 0.68 0.12 M20 × 1.5 54 7
M4 × 0.7 0.9 0.16 M20 × 2 54 7
M5 × 0.8 1.6 0.3 M20 × 2.5 54 7
M6 × 1 3 0.4 M22 × 1.5 70 9
M7 ×1 4.4 0.6 M22 × 2 70 9
M8 × 1 6 0.8 M22 × 2.5 70 9
M8 × 1.25 6 0.8 M24 × 2 80 11
M10×1 10 1.4 M24 × 3 80 11
M10 × 1.25 10 1.4 M27 × 2 95 12
M10×1.5 10 1.4 M27 × 3 95 12
M12 × 1.25 15 2.2 M30 × 2 110 14
M12 × 1.5 15 2.2 M30 × 3 110 14
M12 × 1.75 15 2.2 M30 × 3.5 110 14
M14 × 1.5 23 3 M33 × 2 125 16
M14 × 2 23 3 M33 × 3 125 16
M16 × 1.5 32 4.2 M36 × 2 140 18
M16 × 2 32 4.2 M36 × 3 140 18
… … … M36 × 4 140 18
… … … M39 × 2 150 20
… … … M39 × 3 150 20
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Table 6. Torque Test Spacer Dimensions  ASME B18.29.2M-2005

Insert Length Selection

Engaged Length of Bolt.—Normally, the engaged length of bolt in an insert is deter-
mined by strength considerations.

Material Strengths.—The standard engineering practice of balancing the tensile strength
of the bolt material against the shear strength of the parent or boss material also applies to
helical coil inserts. Tables 7 and 8 will aid in developing the full load value of the bolt
rather than stripping the parent or tapped material.

Fig. 3. Torque Test Spacer

Nominal
Insert Size

Minimum
Diameter or 

Width

Hole Diameter Countersink Diameter
Minimum
ThicknessMax. Min. Max. Min.

2 7.0 2.3 2.1 2.7 2.5 1.5
2.5 8.0 2.8 2.6 3.3 3.1 1.5
3 9.0 3.5 3.3 3.8 3.6 2.0
3.5 10.0 4.0 3.8 4.3 4.1 2.0
4 11.0 4.5 4.3 4.9 4.7 3.0
5 12.0 5.5 5.3 5.9 5.7 3.0
6 14.0 6.5 6.3 7.0 6.8 3.5
7 17.0 7.6 7.3 8.4 8.2 3.5
8 19.0 8.6 8.3 9.5 9.2 4.0

10 23.0 10.7 10.4 11.5 11.2 4.0
12 27.0 12.7 12.4 14.5 14.2 4.5
14 31.0 14.8 14.4 16.5 16.2 4.5
16 35.0 16.8 16.4 18.5 18.2 4.5
18 39.0 18.8 18.4 20.7 20.4 4.5
20 43.0 20.8 20.4 22.7 22.4 5.0
22 47.0 22.8 22.4 24.7 24.4 5.0
24 51.0 24.8 24.4 26.7 26.4 5.0
27 56.0 28.3 27.9 29.8 29.4 5.0
30 62.0 31.3 30.9 33.8 33.4 6.0
33 67.0 34.3 33.9 36.8 36.4 6.0
36 72.0 37.3 36.9 39.8 39.4 6.0
39 77.0 40.3 39.9 42.8 42.4 6.0

Diameter
or width

60+ 2o Countersink

diameter Hole Diameter

Material: Steel

Hardness: 45-50 HRC
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In using this table, the following factors must be considered:

a) The parent material shear strengths are for room temperature. Elevated temperatures
call for significant shear value reductions; compensation should be made when required.
Shear values are appropriate because the parent material is subject to shearing stress at the
major diameter of the tapped threads.

b) When parent material shear strength falls between two tabulated values, use the lower
of the two.

c) Bolt thread length; overall length, insert length, and full tapped thread depth must be
adequate to ensure full-thread engagement when assembled to comply with its design
function.

Table 7. Insert Length Selection  ASME B18.29.2M-2005

Table 8. Hardness Number Conversion  ASME B18.29.2M-2005

Bolt strength upon which insert length recommendations are based is developed by taking the max-
imum hardness per ASTM F568M Carbon and Alloy Steel Externally Threaded Metric Fasteners
and the equivalent tensile strength from SAE J417 Hardness Tests and Hardness Number Conver-
sions.

Screw Thread Insert Taps.—ASME B94.9 covers design and dimensions for taps for
producing Metric Series STI-threaded holes required for the installation of helical coil
screw thread inserts. Threaded hole dimensions are shown in Table 1 of this standard. Heli-
cal coil screw thread insert taps are identified by the designation STI. Various types and
styles of STI taps are available. General dimensions and tolerances are in accordance with
ASME B94.9.

Tap Thread Limits: Ground thread taps are recommended for screw thread inserts. Tap
thread limits are in accordance with ASME B94.9. Basic pitch diameter used for determin-
ing values is the “Pitch Diameter, min.” from Table 1.

Marking: Taps are marked in accordance with ASME B94.9. 

Example:M6 × 1 STI HS G H2.

Parent
Material

Shear Strength, 
MPa

Bolt Property Class

4.6 4.8 5.8 8.8 9.8 10.9 12.9

Insert Length in Terms of Diameters

70 3 3 3 … … … …

100 2 2 2 3 … … …

150 1.5 1.5 1.5 2 2.5 2.5 3

200 1.5 1.5 1.5 2 2 2 2

250 1 1 1 1.5 1.5 1.5 1.5

300 1 1 1 1.5 1.5 1.5 1.5

350 1 1 1 1 1 1.5 1.5

Bolt Property
 Class

Max. Rockwell
 Hardness

Max. Tensile
 Strength, MPa

Bolt Property
 Class

Max. Rockwell
 Hardness

Max. Tensile
 Strength, MPa

4.6 95 HRB 705 9.8 36 HRC 1115

4.8 95 HRB 705 10.9 39 HRC 1215

5.8 95 HRB 705 12.9 44 HRC 1435

8.8 34 HRC 1055



1626 BOLTS, SCREWS, AND NUTS

BRITISH FASTENERS

British Standard Square and Hexagon Bolts, Screws and Nuts.—Important dimen-
sions of precision hexagon bolts, screws and nuts (BSW and BSF threads) as covered by
British Standard 1083:1965 are given in Tables 1 and 2. The use of fasteners in this stan-
dard will decrease as fasteners having Unified inch and ISO metric threads come into
increasing use. 

Dimensions of Unified precision hexagon bolts, screws and nuts (UNC and UNF
threads) are given in BS 1768:1963 (obsolescent); of Unified black hexagon bolts, screws
and nuts (UNC and UNF threads) in BS 1769:1951 (obsolescent); and of Unified black
square and hexagon bolts, screws and nuts (UNC and UNF threads) in BS 2708:1956
(withdrawn). Unified nominal and basic dimensions in these British Standards are the
same as the comparable dimensions in the American Standards, but the tolerances applied
to these basic dimensions may differ because of rounding-off practices and other factors.
For Unified dimensions of square and hexagon bolts and nuts as given in ANSI/ASME
B18.2.1-1996 and ANSI/ASME B18.2.2-1987 (R2005) see Tables 1 through 4 starting on
page 1540, and 7 to 10 starting on page 1545.

ISO metric precision hexagon bolts, screws and nuts are specified in the British Standard
BS 3692:1967 (obsolescent) (see British Standard ISO Metric Precision Hexagon Bolts,
Screws and Nuts starting on page 1634), and ISO metric black hexagon bolts, screws and
nuts are covered by British Standard BS 4190:1967 (obsolescent).

See the section MACHINE SCREWS AND NUTS starting on page 1643 for information
on British Standard metric, Unified, Whitworth, and BSF machine screws and nuts.

British Standard Screwed Studs.—General purpose screwed studs are covered in Brit-
ish Standard 2693: Part 1:1956. The aim in this standard is to provide for a stud having tol-
erances which would not render it expensive to manufacture and which could be used in
association with standard tapped holes for most purposes. Provision has been made for the
use of both Unified Fine threads, Unified Coarse threads, British Standard Fine threads,
and British Standard Whitworth threads as shown in the table on page 1629.

Designations: The metal end of the stud is the end which is screwed into the component.
The nut end is the end of the screw of the stud which is not screwed into the component.
The plain portion of the stud is the unthreaded length.

Recommended Fitting Practices for Metal End of Stud: It is recommended that holes
tapped to Class 3B limits (see Table 3, page 1817) in accordance with B.S. 1580 “Unified
Screw Threads” or to Close Class limits in accordance with B.S. 84 “Screw Threads of
Whitworth Form” as appropriate, be used in association with the metal end of the stud
specified in this standard. Where fits are not critical, however, holes may be tapped to
Class 2B limits (see table on page 1817) in accordance with B.S. 1580 or Normal Class
limits in accordance with B.S. 84.

It is recommended that the B.A. stud specified in this standard be associated with holes
tapped to the limits specified for nuts in B.S. 93, 1919 edition. Where fits for these studs are
not critical, holes may be tapped to limits specified for nuts in the current edition of B.S. 93.

In general, it will be found that the amount of oversize specified for the studs will produce
a satisfactory fit in conjunction with the standard tapping as above. Even when interfer-
ence is not present, locking will take place on the thread runout which has been carefully
controlled for this purpose. Where it is considered essential to assure a true interference fit,
higher grade studs should be used. It is recommended that standard studs be used even
under special conditions where selective assembly may be necessary.
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British Standard Whitworth (BSW) and Fine (BSF) Precision Hexagon Bolts, Screws, and Nuts

For dimensions, see Tables 1 and 2.

Hexagon Head Bolt, Washer Faced Hexagon Head Screw, Washer Faced Alternative Full-Bearing Head

 Alternative Ends

Rounded End  Rolled Thread End 

Alternative Hexagon Ordinary Nuts

Hexagon Lock-Nut Enlarged View of Nut Countersink
Hexagon Nut, 

Full Ordinary Bearing Double Chamfered Washer Faced

Alternative Hexagon Slotted Nuts Alternate Hexagon Castle Nuts

Hexagon Slotted Nut, Full Bearing Double Chamfered Washer Faced Hexagon Castle Nut, Full Bearing
Double

Chamfered Washer Faced

A

C

30

45

0.015

F R

B DG

30

0.015

F R

B DG

�
�

30

F
R

1/4" D Rad. Approx.1

D

A

D
C

H

3030

�
�
�
�

–

Chamfer

120 +10

A

DC

E

30

E

3030

E
0.015

30

G

A

DC

P

H

M

N

30

P

3030 30

P
0.015

G

K
N

Sharp Edge 
  Removed

M

30

A

DC

J

L

J

3030

L

30

0.015

J

G

Machinery's Handbook 29th Edition
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Table 1. British Standard Whitworth (BSW) and Fine (BSF) Precision Hexagon Slotted and Castle Nuts BS 1083:1965 (obsolescent)

All dimensions in inches except where otherwise noted.

Nominal
Size

D

Number
of

Threads
per Inch

Bolts, Screws, and Nuts Bolts and Screws Nuts

Width
Diameter
of Washer

Face
G

Radius
Under
Head

R

Diameter of
Unthreaded
Portion of

Shank
B

Thickness Thickness

Across
Flats

A

Across
Corners

C
Head

F
Ordinary

E
Lock

H

BSW BSF Max. Min.a

a When bolts from 1⁄4 to 1 inch are hot forged, the tolerance on the width across flats shall be two and a half times the tolerance shown in the table and shall be unilaterally
minus from maximum size. For dimensional notation, see diagram on page 1627.

Max. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.

1⁄4 20 26 0.445 0.438 0.51 0.428 0.418 0.025 0.015 0.2500 0.2465 0.176 0.166 0.200 0.190 0.185 0.180

5⁄16 18 22 0.525 0.518 0.61 0.508 0.498 0.025 0.015 0.3125 0.3090 0.218 0.208 0.250 0.240 0.210 0.200

3⁄8 16 20 0.600 0.592 0.69 0.582 0.572 0.025 0.015 0.3750 0.3715 0.260 0.250 0.312 0.302 0.260 0.250

7⁄16 14 18 0.710 0.702 0.82 0.690 0.680 0.025 0.015 0.4375 0.4335 0.302 0.292 0.375 0.365 0.275 0.265

1⁄2 12 16 0.820 0.812 0.95 0.800 0.790 0.025 0.015 0.5000 0.4960 0.343 0.333 0.437 0.427 0.300 0.290

9⁄16 12 16 0.920 0.912 1.06 0.900 0.890 0.045 0.020 0.5625 0.5585 0.375 0.365 0.500 0.490 0.333 0.323

5⁄8 11 14 1.010 1.000 1.17 0.985 0.975 0.045 0.020 0.6250 0.6190 0.417 0.407 0.562 0.552 0.375 0.365

3⁄4 10 12 1.200 1.190 1.39 1.175 1.165 0.045 0.020 0.7500 0.7440 0.500 0.480 0.687 0.677 0.458 0.448

7⁄8 9 11 1.300 1.288 1.50 1.273 1.263 0.065 0.040 0.8750 0.8670 0.583 0.563 0.750 0.740 0.500 0.490

1 8 10 1.480 1.468 1.71 1.453 1.443 0.095 0.060 1.0000 0.9920 0.666 0.636 0.875 0.865 0.583 0.573

11⁄8 7 9 1.670 1.640 1.93 1.620 1.610 0.095 0.060 1.1250 1.1170 0.750 0.710 1.000 0.990 0.666 0.656

11⁄4 7 9 1.860 1.815 2.15 1.795 1.785 0.095 0.060 1.2500 1.2420 0.830 0.790 1.125 1.105 0.750 0.730

13⁄8b

b Noted standard with BSW thread. 

… 8 2.050 2.005 2.37 1.985 1.975 0.095 0.060 1.3750 1.3650 0.920 0.880 1.250 1.230 0.833 0.813

11⁄2 6 8 2.220 2.175 2.56 2.155 2.145 0.095 0.060 1.5000 1.4900 1.000 0.960 1.375 1.355 0.916 0.896

13⁄4 5 7 2.580 2.520 2.98 2.495 2.485 0.095 0.060 1.7500 1.7400 1.170 1.110 1.625 1.605 1.083 1.063

2 4.5 7 2.760 2.700 3.19 2.675 2.665 0.095 0.060 2.0000 1.9900 1.330 1.270 1.750 1.730 1.166 1.146

Machinery's Handbook 29th Edition
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Table 2. British Standard Whitworth (BSW) and Fine (BSF) Precision Hexagon Slotted and Castle Nuts BS 1083:1965 (obsolescent)

All dimensions in inches except where otherwise noted.

Nominal
Size
D

Number
of

Threads
per Inch

Slotted Nuts Castle Nuts Slotted and Castle Nuts

Thickness
P

Lower
Face to

Bottom of
Slot
H

Total
Thickness

J

Lower
Face to

Bottom of
Slot
K

Castellated
Portion Slots

Diameter
L

Width
M

Depth
N

BSW BSF Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Approx.
1⁄4 20 26 0.200 0.190 0.170 0.160 0.290 0.280 0.200 0.190 0.430 0.425 0.100 0.090 0.090

5⁄16 18 22 0.250 0.240 0.190 0.180 0.340 0.330 0.250 0.240 0.510 0.500 0.100 0.090 0.090

3⁄8 16 20 0.312 0.302 0.222 0.212 0.402 0.392 0.312 0.302 0.585 0.575 0.100 0.090 0.090

7⁄16 14 18 0.375 0.365 0.235 0.225 0.515 0.505 0.375 0.365 0.695 0.685 0.135 0.125 0.140

1⁄2 12 16 0.437 0.427 0.297 0.287 0.577 0.567 0.437 0.427 0.805 0.795 0.135 0.125 0.140

9⁄16 12 16 0.500 0.490 0.313 0.303 0.687 0.677 0.500 0.490 0.905 0.895 0.175 0.165 0.187

5⁄8 11 14 0.562 0.552 0.375 0.365 0.749 0.739 0.562 0.552 0.995 0.985 0.175 0.165 0.187

3⁄4 10 12 0.687 0.677 0.453 0.443 0.921 0.911 0.687 0.677 1.185 1.165 0.218 0.208 0.234

7⁄8 9 11 0.750 0.740 0.516 0.506 0.984 0.974 0.750 0.740 1.285 1.265 0.218 0.208 0.234

1 8 10 0.875 0.865 0.595 0.585 1.155 1.145 0.875 0.865 1.465 1.445 0.260 0.250 0.280

11⁄8 7 9 1.000 0.990 0.720 0.710 1.280 1.270 1.000 0.990 1.655 1.635 0.260 0.250 0.280

11⁄4 7 9 1.125 1.105 0.797 0.777 1.453 1.433 1.125 1.105 1.845 1.825 0.300 0.290 0.328

13⁄8a

a Not standard with BSW thread. For widths across flats, widths across corners, and diameter of washer face see Table 1. For dimensional notation, see diagram on
page 1627.

… 8 1.250 1.230 0.922 0.902 1.578 1.558 1.250 1.230 2.035 2.015 0.300 0.290 0.328

11⁄2 6 8 1.375 1.355 1.047 1.027 1.703 1.683 1.375 1.355 2.200 2.180 0.300 0.290 0.328

13⁄4 5 7 1.625 1.605 1.250 1.230 2.000 1.980 1.625 1.605 2.555 2.535 0.343 0.333 0.375

2 4.5 7 1.750 1.730 1.282 1.262 2.218 2.198 1.750 1.730 2.735 2.715 0.426 0.416 0.468

Machinery's Handbook 29th Edition
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Table 3. British Standard ISO Metric Precision Hexagon Bolts, Screws and Nuts
 BS 3692:1967 (obsolescent)

Washer-Faced
Hexagon Head Bolt

Washer-Faced
Hexagon Head Screw

Full Bearing Head 
(Alternative Permissible

 on Bolts and Screws)

Alternative Types of End Permissible on Bolts and Screws

Normal Thickness Nut Thin Nut
Enlarged View of Nut 

Countersink

Slotted Nut (Six Slots)
Sizes M4 to M39 Only 

Castle Nut (Six Slots) 
Sizes M12 to M39 Only

Castle Nut (Eight Slots)
Sizes M42 to M68 Only
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Table 4. British Standard ISO Metric Precision Hexagon Bolts and Screws BS 3692:1967 (obsolescent)

All dimensions are in millimeters. For illustration of bolts and screws see Table 3.

Nom.Size
and Thread

Dia.a d

a Sizes shown in parentheses are non-preferred. 

Pitch of
Thread
(Coarse
Pitch-
Series)

Thread
Runout

a

Dia. of
Unthreaded

Shank
d

Width
Across
Flats

s

Width
Across
Corners

e

Dia. of
Washer

Face
dt

Depth
of

Washer
Face

c

Transition
Dia.b

da

b A true radius is not essential provided that the curve is smooth and lies wholly within the maximum radius, determined from the maximum transitional diameter, and
the minimum radius specified. 

Radius
Under
Headb

r

Height
of

Head
k

Eccentric-
ity
of

Head

Eccentricity
of Shank and
Split Pin Hole 
to the Thread

Max. Max. Min. Max. Min. Max. Min. Max. Min. Max. Max. Min. Max. Min. Max. Max.

M1.6 0.35 0.8 1.6 1.46 3.2 3.08 3.7 3.48 … … … 2.0 0.2 0.1 1.225 0.975 0.18 0.14
M2 0.4 1.0 2.0 1.86 4.0 3.88 4.6 4.38 … … … 2.6 0.3 0.1 1.525 1.275 0.18 0.14

M2.5 0.45 1.0 2.5 2.36 5.0 4.88 5.8 5.51 … … … 3.1 0.3 0.1 2.125 1.875 0.18 0.14
M3 0.5 1.2 3.0 2.86 5.5 5.38 6.4 6.08 5.08 4.83 0.1 3.6 0.3 0.1 2.125 1.875 0.18 0.14
M4 0.7 1.6 4.0 3.82 7.0 6.85 8.1 7.74 6.55 6.30 0.1 4.7 0.35 0.2 2.925 2.675 0.22 0.18
M5 0.8 2.0 5.0 4.82 8.0 7.85 9.2 8.87 7.55 7.30 0.2 5.7 0.35 0.2 3.650 3.35 0.22 0.18
M6 1 2.5 6.0 5.82 10.0 9.78 11.5 11.05 9.48 9.23 0.3 6.8 0.4 0.25 4.15 3.85 0.22 0.18
M8 1.25 3.0 8.0 7.78 13.0 12.73 15.0 14.38 12.43 12.18 0.4 9.2 0.6 0.4 5.65 5.35 0.27 0.22

M10 1.5 3.5 10.0 9.78 17.0 16.73 19.6 18.90 16.43 16.18 0.4 11.2 0.6 0.4 7.18 6.82 0.27 0.22
M12 1.75 4.0 12.0 11.73 19.0 18.67 21.9 21.10 18.37 18.12 0.4 14.2 1.1 0.6 8.18 7.82 0.33 0.27

(M14) 2 5.0 14.0 13.73 22.0 21.67 25.4 24.49 21.37 21.12 0.4 16.2 1.1 0.6 9.18 8.82 0.33 0.27
M16 2 5.0 16.0 15.73 24.0 23.67 27.7 26.75 23.27 23.02 0.4 18.2 1.1 0.6 10.18 9.82 0.33 0.27

(M18) 2.5 6.0 18.0 17.73 27.0 26.67 31.2 30.14 26.27 26.02 0.4 20.2 1.1 0.6 12.215 11.785 0.33 0.27
M20 2.5 6.0 20.0 19.67 30.0 29.67 34.6 33.53 29.27 28.80 0.4 22.4 1.2 0.8 13.215 12.785 0.33 0.33

(M22) 2.5 6.0 22.0 21.67 32.0 31.61 36.9 35.72 31.21 30.74 0.4 24.4 1.2 0.8 14.215 13.785 0.39 0.33
M24 3 7.0 24.0 23.67 36.0 35.38 41.6 39.98 34.98 34.51 0.5 26.4 1.2 0.8 15.215 14.785 0.39 0.33

(M27) 3 7.0 27.0 26.67 41.0 40.38 47.3 45.63 39.98 39.36 0.5 30.4 1.7 1.0 17.215 16.785 0.39 0.33
M30 3.5 8.0 30.0 29.67 46.0 45.38 53.1 51.28 44.98 44.36 0.5 33.4 1.7 1.0 19.26 18.74 0.39 0.33

(M33) 3.5 8.0 33.0 32.61 50.0 49.38 57.7 55.80 48.98 48.36 0.5 36.4 1.7 1.0 21.26 20.74 0.39 0.39
M36 4 10.0 36.0 35.61 55.0 54.26 63.5 61.31 53.86 53.24 0.5 39.4 1.7 1.0 23.26 22.74 0.46 0.39

(M39) 4 10.0 39.0 38.61 60.0 59.26 69.3 66.96 58.86 58.24 0.6 42.4 1.7 1.0 25.26 24.74 0.46 0.39
M42 4.5 11.0 42.0 41.61 65.0 64.26 75.1 72.61 63.76 63.04 0.6 45.6 1.8 1.2 26.26 25.74 0.46 0.39

(M45) 4.5 11.0 45.0 44.61 70.0 69.26 80.8 78.26 68.76 68.04 0.6 48.6 1.8 1.2 28.26 27.74 0.46 0.39
M48 5 12.0 48.0 47.61 75.0 74.26 86.6 83.91 73.76 73.04 0.6 52.6 2.3 1.6 30.26 29.74 0.46 0.39

(M52) 5 12.0 52.0 51.54 80.0 79.26 92.4 89.56 … … … 56.6 2.3 1.6 33.31 32.69 0.46 0.46
M56 5.5 19.0 56.0 55.54 85.0 84.13 98.1 95.07 … … … 63.0 3.5 2.0 35.31 34.69 0.54 0.46

(M60) 5.5 19.0 60.0 59.54 90.0 89.13 103.9 100.72 … … … 67.0 3.5 2.0 38.31 37.69 0.54 0.46
M64 6 21.0 64.0 63.54 95.0 94.13 109.7 106.37 … … … 71.0 3.5 2.0 40.31 39.69 0.54 0.46

(M68) 6 21.0 68.0 67.54 100.0 99.13 115.5 112.02 … … … 75.0 3.5 2.0 43.31 42.69 0.54 0.46

Machinery's Handbook 29th Edition
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Table 5. British Standard ISO Metric Precision Hexagon Nuts and Thin Nuts BS 3692:1967 (obsolescent)

All dimensions are in millimeters. For illustration of hexagon nuts and thin nuts see Table 3.

Nominal Size and
Thread Diametera

d

a Sizes shown in parentheses are non-preferred. 

Pitch of Thread
(Coarse Pitch

Series)

Width
Across Flats

s

Width
Across Corners

e

Thickness of
Normal Nut

m

Tolerance on
Squareness of

Thread to
Face of Nutb

b As measured with the nut squareness gage described in the text and illustrated in Appendix A of the Standard and a feeler gage.

Eccentricity
of Hexagon

Thickness of
Thin Nut

t

Max. Min. Max. Min. Max. Min. Max. Max. Max. Min.

M1.6 0.35 3.20 3.08 3.70 3.48 1.30 1.05 0.05 0.14 … …
M2 0.4 4.00 3.88 4.60 4.38 1.60 1.35 0.06 0.14 … …
M2.5 0.45 5.00 4.88 5.80 5.51 2.00 1.75 0.08 0.14 … …
M3 0.5 5.50 5.38 6.40 6.08 2.40 2.15 0.09 0.14 … …
M4 0.7 7.00 6.85 8.10 7.74 3.20 2.90 0.11 0.18 … …
M5 0.8 8.00 7.85 9.20 8.87 4.00 3.70 0.13 0.18 … …
M6 1 10.00 9.78 11.50 11.05 5.00 4.70 0.17 0.18 … …
M8 1.25 13.00 12.73 15.00 14.38 6.50 6.14 0.22 0.22 5.0 4.70
M10 1.5 17.00 16.73 19.60 18.90 8.00 7.64 0.29 0.22 6.0 5.70
M12 1.75 19.00 18.67 21.90 21.10 10.00 9.64 0.32 0.27 7.0 6.64

(M14) 2 22.00 21.67 25.4 24.49 11.00 10.57 0.37 0.27 8.0 7.64
M16 2 24.00 23.67 27.7 6.75 13.00 12.57 0.41 0.27 8.0 7.64

(M18) 2.5 27.00 26.67 31.20 30.14 15.00 14.57 0.46 0.27 9.0 8.64
M20 2.5 30.00 29.67 34.60 33.53 16.00 15.57 0.51 0.33 9.0 8.64

(M22) 2.5 32.00 31.61 36.90 35.72 18.00 17.57 0.54 0.33 10.0 9.64
M24 3 36.00 35.38 41.60 39.98 19.00 18.48 0.61 0.33 10.0 9.64

(M27) 3 41.00 40.38 47.3 45.63 22.00 21.48 0.70 0.33 12.0 11.57
M30 3.5 46.00 45.38 53.1 51.28 24.00 23.48 0.78 0.33 12.0 11.57

(M33) 3.5 50.00 49.38 57.70 55.80 26.00 25.48 0.85 0.39 14.0 13.57
M36 4 55.00 54.26 63.50 61.31 29.00 28.48 0.94 0.39 14.0 13.57

(M39) 4 60.00 59.26 69.30 66.96 31.00 30.38 1.03 0.39 16.0 15.57
M42 4.5 65.00 64.26 75.10 72.61 34.00 33.38 1.11 0.39 16.0 15.57

(M45) 4.5 70.00 69.26 80.80 78.26 36.00 35.38 1.20 0.39 18.0 17.57
M48 5 75.00 74.26 86.60 83.91 38.00 37.38 1.29 0.39 18.0 17.57

(M52) 5 80.00 79.26 92.40 89.56 42.00 41.38 1.37 0.46 20.0 19.48
M56 5.5 85.00 84.13 98.10 95.07 45.00 44.38 1.46 0.46 … …

(M60) 5.5 90.00 89.13 103.90 100.72 48.00 47.38 1.55 0.46 … …
M64 6 95.00 94.13 109.70 106.37 51.00 50.26 1.63 0.46 … …

(M68) 6 100.00 99.13 115.50 112.02 54.00 53.26 1.72 0.46 … …

Machinery's Handbook 29th Edition
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Table 6. British Standard ISO Metric Precision Hexagon Slotted Nuts and Castle Nuts BS 3692:1967 (obsolescent)

All dimensions are in millimeters. For illustration of hexagon slotted nuts and castle nuts see Table 3.

Nominal
Size and
Thread

Diametera

d

a Sizes shown in parentheses are non-preferred. 

Width
Across Flats

s

Width
Across Corners

e

Diameter
d2

Thickness
h

Lower Face of
Nut to Bottom

of Slot
m

Width of
Slot

n

Radius
(0.25 n)

r

Eccentricity
of the
Slots

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Min. Max.

M4 7.00 6.85 8.10 7.74 … … 5 4.70 3.2 2.90 1.45 1.2 0.3 0.18

M5 8.00 7.85 9.20 8.87 … … 6 5.70 4.0 3.70 1.65 1.4 0.35 0.18

M6 10.00 9.78 11.50 11.05 … … 7.5 7.14 5 4.70 2.25 2 0.5 0.18

M8 13.00 12.73 15.00 14.38 … … 9.5 9.14 6.5 6.14 2.75 2.5 0.625 0.22

M10 17.00 16.73 19.60 18.90 … … 12 11.57 8 7.64 3.05 2.8 0.70 0.22

M12 19.00 18.67 21.90 21.10 17 16.57 15 14.57 10 9.64 3.80 3.5 0.875 0.27

(M14) 22.00 21.67 25.4 24.49 19 18.48 16 15.57 11 10.57 3.80 3.5 0.875 0.27

M16 24.00 23.67 27.7 26.75 22 21.48 19 18.48 13 12.57 4.80 4.5 1.125 0.27

(M18) 27.00 26.67 31.20 30.14 25 24.48 21 20.48 15 14.57 4.80 4.5 1.125 0.27

M20 30.00 29.67 34.60 33.53 28 27.48 22 21.48 16 15.57 4.80 4.5 1.125 0.33

(M22) 32.00 31.61 36.90 35.72 30 29.48 26 25.48 18 17.57 5.80 5.5 1.375 0.33

M24 36.00 35.38 41.60 39.98 34 33.38 27 26.48 19 18.48 5.80 5.5 1.375 0.33

(M27) 41.00 40.38 47.3 45.63 38 37.38 30 29.48 22 21.48 5.80 5.5 1.375 0.33

M30 46.00 45.38 53.1 51.28 42 41.38 33 32.38 24 23.48 7.36 7 1.75 0.33

(M33) 50.00 49.38 57.70 55.80 46 45.38 35 34.38 26 25.48 7.36 7 1.75 0.39

M36 55.00 54.26 63.50 61.31 50 49.38 38 37.38 29 28.48 7.36 7 1.75 0.39

(M39) 60.00 59.26 69.30 66.96 55 54.26 40 39.38 31 30.38 7.36 7 1.75 0.39

M42 65.00 64.26 75.10 72.61 58 57.26 46 45.38 34 33.38 9.36 9 2.25 0.39

(M45) 70.00 69.26 80.80 78.26 62 61.26 48 47.38 36 35.38 9.36 9 2.25 0.39

M48 75.00 74.26 86.60 83.91 65 64.26 50 49.38 38 37.38 9.36 9 2.25 0.39

(M52) 80.00 79.26 92.40 89.56 70 69.26 54 53.26 42 41.38 9.36 9 2.25 0.46

M56 85.00 84.13 98.10 95.07 75 74.26 57 56.26 45 44.38 9.36 9 2.25 0.46

(M60) 90.00 89.13 103.90 100.72 80 79.26 63 62.26 48 47.38 11.43 11 2.75 0.46

M64 95.00 94.13 109.70 106.37 85 84.13 66 65.26 51 50.26 11.43 11 2.75 0.46

(M68) 100.00 99.13 115.50 112.02 90 89.13 69 68.26 54 53.26 11.43 11 2.75 0.46

Machinery's Handbook 29th Edition
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After several years of use of BS 2693:Part 1:1956 (obsolescent), it was recognized that it
would not meet the requirements of all stud users. The thread tolerances specified could
result in clearance of interference fits because locking depended on the run-out threads.
Thus, some users felt that true interference fits were essential for their needs. As a result,
the British Standards Committee has incorporated the Class 5 interference fit threads spec-
ified in American Standard ASA B1.12 into the BS 2693:Part 2:1964, “Recommendations
for High Grade Studs.”

British Standard ISO Metric Precision Hexagon Bolts, Screws and Nuts.—This Brit-
ish Standard BS 3692:1967 (obsolescent) gives the general dimensions and tolerances of
precision hexagon bolts, screws and nuts with ISO metric threads in diameters from 1.6 to
68 mm. It is based on the following ISO recommendations and draft recommendations: R
272, R 288, DR 911, DR 947, DR 950, DR 952 and DR 987. Mechanical properties are
given only with respect to carbon or alloy steel bolts, screws and nuts, which are not to be
used for special applications such as those requiring weldability, corrosion resistance or
ability to withstand temperatures above 300°C or below − 50°C. The dimensional require-
ments of this standard also apply to non-ferrous and stainless steel bolts, screws and nuts.

Finish: Finishes may be dull black which results from the heat-treating operation or may
be bright finish, the result of bright drawing. Other finishes are possible by mutual agree-
ment between purchaser and producer. It is recommended that reference be made to BS
3382 “Electroplated Coatings on Threaded Components” in this respect.

General Dimensions: The bolts, screws and nuts conform to the general dimensions
given in Tables 3, 4, 5 and 6.

Nominal Lengths of Bolts and Screws: The nominal length of a bolt or screw is the dis-
tance from the underside of the head to the extreme end of the shank including any chamfer
or radius. Standard nominal lengths and tolerances thereon are given in Table 7.

Table 7. British Standard ISO Metric Bolt and Screw Nominal Lengths
 BS 3692:1967 (obsolescent)

All dimensions are in millimeters.

Bolt and Screw Ends: The ends of bolts and screws may be finished with either a 45-
degree chamfer to a depth slightly exceeding the depth of thread or a radius approximately

Nominal
Lengtha

l

a Nominal lengths shown in parentheses are non-preferred. 

Tolerance

Nominal
Lengtha

l Tolerance

Nominal
Lengtha

l Tolerance

Nominal
Lengtha

l Tolerance
5 ± 0.24 30 ± 0.42 90 ± 0.70 200 ± 0.925
6 ± 0.24 (32) ± 0.50 (95) ± 0.70 220 ± 0.925

(7) ± 0.29 35 ± 0.50 100 ± 0.70 240 ± 0.925
8 ± 0.29 (38) ± 0.50 (105) ± 0.70 260 ± 1.05

(9) ± 0.29 40 ± 0.50 110 ± 0.70 280 ± 1.05
10 ± 0.29 45 ± 0.50 (115) ± 0.70 300 ± 1.05

(11) ± 0.35 50 ± 0.50 120 ± 0.70 325 ± 1.15
12 ± 0.35 55 ± 0.60 (125) ± 0.80 350 ± 1.15
14 ± 0.35 60 ± 0.60 130 ± 0.80 375 ± 1.15
16 ± 0.35 65 ± 0.60 140 ± 0.80 400 ± 1.15

(18) ± 0.35 70 ± 0.60 150 ± 0.80 425 ± 1.25
20 ± 0.42 75 ± 0.60 160 ± 0.80 450 ± 1.25

(22) ± 0.42 80 ± 0.60 170 ± 0.80 475 ± 1.25
25 ± 0.42 85 ± 0.70 180 ± 0.80 500 ± 1.25

(28) ± 0.42 … … 190 ± 0.925 … …
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equal to 11⁄4 times the nominal diameter of the shank. With rolled threads, the lead formed
at the end of the bolt by the thread rolling operation may be regarded as providing the
necesssary chamfer to the end; the end being reasonably square with the center line of the
shank.

Screw Thread Form: The form of thread and diameters and associated pitches of stan-
dard ISO metric bolts, screws, and nuts are in accordance with BS 3643:Part 1:1981
(2004), “Principles and Basic Data” The screw threads are made to the tolerances for the
medium class of fit (6H/6g) as specified in BS 3643:Part 2:1981 (1998), “Specification for
Selected Limits of Size.”

Length of Thread on Bolts: The length of thread on bolts is the distance from the end of
the bolt (including any chamfer or radius) to the leading face of a screw ring gage which
has been screwed as far as possible onto the bolt by hand. Standard thread lengths of bolts
are 2d + 6 mm for a nominal length of bolt up to and including 125 mm, 2d + 12 mm for a
nominal bolt length over 125 mm up to and including 200 mm, and 2d + 25 mm for a nom-
inal bolt length over 200 mm. Bolts that are too short for minimum thread lengths are
threaded as screws and designated as screws. The tolerance on bolt thread lengths are plus
two pitches for all diameters.

Length of Thread on Screws: Screws are threaded to permit a screw ring gage being
screwed by hand to within a distance from the underside of the head not exceeding two and
a half times the pitch for diameters up to and including 52 mm and three and a half times the
pitch for diameters over 52 mm.

Angularity and Eccentricity of Bolts, Screws and Nuts: The axis of the thread of the nut
is square to the face of the nut subject to the “squareness tolerance” given in Table 5.

In gaging, the nut is screwed by hand onto a gage, having a truncated taper thread, until
the thread of the nut is tight on the thread of the gage. A sleeve sliding on a parallel exten-
sion of the gage, which has a face of diameter equal to the minimum distance across the
flats of the nut and exactly at 90 degrees to the axis of the gage, is brought into contact with
the leading face of the nut. With the sleeve in this position, it should not be possible for a
feeler gage of thickness equal to the “squareness tolerance” to enter anywhere between the
leading nut face and sleeve face.

The hexagon flats of bolts, screws and nuts are square to the bearing face, and the angu-
larity of the head is within the limits of 90 degrees, plus or minus 1 degree. The eccentricity
of the hexagon flats of nuts relative to the thread diameter should not exceed the values
given in Table 5 and the eccentricity of the head relative to the width across flats and eccen-
tricity between the shank and thread of bolts and screws should not exceed the values given
in Table 4.

Chamfering, Washer Facing and Countersinking: Bolt and screw heads have a chamfer
of approximately 30 degrees on their upper faces and, at the option of the manufacturer, a
washer face or full bearing face on the underside. Nuts are countersunk at an included
angle of 120 degrees plus or minus 10 degrees at both ends of the thread. The diameter of
the countersink should not exceed the nominal major diameter of the thread plus 0.13 mm
up to and including 12 mm diameter, and plus 0.25 mm above 12 mm diameter. This stipu-
lation does not apply to slotted, castle or thin nuts.

Strength Grade Designation System for Steel Bolts and Screws: This Standard includes
a strength grade designation system consisting of two figures. The first figure is one tenth
of the minimum tensile strength in kgf/mm2, and the second figure is one tenth of the ratio
between the minimum yield stress (or stress at permanent set limit, R0.2) and the minimum
tensile strength, expressed as a percentage. For example with the strength designation
grade 8.8, the first figure 8 represents 1⁄10 the minimum tensile strength of 80 kgf/mm2 and
the second figure 8 represents 1⁄10 the ratio
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the numerical values of stress and strength being obtained from the accompanying table.

Strength Grade Designations of Steel Bolts and Screws

Strength Grade Designation System for Steel Nuts: The strength grade designation sys-
tem for steel nuts is a number which is one-tenth of the specified proof load stress in
kgf/mm2. The proof load stress corresponds to the minimum tensile strength of the highest
grade of bolt or screw with which the nut can be used.

Strength Grade Designations of Steel Nuts

Recommended Bolt and Nut Combinations

Marking: The marking and identification requirements of this Standard are only manda-
tory for steel bolts, screws and nuts of 6 mm diameter and larger; manufactured to strength
grade designations 8.8 (for bolts or screws) and 8 (for nuts) or higher. Bolts and screws are
identified as ISO metric by either of the symbols “ISO M” or “M”, embossed or indented
on top of the head. Nuts may be indented or embossed by alternative methods depending
on their method of manufacture.

Designation: Bolts 10 mm diameter, 50 mm long manufactured from steel of strength
grade 8.8, would be designated:

“Bolts M10 × 50 to BS 3692 — 8.8.”

Brass screws 8 mm diameter, 20 mm long would be designated:

“Brass screws M8 × 20 to BS 3692.”

Nuts 12 mm diameter, manufactured from steel of strength grade 6, cadmium plated
could be designated:

“Nuts M12 to BS 3692 — 6, plated to BS 3382: Part 1.”

Miscellaneous Information: The Standard also gives mechanical properties of steel
bolts, screws and nuts [i.e., tensile strengths; hardnesses (Brinell, Rockwell, Vickers);
stresses (yield, proof load); etc.], material and manufacture of steel bolts, screws and nuts;
and information on inspection and testing. Appendices to the Standard give information on
gaging; chemical composition; testing of mechanical properties; examples of marking of
bolts, screws and nuts; and a table of preferred standard sizes of bolts and screws, to name
some.

Strength Grade Designation 4.6 4.8 5.6 5.8 6.6 6.8 8.8 10.9 12.9 14.9
Tensile Strength (Rm), Min. 40 40 50 50 60 60 80 100 120 140

Yield Stress (Re), Min. 24 32 30 40 36 48 … … … …

Stress at Permanent Set
Limit (R0.2), Min. … … … … … … 64 90 108 126

All stress and strength values are in kgf/mm2 units.

Strength Grade Designation 4 5 6 8 12 14

Proof Load Stress (kgf/mm2) 40 50 60 80 120 140

Grade of Bolt 4.6 4.8 5.6 5.8 6.6 6.8 8.8 10.9 12.9 14.9
Recommended Grade of Nut 4 4 5 5 6 6 8 12 12 14

Note: Nuts of a higher strength grade may be  substituted for nuts of a lower strength grade.

stress at permanent set limit R0.2%

minimum tensile strength
------------------------------------------------------------------------------------

1
10
------ 64

80
------× 100

1
---------×=
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British Standard General Purpose Studs  BS 2693:Part 1:1956 (obsolescent)

All dimensions are in inches except where otherwise noted. 
See page 1973 for interference-fit threads.

Limits for End Screwed into Component (All threads except BA)
N
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Diameter
Minor

Diameter
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. Effective 

Diameter
Minor
Dia.

Max. Min. Max. Min. Max. Min. Min. Max. Min. Max. Min.

UN THREADS UNF THREADS UNC THREADS

1⁄4 0.2500 28 0.2435 0.2294 0.2265 0.2088 0.2037 20 0.2419 0.2201 0.2172 0.1913 0.1849
5⁄16 0.3125 24 0.3053 0.2883 0.2852 0.2643 0.2586 18 0.3038 0.2793 0.2762 0.2472 0.2402
3⁄8 0.3750 24 0.3678 0.3510 0.3478 0.3270 0.3211 16 0.3656 0.3375 0.3343 0.3014 0.2936
7⁄16 0.4375 20 0.4294 0.4084 0.4050 0.3796 0.3729 14 0.4272 0.3945 0.3911 0.3533 0.3447
1⁄2 0.5000 20 0.4919 0.4712 0.4675 0.4424 0.4356 13 0.4891 0.4537 0.4500 0.4093 0.4000
9⁄16 0.5625 18 0.5538 0.5302 0.5264 0.4981 0.4907 12 0.5511 0.5122 0.5084 0.4641 0.4542
5⁄8 0.6250 18 0.6163 0.5929 0.5889 0.5608 0.5533 11 0.6129 0.5700 0.5660 0.5175 0.5069
3⁄4 0.7500 16 0.7406 0.7137 0.7094 0.6776 0.6693 10 0.7371 0.6893 0.6850 0.6316 0.6200
7⁄8 0.8750 14 0.8647 0.8332 0.8286 0.7920 0.7828 9 0.8611 0.8074 0.8028 0.7433 0.7306

1 1.0000 12 0.9886 0.9510 0.9459 0.9029 0.8925 8 0.9850 0.9239 0.9188 0.8517 0.8376
11⁄8 1.1250 12 1.1136 1.0762 1.0709 1.0281 1.0176 7 1.1086 1.0375 1.0322 0.9550 0.9393
11⁄4 1.2500 12 1.2386 1.2014 1.1959 1.1533 1.1427 7 1.2336 1.1627 1.1572 1.0802 1.0644
13⁄8 1.3750 12 1.3636 1.3265 1.3209 1.2784 1.2677 6 1.3568 1.2723 1.2667 1.1761 1.1581
11⁄2 1.5000 12 1.4886 1.4517 1.4459 1.4036 1.3928 6 1.4818 1.3975 1.3917 1.3013 1.2832

BS THREADS BSF THREADS BSW THREADS

1⁄4 0.2500 26 0.2455 0.2280 0.2251 0.2034 0.1984 20 0.2452 0.2206 0.2177 0.1886 0.1831
5⁄16 0.3125 22 0.3077 0.2863 0.2832 0.2572 0.2517 18 0.3073 0.2798 0.2767 0.2442 0.2383
3⁄8 0.3750 20 0.3699 0.3461 0.3429 0.3141 0.3083 16 0.3695 0.3381 0.3349 0.0981 0.2919
7⁄16 0.4375 18 0.4320 0.4053 0.4019 0.3697 0.3635 14 0.4316 0.3952 0.3918 0.3495 0.3428
1⁄2 0.5000 16 0.4942 0.4637 0.4600 0.4237 0.4172 12 0.4937 0.4503 0.4466 0.3969 0.3897
9⁄16 0.5625 16 0.5566 0.5263 0.5225 0.4863 0.4797 12 0.5560 0.5129 0.5091 0.4595 0.4521
5⁄8 0.6250 14 0.6187 0.5833 0.5793 0.5376 0.5305 11 0.6183 0.5708 0.5668 0.5126 0.5050
3⁄4 0.7500 12 0.7432 0.7009 0.6966 0.6475 0.6398 10 0.7428 0.6903 0.6860 0.6263 0.6182
7⁄8 0.8750 11 0.8678 0.8214 0.8168 0.7632 0.7551 9 0.8674 0.8085 0.8039 0.7374 0.7288

1 1.0000 10 0.9924 0.9411 0.9360 0.8771 0.8686 8 0.9920 0.9251 0.9200 0.8451 0.8360
11⁄8 1.1250 9 1.1171 1.0592 1.0539 0.9881 0.9792 7 1.1164 1.0388 1.0335 0.9473 0.9376
11⁄4 1.2500 9 1.2419 1.1844 1.1789 1.1133 1.1042 7 1.2413 1.1640 1.1585 1.0725 1.0627
13⁄8 1.3750 8 1.3665 1.3006 1.2950 1.2206 1.2110 6 1.4906 1.3991 1.3933 1.2924 1.2818
11⁄2 1.5000 8 1.4913 1.4258 1.4200 1.3458 1.3360 … … … … … …

Limits for End Screwed into Component (BA Threads)a

a Approximate inch equivalents are shown below the dimensions given in mm. 

Designa-
tion
No. Pitch

Major Diameter Effective Diameter Minor Diameter

Max. Min. Max. Min. Max. Min.

2 0.8100 mm 4.700 mm 4.580 mm 4.275 mm 4.200 mm 3.790 mm 3.620 mm
0.03189 in. 0.1850 in. 0.1803 in. 0.1683 in. 0.1654 in. 0.1492 in. 0.1425 in.

4 0.6600 mm 3.600 mm 3.500 mm 3.260 mm 3.190 mm 2.865 mm 2.720 mm
0.2598 in. 0.1417 in. 0.1378 in. 0.1283 in. 0.1256 in. 0.1128 in. 0.1071 in.

Minimum Nominal Lengths of Studsa

aThe standard also gives preferred and standard lengths of studs: Preferred lengths of studs: 7⁄8, 1, 11⁄8,
11⁄4, 13⁄8, 11⁄2, 13⁄4, 2, 21⁄4,21⁄2, 23⁄4, 3, 31⁄4, 31⁄2 and for lengths above 31⁄2 the preferred increment is 1⁄2. Stan-

dard lengths of studs: 7⁄8, 1, 11⁄8, 11⁄4, 13⁄8, 11⁄2, 15⁄8, 13⁄4, 17⁄8, 2, 21⁄8, 21⁄4, 23⁄8, 21⁄2, 25⁄8, 23⁄4, 27⁄8, 3, 31⁄8, 31⁄4, 33⁄8, 31⁄2
and for lengths above 31⁄2 the standard increment is 1⁄4.

Nom.
Stud.
Dia.

For Thread Length
(Component End) of

Nom.
Stud.
Dia.

For Thread Length
(Component End) of

Nom.
Stud
Dia.

For Thread Length
(Component End) of

1D 1.5D 1D 1.5D 1D 1.5D

1⁄4 7⁄8 1 9⁄16 2 23⁄8 11⁄8 4 45⁄8
5⁄16 11⁄8 13⁄8 5⁄8 21⁄4 25⁄8 11⁄4 43⁄4 51⁄2
3⁄8 13⁄8 15⁄8 3⁄4 25⁄8 3 13⁄8 5 53⁄4
7⁄16 15⁄8 17⁄8 7⁄8 31⁄8 35⁄8 11⁄2 51⁄4 6
1⁄2 13⁄4 2 1 31⁄2 4 … … …
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British Standard Single Coil Rectangular Section Spring Washers
Metric Series — Types B and BP BS 4464:1969 (2004)

All dimensions are given in millimeters. Sizes shown in parentheses are non-preferred, and are not
usually stock sizes.

Nom. Size
&Thread
Dia., d

Inside Dia.,d1 Width,
b

Thickness,
s

Outside
Dia., d2

Max

Radius,
r

Max

k (Type 
BP

Only)Max Min

M1.6 1.9 1.7 0.7 ± 0.1 0.4 ± 0.1 3.5 0.15 …

M2 2.3 2.1 0.9 ± 0.1 0.5 ± 0.1 4.3 0.15 …

(M2.2) 2.5 2.3 1.0 ± 0.1 0.6 ± 0.1 4.7 0.2 …

M2.5 2.8 2.6 1.0 ± 0.1 0.6 ± 0.1 5.0 0.2 …

M3 3.3 3.1 1.3 ± 0.1 0.8 ± 0.1 6.1 0.25 …

(M3.5) 3.8 3.6 1.3 ± 0.1 0.8 ± 0.1 6.6 0.25 0.15

M4 4.35 4.1 1.5 ± 0.1 0.9 ± 0.1 7.55 0.3 0.15

M5 5.35 5.1 1.8 ± 0.1 1.2 ± 0.1 9.15 0.4 0.15

M6 6.4 6.1 2.5 ± 0.15 1.6 ± 0.1 11.7 0.5 0.2

M8 8.55 8.2 3 ± 0.15 2 ± 0.1 14.85 0.65 0.3

M10 10.6 10.2 3.5 ± 0.2 2.2 ± 0.15 18.0 0.7 0.3

M12 12.6 12.2 4 ± 0.2 2.5 ± 0.15 21.0 0.8 0.4

(M14) 14.7 14.2 4.5 ± 0.2 3 ± 0.15 24.1 1.0 0.4

M16 16.9 16.3 5 ± 0.2 3.5 ± 0.2 27.3 1.15 0.4

(M18) 19.0 18.3 5 ± 0.2 3.5 ± 0.2 29.4 1.15 0.4

M20 21.1 20.3 6 ± 0.2 4 ± 0.2 33.5 1.3 0.4

(M22) 23.3 22.4 6 ± 0.2 4 ± 0.2 35.7 1.3 0.4

M24 25.3 24.4 7 ± 0.25 5 ± 0.2 39.8 1.65 0.5

(M27) 28.5 27.5 7 ± 0.25 5 ± 0.2 43.0 1.65 0.5

M30 31.5 30.5 8 ± 0.25 6 ± 0.25 48.0 2.0 0.8

(M33) 34.6 33.5 10 ± 0.25 6 ± 0.25 55.1 2.0 0.8

M36 37.6 36.5 10 ± 0.25 6 ± 0.25 58.1 2.0 0.8

(M39) 40.8 39.6 10 ± 0.25 6 ± 0.25 61.3 2.0 0.8

M42 43.8 42.6 12 ± 0.25 7 ± 0.25 68.3 2.3 0.8

(M45) 46.8 45.6 12 ± 0.25 7 ± 0.25 71.3 2.3 0.8

M48 50.0 48.8 12 ± 0.25 7 ± 0.25 74.5 2.3 0.8

(M52) 54.1 52.8 14 ± 0.25 8 ± 0.25 82.6 2.65 1.0

M56 58.1 56.8 14 ± 0.25 8 ± 0.25 86.6 2.65 1.0

(M60) 62.3 60.9 14 ± 0.25 8 ± 0.25 90.8 2.65 1.0

M64 66.3 64.9 14 ± 0.25 8 ± 0.25 93.8 2.65 1.0

(M68) 70.5 69.0 14 ± 0.25 8 ± 0.25 99.0 2.65 1.0
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British Standard Double Coil Rectangular Section Spring Washers; Metric Series — 
Type D BS 4464:1969 (2004)

All dimensions are given in millimeters. Sizes shown in parentheses are non-preferred, and are not
usually stock sizes. The free height of double coil washers before compression is normally approxi-
mately five times the thickness but, if required, washers with other free heights may be obtained by
arrangement with manufacturer.

Nom.
Size, d

Inside Dia., d1 Width,
b

Thickness,
s

O.D., d2
Max

Radius, r
MaxMax Min

M2 2.4 2.1 0.9 ± 0.1 0.5 ± 0.05 4.4 0.15

(M2.2) 2.6 2.3 1.0 ± 0.1 0.6 ± 0.05 4.8 0.2

M2.5 2.9 2.6 1.2 ± 0.1 0.7 ± 0.1 5.5 0.23

M3.0 3.6 3.3 1.2 ± 0.1 0.8 ± 0.1 6.2 0.25

(M3.5) 4.1 3.8 1.6 ± 0.1 0.8 ± 0.1 7.5 0.25

M4 4.6 4.3 1.6 ± 0.1 0.8 ± 0.1 8.0 0.25

M5 5.6 5.3 2 ± 0.1 0.9 ± 0.1 9.8 0.3

M6 6.6 6.3 3 ± 0.15 1 ± 0.1 12.9 0.33

M8 8.8 8.4 3  ± 0.15 1.2 ± 0.1 15.1 0.4

M10 10.8 10.4 3.5 ± 0.20 1.2 ± 0.1 18.2 0.4

M12 12.8 12.4 3.5 ± 0.2 1.6 ± 0.1 20.2 0.5

(M14) 15.0 14.5 5 ± 0.2 1.6 ± 0.1 25.4 0.5

M16 17.0 16.5 5 ± 0.2 2 ± 0.1 27.4 0.65

(M18) 19.0 18.5 5 ± 0.2 2 ± 0.1 29.4 0.65

M20 21.5 20.8 5 ± 0.2 2 ± 0.1 31.9 0.65

(M22) 23.5 22.8 6 ± 0.2 2.5 ± 0.15 35.9 0.8

M24 26.0 25.0 6.5 ± 0.2 3.25 ± 0.15 39.4 1.1

(M27) 29.5 28.0 7 ± 0.25 3.25 ± 0.15 44.0 1.1

M30 33.0 31.5 8 ± 0.25 3.25 ± 0.15 49.5 1.1

(M33) 36.0 34.5 8 ± 0.25 3.25 ± 0.15 52.5 1.1

M36 40.0 38.0 10 ± 0.25 3.25 ± 0.15 60.5 1.1

(M39) 43.0 41.0 10 ± 0.25 3.25 ± 0.15 63.5 1.1

M42 46.0 44.0 10 ± 0.25 4.5 ± 0.2 66.5 1.5

M48 52.0 50.0 10 ± 0.25 4.5 ± 0.2 72.5 1.5

M56 60.0 58.0 12 ± 0.25 4.5 ± 0.2 84.5 1.5

M64 70.0 67.0 12 ± 0.25 4.5 ± 0.2 94.5 1.5
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British Standard Single Coil Square Section Spring Washers; Metric Series — 
Type A-1 BS 4464:1969 (2004)

British Standard Single Coil Square Section Spring Washers; Metric Series — 
Type A-2 BS 4464:1969 (2004)

All dimensions are in millimeters. Sizes shown in parentheses are nonpreferred and are not usually
stock sizes.

British Standard for Metric Series Metal Washers.—BS 4320:1968 (1998) specifies
bright and black metal washers for general engineering purposes.

Bright Metal Washers: These washers are made from either CS4 cold-rolled strip steel
BS 1449:Part 3B or from CZ 108 brass strip B.S. 2870: 1980, both in the hard condition.
However, by mutual agreement between purchaser and supplier, washers may be made
available with the material in any other condition, or they may be made from another mate-
rial, or may be coated with a protective or decorative finish to some appropriate British
Standard. Washers are reasonably flat and free from burrs and are normally supplied
unchamfered. They may, however, have a 30-degree chamfer on one edge of the external
diameter. These washers are made available in two size categories, normal and large diam-
eter, and in two thicknesses, normal (Form A or C) and light (Form B or D). The thickness
of a light-range washer is from 1⁄2 to 2⁄3 the thickness of a normal range washer.

Black Metal Washers: These washers are made from mild steel, and can be supplied in
three size categories designated normal, large, and extra large diameters. The normal-
diameter series is intended for bolts ranging from M5 to M68 (Form E washers), the large-
diameter series for bolts ranging from M8 to M39 (Form F washers), and the extra large
series for bolts from M5 to M39 (Form G washers). A protective finish can be specified by
the purchaser in accordance with any appropriate British Standard.

Nom.
Size, d

Inside Dia., d1 Thickness &
Width, s

O.D., d2

Max
Radius, r

MaxMax Min

M3 3.3 3.1 1 ± 0.1 5.5 0.3
(M3.5) 3.8 3.6 1 ± 0.1 6.0 0.3

M4 4.35 4.1 1.2 ± 0.1 6.95 0.4
M5 5.35 5.1 1.5 ± 0.1 8.55 0.5
M6 6.4 6.1 1.5 ± 0.1 9.6 0.5
M8 8.55 8.2 2 ± 0.1 12.75 0.65
M10 10.6 10.2 2.5 ± 0.15 15.9 0.8
M12 12.6 12.2 2.5 ± 0.15 17.9 0.8

(M14) 14.7 14.2 3 ± 0.2 21.1 1.0
M16 16.9 16.3 3.5 ± 0.2 24.3 1.15

(M18) 19.0 18.3 3.5 ± 0.2 26.4 1.15
M20 21.1 20.3 4.5 ± 0.2 30.5 1.5

(M22) 23.3 22.4 4.5 ± 0.2 32.7 1.5
M24 25.3 24.4 5 ± 0.2 35.7 1.65

(M27) 28.5 27.5 5 ± 0.2 38.9 1.65
M30 31.5 30.5 6 ± 0.2 43.9 2.0

(M33) 34.6 33.5 6 ± 0.2 47.0 2.0
M36 37.6 36.5 7 ± 0.25 52.1 2.3

(M39) 40.8 39.6 7 ± 0.25 55.3 2.3
M42 43.8 42.6 8 ± 0.25 60.3 2.65

(M45) 46.8 45.6 8 ± 0.25 63.3 2.65
M48 50.0 48.8 8 ± 0.25 66.5 2.65
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Washer Designations: The Standard specifies the details that should be given when
ordering or placing an inquiry for washers. These details are the general description,
namely, bright or black washers; the nominal size of the bolt or screw involved, for exam-
ple, M5; the designated form, for example, Form A or Form E; the dimensions of any
chamfer required on bright washers; the number of the Standard BS 4320:1968 (1998), and
coating information if required, with the number of the appropriate British Standard and
the coating thickness needed. As an example, in the use of this information, the designation
for a chamfered, normal-diameter series washer of normal-range thickness to suit a 12-mm
diameter bolt would be: Bright washers M12 (Form A) chamfered to B.S. 4320.

British Standard Bright Metal Washers — Metric Series BS 4320:1968 (1998)

All dimensions are in millimeters.
Nominal bolt or screw sizes shown in parentheses are nonpreferred.

NORMAL DIAMETER SIZES

Nominal
Size of
Bolt or
Screw

Inside Diameter Outside Diameter
Thickness

Form A
(Normal Range)

Form B
(Light Range)

Nom Max Min Nom Max Min Nom Max Min Nom Max Min

M 1.0 1.1 1.25 1.1 2.5 2.5 2.3 0.3 0.4 0.2 … … …
M 1.2 1.3 1.45 1.3 3.0 3.0 2.8 0.3 0.4 0.2 … … …
(M 1.4) 1.5 1.65 1.5 3.0 3.0 2.8 0.3 0.4 0.2 … … …
M 1.6 1.7 1.85 1.7 4.0 4.0 3.7 0.3 0.4 0.2 … … …
M 2.0 2.2 2.35 2.2 5.0 5.0 4.7 0.3 0.4 0.2 … … …
(M 2.2) 2.4 2.55 2.4 5.0 5.0 4.7 0.5 0.6 0.4 … … …
M 2.5 2.7 2.85 2.7 6.5 6.5 6.2 0.5 0.6 0.4 … … …
M3 3.2 3.4 3.2 7 7 6.7 0.5 0.6 0.4 … … …
(M 3.5) 3.7 3.9 3.7 7 7 6.7 0.5 0.6 0.4 … … …
M4 4.3 4.5 4.3 9 9 8.7 0.8 0.9 0.7 … … …
(M 4.5) 4.8 5.0 4.8 9 9 8.7 0.8 0.9 0.7 … … …
M 5 5.3 5.5 5.3 10 10 9.7 1.0 1.1 0.9 … … …
M 6 6.4 6.7 6.4 12.5 12.5 12.1 1.6 1.8 1.4 0.8 0.9 0.7
(M 7) 7.4 7.7 7.4 14 14 13.6 1.6 1.8 1.4 0.8 0.9 0.7
M 8 8.4 8.7 8.4 17 17 16.6 1.6 1.8 1.4 1.0 1.1 0.9
M 10 10.5 10.9 10.5 21 21 20.5 2.0 2.2 1.8 1.25 1.45 1.05
M 12 13.0 13.4 13.0 24 24 23.5 2.5 2.7 2.3 1.6 1.80 1.40
(M 14) 15.0 15.4 15.0 28 28 27.5 2.5 2.7 2.3 1.6 1.8 1.4
M 16 17.0 17.4 17.0 30 30 29.5 3.0 3.3 2.7 2.0 2.2 1.8
(M 18) 19.0 19.5 19.0 34 34 33.2 3.0 3.3 2.7 2.0 2.2 1.8
M 20 21 21.5 21 37 37 36.2 3.0 3.3 2.7 2.0 2.2 1.8
(M 22) 23 23.5 23 39 39 38.2 3.0 3.3 2.7 2.0 2.2 1.8
M24 25 25.5 25 44 44 43.2 4.0 4.3 3.7 2.5 2.7 2.3
(M 27) 28 28.5 28 50 50 49.2 4.0 4.3 3.7 2.5 2.7 2.3
M30 31 31.6 31 56 56 55.0 4.0 4.3 3.7 2.5 2.7 2.3
(M 33) 34 34.6 34 60 60 59.0 5.0 5.6 4.4 3.0 3.3 2.7
M 36 37 37.6 37 66 66 65.0 5.0 5.6 4.4 3.0 3.3 2.7
(M 39) 40 40.6 40 72 72 71.0 6.0 6.6 5.4 3.0 3.3 2.7

LARGE DIAMETER SIZES

Nominal
Size of
Bolt or
Screw

Inside Diameter Outside Diameter
Thickness

Form C
(Normal Range)

Form D
(Light Range)

Nom Max Min Nom Max Min Nom Max Min Nom Max Min
M 4 4.3 4.5 4.3 10.0 10.0 9.7 0.8 0.9 0.7 … … …
M 5 5.3 5.5 5.3 12.5 12.5 12.1 1.0 1.1 0.9 … … …
M 6 6.4 6.7 6.4 14 14 13.6 1.6 1.8 1.4 0.8 0.9 0.7
M 8 8.4 8.7 8.4 21 21 20.5 1.6 1.8 1.4 1.0 1.1 0.9
M 10 10.5 10.9 10.5 24 24 23.5 2.0 2.2 1.8 1.25 1.45 1.05
M 12 13.0 13.4 13.0 28 28 27.5 2.5 2.7 2.3 1.6 1.8 1.4
(M 14) 15.0 15.4 15 30 30 29.5 2.5 2.7 2.3 1.6 1.8 1.4
M 16 17.0 17.4 17 34 34 33.2 3.0 3.3 2.7 2.0 2.2 1.8
(M 18) 19.0 19.5 19 37 37 36.2 3.0 3.3 2.7 2.0 2.2 1.8
M 20 21 21.5 21 39 39 38.2 3.0 3.3 2.7 2.0 2.2 1.8
(M 22) 23 23.5 23 44 44 43.2 3.0 3.3 2.7 2.0 2.2 1.8
M 24 25 25.5 25 50 50 49.2 4.0 4.3 3.7 2.5 2.7 2.3
(M 27) 28 28.5 28 56 56 55 4.0 4.3 3.7 2.5 2.7 2.3
M 30 31 31.6 31 60 60 59 4.0 4.3 3.7 2.5 2.7 2.3
(M 33) 34 34.6 34 66 66 65 5.0 5.6 4.4 3.0 3.3 2.7
M 36 37 37.6 37 72 72 71 5.0 5.6 4.4 3.0 3.3 2.7
(M 39) 40 40.6 40 77 77 76 6.0 6.6 5.4 3.0 3.3 2.7
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British Standard Black Metal Washers — Metric Series BS 4320:1968 (1998)

All dimensions are in millimeters.

Nominal bolt or screw sizes shown in parentheses are nonpreferred.

NORMAL DIAMETER SIZES (Form E)

Nom Bolt or 
Screw
Size

Inside Diameter Outside Diameter Thickness

Nom Max Min Nom Max Min Nom Max Min

M 5 5.5 5.8 5.5 10.0 10.0 9.2 1.0 1.2 0.8
M 6 6.6 7.0 6.6 12.5 12.5 11.7 1.6 1.9 1.3

(M 7) 7.6 8.0 7.6 14.0 14.0 13.2 1.6 1.9 1.3
M 8 9.0 9.4 9.0 17 17 16.2 1.6 1.9 1.3
M 10 11.0 11.5 11.0 21 21 20.2 2.0 2.3 1.7
M 12 14 14.5 14 24 24 23.2 2.5 2.8 2.2

(M 14) 16 16.5 16 28 28 27.2 2.5 2.8 2.2
M 16 18 18.5 18 30 30 29.2 3.0 3.6 2.4

(M 18) 20 20.6 20 34 34 32.8 3.0 3.6 2.4
M 20 22 22.6 22 37 37 35.8 3.0 3.6 2.4

(M 22) 24 24.6 24 39 39 37.8 3.0 3.6 2.4
M 24 26 26.6 26 44 44 42.8 4 4.6 3.4

(M 27) 30 30.6 30 50 50 48.8 4 4.6 3.4
M 30 33 33.8 33 56 56 54.5 4 4.6 3.4

(M 33) 36 36.8 36 60 60 58.5 5 6.0 4.0
M 36 39 39.8 39 66 66 64.5 5 6.0 4.0

(M 39) 42 42.8 42 72 72 70.5 6 7.0 5.0
M 42 45 45.8 45 78 78 76.5 7 8.2 5.8

(M 45) 48 48.8 48 85 85 83 7 8.2 5.8
M 48 52 53 52 92 92 90 8 9.2 6.8

(M 52) 56 57 56 98 98 96 8 9.2 6.8
M 56 62 63 62 105 105 103 9 10.2 7.8

(M 60) 66 67 66 110 110 108 9 10.2 7.8
M 64 70 71 70 115 115 113 9 10.2 7.8

(M 68) 74 75 74 120 120 118 10 11.2 8.8

LARGE DIAMETER SIZES (Form F)

M 8 9 9.4 9.0 21 21 20.2 1.6 1.9 1.3
M 10 11 11.5 11 24 24 23.2 2 2.3 1.7
M 12 14 14.5 14 28 28 27.2 2.5 2.8 2.2

(M 14) 16 16.5 16 30 30 29.2 2.5 2.8 2.2
M 16 18 18.5 18 34 34 32.8 3 3.6 2.4

(M 18) 20 20.6 20 37 37 35.8 3 3.6 2.4
M 20 22 22.6 22 39 39 37.8 3 3.6 2.4

(M 22) 24 24.6 24 44 44 42.8 3 3.6 2.4
M 24 26 26.6 26 50 50 48.8 4 4.6 3.4

(M 27) 30 30.6 30 56 56 54.5 4 4.6 3.4
M 30 33 33.8 33 60 60 58.5 4 4.6 3.4

(M 33) 36 36.8 36 66 66 64.5 5 6.0 4
M 36 39 39.8 39 72 72 70.5 5 6.0 4

(M 39) 42 42.8 42 77 77 75.5 6 7 5

EXTRA LARGE DIAMETER SIZES (Form G)

M 5 5.5 5.8 5.5 15 15 14.2 1.6 1.9 1.3
M 6 6.6 7.0 6.6 18 18 17.2 2 2.3 1.7

(M 7) 7.6 8.0 7.6 21 21 20.2 2 2.3 1.7
M 8 9 9.4 9.0 24 24 23.2 2 2.3 1.7
M 10 11 11.5 11.0 30 30 29.2 2.5 2.8 2.2
M 12 14 14.5 14.0 36 36 34.8 3 3.6 2.4

(M 14) 16 16.5 16.0 42 42 40.8 3 3.6 2.4
M 16 18 18.5 18 48 48 46.8 4 4.6 3.4

(M 18) 20 20.6 20 54 54 52.5 4 4.6 3.4
M 20 22 22.6 22 60 60 58.5 5 6.0 4

(M 22) 24 24.6 24 66 66 64.5 5 6.0 4
M 24 26 26.6 26 72 72 70.5 6 7 5

(M 27) 30 30.6 30 81 81 79 6 7 5
M 30 33 33.8 33 90 90 88 8 9.2 6.8

(M 33) 36 36.8 36 99 99 97 8 9.2 6.8
M 36 39 39.8 39 108 108 106 10 11.2 8.8

(M39) 42 42.8 42 117 117 115 10 11.2 8.8
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MACHINE SCREWS AND NUTS

American National Standard Machine Screws and Machine Screw Nuts

This Standard ANSI B18.6.3 covers both slotted and recessed head machine screws.
Dimensions of various types of slotted machine screws, machine screw nuts, and header
points are given in Tables 1 through 12. The Standard also covers flat trim head, oval trim
head and drilled fillister head machine screws and gives cross recess dimensions and gag-
ing dimensions for all types of machine screw heads. Information on metric machine
screws B18.6.7M is given beginning on page 1658.
Threads.—Except for sizes 0000, 000, and 00, machine screw threads may be either Uni-
fied Coarse (UNC) and Fine thread (UNF) Class 2A (see American Standard for Unified
Screw Threads starting on page 1813) or UNRC and UNRF Series, at option of manufac-
turer. Thread dimensions for sizes 0000, 000, and 00 are given in Table 7 on page 1648.

Threads for hexagon machine screw nuts may be either UNC or UNF, Class 2B, and for
square machine screw nuts are UNC Class 2B.
Length of Thread.—Machine screws of sizes No. 5 and smaller with nominal lengths
equal to 3 diameters and shorter have full form threads extending to within 1 pitch (thread)
of the bearing surface of the head, or closer, if practicable. Nominal lengths greater than 3
diameters, up to and including 11⁄8 inch, have full form threads extending to within two
pitches (threads) of the bearing surface of the head, or closer, if practicable. Unless other-
wise specified, screws of longer nominal length have a minimum length of full form thread
of 1.00 inch.Machine screws of sizes No. 6 and larger with nominal length equal to 3 diam-
eters and shorter have full form threads extending to within 1 pitch (thread) of the bearing
surface of the head, or closer, if practicable. Nominal lengths greater than 3 diameters, up
to and including 2 inches, have full form threads extending to within 2 pitches (threads) of
the bearing surface of the head, or closer, if practicable. Screws of longer nominal length,
unless otherwise specified, have a minimum length of full form thread of 1.50 inches.

Table 1. Square and Hexagon Machine Screw Nuts ANSI B18.6.3-1972 (R1991)

All dimensions in inches. Hexagon machine screw nuts have tops flat and chamfered. Diameter of
top circle should be the maximum width across flats within a tolerance of minus 15 per cent. Bottoms
are flat but may be chamfered if so specified. Square machine screw nuts have tops and bottoms flat
without chamfer.

Nom.
Size

Basic
Dia.

Basic
F

Max.
F

Min.
F

Max.
G

Min.
G

Max.
G1

Min.
G1

Max.
H

Min.
H

0 0.0600 5⁄32 0.156 0.150 0.221 0.206 0.180 0.171 0.050 0.043
1 0.0730 5⁄32 0.156 0.150 0.221 0.206 0.180 0.171 0.050 0.043
2 0.0860 3⁄16 0.188 0.180 0.265 0.247 0.217 0.205 0.066 0.057
3 0.0990 3⁄16 0.188 0.180 0.265 0.247 0.217 0.205 0.066 0.057
4 0.1120 1⁄4 0.250 0.241 0.354 0.331 0.289 0.275 0.098 0.087
5 0.1250 5⁄16 0.312 0.302 0.442 0.415 0.361 0.344 0.114 0.102
6 0.1380 5⁄16 0.312 0.302 0.442 0.415 0.361 0.344 0.114 0.102
8 0.1640 11⁄32 0.344 0.332 0.486 0.456 0.397 0.378 0.130 0.117

10 0.1900 3⁄8 0.375 0.362 0.530 0.497 0.433 0.413 0.130 0.117
12 0.2160 7⁄16 0.438 0.423 0.619 0.581 0.505 0.482 0.161 0.148

1⁄4 0.2500 7⁄16 0.438 0.423 0.619 0.581 0.505 0.482 0.193 0.178
5⁄16 0.3125 9⁄16 0.562 0.545 0.795 0.748 0.650 0.621 0.225 0.208
3⁄8 0.3750 5⁄8 0.625 0.607 0.884 0.833 0.722 0.692 0.257 0.239

F H

G

F

G1

H

30 30

Optional;
See Note
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Diameter of Body.—The diameter of machine screw bodies is not less than Class 2A
thread minimum pitch diameter nor greater than the basic major diameter of the thread.
Cross-recessed trim head machine screws not threaded to the head have an 0.062 in. mini-
mum length shoulder under the head with diameter limits as specified in the dimensional
tables in the standard.
Designation.—Machine screws are designated by the following data in the sequence
shown: Nominal size (number, fraction, or decimal equivalent); threads per inch; nominal
length (fraction or decimal equivalent); product name, including head type and driving
provision; header point, if desired; material; and protective finish, if required. For exam-
ple:

1⁄4 − 20 × 11⁄4 Slotted Pan Head Machine Screw, Steel, Zinc Plated
6 − 32 × 3⁄4 Type IA Cross Recessed Fillister Head Machine Screw, Brass
Machine screw nuts are designated by the following data in the sequence shown: Nomi-

nal size (number, fraction, or decimal equivalent); threads per inch; product name; mate-
rial; and protective finish, if required. For example:

10 − 24 Hexagon Machine Screw Nut, Steel, Zinc Plated
0.138 − 32 Square Machine Screw Nut, Brass

Table 2. American National Standard Slotted 100-Degree Flat Countersunk
Head Machine Screws ANSI B18.6.3-1972 (R1977)

All dimensions are in inches.

Nominal
Sizea

or Basic
Screw Dia.

a When specifying nominal size in decimals, zeros preceding the decimal point and in the fourth dec-
imal place are omitted. 

Head Dia., A Head
Height,

H

Slot
Width,

J

Slot
Depth,

TMax.,
Edge
Sharp

Min.,
Edge

Rounded
or Flat Ref. Max. Min. Max. Min.

0000 0.0210 0.043 0.037 0.009 0.008 0.005 0.008 0.004
000 0.0340 0.064 0.058 0.014 0.012 0.008 0.011 0.007
00 0.0470 0.093 0.085 0.020 0.017 0.010 0.013 0.008

0 0.0600 0.119 0.096 0.026 0.023 0.016 0.013 0.008
1 0.0730 0.146 0.120 0.031 0.026 0.019 0.016 0.010
2 0.0860 0.172 0.143 0.037 0.031 0.023 0.019 0.012
3 0.0990 0.199 0.167 0.043 0.035 0.027 0.022 0.014
4 0.1120 0.225 0.191 0.049 0.039 0.031 0.024 0.017
6 0.1380 0.279 0.238 0.060 0.048 0.039 0.030 0.022
8 0.1640 0.332 0.285 0.072 0.054 0.045 0.036 0.027

10 0.1900 0.385 0.333 0.083 0.060 0.050 0.042 0.031
1⁄4 0.2500 0.507 0.442 0.110 0.075 0.064 0.055 0.042

5⁄16 0.3125 0.635 0.556 0.138 0.084 0.072 0.069 0.053
3⁄8 0.3750 0.762 0.670 0.165 0.094 0.081 0.083 0.065

A

L

H

T

J

99
101
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Table 3. American National Standard Slotted Flat Countersunk Head and Close
 Tolerance 100-Degree Flat Countersunk Head Machine Screws

 ANSI B18.6.3-1972 (R1991)

All dimensions are in inches.

SLOTTED FLAT COUNTERSUNK HEAD TYPE

Nominal
Sizea or Basic

Screw Dia.

a When specifying nominal size in decimals, zeros preceding the decimal point and in the fourth dec-
imal place are omitted. 

Max.,
Lb

b These lengths or shorter are undercut. 

Head Dia., A Head
Height, H

Slot
Width, J

Slot
Depth, TMax., Edge

Sharp
Min.,
Edgec

c May be rounded or flat. 

Ref. Max. Min. Max. Min.

0000 0.0210 … 0.043 0.037 0.011 0.008 0.004 0.007 0.003
000 0.0340 … 0.064 0.058 0.016 0.011 0.007 0.009 0.005

00 0.0470 … 0.093 0.085 0.028 0.017 0.010 0.014 0.009
0 0.0600 1⁄8 0.119 0.099 0.035 0.023 0.016 0.015 0.010

1 0.0730 1⁄8 0.146 0.123 0.043 0.026 0.019 0.019 0.012

2 0.0860 1⁄8 0.172 0.147 0.051 0.031 0.023 0.023 0.015

3 0.0990 1⁄8 0.199 0.171 0.059 0.035 0.027 0.027 0.017

4 0.1120 3⁄16 0.225 0.195 0.067 0.039 0.031 0.030 0.020

5 0.1250 3⁄16 0.252 0.220 0.075 0.043 0.035 0.034 0.022

6 0.1380 3⁄16 0.279 0.244 0.083 0.048 0.039 0.038 0.024

8 0.1640 1⁄4 0.332 0.292 0.100 0.054 0.045 0.045 0.029

10 0.1900 5⁄16 0.385 0.340 0.116 0.060 0.050 0.053 0.034

12 0.2160 3⁄8 0.438 0.389 0.132 0.067 0.056 0.060 0.039
1⁄4 0.2500 7⁄16 0.507 0.452 0.153 0.075 0.064 0.070 0.046

5⁄16 0.3125 1⁄2 0.635 0.568 0.191 0.084 0.072 0.088 0.058
3⁄8 0.3750 9⁄16 0.762 0.685 0.230 0.094 0.081 0.106 0.070

7⁄16 0.4375 5⁄8 0.812 0.723 0.223 0.094 0.081 0.103 0.066
1⁄2 0.5000 3⁄4 0.875 0.775 0.223 0.106 0.091 0.103 0.065

9⁄16 0.5625 … 1.000 0.889 0.260 0.118 0.102 0.120 0.077
5⁄8 0.6250 … 1.125 1.002 0.298 0.133 0.116 0.137 0.088
3⁄4 0.7500 … 1.375 1.230 0.372 0.149 0.131 0.171 0.111

CLOSE TOLERANCE 100-DEGREE FLAT COUNTERSUNK HEAD TYPE

Nominal
Sizea

or Basic
Screw Dia.

Head Diameter, A Head
Height,

H

Slot
 Width,

J

Slot
Depth,

T
Max.,
Edge
Sharp

Min.,
Edgec

Ref. Max. Min. Max. Min.

4 0.1120 0.225 0.191 0.049 0.039 0.031 0.024 0.017
6 0.1380 0.279 0.238 0.060 0.048 0.039 0.030 0.022
8 0.1640 0.332 0.285 0.072 0.054 0.045 0.036 0.027

10 0.1900 0.385 0.333 0.083 0.060 0.050 0.042 0.031
1⁄4 0.2500 0.507 0.442 0.110 0.075 0.064 0.055 0.042

5⁄16 0.3125 0.635 0.556 0.138 0.084 0.072 0.069 0.053
3⁄8 0.3750 0.762 0.670 0.165 0.094 0.081 0.083 0.065

7⁄16 0.4375 0.890 0.783 0.193 0.094 0.081 0.097 0.076
1⁄2 0.5000 1.017 0.897 0.221 0.106 0.091 0.111 0.088

9⁄16 0.5625 1.145 1.011 0.249 0.118 0.102 0.125 0.099
5⁄8 0.6250 1.272 1.124 0.276 0.133 0.116 0.139 0.111
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Table 4. American National Standard Slotted Undercut Flat Countersunk Head and 
Plain and Slotted Hex Washer Head Machine Screws ANSI B18.6.3-1972 (R1991)

All dimensions are in inches.

SLOTTED UNDERCUT FLAT COUNTERSUNK HEAD TYPE

Nominal
Sizea or Basic

Screw Dia.

a When specifying nominal size in decimals, zeros preceding the decimal point and in the fourth dec-
imal place are omitted. 

Max.,
Lb

b These lengths or shorter are undercut. 

Head Dia., A Head
Height,

H

Slot
Width,

J

Slot
Depth,

T
Max.,
Edge
Sharp

Min., Edge
Rnded.
or Flat Max. Min. Max. Min. Max. Min.

0 0.0600 1⁄8 0.119 0.099 0.025 0.018 0.023 0.016 0.011 0.007

1 0.0730 1⁄8 0.146 0.123 0.031 0.023 0.026 0.019 0.014 0.009

2 0.0860 1⁄8 0.172 0.147 0.036 0.028 0.031 0.023 0.016 0.011

3 0.0990 1⁄8 0.199 0.171 0.042 0.033 0.035 0.027 0.019 0.012

4 0.1120 3⁄16 0.225 0.195 0.047 0.038 0.039 0.031 0.022 0.014

5 0.1250 3⁄16 0.252 0.220 0.053 0.043 0.043 0.035 0.024 0.016

6 0.1380 3⁄16 0.279 0.244 0.059 0.048 0.048 0.039 0.027 0.017

8 0.1640 1⁄4 0.332 0.292 0.070 0.058 0.054 0.045 0.032 0.021

10 0.1900 5⁄16 0.385 0.340 0.081 0.068 0.060 0.050 0.037 0.024

12 0.2160 3⁄8 0.438 0.389 0.092 0.078 0.067 0.056 0.043 0.028
1⁄4 0.2500 7⁄16 0.507 0.452 0.107 0.092 0.075 0.064 0.050 0.032
5⁄16 0.3125 1⁄2 0.635 0.568 0.134 0.116 0.084 0.072 0.062 0.041
3⁄8 0.3750 9⁄16 0.762 0.685 0.161 0.140 0.094 0.081 0.075 0.049
7⁄16 0.4375 5⁄8 0.812 0.723 0.156 0.133 0.094 0.081 0.072 0.045
1⁄2 0.5000 3⁄4 0.875 0.775 0.156 0.130 0.106 0.091 0.072 0.046

PLAIN AND SLOTTED HEX WASHER HEAD TYPES

Nominal
Sizea

or Basic
Screw Dia.

Width
Across
 Flats,

A

Width
Across-
Corn.,

W

Head
Height,

H

Washer
Dia.,

B

Washer
Thick.,

U

Slota
Width,

J

a Unless otherwise specified, hexagon washer head machine screws are not slotted. 

Slota
Depth,

T

Max. Min. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.

2 0.0860 0.125 0.120 0.134 0.050 0.040 0.166 0.154 0.016 0.010 …. …. …. ….
3 0.0990 0.125 0.120 0.134 0.055 0.044 0.177 0.163 0.016 0.010 …. …. …. ….
4 0.1120 0.188 0.181 0.202 0.060 0.049 0.243 0.225 0.019 0.011 0.039 0.031 0.042 0.025
5 0.1250 0.188 0.181 0.202 0.070 0.058 0.260 0.240 0.025 0.015 0.043 0.035 0.049 0.030
6 0.1380 0.250 0.244 0.272 0.093 0.080 0.328 0.302 0.025 0.015 0.048 0.039 0.053 0.033
8 0.1640 0.250 0.244 0.272 0.110 0.096 0.348 0.322 0.031 0.019 0.054 0.045 0.074 0.052

10 0.1900 0.312 0.305 0.340 0.120 0.105 0.414 0.384 0.031 0.019 0.060 0.050 0.080 0.057
12 0.2160 0.312 0.305 0.340 0.155 0.139 0.432 0.398 0.039 0.022 0.067 0.056 0.103 0.077

1⁄4 0.2500 0.375 0.367 0.409 0.190 0.172 0.520 0.480 0.050 0.030 0.075 0.064 0.111 0.083
5⁄16 0.3125 0.500 0.489 0.545 0.230 0.208 0.676 0.624 0.055 0.035 0.084 0.072 0.134 0.100
3⁄8 0.3750 0.562 0.551 0.614 0.295 0.270 0.780 0.720 0.063 0.037 0.094 0.081 0.168 0.131
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Table 5. American National Standard Slotted Truss Head and Plain and Slotted 
Hexagon Head Machine Screws ANSI B18.6.3-1972 (R1991)

All dimensions are in inches.

SLOTTED TRUSS HEAD TYPE

Nominal
Sizea or Basic

Screw Dia.

a Where specifying nominal size in decimals, zeros preceding decimal points and in the fourth deci-
mal place are omitted. 

Head Dia.,
A

Head Height,
H

Head Radius,
R

Slot Width,
J

Slot Depth,
T

Max. Min. Max. Min. Max. Max. Min. Max. Min.

0000 0.0210 0.049 0.043 0.014 0.010 0.032 0.009 0.005 0.009 0.005
000 0.0340 0.077 0.071 0.022 0.018 0.051 0.013 0.009 0.013 0.009
00 0.0470 0.106 0.098 0.030 0.024 0.070 0.017 0.010 0.018 0.012

0 0.0600 0.131 0.119 0.037 0.029 0.087 0.023 0.016 0.022 0.014
1 0.0730 0.164 0.149 0.045 0.037 0.107 0.026 0.019 0.027 0.018
2 0.0860 0.194 0.180 0.053 0.044 0.129 0.031 0.023 0.031 0.022
3 0.0990 0.226 0.211 0.061 0.051 0.151 0.035 0.027 0.036 0.026
4 0.1120 0.257 0.241 0.069 0.059 0.169 0.039 0.031 0.040 0.030
5 0.1250 0.289 0.272 0.078 0.066 0.191 0.043 0.035 0.045 0.034
6 0.1380 0.321 0.303 0.086 0.074 0.211 0.048 0.039 0.050 0.037
8 0.1640 0.384 0.364 0.102 0.088 0.254 0.054 0.045 0.058 0.045

10 0.1900 0.448 0.425 0.118 0.103 0.283 0.060 0.050 0.068 0.053
12 0.2160 0.511 0.487 0.134 0.118 0.336 0.067 0.056 0.077 0.061

1⁄4 0.2500 0.573 0.546 0.150 0.133 0.375 0.075 0.064 0.087 0.070
5⁄16 0.3125 0.698 0.666 0.183 0.162 0.457 0.084 0.072 0.106 0.085
3⁄8 0.3750 0.823 0.787 0.215 0.191 0.538 0.094 0.081 0.124 0.100
7⁄16 0.4375 0.948 0.907 0.248 0.221 0.619 0.094 0.081 0.142 0.116
1⁄2 0.5000 1.073 1.028 0.280 0.250 0.701 0.106 0.091 0.161 0.131
9⁄16 0.5625 1.198 1.149 0.312 0.279 0.783 0.118 0.102 0.179 0.146
5⁄8 0.6250 1.323 1.269 0.345 0.309 0.863 0.133 0.116 0.196 0.162
3⁄4 0.7500 1.573 1.511 0.410 0.368 1.024 0.149 0.131 0.234 0.182

PLAIN AND SLOTTED HEXAGON HEAD TYPES

Nominal
Sizea

or Basic
Screw Dia.

Regular Head Large Head
Head

Height, H
Slota

Width, J

a Unless otherwise specified, hexagon head machine screws are not slotted. 

Slota
Depth, T

Width
Across
Flats, A

Across
Corn., W

Width
Across
Flats, A

Across
Corn., W

Max. Min. Min. Max. Min. Min. Max. Min. Max. Min. Max. Min.

1 .0730 .125 .120 .134 … … … .044 .036 … … … …
2 0.0860 .125 .120 .134 … … … .050 .040 … … … …
3 0.0990 .188 .181 .202 … … … .055 .044 … … … …
4 0.1120 .188 .181 .202 .219 .213 .238 .060 .049 .039 .031 .036 .02
5 0.1250 .188 .181 .202 .250 .244 .272 .070 .058 .043 .035 .042 .03
6 0.1380 .250 .244 .272 … … … .093 .080 .048 .039 .046 .03
8 0.1640 .250 .244 .272 .312 .305 .340 .110 .096 .054 .045 .066 .05

10 0.1900 .312 .305 .340 … … … .120 .105 .060 .050 .072 .057
12 0.2160 .312 .305 .340 .375 .367 .409 .155 .139 .067 .056 .093 .07

1⁄4 0.2500 .375 .367 .409 .438 .428 .477 .190 .172 .075 .064 .101 .08
5⁄16 0.3125 .500 .489 .545 … … … .230 .208 .084 .072 .122 .10
3⁄8 0.3750 .562 .551 .614 … … … .295 .270 .094 .081 .156 .13
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Table 6. American National Standard Slotted Pan Head Machine Screws
 ANSI B18.6.3-1972 (R1991)

All dimensions are in inches.

Table 7. Nos. 0000, 000 and 00 Threads ANSI B18.6.3-1972 (R1991) Appendix

All dimensions are in inches.

Nominal
Sizea

or Basic
Screw Dia.

a Where specifying nominal size in decimals, zeros preceding decimal and in the fourth decimal
place are omitted. 

Head
Dia.,

A

Head
Height,

H

Head
Radius,

R

Slot
Width,

J

Slot
Depth,

T

Max. Min. Max. Min. Max. Max. Min. Max. Min.

0000 0.0210 .042 .036 .016 .010 .007 .008 .004 .008 .004
000 0.0340 .066 .060 .023 .017 .010 .012 .008 .012 .008
00 0.0470 .090 .082 .032 .025 .015 .017 .010 .016 .010

0 0.0600 .116 .104 .039 .031 .020 .023 .016 .022 .014
1 0.0730 .142 .130 .046 .038 .025 .026 .019 .027 .018
2 0.0860 .167 .155 .053 .045 .035 .031 .023 .031 .022
3 0.0990 .193 .180 .060 .051 .037 .035 .027 .036 .026
4 0.1120 .219 .205 .068 .058 .042 .039 .031 .040 .030
5 0.1250 .245 .231 .075 .065 .044 .043 .035 .045 .034
6 0.1380 .270 .256 .082 .072 .046 .048 .039 .050 .037
8 0.1640 .322 .306 .096 .085 .052 .054 .045 .058 .045

10 0.1900 .373 .357 .110 .099 .061 .060 .050 .068 .053
12 0.2160 .425 .407 .125 .112 .078 .067 .056 .077 .061

1⁄4 0.2500 .492 .473 .144 .130 .087 .075 .064 .087 .070
5⁄16 0.3125 .615 .594 .178 .162 .099 .084 .072 .106 .085
3⁄8 0.3750 .740 .716 .212 .195 .143 .094 .081 .124 .100
7⁄16 0.4375 .863 .837 .247 .228 .153 .094 .081 .142 .116
1⁄2 0.5000 .987 .958 .281 .260 .175 .106 .091 .161 .131
9⁄16 0.5625 1.041 1.000 .315 .293 .197 .118 .102 .179 .146
5⁄8 0.6250 1.172 1.125 .350 .325 .219 .133 .116 .197 .162
3⁄4 0.7500 1.435 1.375 .419 .390 .263 .149 .131 .234 .192

Nominal
Sizea

and
Threads
Per Inch

a Where specifying nominal size in decimals, zeros preceding decimal and in the fourth decimal
place are omitted. 

Se
ri

es
D

es
ig

na
t.

Externalb

b There is no allowance provided on the external threads. 

Internalc

c The minor diameter limits for internal threads are not specified, they being determined by the
amount of thread engagement necessary to satisfy the strength requirements and tapping performance
in the intended application. 

C
la

ss

Major
Diameter

Pitch
Diameter Minor

Dia. C
la

ss

Pitch
Diameter

Major
Dia.

Max. Min. Max. Min. Tol. Min. Max. Tol. Min.

0000-160 or
0.0210-160 NS 2 .0210 .0195 .0169 .0158 .0011 .0128 2 .0169 .0181 .0012 .0210

000-120 or
0.0340-120 NS 2 .0340 .0325 .0286 0.272 .0014 .0232 2 .0286 .0300 .0014 .034

00-90 or
0.0470-90 NS 2 .0470 .0450 .0398 .0382 .0016 .0326 2 .0398 .0414 .0016 .047

00-96 or
0.0470-96 NS 2 .0470 .0450 .0402 .0386 .0016 .0334 2 .0402 .0418 .0016 .047
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All dimensions are in inches.
1Where specifying nominal size in decimals, zeros preceding decimal points and in the fourth dec-

imal place are omitted.
2Drilled hole shall be approximately perpendicular to the axis of slot and may be permitted to break

through bottom of the slot. Edges of the hole shall be free from burrs.
3A slight rounding of the edges at periphery of head is permissible provided the diameter of the

bearing circle is equal to no less than 90 per cent of the specified minimum head diameter.

Table 8. American National Standard Slotted Fillister and Slotted Drilled
 Fillister Head Machine Screws ANSI B18.6.3-1972 (R1991)

SLOTTED FILLISTER HEAD TYPE

Nominal
Size1 or Basic

Screw Dia.

Head Dia.,
A

Head Side
Height,

H

Total Head
Height,

O
Slot Width,

J
Slot Depth,

T

Max. Min. Max. Min. Max. Min. Max Min. Max. Min.

0000 0.0210 .038 .032 .019 .011 .025 .15 .008 .004 .012 .006
000 0.0340 .059 .053 .029 .021 .035 .027 .012 .006 .017 .011

00 0.0470 .082 .072 .037 .028 .047 .039 .017 .010 .022 .015
0 0.0600 .096 .083 .043 .038 .055 .047 .023 .016 .025 .015
1 0.0730 .118 .104 .053 .045 .066 .058 .026 .019 .031 .020
2 0.0860 .140 .124 .062 .053 .083 .066 .031 .023 .037 .025
3 0.0990 .161 .145 .070 .061 .095 .077 .035 .027 .043 .030
4 0.1120 .183 .166 .079 .069 .107 .088 .039 .031 .048 .035
5 0.1250 .205 .187 .088 .078 .120 .100 .043 .035 .054 .040
6 0.1380 .226 .208 .096 .086 .132 .111 .048 .039 .060 .045
8 0.1640 .270 .250 .113 .102 .156 .133 .054 .045 .071 .054

10 0.1900 .313 .292 .130 .118 .180 .156 .060 .050 .083 .064
12 0.2160 .357 .334 .148 .134 .205 .178 .067 .056 .094 .074

1⁄4 0.2500 .414 .389 .170 .155 .237 .207 .075 .064 .109 .087
5⁄16 0.3125 .518 .490 .211 .194 .295 .262 .084 .072 .137 .110
3⁄8 0.3750 .622 .590 .253 .233 .355 .315 .094 .081 .164 .133
7⁄16 0.4375 .625 .589 .265 .242 .368 .321 .094 .081 .170 .135
1⁄2 0.5000 .750 .710 .297 .273 .412 .362 .106 .091 .190 .151
9⁄16 0.5625 .812 .768 .336 .308 .466 .410 .118 .102 .214 .172
5⁄8 0.6250 .875 .827 .375 .345 .521 .461 .133 .116 .240 .193
3⁄4 0.7500 1.000 .945 .441 .406 .612 .542 .149 .131 .281 .226

SLOTTED DRILLED FILLISTER HEAD TYPE

Nominal
Size1

or Basic
Screw Dia.

Head
Dia.,

A

Head
Side

Height,
H

Total
Head

Height,
O

Slot
Width,

J

Slot
Depth,

T

Drilled
Hole

Locat.,
E

Drilled
Hole.
Dia.,

F

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Basic Basic

2 0.0860 .140 .124 .062 .055 .083 .070 .031 .023 .030 .022 .026 .031
3 0.0990 .161 .145 .070 .064 .095 .082 .035 .027 .034 .026 .030 .037
4 0.1120 .183 .166 .079 .072 .107 .094 .039 .031 .038 .030 .035 .037
5 0.1250 .205 .187 .088 .081 .120 .106 .043 .035 .042 .033 .038 .046
6 0.1380 .226 .208 .096 .089 .132 .118 .048 .039 .045 .035 .043 .046
8 0.1640 .270 .250 .113 .106 .156 .141 .054 .045 .065 .054 .043 .046
10 0.1900 .313 .292 .130 .123 .180 .165 .060 .050 .075 .064 .043 .046
12 0.2160 .357 .334 .148 .139 .205 .188 .067 .056 .087 .074 .053 .046

1⁄4 0.2500 .414 .389 .170 .161 .237 .219 .075 .064 .102 .087 .062 .062
5⁄16 0.3125 .518 .490 .211 .201 .295 .276 .084 .072 .130 .110 .078 .070
3⁄8 0.3750 .622 .590 .253 .242 .355 .333 .094 .081 .154 .134 .094 .070
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Table 9. American National Standard Slotted Oval Countersunk 
Head Machine Screws  ANSI B18.6.3-1972 (R1991)

All dimensions are in inches.

Table 10. American National Standard Header Points for 
Machine Screws before Threading ANSI B18.6.3-1972 (R1991)

All dimensions in inches. Edges of point may be rounded and end of point need not be flat nor per-
pendicular to shank. Machine screws normally have plain sheared ends but when specified may have
header points, as shown above.

Nominal
Sizea

or Basic
Screw Dia.

a When specifying nominal size in decimals, zeros preceding decimal points and in the fourth deci-
mal place are omitted. 

Max
Lb

b These lengths or shorter are undercut. 

Head Dia.,
A

Head
Side

Height,
H,

Total Head
Height,

O

Slot
Width,

J

Slot
Depth,

TMax.,
Edge
Sharp

Min.,
Edge

Rnded.
or Flat Ref. Max. Min. Max. Min. Max. Min.

00 0.0470 … .093 .085 .028 .042 .034 .017 .010 .023 .016
0 0.0600 1⁄8 .119 .099 .035 .056 .041 .023 .016 .030 .025
1 0.0730 1⁄8 .146 .123 .043 .068 .052 .026 .019 .038 .031
2 0.0860 1⁄8 .172 .147 .051 .080 .063 .031 .023 .045 .037
3 0.0990 1⁄8 .199 .171 .059 .092 .073 .035 .027 .052 .043
4 0.1120 3⁄16 .225 .195 .067 .104 .084 .039 .031 .059 .049
5 0.1250 3⁄16 .252 .220 .075 .116 .095 .043 .035 .067 .055
6 0.1380 3⁄16 .279 .244 .083 .128 .105 .048 .039 .074 .060
8 0.1640 1⁄4 .332 .292 .100 .152 .126 .054 .045 .088 .072
10 0.1900 5⁄16 .385 .340 .116 .176 .148 .060 .050 .103 .084
12 0.2160 3⁄8 .438 .389 .132 .200 .169 .067 .056 .117 .096

1⁄4 0.2500 7⁄16 .507 .452 .153 .232 .197 .075 .064 .136 .112
5⁄16 0.3125 1⁄2 .635 .568 .191 .290 .249 .084 .072 .171 .141
3⁄8 0.3750 9⁄16 .762 .685 .230 .347 .300 .094 .081 .206 .170
7⁄16 0.4375 5⁄8 .812 .723 .223 .345 .295 .094 .081 .210 .174
1⁄2 0.5000 3⁄4 .875 .775 .223 .354 .299 .106 .091 .216 .176
9⁄16 0.5625 … 1.000 .889 .260 .410 .350 .118 .102 .250 .207
5⁄8 0.6250 … 1.125 1.002 .298 .467 .399 .133 .116 .285 .235
3⁄4 0.7500 … 1.375 1.230 .372 .578 .497 .149 .131 .353 .293

Nom.
Size

Threads
per Inch

Max.
P

Min.
P

Max.
L

10
24 0.125 0.112

11⁄4
32 0.138 0.124

Nom.
Size.

Threads
per Inch

Max.
P

Min.
P

Max.
L

12
24 0.149 0.134

13⁄828 0.156 0.141

2
56 0.057 0.050 1⁄2 1⁄4

20 0.170 0.153
11⁄264 0.060 0.053 28 0.187 0.169

4
40 0.074 0.065 1⁄2 5⁄16

18 0.221 0.200
11⁄248 0.079 0.070 24 0.237 0.215

5
40 0.086 0.076 1⁄2 3⁄8

16 0.270 0.244
11⁄244 0.088 0.079 24 0.295 0.267

6
32 0.090 0.080 3⁄4 7⁄16

14 0.316 0.287
11⁄240 0.098 0.087 20 0.342 0.310

8
32 0.114 0.102

1 1⁄2
13 0.367 0.333

11⁄236 0.118 0.106 20 0.399 0.362



MACHINE SCREWS 1651

Table 11. American National Standard Slotted Binding Head and Slotted Undercut 
Oval Countersunk Head Machine Screws ANSI B18.6.3-1972 (R1991)

All dimensions are in inches.

SLOTTED BINDING HEAD TYPE

Nominal
Sizea

or Basic
Screw Dia.

a Where specifying nominal size in decimals, zeros preceding decimal points and in the fourth deci-
mal place are omitted. 

Head
Dia.,

A

Total Head
Height,

O

Head Oval
Height,

F

Slot
Width,

J

Slot
Depth,

T

Undercutb
Dia.,

U

b Unless otherwise specified, slotted binding head machine screws are not undercut. 

Undercutb
Depth,

X

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.

0000 0.0210 .046 .040 .014 .009 .006 .003 .008 .004 .009 .005 … … … …
000 0.0340 .073 .067 .021 .015 .008 .005 .012 .006 .013 .009 … … … …

00 0.0470 .098 .090 .028 .023 .011 .007 .017 .010 .018 .012 … … … …
0 0.0600 .126 .119 .032 .026 .012 .008 .023 .016 .018 .009 .098 .086 .007 .002
1 0.0730 .153 .145 .041 .035 .015 .011 .026 .019 .024 .014 .120 .105 .008 .003
2 0.0860 .181 .171 .050 .043 .018 .013 .031 .023 .030 .020 .141 .124 .010 .005
3 0.0990 .208 .197 .059 .052 .022 .016 .035 .027 .036 .025 .162 .143 .011 .006
4 0.1120 .235 .223 .068 .061 .025 .018 .039 .031 .042 .030 .184 .161 .012 .007
5 0.1250 .263 .249 .078 .069 .029 .021 .043 .035 .048 .035 .205 .180 .014 .009
6 0.1380 .290 .275 .087 .078 .032 .024 .048 .039 .053 .040 .226 .199 .015 .010
8 0.1640 .344 .326 .105 .095 .039 .029 .054 .045 .065 .050 .269 .236 .017 .012

10 0.1900 .399 .378 .123 .112 .045 .034 .060 .050 .077 .060 .312 .274 .020 .015
12 0.2160 .454 .430 .141 .130 .052 .039 .067 .056 .089 .070 .354 .311 .023 .018

1⁄4 0.2500 .525 .498 .165 .152 .061 .046 .075 .064 .105 .084 .410 .360 .026 .021
5⁄16 0.3125 .656 .622 .209 .194 .077 .059 .084 .072 .134 .108 .513 .450 .032 .027
3⁄8 0.3750 .788 .746 .253 .235 .094 .071 .094 .081 .163 .132 .615 .540 .039 .034

SLOTTED UNDERCUT OVAL COUNTERSUNK HEAD TYPES

Nominal
Sizea

or Basic
Screw Dia.

Max.
La

a These lengths or shorter are undercut. 

Head Dia.,
A

Head
Side

Height,
H

Total
Head

Height,
O

Slot
Width,

J

Slot
Depth,

TMax.,
Edge
Sharp

Min.,
Edge

Rnded.
or Flat Ref. Max. Min. Max. Min. Max. Min.

0 0.0600 1⁄8 .119 .099 .025 .046 .033 .023 .016 .028 .022

1 0.0730 1⁄8 .146 .123 .031 .056 .042 .026 .019 .034 .027

2 0.0860 1⁄8 .172 .147 .036 .065 .050 .031 .023 .040 .033

3 0.0990 1⁄8 .199 .171 .042 .075 .059 .035 .027 .047 .038

4 0.1120 3⁄16 .225 .195 .047 .084 .067 .039 .031 .053 .043

5 0.1250 3⁄16 .252 .220 .053 .094 .076 .043 .035 .059 .048

6 0.1380 3⁄16 .279 .244 .059 .104 .084 .048 .039 .065 .053

8 0.1640 1⁄4 .332 .292 .070 .123 .101 .054 .045 .078 .064

10 0.1900 5⁄16 .385 .340 .081 .142 .118 .060 .050 .090 .074

12 0.2160 3⁄8 .438 .389 .092 .161 .135 .067 .056 .103 .085
1⁄4 0.2500 7⁄16 .507 .452 .107 .186 .158 .075 .064 .119 .098
5⁄16 0.3125 1⁄2 .635 .568 .134 .232 .198 .084 .072 .149 .124
3⁄8 0.3750 9⁄16 .762 .685 .161 .278 .239 .094 .081 .179 .149
7⁄16 0.4375 5⁄8 .812 .723 .156 .279 .239 .094 .081 .184 .154
1⁄2 0.5000 3⁄4 .875 .775 .156 .288 .244 .106 .091 .204 .169
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Table 12. Slotted Round Head Machine Screws 
 ANSI B18.6.3-1972 (R1991) Appendix

All dimensions are in inches.
Not recommended, use Pan Head machine screws.

Machine Screw Cross Recesses.—Four cross recesses, Types I, IA, II, and III, may be
used in lieu of slots in machine screw heads. Dimensions for recess diameter M, width N,
and depth T (not shown above) together with recess penetration gaging depths are given in
American National Standard ANSI B18.6.3-1972 (R1991) for machine screws, and in
ANSI/ASME B18.6.7M-1985 for metric machine screws.

ANSI Cross Recesses for Machine Screws and Metric Machine Screw

Nominal
Sizea or Basic

Screw Dia.

aWhen specifying nominal size in decimals, zeros preceding decimal point and in the fourth decimal
place are omitted. 

Head Diameter,
A

Head Height,
H

Slot Width,
J

Slot Depth,
T

Max. Min. Max. Min. Max. Min. Max. Min.

0000 0.0210 .041 .035 .022 .016 .008 .004 .017 .013
000 0.0340 .062 .056 .031 .025 .012 .008 .018 .012
00 0.0470 .089 .080 .045 .036 .017 .010 .026 .018
0 0.0600 .113 .099 .053 .043 .023 .016 .039 .029
1 0.0730 .138 .122 .061 .051 .026 .019 .044 .033
2 0.0860 .162 .146 .069 .059 .031 .023 .048 .037
3 0.0990 .187 .169 .078 .067 .035 .027 .053 .040
4 0.1120 .211 .193 .086 .075 .039 .031 .058 .044
5 0.1250 .236 .217 .095 .083 .043 .035 .063 .047
6 0.1380 .260 .240 .103 .091 .048 .039 .068 .051
8 0.1640 .309 .287 .120 .107 .054 .045 .077 .058

10 0.1900 .359 .334 .137 .123 .060 .050 .087 .065
12 0.2160 .408 .382 .153 .139 .067 .056 .096 .073

1⁄4 0.2500 .472 .443 .175 .160 .075 .064 .109 .082

5⁄16 0.3125 .590 .557 .216 .198 .084 .072 .132 .099

3⁄8 0.3750 .708 .670 .256 .237 .094 .081 .155 .117

7⁄16 0.4375 .750 .707 .328 .307 .094 .081 .196 .148

1⁄2 0.5000 .813 .766 .355 .332 .106 .091 .211 .159

9⁄16 0.5625 .938 .887 .410 .385 .118 .102 .242 .183

5⁄8 0.6250 1.000 .944 .438 .411 .133 .116 .258 .195

3⁄4 0.7500 1.250 1.185 .547 .516 .149 .131 .320 .242

Type I Cross Recess Type IA Cross Recess Type II Cross Recess Type III Square Center
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Slotted Head Miniature Screws

The ASA B18.11 standard establishes head types, their dimensions, and lengths of slot-
ted head miniature screws, threaded in conformance with American Standard Unified
Miniature Screw Threads, ASA B1.10. The standard covers threads of a nominal diameter
from 0.0118 inch (0.3 mm) to 0.0551 inch (1.4 mm). Preferred diameter pitch combina-
tions for general use are shown in bold type in the tables. 

Head Types.—Fillister Head: The fillister head has a flat top surface (oval crown
optional) with cylindrical sides and a flat bearing surface. The head proportions are given
in Table 1.

Pan Head: The pan head has a flat top surface, cylindrical sides, and a flat bearing sur-
face. The head height is less than the fillister but the head diameter is slightly larger. Head
proportions are given in Table 2.

Flat Head: The flat head has a flat top surface and a conical bearing surface with an
included angle of approximately 100°. Head proportions are given in Table 3.

Binding Head: The head height is less than the pan head but the head diameter is greater,
and is intended for applications which would otherwise require washers. Head proportions
are given in Table 4.

Table 1. Miniature Screws - Fillister Head  ASA B18.11-1961, R2010

Size
Desig-
nation

Thds
per
Inch

D
Basic
Major
Dia.

Fillister Head Dimensions

A
Head Dia.

H

Head Hgt
J

 Slot Width
T

Slot Depth a

a T measured from bearing surface. 

C
Chamfer

R

Radiusb

b Relative to maximum major diameter. 

Max Max Min Max Min Max Min Max Min Max Min

30 UNM 318 0.0118 0.021 0.019 0.012 0.010 0.004 0.003 0.006 0.004 0.002 0.002

35 UNM 282 0.0138 0.023 0.021 0.014 0.012 0.004 0.003 0.007 0.005 0.002 0.002
40 UNM 254 0.0157 0.025 0.023 0.016 0.013 0.005 0.003 0.008 0.006 0.002 0.002

45 UNM 254 0.0177 0.029 0.027 0.018 0.015 0.005 0.003 0.009 0.007 0.002 0.002
50 UNM 203 0.0197 0.033 0.031 0.020 0.017 0.006 0.004 0.010 0.007 0.003 0.002

55 UNM 203 0.0217 0.037 0.035 0.022 0.019 0.006 0.004 0.011 0.008 0.003 0.002
60 UNM 169 0.0236 0.041 0.039 0.025 0.021 0.008 0.005 0.012 0.009 0.004 0.003

70 UNM 145 0.0276 0.045 0.043 0.028 0.024 0.008 0.005 0.014 0.011 0.004 0.003
80 UNM 127 0.0315 0.051 0.049 0.032 0.028 0.010 0.007 0.016 0.012 0.005 0.004

90 UNM 113 0.0354 0.056 0.054 0.036 0.032 0.010 0.007 0.018 0.014 0.005 0.004
100 UNM 102 0.0394 0.062 0.058 0.040 0.035 0.012 0.008 0.020 0.016 0.006 0.005

110 UNM 102 0.0433 0.072 0.068 0.045 0.040 0.012 0.008 0.022 0.018 0.006 0.005
120 UNM 102 0.0472 0.082 0.078 0.050 0.045 0.016 0.012 0.025 0.020 0.008 0.006

140 UNM 85 0.0551 0.092 0.088 0.055 0.050 0.016 0.012 0.028 0.023 0.008 0.006
Bold face type indicates preferred sizes. See Notes for Tables 1 through 4 on page 1654.

A J

C T
H

LT

L

45Ο + 0o

- 5o

UNM THREAD
ASA B1.10

OVAL CROWN OPTIONAL
MIN. RADIUS 0.85 OF 
NOMINAL HEAD DIA.

R

TO MINOR

DIA MIN.

D
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Notes for Tables 1 through 4

Material:
Corrosion resistant steels: ASTM Designation A276

  CLASS 303, COND A
  CLASS 416, COND A, heat treat to approx 120,000-150,000 PSI (ROCKWELL C28-34)
  CLASS 420, COND A, heat treat to approx 220,000-240,000 PSI (ROCKWELL C50-53)

Brass: Temper half hard ASTM Designation B16
Nickel Silver: Temper hard ASTM Designation B151, Alloy C

Machine Finish:
Machined surface roughness of heads shall be approximately 63µin. arithmetical average determined by visual 
comparison.

Applied coatings:
Corrosion resistant steel: Passivate; Brass: Bare, black oxide, or nickel flash. 
Nickel silver: None

Notes:
1) The diameter of the unthreaded body shall not be more than the maximum major diameter nor less than the 

minimum pitch diameter of the thread.
2) For screw lengths four times the major diameter or less, thread length (LT) shall extend to within two threads 

of the head bearing surface. Screws of greater length shall have complete threads for a minimum of four 
major diameters.

3) Screws shall be free of all projecting burrs, observed at 3× magnification.
4) All dimensions are in inches.

Table 2. Miniature Screws - Pan Head  ASA B18.11-1961, R2010

Size
Desig-
nation

Thds
per
Inch

D
Basic
Major
Dia.,M

ax

Pan Head Dimensions

A
Head Dia.

H
Head Hgt

J
 Slot Width

T

Slot Depth a

a T measured from bearing surface. 

C
Chamfer

R

Radiusb

b Relative to maximum major diameter. 

Max Min Max Min Max Min Max Min Max Min

30 UNM 318 0.0118 0.025 0.023 0.010 0.008 0.005 0.003 0.005 0.003 0.002 0.002

35 UNM 282 0.0138 0.029 0.027 0.011 0.009 0.005 0.003 0.006 0.004 0.002 0.002
40 UNM 254 0.0157 0.033 0.031 0.012 0.010 0.006 0.004 0.006 0.004 0.002 0.002

45 UNM 254 0.0177 0.037 0.035 0.014 0.012 0.006 0.004 0.007 0.005 0.002 0.002
50 UNM 203 0.0197 0.041 0.039 0.016 0.013 0.008 0.005 0.008 0.006 0.003 0.002

55 UNM 203 0.0217 0.045 0.043 0.018 0.015 0.008 0.005 0.009 0.007 0.003 0.002
60 UNM 169 0.0236 0.051 0.049 0.020 0.017 0.010 0.007 0.010 0.007 0.004 0.003

70 UNM 145 0.0276 0.056 0.054 0.022 0.019 0.010 0.007 0.011 0.008 0.004 0.003
80 UNM 127 0.0315 0.062 0.058 0.025 0.021 0.012 0.008 0.012 0.009 0.005 0.004

90 UNM 113 0.0354 0.072 0.068 0.028 0.024 0.012 0.008 0.014 0.011 0.005 0.004
100 UNM 102 0.0394 0.082 0.078 0.032 0.028 0.016 0.012 0.018 0.014 0.006 0.005

110 UNM 102 0.0433 0.092 0.088 0.036 0.032 0.016 0.012 0.018 0.014 0.006 0.005
120 UNM 102 0.0472 0.103 0.097 0.040 0.035 0.020 0.015 0.020 0.016 0.008 0.006

140 UNM 85 0.0551 0.113 0.107 0.045 0.040 0.020 0.015 0.022 0.018 0.008 0.006
Bold face type indicates preferred sizes. See Notes for Tables 1 through 4 on page 1654.

A J

C T
H

L
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L

45Ο + 0o
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R

TO MINOR

DIA MIN.
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Specifications.—Head Height: The head heights given in the dimensional tables repre-
sent the metal measurement (after slotting).

Depth of Slots: The depth of slots on fillister, pan and binding head screws is measured
from the bearing surface to the intersection of the bottom of the slot with the head diameter.
On heads with a conical bearing surface, the depth of slots is measured parallel to the axis
of the screw from the flat top surface to the intersection of the bottom of the slot with the
bearing surface. The maximum permissible concavity of the slot shall not exceed 3 per cent
of the mean head diameter.

Bearing Surface:  The bearing surface of fillister, pan and binding head screws shall be at
right angles to the axis of the body within 2°.

Eccentricity: Eccentricity is defined as one half of the total indicator reading.

Head Eccentricity: The heads of miniature fastening screws shall not be eccentric with
the screw bodies by more than 2 per cent of the maximum head diameter or 0.001 inch,
whichever is the greater.

Eccentricity of Slots: Slots in miniature fastening screw heads shall not be eccentric with
screw bodies by more than 5 per cent of the nominal body diameter.

Table 3. Miniature Screws - 100° Flat Head  ASA B18.11-1961, R2010

Size
Desig-
nation

Thds
per

Inch

D
Basic
Major
Dia.

Head Dimensions

A

Head Dia.
Av at Full
 Cone a

at max H

H

Head Hgt
J

 Slot Width
T

Slot Depth

R
Radius

b

Max Max Min Max Min Max Min Max Min Max

30 UNM 318 0.0118 0.023 0.021 0.0285 0.007 0.005 0.004 0.003 0.004 0.002 0.005

35 UNM 282 0.0138 0.025 0.023 0.0305 0.007 0.005 0.004 0.003 0.004 0.002 0.005
40 UNM 254 0.0157 0.029 0.027 0.0348 0.008 0.006 0.005 0.003 0.005 0.003 0.006

45 UNM 254 0.0177 0.033 0.031 0.0392 0.009 0.007 0.005 0.003 0.005 0.003 0.006
50 UNM 203 0.0197 0.037 0.035 0.0459 0.011 0.008 0.006 0.004 0.006 0.004 0.008

55 UNM 203 0.0217 0.041 0.039 0.0503 0.012 0.009 0.006 0.004 0.006 0.004 0.008
60 UNM 169 0.0236 0.045 0.043 0.0546 0.013 0.010 0.008 0.005 0.008 0.005 0.010

70 UNM 145 0.0276 0.051 0.049 0.0610 0.014 0.011 0.008 0.005 0.008 0.005 0.010
80 UNM 127 0.0315 0.056 0.054 0.0696 0.016 0.012 0.010 0.007 0.010 0.006 0.012

90 UNM 113 0.0354 0.062 0.058 0.0759 0.017 0.013 0.010 0.007 0.010 0.006 0.012
100 UNM 102 0.0394 0.072 0.068 0.0847 0.019 0.015 0.012 0.008 0.012 0.008 0.016

110 UNM 102 0.0433 0.082 0.078 0.0957 0.022 0.018 0.012 0.008 0.012 0.008 0.016
120 UNM 102 0.0472 0.092 0.088 0.1068 0.025 0.020 0.016 0.012 0.016 0.010 0.020

140 UNM 85 0.0551 0.103 0.097 0.1197 0.027 0.022 0.016 0.012 0.016 0.010 0.020
Bold face type indicates preferred sizes. See Notes for Tables 1 through 4 on page 1654.

a Av  derived from maximum D, maximum H,  and mean angle. 
b Relative to maximum major diameter. 

A J

T

H

L
T

L

45Ο + 0o

- 5o

UNM THREAD
ASA B1.10

D

R

TO MINOR

DIA MIN.

1000

+ 20

A
V



1656 MINIATURE SCREWS

Underhead Fillets: The radius of the fillet under perpendicular bearing surface type
heads shall not exceed 1⁄2 times the pitch of the thread. The radius of the fillet under conical
bearing surface type heads shall not exceed 2 times the pitch of the thread. The radius of the
fillet under the binding head is given in Table 4.

Unthreaded Diameter: On miniature fastening screws not threaded to the head, the
diameter of the unthreaded body shall not be more than the maximum major diameter of
the thread nor less than the minimum pitch diameter of the thread.

Length: The length of miniature screws having perpendicular bearing surface type heads
shall be measured from the bearing surface to the extreme end in a line parallel to the axis
of the screw. The length of screws with conical bearing surface type heads shall be mea-
sured from the top of the head to the extreme end in a line parallel to the axis of the screw.
Preferred lengths are those listed in Table 5.

Tolerance on Length: The length tolerance of miniature screws shall conform to the lim-
its given in Table 5.

Length of Thread: On all miniature screws having a length four times the nominal body
diameter or less the threaded length shall extend to within two threads of the bearing sur-
face of the head. Screws of greater length shall possess complete threads for a minimum of
four diameters.

Table 4. Miniature Screws - Binding Head  ASA B18.11-1961, R2010

Size
Desig- 
nation

Thds
per
Inch

D
Basic
Major
Dia

Binding Head Dimensions

A
Head Dia.

H
Head Hgt

J
 Slot Width

T

Slot Depth a
C

Chamfer
R

Radius

Max Max Min Max Min Max Min Max Min Max Max Min

40 UNM 254 0.0157 0.041 0.039 0.010 0.008 0.006 0.004 0.005 0.003 0.002 0.004 0.002

45 UNM 254 0.0177 0.045 0.043 0.011 0.009 0.006 0.004 0.006 0.004 0.002 0.004 0.002
50 UNM 203 0.0197 0.051 0.049 0.012 0.010 0.008 0.005 0.006 0.004 0.003 0.004 0.002

55 UNM 203 0.0217 0.056 0.054 0.014 0.012 0.008 0.005 0.007 0.005 0.003 0.004 0.002
60 UNM 169 0.0236 0.062 0.058 0.016 0.013 0.010 0.007 0.008 0.006 0.004 0.006 0.003

70 UNM 145 0.0276 0.072 0.068 0.018 0.015 0.010 0.007 0.009 0.007 0.004 0.006 0.003
80 UNM 127 0.0315 0.082 0.078 0.020 0.017 0.012 0.008 0.010 0.007 0.005 0.008 0.004

90 UNM 113 0.0354 0.092 0.088 0.022 0.019 0.012 0.008 0.011 0.008 0.005 0.008 0.004
100 UNM 102 0.0394 0.103 0.097 0.025 0.021 0.016 10.012 0.012 0.009 0.006 0.010 0.005

110 UNM 102 0.0433 0.113 0.107 0.028 0.024 0.016 0.012 0.014 0.011 0.006 0.010 0.005
120 UNM 102 0.0472 0.124 0.116 0.032 0.028 0.020 0.015 0.016 0.012 0.008 0.012 0.006

140 UNM 85 0.0551 0.144 0.136 0.036 0.032 0.020 0.015 0.018 0.014 0.008 0.012 0.006
Bold face type indicates preferred sizes. See Notes for Tables 1 through 4 below.

a T measured from bearing surface. 
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Table 5. Miniature Screw Standard Lengths - Fillister Head, Pan Head, Binding Head, and 100° Flat Head  ASA B18.11

Bold face type indicates preferred sizes. Sizes surrounded by heavy line apply to 100° Flat Head only.

Length (In.)
30

 UNM a

a Sizes 30 UMN and 35 UMN are not specified for Binding Head. 

35
 UNM a

40
 UNM

45
 UNM

50
 UNM

55
 UNM

60
 UNM

70
 UNM

80
 UNM

90
 UNM

100
 UNM

110
 UNM

120
 UNM

140
 UNM

Min. Max. (0.0118) (0.0138) (0.0157) (0.0177 (0.0197) (0.0217) (0.0236) (0.0276) (0.0315) (0.0354) (0.0394) (0.0433) (0.0472) (0.0551)

0.016 0.020 30-020 b

b Does not apply to 100° Flat Head. 

0.020 0.025 30-025 35-025 40-025

0.021 0.025 30-025 35-025 40-025

0.027 0.032 30-032 35-032 40-032 45-032 50-032

0.035 0.040 30-040 35-040 40-040 45-040 50-040 55-040 60-040

0.044 0.050 30-050 35-050 40-050 45-050 50-050 50-050 60-050 70-050 80-050

0.054 0.060 30-060 35-060 40-060 45-060 50-060 55-060 60-060 70-060 80-060 90-060 100-060

0.072 0.080 30-080 35-080 40-080 45-080 50-080 55-080 60-080 70-080 80-080 90-080 100-080 110-080 120-080

0.092 0.100 30-100 35-100 40-100 45-100 50-100 55-100 60-100 70-100 80-100 90-100 100-100 110-100 120-100 140-100

0.110 0.120 30-120 35-120 40-120 45-120 50-120 55-120 60-120 70-120 80-120 90-120 100-120 110-120 120-120 140-120

0.150 0.160 30-160 35-160 40-160 45-160 50-160 55-160 60-160 70-160 80-160 90-160 100-160 110-160 120-160 140-160

0.188 0.200 35-200 40-200 45-200 50-200 55-200 60-200 70-200 80-200 90-200 100-200 110-200 120-200 140-200

0.238 0.250 45-250 50-250 55-250 60-250 70-250 80-250 90-250 100-250 110-250 120-250 140-250

0.304 0.320 55-320 60-320 70-320 80-320 90-320 100-320 110-320 120-320 140-320

0.384 0.400 70-400 80-400 90-400 100-400 110-400 120-400 140-400

0.480 0.500 90-500 100-500 110-500 120-500 140-500

0.580 0.600 110-600 120-600 140-600

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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End of Body: Miniature fastening screws shall be regularly supplied with flat ends hav-
ing a chamfer of approximately 45° extending to the minor diameter of the thread as a min-
imum depth.

Thread Series and Tolerances: The screw threads of miniature screws shall be in con-
formance with American Standard Unified Miniature Screw Threads, ASA B1.10-1958.

Material and Finish: Miniature screws are generally supplied in ferrous and nonferrous
materials, coatings and heat treatments which must be specified by the user. Coatings,
when required, are limited to those of electro-plating or chemical oxidation.

Designation: Screws in conformance with this standard shall be identified by the desig-
nation for thread size in conformance with American Standard ASA B1.10 followed by the
nominal length in units of 1⁄1000 inch (omitting the decimal point) and the head type. Typical
examples are:

60 UNM × 040 FIL HD

100 UNM × 080 PAN HD 

120 UNM × 120 FLAT HD

140 UNM × 250 BIND HD

Machined Finish: Roughness of the machined surfaces of heads shall not exceed 63
micro-inches arithmetical average (per ASA B46.1, Surface Texture) determined by
visual comparison with roughness comparison specimens.

American National Standard Metric Machine Screws

This Standard B18.6.7M covers metric flat and oval countersunk and slotted and
recessed pan head machine screws and metric hex head and hex flange head machine
screws. Dimensions are given in Tables 1 through 4 and 5.

Threads: Threads for metric machine screws are coarse M profile threads, as given in
ANSI B1.13M (see page 1878), unless otherwise specified.

Length of Thread: The lengths of threads on metric machine screws are given in Table 1

for the applicable screw type, size, and length. Also see Table 6.

Diameter of Body: The body diameters of metric machine screws are within the limits
specified in the dimensional tables (Tables 3 through 4 and 5).

Designation: Metric machine screws are designated by the following data in the
sequence shown: Nominal size and thread pitch; nominal length; product name, including
head type and driving provision; header point if desired; material (including property
class, if steel); and protective finish, if required. For example:

M8 × 1.25 × 30 Slotted Pan Head Machine Screw, Class 4.8 Steel, Zinc Plated

M3.5 × 0.6 × 20 Type IA Cross Recessed Oval Countersunk Head Machine Screw,
Header Point, Brass

It is common ISO practice to omit the thread pitch from the product size designation
when screw threads are the metric coarse thread series, e.g., M10 stands for M10 × 1.5.
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Table 1. American National Standard Thread Lengths for Metric Machine Screws
 ANSI/ASME B18.6.7M-1985

All dimensions in millimeters.

Pan, Hex, and Hex Flange Head 
Screws

Flat and Oval Countersunk Head 
Screws

Heat-Treated Recessed Flat 
Countersunk Head Screws

Nominal
Screw
Size
and

Thread
Pitch

L LUS LU L LUS LUL L B

Nomi-
nal

Screw
Length
Equal
to or

Shorter
thana

a The length tolerances for metric machine screws are: up to 3 mm, incl., ± 0.2 mm; over 3 to 10 mm,
incl., ± 0.3 mm; over 10 to 16 mm, incl., ± 0.4 mm; over 16 to 50 mm, incl., ± 0.5 mm; over 50 mm, ±
1.0 mm. 

Unthreaded
Lengthb

b Unthreaded lengths LU and LUS represent the distance, measured parallel to the axis of screw, from
the underside of the head to the face of a nonchamfered or noncounterbored standard GO thread ring
gage assembled by hand as far as the thread will permit. 

Nominal
Screw

Lengtha

Unthreaded
Lengthb Nomi-

nal
Screw
Length
Longer
thana

Full
Form

Thread
Lengthc

c Refer to the illustrations for respective screw head styles. 

Maxd

d The LUS values apply only to heat treated recessed flat countersunk head screws. 

Maxe

e The LU values apply to all screws except heat treated recessed flat countersunk head screws. 

Over

To and
Includ-

ing Maxd Maxe Min

M2 × 0.4 6 1.0 0.4 6 30 1.0 0.8 30 25.0

M2.5 × 0.45 8 1.1 0.5 8 30 1.1 0.9 30 25.0

M3 × 0.5 9 1.2 0.5 9 30 1.2 1.0 30 25.0

M3.5 × 0.6 10 1.5 0.6 10 50 1.5 1.2 50 38.0

M4 × 0.7 12 1.8 0.7 12 50 1.8 1.4 50 38.0

M5 × 0.8 15 2.0 0.8 15 50 2.0 1.6 50 38.0

M6 × 1 18 2.5 1.0 18 50 2.5 2.0 50 38.0

M8 × 1.25 24 3.1 1.2 24 50 3.1 2.5 50 38.0

M10 × 1.5 30 3.8 1.5 30 50 3.8 3.0 50 38.0

M12 × 1.75 36 4.4 1.8 36 50 4.4 3.5 50 38.0
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Table 2. American National Standard Slotted, Cross and Square Recessed Flat Countersunk Head Metric Machine Screws
 ANSI/ASME B18.6.7M-1985

All dimensions in millimeters.

For dimension B, see Table 1.

For dimension L, see Table 6.

Nominal
Screw
Size
and

Thread
Pitch

Slotted and Style A Style B

DK K R N TDS DSH
a

a All recessed head heat-treated steel screws of property class 9.8 or higher strength have the Style B head form. Recessed head screws other than those specifically
designated to be Style B have the Style A head form. The underhead shoulder on the Style B head form is mandatory and all other head dimensions are common to both
the Style A and Style B head forms. 

DS LSH
a

Body Diameter

Body and
Shoulder
Diameter

Shoulder
Diame-

ter

Body
Diame-

ter
Shoulder
Length

Head Diameter

Head
Height

Underhead
Fillet

Radius
Slot

Width
Slot

Depth
Theoretical

Sharp Actual

Max Min Max Min Min Max Min Max Min Min
Max
Ref Max Min Max Min Max Min

M2 × 0.4b

b This size is not specified for Type III square recessed flat countersunk heads; Type II cross recess is not specified for any size. 

2.00 1.65 2.00 1.86 1.65 0.50 0.30 4.4 4.1 3.5 1.2 0.8 0.4 0.7 0.5 0.6 0.4

M2.5 × 0.45 2.50 2.12 2.50 2.36 2.12 0.55 0.35 5.5 5.1 4.4 1.5 1.0 0.5 0.8 0.6 0.7 0.5

M3 × 0.5 3.00 2.58 3.00 2.86 2.58 0.60 0.40 6.3 5.9 5.2 1.7 1.2 0.6 1.0 0.8 0.9 0.6

M3.5 × 0.6 3.50 3.00 3.50 3.32 3.00 0.70 0.50 8.2 7.7 6.9 2.3 1.4 0.7 1.2 1.0 1.2 0.9

M4 × 0.7 4.00 3.43 4.00 3.82 3.43 0.80 0.60 9.4 8.9 8.0 2.7 1.6 0.8 1.5 1.2 1.3 1.0

M5 × 0.8 5.00 4.36 5.00 4.82 4.36 0.90 0.70 10.4 9.8 8.9 2.7 2.0 1.0 1.5 1.2 1.4 1.1

M6 × 1 6.00 5.21 6.00 5.82 5.21 1.10 0.90 12.6 11.9 10.9 3.3 2.4 1.2 1.9 1.6 1.6 1.2

M8 × 1.25 8.00 7.04 8.00 7.78 7.04 1.40 1.10 17.3 16.5 15.4 4.6 3.2 1.6 2.3 2.0 2.3 1.8

M10 × 1.5 10.00 8.86 10.00 9.78 8.86 1.70 1.30 20.0 19.2 17.8 5.0 4.0 2.0 2.8 2.5 2.6 2.0
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Table 3. American National Standard Slotted, Cross and Square Recessed Oval Countersunk Head Metric Machine Screws
 ANSI/ASME B18.6.7M-1985

All dimensions in millimeters.
For dimension B, see Table 1.
For dimension L, see Table 6.

Nominal
Screw
Size
and

Thread
Pitch

DS DK K F RF R N T

Body
Diameter

Head Diameter
Head
Side

Height

Raised
Head

Height

Head
Top

Radius

Underhead
Fillet

Radius
Slot

Width
Slot

Depth
Theoretical

Sharp Actual

Max Min Max Min Min
Max
Ref Max Approx Max Min Max Min Max Min

M2 × 0.4a

a This size is not specified for Type III square recessed oval countersunk heads; Type II cross recess is not specified for any size. 

2.00 1.65 4.4 4.1 3.5 1.2 0.5 5.0 0.8 0.4 0.7 0.5 1.0 0.8

M2.5 × 0.45 2.50 2.12 5.5 5.1 4.4 1.5 0.6 6.6 1.0 0.5 0.8 0.6 1.2 1.0

M3 × 0.5 3.00 2.58 6.3 5.9 5.2 1.7 0.7 7.4 1.2 0.6 1.0 0.8 1.5 1.2

M3.5 × 0.6 3.50 3.00 8.2 7.7 6.9 2.3 0.8 10.9 1.4 0.7 1.2 1.0 1.7 1.4

M4 × 0.7 4.00 3.43 9.4 8.9 8.0 2.7 1.0 11.6 1.6 0.8 1.5 1.2 1.9 1.6

M5 × 0.8 5.00 4.36 10.4 9.8 8.9 2.7 1.2 11.9 2.0 1.0 1.5 1.2 2.4 2.0

M6 × 1 6.00 5.21 12.6 11.9 10.9 3.3 1.4 14.9 2.4 1.2 1.9 1.6 2.8 2.4

M8 × 1.25 8.00 7.04 17.3 16.5 15.4 4.6 2.0 19.7 3.2 1.6 2.3 2.0 3.7 3.2

M10 × 1.5 10.00 8.86 20.0 19.2 17.8 5.0 2.3 22.9 4.0 2.0 2.8 2.5 4.4 3.8
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Table 4. American National Standard Slotted and Cross and Square Recessed Pan Head Metric Machine Screws
 ANSI/ASME B18.6.7M-1985

All dimensions in millimeters.
For dimension B, see Table 1.
For dimension L,  see Table 6.

Nominal
Screw
Size
and

Thread
Pitch

Ds DK

Slotted
Cross and

Square Recess
DA R N T WK R1 K R1

Body
Diameter

Head
Diameter

Head
Height

Head
Radius

Head
Height

Head
Radius

Underhead Fillet
Slot

Width
Slot

Depth

Unslotted
Head

Thickness
Transition

Dia Radius
Max Min Max Min Max Min Max Max Min Ref Max Min Max Min Min Min

M2 × 0.4a

a This size not specified for Type III square recessed pan heads; Type II cross recess is not specified for any size. 

2.00 1.65 4.0 3.7 1.3 1.1 0.8 1.6 1.4 3.2 2.6 0.1 0.7 0.5 0.5 0.4
M2.5 × 0.45 2.50 2.12 5.0 4.7 1.5 1.3 1.0 2.1 1.9 4.0 3.1 0.1 0.8 0.6 0.6 0.5
M3 × 0.5 3.00 2.58 5.6 5.3 1.8 1.6 1.2 2.4 2.2 5.0 3.6 0.1 1.0 0.8 0.7 0.7
M3.5 × 0.6 3.50 3.00 7.0 6.6 2.1 1.9 1.4 2.6 2.3 6.0 4.1 0.1 1.2 1.0 0.8 0.8
M4 × 0.7 4.00 3.43 8.0 7.6 2.4 2.2 1.6 3.1 2.8 6.5 4.7 0.2 1.5 1.2 1.0 0.9
M5 × 0.8 5.00 4.36 9.5 9.1 3.0 2.7 2.0 3.7 3.4 8.0 5.7 0.2 1.5 1.2 1.2 1.2
M6 × 1 6.00 5.21 12.0 11.5 3.6 3.3 2.5 4.6 4.3 10.0 6.8 0.3 1.9 1.6 1.4 1.4
M8 × 1.25 8.00 7.04 16.0 15.5 4.8 4.5 3.2 6.0 5.6 13.0 9.2 0.4 2.3 2.0 1.9 1.9
M10 × 1.5 10.00 8.86 20.0 19.4 6.0 5.7 4.0 7.5 7.1 16.0 11.2 0.4 2.8 2.5 2.4 2.4
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Table 5. American National Standard Hex and Hex Flange Head Metric Machine Screws ANSI/ASME B18.6.7M-1985

Hex Head

Nominal
Screw

Size and
Thread
Pitch

DS Sa

a Dimensions across flats and across corners of the head are measured at the point of maximum metal. Taper of sides of head (angle between one side and the axis) shall
not exceed 2° or 0.10 mm, whichever is greater, the specified width across flats being the large dimension. 

Ea K DA R

Body Diameter
Hex Width

Across Flats

Hex Width
Across

Corners
Head

Height

Underhead Fillet

Transition
Dia Radius

Max Min Max Min Min Max Min Max Min

M2 × 0.4 2.00 1.65 3.20 3.02 3.38 1.6 1.3 2.6 0.1

M2.5 × 0.45 2.50 2.12 4.00 3.82 4.28 2.1 1.8 3.1 0.1

M3 × 0.5 3.00 2.58 5.00 4.82 5.40 2.3 2.0 3.6 0.1

M3.5 × 0.6 3.50 3.00 5.50 5.32 5.96 2.6 2.3 4.1 0.1

M4 × 0.7 4.00 3.43 7.00 6.78 7.59 3.0 2.6 4.7 0.2

M5 × 0.8 5.00 4.36 8.00 7.78 8.71 3.8 3.3 5.7 0.2

M6 × 1 6.00 5.21 10.00 9.78 10.95 4.7 4.1 6.8 0.3

M8 × 1.25 8.00 7.04 13.00 12.73 14.26 6.0 5.2 9.2 0.4

M10 × 1.5 10.00 8.86 16.00 15.73 17.62 7.5 6.5 11.2 0.4

M12 × 1.75 12.00 10.68 18.00 17.73 19.86 9.0 7.8 13.2 0.4

M10 × 1.5b

b The M10 size screws having heads with 15 mm width across flats are not ISO Standard. Unless M10 size screws with 15 mm width across flats are specifically
ordered, M10 size screws with 16 mm width across flats shall be furnished. 

10.00 8.86 15.00 14.73 16.50 7.5 6.5 11.2 0.4
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All dimensions in millimeters.
A slight rounding of all edges of the hexagon surfaces of indented hex heads is permissible provided the diameter of the bearing circle is not less than the equivalent

of 90 per cent of the specified minimum width across flats dimension.
Heads may be indented, trimmed, or fully upset at the option of the manufacturer.
For dimension B, see Table 1.
For dimension L, see Table 6.

Table 5. (Continued) American National Standard Hex and Hex Flange Head Metric Machine Screws ANSI/ASME B18.6.7M-1985

Hex Flange Head

Nominal
Screw

Size and
Thread
Pitch

Body
Diameter, DS Hex Width Across Flats, Sa

Hex Width
Across

Corners, Ea

Min

Flange Diameter, DC

Overall
Head

Height, K

Hex
Height, K1

Min,

Flange
Edge

Thickness,
Cb

Min

Flange
Top

Fillet
Radius, R1

Max

Underhead Fillet

Max Min Max Min Max Min

Max
Transition
Dia, DA

Min
Radius, R

M2 × 0.4 2.00 1.65 3.00 2.84 3.16 4.5 4.1 2.2 1.3 0.3 0.1 2.6 0.1
M2.5 × 0.45 2.50 2.12 3.20 3.04 3.39 5.4 5.0 2.7 1.6 0.3 0.2 3.1 0.1
M3 × 0.5 3.00 2.58 4.00 3.84 4.27 6.4 5.9 3.2 1.9 0.4 0.2 3.6 0.1
M3.5 × 0.6 3.50 3.00 5.00 4.82 5.36 7.5 6.9 3.8 2.4 0.5 0.2 4.1 0.1
M4 × 0.7 4.00 3.43 5.50 5.32 5.92 8.5 7.8 4.3 2.8 0.6 0.2 4.7 0.2
M5 × 0.8 5.00 4.36 7.00 6.78 7.55 10.6 9.8 5.4 3.5 0.7 0.3 5.7 0.2
M6 × 1 6.00 5.21 8.00 7.78 8.66 12.8 11.8 6.7 4.2 1.0 0.4 6.8 0.3
M8 × 1.25 8.00 7.04 10.00 9.78 10.89 16.8 15.5 8.6 5.6 1.2 0.5 9.2 0.4
M10 × 1.5 10.00 8.86 13.00 12.72 14.16 21.0 19.3 10.7 7.0 1.4 0.6 11.2 0.4
M12 × 1.75 12.00 10.68 15.00 14.72 16.38 24.8 23.3 13.7 8.4 1.8 0.7 13.2 0.4

a Dimensions across flats and across corners of the head are measured at the point of maximum metal. Taper of sides of head (angle between one side and the axis) shall
not exceed 2° or 0.10 mm, whichever is greater, the specified width across flats being the large dimension. 

b The contour of the edge at periphery of flange is optional provided the minimum flange thickness is maintained at the minimum flange diameter. The top surface of
flange may be straight or slightly rounded (convex) upward. 
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Table 6. Recommended Nominal Screw Lengths for Metric Machine Screws

All dimensions in millimeters.
1The nominal screw lengths included between the heavy lines are recommended for the respective

screw sizes and screw head styles as designated by the symbols.
A — Signifies screws of all head styles covered in this standard.
P — Signifies pan head screws.
H — Signifies hex and hex flange head screws.

Table 7. Clearance Holes for Metric Machine Screws
 ANSI/ASME B18.6.7M-1985 Appendix

All dimensions in millimeters.

Nominal
Screw
Length

Nominal Screw Size

M2 M2.5 M3 M3.5 M4 M5 M6 M8 M10 M12

2.5 PH
3 A PH
4 A A PH
5 A A A PH PH
6 A A A A A PH
8 A A A A A A A

10 A A A A A A A A
13 A A A A A A A A A
16 A A A A A A A A A H
20 A A A A A A A A A H
25 A A A A A A A A H
30 A A A A A A A H
35 A A A A A A H
40 A A A A A H
45 A A A A H
50 A A A A H
55 A A A H
60 A A A H
65 A A H
70 A A H
80 A A H
90 A H

Nominal
Screw
Size

Basic Clearance Hole Diametera

a The values given in this table are minimum limits. The recommended plus tolerances are as fol-
lows: for clearance hole diameters over 1.70 to and including 5.80 mm, plus 0.12, 0.20, and 0.30 mm
for close, normal, and loose clearances, respectively; for clearance hole diameters over 5.80 to 14.50
mm, plus 0.18, 0.30, and 0.45 mm for close, normal, and loose clearances, respectively. 

Close
Clearanceb

b Normal clearance hole sizes are preferred. Close clearance hole sizes are for situations such as crit-
ical alignment of assembled components, wall thickness, or other limitations which necessitate the
use of a minimal hole. Countersinking or counterboring at the fastener entry side may be necessary for
the proper seating of the head. Loose clearance hole sizes are for applications where maximum adjust-
ment capability between the components being assembled is necessary. 

Normal Clearance
(Preferred)b

Loose
Clearanceb

M2 2.20 2.40 2.60
M2.5 2.70 2.90 3.10
M3 3.20 3.40 3.60

M3.5 3.70 3.90 4.20
M4 4.30 4.50 4.80
M5 5.30 5.50 5.80
M6 6.40 6.60 7.00
M8 8.40 9.00 10.00

M10 10.50 11.00 12.00
M12 13.00 13.50 14.50

Next Page
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1806 THREADS AND THREADING

SCREW THREAD SYSTEMS

Screw Thread Forms

Of the various screw thread forms which have been developed, the most used are those
having symmetrical sides inclined at equal angles with a vertical center line through the
thread apex. Present-day examples of such threads would include the Unified, the Whit-
worth and the Acme forms. One of the early forms was the Sharp V which is now used only
occasionally. Symmetrical threads are relatively easy to manufacture and inspect and
hence are widely used on mass-produced general-purpose threaded fasteners of all types.
In addition to general-purpose fastener applications, certain threads are used to repeatedly
move or translate machine parts against heavy loads. For these so-called translation
threads a stronger form is required. The most widely used translation thread forms are the
square, the Acme, and the buttress. Of these, the square thread is the most efficient, but it is
also the most difficult to cut owing to its parallel sides and it cannot be adjusted to compen-
sate for wear. Although less efficient, the Acme form of thread has none of the disadvan-
tages of the square form and has the advantage of being somewhat stronger. The buttress
form is used for translation of loads in one direction only because of its non-symmetrical
form and combines the high efficiency and strength of the square thread with the ease of
cutting and adjustment of the Acme thread.
V-Thread, Sharp V-thread.—The sides of the thread form an angle of 60 degrees with
each other. The top and bottom or root of this thread form are theoretically sharp, but in
actual practice the thread is made with a slight flat, owing to the difficulty of producing a
perfectly sharp edge and because of the tendency of such an edge to wear away or become
battered. This flat is usually equal to about one twenty-fifth of the pitch, although there is
no generally recognized standard. 

Owing to the difficulties connected with the V-thread, the tap man-
ufacturers agreed in 1909 to discontinue the making of sharp V-
thread taps, except when ordered. One advantage of the V-thread is
that the same cutting tool may be used for all pitches, whereas,
with the American Standard form, the width of the point or the flat
varies according to the pitch. 
The V-thread is regarded as a good form where a steam-tight joint
is necessary, and many of the taps used on locomotive work have

this form of thread. Some modified V-threads, for locomotive boiler taps particularly, have
a depth of 0.8 × pitch.

The American Standard screw thread is used largely in preference to the sharp V-thread
because it has several advantages; see American Standard for Unified Screw Threads. If p
= pitch of thread, and d depth of thread, then 

United States Standard Screw Thread.—William Sellers of Philadelphia, in a paper
read before the Franklin Institute in 1864, originally proposed the screw thread system that
later became known as the U. S. Standard system for screw threads. A report was made to
the United States Navy in May, 1868, in which the Sellers system was recommended as a
standard for the Navy Department, which accounts for the name of U. S. Standard. The
American Standard Screw Thread system is a further development of the United States
Standard. The thread form which is known as the American (National) form is the same as
the United States Standard form. See American Standard for Unified Screw Threads.
American National and Unified Screw Thread Forms.—The American National form
(formerly known as the United States Standard) was used for many years for most screws,
bolts, and miscellaneous threaded products produced in the United States. The American

d p 30 deg.cos× 0.866 p× 0.866
 No. of threads per inch
--------------------------------------------------------= = =
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National Standard for Unified Screw Threads now in use includes certain modifications of
the former standard as is explained below and on page 1813. The basic profile is shown in
Fig. 1 and is identical for both UN and UNR screw threads. In this figure H is the height of
a sharp V-thread, P is the pitch, D and d are the basic major diameters, D2 and d2 are the
basic pitch diameters, and D1 and d1 are the basic minor diameters. Capital letters are used
to designate the internal thread dimensions (D, D2, D1), and lowercase letters to designate
the external thread dimensions (d, d2, d1). Definitions of Basic Size and Basic Profile of

Thread are given on page 1808.

Fig. 1. Basic Profile of UN and UNF Screw Threads

In the past, other symbols were used for some of the thread dimensions illustrated above.
These symbols were changed to conform with current practice in nomenclature as defined
in ANSI/ASME B1.7M, “Nomenclature, Definitions, and Letter Symbols for Screw
Threads.” The symbols used above are also in accordance with terminology and symbols
used for threads of the ISO metric thread system. 

International Metric Thread System.—The Système Internationale (S.I.) Thread was
adopted at the International Congress for the standardization of screw threads held in Zur-
ich in 1898. The thread form is similar to the American standard (formerly U.S. Standard),
excepting the depth which is greater. There is a clearance between the root and mating crest
fixed at a maximum of 1⁄16 the height of the fundamental triangle or 0.054 × pitch. A
rounded root profile is recommended. The angle in the plane of the axis is 60 degrees and
the crest has a flat like the American standard equal to 0.125 × pitch. This system formed
the basis of the normal metric series (ISO threads) of many European countries, Japan, and
many other countries, including metric thread standards of the United States.

International Metric Fine Thread: The International Metric Fine Thread form of thread
is the same as the International system but the pitch for a given diameter is smaller.

German Metric Thread Form: The German metric thread form is like the International
Standard but the thread depth = 0.6945 P. The root radius is the same as the maximum for
the International Standard or 0.0633 P.

Depth  d = 0.7035 P max.; 0.6855 P min.
Flat  f = 0.125 P

Radius r = 0.0633 P max.; 0.054 P min.
Tap drill dia = major dia.− pitch

d

r

P

Screw

Nut

f
60°
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ISO Metric Thread System.—ISO refers to the International Organization for Standard-
ization, a worldwide federation of national standards bodies (for example, the American
National Standards Institute is the ISO national body representing the United States) that
develops standards on a very wide variety of subjects. 

The basic profile of ISO metric threads is specified in ISO 68 and shown in Fig. 2. The
basic profile of this thread is very similar to that of the Unified thread, and as previously
discussed, H is the height of a sharp V-thread, P is the pitch, D and d are the basic major
diameters, D2 and d2 are the basic pitch diameters, and D1 and d1 are the basic minor diam-
eters. Here also, capital letters designate the internal thread dimensions (D, D2, D1), and
lowercase letters designate the external thread dimensions (d, d2, d1). This metric thread is
discussed in detail in the section METRIC SCREW THREADS starting on page 1878.

Fig. 2. ISO 68 Basic Profile

Definitions of Screw Threads

The following definitions are based on American National Standard ANSI/ASME
B1.7M-1984 (R2001) “Nomenclature, Definitions, and Letter Symbols for Screw
Threads,” and refer to both straight and taper threads.

 Actual Size: An actual size is a measured size.
 Allowance: An allowance is the prescribed difference between the design (maximum

material) size and the basic size. It is numerically equal to the absolute value of the ISO
term fundamental deviation.

 Axis of Thread: Thread axis is coincident with the axis of its pitch cylinder or cone.
 Basic Profile of Thread: The basic profile of a thread is the cyclical outline, in an axial

plane, of the permanently established boundary between the provinces of the external and
internal threads. All deviations are with respect to this boundary.

 Basic Size: The basic size is that size from which the limits of size are derived by the
application of allowances and tolerances.

 Bilateral Tolerance: This is a tolerance in which variation is permitted in both directions
from the specified dimension.

 Black Crest Thread: This is a thread whose crest displays an unfinished cast, rolled, or
forged surface.

 Blunt Start Thread: “Blunt start” designates the removal of the incomplete thread at the
starting end of the thread. This is a feature of threaded parts that are repeatedly assembled

5
8

P

P
4P

2

P
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H
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H
4

P
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3
8
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Axis of screw thread
External threads

Internal threads
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60° 30°
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by hand, such as hose couplings and thread plug gages, to prevent cutting of hands and
crossing of threads. It was formerly known as a Higbee cut.

 Chamfer: This is a conical surface at the starting end of a thread.
 Class of Thread: The class of a thread is an alphanumerical designation to indicate the

standard grade of tolerance and allowance specified for a thread.
 Clearance Fit: This is a fit having limits of size so prescribed that a clearance always

results when mating parts are assembled at their maximum material condition.
 Complete Thread: The complete thread is that thread whose profile lies within the size

limits. (See also Effective Thread and Length of Complete Thread.) Note: Formerly in pipe
thread terminology this was referred to as “the perfect thread” but that term is no longer
considered desirable.

 Crest: This is that surface of a thread which joins the flanks of the thread and is farthest
from the cylinder or cone from which the thread projects.

 Crest Truncation: This is the radial distance between the sharp crest (crest apex) and the
cylinder or cone that would bound the crest.

 Depth of Thread Engagement: The depth (or height) of thread engagement between two
coaxially assembled mating threads is the radial distance by which their thread forms over-
lap each other.

 Design Size: This is the basic size with allowance applied, from which the limits of size
are derived by the application of a tolerance. If there is no allowance, the design size is the
same as the basic size.

 Deviation: Deviation is a variation from an established dimension, position, standard, or
value. In ISO usage, it is the algebraic difference between a size (actual, maximum, or min-
imum) and the corresponding basic size. The term deviation does not necessarily indicate
an error. (See also Error.)

 Deviation, Fundamental (ISO term): For standard threads, the fundamental deviation is
the upper or lower deviation closer to the basic size. It is the upper deviation es for an exter-
nal thread and the lower deviation EI for an internal thread. (See also Allowance and Toler-
ance Position.)

 Deviation, Lower (ISO term): The algebraic difference between the minimum limit of
size and the basic size. It is designated EI for internal and ei for external thread diameters.

 Deviation, Upper (ISO term): The algebraic difference between the maximum limit of
size and the basic size. It is designated ES for internal and es for external thread diameters.

 Dimension: A numerical value expressed in appropriate units of measure and indicated
on drawings along with lines, symbols, and notes to define the geometrical characteristic
of an object.

 Effective Size: See Pitch Diameter, Functional Diameter.
 Effective Thread: The effective (or useful) thread includes the complete thread, and

those portions of the incomplete thread which are fully formed at the root but not at the
crest (in taper pipe threads it includes the so-called black crest threads); thus excluding the
vanish thread.

 Error: The algebraic difference between an observed or measured value beyond toler-
ance limits, and the specified value.

 External Thread: A thread on a cylindrical or conical external surface.
 Fit: Fit is the relationship resulting from the designed difference, before assembly,

between the sizes of two mating parts which are to be assembled.
 Flank: The flank of a thread is either surface connecting the crest with the root. The flank

surface intersection with an axial plane is theoretically a straight line.
 Flank Angle: The flank angles are the angles between the individual flanks and the per-

pendicular to the axis of the thread, measured in an axial plane. A flank angle of a symmet-
rical thread is commonly termed the half-angle of thread.

 Flank Diametral Displacement: In a boundary profile defined system, flank diametral
displacement is twice the radial distance between the straight thread flank segments of the
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maximum and minimum boundary profiles. The value of flank diametral displacement is
equal to pitch diameter tolerance in a pitch line reference thread system.

 Height of Thread: The height (or depth) of thread is the distance, measured radially,
between the major and minor cylinders or cones, respectively.

 Helix Angle: On a straight thread, the helix angle is the angle made by the helix of the
thread and its relation to the thread axis. On a taper thread, the helix angle at a given axial
position is the angle made by the conical spiral of the thread with the axis of the thread. The
helix angle is the complement of the lead angle. (See also page 2062 for diagram.)

 Higbee Cut: See Blunt Start Thread.
 Imperfect Thread: See Incomplete Thread.
 Included Angle: This is the angle between the flanks of the thread measured in an axial

plane.
 Incomplete Thread: A threaded profile having either crests or roots or both, not fully

formed, resulting from their intersection with the cylindrical or end surface of the work or
the vanish cone. It may occur at either end of the thread.

 Interference Fit: A fit having limits of size so prescribed that an interference always
results when mating parts are assembled.

 Internal Thread: A thread on a cylindrical or conical internal surface.
 Lead: Lead is the axial distance between two consecutive points of intersection of a helix

by a line parallel to the axis of the cylinder on which it lies, i.e., the axial movement of a
threaded part rotated one turn in its mating thread.

 Lead Angle: On a straight thread, the lead angle is the angle made by the helix of the
thread at the pitch line with a plane perpendicular to the axis. On a taper thread, the lead
angle at a given axial position is the angle made by the conical spiral of the thread with the
perpendicular to the axis at the pitch line.

 Lead Thread: That portion of the incomplete thread that is fully formed at the root but
not fully formed at the crest that occurs at the entering end of either an external or internal
thread.

 Left-hand Thread: A thread is a left-hand thread if, when viewed axially, it winds in a
counterclockwise and receding direction. Left-hand threads are designated LH.

 Length of Complete Thread: The axial length of a thread section having full form at both
crest and root but also including a maximum of two pitches at the start of the thread which
may have a chamfer or incomplete crests.

 Length of Thread Engagement: The length of thread engagement of two mating threads
is the axial distance over which the two threads, each having full form at both crest and
root, are designed to contact. (See also Length of Complete Thread.)

 Limits of Size: The applicable maximum and minimum sizes.
 Major Clearance: The radial distance between the root of the internal thread and the

crest of the external thread of the coaxially assembled designed forms of mating threads.
 Major Cone: The imaginary cone that would bound the crests of an external taper thread

or the roots of an internal taper thread.
 Major Cylinder: The imaginary cylinder that would bound the crests of an external

straight thread or the roots of an internal straight thread.
 Major Diameter: On a straight thread the major diameter is that of the major cylinder.

On a taper thread the major diameter at a given position on the thread axis is that of the
major cone at that position. (See also Major Cylinder and Major Cone.)

 Maximum Material Condition: (MMC): The condition where a feature of size contains
the maximum amount of material within the stated limits of size. For example, minimum
internal thread size or maximum external thread size.

 Minimum Material Condition: (Least Material Condition (LMC)): The condition where
a feature of size contains the least amount of material within the stated limits of size. For
example, maximum internal thread size or minimum external thread size.

 Minor Clearance: The radial distance between the crest of the internal thread and the
root of the external thread of the coaxially assembled design forms of mating threads.
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 Minor Cone: The imaginary cone that would bound the roots of an external taper thread
or the crests of an internal taper thread.

 Minor Cylinder: The imaginary cylinder that would bound the roots of an external
straight thread or the crests of an internal straight thread.

 Minor Diameter: On a straight thread the minor diameter is that of the minor cylinder.
On a taper thread the minor diameter at a given position on the thread axis is that of the
minor cone at that position. (See also Minor Cylinder and Minor Cone.)

 Multiple-Start Thread: A thread in which the lead is an integral multiple, other than one,
of the pitch.

 Nominal Size: Designation used for general identification.
 Parallel Thread: See Screw Thread.

 Partial Thread: See Vanish Thread.

 Pitch: The pitch of a thread having uniform spacing is the distance measured parallel
with its axis between corresponding points on adjacent thread forms in the same axial
plane and on the same side of the axis. Pitch is equal to the lead divided by the number of
thread starts.

 Pitch Cone: The pitch cone is an imaginary cone of such apex angle and location of its
vertex and axis that its surface would pass through a taper thread in such a manner as to
make the widths of the thread ridge and the thread groove equal. It is, therefore, located
equidistantly between the sharp major and minor cones of a given thread form. On a theo-
retically perfect taper thread, these widths are equal to one-half the basic pitch. (See also
Axis of Thread and Pitch Diameter.)

 Pitch Cylinder: The pitch cylinder is an imaginary cylinder of such diameter and loca-
tion of its axis that its surface would pass through a straight thread in such a manner as to
make the widths of the thread ridge and groove equal. It is, therefore, located equidistantly
between the sharp major and minor cylinders of a given thread form. On a theoretically
perfect thread these widths are equal to one-half the basic pitch. (See also Axis of Thread
and Pitch Diameter.)

 Pitch Diameter: On a straight thread the pitch diameter is the diameter of the pitch cylin-
der. On a taper thread the pitch diameter at a given position on the thread axis is the diame-
ter of the pitch cone at that position. Note: When the crest of a thread is truncated beyond
the pitch line, the pitch diameter and pitch cylinder or pitch cone would be based on a the-
oretical extension of the thread flanks.

 Pitch Diameter, Functional Diameter: The functional diameter is the pitch diameter of
an enveloping thread with perfect pitch, lead, and flank angles and having a specified
length of engagement. It includes the cumulative effect of variations in lead (pitch), flank
angle, taper, straightness, and roundness. Variations at the thread crest and root are
excluded. Other, nonpreferred terms are virtual diameter, effective size, virtual effective
diameter, and thread assembly diameter.

 Pitch Line: The generator of the cylinder or cone specified in Pitch Cylinder and Pitch
Cone.

 Right-hand Thread: A thread is a fight-hand thread if, when viewed axially, it winds in a
clockwise and receding direction. A thread is considered to be right-hand unless specifi-
cally indicated otherwise.

 Root: That surface of the thread which joins the flanks of adjacent thread forms and is
immediately adjacent to the cylinder or cone from which the thread projects.

 Root Truncation: The radial distance between the sharp root (root apex) and the cylinder
or cone that would bound the root. See also Sharp Root (Root Apex).

 Runout: As applied to screw threads, unless otherwise specified, runout refers to circular
runout of major and minor cylinders with respect to the pitch cylinder. Circular runout, in
accordance with ANSI Y14.5M, controls cumulative variations of circularity and coaxial-
ity. Runout includes variations due to eccentricity and out-of-roundness. The amount of
runout is usually expressed in terms of full indicator movement (FIM).
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 Screw Thread: A screw thread is a continuous and projecting helical ridge usually of
uniform section on a cylindrical or conical surface.

 Sharp Crest (Crest Apex): The apex formed by the intersection of the flanks of a thread
when extended, if necessary, beyond the crest.

 Sharp Root (Root Apex): The apex formed by the intersection of the adjacent flanks of
adjacent threads when extended, if necessary, beyond the root.

 Standoff: The axial distance between specified reference points on external and internal
taper thread members or gages, when assembled with a specified torque or under other
specified conditions.

 Straight Thread: A straight thread is a screw thread projecting from a cylindrical sur-
face.

 Taper Thread: A taper thread is a screw thread projecting from a conical surface.
 Tensile Stress Area: The tensile stress area is an arbitrarily selected area for computing

the tensile strength of an externally threaded fastener so that the fastener strength is consis-
tent with the basic material strength of the fastener. It is typically defined as a function of
pitch diameter and/or minor diameter to calculate a circular cross section of the fastener
correcting for the notch and helix effects of the threads.

 Thread: A thread is a portion of a screw thread encompassed by one pitch. On a single-
start thread it is equal to one turn. (See also Threads per Inch and Turns per Inch.)

 Thread Angle: See Included Angle.
 Thread Runout: See Vanish Thread.
 Thread Series: Thread Series are groups of diameter/pitch combinations distinguished

from each other by the number of threads per inch applied to specific diameters.
 Thread Shear Area: The thread shear area is the total ridge cross-sectional area inter-

sected by a specified cylinder with diameter and length equal to the mating thread engage-
ment. Usually the cylinder diameter for external thread shearing is the minor diameter of
the internal thread and for internal thread shearing it is the major diameter of the external
thread.

 Threads per Inch: The number of threads per inch is the reciprocal of the axial pitch in
inches.

 Tolerance: The total amount by which a specific dimension is permitted to vary. The tol-
erance is the difference between the maximum and minimum limits.

 Tolerance Class: (metric): The tolerance class (metric) is the combination of a tolerance
position with a tolerance grade. It specifies the allowance (fundamental deviation), pitch
diameter tolerance (flank diametral displacement), and the crest diameter tolerance.

 Tolerance Grade: (metric): The tolerance grade (metric) is a numerical symbol that des-
ignates the tolerances of crest diameters and pitch diameters applied to the design profiles.

 Tolerance Limit: The variation, positive or negative, by which a size is permitted to
depart from the design size.

 Tolerance Position: (metric): The tolerance position (metric) is a letter symbol that des-
ignates the position of the tolerance zone in relation to the basic size. This position pro-
vides the allowance (fundamental deviation).

 Total Thread: Includes the complete and all the incomplete thread, thus including the
vanish thread and the lead thread.

 Transition Fit: A fit having limits of size so prescribed that either a clearance or an inter-
ference may result when mating parts are assembled.

 Turns per Inch: The number of turns per inch is the reciprocal of the lead in inches.
 Unilateral Tolerance: A tolerance in which variation is permitted in one direction from

the specified dimension.
 Vanish Thread: (Partial Thread, Washout Thread, or Thread Runout): That portion of

the incomplete thread which is not fully formed at the root or at crest and root. It is pro-
duced by the chamfer at the starting end of the thread forming tool.

 Virtual Diameter: See Pitch Diameter, Functional Diameter.
 Washout Thread: See Vanish Thread.
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UNIFIED SCREW THREADS

American Standard for Unified Screw Threads

American Standard B1.1-1949 was the first American standard to cover those Unified
Thread Series agreed upon by the United Kingdom, Canada, and the United States to
obtain screw thread interchangeability among these three nations. These Unified threads
are now the basic American standard for fastening types of screw threads. In relation to
previous American practice, Unified threads have substantially the same thread form and
are mechanically interchangeable with the former American National threads of the same
diameter and pitch. 

The principal differences between the two systems lie in: 1) application of allowances;
2) variation of tolerances with size;  3) difference in amount of pitch diameter tolerance on
external and internal threads;  and 4) differences in thread designation.

In the Unified system an allowance is provided on both the Classes 1A and 2A external
threads whereas in the American National system only the Class I external thread has an
allowance. Also, in the Unified system, the pitch diameter tolerance of an internal thread is
30 per cent greater than that of the external thread, whereas they are equal in the American
National system.
Revised Standard.—The revised screw thread standard ANSI/ASME B1.1-1989
(R2008) is much the same as that of ANSI B1.1-1982. The latest symbols in accordance
with ANSI/ASME B1.7M-1984 (R2001) Nomenclature, are used. Acceptability criteria
are described in ANSI/ASME B1.3M-1992 (R2001), Screw Thread Gaging Systems for
Dimensional Acceptability, Inch or Metric Screw Threads (UN, UNR, UNJ, M, and MJ).

Where the letters U, A or B do not appear in the thread designations, the threads conform
to the outdated American National screw threads.
Advantages of Unified Threads.—The Unified standard is designed to correct certain
production difficulties resulting from the former standard. Often, under the old system, the
tolerances of the product were practically absorbed by the combined tool and gage toler-
ances, leaving little for a working tolerance in manufacture. Somewhat greater tolerances
are now provided for nut threads. As contrasted with the old “classes of fit” 1, 2, and 3, for
each of which the pitch diameter tolerance on the external and internal threads were equal,
the Classes 1B, 2B, and 3B (internal) threads in the new standard have, respectively, a 30
per cent larger pitch diameter tolerance than the 1A, 2A, and 3A (external) threads. Rela-
tively more tolerance is provided for fine threads than for coarse threads of the same pitch.
Where previous tolerances were more liberal than required, they were reduced.
Thread Form.—The Design Profiles for Unified screw threads, shown on page 1814,
define the maximum material condition for external and internal threads with no allow-
ance and are derived from the Basic Profile, shown on page 1807.

UN External Screw Threads: A flat root contour is specified, but it is necessary to pro-
vide for some threading tool crest wear, hence a rounded root contour cleared beyond the
0.25P flat width of the Basic Profile is optional.

UNR External Screw Threads: To reduce the rate of threading tool crest wear and to
improve fatigue strength of a flat root thread, the Design Profile of the UNR thread has a
smooth, continuous, non-reversing contour with a radius of curvature not less than 0.108P
at any point and blends tangentially into the flanks and any straight segment. At the maxi-
mum material condition, the point of tangency is specified to be at a distance not less than
0.625H (where H is the height of a sharp V-thread) below the basic major diameter.

UN and UNR External Screw Threads: The Design Profiles of both UN and UNR exter-
nal screw threads have flat crests. However, in practice, product threads are produced with
partially or completely rounded crests. A rounded crest tangent at 0.125P flat is shown as
an option on page 1814.
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UN Internal Screw Thread: In practice it is necessary to provide for some threading tool
crest wear, therefore the root of the Design Profile is rounded and cleared beyond the
0.125P flat width of the Basic Profile.There is no internal UNR screw thread.

American National Standard Unified Internal and External Screw 
Thread Design Profiles (Maximum Material Condition) 

Thread Series.—Thread series are groups of diameter-pitch combinations distinguished
from each other by the numbers of threads per inch applied to a specific diameter. The var-
ious diameter-pitch combinations of eleven standard series are shown in Table 2. The lim-
its of size of threads in the eleven standard series together with certain selected
combinations of diameter and pitch, as well as the symbols for designating the various
threads, are given in Table 3. (Text continues on page 1844)
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0.625H
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Table 1. American Standard Unified Inch Screw Thread Form Data

All dimensions are in inches.

Threads per 
Inch Pitch

Depth
of Sharp
V-Thread

Depth of
Int. Thd.
and UN

Ext. Thd.a

a Also depth of thread engagement. 

Depth of
UNR

Ext. Thd.

Truncation 
of Ext. Thd.

Root

Truncation 
of UNR

Ext. Thd.
Rootb

b Design profile. 

Truncation 
of

Ext. Thd.
Crest

Truncation 
of

Int. Thd.
Root

Truncation 
of

Int. Thd.
Crest

Flat at Ext. 
Thd. Crest 

and Int. Thd.
Root

Basic
Flat at

Int. Thd.
Crestc

c Also basic flat at external UN thread root. 

Maximum
Ext. Thd.

Root
Radius

Addendum
of

Ext. Thd.

n P 0.86603P 0.54127P 0.59539P 0.21651P 0.16238P 0.10825P 0.10825P 0.2165P 0.125P 0.25P 0.14434P 0.32476P

80 0.01250 0.01083 0.00677 0.00744 0.00271 0.00203 0.00135 0.00135 0.00271 0.00156 0.00312 0.00180 0.00406
72 0.01389 0.01203 0.00752 0.00827 0.00301 0.00226 0.00150 0.00150 0.00301 0.00174 0.00347 0.00200 0.00451
64 0.01563 0.01353 0.00846 0.00930 0.00338 0.00254 0.00169 0.00169 0.00338 0.00195 0.00391 0.00226 0.00507
56 0.01786 0.01546 0.00967 0.01063 0.00387 0.00290 0.00193 0.00193 0.00387 0.00223 0.00446 0.00258 0.00580
48 0.02083 0.01804 0.01128 0.01240 0.00451 0.00338 0.00226 0.00226 0.00451 0.00260 0.00521 0.00301 0.00677
44 0.02273 0.01968 0.01230 0.01353 0.00492 0.00369 0.00246 0.00246 0.00492 0.00284 0.00568 0.00328 0.00738
40 0.02500 0.02165 0.01353 0.01488 0.00541 0.00406 0.00271 0.00271 0.00541 0.00312 0.00625 0.00361 0.00812
36 0.02778 0.02406 0.01504 0.01654 0.00601 0.00451 0.00301 0.00301 0.00601 0.00347 0.00694 0.00401 0.00902
32 0.03125 0.02706 0.01691 0.01861 0.00677 0.00507 0.00338 0.00338 0.00677 0.00391 0.00781 0.00451 0.01015
28 0.03571 0.03093 0.01933 0.02126 0.00773 0.00580 0.00387 0.00387 0.00773 0.00446 0.00893 0.00515 0.01160
27 0.03704 0.03208 0.02005 0.02205 0.00802 0.00601 0.00401 0.00401 0.00802 0.00463 0.00926 0.00535 0.01203
24 0.04167 0.03608 0.02255 0.02481 0.00902 0.00677 0.00451 0.00451 0.00902 0.00521 0.01042 0.00601 0.01353
20 0.05000 0.04330 0.02706 0.02977 0.01083 0.00812 0.00541 0.00541 0.01083 0.00625 0.01250 0.00722 0.01624
18 0.05556 0.04811 0.03007 0.03308 0.01203 0.00902 0.00601 0.00601 0.01203 0.00694 0.01389 0.00802 0.01804
16 0.06250 0.05413 0.03383 0.03721 0.01353 0.01015 0.00677 0.00677 0.01353 0.00781 0.01562 0.00902 0.02030
14 0.07143 0.06186 0.03866 0.04253 0.01546 0.01160 0.00773 0.00773 0.01546 0.00893 0.01786 0.01031 0.02320
13 0.07692 0.06662 0.04164 0.04580 0.01655 0.01249 0.00833 0.00833 0.01665 0.00962 0.01923 0.01110 0.02498
12 0.08333 0.07217 0.04511 0.04962 0.01804 0.01353 0.00902 0.00902 0.01804 0.01042 0.02083 0.01203 0.02706
111⁄2 0.08696 0.07531 0.04707 0.05177 0.01883 0.01412 0.00941 0.00941 0.01883 0.01087 0.02174 0.01255 0.02824

11 0.09091 0.07873 0.04921 0.05413 0.01968 0.01476 0.00984 0.00984 0.01968 0.01136 0.02273 0.01312 0.02952
10 0.10000 0.08660 0.05413 0.05954 0.02165 0.01624 0.01083 0.01083 0.02165 0.01250 0.02500 0.01443 0.03248

9 0.11111 0.09623 0.06014 0.06615 0.02406 0.01804 0.01203 0.01203 0.02406 0.01389 0.02778 0.01604 0.03608
8 0.12500 0.10825 0.06766 0.07442 0.02706 0.02030 0.01353 0.01353 0.02706 0.01562 0.03125 0.01804 0.04059
7 0.14286 0.12372 0.07732 0.08506 0.03093 0.02320 0.01546 0.01546 0.03093 0.01786 0.03571 0.02062 0.04639
6 0.16667 0.14434 0.09021 0.09923 0.03608 0.02706 0.01804 0.01804 0.03608 0.02083 0.04167 0.02406 0.05413
5 0.20000 0.17321 0.10825 0.11908 0.04330 0.03248 0.02165 0.02165 0.04330 0.02500 0.05000 0.02887 0.06495
41⁄2 0.22222 0.19245 0.12028 0.13231 0.04811 0.03608 0.02406 0.02406 0.04811 0.02778 0.05556 0.03208 0.07217

4 0.25000 0.21651 0.13532 0.14885 0.05413 0.04059 0.02706 0.02706 0.05413 0.03125 0.06250 0.03608 0.08119
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1816 UNIFIED SCREW THREADS

For UNR thread form substitute UNR for UN for external threads only.

Table 2. Diameter-Pitch Combinations for Standard Series of Threads (UN/UNR)

Sizesa

No. or
Inches

a Sizes shown in parentheses are secondary sizes. Primary sizes of 41⁄4, 41⁄2, 43⁄4, 5, 51⁄4, 51⁄2, 53⁄4 and 6
inches also are in the 4, 6, 8, 12, and 16 thread series; secondary sizes of 41⁄8, 43⁄8, 45⁄8, 47⁄8, 51⁄8, 53⁄8, 55⁄8,
and 57⁄8 also are in the 4, 6, 8, 12, and 16 thread series. 

Basic
Major
Dia.

Inches

Threads per Inch
Series with Graded Pitches Series with Uniform (Constant) Pitches

Coarse
UNC

Fineb

UNF

b For diameters over 11⁄2 inches, use 12-thread series. 

Extra finec

UNEF

c For diameters over 111⁄16 inches, use 16-thread series. 

4-UN 6-UN 8-UN 12-UN 16-UN 20-UN 28-UN 32-UN

0 0.0600 … 80
Series designation shown indicates the UN thread form; however, the UNR 

thread form may be specified by substituting UNR in place of UN in all 
designations for external threads.

(1) 0.0730 64 72
2 0.0860 56 64

(3) 0.0990 48 56
4 0.1120 40 48
5 0.1250 40 44 … … … … … … … … …
6 0.1380 32 40 … … … … … … … … UNC
8 0.1640 32 36 … … … … … … … … UNC

10 0.1900 24 32 … … … … … … … … UNF
(12) 0.2160 24 28 32 … … … … … … UNF UNEF

1⁄4 0.2500 20 28 32 … … … … … UNC UNF UNEF
5⁄16 0.3125 18 24 32 … … … … … 20 28 UNEF
3⁄8 0.3750 16 24 32 … … … … UNC 20 28 UNEF
7⁄16 0.4375 14 20 28 … … … … 16 UNF UNEF 32
1⁄2 0.5000 13 20 28 … … … … 16 UNF UNEF 32
9⁄16 0.5625 12 18 24 … … … UNC 16 20 28 32
5⁄8 0.6250 11 18 24 … … … 12 16 20 28 32

(11⁄16) 0.6875 … … 24 … … … 12 16 20 28 32
3⁄4 0.7500 10 16 20 … … … 12 UNF UNEF 28 32

(13⁄16) 0.8125 … … 20 … … … 12 16 UNEF 28 32
7⁄8 0.8750 9 14 20 … … … 12 16 UNEF 28 32

(15⁄16) 0.9375 … … 20 … … … 12 16 UNEF 28 32
1 1.0000 8 12 20 … … UNC UNF 16 UNEF 28 32

(1 1⁄16) 1.0625 … … 18 … … 8 12 16 20 28 …
1 1⁄8 1.1250 7 12 18 … … 8 UNF 16 20 28 …

(1 3⁄16) 1.1875 … … 18 … … 8 12 16 20 28 …
1 1⁄4 1.2500 7 12 18 … … 8 UNF 16 20 28 …
1 5⁄16 1.3125 … … 18 … … 8 12 16 20 28 …
1 3⁄8 1.3750 6 12 18 … UNC 8 UNF 16 20 28 …

(1 7⁄16) 1.4375 … … 18 … 6 8 12 16 20 28 …
1 1⁄2 1.5000 6 12 18 … UNC 8 UNF 16 20 28 …

(1 9⁄16) 1.5625 … … 18 … 6 8 12 16 20 … …
1 5⁄8 1.6250 … … 18 … 6 8 12 16 20 … …

(1 11⁄16) 1.6875 … … 18 … 6 8 12 16 20 … …
1 3⁄4 1.7500 5 … … … 6 8 12 16 20 … …

(1 13⁄16) 1.8125 … … … … 6 8 12 16 20 … …
1 7⁄8 1.8750 … … … … 6 8 12 16 20 … …

(1 15⁄16) 1.9375 … … … … 6 8 12 16 20 … …
2 2.0000 41⁄2 … … … 6 8 12 16 20 … …

(2 1⁄8) 2.1250 … … … … 6 8 12 16 20 … …
2 1⁄4 2.2500 4 1⁄2 … … … 6 8 12 16 20 … …

(2 3⁄8) 2.3750 … … … … 6 8 12 16 20 … …
2 1⁄2 2.5000 4 … … UNC 6 8 12 16 20 … …

(2 5⁄8) 2.6250 … … … 4 6 8 12 16 20 … …
2 3⁄4 2.7500 4 … … UNC 6 8 12 16 20 … …

(2 7⁄8) 2.8750 … … … 4 6 8 12 16 20 … …
3 3.0000 4 … … UNC 6 8 12 16 20 … …

(3 1⁄8) 3.1250 … … … 4 6 8 12 16 … … …
3 1⁄4 3.2500 4 … … UNC 6 8 12 16 … … …

(3 3⁄8) 3.3750 … … … 4 6 8 12 16 … … …
3 1⁄2 3.5000 4 … … UNC 6 8 12 16 … … …

(3 5⁄8) 3.6250 … … … 4 6 8 12 16 … … …
3 3⁄4 3.7500 4 … … UNC 6 8 12 16 … … …

(3 7⁄8) 3.8750 … … … 4 6 8 12 16 … … …
4 4.0000 4 … … UNC 6 8 12 16 … … …
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Table 3. Standard Series and Selected Combinations — Unified Screw Threads

Nominal Size,
Threads per Inch,

and Series
Designationa

Externalb Internalb

Class
Allow-
ance

Major Diameter Pitch Diameter
UNR Minor
Dia.,c Max 

(Ref.) Class

Minor Diameter Pitch Diameter
Major

Diameter

Maxd Min Mine Maxd Min Min Max Min Max Min

0-80 UNF 2A 0.0005 0.0595 0.0563 — 0.0514 0.0496 0.0446 2B 0.0465 0.0514 0.0519 0.0542 0.0600

3A 0.0000 0.0600 0.0568 — 0.0519 0.0506 0.0451 3B 0.0465 0.0514 0.0519 0.0536 0.0600

1-64 UNC 2A 0.0006 0.0724 0.0686 — 0.0623 0.0603 0.0538 2B 0.0561 0.0623 0.0629 0.0655 0.0730

3A 0.0000 0.0730 0.0692 — 0.0629 0.0614 0.0544 3B 0.0561 0.0623 0.0629 0.0648 0.0730

1-72 UNF 2A 0.0006 0.0724 0.0689 — 0.0634 0.0615 0.0559 2B 0.0580 0.0635 0.0640 0.0665 0.0730

3A 0.0000 0.0730 0.0695 — 0.0640 0.0626 0.0565 3B 0.0580 0.0635 0.0640 0.0659 0.0730

2-56 UNC 2A 0.0006 0.0854 0.0813 — 0.0738 0.0717 0.0642 2B 0.0667 0.0737 0.0744 0.0772 0.0860

3A 0.0000 0.0860 0.0819 — 0.0744 0.0728 0.0648 3B 0.0667 0.0737 0.0744 0.0765 0.0860

2-64 UNF 2A 0.0006 0.0854 0.0816 — 0.0753 0.0733 0.0668 2B 0.0691 0.0753 0.0759 0.0786 0.0860

3A 0.0000 0.0860 0.0822 — 0.0759 0.0744 0.0674 3B 0.0691 0.0753 0.0759 0.0779 0.0860

3-48 UNC 2A 0.0007 0.0983 0.0938 — 0.0848 0.0825 0.0734 2B 0.0764 0.0845 0.0855 0.0885 0.0990

3A 0.0000 0.0990 0.0945 — 0.0855 0.0838 0.0741 3B 0.0764 0.0845 0.0855 0.0877 0.0990

3-56 UNF 2A 0.0007 0.0983 0.0942 — 0.0867 0.0845 0.0771 2B 0.0797 0.0865 0.0874 0.0902 0.0990

3A 0.0000 0.0990 0.0949 — 0.0874 0.0858 0.0778 3B 0.0797 0.0865 0.0874 0.0895 0.0990

4-40 UNC 2A 0.0008 0.1112 0.1061 — 0.0950 0.0925 0.0814 2B 0.0849 0.0939 0.0958 0.0991 0.1120

3A 0.0000 0.1120 0.1069 — 0.0958 0.0939 0.0822 3B 0.0849 0.0939 0.0958 0.0982 0.1120

4-48 UNF 2A 0.0007 0.1113 0.1068 — 0.0978 0.0954 0.0864 2B 0.0894 0.0968 0.0985 0.1016 0.1120

3A 0.0000 0.1120 0.1075 — 0.0985 0.0967 0.0871 3B 0.0894 0.0968 0.0985 0.1008 0.1120

5-40 UNC 2A 0.0008 0.1242 0.1191 — 0.1080 0.1054 0.0944 2B 0.0979 0.1062 0.1088 0.1121 0.1250

3A 0.0000 0.1250 0.1199 — 0.1088 0.1069 0.0952 3B 0.0979 0.1062 0.1088 0.1113 0.1250

5-44 UNF 2A 0.0007 0.1243 0.1195 — 0.1095 0.1070 0.0972 2B 0.1004 0.1079 0.1102 0.1134 0.1250

3A 0.0000 0.1250 0.1202 — 0.1102 0.1083 0.0979 3B 0.1004 0.1079 0.1102 0.1126 0.1250

6-32 UNC 2A 0.0008 0.1372 0.1312 — 0.1169 0.1141 0.1000 2B 0.104 0.114 0.1177 0.1214 0.1380

3A 0.0000 0.1380 0.1320 — 0.1177 0.1156 0.1008 3B 0.1040 0.1140 0.1177 0.1204 0.1380

6-40 UNF 2A 0.0008 0.1372 0.1321 — 0.1210 0.1184 0.1074 2B 0.111 0.119 0.1218 0.1252 0.1380

3A 0.0000 0.1380 0.1329 — 0.1218 0.1198 0.1082 3B 0.1110 0.1186 0.1218 0.1243 0.1380

8-32 UNC 2A 0.0009 0.1631 0.1571 — 0.1428 0.1399 0.1259 2B 0.130 0.139 0.1437 0.1475 0.1640

3A 0.0000 0.1640 0.1580 — 0.1437 0.1415 0.1268 3B 0.1300 0.1389 0.1437 0.1465 0.1640

8-36 UNF 2A 0.0008 0.1632 0.1577 — 0.1452 0.1424 0.1301 2B 0.134 0.142 0.1460 0.1496 0.1640

3A 0.0000 0.1640 0.1585 — 0.1460 0.1439 0.1309 3B 0.1340 0.1416 0.1460 0.1487 0.1640
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10-24 UNC 2A 0.0010 0.1890 0.1818 — 0.1619 0.1586 0.1394 2B 0.145 0.156 0.1629 0.1672 0.1900

3A 0.0000 0.1900 0.1828 — 0.1629 0.1604 0.1404 3B 0.1450 0.1555 0.1629 0.1661 0.1900

10-28 UNS 2A 0.0010 0.1890 0.1825 — 0.1658 0.1625 0.1464 2B 0.151 0.160 0.1668 0.1711 0.1900

10-32 UNF 2A 0.0009 0.1891 0.1831 — 0.1688 0.1658 0.1519 2B 0.156 0.164 0.1697 0.1736 0.1900

3A 0.0000 0.1900 0.1840 — 0.1697 0.1674 0.1528 3B 0.1560 0.1641 0.1697 0.1726 0.1900

10-36 UNS 2A 0.0009 0.1891 0.1836 — 0.1711 0.1681 0.1560 2B 0.160 0.166 0.1720 0.1759 0.1900

10-40 UNS 2A 0.0009 0.1891 0.1840 — 0.1729 0.1700 0.1592 2B 0.163 0.169 0.1738 0.1775 0.1900

10-48 UNS 2A 0.0008 0.1892 0.1847 — 0.1757 0.1731 0.1644 2B 0.167 0.172 0.1765 0.1799 0.1900

10-56 UNS 2A 0.0007 0.1893 0.1852 — 0.1777 0.1752 0.1681 2B 0.171 0.175 0.1784 0.1816 0.1900

12-24 UNC 2A 0.0010 0.2150 0.2078 — 0.1879 0.1845 0.1654 2B 0.171 0.181 0.1889 0.1933 0.2160

3A 0.0000 0.2160 0.2088 — 0.1889 0.1863 0.1664 3B 0.1710 0.1807 0.1889 0.1922 0.2160

12-28 UNF 2A 0.0010 0.2150 0.2085 — 0.1918 0.1886 0.1724 2B 0.177 0.186 0.1928 0.1970 0.2160

3A 0.0000 0.2160 0.2095 — 0.1928 0.1904 0.1734 3B 0.1770 0.1857 0.1928 0.1959 0.2160

12-32 UNEF 2A 0.0009 0.2151 0.2091 — 0.1948 0.1917 0.1779 2B 0.182 0.190 0.1957 0.1998 0.2160

3A 0.0000 0.2160 0.2100 — 0.1957 0.1933 0.1788 3B 0.1820 0.1895 0.1957 0.1988 0.2160

12-36 UNS 2A 0.0009 0.2151 0.2096 — 0.1971 0.1941 0.1821 2B 0.186 0.192 0.1980 0.2019 0.2160

12-40 UNS 2A 0.0009 0.2151 0.2100 — 0.1989 0.1960 0.1835 2B 0.189 0.195 0.1998 0.2035 0.2160

12-48 UNS 2A 0.0008 0.2152 0.2107 — 0.2017 0.1991 0.1904 2B 0.193 0.198 0.2025 0.2059 0.2160

12-56 UNS 2A 0.0007 0.2153 0.2112 — 0.2037 0.2012 0.1941 2B 0.197 0.201 0.2044 0.2076 0.2160
1⁄4-20 UNC 1A 0.0011 0.2489 0.2367 — 0.2164 0.2108 0.1894 1B 0.196 0.207 0.2175 0.2248 0.2500

2A 0.0011 0.2489 0.2408 0.2367 0.2164 0.2127 0.1894 2B 0.196 0.207 0.2175 0.2224 0.2500

3A 0.0000 0.2500 0.2419 — 0.2175 0.2147 0.1905 3B 0.1960 0.2067 0.2175 0.2211 0.2500
1⁄4-24 UNS 2A 0.0011 0.2489 0.2417 — 0.2218 0.2181 0.1993 2B 0.205 0.215 0.2229 0.2277 0.2500

1⁄4-27 UNS 2A 0.0010 0.2490 0.2423 — 0.2249 0.2214 0.2049 2B 0.210 0.219 0.2259 0.2304 0.2500

1⁄4-28 UNF 1A 0.0010 0.2490 0.2392 — 0.2258 0.2208 0.2064 1B 0.211 0.220 0.2268 0.2333 0.2500

2A 0.0010 0.2490 0.2425 — 0.2258 0.2225 0.2064 2B 0.211 0.220 0.2268 0.2311 0.2500

3A 0.0000 0.2500 0.2435 — 0.2268 0.2243 0.2074 3B 0.2110 0.2190 0.2268 0.2300 0.2500
1⁄4-32 UNEF 2A 0.0010 0.2490 0.2430 — 0.2287 0.2255 0.2118 2B 0.216 0.224 0.2297 0.2339 0.2500

3A 0.0000 0.2500 0.2440 — 0.2297 0.2273 0.2128 3B 0.2160 0.2229 0.2297 0.2328 0.2500

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads

Nominal Size,
Threads per Inch,

and Series
Designationa

Externalb Internalb

Class
Allow-
ance

Major Diameter Pitch Diameter
UNR Minor
Dia.,c Max 

(Ref.) Class

Minor Diameter Pitch Diameter
Major

Diameter

Maxd Min Mine Maxd Min Min Max Min Max Min
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1⁄4-36 UNS 2A 0.0009 0.2491 0.2436 — 0.2311 0.2280 0.2161 2B 0.220 0.226 0.2320 0.2360 0.2500

1⁄4-40 UNS 2A 0.0009 0.2491 0.2440 — 0.2329 0.2300 0.2193 2B 0.223 0.229 0.2338 0.2376 0.2500

1⁄4-48 UNS 2A 0.0008 0.2492 0.2447 — 0.2357 0.2330 0.2243 2B 0.227 0.232 0.2365 0.2401 0.2500

1⁄4-56 UNS 2A 0.0008 0.2492 0.2451 — 0.2376 0.2350 0.2280 2B 0.231 0.235 0.2384 0.2417 0.2500

5⁄16-18 UNC 1A 0.0012 0.3113 0.2982 — 0.2752 0.2691 0.2452 1B 0.252 0.265 0.2764 0.2843 0.3125

2A 0.0012 0.3113 0.3026 0.2982 0.2752 0.2712 0.2452 2B 0.252 0.265 0.2764 0.2817 0.3125

3A 0.0000 0.3125 0.3038 — 0.2764 0.2734 0.2464 3B 0.2520 0.2630 0.2764 0.2803 0.3125
5⁄16-20 UN 2A 0.0012 0.3113 0.3032 — 0.2788 0.2748 0.2518 2B 0.258 0.270 0.2800 0.2852 0.3125

3A 0.0000 0.3125 0.3044 — 0.2800 0.2770 0.2530 3B 0.2580 0.2680 0.2800 0.2839 0.3125
5⁄16-24 UNF 1A 0.0011 0.3114 0.3006 — 0.2843 0.2788 0.2618 1B 0.267 0.277 0.2854 0.2925 0.3125

2A 0.0011 0.3114 0.3042 — 0.2843 0.2806 0.2618 2B 0.267 0.277 0.2854 0.2902 0.3125

3A 0.0000 0.3125 0.3053 — 0.2854 0.2827 0.2629 3B 0.2670 0.2754 0.2854 0.2890 0.3125
5⁄16-27 UNS 2A 0.0010 0.3115 0.3048 — 0.2874 0.2839 0.2674 2B 0.272 0.281 0.2884 0.2929 0.3125

5⁄16-28 UN 2A 0.0010 0.3115 0.3050 — 0.2883 0.2849 0.2689 2B 0.274 0.282 0.2893 0.2937 0.3125

3A 0.0000 0.3125 0.3060 — 0.2893 0.2867 0.2699 3B 0.2740 0.2807 0.2893 0.2926 0.3125
5⁄16-32 UNEF 2A 0.0010 0.3115 0.3055 — 0.2912 0.2880 0.2743 2B 0.279 0.286 0.2922 0.2964 0.3125

3A 0.0000 0.3125 0.3065 — 0.2922 0.2898 0.2753 3B 0.2790 0.2847 0.2922 0.2953 0.3125
5⁄16-36 UNS 2A 0.0009 0.3116 0.3061 — 0.2936 0.2905 0.2785 2B 0.282 0.289 0.2945 0.2985 0.3125

5⁄16-40 UNS 2A 0.0009 0.3116 0.3065 — 0.2954 0.2925 0.2818 2B 0.285 0.291 0.2963 0.3001 0.3125

5⁄16-48 UNS 2A 0.0008 0.3117 0.3072 — 0.2982 0.2955 0.2869 2B 0.290 0.295 0.2990 0.3026 0.3125

3⁄8-16 UNC 1A 0.0013 0.3737 0.3595 — 0.3331 0.3266 0.2992 1B 0.307 0.321 0.3344 0.3429 0.3750

2A 0.0013 0.3737 0.3643 0.3595 0.3331 0.3287 0.2992 2B 0.307 0.321 0.3344 0.3401 0.3750

3A 0.0000 0.3750 0.3656 — 0.3344 0.3311 0.3005 3B 0.3070 0.3182 0.3344 0.3387 0.3750
3⁄8-18 UNS 2A 0.0013 0.3737 0.3650 — 0.3376 0.3333 0.3076 2B 0.315 0.328 0.3389 0.3445 0.3750

3⁄8-20 UN 2A 0.0012 0.3738 0.3657 — 0.3413 0.3372 0.3143 2B 0.321 0.332 0.3425 0.3479 0.3750

3A 0.0000 0.3750 0.3669 — 0.3425 0.3394 0.3155 3B 0.3210 0.3297 0.3425 0.3465 0.3750

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads

Nominal Size,
Threads per Inch,

and Series
Designationa

Externalb Internalb

Class
Allow-
ance

Major Diameter Pitch Diameter
UNR Minor
Dia.,c Max 

(Ref.) Class

Minor Diameter Pitch Diameter
Major

Diameter

Maxd Min Mine Maxd Min Min Max Min Max Min
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3⁄8-24 UNF 1A 0.0011 0.3739 0.3631 — 0.3468 0.3411 0.3243 1B 0.330 0.340 0.3479 0.3553 0.3750

2A 0.0011 0.3739 0.3667 — 0.3468 0.3430 0.3243 2B 0.330 0.340 0.3479 0.3528 0.3750
3⁄8-24 UNF 3A 0.0000 0.3750 0.3678 — 0.3479 0.3450 0.3254 3B 0.3300 0.3372 0.3479 0.3516 0.3750

3⁄8-27 UNS 2A 0.0011 0.3739 0.3672 — 0.3498 0.3462 0.3298 2B 0.335 0.344 0.3509 0.3556 0.3750

3⁄8-28 UN 2A 0.0011 0.3739 0.3674 — 0.3507 0.3471 0.3313 2B 0.336 0.345 0.3518 0.3564 0.3750

3A 0.0000 0.3750 0.3685 — 0.3518 0.3491 0.3324 3B 0.3360 0.3426 0.3518 0.3553 0.3750
3⁄8-32 UNEF 2A 0.0010 0.3740 0.3680 — 0.3537 0.3503 0.3368 2B 0.341 0.349 0.3547 0.3591 0.3750

3A 0.0000 0.3750 0.3690 — 0.3547 0.3522 0.3378 3B 0.3410 0.3469 0.3547 0.3580 0.3750
3⁄8-36 UNS 2A 0.0010 0.3740 0.3685 — 0.3560 0.3528 0.3409 2B 0.345 0.352 0.3570 0.3612 0.3750

3⁄8-40 UNS 2A 0.0009 0.3741 0.3690 — 0.3579 0.3548 0.3443 2B 0.348 0.354 0.3588 0.3628 0.3750

0.390-27 UNS 2A 0.0011 0.3889 0.3822 — 0.3648 0.3612 0.3448 2B 0.350 0.359 0.3659 0.3706 0.3900
7⁄16-14 UNC 1A 0.0014 0.4361 0.4206 — 0.3897 0.3826 0.3511 1B 0.360 0.376 0.3911 0.4003 0.4375

2A 0.0014 0.4361 0.4258 0.4206 0.3897 0.3850 0.3511 2B 0.360 0.376 0.3911 0.3972 0.4375

3A 0.0000 0.4375 0.4272 — 0.3911 0.3876 0.3525 3B 0.3600 0.3717 0.3911 0.3957 0.4375
7⁄16-16 UN 2A 0.0014 0.4361 0.4267 — 0.3955 0.3909 0.3616 2B 0.370 0.384 0.3969 0.4028 0.4375

3A 0.0000 0.4375 0.4281 — 0.3969 0.3935 0.3630 3B 0.3700 0.3800 0.3969 0.4014 0.4375
7⁄16-18 UNS 2A 0.0013 0.4362 0.4275 — 0.4001 0.3958 0.3701 2B 0.377 0.390 0.4014 0.4070 0.4375

7⁄16-20 UNF 1A 0.0013 0.4362 0.4240 — 0.4037 0.3975 0.3767 1B 0.383 0.395 0.4050 0.4131 0.4375

2A 0.0013 0.4362 0.4281 — 0.4037 0.3995 0.3767 2B 0.383 0.395 0.4050 0.4104 0.4375

3A 0.0000 0.4375 0.4294 — 0.4050 0.4019 0.3780 3B 0.3830 0.3916 0.4050 0.4091 0.4375
7⁄16-24 UNS 2A 0.0011 0.4364 0.4292 — 0.4093 0.4055 0.3868 2B 0.392 0.402 0.4104 0.4153 0.4375

7⁄16-27 UNS 2A 0.0011 0.4364 0.4297 — 0.4123 0.4087 0.3923 2B 0.397 0.406 0.4134 0.4181 0.4375

7⁄16-28 UNEF 2A 0.0011 0.4364 0.4299 — 0.4132 0.4096 0.3938 2B 0.399 0.407 0.4143 0.4189 0.4375

3A 0.0000 0.4375 0.4310 — 0.4143 0.4116 0.3949 3B 0.3990 0.4051 0.4143 0.4178 0.4375
7⁄16-32 UN 2A 0.0010 0.4365 0.4305 — 0.4162 0.4128 0.3993 2B 0.404 0.411 0.4172 0.4216 0.4375

3A 0.0000 0.4375 0.4315 — 0.4172 0.4147 0.4003 3B 0.4040 0.4094 0.4172 0.4205 0.4375
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1⁄2-12 UNS 2A 0.0016 0.4984 0.4870 — 0.4443 0.4389 0.3992 2B 0.410 0.428 0.4459 0.4529 0.5000

3A 0.0000 0.5000 0.4886 — 0.4459 0.4419 0.4008 3B 0.4100 0.4223 0.4459 0.4511 0.5000
1⁄2-13 UNC 1A 0.0015 0.4985 0.4822 — 0.4485 0.4411 0.4069 1B 0.417 0.434 0.4500 0.4597 0.5000

2A 0.0015 0.4985 0.4876 0.4822 0.4485 0.4435 0.4069 2B 0.417 0.434 0.4500 0.4565 0.5000

3A 0.0000 0.5000 0.4891 — 0.4500 0.4463 0.4084 3B 0.4170 0.4284 0.4500 0.4548 0.5000
1⁄2-14 UNS 2A 0.0015 0.4985 0.4882 — 0.4521 0.4471 0.4135 2B 0.423 0.438 0.4536 0.4601 0.5000

1⁄2-16 UN 2A 0.0014 0.4986 0.4892 — 0.4580 0.4533 0.4241 2B 0.432 0.446 0.4594 0.4655 0.5000

3A 0.0000 0.5000 0.4906 — 0.4594 0.4559 0.4255 3B 0.4320 0.4419 0.4594 0.4640 0.5000
1⁄2-18 UNS 2A 0.0013 0.4987 0.4900 — 0.4626 0.4582 0.4326 2B 0.440 0.453 0.4639 0.4697 0.5000

1⁄2-20 UNF 1A 0.0013 0.4987 0.4865 — 0.4662 0.4598 0.4392 1B 0.446 0.457 0.4675 0.4759 0.5000

2A 0.0013 0.4987 0.4906 — 0.4662 0.4619 0.4392 2B 0.446 0.457 0.4675 0.4731 0.5000

3A 0.0000 0.5000 0.4919 — 0.4675 0.4643 0.4405 3B 0.4460 0.4537 0.4675 0.4717 0.5000
1⁄2-24 UNS 2A 0.0012 0.4988 0.4916 — 0.4717 0.4678 0.4492 2B 0.455 0.465 0.4729 0.4780 0.5000

1⁄2-27 UNS 2A 0.0011 0.4989 0.4922 — 0.4748 0.4711 0.4548 2B 0.460 0.469 0.4759 0.4807 0.5000

1⁄2-28 UNEF 2A 0.0011 0.4989 0.4924 — 0.4757 0.4720 0.4563 2B 0.461 0.470 0.4768 0.4816 0.5000

3A 0.0000 0.5000 0.4935 — 0.4768 0.4740 0.4574 3B 0.4610 0.4676 0.4768 0.4804 0.5000
1⁄2-32 UN 2A 0.0010 0.4990 0.4930 — 0.4787 0.4752 0.4618 2B 0.466 0.474 0.4797 0.4842 0.5000

3A 0.0000 0.5000 0.4940 — 0.4797 0.4771 0.4628 3B 0.4660 0.4719 0.4797 0.4831 0.5000
9⁄16-12 UNC 1A 0.0016 0.5609 0.5437 — 0.5068 0.4990 0.4617 1B 0.472 0.490 0.5084 0.5186 0.5625

2A 0.0016 0.5609 0.5495 0.5437 0.5068 0.5016 0.4617 2B 0.472 0.490 0.5084 0.5152 0.5625

3A 0.0000 0.5625 0.5511 — 0.5084 0.5045 0.4633 3B 0.4720 0.4843 0.5084 0.5135 0.5625
9⁄16-14 UNS 2A 0.0015 0.5610 0.5507 — 0.5146 0.5096 0.4760 2B 0.485 0.501 0.5161 0.5226 0.5625

9⁄16-16 UN 2A 0.0014 0.5611 0.5517 — 0.5205 0.5158 0.4866 2B 0.495 0.509 0.5219 0.5280 0.5625

3A 0.0000 0.5625 0.5531 — 0.5219 0.5184 0.4880 3B 0.4950 0.5040 0.5219 0.5265 0.5625
9⁄16-18 UNF 1A 0.0014 0.5611 0.5480 — 0.5250 0.5182 0.4950 1B 0.502 0.515 0.5264 0.5353 0.5625

2A 0.0014 0.5611 0.5524 — 0.5250 0.5205 0.4950 2B 0.502 0.515 0.5264 0.5323 0.5625

3A 0.0000 0.5625 0.5538 — 0.5264 0.5230 0.4964 3B 0.5020 0.5106 0.5264 0.5308 0.5625
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9⁄16-20 UN 2A 0.0013 0.5612 0.5531 — 0.5287 0.5245 0.5017 2B 0.508 0.520 0.5300 0.5355 0.5625

3A 0.0000 0.5625 0.5544 — 0.5300 0.5268 0.5030 3B 0.5080 0.5162 0.5300 0.5341 0.5625
9⁄16-24 UNEF 2A 0.0012 0.5613 0.5541 — 0.5342 0.5303 0.5117 2B 0.517 0.527 0.5354 0.5405 0.5625

3A 0.0000 0.5625 0.5553 — 0.5354 0.5325 0.5129 3B 0.5170 0.5244 0.5354 0.5392 0.5625
9⁄16-27 UNS 2A 0.0011 0.5614 0.5547 — 0.5373 0.5336 0.5173 2B 0.522 0.531 0.5384 0.5432 0.5625

9⁄16-28 UN 2A 0.0011 0.5614 0.5549 — 0.5382 0.5345 0.5188 2B 0.524 0.532 0.5393 0.5441 0.5625

3A 0.0000 0.5625 0.5560 — 0.5393 0.5365 0.5199 3B 0.5240 0.5301 0.5393 0.5429 0.5625
9⁄16-32 UN 2A 0.0010 0.5615 0.5555 — 0.5412 0.5377 0.5243 2B 0.529 0.536 0.5422 0.5467 0.5625

3A 0.0000 0.5625 0.5565 — 0.5422 0.5396 0.5253 3B 0.5290 0.5344 0.5422 0.5456 0.5625
5⁄8-11 UNC 1A 0.0016 0.6234 0.6052 — 0.5644 0.5561 0.5152 1B 0.527 0.546 0.5660 0.5767 0.6250

2A 0.0016 0.6234 0.6113 0.6052 0.5644 0.5589 0.5152 2B 0.527 0.546 0.5660 0.5732 0.6250

3A 0.0000 0.6250 0.6129 — 0.5660 0.5619 0.5168 3B 0.5270 0.5391 0.5660 0.5714 0.6250
5⁄8-12 UN 2A 0.0016 0.6234 0.6120 — 0.5693 0.5639 0.5242 2B 0.535 0.553 0.5709 0.5780 0.6250

3A 0.0000 0.6250 0.6136 — 0.5709 0.5668 0.5258 3B 0.5350 0.5463 0.5709 0.5762 0.6250
5⁄8-14 UNS 2A 0.0015 0.6235 0.6132 — 0.5771 0.5720 0.5385 2B 0.548 0.564 0.5786 0.5852 0.6250

5⁄8-16 UN 2A 0.0014 0.6236 0.6142 — 0.5830 0.5782 0.5491 2B 0.557 0.571 0.5844 0.5906 0.6250

3A 0.0000 0.6250 0.6156 — 0.5844 0.5808 0.5505 3B 0.5570 0.5662 0.5844 0.5890 0.6250
5⁄8-18 UNF 1A 0.0014 0.6236 0.6105 — 0.5875 0.5805 0.5575 1B 0.565 0.578 0.5889 0.5980 0.6250

2A 0.0014 0.6236 0.6149 — 0.5875 0.5828 0.5575 2B 0.565 0.578 0.5889 0.5949 0.6250

3A 0.0000 0.6250 0.6163 — 0.5889 0.5854 0.5589 3B 0.5650 0.5730 0.5889 0.5934 0.6250
5⁄8-20 UN 2A 0.0013 0.6237 0.6156 — 0.5912 0.5869 0.5642 2B 0.571 0.582 0.5925 0.5981 0.6250

3A 0.0000 0.6250 0.6169 — 0.5925 0.5893 0.5655 3B 0.5710 0.5787 0.5925 0.5967 0.6250
5⁄8-24 UNEF 2A 0.0012 0.6238 0.6166 — 0.5967 0.5927 0.5742 2B 0.580 0.590 0.5979 0.6031 0.6250

3A 0.0000 0.6250 0.6178 — 0.5979 0.5949 0.5754 3B 0.5800 0.5869 0.5979 0.6018 0.6250
5⁄8-27 UNS 2A 0.0011 0.6239 0.6172 — 0.5998 0.5960 0.5798 2B 0.585 0.594 0.6009 0.6059 0.6250

5⁄8-28 UN 2A 0.0011 0.6239 0.6174 — 0.6007 0.5969 0.5813 2B 0.586 0.595 0.6018 0.6067 0.6250

3A 0.0000 0.6250 0.6185 — 0.6018 0.5990 0.5824 3B 0.5860 0.5926 0.6018 0.6055 0.6250
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5⁄8-32 UN 2A 0.0011 0.6239 0.6179 — 0.6036 0.6000 0.5867 2B 0.591 0.599 0.6047 0.6093 0.6250

3A 0.0000 0.6250 0.6190 — 0.6047 0.6020 0.5878 3B 0.5910 0.5969 0.6047 0.6082 0.6250
11⁄16-12 UN 2A 0.0016 0.6859 0.6745 — 0.6318 0.6264 0.5867 2B 0.597 0.615 0.6334 0.6405 0.6875

3A 0.0000 0.6875 0.6761 — 0.6334 0.6293 0.5883 3B 0.5970 0.6085 0.6334 0.6387 0.6875
11⁄16-16 UN 2A 0.0014 0.6861 0.6767 — 0.6455 0.6407 0.6116 2B 0.620 0.634 0.6469 0.6531 0.6875

3A 0.0000 0.6875 0.6781 — 0.6469 0.6433 0.6130 3B 0.6200 0.6284 0.6469 0.6515 0.6875
11⁄16-20 UN 2A 0.0013 0.6862 0.6781 — 0.6537 0.6494 0.6267 2B 0.633 0.645 0.6550 0.6606 0.6875

3A 0.0000 0.6875 0.6794 — 0.6550 0.6518 0.6280 3B 0.6330 0.6412 0.6550 0.6592 0.6875
11⁄16-24 UNEF 2A 0.0012 0.6863 0.6791 — 0.6592 0.6552 0.6367 2B 0.642 0.652 0.6604 0.6656 0.6875

3A 0.0000 0.6875 0.6803 — 0.6604 0.6574 0.6379 3B 0.6420 0.6494 0.6604 0.6643 0.6875
11⁄16-28 UN 2A 0.0011 0.6864 0.6799 — 0.6632 0.6594 0.6438 2B 0.649 0.657 0.6643 0.6692 0.6875

3A 0.0000 0.6875 0.6810 — 0.6643 0.6615 0.6449 3B 0.6490 0.6551 0.6643 0.6680 0.6875
11⁄16-32 UN 2A 0.0011 0.6864 0.6804 — 0.6661 0.6625 0.6492 2B 0.654 0.661 0.6672 0.6718 0.6875

3A 0.0000 0.6875 0.6815 — 0.6672 0.6645 0.6503 3B 0.6540 0.6594 0.6672 0.6707 0.6875
3⁄4-10 UNC 1A 0.0018 0.7482 0.7288 — 0.6832 0.6744 0.6291 1B 0.642 0.663 0.6850 0.6965 0.7500

2A 0.0018 0.7482 0.7353 0.7288 0.6832 0.6773 0.6291 2B 0.642 0.663 0.6850 0.6927 0.7500

3A 0.0000 0.7500 0.7371 — 0.6850 0.6806 0.6309 3B 0.6420 0.6545 0.6850 0.6907 0.7500
3⁄4-12 UN 2A 0.0017 0.7483 0.7369 — 0.6942 0.6887 0.6491 2B 0.660 0.678 0.6959 0.7031 0.7500

3A 0.0000 0.7500 0.7386 — 0.6959 0.6918 0.6508 3B 0.6600 0.6707 0.6959 0.7013 0.7500
3⁄4-14 UNS 2A 0.0015 0.7485 0.7382 — 0.7021 0.6970 0.6635 2B 0.673 0.688 0.7036 0.7103 0.7500

3⁄4-16 UNF 1A 0.0015 0.7485 0.7343 — 0.7079 0.7004 0.6740 1B 0.682 0.696 0.7094 0.7192 0.7500

2A 0.0015 0.7485 0.7391 — 0.7079 0.7029 0.6740 2B 0.682 0.696 0.7094 0.7159 0.7500

3A 0.0000 0.7500 0.7406 — 0.7094 0.7056 0.6755 3B 0.6820 0.6908 0.7094 0.7143 0.7500
3⁄4-18 UNS 2A 0.0014 0.7486 0.7399 — 0.7125 0.7079 0.6825 2B 0.690 0.703 0.7139 0.7199 0.7500

3⁄4-20 UNEF 2A 0.0013 0.7487 0.7406 — 0.7162 0.7118 0.6892 2B 0.696 0.707 0.7175 0.7232 0.7500

3A 0.0000 0.7500 0.7419 — 0.7175 0.7142 0.6905 3B 0.6960 0.7037 0.7175 0.7218 0.7500
3⁄4-24 UNS 2A 0.0012 0.7488 0.7416 — 0.7217 0.7176 0.6992 2B 0.705 0.715 0.7229 0.7282 0.7500

3⁄4-27 UNS 2A 0.0012 0.7488 0.7421 — 0.7247 0.7208 0.7047 2B 0.710 0.719 0.7259 0.7310 0.7500
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3⁄4-28 UN 2A 0.0012 0.7488 0.7423 — 0.7256 0.7218 0.7062 2B 0.711 0.720 0.7268 0.7318 0.7500

3A 0.0000 0.7500 0.7435 — 0.7268 0.7239 0.7074 3B 0.7110 0.7176 0.7268 0.7305 0.7500
3⁄4-32 UN 2A 0.0011 0.7489 0.7429 — 0.7286 0.7250 0.7117 2B 0.716 0.724 0.7297 0.7344 0.7500

3A 0.0000 0.7500 0.7440 — 0.7297 0.7270 0.7128 3B 0.7160 0.7219 0.7297 0.7333 0.7500
13⁄16-12 UN 2A 0.0017 0.8108 0.7994 — 0.7567 0.7512 0.7116 2B 0.722 0.740 0.7584 0.7656 0.8125

3A 0.0000 0.8125 0.8011 — 0.7584 0.7543 0.7133 3B 0.7220 0.7329 0.7584 0.7638 0.8125
13⁄16-16 UN 2A 0.0015 0.8110 0.8016 — 0.7704 0.7655 0.7365 2B 0.745 0.759 0.7719 0.7782 0.8125

3A 0.0000 0.8125 0.8031 — 0.7719 0.7683 0.7380 3B 0.7450 0.7533 0.7719 0.7766 0.8125
13⁄16-20 UNEF 2A 0.0013 0.8112 0.8031 — 0.7787 0.7743 0.7517 2B 0.758 0.770 0.7800 0.7857 0.8125

3A 0.0000 0.8125 0.8044 — 0.7800 0.7767 0.7530 3B 0.7580 0.7662 0.7800 0.7843 0.8125
13⁄16-28 UN 2A 0.0012 0.8113 0.8048 — 0.7881 0.7843 0.7687 2B 0.774 0.782 0.7893 0.7943 0.8125

3A 0.0000 0.8125 0.8060 — 0.7893 0.7864 0.7699 3B 0.7740 0.7801 0.7893 0.7930 0.8125
13⁄16-32 UN 2A 0.0011 0.8114 0.8054 — 0.7911 0.7875 0.7742 2B 0.779 0.786 0.7922 0.7969 0.8125

3A 0.0000 0.8125 0.8065 — 0.7922 0.7895 0.7753 3B 0.7790 0.7844 0.7922 0.7958 0.8125
7⁄8-9 UNC 1A 0.0019 0.8731 0.8523 — 0.8009 0.7914 0.7408 1B 0.755 0.778 0.8028 0.8151 0.8750

2A 0.0019 0.8731 0.8592 0.8523 0.8009 0.7946 0.7408 2B 0.755 0.778 0.8028 0.8110 0.8750

3A 0.0000 0.8750 0.8611 — 0.8028 0.7981 0.7427 3B 0.7550 0.7681 0.8028 0.8089 0.8750
7⁄8-10 UNS 2A 0.0018 0.8732 0.8603 — 0.8082 0.8022 0.7542 2B 0.767 0.788 0.8100 0.8178 0.8750

7⁄8-12 UN 2A 0.0017 0.8733 0.8619 — 0.8192 0.8137 0.7741 2B 0.785 0.803 0.8209 0.8281 0.8750

3A 0.0000 0.8750 0.8636 — 0.8209 0.8168 0.7758 3B 0.7850 0.7948 0.8209 0.8263 0.8750
7⁄8-14 UNF 1A 0.0016 0.8734 0.8579 — 0.8270 0.8189 0.7884 1B 0.798 0.814 0.8286 0.8392 0.8750

2A 0.0016 0.8734 0.8631 — 0.8270 0.8216 0.7884 2B 0.798 0.814 0.8286 0.8356 0.8750

3A 0.0000 0.8750 0.8647 — 0.8286 0.8245 0.7900 3B 0.7980 0.8068 0.8286 0.8339 0.8750
7⁄8-16 UN 2A 0.0015 0.8735 0.8641 — 0.8329 0.8280 0.7900 2B 0.807 0.821 0.8344 0.8407 0.8750

3A 0.0000 0.8750 0.8656 — 0.8344 0.8308 0.8005 3B 0.8070 0.8158 0.8344 0.8391 0.8750
7⁄8-18 UNS 2A 0.0014 0.8736 0.8649 — 0.8375 0.8329 0.8075 2B 0.815 0.828 0.8389 0.8449 0.8750

7⁄8-20 UNEF 2A 0.0013 0.8737 0.8656 — 0.8412 0.8368 0.8142 2B 0.821 0.832 0.8425 0.8482 0.8750

3A 0.0000 0.8750 0.8669 — 0.8425 0.8392 0.8155 3B 0.8210 0.8287 0.8425 0.8468 0.8750
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7⁄8-24 UNS 2A 0.0012 0.8738 0.8666 — 0.8467 0.8426 0.8242 2B 0.830 0.840 0.8479 0.8532 0.8750

7⁄8-27 UNS 2A 0.0012 0.8738 0.8671 — 0.8497 0.8458 0.8297 2B 0.835 0.844 0.8509 0.8560 0.8750

7⁄8-28 UN 2A 0.0012 0.8738 0.8673 — 0.8506 0.8468 0.8312 2B 0.836 0.845 0.8518 0.8568 0.8750

3A 0.0000 0.8750 0.8685 — 0.8518 0.8489 0.8324 3B 0.8360 0.8426 0.8518 0.8555 0.8750
7⁄8-32 UN 2A 0.0011 0.8739 0.8679 — 0.8536 0.8500 0.8367 2B 0.841 0.849 0.8547 0.8594 0.8750

3A 0.0000 0.8750 0.8690 — 0.8547 0.8520 0.8378 3B 0.8410 0.8469 0.8547 0.8583 0.8750
15⁄16-12 UN 2A 0.0017 0.9358 0.9244 — 0.8817 0.8760 0.8366 2B 0.847 0.865 0.8834 0.8908 0.9375

3A 0.0000 0.9375 0.9261 — 0.8834 0.8793 0.8383 3B 0.8470 0.8575 0.8834 0.8889 0.9375
15⁄16-16 UN 2A 0.0015 0.9360 0.9266 — 0.8954 0.8904 0.8615 2B 0.870 0.884 0.8969 0.9034 0.9375

3A 0.0000 0.9375 0.9281 — 0.8969 0.8932 0.8630 3B 0.8700 0.8783 0.8969 0.9018 0.9375
15⁄16-20 UNEF 2A 0.0014 0.9361 0.9280 — 0.9036 0.8991 0.8766 2B 0.883 0.895 0.9050 0.9109 0.9375

3A 0.0000 0.9375 0.9294 — 0.9050 0.9016 0.8780 3B 0.8830 0.8912 0.9050 0.9094 0.9375
15⁄16-28 UN 2A 0.0012 0.9363 0.9298 — 0.9131 0.9091 0.8937 2B 0.899 0.907 0.9143 0.9195 0.9375

3A 0.0000 0.9375 0.9310 — 0.9143 0.9113 0.8949 3B 0.8990 0.9051 0.9143 0.9182 0.9375
15⁄16-32 UN 2A 0.0011 0.9364 0.9304 — 0.9161 0.9123 0.8992 2B 0.904 0.911 0.9172 0.9221 0.9375

3A 0.0000 0.9375 0.9315 — 0.9172 0.9144 0.9003 3B 0.9040 0.9094 0.9172 0.9209 0.9375

1-8 UNC 1A 0.0020 0.9980 0.9755 — 0.9168 0.9067 0.8492 1B 0.865 0.890 0.9188 0.9320 1.0000

2A 0.0020 0.9980 0.9830 0.9755 0.9168 0.9100 0.8492 2B 0.865 0.890 0.9188 0.9276 1.0000

3A 0.0000 1.0000 0.9850 — 0.9188 0.9137 0.8512 3B 0.8650 0.8797 0.9188 0.9254 1.0000

1-10 UNS 2A 0.0018 0.9982 0.9853 — 0.9332 0.9270 0.8792 2B 0.892 0.913 0.9350 0.9430 1.0000

1-12 UNF 1A 0.0018 0.9982 0.9810 — 0.9441 0.9353 0.8990 1B 0.910 0.928 0.9459 0.9573 1.0000

2A 0.0018 0.9982 0.9868 — 0.9441 0.9382 0.8990 2B 0.910 0.928 0.9459 0.9535 1.0000

3A 0.0000 1.0000 0.9886 — 0.9459 0.9415 0.9008 3B 0.9100 0.9198 0.9459 0.9516 1.0000

1-14 UNSf 1A 0.0017 0.9983 0.9828 — 0.9519 0.9435 0.9132 1B 0.923 0.938 0.9536 0.9645 1.0000

2A 0.0017 0.9983 0.9880 — 0.9519 0.9463 0.9132 2B 0.923 0.938 0.9536 0.9609 1.0000

3A 0.0000 1.0000 0.9897 — 0.9536 0.9494 0.9149 3B 0.9230 0.9315 0.9536 0.9590 1.0000

1-16 UN 2A 0.0015 0.9985 0.9891 — 0.9579 0.9529 0.9240 2B 0.932 0.946 0.9594 0.9659 1.0000

3A 0.0000 1.0000 0.9906 — 0.9594 0.9557 0.9255 3B 0.9320 0.9408 0.9594 0.9643 1.0000

1-18 UNS 2A 0.0014 0.9986 0.9899 — 0.9625 0.9578 0.9325 2B 0.940 0.953 0.9639 0.9701 1.0000
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Nominal Size,
Threads per Inch,

and Series
Designationa

Externalb Internalb

Class
Allow-
ance

Major Diameter Pitch Diameter
UNR Minor
Dia.,c Max 

(Ref.) Class

Minor Diameter Pitch Diameter
Major

Diameter

Maxd Min Mine Maxd Min Min Max Min Max Min

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



U
N

IFIE
D

 SC
R

E
W

 T
H

R
E

A
D

S
1826

1-20 UNEF 2A 0.0014 0.9986 0.9905 — 0.9661 0.9616 0.9391 2B 0.946 0.957 0.9675 0.9734 1.0000

3A 0.0000 1.0000 0.9919 — 0.9675 0.9641 0.9405 3B 0.9460 0.9537 0.9675 0.9719 1.0000

1-24 UNS 2A 0.0013 0.9987 0.9915 — 0.9716 0.9674 0.9491 2B 0.955 0.965 0.9729 0.9784 1.0000

1-27 UNS 2A 0.0012 0.9988 0.9921 — 0.9747 0.9707 0.9547 2B 0.960 0.969 0.9759 0.9811 1.0000

1-28 UN 2A 0.0012 0.9988 0.9923 — 0.9756 0.9716 0.9562 2B 0.961 0.970 0.9768 0.9820 1.0000

3A 0.0000 1.0000 0.9935 — 0.9768 0.9738 0.9574 3B 0.9610 0.9676 0.9768 0.9807 1.0000

1-32 UN 2A 0.0011 0.9989 0.9929 — 0.9786 0.9748 0.9617 2B 0.966 0.974 0.9797 0.9846 1.0000

3A 0.0000 1.0000 0.9940 — 0.9797 0.9769 0.9628 3B 0.9660 0.9719 0.9797 0.9834 1.0000

11⁄16-8 UN 2A 0.0020 1.0605 1.0455 — 0.9793 0.9725 0.9117 2B 0.927 0.952 0.9813 0.9902 1.0625

3A 0.0000 1.0625 1.0475 — 0.9813 0.9762 0.9137 3B 0.9270 0.9422 0.9813 0.9880 1.0625

11⁄16-12 UN 2A 0.0017 1.0608 1.0494 — 1.0067 1.0010 0.9616 2B 0.972 0.990 1.0084 1.0158 1.0625

3A 0.0000 1.0625 1.0511 — 1.0084 1.0042 0.9633 3B 0.9720 0.9823 1.0084 1.0139 1.0625

11⁄16-16 UN 2A 0.0015 1.0610 1.0516 — 1.0204 1.0154 0.9865 2B 0.995 1.009 1.0219 1.0284 1.0625

3A 0.0000 1.0625 1.0531 — 1.0219 1.0182 0.9880 3B 0.9950 1.0033 1.0219 1.0268 1.0625

11⁄16-18 UNEF 2A 0.0014 1.0611 1.0524 — 1.0250 1.0203 0.9950 2B 1.002 1.015 1.0264 1.0326 1.0625

3A 0.0000 1.0625 1.0538 — 1.0264 1.0228 0.9964 3B 1.0020 1.0105 1.0264 1.0310 1.0625

11⁄16-20 UN 2A 0.0014 1.0611 1.0530 — 1.0286 1.0241 1.0016 2B 1.008 1.020 1.0300 1.0359 1.0625

3A 0.0000 1.0625 1.0544 — 1.0300 1.0266 1.0030 3B 1.0080 1.0162 1.0300 1.0344 1.0625

11⁄16-28 UN 2A 0.0012 1.0613 1.0548 — 1.0381 1.0341 1.0187 2B 1.024 1.032 1.0393 1.0445 1.0625

3A 0.0000 1.0625 1.0560 — 1.0393 1.0363 1.0199 3B 1.0240 1.0301 1.0393 1.0432 1.0625

11⁄8-7 UNC 1A 0.0022 1.1228 1.0982 — 1.0300 1.0191 0.9527 1B 0.970 0.998 1.0322 1.0463 1.1250

2A 0.0022 1.1228 1.1064 1.0982 1.0300 1.0228 0.9527 2B 0.970 0.998 1.0322 1.0416 1.1250

3A 0.0000 1.1250 1.1086 — 1.0322 1.0268 0.9549 3B 0.9700 0.9875 1.0322 1.0393 1.1250

11⁄8-8 UN 2A 0.0021 1.1229 1.1079 1.1004 1.0417 1.0348 0.9741 2B 0.990 1.015 1.0438 1.0528 1.1250

3A 0.0000 1.1250 1.1100 — 1.0438 1.0386 0.9762 3B 0.9900 1.0047 1.0438 1.0505 1.1250

11⁄8-10 UNS 2A 0.0018 1.1232 1.1103 — 1.0582 1.0520 1.0042 2B 1.017 1.038 1.0600 1.0680 1.1250

11⁄8-12 UNF 1A 0.0018 1.1232 1.1060 — 1.0691 1.0601 1.0240 1B 1.035 1.053 1.0709 1.0826 1.1250

2A 0.0018 1.1232 1.1118 — 1.0691 1.0631 1.0240 2B 1.035 1.053 1.0709 1.0787 1.1250

3A 0.0000 1.1250 1.1136 — 1.0709 1.0664 1.0258 3B 1.0350 1.0448 1.0709 1.0768 1.1250

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads
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11⁄8-14 UNS 2A 0.0016 1.1234 1.1131 — 1.0770 1.0717 1.0384 2B 1.048 1.064 1.0786 1.0855 1.1250

11⁄8-16 UN 2A 0.0015 1.1235 1.1141 — 1.0829 1.0779 1.0490 2B 1.057 1.071 1.0844 1.0909 1.1250

3A 0.0000 1.1250 1.1156 — 1.0844 1.0807 1.0505 3B 1.0570 1.0658 1.0844 1.0893 1.1250

11⁄8-18 UNEF 2A 0.0014 1.1236 1.1149 — 1.0875 1.0828 1.0575 2B 1.065 1.078 1.0889 1.0951 1.1250

3A 0.0000 1.1250 1.1163 — 1.0889 1.0853 1.0589 3B 1.0650 1.0730 1.0889 1.0935 1.1250

11⁄8-20 UN 2A 0.0014 1.1236 1.1155 — 1.0911 1.0866 1.0641 2B 1.071 1.082 1.0925 1.0984 1.1250

3A 0.0000 1.1250 1.1169 — 1.0925 1.0891 1.0655 3B 1.0710 1.0787 1.0925 1.0969 1.1250

11⁄8-24 UNS 2A 0.0013 1.1237 1.1165 — 1.0966 1.0924 1.0742 2B 1.080 1.090 1.0979 1.1034 1.1250

11⁄8-28 UN 2A 0.0012 1.1238 1.1173 — 1.1006 1.0966 1.0812 2B 1.086 1.095 1.1018 1.1070 1.1250

3A 0.0000 1.1250 1.1185 — 1.1018 1.0988 1.0824 3B 1.0860 1.0926 1.1018 1.1057 1.1250

13⁄16-8 UN 2A 0.0021 1.1854 1.1704 — 1.1042 1.0972 1.0366 2B 1.052 1.077 1.1063 1.1154 1.1875

3A 0.0000 1.1875 1.1725 — 1.1063 1.1011 1.0387 3B 1.0520 1.0672 1.1063 1.1131 1.1875

13⁄16-12 UN 2A 0.0017 1.1858 1.1744 — 1.1317 1.1259 1.0866 2B 1.097 1.115 1.1334 1.1409 1.1875

3A 0.0000 1.1875 1.1761 — 1.1334 1.1291 1.0883 3B 1.0970 1.1073 1.1334 1.1390 1.1875

13⁄16-16 UN 2A 0.0015 1.1860 1.1766 — 1.1454 1.1403 1.1115 2B 1.120 1.134 1.1469 1.1535 1.1875

3A 0.0000 1.1875 1.1781 — 1.1469 1.1431 1.1130 3B 1.1200 1.1283 1.1469 1.1519 1.1875

13⁄16-18 UNEF 2A 0.0015 1.1860 1.1773 — 1.1499 1.1450 1.1199 2B 1.127 1.140 1.1514 1.1577 1.1875

3A 0.0000 1.1875 1.1788 — 1.1514 1.1478 1.1214 3B 1.1270 1.1355 1.1514 1.1561 1.1875

13⁄16-20 UN 2A 0.0014 1.1861 1.1780 — 1.1536 1.1489 1.1266 2B 1.133 1.145 1.1550 1.1611 1.1875

3A 0.0000 1.1875 1.1794 — 1.1550 1.1515 1.1280 3B 1.1330 1.1412 1.1550 1.1595 1.1875

13⁄16-28 UN 2A 0.0012 1.1863 1.1798 — 1.1631 1.1590 1.1437 2B 1.149 1.157 1.1643 1.1696 1.1875

3A 0.0000 1.1875 1.1810 — 1.1643 1.1612 1.1449 3B 1.1490 1.1551 1.1643 1.1683 1.1875

11⁄4-7 UNC 1A 0.0022 1.2478 1.2232 — 1.1550 1.1439 1.0777 1B 1.095 1.123 1.1572 1.1716 1.2500

2A 0.0022 1.2478 1.2314 1.2232 1.1550 1.1476 1.0777 2B 1.095 1.123 1.1572 1.1668 1.2500

3A 0.0000 1.2500 1.2336 — 1.1572 1.1517 1.0799 3B 1.0950 1.1125 1.1572 1.1644 1.2500

11⁄4-8 UN 2A 0.0021 1.2479 1.2329 1.2254 1.1667 1.1597 1.0991 2B 1.115 1.140 1.1688 1.1780 1.2500

3A 0.0000 1.2500 1.2350 — 1.1688 1.1635 1.1012 3B 1.1150 1.1297 1.1688 1.1757 1.2500

11⁄4-10 UNS 2A 0.0019 1.2481 1.2352 — 1.1831 1.1768 1.1291 2B 1.142 1.163 1.1850 1.1932 1.2500
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11⁄4-12 UNF 1A 0.0018 1.2482 1.2310 — 1.1941 1.1849 1.1490 1B 1.160 1.178 1.1959 1.2079 1.2500

2A 0.0018 1.2482 1.2368 — 1.1941 1.1879 1.1490 2B 1.160 1.178 1.1959 1.2039 1.2500

3A 0.0000 1.2500 1.2386 — 1.1959 1.1913 1.1508 3B 1.1600 1.1698 1.1959 1.2019 1.2500

11⁄4-14 UNS 2A 0.0016 1.2484 1.2381 — 1.2020 1.1966 1.1634 2B 1.173 1.188 1.2036 1.2106 1.2500

11⁄4-16 UN 2A 0.0015 1.2485 1.2391 — 1.2079 1.2028 1.1740 2B 1.182 1.196 1.2094 1.2160 1.2500

3A 0.0000 1.2500 1.2406 — 1.2094 1.2056 1.1755 3B 1.1820 1.1908 1.2094 1.2144 1.2500

11⁄4-18 UNEF 2A 0.0015 1.2485 1.2398 — 1.2124 1.2075 1.1824 2B 1.190 1.203 1.2139 1.2202 1.2500

3A 0.0000 1.2500 1.2413 — 1.2139 1.2103 1.1839 3B 1.1900 1.1980 1.2139 1.2186 1.2500

11⁄4-20 UN 2A 0.0014 1.2486 1.2405 — 1.2161 1.2114 1.1891 2B 1.196 1.207 1.2175 1.2236 1.2500

3A 0.0000 1.2500 1.2419 — 1.2175 1.2140 1.1905 3B 1.1960 1.2037 1.2175 1.2220 1.2500

11⁄4-24 UNS 2A 0.0013 1.2487 1.2415 — 1.2216 1.2173 1.1991 2B 1.205 1.215 1.2229 1.2285 1.2500

11⁄4-28 UN 2A 0.0012 1.2488 1.2423 — 1.2256 1.2215 1.2062 2B 1.211 1.220 1.2268 1.2321 1.2500

3A 0.0000 1.2500 1.2435 — 1.2268 1.2237 1.2074 3B 1.2110 1.2176 1.2268 1.2308 1.2500

15⁄16-8 UN 2A 0.0021 1.3104 1.2954 — 1.2292 1.2221 1.1616 2B 1.177 1.202 1.2313 1.2405 1.3125

3A 0.0000 1.3125 1.2975 — 1.2313 1.2260 1.1637 3B 1.1770 1.1922 1.2313 1.2382 1.3125

15⁄16-12 UN 2A 0.0017 1.3108 1.2994 — 1.2567 1.2509 1.2116 2B 1.222 1.240 1.2584 1.2659 1.3125

3A 0.0000 1.3125 1.3011 — 1.2584 1.2541 1.2133 3B 1.2220 1.2323 1.2584 1.2640 1.3125

15⁄16-16 UN 2A 0.0015 1.3110 1.3016 — 1.2704 1.2653 1.2365 2B 1.245 1.259 1.2719 1.2785 1.3125

3A 0.0000 1.3125 1.3031 — 1.2719 1.2681 1.2380 3B 1.2450 1.2533 1.2719 1.2769 1.3125

15⁄16-18 UNEF 2A 0.0015 1.3110 1.3023 — 1.2749 1.2700 1.2449 2B 1.252 1.265 1.2764 1.2827 1.3125

3A 0.0000 1.3125 1.3038 — 1.2764 1.2728 1.2464 3B 1.2520 1.2605 1.2764 1.2811 1.3125

15⁄16-20 UN 2A 0.0014 1.3111 1.3030 — 1.2786 1.2739 1.2516 2B 1.258 1.270 1.2800 1.2861 1.3125

3A 0.0000 1.3125 1.3044 — 1.2800 1.2765 1.2530 3B 1.2580 1.2662 1.2800 1.2845 1.3125

15⁄16-28 UN 2A 0.0012 1.3113 1.3048 — 1.2881 1.2840 1.2687 2B 1.274 1.282 1.2893 1.2946 1.3125

3A 0.0000 1.3125 1.3060 — 1.2893 1.2862 1.2699 3B 1.2740 1.2801 1.2893 1.2933 1.3125

13⁄8-6 UNC 1A 0.0024 1.3726 1.3453 — 1.2643 1.2523 1.1742 1B 1.195 1.225 1.2667 1.2822 1.3750

2A 0.0024 1.3726 1.3544 1.3453 1.2643 1.2563 1.1742 2B 1.195 1.225 1.2667 1.2771 1.3750

3A 0.0000 1.3750 1.3568 — 1.2667 1.2607 1.1766 3B 1.1950 1.2146 1.2667 1.2745 1.3750
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13⁄8-8 UN 2A 0.0022 1.3728 1.3578 1.3503 1.2916 1.2844 1.2240 2B 1.240 1.265 1.2938 1.3031 1.3750

3A 0.0000 1.3750 1.3600 — 1.2938 1.2884 1.2262 3B 1.2400 1.2547 1.2938 1.3008 1.3750

13⁄8-10 UNS 2A 0.0019 1.3731 1.3602 — 1.3081 1.3018 1.2541 2B 1.267 1.288 1.3100 1.3182 1.3750

13⁄8-12 UNF 1A 0.0019 1.3731 1.3559 — 1.3190 1.3096 1.2739 1B 1.285 1.303 1.3209 1.3332 1.3750

2A 0.0019 1.3731 1.3617 — 1.3190 1.3127 1.2739 2B 1.285 1.303 1.3209 1.3291 1.3750

3A 0.0000 1.3750 1.3636 — 1.3209 1.3162 1.2758 3B 1.2850 1.2948 1.3209 1.3270 1.3750

13⁄8-14 UNS 2A 0.0016 1.3734 1.3631 — 1.3270 1.3216 1.2884 2B 1.298 1.314 1.3286 1.3356 1.3750

13⁄8-16 UN 2A 0.0015 1.3735 1.3641 — 1.3329 1.3278 1.2990 2B 1.307 1.321 1.3344 1.3410 1.3750

3A 0.0000 1.3750 1.3656 — 1.3344 1.3306 1.3005 3B 1.3070 1.3158 1.3344 1.3394 1.3750

13⁄8-18 UNEF 2A 0.0015 1.3735 1.3648 — 1.3374 1.3325 1.3074 2B 1.315 1.328 1.3389 1.3452 1.3750

3A 0.0000 1.3750 1.3663 — 1.3389 1.3353 1.3089 3B 1.3150 1.3230 1.3389 1.3436 1.3750

13⁄8-20 UN 2A 0.0014 1.3736 1.3655 — 1.3411 1.3364 1.3141 2B 1.321 1.332 1.3425 1.3486 1.3750

3A 0.0000 1.3750 1.3669 — 1.3425 1.3390 1.3155 3B 1.3210 1.3287 1.3425 1.3470 1.3750

13⁄8-24 UNS 2A 0.0013 1.3737 1.3665 — 1.3466 1.3423 1.3241 2B 1.330 1.340 1.3479 1.3535 1.3750

13⁄8-28 UN 2A 0.0012 1.3738 1.3673 — 1.3506 1.3465 1.3312 2B 1.336 1.345 1.3518 1.3571 1.3750

3A 0.0000 1.3750 1.3685 — 1.3518 1.3487 1.3324 3B 1.3360 1.3426 1.3518 1.3558 1.3750

17⁄16-6 UN 2A 0.0024 1.4351 1.4169 — 1.3268 1.3188 1.2367 2B 1.257 1.288 1.3292 1.3396 1.4375

3A 0.0000 1.4375 1.4193 — 1.3292 1.3232 1.2391 3B 1.2570 1.2771 1.3292 1.3370 1.4375

17⁄16-8 UN 2A 0.0022 1.4353 1.4203 — 1.3541 1.3469 1.2865 2B 1.302 1.327 1.3563 1.3657 1.4375

3A 0.0000 1.4375 1.4225 — 1.3563 1.3509 1.2887 3B 1.3020 1.3172 1.3563 1.3634 1.4375

17⁄16-12 UN 2A 0.0018 1.4357 1.4243 — 1.3816 1.3757 1.3365 2B 1.347 1.365 1.3834 1.3910 1.4375

3A 0.0000 1.4375 1.4261 — 1.3834 1.3790 1.3383 3B 1.3470 1.3573 1.3834 1.3891 1.4375

17⁄16-16 UN 2A 0.0016 1.4359 1.4265 — 1.3953 1.3901 1.3614 2B 1.370 1.384 1.3969 1.4037 1.4375

3A 0.0000 1.4375 1.4281 — 1.3969 1.3930 1.3630 3B 1.3700 1.3783 1.3969 1.4020 1.4375

17⁄16-18 UNEF 2A 0.0015 1.4360 1.4273 — 1.3999 1.3949 1.3699 2B 1.377 1.390 1.4014 1.4079 1.4375

3A 0.0000 1.4375 1.4288 — 1.4014 1.3977 1.3714 3B 1.3770 1.3855 1.4014 1.4062 1.4375

17⁄16-20 UN 2A 0.0014 1.4361 1.4280 — 1.4036 1.3988 1.3766 2B 1.383 1.395 1.4050 1.4112 1.4375

3A 0.0000 1.4375 1.4294 — 1.4050 1.4014 1.3780 3B 1.3830 1.3912 1.4050 1.4096 1.4375
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17⁄16-28 UN 2A 0.0013 1.4362 1.4297 — 1.4130 1.4088 1.3936 2B 1.399 1.407 1.4143 1.4198 1.4375

3A 0.0000 1.4375 1.4310 — 1.4143 1.4112 1.3949 3B 1.3990 1.4051 1.4143 1.4184 1.4375

11⁄2-6 UNC 1A 0.0024 1.4976 1.4703 — 1.3893 1.3772 1.2992 1B 1.320 1.350 1.3917 1.4075 1.5000

2A 0.0024 1.4976 1.4794 1.4703 1.3893 1.3812 1.2992 2B 1.320 1.350 1.3917 1.4022 1.5000

3A 0.0000 1.5000 1.4818 — 1.3917 1.3856 1.3016 3B 1.3200 1.3396 1.3917 1.3996 1.5000

11⁄2-8 UN 2A 0.0022 1.4978 1.4828 1.4753 1.4166 1.4093 1.3490 2B 1.365 1.390 1.4188 1.4283 1.5000

3A 0.0000 1.5000 1.4850 — 1.4188 1.4133 1.3512 3B 1.3650 1.3797 1.4188 1.4259 1.5000

11⁄2-10 UNS 2A 0.0019 1.4981 1.4852 — 1.4331 1.4267 1.3791 2B 1.392 1.413 1.4350 1.4433 1.5000

11⁄2-12 UNF 1A 0.0019 1.4981 1.4809 — 1.4440 1.4344 1.3989 1B 1.410 1.428 1.4459 1.4584 1.5000

2A 0.0019 1.4981 1.4867 — 1.4440 1.4376 1.3989 2B 1.410 1.428 1.4459 1.4542 1.5000

3A 0.0000 1.5000 1.4886 — 1.4459 1.4411 1.4008 3B 1.4100 1.4198 1.4459 1.4522 1.5000

11⁄2-14 UNS 2A 0.0017 1.4983 1.4880 — 1.4519 1.4464 1.4133 2B 1.423 1.438 1.4536 1.4608 1.5000

11⁄2-16 UN 2A 0.0016 1.4984 1.4890 — 1.4578 1.4526 1.4239 2B 1.432 1.446 1.4594 1.4662 1.5000

3A 0.0000 1.5000 1.4906 — 1.4594 1.4555 1.4255 3B 1.4320 1.4408 1.4594 1.4645 1.5000

11⁄2-18 UNEF 2A 0.0015 1.4985 1.4898 — 1.4624 1.4574 1.4324 2B 1.440 1.452 1.4639 1.4704 1.5000

3A 0.0000 1.5000 1.4913 — 1.4639 1.4602 1.4339 3B 1.4400 1.4480 1.4639 1.4687 1.5000

11⁄2-20 UN 2A 0.0014 1.4986 1.4905 — 1.4661 1.4613 1.4391 2B 1.446 1.457 1.4675 1.4737 1.5000

3A 0.0000 1.5000 1.4919 — 1.4675 1.4639 1.4405 3B 1.4460 1.4537 1.4675 1.4721 1.5000

11⁄2-24 UNS 2A 0.0013 1.4987 1.4915 — 1.4716 1.4672 1.4491 2B 1.455 1.465 1.4729 1.4787 1.5000

11⁄2-28 UN 2A 0.0013 1.4987 1.4922 — 1.4755 1.4713 1.4561 2B 1.461 1.470 1.4768 1.4823 1.5000

3A 0.0000 1.5000 1.4935 — 1.4768 1.4737 1.4574 3B 1.4610 1.4676 1.4768 1.4809 1.5000

19⁄16-6 UN 2A 0.0024 1.5601 1.5419 — 1.4518 1.4436 1.3617 2B 1.382 1.413 1.4542 1.4648 1.5625

3A 0.0000 1.5625 1.5443 — 1.4542 1.4481 1.3641 3B 1.3820 1.4021 1.4542 1.4622 1.5625

19⁄16-8 UN 2A 0.0022 1.5603 1.5453 — 1.4791 1.4717 1.4115 2B 1.427 1.452 1.4813 1.4909 1.5625

3A 0.0000 1.5625 1.5475 — 1.4813 1.4758 1.4137 3B 1.4270 1.4422 1.4813 1.4885 1.5625

19⁄16-12 UN 2A 0.0018 1.5607 1.5493 — 1.5066 1.5007 1.4615 2B 1.472 1.490 1.5084 1.5160 1.5625

3A 0.0000 1.5625 1.5511 — 1.5084 1.5040 1.4633 3B 1.4720 1.4823 1.5084 1.5141 1.5625

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads
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19⁄16-16 UN 2A 0.0016 1.5609 1.5515 — 1.5203 1.5151 1.4864 2B 1.495 1.509 1.5219 1.5287 1.5625

3A 0.0000 1.5625 1.5531 — 1.5219 1.5180 1.4880 3B 1.4950 1.5033 1.5219 1.5270 1.5625

19⁄16-18 UNEF 2A 0.0015 1.5610 1.5523 — 1.5249 1.5199 1.4949 2B 1.502 1.515 1.5264 1.5329 1.5625

3A 0.0000 1.5625 1.5538 — 1.5264 1.5227 1.4964 3B 1.5020 1.5105 1.5264 1.5312 1.5625

19⁄16-20 UN 2A 0.0014 1.5611 1.5530 — 1.5286 1.5238 1.5016 2B 1.508 1.520 1.5300 1.5362 1.5625

3A 0.0000 1.5625 1.5544 — 1.5300 1.5264 1.5030 3B 1.5080 1.5162 1.5300 1.5346 1.5625

15⁄8-6 UN 2A 0.0025 1.6225 1.6043 — 1.5142 1.5060 1.4246 2B 1.445 1.475 1.5167 1.5274 1.6250

3A 0.0000 1.6250 1.6068 — 1.5167 1.5105 1.4271 3B 1.4450 1.4646 1.5167 1.5247 1.6250

15⁄8-8 UN 2A 0.0022 1.6228 1.6078 1.6003 1.5416 1.5342 1.4784 2B 1.490 1.515 1.5438 1.5535 1.6250

3A 0.0000 1.6250 1.6100 — 1.5438 1.5382 1.4806 3B 1.4900 1.5047 1.5438 1.5510 1.6250

15⁄8-10 UNS 2A 0.0019 1.6231 1.6102 — 1.5581 1.5517 1.5041 2B 1.517 1.538 1.5600 1.5683 1.6250

15⁄8-12 UN 2A 0.0018 1.6232 1.6118 — 1.5691 1.5632 1.5240 2B 1.535 1.553 1.5709 1.5785 1.6250

3A 0.0000 1.6250 1.6136 — 1.5709 1.5665 1.5258 3B 1.5350 1.5448 1.5709 1.5766 1.6250

15⁄8-14 UNS 2A 0.0017 1.6233 1.6130 — 1.5769 1.5714 1.5383 2B 1.548 1.564 1.5786 1.5858 1.6250

15⁄8-16 UN 2A 0.0016 1.6234 1.6140 — 1.5828 1.5776 1.5489 2B 1.557 1.571 1.5844 1.5912 1.6250

3A 0.0000 1.6250 1.6156 — 1.5844 1.5805 1.5505 3B 1.5570 1.5658 1.5844 1.5895 1.6250

15⁄8-18 UNEF 2A 0.0015 1.6235 1.6148 — 1.5874 1.5824 1.5574 2B 1.565 1.578 1.5889 1.5954 1.6250

3A 0.0000 1.6250 1.6163 — 1.5889 1.5852 1.5589 3B 1.5650 1.5730 1.5889 1.5937 1.6250

15⁄8-20 UN 2A 0.0014 1.6236 1.6155 — 1.5911 1.5863 1.5641 2B 1.571 1.582 1.5925 1.5987 1.6250

3A 0.0000 1.6250 1.6169 — 1.5925 1.5889 1.5655 3B 1.5710 1.5787 1.5925 1.5971 1.6250

15⁄8-24 UNS 2A 0.0013 1.6237 1.6165 — 1.5966 1.5922 1.5741 2B 1.580 1.590 1.5979 1.6037 1.6250

111⁄16-6 UN 2A 0.0025 1.6850 1.6668 — 1.5767 1.5684 1.4866 2B 1.507 1.538 1.5792 1.5900 1.6875

3A 0.0000 1.6875 1.6693 — 1.5792 1.5730 1.4891 3B 1.5070 1.5271 1.5792 1.5873 1.6875

111⁄16-8 UN 2A 0.0022 1.6853 1.6703 — 1.6041 1.5966 1.5365 2B 1.552 1.577 1.6063 1.6160 1.6875

3A 0.0000 1.6875 1.6725 — 1.6063 1.6007 1.5387 3B 1.5520 1.5672 1.6063 1.6136 1.6875

111⁄16-12 UN 2A 0.0018 1.6857 1.6743 — 1.6316 1.6256 1.5865 2B 1.597 1.615 1.6334 1.6412 1.6875

3A 0.0000 1.6875 1.6761 — 1.6334 1.6289 1.5883 3B 1.5970 1.6073 1.6334 1.6392 1.6875

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads

Nominal Size,
Threads per Inch,

and Series
Designationa

Externalb Internalb

Class
Allow-
ance

Major Diameter Pitch Diameter
UNR Minor
Dia.,c Max 

(Ref.) Class

Minor Diameter Pitch Diameter
Major

Diameter

Maxd Min Mine Maxd Min Min Max Min Max Min

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



U
N

IFIE
D

 SC
R

E
W

 T
H

R
E

A
D

S
1832

111⁄16-16 UN 2A 0.0016 1.6859 1.6765 — 1.6453 1.6400 1.6114 2B 1.620 1.634 1.6469 1.6538 1.6875

3A 0.0000 1.6875 1.6781 — 1.6469 1.6429 1.6130 3B 1.6200 1.6283 1.6469 1.6521 1.6875

111⁄16-18 UNEF 2A 0.0015 1.6860 1.6773 — 1.6499 1.6448 1.6199 2B 1.627 1.640 1.6514 1.6580 1.6875

3A 0.0000 1.6875 1.6788 — 1.6514 1.6476 1.6214 3B 1.6270 1.6355 1.6514 1.6563 1.6875

111⁄16-20 UN 2A 0.0015 1.6860 1.6779 — 1.6535 1.6487 1.6265 2B 1.633 1.645 1.6550 1.6613 1.6875

3A 0.0000 1.6875 1.6794 — 1.6550 1.6514 1.6280 3B 1.6330 1.6412 1.6550 1.6597 1.6875

13⁄4-5 UNC 1A 0.0027 1.7473 1.7165 — 1.6174 1.6040 1.5092 1B 1.534 1.568 1.6201 1.6375 1.7500

2A 0.0027 1.7473 1.7268 1.7165 1.6174 1.6085 1.5092 2B 1.534 1.568 1.6201 1.6317 1.7500

3A 0.0000 1.7500 1.7295 — 1.6201 1.6134 1.5119 3B 1.5340 1.5575 1.6201 1.6288 1.7500

13⁄4-6 UN 2A 0.0025 1.7475 1.7293 — 1.6392 1.6309 1.5491 2B 1.570 1.600 1.6417 1.6525 1.7500

3A 0.0000 1.7500 1.7318 — 1.6417 1.6354 1.5516 3B 1.5700 1.5896 1.6417 1.6498 1.7500

13⁄4-8 UN 2A 0.0023 1.7477 1.7327 1.7252 1.6665 1.6590 1.5989 2B 1.615 1.640 1.6688 1.6786 1.7500

3A 0.0000 1.7500 1.7350 — 1.6688 1.6632 1.6012 3B 1.6150 1.6297 1.6688 1.6762 1.7500

13⁄4-10 UNS 2A 0.0019 1.7481 1.7352 — 1.6831 1.6766 1.6291 2B 1.642 1.663 1.6850 1.6934 1.7500

13⁄4-12 UN 2A 0.0018 1.7482 1.7368 — 1.6941 1.6881 1.6490 2B 1.660 1.678 1.6959 1.7037 1.7500

3A 0.0000 1.7500 1.7386 — 1.6959 1.6914 1.6508 3B 1.6600 1.6698 1.6959 1.7017 1.7500

13⁄4-14 UNS 2A 0.0017 1.7483 1.7380 — 1.7019 1.6963 1.6632 2B 1.673 1.688 1.7036 1.7109 1.7500

13⁄4-16 UN 2A 0.0016 1.7484 1.7390 — 1.7078 1.7025 1.6739 2B 1.682 1.696 1.7094 1.7163 1.7500

3A 0.0000 1.7500 1.7406 — 1.7094 1.7054 1.6755 3B 1.6820 1.6908 1.7094 1.7146 1.7500

13⁄4-18 UNS 2A 0.0015 1.7485 1.7398 — 1.7124 1.7073 1.6824 2B 1.690 1.703 1.7139 1.7205 1.7500

13⁄4-20 UN 2A 0.0015 1.7485 1.7404 — 1.7160 1.7112 1.6890 2B 1.696 1.707 1.7175 1.7238 1.7500

3A 0.0000 1.7500 1.7419 — 1.7175 1.7139 1.6905 3B 1.6960 1.7037 1.7175 1.7222 1.7500

113⁄16-6 UN 2A 0.0025 1.8100 1.7918 — 1.7017 1.6933 1.6116 2B 1.632 1.663 1.7042 1.7151 1.8125

3A 0.0000 1.8125 1.7943 — 1.7042 1.6979 1.6141 3B 1.6320 1.6521 1.7042 1.7124 1.8125

113⁄16-8 UN 2A 0.0023 1.8102 1.7952 — 1.7290 1.7214 1.6614 2B 1.677 1.702 1.7313 1.7412 1.8125

3A 0.0000 1.8125 1.7975 — 1.7313 1.7256 1.6637 3B 1.6770 1.6922 1.7313 1.7387 1.8125

113⁄16-12 UN 2A 0.0018 1.8107 1.7993 — 1.7566 1.7506 1.7115 2B 1.722 1.740 1.7584 1.7662 1.8125

3A 0.0000 1.8125 1.8011 — 1.7584 1.7539 1.7133 3B 1.7220 1.7323 1.7584 1.7642 1.8125

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads
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113⁄16-16 UN 2A 0.0016 1.8109 1.8015 — 1.7703 1.7650 1.7364 2B 1.745 1.759 1.7719 1.7788 1.8125

3A 0.0000 1.8125 1.8031 — 1.7719 1.7679 1.7380 3B 1.7450 1.7533 1.7719 1.7771 1.8125

113⁄16-20 UN 2A 0.0015 1.8110 1.8029 — 1.7785 1.7737 1.7515 2B 1.758 1.770 1.7800 1.7863 1.8125

3A 0.0000 1.8125 1.8044 — 1.7800 1.7764 1.7530 3B 1.7580 1.7662 1.7800 1.7847 1.8125

17⁄8-6 UN 2A 0.0025 1.8725 1.8543 — 1.7642 1.7558 1.6741 2B 1.695 1.725 1.7667 1.7777 1.8750

3A 0.0000 1.8750 1.8568 — 1.7667 1.7604 1.6766 3B 1.6950 1.7146 1.7667 1.7749 1.8750

17⁄8-8 UN 2A 0.0023 1.8727 1.8577 1.8502 1.7915 1.7838 1.7239 2B 1.740 1.765 1.7938 1.8038 1.8750

3A 0.0000 1.8750 1.8600 — 1.7938 1.7881 1.7262 3B 1.7400 1.7547 1.7938 1.8013 1.8750

17⁄8-10 UNS 2A 0.0019 1.8731 1.8602 — 1.8081 1.8016 1.7541 2B 1.767 1.788 1.8100 1.8184 1.8750

17⁄8-12 UN 2A 0.0018 1.8732 1.8618 — 1.8191 1.8131 1.7740 2B 1.785 1.803 1.8209 1.8287 1.8750

3A 0.0000 1.8750 1.8636 — 1.8209 1.8164 1.7758 3B 1.7850 1.7948 1.8209 1.8267 1.8750

17⁄8-14 UNS 2A 0.0017 1.8733 1.8630 — 1.8269 1.8213 1.7883 2B 1.798 1.814 1.8286 1.8359 1.8750

17⁄8-16 UN 2A 0.0016 1.8734 1.8640 — 1.8328 1.8275 1.7989 2B 1.807 1.821 1.8344 1.8413 1.8750

3A 0.0000 1.8750 1.8656 — 1.8344 1.8304 1.8005 3B 1.8070 1.8158 1.8344 1.8396 1.8750

17⁄8-18 UNS 2A 0.0015 1.8735 1.8648 — 1.8374 1.8323 1.8074 2B 1.815 1.828 1.8389 1.8455 1.8750

17⁄8-20 UN 2A 0.0015 1.8735 1.8654 — 1.8410 1.8362 1.8140 2B 1.821 1.832 1.8425 1.8488 1.8750

3A 0.0000 1.8750 1.8669 — 1.8425 1.8389 1.8155 3B 1.8210 1.8287 1.8425 1.8472 1.8750

115⁄16-6 UN 2A 0.0026 1.9349 1.9167 — 1.8266 1.8181 1.7365 2B 1.757 1.788 1.8292 1.8403 1.9375

3A 0.0000 1.9375 1.9193 — 1.8292 1.8228 1.7391 3B 1.7570 1.7771 1.8292 1.8375 1.9375

115⁄16-8 UN 2A 0.0023 1.9352 1.9202 — 1.8540 1.8463 1.7864 2B 1.802 1.827 1.8563 1.8663 1.9375

3A 0.0000 1.9375 1.9225 — 1.8563 1.8505 1.7887 3B 1.8020 1.8172 1.8563 1.8638 1.9375

115⁄16-12 UN 2A 0.0018 1.9357 1.9243 — 1.8816 1.8755 1.8365 2B 1.847 1.865 1.8834 1.8913 1.9375

3A 0.0000 1.9375 1.9261 — 1.8834 1.8789 1.8383 3B 1.8470 1.8573 1.8834 1.8893 1.9375

115⁄16-16 UN 2A 0.0016 1.9359 1.9265 — 1.8953 1.8899 1.8614 2B 1.870 1.884 1.8969 1.9039 1.9375

3A 0.0000 1.9375 1.9281 — 1.8969 1.8929 1.8630 3B 1.8700 1.8783 1.8969 1.9021 1.9375

115⁄16-20 UN 2A 0.0015 1.9360 1.9279 — 1.9035 1.8986 1.8765 2B 1.883 1.895 1.9050 1.9114 1.9375

3A 0.0000 1.9375 1.9294 — 1.9050 1.9013 1.8780 3B 1.8830 1.8912 1.9050 1.9098 1.9375
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2-41⁄2 UNC 1A 0.0029 1.9971 1.9641 — 1.8528 1.8385 1.7324 1B 1.759 1.795 1.8557 1.8743 2.0000

2A 0.0029 1.9971 1.9751 1.9641 1.8528 1.8433 1.7324 2B 1.759 1.795 1.8557 1.8681 2.0000

3A 0.0000 2.0000 1.9780 — 1.8557 1.8486 1.7353 3B 1.7590 1.7861 1.8557 1.8650 2.0000

2-6 UN 2A 0.0026 1.9974 1.9792 — 1.8891 1.8805 1.7990 2B 1.820 1.850 1.8917 1.9028 2.0000

3A 0.0000 2.0000 1.9818 — 1.8917 1.8853 1.8016 3B 1.8200 1.8396 1.8917 1.9000 2.0000

2-8 UN 2A 0.0023 1.9977 1.9827 1.9752 1.9165 1.9087 1.8489 2B 1.865 1.890 1.9188 1.9289 2.0000

3A 0.0000 2.0000 1.9850 — 1.9188 1.9130 1.8512 3B 1.8650 1.8797 1.9188 1.9264 2.0000

2-10 UNS 2A 0.0020 1.9980 1.9851 — 1.9330 1.9265 1.8790 2B 1.892 1.913 1.9350 1.9435 2.0000

2-12 UN 2A 0.0018 1.9982 1.9868 — 1.9441 1.9380 1.8990 2B 1.910 1.928 1.9459 1.9538 2.0000

3A 0.0000 2.0000 1.9886 — 1.9459 1.9414 1.9008 3B 1.9100 1.9198 1.9459 1.9518 2.0000

2-14 UNS 2A 0.0017 1.9983 1.9880 — 1.9519 1.9462 1.9133 2B 1.923 1.938 1.9536 1.9610 2.0000

2-16 UN 2A 0.0016 1.9984 1.9890 — 1.9578 1.9524 1.9239 2B 1.932 1.946 1.9594 1.9664 2.0000

3A 0.0000 2.0000 1.9906 — 1.9594 1.9554 1.9255 3B 1.9320 1.9408 1.9594 1.9646 2.0000

2-18 UNS 2A 0.0015 1.9985 1.9898 — 1.9624 1.9573 1.9324 2B 1.940 1.953 1.9639 1.9706 2.0000

2-20 UN 2A 0.0015 1.9985 1.9904 — 1.9660 1.9611 1.9390 2B 1.946 1.957 1.9675 1.9739 2.0000

3A 0.0000 2.0000 1.9919 — 1.9675 1.9638 1.9405 3B 1.9460 1.9537 1.9675 1.9723 2.0000

21⁄16-16 UNS 2A 0.0016 2.0609 2.0515 — 2.0203 2.0149 1.9864 2B 1.995 2.009 2.0219 2.0289 2.0625

3A 0.0000 2.0625 2.0531 — 2.0219 2.0179 1.9880 3B 1.9950 2.0033 2.0219 2.0271 2.0625

21⁄8-6 UN 2A 0.0026 2.1224 2.1042 — 2.0141 2.0054 1.9240 2B 1.945 1.975 2.0167 2.0280 2.1250

3A 0.0000 2.1250 2.1068 — 2.0167 2.0102 1.9266 3B 1.9450 1.9646 2.0167 2.0251 2.1250

21⁄8-8 UN 2A 0.0024 2.1226 2.1076 2.1001 2.0414 2.0335 1.9738 2B 1.990 2.015 2.0438 2.0540 2.1250

3A 0.0000 2.1250 2.1100 — 2.0438 2.0379 1.9762 3B 1.9900 2.0047 2.0438 2.0515 2.1250

21⁄8-12 UN 2A 0.0018 2.1232 2.1118 — 2.0691 2.0630 2.0240 2B 2.035 2.053 2.0709 2.0788 2.1250

3A 0.0000 2.1250 2.1136 — 2.0709 2.0664 2.0258 3B 2.0350 2.0448 2.0709 2.0768 2.1250

21⁄8-16 UN 2A 0.0016 2.1234 2.1140 — 2.0828 2.0774 2.0489 2B 2.057 2.071 2.0844 2.0914 2.1250

3A 0.0000 2.1250 2.1156 — 2.0844 2.0803 2.0505 3B 2.0570 2.0658 2.0844 2.0896 2.1250

21⁄8-20 UN 2A 0.0015 2.1235 2.1154 — 2.0910 2.0861 2.0640 2B 2.071 2.082 2.0925 2.0989 2.1250

3A 0.0000 2.1250 2.1169 — 2.0925 2.0888 2.0655 3B 2.0710 2.0787 2.0925 2.0973 2.1250
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23⁄16-16 UNS 2A 0.0016 2.1859 2.1765 — 2.1453 2.1399 2.1114 2B 2.120 2.134 2.1469 2.1539 2.1875

3A 0.0000 2.1875 2.1781 — 2.1469 2.1428 2.1130 3B 2.1200 2.1283 2.1469 2.1521 2.1875

21⁄4-41⁄2 UNC 1A 0.0029 2.2471 2.2141 — 2.1028 2.0882 1.9824 1B 2.009 2.045 2.1057 2.1247 2.2500

2A 0.0029 2.2471 2.2251 2.2141 2.1028 2.0931 1.9824 2B 2.009 2.045 2.1057 2.1183 2.2500

3A 0.0000 2.2500 2.2280 — 2.1057 2.0984 1.9853 3B 2.0090 2.0361 2.1057 2.1152 2.2500

21⁄4-6 UN 2A 0.0026 2.2474 2.2292 — 2.1391 2.1303 2.0490 2B 2.070 2.100 2.1417 2.1531 2.2500

3A 0.0000 2.2500 2.2318 — 2.1417 2.1351 2.0516 3B 2.0700 2.0896 2.1417 2.1502 2.2500

21⁄4-8 UN 2A 0.0024 2.2476 2.2326 2.2251 2.1664 2.1584 2.0988 2B 2.115 2.140 2.1688 2.1792 2.2500

3A 0.0000 2.2500 2.2350 — 2.1688 2.1628 2.1012 3B 2.1150 2.1297 2.1688 2.1766 2.2500

21⁄4-10 UNS 2A 0.0020 2.2480 2.2351 — 2.1830 2.1765 2.1290 2B 2.142 2.163 2.1850 2.1935 2.2500

21⁄4-12 UN 2A 0.0018 2.2482 2.2368 — 2.1941 2.1880 2.1490 2B 2.160 2.178 2.1959 2.2038 2.2500

3A 0.0000 2.2500 2.2386 — 2.1959 2.1914 2.1508 3B 2.1600 2.1698 2.1959 2.2018 2.2500

21⁄4-14 UNS 2A 0.0017 2.2483 2.2380 — 2.2019 2.1962 2.1633 2B 2.173 2.188 2.2036 2.2110 2.2500

21⁄4-16 UN 2A 0.0016 2.2484 2.2390 — 2.2078 2.2024 2.1739 2B 2.182 2.196 2.2094 2.2164 2.2500

3A 0.0000 2.2500 2.2406 — 2.2094 2.2053 2.1755 3B 2.1820 2.1908 2.2094 2.2146 2.2500

21⁄4-18 UNS 2A 0.0015 2.2485 2.2398 — 2.2124 2.2073 2.1824 2B 2.190 2.203 2.2139 2.2206 2.2500

21⁄4-20 UN 2A 0.0015 2.2485 2.2404 — 2.2160 2.2111 2.1890 2B 2.196 2.207 2.2175 2.2239 2.2500

3A 0.0000 2.2500 2.2419 — 2.2175 2.2137 2.1905 3B 2.1960 2.2037 2.2175 2.2223 2.2500

25⁄16-16 UNS 2A 0.0017 2.3108 2.3014 — 2.2702 2.2647 2.2363 2B 2.245 2.259 2.2719 2.2791 2.3125

3A 0.0000 2.3125 2.3031 — 2.2719 2.2678 2.2380 3B 2.2450 2.2533 2.2719 2.2773 2.3125

23⁄8-6 UN 2A 0.0027 2.3723 2.3541 — 2.2640 2.2551 2.1739 2B 2.195 2.226 2.2667 2.2782 2.3750

3A 0.0000 2.3750 2.3568 — 2.2667 2.2601 2.1766 3B 2.1950 2.2146 2.2667 2.2753 2.3750

23⁄8-8 UN 2A 0.0024 2.3726 2.3576 — 2.2914 2.2833 2.2238 2B 2.240 2.265 2.2938 2.3043 2.3750

3A 0.0000 2.3750 2.3600 — 2.2938 2.2878 2.2262 3B 2.2400 2.2547 2.2938 2.3017 2.3750

23⁄8-12 UN 2A 0.0019 2.3731 2.3617 — 2.3190 2.3128 2.2739 2B 2.285 2.303 2.3209 2.3290 2.3750

3A 0.0000 2.3750 2.3636 — 2.3209 2.3163 2.2758 3B 2.2850 2.2948 2.3209 2.3269 2.3750

23⁄8-16 UN 2A 0.0017 2.3733 2.3639 — 2.3327 2.3272 2.2988 2B 2.307 2.321 2.3344 2.3416 2.3750

3A 0.0000 2.3750 2.3656 — 2.3344 2.3303 2.3005 3B 2.3070 2.3158 2.3344 2.3398 2.3750

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads
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23⁄8-20 UN 2A 0.0015 2.3735 2.3654 — 2.3410 2.3359 2.3140 2B 2.321 2.332 2.3425 2.3491 2.3750

3A 0.0000 2.3750 2.3669 — 2.3425 2.3387 2.3155 3B 2.3210 2.3287 2.3425 2.3475 2.3750

27⁄16-16 UNS 2A 0.0017 2.4358 2.4264 — 2.3952 2.3897 2.3613 2B 2.370 2.384 2.3969 2.4041 2.4375

3A 0.0000 2.4375 2.4281 — 2.3969 2.3928 2.3630 3B 2.3700 2.3783 2.3969 2.4023 2.4375

21⁄2-4 UNC 1A 0.0031 2.4969 2.4612 — 2.3345 2.3190 2.1992 1B 2.229 2.267 2.3376 2.3578 2.5000

2A 0.0031 2.4969 2.4731 2.4612 2.3345 2.3241 2.1992 2B 2.229 2.267 2.3376 2.3511 2.5000

3A 0.0000 2.5000 2.4762 — 2.3376 2.3298 2.2023 3B 2.2290 2.2594 2.3376 2.3477 2.5000

21⁄2-6 UN 2A 0.0027 2.4973 2.4791 — 2.3890 2.3800 2.2989 2B 2.320 2.350 2.3917 2.4033 2.5000

3A 0.0000 2.5000 2.4818 — 2.3917 2.3850 2.3016 3B 2.3200 2.3396 2.3917 2.4004 2.5000

21⁄2-8 UN 2A 0.0024 2.4976 2.4826 2.4751 2.4164 2.4082 2.3488 2B 2.365 2.390 2.4188 2.4294 2.5000

3A 0.0000 2.5000 2.4850 — 2.4188 2.4127 2.3512 3B 2.3650 2.3797 2.4188 2.4268 2.5000

21⁄2-10 UNS 2A 0.0020 2.4980 2.4851 — 2.4330 2.4263 2.3790 2B 2.392 2.413 2.4350 2.4437 2.5000

21⁄2-12 UN 2A 0.0019 2.4981 2.4867 — 2.4440 2.4378 2.3989 2B 2.410 2.428 2.4459 2.4540 2.5000

3A 0.0000 2.5000 2.4886 — 2.4459 2.4413 2.4008 3B 2.4100 2.4198 2.4459 2.4519 2.5000

21⁄2-14 UNS 2A 0.0017 2.4983 2.4880 — 2.4519 2.4461 2.4133 2B 2.423 2.438 2.4536 2.4612 2.5000

21⁄2-16 UN 2A 0.0017 2.4983 2.4889 — 2.4577 2.4522 2.4238 2B 2.432 2.446 2.4594 2.4666 2.5000

3A 0.0000 2.5000 2.4906 — 2.4594 2.4553 2.4255 3B 2.4320 2.4408 2.4594 2.4648 2.5000

21⁄2-18 UNS 2A 0.0016 2.4984 2.4897 — 2.4623 2.4570 2.4323 2B 2.440 2.453 2.4639 2.4708 2.5000

21⁄2-20 UN 2A 0.0015 2.4985 2.4904 — 2.4660 2.4609 2.4390 2B 2.446 2.457 2.4675 2.4741 2.5000

3A 0.0000 2.5000 2.4919 — 2.4675 2.4637 2.4405 3B 2.4460 2.4537 2.4675 2.4725 2.5000

25⁄8-6 UN 2A 0.0027 2.6223 2.6041 — 2.5140 2.5050 2.4239 2B 2.445 2.475 2.5167 2.5285 2.6250

3A 0.0000 2.6250 2.6068 — 2.5167 2.5099 2.4266 3B 2.4450 2.4646 2.5167 2.5255 2.6250

25⁄8-8 UN 2A 0.0025 2.6225 2.6075 — 2.5413 2.5331 2.4737 2B 2.490 2.515 2.5438 2.5545 2.6250

3A 0.0000 2.6250 2.6100 — 2.5438 2.5376 2.4762 3B 2.4900 2.5047 2.5438 2.5518 2.6250

25⁄8-12 UN 2A 0.0019 2.6231 2.6117 — 2.5690 2.5628 2.5239 2B 2.535 2.553 2.5709 2.5790 2.6250

3A 0.0000 2.6250 2.6136 — 2.5709 2.5663 2.5258 3B 2.5350 2.5448 2.5709 2.5769 2.6250

25⁄8-16 UN 2A 0.0017 2.6233 2.6139 — 2.5827 2.5772 2.5488 2B 2.557 2.571 2.5844 2.5916 2.6250

3A 0.0000 2.6250 2.6156 — 2.5844 2.5803 2.5505 3B 2.5570 2.5658 2.5844 2.5898 2.6250

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads
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25⁄8-20 UN 2A 0.0015 2.6235 2.6154 — 2.5910 2.5859 2.5640 2B 2.571 2.582 2.5925 2.5991 2.6250

3A 0.0000 2.6250 2.6169 — 2.5925 2.5887 2.5655 3B 2.5710 2.5787 2.5925 2.5975 2.6250

23⁄4-4 UNC 1A 0.0032 2.7468 2.7111 — 2.5844 2.5686 2.4491 1B 2.479 2.517 2.5876 2.6082 2.7500

2A 0.0032 2.7468 2.7230 2.7111 2.5844 2.5739 2.4491 2B 2.479 2.517 2.5876 2.6013 2.7500

3A 0.0000 2.7500 2.7262 — 2.5876 2.5797 2.4523 3B 2.4790 2.5094 2.5876 2.5979 2.7500

23⁄4-6 UN 2A 0.0027 2.7473 2.7291 — 2.6390 2.6299 2.5489 2B 2.570 2.600 2.6417 2.6536 2.7500

3A 0.0000 2.7500 2.7318 — 2.6417 2.6349 2.5516 3B 2.5700 2.5896 2.6417 2.6506 2.7500

23⁄4-8 UN 2A 0.0025 2.7475 2.7325 2.7250 2.6663 2.6580 2.5987 2B 2.615 2.640 2.6688 2.6796 2.7500

3A 0.0000 2.7500 2.7350 — 2.6688 2.6625 2.6012 3B 2.6150 2.6297 2.6688 2.6769 2.7500

23⁄4-10 UNS 2A 0.0020 2.7480 2.7351 — 2.6830 2.6763 2.6290 2B 2.642 2.663 2.6850 2.6937 2.7500

23⁄4-12 UN 2A 0.0019 2.7481 2.7367 — 2.6940 2.6878 2.6489 2B 2.660 2.678 2.6959 2.7040 2.7500

3A 0.0000 2.7500 2.7386 — 2.6959 2.6913 2.6508 3B 2.6600 2.6698 2.6959 2.7019 2.7500

23⁄4-14 UNS 2A 0.0017 2.7483 2.7380 — 2.7019 2.6961 2.6633 2B 2.673 2.688 2.7036 2.7112 2.7500

23⁄4-16 UN 2A 0.0017 2.7483 2.7389 — 2.7077 2.7022 2.6738 2B 2.682 2.696 2.7094 2.7166 2.7500

3A 0.0000 2.7500 2.7406 — 2.7094 2.7053 2.6755 3B 2.6820 2.6908 2.7094 2.7148 2.7500

23⁄4-18 UNS 2A 0.0016 2.7484 2.7397 — 2.7123 2.7070 2.6823 2B 2.690 2.703 2.7139 2.7208 2.7500

23⁄4-20 UN 2A 0.0015 2.7485 2.7404 — 2.7160 2.7109 2.6890 2B 2.696 2.707 2.7175 2.7241 2.7500

3A 0.0000 2.7500 2.7419 — 2.7175 2.7137 2.6905 3B 2.6960 2.7037 2.7175 2.7225 2.7500

27⁄8-6 UN 2A 0.0028 2.8722 2.8540 — 2.7639 2.7547 2.6738 2B 2.695 2.725 2.7667 2.7787 2.8750

3A 0.0000 2.8750 2.8568 — 2.7667 2.7598 2.6766 3B 2.6950 2.7146 2.7667 2.7757 2.8750

27⁄8-8 UN 2A 0.0025 2.8725 2.8575 — 2.7913 2.7829 2.7237 2B 2.740 2.765 2.7938 2.8048 2.8750

3A 0.0000 2.8750 2.8600 — 2.7938 2.7875 2.7262 3B 2.7400 2.7547 2.7938 2.8020 2.8750

27⁄8-12 UN 2A 0.0019 2.8731 2.8617 — 2.8190 2.8127 2.7739 2B 2.785 2.803 2.8209 2.8291 2.8750

3A 0.0000 2.8750 2.8636 — 2.8209 2.8162 2.7758 3B 2.7850 2.7948 2.8209 2.8271 2.8750

27⁄8-16 UN 2A 0.0017 2.8733 2.8639 — 2.8327 2.8271 2.7988 2B 2.807 2.821 2.8344 2.8417 2.8750

3A 0.0000 2.8750 2.8656 — 2.8344 2.8302 2.8005 3B 2.8070 2.8158 2.8344 2.8399 2.8750

27⁄8-20 UN 2A 0.0016 2.8734 2.8653 — 2.8409 2.8357 2.8139 2B 2.821 2.832 2.8425 2.8493 2.8750

3A 0.0000 2.8750 2.8669 — 2.8425 2.8386 2.8155 3B 2.8210 2.8287 2.8425 2.8476 2.8750

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads
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3-4 UNC 1A 0.0032 2.9968 2.9611 — 2.8344 2.8183 2.6991 1B 2.729 2.767 2.8376 2.8585 3.0000

2A 0.0032 2.9968 2.9730 2.9611 2.8344 2.8237 2.6991 2B 2.729 2.767 2.8376 2.8515 3.0000

3A 0.0000 3.0000 2.9762 — 2.8376 2.8296 2.7023 3B 2.7290 2.7594 2.8376 2.8480 3.0000

3-6 UN 2A 0.0028 2.9972 2.9790 — 2.8889 2.8796 2.7988 2B 2.820 2.850 2.8917 2.9038 3.0000

3A 0.0000 3.0000 2.9818 — 2.8917 2.8847 2.8016 3B 2.8200 2.8396 2.8917 2.9008 3.0000

3-8 UN 2A 0.0026 2.9974 2.9824 2.9749 2.9162 2.9077 2.8486 2B 2.865 2.890 2.9188 2.9299 3.0000

3A 0.0000 3.0000 2.9850 — 2.9188 2.9124 2.8512 3B 2.8650 2.8797 2.9188 2.9271 3.0000

3-10 UNS 2A 0.0020 2.9980 2.9851 — 2.9330 2.9262 2.8790 2B 2.892 2.913 2.9350 2.9439 3.0000

3-12 UN 2A 0.0019 2.9981 2.9867 — 2.9440 2.9377 2.8989 2B 2.910 2.928 2.9459 2.9541 3.0000

3A 0.0000 3.0000 2.9886 — 2.9459 2.9412 2.9008 3B 2.9100 2.9198 2.9459 2.9521 3.0000

3-14 UNS 2A 0.0018 2.9982 2.9879 — 2.9518 2.9459 2.9132 2B 2.923 2.938 2.9536 2.9613 3.0000

3-16 UN 2A 0.0017 2.9983 2.9889 — 2.9577 2.9521 2.9238 2B 2.932 2.946 2.9594 2.9667 3.0000

3A 0.0000 3.0000 2.9906 — 2.9594 2.9552 2.9255 3B 2.9320 2.9408 2.9594 2.9649 3.0000

3-18 UNS 2A 0.0016 2.9984 2.9897 — 2.9623 2.9569 2.9323 2B 2.940 2.953 2.9639 2.9709 3.0000

3-20 UN 2A 0.0016 2.9984 2.9903 — 2.9659 2.9607 2.9389 2B 2.946 2.957 2.9675 2.9743 3.0000

3A 0.0000 3.0000 2.9919 — 2.9675 2.9636 2.9405 3B 2.9460 2.9537 2.9675 2.9726 3.0000

31⁄8-6 UN 2A 0.0028 3.1222 3.1040 — 3.0139 3.0045 2.9238 2B 2.945 2.975 3.0167 3.0289 3.1250

3A 0.0000 3.1250 3.1068 — 3.0167 3.0097 2.9266 3B 2.9450 2.9646 3.0167 3.0259 3.1250

31⁄8-8 UN 2A 0.0026 3.1224 3.1074 — 3.0412 3.0326 2.9736 2B 2.990 3.015 3.0438 3.0550 3.1250

3A 0.0000 3.1250 3.1100 — 3.0438 3.0374 2.9762 3B 2.9900 3.0047 3.0438 3.0522 3.1250

31⁄8-12 UN 2A 0.0019 3.1231 3.1117 — 3.0690 3.0627 3.0239 2B 3.035 3.053 3.0709 3.0791 3.1250

3A 0.0000 3.1250 3.1136 — 3.0709 3.0662 3.0258 3B 3.0350 3.0448 3.0709 3.0771 3.1250

31⁄8-16 UN 2A 0.0017 3.1233 3.1139 — 3.0827 3.0771 3.0488 2B 3.057 3.071 3.0844 3.0917 3.1250

3A 0.0000 3.1250 3.1156 — 3.0844 3.0802 3.0505 3B 3.0570 3.0658 3.0844 3.0899 3.1250

31⁄4-4 UNC 1A 0.0033 3.2467 3.2110 — 3.0843 3.0680 2.9490 1B 2.979 3.017 3.0876 3.1088 3.2500

2A 0.0033 3.2467 3.2229 3.2110 3.0843 3.0734 2.9490 2B 2.979 3.017 3.0876 3.1017 3.2500

3A 0.0000 3.2500 3.2262 — 3.0876 3.0794 2.9523 3B 2.9790 3.0094 3.0876 3.0982 3.2500

31⁄4-6 UN 2A 0.0028 3.2472 3.2290 — 3.1389 3.1294 3.0488 2B 3.070 3.100 3.1417 3.1540 3.2500

3A 0.0000 3.2500 3.2318 — 3.1417 3.1346 3.0516 3B 3.0700 3.0896 3.1417 3.1509 3.2500

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads
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31⁄4-8 UN 2A 0.0026 3.2474 3.2324 3.2249 3.1662 3.1575 3.0986 2B 3.115 3.140 3.1688 3.1801 3.2500

3A 0.0000 3.2500 3.2350 — 3.1688 3.1623 3.1012 3B 3.1150 3.1297 3.1688 3.1773 3.2500

31⁄4-10 UNS 2A 0.0020 3.2480 3.2351 — 3.1830 3.1762 3.1290 2B 3.142 3.163 3.1850 3.1939 3.2500

31⁄4-12 UN 2A 0.0019 3.2481 3.2367 — 3.1940 3.1877 3.1489 2B 3.160 3.178 3.1959 3.2041 3.2500

3A 0.0000 3.2500 3.2386 — 3.1959 3.1912 3.1508 3B 3.1600 3.1698 3.1959 3.2041 3.2500

31⁄4-14 UNS 2A 0.0018 3.2482 3.2379 — 3.2018 3.1959 3.1632 2B 3.173 3.188 3.2036 3.2113 3.2500

31⁄4-16 UN 2A 0.0017 3.2483 3.2389 — 3.2077 3.2021 3.1738 2B 3.182 3.196 3.2094 3.2167 3.2500

3A 0.0000 3.2500 3.2406 — 3.2094 3.2052 3.1755 3B 3.1820 3.1908 3.2094 3.2149 3.2500

31⁄4-18 UNS 2A 0.0016 3.2484 3.2397 — 3.2123 3.2069 3.1823 2B 3.190 3.203 3.2139 3.2209 3.2500

33⁄8-6 UN 2A 0.0029 3.3721 3.3539 — 3.2638 3.2543 3.1737 2B 3.195 3.225 3.2667 3.2791 3.3750

3A 0.0000 3.3750 3.3568 — 3.2667 3.2595 3.1766 3B 3.1950 3.2146 3.2667 3.2760 3.3750

33⁄8-8 UN 2A 0.0026 3.3724 3.3574 — 3.2912 3.2824 3.2236 2B 3.240 3.265 3.2938 3.3052 3.3750

3A 0.0000 3.3750 3.3600 — 3.2938 3.2872 3.2262 3B 3.2400 3.2547 3.2938 3.3023 3.3750

33⁄8-12 UN 2A 0.0019 3.3731 3.3617 — 3.3190 3.3126 3.2739 2B 3.285 3.303 3.3209 3.3293 3.3750

3A 0.0000 3.3750 3.3636 — 3.3209 3.3161 3.2758 3B 3.2850 3.2948 3.3209 3.3272 3.3750

33⁄8-16 UN 2A 0.0017 3.3733 3.3639 — 3.3327 3.3269 3.2988 2B 3.307 3.321 3.3344 3.3419 3.3750

3A 0.0000 3.3750 3.3656 — 3.3344 3.3301 3.3005 3B 3.3070 3.3158 3.3344 3.3400 3.3750

31⁄2-4 UNC 1A 0.0033 3.4967 3.4610 — 3.3343 3.3177 3.1990 1B 3.229 3.267 3.3376 3.3591 3.5000

2A 0.0033 3.4967 3.4729 3.4610 3.3343 3.3233 3.1990 2B 3.229 3.267 3.3376 3.3519 3.5000

3A 0.0000 3.5000 3.4762 — 3.3376 3.3293 3.2023 3B 3.2290 3.2594 3.3376 3.3484 3.5000

31⁄2-6 UN 2A 0.0029 3.4971 3.4789 — 3.3888 3.3792 3.2987 2B 3.320 3.350 3.3917 3.4042 3.5000

3A 0.0000 3.5000 3.4818 — 3.3917 3.3845 3.3016 3B 3.3200 3.3396 3.3917 3.4011 3.5000

31⁄2-8 UN 2A 0.0026 3.4974 3.4824 3.4749 3.4162 3.4074 3.3486 2B 3.365 3.390 3.4188 3.4303 3.5000

3A 0.0000 3.5000 3.4850 — 3.4188 3.4122 3.3512 3B 3.3650 3.3797 3.4188 3.4274 3.5000

31⁄2-10 UNS 2A 0.0021 3.4979 3.4850 — 3.4329 3.4260 3.3789 2B 3.392 3.413 3.4350 3.4440 3.5000

31⁄2-12 UN 2A 0.0019 3.4981 3.4867 — 3.4440 3.4376 3.3989 2B 3.410 3.428 3.4459 3.4543 3.5000

3A 0.0000 3.5000 3.4886 — 3.4459 3.4411 3.4008 3B 3.4100 3.4198 3.4459 3.4522 3.5000

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads

Nominal Size,
Threads per Inch,

and Series
Designationa

Externalb Internalb

Class
Allow-
ance

Major Diameter Pitch Diameter
UNR Minor
Dia.,c Max 

(Ref.) Class

Minor Diameter Pitch Diameter
Major

Diameter

Maxd Min Mine Maxd Min Min Max Min Max Min
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31⁄2-14 UNS 2A 0.0018 3.4982 3.4879 — 3.4518 3.4457 3.4132 2B 3.423 3.438 3.4536 3.4615 3.5000

31⁄2-16 UN 2A 0.0017 3.4983 3.4889 — 3.4577 3.4519 3.4238 2B 3.432 3.446 3.4594 3.4669 3.5000

3A 0.0000 3.5000 3.4906 — 3.4594 3.4551 3.4255 3B 3.4320 3.4408 3.4594 3.4650 3.5000

31⁄2-18 UNS 2A 0.0017 3.4983 3.4896 — 3.4622 3.4567 3.4322 2B 3.440 3.453 3.4639 3.4711 3.5000

35⁄8-6 UN 2A 0.0029 3.6221 3.6039 — 3.5138 3.5041 3.4237 2B 3.445 3.475 3.5167 3.5293 3.6250

3A 0.0000 3.6250 3.6068 — 3.5167 3.5094 3.4266 3B 3.4450 3.4646 3.5167 3.5262 3.6250

35⁄8-8 UN 2A 0.0027 3.6223 3.6073 — 3.5411 3.5322 3.4735 2B 3.490 3.515 3.5438 3.5554 3.6250

3A 0.0000 3.6250 3.6100 — 3.5438 3.5371 3.4762 3B 3.4900 3.5047 3.5438 3.5525 3.6250

35⁄8-12 UN 2A 0.0019 3.6231 3.6117 — 3.5690 3.5626 3.5239 2B 3.535 3.553 3.5709 3.5793 3.6250

3A 0.0000 3.6250 3.6136 — 3.5709 3.5661 3.5258 3B 3.5350 3.5448 3.5709 3.5772 3.6250

35⁄8-16 UN 2A 0.0017 3.6233 3.6139 — 3.5827 3.5769 3.5488 2B 3.557 3.571 3.5844 3.5919 3.6250

3A 0.0000 3.6250 3.6156 — 3.5844 3.5801 3.5505 3B 3.5570 3.5658 3.5844 3.5900 3.6250

33⁄4-4 UNC 1A 0.0034 3.7466 3.7109 — 3.5842 3.5674 3.4489 1B 3.479 3.517 3.5876 3.6094 3.7500

2A 0.0034 3.7466 3.7228 3.7109 3.5842 3.5730 3.4489 2B 3.479 3.517 3.5876 3.6021 3.7500

3A 0.0000 3.7500 3.7262 — 3.5876 3.5792 3.4523 3B 3.4790 3.5094 3.5876 3.5985 3.7500

33⁄4-6 UN 2A 0.0029 3.7471 3.7289 — 3.6388 3.6290 3.5487 2B 3.570 3.600 3.6417 3.6544 3.7500

3A 0.0000 3.7500 3.7318 — 3.6417 3.6344 3.5516 3B 3.5700 3.5896 3.6417 3.6512 3.7500

33⁄4-8 UN 2A 0.0027 3.7473 3.7323 3.7248 3.6661 3.6571 3.5985 2B 3.615 3.640 3.6688 3.6805 3.7500

3A 0.0000 3.7500 3.7350 — 3.6688 3.6621 3.6012 3B 3.6150 3.6297 3.6688 3.6776 3.7500

33⁄4-10 UNS 2A 0.0021 3.7479 3.7350 — 3.6829 3.6760 3.6289 2B 3.642 3.663 3.6850 3.6940 3.7500

33⁄4-12 UN 2A 0.0019 3.7481 3.7367 — 3.6940 3.6876 3.6489 2B 3.660 3.678 3.6959 3.7043 3.7500

3A 0.0000 3.7500 3.7386 — 3.6959 3.6911 3.6508 3B 3.6600 3.6698 3.6959 3.7022 3.7500

33⁄4-14 UNS 2A 0.0018 3.7482 3.7379 — 3.7018 3.6957 3.6632 2B 3.673 3.688 3.7036 3.7115 3.7500

33⁄4-16 UN 2A 0.0017 3.7483 3.7389 — 3.7077 3.7019 3.6738 2B 3.682 3.696 3.7094 3.7169 3.7500

3A 0.0000 3.7500 3.7406 — 3.7094 3.7051 3.6755 3B 3.6820 3.6908 3.7094 3.7150 3.7500

33⁄4-18 UNS 2A 0.0017 3.7483 3.7396 — 3.7122 3.7067 3.6822 2B 3.690 3.703 3.7139 3.7211 3.7500

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads

Nominal Size,
Threads per Inch,

and Series
Designationa

Externalb Internalb

Class
Allow-
ance

Major Diameter Pitch Diameter
UNR Minor
Dia.,c Max 
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37⁄8-6 UN 2A 0.0030 3.8720 3.8538 — 3.7637 3.7538 3.6736 2B 3.695 3.725 3.7667 3.7795 3.8750

3A 0.0000 3.8750 3.8568 — 3.7667 3.7593 3.6766 3B 3.6950 3.7146 3.7667 3.7763 3.8750

37⁄8-8 UN 2A 0.0027 3.8723 3.8573 — 3.7911 3.7820 3.7235 2B 3.740 3.765 3.7938 3.8056 3.8750

3A 0.0000 3.8750 3.8600 — 3.7938 3.7870 3.7262 3B 3.7400 3.7547 3.7938 3.8026 3.8750

37⁄8-12 UN 2A 0.0020 3.8730 3.8616 — 3.8189 3.8124 3.7738 2B 3.785 3.803 3.8209 3.8294 3.8750

3A 0.0000 3.8750 3.8636 — 3.8209 3.8160 3.7758 3B 3.7850 3.7948 3.8209 3.8273 3.8750

37⁄8-16 UN 2A 0.0018 3.8732 3.8638 — 3.8326 3.8267 3.7987 2B 3.807 3.821 3.8344 3.8420 3.8750

3A 0.0000 3.8750 3.8656 — 3.8344 3.8300 3.8005 3B 3.8070 3.8158 3.8344 3.8401 3.8750

4-4 UNC 1A 0.0034 3.9966 3.9609 — 3.8342 3.8172 3.6989 1B 3.729 3.767 3.8376 3.8597 4.0000

2A 0.0034 3.9966 3.9728 3.9609 3.8342 3.8229 3.6989 2B 3.729 3.767 3.8376 3.8523 4.0000

3A 0.0000 4.0000 3.9762 — 3.8376 3.8291 3.7023 3B 3.7290 3.7594 3.8376 3.8487 4.0000

4-6 UN 2A 0.0030 3.9970 3.9788 — 3.8887 3.8788 3.7986 2B 3.820 3.850 3.8917 3.9046 4.0000

3A 0.0000 4.0000 3.9818 — 3.8917 3.8843 3.8016 3B 3.8200 3.8396 3.8917 3.9014 4.0000

4-8 UN 2A 0.0027 3.9973 3.9823 3.9748 3.9161 3.9070 3.8485 2B 3.865 3.890 3.9188 3.9307 4.0000

3A 0.0000 4.0000 3.9850 — 3.9188 3.9120 3.8512 3B 3.8650 3.8797 3.9188 3.9277 4.0000

4-10 UNS 2A 0.0021 3.9979 3.9850 — 3.9329 3.9259 3.8768 2B 3.892 3.913 3.9350 3.9441 4.0000

4-12 UN 2A 0.0020 3.9980 3.9866 — 3.9439 3.9374 3.8988 2B 3.910 3.928 3.9459 3.9544 4.0000

3A 0.0000 4.0000 3.9886 — 3.9459 3.9410 3.9008 3B 3.9100 3.9198 3.9459 3.9523 4.0000

4-14 UNS 2A 0.0018 3.9982 3.9879 — 3.9518 3.9456 3.9132 2B 3.923 3.938 3.9536 3.9616 4.0000

4-16 UN 2A 0.0018 3.9982 3.9888 — 3.9576 3.9517 3.9237 2B 3.932 3.946 3.9594 3.9670 4.0000

3A 0.0000 4.0000 3.9906 — 3.9594 3.9550 3.9255 3B 3.9320 3.9408 3.9594 3.9651 4.0000

41⁄4-10 UNS 2A 0.0021 4.2479 4.2350 — 4.1829 4.1759 4.1289 2B 4.142 4.163 4.1850 4.1941 4.2500

41⁄4-12 UN 2A 0.0020 4.2480 4.2366 — 4.1939 4.1874 4.1488 2B 4.160 4.178 4.1959 4.2044 4.2500

3A 0.0000 4.2500 4.2386 — 4.1959 4.1910 4.1508 3B 4.1600 4.1698 4.1959 4.2023 4.2500

41⁄4-14 UNS 2A 0.0018 4.2482 4.2379 — 4.2018 4.1956 4.1632 2B 4.173 4.188 4.2036 4.2116 4.2500

41⁄4-16 UN 2A 0.0018 4.2482 4.2388 — 4.2076 4.2017 4.1737 2B 4.182 4.196 4.2094 4.2170 4.2500

3A 0.0000 4.2500 4.2406 — 4.2094 4.2050 4.1755 3B 4.1820 4.1900 4.2094 4.2151 4.2500

41⁄2-10 UNS 2A 0.0021 4.4979 4.4850 — 4.4329 4.4259 4.3789 2B 4.392 4.413 4.4350 4.4441 4.5000

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads

Nominal Size,
Threads per Inch,

and Series
Designationa

Externalb Internalb
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Allow-
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41⁄2-12 UN 2A 0.0020 4.4980 4.4866 — 4.4439 4.4374 4.3988 2B 4.410 4.428 4.4459 4.4544 4.5000

3A 0.0000 4.5000 4.4886 — 4.4459 4.4410 4.4008 3B 4.4100 4.4198 4.4459 4.4523 4.5000

41⁄2-14 UNS 2A 0.0018 4.4982 4.4879 — 4.4518 4.4456 4.4132 2B 4.423 4.438 4.4536 4.4616 4.5000

41⁄2-16 UN 2A 0.0018 4.4982 4.4888 — 4.4576 4.4517 4.4237 2B 4.432 4.446 4.4594 4.4670 4.5000

3A 0.0000 4.5000 4.4906 — 4.4594 4.4550 4.4255 3B 4.4320 4.4408 4.4594 4.4651 4.5000

43⁄4-10 UNS 2A 0.0022 4.7478 4.7349 — 4.6828 4.6756 4.6288 2B 4.642 4.663 4.6850 4.6944 4.7500

43⁄4-12 UN 2A 0.0020 4.7480 4.7366 — 4.6939 4.6872 4.6488 2B 4.660 4.678 4.6959 4.7046 4.7500

3A 0.0000 4.7500 4.7386 — 4.6959 4.6909 4.6508 3B 4.6600 4.6698 4.6959 4.7025 4.7500

43⁄4-14 UNS 2A 0.0019 4.7481 4.7378 — 4.7017 4.6953 4.6631 2B 4.673 4.688 4.7036 4.7119 4.7500

43⁄4-16 UN 2A 0.0018 4.7482 4.7388 — 4.7076 4.7015 4.6737 2B 4.682 4.696 4.7094 4.7173 4.7500

3A 0.0000 4.7500 4.7406 — 4.7094 4.7049 4.6755 3B 4.6820 4.6908 4.7094 4.7153 4.7500

5.00-10 UNS 2A 0.0022 4.9978 4.9849 — 4.9328 4.9256 4.8788 2B 4.892 4.913 4.9350 4.9444 5.0000

5.00-12 UN 2A 0.0020 4.9980 4.9866 — 4.9439 4.9372 4.8988 2B 4.910 4.928 4.9459 4.9546 5.0000

3A 0.0000 5.0000 4.9886 — 4.9459 4.9409 4.9008 3B 4.9100 4.9198 4.9459 4.9525 5.0000

5.00-14 UNS 2A 0.0019 4.9981 4.9878 — 4.9517 4.9453 4.9131 2B 4.923 4.938 4.9536 4.9619 5.0000

5.00-16 UN 2A 0.0018 4.9982 4.9888 — 4.9576 4.9515 4.9237 2B 4.932 4.946 4.9594 4.9673 5.0000

3A 0.0000 5.0000 4.9906 — 4.9594 4.9549 4.9255 3B 4.9320 4.9408 4.9594 4.9653 5.0000

51⁄4-10 UNS 2A 0.0022 5.2478 5.2349 — 5.1829 5.1756 5.1288 2B 5.142 5.163 5.1850 5.1944 5.2500

51⁄4-12 UN 2A 0.0020 5.2480 5.2366 — 5.1939 5.1872 5.1488 2B 5.160 5.178 5.1959 5.2046 5.2500

3A 0.0000 5.2500 5.2386 — 5.1959 5.1909 5.1508 3B 5.1600 5.1698 5.1959 5.2025 5.2500

51⁄4-14 UNS 2A 0.0019 5.2481 5.2378 — 5.2017 5.1953 5.1631 2B 5.173 5.188 5.2036 5.2119 5.2500

51⁄4-16 UN 2A 0.0018 5.2482 5.2388 — 5.2076 5.2015 5.1737 2B 5.182 5.196 5.2094 5.2173 5.2500

3A 0.0000 5.2500 5.2406 — 5.2094 5.2049 5.1755 3B 5.1820 5.1908 5.2094 5.2153 5.2500

51⁄2-10 UNS 2A 0.0022 5.4978 5.4849 — 5.4328 5.4256 5.3788 2B 5.392 5.413 5.4350 5.4444 5.5000

51⁄2-12 UN 2A 0.0020 5.4980 5.4866 — 5.4439 5.4372 5.3988 2B 5.410 5.428 5.4459 5.4546 5.5000

3A 0.0000 5.5000 5.4886 — 5.4459 5.4409 5.4008 3B 5.4100 5.4198 5.4459 5.4525 5.5000

51⁄2-14 UNS 2A 0.0019 5.4981 5.4878 — 5.4517 5.4453 5.4131 2B 5.423 5.438 5.4536 5.4619 5.5000

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads
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All dimensions in inches.
Use UNS threads only if Standard Series do not meet requirements (see pages 1814,  1846, and  1857). For  additional sizes above 4 inches see ASME/ANSI B1.1-

1989 (R2008).

51⁄2-16 UN 2A 0.0018 5.4982 5.4888 — 5.4576 5.4515 5.4237 2B 5.432 5.446 5.4594 5.4673 5.5000

3A 0.0000 5.5000 5.4906 — 5.4594 5.4549 5.4255 3B 5.4320 5.4408 5.4594 5.4653 5.5000

53⁄4-10 UNS 2A 0.0022 5.7478 5.7349 — 5.6828 5.6754 5.6288 2B 5.642 5.663 5.6850 5.6946 5.7500

53⁄4-12 UN 2A 0.0021 5.7479 5.7365 — 5.6938 5.6869 5.6487 2B 5.660 5.678 5.6959 5.7049 5.7500

3A 0.0000 5.7500 5.7386 — 5.6959 5.6907 5.6508 3B 5.6600 5.6698 5.6959 5.7026 5.7500

53⁄4-14 UNS 2A 0.0020 5.7480 5.7377 — 5.7016 5.6951 5.6630 2B 5.673 5.688 5.7036 5.7121 5.7500

53⁄4-16 UN 2A 0.0019 5.7481 5.7387 — 5.7075 5.7013 5.6736 2B 5.682 5.696 5.7094 5.7175 5.7500

3A 0.0000 5.7500 5.7406 — 5.7094 5.7047 5.6755 3B 5.6820 5.6908 5.7094 5.7155 5.7500

6-10 UNS 2A 0.0022 5.9978 5.9849 — 5.9328 5.9254 5.8788 2B 5.892 5.913 5.9350 5.9446 6.0000

6-14 UNS 2A 0.0020 5.9980 5.9877 — 5.9516 5.9451 5.9130 2B 5.923 5.938 5.9536 5.9621 6.0000

6-12 UN 2A 0.0021 5.9979 5.9865 — 5.9438 5.9369 5.8987 2B 5.910 5.928 5.9459 5.9549 6.0000

3A 0.0000 6.0000 5.9886 — 5.9459 5.9407 5.9008 3B 5.9100 5.9198 5.9459 5.9526 6.0000

6-16 UN 2A 0.0019 5.9981 5.9887 — 5.9575 5.9513 5.9236 2B 5.932 5.946 5.9594 5.9675 6.0000

3A 0.0000 6.0000 5.9906 — 5.9594 5.9547 5.9255 3B 5.9320 5.9408 5.9594 5.9655 6.0000

a Use UNR designation instead of UN wherever UNR thread form is desired for external use. 
b Regarding combinations of thread classes, see text on page 1854.
c UN series external thread maximum minor diameter is basic for Class 3A and basic minus allowance for Classes 1A and 2A. 
d For Class 2A threads having an additive finish the maximum is increased, by the allowance, to the basic size, the value being the same as for Class 3A. 
e For unfinished hot-rolled material not including standard fasteners with rolled threads. 
f Formerly NF, tolerances and allowances are based on one diameter length of engagement. 

Table 3. (Continued) Standard Series and Selected Combinations — Unified Screw Threads
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1844 UNIFIED SCREW THREADS

Coarse-Thread Series: This series, UNC/UNRC, is the one most commonly used in the
bulk production of bolts, screws, nuts and other general engineering applications. It is also
used for threading into lower tensile strength materials such as cast iron, mild steel and
softer materials (bronze, brass, aluminum, magnesium and plastics) to obtain the optimum
resistance to stripping of the internal thread. It is applicable for rapid assembly or disas-
sembly, or if corrosion or slight damage is possible.

Table 4a. Coarse-Thread Series, UNC and UNRC — Basic Dimensions

Fine-Thread Series: This series, UNF/UNRF, is suitable for the production of bolts,
screws, and nuts and for other applications where the Coarse series is not applicable. Exter-
nal threads of this series have greater tensile stress area than comparable sizes of the
Coarse series. The Fine series is suitable when the resistance to stripping of both external

Sizes
No. or
Inches

Basic
Major
Dia.,

D

Thds.
per

Inch,
n

Basic
Pitch
Dia.,a

D2

a British: Effective Diameter. 

Minor Diameter Lead
Angle λ
at Basic

P.D.

Area of
Minor
Dia. at
D-2hb

Tensile
Stress
Areab

b See formula, pages 1528 and  1536.

Ext.
Thds.,c

d3 (Ref.)

c Design form for UNR threads. (See figure on page 1814.)

Int.
Thds.,d

D1

d Basic minor diameter. 

Inches Inches Inches Inches Deg. Min Sq. In. Sq. In.

1 (0.073)e

e Secondary sizes. 

0.0730 64 0.0629 0.0544 0.0561 4 31 0.00218 0.00263
2 (0.086) 0.0860 56 0.0744 0.0648 0.0667 4 22 0.00310 0.00370
3 (0.099)e 0.0990 48 0.0855 0.0741 0.0764 4 26 0.00406 0.00487
4 (0.112) 0.1120 40 0.0958 0.0822 0.0849 4 45 0.00496 0.00604
5 (0.125) 0.1250 40 0.1088 0.0952 0.0979 4 11 0.00672 0.00796
6 (0.138) 0.1380 32 0.1177 0.1008 0.1042 4 50 0.00745 0.00909
8 (0.164) 0.1640 32 0.1437 0.1268 0.1302 3 58 0.01196 0.0140

10 (0.190) 0.1900 24 0.1629 0.1404 0.1449 4 39 0.01450 0.0175
12 (0.216)e 0.2160 24 0.1889 0.1664 0.1709 4 1 0.0206 0.0242

1⁄4 0.2500 20 0.2175 0.1905 0.1959 4 11 0.0269 0.0318
5⁄16

0.3125 18 0.2764 0.2464 0.2524 3 40 0.0454 0.0524
3⁄8 0.3750 16 0.3344 0.3005 0.3073 3 24 0.0678 0.0775
7⁄16

0.4375 14 0.3911 0.3525 0.3602 3 20 0.0933 0.1063
1⁄2 0.5000 13 0.4500 0.4084 0.4167 3 7 0.1257 0.1419
9⁄16

0.5625 12 0.5084 0.4633 0.4723 2 59 0.162 0.182
5⁄8 0.6250 11 0.5660 0.5168 0.5266 2 56 0.202 0.226
3⁄4 0.7500 10 0.6850 0.6309 0.6417 2 40 0.302 0.334
7⁄8 0.8750 9 0.8028 0.7427 0.7547 2 31 0.419 0.462

1 1.0000 8 0.9188 0.8512 0.8647 2 29 0.551 0.606
11⁄8 1.1250 7 1.0322 0.9549 0.9704 2 31 0.693 0.763

11⁄4 1.2500 7 1.1572 1.0799 1.0954 2 15 0.890 0.969

13⁄8 1.3750 6 1.2667 1.1766 1.1946 2 24 1.054 1.155

11⁄2 1.5000 6 1.3917 1.3016 1.3196 2 11 1.294 1.405

13⁄4 1.7500 5 1.6201 1.5119 1.5335 2 15 1.74 1.90

2 2.0000 41⁄2 1.8557 1.7353 1.7594 2 11 2.30 2.50

21⁄4 2.2500 41⁄2 2.1057 1.9853 2.0094 1 55 3.02 3.25

21⁄2 2.5000 4 2.3376 2.2023 2.2294 1 57 3.72 4.00

23⁄4 2.7500 4 2.5876 2.4523 2.4794 1 46 4.62 4.93

3 3.0000 4 2.8376 2.7023 2.7294 1 36 5.62 5.97
31⁄4 3.2500 4 3.0876 2.9523 2.9794 1 29 6.72 7.10

31⁄4 3.500 4 3.3376 3.2023 3.2294 1 22 7.92 8.33

33⁄4 3.7500 4 3.5876 3.4523 3.4794 1 16 9.21 9.66

4 4.0000 4 3.8376 3.7023 3.7294 1 11 10.61 11.08



UNIFIED SCREW THREADS 1845

and mating internal threads equals or exceeds the tensile load carrying capacity of the
externally threaded member (see page 1536). It is also used where the length of engage-
ment is short, where a smaller lead angle is desired, where the wall thickness demands a
fine pitch, or where finer adjustment is needed. 

Table 4b. Fine-Thread Series, UNF and UNRF — Basic Dimensions

Extra-Fine-Thread Series: This series, UNEF/UNREF, is applicable where even finer
pitches of threads are desirable, as for short lengths of engagement and for thin-walled
tubes, nuts, ferrules, or couplings. It is also generally applicable under the conditions stated
above for the fine threads. See Table 4c.

Fine Threads for Thin-Wall Tubing: Dimensions for a 27-thread series, ranging from 1⁄4-
to 1-inch nominal size, also are included in Table 3. These threads are recommended for
general use on thin-wall tubing. The minimum length of complete thread is one-third of the
basic major diameter plus 5 threads (+ 0.185 in.).

Selected Combinations: Thread data are tabulated in Table 3 for certain additional
selected special combinations of diameter and pitch, with pitch diameter tolerances based
on a length of thread engagement of 9 times the pitch. The pitch diameter limits are appli-
cable to a length of engagement of from 5 to 15 times the pitch. (This provision should not
be confused with the lengths of thread on mating parts, as they may exceed the length of
engagement by a considerable amount.) Thread symbols are UNS and UNRS.

Sizes
No. or
Inches

Basic
Major
Dia.,

D

Thds.
per

Inch,
n

Basic
Pitch
Dia.,a

D2

a British: Effective Diameter. 

Minor Diameter Lead
Angle λ
at Basic

P.D.

Area of
Minor
Dia. at
D-2hb

Tensile
Stress
Areab

b See formula, pages 1528 and  1536.

Ext.
Thds.,c

d3 (Ref.)

c Design form for UNR threads. (See figure on page 1814.)

Int.
Thds.,d

D1

d Basic minor diameter. 

Inches Inches Inches Inches Deg. Min Sq. In. Sq. In.

0 (0.060) 0.0600 80 0.0519 0.0451 0.0465 4 23 0.00151 0.00180
1 (0.073)e

e Secondary sizes. 

0.0730 72 0.0640 0.0565 0.0580 3 57 0.00237 0.00278
2 (0.086) 0.0860 64 0.0759 0.0674 0.0691 3 45 0.00339 0.00394

3 (0.099)e 0.0990 56 0.0874 0.0778 0.0797 3 43 0.00451 0.00523
4 (0.112) 0.1120 48 0.0985 0.0871 0.0894 3 51 0.00566 0.00661
5 (0.125) 0.1250 44 0.1102 0.0979 0.1004 3 45 0.00716 0.00830
6 (0.138) 0.1380 40 0.1218 0.1082 0.1109 3 44 0.00874 0.01015
8 (0.164) 0.1640 36 0.1460 0.1309 0.1339 3 28 0.01285 0.01474

10 (0.190) 0.1900 32 0.1697 0.1528 0.1562 3 21 0.0175 0.0200
12 (0.216)e 0.2160 28 0.1928 0.1734 0.1773 3 22 0.0226 0.0258

1⁄4 0.2500 28 0.2268 0.2074 0.2113 2 52 0.0326 0.0364
5⁄16

0.3125 24 0.2854 0.2629 0.2674 2 40 0.0524 0.0580
3⁄8 0.3750 24 0.3479 0.3254 0.3299 2 11 0.0809 0.0878
7⁄16

0.4375 20 0.4050 0.3780 0.3834 2 15 0.1090 0.1187
1⁄2 0.5000 20 0.4675 0.4405 0.4459 1 57 0.1486 0.1599
9⁄16

0.5625 18 0.5264 0.4964 0.5024 1 55 0.189 0.203
5⁄8 0.6250 18 0.5889 0.5589 0.5649 1 43 0.240 0.256
3⁄4 0.7500 16 0.7094 0.6763 0.6823 1 36 0.351 0.373
7⁄8 0.8750 14 0.8286 0.7900 0.7977 1 34 0.480 0.509

1 1.0000 12 0.9459 0.9001 0.9098 1 36 0.625 0.663
11⁄8 1.1250 12 1.0709 1.0258 1.0348 1 25 0.812 0.856

11⁄4 1.2500 12 1.1959 1.1508 1.1598 1 16 1.024 1.073

13⁄8 1.3750 12 1.3209 1.2758 1.2848 1 9 1.260 1.315

11⁄2 1.5000 12 1.4459 1.4008 1.4098 1 3 1.521 1.581
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Other Threads of Special Diameters, Pitches, and Lengths of Engagement: Thread data
for special combinations of diameter, pitch, and length of engagement not included in
selected combinations are also given in the Standard but are not given here. Also, when
design considerations require non-standard pitches or extreme conditions of engagement
not covered by the tables, the allowance and tolerances should be derived from the formu-
las in the Standard. The thread symbol for such special threads is UNS.

Constant Pitch Series.—The various constant-pitch series, UN, with 4, 6, 8, 12, 16, 20,
28 and 32 threads per inch, given in Table 3, offer a comprehensive range of diameter-pitch
combinations for those purposes where the threads in the Coarse, Fine, and Extra-Fine
series do not meet the particular requirements of the design.

When selecting threads from these constant-pitch series, preference should be given
wherever possible to those tabulated in the 8-, 12-, or 16-thread series.

8-Thread Series: The 8-thread series (8-UN) is a uniform-pitch series for large diame-
ters. Although originally intended for high-pressure-joint bolts and nuts, it is now widely
used as a substitute for the Coarse-Thread Series for diameters larger than 1 inch.

Table 4c. Extra-Fine-Thread Series, UNEF and UNREF — Basic Dimensions

Sizes
No. or
Inches

Basic
Major
Dia.,

D

Thds.
per

Inch,
n

Basic
Pitch
Dia.,a

D2

Minor Diameter
Lead

Angle λ
at Basic

P.D.

Area of
Minor
Dia. at
D − 2hb

Tensile
Stress
Areab

Ext.
Thds.,c

d3 (Ref.)

Int.
Thds.,d

D1

Inches Inches Inches Inches Deg. Min Sq. In. Sq. In.

12 (0.216)e 0.2160 32 0.1957 0.1788 0.1822 2 55 0.0242 0.0270
1⁄4 0.2500 32 0.2297 0.2128 0.2162 2 29 0.0344 0.0379
5⁄16

0.3125 32 0.2922 0.2753 0.2787 1 57 0.0581 0.0625
3⁄8 0.3750 32 0.3547 0.3378 0.3412 1 36 0.0878 0.0932
7⁄16

0.4375 28 0.4143 0.3949 0.3988 1 34 0.1201 0.1274
1⁄2 0.5000 28 0.4768 0.4574 0.4613 1 22 0.162 0.170
9⁄16

0.5625 24 0.5354 0.5129 0.5174 1 25 0.203 0.214
5⁄8 0.6250 24 0.5979 0.5754 0.5799 1 16 0.256 0.268

11⁄16
e 0.6875 24 0.6604 0.6379 0.6424 1 9 0.315 0.329

3⁄4 0.7500 20 0.7175 0.6905 0.6959 1 16 0.369 0.386
13⁄16

e 0.8125 20 0.7800 0.7530 0.7584 1 10 0.439 0.458
7⁄8 0.8750 20 0.8425 0.8155 0.8209 1 5 0.515 0.536

15⁄16
e 0.9375 20 0.9050 0.8780 0.8834 1 0 0.598 0.620

1 1.0000 20 0.9675 0.9405 0.9459 0 57 0.687 0.711
11⁄16

e 1.0625 18 1.0264 0.9964 1.0024 0 59 0.770 0.799

11⁄8 1.1250 18 1.0889 1.0589 1.0649 0 56 0.871 0.901

13⁄16
e 1.1875 18 1.1514 1.1214 1.1274 0 53 0.977 1.009

11⁄4 1.2500 18 1.2139 1.1839 1.1899 0 50 1.090 1.123

15⁄16
e 1.3125 18 1.2764 1.2464 1.2524 0 48 1.208 1.244

13⁄8 1.3750 18 1.3389 1.3089 1.3149 0 45 1.333 1.370

17⁄16
e 1.4375 18 1.4014 1.3714 1.3774 0 43 1.464 1.503

11⁄2 1.5000 18 1.4639 1.4339 1.4399 0 42 1.60 1.64

19⁄16
e 1.5625 18 1.5264 1.4964 1.5024 0 40 1.74 1.79

15⁄8 1.6250 18 1.5889 1.5589 1.5649 0 38 1.89 1.94

111⁄16
e 1.6875 18 1.6514 1.6214 1.6274 0 37 2.05 2.10

a British: Effective Diameter. 
b See formula, pages 1528 and  1536.
c Design form for UNR threads. (See figure on page 1814.)
d Basic minor diameter. 
e Secondary sizes. 
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12-Thread Series: The 12-thread series (12-UN) is a uniform pitch series for large diam-
eters requiring threads of medium-fine pitch. Although originally intended for boiler prac-
tice, it is now used as a continuation of the Fine-Thread Series for diameters larger than 11⁄2
inches.

16-Thread Series: The 16-thread series (16-UN) is a uniform pitch series for large diam-
eters requiring fine-pitch threads. It is suitable for adjusting collars and retaining nuts, and
also serves as a continuation of the Extra-fine Thread Series for diameters larger than 111⁄16
inches.

4-, 6-, 20-, 28-, and 32-Thread Series: These thread series have been used more or less
widely in industry for various applications where the Standard Coarse, Fine or Extra-fine
Series were not as applicable. They are now recognized as Standard Unified Thread Series
in a specified selection of diameters for each pitch (see Table 2).

Whenever a thread in a constant-pitch series also appears in the UNC, UNF, or UNEF
series, the symbols and tolerances for limits of size of UNC, UNF, or UNEF series are
applicable, as will be seen in Tables 2 and 3. (Text continues on page 1854)

Table 5a.  4-Thread Series, 4-UN and 4-UNR — Basic Dimensions

Sizes
Basic
Major
Dia.,

D

Basic
Pitch
Dia.,a

D2

a British: Effective Diameter. 

Minor Diameter
Lead

Angle λ
at Basic

P.D.

Area of
Minor
Dia. at
D − 2hb

Tensile
Stress
Areab

b See formula, pages 1528 and  1536.

Primary Secondary

Ext.
Thds.,c

d3s (Ref.)

c Design form for UNR threads. (See figure on page 1814).

Int.
Thds.,d

D1

d Basic minor diameter. 

Inches Inches Inches Inches Inches Inches Deg. Min. Sq. In. Sq. In.

21⁄2e

e These are standard sizes of the UNC series. 

2.5000 2.3376 2.2023 2.2294 1 57 3.72 4.00

25⁄8 2.6250 2.4626 2.3273 2.3544 1 51 4.16 4.45

23⁄4e 2.7500 2.5876 2.4523 2.4794 1 46 4.62 4.93

27⁄8 2.8750 2.7126 2.5773 2.6044 1 41 5.11 5.44

3e 3.0000 2.8376 2.7023 2.7294 1 36 5.62 5.97

31⁄8 3.1250 2.9626 2.8273 2.8544 1 32 6.16 6.52

31⁄4e 3.2500 3.0876 2.9523 2.9794 1 29 6.72 7.10

33⁄8 3.3750 3.2126 3.0773 3.1044 1 25 7.31 7.70

31⁄2e 3.5000 3.3376 3.2023 3.2294 1 22 7.92 8.33

35⁄8 3.6250 3.4626 3.3273 3.3544 1 19 8.55 9.00

31⁄4e 3.7500 3.5876 3.4523 3.4794 1 16 9.21 9.66

37⁄8 3.8750 3.7126 3.5773 3.6044 1 14 9.90 10.36

4e 4.0000 3.8376 3.7023 3.7294 1 11 10.61 11.08

41⁄8 4.1250 3.9626 3.8273 3.8544 1 9 11.34 11.83

41⁄4 4.2500 4.0876 3.9523 3.9794 1 7 12.10 12.61

43⁄8 4.3750 4.2126 4.0773 4.1044 1 5 12.88 13.41

41⁄2 4.5000 4.3376 4.2023 4.2294 1 3 13.69 14.23

45⁄8 4.6250 4.4626 4.3273 4.3544 1 1 14.52 15.1

43⁄4 4.7500 4.5876 4.4523 4.4794 1 0 15.4 15.9

47⁄8 4.8750 4.7126 4.5773 4.6044 0 58 16.3 16.8

5 5.0000 4.8376 4.7023 4.7294 0 57 17.2 17.8
51⁄8 5.1250 4.9626 4.8273 4.8544 0 55 18.1 18.7

51⁄4 5.2500 5.0876 4.9523 4.9794 0 54 19.1 19.7

53⁄8 5.3750 5.2126 5.0773 5.1044 0 52 20.0 20.7

51⁄2 5.5000 5.3376 5.2023 5.2294 0 51 21.0 21.7

55⁄8 5.6250 5.4626 5.3273 5.3544 0 50 22.1 22.7

53⁄4 5.7500 5.5876 5.4523 5.4794 0 49 23.1 23.8

57⁄8 5.8750 5.7126 5.5773 5.6044 0 48 24.2 24.9

6 6.0000 5.8376 5.7023 5.7294 0 47 25.3 26.0
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Table 5b. 6-Thread Series, 6-UN and 6-UNR—Basic Dimensions

Sizes Basic
Major
Dia.,

D

Basic
Pitch
Dia.,a

D2

a British: Effective Diameter. 

Minor Diameter Lead
Angle λ
at Basic

P.D.

Area of
Minor
Dia. at
D − 2hb

Tensile
Stress
Areab

b See formula, pages 1528 and  1536.

Primary Secondary

Ext.
Thds.,c

d3 (Ref.)

c Design form for UNR threads. (See figure on page 1814).

Int.
Thds.,d

D1

d Basic minor diameter. 

Inches Inches Inches Inches Inches Inches Deg. Min. Sq. In. Sq. In.

13⁄8e

e These are standard sizes of the UNC series. 

1.3750 1.2667 1.1766 1.1946 2 24 1.054 1.155

17⁄16
1.4375 1.3292 1.2391 1.2571 2 17 1.171 1.277

11⁄2e 1.5000 1.3917 1.3016 1.3196 2 11 1.294 1.405

19⁄16
1.5625 1.4542 1.3641 1.3821 2 5 1.423 1.54

15⁄8 1.6250 1.5167 1.4271 1.4446 2 0 1.56 1.68

111⁄16
1.6875 1.5792 1.4891 1.5071 1 55 1.70 1.83

13⁄4 1.7500 1.6417 1.5516 1.5696 1 51 1.85 1.98

113⁄16
1.8125 1.7042 1.6141 1.6321 1 47 2.00 2.14

17⁄8 1.8750 1.7667 1.6766 1.6946 1 43 2.16 2.30

115⁄16
1.9375 1.8292 1.7391 1.7571 1 40 2.33 2.47

2 2.0000 1.8917 1.8016 1.8196 1 36 2.50 2.65
21⁄8 2.1250 2.0167 1.9266 1.9446 1 30 2.86 3.03

21⁄4 2.2500 2.1417 2.0516 2.0696 1 25 3.25 3.42

23⁄8 2.3750 2.2667 2.1766 2.1946 1 20 3.66 3.85

21⁄2 2.5000 2.3917 2.3016 2.3196 1 16 4.10 4.29

25⁄8 2.6250 2.5167 2.4266 2.4446 1 12 4.56 4.76

23⁄4 2.7500 2.6417 2.5516 2.5696 1 9 5.04 5.26

27⁄8 2.8750 2.7667 2.6766 2.6946 1 6 5.55 5.78

3 3.0000 2.8917 2.8016 2.8196 1 3 6.09 6.33
31⁄8 3.1250 3.0167 2.9266 2.9446 1 0 6.64 6.89

31⁄4 3.2500 3.1417 3.0516 3.0696 0 58 7.23 7.49

33⁄8 3.3750 3.2667 3.1766 3.1946 0 56 7.84 8.11

31⁄2 3.5000 3.3917 3.3016 3.3196 0 54 8.47 8.75

35⁄8 3.6250 3.5167 3.4266 3.4446 0 52 9.12 9.42

33⁄4 3.7500 3.6417 3.5516 3.5696 0 50 9.81 10.11

37⁄8 3.8750 3.7667 3.6766 3.6946 0 48 10.51 10.83

4 4.0000 3.8917 3.8016 3.8196 0 47 11.24 11.57
41⁄8 4.1250 4.0167 3.9266 3.9446 0 45 12.00 12.33

41⁄4 4.2500 4.1417 4.0516 4.0696 0 44 12.78 13.12

43⁄8 4.3750 4.2667 4.1766 4.1946 0 43 13.58 13.94

41⁄2 4.5000 4.3917 4.3016 4.3196 0 42 14.41 14.78

45⁄8 4.6250 4.5167 4.4266 4.4446 0 40 15.3 15.6

43⁄4 4.7500 4.6417 4.5516 4.5696 0 39 16.1 16.5

47⁄8 4.8750 4.7667 4.6766 4.6946 0 38 17.0 17.5

5 5.0000 4.8917 4.8016 4.8196 0 37 18.0 18.4
51⁄8 5.1250 5.0167 4.9266 4.9446 0 36 18.9 19.3

51⁄4 5.2500 5.1417 5.0516 5.0696 0 35 19.9 20.3

53⁄8 5.3750 5.2667 5.1766 5.1946 0 35 20.9 21.3

51⁄2 5.5000 5.3917 5.3016 5.3196 0 34 21.9 22.4

55⁄8 5.6250 5.5167 5.4266 5.4446 0 33 23.0 23.4

53⁄4 5.7500 5.6417 5.5516 5.5696 0 32 24.0 24.5

57⁄8 5.8750 5.7667 5.6766 5.6946 0 32 25.1 25.6

6 6.0000 5.8917 5.8016 5.8196 0 31 26.3 26.8
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Table 5c. 8-Thread Series, 8-UN and 8-UNR—Basic Dimensions

Sizes Basic
Major
Dia.,D

Basic
Pitch

Dia.,a D2

a British: Effective Diameter. 

Minor Diameter Lead Angle 
λ at Basic 

P.D.

Area of
Minor Dia. 
at D − 2hb

Tensile
Stress
Areab

b See formula, pages 1528 and  1536.

Primary Secondary
Ext.Thds.,c
d3 (Ref.)

c Design form for UNR threads. (See figure on page 1814).

Int.Thds.,d
D1

d Basic minor diameter. 

Inches Inches Inches Inches Inches Inches Deg. Min. Sq. In. Sq. In.

1e

e This is a standard size of the UNC series. 

1.0000 0.9188 0.8512 0.8647 2 29 0.551 0.606
11⁄16

1.0625 0.9813 0.9137 0.9272 2 19 0.636 0.695
11⁄8 1.1250 1.0438 0.9792 0.9897 2 11 0.728 0.790

13⁄16
1.1875 1.1063 1.0387 1.0522 2 4 0.825 0.892

11⁄4 1.2500 1.1688 1.1012 1.1147 1 57 0.929 1.000
15⁄16

1.3125 1.2313 1.1637 1.1772 1 51 1.039 1.114
13⁄8 1.3750 1.2938 1.2262 1.2397 1 46 1.155 1.233

17⁄16
1.4375 1.3563 1.2887 1.3022 1 41 1.277 1.360

11⁄2 1.5000 1.4188 1.3512 1.3647 1 36 1.405 1.492
19⁄16

1.5625 1.4813 1.4137 1.4272 1 32 1.54 1.63
15⁄8 1.6250 1.5438 1.4806 1.4897 1 29 1.68 1.78

111⁄16
1.6875 1.6063 1.5387 1.5522 1 25 1.83 1.93

13⁄4 1.7500 1.6688 1.6012 1.6147 1 22 1.98 2.08
113⁄16

1.8125 1.7313 1.6637 1.6772 1 19 2.14 2.25
17⁄8 1.8750 1.7938 1.7262 1.7397 1 16 2.30 2.41

115⁄16
1.9375 1.8563 1.7887 1.8022 1 14 2.47 2.59

2 2.0000 1.9188 1.8512 1.8647 1 11 2.65 2.77
21⁄8 2.1250 2.0438 1.9762 1.9897 1 7 3.03 3.15

21⁄4 2.2500 2.1688 2.1012 2.1147 1 3 3.42 3.56
23⁄8 2.3750 2.2938 2.2262 2.2397 1 0 3.85 3.99

21⁄2 2.5000 2.4188 2.3512 2.3647 0 57 4.29 4.44
25⁄8 2.6250 2.5438 2.4762 2.4897 0 54 4.76 4.92

23⁄4 2.7500 2.6688 2.6012 2.6147 0 51 5.26 5.43
27⁄8 2.8750 2.7938 2.7262 2.7397 0 49 5.78 5.95

3 3.0000 2.9188 2.8512 2.8647 0 47 6.32 6.51
31⁄8 3.1250 3.0438 2.9762 2.9897 0 45 6.89 7.08

31⁄4 3.2500 3.1688 3.1012 3.1147 0 43 7.49 7.69
33⁄8 3.3750 3.2938 3.2262 3.2397 0 42 8.11 8.31

31⁄2 3.5000 3.4188 3.3512 3.3647 0 40 8.75 8.96
35⁄8 3.6250 3.5438 3.4762 3.4897 0 39 9.42 9.64

33⁄4 3.7500 3.6688 3.6012 3.6147 0 37 10.11 10.34
37⁄8 3.8750 3.7938 3.7262 3.7397 0 36 10.83 11.06

4 4.0000 3.9188 3.8512 3.8647 0 35 11.57 11.81
41⁄8 4.1250 4.0438 3.9762 3.9897 0 34 12.34 12.59

41⁄4 4.2500 4.1688 4.1012 4.1147 0 33 13.12 13.38
43⁄8 4.3750 4.2938 4.2262 4.2397 0 32 13.94 14.21

41⁄2 4.5000 4.4188 4.3512 4.3647 0 31 14.78 15.1
45⁄8 4.6250 4.5438 4.4762 4.4897 0 30 15.6 15.9

43⁄4 4.7500 4.6688 4.6012 4.6147 0 29 16.5 16.8
47⁄8 4.8750 4.7938 4.7262 4.7397 0 29 17.4 17.7

5 5.0000 4.9188 4.8512 4.8647 0 28 18.4 18.7
51⁄8 5.1250 5.0438 4.9762 4.9897 0 27 19.3 19.7

51⁄4 5.2500 5.1688 5.1012 5.1147 0 26 20.3 20.7
53⁄8 5.3750 5.2938 5.2262 5.2397 0 26 21.3 21.7

51⁄2 5.5000 5.4188 5.3512 5.3647 0 25 22.4 22.7
55⁄8 5.6250 5.5438 5.4762 5.4897 0 25 23.4 23.8

53⁄4 5.7500 5.6688 5.6012 5.6147 0 24 24.5 24.9
57⁄8 5.8750 5.7938 5.7262 5.7397 0 24 25.6 26.0

6 6.0000 5.9188 5.8512 5.8647 0 23 26.8 27.1
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Table 5d.  12-Thread series, 12-UN and 12-UNR—Basic Dimensions
Sizes Basic

Major
Dia.,

D

Basic
Pitch
Dia.,a

D2

a British: Effective Diameter. 

Minor Diameter Lead
Angle λ
at Basic

P.D.

Area of
Minor
Dia. at
D − 2hb

Tensile
Stress
Areab

b See formula, pages 1528 and  1536.

Primary Secondary

Ext.
Thds.,c

d3 (Ref.)

c Design form for UNR threads. (See figure on page 1814.)

Int.
Thds.,d

D1

d Basic minor diameter. 

Inches Inches Inches Inches Inches Inches Deg. Min. Sq. In. Sq. In.
9⁄16

e

e These are standard sizes of the UNC or UNF Series. 

0.5625 0.5084 0.4633 0.4723 2 59 0.162 0.182
5⁄8 0.6250 0.5709 0.5258 0.5348 2 40 0.210 0.232

11⁄16
0.6875 0.6334 0.5883 0.5973 2 24 0.264 0.289

3⁄4 0.7500 0.6959 0.6508 0.6598 2 11 0.323 0.351
13⁄16

0.8125 0.7584 0.7133 0.7223 2 0 0.390 0.420
7⁄8 0.8750 0.8209 0.7758 0.7848 1 51 0.462 0.495

15⁄16
0.9375 0.8834 0.8383 0.8473 1 43 0.540 0.576

1e 1.0000 0.9459 0.9008 0.9098 1 36 0.625 0.663
11⁄16

1.0625 1.0084 0.9633 0.9723 1 30 0.715 0.756
11⁄8e 1.1250 1.0709 1.0258 1.0348 1 25 0.812 0.856

13⁄16
1.1875 1.1334 1.0883 1.0973 1 20 0.915 0.961

11⁄4e 1.2500 1.1959 1.1508 1.1598 1 16 1.024 1.073
15⁄16

1.3125 1.2584 1.2133 1.2223 1 12 1.139 1.191
13⁄8 1.3750 1.3209 1.2758 1.2848 1 9 1.260 1.315

17⁄16
1.4375 1.3834 1.3383 1.3473 1 6 1.388 1.445

11⁄2e 1.5000 1.4459 1.4008 1.4098 1 3 1.52 1.58
19⁄16

1.5625 1.5084 1.4633 1.4723 1 0 1.66 1.72
15⁄8 1.6250 1.5709 1.5258 1.5348 0 58 1.81 1.87

111⁄16
1.6875 1.6334 1.5883 1.5973 0 56 1.96 2.03

13⁄4 1.7500 1.6959 1.6508 1.6598 0 54 2.12 2.19
113⁄16

1.8125 1.7584 1.7133 1.7223 0 52 2.28 2.35
17⁄8 1.8750 1.8209 1.7758 1.7848 0 50 2.45 2.53

115⁄16
1.9375 1.8834 1.8383 1.8473 0 48 2.63 2.71

2 2.0000 1.9459 1.9008 1.9098 0 47 2.81 2.89
21⁄8 2.1250 2.0709 2.0258 2.0348 0 44 3.19 3.28

21⁄4 2.2500 2.1959 2.1508 2.1598 0 42 3.60 3.69
23⁄8 2.3750 2.3209 2.2758 2.2848 0 39 4.04 4.13

21⁄2 2.5000 2.4459 2.4008 2.4098 0 37 4.49 4.60
25⁄8 2.6250 2.5709 2.5258 2.5348 0 35 4.97 5.08

23⁄4 2.7500 2.6959 2.6508 2.6598 0 34 5.48 5.59
27⁄8 2.8750 2.8209 2.7758 2.7848 0 32 6.01 6.13

3 3.0000 2.9459 2.9008 2.9098 0 31 6.57 6.69
31⁄8 3.1250 3.0709 3.0258 3.0348 0 30 7.15 7.28

31⁄4 3.2500 3.1959 3.1508 3.1598 0 29 7.75 7.89
33⁄8 3.3750 3.3209 3.2758 3.2848 0 27 8.38 8.52

31⁄2 3.5000 3.4459 3.4008 3.4098 0 26 9.03 9.18
35⁄8 3.6250 3.5709 3.5258 3.5348 0 26 9.71 9.86

33⁄4 3.7500 3.6959 3.6508 3.6598 0 25 10.42 10.57
37⁄8 3.8750 3.8209 3.7758 3.7848 0 24 11.14 11.30

4 4.0000 3.9459 3.9008 3.9098 0 23 11.90 12.06
41⁄8 4.1250 4.0709 4.0258 4.0348 0 22 12.67 12.84

41⁄4 4.2500 4.1959 4.1508 4.1598 0 22 13.47 13.65
43⁄8 4.3750 4.3209 4.2758 4.2848 0 21 14.30 14.48

41⁄2 4.5000 4.4459 4.4008 4.4098 0 21 15.1 15.3
45⁄8 4.6250 4.5709 4.5258 4.5348 0 20 16.0 16.2

43⁄4 4.7500 4.6959 4.6508 4.6598 0 19 16.9 17.1
47⁄8 4.8750 4.8209 4.7758 4.7848 0 19 17.8 18.0

5 5.0000 4.9459 4.9008 4.9098 0 18 18.8 19.0
51⁄8 5.1250 5.0709 5.0258 5.0348 0 18 19.8 20.0

51⁄4 5.2500 5.1959 5.1508 5.1598 0 18 20.8 21.0
53⁄8 5.3750 5.3209 5.2758 5.2848 0 17 21.8 22.0

51⁄2 5.5000 5.4459 5.4008 5.4098 0 17 22.8 23.1
55⁄8 5.6250 5.5709 5.5258 5.5348 0 16 23.9 24.1

53⁄4 5.7500 5.6959 5.6508 5.6598 0 16 25.0 25.2
57⁄8 5.8750 5.8209 5.7758 5.7848 0 16 26.1 26.4

6 6.0000 5.9459 5.9008 5.9098 0 15 27.3 27.5
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Table 5e. 16-Thread Series, 16-UN and 16-UNR—Basic Dimensions

Sizes Basic
Major
Dia., D

Basic
Pitch

Dia.,a D2

Minor Diameter Lead
Angle λ

at Basic P.D.

Area of
Minor Dia. 
at D − 2hb

Tensile
Stress
AreabPrimary Secondary

Ext. Thds.,c
d3 (Ref.)

Int. Thds.,d
D1

Inches Inches Inches Inches Inches Inches Deg. Min. Sq. In. Sq. In.
3⁄8e 0.3750 0.3344 0.3005 0.3073 3 24 0.0678 0.0775
7⁄16

0.4375 0.3969 0.3630 0.3698 2 52 0.0997 0.1114
1⁄2 0.5000 0.4594 0.4255 0.4323 2 29 0.1378 0.151
9⁄16

0.5625 0.5219 0.4880 0.4948 2 11 0.182 0.198
5⁄8 0.6250 0.5844 0.5505 0.5573 1 57 0.232 0.250

11⁄16
0.6875 0.6469 0.6130 0.6198 1 46 0.289 0.308

3⁄4e 0.7500 0.7094 0.6755 0.6823 1 36 0.351 0.373
13⁄16

0.8125 0.7719 0.7380 0.7448 1 29 0.420 0.444
7⁄8 0.8750 0.8344 0.8005 0.8073 1 22 0.495 0.521

15⁄16
0.9375 0.8969 0.8630 0.8698 1 16 0.576 0.604

1 1.0000 0.9594 0.9255 0.9323 1 11 0.663 0.693
11⁄16

1.0625 1.0219 0.9880 0.9948 1 7 0.756 0.788

11⁄8 1.1250 1.0844 1.0505 1.0573 1 3 0.856 0.889

13⁄16
1.1875 1.1469 1.1130 1.1198 1 0 0.961 0.997

11⁄4 1.2500 1.2094 1.1755 1.1823 0 57 1.073 1.111

15⁄16
1.3125 1.2719 1.2380 1.2448 0 54 1.191 1.230

13⁄8 1.3750 1.3344 1.3005 1.3073 0 51 1.315 1.356

17⁄16
1.4375 1.3969 1.3630 1.3698 0 49 1.445 1.488

11⁄2 1.5000 1.4594 1.4255 1.4323 0 47 1.58 1.63

19⁄16
1.5625 1.5219 1.4880 1.4948 0 45 1.72 1.77

15⁄8 1.6250 1.5844 1.5505 1.5573 0 43 1.87 1.92

111⁄16
1.6875 1.6469 1.6130 1.6198 0 42 2.03 2.08

13⁄4 1.7500 1.7094 1.6755 1.6823 0 40 2.19 2.24

113⁄16
1.8125 1.7719 1.7380 1.7448 0 39 2.35 2.41

17⁄8 1.8750 1.8344 1.8005 1.8073 0 37 2.53 2.58

115⁄16
1.9375 1.8969 1.8630 1.8698 0 36 2.71 2.77

2 2.0000 1.9594 1.9255 1.9323 0 35 2.89 2.95
21⁄8 2.1250 2.0844 2.0505 2.0573 0 33 3.28 3.35

21⁄4 2.2500 2.2094 2.1755 2.1823 0 31 3.69 3.76

23⁄8 2.3750 2.3344 2.3005 2.3073 0 29 4.13 4.21

21⁄2 2.5000 2.4594 2.4255 2.4323 0 28 4.60 4.67

25⁄8 2.6250 2.5844 2.5505 2.5573 0 26 5.08 5.16

23⁄4 2.7500 2.7094 2.6755 2.6823 0 25 5.59 5.68

27⁄8 2.8750 2.8344 2.8005 2.8073 0 24 6.13 6.22

3 3.0000 2.9594 2.9255 2.9323 0 23 6.69 6.78
31⁄8 3.1250 3.0844 3.0505 3.0573 0 22 7.28 7.37

31⁄4 3.2500 3.2094 3.1755 3.1823 0 21 7.89 7.99

33⁄8 3.3750 3.3344 3.3005 3.3073 0 21 8.52 8.63

31⁄2 3.5000 3.4594 3.4255 3.4323 0 20 9.18 9.29

35⁄8 3.6250 3.5844 3.5505 3.5573 0 19 9.86 9.98

33⁄4 3.7500 3.7094 3.6755 3.6823 0 18 10.57 10.69

37⁄8 3.8750 3.8344 3.8005 3.8073 0 18 11.30 11.43

4 4.0000 3.9594 3.9255 3.9323 0 17 12.06 12.19
41⁄8 4.1250 4.0844 4.0505 4.0573 0 17 12.84 12.97

41⁄4 4.2500 4.2094 4.1755 4.1823 0 16 13.65 13.78

43⁄8 4.3750 4.3344 4.3005 4.3073 0 16 14.48 14.62

41⁄2 4.5000 4.4594 4.4255 4.4323 0 15 15.34 15.5

45⁄8 4.6250 4.5844 4.5505 4.5573 0 15 16.2 16.4

43⁄4 4.7500 4.7094 4.6755 4.6823 0 15 17.1 17.3

47⁄8 4.8750 4.8344 4.8005 4.8073 0 14 18.0 18.2

5 5.0000 4.9594 4.9255 4.9323 0 14 19.0 19.2
51⁄8 5.1250 5.0844 5.0505 5.0573 0 13 20.0 20.1

51⁄4 5.2500 5.2094 5.1755 5.1823 0 13 21.0 21.1

53⁄8 5.3750 5.3344 5.3005 5.3073 0 13 22.0 22.2
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51⁄2 5.5000 5.4594 5.4255 5.4323 0 13 23.1 23.2

55⁄8 5.6250 5.5844 5.5505 5.5573 0 12 24.1 24.3

53⁄4 5.7500 5.7094 5.6755 5.6823 0 12 25.2 25.4

57⁄8 5.8750 5.8344 5.8005 5.8073 0 12 26.4 26.5

6 6.0000 5.9594 5.9255 5.9323 0 11 27.5 27.7

a British: Effective Diameter. 
b See formula, pages 1528 and  1536.
c Design form for UNR threads. (See figure on page 1814).
d Basic minor diamter. 
e These are standard sizes of the UNC or UNF Series. 

Table 5f. 20-Thread Series, 20-UN and 20-UNR—Basic Dimensions
Sizes Basic

Major
Dia.,D

Basic
Pitch

Dia.,a D2

a British: Effective Diameter. 

Minor Diameter Lead Angle λ
at Basic

P.D.

Area of 
Minor Dia. 
at D − 2hb

Tensile
Stress
Areab

b See formula, pages 1528 and  1536.

Primary Secondary
Ext. Thds.,c

d3 (Ref.)

c Design form for UNR threads. (See figure on page 1814.)

Int. Thds.,d
D1

d Basic minor diameter. 

Inches Inches Inches Inches Inches Inches Deg. Min. Sq. In. Sq. In.
1⁄4e

e These are standard sizes of the UNC, UNF, or UNEF Series. 

0.2500 0.2175 0.1905 0.1959 4 11 0.0269 0.0318
5⁄16

0.3125 0.2800 0.2530 0.2584 3 15 0.0481 0.0547
3⁄8 0.3750 0.3425 0.3155 0.3209 2 40 0.0755 0.0836
7⁄16

e 0.4375 0.4050 0.3780 0.3834 2 15 0.1090 0.1187
1⁄2e 0.5000 0.4675 0.4405 0.4459 1 57 0.1486 0.160
9⁄16

0.5625 0.5300 0.5030 0.5084 1 43 0.194 0.207
5⁄8 0.6250 0.5925 0.5655 0.5709 1 32 0.246 0.261

11⁄16
0.6875 0.6550 0.6280 0.6334 1 24 0.304 0.320

3⁄4e 0.7500 0.7175 0.6905 0.6959 1 16 0.369 0.386
13⁄16

e 0.8125 0.7800 0.7530 0.7584 1 10 0.439 0.458
7⁄8e 0.8750 0.8425 0.8155 0.8209 1 5 0.515 0.536

15⁄16
e 0.9375 0.9050 0.8780 0.8834 1 0 0.0.598 0.620

1e 1.0000 0.9675 0.9405 0.9459 0 57 0.687 0.711
11⁄16

1.0625 1.0300 1.0030 1.0084 0 53 0.782 0.807
11⁄8 1.1250 1.0925 1.0655 1.0709 0 50 0.882 0.910

13⁄16
1.1875 1.1550 1.1280 1.1334 0 47 0.990 1.018

11⁄14
1.2500 1.2175 1.1905 1.1959 0 45 1.103 1.133

15⁄16
1.3125 1.2800 1.2530 1.2584 0 43 1.222 1.254

13⁄8 1.3750 1.3425 1.3155 1.3209 0 41 1.348 1.382
17⁄16

1.4375 1.4050 1.3780 1.3834 0 39 1.479 1.51
11⁄2 1.5000 1.4675 1.4405 1.4459 0 37 1.62 1.65

19⁄16
1.5625 1.5300 1.5030 1.5084 0 36 1.76 1.80

15⁄8 1.6250 1.5925 1.5655 1.5709 0 34 1.91 1.95
111⁄16

1.6875 1.6550 1.6280 1.6334 0 33 2.07 2.11
13⁄4 1.7500 1.7175 1.6905 1.6959 0 32 2.23 2.27

113⁄16
1.8125 1.7800 1.7530 1.7584 0 31 2.40 2.44

17⁄8 1.8750 1.8425 1.8155 1.8209 0 30 2.57 2.62
115⁄16

1.9375 1.9050 1.8780 1.8834 0 29 2.75 2.80
2 2.0000 1.9675 1.9405 1.9459 0 28 2.94 2.99

21⁄8 2.1250 2.0925 2.0655 2.0709 0 26 3.33 3.39
21⁄4 2.2500 2.2175 2.1905 2.1959 0 25 3.75 3.81

23⁄8 2.3750 2.3425 2.3155 2.3209 0 23 4.19 4.25
21⁄2 2.5000 2.4675 2.4405 2.4459 0 22 4.66 4.72

25⁄8 2.6250 2.5925 2.5655 2.5709 0 21 5.15 5.21
23⁄4 2.7500 2.7175 2.6905 2.6959 0 20 5.66 5.73

27⁄8 2.8750 2.8425 2.8155 2.8209 0 19 6.20 6.27
3 3.0000 2.9675 2.9405 2.9459 0 18 6.77 6.84

Table 5e. (Continued) 16-Thread Series, 16-UN and 16-UNR—Basic Dimensions

Sizes Basic
Major
Dia., D

Basic
Pitch

Dia.,a D2

Minor Diameter Lead
Angle λ

at Basic P.D.

Area of
Minor Dia. 
at D − 2hb

Tensile
Stress
AreabPrimary Secondary

Ext. Thds.,c
d3 (Ref.)

Int. Thds.,d
D1

Inches Inches Inches Inches Inches Inches Deg. Min. Sq. In. Sq. In.
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Table 5g.  28-Thread Series, 28-UN and 28-UNR — Basic Dimensions

Sizes Basic
Major
Dia.,

D

Basic
Pitch
Dia.,a

D2

a British: Effective Diameter. 

Minor Diameter Lead
Angel λ
at Basic

P.D.

Area of
Minor
Dia. at
D-2hb

Tensile
Stress
Areab

b See formula, pages 1528 and  1536.

Primary Secondary

Ext.
Thds.,c

d3 (Ref.)

c Design form for UNR threads. (See figure on page 1814.)

Int.
Thds.,d

D1

d Basic minor diameter. 

Inches Inches Inches Inches Inches Inches Deg. Min. Sq. In. Sq. In.

12 (0.216)e

e These are standard sizes of the UNF or UNEF Series. 

0.2160 0.1928 0.1734 0.1773 3 22 0.0226 0.0258
1⁄4e 0.2500 0.2268 0.2074 0.2113 2 52 0.0326 0,0364
5⁄16

0.3125 0.2893 0.2699 0.2738 2 15 0.0556 0.0606
3⁄8 0.3750 0.3518 0.3324 0.3363 1 51 0.0848 0.0909
7⁄16

e 0.4375 0.4143 0.3949 0.3988 1 34 0.1201 0.1274
1⁄2e 0.5000 0.4768 0.4574 0.4613 1 22 0.162 0.170
9⁄16

0.5625 0.5393 0.5199 0.5238 1 12 0.209 0.219
5⁄8 0.6250 0.6018 0.5824 0.5863 1 5 0.263 0.274

11⁄16
0.6875 0.6643 0.6449 0.6488 0 59 0.323 0.335

3⁄4 0.7500 0.7268 0.7074 0.7113 0 54 0.389 0.402
13⁄16

0.8125 0.7893 0.7699 0.7738 0 50 0.461 0.475
7⁄8 0.8750 0.8518 0.8324 0.8363 0 46 0.539 0.554

15⁄16
0.9375 0.9143 0.8949 0.8988 0 43 0.624 0.640

1 1.0000 0.9768 0.9574 0.9613 0 40 0.714 0.732
11⁄16

1.0625 1.0393 1.0199 1.0238 0 38 0.811 0.830

11⁄8 1.1250 1.1018 1.0824 1.0863 0 35 0.914 0.933

13⁄16
1.1875 1.1643 1.1449 1.1488 0 34 1.023 1.044

11⁄4 1.2500 1.2268 1.2074 1.2113 0 32 1.138 1.160

15⁄16
1.3125 1.2893 1.2699 1.2738 0 30 1.259 1.282

13⁄8 1.3750 1.3518 1.3324 1.3363 0 29 1.386 1.411

17⁄16
1.4375 1.4143 1.3949 1.3988 0 28 1.52 1.55

11⁄2 1.5000 1.4768 1.4574 1.4613 0 26 1.66 1.69

Table 5h. 32-Thread Series, 32-UN and 32-UNR — Basic Dimensions

Sizes Basic
Major
Dia.,D

Basic
Pitch

Dia.,a D2

a British: Effective Diameter. 

Minor Diameter Lead
Angel λ

at Basic P.D.

Area of
Minor Dia. at

D - 2hb

Tensile
Stress
Areab

b See formula, pages 1528 and  1536.

Primary Secondary
Ext.Thds.,c
d3 (Ref.)

c Design form for UNR threads. (See figure on page 1814.)

Int.Thds.,d
D1

d Basic minor diameter. 

Inches Inches Inches Inches Inches Inches Deg. Min. Sq. In. Sq. In.

6 (0.138)e

e These are standard sizes of the UNC, UNF, or UNEF Series. 

0.1380 0.1177 0.1008 0.1042 4 50 0.00745 0.00909
8 (0.164)e 0.1640 0.1437 0.1268 0.1302 3 58 0.01196 0.0140

10 (0.190)e 0.1900 0.1697 0.1528 0.1562 3 21 0.01750 0.0200
12 (0.216)e 0.2160 0.1957 0.1788 0.1822 2 55 0.0242 0.0270

1⁄4e 0.2500 0.2297 0.2128 0.2162 2 29 0.0344 0.0379
5⁄16

e 0.3125 0.2922 0.2753 0.2787 1 57 0.0581 0.0625
3⁄8e 0.3750 0.3547 0.3378 0.3412 1 36 0.0878 0.0932
7⁄16

0.4375 0.4172 0.4003 0.4037 1 22 0.1237 0.1301
1⁄2 0.5000 0.4797 0.4628 0.4662 1 11 0.166 0.173

9⁄16
0.5625 0.5422 0.5253 0.5287 1 3 0.214 0.222

5⁄8 0.6250 0.6047 0.5878 0.5912 0 57 0.268 0.278
11⁄16

0.6875 0.6672 0.6503 0.6537 0 51 0.329 0.339
3⁄4 0.7500 0.7297 0.7128 0.7162 0 47 0.395 0.407

13⁄16
0.8125 0.7922 0.7753 0.7787 0 43 0.468 0.480

7⁄8 0.8750 0.8547 0.8378 0.8412 0 40 0.547 0.560
15⁄16

0.9375 0.9172 0.9003 0.9037 0 37 0.632 0.646
1 1.0000 0.9797 0.9628 0.9662 0 35 0.723 0.738
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Thread Classes.—Thread classes are distinguished from each other by the amounts of
tolerance and allowance. Classes identified by a numeral followed by the letters A and B
are derived from certain Unified formulas (not shown here) in which the pitch diameter tol-
erances are based on increments of the basic major (nominal) diameter, the pitch, and the
length of engagement. These formulas and the class identification or symbols apply to all
of the Unified threads.

Classes 1A, 2A, and 3A apply to external threads only, and Classes 1B, 2B, and 3B apply
to internal threads only. The disposition of the tolerances, allowances, and crest clearances
for the various classes is illustrated on page 1855.

Classes 2A and 2B: Classes 2A and 2B are the most commonly used for general applica-
tions, including production of bolts, screws, nuts, and similar fasteners.

The maximum diameters of Class 2A (external) uncoated threads are less than basic by
the amount of the allowance. The allowance minimizes galling and seizing in high-cycle
wrench assembly, or it can be used to accommodate plated finishes or other coating. How-
ever, for threads with additive finish, the maximum diameters of Class 2A may be
exceeded by the amount of the allowance, for example, the 2A maximum diameters apply
to an unplated part or to a part before plating whereas the basic diameters (the 2A maxi-
mum diameter plus allowance) apply to a part after plating. The minimum diameters of
Class 2B (internal) threads, whether or not plated or coated, are basic, affording no allow-
ance or clearance in assembly at maximum metal limits.

Class 2AG: Certain applications require an allowance for rapid assembly to permit appli-
cation of the proper lubricant or for residual growth due to high-temperature expansion. In
these applications, when the thread is coated and the 2A allowance is not permitted to be
consumed by such coating, the thread class symbol is qualified by G following the class
symbol.

Classes 3A and 3B: Classes 3A and 3B may be used if closer tolerances are desired than
those provided by Classes 2A and 2B. The maximum diameters of Class 3A (external)
threads and the minimum diameters of Class 3B (internal) threads, whether or not plated or
coated, are basic, affording no allowance or clearance for assembly of maximum metal
components.

Classes 1A and 1B: Classes 1A and 1B threads replaced American National Class 1.
These classes are intended for ordnance and other special uses. They are used on threaded
components where quick and easy assembly is necessary and where a liberal allowance is
required to permit ready assembly, even with slightly bruised or dirty threads.

Maximum diameters of Class 1A (external) threads are less than basic by the amount of
the same allowance as applied to Class 2A. For the intended applications in American
practice the allowance is not available for plating or coating. Where the thread is plated or
coated, special provisions are necessary. The minimum diameters of Class 1B (internal)
threads, whether or not plated or coated, are basic, affording no allowance or clearance for
assembly with maximum metal external thread components having maximum diameters
which are basic.

Coated 60-deg. Threads.—Although the Standard does not make recommendations for
thicknesses of, or specify limits for coatings, it does outline certain principles that will aid
mechanical interchangeability if followed whenever conditions permit.

To keep finished threads within the limits of size established in the Standard, external
threads should not exceed basic size after plating and internal threads should not be below
basic size after plating. This recommendation does not apply to threads coated by certain
commonly used processes such as hot-dip galvanizing where it may not be required to
maintain these limits.

Class 2A provides both a tolerance and an allowance. Many thread requirements call for
coatings such as those deposited by electro-plating processes and, in general, the 2A allow-
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ance provides adequate undercut for such coatings. There may be variations in thickness
and symmetry of coating resulting from commercial processes but after plating the threads
should be accepted by a basic Class 3A size GO gage and a Class 2A gage as a NOT-GO
gage. Class 1A provides an allowance which is maintained for both coated and uncoated
product, i.e., it is not available for coating.

Class 3A does not include an allowance so it is suggested that the limits of size before
plating be reduced by the amount of the 2A allowance whenever that allowance is ade-
quate.

No provision is made for overcutting internal threads as coatings on such threads are not
generally required. Further, it is very difficult to deposit a significant thickness of coating
on the flanks of internal threads. Where a specific thickness of coating is required on an
internal thread, it is suggested that the thread be overcut so that the thread as coated will be
accepted by a GO thread plug gage of basic size.

This Standard ASME/ANSI B1.1-1989 (R2008) specifies limits of size that pertain
whether threads are coated or uncoated. Only in Class 2A threads is an allowance available
to accommodate coatings. Thus, in all classes of internal threads and in all Class 1A, 2AG,
and 3A external threads, limits of size must be adjusted to provide suitable provision for
the desired coating.

For further information concerning dimensional accommodation of coating or plating
for 60-degree threads, see Section 7, ASME/ANSI B1.1-1989 (R2008).

Screw Thread Selection — Combination of Classes.—Whenever possible, selection
should be made from Table 2, Standard Series Unified Screw Threads, preference being
given to the Coarse- and Fine- thread Series. If threads in the standard series do not meet
the requirements of design, reference should be made to the selected combinations in
Table 3. The third expedient is to compute the limits of size from the tolerance tables or
tolerance increment tables given in the Standard. The fourth and last resort is calculation
by the formulas given in the Standard.

The requirements for screw thread fits for specific applications depend on end use and
can be met by specifying the proper combinations of thread classes for the components.
For example, a Class 2A external thread may be used with a Class 1B, 2B, or 3B internal
thread.

Pitch Diameter Tolerances, All Classes.—The pitch diameter tolerances in Table 3 for
all classes of the UNC, UNF, 4-UN, 6-UN, and 8-UN series are based on a length of
engagement equal to the basic major (nominal) diameter and are applicable for lengths of
engagement up to 11⁄2 diameters.

The pitch diameter tolerances used in Table 3 for all classes of the UNEF, 12-UN, 16-
UN, 20-UN, 28-UN, and 32-UN series and the UNS series, are based on a length of
engagement of 9 pitches and are applicable for lengths of engagement of from 5 to 15
pitches.
Screw Thread Designation.—The basic method of designating a screw thread is used
where the standard tolerances or limits of size based on the standard length of engagement
are applicable. The designation specifies in sequence the nominal size, number of threads
per inch, thread series symbol, thread class symbol, and the gaging system number per
ASME/ANSI B1.3M. The nominal size is the basic major diameter and is specified as the
fractional diameter, screw number, or their decimal equivalent. Where decimal equiva-
lents are used for size callout, they shall be interpreted as being nominal size designations
only and shall have no dimensional significance beyond the fractional size or number des-
ignation. The symbol LH is placed after the thread class symbol to indicate a left-hand
thread:

Examples:
1⁄4-20 UNC-2A (21) or 0.250-20 UNC-2A (21)



UNIFIED SCREW THREADS 1857

10-32 UNF-2A (22) or 0.190-32 UNF-2A (22)
7⁄16-20 UNRF-2A (23) or 0.4375-20 UNRF-2A (23)
2-12 UN-2A (21) or 2.000-12 UN-2A (21)
1⁄4-20 UNC-3A-LH (21) or 0.250-20 UNC-3A-LH (21)
For uncoated standard series threads these designations may optionally be supplemented

by the addition of the pitch diameter limits of size.
Example:
1⁄4-20 UNC-2A (21)
PD 0.2164-0.2127 (Optional for uncoated threads)

Designating Coated Threads.—For coated (or plated) Class 2A external threads, the
basic (max) major and basic (max) pitch diameters are given followed by the words
AFTER COATING. The major and pitch diameter limits of size before coating are also
given followed by the words BEFORE COATING.

Certain applications require an allowance for rapid assembly, to permit application of a
proper lubricant, or for residual growth due to high-temperature expansion. In such appli-
cations where the thread is to be coated and the 2A allowance is not permitted to be con-
sumed by such coating, the thread class symbol is qualified by the addition of the letter G
(symbol for allowance) following the class symbol, and the maximum major and maxi-
mum pitch diameters are reduced below basic size by the amount of the 2A allowance and
followed by the words AFTER COATING. This arrangement ensures that the allowance is
maintained. The major and pitch diameter limits of size before coating are also given fol-
lowed by SPL and BEFORE COATING. For information concerning the designating of
this and other special coating conditions reference should be made to American National
Standard ASME/ANSI B1.1-1989 (R2008).
Designating UNS Threads.—UNS screw threads that have special combinations of
diameter and pitch with tolerance to Unified formulation have the basic form designation
set out first followed always by the limits of size.
Designating Multiple Start Threads.—If a screw thread is of multiple start, it is desig-
nated by specifying in sequence the nominal size, pitch (in decimals or threads per inch)
and lead (in decimals or fractions).
Other Special Designations.—For other special designations including threads with
modified limits of size or with special lengths of engagement, reference should be made to
American National Standard ASME/ANSI B1.1-1989 (R2008).
Hole Sizes for Tapping.—Hole size limits for tapping Classes 1B, 2B, and 3B threads of
various lengths of engagement are given in Table 2 on page 2021.
Internal Thread Minor Diameter Tolerances.—Internal thread minor diameter toler-
ances in Table 3 are based on a length of engagement equal to the nominal diameter. For
general applications these tolerances are suitable for lengths of engagement up to 11⁄2 diam-
eters. However, some thread applications have lengths of engagement which are greater
than 11⁄2 diameters or less than the nominal diameter. For such applications it may be
advantageous to increase or decrease the tolerance, respectively, as explained in the Tap-
ping Section.

Example: 3⁄4-10 UNC-2A (21)
aMajor dia 0.7500 max

a Major and PD values are equal to basic and correspond to those in Table 3 for Class 3A. 

}
AFTER COATING

PD 0.6850 max
bMajor dia 0.7482-0.7353

b Major and PD limits are those in Table 3 for Class 2A. 

}
BEFORE COATING

PD 0.6832-0.6773 }



1858 MINIATURE SCREW THREADS

American Standard for Unified Miniature Screw Threads

This American Standard (B1.10-1958, R1988) introduces a new series to be known as
Unified Miniature Screw Threads and intended for general purpose fastening screws and
similar uses in watches, instruments, and miniature mechanisms. Use of this series is rec-
ommended on all new products in place of the many improvised and unsystematized sizes
now in existence which have never achieved broad acceptance nor recognition by stan-
dardization bodies. The series covers a diameter range from 0.30 to 1.40 millimeters
(0.0118 to 0.0551 inch) and thus supplements the Unified and American thread series
which begins at 0.060 inch (number 0 of the machine screw series). It comprises a total of
fourteen sizes which, together with their respective pitches, are those endorsed by the
American-British-Canadian Conference of April 1955 as the basis for a Unified standard
among the inch-using countries, and coincide with the corresponding range of sizes in ISO
(International Organization for Standardization) Recommendation No. 68. Additionally,
it utilizes thread forms which are compatible in all significant respects with both the Uni-
fied and ISO basic thread profiles. Thus, threads in this series are interchangeable with the
corresponding sizes in both the American-British-Canadian and ISO standardization pro-
grams.

Basic Form of Thread.—The basic profile by which the design forms of the threads cov-
ered by this standard are governed is shown in Table 1. The thread angle is 60 degrees and
except for basic height and depth of engagement which are 0.52p, instead of 0.54127p, the
basic profile for this thread standard is identical with the Unified and American basic
thread form. The selection of 0.52 as the exact value of the coefficient for the height of this
basic form is based on practical manufacturing considerations and a plan evolved to sim-
plify calculations and achieve more precise agreement between the metric and inch dimen-
sional tables.

Products made to this standard will be interchangeable with products made to other stan-
dards which allow a maximum depth of engagement (or combined addendum height) of
0.54127p. The resulting difference is negligible (only 0.00025 inch for the coarsest pitch)
and is completely offset by practical considerations in tapping, since internal thread
heights exceeding 0.52p are avoided in these (Unified Miniature) small thread sizes in
order to reduce excessive tap breakage.

Design Forms of Threads.—The design (maximum material) forms of the external and
internal threads are shown in Table 2. These forms are derived from the basic profile
shown in Table 1 by the application of clearances for the crests of the addenda at the roots
of the mating dedendum forms. Basic and design form dimensions are given in Table 3.

Nominal Sizes: The thread sizes comprising this series and their respective pitches are
shown in the first two columns of Table 5. The fourteen sizes shown in Table 5 have been
systematically distributed to provide a uniformly proportioned selection over the entire
range. They are separated alternately into two categories: The sizes shown in bold type are
selections made in the interest of simplification and are those to which it is recommended
that usage be confined wherever the circumstances of design permit. Where these sizes do
not meet requirements the intermediate sizes shown in light type are available.

Table 1. Unified Miniature Screw Threads — Basic Thread Form

Formulas for Basic Thread Form
Metric units (millimeters) are used in all formulas

Thread Element Symbol Formula

Angle of thread 2α 60°
Half angle of thread α 30°
Pitch of thread p

No. of threads per inch n 25.4/p
Height of sharp V thread H 0.86603p
Addendum of basic thread hab 0.32476p

Height of basic thread hb 0.52p
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Table 2. Unified Miniature Screw Threads — Design Thread Form

Formulas for Design Thread Form (maximum material)a

a Metric units (millimeters) are used in all formulas. 

External Thread Internal Thread
Thread Element Symbol Formula Thread Element Symbol Formula
Addendum has 0.32476p Height of engagement he 0.52p

Height hs 0.60p Height of thread hn 0.556p

Flat at crest Fcs 0.125p Flat at crest Fcn 0.27456p

Radius at root rrs 0.158p
(approx)

Radius at root rrn 0.072p
(approx)
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Table 3. Unified Miniature Screw Threads—Basic and Design Form Dimensions

Table 4. Unified Miniature Screw Threads — Formulas for Basic and Design 
Dimensions and Tolerances

Metric units (millimeters) apply in all formulas. Inch tolerances are not derived by direct conver-
sion of the metric values. They are the differences between the rounded off limits of size in inch units.

Basic Thread Form External Thread Design Form Internal Thread Design Form

Threads
per
inch
na

a In Tables 5 and 6 these values are shown rounded to the nearest whole number. 

Pitch
p

Height of
Sharp V

H =
0.86603p

Height
hb =

0.52p

Addendum
hab =
has =

0.32476p

Height
hs =

0.60p

Flat
at Crest

Fcs =
0.125p

Radius at 
Root
rrs =

0.158p

Height
hn =

0.556p

Flat
at Crest
Fcn =

0.27456p

Radius at
Root
rrn =

0.072p

Millimeter Dimensions

… .080 .0693 .0416 .0260 .048 .0100 .0126 .0445 .0220 .0058
… .090 .0779 .0468 .0292 .054 .0112 .0142 .0500 .0247 .0065
… .100 .0866 .0520 .0325 .060 .0125 .0158 .0556 .0275 .0072
… .125 .1083 .0650 .0406 .075 .0156 .0198 .0695 .0343 .0090
… .150 .1299 .0780 .0487 .090 .0188 .0237 .0834 .0412 .0108
… .175 .1516 .0910 .0568 .105 .0219 .0277 .0973 .0480 .0126
… .200 .1732 .1040 .0650 .120 .0250 .0316 .1112 .0549 .0144
… .225 .1949 .1170 .0731 .135 .0281 .0356 .1251 .0618 .0162
… .250 .2165 .1300 .0812 .150 .0312 .0395 .1390 .0686 .0180
… .300 .2598 .1560 .0974 .180 .0375 .0474 .1668 .0824 .0216

Inch Dimensions

3171⁄2 .003150 .00273 .00164 .00102 .00189 .00039 .00050 .00175 .00086 .00023

2822⁄9 .003543 .00307 .00184 .00115 .00213 .00044 .00056 .00197 .00097 .00026

254 .003937 .00341 .00205 .00128 .00236 .00049 .00062 .00219 .00108 .00028

2031⁄5 .004921 .00426 .00256 .00160 .00295 .00062 .00078 .00274 .00135 .00035

1691⁄3 .005906 .00511 .00307 .00192 .00354 .00074 .00093 .00328 .00162 .00043

1451⁄7 .006890 .00597 .00358 .00224 .00413 .00086 .00109 .00383 .00189 .00050

127 .007874 .00682 .00409 .00256 .00472 .00098 .00124 .00438 .00216 .00057

1128⁄9 .008858 .00767 .00461 .00288 .00531 .00111 .00140 .00493 .00243 .00064

1013⁄5 .009843 .00852 .00512 .00320 .00591 .00123 .00156 .00547 .00270 .00071

842⁄3 .011811 .01023 .00614 .00384 .00709 .00148 .00187 .00657 .00324 .00085

Formulas for Basic Dimensions

D = Basic Major Diameter and Nominal Size in millimeters; p = Pitch in millimeters; E = Basic Pitch Diameter in 
millimeters = D − 0.64952p; and K = Basic Minor Diameter in millimeters = D − 1.04p

Formulas for Design Dimensions (Maximum Material)

External Thread Internal Thread

Ds = Major Diameter = D Dn = Major Diameter = D + 0.072p

Es = Pitch Diameter = E En = Pitch Diameter = E

Ks = Minor Diameter = D − 1.20p Kn = Minor Diameter = K

Formulas for Tolerances on Design Dimensionsa

a These tolerances are based on lengths of engagement of 2⁄3 D to 11⁄2D.

External Thread (−) Internal Thread (+)

Major Diameter Tol., 0.12p + 0.006 bMajor Diameter Tol., 0.168p + 0.008

b This tolerance establishes the maximum limit of the major diameter of the internal thread. In prac-
tice, this limit is applied to the threading tool (tap) and not gaged on the product. Values for this toler-
ance are, therefore, not given in Table 5.

Pitch Diameter Tol., 0.08p + 0.008 Pitch Diameter Tol., 0.08p + 0.008
cMinor Diameter Tol., 0.16p + 0.008

c This tolerance establishes the minimum limit of the minor diameter of the external thread. In prac-
tice, this limit is applied to the threading tool and only gaged on the product in confirming new tools.
Values for this tolerance are, therefore, not given in Table 5.

Minor Diameter Tol., 0.32p + 0.012
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Table 5. Unified Miniature Screw Threads — Limits of Size and Tolerances

Size
Designationa

a Sizes shown in bold type are preferred. 

Pitch

External Threads Internal Threads
Lead Angle 

at Basic 
Pitch Diam.

Sectional Area at 
Minor Diam. at D 

— 1.28p

Major Diam. Pitch Diam. Minor Diam. Minor Diam. Pitch Diam. Major Diam.

Maxb

b This is also the basic dimension. 

Min Maxb Min Maxc

c This limit, in conjunction with root form shown in Table 2, is advocated for use when optical projection methods of gaging are employed. For mechanical gaging the
minimum minor diameter of the internal thread is applied. 

Mind

d This limit is provided for reference only. In practice, the form of the threading tool is relied upon for this limit. 

Minb Max Minb Max Mine

e This limit is provided for reference only, and is not gaged. For gaging, the maximum major diameter of the external thread is applied. 

Maxd

mm mm mm mm mm mm mm mm mm mm mm mm mm deg min sq mm

0.30 UNM 0.080 0.300 0.284 0.248 0.234 0.204 0.183 0.217 0.254 0.248 0.262 0.306 0.327 5 52 0.0307

0.35 UNM 0.090 0.350 0.333 0.292 0.277 0.242 0.220 0.256 0.297 0.292 0.307 0.356 0.380 5 37 0.0433
0.40 UNM 0.100 0.400 0.382 0.335 0.319 0.280 0.256 0.296 0.340 0.335 0.351 0.407 0.432 5 26 0.0581

0.45 UNM 0.100 0.450 0.432 0.385 0.369 0.330 0.306 0.346 0.390 0.385 0.401 0.457 0.482 4 44 0.0814
0.50 UNM 0.125 0.500 0.479 0.419 0.401 0.350 0.322 0.370 0.422 0.419 0.437 0.509 0.538 5 26 0.0908

0.55 UNM 0.125 0.550 0.529 0.469 0.451 0.400 0.372 0.420 0.472 0.469 0.487 0.559 0.588 4 51 0.1195
0.60 UNM 0.150 0.600 0.576 0.503 0.483 0.420 0.388 0.444 0.504 0.503 0.523 0.611 0.644 5 26 0.1307

0.70 UNM 0.175 0.700 0.673 0.586 0.564 0.490 0.454 0.518 0.586 0.586 0.608 0.713 0.750 5 26 0.1780
0.80 UNM 0.200 0.800 0.770 0.670 0.646 0.560 0.520 0.592 0.668 0.670 0.694 0.814 0.856 5 26 0.232

0.90 UNM 0.225 0.900 0.867 0.754 0.728 0.630 0.586 0.666 0.750 0.754 0.780 0.916 0.962 5 26 0.294
1.00 UNM 0.250 1.000 0.964 0.838 0.810 0.700 0.652 0.740 0.832 0.838 0.866 1.018 1.068 5 26 0.363

1.10 UNM 0.250 1.100 1.064 0.938 0.910 0.800 0.752 0.840 0.932 0.938 0.966 1.118 1.168 4 51 0.478
1.20 UNM 0.250 1.200 1.164 1.038 1.010 0.900 0.852 0.940 1.032 1.038 1.066 1.218 1.268 4 23 0.608

1.40 UNM 0.300 1.400 1.358 1.205 1.173 1.040 0.984 1.088 1.196 1.205 1.237 1.422 1.480 4 32 0.811
Thds. per in. inch inch inch inch inch inch inch inch inch inch inch inch deg min sq in

0.30 UNM 318 0.0118 0.0112 0.0098 0.0092 0.0080 0.0072 0.0085 0.0100 0.0098 0.0104 0.0120 0.0129 5 52 0.0000475

0.35 UNM 282 0.0138 0.0131 0.0115 0.0109 0.0095 0.0086 0.0101 0.0117 0.0115 0.0121 0.0140 0.0149 5 37 0.0000671
0.40 UNM 254 0.0157 0.0150 0.0132 0.0126 0.0110 0.0101 0.0117 0.0134 0.0132 0.0138 0.0160 0.0170 5 26 0.0000901

0.45 UNM 254 0.0177 0.0170 0.0152 0.0145 0.0130 0.0120 0.0136 0.0154 0.0152 0.0158 0.0180 0.0190 4 44 0.0001262
0.50 UNM 203 0.0197 0.0189 0.0165 0.0158 0.0138 0.0127 0.0146 0.0166 0.0165 0.0172 0.0200 0.0212 5 26 0.0001407

0.55 UNM 203 0.0217 0.0208 0.0185 0.0177 0.0157 0.0146 0.0165 0.0186 0.0185 0.0192 0.0220 0.0231 4 51 0.0001852
0.60 UNM 169 0.0236 0.0227 0.0198 0.0190 0.0165 0.0153 0.0175 0.0198 0.0198 0.0206 0.0240 0.0254 5 26 0.000203

0.70 UNM 145 0.0276 0.0265 0.0231 0.0222 0.0193 0.0179 0.0204 0.0231 0.0231 0.0240 0.0281 0.0295 5 26 0.000276
0.80 UNM 127 0.0315 0.0303 0.0264 0.0254 0.0220 0.0205 0.0233 0.0263 0.0264 0.0273 0.0321 0.0337 5 26 0.000360

0.90 UNM 113 0.0354 0.0341 0.0297 0.0287 0.0248 0.0231 0.0262 0.0295 0.0297 0.0307 0.0361 0.0379 5 26 0.000456
1.00 UNM 102 0.0394 0.0380 0.0330 0.0319 0.0276 0.0257 0.0291 0.0327 0.0330 0.0341 0.0401 0.0420 5 26 0.000563

1.10 UNM 102 0.0433 0.0419 0.0369 0.0358 0.0315 0.0296 0.0331 0.0367 0.0369 0.0380 0.0440 0.0460 4 51 0.000741
1.20 UNM 102 0.0472 0.0458 0.0409 0.0397 0.0354 0.0335 0.0370 0.0406 0.0409 0.0420 0.0480 0.0499 4 23 0.000943

1.40 UNM 85 0.0551 0.0535 0.0474 0.0462 0.0409 0.0387 0.0428 0.0471 0.0474 0.0487 0.0560 0.0583 4 32 0.001257
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Table 6. Unified Miniature Screw Threads—
Minimum Root Flats for External Threads

Limits of Size Showing Tolerances and Crest Clearances for UNM Threads

Pitch
No. of

Threads
Per Inch

Thread Height for Min. Flat at Root
0.64p

Minimum Flat at Root
Frs = 0.136p

mm mm Inch mm Inch

0.080 318 0.0512 0.00202 0.0109 0.00043

0.090 282 0.0576 0.00227 0.0122 0.00048

0.100 254 0.0640 0.00252 0.0136 0.00054

0.125 203 0.0800 0.00315 0.0170 0.00067

0.150 169 0.0960 0.00378 0.0204 0.00080

0.175 145 0.1120 0.00441 0.0238 0.00094

0.200 127 0.1280 0.00504 0.0272 0.00107

0.225 113 0.1440 0.00567 0.0306 0.00120

0.250 102 0.1600 0.00630 0.0340 0.00134

0.300 85 0.1920 0.00756 0.0408 0.00161�
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Limits of Size: Formulas used to determine limits of size are given in Table 4; the limits of
size are given in Table 5. The diagram on page 1862 illustrates the limits of size and Table
6 gives values for the minimum flat at the root of the external thread shown on the diagram.

Classes of Threads: The standard establishes one class of thread with zero allowance on
all diameters. When coatings of a measurable thickness are required, they should be
included within the maximum material limits of the threads since these limits apply to both
coated and uncoated threads.

Hole Sizes for Tapping: Suggested hole sizes are given in the Tapping Section.

Unified Screw Threads of UNJ Basic Profile

British Standard UNJ Threads.—This British Standard BS 4084: 1978 arises from a
request originating from within the British aircraft industry and is based upon specifica-
tions for Unified screw threads and American military standard MIL-S-8879.

These UNJ threads, having an enlarged root radius, were introduced for applications
requiring high fatigue strength where working stress levels are high, in order to minimize
size and weight, as in aircraft engines, airframes, missiles, space vehicles and similar
designs where size and weight are critical. To meet these requirements the root radius of
external Unified threads is controlled between appreciably enlarged limits, the minor
diameter of the mating internal threads being appropriately increased to insure the neces-
sary clearance. The requirement for high strength is further met by restricting the toler-
ances for UNJ threads to the highest classes, Classes 3A and 3B, of Unified screw threads.

The standard, not described further here, contains both a coarse and a fine pitch series of
threads. BS 4084: 1978 is technically identical to ISO 3161-1977 except for Appendix A. 

ASME Unified Inch Screw Threads, UNJ Form.—The ASME B1.15-1995 standard is
similar to Military Specification MIL-S-8879, and equivalent to ISO 3161-1977 for thread
Classes 3A and 3B. Basic profile dimensions are given in Table 1, page 1864.

The ASME B1.15-1995 standard establishes the basic profile for the UNJ thread form,
specifies a system of designation, lists the standard series of diameter-pitch combinations
for diameters from 0.060 to 6.00 inches, and specifies limiting dimensions and tolerances.
It specifies the characteristics of the UNJ inch series of threads having 0.15011P to
0.18042P designated radius at the root of the external thread, and also having the minor
diameter of the external and internal threads increased above the ASME B1.1 UN and
UNR thread forms to accommodate the external thread maximum root radius.

UNJ threads are similar to UN threads except for a large radius in the root, or minor diam-
eter, of the external thread. The radius eliminates sharp corners in the minor diameter of the
bolt to increase the stripping strength. The fillets or radius in sharp corners increases
strength at stress points where cracking or failure may occur due to change in temperature,
heavy loads, or vibration. Other dimensions are the same as the UN thread.

Because the radius on the external thread increases the minor diameter of the bolt, the
internal thread, or nut, is modified accordingly to permit assembly. The minor diameter of
the internal thread is enlarged to clear the radius. This is the only change to the internal
thread. All other dimensions are the same as standard Unified threads. Different types of
tap drill sizes are required to produce UNJ thread. All tooling for external threads, thread
rolls, and chasers must be made to produce a radius at the minor diameter. All runout or
incomplete threads shall have a radius also.

Thread conforming to the ASME B1.1 UN profile and the UNJ profile are not inter-
changeable because of possible interference between the UNJ external thread minor diam-
eter and the UN internal thread minor diameter. However, the UNJ internal thread will
assemble with the UN external thread.
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Threads
per inch Pitch Pitch Line

Flat at
Internal
Thread
Crest

Flat at
Internal Thread

Root and
External Thread

Crest

Height of 
Sharp

V Thread

Height of
Internal Thread

and
Depth of Thread

Engagement
Addendum of

External Thread

Truncation of
Internal

Thread Crest

Truncation of
Internal Thread

Root and
External Thread 

Crest

Half Addendum
of External

Thread
(REF. ONLY)

n P = 1/n 0.5P 0.3125P 0.125P H = 0.866025P 0.5625H = 0.487139P 0.375H = 0.324760P 0.3125H = 0.270633P 0.125H = 0.108253P 0.1875H = 0.16238P

80 0.012500 0.006250 0.00391 0.00156 0.010825 0.00609 0.00406 0.00338 0.00135 0.00203
72 0.013889 0.006944 0.00434 0.00174 0.012028 0.00677 0.00451 0.00376 0.00150 0.00226
64 0.015625 0.007813 0.00488 0.00195 0.013532 0.00761 0.00507 0.00423 0.00169 0.00254
56 0.017857 0.008929 0.00558 0.00223 0.015465 0.00870 0.00580 0.00483 0.00193 0.00290
48 0.020833 0.010417 0.00651 0.00260 0.018042 0.01015 0.00677 0.00564 0.00226 0.00338
44 0.022727 0.011364 0.00710 0.00284 0.019682 0.01107 0.00738 0.00615 0.00246 0.00369
40 0.025000 0.012500 0.00781 0.00313 0.021651 0.01218 0.00812 0.00677 0.00271 0.00406
36 0.027778 0.013889 0.00868 0.00347 0.024056 0.01353 0.00902 0.00752 0.00301 0.00451
32 0.031250 0.015625 0.00977 0.00391 0.027063 0.01522 0.01015 0.00846 0.00338 0.00507
28 0.035714 0.017857 0.01116 0.00446 0.030929 0.01740 0.01160 0.00967 0.00387 0.00580
24 0.041667 0.020833 0.01302 0.00521 0.036084 0.02030 0.01353 0.01128 0.00451 0.00677
20 0.050000 0.025000 0.01563 0.00625 0.043301 0.02436 0.01624 0.01353 0.00541 0.00812
18 0.055556 0.027778 0.01736 0.00694 0.048113 0.02706 0.01804 0.01504 0.00601 0.00902
16 0.062500 0.031250 0.01953 0.00781 0.054127 0.03045 0.02030 0.01691 0.00677 0.01015
14 0.071429 0.035714 0.02232 0.00893 0.061859 0.03480 0.02320 0.01933 0.00773 0.01160
12 0.083333 0.041667 0.02604 0.01042 0.072169 0.04059 0.02706 0.02255 0.00902 0.01353
11 0.090909 0.045455 0.02841 0.01136 0.078730 0.04429 0.02952 0.02460 0.00984 0.01476
10 0.100000 0.050000 0.03125 0.01250 0.086603 0.04871 0.03248 0.02706 0.01083 0.01624
9 0.111111 0.055556 0.03472 0.01389 0.096225 0.05413 0.03608 0.03007 0.01203 0.01804
8 0.125000 0.062500 0.03906 0.01563 0.108253 0.06089 0.04060 0.03383 0.01353 0.02030
7 0.142857 0.071429 0.04464 0.01786 0.123718 0.06959 0.04639 0.03866 0.01546 0.02320
6 0.166667 0.083333 0.05208 0.02083 0.144338 0.08119 0.05413 0.04511 0.01804 0.02706
5 0.200000 0.100000 0.06250 0.02500 0.173205 0.09743 0.06495 0.05413 0.02165 0.03248

4.5 0.222222 0.111111 0.06944 0.02778 0.192450 0.10825 0.07217 0.06014 0.02406 0.03608
4 0.250000 0.125000 0.07813 0.03125 0.216506 0.12178 0.08119 0.06766 0.02706 0.04060

Machinery's Handbook 29th Edition
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CALCULATING THREAD DIMENSIONS

Introduction

The purpose of the ASME B1.30 standard is to establish uniform and specific practices
for calculating and rounding the numeric values used for inch and metric screw thread
design data dimensions only. No attempt has been made to establish a policy of rounding
actual thread characteristics measured by the manufacturer or user of thread gages. Cov-
ered is the Standard Rounding Policy* regarding the last figure or decimal place to be
retained by a numeric value and the number of decimal places to be retained by values used
in intermediate calculations of thread design data dimensions. Values calculated to this
ASME B1.30 Standard for inch and metric screw thread design data dimensions may vary
slightly from values shown in existing issues of ASME B1 screw thread standards and are
to take precedence in all new or future revisions of ASME B1 standards as applicable
except as noted in following paragraph. 

Metric Application.—Allowances (fundamental deviations) and tolerances for metric M
and MJ screw threads are based upon formulas which appear in applicable standards. Val-
ues of allowances for standard tolerance positions and values of tolerances for standard tol-
erance grades are tabulated in these standards for a selection of pitches. Rounding rules
specified in ASME B1.30 have not been applied to these values but have followed prac-
tices of the International Organization for Standardization (ISO). For pitches which are not
included in the tables, standard formulas and the rounding rules specified herein are appli-
cable.

ISO rounding practices, for screw thread tolerances and allowances, use rounding to the
nearest values in the R40 series of numbers in accordance with ISO 3 (see page 674). In
some cases, the rounded values have been adjusted to produce a smooth progression. Since
the ISO rounded values have been standardized internationally, for metric screw threads, it
would lead to confusion if tolerances and allowances were recalculated using B1.30 rules
for use in the USA. B1.30 rounding rules are, therefore, only applicable to special threads
where tabulated values do not exist in ISO standards. Values calculated using the ISO R40
series values may differ from those calculated using B1.30. In such a case the special
thread values generated using B1.30 take precedence.

Purpose.—Thread dimensions calculated from published formulas frequently may not
yield the exact values published in the standards. The difference in most cases are due to
rounding policy. 

The ASME B1.30 standard specifies that pitch, P, values shall be rounded to eight deci-
mal places. In Example 1 that follows on page 1867, the pitch of 28 threads per inch,
0.03571429, is correct; using 1⁄28 or 0.0357 or 0.0357142856 instead of 0.03571429 will not
produce values that conform to values calculated according this standard. 

The rounding rules specified by the standard are not uniform, and vary by feature. Pitch
is held to eight decimal places, maximum major diameter to four decimal places, and toler-
ances to six decimal places. In order to maintain same screw dimensions, everybody has to
follow the same rounding practice. 

Basic profile of UN and UNF screw threads are shown on Fig. 1. Here we show two
example of detail calculations of UNEF and UNS External and Internal thread, where all
the ins and outs of rounding policy, formulas, and detail description is provided for better
understanding, and individual to find out accurate dimensions.
* It is recognized that ASME B1.30 is not in agreement with other published documents, e.g., ASME SI-
9, Guide for Metrication of Codes and Standards SI (Metric) Units, and IEEE/ASTM SI 10, Standard
for Metric Practice. The rounding practices used in the forenamed documents are designed to produce
even distribution of numerical values. The purpose of this document is to define the most practical and
common used method of rounding numerical thread form values. Application of this method is far more
practical in the rounding of thread form values. 
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Calculating and Rounding Dimensions

Rounding of Decimal Values.—The following rounding practice represents the method
to be used in new or future revisions of ASME B1 thread standards.

Rounding Policy: When the figure next beyond the last figure or place retained is less
than 5, the figure in the last place retained is kept unchanged.

Example:

When the figure next beyond the last figure or place retained is greater than 5, the figure
in the last place retained is increased by 1.

Example:

When the figure next beyond the last figure or place retained is 5, and:
1) There are no figures, or only zeros, beyond the 5, the last figure should be increased

by 1.

Example:

2) If the 5 next beyond the figure in the last place to be retained is followed by any fig-
ures other than zero, the figure in the last place retained should be increased by 1. 

Example:

The final rounded value is obtained from the most precise value available and not from a
series of successive rounding. For example, 0.5499 should be rounded to 0.550, 0.55 and
0.5 (not 0.6), since the most precise value available is less than 0.55. Similarly, 0.5501
should be rounded as 0.550, 0.55 and 0.6, since the most precise value available is more
than 0.55. In the case of 0.5500 rounding should be 0.550, 0.55 and 0.6, since the most pre-
cise value available is 0.5500.

Calculations from Formulas, General Rules.—1) Values for pitch and constants
derived from a function of pitch are used out to eight decimal places for inch series. The
eight place values are obtained by rounding their truncated ten place values. 

Seven decimal place values for metric series constants are derived by rounding their trun-
cated nine place values. 

Values used in intermediate calculations are rounded to two places beyond the number of
decimal places retained for the final value, see Tables 1 and 7.

2) Rounding to the final value is the last step in a calculation.

1.012342 1.01234

1.012342 1.0123

1.012342 1.012

1.56789 1.5679

1.56789 1.568

1.56789 1.57

1.01235 1.0124

1.0123500 1.0124

1.012345 1.01235

1.01234500 1.01235

1.0123501 1.0124

1.0123599 1.0124

1.01234501 1.01235

1.01234599 1.01235
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Example 1, Rounding Inch Series:

3) For inch screw thread dimensions, four decimal places are required for the final values
of pitch diameter, major diameter, and minor diameter with the exception of Class 1B and
2B internal thread minor diameters for thread sizes 0.138 and larger. 

The final values for the allowances and tolerances applied to thread elements are
expressed to four decimal places except for external thread pitch diameter tolerance, Td2,
which is expressed to six decimal places.

Minor Diameter Exceptions for Internal Threads:
Minimum Minor Diameter: All classes are calculated and then rounded off to the near-

est 0.001 inch and expressed in three decimal places for sizes 0.138 inch and larger.
For Class 3B, a zero is added to yield four decimal places.

Maximum Minor Diameter: All classes are calculated before rounding, then rounded
for Classes 1B and 2B to the nearest 0.001 in. for sizes 0.138 in. and larger. Class 3B
values are rounded to four decimal places.

4) Metric screw threads are dimensioned in millimeters. The final values of pitch diame-
ter, major diameter, minor diameter, allowance and thread element tolerances are
expressed to three decimal places.

5) Values containing multiple trailing zeros out to the required number of decimal places
can be expressed by displaying only two of them beyond the last significant digit.

Example:20 threads per inch has a pitch equal to 0.05000000 and can be expressed as
0.0500.

Examples

Inch Screw Threads.—The formulas in the examples for inch screw threads are based on
those listed in ASME B1.1, Unified Inch Screw Threads. Table 3 and Table 4 are based on
a size that when converted from a fraction to a decimal will result in a number that has only
four decimal places. Table 5 and Table 6 are based on a size that when converted will result
in a number with infinite numbers of digits after the decimal point. Fig. 1 is provided for
reference.
Metric Screw Threads.—The formulas for metric screw threads are based on those listed
in ASME B1.13M, Metric Screw Threads. The calculation of size limits for standard diam-
eter/pitch combinations listed in both ISO 261 and ASME B1.13M use the tabulated val-
ues for allowances and tolerances (in accordance with ISO 965-1). The constant values
differ from those used for inch screw threads, in accordance with the policy of rounding of
this standard, because metric limits of size are expressed to only three decimal places
rather than four.
Thread Form Constants.—For thread form data see Table 2. The number of decimal
places and the manner in which they are listed should be consistent. Thread form constants
printed in older thread standards are based on a function of thread height (H) or pitch (P).
The equivalent of the corresponding function is also listed. There are some constants that
would require these values to 8 or 7 decimal places before they would round to equivalent

Table 1. Number of Decimal Places Used in Calculations

Units Pitch Constants Intermediate Final

Inch 8 8 6 4
Metric as designated 7 5 3

n 28 threads per inch= P
1
n
--- 1

28
------= =

P 0.0357142857= calculated and truncated to 10 places( )
P 0.03571429= rounded to 8 places( )
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values. For standardization the tabulated listing of thread values based on a function of
pitch has been established, with thread height used as a reference only All thread calcula-
tions are to be performed using a function of pitch (P), rounded to 8 decimal places for inch
series and as designated for metric series, not a function of thread height (H). Thread height
is to be used for reference only. See Table 7.

Fig. 1. Basic Profile of UN and UNF Screw Threads

Table 2. Thread Form Data

Constant for Inch
Series (8-place) Reference Values

Constant for Metric
Series (7-place)

0.04811252P
1⁄18 H 0.0556H 0.0481125P

0.05412659P
1⁄16 H 0.0625H 0.0541266P

0.08660254P 1⁄10 H 0.1000H 0.0866025P

0.09622504P 1⁄9 H 0.1111H 0.0962250P

0.10825318P 1⁄8 H 0.1250H 0.1082532P

0.12990381P 3⁄20 H 0.1500H 0.1299038P

0.14433757P 1⁄6 H 0.1667H 0.1443376P

0.16237976P 3⁄16 H 0.1875H 0.1623798P

0.21650635P 1⁄4 H 0.2500H 0.2165064P

0.28867513P 1⁄3 H 0.3333H 0.2886751P

0.32475953P 3⁄8 H 0.3750H 0.3247595P

0.36084392P 5⁄12 H 0.4167H 0.3608439P

0.39692831P 11⁄24 H 0.4583H 0.3969283P

0.43301270P 1⁄2 H 0.5000H 0.4330127P

0.48713929P 9⁄16 H 0.5625H 0.4871393P

0.54126588P 5⁄8 H 0.6250H 0.5412659P

0.57735027P 2⁄3 H 0.6667H 0.5773503P

0.59539246P 11⁄16 H 0.6875H 0.5953925P

0.61343466P 17⁄24 H 0.7083H 0.6134347P

0.61602540P … 0.7113H 0.6160254P

0.64951905P 3⁄4 H 0.7500H 0.6495191P

0.72168783P 5⁄6 H 0.8333H 0.7216878P

0.79385662P 11⁄12 H 0.9167H 0.7938566P

0.86602540P H 1.0000H 0.8660254P

1.08253175P 5⁄4 H 1.2500H 1.0825318P

1.19078493P 11⁄8 H 1.3750H 1.1907849P

1.22686932P 17⁄12 H 1.4167H 1.2268693P
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Table 3. External Inch Screw Thread Calculations for 1⁄2 -28 UNEF-2A

Characteristic Description Calculation Notes

Basic major diameter, dbsc dbsc is rounded to four decimal places

Pitch, P P is rounded to eight decimal places

Maximum external major diameter (dmax) =
 basic major diameter (dbsc) − allowance (es) es is the basic allowance

Basic major diameter (dbsc) dbsc is rounded to four decimal places

Allowance (es) Td2 is the pitch diameter tolerance for Class 2A 

External pitch diameter tolerance Td2
LE = 9P (length of engagement)
Td2 is rounded to six decimal places

Allowance (es) es is rounded to four decimal places 

Maximum external major diameter (dmax) dmax is rounded to four decimal places

Minimum external major diameter (dmin) =
maximum external major diameter (dmax) −
major diameter tolerance (Td)

Td is the major diameter tolerance

Major diameter tolerance (Td) Td is rounded to four decimal places

dbsc
1
2
--- 0.5 0.5000= = =

P
1

28
------ 0.035714285714 0.03571429= = =

dmax dbsc es–=

dbsc 0.5000=

es 0.300 Td2 for Class  2A×=

Td2 0.0015D

1
3
---

0.0015 LE 0.015P

2
3
---

+ +=

0.0015 0.5

1
3
---

× 0.0015 9 0.03571429× 0.015 0.03571429( )
2
3
---

+ +=

0.001191 0.000850 0.001627+ += 0.003668=

es 0.300 0.003668× 0.0011004 0.0011= = =

dmax dbase es– 0.5000 0.0011– 0.4989= = =

dmin dmax Td–=

Td 0.060 P
23 0.060 0.0357142923×= =

0.060 0.0012763×= 0.060 0.108463×=

0.00650778= 0.0065=

Machinery's Handbook 29th Edition
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Minimum external major diameter (dmin) dmin is rounded to four decimal places

Maximum external pitch diameter (d2max) =
maximum external major diameter (dmax) −
twice the external thread addendum (has)

has = external thread addendum

External thread addendum 2has is rounded to six decimal places

Maximum external pitch diameter (d2max) d2max is rounded to four decimal places

Minimum external pitch diameter (d2min) =
 maximum external pitch diameter (d2max) −
external pitch diameter tolerance (Td2)

Td2 = external pitch diameter tolerance
(see previous Td2 calculation in this table)

Minimum external pitch diameter (d2min) d2min is rounded to four decimal places

Maximum external UNR minor diameter (d3max) =
maximum external major diameter (dmax) −
double height of external UNR thread 2hs

hs = external UNR thread height, 

External UNR thread height (2hs) 2hs rounded to six decimal places

Maximum external UNR minor diameter (d3max) d3max is rounded to four decimal places 

Table 3. (Continued) External Inch Screw Thread Calculations for 1⁄2 -28 UNEF-2A

Characteristic Description Calculation Notes

dmin dmax Td– 0.4989 0.006508–= =

0.492392= 0.4924=

d2max dmax 2 has×–=

has
0.64951905P

2
--------------------------------= 2has 0.64951905P=

2has 0.64951905 0.03571429× 0.02319711= =

0.023197=

d2max dmax 2 has×– 0.4989 0.23197–= =

0.475703= 0.4757=

d2min d2max Td2–=

d2min d2max Td2– 0.4757 0.003668–= =

0.472032= 0.4720=

d3max dmax 2 hs×–=

2hs 1.19078493P 1.19078493 0.03571429×= =

0.042528=

d3max dmax 2 hs×– 0.4989 0.042528–= =

0.456372= 0.4564=

Machinery's Handbook 29th Edition
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Maximum external UN minor diameter (d1max) =
maximum external major diameter (dmax) −
double height of external UN thread 2hs

For UN threads, 
2hs = 2hn

Double height of external UN thread 2hs 2hs is rounded to six decimal places

Maximum external UN minor diameter (d1max) d1max is rounded to four decimal places 

Table 4. Internal Inch Screw Thread Calculations for 1⁄2 -28 UNEF-2B

Characteristic Description Calculation Notes

Basic major diameter, dbsc dbsc is rounded to four decimal places

Pitch, P P is rounded to eight decimal places

Minimum internal minor diameter (D1min) = 
basic major diameter (Dbsc) −
double height of external UN thread 2hn

2hn is the double height of external UN thread

Double height of external UN thread 2hs 2hn is rounded to six decimal places

Minimum internal major diameter (D1min)
For class 2B the value is rounded to three decimal 
places to obtain the final values

Table 3. (Continued) External Inch Screw Thread Calculations for 1⁄2 -28 UNEF-2A

Characteristic Description Calculation Notes

d1max dmax 2 hs×–=

2hs 1.08253175P=

1.08253175 0.03571429×= 0.03866185=

0.038662=

d1max dmax 2 hs×–=

0.4989 0.038662–= 0.460238 0.4602= =

dbsc
1
2
--- 0.5 0.5000= = =

P
1

28
------ 0.035714285714 0.03571429= = =

D1min Dbsc 2hn–=

2hn 1.08253175P 1.08253175 0.03571429×= =

0.03866185= 0.038662=

D1min Dbsc 2 hn×– 0.5000 0.038662–= =

0.461338= 0.461=
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Maximum internal minor diameter (D1max) = 
minimum internal minor diameter (D1min) + 
internal minor diameter tolerance TD1

D1min is rounded to six decimal places

Internal minor diameter tolerance TD1 TD1 is rounded to four decimal places. 

Maximum internal minor diameter (D1max)
For the Class 2B thread D1max is rounded to three 
decimal places to obtain final values. Other sizes 
and classes are expressed in a four decimal places

Minimum internal pitch diameter (D2min) = 
basic major diameter (Dbsc) −
twice the external thread addendum (hb)

hb= external thread addendum

External thread addendum (hb) hb is rounded to six decimal places

Minimum internal pitch diameter (D2min) D2min is rounded to four decimal places

Maximum internal pitch diameter (D2max) = 
minimum internal pitch diameter (D2min) + 
internal pitch diameter tolerance (TD2)

TD2 = external pitch diameter tolerance

External pitch diameter tolerance TD2

Constant 1.30 is for this Class 2B example, and 
will be different for Classes 1B and 3B.
Td2 for Class 2A (see Table 3) is rounded to six 
decimal places. TD2 is rounded 4 to places

Maximum internal pitch diameter (D2max) D2max is rounded to four decimal places

Table 4. (Continued) Internal Inch Screw Thread Calculations for 1⁄2 -28 UNEF-2B

Characteristic Description Calculation Notes

D1max D1min TD1+=

TD1 0.25P 0.40P
2–=

0.25 0.03571429× 0.40 0.035714292×–=

0.008929 0.000510–= 0.008419 0.003127= =

D1max D1min TD1+ 0.461338 0.008419+= =

0.469757= 0.470=

D2min Dbsc hb–=

hb 0.64951905P 0.64951905 0.03571429×= =

0.02319711= 0.023197=

D2min Dbsc hb– 0.5000 0.023197–= =

0.476803= 0.4768=

D2max D2min TD2+=

TD2 1.30 Td2  for Class  2A( )× 1.30 0.003668×= =

0.0047684= 0.0048=

D2max D2min TD2+ 0.4768 0.0048+ 0.4816= = =

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



C
A

L
C

U
L

A
T

IN
G

 T
H

R
E

A
D

 D
IM

E
N

SIO
N

S
1873

Minimum internal major diameter (Dmin) = 
basic major diameter (Dbsc)

Dmin is rounded to four decimal places

Table 5. External Inch Screw Thread Calculations for 19⁄64 -36 UNS-2A

Characteristic Description Calculation Notes

Basic major diameter, dbsc dbsc is rounded to four decimal places

Pitch, P P is rounded to eight decimal places

Maximum external major diameter (dmax) = 
basic major diameter (dbsc) − allowance (es)

Allowance (es) Td2 is Pitch diameter tolerance for Class 2A

External pitch diameter tolerance, Td2
LE = 9P (length of engagement) 
Td2 is rounded to six decimal places

Allowance (es) es is rounded to four decimal places 

Maximum external major diameter (dmax) dmax is rounded to four decimal places

Table 4. (Continued) Internal Inch Screw Thread Calculations for 1⁄2 -28 UNEF-2B

Characteristic Description Calculation Notes

Dmin Dbsc 0.5000= =

dbsc
19
64
------ 0.296875 0.2969= = =

P
1

36
------ 0.0277777777778 0.02777778= = =

dmax dbsc es–=

es 0.300 Td2 for Class  2A×=

Td2 0.0015D

1
3
---

0.0015 LE 0.015P

2
3
---

+ +=

0.0015 0.2969

1
3
---

× 0.0015 9 0.02777778× 0.015 0.02777778( )
2
3
---

+ +=

0.001000679 0.00075 0.001375803+ += 0.003126482=

0.003127=

es 0.300 0.003127× 0.0009381 0.0009= = =

dmax dbsc es– 0.2969 0.0009– 0.2960= = =
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Minimum external major diameter (dmin) = 
maximum external major diameter (dmax) −
major diameter tolerance (Td)

Td is the major diameter tolerance

Major diameter tolerance (Td) Td is rounded to four decimal places

Minimum external major diameter (dmin) dmin is rounded to four decimal places

Maximum external pitch diameter (d2max) = 
maximum external major diameter (dmax) −
twice the external thread addendum

has = external thread addendum

External thread addendum has is rounded to six decimal places

Maximum external pitch diameter (d2max) d2max is rounded to four decimal places

Minimum external pitch diameter (d2min) = 
maximum external pitch diameter (d2max) −
external pitch diameter tolerance (Td2)

Td2 = external pitch diameter tolerance
(see previous Td2 calculation in this table)

Minimum external pitch diameter (d2min) d2min is rounded to four decimal places

Table 5. (Continued) External Inch Screw Thread Calculations for 19⁄64 -36 UNS-2A

Characteristic Description Calculation Notes

dmin dmax Td–=

Td 0.060 P
23 0.060 0.0277777823×= =

0.060 0.0007723×= 0.060 0.091736×=

0.00550416= 0.0055=

dmin dmax Td– 0.2960 0.0055– 0.2905= = =

d2max dmax 2 has×–=

has
0.64951905P

2
--------------------------------= 2has 0.64951905P=

2has 0.64951905 0.02777778× 0.0180421972= =

0.018042=

d2max dmax 2has– 0.2960 0.018042–= =

0.277958= 0.2780=

d2min d2max Td2–=

d2min d2max Td2– 0.2780 0.003127–= =

0.274873= 0.2749=
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Maximum external UNR minor diameter (d3max) = 
maximum external major diameter (dmax) −
double height of external UNR thread 2hs

hs= external UNR thread height, 

External UNR thread height  2hs is rounded to six decimal places

Maximum external UNR minor diameter (d3max) d3max is rounded to four decimal places 

Maximum external UN minor diameter (d1max) = 
maximum external major diameter (dmax) −
double height of external UN thread 2hs

For UN threads, 2hs =2hn

Double height of external UN thread 2hs
For UN threads, 2hs = 2hn

2hs is rounded to six decimal places

Maximum external UN minor diameter (d1max)
Maximum external UN minor diameter is rounded 
to four decimal places 

Table 6. Internal Inch Screw Thread Calculations for 19⁄64 -28 UNS-2B

Characteristic Description Calculation Notes

Minimum internal minor diameter (D1min) = 
basic major diameter (Dbsc) −
double height of external UN thread 2hn

2hn is the double height of external UN threads

Basic major diameter (Dbsc)
This is the final value of basic major diameter 
(given) and rounded to four decimal places

Table 5. (Continued) External Inch Screw Thread Calculations for 19⁄64 -36 UNS-2A

Characteristic Description Calculation Notes

d3max dmax 2hs–=

2hs 1.19078493P 1.19078493 0.02777778×= =

0.033077362= 0.033077=

d3max dmax 2hs– 0.2960 0.033077–= =

0.262923= 0.2629=

d1max dmax 2 hs×–=

2hs 1.08253175P 1.08253175 0.02777778×= =

0.030070329= 0.030070=

d1max dmax 2hs– 0.2960 0.030070–= =

0.265930= 0.2659=

D1min Dbsc 2hn–=

Dbsc
19
64
------ 0.296875 0.2969= = =
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Double height of external UN thread 2hs P is rounded to eight decimal places

Minimum internal major diameter (D1min)
For class 2B the value is rounded to three decimal 
places to obtain the final value, other sizes and 
classes are expressed in a four place decimal.

Maximum internal minor diameter (D1max) = 
minimum internal minor diameter (D1min) + 
internal minor diameter tolerance TD1

D1min is rounded to six decimal places

Internal minor diameter tolerance TD1 TD1 is rounded to four decimal places. 

Maximum internal minor diameter (D1max)

For Class 2B thread the value is rounded to three 
decimal places to obtain the final values. Other 
sizes and classes are expressed in a four decimal 
places

Minimum internal pitch diameter (D2min) = 
basic major diameter (Dbsc) −
twice the external thread addendum (hb)

hb = external thread addendum

External thread addendum hb is rounded to six decimal places

Minimum internal pitch diameter (D2min) D2min is rounded to four decimal places

Table 6. (Continued) Internal Inch Screw Thread Calculations for 19⁄64 -28 UNS-2B

Characteristic Description Calculation Notes

2hn 1.08253175P 1.08253175 0.02777778×= =

0.030070329= 0.030070=

D1min Dbsc 2hn– 0.2969 0.030070–= =

0.266830= 0.267=

D1max D1min TD1+=

TD1 0.25P 0.40P
2–=

0.25= 0.02777778× 0.40 0.027777782×–

0.006944 0.000309–= 0.006635 0.0066= =

D1max D1min TD1+ 0.266830 0.006635+= =

0.273465= 0.273=

D2min D1max hb–=

hb 0.64951905P 0.64951905 0.02777778×= =

0.018042197= 0.018042=

D2min Dbsc hb– 0.2969 0.018042–= =

0.278858= 0.2789=
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Maximum internal pitch diameter (D2max) = 
minimum internal pitch diameter (D2min) + 
internal pitch diameter tolerance (TD2)

TD2 = external pitch diameter tolerance

External pitch diameter tolerance TD2

The constant 1.30 is for this Class 2B example, 
and will be different for Classes 1B and 3B.
Td2 for Class 2A (see calculation, Table 5) is 
rounded to six decimal places

Maximum internal pitch diameter (D2max) D2max is rounded to four decimal places

Minimum internal major diameter (Dmin) = 
basic major diameter (Dbsc)

Dmin is rounded to four decimal places

Table 7. Number of Decimal Places for Intermediate and Final Calculations of Thread Characteristics

Symbol Dimensions
Intermediate Final

Symbol Dimensions
Intermediate Final

Inch Metric Inch Metric Inch Metric Inch Metric

d Major diameter, external thread … … 4 3 LE Length of thread engagement 6 N/A … …
D Major diameter, internal thread … … 4 3 P Pitch … … 8 Note a

a Metric pitches are not calculated. They are stated in the screw thread designation and are to be used out to the number of decimal places as stated. 

d2 Pitch diameter, external thread … … 4 3 Td Major diameter tolerance … … 4 3
D2 Pitch diameter, internal thread … … 4 3 Td2 Pitch diameter tolerance, external thread … … 6 3
d1 Minor diameter, external thread … … 4 3 TD2 Pitch diameter tolerance, internal thread … … 4 3
d3 Minor diameter, rounded root external thread … … 4 3 TD1 Minor diameter tolerance, internal thread … … 4 3

D1
Minor diameter, internal threads for sizes 0.138 
and larger for Classes 1B and 2B only … … 3 N/A hb = 2has Twice the external thread addendum 6 N/A … …

D1

Minor diameter, internal threads for sizes smaller 
than 0.138 for Classes 1B and 2B, and all sizes for 
Class 3B

… … 4 N/A 2hs Double height of UNR external thread 6 N/A … …

D1 Minor diameter, internal metric thread … … N/A 3 2hn
Double height of internal thread and UN external 
thread 6 N/A … …

es
Allowance at major pitch and minor diameters of 
external thread … … 3 Twice the external thread addendum 6 N/A … …

Table 6. (Continued) Internal Inch Screw Thread Calculations for 19⁄64 -28 UNS-2B

Characteristic Description Calculation Notes

D2max D2min TD2+=

TD2 1.30 Td2  for Class  2A( )×=

1.30 0.003127×= 0.0040651 0.0041= =

D2max D2min TD2+ 0.2789 0.0041+ 0.2830= = =

Dmin Dbsc 0.2969= =
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METRIC SCREW THREADS

American National Standard Metric Screw Threads M Profile

American National Standard ANSI/ASME B1.13M-2005 describes a system of metric
threads for general fastening purposes in mechanisms and structures. The standard is in
basic agreement with ISO screw standards and resolutions, as of the date of publication,
and features detailed information for diameter-pitch combinations selected as to preferred
standard sizes. This Standard contains general metric standards for a 60-degree symmetri-
cal screw thread with a basic ISO 68 designated profile.

Application Comparison with Inch Threads.—The metric M profile threads of toler-
ance class 6H/6g (see page 1885) are intended for metric applications where the inch class
2A/2B have been used. At the minimum material limits, the 6H/6g results in a looser fit
than the 2A/2B. Tabular data are also provided for a tighter tolerance fit external thread of
class 4g6g which is approximately equivalent to the inch class 3A but with an allowance
applied. It may be noted that a 4H5H/4h6h fit is approximately equivalent to class 3A/3B
fit in the inch system.

Interchangeability with Other System Threads.—Threads produced to this Standard
ANSI/ASME B1.13M are fully interchangeable with threads conforming to other
National Standards that are based on ISO 68 basic profile and ISO 965/1 tolerance prac-
tices.

Threads produced to this Standard should be mechanically interchangeable with those
produced to ANSI B1.18M-1982 (R1987) “Metric Screw Threads for Commercial
Mechanical Fasteners—Boundary Profile Defined,” of the same size and tolerance class.
However, there is a possibility that some parts may be accepted by conventional gages
used for threads made to ANSI/ASME B1.13M and rejected by the Double-NOT-GO
gages required for threads made to ANSI B1.18M.

Threads produced in accordance with M profile and MJ profile ANSI/ASME B1.21M
design data will assemble with each other. However, external MJ threads will encounter
interference on the root radii with internal M thread crests when both threads are at maxi-
mum material condition.

Definitions.—The following definitions apply to metric screw threads — M profile.
 Allowance: The minimum nominal clearance between a prescribed dimension and its

basic dimension. Allowance is not an ISO metric screw thread term but it is numerically
equal to the absolute value of the ISO term fundamental deviation.

 Basic Thread Profile: The cyclical outline in an axial plane of the permanently estab-
lished boundary between the provinces of the external and internal threads. All deviations
are with respect to this boundary. (See Figs. 1 and  5.)

 Bolt Thread (External Thread): The term used in ISO metric thread standards to
describe all external threads. All symbols associated with external threads are designated
with lower case letters. This Standard uses the term external threads in accordance with
United States practice.

 Clearance: The difference between the size of the internal thread and the size of the
external thread when the latter is smaller.

 Crest Diameter: The major diameter of an external thread and the minor diameter of an
internal thread.

 Design Profiles: The maximum material profiles permitted for external and internal
threads for a specified tolerance class. (See Figs. 2 and  3.)

 Deviation: An ISO term for the algebraic difference between a given size (actual, mea-
sured, maximum, minimum, etc.) and the corresponding basic size. The term deviation
does not necessarily indicate an error.
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 Fit: The relationship existing between two corresponding external and internal threads
with respect to the amount of clearance or interference which is present when they are
assembled.

 Fundamental Deviation: For Standard threads, the deviation (upper or lower) closer to
the basic size. It is the upper deviation, es, for an external thread and the lower deviation,
EI, for an internal thread. (See Fig. 5.)

 Limiting Profiles: The limiting M profile for internal threads is shown in Fig. 6. The lim-
iting M profile for external threads is shown in Fig. 7.

 Lower Deviation: The algebraic difference between the minimum limit of size and the
corresponding basic size.

 Nut Thread (Internal Thread): A term used in ISO metric thread standards to describe
all internal threads. All symbols associated with internal threads are designated with upper
case letters. This Standard uses the term internal thread in accordance with United States
practice.

 Tolerance: The total amount of variation permitted for the size of a dimension. It is the
difference between the maximum limit of size and the minimum limit of size (i.e., the alge-
braic difference between the upper deviation and the lower deviation). The tolerance is an
absolute value without sign. Tolerance for threads is applied to the design size in the direc-
tion of the minimum material. On external threads the tolerance is applied negatively. On
internal threads the tolerance is applied positively.

 Tolerance Class: The combination of a tolerance position with a tolerance grade. It
specifies the allowance (fundamental deviation) and tolerance for the pitch and major
diameters of external threads and pitch and minor diameters of internal threads.

 Tolerance Grade: A numerical symbol that designates the tolerances of crest diameters
and pitch diameters applied to the design profiles.

 Tolerance Position: A letter symbol that designates the position of the tolerance zone in
relation to the basic size. This position provides the allowance (fundamental deviation).

 Upper Deviation: The algebraic difference between the maximum limit of size and the
corresponding basic size.

Basic M Profile.—The basic M thread profile also known as ISO 68 basic profile for met-
ric screw threads is shown in Fig. 1 with associated dimensions listed in Table 3.

Design M Profile for Internal Thread.—The design M profile for the internal thread at
maximum material condition is the basic ISO 68 profile. It is shown in Fig. 2 with associ-
ated thread data listed in Table 3.

Design M Profile for External Thread.—The design M profile for the external thread at
the no allowance maximum material condition is the basic ISO 68 profile except where a
rounded root is required. For the standard 0.125P minimum radius, the ISO 68 profile is
modified at the root with a 0.17783H truncation blending into two arcs with radii of 0.125P
tangent to the thread flanks as shown in Fig. 3 with associated thread data in Table 3.

M Crest and Root Form.—The form of crest at the major diameter of the external thread
is flat, permitting corner rounding. The external thread is truncated 0.125H from a sharp
crest. The form of the crest at the minor diameter of the internal thread is flat. It is truncated
0.25H from a sharp crest.

The crest and root tolerance zones at the major and minor diameters will permit rounded
crest and root forms in both external and internal threads.

The root profile of the external thread must lie within the “section lined” tolerance zone
shown in Fig. 4. For the rounded root thread, the root profile must lie within the “section
lined” rounded root tolerance zone shown in Fig. 4. The profile must be a continuous,
smoothly blended non-reversing curve, no part of which has a radius of less than 0.125P,
and which is tangential to the thread flank. The profile may comprise tangent flank arcs
that are joined by a tangential flat at the root.
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The root profile of the internal thread must not be smaller than the basic profile. The max-
imum major diameter must not be sharp.

General Symbols.—The general symbols used to describe the metric screw thread forms
are shown in Table 1.

Table 1. American National Standard Symbols for Metric Threads
 ANSI/ASME B1.13M-2005

Standard M Profile Screw Thread Series.—The standard metric screw thread series for
general purpose equipment's threaded components design and mechanical fasteners is a
coarse thread series. Their diameter/pitch combinations are shown in Table 4. These
diameter/pitch combinations are the preferred sizes and should be the first choice as appli-
cable. Additional fine pitch diameter/pitch combinations are shown in Table 5.

Table 2. American National Standard General Purpose and Mechanical Fastener 
Coarse Pitch Metric Thread—M Profile Series  ANSI/ASME B1.13M-2005

All dimensions are in millimeters.

Symbol Explanation

D Major Diameter Internal Thread

D1 Minor Diameter Internal Thread

D2 Pitch Diameter Internal Thread

d Major Diameter External Thread

d1 Minor Diameter External Thread

d2 Pitch Diameter External Thread

d3 Rounded Form Minor Diameter External Thread

P Pitch

r External Thread Root Radius

T Tolerance

TD1, TD2 Tolerances for D1, D2

Td, Td2 Tolerances for d, d2

ES Upper Deviation, Internal Thread [Equals the Allowance (Fundamental Deviation) Plus the Tol-
erance]. See Fig. 5.

EI Lower Deviation, Internal Thread Allowance (Fundamental Deviation). See Fig. 5.

G, H Letter Designations for Tolerance Positions for Lower Deviation, Internal Thread

g, h Letter Designations for Tolerance Positions for Upper Deviation, External Thread

es Upper Deviation, External Thread Allowance (Fundamental Deviation). See Fig. 5. In the ISO 
system es is always negative for an allowance fit or zero for no allowance.

ei Lower Deviation, External Thread [Equals the Allowance (Fundamental Deviation) Plus the 
Tolerance]. See Fig. 5. In the ISO system ei is always negative for an allowance fit.

H Height of Fundamental Triangle

LE Length of Engagement

LH Left Hand Thread

Nom.Size Pitch Nom.Size Pitch Nom.Size Pitch Nom.Size Pitch

1.6 0.35 6 1 22 2.5a

a For high strength structural steel fasteners only. 

56 5.5

2 0.4 8 1.25 24 3 64 6
2.5 0.45 10 1.5 27 3a 72 6b

3 0.5 12 1.75 30 3.5 80 6b

b Designated as part of 6 mm fine pitch series in ISO 261. 

3.5 0.6 14 2 36 4 90 6b

4 0.7 16 2 42 4.5 100 6b

5 0.8 20 2.5 48 5 … …
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Table 3. American National Standard Metric Thread — M Profile Data  ANSI/ASME B1.13M-2005

All dimensions are in millimeters.

Pitch
P

Truncation of
 Internal Thread Root 

and External 
Thread Crest

0.1082532P

Addendum of
Internal Thread and

Truncation of
Internal Thread 

0.2165064P

Dedendum of 
Internal Thread and 
Addendum External 

Thread

0.3247595P

Differencea

0.4330127P

a Difference between max theoretical pitch diameter and max minor diameter of external thread and between min theoretical pitch diameter and min minor diameter of
internal thread. 

Height of Internal
Thread and

Depth of Thread
Engagement

0.5412659P

Differenceb

0.711325H
0.6160254P

b Difference between min theoretical pitch diameter and min design minor diameter of external thread for 0.125P root radius. 

Twice the
External Thread

Addendum

0.6495191P

Differencec

0.7938566P

c Difference between max major diameter and max theoretical pitch diameter of internal thread. 

Height of
Sharp

V-Thread
H

0.8660254P

Double
Height of

Internal Thread

1.0825318P

0.2 0.02165 0.04330 0.06495 0.08660 0.10825 0.12321 0.12990 0.15877 0.17321 0.21651
0.25 0.02706 0.05413 0.08119 0.10825 0.13532 0.15401 0.16238 0.19846 0.21651 0.27063
0.3 0.03248 0.06495 0.09743 0.12990 0.16238 0.18481 0.19486 0.23816 0.25981 0.32476
0.35 0.03789 0.07578 0.11367 0.15155 0.18944 0.21561 0.22733 0.27785 0.30311 0.37889
0.4 0.04330 0.08660 0.12990 0.17321 0.21651 0.24541 0.25981 0.31754 0.34641 0.43301
0.45 0.04871 0.09743 0.14614 0.19486 0.24357 0.27721 0.29228 0.35724 0.38971 0.48714
0.5 0.05413 0.10825 0.16238 0.21651 0.27063 0.30801 0.32476 0.39693 0.43301 0.54127
0.6 0.06495 0.12990 0.19486 0.25981 0.32476 0.36962 0.38971 0.47631 0.51962 0.64952
0.7 0.07578 0.15155 0.22733 0.30311 0.37889 0.43122 0.45466 0.55570 0.60622 0.75777
0.75 0.08119 0.16238 0.24357 0.32476 0.40595 0.46202 0.48714 0.59539 0.64952 0.81190
0.8 0.08660 0.17321 0.25981 0.34641 0.43301 0.49282 0.51962 0.63509 0.69282 0.86603
1 0.10825 0.21651 0.32476 0.43301 0.54127 0.61603 0.64952 0.79386 0.86603 1.08253
1.25 0.13532 0.27063 0.40595 0.54127 0.67658 0.77003 0.81190 0.99232 1.08253 1.35316
1.5 0.16238 0.32476 0.48714 0.64952 0.81190 0.92404 0.97428 1.19078 1.29904 1.62380
1.75 0.18944 0.37889 0.56833 0.75777 0.94722 1.07804 1.13666 1.38925 1.51554 1.89443
2 0.21651 0.43301 0.64952 0.86603 1.08253 1.23205 1.29904 1.58771 1.73205 2.16506
2.5 0.27063 0.54127 0.81190 1.08253 1.35316 1.54006 1.62380 1.98464 2.16506 2.70633
3 0.32476 0.64652 0.97428 1.29904 1.62380 1.84808 1.94856 2.38157 2.59808 3.24760
3.5 0.37889 0.75777 1.13666 1.51554 1.89443 2.15609 2.27332 2.77850 3.03109 3.78886
4 0.43301 0.86603 1.29904 1.73205 2.16506 2.46410 2.59808 3.17543 3.46410 4.33013
4.5 0.48714 0.97428 1.46142 1.94856 2.43570 2.77211 2.92284 3.57235 3.89711 4.87139
5 0.54127 1.08253 1.62380 2.16506 2.70633 3.08013 3.24760 3.96928 4.33013 5.41266
5.5 0.59539 1.19079 1.78618 2.38157 2.97696 3.38814 3.57236 4.36621 4.76314 5.95392
6 0.64952 1.29904 1.94856 2.59808 3.24760 3.69615 3.89711 4.76314 5.19615 6.49519
8 0.86603 1.73205 2.59808 3.46410 4.33013 4.92820 5.19615 6.35085 6.92820 8.66025

H

8
---- H

4
---- 3

8
---H

H

2
---- 5

8
---H

3
4
---H

11
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Table 4. American National Standard Minimum Rounded Root Radius—
M Profile Series  ANSI/ASME B1.13M-2005

All dimensions are in millimeters.

All dimensions are in millimeters.

Limits and Fits for Metric Screw Threads — M Profile.—The International (ISO)
metric tolerance system is based on a system of limits and fits. The limits of the tolerances
on the mating parts together with their allowances (fundamental deviations) determine the
fit of the assembly. For simplicity the system is described for cylindrical parts (see British
Standard for Metric ISO Limits and Fits starting on page 662) but in this Standard it is
applied to screw threads. Holes are equivalent to internal threads and shafts to external
threads.

Basic Size: This is the zero line or surface at assembly where the interface of the two mat-
ing parts have a common reference.*

Upper Deviation: This is the algebraic difference between the maximum limit of size
and the basic size. It is designated by the French term “écart supérieur” (ES for internal and
es for external threads).

Lower Deviation: This is the algebraic difference between the minimum limit of size and
the basic size. It is designated by the French term “écart inférieur” (EI for internal and ei for
external threads).

Fundamental Deviations (Allowances): These are the deviations which are closest to the
basic size. In the accompanying figure they would be EI and es.

Pitch
P

Min. Root 
Radius,
0.125P

Pitch
P

Min. Root 
Radius,
0.125P

Pitch
P

Min. Root 
Radius,
0.125P

Pitch
P

Min. Root 
Radius,
0.125P

0.2 0.025 0.6 0.075 1.5 0.188 4 0.500
0.25 0.031 0.7 0.088 1.75 0.219 4.5 0.563
0.3 0.038 0.75 0.094 2 0.250 5 0.625
0.35 0.044 0.8 0.100 2.5 0.313 5.5 0.688
0.4 0.050 1 0.125 3 0.375 6 0.750
0.45 0.056 1.25 0.156 3.5 0.438 8 1.000
0.5 0.063 … … … … … …

Table 5. American National Standard Fine Pitch Metric Thread—M Profile Series 
ANSI/ASME B1.13M-2005

Nom.
Size Pitch

Nom.
Size Pitch

Nom.
Size Pitch

Nom.
Size Pitch

8 1 … 27 … 2 56 … 2 105 2

10 0.75 1.0 1.25 30 1.5 2 60 1.5 … 110 2

12 1 1.5 1.25 33 … 2 64 … 2 120 2

14 … 1.5 35 1.5 … 65 1.5 … 130 2

15 1 … 36 … 2 70 1.5 … 140 2

16 … 1.5 39 … 2 72 … 2 150 2

17 1 … 40 1.5 … 75 1.5 … 160 3

18 … 1.5 42 … 2 80 1.5 2 170 3

20 1 1.5 45 1.5 … 85 … 2 180 3

22 … 1.5 48 … 2 90 … 2 190 3

24 … 2 50 1.5 … 95 … 2 200 3

25 1.5 … 55 1.5 … 100 … 2

* “Basic,” when used to identify a particular dimension in this Standard, such as basic major diameter,
refers to the h/H tolerance position (zero fundamental deviation) value. 
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Tolerance: The tolerance is defined by a series of numerical grades. Each grade provides
numerical values for the various nominal sizes corresponding to the standard tolerance for
that grade.

In the schematic diagram the tolerance for the external thread is shown as negative. Thus
the tolerance plus the fit define the lower deviation (ei). The tolerance for the mating inter-
nal thread is shown as positive. Thus the tolerance plus the fit defines the upper deviation
(ES).

Fits: Fits are determined by the fundamental deviations assigned to the mating parts and
may be positive or negative. The selected fits can be clearance, transition, or interference.
To illustrate the fits schematically, a zero line is drawn to represent the basic size as shown
in Fig. 5. By convention, the external thread lies below the zero line and the internal thread
lies above it (except for interference fits). This makes the fundamental deviation negative
for the external thread and equal to its upper deviation (es). The fundamental deviation is
positive for the internal thread and equal to its lower deviation (EI).

Fig. 1. Basic M Thread Profile (ISO 68 Basic Profile)

Fig. 2. Internal Thread Design M Profile with No Allowance (Fundamental Deviation)
 (Maximum Material Condition). For Dimensions see Table 3

5
8

P

P
4P

2

P
8

H
8

H
4

P
2 H

3
8

H

H

Axis of screw thread
External threads

Internal threads

D, d

D2, d2

D1, d1

60° 30°

P     = 0.866025P

0.125H = 0.108253P 0.250H = 0.216506P 0.375H = 0.324760P 0.625H = 0.541266P

  3
2

H ×=

90°
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Fig. 3. External Thread Design M Profile with No Allowance (Fundamental Deviation)
 (Flanks at Maximum Material Condition). For Dimensions see Table 3

Fig. 4. M Profile, External Thread Root, Upper and Lower Limiting Profiles for
rmin = 0.125 P and for Flat Root (Shown for Tolerance Position g)

Notes:
1) “Section lined” portions identify tolerance zone and unshaded portions identify allowance (fun-

damental deviation).
2) The upper limiting profile for rounded root is not a design profile; rather it indicates the limiting

acceptable condition for the rounded root which will pass a GO thread gage.

3)

where H =Height of fundamental triangle
rmin =Minimum external thread root radius
Td2 =Tolerance on pitch diameter of external threasd

����
����
����
����

P
4

r
min =

0.125P

r
min =

0.125P

0.14434H
min truncation

Point of
intersection

Upper limiting profile
for rounded root
(See notes)

Basic M profile

Point of
intersection

Rounded root
max truncation
(See notes)

d2 basic pitch dia.

d3 max rounded
root minor dia.

d1 max flat root
minor dia.

d3 min minor dia.

d1

0.5 Td2

0.5 es

0.5 es

H
4

 Max truncation H

4
---- rmin 1 60°  arc cos 1

Td2

4rmin

-------------– 
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Fig. 5. Metric Tolerance System for Screw Threads
Tolerance Grade: This is indicated by a number. The system provides for a series of tol-

erance grades for each of the four screw thread parameters: minor diameter, internal
thread, D1; major diameter, external thread, d; pitch diameter, internal thread, D2; and pitch
diameter, external thread, d2. The tolerance grades for this Standard ANSI B1.13M were
selected from those given in ISO 965/1.

Note: The underlined tolerance grades are used with normal length of thread engagement.

Tolerance Position: This position is the allowance (fundamental deviation) and is indi-
cated by a letter. A capital letter is used for internal threads and a lower case letter for exter-
nal threads. The system provides a series of tolerance positions for internal and external
threads. The underlined letters are used in this Standard:

Designations of Tolerance Grade, Tolerance Position, and Tolerance Class: The toler-
ance grade is given first followed by the tolerance position, thus: 4g or 5H. To designate the
tolerance class the grade and position of the pitch diameter is shown first followed by that
for the major diameter in the case of the external thread or that for the minor diameter in the
case of the internal thread, thus 4g6g for an external thread and 5H6H for an internal
thread. If the two grades and positions are identical, it is not necessary to repeat the sym-
bols, thus 4g, alone, stands for 4g4g and 5H, alone, stands for 5H5H.

Lead and Flank Angle Tolerances: For acceptance of lead and flank angles of product
screw threads, see Section 10 of ANSI/ASME B1.13M-2005.

Short and Long Lengths of Thread Engagement when Gaged with Normal Length Con-
tacts: For short lengths of thread engagement, LE, reduce the pitch diameter tolerance of
the external thread by one tolerance grade number. For long lengths of thread engagement,
LE, increase the allowance (fundamental deviation) at the pitch diameter of the external
thread. Examples of tolerance classes required for normal, short, and long gage length con-
tacts are given in the following table.

For lengths of thread engagement classified as normal, short, and long, see Table 7.

Dimension Tolerance Grades Table

D1 4, 5, 6, 7, 8 Table 8

d 4, 6, 8 Table 9

D2 4, 5, 6, 7, 8 Table 10

d2 3, 4, 5, 6, 7, 8, 9 Table 11

Internal threads G, H Table 6

External threads e, f, g, h Table 6
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Material Limits for Coated Threads.—Unless otherwise specified, size limits for stan-
dard external tolerance classes 6g and 4g6g apply prior to coating. The external thread
allowance may thus be used to accommodate the coating thickness on coated parts, pro-
vided that the maximum coating thickness is no more than 1⁄4 of the allowance. Thus, a 6g

thread after coating is subject to acceptance using a basic size 6h GO thread gage and a
4g6g thread, a 4h6h or 6h GO thread gage. Minimum material, LO, or NOT-GO gages
would be 6g and 4g6g, respectively. Where the external thread has no allowance or the
allowance must be maintained after coating, and for standard internal threads, sufficient

Table 6. American National Standard Allowance (Fundamental Deviation) for
 Internal and External Metric Threads ISO 965/1  ANSI/ASME B1.13M-2005

Pitch
P

Allowance (Fundamental Deviation)a

Internal Thread
D2, D1

External Thread
d, d2

G Hb e f gc h

EI EI es es es es

0.2 +0.017 0 … … −0.017 0
0.25 +0.018 0 … … −0.018 0
0.3 +0.018 0 … … −0.018 0
0.35 +0.019 0 … −0.034 −0.019 0
0.4 +0.019 0 … −0.034 −0.019 0
0.45 +0.020 0 … −0.035 −0.020 0
0.5 +0.020 0 −0.050 −0.036 −0.020 0
0.6 +0.021 0 −0.053 −0.036 −0.021 0
0.7 +0.022 0 −0.056 −0.038 −0.022 0
0.75 +0.022 0 −0.056 −0.038 −0.022 0
0.8 +0.024 0 −0.060 −0.038 −0.024 0
1 +0.026 0 −0.060 −0.040 −0.026 0
1.25 +0.028 0 −0.063 −0.042 −0.028 0
1.5 +0.032 0 −0.067 −0.045 −0.032 0
1.75 +0.034 0 −0.071 −0.048 −0.034 0
2 +0.038 0 −0.071 −0.052 −0.038 0
2.5 +0.042 0 −0.080 −0.058 −0.042 0
3 +0.048 0 −0.085 −0.063 −0.048 0
3.5 +0.053 0 −0.090 −0.070 −0.053 0
4 +0.060 0 −0.095 −0.075 −0.060 0
4.5 +0.063 0 −0.100 −0.080 −0.063 0
5 +0.071 0 −0.106 −0.085 −0.071 0
5.5 +0.075 0 −0.112 −0.090 −0.075 0
6 +0.080 0 −0.118 −0.095 −0.080 0
8 +0.100 0 −0.140 −0.118 −0.100 0

All dimensions are in millimeters.

a Allowance is the absolute value of fundamental deviation. 
b  Tabulated in this standard for M internal threads. 
c  Tabulated in this standard for M external threads. 

Normal LE Short LE Long LE
6g 5g6g 6e6g

4g6g 3g6g 4e6g
6ha 5h6h 6g6h

4h6ha 3h6h 4g6h
6H 5H 6G

4H6H 3H6H 4G6G
a Applies to maximum material functional size (GO thread gage) for plated 6g and 4g6g class

threads, respectively. 
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allowance must be provided prior to coating to ensure that finished product threads do not
exceed the maximum material limits specified. For thread classes with tolerance position
H or h, coating allowances in accordance with Table 6 for position G or g, respectively,
should be applied wherever possible.

Table 7. American National Standard Length of Metric Thread Engagement 
 ISO 965/1 and  ANSI/ASME B1.13M-2005

Basic Major Diameter dbsc Pitch
P

Length of Thread Engagement

Short LE Normal LE Long LE

Over Up to and incl. Up to and incl. Over Up to and incl. Over

1.5 2.8

0.2 0.5 0.5 1.5 1.5
0.25 0.6 0.6 1.9 1.9
0.35 0.8 0.8 2.6 2.6
0.4 1 1 3 3
0.45 1.3 1.3 3.8 3.8

2.8 5.6

0.35 1 1 3 3
0.5 1.5 1.5 4.5 4.5
0.6 1.7 1.7 5 5
0.7 2 2 6 6
0.75 2.2 2.2 6.7 6.7
0.8 2.5 2.5 7.5 7.5

5.6 11.2

0.75 2.4 2.4 7.1 7.1
1 3 3 9 9
1.25 4 4 12 12
1.5 5 5 15 15

11.2 22.4

1 3.8 3.8 11 11
1.25 4.5 4.5 13 13
1.5 5.6 5.6 16 16
1.75 6 6 18 18
2 8 8 24 24
2.5 10 10 30 30

22.4 45

1 4 4 12 12
1.5 6.3 6.3 19 19
2 8.5 8.5 25 25
3 12 12 36 36
3.5 15 15 45 45
4 18 18 53 53
4.5 21 21 63 63

45 90

1.5 7.5 7.5 22 22
2 9.5 9.5 28 28
3 15 15 45 45
4 19 19 56 56
5 24 24 71 71
5.5 28 28 85 85
6 32 32 95 95

90 180

2 12 12 36 36
3 18 18 53 53
4 24 24 71 71
6 36 36 106 106
8 45 45 132 132

180 355

3 20 20 60 60
4 26 26 80 80
6 40 40 118 118
8 50 50 150 150

All dimensions are in millimeters.
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Dimensional Effect of Coating.—On a cylindrical surface, the effect of coating is to
change the diameter by twice the coating thickness. On a 60-degree thread, however, since
the coating thickness is measured perpendicular to the thread surface while the pitch diam-
eter is measured perpendicular to the thread axis, the effect of a uniformly coated flank on
the pitch diameter is to change it by four times the thickness of the coating on the flank.

External Thread with No Allowance for Coating: To determine gaging limits before
coating for a uniformly coated thread, decrease: 1) maximum pitch diameter by four times
maximum coating thickness;  2) minimum pitch diameter by four times minimum coating
thickness;  3) maximum major diameter by two times maximum coating thickness;  and

4) minimum major diameter by two times minimum coating thickness.

External Thread with Only Nominal or Minimum Thickness Coating: I f  no  coa t i ng
thickness tolerance is given, it is recommended that a tolerance of plus 50 per cent of the
nominal or minimum thickness be assumed. 

Then, to determine before coating gaging limits for a uniformly coated thread, decrease:

1) maximum pitch diameter by six times coating thickness;  2) minimum pitch diameter
by four times coating thickness;  3) maximum major diameter by three times coating
thickness;  and  4) minimum major diameter by two times coating thickness.

Adjusted Size Limits: It should be noted that the before coating material limit tolerances
are less than the tolerance after coating. This is because the coating tolerance consumes
some of the product tolerance. In cases there may be insufficient pitch diameter tolerance
available in the before coating condition so that additional adjustments and controls will be
necessary.

Strength: On small threads (5 mm and smaller) there is a possibility that coating thick-
ness adjustments will cause base material minimum material conditions which may signif-
icantly affect strength of externally threaded parts. Limitations on coating thickness or part
redesign may then be necessary.

Internal Threads: Standard internal threads provide no allowance for coating thickness. 

To determine before coating, gaging limits for a uniformly coated thread, increase:

1) minimum pitch diameter by four times maximum coating thickness, if specified, or by
six times minimum or nominal coating thickness when a tolerance is not specified;

2) maximum pitch diameter by four times minimum or nominal coating thickness;

3) minimum minor diameter by two times maximum coating thickness, if specified, or by
three times minimum or nominal coating thickness;  and  4) maximum minor diameter by
two times minimum or nominal coating thickness.

Other Considerations: It is essential to review all possibilities adequately and consider
limitations in the threading and coating production processes before finally deciding on
the coating process and the allowance required to accommodate the coating. A no-allow-
ance thread after coating must not transgress the basic profile and is, therefore, subject to
acceptance using a basic (tolerance position H/h) size GO thread gage.

Formulas for M Profile Screw Thread Limiting Dimensions.—The limiting dimen-
sions for M profile screw threads are calculated from the following formulas.
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Internal Threads:

Min major dia.  = basic major dia. + EI (Table 6)
Min pitch dia.  = basic major dia. − 0.6495191P (Table 3) + EI for D2 (Table 6)

Max pitch dia.  = min pitch dia. + TD2 (Table 10)

Max major dia.  = max pitch dia. + 0.7938566P (Table 3)
Min minor dia.  = min major dia. − 1.0825318P (Table 3)
Max minor dia.  = min minor dia. + TD1 (Table 8)

External Threads:

Max major dia.  = basic major dia. − es (Table 6) (Note that es is an absolute value.)
Min major dia.  = max major dia. − Td (Table 9)
Max pitch dia.  = basic major dia. − 0.6495191P (Table 3) − es for d2 (Table 6)

Min pitch dia.  = max pitch dia. − Td2 (Table 11)

Max  flat form minor dia.  = max pitch dia. − 0.433013P (Table 3)
Max rounded root minor dia.  = max pitch dia. − 2 × max trunc. (See Fig. 4)
Min rounded root minor dia.  = min pitch dia. − 0.616025P (Table 3)
Min root radius  = 0.125P

Table 8. ANSI Standard Minor Diameter Tolerances of Internal
 Metric Threads TD1  ISO 965/1  ANSI/ASME B1.13M-2005

All dimensions are in millimeters.

Pitch
P

Tolerance Grade

4 5 6a

a Tabulated in this standard for M internal threads. 

7 8

0.2 0.038 … … … …

0.25 0.045 0.056 … … …

0.3 0.053 0.067 0.085 … …

0.35 0.063 0.080 0.100 … …

0.4 0.071 0.090 0.112 … …

0.45 0.080 0.100 0.125 … …

0.5 0.090 0.112 0.140 0.180 …

0.6 0.100 0.125 0.160 0.200 …

0.7 0.112 0.140 0.180 0.224 …

0.75 0.118 0.150 0.190 0.236 …

0.8 0.125 0.160 0.200 0.250 0.315

1 0.150 0.190 0.236 0.300 0.375

1.25 0.170 0.212 0.265 0.335 0.425

1.5 0.190 0.236 0.300 0.375 0.475

1.75 0.212 0.265 0.335 0.425 0.530

2 0.236 0.300 0.375 0.475 0.600

2.5 0.280 0.355 0.450 0.560 0.710

3 0.315 0.400 0.500 0.630 0.800

3.5 0.355 0.450 0.560 0.710 0.900

4 0.375 0.475 0.600 0.750 0.950

4.5 0.425 0.530 0.670 0.850 1.060

5 0.450 0.560 0.710 0.900 1.120

5.5 0.475 0.600 0.750 0.950 1.180

6 0.500 0.630 0.800 1.000 1.250

8 0.630 0.800 1.000 1.250 1.600
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Table 9. ANSI Standard Major Diameter Tolerances of External 
Metric Threads, Td  ISO 965/1  ANSI/ASME B1.13M-2005

All dimensions are in millimeters.

Pitch
P

Tolerance Grade Pitch
P

Tolerance Grade

4 6a

a Tabulated in this standard for M internal threads. 

8 4 6a 8

0.2 0.036 0.056 … 1.5 0.150 0.236 0.375
0.25 0.042 0.067 … 1.75 0.170 0.265 0.425
0.3 0.048 0.075 … 2 0.180 0.280 0.450
0.35 0.053 0.085 … 2.5 0.212 0.335 0.530
0.4 0.060 0.095 … 3 0.236 0.375 0.600
0.45 0.063 0.100 … 3.5 0.265 0.425 0.670
0.5 0.067 0.106 … 4 0.300 0.475 0.750
0.6 0.080 0.125 … 4.5 0.315 0.500 0.800
0.7 0.090 0.140 … 5 0.335 0.530 0.850
0.75 0.090 0.140 … 5.5 0.355 0.560 0.900
0.8 0.095 0.150 0.236 6 0.375 0.600 0.950
1 0.112 0.180 0.280 8 0.450 0.710 1.180
1.25 0.132 0.212 0.335 … … … …

Table 10. ANSI Standard Pitch-Diameter Tolerances of Internal
 Metric Thread, TD2  ISO 965/1  ANSI/ASME B1.13M-2005

Basic Major Diameter, D

Pitch
P

Tolerance Grade

Over
Up to 

and incl. 4 5 6a 7 8

1.5 2.8 0.2 0.042 … … … …
0.25 0.048 0.060 … … …
0.35 0.053 0.067 0.085 … …
0.4 0.056 0.071 0.090 … …
0.45 0.060 0.075 0.095 … …

2.8 5.6 0.35 0.056 0.071 0.090 … …
0.5 0.063 0.080 0.100 0.125 …
0.6 0.071 0.090 0.112 0.140 …
0.7 0.075 0.095 0.118 0.150 …
0.75 0.075 0.095 0.118 0.150 …
0.8 0.080 0.100 0.125 0.160 0.200

5.6 11.2 0.75 0.085 0.106 0.132 0.170 …
1 0.095 0.118 0.150 0.190 0.236
1.25 0.100 0.125 0.160 0.200 0.250
1.5 0.112 0.140 0.180 0.224 0.280

11.2 22.4 1 0.100 0.125 0.160 0.200 0.250
1.25 0.112 0.140 0.180 0.224 0.280
1.5 0.118 0.150 0.190 0.236 0.300
1.75 0.125 0.160 0.200 0.250 0.315
2 0.132 0.170 0.212 0.265 0.335
2.5 0.140 0.180 0.224 0.280 0.355

22.4 45 1 0.106 0.132 0.170 0.212 …
1.5 0.125 0.160 0.200 0.250 0.315
2 0.140 0.180 0.224 0.280 0.355
3 0.170 0.212 0.265 0.335 0.425
3.5 0.180 0.224 0.280 0.355 0.450
4 0.190 0.236 0.300 0.375 0.475
4.5 0.200 0.250 0.315 0.400 0.500

45 90 1.5 0.132 0.170 0.212 0.265 0.335
2 0.150 0.190 0.236 0.300 0.375
3 0.180 0.224 0.280 0.355 0.450
4 0.200 0.250 0.315 0.400 0.500
5 0.212 0.265 0.335 0.425 0.530
5.5 0.224 0.280 0.355 0.450 0.560
6 0.236 0.300 0.375 0.475 0.600
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All dimensions are in millimeters.

90 180 2 0.160 0.200 0.250 0.315 0.400
3 0.190 0.236 0.300 0.375 0.475
4 0.212 0.265 0.335 0.425 0.530
6 0.250 0.315 0.400 0.500 0.630
8 0.280 0.355 0.450 0.560 0.710

180 355 3 0.212 0.265 0.335 0.425 0.530
4 0.236 0.300 0.375 0.475 0.600
6 0.265 0.335 0.425 0.530 0.670
8 0.300 0.375 0.475 0.600 0.750

a Tabulated in this standard for M threads. 

Table 11.  ANSI Standard Pitch-Diameter Tolerances of External
 Metric Threads, Td2  ISO 965/1 ANSI/ASME B1.13M-2005

Basic Major Diameter, d Pitch
P

Tolerance Grade

Over Up to and incl. 3 4a 5 6a 7 8 9

1.5 2.8 0.2 0.025 0.032 0.040 0.050 … … …
0.25 0.028 0.036 0.045 0.056 … … …
0.35 0.032 0.040 0.050 0.063 0.080 … …
0.4 0.034 0.042 0.053 0.067 0.085 … …
0.45 0.036 0.045 0.056 0.071 0.090 … …

2.8 5.6 0.35 0.034 0.042 0.053 0.067 0.085 … …
0.5 0.038 0.048 0.060 0.075 0.095 … …
0.6 0.042 0.053 0.067 0.085 0.106 … …
0.7 0.045 0.056 0.071 0.090 0.112 … …
0.75 0.045 0.056 0.071 0.090 0.112 … …
0.8 0.048 0.060 0.075 0.095 0.118 0.150 0.190

5.6 11.2 0.75 0.050 0.063 0.080 0.100 0.125 … …
1 0.056 0.071 0.090 0.112 0.140 0.180 0.224
1.25 0.060 0.075 0.095 0.118 0.150 0.190 0.236
1.5 0.067 0.085 0.106 0.132 0.170 0.212 0.265

11.2 22.4 1 0.060 0.075 0.095 0.118 0.150 0.190 0.236
1.25 0.067 0.085 0.106 0.132 0.170 0.212 0.265
1.5 0.071 0.090 0.112 0.140 0.180 0.224 0.280
1.75 0.075 0.095 0.118 0.150 0.190 0.236 0.300
2 0.080 0.100 0.125 0.160 0.200 0.250 0.315
2.5 0.085 0.106 0.132 0.170 0.212 0.265 0.335

22.4 45 1 0.063 0.080 0.100 0.125 0.160 0.200 0.250
1.5 0.075 0.095 0.118 0.150 0.190 0.236 0.300
2 0.085 0.106 0.132 0.170 0.212 0.265 0.335
3 0.100 0.125 0.160 0.200 0.250 0.315 0.400
3.5 0.106 0.132 0.170 0.212 0.265 0.335 0.425
4 0.112 0.140 0.180 0.224 0.280 0.355 0.450
4.5 0.118 0.150 0.190 0.236 0.300 0.375 0.475

45 90 1.5 0.080 0.100 0.125 0.160 0.200 0.250 0.315
2 0.090 0.112 0.140 0.180 0.224 0.280 0.355
3 0.106 0.132 0.170 0.212 0.265 0.335 0.425
4 0.118 0.150 0.190 0.236 0.300 0.375 0.475
5 0.125 0.160 0.200 0.250 0.315 0.400 0.500
5.5 0.132 0.170 0.212 0.265 0.335 0.425 0.530
6 0.140 0.180 0.224 0.280 0.355 0.450 0.560

90 180 2 0.095 0.118 0.150 0.190 0.236 0.300 0.375
3 0.112 0.140 0.180 0.224 0.280 0.355 0.450
4 0.125 0.160 0.200 0.250 0.315 0.400 0.500
6 0.150 0.190 0.236 0.300 0.375 0.475 0.600
8 0.170 0.212 0.265 0.335 0.425 0.530 0.670

Table 10. (Continued) ANSI Standard Pitch-Diameter Tolerances of Internal
 Metric Thread, TD2  ISO 965/1  ANSI/ASME B1.13M-2005

Basic Major Diameter, D

Pitch
P

Tolerance Grade

Over
Up to 

and incl. 4 5 6a 7 8
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All dimensions are in millimeters.

Tolerance Grade Comparisons.—The approximate ratios of the tolerance grades shown
in Tables 8, 9, 10, and 11 in terms of Grade 6 are as follows:

Minor Diameter Tolerance of Internal Thread: Grade 6 isTD1 (Table 8): Grade 4 is 0.63
TD1 (6); Grade 5 is 0.8 TD1 (6); Grade 7 is 1.25 TD1 (6); and Grade 8 is 1.6 TD1 (6).

Pitch Diameter Tolerance of Internal Thread: Td2 (Table 10): Grade 4 is 0.85 Td2 (6);
Grade 5 is 1.06 Td2 (6); Grade 6 is 1.32 Td2 (6); Grade 7 is 1.7 Td2 (6); and Grade 8 is 2.12
Td2 (6). It should be noted that these ratios are in terms of the Grade 6 pitch diameter toler-
ance for the external thread.

Major Diameter Tolerance of External Thread: Td(6) (Table 9): Grade 4 is 0.63 Td (6);
and Grade 8 is 1.6 Td (6).

Pitch Diameter Tolerance of External Thread: Td2 (Table 11): Grade 3 is 0.5 Td2 (6);
Grade 4 is 0.63 Td2 (6); Grade 5 is 0.8 Td2 (6); Grade 7 is 1.25 Td2 (6); Grade 8 is 1.6 Td2
(6); and Grade 9 is 2 Td2 (6).

Standard M Profile Screw Threads, Limits of Size.—The limiting M profile for inter-
nal threads is shown in Fig. 6 with associated dimensions for standard sizes in Table 12.
The limiting M profiles for external threads are shown in Fig. 7 with associated dimensions
for standard sizes in Table 13.

If the required values are not listed in these tables, they may be calculated using the data
in Tables 3, 6, 7, 8, 9, 10, and 11 together with the preceding formulas. If the required data
are not included in any of the tables listed above, reference should be made to Sections 6
and 9.3 of ANSI/ASME B1.13M, which gives design formulas.

Fig. 6. Internal Thread — Limiting M Profile. Tolerance Position H

180 355 3 0.125 0.160 0.200 0.250 0.315 0.400 0.500
4 0.140 0.180 0.224 0.280 0.355 0.450 0.560
6 0.160 0.200 0.250 0.315 0.400 0.500 0.630
8 0.180 0.224 0.280 0.355 0.450 0.560 0.710

a Tabulated in this Standard for M threads. 

Table 11. (Continued)  ANSI Standard Pitch-Diameter Tolerances of External
 Metric Threads, Td2  ISO 965/1 ANSI/ASME B1.13M-2005

Basic Major Diameter, d Pitch
P

Tolerance Grade

Over Up to and incl. 3 4a 5 6a 7 8 9
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Note: “Section Lined”portions identify tolerance zone.
*Dimension D in Fig. 6 is used in the design of tools, etc. For internal threads it is not normally

specified. Generally, major diameter acceptance is based on maximum material condition gaging.

Fig. 7. External Thread — Limiting M Profile. Tolerance Position g
Note: “Section Lined”portions identify tolerance zone and unshaded portions identify allowance

(fundamental deviation.)

Table 12. Internal Metric Thread - M Profile Limiting Dimensions, 
 ANSI/ASME B1.13M-2005

Basic Thread
Designation

Toler.
Class

Minor Diameter D1 Pitch Diameter D2 Major Diameter D

Min Max Min Max Tol Min Maxa

M1.6 × 0.35 6H 1.221 1.321 1.373 1.458 0.085 1.600 1.736

M2 × 0.4 6H 1.567 1.679 1.740 1.830 0.090 2.000 2.148
M2.5 × 0.45 6H 2.013 2.138 2.208 2.303 0.095 2.500 2.660
M3 × 0.5 6H 2.459 2.599 2.675 2.775 0.100 3.000 3.172
M3.5 × 0.6 6H 2.850 3.010 3.110 3.222 0.112 3.500 3.698
M4 × 0.7 6H 3.242 3.422 3.545 3.663 0.118 4.000 4.219
M5 × 0.8 6H 4.134 4.334 4.480 4.605 0.125 5.000 5.240
M6 × 1 6H 4.917 5.153 5.350 5.500 0.150 6.000 6.294
M8 × 1.25 6H 6.647 6.912 7.188 7.348 0.160 8.000 8.340
M8 × 1 6H 6.917 7.153 7.350 7.500 0.150 8.000 8.294
M10 × 0.75 6H 9.188 9.378 9.513 9.645 0.132 10.000 10.240
M10 × 1 6H 8.917 9.153 9.350 9.500 0.150 10.000 10.294
M10 × 1.5 6H 8.376 8.676 9.026 9.206 0.180 10.000 10.397
M10 × 1.25 6H 8.647 8.912 9.188 9.348 0.160 10.000 10.340
M12 × 1.75 6H 10.106 10.441 10.863 11.063 0.200 12.000 12.452
M12 × 1.5 6H 10.376 10.676 11.026 11.216 0.190 12.000 12.407
M12 × 1.25 6H 10.647 10.912 11.188 11.368 0.180 12.000 12.360
M12 × 1 6H 10.917 11.153 11.350 11.510 0.160 12.000 12.304
M14 × 2 6H 11.835 12.210 12.701 12.913 0.212 14.000 14.501
M14 × 1.5 6H 12.376 12.676 13.026 13.216 0.190 14.000 14.407
M15 × 1 6H 13.917 14.153 14.350 14.510 0.160 15.000 15.304
M16 × 2 6H 13.835 14.210 14.701 14.913 0.212 16.000 16.501
M16 × 1.5 6H 14.376 14.676 15.026 15.216 0.190 16.000 16.407
M17 × 1 6H 15.917 16.153 16.350 16.510 0.160 17.000 17.304
M18 × 1.5 6H 16.376 16.676 17.026 17.216 0.190 18.000 18.407
M20 × 2.5 6H 17.294 17.744 18.376 18.600 0.224 20.000 20.585
M20 × 1.5 6H 18.376 18.676 19.026 19.216 0.190 20.000 20.407
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All dimensions are in millimeters.

M20 × 1 6H 18.917 19.153 19.350 19.510 0.160 20.000 20.304
M22 × 2.5 6H 19.294 19.744 20.376 20.600 0.224 22.000 22.585
M22 × 1.5 6H 20.376 20.676 21.026 21.216 0.190 22.000 22.407
M24 × 3 6H 20.752 21.252 22.051 22.316 0.265 24.000 24.698
M24 × 2 6H 21.835 22.210 22.701 22.925 0.224 24.000 24.513
M25 × 1.5 6H 23.376 23.676 24.026 24.226 0.200 25.000 25.417
M27 × 3 6H 23.752 24.252 25.051 25.316 0.265 27.000 27.698
M27 × 2 6H 24.835 25.210 25.701 25.925 0.224 27.000 27.513
M30 × 3.5 6H 26.211 26.771 27.727 28.007 0.280 30.000 30.786
M30 × 2 6H 27.835 28.210 28.701 28.925 0.224 30.000 30.513
M30 × 1.5 6H 28.376 28.676 29.026 29.226 0.200 30.000 30.417
M33 × 2 6H 30.835 31.210 31.701 31.925 0.224 33.000 33.513
M35 × 1.5 6H 33.376 33.676 34.026 34.226 0.200 35.000 35.417
M36 × 4 6H 31.670 32.270 33.402 33.702 0.300 36.000 36.877
M36 × 2 6H 33.835 34.210 34.701 34.925 0.224 36.000 36.513
M39 × 2 6H 36.835 37.210 37.701 37.925 0.224 39.000 39.513
M40 × 1.5 6H 38.376 38.676 39.026 39.226 0.200 40.000 40.417
M42 × 4.5 6H 37.129 37.799 39.077 39.392 0.315 42.000 42.964
M42 × 2 6H 39.835 40.210 40.701 40.925 0.224 42.000 42.513
M45 × 1.5 6H 43.376 43.676 44.026 44.226 0.200 45.000 45.417
M48 × 5 6H 42.587 43.297 44.752 45.087 0.335 48.000 49.056
M48 × 2 6H 45.835 46.210 46.701 46.937 0.236 48.000 48.525
M50 × 1.5 6H 48.376 48.676 49.026 49.238 0.212 50.000 50.429
M55 × 1.5 6H 53.376 53.676 54.026 54.238 0.212 55.000 55.429
M56 × 5.5 6H 50.046 50.796 52.428 52.783 0.355 56.000 57.149
M56 × 2 6H 53.835 54.210 54.701 54.937 0.236 56.000 56.525
M60 × 1.5 6H 58.376 58.676 59.026 59.238 0.212 60.000 60.429
M64 × 6 6H 57.505 58.305 60.103 60.478 0.375 64.000 65.241
M64 × 2 6H 61.835 62.210 62.701 62.937 0.236 64.000 64.525
M65 × 1.5 6H 63.376 63.676 64.026 64.238 0.212 65.000 65.429
M70 × 1.5 6H 68.376 68.676 69.026 69.238 0.212 70.000 70.429
M72 × 6 6H 65.505 66.305 68.103 68.478 0.375 72.000 73.241
M72 × 2 6H 69.835 70.210 70.701 70.937 0.236 72.000 72.525
M75 × 1.5 6H 73.376 73.676 74.026 74.238 0.212 75.000 75.429
M80 × 6 6H 73.505 74.305 76.103 76.478 0.375 80.000 81.241
M80 × 2 6H 77.835 78.210 78.701 78.937 0.236 80.000 80.525
M80 × 1.5 6H 78.376 78.676 79.026 79.238 0.212 80.000 80.429
M85 × 2 6H 82.835 83.210 83.701 83.937 0.236 85.000 85.525
M90 × 6 6H 83.505 84.305 86.103 86.478 0.375 90.000 91.241
M90 × 2 6H 87.835 88.210 88.701 88.937 0.236 90.000 90.525
M95 × 2 6H 92.835 93.210 93.701 93.951 0.250 95.000 95.539
M100 × 6 6H 93.505 94.305 96.103 96.503 0.400 100.000 101.266
M100 × 2 6H 97.835 98.210 98.701 98.951 0.250 100.000 100.539
M105 × 2 6H 102.835 103.210 103.701 103.951 0.250 105.000 105.539
M110 × 2 6H 107.835 108.210 108.701 108.951 0.250 110.000 110.539
M120 × 2 6H 117.835 118.210 118.701 118.951 0.250 120.000 120.539
M130 × 2 6H 127.835 128.210 128.701 128.951 0.250 130.000 130.539
M140 × 2 6H 137.835 138.210 138.701 138.951 0.250 140.000 140.539
M150 × 2 6H 147.835 148.210 148.701 148.951 0.250 150.000 150.539
M160 × 3 6H 156.752 157.252 158.051 158.351 0.300 160.000 160.733
M170 × 3 6H 166.752 167.252 168.051 168.351 0.300 170.000 170.733
M180 × 3 6H 176.752 177.252 178.051 178.351 0.300 180.000 180.733
M190 × 3 6H 186.752 187.252 188.051 188.386 0.335 190.000 190.768
M200 × 3 6H 196.752 197.252 198.051 198.386 0.335 200.000 200.768

a This reference dimension is used in design of tools, etc., and is not normally specified. Generally,
major diameter acceptance is based upon maximum material condition gaging. 

Table 12. (Continued) Internal Metric Thread - M Profile Limiting Dimensions, 
 ANSI/ASME B1.13M-2005

Basic Thread
Designation

Toler.
Class

Minor Diameter D1 Pitch Diameter D2 Major Diameter D

Min Max Min Max Tol Min Maxa
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Table 13. External Metric Thread—M Profile Limiting
Dimensions  ANSI/ASME B1.13M-2005

Basic Thread
Designation

Tol. 
Class

Allowancea

es

Major Diameterb

d

Pitch Diameterb c

d2

Minor
Dia.b

d1

Minor
Dia.d

d3

Max. Min. Max. Min. Tol. Max. Min. 

M1.6 × 0.35 6g 0.019 1.581 1.496 1.354 1.291 0.063 1.202 1.075
M1.6 × 0.35 6h 0.000 1.600 1.515 1.373 1.310 0.063 1.221 1.094
M1.6 × 0.35 4g6g 0.019 1.581 1.496 1.354 1.314 0.040 1.202 1.098
M2 × 0.4 6g 0.019 1.981 1.886 1.721 1.654 0.067 1.548 1.408
M2 × 0.4 6h 0.000 2.000 1.905 1.740 1.673 0.067 1.567 1.427
M2 × 0.4 4g6g 0.019 1.981 1.886 1.721 1.679 0.042 1.548 1.433
M2.5 × 0.45 6g 0.020 2.480 2.380 2.188 2.117 0.071 1.993 1.840
M2.5 × 0.45 6h 0.000 2.500' 2.400 2.208 2.137 0.071 2.013 1.860
M2.5 × 0.45 4g6g 0.020 2.480 2.380 2.188 2.143 0.045 1.993 1.866
M3 × 0.5 6g 0.020 2.980 2.874 2.655 2.580 0.075 2.438 2.272
M3 × 0.5 6h 0.000 3.000 2.894 2.675 2.600 0.075 2.458 2.292
M3 × 0.5 4g6g 0.020 2.980 2.874 2.655 2.607 0.048 2.438 2.299
M3.5 × 0.6 6g 0.021 3.479 3.354 3.089 3.004 0.085 2.829 2.634
M3.5 × 0.6 6h 0.000 3.500 3.375 3.110 3.025 0.085 2.850 2.655
M3.5 × 0.6 4g6g 0.021 3.479 3.354 3.089 3.036 0.053 2.829 2.666
M4 × 0.7 6g 0.022 3.978 3.838 3.523 3.433 0.090 3.220 3.002
M4 × 0.7 6h 0.000 4.000 3.860 3.545 3.455 0.090 3.242 3.024
M4 × 0.7 4g6g 0.022 3.978 3.838 3.523 3.467 0.056 3.220 3.036
M5 × 0.8 6g 0.024 4.976 4.826 4.456 4.361 0.095 4.110 3.868
M5 × 0.8 6h 0.000 5.000 4.850 4.480 4.385 0.095 4.134 3.892
M5 × 0.8 4g6g 0.024 4.976 4.826 4.456 4.396 0.060 4.110 3.903
M6 × 1 6g 0.026 5.974 5.794 5.324 5.212 0.112 4.891 4.596
M6 × 1 6h 0.000 6.000 5.820 5.350 5.238 0.112 4.917 4.622
M6 × 1 4g6g 0.026 5.974 5.794 5.324 5.253 0.071 4.891 4.637
M8 × 1.25 6g 0.028 7.972 7.760 7.160 7.042 0.118 6.619 6.272
M8 × 1.25 6h 0.000 8.000 7.788 7.188 7.070 0.118 6.647 6.300
M8 × 1.25 4g6g 0.028 7.972 7.760 7.160 7.085 0.075 6.619 6.315
M8 × 1 6g 0.026 7.974 7.794 7.324 7.212 0.112 6.891 6.596
M8 × 1 6h 0.000 8.000 7.820 7.350 7.238 0.112 6.917 6.622
M8 × 1 4g6g 0.026 7.974 7.794 7.324 7.253 0.071 6.891 6.637
M10 × 1.5 6g 0.032 9.968 9.732 8.994 8.862 0.132 8.344 7.938
M10 × 1.5 6h 0.000 10.000 9.764 9.026 8.894 0.132 8.376 7.970
M10 × 1.5 4g6g 0.032 9.968 9.732 8.994 8.909 0.085 8.344 7.985
M10 × 1.25 6g 0.028 9.972 9.760 9.160 9.042 0.118 8.619 8.272
M10 × 1.25 6h 0.000 10.000 9.788 9.188 9.070 0.118 8.647 8.300
M10 × 1.25 4g6g 0.028 9.972 9.760 9.160 9.085 0.075 8.619 8.315
M10 × 1 6g 0.026 9.974 9.794 9.324 9.212 0.112 8.891 8.596
M10 × 1 6h 0.000 10.000 9.820 9.350 9.238 0.112 8.917 8.622
M10 × 1 4g6g 0.026 9.974 9.794 9.324 9.253 0.071 8.891 8.637
M10 × 0.75 6g 0.022 9.978 9.838 9.491 9.391 0.100 9.166 8.929
M10 × 0.75 6h 0.000 10.000 9.860 9.513 9.413 0.100 9.188 8.951
M10 × 0.75 4g6g 0.022 9.978 9.838 9.491 9.428 0.063 9.166 8.966
M12 × 1.75 6g 0.034 11.966 11.701 10.829 10.679 0.150 10.071 9.601
M12 × 1.75 6h 0.000 12.000 11.735 10.863 10.713 0.150 10.105 9.635
M12 × 1.75 4g6g 0.034 11.966 11.701 10.829 10.734 0.095 10.071 9.656
M12 × 1.5 6g 0.032 11.968 11.732 10.994 10.854 0.140 10.344 9.930
M12 × 1.5 6h 0.000 12.000 11.764 11.026 10.886 0.140 10.376 9.962
M12 × 1.5 4g6g 0.032 11.968 11.732 10.994 10.904 0.090 10.344 9.980
M12 × 1.25 6g 0.028 11.972 11.760 11.160 11.028 0.132 10.619 10.258
M12 × 1.25 6h 0.000 12.000 11.788 11.188 11.056 0.132 10.647 10.286
M12 × 1.25 4g6g 0.028 11.972 11.760 11.160 11.075 0.085 10.619 10.305
M12 × 1 6g 0.026 11.974 11.794 11.324 11.206 0.118 10.891 10.590
M12 × 1 6h 0.000 12.000 11.820 11.350 11.232 0.118 10.917 10.616
M12 × 1 4g6g 0.026 11.974 11.794 11.324 11.249 0.075 10.891 10.633
M14 × 2 6g 0.038 13.962 13.682 12.663 12.503 0.160 11.797 11.271
M14 × 2 6h 0.000 14.000 13.720 12.701 12.541 0.160 11.835 11.309
M14 × 2 4g6g 0.038 13.962 13.682 12.663 12.563 0.100 11.797 11.331
M14 × 1.5 6g 0.032 13.968 13.732 12.994 12.854 0.140 12.344 11.930
M14 × 1.5 6h 0.000 14.000 13.764 13.026 12.886 0.140 12.376 11.962
M14 × 1.5 4g6g 0.032 13.968 13.732 12.994 12.904 0.090 12.344 11.980
M15 × 1 6g 0.026 14.974 14.794 14.324 14.206 0.118 13.891 13.590
M15 × 1 6h 0.000 15.000 14.820 14.350 14.232 0.118 13.917 13.616
M15 × 1 4g6g 0.026 14.974 14.794 14.324 14.249 0.075 13.891 13.633
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M16 × 2 6g 0.038 15.962 15.682 14.663 14.503 0.160 13.797 13.271
M16 × 2 6h 0.000 16.000 15.720 14.701 14.541 0.160 13.835 13.309
M16 × 2 4g6g 0.038 15.962 15.682 14.663 14.563 0.100 13.797 13.331
M16 × 1.5 6g 0.032 15.968 15.732 14.994 14.854 0.140 14.344 13.930
M16 × 1.5 6h 0.000 16.000 15.764 15.026 14.886 0.140 14.376 13.962
M16 × 1.5 4g6g 0.032 15.968 15.732 14.994 14.904 0.090 14.344 13.980
M17 × 1 6g 0.026 16.974 16.794 16.324 16.206 0.118 15.891 15.590
M17 × 1 6h 0.000 17.000 16.820 16.350 16.232 0.118 15.917 15.616
M17 × 1 4g6g 0.026 16.974 16.794 16.324 16.249 0.075 15.891 15.633
M18 × 1.5 6g 0.032 17.968 17.732 16.994 16.854 0.140 16.344 15.930
M18 × 1.5 6h 0.000 18.000 17.764 17.026 16.886 0.140 16.376 15.962
M18 × 1.5 4g6g 0.032 17.968 17.732 16.994 16.904 0.090 16.344 15.980
M20 × 2.5 6g 0.042 19.958 19.623 18.334 18.164 0.170 17.251 16.624
M20 × 2.5 6h 0.000 20.000 19.665 18.376 18.206 0.170 17.293 16.666
M20 × 2.5 4g6g 0.042 19.958 19.623 18.334 18.228 0.106 17.251 16.688
M20 × 1.5 6g 0.032 19.968 19.732 18.994 18.854 0.140 18.344 17.930
M20 × 1.5 6h 0.000 20.000 19.764 19.026 18.886 0.140 18.376 17.962
M20 × 1.5 4g6g 0.032 19.968 19.732 18.994 18.904 0.090 18.344 17.980
M20 × 1 6g 0.026 19.974 19.794 19.324 19.206 0.118 18.891 18.590
M20 × 1 6h 0.000 20.000 19.820 19.350 19.232 0.118 18.917 18.616
M20 × 1 4g6g 0.026 19.974 19.794 19.324 19.249 0.075 18.891 18.633
M22 × 2.5 6g 0.042 21.958 21.623 20.334 20.164 0.170 19.251 18.624
M22 × 2.5 6h 0.000 22.000 21.665 20.376 20.206 0.170 19.293 18.666
M22 × 1.5 6g 0.032 21.968 21.732 20.994 20.854 0.140 20.344 19.930
M22 × 1.5 6h 0.000 22.000 21.764 21.026 20.886 0.140 20.376 19.962
M22 × 1.5 4g6g 0.032 21.968' 21.732 20.994 20.904 0.090 20.344 19.980
M24 × 3 6g 0.048 23.952 23.577 22.003 21.803 0.200 20.704 19.955
M24 × 3 6h 0.000 24.000 23.625 22.051 21.851 0.200 20.752 20.003
M24 × 3 4g6g 0.048 23.952 23.577 22.003 21.878 0.125 20.704 20.030
M24 × 2 6g 0.038 23.962 23.682 22.663 22.493 0.170 21.797 21.261
M24 × 2 6h 0.000 24.000 23.720 22.701 22.531 0.170 21.835 21.299
M24 × 2 4g6g 0.038 23.962 23.682 22.663 22.557 0.106 21.797 21.325
M25 × 1.5 6g 0.032 24.968 24.732 23.994 23.844 0.150 23.344 22.920
M25 × 1.5 6h 0.000 25.000 24.764 24.026 23.876 0.150 23.376 22.952
M25 × 1.5 4g6g 0.032 24.968 24.732 23.994 23.899 0.095 23.344 22.975
M27 × 3 6g 0.048 26.952 26.577 25.003 24.803 0.200 23.704 22.955
M27 × 3 6h 0.000 27.000 26.625 25.051 24.851 0.200 23.752 23.003
M27 × 2 6g 0.038 26.962 26.682 25.663 25.493 0.170 24.797 24.261
M27 × 2 6h 0.000 27.000 26.720 25.701 25.531 0.170 24.835 24.299
M27 × 2 4g6g 0.038 26.962 26.682 25.663 25.557 0.106 24.797 24.325
M30 × 3.5 6g 0.053 29.947 29.522 27.674 27.462 0.212 26.158 25.306
M30 × 3.5 6h 0.000 30.000 29.575 27.727 27.515 0.212 26.211 25.359
M30 × 3.5 4g6g 0.053 29.947 29.522 27.674 27.542 0.132 26.158 25.386
M30 × 2 6g 0.038 29.962 29.682 28.663 28.493 0.170 27.797 27.261
M30 × 2 6h 0.000 30.000 29.720 28.701 28.531 0.170 27.835 27.299
M30 × 2 4g6g 0.038 29.962 29.682 28.663 28.557 0.106 27.797 27.325
M30 × 1.5 6g 0.032 29.968 29.732 28.994 28.844 0.150 28.344 27.920
M30 × 1.5 6h 0.000 30.000 29.764 29.026 28.876 0.150 28.376 27.952
M30 × 1.5 4g6g 0.032 29.968 29.732 28.994 28.899 0.095 28.344 27.975
M33 × 2 6g 0.038 32.962 32.682 31.663 31.493 0.170 30.797 30.261
M33 × 2 6h 0.000 33.000 32.720 31.701 31.531 0.170 30.835 30.299
M33 × 2 4g6g 0.038 32.962 32.682 31.663 31.557 0.106 30.797 30.325
M35 × 1.5 6g 0.032 34.968 34.732 33.994 33.844 0.150 33.344 32.920
M35 × 1.5 6h 0.000 35.000 34.764 34.026 33.876 0.150 33.376 32.952
M36 × 4 6g 0.060 35.940 35.465 33.342 33.118 0.224 31.610 30.654
M36 × 4 6h 0.000 36.000 35.525 33.402 33.178 0.224 31.670 30.714
M36 × 4 4g6g 0.060 35.940 35.465 33.342 33.202 0.140 31.610 30.738
M36 × 2 6g 0.038 35.962 35.682 34.663 34.493 0.170 33.797 33.261
M36 × 2 6h 0.000 36.000 35.720 34.701 34.531 0.170 33.835 33.299
M36 × 2 4g6g 0.038 35.962 35.682 34.663 34.557 0.106 33.797 33.325
M39 × 2 6g 0.038 38.962 38.682 37.663 37.493 0.170 36.797 36.261
M39 × 2 6h 0.000 39.000 38.720 37.701 37.531 0.170 36.835 36.299
M39 × 2 4g6g 0.038 38.962 38.682 37.663 37.557 0.106 36.797 36.325
M40 × 1.5 6g 0.032 39.968 39.732 38.994 38.844 0.150 38.344 37.920
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M40 × 1.5 6h 0.000 40.000 39.764 39.026 38.876 0.150 38.376 37.952
M40 × 1.5 4g6g 0.032 39.968 39.732 38.994 38.899 0.095 38.344 37.975
M42 × 4.5 6g 0.063 41.937 41.437 39.014 38.778 0.236 37.065 36.006
M42 × 4.5 6h 0.000 42.000 41.500 39.077 38.841 0.236 37.128 36.069
M42 × 4.5 4g6g 0.063 41.937 41.437 39.014 38.864 0.150 37.065 36.092
M42 × 2 6g 0.038 41.962 41.682 40.663 40.493 0.170 39.797 39.261
M42 × 2 6h 0.000 42.000 41.720 40.701 40.531 0.170 39.835 39.299
M42 × 2 4g6g 0.038 41.962 41.682 40.663 40.557 0.106 39.797 39.325
M45 × 1.5 6g 0.032 44.968 44.732 43.994 43.844 0.150 43.344 42.920
M45 × 1.5 6h 0.000 45.000 44,764 44.026 43.876 0.150 43.376 42.952
M45 × 1.5 4g6g 0.032 44.968 44.732 43.994 43.899 0.095 43.344 42.975
M48 × 5 6g 0.071 47.929 47.399 44.681 44.431 0.250 42.516 41.351
M48 × 5 6h 0.000 48.000 47.470 44.752 44.502 0.250 42.587 41.422
M48 × 5 4g6g 0.071 47.929 47.399 44.681 44.521 0.160 42.516 41.441
M48 × 2 6g 0.038 47.962 47.682 46.663 46.483 0.180 45.797 45.251
M48 × 2 6h 0.000 48.000 47.720 46.701 46.521 0.180 45.835 45.289
M48 × 2 4g6g 0.038 47.962 47.682 46.663 46.551 0.112 45.797 45.319
M50 × 1.5 6g 0.032 49.968 49.732 48.994 48.834 0.160 48.344 47.910
M50 × 1.5 6h 0.000 50.000 49.764 49.026 48.866 0.160 48.376 47.942
M50 × 1.5 4g6g 0.032 49.968 49.732 48.994 48.894 0.100 48.344 47.970
M55 × 1.5 6g 0.032 54.968 54.732 53.994 53.834 0.160 53.344 52.910
M55 × 1.5 6h 0.000 55.000 54.764 54.026 53.866 0.160 53.376 52.942
M55 × 1.5 4g6g 0.032 54.968 54.732 53.994 53.894 0.100 53.344 52.970
M56 × 5.5 6g 0.075 55.925 55.365 52.353 52.088 0.265 49.971 48.700
M56 × 5.5 6h 0.000 56.000 55.440 52.428 52.163 0.265 50.046 48.775
M56 × 5.5 4g6g 0.075 55.925 55.365 52.353 52.183 0.170 49.971 48.795
M56 × 2 6g 0.038 55.962 55.682 54.663 54.483 0.180 53.797 53.251
M56 × 2 6h 0.000 56.000 55.720 54.701 54.521 0.180 53.835 53.289
M56 × 2 4g6g 0.038 55.962 55.682 54.663 54.551 0.112 53.797 53.319
M60 × 1.5 6g 0.032 59.968 59.732 58.994 58.834 0.160 58.344 57.910
M60 × 1.5 6h 0.000 60.000 59.764 59.026 58.866 0.160 58.376 57.942
M60 × 1.5 4g6g 0.032 59.968 59.732 58.994 58.894 0.100 58.344 57.970
M64 × 6 6g 0.080 63.920 63.320 60.023 59.743 0.280 57.425 56.047
M64 × 6 6h 0.000 64.000 63.400 60.103 59.823 0.280 57.505 56.127
M64 × 6 4g6g 0.080 63.920 63.320 60.023 59.843 0.180 57.425 56.147
M64 × 2 6g 0.038 63.962 63.682 62.663 62.483 0.180 61.797 61.251
M64 × 2 6h 0.000 64.000 63.720 62.701 62.521 0.180 61.835 61.289
M64 × 2 4g6g 0.038 63.962 63.682 62.663 62.551 0.112 61.797 61.319
M65 × 1.5 6g 0.032 64.968 64.732 63.994 63.834 0.160 63.344 62.910
M65 × 1.5 6h 0.000 65.000 64.764 64.026 63.866 0.160 63.376 62.942
M65 × 1.5 4g6g 0.032 64.968 64.732 63.994 63.894 0.100 63.344 62.970
M70 × 1.5 6g 0.032 69.968 69.732 68.994 68.834 0.160 68.344 67.910
M70 × 1.5 6h 0.000 70.000 69.764 69.026 68.866 0.160 68.376 67.942
M70 × 1.5 4g6g 0.032 69.968 69.732 68.994 68.894 0.100 68.344 67.970
M72 × 6 6g 0.080 71.920 71.320 68.023 67.743 0.280 65.425 64.047
M72 × 6 6h 0.000 72.000 71.400 68.103 67.823 0.280 65.505 64.127
M72 × 6 4g6g 0.080 71.920 71.320 68.023 67.843 0.180 65.425 64.147
M72 × 2 6g 0.038 71.962 71.682 70.663 70.483 0.180 69.797 69.251
M72 × 2 6h 0.000 72.000 71.720 70.701 70.521 0.180 69.835 69.289
M72 × 2 4g6g 0.038 71.962 71.682 70.663 70.551 0.112 69.797 69.319
M75 × 1.5 6g 0.032 74.968 74.732 73.994 73.834 0.160 73.344 72.910
M75 × 1.5 6h 0.000 75.000 74.764 74.026 73.866 0.160 73.376 72.942
M75 × 1.5 4g6g 0.032 74.968 74.732 73.994 73.894 0.100 73.344 72.970
M80 × 6 6g 0.080 79.920 79.320 76.023 75.743 0.280 73.425 72.047
M80 × 6 6h 0.000 80.000 79.400 76.103 75.823 0.280 73.505 72.127
M80 × 6 4g6g 0.080 79.920 79.320 76.023 75.843 0.180 73.425 72.147
M80 × 2 6g 0.038 79.962 79.682 78.663 78.483 0.180 77.797 77.251
M80 × 2 6h 0.000 80.000 79.720 78.701 78.521 0.180 77.835 77.289
M80 × 2 4g6g 0.038 79.962 79.682 78.663 78.551 0.112 77.797 77.319
M80 × 1.5 6g 0.032 79.968 79.732 78.994 78.834 0.160 78.344 77.910
M80 × 1.5 6h 0.000 80.000 79.764 79.026 78.866 0.160 78.376 77.942
M80 × 1.5 4g6g 0.032 79.968 79.732 78.994 78.894 0.100 78.344 77.970
M85 × 2 6g 0.038 84.962 84.682 83.663 83.483 0.180 82.797 82.251
M85 × 2 6h 0.000 85.000 84.720 83.701 83.521 0.180 82.835 82.289
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All dimensions are in millimeters.

M85 × 2 4g6g 0.038 84.962 84.682 83.663 83.551 0.112 82.797 82.319
M90 × 6 6g 0.080 89.920 89.320 86.023 85.743 0.280 83.425 82.047
M90 × 6 6h 0.000 90.000 89.400 86.103 85.823 0.280 83.505 82.127
M90 × 6 4g6g 0.080 89.920 89.320 86.023 85.843 0.180 83.425 82.147
M90 × 2 6g 0.038 89.962 89.682 88.663 88.483 0.180 87.797 87.251
M90 × 2 6h 0.000 90.000 89.720 88.701 88.521 0.180 87.835 87.289
M90 × 2 4g6g 0.038 89.962 89.682 88.663 88.551 0.112 87.797 87.319
M95 × 2 6g 0.038 94.962 94.682 93.663 93.473 0.190 92.797 92.241
M95 × 2 6h 0.000 95.000 94.720 93.701 93.511 0.190 92.835 92.279
M95 × 2 4g6g 0.038 94.962 94.682 93.663 93.545 0.118 92.797 92.313
M100 × 6 6g 0.080 99.920 99.320 96.023 95.723 0.300 93.425 92.027
M100 × 6 6h 0.000 100.000 99.400 96.103 95.803 0.300 93.505 92.107
M100 × 6 4g6g 0.080 99.920 99.320 96.023 95.833 0.190 93.425 92.137
M100 × 2 6g 0.038 99.962 99.682 98.663 98.473 0.190 97.797 97.241
M100 × 2 6h 0.000 100.000 99.720 98.701 98.511 0.190 97.835 97.279
M100 × 2 4g6g 0.038 99.962 99.682 98.663 98.545 0.118 97.797 97.313
M105 × 2 6g 0.038 104.962 104.682 103.663 103.473 0.190 102.797 102.241
M105 × 2 6h 0.000 105.000 104.720 103.701 103.511 0.190 102.835 102.279
M105 × 2 4g6g 0.038 104.962 104.682 103.663 103.545 0.118 102.797 102.313
M110 × 2 6g 0.038 109.962 109.682 108.663 108.473 0.190 107.797 107.241
M110 × 2 6h 0.000 110.000 109.720 108.701 108.511 0.190 107.835 107.279
M110 × 2 4g6g 0.038 109.962 109.682 108.663 108.545 0.118 107.797 107.313
M120 × 2 6g 0.038 119.962 119.682 118.663 118.473 0.190 117.797 117.241
M120 × 2 6h 0.000 120.000 119.720 118.701 118.511 0.190 117.835 117.279
M120 × 2 4g6g 0.038 119.962 119.682 118.663 118.545 0.118 117.797 117.313
M130 × 2 6g 0.038 129.962 . 129.682 128.663 128.473 0.190 127.797 127.241
M130 × 2 6h 0.000 130.000 129.720 128.701 128.511 0.190 127.835 127.279
M130 × 2 4g6g 0.038 129.962 129.682 128.663 128.545 0.118 127.797 127.313
M140 × 2 6g 0.038 139.962 139.682 138.663 138.473 0.190 137.797 137.241
M140 × 2 6h 0.000 140.000 139.720 138.701 138.511 0.190 137.835 137.279
M140 × 2 4g6g 0.038 139.962 139.682 138.663 138.545 0.118 137.797 137.313
M150 × 2 6g 0.038 149.962 149.682 148.663 148.473 0.190 147.797 147.241
M150 × 2 6h 0.000 150.000 149.720 148.701 148.511 0.190 147.835 147.279
M150 × 2 4g6g 0.038 149.962 149.682 148.663 148.545 0.118 147.797 147.313
M160 × 3 6g 0.048 159.952 159.577 158.003 157.779 0.224 156.704 155.931
M160 × 3 6h 0.000 160.000 159.625 158.051 157.827 0.224 156.752 155.979
M160 × 3 4g6g 0.048 159.952 159.577 158.003 157.863 0.140 156.704 156.015
M170 × 3 6g 0.048 169.952 169.577 168.003 167.779 0.224 166.704 165.931
M170 × 3 6h 0.000 170.000 169.625 168.051 167.827 0.224 166.752 165.979
M170 × 3 4g6g 0.048 169.952 169.577 168.003 167.863 0.140 166.704 166.015
M180 × 3 6g 0.048 179.952 179.577 178.003 177.779 0.224 176.704 175.931
M180 × 3 6h 0.000 180.000 179.625 178.051 177.827 0.224 176.752 175.979
M180 × 3 4g6g 0.048 179.952 179.577 178.003 177.863 0.140 176.704 176.015
M190 × 3 6g 0.048 189.952 189.577 188.003 187.753 0.250 186.704 185.905
M190 × 3 6h 0.000 190.000 189.625 188.051 187.801 0.250 186.752 185.953
M190 × 3 4g6g 0.048 189.952 189.577 188.003 187.843 0.160 186.704 185.995
M200 × 3 6g 0.048 199.952 199.577 198.003 197.753 0.250 196.704 195.905
M200 × 3 6h 0.000 200.000 199.625 198.051 197.801 0.250 196.752 195.953
M200 × 3 4g6g 0.048 199.952 199.577 198.003 197.843 0.160 196.704 195.995

a es is an absolute value. 
b Coated threads with tolerance classes 6g or 4g6g, see Material Limits for Coated Threads, 1886.
c  Functional diameter size includes the effects of all variations in pitch diameter, thread form, and

profile. The variations in the individual thread characteristics such as flank angle, lead, taper, and
roundness on a given thread, cause the measurements of the pitch diameter and functional diameter to
vary from one another on most threads. The pitch diameter and the functional diameter on a given
thread are equal to one another only when the thread form is perfect. When required to inspect either
the pitch diameter, the functional diameter, or both, for thread acceptance, use the same limits of size
for the appropriate thread size and class. 

d Dimension used in the design of tools, etc.; in dimensioning external threads it is not normally
specified. Generally, minor diameter acceptance is based on maximum material condition gaging. 
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Metric Screw Thread Designations.—Metric screw threads are identified by the letter
(M) for the thread form profile, followed by the nominal diameter size and the pitch
expressed in millimeters, separated by the sign (×) and followed by the tolerance class sep-
arated by a dash (−) from the pitch.

The simplified international practice for designating coarse pitch M profile metric screw
threads is to leave off the pitch. Thus a M14 × 2 thread is designated just M14. However, to
prevent misunderstanding, it is mandatory to use the value for pitch in all designations.

Thread acceptability gaging system requirements of ANSI B1.3M may be added to the
thread size designation as noted in the examples (numbers in parentheses) or as specified
in pertinent documentation, such as the drawing or procurement document.

Unless otherwise specified in the designation, the screw thread is right hand.

Examples: External thread of M profile, right hand: M6 × 1 − 4g6g (22)
Internal thread of M profile, right hand: M6 × 1 − 5H6H (21)

Designation of Left Hand Thread: When a left hand thread is specified, the tolerance
class designation is followed by a dash and LH.

Example: M6 × 1 − 5H6H − LH (23)

Designation for Identical Tolerance Classes: If the two tolerance class designations for
a thread are identical, it is not necessary to repeat the symbols.

Example: M6 × 1 − 6H (21)

Designation Using All Capital Letters: When computer and teletype thread designations
use all capital letters, the external or internal thread may need further identification. Thus
the tolerance class is followed by the abbreviations EXT or INT in capital letters.

Examples: M6 × 1 − 4G6G EXT; M6 × 1 − 6H INT

Designation for Thread Fit: A fit between mating threads is indicated by the internal
thread tolerance class followed by the external thread tolerance class and separated by a
slash.

Examples: M6 × 1 − 6H/6g; M6 × 1 − 6H/4g6g

Designation for Rounded Root External Thread: The M profile with a minimum root
radius of 0.125P on the external thread is desirable for all threads but is mandatory for
threaded mechanical fasteners of ISO 898/I property class 8.8 (minimum tensile strength
800 MPa) and stronger. No special designation is required for these threads. Other parts
requiring a 0.125P root radius must have that radius specified.

When a special rounded root is required, its external thread designation is suffixed by the
minimum root radius value in millimeters and the letter R.

Example: M42 × 4.5 − 6g − 0.63R

Designation of Threads Having Modified Crests: Where the limits of size of the major
diameter of an external thread or the minor diameter of an internal thread are modified, the
thread designation is suffixed by the letters MOD followed by the modified diameter lim-
its.

Examples:

Designation of Special Threads: Special diameter-pitch threads developed in accor-
dance with this Standard ANSI/ASME B1.13M are identified by the letters SPL following
the tolerance class. The limits of size for the major diameter, pitch diameter, and minor
diameter are specified below this designation.

External thread M profile, major
diameter reduced 0.075 mm.

M6 × 1 − 4h6h MOD
Major dia = 5.745 − 5.925 MOD

Internal thread M profile, minor 
diameter increased 0.075 mm.

M6 × 1 − 4H5H MOD
Minor dia = 5.101 − 5.291 MOD
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Examples:

Designation of Multiple Start Threads: When a thread is required with a multiple start, it
is designated by specifying sequentially: M for metric thread, nominal diameter size, × L
for lead, lead value, dash, P for pitch, pitch value, dash, tolerance class, parenthesis, script
number of starts, and the word starts, close parenthesis.

Examples: M16 × L4 − P2 − 4h6h (TWO STARTS)
M14 × L6 − P2 − 6H (THREE STARTS)

Designation of Coated or Plated Threads: In designating coated or plated M threads the
tolerance class should be specified as after coating or after plating. If no designation of
after coating or after plating is specified, the tolerance class applies before coating or plat-
ing in accordance with ISO practice. After plating, the thread must not transgress the max-
imum material limits for the tolerance position H/h.

Examples: M6 × 1 − 6h AFTER COATING or AFTER PLATING
M6 × 1 − 6g AFTER COATING or AFTER PLATING

Where the tolerance position G/g is insufficient relief for the application to hold the
threads within product limits, the coating or plating allowance may be specified as the
maximum and minimum limits of size for minor and pitch diameters of internal threads or
major and pitch diameters for external threads before coating or plating.

Example:Allowance on external thread M profile based on 0.010 mm minimum coating
thickness.

M6 × 1 − 4h6h − AFTER COATING
BEFORE COATING

Major dia =  5.780 − 5.940
Pitch dia = 5.239 − 5.290

Metric Screw Threads—MJ Profile

The MJ screw thread is intended for aerospace metric threaded parts and for other highly
stressed applications requiring high temperature or high fatigue strength, or for “no allow-
ance” applications. The MJ profile thread is a hard metric version similar to the UNJ inch
standards, ANSI/ASME B1.15 and MIL-S-8879. The MJ profile thread has a 0.15011P to
0.180424P controlled root radius in the external thread and the internal thread minor diam-
eter truncated to accommodate the external thread maximum root radius.

First issued in 1978, the American National Standard ANSI/ASME B1.21M-1997 estab-
lishes the basic triangular profile for the MJ form of thread; gives a system of designations;
lists the standard series of diameter-pitch combinations for diameters from 1.6 to 200 mm;
and specifies limiting dimensions and tolerances. Changes included in the 1997 revision
are the addition of tolerance class 4G6G and 4G5G/4g6g comparable to ANSI/ASME
B1.15 (UNJ thread); the addition of tolerance class 6H/6g comparable to ANSI/ASME
B1.13M; and changes in the rounding proceedure as set forth in ANSI/ASME B1.30M.

Diameter-Pitch Combinations.—This Standard includes a selected series of diameter-
pitch combinations of threads taken from International Standard ISO 261 plus some addi-
tional sizes in the constant pitch series. These are given in Table 1. It also includes the stan-
dard series of diameter-pitch combinations for aerospace screws, bolts, nuts, and fluid
system fittings as shown in Table 2.

External thread
M6.5 × 1 − 4h6h − SPL (22)
Major dia = 6.320 − 6.500
Pitch dia = 5.779 − 5.850
Minor dia = 5.163 − 5.386

Internal thread
M6.5 × 1 − 4H5H − SPL (23)

Major dia = 6.500 min
Pitch dia = 5.850 − 5.945
Minor dia = 5.417 − 5.607
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All dimensions are in millimeters. Pitches in parentheses ( ) are to be avoided as far as possible.

Table 1.  ANSI Standard Metric Screw Threads MJ Profile
Diameter-Pitch Combinations  ANSI/ASME B1.21M-1997 (R2003)

Nominal Diameter Pitchs Nominal Diameter Pitchs

Choices

Coarse Fine

Choices

Coarse Fine1st 2nd 1st 2nd

1.6 … 0.35 … … 52 … 3, 2, 1.5

… 1.8 0.35 … 55 … … 3, 2, 1.5

2.0 … 0.4 … 56 5.5 3, 2, 1.5

… 2.2 0.45 … … 58 … 3, 2, 1.5

2.5 … 0.45 … 60 … 3, 2, 1.5

3 … 0.5 … … 62 … 3, 2, 1.5

3.5 … 0.6 … … 64 6 3, 2, 1.5

4 … 0.7 … 65 … … 3, 2, 1.5

… 4.5 0.75 … … 68 … 3, 2, 1.5

5 … 0.8 … 70 … … 3, 2, 1.5

6 … 1 0.75 … 72 6 3, 2, 1.5

7 … 1 0.75 75 … … 3, 2, 1.5

8 … 1.25 1, 0.75 … 76 … 3, 2, 1.5

… 9 1.25 1, 0.75 … 78 … 3a, 2, 1.5a

a Not included in ISO 261. 

10 … 1.5 1.25, 1, 0.75 80 … 6 3, 2, 1.5

… 11 1.5 1.25b, 1, 0.75

b Only for aircraft control cable fittings. 

… 82 … 3a, 2, 1.5a

12 … 1.75 1.5, 1.25, 1 85 … … 3, 2, 1.5a

14 … 2 1.5, 1.25c, 1

c Only for spark plugs for engines. 

90 … 6 3, 2, 1.5a

… 15 … 1.5, 1 95 … … 3, 2, 1.5a

16 … 2 1.5, 1 100 … 6 3, 2, 1.5a

… 17 … 1.5, 1 105 … … 3, 2, 1.5a

18 … 2.5 2, 1.5, 1 110 … … 3, 2, 1.5a

20 … 2.5 2, 1.5, 1 … 115 … 3, 2, 1.5a

22 … 2.5 2, 1.5, 1 120 … … 3, 2, 1.5a

24 … 3 2, 1.5, 1 … 125 … 3, 2, 1.5a

… 25 … 2, 1.5, 1 130 … … 3, 2, 1.5a

… 26 … 1.5 … 135 … 3, 2, 1.5a

27 … 3 2, 1.5, 1 140 … … 3, 2, 1.5a

… 28 … 2, 1.5, 1 … 145 … 3, 2, 1.5a

30 … 3.5 3, 2, 1.5, 1 150 … … 3, 2, 1.5a

… 32 … 2, 1.5 … 155 … 3

33 … … 3, 2, 1.5 160 … … 3

… 35 … 1.5 … 165 … 3

36 … 4 3, 2, 1.5 170 … … 3

… 38 … 1.5 … 175 … 3

39 … … 3, 2, 1.5 180 … … 3

… 40 … 3, 2, 1.5 … 185 … 3

. 42 4.5 3, 2, 1.5 190 … … 3

45 … … 3, 2, 1.5 … 195 … 3

… 48 5 3, 2, 1.5 200 … … 3

50 … … 3, 2, 1.5 … … … …



1902 METRIC SCREW THREADS MJ PROFILE

Table 2. ANSI Standard Metric Screw Threads MJ Profile, Diameter-Pitch
Combinations for Aerospace ANSI/ASME B1.21M-1997 (R2003)

Aerospace Screws, Bolts and Nuts Aerospace Fluid System Fittings

Nom.
Sizea Pitch

Nom.
Size Pitch

Nom.
Size Pitch

Nom.
Size Pitch

Nom.
Size Pitch

Nom.
Size Pitch

Nom.
Size Pitch

1.6 0.35 5 0.8 14 1.5 27 2 8 1 20 1.5 36 1.5
2 0.4 6 1 16 1.5 30 2 10 1 22 1.5 39 1.5
2.5 0.45 7 1 18 1.5 33 2 12 1.25 24 1.5 42 2
3 0.5 8 1 20 1.5 36 2 14 1.5 27 1.5 48 2
3.5 0.6 10 1.25 22 1.5 39 2 16 1.5 30 1.5 50 2
4 0.7 12 1.25 24 2 … … 18 1.5 33 1.5 … …

All dimensions are in millimeters.

a For threads smaller than 1.6 mm nominal size, use miuniature screw threads (ANSI B1.10M).  

Fig. 1. Internal MJ Thread Basic and Design Profiles (Top) and External MJ Thread
Basic and Design Profiles (Bottom) Showing Tolerance Zones
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Tolerances: The thread tolerance system is based on ISO 965/1, Metric Screw thread
System of Tolerance Positions and Grades. Tolerances are positive for internal threads and
negative for external threads, that is, in the direction of minimum material.

For aerospace applications, except for fluid fittings, tolerance classes 4H5H or 4G6G
and 4g6g should be used. These classes approximate classes 3B/3A in the inch system.
Aerospace fluid fittings use classes 4H5H or 4H6H and 4g6g.

Tolerance classes 4G5G or 4G6G and 4g6g are provided for use when thread allowances
are required. These classes provide a slightly tighter fit than the inch classes 2B/2A at min-
imum material condition.

Additional tolerance classes 6H/6g are included in this Standard to provide appropriate
product selection based on general applications. These classes and the selection of stan-
dard diameter/pitch combinations are the same as those provided for the M profile metric
screw threads in ANSI/ASME B1.13M. Classes 6H/6g result in a slightly looser fit than
inch classes 2B/2A at minimum material condition.

Symbols: Standard symbols appearing in Fig. 1 are:

D =Basic major diameter of internal thread

D2 =Basic pitch diameter of internal thread

D1 =Basic minor diameter of internal thread

d =Basic major diameter of external thread

d2 =Basic pitch diameter of external thread

d1 =Basic minor diameter of internal thread

d3 =Diameter to bottom of external thread root radius

H =Height of fundamental triangle

P =Pitch

Basic Designations: The aerospace metric screw thread is designated by the letters “MJ”
to identify the metric J thread form, followed by the nominal size and pitch in millimeters
(separated by the sign “×”) and followed by the tolerance class (separated by a dash from
the pitch). Unless otherwise specified in the designation, the thread helix is right hand. 

Example:MJ6 × 1 − 4h6h

For further details concerning limiting dimensions, allowances for coating and plating,
modified and special threads, etc., reference should be made to the Standard.

Trapezoidal Metric Thread

Comparison of ISO and DIN Standards.—ISO metric trapezoidal screw threads stan-
dard, ISO 2904-1977, describes the system of general purpose metric threads for use in
mechanisms and structures. The standard is in basic agreement with trapezoidal metric
thread DIN 103. The DIN 103 standard applies a particular pitch for a particular diameter
of thread, but the ISO standard applies a variety of pitchs for a particular diameter. In ISO
2904-1977, the same clearance is applied to both the major diameter and minor diameter,
but in DIN 103 the clearance in the minor diameter is two or three times greater than clear-
ance in the major diameter. A comparison of DIN 103 is given in Table 1.
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Metric Trapezoidal Thread, ISO 2904

Terminology: The term "bolt threads" is used for external screw threads, the term "nut
threads" for internal screw threads.

Calculation: The value given in the International standards have been calculated by
using the following formulas:

where ac = clearance on the crest; D = major diameter for nut threads; D2 = pitch diame-
ter for nut threads; D1 = minor diameter for nut threads; d = major diameter for bolt
threads = nominal diameter; d2 = pitch diameter for bolt threads; d3 = minor diameter for
bolt threads; h1 = Height of overlapping; h4 = height of nut threads; h3 = height of bolt
threads; and, P = pitch.

Table 1. Comparison of ISO Metric Trapezoidal Screw Thread  ISO 2904-1977
 and Trapezoidal Metric Screw Thread DIN 103

ISO 2904 DIN 103 Comment

Nominal Diameter D DS

Pitch p p  Same
Clearances (Bolt Circle) ac b  Same
Clearances (Nut Circle) ac a Not same
Height of Overlapping h1 he Same

Bolt Circle
h3 = 0.50P + ac hs = 0.50P + a Same

has = 0.25p z = 0.25p Same
Minor diameter for external thread D3 = d − 2h3 ks = d − 2hs Same
Pitch diameter for external thread D2 = d − 2has d2 = d − 2z Same

Nut Circle

Basic major diameter for nut thread D4 = d + 2ac dn = d + a + b Not same
Height of internal thread h4 = h3 hn = h3+ a Not same
Minor diameter of internal thread D1= D − 2h1 Kn = Dn− 2hn Not same

Z

h3

R1

R2

d d2 d3

P

30˚

ac

H1

ac

R2

H4

D1

D2, d2

D4

External Thread

Internal Thread

H1 0.5P= H4 H1 ac+ 0.5P ac+= = H3 H1 ac+ 0.5P ac+= =

D4 d 2ac+= Z 0.25P H1 2⁄= = D1 d 2H1– d p–= =

D3 D 2h3–= d2 D2 d 2Z– d 0.5P–= = = R1max. 0.5ac= R2max. ac=
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Table 2. ISO Metric Trapezoidal Screw Thread  ISO 2904-1977

Nominal Diameter, d Pitch, P Pitch Diam. 
d2 = D2

Major Diam. 
D4

Minor Diameter

d3 D1

8 1.5 7.250 8.300 6.200 6.500

9
1.5 8.250 9.300 7.200 7.500

2 8.000 9.500 6.500 7.000

10
1.5 9.250 10.300 8.200 8.500

2 9.000 10.500 7.500 8.000

11
2 10.000 11.500 8.500 9.000

3 9.500 11.500 7.500 8.000

12
2 11.000 12.500 9.500 10.000

3 10.500 12.500 8.500 9.000

14
2 13.000 14.500 11.500 12.000

3 12.500 14.500 10.500 11.000

16
2 15.000 16.500 13.500 14.000

3 14.500 16.500 12.500 13.000

18
2 17.000 18.500 15.500 16.000

4 16.000 18.500 13.500 14.000

20
2 19.000 20.500 17.500 18.000

4 18.000 20.500 15.500 16.000

22

3 20.500 22.500 18.500 19.000

5 19.500 22.500 16.500 17.000

8 18.000 23.000 13.000 14.000

24

3 22.500 24.500 20.500 21.000

5 21.500 24.500 18.500 19.000

8 20.000 25.000 15.000 16.000

26

3 24.500 26.500 22.500 23.000

5 23.500 26.500 20.500 21.000

8 22.000 27.000 17.000 18.000

28

3 26.500 28.500 24.500 25.000

5 25.500 28.500 22.500 23.000

8 24.000 29.000 19.000 20.000

30

3 28.500 30.500 26.500 27.000

6 27.000 31.000 23.000 24.000

10 25.000 31.000 19.000 20.000

32

3 30.500 32.500 28.500 29.000

6 29.000 33.000 25.000 26.000

10 27.000 33.000 21.000 22.000

34

3 32.500 34.500 30.500 31.000

6 31.000 35.000 27.000 28.000

10 29.000 35.000 23.000 24.000

36

3 34.500 36.500 32.500 33.000

6 33.000 37.000 29.000 30.000

10 31.000 37.000 25.000 26.000

38

3 36.500 38.500 34.500 35.000

7 34.500 39.000 30.000 31.000

10 33.000 39.000 27.000 28.000

40

3 38.500 40.500 36.500 37.000

7 36.500 41.000 32.000 33.000

10 35.000 41.000 29.000 30.000
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42

3 40.500 42.500 38.500 39.000

7 38.500 43.000 34.000 35.000

10 37.000 43.000 31.000 32.000

44

3 42.500 44.500 40.500 41.000

7 40.500 45.000 36.000 37.000

12 38.000 45.000 31.000 32.000

46

3 44.500 46.500 42.500 43.000

8 42.000 47.000 37.000 38.000

12 40.000 47.000 33.000 34.000

48

3 46.500 48.500 44.500 45.000

8 44.000 49.000 39.000 40.000

12 42.000 49.000 35.000 36.000

50

3 48.500 50.500 46.500 47.000

8 46.000 51.000 41.000 42.000

12 44.000 51.000 37.000 38.000

52

3 50.500 52.500 48.500 49.000

8 48.000 53.000 43.000 44.000

12 46.000 53.000 39.000 40.000

55

3 53.500 55.500 51.500 52.000

9 50.500 56.000 45.000 46.000

14 48.000 57.000 39.000 41.000

60

3 58.500 60.500 56.500 57.000

9 55.500 61.000 50.000 51.000

14 53.000 62.000 44.000 46.000

65

4 63.000 65.500 60.500 61.000

10 60.000 66.000 54.000 55.000

16 57.000 67.000 47.000 49.000

70

4 68.000 70.500 65.500 66.000

10 65.000 71.000 59.000 60.000

16 62.000 72.000 52.000 54.000

75

4 73.000 75.500 70.500 71.000

10 70.000 76.000 64.000 65.000

16 67.000 77.000 57.000 59.000

80

4 78.000 80.500 75.500 76.000

10 75.000 81.000 69.000 70.000

16 72.000 82.000 62.000 64.000

85

4 83.000 85.500 80.500 81.000

12 79.000 86.000 72.000 73.000

18 76.000 87.000 65.000 67.000

90

4 88.000 90.500 85.500 86.000

12 84.000 91.000 77.000 78.000

18 81.000 92.000 70.000 72.000

95 4 93.000 95.500 90.500 91.000

95
12 89.000 96.000 82.000 83.000

18 86.000 97.000 75.000 77.000

100

4 98.000 100.500 95.500 96.000

12 94.000 101.000 87.000 88.000

20 90.000 102.000 78.000 80.000

Table 2. (Continued) ISO Metric Trapezoidal Screw Thread  ISO 2904-1977

Nominal Diameter, d Pitch, P Pitch Diam. 
d2 = D2

Major Diam. 
D4

Minor Diameter

d3 D1
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105

4 103.000 105.500 100.500 101.000

12 103.000 106.000 92.000 93.000

20 95.000 107.000 83.000 85.000

110

4 108.000 110.500 105.500 106.000

12 104.000 111.000 97.000 98.000

20 100.000 112.000 88.000 90.000

115

6 112.000 116.000 108.000 109.000

14 112.000 117.000 99.000 101.000

22 104.000 117.000 91.000 93.000

120

6 117.000 121.000 113.000 114.000

14 113.000 122.000 104.000 106.000

22 109.000 122.000 96.000 98.000

125

6 122.000 126.000 118.000 119.000

14 122.000 127.000 109.000 111.000

22 114.000 127.000 101.000 103.000

130

6 127.000 131.000 123.000 124.000

14 123.000 132.000 114.000 116.000

22 119.000 132.000 106.000 108.000

135

6 132.000 136.000 128.000 129.000

14 132.000 137.000 119.000 121.000

24 123.000 137.000 109.000 111.000

140

6 137.000 141.000 133.000 134.000

14 133.000 142.000 124.000 126.000

24 128.000 142.000 114.000 116.000

145

6 142.000 146.000 138.000 139.000

14 142.000 147.000 129.000 131.000

24 133.000 147.000 119.000 121.000

150

6 147.000 151.000 143.000 144.000

16 142.000 152.000 132.000 134.000

24 138.000 152.000 124.000 126.000

155

6 152.000 156.000 148.000 149.000

16 152.000 157.000 137.000 139.000

24 143.000 157.000 129.000 131.000

160

6 157.000 161.000 153.000 154.000

16 152.000 162.000 142.000 144.000

28 146.000 162.000 130.000 132.000

165

6 162.000 166.000 158.000 159.000

16 162.000 167.000 147.000 149.000

28 151.000 167.000 135.000 137.000

170

6 167.000 171.000 163.000 164.000

16 162.000 172.000 152.000 154.000

28 156.000 172.000 140.000 142.000

175

8 171.000 176.000 166.000 167.000

16 171.000 177.000 157.000 159.000

28 161.000 177.000 145.000 147.000

180

8 176.000 181.000 171.000 172.000

18 171.000 182.000 160.000 162.000

28 166.000 182.000 150.000 152.000

Table 2. (Continued) ISO Metric Trapezoidal Screw Thread  ISO 2904-1977

Nominal Diameter, d Pitch, P Pitch Diam. 
d2 = D2

Major Diam. 
D4

Minor Diameter

d3 D1
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All dimensions in millimeters

185

8 181.000 186.000 176.000 177.000

18 181.000 187.000 165.000 167.000

32 169.000 187.000 151.000 153.000

190

8 186.000 191.000 181.000 182.000

18 181.000 192.000 170.000 172.000

32 174.000 192.000 156.000 158.000

195

8 191.000 196.000 186.000 187.000

18 191.000 197.000 175.000 177.000

32 179.000 197.000 161.000 163.000

200

8 196.000 201.000 191.000 192.000

18 191.000 202.000 180.000 182.000

32 184.000 202.000 166.000 168.000

210

8 206.000 211.000 201.000 202.000

20 200.000 212.000 188.000 190.000

36 192.000 212.000 172.000 174.000

220

8 216.000 221.000 211.000 212.000

20 210.000 222.000 198.000 200.000

36 202.000 222.000 182.000 184.000

230

8 226.000 231.000 221.000 222.000

20 220.000 232.000 208.000 210.000

36 212.000 232.000 192.000 194.000

240

8 236.000 241.000 231.000 232.000

22 229.000 242.000 216.000 218.000

36 222.000 242.000 202.000 204.000

250

12 244.000 251.000 237.000 238.000

22 239.000 252.000 226.000 228.000

40 230.000 252.000 208.000 210.000

260

12 254.000 261.000 247.000 248.000

22 249.000 262.000 236.000 238.000

40 240.000 262.000 218.000 220.000

270

12 264.000 271.000 257.000 258.000

24 258.000 272.000 244.000 246.000

40 250.000 272.000 228.000 230.000

280

12 274.000 281.000 267.000 268.000

24 268.000 282.000 254.000 256.000

40 260.000 282.000 238.000 240.000

290

12 284.000 291.000 277.000 278.000

24 278.000 292.000 264.000 266.000

44 268.000 292.000 244.000 246.000

300

12 294.000 301.000 287.000 288.000

24 288.000 302.000 274.000 276.000

44 278.000 302.000 254.000 256.000

Table 2. (Continued) ISO Metric Trapezoidal Screw Thread  ISO 2904-1977

Nominal Diameter, d Pitch, P Pitch Diam. 
d2 = D2

Major Diam. 
D4

Minor Diameter

d3 D1
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Trapezoidal Metric Thread — Preferred Basic Sizes  DIN 103

All dimensions are in millimeters.
*Roots are rounded to a radius, r, equal to 0.25 mm for pitches of from 3 to 12 mm inclusive and 0.5

mm for pitches of from 14 to 26 mm inclusive for power transmission.

H =1.866P

hs =0.5P + a
he =0.5P + a − b

hn =0.5P + 2a − b

has =0.25P

Nom. &
Major

Diam.of
 Bolt, Ds

Pitch,
P

Pitch
Diam.,

E

Depth of
Engage-

ment,
he

Bolt Nut
Clearance Minor

Diam.,
Ks

Depth of
Thread,

hs

Major
Diam.,

Dn

Minor
Diam.,

Kn

Depth of
Thread,

hna b

10 3 8.5 1.25 0.25 0.5 6.5 1.75 10.5 7.5 1.50
12 3 10.5 1.25 0.25 0.5 8.5 1.75 12.5 9.5 1.50
14 4 12 1.75 0.25 0.5 9.5 2.25 14.5 10.5 2.00
16 4 14 1.75 0.25 0.5 11.5 2.25 16.5 12.5 2.00
18 4 16 1.75 0.25 0.5 13.5 2.25 18.5 14.5 2.00
20 4 18 1.75 0.25 0.5 15.5 2.25 20.5 16.5 2.00
22 5 19.5 2 0.25 0.75 16.5 2.75 22.5 18 2.00
24 5 21.5 2 0.25 0.75 18.5 2.75 24.5 20 2.25
26 5 23.5 2 0.25 0.75 20.5 2.75 26.5 22 2.25
28 5 25.5 2 0.25 0.75 22.5 2.75 28.5 24 2.25
30 6 27 2.5 0.25 0.75 23.5 3.25 30.5 25 2.75
32 6 29 2.5 0.25 0.75 25.5 3.25 32.5 27 2.75
36 6 33 2.5 0.25 0.75 29.5 3.25 36.5 31 2.75
40 7 36.5 3 0.25 0.75 32.5 3.75 40.5 34 3.25
44 7 40.5 3 0.25 0.75 36.5 3.75 44.5 38 3.25
48 8 44 3.5 0.25 0.75 39.5 4.25 48.5 41 3.75
50 8 46 3.5 0.25 0.75 41.5 4.25 50.5 43 3.75
52 8 48 3.5 0.25 0.75 43.5 4.25 52.5 45 3.75
55 9 50.5 4 0.25 0.75 45.5 4.75 55.5 47 4.25
60 9 55.5 4 0.25 0.75 50.5 4.75 60.5 52 4.25
65 10 60 4.5 0.25 0.75 54.5 5.25 65.5 56 4.75
70 10 65 4.5 0.25 0.75 59.5 5.25 70.5 61 4.75
75 10 70 4.5 0.25 0.75 64.5 5.25 75.5 66 4.75
80 10 75 4.5 0.25 0.75 69.5 5.25 80.5 71 4.75
85 12 79 5.5 0.25 0.75 72.5 6.25 85.5 74 5.75
90 12 84 5.5 0.25 0.75 77.5 6.25 90.5 79 5.75
95 12 89 5.5 0.25 0.75 82.5 6.25 95.5 84 5.75

100 12 94 5.5 0.25 0.75 87.5 6.25 100.5 89 5.75
110 12 104 5.5 0.25 0.75 97.5 6.25 110.5 99 5.75
120 14 113 6 0.5 1.5 105 7.5 121 108 6.5
130 14 123 6 0.5 1.5 115 7.5 131 118 6.5
140 14 133 6 0.5 1.5 125 7.5 141 128 6.5
150 16 142 7 0.5 1.5 133 8.5 151 136 7.5
160 16 152 7 0.5 1.5 143 8.5 161 146 7.5
170 16 162 7 0.5 1.5 153 8.5 171 156 7.5
180 18 171 8 0.5 1.5 161 9.5 181 164 8.5
190 18 181 8 0.5 1.5 171 9.5 191 174 8.5
200 18 191 8 0.5 1.5 181 9.5 201 184 8.5
210 20 200 9 0.5 1.5 189 10.5 211 192 9.5
220 20 210 9 0.5 1.5 199 10.5 221 202 9.5
230 20 220 9 0.5 1.5 209 10.5 231 212 9.5
240 22 229 10 0.5 1.5 217 11.5 241 220 10.5
250 22 239 10 0.5 1.5 227 11.5 251 230 10.5
260 22 249 10 0.5 1.5 237 11.5 261 240 10.5
270 24 258 11 0.5 1.5 245 12.5 271 248 11.5
280 24 268 11 0.5 1.5 255 12.5 281 258 11.5
290 24 278 11 0.5 1.5 265 12.5 291 268 11.5
300 26 287 12 0.5 1.5 273 13.5 301 276 12.5

b

a

P
Nut

Bolt

hn

Dn

30˚

KnKs
E

Ds

r*

has
H

hehs

H/2
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ISO Miniature Screw Threads

D and d dimensions refer to the nut (internal) and screw (external) threads, respectively.

British Standard ISO Metric Screw Threads

BS 3643:Part 1:1981 (R2004) provides principles and basic data for ISO metric screw
threads. It covers single-start, parallel screw threads of from 1 to 300 millimeters in diam-
eter. Part 2 of the Standard gives the specifications for selected limits of size.
Basic Profile.—The ISO basic profile for triangular screw threads is shown in Fig. 1. and
basic dimensions of this profile are given in Table 1.

ISO Miniature Screw Threads, Basic Form ISO/R 1501:1970

Pitch
P H = 0.866025P

0.554256H = 
0.48P

0.375H = 
0.324760P

0.320744H =
0.320744P

0.125H = 
0.108253P

0.08 0.069282 0.038400 0.025981 0.022222 0.008660

0.09 0.077942 0.043200 0.029228 0.024999 0.009743

0.1 0.086603 0.048000 0.032476 0.027777 0.010825

0.125 0.108253 0.060000 0.040595 0.034722 0.013532

0.15 0.129904 0.072000 0.048714 0.041666 0.016238

0.175 0.151554 0.084000 0.056833 0.048610 0.018944

0.2 0.173205 0.096000 0.064952 0.055554 0.021651

0.225 0.194856 0.108000 0.073071 0.062499 0.024357

0.25 0.216506 0.120000 0.081190 0.069443 0.027063

0.3 0.259808 0.144000 0.097428 0.083332 0.032476

ISO Miniature Screw Threads, Basic Dimensions ISO/R 1501:1970

Nominal
Diameter

Pitch
P

Major Diameter 
D, d

Pitch Diameter
D2, d2

Minor Diameter
D1, d1

0.30 0.080 0.300000 0.248039 0.223200

0.35 0.090 0.350000 0.291543 0.263600

0.40 0.100 0.400000 0.335048 0.304000

0.45 0.100 0.450000 0.385048 0.354000

0.50 0.125 0.500000 0.418810 0.380000

0.55 0.125 0.550000 0.468810 0.430000

0.60 0.150 0.600000 0.502572 0.456000

0.70 0.175 0.700000 0.586334 0.532000

0.80 0.200 0.800000 0.670096 0.608000

0.90 0.225 0.900000 0.753858 0.684000

1.00 0.250 1.000000 0.837620 0.760000

1.10 0.250 1.100000 0.937620 0.860000

1.20 0.250 1.200000 1.037620 0.960000

1.40 0.300 1.400000 1.205144 1.112000

Table 1.  British Standard ISO Metric Screw Threads
Basic Profile Dimensions  BS 3643:1981 (R2004)

Pitch
P

H = 5⁄8H = 3⁄8H = H/4 = H/8 =

0.086603P 0.54127P 0.32476P 0.21651P 0.10825P

0.2 0.173 205 0.108 253 0.064 952 0.043 301 0.021 651
0.25 0.216 506 0.135 316 0.081 190 0.054 127 0.027 063
0.3 0.259 808 0.162 380 0.097 428 0.064 952 0.032 476
0.35 0.303 109 0.189 443 0.113 666 0.075 777 0.037 889
0.4 0.346 410 0.216 506 0.129 904 0.086 603 0.043 301
0.45 0.389 711 0.243 570 0.146 142 0.097 428 0.048 714
0.5 0.433 013 0.270 633 0.162 380 0.108 253 0.054 127
0.6 0.519 615 0.324 760 0.194 856 0.129 904 0.064 952
0.7 0.606 218 0.378 886 0.227 322 0.151 554 0.075 777
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All dimensions are given in millimeters.

Tolerance System.—The tolerance system defines tolerance classes in terms of a combi-
nation of a tolerance grade (figure) and a tolerance position (letter). The tolerance position
is defined by the distance between the basic size and the nearest end of the tolerance zone,
this distance being known as the fundamental deviation, EI, in the case of internal threads,
and es in the case of external threads. These tolerance positions with respect to the basic
size (zero line) are shown in Fig. 2 and fundamental deviations for nut and bolt threads are
given in Table 2.

Table 2. Fundamental Deviations for Nut Threads and Bolt Threads

See Figs. 1 and  2 for meaning of symbols.

0.75 0.649 519 0.405 949 0.243 570 0.162 380 0.081 190
0.8 0.692 820 0.433 013 0.259 808 0.173 205 0.086 603
1 0.866 025 0.541 266 0.324 760 0.216 506 0.108 253
1.25 1.082 532 0.676 582 0.405 949 0.270 633 0.135 316
1.5 1.299 038 0.811 899 0.487 139 0.324 760 0.162 380
1.75 1.515 544 0.947 215 0.568 329 0.378 886 0.189 443
2 1.732 051 1.082 532 0.649 519 0.433 013 0.216 506
2.5 2.165 063 1.353 165 0.811 899 0.541 266 0.270 633
3 2.598 076 1.623 798 0.974 279 0.649 519 0.324 760
3.5 3.031 089 1.894 431 1.136 658 0.757 772 0.378 886
4 3.464 102 2.165 063 1.299 038 0.866 025 0.433 013
4.5 3.897 114 2.435 696 1.461 418 0.974 279 0.487 139
5 4.330 127 2.706 329 1.623 798 1.082 532 0.541 266
5.5 4.763 140 2.976 962 1.786 177 1.190 785 0.595 392
6 5.196 152 3.247 595 1.948 557 1.299 038 0.649 519
8a 6.928 203 4.330 127 2.598 076 1.732 051 0.866 025

a This pitch is not used in any of the ISO metric standard series. 

Pitch
P

mm

Nut Thread
D2, D1

Bolt Thread
d, d2

Pitch
P

mm

Nut Thread
D2, D1

Bolt Thread
d, d2

Tolerance Position Tolerance Position

G H e f g h G H e f g h

Fundamental Deviation Fundamental Deviation

EI EI es es es es EI EI es es es es

µm µm µm µm µm µm µm µm µm µm µm µm

0.2 +17 0 … … −17 0 1.25 +28 0 −63 −42 −28 0

0.25 +18 0 … … −18 0 1.5 +32 0 −67 −45 −32 0

0.3 +18 0 … … −18 0 1.75 +34 0 −71 −48 −34 0

0.35 +19 0 … −34 −19 0 2 +38 0 −71 −52 −38 0

0.4 +19 0 … −34 −19 0 2.5 +42 0 −80 −58 −42 0

0.45 +20 0 … −35 −20 0 3 +48 0 −85 −63 −48 0

0.5 +20 0 −50 −36 −20 0 3.5 +53 0 −90 −70 −53 0

0.6 +21 0 −53 −36 −21 0 4 +60 0 −95 −75 −60 0

0.7 +22 0 −56 −38 −22 0 4.5 +63 0 −100 −80 −63 0

0.75 +22 0 −56 −38 −22 0 5 +71 0 −106 −85 −71 0

0.8 +24 0 −60 −38 −24 0 5.5 +75 0 −112 −90 −75 0

1 +26 0 −60 −40 −26 0 6 +80 0 −118 −95 −80 0

Table 1. (Continued)  British Standard ISO Metric Screw Threads
Basic Profile Dimensions  BS 3643:1981 (R2004)

Pitch
P

H = 5⁄8H = 3⁄8H = H/4 = H/8 =

0.086603P 0.54127P 0.32476P 0.21651P 0.10825P
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Tolerance Grades.—Tolerance grades specified in the Standard for each of the four main
screw thread diameters are as follows:

Minor diameter of nut threads (D1): tolerance grades 4, 5, 6, 7, and 8.
Major diameter of bolt threads (d): tolerance grades 4, 6, and 8.
Pitch diameter of nut threads (D2): tolerance grades 4, 5, 6, 7, and 8.
Pitch diameter of bolt threads (d2): tolerance grades 3, 4, 5, 6, 7, 8, and 9.

Tolerance Positions.—Tolerance positions are G and H for nut threads and e, f, g, and h
for bolt threads. The relationship of these tolerance position identifying letters to the
amount of fundamental deviation is shown in Table 2.

Tolerance Classes.—To reduce the number of gages and tools, the Standard specifies that
the tolerance positions and classes shall be chosen from those listed in Table 3  for short,
normal, and long lengths of thread engagement. The following rules apply for the choice of
tolerance quality: Fine: for precision threads when little variation of fit character is
needed; Medium: for general use; and Coarse: for cases where manufacturing difficulties
can arise as, for example, when threading hot-rolled bars and long blind holes. If the actual
length of thread engagement is unknown, as in the manufacturing of standard bolts, normal
is recommended.

Note: See Table 4 for short, normal, and long categories. Any of the recommended tolerance
classes for nuts can be combined with any of the recommended tolerance classes for bolts with the
exception of sizes M1.4 and smaller for which the combination 5H/6h or finer shall be chosen. How-
ever, to guarantee a sufficient overlap, the finished components should preferably be made to form
the fits H/g, H/h, or G/h.

Fig. 1. Basic Profile of ISO Metric Thread

D =maj. diam. of internal thread;
d =maj. diam. of external th

D2 =pitch diam. of internal thread;
d2 =pitch diam. of internal thread;
D1 =minor diam. of internal thread;
d1 =minor diam. of external thread;
P =Pitch;
H =height of fundamental angle;

Table 3. Tolerance Classesa,b,c for Nuts and Bolts

a First choice. 
b Second choice. 
c Third choice; these are to be avoided. 

Tolerance Classes for Nuts

Tolerance Quality
Tolerance Position G Tolerance Position H

Short Normal Long Short Normal Long
Fine … … … 4Hb 5Hb 6Hb

Medium 5Ga 6Gc 7Gc 5Ha 6Ha,d

d For commercial nut and bolt threads.  

7Ha

Coarse … 7Gc 8Gc … 7Hb 8Hb

Tolerance Classes for Bolts

Tolelance
Quality

Tolerance Position e Tolerance Position f Tolerance Position g Tolerance Position h
Short Normal Long Short Normal Long Short Normal Long Short Normal Long

Fine … … … … … … … … … 3h4hc 4ha 5h4hc

Medium … 6ea 7e6ec … 6f a … 5g6gc 6ga,d 7g6gc 5h6hc 6hb 7h6hc

Coarse … … … … … … … 8gb 9g8gc … … …
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Fig. 2. Tolerance Positions with Respect to Zero Line (Basic Size)

Design Profiles.—The design profiles for ISO metric internal and external screw threads
are shown in Fig. 3. These represent the profiles of the threads at their maximum metal con-
dition. It may be noted that the root of each thread is deepened so as to clear the basic flat
crest of the other thread. The contact between the thread is thus confined to their sloping
flanks. However, for nut threads as well as bolt threads, the actual root contours shall not at
any point violate the basic profile.

Designation.—Screw threads complying with the requirements of the Standard shall be
designated by the letter M followed by values of the nominal diameter and of the pitch,
expressed in millimeters, and separated by the sign ×. Example: M6 × 0.75. The absence of
the indication of pitch means that a coarse pitch is specified.

The complete designation of a screw thread consists of a designation for the thread sys-
tem and size, and a designation for the crest diameter tolerance. Each class designation
consists of: a figure indicating the tolerance grade; and a letter indicating the tolerance

Table 4. Lengths of Thread Engagements for Short, Normal, and Long Categories

Basic Major
Diameter

d

Pitch
P

Short Normal Long

Basic Major
Diameter

d

Pitch
P

Short Normal Long

Over

Up to
and
Incl.

Length of Thread
Engagement

Over

Up to
and
Incl.

Length of Thread
Engagement

Up to
and
Incl. Over

Up to
and
Incl. Over

Up to
and
Incl. Over

Up to
and
Incl. Over

0.99 1.4
0.2 0.5 0.5 1.4 1.4

22.4 45

1 4 4 12 12
0.25 0.6 0.6 1.7 1.7 1.5 6.3 6.3 19 19
0.3 0.7 0.7 2 2 2 8.5 8.5 25 25

1.4 2.8

0.2 0.5 0.5 1.5 1.5 3 12 12 36 36
0.25 0.6 0.6 1.9 1.9 3.5 15 15 45 45
0.35 0.8 0.8 2.6 2.6 4 18 18 53 53
0.4 1 1 3 3 4.5 21 21 63 63
0.45 1.3 1.3 3.8 3.8

45 90

1.5 7.5 7.5 22 22

2.8 5.6

0.35 1 1 3 3 2 9.5 9.5 28 28
0.5 1.5 1.5 4.5 4.5 3 15 15 45 45
0.6 1.7 1.7 5 5 4 19 19 56 56
0.7 2 2 6 6 5 24 24 71 71
0.75 2.2 2.2 6.7 6.7 5.5 28 28 85 85
0.8 2.5 2.5 7.5 7.5 6 32 32 95 95

5.6 11.2

0.75 2.4 2.4 7.1 7.1

90 180

2 12 12 36 36
1 3 3 9 9 3 18 18 53 53
1.25 4 4 12 12 4 24 24 71 71
1.5 5 5 15 15 6 36 36 106 106

11.2 22.4

1 3.8 3.8 11 11
180 300

3 20 20 60 60
1.25 4.5 4.5 13 13 4 26 26 80 80
1.5 5.6 5.6 16 16 6 40 40 118 118
1.75 6 6 18 18
2 8 8 24 24
2.5 10 10 30 30

All dimensions are given in millimeters
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position, capital for nuts, lower case for bolts. If the two class designations for a thread are
the same (one for the pitch diameter and one for the crest diameter), it is not necessary to
repeat the symbols. As examples, a bolt thread designated M10-6g signifies a thread of 10
mm nominal diameter in the Coarse Thread Series having a tolerance class 6g for both
pitch and major diameters. A designation M10 × 1-5g6g signifies a bolt thread of 10 mm
nominal diameter having a pitch of 1 mm, a tolerance class 5g for pitch diameter, and a tol-
erance class 6g for major diameter. A designation M10-6H signifies a nut thread of 10 mm
diameter in the Coarse Thread Series having a tolerance class 6H for both pitch and minor
diameters.

Fig. 3. Maximum Material Profiles for Internal and External Threads

A fit between mating parts is indicated by the nut thread tolerance class followed by the
bolt thread tolerance class separated by an oblique stroke. Examples: M6-6H/6g and M20
× 2-6H/5g6g. For coated threads, the tolerances apply to the parts before coating, unless
otherwise specified. After coating, the actual thread profile shall not at any point exceed
the maximum material limits for either tolerance position H or h.

Fundamental Deviation Formulas.—The formulas used to calculate the fundamental
deviations in Table 2 are:

EIG = + (15 + 11P)
EIH =0
ese =−(50 + 11P) except for threads with P ≤ 0.45 mm
esf =−(30 + 11P)
esg =−(15 + 11P)
esh =0

In these formulas, EI and es are expressed in micrometers and P is in millimeters.

������
������
������30° 30°

P/8

P/4

H/8

5/8 H Pitch line

Axis of nut

In practice the root
is rounded and cleared
beyond a width of P/8

Nut (Internal Thread)

P/2

P

H/4
H

H/4

90°

������
������
������

3/8 H
30°

H/8

Pitch line

Axis of bolt

In practice the root
is rounded and cleared
beyond a width of P/8

Bolt (External Thread)

P/2

P

P/8

P/8

P

5/8 H

H

H/4

90°
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Crest Diameter Tolerance Formulas.—The tolerances for the major diameter of bolt
threads (Td), grade 6, in Table 5, were calculated from the formula:

In this formula, Td (6) is in micrometers and P is in millimeters. For tolerance grades 4
and 8: Td (4) = 0.63 Td (6) and Td (8) = 1.6 Td (6), respectively.

The tolerances for the minor diameter of nut threads (TD1), grade 6, in Table 5, were cal-
culated as follows:

For pitches 0.2 to 0.8 mm, TD1 (6) = 433P − 190P1.22.

For pitches 1 mm and coarser, TD1 (6) = 230P0.7.

In these formulas, TD1 (6) is in micrometers and P is in millimeters. For tolerance grades
4, 5, 7, and 8: TD1 (4) = 0.63 TD1 (6); TD1 (5) = 0.8 TD1 (6); TD1 (7) = 1.25 TD1 (6); and TD1
(8) = 1.6 TD1 (6), respectively.

Table 5. British Standard ISO Metric Screw Threads: Limits and
 Tolerances for Finished Uncoated Threads for Normal Lengths of 

Engagement  BS 3643: Part 2: 1981
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a

Pitch External Threads (Bolts) Internal Threads (Nuts)b
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oa

rs
e
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ne

To
l. 

C
la

ss

Fund
dev.

Major Dia. Pitch Dia.
Minor

Dia

To
l. 

C
la

ss Major
Dia. Pitch Dia. Minor Dia

Max Tol(−) Max Tol(−) Min Min Max Tol(−) Max Tol(−)

1
0.2

4h 0 1.000 0.036 0.870 0.030 0.717 4H 1.000 0.910 0.040 0.821 0.038
6g 0.017 0.983 0.056 0.853 0.048 0.682

0.25
4h 0 1.000 0.042 0.838 0.034 0.649 4H 1.000 0.883 0.045 0.774 0.045
6g 0.018 0.982 0.067 0.820 0.053 0.613 5H 1.000 0.894 0.056 0.785 0.056

1.1
0.2

4h 0 1.100 0.036 0.970 0.030 0.817 4H 1.100 1.010 0.040 0.921 0.038
6g 0.017 1.083 0.056 0.953 0.048 0.782

0.25
4h 0 1.100 0.042 0.938 0.034 0.750 4H 1.100 0.983 0.045 0.874 0.045
6g 0.018 1.082 0.067 0.920 0.053 0.713 5H 1.100 0.994 0.056 0.885 0.056

1.2
0.2

4h 0 1.200 0.036 1.070 0.030 0.917 4H 1.200 1.110 0.040 1.021 0.038
6g 0.017 1.183 0.056 1.053 0.048 0.882

0.25
4h 0 1.200 0.042 1.038 0.034 0.850 4H 1.200 1.083 0.045 0.974 0.045
6g 0.018 1.182 0.067 1.020 0.053 0.813 5H 1.200 1.094 0.056 0.985 0.056

1.4

0.2
4h 0 1.400 0.036 1.270 0.030 1.117 4H 1.400 1.310 0.040 1.221 0.038
6g 0.017 1.383 0.056 1.253 0.048 1.082

0.3
4h 0 1.400 0.048 1.205 0.036 0.984 4H 1.400 1.253 0.048 1.128 0.053
6g 0.018 1.382 0.075 1.187 0.056 0.946 5H 1.400 1.265 0.060 1.142 0.067

6H 1.400 1.280 0.075 1.160 0.085

1.6

0.2
4h 0 1.600 0.036 1.470 0.032 1.315 4H 1.600 1.512 0.042 1.421 0.038
6g 0.017 1.583 0.056 1.453 0.050 1.280

0.35
4h 0 1.600 0.053 1.373 0.040 1.117 4H 1.600 1.426 0.053 1.284 0.063
6g 0.019 1.581 0.085 1.354 0.063 1.075 5H 1.600 1.440 0.067 1.301 0.080

6H 1.600 1.458 0.085 1.321 0.100

1.8

0.2
4h 0 1.800 0.036 1.670 0.032 1.515 4H 1.800 1.712 0.042 1.621 0.038
6g 0.017 1.783 0.056 1.653 0.050 1.480

0.35
4h 0 1.800 0.053 1.573 0.040 1.317 4H 1.800 1.626 0.053 1.484 0.063
6g 0.019 1.781 0.085 1.554 0.063 1.275 5H 1.800 1.640 0.067 1.501 0.080

6H 1.800 1.658 0.085 1.521 0.100

2

0.25
4h 0 2.000 0.042 1.838 0.036 1.648 4H 2.000 1.886 0.048 1.774 0.045
6g 0.018 1.982 0.067 1.820 0.056 1.610 5H 2.000 1.898 0.060 1.785 0.056

0.4
4h 0 2.000 0.060 1.740 0.042 1.452 4H 2.000 1.796 0.056 1.638 0.071
6g 0.019 1.981 0.095 1.721 0.067 1.408 5H 2.000 1.811 0.071 1.657 0.090

6H 2.000 1.830 0.090 1.679 0.112

2.2

0.25
4h 0 2.200 0.042 2.038 0.036 1.848 4H 2.200 2.086 0.048 1.974 0.045
6g 0.018 2.182 0.067 2.020 0.056 1.810 5H 2.200 2.098 0.060 1.985 0.056

0.45
4h 0 2.200 0.063 1.908 0.045 1.585 4H 2.200 1.968 0.060 1.793 0.080
6g 0.020 2.180 0.100 1.888 0.071 1.539 5H 2.200 1.983 0.075 1.813 0.100

6H 2.000 2.003 0.095 1.838 0.125

Td 6( ) 180 P23 3.15

P
----------–=
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2.5

0.35
4h 0 2.500 0.053 2.273 0.040 2.017 4H 2.500 2.326 0.053 2.184 0.063
6g 0.019 2.481 0.085 2.254 0.063 1.975 5H 2.500 2.340 0.067 2.201 0.080

6H 2.500 2.358 0.085 2.221 0.100

0.45
4h 0 2.500 0.063 2.208 0.045 1.885 4H 2.500 2.268 0.060 2.093 0.080
6g 0.020 2.480 0.100 2.188 0.071 1.839 5H 2.500 2.283 0.075 2.113 0.100

6H 2.500 2.303 0.095 2.138 0.125

3

0.35
4h 0 3.000 0.053 2.773 0.042 2.515 4H 3.000 2.829 0.056 2.684 0.063
6g 0.019 2.981 0.085 2.754 0.067 2.471 5H 3.000 2.844 0.071 2.701 0.080

6H 3.000 2.863 0.090 2.721 0.100

0.5
4h 0 3.000 0.067 2.675 0.048 2.319 5H 3.000 2.755 0.080 2.571 0.112
6g 0.020 2.980 0.106 2.655 0.075 2.272 6H 3.000 2.775 0.100 2.599 0.140

7H 3.000 2.800 0.125 2.639 0.180

3.5

0.35
4h 0 3.500 0.053 3.273 0.042 3.015 4H 3.500 3.329 0.056 3.184 0.063
6g 0.019 3.481 0.085 3.254 0.067 2.971 5H 3.500 3.344 0.071 3.201 0.080

6H 3.500 3.363 0.090 3.221 0.100

0.6
4h 0 3.500 0.080 3.110 0.053 2.688 5H 3.500 3.200 0.090 2.975 0.125
6g 0.021 3.479 0.125 3.089 0.085 2.635 6H 3.500 3.222 0.112 3.010 0.160

7H 3.500 3.250 0.140 3.050 0.200

4

0.5
4h 0 4.000 0.067 3.675 0.048 3.319 5H 4.000 3.755 0.080 3.571 0.112
6g 0.020 3.980 0.106 3.655 0.075 3.272 6H 4.000 3.775 0.100 3.599 0.140

7H 4.000 3.800 0.125 3.639 0.180

0.7
4h 0 4.000 0.090 3.545 0.056 3.058 5H 4.000 3.640 0.095 3.382 0.140
6g 0.022 3.978 0.140 3.523 0.090 3.002 6H 4.000 3.663 0.118 3.422 0.180

7H 4.000 3.695 0.150 3.466 0.224

4.5

0.5
4h 0 4.500 0.067 4.175 0.048 3.819 5H 4.500 4.255 0.080 4.071 0.112
6g 0.020 4.480 0.106 4.155 0.075 3.772 6H 4.500 4.275 0.100 4.099 0.140

7H 4.500 4.300 0.125 4.139 0.180

0.75
4h 0 4.500 0.090 4.013 0.056 3.495 5H 4.500 4.108 0.095 3.838 0.150
6g 0.022 4.478 0.140 3.991 0.090 3.439 6H 4.500 4.131 0.118 3.878 0.190

7H 4.500 4.163 0.150 3.924 0.236

5

0.5
4h 0 5.000 0.067 4.675 0.048 4.319 5H 5.000 4.755 0.080 4.571 0.112
6g 0.020 4.980 0.106 4.655 0.075 4.272 6H 5.000 4.775 0.100 4.599 0.140

7H 5.000 4.800 0.125 4.639 0.180

0.8
4h 0 5.000 0.095 4.480 0.060 3.927 5H 5.000 4.580 0.100 4.294 0.160
6g 0.024 4.976 0.150 4.456 0.095 3.868 6H 5.000 4.605 0.125 4.334 0.200

7H 5.000 4.640 0.160 4.384 0.250

5.5 0.5
4h 0 5.500 0.067 5.175 0.048 4.819 5H 5.500 5.255 0.080 5.071 0.112
6g 0.020 5.480 0.106 5.155 0.075 4.772 6H 5.500 5.275 0.100 5.099 0.140

7H 5.500 5.300 0.125 5.139 0.180

6

0.75
4h 0 6.000 0.090 5.513 0.063 4.988 5H 6.000 5.619 0.106 5.338 0.150
6g 0.022 5.978 0.140 5.491 0.100 4.929 6H 6.000 5.645 0.132 5.378 0.190

7H 6.000 5.683 0.170 5.424 0.236

1
4h 0 6.000 0.112 5.350 0.071 4.663 5H 6.000 5.468 0.118 5.107 0.190
6g 0.026 5.974 0.180 5.324 0.112 4.597 6H 6.000 5.500 0.150 5.153 0.236
8g 0.026 5.974 0.280 5.324 0.180 4.528 7H 6.000 5.540 0.190 5.217 0.300

7

0.75
4h 0 7.000 0.090 6.513 0.063 5.988 5H 7.000 6.619 0.106 6.338 0.150
6g 0.022 6.978 0.140 6.491 0.100 5.929 6H 7.000 6.645 0.132 6.378 0.190

7H 7.000 6.683 0.170 6.424 0.236

1
4h 0 7.000 0.112 6.350 0.071 5.663 5H 7.000 6.468 0.118 6.107 0.190
6g 0.026 6.974 0.180 6.324 0.112 5.596 6H 7.000 6.500 0.150 6.153 0.236
8g 0.026 6.974 0.280 6.324 0.180 5.528 7H 7.000 6.540 0.190 6.217 0.300

8

1
4h 0 8.000 0.112 7.350 0.071 6.663 5H 8.000 7.468 0.118 7.107 0.190
6g 0.026 7.974 0.180 7.324 0.112 6.596 6H 8.000 7.500 0.150 7.153 0.236
8g 0.026 7.974 0.280 7.324 0.180 6.528 7H 8.000 7.540 0.190 7.217 0.300

1.25
4h 0 8.000 0.132 7.188 0.075 6.343 5H 8.000 7.313 0.125 6.859 0.212
6g 0.028 7.972 0.212 7.160 0.118 6.272 6H 8.000 7.348 0.160 6.912 0.265
8g 0.028 7.972 0.335 7.160 0.190 6.200 7H 8,000 7.388 0.200 6.982 0.335

Table 5. (Continued) British Standard ISO Metric Screw Threads: Limits and
 Tolerances for Finished Uncoated Threads for Normal Lengths of 

Engagement  BS 3643: Part 2: 1981
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9 1.25
4h 0 9.000 0.132 8.188 0.075 7.343 5H 9.000 8.313 0.125 7.859 0.212
6g 0.028 8.972 0.212 8.160 0.008 7.272 6H 9.000 8.348 0.160 7.912 0.265
8g 0.028 8.972 0.335 8.160 0.190 7.200 7H 9.000 8.388 0.200 7.982 0.335

10

1.25
4h 0 10.000 0.132 9.188 0.075 8.343 5H 10.000 9.313 0.125 8.859 0.212
6g 0.028 9.972 0.212 9.160 0.118 8.272 6H 10.000 9.348 0.160 8.912 0.265
8g 0.028 9.972 0.335 9.160 0.190 8.200 7H 10.000 9.388 0.200 8.982 0.335

1.5
4h 0 10.000 0.150 9.026 0.085 8.018 5H 10.000 9.166 0.140 8.612 0.236
6g 0.032 9.968 0.236 8.994 0.132 7.938 6H 10.000 9.206 0.180 8.676 0.300
8g 0.032 9.968 0.375 8.994 0.212 7.858 7H 10.000 9.250 0.224 8.751 0.375

11 1.5
4h 0 11.000 0.150 10.026 0.085 9.018 5H 11.000 10.166 0.140 9.612 0.236
6g 0.032 10.968 0.236 9.994 0.132 8.938 6H 11.000 10.206 0.180 9.676 0.300
8g 0.032 10.968 0.375 9.994 0.212 8.858 7H 11.000 10.250 0.224 9.751 0.375

12

1.25
4h 0 12.000 0.132 11.188 0.085 10.333 5H 12.000 11.328 0.140 10.859 0.212
6g 0.028 11.972 0.212 11.160 0.132 10.257 6H 12.000 11.398 0.180 10.912 0.265
8g 0.028 11.972 0.335 11.160 0.212 10.177 7H 12.000 11.412 0.224 10.985 0.335

1.75
4h 0 12.000 0.170 10.863 0.095 9.692 5H 12.000 11.023 0.160 10.371 0.265
6g 0.034 11.966 0.265 10.829 0.150 9.602 6H 12.000 11.063 0.200 10.441 0.335
8g 0.034 11.966 0.425 10.829 0.236 9.516 7H 12.000 11.113 0.250 10.531 0.425

14

1.5
4h 0 14.000 0.150 13.026 0.090 12.012 5H 14.000 13.176 0.150 12.612 0.236
6g 0.032 13.968 0.236 12.994 0.140 11.930 6H 14.000 13.216 0.190 12.676 0.300
8g 0.032 13.968 0.375 12.994 0.224 11.846 7H 14.000 13.262 0.236 12.751 0.375

2
4h 0 14.000 0.180 12.701 0.100 11.369 5H 14.000 12.871 0.170 12.135 0.300
6g 0.038 13.962 0.280 12.663 0.160 11.271 6H 14.000 12.913 0.212 12.210 0.375
8g 0.038 13.962 0.450 12.663 0.250 11.181 7H 14.000 12.966 0.265 12.310 0.475

16

1.5
4h 0 16.000 0.150 15.026 0.090 14.012 5H 16.000 15.176 0.150 14.612 0.236
6g 0.032 15.968 0.236 14.994 0.140 13.930 6H 16.000 15.216 0.190 14.676 0.300
8g 0.032 15.968 0.375 14.994 0.224 13.846 7H 16.000 15.262 0.236 14.751 0.375

2
4h 0 16.000 0.180 14.701 0.100 13.369 5H 16.000 14.871 0.170 14.135 0.300
6g 0.038 15.962 0.280 14.663 0.160 13.271 6H 16.000 14.913 0.212 14.210 0.375
8g 0.038 15.962 0.450 14.663 0.250 13.181 7H 16.000 14.966 0.265 14.310 0.475

18

1.5
4h 0 18.000 0.150 17.026 0.090 16.012 5H 18.000 17.176 0.150 16.612 0.236
6g 0.032 17.968 0.236 16.994 0.140 15.930 6H 18.000 17.216 0.190 16.676 0.300
8g 0.032 17.968 0.375 16.994 0.224 15.846 7H 18.000 17.262 0.236 16.751 0.375

2.5
4h 0 18.000 0.212 16.376 0.106 14.730 5H 18.000 16.556 0.180 15.649 0.355
6g 0.042 17.958 0.335 16.334 0.170 14.624 6H 18.000 16.600 0.224 15.774 0.450
8g 0.042 17.958 0.530 16.334 0.265 14.529 7H 18.000 16.656 0.280 15.854 0.560

20

1.5
4h 0 20.000 0.150 19.026 0.090 18.012 5H 20.000 19.176 0.150 18.612 0.236
6g 0.032 19.968 0.236 18.994 0.140 17.930 6H 20.000 0.190 0.190 18.676 0.300
8g 0.032 19.968 0.375 18.994 0.224 17.846 7H 20.000 19.262 0.236 18.751 0.375

2.5
4h 0 20.000 0.212 18.376 0.106 16.730 5H 20.000 18.556 0.180 17.649 0.355
6g 0.042 19.958 0.335 18.334 0.170 16.624 6H 20.000 18.600 0.224 17.744 0.450
8g 0.042 19.958 0.530 18.334 0.265 16.529 7H 20.000 18.650 0.280 17.854 0.560

22

1.5
4h 0 22.000 0.150 21.026 0.090 20.012 5H 22.000 21.176 0.150 20.612 0.236
6g 0.032 21.968 0.236 20.994 0.140 19.930 6H 22.000 21.216 0.190 20.676 0.300
8g 0.032 21.968 0.375 20.994 0.224 19.846 7H 22.000 21.262 0.236 20.751 0.375

2.5
4h 0 22.000 0.212 20.376 0.106 18.730 5H 22.000 20.556 0.180 19.649 0.335
6g 0.042 21.958 0.335 20.334 0.170 18.624 6H 22.000 20.600 0.224 19.744 0.450
8g 0.042 21.958 0.530 20.334 0.265 18.529 7H 22.000 20.656 0.280 19.854 0.560

24

2
4h 0 24.000 0.180 22.701 0.106 21.363 5H 24.000 22.881 0.180 22.135 0.300
6g 0.038 23.962 0.280 22.663 0.170 21.261 6H 24.000 22.925 0.224 22.210 0.375
8g 0.038 23.962 0.450 22.663 0.265 21.166 7H 24.000 22.981 0.280 22.310 0.475

3
4h 0 24.000 0.236 22.051 0.125 20.078 5H 24.000 22.263 0.212 21.152 0.400
6g 0.048 23.952 0.375 22.003 0.200 19.955 6H 24.000 22.316 0.265 21.252 0.500
8g 0.048 23.952 0.600 22.003 0.315 19.840 7H 24.000 22.386 0.335 21.382 0.630

27

2
4h 0 27.000 0.180 25.701 0.106 24.363 5H 27.000 25.881 0.180 25.135 0.300
6g 0.038 26.962 0.280 25.663 0.170 24.261 6H 27.000 25.925 0.224 25.210 0.375
8g 0.038 26.962 0.450 25.663 0.265 24.166 7H 27.000 25.981 0.280 25.310 0.475

3
4h 0 27.000 0.236 25.051 0.125 23.078 5H 27.000 25.263 0.212 24.152 0.400
6g 0.048 26.952 0.375 25.003 0.200 22.955 6H 27.000 25.316 0.265 24.252 0.500
8g 0.048 26.952 0.600 25.003 0.315 22.840 7H 27.000 25.386 0.335 24.382 0.630

Table 5. (Continued) British Standard ISO Metric Screw Threads: Limits and
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All dimensions are in millimeters.

Diameter/Pitch Combinations.—Part 1 of BS 3643 provides a choice of diameter/pitch
combinations shown here in Table 6. The use of first-choice items is preferred but if neces-
sary, second, then third choice combinations may be selected. If pitches finer than those
given in Table 6 are necessary, only the following pitches should be used: 3, 2, 1.5, 1, 0.75,
0.5, 0.35, 0.25, and 0.2 mm. When selecting such pitches it should be noted that there is
increasing difficulty in meeting tolerance requirements as the diameter is increased for a
given pitch. It is suggested that diameters greater than the following should not be used
with the pitches indicated:

In cases where it is necessary to use a thread with a pitch larger than 6 mm, in the diameter
range of 150 to 300 mm, the 8 mm pitch should be used.
Limits and Tolerances for Finished Uncoated Threads.—Part 2 of BS 3643 specifies
the fundamental deviations, tolerances, and limits of size for the tolerance classes 4H, 5H,
6H, and 7H for internal threads (nuts) and 4h, 6g, and 8g for external threads (bolts) for
coarse-pitch series within the range of 1 to 68 mm; fine-pitch series within the range of 1 to
33 mm; and constant pitch series within the range of 8 to 300 mm diameter.

The data in Table 5 provide the first, second, and third choice combinations shown in
Table 6 except that constant-pitch series threads are omitted. For diameters larger than
shown in Table 5, and for constant-pitch series data, refer to the Standard.

30

2
4h 0 30.000 0.180 28.701 0.106 27.363 5H 30.000 28.881 0.180 28.135 0.300
6g 0.038 29.962 0.280 28.663 0.170 27.261 6H 30.000 27.925 0.224 28.210 0.375
8g 0.038 29.962 0.450 28.663 0.265 27.166 7H 30.000 28.981 0.280 28.310 0.475

3.5
4h 0 30.000 0.265 27.727 0.132 25.439 5H 30.000 27.951 0.224 26.661 0.450
6g 0.053 29.947 0.425 27.674 0.212 25.305 6H 30.000 28.007 0.280 26.771 0.560
8g 0.053 29.947 0.670 27.674 0.335 25.183 7H 30.000 28.082 0.355 26.921 0.710

33

2
4h 0 33.000 0.180 31.701 0.106 30.363 5H 33.000 31.881 0.180 31.135 0.300
6g 0.038 32.962 0.280 31.663 0.170 30.261 6H 33.000 31.925 0.224 31.210 0.375
8g 0.038 32.962 0.450 30.663 0.265 30.166 7H 33.000 31.981 0.280 31.310 0.475

3.5
4h 0 33.000 0.265 30.727 0.132 28.438 5H 33.000 30.951 0.224 29.661 0.450
6g 0.053 32.947 0.425 30.674 0.212 28.305 6H 33.000 31.007 0.280 29.771 0.560
8g 0.053 32.947 0.670 30.674 0.335 28.182 7H 33.000 31.082 0.355 29.921 0.710

36 4
4h 0 36.000 0.300 33.402 0.140 30.798 5H 36.000 33.638 0.236 32.145 0.475
6g 0.060 35.940 0.475 33.342 0.224 30.654 6H 36.000 33.702 0.300 32.270 0.600
8g 0.060 35.940 0.750 33.342 0.355 30.523 7H 36.000 33.777 0.375 32.420 0.750

39 4
4h 0 39.000 0.300 36.402 0.140 33.798 5H 39.000 36.638 0.236 35.145 0.475
6g 0.060 38.940 0.475 36.342 0.224 33.654 6H 39.000 36.702 0.300 35.270 0.600
8g 0.060 38.940 0.750 36.342 0.355 33.523 7H 39.000 36.777 0.375 35.420 0.750

a This table provides coarse- and fine-pitch series data for threads listed in Table 6 for first, second,
and third choices. For constant-pitch series and for larger sizes than are shown, refer to the Standard. 

b The fundamental deviation for internal threads (nuts) is zero for threads in this table. 

Pitch, mm 0.5 0.75 1 1.5 2 3

Maximum Diameter, mm 22 33 80 150 200 300

Table 5. (Continued) British Standard ISO Metric Screw Threads: Limits and
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All dimensions are in millimeters. Pitches in parentheses ( ) are to be avoided as far as possible.

Table 6.  British Standard ISO Metric Screw Threads — 
Diameter/Pitch Combinations  BS 3643:Part 1:1981 (R2004)

Nominal Diameter

Coarse
Pitch

Fine
Pitch

Constant
Pitch

Nominal Diameter

Constant
Pitch

Choices Choices

1st 2nd 3rd 1st 2nd 3rd

1 … … 0.25 0.2 … … … 70 6, 4, 3, 2, 1.5
… 1.1 … 0.25 0.2 … 72 … … 6, 4, 3, 2, 1.5
1.2 … … 0.25 0.2 … … … 75 4, 3, 2, 1.5
… 1.4 … 0.3 0.2 … … 76 … 6, 4, 3, 2, 1.5
1.6 … … 0.35 0.2 … … … 78 2
… 1.8 … 0.35 0.2 … 80 … … 6, 4, 3, 2, 1.5
2.0 … … 0.4 0.25 … … … 82 2
… 2.2 … 0.45 0.25 … … 85 … 6, 4, 3, 2
2.5 … … 0.45 0.35 … 90 … … 6, 4, 3, 2
3 … … 0.5 0.35 … … 95 … 6, 4, 3, 2
… 3.5 … 0.6 0.35 … 100 … … 6, 4, 3, 2
4 … … 0.7 0.5 … … 105 … 6, 4, 3, 2
… 4.5 … 0.75 0.5 … 110 … … 6, 4, 3, 2
5 … … 0.8 0.5 … … 115 … 6, 4, 3, 2
… … 5.5 … (0.5) … … 120 … 6, 4, 3, 2
6 … … 1 0.75 … 125 … … 6, 4, 3, 2
… 7 … 1 0.75 … … 130 … 6, 4, 3, 2
8 … … 1.25 1 0.75 … … 135 6, 4, 3, 2
… … 9 1.25 … 1, 0.75 140 … … 6, 4, 3, 2

10 … … 1.5 1.25 1, 0.75 … … 145 6, 4, 3, 2
… … 11 1.5 … 1, 0.75 … 150 … 6, 4, 3, 2

12 … … 1.75 1.25 1.5, 1 … … 155 6, 4, 3
… 14 … 2 1.5 1.25a, 1

a Only for spark plugs for engines. 

160 … … 6, 4, 3

… … 15 … … 1.5, 1 … … 165 6, 4, 3
16 … … 2 1.5 1 … 170 … 6, 4, 3
… … 17 … … 1.5, 1 … … 175 6, 4, 3
… 18 … 2.5 1.5 2, 1 180 … … 6, 4, 3

20 … … 2.5 1.5 2, 1 … … 185 6, 4, 3
… 22 … 2.5 1.5 2, 1 … 190 … 6, 4, 3

24 … … 3 2 1.5, 1 … … 195 6, 4, 3
… … 25 … … 2, 1.5, 1 200 … … 6, 4, 3
… … 26 … … 1.5 … … 205 6, 4, 3
… 27 … 3 2 1.5, 1 … 210 … 6, 4, 3
… … 28 … … 2, 1.5, 1 … … 215 6, 4, 3

30 … … 3.5 2 (3), 1.5, 1 220 … … 6, 4, 3
… … 32 … … 2, 1.5 … … 225 6, 4, 3
… 33 … 3.5 2 (3), 1.5 … … 230 6, 4, 3
… … 35b

b Only for locking nuts for bearings. 

… … 1.5 … … 235 6, 4, 3

36 … … 4 … 3, 2, 1.5 … 240 … 6, 4, 3
… … 38 … … 1.5 … … 245 6, 4, 3
… 39 … 4 … 3, 2, 1.5 250 … … 6, 4, 3
… … 40 … … 3, 2, 1.5 … … 255 6, 4

42 45 … 4.5 … 4, 3, 2, 1.5 … 260 … 6, 4
48 … … 5 … 4, 3, 2, 1.5 … … 265 6, 4
… … 50 … … 3, 2, 1.5 … … 270 6, 4
… 52 … 5 … 4, 3, 2, 1.5 … … 275 6, 4
… … 55 … … 4, 3, 2, 1.5 280 … … 6, 4

56 … … 5.5 … 4, 3, 2, 1.5 … … 285 6, 4
… … 58 … … 4, 3, 2, 1.5 … … 290 6, 4
… 60 … 5.5 … 4, 3, 2, 1.5 … … 295 6, 4
… … 62 … … 4, 3, 2, 1.5 … 300 … 6, 4

64 … … 6 … 4, 3, 2, 1.5 … … … …
… … 65 … … 4, 3, 2, 1.5 … … … …
… 68 … 6 … 4, 3, 2, 1.5 … … … …
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Comparison of Metric Thread Systems

Metric Series Threads — A comparison of Maximum Metal Dimensions of British ( BS 1095), French ( NF E03-104),
 German ( DIN 13), and Swiss ( VSM 12003) Systems

All dimensions are in mm.

Nominal
Size

and Major
Bolt Diam. Pitch

Pitch
Diam.

Bolt Nut

Minor Diameter Major Diameter Minor Diameter

British French German Swiss
British &
German French Swiss

French, Ger-
man& Swiss British

6 1 5.350 4.863 4.59 4.700 4.60 6.000 6.108 6.100 4.700 4.863

7 1 6.350 5.863 5.59 5.700 5.60 7.000 7.108 7.100 5.700 5.863

8 1.25 7.188 6.579 6.24 6.376 6.25 8.000 8.135 8.124 6.376 6.579

9 1.25 8.188 7.579 7.24 7.376 7.25 9.000 9.135 9.124 7.376 7.579

10 1.5 9.026 8.295 7.89 8.052 7.90 10.000 10.162 10.150 8.052 8.295

11 1.5 10.026 9.295 8.89 9.052 8.90 11.000 11.162 11.150 9.052 9.295

12 1.75 10.863 10.011 9.54 9.726 9.55 12.000 12.189 12.174 9.726 10.011

14 2 12.701 11.727 11.19 11.402 11.20 14.000 14.216 14.200 11.402 11.727

16 2 14.701 13.727 13.19 13.402 13.20 16.000 16.216 16.200 13.402 13.727

18 2.5 16.376 15.158 14.48 14.752 14.50 18.000 18.270 18.250 14.752 15.158

20 2.5 18.376 17.158 16.48 16.752 16.50 20.000 20.270 20.250 16.752 17.158

22 2.5 20.376 19.158 18.48 18.752 18.50 22.000 22.270 22.250 18.752 19.158

24 3 22.051 20.590 19.78 20.102 19.80 24.000 24.324 24.300 20.102a

a The value shown is given in the German Standard; the value in the French Standard is 20.002; and in the Swiss Standard, 20.104.

20.590

27 3 25.051 23.590 22.78 23.102 22.80 27.000 27.324 27.300 23.102b

b The value shown is given in the German Standard; the value in the French Standard is 23.002; and in the Swiss Standard, 23.104.

23.590

30 3.5 27.727 26.022 25.08 25.454 25.10 30.000 30.378 30.350 25.454 26.022

33 3.5 30.727 29.022 28.08 28.454 28.10 33.000 33.378 33.350 28.454 29.022

36 4 33.402 31.453 30.37 30.804 30.40 36.000 36.432 36.400 30.804 31.453

39 4 36.402 34.453 33.37 33.804 33.40 39.000 39.432 39.400 33.804 34.453

42 4.5 39.077 36.885 35.67 36.154 35.70 42.000 42.486 42.450 36.154 36.885

45 4.5 42.077 39.885 38.67 39.154 38.70 45.000 45.486 45.450 39.154 39.885

48 5 41.752 42.316 40.96 41.504 41.00 48.000 48.540 48.500 41.504 42.316

52 5 48.752 46.316 44.96 45.504 45.00 52.000 52.540 52.500 45.504 46.316

56 5.5 52.428 49.748 48.26 48.856 48.30 56.000 56.594 56.550 48.856 49.748

60 5.5 56.428 53.748 52.26 52.856 52.30 60.000 60.594 60.550 52.856 53.748

Machinery's Handbook 29th Edition
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ACME SCREW THREADS

American National Standard Acme Screw Threads

This American National Standard ASME/ANSI B1.5-1997 is a revision of American
Standard ANSI B1.5-1988 and provides for two general applications of Acme threads,
namely, General Purpose and Centralizing.

The limits and tolerances in this standard relate to single-start Acme threads, and may be
used, if considered suitable, for multi-start Acme threads, which provide fast relative tra-
versing motion when this is necessary. For information on additional allowances for multi-
start Acme threads, see later section on page 1923.
General Purpose Acme Threads.—Three classes of General Purpose threads, 2G, 3G,
and 4G, are provided in the standard, each having clearance on all diameters for free move-
ment, and may be used in assemblies with the internal thread rigidly fixed and movement
of the external thread in a direction perpendicular to its axis limited by its bearing or bear-
ings. It is suggested that external and internal threads of the same class be used together for
general purpose assemblies, Class 2G being the preferred choice. If less backlash or end
play is desired, Classes 3G and 4G are provided. Class 5G is not recommended for new
designs.

Thread Form: The accompanying Fig. 1 shows the thread form of these General Purpose
threads, and the formulas accompanying the figure determine their basic dimensions.
Table 1 gives the basic dimensions for the most generally used pitches.

Angle of Thread: The angle between the sides of the thread, measured in an axial plane, is
29 degrees. The line bisecting this 29-degree angle shall be perpendicular to the axis of the
screw thread.

Thread Series: A series of diameters and associated pitches is recommended in the Stan-
dard as preferred. These diameters and pitches have been chosen to meet present needs
with the fewest number of items in order to reduce to a minimum the inventory of both
tools and gages. This series of diameters and associated pitches is given in Table 3.

Chamfers and Fillets: General Purpose external threads may have the crest corner cham-
fered to an angle of 45 degrees with the axis to a maximum width of P/15, where P is the
pitch. This corresponds to a maximum depth of chamfer flat of 0.0945P.

Basic Diameters: The max major diameter of the external thread is basic and is the nom-
inal major diameter for all classes. The min pitch diameter of the internal thread is basic
and is equal to the basic major diameter minus the basic height of the thread, h. The basic
minor diameter is the min minor diameter of the internal thread. It is equal to the basic
major diameter minus twice the basic thread height, 2h.

Length of Engagement: The tolerances specified in this standard are applicable to
lengths of engagement not exceeding twice the nominal major diameter.

Major and Minor Diameter Allowances: A minimum diametral clearance is provided at
the minor diameter of all external threads by establishing the maximum minor diameter
0.020 inch below the basic minor diameter of the nut for pitches of 10 threads per inch and
coarser, and 0.010 inch for finer pitches. A minimum diametral clearance at the major
diameter is obtained by establishing the minimum major diameter of the internal thread
0.020 inch above the basic major diameter of the screw for pitches of 10 threads per inch
and coarser, and 0.010 inch for finer pitches.

Major and Minor Diameter Tolerances: The tolerance on the external thread major
diameter is 0.05P, where P is the pitch, with a minimum of 0.005 inch. The tolerance on the
internal thread major diameter is 0.020 inch for 10 threads per inch and coarser and 0.010
for finer pitches. The tolerance on the external thread minor diameter is 1.5 × pitch diame-
ter tolerance. The tolerance on the internal thread minor diameter is 0.05P with a minimum
of 0.005 inch.
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Pitch Diameter Allowances and Tolerances: Allowances on the pitch diameter of Gen-
eral Purpose Acme threads are given in Table 4. Pitch diameter tolerances are given in
Table 5. The ratios of the pitch diameter tolerances of Classes 2G, 3G, and 4G, General
Purpose threads are 3.0, 1.4, and 1, respectively.

An increase of 10 per cent in the allowance is recommended for each inch, or fraction
thereof, that the length of engagement exceeds two diameters.

Application of Tolerances: The tolerances specified are designed to ensure interchange-
ability and maintain a high grade of product. The tolerances on diameters of the internal
thread are plus, being applied from minimum sizes to above the minimum sizes. The toler-
ances on diameters of the external thread are minus, being applied from the maximum sizes
to below the maximum sizes. The pitch diameter (or thread thickness) tolerances for an
external or internal thread of a given class are the same. The thread thickness tolerance is
0.259 times the pitch diameter tolerance.

ANSI General Purpose Acme Thread Form  ASME/ANSI B1.5-1997 (R2009),
 and Stub Acme Screw Thread Form  ASME/ANSI B1.8-1988 (R2006)

Fig. 1. General Purpose and Stub Acme Thread Forms
Formulas for Basic Dimensions of General Purpose and Stub Acme Screw Threads

General Purpose Stub Acme Threads

Pitch = P = 1 ÷ No. threads per inch, n Pitch = P = 1 ÷ No. threads per inch, n

Basic thread height h = 0.5P Basic thread height h = 0.3P

Basic thread thickness t = 0.5P Basic thread thickness t = 0.5P

Basic flat at crest Fcn = 0.3707P (internal 
thread)

Basic flat at crest Fcn = 0.4224P (internal 
thread)

Basic flat at crest Fcs = 0.3707P − 0.259 ×
(pitch dia. allowance on ext. thd.)

Basic flat at crest Fcs = 0.4224P − 0.259 ×
(pitch dia. allowance on ext. thread)

Frn = 0.3707P − 0.259 × (major dia. allowance
on internal thread)

Frn = 0.4224P − 0.259 × (major dia. allowance
on internal thread)

Frs = 0.3707P − 0.259 × (minor dia. allowance
on ext. thread − pitch dia. 
allowance on ext. thread)

Frs = 0.4224P − 0.259 × (minor dia. allowance
on ext. thread − pitch dia. allowance
on ext. thread)
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Limiting Dimensions: Limiting dimensions of General Purpose Acme screw threads in
the recommended series are given in Table 2b. These limits are based on the formulas in
Table 2a.

For combinations of pitch and diameter other than those in the recommended series, the
formulas in Table 2a and the data in Tables 4 and 5 make it possible to readily determine
the limiting dimensions required.

A diagram showing the disposition of allowances, tolerances, and crest clearances for
General Purpose Acme threads appears on page 1922.

Stress Area of General Purpose Acme Threads: For computing the tensile strength of the
thread section, the minimum stress area based on the mean of the minimum pitch diameter
d2 min. and the minimum minor diameter d1 min. of the external thread is used:

where d2 min. and d1 min. may be computed by Formulas 4 and 6, Table 2a  or taken from
Table 2b.

Shear Area of General Purpose Acme Threads: For computing the shear area per inch
length of engagement of the external thread, the maximum minor diameter of the internal
thread D1 max., and the minimum pitch diameter of the external thread d2 min., Table 2b or
Formulas 12 and 4, Table 2a, are used:

Acme Thread Abbreviations.—The following abbreviations are recommended for use
on drawings and in specifications, and on tools and gages:

ACME = Acme threads
G =General Purpose
C =Centralizing
P =pitch
L = lead

LH = left hand
Designation of General Purpose Acme Threads.—The examples listed below are
given here to show how General Purpose Acme threads are designated on drawings and
tools:

1.750-4 ACME-2G indicates a General Purpose Class 2G Acme thread of 1.750-inch
major diameter, 4 threads per inch, single thread, right hand. The same thread, but left
hand, is designated 1.750-4 ACME-2G-LH.

2.875-0.4P-0.8L-ACME-3G indicates a General Purpose Class 3G Acme thread of
2.875-inch major diameter, pitch 0.4 inch, lead 0.8 inch, double thread, right hand.

Multiple Start Acme Threads.—The tabulated diameter-pitch data with allowances and
tolerances relate to single-start threads. These data, as tabulated, may be and often are used
for two-start Class 2G threads but this usage generally requires reduction of the full work-
ing tolerances to provide a greater allowance or clearance zone between the mating threads
to assure satisfactory assembly.

When the class of thread requires smaller working tolerances than the 2G class or when
threads with 3, 4, or more starts are required, some additional allowances or increased tol-
erances or both may be needed to ensure adequate working tolerances and satisfactory
assembly of mating parts.

It is suggested that the allowances shown in Table 4 be used for all external threads and
that allowances be applied to internal threads in the following ratios: for two-start threads,

Stress Area 3.1416
d2  min. d1  min.+

4
-------------------------------------------
 
 

2
=

Shear Area 3.1416D1  max. 0.5 n 141⁄2°tan d2  min. D1  max.–( )+[ ]=
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Table 1. American National Standard General Purpose Acme Screw Thread Form 
— Basic Dimensions  ASME/ANSI B1.5-1997 (R2009)

Thds.
per

Inch
n

Pitch,
P = 1/n

Height of
Thread
(Basic),
h = P/2

Total
Height of
Thread,

hs = P/2 + 1⁄2
allowancea

Thread
Thickness
(Basic),
t = P/2

Width of Flat

Crest of 
Internal Thread

(Basic),
Fcn = 0.3707P

Root of Internal
Thread, Frn

0.3707P −0.259 ×
allowancea

16 0.06250 0.03125 0.0362 0.03125 0.0232 0.0206
14 0.07143 0.03571 0.0407 0.03571 0.0265 0.0239
12 0.08333 0.04167 0.0467 0.04167 0.0309 0.0283
10 0.10000 0.05000 0.0600 0.05000 0.0371 0.0319
8 0.12500 0.06250 0.0725 0.06250 0.0463 0.0411
6 0.16667 0.08333 0.0933 0.08333 0.0618 0.0566
5 0.20000 0.10000 0.1100 0.10000 0.0741 0.0689
4 0.25000 0.12500 0.1350 0.12500 0.0927 0.0875
3 0.33333 0.16667 0.1767 0.16667 0.1236 0.1184

21⁄2 0.40000 0.20000 0.2100 0.20000 0.1483 0.1431

2 0.50000 0.25000 0.2600 0.25000 0.1853 0.1802

11⁄2 0.66667 0.33333 0.3433 0.33333 0.2471 0.2419

11⁄3 0.75000 0.37500 0.3850 0.37500 0.2780 0.2728

1 1.00000 0.50000 0.5100 0.50000 0.3707 0.3655
All dimensions are in inches.

a Allowance is 0.020 inch for 10 threads per inch and coarser, and 0.010 inch for finer threads. 

Table 2a. American National Standard General Purpose Acme Single-Start Screw 
Threads — Formulas for Determining Diameters  ASME/ANSI B1.5-1997 (R2009)

D = Basic Major Diameter and Nominal Size, in Inches.

P = Pitch = 1 ÷ Number of Threads per Inch.

E = Basic Pitch Diameter = D − 0.5P

K = Basic Minor Diameter = D − P

No. External Threads (Screws)

1 Major Dia., Max. = D

2 Major Dia., Min. = D minus 0.05Pa but not less than 0.005.

3 Pitch Dia., Max. = E minus allowance from Table 4.

4 Pitch Dia., Min. = Pitch Dia., Max. (Formula 3) minus tolerance from Table 5.

5 Minor Dia., Max. = K minus 0.020 for 10 threads per inch and coarser and 0.010 for finer-
pitches.

6 Minor Dia., Min. = Minor Dia., Max. (Formula 5) minus 1.5 × pitch diameter tolerance 
from Table 5.

Internal Threads (Nuts)

7 Major Dia., Min. = D plus 0.020 for 10 threads per inch and coarser and 0.010 for finer 
pitches.

8 Major Dia., Max. = Major Dia., Min. (Formula 7) plus 0.020 for 10 threads per inch and
coarser and 0.010 for finer pitches.

9 Pitch Dia., Min. = E

10 Pitch Dia., Max. = Pitch Dia., Min. (Formula 9) plus tolerance from Table 5.

11 Minor Dia., Min. = K

12 Minor Dia., Max. = Minor Dia., Min. (Formula 11) plus 0.05Pa but not less than 0.005.

a If P is between two recommended pitches listed in Table 3, use the coarser of the two pitches in this
formula instead of the actual value of P.
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Table 2b. Limiting Dimensions of ANSI General Purpose Acme Single-Start Screw Threads  ASME/ANSI B1.5-1988

Nominal Diameter, D 1⁄4 5⁄16
3⁄8 7⁄16

1⁄2 5⁄8 3⁄4 7⁄8 1 11⁄8 11⁄4 13⁄8

Threads per Incha 16 14 12 12 10 8 6 6 5 5 5 4

Limiting Diameters External Threads

Classes 2G, 3G, and 4G
{

Max (D) 0.2500 0.3125 0.3750 0.4375 0.5000 0.6250 0.7500 0.8750 1.0000 1.1250 1.2500 1.3750

Major Diameter Min 0.2450 0.3075 0.3700 0.4325 0.4950 0.6188 0.7417 0.8667 0.9900 1.1150 1.2400 1.3625

Classes 2G, 3G, and 4G

Minor Diameter Max 0.1775 0.2311 0.2817 0.3442 0.3800 0.4800 0.5633 0.6883 0.7800 0.9050 1.0300 1.1050

Class 2G, Minor Diameter Min 0.1618 0.2140 0.2632 0.3253 0.3594 0.4570 0.5372 0.6615 0.7509 0.8753 0.9998 1.0720

Class 3G, Minor Diameter Min 0.1702 0.2231 0.2730 0.3354 0.3704 0.4693 0.5511 0.6758 0.7664 0.8912 1.0159 1.0896

Class 4G, Minor Diameter Min 0.1722 0.2254 0.2755 0.3379 0.3731 0.4723 0.5546 0.6794 0.7703 0.8951 1.0199 1.0940

Class 2G, Pitch Diameter {
Max 0.2148 0.2728 0.3284 0.3909 0.4443 0.5562 0.6598 0.7842 0.8920 1.0165 1.1411 1.2406

Min 0.2043 0.2614 0.3161 0.3783 0.4306 0.5408 0.6424 0.7663 0.8726 0.9967 1.1210 1.2188

Class 3G, Pitch Diameter {
Max 0.2158 0.2738 0.3296 0.3921 0.4458 0.5578 0.6615 0.7861 0.8940 1.0186 1.1433 1.2430

Min 0.2109 0.2685 0.3238 0.3862 0.4394 0.5506 0.6534 0.7778 0.8849 1.0094 1.1339 1.2327

Class 4G, Pitch Diameter {
Max 0.2168 0.2748 0.3309 0.3934 0.4472 0.5593 0.6632 0.7880 0.8960 1.0208 1.1455 1.2453

Min 0.2133 0.2710 0.3268 0.3892 0.4426 0.5542 0.6574 0.7820 0.8895 1.0142 1.1388 1.2380

Internal Threads

Classes 2G, 3G, and 4G
{

Min 0.2600 0.3225 0.3850 0.4475 0.5200 0.6450 0.7700 0.8950 1.0200 1.1450 1.2700 1.3950

Major Diameter Max 0.2700 0.3325 0.3950 0.4575 0.5400 0.6650 0.7900 0.9150 1.0400 1.1650 1.2900 1.4150

Classes 2G, 3G, and 4G
{

Min 0.1875 0.2411 0.2917 0.3542 0.4000 0.5000 0.5833 0.7083 0.8000 0.9250 1.0500 1.1250

Minor Diameter Max 0.1925 0.2461 0.2967 0.3592 0.4050 0.5062 0.5916 0.7166 0.8100 0.9350 1.0600 1.1375

Class 2G, Pitch Diameter {
Min 0.2188 0.2768 0.3333 0.3958 0.4500 0.5625 0.6667 0.7917 0.9000 1.0250 1.1500 1.2500

Max 0.2293 0.2882 0.3456 0.4084 0.4637 0.5779 0.6841 0.8096 0.9194 1.0448 1.1701 1.2720

Class 3G, Pitch Diameter {
Min 0.2188 0.2768 0.3333 0.3958 0.4500 0.5625 0.6667 0.7917 0.9000 1.0250 1.1500 1.2500

Max 0.2237 0.2821 0.3391 0.4017 0.4564 0.5697 0.6748 0.8000 0.9091 1.0342 1.1594 1.2603

Class 4G, Pitch Diameter {
Min 0.2188 0.2768 0.3333 0.3958 0.4500 0.5625 0.6667 0.7917 0.9000 1.0250 1.1500 1.2500

Max 0.2223 0.2806 0.3374 0.4000 0.4546 0.5676 0.6725 0.7977 0.9065 1.0316 1.1567 1.2573

Machinery's Handbook 29th Edition
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Table 2b. (Continued) Limiting Dimensions of ANSI General Purpose Acme Single-Start Screw Threads  ASME/ANSI B1.5-1988

Nominal Diameter, D 11⁄2 13⁄4 2 21⁄4 21⁄2 23⁄4 3 31⁄2 4 41⁄2 5

Threads per Incha 4 4 4 3 3 3 2 2 2 2 2

Limiting Diameters External Threads

Classes 2G, 3G, and 4G
{

Max (D) 1.5000 1.7500 2.0000 2.2500 2.5000 2.7500 3.0000 3.5000 4.0000 4.5000 5.0000

Major Diameter Min 1.4875 1.7375 1.9875 2.2333 2.4833 2.7333 2.9750 3.4750 3.9750 4.4750 4.9750

Classes 2G, 3G, and 4G

Minor Diameter Max 1.2300 1.4800 1.7300 1.8967 2.1467 2.3967 2.4800 2.9800 3.4800 3.9800 4.4800

Class 2G, Minor Diameter Min 1.1965 1.4456 1.6948 1.8572 2.1065 2.3558 2.4326 2.9314 3.4302 3.9291 4.4281

Class 3G, Minor Diameter Min 1.2144 1.4640 1.7136 1.8783 2.1279 2.3776 2.4579 2.9574 3.4568 3.9563 4.4558

Class 4G, Minor Diameter Min 1.2189 1.4686 1.7183 1.8835 2.1333 2.3831 2.4642 2.9638 3.4634 3.9631 4.4627

Class 2G, Pitch Diameter {
Max 1.3652 1.6145 1.8637 2.0713 2.3207 2.5700 2.7360 3.2350 3.7340 4.2330 4.7319

Min 1.3429 1.5916 1.8402 2.0450 2.2939 2.5427 2.7044 3.2026 3.7008 4.1991 4.6973

Class 3G, Pitch Diameter {
Max 1.3677 1.6171 1.8665 2.0743 2.3238 2.5734 2.7395 3.2388 3.7380 4.2373 4.7364

Min 1.3573 1.6064 1.8555 2.0620 2.3113 2.5607 2.7248 3.2237 3.7225 4.2215 4.7202

Class 4G, Pitch Diameter {
Max 1.3701 1.6198 1.8693 2.0773 2.3270 2.5767 2.7430 3.2425 3.7420 4.2415 4.7409

Min 1.3627 1.6122 1.8615 2.0685 2.3181 2.5676 2.7325 3.2317 3.7309 4.2302 4.7294

Internal Threads

Classes 2G, 3G, and 4G
{

Min 1.5200 1.7700 2.0200 2.2700 2.5200 2.7700 3.0200 3.5200 4.0200 4.5200 5.0200

Major Diameter Max 1.5400 1.7900 2.0400 2.2900 2.5400 2.7900 3.0400 3.5400 4.0400 4.5400 5.0400

Classes 2G, 3G, and 4G
{

Min 1.2500 1.5000 1.7500 1.9167 2.1667 2.4167 2.5000 3.0000 3.5000 4.0000 4.5000

Minor Diameter Max 1.2625 1.5125 1.7625 1.9334 2.1834 2.4334 2.5250 3.0250 3.5250 4.0250 4.5250

Class 2G, Pitch Diameter
{

Min 1.3750 1.6250 1.8750 2.0833 2.3333 2.5833 2.7500 3.2500 3.7500 4.2500 4.7500

Max 1.3973 1.6479 1.8985 2.1096 2.3601 2.6106 2.7816 3.2824 3.7832 4.2839 4.7846

Class 3G, Pitch Diameter
{

Min 1.3750 1.6250 1.8750 2.0833 2.3333 2.5833 2.7500 3.2500 3.7500 4.2500 4.7500

Max 1.3854 1.6357 1.8860 2.0956 2.3458 2.5960 2.7647 3.2651 3.7655 4.2658 4.7662

Class 4G, Pitch Diameter
{

Min 1.3750 1.6250 1.8750 2.0833 2.3333 2.5833 2.7500 3.2500 3.7500 4.2500 4.7500

Max 1.3824 1.6326 1.8828 2.0921 2.3422 2.5924 2.7605 3.2608 3.7611 4.2613 4.7615

a All other dimensions are given in inches. The selection of threads per inch is arbitrary and for the purpose of establishing a standard. 
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Table 3. General Purpose Acme Single-Start Screw Thread Data  ASME/ANSI B1.5-1988

Identification Basic Diameters Thread Data

Nominal
Sizes
(All

Classes)

Threads
per

Inch,a
n

Classes 2G, 3G, and 4G

Pitch,
P

Thickness
at Pitch
Line,

t = P/2

Basic
Height of
Thread,
h = P/2

Basic
Width of

Flat,
F = 0.3707P

Lead Angle λ at Basic
Pitch Diametera

Classes 2G, 3G,and 4G
Shear
Areab

Class 3G

Stress
Areac

Class 3G

Major
Diameter,

D

Pitch
Diameter,
D2 = D − h

Minor
Diameter,

D1 = D − 2h Deg Min
1⁄4 16 0.2500 0.2188 0.1875 0.06250 0.03125 0.03125 0.0232 5 12 0.350 0.0285
5⁄16 14 0.3125 0.2768 0.2411 0.07143 0.03571 0.03571 0.0265 4 42 0.451 0.0474
3⁄8 12 0.3750 0.3333 0.2917 0.08333 0.04167 0.04167 0.0309 4 33 0.545 0.0699
7⁄16 12 0.4375 0.3958 0.3542 0.08333 0.04167 0.04167 0.0309 3 50 0.660 0.1022
1⁄2 10 0.5000 0.4500 0.4000 0.10000 0.05000 0.05000 0.0371 4 3 0.749 0.1287
5⁄8 8 0.6250 0.5625 0.5000 0.12500 0.06250 0.06250 0.0463 4 3 0.941 0.2043
3⁄4 6 0.7500 0.6667 0.5833 0.16667 0.08333 0.08333 0.0618 4 33 1.108 0.2848
7⁄8 6 0.8750 0.7917 0.7083 0.16667 0.08333 0.08333 0.0618 3 50 1.339 0.4150

1 5 1.0000 0.9000 0.8000 0.20000 0.10000 0.10000 0.0741 4 3 1.519 0.5354
11⁄8 5 1.1250 1.0250 0.9250 0.20000 0.10000 0.10000 0.0741 3 33 1.751 0.709

11⁄4 5 1.2500 1.1500 1.0500 0.20000 0.10000 0.10000 0.0741 3 10 1.983 0.907

13⁄8 4 1.3750 1.2500 1.1250 0.25000 0.12500 0.12500 0.0927 3 39 2.139 1.059

11⁄2 4 1.5000 1.3750 1.2500 0.25000 0.12500 0.12500 0.0927 3 19 2.372 1.298

13⁄4 4 1.7500 1.6250 1.5000 0.25000 0.12500 0.12500 0.0927 2 48 2.837 1.851

2 4 2.0000 1.8750 1.7500 0.25000 0.12500 0.12500 0.0927 2 26 3.301 2.501
21⁄4 3 2.2500 2.0833 1.9167 0.33333 0.16667 0.16667 0.1236 2 55 3.643 3.049

21⁄2 3 2.5000 2.3333 2.1667 0.33333 0.16667 0.16667 0.1236 2 36 4.110 3.870

23⁄4 3 2.7500 2.5833 2.4167 0.33333 0.16667 0.16667 0.1236 2 21 4.577 4.788

3 2 3.0000 2.7500 2.5000 0.50000 0.25000 0.25000 0.1853 3 19 4.786 5.27
31⁄2 2 3.5000 3.2500 3.0000 0.50000 0.25000 0.25000 0.1853 2 48 5.73 7.50

4 2 4.0000 3.7500 3.5000 0.50000 0.25000 0.25000 0.1853 2 26 6.67 10.12
41⁄2 2 4.5000 4.2500 4.0000 0.50000 0.25000 0.25000 0.1853 2 9 7.60 13.13

5 2 5.0000 4.7500 4.5000 0.50000 0.25000 0.25000 0.1853 1 55 8.54 16.53

a All other dimensions are given in inches. 
b Per inch length of engagement of the external thread in line with the minor diameter crests of the internal thread. Figures given are the minimum shear area based on

max D1 and min d2.
c Figures given are the minimum stress area based on the mean of the minimum minor and pitch diameters of the external thread. See formulas for shear area and

stress area on page 1923.
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50 per cent of the allowances shown in the Class 2G, 3G and 4G columns of Table 4; for
three-start threads, 75 per cent of these allowances; and for four-start threads, 100 per cent
of these same values.

These values will provide for a 0.25-16 ACME-2G thread size, 0.002, 0.003, and 0.004
inch additional clearance for 2-, 3-, and 4-start threads, respectively. For a 5-2 ACME-3G
thread size the additional clearances would be 0.0091, 0.0136, and 0.0181 inch, respec-
tively. GO thread plug gages and taps would be increased by these same values. To main-
tain the same working tolerances on multi-start threads, the pitch diameter of the NOT GO
thread plug gage would also be increased by these same values.

For multi-start threads with more than four starts, it is believed that the 100 per cent
allowance provided by the above procedures would be adequate as index spacing variables
would generally be no greater than on a four-start thread.

In general, for multi-start threads of Classes 2G, 3G, and 4G the percentages would be
applied, usually, to allowances for the same class, respectively. However, where excep-
tionally good control over lead, angle, and spacing variables would produce close to theo-
retical values in the product, it is conceivable that these percentages could be applied to
Class 3G or Class 4G allowances used on Class 2G internally threaded product. Also, these
percentages could be applied to Class 4G allowances used on Class 3G internally threaded
product. It is not advocated that any change be made in externally threaded products.

Designations for gages or tools for internal threads could cover allowance requirements
as follows:

GO and NOT GO thread plug gages for: 2.875-0.4P-0.8L-ACME-2G with 50 per cent of
the 4G internal thread allowance.

Centralizing Acme Threads.—The three classes of Centralizing Acme threads in Amer-
ican National Standard ASME/ANSI B1.5-1988, designated as 2C, 3C, and 4C, have lim-
ited clearance at the major diameters of internal and external threads so that a bearing at the
major diameters maintains approximate alignment of the thread axis and prevents wedging

Table 4. American National Standard General Purpose Acme Single-Start Screw 
Threads — Pitch Diameter Allowances  ASME/ANSI B1.5-1988

Nominal Size 
Rangea Allowances on External Threads b

Nominal Size 
Rangea Allowances on External Threads b

Above
To and

Including

Class 2Gc, Class 3G, Class 4G,

Above
To and

Including

Class 2Gc, Class 3G, Class 4G,

0 3⁄16 0.0024 0.0018 0.0012 17⁄16 19⁄16 0.0098 0.0073 0.0049

3⁄16
5⁄16 0.0040 0.0030 0.0020 19⁄16 17⁄8 0.0105 0.0079 0.0052

5⁄16
7⁄16 0.0049 0.0037 0.0024 17⁄8 21⁄8 0.0113 0.0085 0.0057

7⁄16
9⁄16 0.0057 0.0042 0.0028 21⁄8 23⁄8 0.0120 0.0090 0.0060

9⁄16
11⁄16 0.0063 0.0047 0.0032 23⁄8 25⁄8 0.0126 0.0095 0.0063

11⁄16
13⁄16 0.0069 0.0052 0.0035 25⁄8 27⁄8 0.0133 0.0099 0.0066

13⁄16
15⁄16 0.0075 0.0056 0.0037 27⁄8 31⁄4 0.0140 0.0105 0.0070

15⁄16 11⁄16 0.0080 0.0060 0.0040 31⁄4 33⁄4 0.0150 0.0112 0.0075

11⁄16 13⁄16 0.0085 0.0064 0.0042 33⁄4 41⁄4 0.0160 0.0120 0.0080

13⁄16 15⁄16 0.0089 0.0067 0.0045 41⁄4 43⁄4 0.0170 0.0127 0.0085

15⁄16 17⁄16 0.0094 0.0070 0.0047 43⁄4 51⁄2 0.0181 0.0136 0.0091

All dimensions in inches. It is recommended that the sizes given in Table 3 be used whenever possible.

a The values in columns for Classes 2G, 3G, and 4G are to be used for any size within the nominal
size range shown. These values are calculated from the mean of the range. 

b An increase of 10 per cent in the allowance is recommended for each inch, or fraction thereof, that
the length of engagement exceeds two diameters. 

c Allowances  for the 2G Class of thread  in this table also apply to American National Standard Stub
Acme threads ASME/ANSI B 1.8-1988. 

0.008 D 0.006 D 0.004 D 0.008 D 0.006 D 0.004 D
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on the flanks of the thread. An alternative series having centralizing control on the minor
diameter is described on page 1939. For any combination of the three classes of threads
covered in this standard some end play or backlash will result. Classes 5C and 6C are not
recommended for new designs.

Application: These three classes together with the accompanying specifications are for
the purpose of ensuring the interchangeable manufacture of Centralizing Acme threaded
parts. Each user is free to select the classes best adapted to his particular needs. It is sug-
gested that external and internal threads of the same class be used together for centralizing
assemblies, Class 2C providing the maximum end play or backlash. If less backlash or end
play is desired, Classes 3C and 4C are provided. The requirement for a centralizing fit is
that the sum of the major diameter tolerance plus the major diameter allowance on the
internal thread, and the major diameter tolerance on the external thread shall equal or be
less than the pitch diameter allowance on the external thread. A Class 2C external thread,
which has a larger pitch diameter allowance than either a Class 3C or 4C, can be used inter-
changeably with a Class 2C, 3C, or 4C internal thread and fulfill this requirement. Simi-

Table 5. American National Standard General Purpose Acme Single-Start Screw 
Threads — Pitch Diameter Tolerances  ASME/ANSI B1.5-1988

Nom.
Dia.,a

D

Class of Thread

Nom.
Dia.,a

D

Class of Thread

2Gb 3G 4G 2Gb 3G 4G

Diameter Increment Diameter Increment

1⁄4 .00300 .00140 .00100 11⁄2 .00735 .00343 .00245
5⁄16 .00335 .00157 .00112 13⁄4 .00794 .00370 .00265
3⁄8 .00367 .00171 .00122 2 .00849 .00396 .00283
7⁄16 .00397 .00185 .00132 21⁄4 .00900 .00420 .00300
1⁄2 .00424 .00198 .00141 21⁄2 .00949 .00443 .00316
5⁄8 .00474 .00221 .00158 23⁄4 .00995 .00464 .00332
3⁄4 .00520 .00242 .00173 3 .01039 .00485 .00346
7⁄8 .00561 .00262 .00187 31⁄2 .01122 .00524 .00374

1 .00600 .00280 .00200 4 .01200 .00560 .00400

11⁄8 .00636 .00297 .00212 41⁄2 .01273 .00594 .00424

11⁄4 .00671 .00313 .00224 5 .01342 .00626 .00447

13⁄8 .00704 .00328 .00235 … … … …

Thds.
per

Inchc,
n

Class of Thread

Thds.
per

Inchc,
n

Class of Thread

2Gb 3G 4G 2Gb 3G 4G
Pitch Increment Pitch Increment

16 .00750 .00350 .00250 4 .01500 .00700 .00500
14 .00802 .00374 .00267 3 .01732 .00808 .00577

12 .00866 .00404 .00289 21⁄2 .01897 .00885 .00632

10 .00949 .00443 .00316 2 .02121 .00990 .00707

8 .01061 .00495 .00354 11⁄2 .02449 .01143 .00816

6 .01225 .00572 .00408 11⁄3 .02598 .01212 .00866

5 .01342 .00626 .00447 1 .03000 .01400 .01000
For any particular size of thread, the pitch diameter tolerance is obtained by adding the diameter increment from the upper half 

of the table to the pitch increment from the lower half of the table. Example: A 1⁄4-16 Acme-2G thread has a pitch diameter toler-
ance of 0.00300 + 0.00750 = 0.0105 inch.

The equivalent tolerance on thread thickness is 0.259 times the pitch diameter tolerance.

a For a nominal diameter between any two tabulated nominal diameters, use the diameter increment
for the larger of the two tabulated nominal diameters. 

b Columns for the 2G Class of thread in this table also apply to American National Standard Stub
Acme threads, ASME/ANSI B1.8-1988 (R2006). 

c All other dimensions are given in inches. 

0.006 D 0.0028 D 0.002 D 0.006 D 0.0028 D 0.002 D

0.030 1 n⁄ 0.014 1 n⁄ 0.010 1 n⁄ 0.030 1 n⁄ 0.014 1 n⁄ 0.010 1 n⁄
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larly, a Class 3C external thread can be used interchangeably with a Class 3C or 4C internal
thread, but only a Class 4C internal thread can be used with a Class 4C external thread.

Thread Form: The thread form is the same as the General Purpose Acme Thread and is
shown in Fig. 3. The formulas in Table 7  determine the basic dimensions, which are given
in Table 6  for the most generally used pitches.

Angle of Thread: The angle between the sides of the thread measured in an axial plane is
29 degrees. The line bisecting this 29-degree angle shall be perpendicular to the axis of the
thread.

Chamfers and Fillets: External threads have the crest corners chamfered at an angle of
45 degrees with the axis to a minimum depth of P/20 and a maximum depth of P/15. These
modifications correspond to a minimum width of chamfer flat of 0.0707P and a maximum
width of 0.0945P (see Table 6, columns 6 and 7).

External threads for Classes 2C, 3C, and 4C may have a fillet at the minor diameter not
greater than 0.1P

Thread Series: A series of diameters and pitches is recommended in the Standard as pre-
ferred. These diameters and pitches have been chosen to meet present needs with the few-
est number of items in order to reduce to a minimum the inventory of both tools and gages.
This series of diameters and associated pitches is given in Table 9.

Fig. 2. Disposition of Allowances, Tolerances, and Crest Clearances for 
General Purpose Single-start Acme Threads (All Classes)
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Basic Diameters: The maximum major diameter of the external thread is basic and is the
nominal major diameter for all classes.

Table 6. American National Standard Centralizing Acme Screw Thread Form — 
Basic Dimensions  ASME/ANSI B1.5-1988

Thds
per

Inch,
n

Pitch,
P

Height of
Thread
(Basic),
h = P/2

Total Height 
of Thread 

(All External
Threads)
hs = h + 1⁄2
allowancea

Thread
Thickness
(Basic),
t = P/2

45-Deg Chamfer Crest of 
External Threads

Max Fillet
Radius,
Root of
Tapped 
Hole,
0.06P

Fillet Radius
at Min or
Diameter
of Screws
Max (All)

0.10P

Min
Depth,
0.05P

Min Width 
of Chamfer 

Flat,
0.0707P

16 0.06250 0.03125 0.0362 0.03125 0.0031 0.0044 0.0038 0.0062

14 0.07143 0.03571 0.0407 0.03571 0.0036 0.0050 0.0038 0.0071

12 0.08333 0.04167 0.0467 0.04167 0.0042 0.0059 0.0050 0.0083

10 0.10000 0.05000 0.0600 0.05000 0.0050 0.0071 0.0060 0.0100

8 0.12500 0.06250 0.0725 0.06250 0.0062 0.0088 0.0075 0.0125

6 0.16667 0.08333 0.0933 0.08333 0.0083 0.0119 0.0100 0.0167

5 0.20000 0.10000 0.1100 0.10000 0.0100 0.0141 0.0120 0.0200

4 0.25000 0.12500 0.1350 0.12500 0.0125 0.0177 0.0150 0.0250

3 0.33333 0.16667 0.1767 0.16667 0.0167 0.0236 0.0200 0.0333

21⁄2 0.40000 0.20000 0.2100 0.20000 0.0200 0.0283 0.0240 0.0400

2 0.50000 0.25000 0.2600 0.25000 0.0250 0.0354 0.0300 0.0500

11⁄2 0.66667 0.33333 0.3433 0.33333 0.0330 0.0471 0.0400 0.0667

11⁄3 0.75000 0.37500 0.3850 0.37500 0.0380 0.0530 0.0450 0.0750

1 1.00000 0.50000 0.5100 0.50000 0.0500 0.0707 0.0600 0.1000

All dimensions in inches. See Fig. 3.

a Allowance is 0.020 inch for 10 or less threads per inch and 0.010 inch for more than 10 threads per
inch.

Fig. 3. Centralizing Acme Screw Thread Form
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The minimum pitch diameter of the internal thread is basic for all classes and is equal to
the basic major diameter D minus the basic height of thread, h. The minimum minor diam-
eter of the internal thread for all classes is 0.1P above basic.

Length of Engagement: The tolerances specified in this Standard are applicable to
lengths of engagement not exceeding twice the nominal major diameter.

Pitch Diameter Allowances: Allowances applied to the pitch diameter of the external
thread for all classes are given in Table 10.

Major and Minor Diameter Allowances: A minimum diametral clearance is provided at
the minor diameter of all external threads by establishing the maximum minor diameter
0.020 inch below the basic minor diameter for 10 threads per inch and coarser, and 0.010
inch for finer pitches and by establishing the minimum minor diameter of the internal
thread 0.1P greater than the basic minor diameter.

A minimum diametral clearance at the major diameter is obtained by establishing the

minimum major diameter of the internal thread   above the basic major diameter.
These allowances are shown in Table 12.

Table 7. Formulas for Finding Basic Dimensions of 
Centralizing Acme Screw Threads

Pitch = P = 1 ÷ No. threads per inch, n: Basic thread height h = 0.5P

Basic thread thickness t = 0.5P

Basic flat at crest Fcn = 0.3707P + 0.259 × (minor. diameter allowance on internal threads) (internal thread)

Basic flat at crest Fcs = 0.3707P − 0.259 × (pitch diameter allowance on external thread) (external thread)

Frn = 0.3707P − 0.259 × (major dia. allowance on internal thread)

Frs = 0.3707P − 0.259 × (minor dia. allowance on external thread — pitch dia. allowance on external thread)

Fig. 4. Disposition of Allowances, Tolerances, and Crest Clearances for Centralizing 
Single-Start Acme Threads—Classes 2C, 3C, and 4C
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Major and Minor Diameter Tolerances: The tolerances on the major and minor diame-
ters of the external and internal threads are listed in Table 12 and are based upon the formu-
las given in the column headings.

An increase of 10 per cent in the allowance is recommended for each inch or fraction
thereof that the length of engagement exceeds two diameters.

For information on gages for Centralizing Acme threads the Standard ASME/ANSI B1.5
should be consulted.

Pitch Diameter Tolerances: Pitch diameter tolerances for Classes 2C, 3C and 4C for var-
ious practicable combinations of diameter and pitch are given in Table 11. The ratios of the
pitch diameter tolerances of Classes 2C, 3C, and 4C are 3.0, 1.4, and 1, respectively.

Application of Tolerances: The tolerances specified are such as to insure interchange-
ability and maintain a high grade of product. The tolerances on the diameters of internal
threads are plus, being applied from the minimum sizes to above the minimum sizes. The
tolerances on the diameters of external threads are minus, being applied from the maxi-
mum sizes to below the maximum sizes. The pitch diameter tolerances for an external or
internal thread of a given class are the same.

Limiting Dimensions: Limiting dimensions for Centralizing Acme threads in the pre-
ferred series of diameters and pitches are given in Tables 8b and 8c. These limits are based
on the formulas in Table 8a.

For combinations of pitch and diameter other than those in the preferred series the formu-
las in Tables 8b and 8c and the data in the tables referred to therein make it possible to
readily determine the limiting dimension required.
Designation of Centralizing Acme Threads.—The following examples are given to
show how these Acme threads are designated on drawings, in specifications, and on tools
and gages:

Example, 1.750-6-ACME-4C:Indicates a Centralizing Class 4C Acme thread of 1.750-
inch major diameter, 0.1667-inch pitch, single thread, right-hand.

Table 8a. American National Standard Centralizing Acme Single-Start Screw 
Threads — Formulas for Determining Diameters  ASME/ANSI B1.5-1988

D = Nominal Size or Diameter in Inches

P = Pitch = 1 ÷ Number of Threads per Inch

No. Classes 2C, 3C, and 4C External Threads (Screws)

1 Major Dia., Max = D (Basic).

2 Major Dia., Min = D minus tolerance from Table 12, columns 7, 8, or 10.

3 Pitch Dia., Max = Int. Pitch Dia., Min (Formula 9) minus allowance from the appropri-
ate Class 2C, 3C, or 4C column of Table 10.

4 Pitch Dia., Min = Ext. Pitch Dia., Max (Formula 3) minus tolerance from Table 11.

5 Minor Dia., Max = D minus P minus allowance from Table 12, column 3.

6 Minor Dia., Min = Ext. Minor Dia., Max (Formula 5) minus 1.5 × Pitch Dia. tolerance 
from Table 11.

Classes 2C, 3C, and 4C Internal Threads (Nuts)

7 Major Dia., Min = D plus allowance from Table 12, column 4.

8 Major Dia., Max = Int. Major Dia., Min (Formula 7) plus tolerance from Table 12, col-
umns 7, 9, or 11.

9 Pitch Dia., Min = D minus P/2 (Basic).

10 Pitch Dia., Max = Int. Pitch Dia., Min (Formula 9) plus tolerance from Table 11.

11 Minor Dia., Min = D minus 0.9P.

12 Minor Dia., Max = Int. Minor Dia., Min (Formula 11) plus tolerance from Table 12,
column 6.
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Table 8b. Limiting Dimensions of American National Standard Centralizing Acme Single-Start Screw Threads,
 Classes 2C, 3C, and 4C  ASME/ANSI B1.5-1988

Nominal Diameter, D 1⁄2 5⁄8 3⁄4 7⁄8 1 11⁄8 11⁄4 13⁄8 11⁄2

Threads per Incha 10 8 6 6 5 5 5 4 4

Limiting Diameters External Threads

Classes 2C, 3C, and 4C, Major Diameter Max 0.5000 0.6250 0.7500 0.8750 1.0000 1.1250 1.2500 1.3750 1.5000

Class 2C, Major Diameter Min 0.4975 0.6222 0.7470 0.8717 0.9965 1.1213 1.2461 1.3709 1.4957

Class 3C, Major Diameter Min 0.4989 0.6238 0.7487 0.8736 0.9985 1.1234 1.2483 1.3732 1.4982

Class 4C, Major Diameter Min 0.4993 0.6242 0.7491 0.8741 0.9990 1.1239 1.2489 1.3738 1.4988

Classes 2C, 3C, and 4C, Minor Diameter Max 0.3800 0.4800 0.5633 0.6883 0.7800 0.9050 1.0300 1.1050 1.2300

Class 2C, Minor Diameter Min 0.3594 0.4570 0.5371 0.6615 0.7509 0.8753 0.9998 1.0719 1.1965

Class 3C, Minor Diameter Min 0.3704 0.4693 0.5511 0.6758 0.7664 0.8912 1.0159 1.0896 1.2144

Class 4C, Minor Diameter Min 0.3731 0.4723 0.5546 0.6794 0.7703 0.8951 1.0199 1.0940 1.2188

Class 2C, Pitch Diameter {
Max 0.4443 0.5562 0.6598 0.7842 0.8920 1.0165 1.1411 1.2406 1.3652

Min 0.4306 0.5408 0.6424 0.7663 0.8726 0.9967 1.1210 1.2186 1.3429

Class 3C, Pitch Diameter {
Max 0.4458 0.5578 0.6615 0.7861 0.8940 1.0186 1.1433 1.2430 1.3677

Min 0.4394 0.5506 0.6534 0.7778 0.8849 1.0094 1.1339 1.2327 1.3573

Class 4C, Pitch Diameter {
Max 0.4472 0.5593 0.6632 0.7880 0.8960 1.0208 1.1455 1.2453 1.3701

Min 0.4426 0.5542 0.6574 0.7820 0.8895 1.0142 1.1388 1.2380 1.3627

Internal Threads

Classes 2C, 3C, and 4C, Major Diameter Min 0.5007 0.6258 0.7509 0.8759 1.0010 1.1261 1.2511 1.3762 1.5012

Classes 2C and 3C, Major Diameter Max 0.5032 0.6286 0.7539 0.8792 1.0045 1.1298 1.2550 1.3803 1.5055

Class 4C, Major Diameter Max 0.5021 0.6274 0.7526 0.8778 1.0030 0.1282 1.2533 1.3785 1.5036

Classes 2C, 3C, and 4C, 
Minor Diameter {

Min 0.4100 0.5125 0.6000 0.7250 0.8200 0.9450 0.0700 1.1500 1.2750

Max 0.04150 0.5187 0.6083 0.7333 0.8300 0.9550 1.0800 1.1625 1.2875

Class 2C, Pitch Diameter {
Min 0.4500 0.5625 0.6667 0.7917 0.9000 1.0250 1.1500 1.2500 1.3750

Max 0.4637 0.5779 0.6841 0.8096 0.9194 1.0448 1.1701 1.2720 1.3973

Class 3C, Pitch Diameter {
Min 0.4500 0.5625 0.6667 0.7917 0.9000 1.0250 1.1500 1.2500 1.3750

Max 0.4564 0.5697 0.6748 0.8000 0.9091 1.0342 1.1594 1.2603 1.3854

Class 4C, Pitch Diameter {
Min 0.4500 0.5625 0.6667 0.7917 0.9000 1.0250 1.1500 1.2500 1.3750

Max 0.4546 0.5676 0.6725 0.7977 0.9065 1.0316 1.1567 1.2573 1.3824

Machinery's Handbook 29th Edition
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Table 8c. Limiting Dimensions of American National Standard Centralizing Acme Single-Start Screw Threads,
 Classes 2C, 3C, and 4C  ASME/ANSI B1.5-1988

Nominal Diameter, D 13⁄4 2 21⁄4 21⁄2 23⁄4 3 31⁄21 2 4 41⁄2 5

Threads per Incha 4 4 3 3 3 2 2 2 2 2

Limiting Diameters External Threads

Classes 2C, 3C, and 4C, Major Diameter Max 1.7500 2.0000 2.2500 2.5000 2.7500 3.0000 3.5000 4.0000 4.5000 5.0000

Class 2C, Major Diameter Min 1.7454 1.9951 2.2448 2.4945 2.7442 2.9939 3.4935 3.9930 4.4926 4.9922

Class 3C, Major Diameter Min 1.7480 1.9979 2.2478 2.4976 2.7475 2.9974 3.4972 3.9970 4.4968 4.9966

Class 4C, Major Diameter Min 1.7487 1.9986 2.2485 2.4984 2.7483 2.9983 3.4981 3.9980 4.4979 4.9978

Classes 2C, 3C, and 4C, Minor Diameter Max 1.4800 1.7300 1.8967 2.1467 2.3967 2.4800 2.9800 3.4800 3.9800 4.4800

Class 2C, Minor Diameter Min 1.4456 1.6948 1.8572 2.1065 2.3558 2.4326 2.9314 3.4302 3.9291 4.4281

Class 3C, Minor Diameter Min 1.4640 1.7136 1.8783 2.1279 2.3776 2.4579 2.9574 3.4568 3.9563 4.4558

Class 4C, Minor Diameter Min 1.4685 1.7183 1.8835 2.1333 2.3831 2.4642 2.9638 3.4634 3.9631 4.4627

Class 2C, Pitch Diameter {
Max 1.6145 1.8637 2.0713 2.3207 2.5700 2.7360 3.2350 3.7340 4.2330 4.7319

Min 1.5916 1.8402 2.0450 2.2939 2.5427 2.7044 3.2026 3.7008 4.1991 4.6973

Class 3C, Pitch Diameter {
Max 1.6171 1.8665 2.0743 2.3238 2.5734 2.7395 3.2388 3.7380 4.2373 4.7364

Min 1.6064 1.8555 2.0620 2.3113 2.5607 2.7248 3.2237 3.7225 4.2215 4.7202

Class 4C, Pitch Diameter {
Max 1.6198 1.8693 2.0773 2.3270 2.5767 2.7430 3.2425 3.7420 4.2415 4.7409

Min 1.6122 1.8615 2.0685 2.3181 2.5676 2.7325 3.2317 3.7309 4.2302 4.7294

Internal Threads

Classes 2C, 3C, and 4C, Major Diameter Min 1.7513 2.0014 2.2515 2.5016 2.7517 3.0017 3.5019 4.0020 4.5021 5.0022

Classes 2C and 3C, Major Diameter Max 1.7559 2.0063 2.2567 2.5071 2.7575 3.0078 3.5084 4.0090 4.5095 5.0100

Class 4C, Major Diameter Max 1.7539 2.0042 2.2545 2.5048 2.7550 3.0052 3.5056 4.0060 4.5063 5.0067

Classes 2C, 3C, and 4C,
Minor Diameter {

Min 1.5250 1.7750 1.9500 2.2000 2.4500 2.5500 3.0500 3.5500 4.0500 4.5500

Max 1.5375 1.7875 1.9667 2.2167 2.4667 2.5750 3.0750 3.5750 4.0750 4.5750

Class 2C, Pitch Diameter {
Min 1.6250 1.8750 2.0833 2.3333 2.5833 2.7500 3.2500 3.7500 4.2500 4.7500

Max 1.6479 1.8985 2.1096 2.3601 2.6106 2.7816 3.2824 3.7832 4.2839 4.7846

Class 3C, Pitch Diameter {
Min 1.6250 1.8750 2.0833 2.3333 2.5833 2.7500 3.2500 3.7500 4.2500 4.7500

Max 1.6357 1.8860 2.0956 2.3458 2.5960 2.7647 3.2651 3.7655 4.2658 4.7662

Class 4C Pitch Diameter {
Min 1.6250 1.8750 2.0833 2.3333 2.5833 2.7500 3.2500 3.7500 4.2500 4.7500

Max 1.6326 1.8828 2.0921 2.3422 2.5924 2.7605 3.2608 3.7611 4.2613 4.7615

a All other dimensions are in inches. The selection of threads per inch is arbitrary and for the purpose of establishing a standard. 
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Table 9. American National Standard Centralizing Acme Single-Start Screw Thread Data  ASME/ANSI B1.5-1988

Identification Diameters Thread Data

Nominal
Sizes

(All Classes)

Threads
per

Inch,a
n

Centralizing, Classes 2C, 3C, and 4C

Pitch,
P

Thickness at
Pitch Line,

t = P/2

Basic
Height of
Thread,
h = P/2

Basic Width
of Flat,

F = 0.3707P

Lead Angle λ at Basic Pitch Diametera

Basic Major
Diameter,

D

Pitch
Diameter,

D2 = (D − h)

Minor
Diameter, 

D1 = (D − 2h)

Centralizing Classes 2C,  3C, and 4C, 

Deg Min
1⁄4 16 0.2500 0.2188 0.1875 0.06250 0.03125 0.03125 0.0232 5 12

5⁄16 14 0.3125 0.2768 0.2411 0.07143 0.03571 0.03571 0.0265 4 42

3⁄8 12 0.3750 0.3333 0.2917 0.08333 0.04167 0.04167 0.0309 4 33

7⁄16 12 0.4375 0.3958 0.3542 0.08333 0.04167 0.04167 0.0309 3 50

1⁄2 10 0.5000 0.4500 0.4000 0.10000 0.05000 0.05000 0.0371 4 3
5⁄8 8 0.6250 0.5625 0.5000 0.12500 0.06250 0.06250 0.0463 4 3

3⁄4 6 0.7500 0.6667 0.5833 0.16667 0.08333 0.08333 0.0618 4 33

7⁄8 6 0.8750 0.7917 0.7083 0.16667 0.08333 0.08333 0.0618 3 50

1 5 1.0000 0.9000 0.8000 0.20000 0.10000 0.10000 0.0741 4 3

11⁄8 5 1.1250 1.0250 0.9250 0.20000 0.10000 0.10000 0.0741 3 33

11⁄4 5 1.2500 1.1500 1.0500 0.20000 0.10000 0.10000 0.0741 3 10

13⁄8 4 1.3750 1.2500 1.1250 0.25000 0.12500 0.12500 0.0927 3 39

11⁄2 4 1.5000 1.3750 1.2500 0.25000 0.12500 0.12500 0.0927 3 19

13⁄4 4 1.7500 1.6250 1.5000 0.25000 0.12500 0.12500 0.0927 2 48

2 4 2.0000 1.8750 1.7500 0.25000 0.12500 0.12500 0.0927 2 26

21⁄4 3 2.2500 2.0833 1.9167 0.33333 0.16667 0.16667 0.1236 2 55

21⁄2 3 2.5000 2.3333 2.1667 0.33333 0.16667 0.16667 0.1236 2 36

23⁄4 3 2.7500 2.5833 2.4167 0.33333 0.16667 0.16667 0.1236 2 21

3 2 3.0000 2.7500 2.5000 0.50000 0.25000 0.25000 0.1853 3 19

31⁄2 2 3.5000 3.2500 3.0000 0.50000 0.25000 0.25000 0.1853 2 48

4 2 4.0000 3.7500 3.5000 0.50000 0.25000 0.25000 0.1853 2 26

41⁄2 2 4.5000 4.2500 4.0000 0.50000 0.25000 0.25000 0.1853 2 9

5 2 5.0000 4.7500 4.5000 0.50000 0.25000 0.25000 0.1853 1 55

a All other dimensions are given in inches. 
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Table 10. American National Standard Centralizing Acme Single-Start Screw 
Threads — Pitch Diameter Allowances  ASME/ANSI B1.5-1988

Nominal Size 
Rangea Allowances on External Threadsb

Nominal Size 
Rangea Allowances on External Threadsb

Above

To
and

Including

Centralizing

Above

To
and

Including

Centralizing
Class 2C, Class 3C, Class 4C, Class 2C, Class 3C, Class 4C,

0 3⁄16 0.0024 0.0018 0.0012 17⁄16 19⁄16 0.0098 0.0073 0.0049
3⁄16

5⁄16 0.0040 0.0030 0.0020 19⁄16 17⁄8 0.0105 0.0079 0.0052
5⁄16

7⁄16 0.0049 0.0037 0.0024 17⁄8 21⁄8 0.0113 0.0085 0.0057
7⁄16

9⁄16 0.0057 0.0042 0.0028 21⁄8 23⁄8 0.0120 0.0090 0.0060
9⁄16

11⁄16 0.0063 0.0047 0.0032 23⁄8 25⁄8 0.0126 0.0095 0.0063
11⁄16

13⁄16 0.0069 0.0052 0.0035 25⁄8 27⁄8 0.0133 0.0099 0.0066
13⁄16

15⁄16 0.0075 0.0056 0.0037 27⁄8 31⁄4 0.0140 0.0105 0.0070
15⁄16 11⁄16 0.0080 0.0060 0.0040 31⁄4 33⁄4 0.0150 0.0112 0.0075

11⁄16 13⁄16 0.0085 0.0064 0.0042 33⁄4 41⁄4 0.0160 0.0120 0.0080

13⁄16 15⁄16 0.0089 0.0067 0.0045 41⁄4 43⁄4 0.0170 0.0127 0.0085

15⁄16 17⁄16 0.0094 0.0070 0.0047 43⁄4 51⁄2 0.0181 0.0136 0.0091

All dimensions are given in inches. 
It is recommended that the sizes given in Table 9 be used whenever possible.

a The values in  columns for Classes 2C, 3C, and 4C are to be used for any size within the nominal
size range columns. These values are calculated from the mean of the range. 

b An increase of 10 per cent in the allowance is recommended for each inch, or fraction thereof, that
the length of engagement exceeds two diameters. 

Table 11. American National Standard Centralizing Acme Single-Start Screw 
Threads — Pitch Diameter Tolerances  ASME/ANSI B1.5-1988

Nom.
Dia.,a

D

Class of Thread and Diameter Increment

Nom.
Dia.,a

D

Class of Thread and Diameter Increment
2C 3C 4C 2C 3C 4C

1⁄4 .00300 .00140 .00100 11⁄2 .00735 .00343 .00245
5⁄16 .00335 .00157 .00112 13⁄4 .00794 .00370 .00265
3⁄8 .00367 .00171 .00122 2 .00849 .00396 .00283
7⁄16 .00397 .00185 .00132 21⁄4 .00900 .00420 .00300
1⁄2 .00424 .00198 .00141 21⁄2 .00949 .00443 .00316
5⁄8 .00474 .00221 .00158 23⁄4 .00995 .00464 .00332
3⁄4 .00520 .00242 .00173 3 .01039 .00485 .00346
7⁄8 .00561 .00262 .00187 31⁄2 .01122 .00524 .00374

1 .00600 .00280 .00200 4 .01200 .00560 .00400
11⁄8 .00636 .00297 .00212 41⁄2 .01273 .00594 .00424

11⁄4 .00671 .00313 .00224 5 .01342 .00626 .00447

13⁄8 .00704 .00328 .00235 … … … …

Thds.
per

Inch,
n

Class of Thread and Pitch Increment Thds.
per

Inch,
n

Class of Thread and Pitch Increment

2C 3C 4C 2C 3C 4C

16 .00750 .00350 .00250 4 .01500 .00700 .00500
14 .00802 .00374 .00267 3 .01732 .00808 .00577
12 .00866 .00404 .00289 21⁄2 .01897 .00885 .00632
10 .00949 .00443 .00316 2 .02121 .00990 .00707
8 .01061 .00495 .00354 11⁄2 .02449 .01143 .00816
6 .01225 .00572 .00408 11⁄3 .02598 .01212 .00866
5 .01342 .00626 .00447 1 .03000 .01400 .01000

All dimensions are given in inches.
For any particular size of thread, the pitch diameter tolerance is obtained by adding the diameter increment from the upper half 

of the table to the pitch increment from the lower half of the table. Example: A 0.250-16-ACME-2C thread has a pitch diameter 
tolerance of 0.00300 + 0.00750 = 0.0105 inch.

The equivalent tolerance on thread thickness is 0.259 times the pitch diameter tolerance.

a For a nominal diameter between any two tabulated nominal diameters, use the diameter increment
for the larger of the two tabulated nominal diameters. 

0.008 D 0.006 D 0.004 D 0.008 D 0.006 D 0.004 D

0.006 D 0.0028 D 0.002 D 0.006 D 0.0028 D 0.002 D

0.030 1 n⁄ 0.014 1 n⁄ 0.010 1 n⁄ 0.030 1 n⁄ 0.014 1 n⁄ 0.010 1 n⁄
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Table 12. American National Standard Centralizing Acme Single-Start Screw Threads — 
Tolerances and Allowances for Major and Minor Diameters  ASME/ANSI B1.5-1988

Size
(Nom.)

Thdsa

per
Inch

Allowance From Basic Major and
Minor Diameters (All Classes)

Tolerance
on Minor Diam, b, c

All Internal
Threads,

(Plus 0.05P)

Tolerance on Major Diameter Plus on Internal, Minus on External Threads

Minor Diam, d
All External

Threads
(Minus)

Internal Thread Class 2C Class 3C Class 4C

Major Diam, e
(Plus Minor

Diam, d

(Plus 0.1P)

External and
Internal Threads,

External
Thread,

Internal
Thread,

External
Thread,

Internal
Thread,

1⁄4 16 0.010 0.0005 0.0062 0.0050 0.0017 0.0007 0.0017 0.0005 0.0010
5⁄16 14 0.010 0.0006 0.0071 0.0050 0.0020 0.0008 0.0020 0.0006 0.0011
3⁄8 12 0.010 0.0006 0.0083 0.0050 0.0021 0.0009 0.0021 0.0006 0.0012
7⁄16 12 0.010 0.0007 0.0083 0.0050 0.0023 0.0010 0.0023 0.0007 0.0013
1⁄2 10 0.020 0.0007 0.0100 0.0050 0.0025 0.0011 0.0025 0.0007 0.0014
5⁄8 8 0.020 0.0008 0.0125 0.0062 0.0028 0.0012 0.0028 0.0008 0.0016
3⁄4 6 0.020 0.0009 0.0167 0.0083 0.0030 0.0013 0.0030 0.0009 0.0017
7⁄8 6 0.020 0.0009 0.0167 0.0083 0.0033 0.0014 0.0033 0.0009 0.0019
1 5 0.020 0.0010 0.0200 0.0100 0.0035 0.0015 0.0035 0.0010 0.0020

11⁄8 5 0.020 0.0011 0.0200 0.0100 0.0037 0.0016 0.0037 0.0011 0.0021
11⁄4 5 0.020 0.0011 0.0200 0.0100 0.0039 0.0017 0.0039 0.0011 0.0022
13⁄8 4 0.020 0.0012 0.0250 0.0125 0.0041 0.0018 0.0041 0.0012 0.0023
11⁄2 4 0.020 0.0012 0.0250 0.0125 0.0043 0.0018 0.0043 0.0012 0.0024
13⁄4 4 0.020 0.0013 0.0250 0.0125 0.0046 0.0020 0.0046 0.0013 0.0026
2 4 0.020 0.0014 0.0250 0.0125 0.0049 0.0021 0.0049 0.0014 0.0028

21⁄4 3 0.020 0.0015 0.0333 0.0167 0.0052 0.0022 0.0052 0.0015 0.0030
21⁄2 3 0.020 0.0016 0.0333 0.0167 0.0055 0.0024 0.0055 0.0016 0.0032
23⁄4 3 0.020 0.0017 0.0333 0.0167 0.0058 0.0025 0.0058 0.0017 0.0033
3 2 0.020 0.0017 0.0500 0.0250 0.0061 0.0026 0.0061 0.0017 0.0035

31⁄2 2 0.020 0.0019 0.0500 0.0250 0.0065 0.0028 0.0065 0.0019 0.0037
4 2 0.020 0.0020 0.0500 0.0250 0.0070 0.0030 0.0070 0.0020 0.0040

41⁄2 2 0.020 0.0021 0.0500 0.0250 0.0074 0.0032 0.0074 0.0021 0.0042
5 2 0.020 0.0022 0.0500 0.0250 0.0078 0.0034 0.0078 0.0022 0.0045

a All other dimensions are given in inches. Intermediate pitches take the values of the next coarser pitch listed. Values for intermediate diameters should be calculated
from the formulas in column headings, but ordinarily may be interpolated. 

b To avoid a complicated formula and still provide an adequate tolerance, the pitch factor is used as a basis, with the minimum tolerance set at 0.005 in. 
c Tolerance on minor diameter of all external threads is 1.5 × pitch diameter tolerance. 
d The minimum clearance at the minor diameter between the internal and external thread is the sum of the values in columns 3 and 5. 
e The minimum clearance at the major diameter between the internal and external thread is equal to column 4. 

0.0010 D ) 0.0035 D 0.0015 D 0.0035 D 0.0010 D 0.0020 D
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Example, 1.750-6-ACME-4C-LH:Indicates the same thread left-hand.

Example, 2.875-0.4P-0.8L-ACME-3C (Two Start):Indicates a Centralizing Class 3C
Acme thread with 2.875-inch major diameter, 0.4-inch pitch, 0.8-inch lead, double thread,
right-hand.

Example, 2.500-0.3333P-0.6667L-ACME-4C (Two Start):Indicates a Centralizing
Class 4C Acme thread with 2.500-inch nominal major diameter (basic major diameter
2.500 inches), 0.3333-inch pitch, 0.6667-inch lead, double thread, right-hand. The same
thread left-hand would have LH at the end of the designation.

Acme Centralizing Threads—Alternative Series with Minor Diameter Centralizing
Control.—When Acme centralizing threads are produced in single units or in very small
quantities (and principally in sizes larger than the range of commercial taps and dies)
where the manufacturing process employs cutting tools (such as lathe cutting), it may be
economically advantageous and therefore desirable to have the centralizing control of the
mating threads located at the minor diameters.

Particularly under the above-mentioned type of manufacturing, the two advantages cited
for minor diameter centralizing control over centralizing control at the major diameters of
the mating threads are: 1) Greater ease and faster checking of machined thread dimen-
sions. It is much easier to measure the minor diameter (root) of the external thread and the
mating minor diameter (crest or bore) of the internal thread than it is to determine the major
diameter (root) of the internal thread and the major diameter (crest or turn) of the external
thread;  and  2) better manufacturing control of the machined size due to greater ease of
checking.

In the event that minor diameter centralizing is necessary, recalculate all thread dimen-
sions, reversing major and minor diameter allowances, tolerances, radii, and chamfer.

American National Standard Stub Acme Threads.—This American National Stan-
dard ASME/ANSI B1.8-1988 (R2006) provides a Stub Acme screw thread for those
unusual applications where, due to mechanical or metallurgical considerations, a coarse-
pitch thread of shallow depth is required. The fit of Stub Acme threads corresponds to the
Class 2G General Purpose Acme thread in American National Standard ANSI B1.5-1988.
For a fit having less backlash, the tolerances and allowances for Classes 3G or 4G General
Purpose Acme threads may be used.

Thread Form: The thread form and basic formulas for Stub Acme threads are given on
page 1922 and the basic dimensions in Table 13.

Allowances and Tolerances: The major and minor diameter allowances for Stub Acme
threads are the same as those given for General Purpose Acme threads on page 1921.

Pitch diameter allowances for Stub Acme threads are the same as for Class 2G General
Purpose Acme threads and are given in Table 4. Pitch diameter tolerances for Stub Acme
threads are the same as for Class 2G General Purpose Acme threads given in Table 5.

Limiting Dimensions: Limiting dimensions of American Standard Stub Acme threads
may be determined by using the formulas given in Table 14a, or directly from Table 14b.
The diagram below shows the limits of size for Stub Acme threads.

Thread Series: A preferred series of diameters and pitches for General Purpose Acme
threads (Table 15) is recommended for Stub Acme threads.

Stub Acme Thread Designations.—The method of designation for Standard Stub Acme
threads is illustrated in the following examples: 0.500-20 Stub Acme indicates a 1⁄2-inch
major diameter, 20 threads per inch, right hand, single thread, Standard Stub Acme thread.
The designation 0.500-20 Stub Acme-LH indicates the same thread except that it is left
hand.
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Table 13. American National Standard Stub Acme Screw Thread Form — Basic 
Dimensions  ASME/ANSI B1.8-1988 (R2006)

Thds.
per

Incha

n
Pitch,

P = 1/n

Height of
Thread
(Basic),

0.3P

Total
Height of
Thread,
0.3P + 1⁄2

allowanceb

Thread
Thickness
(Basic),

P/2

Width of Flat

Crest of
InternalThread

(Basic),
0.4224P

Root of Internal
Thread,

0.4224P −0.259
×allowanceb

16 0.06250 0.01875 0.0238 0.03125 0.0264 0.0238
14 0.07143 0.02143 0.0264 0.03571 0.0302 0.0276
12 0.08333 0.02500 0.0300 0.04167 0.0352 0.0326
10 0.10000 0.03000 0.0400 0.05000 0.0422 0.0370

9 0.11111 0.03333 0.0433 0.05556 0.0469 0.0417
8 0.12500 0.03750 0.0475 0.06250 0.0528 0.0476
7 0.14286 0.04285 0.0529 0.07143 0.0603 0.0551
6 0.16667 0.05000 0.0600 0.08333 0.0704 0.0652
5 0.20000 0.06000 0.0700 0.10000 0.0845 0.0793
4 0.25000 0.07500 0.0850 0.12500 0.1056 0.1004

31⁄2 0.28571 0.08571 0.0957 0.14286 0.1207 0.1155

3 0.33333 0.10000 0.1100 0.16667 0.1408 0.1356

21⁄2 0.40000 0.12000 0.1300 0.20000 0.1690 0.1638

2 0.50000 0.15000 0.1600 0.25000 0.2112 0.2060

11⁄2 0.66667 0.20000 0.2100 0.33333 0.2816 0.2764

11⁄3 0.75000 0.22500 0.2350 0.37500 0.3168 0.3116

1 1.00000 0.30000 0.3100 0.50000 0.4224 0.4172

a All other dimensions in inches. See Fig. 1, page 1922.
b Allowance is 0.020 inch for 10 or less threads per inch and 0.010 inch for more than 10 threads per

inch.

Table 14a. American National Standard Stub Acme Single-Start Screw Threads — 
Formulas for Determining Diameters  ASME/ANSI B1.8-1988 (R2006)

D = Basic Major Diameter and Nominal Size in Inches

D2 = Basic Pitch Diameter = D − 0.3P

D1 = Basic Minor Diameter = D − 0.6P

No. External Threads (Screws)

1 Major Dia., Max = D.
2 Major Dia., Min. = D minus 0.05P.
3 Pitch Dia., Max. = D2 minus allowance from the appropriate Class 2G column, Table 4.

4 Pitch Dia., Min. = Pitch Dia., Max. (Formula 3) minus Class 2G tolerance from Table 5.
5 Minor Dia., Max. = D1 minus 0.020 for 10 threads per inch and coarser and 0.010 for finer 

pitches.
6 Minor Dia., Min. = Minor Dia., Max. (Formula 5) minus Class 2G pitch diameter tolerance 

from Table 5.

Internal Threads (Nuts)

7 Major Dia., Min. = D plus 0.020 for 10 threads per inch and coarser and 0.010 for finer 
pitches.

8 Major Dia., Max.= Major Dia., Min. (Formula 7) plus Class 2G pitch diameter tolerance 
from Table 5.

9 Pitch Dia., Min. = D2 = D − 0.3P

10 Pitch Dia., Max. = Pitch Dia., Min. (Formula 9) plus Class 2G tolerance from Table 5.
11 Minor Dia., Min. = D1 = D − 0.6P

12 Minor Dia., Max = Minor Dia., Min. (Formula 11) plus 0.05P.
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Table 14b. Limiting Dimensions for American National Standard Stub Acme Single-Start Screw Threads  ASME/ANSI B1.8-1988 (R2006)

Nominal Diameter, D 1⁄4 5⁄16
3⁄8 7⁄16

1⁄2 5⁄8 3⁄4 7⁄8 1 11⁄8 11⁄4 13⁄8
Threads per Incha 16 14 12 12 10 8 6 6 5 5 5 4

Limiting Diameters External Threads

Major Dia. {
Max (D) 0.2500 0.3125 0.3750 0.4375 0.5000 0.6250 0.7500 0.8750 1.0000 1.1250 1.2500 1.3750
Min 0.2469 0.3089 0.3708 0.4333 0.4950 0.6188 0.7417 0.8667 0.9900 1.1150 1.2400 1.3625

Pitch Dia. {
Max 0.2272 0.2871 0.3451 0.4076 0.4643 0.5812 0.6931 0.8175 0.9320 1.0565 1.1811 1.2906
Min 0.2167 0.2757 0.3328 0.3950 0.4506 0.5658 0.6757 0.7996 0.9126 1.0367 1.1610 1.2686

Minor Dia. {
Max 0.2024 0.2597 0.3150 0.3775 0.4200 0.5300 0.6300 0.7550 0.8600 0.9850 1.1100 1.2050
Min 0.1919 0.2483 0.3027 0.3649 0.4063 0.5146 0.6126 0.7371 0.8406 0.9652 1.0899 1.1830

Internal Threads

Major Dia. {
Min 0.2600 0.3225 0.3850 0.4475 0.5200 0.6450 0.7700 0.8950 1.0200 1.1450 1.2700 1.3950
Max 0.2705 0.3339 0.3973 0.4601 0.5337 0.6604 0.7874 0.9129 1.0394 1.1648 1.2901 1.4170

Pitch Dia. {
Min 0.2312 0.2911 0.3500 0.4125 0.4700 0.5875 0.7000 0.8250 0.9400 1.0650 1.1900 1.3000
Max 0.2417 0.3025 0.3623 0.4251 0.4837 0.6029 0.7174 0.8429 0.9594 1.0848 1.2101 1.3220

Minor Dia. {
Min 0.2125 0.2696 0.3250 0.3875 0.4400 0.5500 0.6500 0.7750 0.8800 1.0050 1.1300 1.2250
Max 0.2156 0.2732 0.3292 0.3917 0.4450 0.5562 0.6583 0.7833 0.8900 1.0150 1.1400 1.2375

Nominal Diameter, D 11⁄2 13⁄4 2 21⁄4 21⁄2 23⁄4 3 31⁄2 4 41⁄2 5

Threads per Incha 4 4 4 3 3 3 2 2 2 2 2

Limiting Diameters External Threads

Major Dia. {
Max (D) 1.5000 1.7500 2.0000 2.2500 2.5000 2.7500 3.0000 3.5000 4.0000 4.5000 5.0000
Min 1.4875 1.7375 1.9875 2.2333 2.4833 2.7333 2.9750 3.4750 3.9750 4.4750 4.9750

Pitch Dia. {
Max 1.4152 1.6645 1.9137 2.1380 2.3874 2.6367 2.8360 3.3350 3.8340 4.3330 4.8319
Min 1.3929 1.6416 1.8902 2.1117 2.3606 2.6094 2.8044 3.3026 3.8008 4.2991 4.7973

Minor Dia. {
Max 1.3300 1.5800 1.8300 2.0300 2.2800 2.5300 2.6800 3.1800 3.6800 4.1800 4.6800
Min 1.3077 1.5571 1.8065 2.0037 2.2532 2.5027 2.6484 3.1476 3.6468 4.1461 4.6454

Internal Threads

Major Dia. {
Min 1.5200 1.7700 2.0200 2.2700 2.5200 2.7700 3.0200 3.5200 4.0200 4.5200 5.0200
Max 1.5423 1.7929 2.0435 2.2963 2.5468 2.7973 3.0516 3.5524 4.0532 4.5539 5.0546

Pitch Dia. {
Min 1.4250 1.6750 1.9250 2.1500 2.4000 2.6500 2.8500 3.3500 3.8500 4.3500 4.8500
Max 1.4473 1.6979 1.9485 2.1763 2.4268 2.6773 2.8816 3.3824 3.8832 4.3839 4.8846

Minor Dia. {
Min 1.3500 1.6000 1.8500 2.0500 2.3000 2.5500 2.7000 3.2000 3.7000 4.2000 4.7000
Max 1.3625 1.6125 1.8625 2.0667 2.3167 2.5667 2.7250 3.2250 3.7250 4.2250 4.7250

Machinery's Handbook 29th Edition
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Alternative Stub Acme Threads.—Since one Stub Acme thread form may not meet the
requirements of all applications, basic data for two of the other commonly used forms are
included in the appendix of the American Standard for Stub Acme Threads. These so-
called Modified Form 1 and Modified Form 2 threads utilize the same tolerances and
allowances as Standard Stub Acme threads and have the same major diameter and basic
thread thickness at the pitchline (0.5P). The basic height of Form 1 threads, h, is 0.375P;
for Form 2 it is 0.250P. The basic width of flat at the crest of the internal thread is 0.4030P
for Form 1 and 0.4353P for Form 2.

The pitch diameter and minor diameter for Form 1 threads will be smaller than similar
values for the Standard Stub Acme Form and for Form 2 they will be larger owing to the
differences in basic thread height h. Therefore, in calculating the dimensions of Form 1 and
Form 2 threads using Formulas 1 through 12 in Table 14a, it is only necessary to substitute
the following values in applying the formulas: For Form 1, D2 = D − 0.375P, D1 = D −
0.75P; for Form 2, D2 = D − 0.25P, D1 = D − 0.5P.

Thread Designation: These threads are designated in the same manner as Standard Stub
Acme threads except for the insertion of either M1 or M2 after “Acme.” Thus, 0.500-20
Stub Acme M1 for a Form 1 thread; and 0.500-20 Stub Acme M2 for a Form 2 thread.
Former 60-Degree Stub Thread.—Former American Standard B1.3-1941 included a
60-degree stub thread for use where design or operating conditions could be better satisfied
by the use of this thread, or other modified threads, than by Acme threads. Data for 60-
Degree Stub thread form are given in the accompanying diagram.

Limits of Size, Allowances, Tolerances, and Crest Clearances for
American National Standard Stub Acme Threads
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Table 15. Stub Acme Screw Thread Data  ASME/ANSI B1.8-1988 (R2006)

Identification Basic Diameters Thread Data

Nominal
Sizes

Threads
per Inch,a

n

Major
Diameter,

D

Pitch
Diameter,
D2 = D − h

Minor
Diameter,

D1 = D − 2h
Pitch,

P

Thread Thickness
at Pitch Line,

t = P/2

Basic Thread
Height,
h = 0.3P

Basic Width
of Flat,
0.4224P

Lead Angleat
Basic

Pitch Diameter

Deg Min
1⁄4 16 0.2500 0.2312 0.2125 0.06250 0.03125 0.01875 0.0264 4 54

5⁄16 14 0.3125 0.2911 0.2696 0.07143 0.03572 0.02143 0.0302 4 28

3⁄8 12 0.3750 0.3500 0.3250 0.08333 0.04167 0.02500 0.0352 4 20

7⁄16 12 0.4375 0.4125 0.3875 0.08333 0.04167 0.02500 0.0352 3 41

1⁄2 10 0.5000 0.4700 0.4400 0.10000 0.05000 0.03000 0.0422 3 52

5⁄8 8 0.6250 0.5875 0.5500 0.12500 0.06250 0.03750 0.0528 3 52

3⁄4 6 0.7500 0.7000 0.6500 0.16667 0.08333 0.05000 0.0704 4 20

7⁄8 6 0.8750 0.8250 0.7750 0.16667 0.08333 0.05000 0.0704 3 41

1 5 1.0000 0.9400 0.8800 0.20000 0.10000 0.06000 0.0845 3 52

11⁄8 5 1.1250 1.0650 1.0050 0.20000 0.10000 0.06000 0.0845 3 25

11⁄4 5 1.2500 1.1900 1.1300 0.20000 0.10000 0.06000 0.0845 3 4

13⁄8 4 1.3750 1.3000 1.2250 0.25000 0.12500 0.07500 0.1056 3 30

11⁄2 4 1.5000 1.4250 1.3500 0.25000 0.12500 0.07500 0.1056 3 12

13⁄4 4 1.7500 1.6750 1.6000 0.25000 0.12500 0.07500 0.1056 2 43

2 4 2.0000 1.9250 1.8500 0.25000 0.12500 0.07500 0.1056 2 22

21⁄4 3 2.2500 2.1500 2.0500 0.33333 0.16667 0.10000 0.1408 2 50

21⁄2 3 2.5000 2.4000 2.3000 0.33333 0.16667 0.10000 0.1408 2 32

23⁄4 3 2.7500 2.6500 2.5500 0.33333 0.16667 0.10000 0.1408 2 18

3 2 3.0000 2.8500 2.7000 0.50000 0.25000 0.15000 0.2112 3 12

31⁄2 2 3.5000 3.3500 3.2000 0.50000 0.25000 0.15000 0.2112 2 43

4 2 4.0000 3.8500 3.7000 0.50000 0.25000 0.15000 0.2112 2 22

41⁄2 2 4.5000 4.3500 4.2000 0.50000 0.25000 0.15000 0.2112 2 6

5 2 5.0000 4.8500 4.7000 0.50000 0.25000 0.15000 0.2112 1 53

a All other dimensions are given in inches. 
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60-Degree Stub Thread

A clearance of at least 0.02 × pitch is added to depth h to produce extra depth, thus avoid-
ing interference with threads of mating part at minor or major diameters.

Basic thread thickness at pitch line = 0.5 × pitch p; basic depth h = 0.433 × pitch; basic
width of flat at crest = 0.25 × pitch; width of flat at root of screw thread = 0.227 × pitch;
basic pitch diameter = basic major diameter − 0.433 × pitch; basic minor diameter = basic
major diameter − 0.866 × pitch.

Square Thread.—The square thread is so named because the section is square, the depth,
in the case of a screw, being equal to the width or one-half the pitch. The thread groove in a
square-threaded nut is made a little greater than one-half the pitch in order to provide a
slight clearance for the screw; hence, the tools used for threading square-threaded taps are
a little less in width at the point than one-half the pitch. The pitch of a square thread is usu-
ally twice the pitch of an American Standard thread of corresponding diameter. The square
thread has been superseded quite largely by the Acme form which has several advantages.
See ACME SCREW THREADS.

10-Degree Modified Square Thread: The included angle between the sides of the thread
is 10 degrees (see accompanying diagram). The angle of 10 degrees results in a thread
which is the practical equivalent of a “square thread,” and yet is capable of economical pro-
duction. Multiple thread milling cutters and ground thread taps should not be specified for
modified square threads of the larger lead angles without consulting the cutting tool man-
ufacturer.

In the following formulas, D = basic major diameter; E = basic pitch diameter; K = basic
minor diameter; p = pitch; h = basic depth of thread on screw depth when there is no clear-
ance between root of screw and crest of thread on nut; t = basic thickness of thread at pitch
line; F = basic width of flat at crest of screw thread; G = basic width of flat at root of screw
thread; C = clearance between root of screw and crest of thread on nut: E = D − 0.5p; K = D
− p; h = 0.5p (see Note); t = 0.5p; F = 0.4563p; G = 0.4563p − (0.17 × C).

Note: A clearance should be added to depth h to avoid interference with threads of mating
parts at minor or major diameters.

0.4563p

Pitch
Diameter
Allowance

G

0.25p

0.25p

Clearance (See Note)

Clearance (See Note)

p

2

p

2

1
2

h

5˚

Screw

Nut
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BUTTRESS THREADS

Threads of Buttress Form

The buttress form of thread has certain advantages in applications involving exception-
ally high stresses along the thread axis in one direction only. The contacting flank of the
thread, which takes the thrust, is referred to as the pressure flank and is so nearly perpen-
dicular to the thread axis that the radial component of the thrust is reduced to a minimum.
Because of the small radial thrust, this form of thread is particularly applicable where tubu-
lar members are screwed together, as in the case of breech mechanisms of large guns and
airplane propeller hubs.

Fig. 1a shows a common form. The front or load-resisting face is perpendicular to the
axis of the screw and the thread angle is 45 degrees. According to one rule, the pitch P = 2
× screw diameter ÷ 15. The thread depth d may equal 3⁄4 × pitch, making the flat f = 1⁄8 ×
pitch. Sometimes depth d is reduced to 2⁄3 × pitch, making f = 1⁄6 × pitch.

The load-resisting side or flank may be inclined an amount (Fig. 1b) ranging usually from
1 to 5 degrees to avoid cutter interference in milling the thread. With an angle of 5 degrees
and an included thread angle of 50 degrees, if the width of the flat f at both crest and root
equals 1⁄8 × pitch, then the thread depth equals 0.69 × pitch or 3⁄4 d1.

The saw-tooth form of thread illustrated by Fig. 1c is known in Germany as the
“Sägengewinde” and in Italy as the “Fillettatura a dente di Sega.” Pitches are standardized
from 2 millimeters up to 48 millimeters in the German and Italian specifications. The front
face inclines 3 degrees from the perpendicular and the included angle is 33 degrees.

The thread depth d for the screw = 0.86777 × pitch P. The thread depth g for the nut = 0.75
× pitch. Dimension h = 0.341 × P. The width f of flat at the crest of the thread on the screw
= 0.26384 × pitch. Radius r at the root = 0.12427 × pitch. The clearance space e = 0.11777
× pitch.

British Standard Buttress Threads BS 1657: 1950.—Specifications for buttress
threads in this standard are similar to those in the American Standard (see page 1946)
except: 1) A basic depth of thread of 0.4p is used instead of 0.6p;  2) Sizes below 1 inch are
not included;  3) Tolerances on major and minor diameters are the same as the pitch diam-
eter tolerances, whereas in the American Standard separate tolerances are provided; how-
ever, provision is made for smaller major and minor diameter tolerances when crest
surfaces of screws or nuts are used as datum surfaces, or when the resulting reduction in
depth of engagement must be limited;  and  4) Certain combinations of large diameters
with fine pitches are provided that are not encouraged in the American Standard.

Lowenherz or Löwenherz Thread.—The Lowenherz thread is intended for the fine
screws of instruments and is based on the metric system. The Löwenherz thread has flats at
the top and bottom the same as the U.S. standard buttress form, but the angle is 53 degrees
8 minutes. The depth equals 0.75 × the pitch, and the width of the flats at the top and bottom
is equal to 0.125 × the pitch. This screw thread used for measuring instruments, optical
apparatus, etc., especially in Germany.

Fig. 1a. Fig. 1b. Fig. 1c. 
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Löwenherz Thread

American National Standard Buttress Inch Screw Threads

The buttress form of thread has certain advantages in applications involving exception-
ally high stresses along the thread axis in one direction only. As the thrust side (load flank)
of the standard buttress thread is made very nearly perpendicular to the thread axis, the
radial component of the thrust is reduced to a minimum. On account of the small radial
thrust, the buttress form of thread is particularly applicable when tubular members are
screwed together. Examples of actual applications are the breech assemblies of large guns,
airplane propeller hubs, and columns for hydraulic presses.
7°/45° Buttress Thread Form.—In selecting the form of thread recommended as stan-
dard, ANSI B1.9-1973 (R2007), manufacture by milling, grinding, rolling, or other suit-
able means, has been taken into consideration. All dimensions are in inches.

Form of Thread: The form of the buttress thread is shown in the accompanying Figs. 2a
and  2b, and has the following characteristics:

a) A load flank angle, measured in an axial plane, of 7 degrees from the normal to the axis.
b) A clearance flank angle, measured in an axial plane, of 45 degrees from the normal to

the axis.
c) Equal truncations at the crests of the external and internal threads such that the basic

height of thread engagement (assuming no allowance) is equal to 0.6 of the pitch
d) Equal radii, at the roots of the external and internal basic thread forms tangential to the

load flank and the clearance flank. (There is, in practice, almost no chance that the thread
forms will be achieved strictly as basically specified, that is, as true radii.) When specified,
equal flat roots of the external and internal thread may be supplied.

Diameter
Pitch,

Millimeters

Approximate
No. of Threads 

per Inch

Diameter
Pitch,

Millimeters

Approximate
No. of Threads 

per InchMillimeters Inches Millimeters Inches

1.0 0.0394 0.25 101.6 9.0 0.3543 1.30 19.5
1.2 0.0472 0.25 101.6 10.0 0.3937 1.40 18.1
1.4 0.0551 0.30 84.7 12.0 0.4724 1.60 15.9
1.7 0.0669 0.35 72.6 14.0 0.5512 1.80 14.1
2.0 0.0787 0.40 63.5 16.0 0.6299 2.00 12.7
2.3 0.0905 0.40 63.5 18.0 0.7087 2.20 11.5
2.6 0.1024 0.45 56.4 20.0 0.7874 2.40 10.6
3.0 0.1181 0.50 50.8 22.0 0.8661 2.80 9.1
3.5 0.1378 0.60 42.3 24.0 0.9450 2.80 9.1
4.0 0.1575 0.70 36.3 26.0 1.0236 3.20 7.9
4.5 0.1772 0.75 33.9 28.0 1.1024 3.20 7.9
5.0 0.1968 0.80 31.7 30.0 1.1811 3.60 7.1
5.5 0.2165 0.90 28.2 32.0 1.2599 3.60 7.1
6.0 0.2362 1.00 25.4 36.0 1.4173 4.00 6.4
7.0 0.2756 1.10 23.1 40.0 1.5748 4.40 5.7
8.0 0.3150 1.20 21.1 … … … …

Table 1. American National Standard Diameter—Pitch Combinations for 7°/45°
Buttress Threads  ANSI B1.9-1973 (R2007)

Preferred Nominal
Major Diameters, Inches

Threads per
Incha

a Preferred threads per inch are in parentheses. 

Preferred Nominal
Major Diameters, Inches

Threads per
Incha

0.5, 0.625, 0.75 (20, 16, 12) 4.5, 5, 5.5, 6 12, 10, 8,  (6, 5, 4), 3
0.875, 1.0 (16, 12, 10) 7, 8, 9, 10 10, 8, 6, (5, 4, 3), 2.5, 2
1.25, 1.375, 1.5 16, (12, 10, 8), 6 11, 12, 14, 16 10, 8, 6, 5,  (4, 3, 2.5), 2, 1.5, 1.25
1.75, 2, 2.25, 2.5 16, 12, (10, 8, 6), 5, 4 18, 20, 22, 24 8, 6, 5, 4, (3, 2.5, 2), 1.5, 1.25, 1
2.75, 3, 3.5, 4 16, 12, 10, (8, 6, 5), 4
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Buttress Thread Tolerances.—Tolerances from basic size on external threads are
applied in a minus direction and on internal threads in a plus direction.

Pitch Diameter Tolerances: The following formula is used for determining the pitch
diameter product tolerance for Class 2 (standard grade) external or internal threads:

where D =basic major diameter of external thread (assuming no allowance)
Le =length of engagement
p =pitch of thread

When the length of engagement is taken as 10p, the formula reduces to

It is to be noted that this formula relates specifically to Class 2 (standard grade) PD toler-
ances. Class 3 (precision grade) PD tolerances are two-thirds of Class 2 PD tolerances.
Pitch diameter tolerances based on this latter formula, for various diameter pitch combina-
tions, are given in Table 4.

Functional Size: Deviations in lead and flank angle of product threads increase the func-
tional size of an external thread and decrease the functional size of an internal thread by the
cumulative effect of the diameter equivalents of these deviations. The functional size of all
buttress product threads shall not exceed the maximum-material limit.

Tolerances on Major Diameter of External Thread and Minor Diameter of Internal
Thread: Unless otherwise specified, these tolerances should be the same as the pitch diam-
eter tolerance for the class used.

Tolerances on Minor Diameter of External Thread and Major Diameter of Internal
Thread: It will be sufficient in most instances to state only the maximum minor diameter of
the external thread and the minimum major diameter of the internal thread without any tol-

Table 2. American National Standard Inch Buttress Screw Threads—
Basic Dimensions  ANSI B1.9-1973 (R2007)

Thds.a
per
Inch

Pitch,
p

Basic
Height of
Thread,
h = 0.6p

Height of
Sharp-V

Thread,H = 
0.89064p

Crest
Truncation,

f = 
0.14532p

Height of
Thread,

hs or hn = 
0.66271p

Max.
Root

Trunca-
tion,b
s = 

0.0826p

Max.
Root

Radius,c
r = 

0.0714p

Width of
Flat at

Crest, F = 
0.16316p

20 0.0500 0.0300 0.0445 0.0073 0.0331 0.0041 0.0036 0.0082
16 0.0625 0.0375 0.0557 0.0091 0.0414 0.0052 0.0045 0.0102
12 0.0833 0.0500 0.0742 0.0121 0.0552 0.0069 0.0059 0.0136
10 0.1000 0.0600 0.0891 0.0145 0.0663 0.0083 0.0071 0.0163

8 0.1250 0.0750 0.1113 0.0182 0.0828 0.0103 0.0089 0.0204
6 0.1667 0.1000 0.1484 0.0242 0.1105 0.0138 0.0119 0.0271
5 0.2000 0.1200 0.1781 0.0291 0.1325 0.0165 0.0143 0.0326
4 0.2500 0.1500 0.2227 0.0363 0.1657 0.0207 0.0179 0.0408
3 0.3333 0.2000 0.2969 0.0484 0.2209 0.0275 0.0238 0.0543

21⁄2 0.4000 0.2400 0.3563 0.0581 0.2651 0.0330 0.0286 0.0653

2 0.5000 0.3000 0.4453 0.0727 0.3314 0.0413 0.0357 0.0816

11⁄2 0.6667 0.4000 0.5938 0.0969 0.4418 0.0551 0.0476 0.1088

11⁄4 0.8000 0.4800 0.7125 0.1163 0.5302 0.0661 0.0572 0.1305

1 1.0000 0.6000 0.8906 0.1453 0.6627 0.0826 0.0714 0.1632

a All other dimensions are in inches. 
b Minimum root truncation is one-half of maximum. 
c Minimum root radius is one-half of maximum. 

PD tolerance 0.002 D3 0.00278 Le 0.00854 p+ +=

0.002 D3 0.0173 p+
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erance. However, the root truncation from a sharp V should not be greater than 0.0826p nor
less than 0.0413p.

Lead and Flank Angle Deviations for Class 2: The deviations in lead and flank angles
may consume the entire tolerance zone between maximum and minimum material product
limits given in Table 4.

Diameter Equivalents for Variations in Lead and Flank Angles for Class 3: The  com-
bined diameter equivalents of variations in lead (including helix deviations), and flank

Form of American National Standard 7°/45° Buttress  Thread 
with 0.6p Basic Height of Thread Engagement 

Fig. 2a. Round Root  External Thread
Heavy Line Indicates Basic Form

Fig. 2b. Flat Root External Thread
Heavy Line Indicates Basic Form

H hn h
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H hn h
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s
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Table 3. American National Standard  Buttress Inch Screw Thread
 Symbols  and Form 

Thread Element Max. Material (Basic) Min. Material

Pitch p

Height of sharp-V thread H = 0.89064p

Basic height of thread engagement h = 0.6p

Root radius (theoretical)(see footnote a) r = 0.07141p Min. r = 0.0357p

Root truncation s = 0.0826p Min. s = 0.5; Max. s = 0.0413p

Root truncation for flat root form s = 0.0826p Min. s = 0.5; Max. s = 0.0413p

Flat width for flat root form S = 0.0928p Min. S = 0.0464p

Allowance G (see text)

Height of thread engagement he = h − 0.5G Min. he = Max. he − [0.5 tol. on major 
dia. external thread + 0.5 tol. 
on minor dia. internal thread].

Crest truncation f = 0.14532p

Crest width F = 0.16316p

Major diameter D

Major diameter of internal thread Dn = D + 0.12542p Max. Dn = Max. pitch dia.of internal 
thread + 0.80803p

Major diameter of external thread Ds = D − G Min. Ds = D − G − D tol.

Pitch diameter E

Pitch diameter of internal thread
(see footnote b)

En = D − h Max. En = D − h + PD tol.

Pitch diameter of external thread
(see footnote c)

Es = D − h − G Min. Es = D − h − G − PD tol.

Minor diameter K

Minor diameter of external thread Ks = D − 1.32542p − G Min. Ks = Min. pitch dia. of external 
thread − 0.80803p

Minor diameter of internal thread Kn = D − 2h Min. Kn = D − 2h + K tol.

Height of thread of internal thread hn = 0.66271p

Height of thread ofexternal thread hs = 0.66271p

Pitch diameter increment for lead ∆El

Pitch diameter increment
for 45° clearance flank angle

∆Eα1

Pitch diameter increment for 7° load 
flank angle

∆Eα2

Length of engagement Le

a Unless the flat root form is specified, the rounded root form of the external and internal thread shall
be a continuous, smoothly blended curve within the zone defined by 0.07141p maximum to 0.0357p
minimum radius. The resulting curve shall have no reversals or sudden angular variations, and shall be
tangent to the flanks of the thread. There is, in practice, almost no chance that the rounded thread form
will be achieved strictly as basically specified, that is, as a true radius. 

b The pitch diameter X tolerances for GO and NOT GO threaded plug gages are applied to the inter-
nal product limits for En and Max. En.

c The pitch diameter W tolerances for GO and NOT GO threaded setting plug gages are applied to the
external product limits for Es and Min. Es.
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angle for Class 3, shall not exceed 50 percent of the Class 2 pitch diameter tolerances given
in Table 4.

Tolerances on Taper and Roundness: There are no requirements for taper and roundness
for Class 2 buttress screw threads.

Table 4. American National Standard Buttress Inch Screw Threads Tolerances
Class 2 (Standard Grade) and Class 3 (Precision Grade)  ANSI B1.9-1973 (R2007)

Thds.
per
Inch

Pitch,a
p

Inch

Basic Major Diameter, Inch

Pitchb

Increment,

Inch

From
0.5
thru
0.7

Over
0.7
thru
1.0

Over
1.0
thru
1.5

Over
1.5
thru
2.5

Over
2.5
thru

4

Over
4

thru
6

Over
6

thru
10

Over
10

thru
16

Over
16

thru
24

Tolerance on Major Diameter of External Thread, Pitch Diameter of External 
and Internal Threads, and Minor Diameter of Internal Thread, Inch

Class 2, Standard Grade

20 0.0500 .0056 .... .... .... .... .... .... .... .... .00387
16 0.0625 .0060 .0062 .0065 .0068 .0073 .... .... .... .... .00432
12 0.0833 .0067 .0069 .0071 .0075 .0080 .0084 .... .... .... .00499
10 0.1000 .... .0074 .0076 .0080 .0084 .0089 .0095 .0102 .... .00547
8 0.1250 .... .... .0083 .0086 .0091 .0095 .0101 .0108 .0115 .00612
6 0.1667 .... .... .0092 .0096 .0100 .0105 .0111 .0118 .0125 .00706
5 0.2000 .... .... .... .0103 .0107 .0112 .0117 .0124 .0132 .00774
4 0.2500 .... .... .... .0112 .0116 .0121 .0127 .0134 .0141 .00865
3 0.3333 .... .... .... .... .... .0134 .0140 .0147 .0154 .00999
2.5 0.4000 .... .... .... .... .... .... .0149 .0156 .0164 .01094
2.0 0.5000 .... .... .... .... .... .... .0162 .0169 .0177 .01223
1.5 0.6667 .... .... .... .... .... .... .... .0188 .0196 .01413
1.25 0.8000 .... .... .... .... .... .... .... .0202 .0209 .01547
1.0 1.0000 .... .... .... .... .... .... .... .... .0227 .01730

Diameter
Increment,c .00169 .00189 .00215 .00252 .00296 .00342 .00400 .00470 .00543

Class 3, Precision Grade

20 0.0500 .0037 .... .... .... .... .... .... .... ....
16 0.0625 .0040 .0042 .0043 .0046 .0049 .... .... .... ....
12 0.0833 .0044 .0046 .0048 .0050 .0053 .0056 .... .... ....
10 0.1000 .... .0049 .0051 .0053 .0056 .0059 .0063 .0068 ....
8 0.1250 .... .... .0055 .0058 .0061 .0064 .0067 .0072 .0077
6 0.1667 .... .... .0061 .0064 .0067 .0070 .0074 .0078 .0083
5 .02000 .... .... .... .0068 .0071 .0074 .0078 .0083 .0088
4 0.2500 .... .... .... .0074 .0077 .0080 .0084 .0089 .0094
3 .03333 .... .... .... .... .... .0089 .0093 .0098 .0103
2.5 0.4000 .... .... .... .... .... .... .0100 .0104 .0109
2.0 0.5000 .... .... .... .... .... .... .0108 .0113 .0118
1.5 0.6667 .... .... .... .... .... .... .... .0126 .0130
1.25 0.8000 .... .... .... .... .... .... .... .0135 .0139
1.0 1.0000 .... .... .... .... .... .... .... .... .0152

a For threads with pitches not shown in this table, pitch increment to be used in tolerance formula is

to be determined by use of formula , where:

D = basic major diameter of external thread (assuming no allowance),  Le = length of engagement, and
p = pitch of thread. This formula relates specifically to Class 2 (standard grade) PD tolerances. Class 3
(precision grade) PD tolerances are two-thirds of Class 2 PD tolerances. See text  

b When the length of engagement is taken as 10p, the formula reduces to:   
c Diameter D, used in diameter increment formula, is based on the average of the range. 

0.0173 p

0.002 D3

PD Tolerance 0.002 D3  0.00278 Le 0.00854 p++=

0.002 D3  0.0173 p+
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The major and minor diameters of Class 3 buttress threads shall not taper nor be out of
round to the extent that specified limits for major and minor diameter are exceeded. The
taper and out-of-roundness of the pitch diameter for Class 3 buttress threads shall not
exceed 50 per cent of the pitch-diameter tolerances.

Allowances for Easy Assembly.—An allowance (clearance) should be provided on all
external threads to secure easy assembly of parts. The amount of the allowance is deducted
from the nominal major, pitch, and minor diameters of the external thread when the maxi-
mum material condition of the external thread is to be determined.

The minimum internal thread is basic.
The amount of the allowance is the same for both classes and is equal to the Class 3 pitch-

diameter tolerance as calculated by the formulas previously given. The allowances for var-
ious diameter-pitch combinations are given in Table 5.

Example Showing Dimensions for a Typical Buttress Thread.—The dimensions for a
2-inch diameter, 4 threads per inch, Class 2 buttress thread with flank angles of 7 degrees
and 45 degrees are

h =basic thread height = 0.1500 (Table 2)
hs = hn = height of thread in external and internal threads = 0.1657 (Table 2)
G =pitch-diameter allowance on external thread = 0.0074 (Table 5)

Tolerance on PD of external and internal threads = 0.0112 (Table 4)
Tolerance on major diameter of external thread and minor diameter of internal thread =

0.0112 (Table 4)

Internal Thread:

Basic Major Diameter: D = 2.0000
Min. Major Diameter: D − 2h + 2hn = 2.0314 (see Table 2)

Min. Pitch Diameter: D − h = 1.8500 (see Table 2)
Max. Pitch Diameter: D − h + PD Tolerance = 1.8612 (see Table 4)
Min. Minor Diameter: D − 2h = 1.7000 (see Table 2)
Max. Minor Diameter: D − 2h + Minor Diameter Tolerance =  1.7112 (see Table 4)

Table 5. American National Standard External Thread Allowances for 
Classes 2 and 3 Buttress Inch Screw Threads  ANSI B1.9-1973 (R2007)

Threads
per
Inch

Pitch,
p

Inch

Basic Major Diameter, Inch

From
0.5
thru
0.7

Over
0.7
thru
1.0

Over
1.0
thru
1.5

Over
1.5
thru
2.5

Over
2.5
thru

4

Over
4

thru
6

Over
6

thru
10

Over
10

thru
16

Over
16

thru
24

Allowance on Major, Minor and Pitch Diameters of External Thread, Inch

20 0.0500 .0037 .... .... .... .... .... .... .... ....
16 0.0625 .0040 .0042 .0043 .0046 .0049 .... .... .... ....
12 0.0833 .0044 .0046 .0048 .0050 .0053 .0056 .... .... ....
10 0.1000 .... .0049 .0051 .0053 .0056 .0059 .0063 .0068 ....
8 0.1250 .... .... .0055 .0058 .0061 .0064 .0067 .0072 .0077
6 0.1667 .... .... .0061 .0064 .0067 .0070 .0074 .0078 .0083
5 0.2000 .... .... .... .0068 .0071 .0074 .0078 .0083 .0088
4 0.2500 .... .... .... .0074 .0077 .0080 .0084 .0089 .0094
3 0.3333 .... .... .... .... .... .0089 .0093 .0098 .0103
2.5 0.4000 .... .... .... .... .... .... .0100 .0104 .0109
2.0 0.5000 .... .... .... .... .... .... .0108 .0113 .0118
1.5 0.6667 .... .... .... .... .... .... .... .0126 .0130
1.25 0.8000 .... .... .... .... .... .... .... .0135 .0139
1.0 1.0000 .... .... .... .... .... .... .... .... .0152
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External Thread:

Max. Major Diameter: D − G = 1.9926 (see Table 5)

Min. Major Diameter: D − G − Major Diameter Tolerance = 1.9814 (see Tables 4 and 5)

Max. Pitch Diameter: D − h − G = 1.8426 (see Tables 2 and 5)

Min. Pitch Diameter: D − h − G − PD Tolerance = 1.8314 (see Table 4)

Max. Minor Diameter: D − G − 2hs = 1.6612 (see Tables 2 and 5)

Buttress Thread Designations.—When only the designation, BUTT is used, the thread is
“pull” type buttress (external thread pulls) with the clearance flank leading and the 7-
degree pressure flank following. When the designation, PUSH-BUTT is used, the thread is
a push type buttress (external thread pushes) with the 7-degree load flank leading and the
45-degree clearance flank following. Whenever possible this description should be con-
firmed by a simplified view showing thread angles on the drawing of the product that has
the buttress thread.

Standard Buttress Threads: A buttress thread is considered to be standard when:

1) opposite flank angles are 7-degrees and 45-degrees;  2) basic thread height is 0.6p;

3) tolerances and allowances are as shown in Tables 4 and 5;  and  4) length of engage-
ment is 10p or less.

Thread Designation Abbreviations: In thread designations on drawings, tools, gages,
and in specifications, the following abbreviations and letters are to be used:

Designation Sequence for Buttress Inch Screw Threads: When designating single-start
standard buttress threads the nominal size is given first, the threads per inch next, then
PUSH if the internal member is to push, but nothing if it is to pull, then the class of thread
(2 or 3), then whether external (A) or internal (B), then LH if left-hand, but nothing if right-
hand, and finally FL if a flat root thread, but nothing if a radiused root thread; thus, 2.5-8
BUTT-2A indicates a 2.5 inch, 8 threads per inch buttress thread, Class 2 external, right-
hand, internal member to pull, with radiused root of thread. The designation 2.5-8 PUSH-
BUTT-2A-LH-FL signifies a 2.5 inch size, 8 threads per inch buttress thread with internal
member to push, Class 2 external, left-hand, and flat root.

A multiple-start standard buttress thread is similarly designated but the pitch is given
instead of the threads per inch, followed by the lead and the number of starts is indicated in
parentheses after the class of thread. Thus, 10-0.25P-0.5L - BUTT-3B (2 start) indicates a
10-inch thread with 4 threads per inch, 0.5 inch lead, buttress form with internal member to
pull, Class 3 internal, 2 starts, with radiused root of thread.

BUTT for buttress thread, pull type
PUSH-
BUTT for buttress thread, push type

LH for left-hand thread (Absence of LH indicates that the thread is a  right-hand thread.)
P for pitch
L for lead

A
B

for external thread
for internal thread

Note: Absence of A or B after thread class indicates 
that designation covers both the external and inter-
nal threads.

Le for length of thread engagement
SPL for special
FL for flat root thread
E for pitch diameter
TPI for threads per inch
THD for thread
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WHITWORTH THREADS

British Standard Whitworth (BSW) and British Standard Fine (BSF) Threads

The BSW is the Coarse Thread series and the BSF is the Fine Thread series of British
Standard 84:1956—Parallel Screw Threads of Whitworth Form. The dimensions given in
the tables on the following pages for the major, effective, and minor diameters are, respec-
tively, the maximum limits of these diameters for bolts and the minimum limits for nuts.
Formulas for the tolerances on these diameters are given in the table below.
Whitworth Standard Thread Form.—This thread form is used for the British Standard
Whitworth (BSW) and British Standard Fine (BSF) screw threads. More recently, both
threads have been known as parallel screw threads of Whitworth form. With standardiza-
tion of the Unified thread, the Whitworth thread form is expected to be used only for
replacements or spare parts. Tables of British Standard Parallel Screw Threads of Whit-
worth Form will be found on the following pages; tolerance formulas are given in the table
below. The form of the thread is shown by the diagram. If p = pitch, d = depth of thread, r =
radius at crest and root, and n = number of threads per inch, then

It is recommended that stainless steel bolts of nominal
size 3⁄4 inch and below should not be made to Close Class
limits but rather to Medium or Free Class limits. Nomi-
nal sizes above 3⁄4 inch should have maximum and mini-
mum limits 0.001 inch smaller than the values obtained
from the table.
Tolerance Classes : Close Class bolts. Applies to screw

threads requiring a fine snug fit, and should be used only for special work where refined
accuracy of pitch and thread form are particularly required. Medium Class bolts and nuts.
Applies to the better class of ordinary interchangeable screw threads. Free Class bolts.
Applies to the majority of bolts of ordinary commercial quality. Normal Class nuts.
Applies to ordinary commercial quality nuts; this class is intended for use with Medium or
Free Class bolts.

Table 1. Tolerance Formulas for BSW and BSF Threads

Class or Fit
Tolerance in inchesa (+ for nuts, − for bolts)

a The symbol , where D = major diameter of thread in inches; L
= length of engagement in inches; p = pitch in inches. The symbol p signifies pitch. 

Major Dia. Effective Dia. Minor Dia.

Bolts

Close 2⁄3T

Medium T

Free 3⁄2T

Nuts

Close … 2⁄3T
}{

0.2p + 0.004b

b For 26 threads per inch and finer. 

Medium … T 0.2p + 0.005c

c For 24 and 22 threads per inch. 

Normal … 3⁄2T 0.2p + 0.007d

d For 20 threads per inch and coarser. 

d 1⁄3p  27°cot 30′× 0.640327p 0.640327 n÷= = =

r 0.137329p 0.137329 n÷= =

p

r

r

d

55˚

T 0.002 D3 0.003 L 0.005 p+ +=

2⁄3T 0.01 p+ 2⁄3T 0.013 p+

T 0.01 p+ T 0.02 p+

3⁄2T 0.01 p+ 3⁄2T 0.02 p+
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Table 2. Threads of Whitworth Form—Basic Dimensions

Dimensions are in inches.

Allowances: Only Free Class and Medium Class bolts have an allowance. For nominal
sizes of 3⁄4 inch down to 1⁄4 inch, the allowance is 30 per cent of the Medium Class bolt effec-
tive-diameter tolerance (0.3T); for sizes less than 1⁄4 inch, the allowance for the 1⁄4-inch size
applies. Allowances are applied minus from the basic bolt dimensions; the tolerances are
then applied to the reduced dimensions.

p =1 ÷ n

H =0.960491p

H/6 = 0.160082p

h =0.640327p

e =0.0739176p

r =0.137329p

Threads
per Inch Pitch

Triangular
Height Shortening

Depth of
Thread

Depth of
Rounding Radius

n p H H/6 h e r

72 0.013889 0.013340 0.002223 0.008894 0.001027 0.001907
60 0.016667 0.016009 0.002668 0.010672 0.001232 0.002289
56 0.017857 0.017151 0.002859 0.011434 0.001320 0.002452
48 0.020833 0.020010 0.003335 0.013340 0.001540 0.002861
40 0.025000 0.024012 0.004002 0.016008 0.0011848 0.003433
36 0.027778 0.026680 0.004447 0.017787 0.002053 0.003815
32 0.031250 0.030015 0.005003 0.020010 0.002310 0.004292
28 0.035714 0.034303 0.005717 0.022869 0.002640 0.004905
26 0.038462 0.036942 0.006157 0.024628 0.002843 0.005282
24 0.041667 0.040020 0.006670 0.026680 0.003080 0.005722
22 0.045455 0.043659 0.007276 0.029106 0.003366 0.006242
20 0.050000 0.048025 0.008004 0.032016 0.003696 0.006866
19 0.052632 0.050553 0.008425 0.033702 0.003890 0.007228
18 0.055556 0.053361 0.008893 0.035574 0.004107 0.007629
16 0.062500 0.060031 0.010005 0.040020 0.004620 0.008583
14 0.071429 0.068607 0.011434 0.045738 0.005280 0.009809
12 0.083333 0.080041 0.013340 0.053361 0.006160 0.011444
11 0.090909 0.087317 0.014553 0.058212 0.006720 0.012484
10 0.100000 0.096049 0.016008 0.064033 0.007392 0.013733
9 0.111111 0.106721 0.017787 0.071147 0.008213 0.015259
8 0.125000 0.120061 0.020010 0.080041 0.009240 0.017166
7 0.142857 0.137213 0.022869 0.091475 0.010560 0.019618
6 0.166667 0.160082 0.026680 0.106721 0.012320 0.022888
5 0.20000 0.192098 0.032016 0.128065 0.014784 0.027466
4.5 0.222222 0.213442 0.035574 0.142295 0.016426 0.030518
4 0.250000 0.240123 0.040020 0.160082 0.018479 0.034332
3.5 0.285714 0.274426 0.045738 0.182951 0.021119 0.039237
3.25 0.307692 0.295536 0.049256 0.197024 0.022744 0.042255
3 0.333333 0.320164 0.053361 0.213442 0.024639 0.045776
2.875 0.347826 0.334084 0.055681 0.222722 0.025710 0.047767
2.75 0.363636 0.349269 0.058212 0.232846 0.026879 0.049938
2.625 0.380952 0.365901 0.060984 0.243934 0.028159 0.052316
2.5 0.400000 0.384196 0.064033 0.256131 0.029567 0.054932

H 6

H 6

55˚
H

p

h
er

r
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Table 3. British Standard Whitworth (BSW) and British Standard Fine (BSF) Screw 
Thread Series—Basic Dimensions  BS 84:1956 (obsolescent)

Nominal
Size,

Inches

Threads
per
Inch

Pitch,
Inches

Depth of
Thread,
Inches

Major
Diameter,

Inches

Effective
Diameter,

Inches

Minor
Diameter,

Inches

Area at Bot-
tom ofThread, 

Sq. in.

Tap
Drill
Dia.

Coarse Thread Series (BSW)
1⁄8 a

a To be dispensed with wherever possible. 

40 0.02500 0.0160 0.1250 0.1090 0.9030 0.0068 2.55 mm
3⁄16 24 0.04167 0.0267 0.1875 0.1608 0.1341 0.0141 3.70 mm
1⁄4 20 0.05000 0.0320 0.2500 0.2180 0.1860 0.0272 5.10 mm
5⁄16 18 0.05556 0.0356 0.3125 0.2769 0.2413 0.0457 6.50 mm
3⁄8 16 0.06250 0.0400 0.3750 0.3350 0.2950 0.0683 7.90 mm
7⁄16 14 0.07143 0.0457 0.4375 0.3918 0.3461 0.0941 9.30 mm
1⁄2 12 0.08333 0.0534 0.5000 0.4466 0.3932 0.1214 10.50 mm
9⁄16

a 12 0.08333 0.0534 0.5625 0.5091 0.4557 0.1631 12.10. mm
5⁄8 11 0.09091 0.0582 0.6250 0.5668 0.5086 0.2032 13.50 mm
11⁄16

a 11 0.09091 0.0582 0.6875 0.6293 0.5711 0.2562 15.00 mm
3⁄4 10 0.10000 0.0640 0.7500 0.6860 0.6220 0.3039 16.25 mm
7⁄8 9 0.11111 0.0711 0.8750 0.8039 0.7328 0.4218 19.25 mm

1 8 0.12500 0.0800 1.0000 0.9200 0.8400 0.5542 22.00 mm
1 1⁄8 7 0.14286 0.0915 1.1250 1.0335 0.9420 0.6969 24.75 mm
1 1⁄4 7 0.14286 0.0915 1.2500 1.1585 1.0670 0.8942 28.00 mm
1 1⁄2 6 0.16667 0.1067 1.5000 1.3933 1.2866 1.3000 33.50 mm
1 3⁄4 5 0.20000 0.1281 1.7500 1.6219 1.4938 1.7530 39.00 mm
2 4.5 0.22222 0.1423 2.0000 1.8577 1.7154 2.3110 44.50 mm
2 1⁄4 4 0.25000 0.1601 2.2500 2.0899 1.9298 2.9250
2 1⁄2 4 0.25000 0.1601 2.5000 2.3399 2.1798 3.7320

Tap drill diame-
ters shown in
this column are
recommended
sizes listed in
BS 1157:1975
and provide
from 77 to 87%
of full thread.

2 3⁄4 3.5 0.28571 0.1830 2.7500 2.5670 2.3840 4.4640
3 3.5 0.28571 0.1830 3.0000 2.8170 2.6340 5.4490
3 1⁄4 a 3.25 0.30769 0.1970 3.2500 3.0530 2.8560 6.4060
3 1⁄2 3.25 0.30769 0.1970 3.5000 3.3030 3.1060 7.5770
3 3⁄4 a 3 0.33333 0.2134 3.7500 3.5366 3.3232 8.6740
4 3 0.33333 0.2134 4.0000 3.7866 3.5732 10.0300
4 1⁄2 2.875 0.34783 0.2227 4.5000 4.2773 4.0546 12.9100
5 2.75 0.36364 0.2328 5.0000 4.7672 4.5344 16.1500
5 1⁄2 2.625 0.38095 0.2439 5.5000 5.2561 5.0122 19.7300
6 2.5 0.40000 0.2561 6.0000 5.7439 5.4878 23.6500

Fine Thread Series (BSF)

3⁄16
a, b

b The use of number 2 BA threads is recommended in place of 3/16-inch BSF thread, see page 1981.

32 0.03125 0.0200 0.1875 0.1675 0.1475 0.0171 4.00 mm
7⁄32

a 28 0.03571 0.0229 0.2188 0.1959 0.1730 0.0235 4.60 mm
1⁄4 26 0.03846 0.0246 0.2500 0.2254 0.2008 0.0317 5.30 mm
9⁄32

a 26 0.03846 0.0246 0.2812 0.2566 0.2320 0.0423 6.10 mm
5⁄16 22 0.04545 0.0291 0.3125 0.2834 0.2543 0.0508 6.80 mm
3⁄8 20 0.05000 0.0320 0.3750 0.3430 0.3110 0.0760 8.30 mm
7⁄16 18 0.05556 0.0 356 0.4375 0.4019 0.3363 0.1054 9.70 mm
1⁄2 16 0.06250 0.0400 0.5000 0.4600 0.4200 0.1385 11.10 mm
9⁄16 16 0.06250 0.0400 0.5625 0.5225 0.4825 0.1828 12.70 mm
5⁄8 14 0.07143 0.0457 0.6250 0.5793 0.5336 0.2236 14.00 mm
11⁄16

a 14 0.07143 0.0457 0.6875 0.6418 0.5961 0.2791 15.50 mm
3⁄4 12 0.08333 0.0534 0.7500 0.6966 0.6432 0.3249 16.75 mm
7⁄8 11 0.09091 0.0582 0.8750 0.8168 0.7586 0.4520 19.75 mm

1 10 0.10000 0.0640 1.0000 0.9360 0.8720 0.5972 22.75 mm
11⁄8 9 0.11111 0.0711 1.1250 1.0539 0.9828 0.7586 25.50 mm
11⁄4 9 0.11111 0.0711 1.2500 1.1789 1.1078 0.9639 28.50 mm
1 3⁄8 a 8 0.12500 0.0800 1.3750 1.2950 1.2150 1.1590 31.50 mm
1 1⁄2 8 0.12500 0.0800 1.5000 1.4200 1.3400 1.4100 34.50 mm
1 5⁄8 a 8 0.12500 0.0800 1.6250 1.5450 1.4650 1.6860
13⁄4 7 0.14286 0.0915 1.7500 1.6585 1.5670 1.9280

Tap drill sizes
listed in this
column are
recommended
sizes shown in
BS 1157:1975
and provide
from 78 to 88%
of full thread.

2 7 0.14286 0.0915 2.0000 1.9085 1.8170 2.5930
2 1⁄4 6 0.16667 0.1067 2.2500 2.1433 2.0366 3.2580
2 1⁄2 6 0.16667 0.1067 2.5000 2.3933 2.2866 4.1060
2 3⁄4 6 0.16667 0.1067 2.7500 2.6433 2.5366 5.0540
3 5 0.20000 0.1281 3.0000 2.8719 2.7438 5.9130
3 1⁄4 5 0.20000 0.1281 3.2500 3.1219 2.9938 7.0390
3 1⁄2 4.5 0.22222 0.1423 3.5000 3.3577 3.2154 8.1200
3 3⁄4 4.5 0.22222 0.1423 3.7500 3.6077 3.4654 9.4320
4 4.5 0.22222 0.1423 4.0000 3.8577 3.7154 10.8400
41⁄4 4 0.25000 0.1601 4.2500 4.0899 3.9298 12.1300
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PIPE AND HOSE THREADS

The types of threads used on pipe and pipe fittings may be classed according to their
intended use: 1) threads that when assembled with a sealer will produce a pressure-tight
joint;  2) threads that when assembled without a sealer will produce a pressure-tight joint;

3) threads that provide free- and loose-fitting mechanical joints without pressure tight-
ness;  and  4) threads that produce rigid mechanical joints without pressure tightness.

American National Standard Pipe Threads

American National Standard pipe threads described in the following paragraphs provide
taper and straight pipe threads for use in various combinations and with certain modifica-
tions to meet these specific needs.

Thread Designation and Notation.—American National Standard Pipe Threads are des-
ignated by specifying in sequence the nominal size, number of threads per inch, and the
symbols for the thread series and form, as: 3⁄8—18 NPT. The symbol designations are as
follows: NPT—American National Standard Taper Pipe Thread; NPTR—American
National Standard Taper Pipe Thread for Railing Joints; NPSC—American National Stan-
dard Straight Pipe Thread for Couplings; NPSM—American National Standard Straight
Pipe Thread for Free-fitting Mechanical Joints; NPSL—American National Standard
Straight Pipe Thread for Loose-fitting Mechanical Joints with Locknuts; and NPSH—
American National Standard Straight Pipe Thread for Hose Couplings.

American National Standard Taper Pipe Threads.—The basic dimensions of the
ANSI Standard taper pipe thread are given in Table 1a.

Form of Thread: The angle between the sides of the thread is 60 degrees when measured
in an axial plane, and the line bisecting this angle is perpendicular to the axis. The depth of
the truncated thread is based on factors entering into the manufacture of cutting tools and
the making of tight joints and is given by the formulas in Table 1a or the data in Table 2
obtained from these formulas. Although the standard shows flat surfaces at the crest and
root of the thread, some rounding may occur in commercial practice, and it is intended that
the pipe threads of product shall be acceptable when crest and root of the tools or chasers
lie within the limits shown in Table 2.

Pitch Diameter Formulas: In the following formulas, which apply to the ANSI Standard
taper pipe thread, E0 = pitch diameter at end of pipe; E1 = pitch diameter at the large end of
the internal thread and at the gaging notch; D = outside diameter of pipe; L1 = length of
hand-tight or normal engagement between external and internal threads; L2 = basic length
of effective external taper thread; and p = pitch = 1 ÷ number of threads per inch.

Thread Length: The formula for L2 determines the length of the effective thread and
includes approximately two usable threads that are slightly imperfect at the crest. The nor-
mal length of engagement, L1, between external and internal taper threads, when assem-
bled by hand, is controlled by the use of the gages.

Taper: The taper of the thread is 1 in 16, or 0.75 inch per foot, measured on the diameter
and along the axis. The corresponding half-angle of taper or angle with the center line is 1
degree, 47 minutes.

E0 D 0.05D 1.1+( )p–=

E1 E0 0.0625L1+=

L2 0.80D 6.8+( )p=
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Table 1a. Basic Dimensions, American National Standard Taper Pipe Threads, NPT 
ANSI/ASME B1.20.1-1983 (R2006)

For all dimensions, see  corresponding reference letter in table.
Angle between sides of thread is 60 degrees. Taper of thread, on diameter, is 3⁄4 inch per foot. Angle of taper with center line is 

1°47 ′.
The basic maximum thread height, h, of the truncated thread is 0.8 × pitch of thread. The crest and root are truncated a minimum 

of 0.033 × pitch for all pitches. For maximum depth of truncation, see Table 2.

Nominal
Pipe
Size

Outside
Dia. of
Pipe,

D

Threads
per

Inch,
n

Pitch
of

Thread,
p

Pitch
Diameter at
Beginning
of External
Thread, E0

Handtight Engagement Effective Thread, External

Length,a
L1

a Also length of thin ring gage and length from gaging notch to small end of plug gage. 

Dia.,b
E1

b Also pitch diameter at gaging notch (handtight plane). 

Length,c
L2

c Also length of plug gage. 

Dia.,
E2

Inch Inch

1⁄16 0.3125 27 0.03704 0.27118 0.160 0.28118 0.2611 0.28750

1⁄8 0.405 27 0.03704 0.36351 0.1615 0.37360 0.2639 0.38000

1⁄4 0.540 18 0.05556 0.47739 0.2278 0.49163 0.4018 0.50250

3⁄8 0.675 18 0.05556 0.61201 0.240 0.62701 0.4078 0.63750

1⁄2 0.840 14 0.07143 0.75843 0.320 0.77843 0.5337 0.79179

3⁄4 1.050 14 0.07143 0.96768 0.339 0.98887 0.5457 1.00179

1 1.315 111⁄2 0.08696 1.21363 0.400 1.23863 0.6828 1.25630

11⁄4 1.660 111⁄2 0.08696 1.55713 0.420 1.58338 0.7068 1.60130

11⁄2 1.900 111⁄2 0.08696 1.79609 0.420 1.82234 0.7235 1.84130

2 2.375 111⁄2 0.08696 2.26902 0.436 2.29627 0.7565 2.31630

21⁄2 2.875 8 0.12500 2.71953 0.682 2.76216 1.1375 2.79062

3 3.500 8 0.12500 3.34062 0.766 3.38850 1.2000 3.41562

31⁄2 4.000 8 0.12500 3.83750 0.821 3.88881 1.2500 3.91562

4 4.500 8 0.12500 4.33438 0.844 4.38712 1.3000 4.41562

5 5.563 8 0.12500 5.39073 0.937 5.44929 1.4063 5.47862

6 6.625 8 0.12500 6.44609 0.958 6.50597 1.5125 6.54062

8 8.625 8 0.12500 8.43359 1.063 8.50003 1.7125 8.54062

10 10.750 8 0.12500 10.54531 1.210 10.62094 1.9250 10.66562

12 12.750 8 0.12500 12.53281 1.360 12.61781 2.1250 12.66562

14 OD 14.000 8 0.12500 13.77500 1.562 13.87262 2.2500 13.91562

16 OD 16.000 8 0.12500 15.76250 1.812 15.87575 2.4500 15.91562

18 OD 18.000 8 0.12500 17.75000 2.000 17.87500 2.6500 17.91562

20 OD 20.000 8 0.12500 19.73750 2.125 19.87031 2.8500 19.91562

24 OD 24.000 8 0.12500 23.71250 2.375 23.86094 3.2500 23.91562

L4

V
���
�������

Imperfect Threads due
to Chamfer on die

Taper of Thread 1 in 16
Measured on Diameter

L3 L1

L5

E3

L2

2p

E0
E1

E5 E2 D
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All dimensions given in inches.
Increase in diameter per thread is equal to 0.0625/n.
The basic dimensions of the ANSI Standard Taper Pipe Thread are given in inches to four or five

decimal places. While this implies a greater degree of precision than is ordinarily attained, these
dimensions are the basis of gage dimensions and are so expressed for the purpose of eliminating
errors in computations.

Engagement Between External and Internal Taper Threads.—The normal length of
engagement between external and internal taper threads when screwed together handtight
is shown as L1 in Table 1a. This length is controlled by the construction and use of the pipe
thread gages. It is recognized that in special applications, such as flanges for high-pressure
work, longer thread engagement is used, in which case the pitch diameter E1 (Table 1a) is
maintained and the pitch diameter E0 at the end of the pipe is proportionately smaller.

Tolerances on Thread Elements.—The maximum allowable variation in the commer-
cial product (manufacturing tolerance) is one turn large or small from the basic dimen-
sions.

The permissible variations in thread elements on steel products and all pipe made of steel,
wrought iron, or brass, exclusive of butt-weld pipe, are given in Table 3. This table is a

Table 1b. Basic Dimensions, American National Standard Taper Pipe Threads, NPT 
ANSI/ASME B1.20.1-1983 (R2006)

Nominal
Pipe
Size

Wrench Makeup Length 
for Internal Thread Vanish

Thread,
(3.47 thds.),

V

Overall Length
External
Thread,

L4

Nominal Perfect
External Threadsa Height

of
Thread,

h

Basic Minor
Dia. at Small
End of Pipe,b

K0

Length,c
L3

Dia.,
E3

Length,
L5

Dia.,
E5

1⁄16 0.1111 0.26424 0.1285 0.3896 0.1870 0.28287 0.02963 0.2416

1⁄8 0.1111 0.35656 0.1285 0.3924 0.1898 0.37537 0.02963 0.3339

1⁄4 0.1667 0.46697 0.1928 0.5946 0.2907 0.49556 0.04444 0.4329

3⁄8 0.1667 0.60160 0.1928 0.6006 0.2967 0.63056 0.04444 0.5676

1⁄2 0.2143 0.74504 0.2478 0.7815 0.3909 0.78286 0.05714 0.7013

3⁄4 0.2143 0.95429 0.2478 0.7935 0.4029 0.99286 0.05714 0.9105

1 0.2609 1.19733 0.3017 0.9845 0.5089 1.24543 0.06957 1.1441

11⁄4 0.2609 1.54083 0.3017 1.0085 0.5329 1.59043 0.06957 1.4876

11⁄2 0.2609 1.77978 0.3017 1.0252 0.5496 1.83043 0.06957 1.7265

2 0.2609 2.25272 0.3017 1.0582 0.5826 2.30543 0.06957 2.1995

21⁄2 0.2500d 2.70391 0.4337 1.5712 0.8875 2.77500 0.100000 2.6195

3 0.2500d 3.32500 0.4337 1.6337 0.9500 3.40000 0.100000 3.2406

31⁄2 0.2500 3.82188 0.4337 1.6837 1.0000 3.90000 0.100000 3.7375

4 0.2500 4.31875 0.4337 1.7337 1.0500 4.40000 0.100000 4.2344

5 0.2500 5.37511 0.4337 1.8400 1.1563 5.46300 0.100000 5.2907

6 0.2500 6.43047 0.4337 1.9462 1.2625 6.52500 0.100000 6.3461

8 0.2500 8.41797 0.4337 2.1462 1.4625 8.52500 0.100000 8.3336

10 0.2500 10.52969 0.4337 2.3587 1.6750 10.65000 0.100000 10.4453

12 0.2500 12.51719 0.4337 2.5587 1.8750 12.65000 0.100000 12.4328

14 OD 0.2500 13.75938 0.4337 2.6837 2.0000 13.90000 0.100000 13.6750

16 OD 0.2500 15.74688 0.4337 2.8837 2.2000 15.90000 0.100000 15.6625

18 OD 0.2500 17.73438 0.4337 3.0837 2.4000 17.90000 0.100000 17.6500

20 OD 0.2500 19.72188 0.4337 3.2837 2.6000 19.90000 0.100000 19.6375

24 OD 0.2500 23.69688 0.4337 3.6837 3.0000 23.90000 0.100000 23.6125

a The length L5 from the end of the pipe determines the plane beyond which the thread form is imper-
fect at the crest. The next two threads are perfect at the root. At this plane the cone formed by the crests
of the thread intersects the cylinder forming the external surface of the pipe. L5 = L2 − 2p.

b Given as information for use in selecting tap drills. 
c Three threads for 2-inch size and smaller; two threads for larger sizes. 
d Military Specification MIL—P—7105 gives the wrench makeup as three threads for 3 in. and

smaller. The E3 dimensions are then as follows: Size 21⁄2 in., 2.69609 and size 3 in., 3.31719. 
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guide for establishing the limits of the thread elements of taps, dies, and thread chasers.
These limits may be required on product threads.

On pipe fittings and valves (not steel) for steam pressures 300 pounds and below, it is
intended that plug and ring gage practice as set up in the Standard ANSI/ASME B1.20.1
will provide for a satisfactory check of accumulated variations of taper, lead, and angle in
such product. Therefore, no tolerances on thread elements have been established for this
class.

For service conditions where a more exact check is required, procedures have been
developed by industry to supplement the regulation plug and ring method of gaging.

Table 2. Limits on Crest and Root of American National Standard External and 
Internal Taper Pipe Threads, NPT  ANSI/ASME B1.20.1-1983 (R2006)

All dimensions are in inches and are given to four or five decimal places only to avoid errors in
computations, not to indicate required precision.

Table 3. Tolerances on Taper, Lead, and Angle of Pipe Threads of Steel Products and 
All Pipe of Steel, Wrought Iron, or Brass  ANSI/ASME B1.20.1-1983 (R2006)

(Exclusive of Butt-Weld Pipe)

For tolerances on height of thread, see Table 2.
The limits specified in this table are intended to serve as a guide for establishing limits of the thread

elements of taps, dies, and thread chasers. These limits may be required on product threads.

INTERNAL THREAD

EXTERNAL THREAD

Threads
per

Inch
Height of Sharp 

V Thread, H

Height of Pipe Thread,
h

Truncation,
f

Width of Flat, F,
Equivalent toTruncation

Max. Min. Min. Max. Min. Max.

27 0.03208 0.02963 0.02496 0.0012 0.0036 0.0014 0.0041
18 0.04811 0.04444 0.03833 0.0018 0.0049 0.0021 0.0057
14 0.06186 0.05714 0.05071 0.0024 0.0056 0.0027 0.0064

111⁄2 0.07531 0.06957 0.06261 0.0029 0.0063 0.0033 0.0073

8 0.10825 0.10000 0.09275 0.0041 0.0078 0.0048 0.0090

Nominal Pipe Size

Threads
per
Inch

Taper on Pitch Line (3⁄4 in./ft) Lead in Length 
of Effective

Threads

60 Degree Angle 
of Threads,

DegreesMax. Min.
1⁄16, 1⁄8 27 +1⁄8 −1⁄16 ±0.003 ± 21⁄2
1⁄4, 3⁄8 18 +1⁄8 −1⁄16 ±0.003 ±2
1⁄2, 3⁄4 14 +1⁄8 −1⁄16 ±0.003a

a The tolerance on lead shall be ± 0.003 in. per inch on any size threaded to an effective thread length
greater than 1 in. 

±2

1, 11⁄4, 11⁄2, 2 111⁄2 +1⁄8 −1⁄16 ±0.003a ±11⁄2
21⁄2 and larger 8 +1⁄8 −1⁄16 ±0.003a ±11⁄2

RootMinimum
   Truncation

Maximum
   Truncation

Minimum
   Truncation

Maximum
   Truncation

Maximum
   Truncation

Maximum
   Truncation

Root

Minimum
   Truncation

Minimum
   Truncation

Crest

Crest

H
Max. h
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Table 4. Internal Threads in Pipe Couplings, NPSC for Pressuretight Joints with 
Lubricant or Sealer  ANSI/ASME B1.20.1-1983 (R2006)

Railing Joint Taper Pipe Threads, NPTR.—Railing joints require a rigid mechanical
thread joint with external and internal taper threads. The external thread is basically the
same as the ANSI Standard Taper Pipe Thread, except that sizes 1⁄2 through 2 inches are
shortened by 3 threads and sizes 21⁄2 through 4 inches are shortened by 4 threads to permit
the use of the larger end of the pipe thread. A recess in the fitting covers the last scratch or
imperfect threads on the pipe.

Straight Pipe Threads in Pipe Couplings, NPSC.—Threads in pipe couplings made in
accordance with the ANSI/ASME B1.20.1 specifications are straight (parallel) threads of
the same thread form as the ANSI Standard Taper Pipe Thread. They are used to form pres-
suretight joints when assembled with an ANSI Standard external taper pipe thread and
made up with lubricant or sealant. These joints are recommended for comparatively low
pressures only.

Straight Pipe Threads for Mechanical Joints, NPSM, NPSL, and NPSH.—Whi l e
external and internal taper pipe threads are recommended for pipe joints in practically
every service, there are mechanical joints where straight pipe threads are used to advan-
tage. Three types covered by ANSI/ASME B1.20.1 are:

Loose-fitting Mechanical Joints With Locknuts (External and Internal), NPSL: Thi s
thread is designed to produce a pipe thread having the largest diameter that it is possible to
cut on standard pipe. The dimensions of these threads are given in Table 5. It will be noted
that the maximum major diameter of the external thread is slightly greater than the nominal
outside diameter of the pipe. The normal manufacturer's variation in pipe diameter pro-
vides for this increase.

Loose-fitting Mechanical Joints for Hose Couplings (External and Internal), NPSH:

Hose coupling joints are ordinarily made with straight internal and external loose-fitting
threads. There are several standards of hose threads having various diameters and pitches.
One of these is based on the ANSI Standard pipe thread and by the use of this thread series,
it is possible to join small hose couplings in sizes 1⁄2 to 4 inches, inclusive, to ends of stan-
dard pipe having ANSI Standard External Pipe Threads, using a gasket to seal the joints.
For the hose coupling thread dimensions see ANSI Standard Hose Coupling Screw
Threads starting on page 1968.

Free-fitting Mechanical Joints for Fixtures (External and Internal), NPSM: Standa rd
iron, steel, and brass pipe are often used for special applications where there are no internal
pressures. Where straight thread joints are required for mechanical assemblies, straight
pipe threads are often found more suitable or convenient. Dimensions of these threads are
given in Table 5.

Nom. Pipe 
Size

Thds.per
Inch

Minora Dia.

a As the ANSI Standard Pipe Thread form is maintained, the major and minor diameters of the inter-
nal thread vary with the pitch diameter. All dimensions are given in inches. 

Pitch Diameterb

b The actual pitch diameter of the straight tapped hole will be slightly smaller than the value given
when gaged with a taper plug gage as called for in ANSI/ASME B1.20.1. 

Nom.
Pipe Size

Thds. per
Inch

Minora Dia. Pitch Diameterb

Min. Min. Max. Min. Min. Max.
1⁄8 27 0.340 0.3701 0.3771 11⁄2 111⁄2 1.745 1.8142 1.8305
1⁄4 18 0.442 0.4864 0.4968 2 111⁄2 2.219 2.2881 2.3044
3⁄8 18 0.577 0.6218 0.6322 21⁄2 8 2.650 2.7504 2.7739
1⁄2 14 0.715 0.7717 0.7851 3 8 3.277 3.3768 3.4002
3⁄4 14 0.925 0.9822 0.9956 31⁄2 8 3.777 3.8771 3.9005

1 111⁄2 1.161 1.2305 1.2468 4 8 4.275 4.3754 4.3988

11⁄4 111⁄2 1.506 1.5752 1.5915 … … … … …
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Table 5. American National Standard Straight Pipe Threads for Mechanical Joints, 
NPSM and NPSL  ANSI/ASME B1.20.1-1983 (R2006)

All dimensions are given in inches.
Notes for Free-fitting Fixture Threads: The minor diameters of external threads and major diame-

ters of internal threads are those as produced by commercial straight pipe dies and commercial
ground straight pipe taps.

The major diameter of the external thread has been calculated on the basis of a truncation of
0.10825p, and the minor diameter of the internal thread has been calculated on the basis of a trunca-
tion of 0.21651p, to provide no interference at crest and root when product is gaged with gages made
in accordance with the Standard.

Notes for Loose-fitting Locknut Threads: The locknut thread is established on the basis of retaining
the greatest possible amount of metal thickness between the bottom of the thread and the inside of the
pipe. In order that a locknut may fit loosely on the externally threaded part, an allowance equal to the
“increase in pitch diameter per turn” is provided, with a tolerance of 11⁄2 turns for both external and
internal threads.

Nominal
Pipe
Size

Threads
per
Inch

External Thread Internal Thread

Allow-
ance

Major Diameter Pitch Diameter Minor Diameter Pitch Diameter

Max.a

a As the ANSI Standard Straight Pipe Thread form of thread is maintained, the major and the minor
diameters of the internal thread and the minor diameter of the external thread vary with the pitch diam-
eter. The major diameter of the external thread is usually determined by  the diameter of the pipe.
These theoretical diameters result from adding the depth of the truncated thread (0.666025 × p) to the
maximum pitch diameters, and it should be understood that commercial pipe will not always have
these maximum major diameters. 

Min. Max. Min. Min.a Max. Min.b

b This is the same as the pitch diameter at end of internal thread, E1 Basic. (See Table 1a.)

Max.
Free-fitting Mechanical Joints for Fixtures—NPSM

1⁄8 27 0.0011 0.397 0.390 0.3725 0.3689 0.358 0.364 0.3736 0.3783
1⁄4 18 0.0013 0.526 0.517 0.4903 0.4859 0.468 0.481 0.4916 0.4974
3⁄8 18 0.0014 0.662 0.653 0.6256 0.6211 0.603 0.612 0.6270 0.6329
1⁄2 14 0.0015 0.823 0.813 0.7769 0.7718 0.747 0.759 0.7784 0.7851
3⁄4 14 0.0016 1.034 1.024 0.9873 0.9820 0.958 0.970 0.9889 0.9958

1 111⁄2 0.0017 1.293 1.281 1.2369 1.2311 1.201 1.211 1.2386 1.2462

11⁄4 111⁄2 0.0018 1.638 1.626 1.5816 1.5756 1.546 1.555 1.5834 1.5912

11⁄2 111⁄2 0.0018 1.877 1.865 1.8205 1.8144 1.785 1.794 1.8223 1.8302

2 111⁄2 0.0019 2.351 2.339 2.2944 2.2882 2.259 2.268 2.2963 2.3044

21⁄2 8 0.0022 2.841 2.826 2.7600 2.7526 2.708 2.727 2.7622 2.7720

3 8 0.0023 3.467 3.452 3.3862 3.3786 3.334 3.353 3.3885 3.3984
31⁄2 8 0.0023 3.968 3.953 3.8865 3.8788 3.835 3.848 3.8888 3.8988

4 8 0.0023 4.466 4.451 4.3848 4.3771 4.333 4.346 4.3871 4.3971
5 8 0.0024 5.528 5.513 5.4469 5.4390 5.395 5.408 5.4493 5.4598
6 8 0.0024 6.585 6.570 6.5036 6.4955 6.452 6.464 6.5060 6.5165

Loose-fitting Mechanical Joints for Locknut Connections—NPSL
1⁄8 27 … 0.409 … 0.3840 0.3805 0.362 … 0.3863 0.3898
1⁄4 18 … 0.541 … 0.5038 0.4986 0.470 … 0.5073 0.5125
3⁄8 18 … 0.678 … 0.6409 0.6357 0.607 … 0.6444 0.6496
1⁄2 14 … 0.844 … 0.7963 0.7896 0.753 … 0.8008 0.8075
3⁄4 14 … 1.054 … 1.0067 1.0000 0.964 … 1.0112 1.0179

1 111⁄2 … 1.318 … 1.2604 1.2523 1.208 … 1.2658 1.2739

11⁄4 111⁄2 … 1.663 … 1.6051 1.5970 1.553 … 1.6106 1.6187

11⁄2 111⁄2 … 1.902 … 1.8441 1.8360 1.792 … 1.8495 1.8576

2 111⁄2 … 2.376 … 2.3180 2.3099 2.265 … 2.3234 2.3315

21⁄2 8 … 2.877 … 2.7934 2.7817 2.718 … 2.8012 2.8129

3 8 … 3.503 … 3.4198 3.4081 3.344 … 3.4276 3.4393
31⁄2 8 … 4.003 … 3.9201 3.9084 3.845 … 3.9279 3.9396

4 8 … 4.502 … 4.4184 4.4067 4.343 … 4.4262 4.4379
5 8 … 5.564 … 5.4805 5.4688 5.405 … 5.4884 5.5001
6 8 … 6.620 … 6.5372 6.5255 6.462 … 6.5450 6.5567
8 8 … 8.615 … 8.5313 8.5196 8.456 … 8.5391 8.5508

10 8 … 10.735 … 10.6522 10.6405 10.577 … 10.6600 10.6717
12 8 … 12.732 … 12.6491 12.6374 12.574 … 12.6569 12.6686
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American National Standard Dryseal Pipe Threads for Pressure-Tight Joints.—

Dryseal pipe threads are based on the USA (American) pipe thread; however, they differ
in that they are designed to seal pressure-tight joints without the necessity of using sealing
compounds. To accomplish this, some modification of thread form and greater accuracy in
manufacture is required. The roots of both the external and internal threads are truncated
slightly more than the crests, i.e., roots have wider flats than crests so that metal-to-metal
contact occurs at the crests and roots coincident with, or prior to, flank contact. Thus, as the
threads are assembled by wrenching, the roots of the threads crush the sharper crests of the
mating threads. This sealing action at both major and minor diameters tends to prevent spi-
ral leakage and makes the joints pressure-tight without the necessity of using sealing com-
pounds, provided that the threads are in accordance with standard specifications and
tolerances and are not damaged by galling in assembly. The control of crest and root trun-
cation is simplified by the use of properly designed threading tools. Also, it is desirable that
both external and internal threads have full thread height for the length of hand engage-
ment. Where not functionally objectionable, the use of a compatible lubricant or sealant is
permissible to minimize the possibility of galling. This is desirable in assembling Dryseal
pipe threads in refrigeration and other systems to effect a pressure-tight seal. The crest and
root of Dryseal pipe threads may be slightly rounded, but are acceptable if they lie within
the truncation limits given in Table 6.

Table 6. American National Standard Dryseal Pipe Threads—Limits on 
Crest and Root Truncation  ANSI B1.20.3-1976 (R2008)

All dimensions are given in inches. In the formulas, p = pitch.

Types of Dryseal Pipe Thread.—American National Standard ANSI B1.20.3-1976
(R2008) covers four types of standard Dryseal pipe threads: 

NPTF, Dryseal USA (American) Standard Taper Pipe Thread
PTF-SAE SHORT, Dryseal SAE Short Taper Pipe Thread
NPSF, Dryseal USA (American) Standard Fuel Internal Straight Pipe Thread
NPSI, Dryseal USA (American) Standard Intermediate Internal Straight Pipe Thread

Table 7.  Recommended Limitation of Assembly among the Various
Types of Dryseal Threads

Threads
Per
Inch

Height of
Sharp V
Thread

(H)

Truncation

Minimum Maximum

At Crest At Root At Crest At Root

Formula Inch Formula Inch Formula Inch Formula Inch

27 0.03208 0.047p 0.0017 0.094p 0.0035 0.094p 0.0035 0.140p 0.0052
18 0.04811 0.047p 0.0026 0.078p 0.0043 0.078p 0.0043 0.109p 0.0061
14 0.06180 0.036p 0.0026 0.060p 0.0043 0.060p 0.0043 0.085p 0.0061

111⁄2 0.07531 0.040p 0.0035 0.060p 0.0052 0.060p 0.0052 0.090p 0.0078

8 0.10825 0.042p 0.0052 0.055p 0.0069 0.055p 0.0069 0.076p 0.0095

External Dryseal Thread For Assembly with Internal Dryseal Thread
Type Description Type Description

1 NPTF (tapered), ext thd

1 NPTF (tapered), int thd
2a,b

a Pressure-tight joints without the use of a sealant can best be ensured where both components are
threaded with NPTF (full length threads), since theoretically interference (sealing) occurs at all
threads, but there are two less threads engaged than for NPTF assemblies. When straight internal
threads are used, there is interference only at one thread depending on ductility of materials. 

PTF-SAE SHORT (tapered), int thd

3a,c NPSF (straight), int thd

4a,c,d NPSI (straight), int thd

2a,e PTF-SAE SHORT (tapered) ext thd
4 NPSI (straight), int thd
1 NPTF (tapered), int thd
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An assembly with straight internal pipe threads and taper external pipe threads is frequently more
advantageous than an all taper thread assembly, particularly in automotive and other allied industries
where economy and rapid production are major considerations. Dryseal threads are not used in
assemblies in which both components have straight pipe threads.
 NPTF Threads: This type applies to both external and internal threads and is suitable for

pipe joints in practically every type of service. Of all Dryseal pipe threads, NPTF external
and internal threads mated are generally conceded to be superior for strength and seal since
they have the longest length of thread and, theoretically, interference (sealing) occurs at
every engaged thread root and crest. Use of tapered internal threads, such as NPTF or PTF-
SAE SHORT in hard or brittle materials having thin sections will minimize the possibility
of fracture.

There are two classes of NTPF threads. Class 1 threads are made to interfere (seal) at root
and crest when mated, but inspection of crest and root truncation is not required. Conse-
quently, Class 1 threads are intended for applications where close control of tooling is
required for conformance of truncation or where sealing is accomplished by means of a
sealant applied to the threads.

Class 2 threads are theoretically identical to those made to Class 1, however, inspection
of root and crest truncation is required. Consequently, where a sealant is not used, there is
more assurance of a pressure-tight seal for Class 2 threads than for Class 1 threads.

 PTF-SAE SHORT Threads: External threads of this type conform in all respects with
NPTF threads except that the thread length has been shortened by eliminating one thread
from the small (entering) end. These threads are designed for applications where clearance
is not sufficient for the full length of the NPTF threads or for economy of material where
the full thread length is not necessary.

Internal threads of this type conform in all respects with NPTF threads, except that the
thread length has been shortened by eliminating one thread from the large (entry) end.
These threads are designed for thin materials where thickness is not sufficient for the full
thread length of the NPTF threads or for economy in tapping where the full thread length is
not necessary.

Pressure-tight joints without the use of lubricant or sealer can best be ensured where mat-
ing components are both threaded with NPTF threads. This should be considered before
specifying PTF-SAE SHORT external or internal threads.

 NPSF Threads: Threads of this type are straight (cylindrical) instead of tapered and are
internal only. They are more economical to produce than tapered internal threads, but
when assembled do not offer as strong a guarantee of sealing since root and crest interfer-
ence will not occur for all threads. NPSF threads are generally used with soft or ductile
materials which will tend to adjust at assembly to the taper of external threads, but may be
used in hard or brittle materials where the section is thick.

 NPSI Threads: Threads of this type are straight (cylindrical) instead of tapered, are inter-
nal only and are slightly larger in diameter than NPSF threads but have the same tolerance
and thread length. They are more economical to produce than tapered threads and may be
used in hard or brittle materials where the section is thick or where there is little expansion
at assembly with external taper threads. As with NPSF threads, NPSI threads when assem-
bled do not offer as strong a guarantee of sealing as do tapered internal threads.

b PTF-SAE SHORT internal threads are primarily intended for assembly with type 1-NPTF external
threads. They are not designed for, and at extreme tolerance limits may not assemble with, type 2-PTF-
SAE SHORT external threads. 

c There is no external straight Dryseal thread. 
d NPSI internal threads are primarily intended for assembly with type 2-PTF-SAE SHORT external

threads but will also assemble with full length type 1 NPTF external threads. 
e PTF-SAE SHORT external threads are primarily intended for assembly with type 4-NPSI internal

threads but can also be used with type 1-NPTF internal threads. They are not designed for, and at
extreme tolerance limits may not assemble with, type 2-PTF-SAE SHORT internal threads or type 3-
NPSF internal threads. 
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For more complete specifications for production and acceptance of Dryseal pipe threads,
see ANSI B1.20.3 (Inch) and ANSI B1.20.4 (Metric Translation), and for gaging and
inspection, see ANSI B1.20.5 (Inch) and ANSI B1.20.6M (Metric Translation).

 Designation of Dryseal Pipe Threads: The standard Dryseal pipe threads are designated
by specifying in sequence nominal size, thread series symbol, and class:

Examples:1⁄8-27 NPTF-1; 1⁄8-27 PTF-SAE SHORT;  and 3⁄8-18 NPTF-1 AFTER PLAT-
ING.

Table 8. Suggested Tap Drill Sizes for Internal Dryseal Pipe Threads

All dimensions are given in inches.

Special Dryseal Threads.—Where design limitations, economy of material, permanent
installation, or other limiting conditions prevail, consideration may be given to using a spe-
cial Dryseal thread series.

Dryseal Special Short Taper Pipe Thread, PTF-SPL SHORT: Threads of this series con-
form in all respects to PTF-SAE SHORT threads except that the full thread length has been
further shortened by eliminating one thread at the small end of internal threads or one
thread at the large end of external threads.

Size

Probable
Drill

Oversize
Cut

(Mean)

Taper Pipe Thread Straight Pipe Thread

Minor Diameter
At Distance Drill Sizea

a Some drill sizes listed may not be standard drills. 

Minor
Diameter

Drill Sizea

L1

From
Large
End

L1 + L3

From
Large
End

Without
Reamer

With
Reamer NPSF NPSI

1⁄16-27 0.0038 0.2443 0.2374 “C” (0.242) “A” (0.234) 0.2482 0.2505 “D” (0.246)

1⁄8-27 0.0044 0.3367 0.3298 “Q” (0.332) 21⁄64 (0.328) 0.3406 0.3429 “R” (0.339)

1⁄4-18 0.0047 0.4362 0.4258 7⁄16 (0.438) 27⁄64 (0.422) 0.4422 0.4457 7⁄16 (0.438)

3⁄8-18 0.0049 0.5708 0.5604 9⁄16 (0.562) 9⁄16 (0.563) 0.5776 0.5811 37⁄64 (0.578)

1⁄2-14 0.0051 0.7034 0.6901 45⁄64 (0.703) 11⁄16 (0.688) 0.7133 0.7180 45⁄64 (0.703)

3⁄4-14 0.0060 0.9127 0.8993 29⁄32 (0.906) 57⁄64 (0.891) 0.9238 0.9283 59⁄64 (0.922)

1-111⁄2 0.0080 1.1470 1.1307 19⁄64 (1.141) 11⁄8 (1.125) 1.1600 1.1655 15⁄32 (1.156)

11⁄4-111⁄2 0.0100 1.4905 1.4742 131⁄64 (1.484) 115⁄32 (1.469) … … …

11⁄2-111⁄2 0.0120 1.7295 1.7132 123⁄32 (1.719) 145⁄64 (1.703) … … …

2-111⁄2 0.0160 2.2024 2.1861 23⁄16 (2.188) 211⁄64 (2.172) … … …

21⁄2-8 0.0180 2.6234 2.6000 239⁄64 (2.609) 237⁄64 (2.578) … … …

3-8 0.0200 3.2445 3.2211 315⁄64 (3.234) 313⁄64 (3.203) … … …
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Dryseal Special Extra Short Taper Pipe Thread, PTF-SPL EXTRA SHORT: Threads of
this series conform in all respects to PTF-SAE SHORT threads except that the full thread
length has been further shortened by eliminating two threads at the small end of internal
threads or two threads at the large end of external threads.

Limitations of Assembly: Table 9 applies where Dryseal Special Short or Extra Short
Taper Pipe Threads are to be assembled as special combinations.

Table 9. Assembly Limitations for Special Combinations of Dryseal Threads

Dryseal Fine Taper Thread Series, F-PTF: The need for finer pitches for nominal pipe
sizes has brought into use applications of 27 threads per inch to 1⁄4- and 3⁄8-inch pipe sizes.
There may be other needs that require finer pitches for larger pipe sizes. It is recommended
that the existing threads per inch be applied to the next larger pipe size for a fine thread
series, thus: 1⁄4-27, 3⁄8-27, 1⁄2-18, 3⁄4-18, 1-14, 11⁄4-14, 11⁄2-14, and 2-14. This series applies to
external and internal threads of full length and is suitable for applications where threads
finer than NPTF are required.

Dryseal Special Diameter-Pitch Combination Series, SPL-PTF: Other applications of
diameter-pitch combinations have come into use where taper pipe threads are applied to
nominal size thin wall tubing. These combinations are: 1⁄2-27, 5⁄8-27, 3⁄4-27, 7⁄8-27, and 1-27.
This series applies to external and internal threads of full length and is applicable to thin
wall nominal diameter outside tubing.

Designation of Special Dryseal Pipe Threads: The designations used for these special
dryseal pipe threads are as follows:

1⁄8-27 PTF-SPL SHORT
1⁄8-27 PTF-SPL EXTRA SHORT
1⁄2-27 SPL PTF, OD 0.500
Note that in the last designation the OD of tubing is given.

British Standard Pipe Threads

British Standard Pipe Threads for Non-pressure-tight Joints.—The threads in BS
2779:1973, “Specifications for Pipe Threads where Pressure-tight Joints are not Made on
the Threads”, are Whitworth form parallel fastening threads that are generally used for fas-
tening purposes such as the mechanical assembly of component parts of fittings, cocks and
valves. They are not suitable where pressure-tight joints are made on the threads.

The crests of the basic Whitworth thread form may be truncated to certain limits of size
given in the Standard except on internal threads, when they are likely to be assembled with
external threads conforming to the requirements of BS 21 “British Standard Pipe Threads
for Pressure-tight Joints” (see page 1966).

Thread May Assemble witha

a Only when the external thread or the internal thread or both are held closer than the standard toler-
ance, the external thread toward the minimum and the internal thread toward the maximum pitch
diameter to provide a minimum of one turn hand engagement. At extreme tolerance limits the short-
ened full-thread lengths reduce hand engagement and the threads may not start to assemble. 

May Assemble withb

b Only when the internal thread or the external thread or both are held closer than the standard toler-
ance, the internal thread toward the minimum and the external thread toward the maximum pitch
diameter to provide a minimum of two turns for wrench make-up and sealing. At extreme tolerance
limits the  shortened full-thread lengths reduce wrench make-up and the threads may not seal. 

PTF SPL SHORT EXTERNAL
PTF SPL EXTRA SHORT EXTERNAL

PTF-SAE SHORT INTERNAL

NPTF or NPSI INTERNAL
NPSF INTERNAL
PTF SPL SHORT INTERNAL
PTF SPL EXTRA SHORT INTERNAL

PTF SPL SHORT INTERNAL
PTF-SAE SHORT EXTERNAL NPTF EXTERNAL

PTF SPL EXTRA SHORT INTERNAL
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For external threads two classes of tolerance are provided and for internal, one class. The
two classes of tolerance for external threads are Class A and Class B. For economy of man-
ufacture the class B fit should be chosen whenever possible. The class A is reserved for
those applications where the closer tolerance is essential. Class A tolerance is an entirely
negative value, equivalent to the internal thread tolerance. Class B tolerance is an entirely
negative value twice that of class A tolerance. Tables showing limits and dimensions are
given in the Standard.

The thread series specified in this Standard shall be designated by the letter “G”. A typi-
cal reference on a drawing might be “G1⁄2”, for internal thread; “G1⁄2 A”, for external thread,
class A: and “G 1⁄2 B”, for external thread, class B. Where no class reference is stated for
external threads, that of class B will be assumed. The designation of truncated threads shall
have the addition of the letter “T” to the designation, i.e., G 1⁄2 T and G 1⁄2 BT.

British Standard Pipe Threads (Non-pressure-tight Joints)
Metric and Inch Basic Sizes  BS 2779:1973

Each basic metric dimension is given in roman figures (nominal sizes excepted) and each basic
inch dimension is shown in italics directly beneath it.

British Standard Pipe Threads for Pressure-tight Joints.—The  t h r eads  i n  BS
21:1973, “Specification for Pipe Threads where Pressure-tight Joints are Made on the
Threads”, are based on the Whitworth thread form and are specified as:

1) Jointing threads: These relate to pipe threads for joints made pressure-tight by the
mating of the threads; they include taper external threads for assembly with either taper or
parallel internal threads (parallel external pipe threads are not suitable as jointing threads).

2) Longscrew threads: These relate to parallel external pipe threads used for longscrews
(connectors) specified in BS 1387 where a pressure-tight joint is achieved by the compres-
sion of a soft material onto the surface of the external thread by tightening a back nut
against a socket.
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Threads
per Incha

a The thread pitches in millimeters are as follows: 0.907 for 28 threads per inch. 1.337 for 19 threads
per inch, 1.814 for 14 threads per inch, and 2.309 for 11 threads per inch. 

Depth of
Thread

Major
Diameter

Pitch
Diameter

Minor
Diameter

N
om
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Si
ze

, I
nc
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Threads
per Incha

Depth of
Thread

Major
Diameter

Pitch
Diameter

Minor
Diameter

1⁄16 28 {
0.581 7.723 7.142 6.561

13⁄4 11
{

1.479 53.746 52.267 50.788
0.0229 0.3041 0.2812 0.2583 0.0582 2.1160 2.0578 1.9996

1⁄8 28 {
0.581 9.728 9.147 8.566

2 11 {
1.479 59.614 58.135 56.656

0.0229 0.3830 0.3601 0.3372 0.0582 2.3470 2.2888 2.2306

1⁄4 19 {
0.856 13.157 12.301 11.445

21⁄4 11 {
1.479 65.710 64.231 62.752

0.0337 0.5180 0.4843 0.4506 0.0582 2.5870 2.5288 2.4706

3⁄8 19 {
0.856 16.662 15.806 14.950

21⁄2 11 {
1.479 75.184 73.705 72.226

0.0337 0.6560 0.6223 0.5886 0.0582 2.9600 2.9018 2.8436

1⁄2 14 {
1.162 20.955 19.793 18.631

23⁄4 11 {
1.479 81.534 80.055 78.576

0.0457 0.8250 0.7793 0.7336 0.0582 3.2100 3.1518 3.0936

5⁄8 14 {
1.162 22.911 21.749 20.587

3 11 {
1.479 87.884 86.405 84.926

0.0457 0.9020 0.8563 0.8106 0.0582 3.4600 3.4018 3.3436

3⁄4 14 {
1.162 26.441 25.279 24.117

31⁄2 11 {
1.479 100.330 98.851 97.372

0.0457 1.0410 0.9953 0.9496 0.0582 3.9500 3.8918 3.8336

7⁄8 14 {
1.162 30.201 29.039 27.877

4 11 {
1.479 113.030 111.551 110.072

0.0457 1.1890 1.1433 1.0976 0.0582 4.4500 4.3918 4.3336

1 11 {
1.479 33.249 31.770 30.291

41⁄2 11 {
1.479 125.730 124.251 122.772

0.0582 1.3090 1.2508 1.1926 0.0582 4.9500 4.8918 4.8336

11⁄8 11 {
1.479 37.897 36.418 34.939

5 11 {
1.479 138.430 136.951 135.472

0.0582 1.4920 1.4338 1.3756 0.0582 5.4500 5.3918 5.3336

11⁄4 11 {
1.479 41.910 40.431 38.952

51⁄2 11 {
1.479 151.130 149.651 148.172

0.0582 1.6500 1.5918 1.5336 0.0582 5.9500 5.8918 5.8336

11⁄2 11 {
1.479 47.803 46.324 44.845

6 11 {
1.479 163.830 162.351 160.872

0.0582 1.8820 1.8238 1.7656 0.0582 6.4500 6.3918 6.3336
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British Standard External and Internal Pipe Threads (Pressure-tight Joints)
Metric and Inch Dimensions and Limits of Size  BS 21:1973

Each basic metric dimension is given in roman figures (nominal sizes excepted) and each basic
inch dimension is shown in italics directly beneath it. Figures in ( ) are numbers of turns of thread
with metric linear equivalents given beneath. Taper of taper thread is 1 in 16 on diameter.

Nominal
Size

No. of
Threads

per
Incha

a In the Standard BS 21:1973 the thread pitches in millimeters are as follows: 0.907 for 28 threads
per inch, 1.337 for 19 threads per inch, 1.814 for 14 threads per inch, and 2.309 for 11 threads per inch. 

Basic Diameters
at Gage Plane

Gage
Length Number

of Useful
Threads
on Pipe

for Basic
Gage

Lengthb

b This is the minimum number of useful threads on the pipe for the basic gage length; for the maxi-
mum and minimum gage lengths, the minimum numbers of useful threads are, respectively, greater
and less by the amount of tolerance in the column to the left. The design of internally threaded parts
shall make allowance for receiving pipe ends of up to the minimum number of useful threads corre-
sponding to the maximum gage length; the minimum number of useful internal threads shall be no less
than 80 per cent of the minimum number of useful external threads for the minimum gage length. 

Tolerance
+ and −

Major Pitch Minor Basic

Toler-
ance

(+ and −)

Gage
Plane to
Face of

Int. Taper
Thread

On
Diame-
ter of

Parallel
Int.

Threads

1⁄16 28 {
7.723 7.142 6.561 (43⁄8) (1) (71⁄8) (11⁄4) 0.071

0.304 0.2812 0.2583 4.0 0.9 6.5 1.1 0.0028

1⁄8 28 {
9.728 9.147 8.566 (43⁄8) (1) (71⁄8) (11⁄4) 0.071

0.383 0.3601 0.3372 4.0 0.9 6.5 1.1 0.0028

1⁄4 19 {
13.157 12.301 11.445 (41⁄2) (1) (71⁄4) (11⁄4) 0.104

0.518 0.4843 0.4506 6.0 1.3 9.7 1.7 0.0041

3⁄8 19 {
16.662 15.806 14.950 (43⁄4) (1) (71⁄2) (11⁄4) 0.104

0.656 0.6223 0.5886 6.4 1.3 10.1 1.7 0.0041

1⁄2 14 {
20.955 19.793 18.631 (41⁄2) (1) (71⁄4) (11⁄4) 0.142

0.825 0.7793 0.7336 8.2 1.8 13.2 2.3 0.0056

3⁄4 14 {
26.441 25.279 24.117 (51⁄4) (1) (8) (11⁄4) 0.142

1.041 0.9953 0.9496 9.5 1.8 14.5 2.3 0.0056

1 11 {
33.249 31.770 30.291 (41⁄2) (1) (71⁄4) (11⁄4) 0.180

1.309 1.2508 1.1926 10.4 2.3 16.8 2.9 0.0071

11⁄4 11 {
41.910 40.431 38.952 (51⁄2) (1) (81⁄4) (11⁄4) 0.180

1.650 1.5918 1.5336 12.7 2.3 19.1 2.9 0.0071

11⁄2 11 {
47.803 46.324 44.845 (51⁄2) (1) (81⁄4) (11⁄4) 0.180

1.882 1.8238 1.7656 12.7 2.3 19.1 2.9 0.0071

2 11 {
59.614 58.135 56.656 (67⁄8) (1) (101⁄8) (11⁄4) 0.180

2.347 2.2888 2.2306 15.9 2.3 23.4 2.9 0.0071

21⁄2 11 {
75.184 73.705 72.226 (79⁄16) (11⁄2) (119⁄16) (11⁄2) 0.216

2.960 2.9018 2.8436 17.5 3.5 26.7 3.5 0.0085

3 11 {
87.884 86.405 84.926 (815⁄16) (11⁄2) (1215⁄16) (11⁄2) 0.216

3.460 3.4018 3.3436 20.6 3.5 29.8 3.5 0.0085

4 11 {
113.030 111.551 110.072 (11) (11⁄2) (151⁄2) (11⁄2) 0.216

4.450 4.3918 4.3336 25.4 3.5 35.8 3.5 0.0085

5 11 {
138.430 136.951 135.472 (123⁄8) (11⁄2) (173⁄8) (11⁄2) 0.216

5.450 5.3918 5.3336 28.6 3.5 40.1 3.5 0.0085

6 11 {
163.830 162.351 160.872 (123⁄8) (11⁄2) (173⁄8) (11⁄2) 0.216

6.450 6.3918 6.3336 28.6 3.5 40.1 3.5 0.0085
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Hose Coupling  Screw Threads

 ANSI Standard Hose Coupling Screw Threads.—Threads for hose couplings, valves,
and all other fittings used in direct connection with hose intended for domestic, industrial,
and general service in sizes 1⁄2, 5⁄8, 3⁄4, 1, 11⁄4, 11⁄2, 2, 21⁄2, 3, 31⁄2, and 4 inches are covered by
American National Standard ANSI/ASME B1.20.7-1991 These threads are designated as
follows:

NH — Standard hose coupling threads of full form as produced by cutting or rolling.

NHR — Standard hose coupling threads for garden hose applications where the design
utilizes thin walled material which is formed to the desired thread.

NPSH — Standard straight hose coupling thread series in sizes 1⁄2 to 4 inches for joining
to American National Standard taper pipe threads using a gasket to seal the joint.

Thread dimensions are given in Table 1 and thread lengths in Table 2.

Fig. 1. Thread Form for ANSI Standard Hose Coupling Threads, NPSH, NH, 
and NHR. Heavy Line Shows Basic Size.
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Table 1. ANSI Standard Hose Coupling Threads for NPSH, NH, and NHR Nipples and Coupling Swivels
 ANSI/ASME B1.20.7-1991 (R2008)

All dimensions are given in inches.

Dimensions given for the maximum minor diameter of the nipple are figured to the intersection of the worn tool arc with a centerline through crest and root. The
minimum minor diameter of the nipple shall be that corresponding to a flat at the minor diameter of the minimum nipple equal to 1⁄24p, and may be determined by sub-
tracting 0.7939p from the minimum pitch diameter of the nipple. (See Fig. 1)

Dimensions given for the minimum major diameter of the coupling correspond to the basic flat, 1⁄8p, and the profile at the major diameter produced by a worn tool must
not fall below the basic outline. The maximum major diameter of the coupling shall be that corresponding to a flat at the major diameter of the maximum coupling equal
to 1⁄24p and may be determined by adding 0.7939p to the maximum pitch diameter of the coupling. (See Fig. 1)

NH and NHR threads are used for garden hose applications. NPSH threads are used for steam, air and all other hose connections to be made up with standard pipe
threads. NH (SPL) threads are used for marine applications.

Nominal
Size
of

Hose

Threads
per

Inch
Thread

Designation Pitch

Basic
Height

of
Thread

Nipple (External) Thread Coupling (Internal) Thread

Major
Dia.

Pitch
Dia.

Minor
Dia.

Minor
Dia.

Pitch
Dia.

Major
Dia.

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.
1⁄2, 5⁄8, 3⁄4 11.5 .75-11.5NH .08696 .05648 1.0625 1.0455 1.0060 0.9975 0.9495 0.9595 0.9765 1.0160 1.0245 1.0725

1⁄2, 5⁄8, 3⁄4 11.5 .75-11.5NHR .08696 .05648 1.0520 1.0350 1.0100 0.9930 0.9495 0.9720 0.9930 1.0160 1.0280 1.0680

1⁄2 14 .5-14NPSH .07143 .04639 0.8248 0.8108 0.7784 0.7714 0.7320 0.7395 0.7535 0.7859 0.7929 0.8323

3⁄4 14 .75-14NPSH .07143 .04639 1.0353 1.0213 0.9889 0.9819 0.9425 0.9500 0.9640 0.9964 1.0034 1.0428

1 11.5 1-11.5NPSH .08696 .05648 1.2951 1.2781 1.2396 1.2301 1.1821 1.1921 1.2091 1.2486 1.2571 1.3051

11⁄4 11.5 1.25-11.5NPSH .08696 .05648 1.6399 1.6229 1.5834 1.5749 1.5269 1.5369 1.5539 1.5934 1.6019 1.6499

11⁄2 11.5 1.5-11.5 NPSH .08696 .05648 1.8788 1.8618 1.8223 1.8138 1.7658 1.7758 1.7928 1.8323 1.8408 1.8888

2 11.5 2-11.5NPSH .08696 .05648 2.3528 2.3358 2.2963 2.2878 2.2398 2.2498 2.2668 2.3063 2.3148 2.3628

21⁄2 8 2.5-8NPSH .12500 .08119 2.8434 2.8212 2.7622 2.7511 2.6810 2.6930 2.7152 2.7742 2.7853 2.8554

3 8 3-8NPSH .12500 .08119 3.4697 3.4475 3.3885 3.3774 3.3073 3.3193 3.3415 3.4005 3.4116 3.4817

31⁄2 8 3.5-8NPSH .12500 .08119 3.9700 3.9478 3.8888 3.8777 3.8076 3.8196 3.8418 3.9008 3.9119 3.9820

4 8 4-8NPSH .12500 .08119 4.4683 4.4461 4.3871 4.3760 4.3059 4.3179 4.3401 4.3991 4.4102 4.4803
4 6 4-6NH (SPL) .16667 .10825 4.9082 4.8722 4.7999 4.7819 4.6916 4.7117 4.7477 4.8200 4.8380 4.9283

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Table 2. ANSI Standard Hose Coupling Screw Thread Lengths 
 ANSI/ASME B1.20.7-1991 (R2008)

All dimensions are given in inches. For thread designation see Table 1.

American National Fire Hose Connection Screw Thread.—This thread is specified in
the National Fire Protection Association's Standard NFPA No. 194-1974. It covers the
dimensions for screw thread connections for fire hose couplings, suction hose couplings,
relay supply hose couplings, fire pump suctions, discharge valves, fire hydrants, nozzles,
adaptors, reducers, caps, plugs, wyes, siamese connections, standpipe connections, and
sprinkler connections.

Form of Thread: The basic form of thread is as shown in Fig. 1. It has an included angle
of 60 degrees and is truncated top and bottom. The flat at the root and crest of the basic
thread form is equal to 1⁄8 (0.125) times the pitch in inches. The height of the thread is equal
to 0.649519 times the pitch. The outer ends of both external and internal threads are termi-
nated by the blunt start or “Higbee Cut” on full thread to avoid crossing and mutilation of
thread.

Thread Designation: The thread is designated by specifying in sequence the nominal
size of the connection, number of threads per inch followed by the thread symbol NH.

Nominal
Size
of

Hose

Threads
per

Inch

I.D.
of

Nipple,
C

Approx.
O.D.

of
Ext.
Thd.

Length
of

Nipple,
L

Length
of

Pilot,
I

Depth
of

Coupl.,
H

Coupl.
Thd.

Length,
T

Approx.
No.

Thds. in
Length

T

1⁄2, 5⁄8, 3⁄4 11.5 25⁄32 11⁄16
9⁄16

1⁄8 17⁄32
3⁄8 41⁄4

1⁄2, 5⁄8, 3⁄4 11.5 25⁄32 11⁄16
9⁄16

1⁄8 17⁄32
3⁄8 41⁄4

1⁄2 14 17⁄32
13⁄16

1⁄2 1⁄8 15⁄32
5⁄16 41⁄4

3⁄4 14 25⁄32 11⁄32
9⁄16

1⁄8 17⁄32
3⁄8 51⁄4

1 11.5 11⁄32 19⁄32
9⁄16

5⁄32
17⁄32

3⁄8 41⁄4
11⁄4 11.5 19⁄32 15⁄8 5⁄8 5⁄32

19⁄32
15⁄32 51⁄2

11⁄2 11.5 117⁄32 17⁄8 5⁄8 5⁄32
19⁄32

15⁄32 51⁄2
2 11.5 21⁄32 211⁄32

3⁄4 3⁄16
23⁄32

19⁄32 63⁄4
21⁄2 8 217⁄32 227⁄32 1 1⁄4 15⁄16

11⁄16 51⁄2
3 8 31⁄32 315⁄32 11⁄8 1⁄4 11⁄16

13⁄16 61⁄2
31⁄2 8 317⁄32 331⁄32 11⁄8 1⁄4 11⁄16

13⁄16 61⁄2
4 8 41⁄32 415⁄32 11⁄8 1⁄4 11⁄16

13⁄16 61⁄2
4 6 4 429⁄32 11⁄8 5⁄16 11⁄16

3⁄4 41⁄2
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Thus, .75-8NH indicates a nominal size connection of 0.75 inch diameter with 8 threads
per inch.

Basic Dimensions: The basic dimensions of the thread are as given in Table 1.

Table 1. Basic Dimensions of NH Threads  NFPA 1963-1993 Edition

All dimensions are in inches.

Thread Limits of Size: Limits of size for NH external threads are given in Table 2. Limits
of size for NH internal threads are given in Table 3.

Tolerances: The pitch-diameter tolerances for mating external and internal threads are
the same. Pitch-diameter tolerances include lead and half-angle deviations. Lead devia-
tions consuming one-half of the pitch-diameter tolerance are 0.0032 inch for 3⁄4-, 1-, and
11⁄2-inch sizes; 0.0046 inch for 21⁄2-inch size; 0.0052 inch for 3-, and 31⁄2-inch sizes; and
0.0072 inch for 4-, 41⁄2-, 5-, and 6-inch sizes. Half-angle deviations consuming one-half of
the pitch-diameter tolerance are 1 degree, 42 minutes for 3⁄4- and 1-inch sizes; 1 degree, 54
minutes for 11⁄2-inch size; 2 degrees, 17 minutes for 21⁄2-inch size; 2 degrees, 4 minutes for
3- and 31⁄2-inch size; and 1 degree, 55 minutes for 4-, 41⁄2-, 5-, and 6-inch sizes.

Tolerances for the external threads are:
Major diameter tolerance = 2 × pitch-diameter tolerance
Minor diameter tolerance = pitch-diameter tolerance + 2h/9
The minimum minor diameter of the external thread is such as to result in a flat equal to

one-third of the p/8 basic flat, or p/24, at the root when the pitch diameter of the external
thread is at its minimum value. The maximum minor diameter is basic, but may be such as
results from the use of a worn or rounded threading tool. The maximum minor diameter is
shown in Fig. 1 and is the diameter upon which the minor diameter tolerance formula
shown above is based.

Tolerances for the internal threads are:

Nom.
Size

Threads
per Inch

(tpi)
Thread

Designation
Pitch,

p

BasicThread
Height,

h

Minimum Internal Thread Dimensions

Min. Minor
Dia.

Basic Pitch
Dia.

BasicMajor
Dia.

3⁄4 8 0.75-8 NH 0.12500 0.08119 1.2246 1.3058 1.3870

1 8 1-8 NH 0.12500 0.08119 1.2246 1.3058 1.3870
11⁄2 9 1.5-9 NH 0.11111 0.07217 1.8577 1.9298 2.0020

21⁄2 7.5 2.5-7.5 NH 0.13333 0.08660 2.9104 2.9970 3.0836

3 6 3-6 NH 0.16667 0.10825 3.4223 3.5306 3.6389
31⁄2 6 3.5-6 NH 0.16667 0.10825 4.0473 4.1556 4.2639

4 4 4-4 NH 0.25000 0.16238 4.7111 4.8735 5.0359
41⁄2 4 4.5-4 NH 0.25000 0.16238 5.4611 5.6235 5.7859

5 4 5-4 NH 0.25000 0.16238 5.9602 6.1226 6.2850
6 4 6-4 NH 0.25000 0.16238 6.7252 6.8876 7.0500

Nom.
Size

Threads
per Inch

(tpi)
Thread

Designation
Pitch,

p

External Thread Dimensions (Nipple)

Allowance
Max.Major

Dia.
Max. Pitch

Dia.
Max Minor

Dia.
3⁄4 8 0.75-8 NH 0.12500 0.0120 1.3750 1.2938 1.2126

1 8 1-8 NH 0.12500 0.0120 1.3750 1.2938 1.2126
11⁄2 9 1.5-9 NH 0.11111 0.0120 1.9900 1.9178 1.8457

21⁄2 7.5 2.5-7.5 NH 0.13333 0.0150 3.0686 2.9820 2.8954

3 6 3-6 NH 0.16667 0.0150 3.6239 3.5156 3.4073
31⁄2 6 3.5-6 NH 0.16667 0.0200 4.2439 4.1356 4.0273

4 4 4-4 NH 0.25000 0.0250 5.0109 4.8485 4.6861
41⁄2 4 4.5-4 NH 0.25000 0.0250 5.7609 5.5985 5.4361

5 4 5-4 NH 0.25000 0.0250 6.2600 6.0976 5.9352
6 4 6-4 NH 0.25000 0.0250 7.0250 6.8626 6.7002
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Minor diameter tolerance = 2 × pitch-diameter tolerance

The minimum minor diameter of the internal thread is such as to result in a basic flat, p/8,
at the crest when the pitch diameter of the thread is at its minimum value.

Major diameter tolerance = pitch-diameter tolerance - 2h/9

Table 2. Limits of Size and Tolerances for NH External Threads (Nipples) 
 NFPA 1963, 1993 Edition

All dimensions are in inches.

Table 3. Limits of Size and Tolerances for NH Internal Threads (Couplings) 
 NFPA 1963, 1993 Edition

All dimensions are in inches.

Gages and Gaging: Full information on gage dimensions and the use of gages in check-
ing the NH thread are given in NFPA Standard No. 1963, 1993 Edition, published by the
National Fire Protection Association, Batterymarch Park, Quincy, MA 02269.

The information and data taken from this standard are reproduced with the permission of
the NFPA.

Nom.
Size

Threads
per Inch

(tpi)

External Thread (Nipple)

Major Diameter Pitch Diameter Minora Dia.

a Dimensions given for the maximum minor diameter of the nipple are figured to the intersection of
the worn tool arc with a center line through crest and root. The minimum minor diameter of the nipple
shall be that corresponding to a flat at the minor diameter of the minimum nipple equal to p/24 and may
be determined by subtracting 11h/9 (or 0.7939p) from the minimum pitch diameter of the nipple. 

Max. Min. Toler. Max. Min. Toler. Max.
3⁄4 8 1.3750 1.3528 0.0222 1.2938 1.2827 0.0111 1.2126

1 8 1.3750 1.3528 0.0222 1.2938 1.2827 0.0111 1.2126
11⁄2 9 1.9900 1.9678 0.0222 1.9178 1.9067 0.0111 1.8457

21⁄2 7.5 3.0686 3.0366 0.0320 2.9820 2.9660 0.0160 2.8954

3 6 3.6239 3.5879 0.0360 3.5156 3.4976 0.0180 3.4073
31⁄2 6 4.2439 4.2079 0.0360 4.1356 4.1176 0.0180 4.0273

4 4 5.0109 4.9609 0.0500 4.8485 4.8235 0.0250 4.6861
41⁄2 4 5.7609 5.7109 0.0500 5.5985 5.5735 0.0250 5.4361

5 4 6.2600 6.2100 0.0500 6.0976 6.0726 0.0250 5.9352
6 4 7.0250 6.9750 0.0500 6.8626 6.8376 0.0250 6.7002

Nom.
Size

Threads
per Inch

(tpi)

Internal Thread (Coupling)

Minor Diameter Pitch Diameter Majora Dia.

a Dimensions for the minimum major diameter of the coupling correspond to the basic flat (p/8), and
the profile at the major diameter produced by a worn tool must not fall below the basic outline. The
maximum major diameter of the coupling shall be that corresponding to a flat at the major diameter of
the maximum coupling equal to p/24 and may be determined by adding 11h/9 (or 0.7939p) to the max-
imum pitch diameter of the coupling. 

Min. Max. Toler. Min. Max. Toler. Min.
3⁄4 8 1.2246 1.2468 0.0222 1.3058 1.3169 0.0111 1.3870

1 8 1.2246 1.2468 0.0222 1.3058 1.3169 0.0111 1.3870
11⁄2 9 1.8577 1.8799 0.0222 1.9298 1.9409 0.0111 2.0020

21⁄2 7.5 2.9104 2.9424 0.0320 2.9970 3.0130 0.0160 3.0836

3 6 3.4223 3.4583 0.0360 3.5306 3.5486 0.0180 3.6389
31⁄2 6 4.0473 4.0833 0.0360 4.1556 4.1736 0.0180 4.2639

4 4 4.7111 4.7611 0.0500 4.8735 4.8985 0.0250 5.0359
41⁄2 4 5.4611 5.5111 0.0500 5.6235 5.6485 0.0250 5.7859

5 4 5.9602 6.0102 0.0500 6.1226 6.1476 0.0250 6.2850
6 4 6.7252 6.7752 0.0500 6.8876 6.9126 0.0250 7.0500
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OTHER THREADS

Interference-Fit Threads

Interference-Fit Threads.—Interference-fit threads are threads in which the externally
threaded member is larger than the internally threaded member when both members are in
the free state and that, when assembled, become the same size and develop a holding
torque through elastic compression, plastic movement of material, or both. By custom,
these threads are designated Class 5.

The data in Tables 1, 2, and 3, which are based on years of research, testing and field
study, represent an American standard for interference-fit threads that overcomes the dif-
ficulties experienced with previous interference-fit recommendations such as are given in
Federal Screw Thread Handbook H28. These data were adopted as American Standard
ASA B1.12-1963. Subsequently, the standard was revised and issued as American
National Standard ANSI B1.12-1972. More recent research conducted by the Portsmouth
Naval Shipyard has led to the current revision ASME/ANSI B1.12-1987 (R2008).

The data in Tables 1, 2, and 3 provide dimensions for external and internal interference-
fit (Class 5) threads of modified American National form in the Coarse Thread series, sizes
1⁄4 inch to 11⁄2 inches. It is intended that interference-fit threads conforming with this stan-
dard will provide adequate torque conditions which fall within the limits shown in Table 3.
The minimum torques are intended to be sufficient to ensure that externally threaded mem-
bers will not loosen in service; the maximum torques establish a ceiling below which seiz-
ing, galling, or torsional failure of the externally threaded components is reduced.

Tables 1 and 2 give external and internal thread dimensions and are based on engagement
lengths, external thread lengths, and tapping hole depths specified in Table 3 and in com-
pliance with the design and application data given in the following paragraphs. Table 4
gives the allowances and Table 5 gives the tolerances for pitch, major, and minor diameters
for the Coarse Thread Series.

Basic Profile of American National Standard Class 5 Interference Fit Thread

.125P

.125H

.625H

H

60˚

30˚

.5P

Major
  Dia.

Pitch
  Dia.

Minor
  Dia.

90˚

P

.250P

Axis of Screw Thread

.250H
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Maximum and Minimum Material Limits for Class 5 Interference-Fit Thread

Design and Application Data for Class 5 Interference-Fit Threads.—Following are
conditions of usage and inspection on which satisfactory application of products made to
dimensions in Tables 1, 2, and 3 are based.

Thread Designations: The following thread designations provide a means of distin-
guishing the American Standard Class 5 Threads from the tentative Class 5 and alternate
Class 5 threads, specified in Handbook H28. They also distinguish between external and
internal American Standard Class 5 Threads.

Class 5 External Threads are designated as follows:

NC-5 HF—For driving in hard ferrous material of hardness over 160 BHN.

NC-5 CSF—For driving in copper alloy and soft ferrous material of 160 BHN or less.

NC-5 ONF—For driving in other nonferrous material (nonferrous materials other than
copper alloys), any hardness.

Class 5 Internal Threads are designated as follows:

NC-5 IF—Entire ferrous material range.

NC-5 INF—Entire nonferrous material range.

Internal 

Thread

External

Thread

Max. Interference

Max. Material 
       Stud
(Largest Stud)

Max. Major Dia.

Max. Pitch Dia.

Minor Dia.
(Design Form)

Max. Material
Tapped Hole
(Smallest Tapped
          Hole)

Min. Pitch Dia.

Min. Minor Dia.

MAXIMUM INTERFERENCE

Internal 

Thread

External

Thread

Max. Pitch Dia.

Min. InterferenceMin. Pitch Dia.

Min. Minor Dia.

Major Dia.

Min. Material
       Stud
(Smallest Stud)

Min. Material
Tapped Hole
(Largest Tapped
      Hole)

Max. Minor Dia.

__P
8

MINIMUM INTERFERENCE

Note: Plastic flow of interference metal into cavities at major and minor diameters is not illustrated.
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Table 1. External Thread Dimensions for Class 5 Interference-Fit Threads
ANSI/ASME B1.12-1987 (R2008)

Based on external threaded members being steel ASTM A-325 (SAE Grade 5) or better. Le = length
of engagement.

All dimensions are in inches, unless otherwise specified.

Externally Threaded Products: Points of externally threaded components should be
chamfered or otherwise reduced to a diameter below the minimum minor diameter of the
thread. The limits apply to bare or metallic coated parts. The threads should be free from
excessive nicks, burrs, chips, grit or other extraneous material before driving.

Nominal
Size

Major Diameter, Inches

Pitch
Diameter,

Inches

Minor
Diameter,

Inches

NC-5 HF
for driving in

ferrous material
with hardness greater 

than 160 BHN
Le = 11⁄4 Diam.

NC-5 CSF
for driving in brass and 

ferrous material
with hardness equal to 
or less than 160 BHN 

Le = 11⁄4 Diam.

NC-5 ONF
for driving in
nonferrous

except brass
(any hardness)
Le = 21⁄2 Diam.

Max Min Max Min Max Min Max Min Max

0.2500-20 0.2470 0.2418 0.2470 0.2418 0.2470 0.2418 0.2230 0.2204 0.1932

0.3125-18 0.3080 0.3020 0.3090 0.3030 0.3090 0.3030 0.2829 0.2799 0.2508

0.3750-16 0.3690 0.3626 0.3710 0.3646 0.3710 0.3646 0.3414 0.3382 0.3053

0.4375-14 0.4305 0.4233 0.4330 0.4258 0.4330 0.4258 0.3991 0.3955 0.3579

0.5000-13 0.4920 0.4846 0.4950 0.4876 0.4950 0.4876 0.4584 0.4547 0.4140

0.5625-12 0.5540 0.5460 0.5575 0.5495 0.5575 0.5495 0.5176 0.5136 0.4695

0.6250-11 0.6140 0.6056 0.6195 0.6111 0.6195 0.6111 0.5758 0.5716 0.5233

0.7500-10 0.7360 0.7270 0.7440 0.7350 0.7440 0.7350 0.6955 0.6910 0.6378

0.8750- 9 0.8600 0.8502 0.8685 0.8587 0.8685 0.8587 0.8144 0.8095 0.7503

1.0000- 8 0.9835 0.9727 0.9935 0.9827 0.9935 0.9827 0.9316 0.9262 0.8594

1.1250- 7 1.1070 1.0952 1.1180 1.1062 1.1180 1.1062 1.0465 1.0406 0.9640

1.2500- 7 1.2320 1.2200 1.2430 1.2312 1.2430 1.2312 1.1715 1.1656 1.0890

1.3750- 6 1.3560 1.3410 1.3680 1.3538 1.3680 1.3538 1.2839 1.2768 1.1877

1.5000- 6 1.4810 1.4670 1.4930 1.4788 1.4930 1.4788 1.4089 1.4018 1.3127

Table 2. Internal Thread Dimensions for Class 5 Interference-Fit Threads
ANSI/ASME B1.12-1987 (R2008)

Nominal
Size

NC-5 IF
Ferrous Material

NC-5 INF
Nonferrous Material

Pitch
Diameter

Major
Diam.Minor Diam.a

a Fourth decimal place is 0 for all sizes. 

Tap
Drill

Minor Diam.a
Tap
DrillMin Max Min Max Min Max Min

0.2500-20 0.196 0.206 0.2031 0.196 0.206 0.2031 0.2175 0.2201 0.2532

0.3125-18 0.252 0.263 0.2610 0.252 0.263 0.2610 0.2764 0.2794 0.3161

0.3750-16 0.307 0.318 0.3160 0.307 0.318 0.3160 0.3344 0.3376 0.3790

0.4375-14 0.374 0.381 0.3750 0.360 0.372 0.3680 0.3911 0.3947 0.4421

0.5000-13 0.431 0.440 0.4331 0.417 0.429 0.4219 0.4500 0.4537 0.5050

0.5625-12 0.488 0.497 0.4921 0.472 0.485 0.4844 0.5084 0.5124 0.5679

0.6250-11 0.544 0.554 0.5469 0.527 0.540 0.5313 0.5660 0.5702 0.6309

0.7500-10 0.667 0.678 0.6719 0.642 0.655 0.6496 0.6850 0.6895 0.7565

0.8750- 9 0.777 0.789 0.7812 0.755 0.769 0.7656 0.8028 0.8077 0.8822

1.0000- 8 0.890 0.904 0.8906 0.865 0.880 0.8750 0.9188 0.9242 1.0081

1.1250- 7 1.000 1.015 1.0000 0.970 0.986 0.9844 1.0322 1.0381 1.1343

1.2500- 7 1.125 1.140 1.1250 1.095 1.111 1.1094 1.1572 1.1631 1.2593

1.3750- 6 1.229 1.247 1.2344 1.195 1.213 1.2031 1.2667 1.2738 1.3858

1.5000- 6 1.354 1.372 1.3594 1.320 1.338 1.3281 1.3917 1.3988 1.5108
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All dimensions are inches.

Materials for Externally Threaded Products: The length of engagement, depth of thread
engagement and pitch diameter in Tables 1, 2, and 3 are designed to produce adequate
torque conditions when heat-treated medium-carbon steel products, ASTM A-325 (SAE
Grade 5) or better, are used. In many applications, case-carburized and nonheat-treated
medium-carbon steel products of SAE Grade 4 are satisfactory. SAE Grades 1 and 2, may
be usable under certain conditions. This standard is not intended to cover the use of prod-
ucts made of stainless steel, silicon bronze, brass or similar materials. When such materials
are used, the tabulated dimensions will probably require adjustment based on pilot experi-
mental work with the materials involved.

Lubrication: For driving in ferrous material, a good lubricant sealer should be used, par-
ticularly in the hole. A non-carbonizing type of lubricant (such as a rubber-in-water disper-
sion) is suggested. The lubricant must be applied to the hole and it may be applied to the
male member. In applying it to the hole, care must be taken so that an excess amount of
lubricant will not cause the male member to be impeded by hydraulic pressure in a blind
hole. Where sealing is involved, the lubricant selected should be insoluble in the medium
being sealed.

For driving, in nonferrous material, lubrication may not be needed. The use of medium
gear oil for driving in aluminum is recommended. American research has observed that the
minor diameter of lubricated tapped holes in non-ferrous materials may tend to close in,
that is, be reduced in driving; whereas with an unlubricated hole the minor diameter may
tend to open up.

Driving Speed: This standard makes no recommendation for driving speed. Some opin-
ion has been advanced that careful selection and control of driving speed is desirable to
obtain optimum results with various combinations of surface hardness and roughness.
Experience with threads made to this standard may indicate what limitations should be
placed on driving speeds.

Table 3. Torques, Interferences, and Engagement Lengths for Class 5 
Interference-Fit Threads ANSI/ASME B1.12-1987 (R2008)

Nominal
Size

Interference
on Pitch
Diameter

Engagement Lengths, External Thread Lengths and Tapped Hole Depthsa

a Le = Length of engagement. Ts = External thread length of full form thread. Th = Minimum depth of
full form thread in hole. 

Torque at
1-1⁄4D

Engagement
in Ferrous
Material

In Brass 
and Ferrous

In Nonferrous
 Except Brass

Max Min Le Ts

Th

min Le Ts

Th

min
Max,
lb-ft

Min,
lb-ft

0.2500-20 .0055 .0003 0.312 0.375 + .125 − 0 0.375 0.625 0.688 + .125 − 0 0.688 12 3

0.3125-18 .0065 .0005 0.391 0.469 + .139 − 0 0.469 0.781 0.859 + .139 − 0 0.859 19 6

0.3750-16 .0070 .0006 0.469 0.562 + .156 − 0 0.562 0.938 1.031 + .156 − 0 1.031 35 10

0.4375-14 .0080 .0008 0.547 0.656 + .179 − 0 0.656 1.094 1.203 + .179 − 0 1.203 45 15

0.5000-13 .0084 .0010 0.625 0.750 + .192 − 0 0.750 1.250 1.375 + .192 − 0 1.375 75 20

0.5625-12 .0092 .0012 0.703 0.844 + .208 − 0 0.844 1.406 1.547 + .208 − 0 1.547 90 30

0.6250-11 .0098 .0014 0.781 0.938 + .227 − 0 0.938 1.562 1.719 + .227 − 0 1.719 120 37

0.7500-10 .0105 .0015 0.938 1.125 + .250 − 0 1.125 1.875 2.062 + .250 − 0 2.062 190 60

0.8750- 9 .0016 .0018 1.094 1.312 + .278 − 0 1.312 2.188 2.406 + .278 − 0 2.406 250 90

1.0000- 8 .0128 .0020 1.250 1.500 + .312 − 0 1.500 2.500 2.750 + .312 − 0 2.750 400 125

1.1250- 7 .0143 .0025 1.406 1.688 + .357 − 0 1.688 2.812 3.094 + .357 − 0 3.095 470 155

1.2500- 7 .0143 .0025 1.562 1.875 + .357 − 0 1.875 3.125 3.438 + .357 − 0 3.438 580 210

1.3750- 6 .0172 .0030 1.719 2.062 + .419 − 0 2.062 3.438 3.781 + .419 − 0 3.781 705 250

1.5000- 6 .0172 .0030 1.875 2.250 + .419 − 0 2.250 3.750 4.125 + .419 − 0 4.125 840 325
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Table 4. Allowances for Coarse Thread Series  ANSI/ASME B1.12-1987 (R2008)

All dimensions are in inches.
The difference between basic major diameter and internal thread minimum major diameter is

0.075H and is tabulated in Table 5.

All dimensions are in inches.

Relation of Driving Torque to Length of Engagement: Torques increase directly as the
length of engagement and this increase is proportionately more rapid as size increases. The
standard does not establish recommended breakloose torques.

Surface Roughness: Surface roughnesss is not a required measurement. Roughness
between 63 and 125 µin. Ra is recommended. Surface roughness greater than 125 µin. Ra
may encourage galling and tearing of threads. Surfaces with roughness less than 63 µin. Ra
may hold insufficient lubricant and wring or weld together.

TPI

Difference
between Nom. 
Size and Max
Major Diam
of NC-5 HFa

a The allowances in these columns were obtained from industrial research data. 

Difference
between Nom. 
Size and Max
Major Diam.
of NC-5 CSF

or NC-5 ONFa

Difference
between Basic
Minor Diam.

and Min Minor
Diam. of
NC-5 IFa

Difference
between Basic
Minor Diam.

and Min Minor
Diam.of

NC-5 INF

Max PD
Inteference

or Neg
Allowance,
Ext Threadb

b Negative allowance is the difference between the basic pitch diameter and pitch diameter value at
maximum material condition. 

Difference
between Max
Minor Diam.

and Basic
Minor Diam.,

Ext Thread

20 0.0030 0.0030 0.000 0.000 0.0055 0.0072
18 0.0045 0.0035 0.000 0.000 0.0065 0.0080
16 0.0060 0.0040 0.000 0.000 0.0070 0.0090
14 0.0070 0.0045 0.014 0.000 0.0080 0.0103
13 0.0080 0.0050 0.014 0.000 0.0084 0.0111
12 0.0085 0.0050 0.016 0.000 0.0092 0.0120
11 0.0110 0.0055 0.017 0.000 0.0098 0.0131
10 0.0140 0.0060 0.019 0.000 0.0105 0.0144
9 0.0150 0.0065 0.022 0.000 0.0116 0.0160
8 0.0165 0.0065 0.025 0.000 0.0128 0.0180
7 0.0180 0.0070 0.030 0.000 0.0143 0.0206
6 0.0190 0.0070 0.034 0.000 0.0172 0.0241

Table 5. Tolerances for Pitch Diameter, Major Diameter, and Minor Diameter
for Coarse Thread Series  ANSI/ASME B1.12-1987 (R2008)

TPI

PD Tolerance
for Ext and Int

Threadsa

a National Class 3 pitch diameter tolerance from ASA B1.1-1960. 

Major Diam.
Tolerance for
Ext Threadb

b Twice the NC-3 pitch diameter tolerance. 

Minor Diam.
Tolerance for

Int Thread
NC-5 IF

Minor Diam.
Tolerance for

Int Thread
NC-5 INFc

c National Class 3 minor diameter tolerance from ASA B1.1-1960. 

Tolerance
0.075H or
0.065P for

Tap Major Diam.

20 0.0026 0.0052 0.010 0.010 0.0032
18 0.0030 0.0060 0.011 0.011 0.0036
16 0.0032 0.0064 0.011 0.011 0.0041
14 0.0036 0.0072 0.008 0.012 0.0046
13 0.0037 0.0074 0.008 0.012 0.0050
12 0.0040 0.0080 0.009 0.013 0.0054
11 0.0042 0.0084 0.010 0.013 0.0059
10 0.0045 0.0090 0.011 0.014 0.0065

9 0.0049 0.0098 0.012 0.014 0.0072
8 0.0054 0.0108 0.014 0.015 0.0093
7 0.0059 0.0118 0.015 0.015 0.0093
6 0.0071 0.0142 0.018 0.018 0.0108
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Lead and Angle Variations: The lead variation values tabulated in Table 6 are the maxi-
mum variations from specified lead between any two points not farther apart than the
length of the standard GO thread gage. Flank angle variation values tabulated in Table 7
are maximum variations from the basic 30° angle between thread flanks and perpendicu-
lars to the thread axis. The application of these data in accordance with ANSI/ASME
B1.3M, the screw thread gaging system for dimensional acceptability, is given in the Stan-
dard. Lead variation does not change the volume of displaced metal, but it exerts a cumula-
tive unilateral stress on the pressure side of the thread flank. Control of the difference
between pitch diameter size and functional diameter size to within one-half the pitch diam-
eter tolerance will hold lead and angle variables to within satisfactory limits. Both the vari-
ations may produce unacceptable torque and faulty assemblies.

All dimensions are in inches.

Note: The equivalent change in functional diameter applies to total effect of form errors.

Maximum allowable variation in lead is permitted only when all other form variations are zero. 

For sizes not tabulated, maximum allowable variation in lead is equal to 0.57735 times one-half the
pitch diameter tolerance.

Table 7. Maximum Allowable Variation in 30° Basic Half-Angle of External
 and Internal Screw Threads  ANSI/ASME B1.12-1987 (R2008)

Table 6. Maximum Allowable Variations in Lead and Maximum Equivalent 
Change in Functional Diameter  ANSI/ASME B1.12-1987 (R2008)

Nominal
Size

External and Internal Threads

Allowable Variation in Axial Lead
(Plus or Minus)

Max Equivalent Change in Functional Diam.
(Plus for Ext, Minus for Int)

0.2500-20 0.0008 0.0013

0.3125-18 0.0009 0.0015

0.3750-16 0.0009 0.0016

0.4375-14 0.0010 0.0018

0.5000-13 0.0011 0.0018

0.5625-12 0.0012 0.0020

0.6250-11 0.0012 0.0021

0.7500-10 0.0013 0.0022

0.8750- 9 0.0014 0.0024

1.0000- 8 0.0016 0.0027

1.1250- 7 0.0017 0.0030

1.2500- 7 0.0017 0.0030

1.3750- 6 0.0020 0.0036

1.5000- 6 0.0020 0.0036

TPI

Allowable Variation in 
Half-Angle of Thread

(Plus or Minus) TPI

Allowable Variation in 
Half-Angle of Thread

(Plus or Minus) TPI

Allowable Variation in 
Half-Angle of Thread

(Plus or Minus)

32 1° 30 ′ 14 0° 55 ′ 8 0° 45 ′
28 1° 20 ′ 13 0° 55 ′ 7 0° 45 ′
27 1° 20 ′ 12 0° 50 ′ 6 0° 40 ′
24 1° 15 ′ 111⁄2 0° 50 ′ 5 0° 40 ′

20 1° 10 ′ 11 0° 50 ′ 41⁄2 0° 40 ′

18 1° 05 ′ 10 0° 50 ′ 4 0° 40 ′
16 1° 00 ′ 9 0° 50 ′ … …
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Spark Plug Threads

British Standard for Spark Plugs BS 45:1972 (withdrawn).—This revised British
Standard refers solely to spark plugs used in automobiles and industrial spark ignition
internal combustion engines. The basic thread form is that of the ISO metric (see
page 1912). In assigning tolerances to the threads of the spark plug and the tapped holes,
full consideration has been given to the desirability of achieving the closest possible mea-
sure of interchangeability between British spark plugs and engines, and those made to the
standards of other ISO Member Bodies.

Basic Thread Dimensions for Spark Plug and Tapped Hole in Cylinder Head

All dimensions are given in millimeters.

The tolerance grades for finished spark plugs and corresponding tapped holes in the cyl-
inder head are: for 14 mm size, 6e for spark plugs and 6H for tapped holes which gives a
minimum clearance of 0.063 mm; and for 18 mm size, 6e for spark plugs and 6H for tapped
holes which gives a minimum clearance of 0.067 mm.

These minimum clearances are intended to prevent the possibility of seizure, as a result
of combustion deposits on the bare threads, when removing the spark plugs and applies to
both ferrous and non-ferrous materials. These clearances are also intended to enable spark
plugs with threads in accordance with this standard to be fitted into existing holes.

SAE Spark-Plug Screw Threads.—The SAE Standard includes the following sizes: 7⁄8-
inch nominal diameter with 18 threads per inch: 18-millimeter nominal diameter with a 18-
millimeter nominal diameter with  1.5-millimeter pitch; 14-millimeter nominal diameter
with a 1.25-millimeter pitch; 10-millimeter nominal diameter with a 1.0 millimeter pitch;
3⁄8-inch nominal diameter with 24 threads per inch; and 1⁄4-inch nominal diameter with 32
threads per inch. During manufacture, in order to keep the wear on the threading tools
within permissible limits, the threads in the spark plug GO (ring) gage should be truncated
to the maximum minor diameter of the spark plug; and in the tapped hole GO (plug) gage
to the minimum major diameter of the tapped hole.

Nom.
Size Pitch Thread

Major Dia. Pitch Dia. Minor Dia.

Max. Min. Max. Min. Max. Min.

14 1.25 Plug 13.937a

a Not specified 

13.725 13.125 12.993 12.402 12.181

14 1.25 Hole 14.00 13.368 13.188 12.912 12.647

18 1.5 Plug 17.933a 17.697 16.959 16.819 16.092 15.845

18 1.5 Hole 18.00 17.216 17.026 16.676 16.376

SAE Standard Threads for Spark Plugs

Sizea

Nom. × Pitch

Major Diameter Pitch Diameter Minor Diameter

Max. Min. Max. Min. Max. Min.

Spark Plug Threads, mm (inches)
M18 × 1.5 17.933 17.803 16.959 16.853 16.053 …

(0.07060) (0.7009) (0.6677) (0.6635) (0.6320) …
M14 × 1.25 13.868 13.741 13.104 12.997 12.339 …

(0.5460) (0.5410) (0.5159) (0.5117) (0.4858) …
M12 × 1.25 11.862 11.735 11.100 10.998 10.211 …

(0.4670) (0.4620) (0.4370) (0.4330) (0.4020) …
M10 × 1.0 9.974 9.794 9.324 9.212 8.747 …

(0.3927) (0.3856) (0.3671) (0.3627) (0.3444) …
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In order to keep the wear on the threading tools within permissible limits, the threads in the spark
plug GO (ring) gage shall be truncated to the maximum minor diameter of the spark plug, and in the
tapped hole GO (plug) gage to the minimum major diameter of the tapped hole. The plain plug gage
for checking the minor diameter of the tapped hole shall be the minimum specified. The thread form
is that of the ISO metric (see page 1912).

Reprinted with permission © 1990 Society of Automotive Engineers, Inc.

Lamp Base and Electrical Fixture Threads

Lamp Base and Socket Shell Threads.—The “American Standard” threads for lamp
base and socket shells are sponsored by the American Society of Mechanical Engineers,
the National Electrical Manufacturers’ Association and by most of the large manufacturers
of products requiring rolled threads on sheet metal shells or parts, such as lamp bases, fuse
plugs, attachment plugs, etc. There are five sizes, designated as the “miniature size,” the
“candelabra size,” the “intermediate size,” the “medium size” and the “mogul size.” 

Rolled Threads for Screw Shells of 
Electric Sockets and Lamp Bases— American Standard

All dimensions are in inches.

Tapped Hole Threads, mm (inches)
M18 × 1.5 … 18.039 17.153 17.026 16.426 16.266

… (0.7102) (0.6753) (0.6703) (0.6467) (0.6404)
M14 × 1.25 … 14.034 13.297 13.188 12.692 12.499

… (0.5525) (0.5235) (0.5192) (0.4997) (0.4921)
M12 × 1.25 … 12.000 11.242 11.188 10.559 10.366

… (0.4724) (0.4426) (0.4405) (0.4157) (0.4081)
M10 × 1.0 … 10.000 9.500 9.350 9.153 8.917

… (0.3937) (0.3740) (0.3681) (0,3604) (0.3511)

a M14 and M18 are preferred for new applications. 

Male or Base Screw Shells Before Assembly

Size
Threads
per Inch

Pitch
P

Depth of
Thread D

Radius Crest 
Root R

Major Dia. Minor Diam.

Max. A Min. a Max. B Min. b

Miniature 14 0.07143 0.020 0.0210 0.375 0.370 0.335 0.330
Candelabra 10 0.10000 0.025 0.0312 0.465 0.460 0.415 0.410
Intermediate 9 0.11111 0.027 0.0353 0.651 0.645 0.597 0.591
Medium 7 0.14286 0.033 0.0470 1.037 1.031 0.971 0.965
Mogul 4 0.25000 0.050 0.0906 1.555 1.545 1.455 1.445

Socket Screw Shells Before Assembly

Miniature 14 0.07143 0.020 0.0210 0.3835 0.3775 0.3435 0.3375
Candelabra 10 0.10000 0.025 0.0312 0.476 0.470 0.426 0.420
Intermediate 9 0.11111 0.027 0.0353 0.664 0.657 0.610 0.603
Medium 7 0.14286 0.033 0.0470 1.053 1.045 0.987 0.979
Mogul 4 0.25000 0.050 0.0906 1.577 1.565 1.477 1.465

SAE Standard Threads for Spark Plugs (Continued)

Sizea

Nom. × Pitch

Major Diameter Pitch Diameter Minor Diameter

Max. Min. Max. Min. Max. Min.

P

D

b B

R
R

R

R

A a
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Base Screw Shell Gage Tolerances: Threaded ring gages—“Go,” Max. thread size to
minus 0.0003 inch; “Not Go,” Min. thread size to plus 0.0003 inch. Plain ring gages—
“Go,” Max. thread O.D. to minus 0.0002 inch; “Not Go,” Min. thread O.D. to plus 0.0002
inch.

Socket Screw Shell Gages: Threaded plug gages—“Go,” Min. thread size to plus 0.0003
inch; “Not Go,” Max. thread size to minus 0.0003 inch. Plain plug gages—“Go,” Min.
minor dia. to plus 0.0002 inch; “Not Go,” Max. minor dia. to minus 0.0002 inch.

Check Gages for Base Screw Shell Gages: Threaded plugs for checking threaded ring
gages—“Go,” Max. thread size to minus 0.0003 inch; “Not Go,” Min. thread size to plus
0.0003 inch.

Electric Fixture Thread.—The special straight electric fixture thread consists of a
straight thread of the same pitches as the American standard pipe thread, and having the
regular American or U. S. standard form; it is used for caps, etc. The male thread is smaller,
and the female thread larger than those of the special straight-fixture pipe threads. The
male thread assembles with a standard taper female thread, while the female thread assem-
bles with a standard taper male thread. This thread is used when it is desired to have the
joint “make up” on a shoulder. The gages used are straight-threaded limit gages.

Instrument  and Microscope Threads

British Association Standard Thread (BA).—This form of thread is similar to the Whit-
worth thread in that the root and crest are rounded (see illustration). The angle, however, is
only 47 degrees 30 minutes and the radius of the root and crest are proportionately larger.
This thread is used in Great Britain and, to some extent, in other European countries for
very small screws. Its use in the United States is practically confined to the manufacture of
tools for export. This thread system was originated in Switzerland as a standard for watch
and clock screws, and it is sometimes referred to as the “Swiss small screw thread stan-
dard.” See also Swiss Screw Thread.

This screw thread system is recommended by the British Standards Institution for use in
preference to the BSW and BSF systems for all screws smaller than 1⁄4 inch except that the
use of the “0” BA thread be discontinued in favor of the 1⁄4-in. BSF. It is further recom-
mended that in the selection of sizes, preference be given to even numbered BA sizes. The
thread form is shown by the diagram. 

It is a symmetrical V-thread, of 471⁄2 degree included angle, having its crests and roots
rounded with equal radii, such that the basic depth of the thread is 0.6000 of the pitch.
Where p = pitch of thread, H = depth of V-thread, h = depth of BA thread, r = radius at root
and crest of thread, and s = root and crest truncation.

British Association Thread

H h

p

r

r

23 3
4

47

s

s

1
2

H 1.13634 p×=

h 0.60000 p×=

r 0.18083 p×=

s 0.26817 p×=
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British Association (BA) Standard Thread, Basic Dimensions
 BS 93:1951 (obsolescent)

Tolerances and Allowances: Two classes of bolts and one for nuts are provided: Close
Class bolts are intended for precision parts subject to stress, no allowance being provided
between maximum bolt and minimum nut sizes. Normal Class bolts are intended for gen-
eral commercial production and general engineering use; for sizes 0 to 10 BA, an allow-
ance of 0.025 mm is provided.

Tolerance Formulas for British Association (BA) Screw Threads

In these formulas, p = pitch in millimeters.

Instrument Makers' Screw Thread System.—The standard screw system of the Royal
Microscopical Society of London, also known as the “Society Thread,” is employed for
microscope objectives and the nose pieces of the microscope into which these objectives
screw. The form of the thread is the standard Whitworth form. The number of threads per
inch is 36. There is one size only. The maximum pitch diameter of the objective is 0.7804
inch and the minimum pitch diameter of the nose-piece is 0.7822 inch. The dimensions are
as follows:

The Royal Photographic Society Standard Screw Thread ranges from 1-inch diameter
upward. For screws less than 1 inch, the Microscopical Society Standard is used. The Brit-
ish Association thread is another thread system employed on instruments abroad.
American Microscope Objective Thread (AMO).—The standard, ANSI B1.11-1958
(R2011), describes the American microscope objective thread, AMO, the screw thread
form used for mounting a microscope objective assembly to the body or lens turret of a
microscope. This screw thread is also recommended for other microscope optical assem-

Designa-
tion

Number
Pitch,
mm

Depth of
Thread,

mm

Bolt and Nut

Radius,
mm

Threads
per Inch
(approx.)

Major Diameter,
mm

Effective 
Diameter, mm

Minor
Diameter, mm

0 1.0000 0.600 6.00 5.400 4.80 0.1808 25.4
1 0.9000 0.540 5.30 4.760 4.22 0.1627 28.2
2 0.8100 0.485 4.70 4.215 3.73 0.1465 31.4
3 0.7300 0.440 4.10 3.660 3.22 0.1320 34.8
4 0.6600 0.395 3.60 3.205 2.81 0.1193 38.5
5 0.5900 0.355 3.20 2.845 2.49 0.1067 43.0
6 0.5300 0.320 2.80 2.480 2.16 0.0958 47.9
7 0.4800 0.290 2.50 2.210 1.92 0.0868 52.9
8 0.4300 0.260 2.20 1.940 1.68 0.0778 59.1
9 0.3900 0.235 1.90 1.665 1.43 0.0705 65.1

10 0.3500 0.210 1.70 1.490 1.28 0.0633 72.6
11 0.3100 0.185 1.50 1.315 1.13 0.0561 82.0
12 0.2800 0.170 1.30 1.130 0.96 0.0506 90.7
13 0.2500 0.150 1.20 1.050 0.90 0.0452 102
14 0.2300 0.140 1.00 0.860 0.72 0.0416 110
15 0.2100 0.125 0.90 0.775 0.65 0.0380 121
16 0.1900 0.115 0.79 0.675 0.56 0.0344 134

Class or Fit

Tolerance (+ for nuts, − for bolts)

Major Dia. Effective Dia. Minor Dia.

Bolts

Close Class 0 to 10 BA incl. 0.15p mm 0.08p + 0.02 mm 0.16p + 0.04 mm

Normal Class 0 to 10 BA incl. 0.20p mm 0.10p + 0.025 mm 0.20p + 0.05 mm

Normal Class 11 to 16 BA incl. 0.25p mm 0.10p + 0.025 mm 0.20p + 0.05 mm

Nuts All Classes 0.12p + 0.03 mm 0.375p mm

Male thread outside dia. max., 0.7982 inch min., 0.7952 inch
root dia. max., 0.7626 inch min., 0.7596 inch

Female thread root of thread max,. 0.7674 inch min., 0.7644 inch
top of thread max., 0.8030 inch min., 0.8000 inch
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bles as well as related applications such as photomicrographic equipment. It is based on,
and intended to be interchangeable with, the screw thread produced and adopted many
years ago by the Royal Microscopical Society of Great Britain, generally known as the
RMS thread. While the standard is almost universally accepted as the basic standard for
microscope objective mountings, formal recognition has been extremely limited.

The basic thread possesses the overall British Standard Whitworth form. (See Whitworth
Standard Thread Form starting on page 1953). However, the actual design thread form
implementation is based on the WWII era ASA B1.6-1944 “Truncated Whitworth Form”
in which the rounded crests and roots are removed. ASA B1.6-1944 was withdrawn in
1951, however,  ANSI B1.11-1958 (R2011) is still active for new design.

Design Requirements of Microscope Objective Threads: Due to the inherent longevity
of optical equipment and the repeated use to which the objective threads are subjected, the
following factors should be considered when designing microscope objective threads:

Adequate clearance to afford protection against binding due to the presence of foreign
particles or minor crest damage.

Sufficient depth of thread engagement to assure security in the short lengths of engage-
ment commonly encountered.

Allowances for limited eccentricities so that centralization and squareness of the objec-
tive are not influenced by such errors in manufacture.

Deviation from the Truncated Whitworth Thread Form: Although ANSI B1.11-1958
(R2011) is based on the withdrawn ASA B1.6-1944 truncated Whitworth standard, the
previously described design requirements necessitate a deviation from the truncated Whit-
worth thread form. Some of the more significant modifications are:

A larger allowance on the pitch diameter of the external thread.
Smaller tolerances on the major diameter of the external thread and minor diameter of the

internal thread.
The provision of allowances on the major and minor diameters of the external thread.

Thread Overview: The thread is a single start type. There is only one class of thread based
on a basic major diameter of 0.800 in. and a pitch, p, of 0.027778 inch (36 threads per inch).
The AMO thread shall be designated on drawings, tools and gages as “0.800-36 AMO.”
Thread nomenclature, definitions and terminology are based on ANSI B1.7-1965
(R1972), “Nomenclature, Threads, and Letter Symbols for Screw Threads.” 

It should also be noted that ISO 8038-1:1997 “Screw threads for objectives and related
nosepieces” is also based on the 0.800 inch, 36 tpi RMS thread form.

Tolerances and Allowances: Tolerances are given in Table 2. A positive allowance
(minimum clearance) of 0.0018 in. is provided for the pitch diamter E, major diameter D,
and minor  diameter, K

If interchangeability with full-form Whitworth threads is not required, the allowances for
the major and minor diameters are not necessary, because the forms at the root and crest are
truncated. In these cases, either both limits or only the maximum limit of the major and
minor diameters may be increased by the amount of the allowance, 0.0018 inch.

Lengths of Engagement: The tolerances specified in Table 2 are applicable to lengths of
engagement ranging from 1⁄8 in. to 3⁄8 inch, approximately 15% to 50% of the basic diameter.
Microscope objective assembles generally have a length of engagement of 1⁄8 inch. Lengths
exceeding these limits are seldom employed and not covered in this standard.

Gage testing: Recommended ring and plug testing gage dimensions for the 0.800-36
AMO thread size can be found in ANSI B1.11-1958 (R2011), Appendix.

Dimensional Terminology: Because the active standard ANSI B1.11-1958 (R2011) is
based on the withdrawn ASA Truncated Whitworth standard, dimensional nomenclature
is described below.
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Tolerances, Allowances and Crest Clearances for Microscope Objective Thread (AMO)
ANSI B1.11-1958 (R2011) 

Table 1. Definitions, Formulas, Basic and Design Dimensions
 ANSI B1.11-1958 (R2011) 

Symbol Property Formula Dimension

Basic Thread Form

α Half angle of thread … 27°30’

2α Included angle of thread … 55°00’

n Number of threads per inch … 36

p Pitch 1/n 0.027778

H Height of fundamental triangle 0.960491p 0.026680

hb Height of basic thread 0.640327p 0.0178

r
Radius at crest and root of British Standard 
Whitworth basic thread (not used) 0.137329p 0.0038

The Dotted Line Indicates the Full Form 
British Whitworth Thread on Which the
Royal Microscopical Society Thread is Based

Internal Thread  
       (Nut)

1/2 Major Diameter Allowance on
External Thread

1/2 Major Diameter Tolerance on
External Thread

1/2 PD Tolerance on External Thread

1/2 Tolerance (External Thread Only)

1/2 PD Tolerance On External Thread

1/2 Minor Diameter
Tolerance on
 Internal Thread

External Thread 
      (Screw)
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All dimensions are in inches.

Table 2. Limits of Size and Tolerances — 0.800-36 AMO Thread
 ANSI B1.11-1958 (R2011) 

Tolerances on the internal thread are applied in a plus direction from the basic and design size and
tolerances on the external thread are applied in a minus direction from its design (maximum material)
size.

All dimensions are in inches.

Swiss Screw Thread.—This is a thread system originated in Switzerland as a standard for
screws used in watch and clock making. The angle between the two sides of the thread is 47
degrees 30 minutes, and the top and bottom of the thread are rounded. This system has been
adopted by the British Association as a standard for small screws, and is known as the Brit-
ish Association thread. See British Association Standard Thread (BA) on page 1981.

Design Thread Form

k Height of truncated Whitworth thread hb - U = 0.566410p 0.0157

Fc Width of flat at crest 0.243624p 0.0068

Fr Width of flat at root 0.166667p 0.0046

U
Basic truncation of crest from basic Whitworth 
form 0.073917p 0.00205

Basic and Design Sizes

D Major diameter, nominal and basic … 0.800

Dn Major diameter of internal thread D 0.800

Ds Major diameter of external threada D - 2U - G 0.7941

E Pitch (effective) diameter, basic D - hb 0.7822

En Pitch (effective) diameter of internal thread D - hb 0.7822

Es Pitch (effective) diameter of external threadb D - hb - G 0.7804

K Minor diameter, basic D - 2hb 0.7644

Kn Minor diameter of internal thread D - 2k 0.7685

Ks Minor diameter of external threada D - 2hb - G 0.7626

G Allowance at pitch (effective) diametera, b … 0.0018

a An allowance equal to that on the pitch diameter is also provided on the major and minor diameters
of the external thread for additional clearance and centralizing. 

b Allowance (minimum clearance) on pitch (effective) diameter is the same as the British RMS
thread.

Element
Major Diameter, D Pitch Diameter, E Minor Diameter, K

Max. Min. Tol. Max. Min. Tol. Max. Min. Tol.

External thread 0.7941 0.7911 0.0030 0.7804 0.7774 0.0030 0.7626 0.7552a

a Extreme minimum minor diameter produced by a new threading tool having a minimum flat of
p ⁄12 = 0.0023 inch. This minimum diameter is not controlled by gages but by the form of the threading
tool.

…

Internal thread 0.8092b

b Extreme maximum major diameter produced by a new threading tool having a minimum flat of
p ⁄20 = 0.0014 inch. This maximum diameter is not controlled by gages but by the form of the thread-
ing tool. 

0.8000 … 0.7852 0.7822 0.0030 0.7715 0.7865 0.0030

Table 1. (Continued) Definitions, Formulas, Basic and Design Dimensions
 ANSI B1.11-1958 (R2011) 

Symbol Property Formula Dimension
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Historical and Miscellaneous Threads

Aero-Thread.—The name “Aero-thread” has been applied to a patented screw thread
system that is specially applicable in cases where the nut or internally threaded part is made
from a soft material, such as aluminum or magnesium alloy, for the sake of obtaining light-
ness, as in aircraft construction, and where the screw is made from a high-strength steel to
provide strength and good wearing qualities. The nut or part containing the internal thread
has a 60-degree truncated form of thread. See Fig. 1. The screw, or stud, is provided with a
semi-circular thread form, as shown. Between the screw and the nut there is an intermedi-
ary part known as a thread lining or insert, which is made in the form of a helical spring, so
that it can be screwed into the nut. The stud, in turn, is then screwed into the thread formed
by the semicircular part of the thread insert. When the screw is provided with a V-form of
thread, like the American Standard, frequent loosening and tightening of the screw would
cause rapid wear of the softer metal from which the nut is made; furthermore, all the
threads might not have an even bearing on the mating threads. By using a thread insert
which is screwed into the nut permanently, and which is made from a reasonably hard
material like phosphor bronze, good wearing qualities are obtained. Also, the bearing or
load is evenly distributed over all the threads of the nut since the insert, being in the form of
a spring, can adjust itself to bear on all of the thread surfaces.

Fig. 1. The Basic Thread Form Used in the Aero-Thread System

Briggs Pipe Thread.—The Briggs pipe thread (now known as the American Standard) is
used for threaded pipe joints and is the standard for this purpose in the United States. It
derives its name from Robert Briggs.

Casing Thread.—The standard casing thread of the American Petroleum Institute has an
included angle of 60 degrees and a taper of 3⁄4 inch per foot.

The fourteen casing sizes listed in the 1942 revision have outside diameters ranging from
41⁄2 to 20 inches. All sizes have 8 threads per inch.

Rounded Thread Form: Threads for casing sizes up to 133⁄8 inches, inclusive, have
rounded crests and roots, and the depth, measured perpendicular to the axis of the pipe,
equals 0.626 × pitch − 0.007 = 0.07125 inch.

Truncated Form: Threads for the 16-and 20-inch casing sizes have flat crests and roots.
The depth equals 0.760 × pitch = 0.0950 inch. This truncated form is designated in the
A.P.I. Standard as a “sharp thread.”
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Cordeaux Thread.—The Cordeaux screw thread derives its name from John Henry
Cordeaux, an English telegraph inspector who obtained a patent for this thread in 1877.
This thread is used for connecting porcelain insulators with their stalks by means of a
screw thread on the stalk and a corresponding thread in the insulator. The thread is approx-
imately a Whitworth thread, 6 threads per inch, the diameters most commonly used being
5⁄8 or 3⁄4 inch outside diameter of thread; 5⁄8 inch is almost universally used for telegraph pur-
poses, while a limited number of 3⁄4-inch sizes are used for large insulators.

Dardelet Thread.—The Dardelet patented self-locking thread is designed to resist vibra-
tions and remain tight without auxiliary locking devices. The locking surfaces are the
tapered root of the bolt thread and the tapered crest of the nut thread. The nut is free to turn
until seated tightly against a resisting surface, thus causing it to shift from the free position
(indicated by dotted lines) to the locking position. The locking is due to a wedging action
between the tapered crest of the nut thread and the tapered root or binding surface of the
bolt thread. This self-locking thread is also applied to set-screws and cap-screws. The
holes must, of course, be threaded with Dardelet taps. The abutment sides of the Dardelet
thread carry the major part of the tensile load. The nut is unlocked simply by turning it
backward with a wrench. The Dardelet thread can either be cut or rolled, using standard
equipment provided with tools, taps, dies, or rolls made to suit the Dardelet thread profile.
The included thread angle is 29 degrees; depth E  = 0.3P; maximum axial movement = 0.28
P. The major internal thread diameter (standard series) equals major external thread diam-
eter plus 0.003 inch except for 1⁄4-inch size which is plus 0.002 inch. The width of both
external and internal threads at pitch line equals 0.36 P.

“Drunken” Thread.—A “drunken” thread, according to prevalent usage of this expres-
sion by machinists, etc., is a thread that does not coincide with a true helix or advance uni-
formly. This irregularity in a taper thread may be due to the fact that in taper turning with
the tailstock set over, the work does not turn with a uniform angular velocity, while the cut-
ting tool is advancing along the work longitudinally with a uniform linear velocity. The
change in the pitch and the irregularity of the thread is so small as to be imperceptible to the
eye, if the taper is slight, but as the tapers increase to, say, 3⁄4 inch per foot or more, the errors
become more pronounced. To avoid this defect, a taper attachment should be used for taper
thread cutting.

Echols Thread.—Chip room is of great importance in machine taps and tapper taps where
the cutting speed is high and always in one direction. The tap as well as the nut to be
threaded is liable to be injured, if ample space for the chips to pass away from the cutting
edges is not provided. A method of decreasing the number of cutting edges, as well as
increasing the amount of chip room, is embodied in the “Echols thread,” where every alter-
nate tooth is removed. If a tap has an even number of flutes, the removal of every other
tooth in the lands will be equivalent to the removal of the teeth of a continuous thread. It is,
therefore, necessary that taps provided with this thread be made with an odd number of
lands, so that removing the tooth in alternate lands may result in removing every other
tooth in each individual land. Machine taps are often provided with the Echols thread.

French Thread (S.F.).—The French thread has the same form and proportions as the
American Standard (formerly U. S. Standard). This French thread is being displaced grad-
ually by the International Metric Thread System.

Harvey Grip Thread.—The characteristic feature of this thread is that one side inclines
44 degrees from a line at right angles to the axis, whereas the other side has an inclination
of only 1 degree. This form of thread is sometimes used when there is considerable resis-
tance or pressure in an axial direction and when it is desirable to reduce the radial or burst-
ing pressure on the nut as much as possible. See BUTTRESS THREADS.
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Lloyd & Lloyd Thread.—The Lloyd & Lloyd screw thread is the same as the regular
Whitworth screw thread in which the sides of the thread form an angle of 55 degrees with
one another. The top and bottom of the thread are rounded.

Lock-Nut Pipe Thread.—The lock-nut pipe thread is a straight thread of the largest
diameter which can be cut on a pipe. Its form is identical with that of the American or
Briggs standard taper pipe thread. In general, “Go” gages only are required. These consist
of a straight-threaded plug representing the minimum female lock-nut thread, and a
straight-threaded ring representing the maximum male lock-nut thread. This thread is used
only to hold parts together, or to retain a collar on the pipe. It is never used where a tight
threaded joint is required.

Philadelphia Carriage Bolt Thread.—This is a screw thread for carriage bolts which is
somewhat similar to a square thread, but having rounded corners at the top and bottom. The
sides of the thread are inclined to an inclusive angle of 31⁄2 degrees. The width of the thread
at the top is 0.53 times the pitch.

SAE Standard Screw Thread.—The screw thread standard of the Society of Automo-
tive Engineers (SAE) is intended for use in the automotive industries of the United States.
The SAE Standard includes a Coarse series, a Fine series, an 8-thread series, a 12-thread
series, a 16-thread series, an Extra-fine series, and a Special-pitch series. The Coarse and
Fine series, and also the 8-, 12- and 16-thread series, are exactly the same as corresponding
series in the American Standard. The Extra-fine and Special-pitch series are SAE Stan-
dards only.

The American Standard thread form (or the form previously known as the U. S. Standard)
is applied to all SAE Standard screw threads. The Extra-fine series has a total of six pitches
ranging from 32 down to 16 threads per inch. The 16 threads per inch in the Extra-fine
series, applies to all diameters from 13⁄4 up to 6 inches. This Extra-fine series is intended for
use on relatively light sections; on parts requiring fine adjustment; where jar and vibration
are important factors; when the thickness of a threaded section is relatively small as in tub-
ing, and where assembly is made without the use of wrenches.

The SAE Special pitches include some which are finer than any in the Extra-fine series.
The special pitches apply to a range of diameters extending from No. 10 (0.1900 inch) up
to 6 inches. Each diameter has a range of pitches varying from five to eight. For example, a
1⁄4 - inch diameter has six pitches ranging from 24 to 56 threads per inch, whereas a 6-inch
diameter has eight pitches ranging from 4 to 16 threads per inch. These various SAE Stan-
dard series are intended to provide adequate screw thread specifications for all uses in the
automotive industries.

Sellers Screw Thread.—The Sellers screw thread, later known as the ‘United States stan-
dard thread,” and now as the “American Standard,” is the most commonly used screw
thread in the United States. It was originated by William Sellers, of Philadelphia, and first
proposed by him in a paper read before the Franklin Institute, in April, 1864. In 1868, it was
adopted by the United States Navy and has since become the generally accepted standard
screw thread in the United States.

Worm Threads.—The included angle of worm threads range from 29° to 60°; for single-
threaded worms 29° is common; multiple-threaded type must have larger helix and thread
angles to avoid excessive under-cutting in hobbing the worm-wheel teeth. AGMA recom-
mends 40° included thread angle for triple- and quadruple-thread worms, but many speed
reducers and transmissions have 60° thread angles. The 29° angle is the same as the Acme
thread, but worm thread depth is greater and widths of the flats at the top and bottom are
less. If lead angle is larger than 20°, an increase in included thread angle is desirable. Worm
gearing reaches maximum efficiency when lead angle is 45°, thus explaining the 60°
thread angle. Thread parts of a 29° worm thread are: p = pitch; d = depth of thread =
0.6866p; t = width, top of thread = 0.335p; b = width, bottom of thread = 0.310p.
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MEASURING SCREW THREADS

Measuring Screw Threads

Pitch and Lead of Screw Threads.—The pitch of a screw thread is the distance from the
center of one thread to the center of the next thread. This applies no matter whether the
screw has a single, double, triple or quadruple thread. The lead of a screw thread is the dis-
tance the nut will move forward on the screw if it is turned around one full revolution. In a
single-threaded screw, the pitch and lead are equal, because the nut would move forward
the distance from one thread to the next, if turned around once. In a double-threaded screw,
the nut will move forward two threads, or twice the pitch, so that in this case the lead equals
twice the pitch. In a triple-threaded screw, the lead equals three times the pitch, and so on.

The word “pitch” is often, although improperly, used to denote the number of threads per
inch. Screws are spoken of as having a 12-pitch thread, when twelve threads per inch is
what is really meant. The number of threads per inch equals 1 divided by the pitch, or
expressed as a formula:

The pitch of a screw equals 1 divided by the number of threads per inch, or:

If the number of threads per inch equals 16, the pitch = 1⁄16. If the pitch equals 0.05, the
number of threads equals 1 ÷ 0.05 = 20. If the pitch is 2⁄5 inch, the number of threads per inch
equals 1 ÷ 2⁄5 = 2 1⁄2.

Confusion is often caused by the indefinite designation of multiple-thread screws (dou-
ble, triple, quadruple, etc.). The expression, “four threads per inch, triple,” for example, is
not to be recommended. It means that the screw is cut with four triple threads or with
twelve threads per inch, if the threads are counted by placing a scale alongside the screw.
To cut this screw, the lathe would be geared to cut four threads per inch, but they would be
cut only to the depth required for twelve threads per inch. The best expression, when a mul-
tiple-thread is to be cut, is to say, in this case, “1⁄4 inch lead, 1⁄12 inch pitch, triple thread.” For
single-threaded screws, only the number of threads per inch and the form of the thread are
specified. The word “single” is not required.

Measuring Screw Thread Pitch Diameters by Thread Micrometers.—As the pitch or
angle diameter of a tap or screw is the most important dimension, it is necessary that the
pitch diameter of screw threads be measured, in addition to the outside diameter. 

Fig. 1. 

One method of measuring in the angle of a thread is by means of a special screw thread
micrometer, as shown in the accompanying engraving, Fig. 1. The fixed anvil is W-shaped
to engage two thread flanks, and the movable point is cone-shaped so as to enable it to enter
the space between two threads, and at the same time be at liberty to revolve. The contact

Number of threads per inch 1
pitch
------------=

Pitch 1
number of threads per inch
----------------------------------------------------------------=
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points are on the sides of the thread, as they necessarily must be in order that the pitch diam-
eter may be determined. The cone-shaped point of the measuring screw is slightly rounded
so that it will not bear in the bottom of the thread. There is also sufficient clearance at the
bottom of the V-shaped anvil to prevent it from bearing on the top of the thread. The mov-
able point is adapted to measuring all pitches, but the fixed anvil is limited in its capacity.
To cover the whole range of pitches, from the finest to the coarsest, a number of fixed
anvils are therefore required.

To find the theoretical pitch diameter, which is measured by the micrometer, subtract
twice the addendum of the thread from the standard outside diameter. The addendum of the
thread for the American and other standard threads is given in the section on screw thread
systems.

Ball-point Micrometers.—If standard plug gages are available, it is not necessary to
actually measure the pitch diameter, but merely to compare it with the standard gage. In
this case, a ball-point micrometer, as shown in Fig. 2, may be employed. Two types of ball-
point micrometers are ordinarily used. One is simply a regular plain micrometer with ball
points made to slip over both measuring points. (See B, Fig. 2.) This makes a kind of com-
bination plain and ball-point micrometer, the ball points being easily removed. These ball
points, however, do not fit solidly on their seats, even if they are split, as shown, and are apt
to cause errors in measurements. The best, and, in the long run, the cheapest, method is to
use a regular micrometer arranged as shown at A. Drill and ream out both the end of the
measuring screw or spindle and the anvil, and fit ball points into them as shown. Care
should be taken to have the ball point in the spindle run true. The holes in the micrometer
spindle and anvil and the shanks on the points are tapered to insure a good fit. The hole H in
spindle G is provided so that the ball point can be easily driven out when a change for a
larger or smaller size of ball point is required.

Fig. 2. 

A ball-point micrometer may be used for comparing the angle of a screw thread, with that
of a gage. This can be done by using different sizes of ball points, comparing the size first
near the root of the thread, then (using a larger ball point) at about the point of the pitch
diameter, and finally near the top of the thread (using in the latter case, of course, a much
larger ball point). If the gage and thread measurements are the same at each of the three
points referred to, this indicates that the thread angle is correct.

Measuring Screw Threads by Three-wire Method.—The effective or pitch diameter of
a screw thread may be measured very accurately by means of some form of micrometer
and three wires of equal diameter. This method is extensively used in checking the accu-
racy of threaded plug gages and other precision screw threads. Two of the wires are placed
in contact with the thread on one side and the third wire in a position diametrically opposite
as illustrated by the diagram, (see  table “Formulas for Checking Pitch Diameters of Screw
Threads on page 1995”) and the dimension over the wires is determined by means of a
micrometer. An ordinary micrometer is commonly used but some form of “floating
micrometer” is preferable, especially for measuring thread gages and other precision
work. The floating micrometer is mounted upon a compound slide so that it can move
freely in directions parallel or at right angles to the axis of the screw, which is held in a hor-
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izontal position between adjustable centers. With this arrangement the micrometer is held
constantly at right angles to the axis of the screw so that only one wire on each side may be
used instead of having two on one side and one on the other, as is necessary when using an
ordinary micrometer. The pitch diameter may be determined accurately if the correct
micrometer reading for wires of a given size is known.

Classes of Formulas for Three-Wire Measurement.—Various formulas have been
established for checking the pitch diameters of screw threads by measurement over wires
of known size. These formulas differ with regard to their simplicity or complexity and
resulting accuracy. They also differ in that some show what measurement M over the wires
should be to obtain a given pitch diameter E, whereas others show the value of the pitch
diameter E for a given measurement M.

Formulas for Finding Measurement M:  In using a formula for finding the value of mea-
surement M, the required pitch diameter E is inserted in the formula. Then, in cutting or
grinding a screw thread, the actual measurement M is made to conform to the calculated
value of M. Formulas for finding measurement M may be modified so that the basic major
or outside diameter is inserted in the formula instead of the pitch diameter; however, the
pitch-diameter type of formula is preferable because the pitch diameter is a more important
dimension than the major diameter.

Formulas for Finding Pitch Diameters E: Some formulas are arranged to show the value
of the pitch diameter E when measurement M is known. Thus, the value of M is first deter-
mined by measurement and then is inserted in the formula for finding the corresponding
pitch diameter E. This type of formula is useful for determining the pitch diameter of an
existing thread gage or other screw thread in connection with inspection work. The for-
mula for finding measurement M is more convenient to use in the shop or tool room in cut-
ting or grinding new threads, because the pitch diameter is specified on the drawing and the
problem is to find the value of measurement M for obtaining that pitch diameter.

General Classes of Screw Thread Profiles.—Thread profiles may be divided into three
general classes or types as follows:

Screw Helicoid: Represented by a screw thread having a straight-line profile in the axial
plane. Such a screw thread may be cut in a lathe by using a straight-sided single-point
tool, provided the top surface lies in the axial plane.

Involute Helicoid: Represented either by a screw thread or a helical gear tooth having an
involute profile in a plane perpendicular to the axis. A rolled screw thread, theoretically
at least, is an exact involute helicoid.

Intermediate Profiles: An intermediate profile that lies somewhere between the screw
helicoid and the involute helicoid will be formed on a screw thread either by milling or
grinding with a straight-sided wheel set in alignment with the thread groove. The
resulting form will approach closely the involute helicoid form. In milling or grinding
a thread, the included cutter or wheel angle may either equal the standard thread angle
(which is always measured in the axial plane) or the cutter or wheel angle may be
reduced to approximate, at least, the thread angle in the normal plane. In practice, all
these variations affect the three-wire measurement.

Accuracy of Formulas for Checking Pitch Diameters by Three-Wire Method.—The
exact measurement M for a given pitch diameter depends upon the lead angle, the thread
angle, and the profile or cross-sectional shape of the thread. As pointed out in the preceding
paragraph, the profile depends upon the method of cutting or forming the thread. In a
milled or ground thread, the profile is affected not only by the cutter or wheel angle, but
also by the diameter of the cutter or wheel; hence, because of these variations, an abso-
lutely exact and reasonably simple general formula for measurement M cannot be estab-
lished; however, if the lead angle is low, as with a standard single-thread screw, and
especially if the thread angle is high like a 60-degree thread, simple formulas that are not
arranged to compensate for the lead angle are used ordinarily and meet most practical
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requirements, particularly in measuring 60-degree threads. If lead angles are large enough
to greatly affect the result, as with most multiple threads (especially Acme or 29-degree
worm threads), a formula should be used that compensates for the lead angle sufficiently to
obtain the necessary accuracy.

The formulas that follow include 1) a very simple type in which the effect of the lead
angle on measurement M is entirely ignored. This simple formula usually is applicable to
the measurement of 60-degree single-thread screws, except possibly when gage-making
accuracy is required;  2) formulas that do include the effect of the lead angle but, neverthe-
less, are approximations and not always suitable for the higher lead angles when extreme
accuracy is required;  and  3) formulas for the higher lead angles and the most precise
classes of work.

Where approximate formulas are applied consistently in the measurement of both thread
plug gages and the thread “setting plugs” for ring gages, interchangeability might be
secured, assuming that such approximate formulas were universally employed.

Wire Sizes for Checking Pitch Diameters of Screw Threads.—In  checking  screw
threads by the 3-wire method, the general practice is to use measuring wires of the so-
called “best size.” The “best-size” wire is one that contacts at the pitch line or midslope of
the thread because then the measurement of the pitch diameter is least affected by an error
in the thread angle. In the following formula for determining approximately the “best-size”
wire or the diameter for pitch-line contact, A = one-half included angle of thread in the
axial plane.

For 60-degree threads, this formula reduces to

Diameters of Wires for Measuring American Standard and 
British Standard Whitworth Screw Threads

Threads
per Inch

Pitch,
Inch

Wire Diameters for American Standard Threads Wire Diameters for Whitworth Standard Threads

Max. Min.
Pitch-Line

Contact Max. Min.
Pitch-Line

Contact

4 0.2500 0.2250 0.1400 0.1443 0.1900 0.1350 0.1409

41⁄2 0.2222 0.2000 0.1244 0.1283 0.1689 0.1200 0.1253

5 0.2000 0.1800 0.1120 0.1155 0.1520 0.1080 0.1127

51⁄2 0.1818 0.1636 0.1018 0.1050 0.1382 0.0982 0.1025

6 0.1667 0.1500 0.0933 0.0962 0.1267 0.0900 0.0939
7 0.1428 0.1283 0.0800 0.0825 0.1086 0.0771 0.0805
8 0.1250 0.1125 0.0700 0.0722 0.0950 0.0675 0.0705
9 0.1111 0.1000 0.0622 0.0641 0.0844 0.0600 0.0626
10 0.1000 0.0900 0.0560 0.0577 0.0760 0.0540 0.0564
11 0.0909 0.0818 0.0509 0.0525 0.0691 0.0491 0.0512
12 0.0833 0.0750 0.0467 0.0481 0.0633 0.0450 0.0470
13 0.0769 0.0692 0.0431 0.0444 0.0585 0.0415 0.0434
14 0.0714 0.0643 0.0400 0.0412 0.0543 0.0386 0.0403
16 0.0625 0.0562 0.0350 0.0361 0.0475 0.0337 0.0352
18 0.0555 0.0500 0.0311 0.0321 0.0422 0.0300 0.0313
20 0.0500 0.0450 0.0280 0.0289 0.0380 0.0270 0.0282
22 0.0454 0.0409 0.0254 0.0262 0.0345 0.0245 0.0256
24 0.0417 0.0375 0.0233 0.0240 0.0317 0.0225 0.0235
28 0.0357 0.0321 0.0200 0.0206 0.0271 0.0193 0.0201
32 0.0312 0.0281 0.0175 0.0180 0.0237 0.0169 0.0176
36 0.0278 0.0250 0.0156 0.0160 0.0211 0.0150 0.0156
40 0.0250 0.0225 0.0140 0.0144 0.0190 0.0135 0.0141

Best-size wire 0.5 pitch×
Acos

------------------------- 0.5 pitch Asec×= =

Best-size wire 0.57735 pitch×=
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These formulas are based upon a thread groove of zero lead angle because ordinary vari-
ations in the lead angle have little effect on the wire diameter and it is desirable to use one
wire size for a given pitch regardless of the lead angle. A theoretically correct solution for
finding the exact size for pitch-line contact involves the use of cumbersome indeterminate
equations with solution by successive trials. The accompanying table gives the wire sizes
for both American Standard (formerly, U.S. Standard) and the Whitworth Standard
Threads. The following formulas for determining wire diameters do not give the extreme
theoretical limits, but the smallest and largest practicable sizes. The diameters in the table
are based upon these approximate formulas.

Measuring Wire Accuracy.—A set of three measuring wires should have the same diam-
eter within 0.0002 (5.08 µm) inch. To measure the pitch diameter of a screw-thread gage to
an accuracy of 0.0001 inch (2.54 µm) by means of wires, it is necessary to know the wire
diameters to 0.00002 (0.51 µm) inch. If the diameters of the wires are known only to an
accuracy of 0.0001 (2.54 µm) inch, an accuracy better than 0.0003 (7.62 µm) inch in the
measurement of pitch diameter cannot be expected. The wires should be accurately fin-
ished hardened steel cylinders of the maximum possible hardness without being brittle.
The hardness should not be less than that corresponding to a Knoop indentation number of
630. A wire of this hardness can be cut with a file only with difficulty. The surface should
not be rougher than the equivalent of a deviation of 3 microinches (0.0762 µm) from a true
cylindrical surface.

Measuring or Contact Pressure.—In measuring screw threads or screw-thread gages by
the 3-wire method, variations in contact pressure will result in different readings. The
effect of a variation in contact pressure in measuring threads of fine pitches is indicated by
the difference in readings obtained with pressures of 2 and 5 pounds (0.91 and 2.27 kg) in
checking a thread plug gage having 24 threads per inch. The reading over the wires with 5
pounds (2.27 kg) pressure was 0.00013 inch (3.302 µm) less than with 2 pounds (0.91 kg)
pressure. For pitches finer than 20 threads per inch (0.05 inch or 1.27 mm pitch), a pressure
of 16 ounces (0.45 kg) is recommended by the National Bureau of Standards, now National
Institute of Standards and Technology (NIST). For pitches of 20 threads per inch and
coarser, a pressure of 2 1⁄2 pounds (1.13 kg) is recommended.

For Acme threads, the wire presses against the sides of the thread with a pressure of
approximately twice that of the measuring instrument. To limit the tendency of the wires to
wedge in between the sides of an Acme thread, it is recommended that pitch-diameter mea-
surements be made at 1 pound on 8 threads per inch and finer, and at 2 1⁄2 pounds for pitches
coarser than 8 threads per inch (0.125 inch or 3.175 mm pitch).

Approximate Three-Wire Formulas That Do Not Compensate for Lead Angle.—A
general formula in which the effect of lead angle is ignored is as follows (see  accompany-
ing notation used in formulas):

(1)

This formula can be simplified for any given thread angle and pitch. To illustrate,
because T = 0.5P, M = E − 0.5P cot 30° + W(1 + 2), for a 60-degree thread, such as the
American Standard,

American Standard

Smallest wire diameter = 0.56 × pitch

Largest wire diameter = 0.90 × pitch

Diameter for pitch-line contact = 0.57735 × pitch

Whitworth

Smallest wire diameter = 0.54 × pitch

Largest wire diameter = 0.76 × pitch

Diameter for pitch-line contact = 0.56369 × pitch

M E T Acot W 1 Acsc+( )+–=
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The accompanying table contains these simplified formulas for different standard
threads. Two formulas are given for each. The upper one is used when the measurement
over wires, M, is known and the corresponding pitch diameter, E, is required; the lower for-
mula gives the measurement M for a specified value of pitch diameter. These formulas are
sufficiently accurate for checking practically all standard 60-degree single-thread screws
because of the low lead angles, which vary from 1° 11 ′ to 4° 31 ′ in the American Standard
Coarse-Thread Series.

Bureau of Standards (now NIST) General Formula.—Formula (2), which follows,
compensates quite largely for the effect of the lead angle. It is from the National Bureau of
Standards Handbook H 28 (1944), now FED-STD-H28. The formula, however, as here
given has been arranged for finding the value of M (instead of E).

(2)

This expression is also found in ANSI/ASME B1.2-1983 (R2007). The Bureau of Stan-
dards uses Formula (2) in preference to Formula (1) when the value of 0.5W tan2 B cos A
cot A exceeds 0.00015, with the larger lead angles. If this test is applied to American Stan-
dard 60-degree threads, it will show that Formula (1) is generally applicable; but for 29-
degree Acme or worm threads, Formula (2) (or some other that includes the effect of lead
angle) should be employed.

Notation Used in Formulas for Checking Pitch Diameters by Three-Wire Method

A =one-half included thread angle in the axial plane

An =one-half included thread angle in the normal plane or in plane perpendicular to sides
of thread = one-half included angle of cutter when thread is milled (tan An = tan A ×
cos B). (Note: Included angle of milling cutter or grinding wheel may equal the nom-
inal included angle of thread, or may be reduced to whatever normal angle is required
to make the thread angle standard in the axial plane. In either case, An = one-half cutter
angle.)

B =lead angle at pitch diameter = helix angle of thread as measured from a plane perpen-
dicular to the axis, tan B = L ÷ 3.1416E

D =basic major or outside diameter

E =pitch diameter (basic, maximum, or minimum) for which M is required, or pitch
diameter corresponding to measurement M

F =angle required in Formulas (4b), (4d), and (4e)

G =angle required in Formula (4)

H =helix angle at pitch diameter and measured from axis = 90° − B or tan H = cot B

Hb =helix angle at Rb measured from axis

L =lead of thread = pitch P × number of threads S

M =dimension over wires

P =pitch = 1 ÷ number of threads per inch

Rb =radius required in Formulas (4) and (4e)

S =number of “starts” or threads on a multiple-threaded worm or screw

T =0.5 P = width of thread in axial plane at diameter E

Ta =arc thickness on pitch cylinder in plane perpendicular to axis

W =wire or pin diameter

M E 0.866025P 3W+–=

M E T Acot W 1 Acsc 0.5 B
2

tan A Acotcos+ +( )+–=
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Formulas for Checking Pitch Diameters of Screw Threads

Why Small Thread Angle Affects Accuracy of Three-Wire Measurement.—In mea-
suring or checking Acme threads, or any others having a comparatively small thread angle
A, it is particularly important to use a formula that compensates largely, if not entirely, for
the effect of the lead angle, especially in all gage and precision work. The effect of the lead
angle on the position of the wires and upon the resulting measurement M is much greater in
a 29-degree thread than in a higher thread angle such, for example, as a 60-degree thread.
This effect results from an increase in the cotangent of the thread angle as this angle
becomes smaller. The reduction in the width of the thread groove in the normal plane due

 The formulas below do not compensate for the effect of the lead 
angle upon measurement M, but they are sufficiently accurate for 
checking standard single-thread screws unless exceptional accuracy 
is required. See  accompanying information on effect of lead angle; 
also matter relating to measuring wire sizes, accuracy required for 
such wires, and contact or measuring pressure. 

The approximate best wire size for pitch-line contact may be 
obtained by the formula

For 60-degree threads, W = 0.57735 × pitch.

Form of
Thread

Formulas for determining measurement M corresponding to correct pitch diame-
ter and the pitch diameter E corresponding to a given measurement over wires.a

a The wires must be lapped to a uniform diameter and it is very important to insert in the rule or for-
mula the wire diameter as determined by precise means of measurement. Any error will be multiplied.
See  paragraph on Wire Sizes for Checking Pitch Diameters of Screw Threads on page 1992.

American
National
Standard
Unified

When measurement M is known, 

When pitch diameter E is used in formula, 

The American Standard formerly was known as U.S. Standard.

British
Standard

Whitworth

When measurement M is known, 

When pitch diameter E is used in formula, 

British
Association

Standard

When measurement M is known, 

When pitch diameter E is used in formula, 

Lowenherz
Thread

When measurement M is known, 

When pitch diameter E is used in formula, 

Sharp
V-Thread

When measurement M is known, 

When pitch diameter E is used in formula, 

International
Standard Use the formula above for the American National Standard Unified Thread.

Pipe
Thread

See accompanying paragraph on Buckingham Exact Involute Helicoid Formula 
Applied to Screw Threads.

Acme and
Worm Threads

See Buckingham Formulas page 1999; also Three-wire Measurement of Acme 
and Stub Acme Thread Pitch Diameter.

Buttress Form
of Thread

Different forms of buttress threads are used. See paragraph on Three-Wire 
Method Applied to Buttress Threads.

W 0.5 pitch× 1⁄2  included thread anglesec×=

E M 0.86603P 3W–+=

M E 0.86603P 3W+–=

E M 0.9605P 3.1657W–+=

M E 0.9605P 3.1657W+–=

E M 1.1363P 3.4829W–+=

M E 1.1363P 3.4829W+–=

E M P 3.2359W–+=

M E P 3.2359W+–=

E M 0.86603P+= 3W–

M E 0.86603P 3W+–=
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to the lead angle causes a wire of given size to rest higher in the groove of a thread having a
small thread angle A (like a 29-degree thread) than in the groove of a thread with a larger
angle (like a 60-degree American Standard).

Acme Threads: Three-wire measurements of high accuracy require the use of Formula
(4). For most measurements, however, Formula (2) or (3) gives satisfactory results. The
table on page 2002 lists suitable wire sizes for use in Formulas (2) and (4).

Values of Constants Used in Formulas for Measuring Pitch 
Diameters of Screws by the Three-wire System

Constants Used for Measuring Pitch Diameters of 
Metric Screws by the Three-wire System

This table may be used for American National Standard Metric Threads. The formulas for Ameri-
can Standard Unified Threads on page 1995 are used. In the table above, the values of 0.866025P and
W are in inches so that the values for E and M calculated from the formulas on page 1995 are also in
inches.

No. of
Threads
per Inch

American Standard Uni-
fied and Sharp V-Thread

0.866025P

Whitworth
Thread

0.9605P

No. of
Threads
per Inch

American Standard Uni-
fied and Sharp V-Thread

0.866025P

Whitworth
Thread

0.9605P

21⁄4 0.38490 0.42689 18 0.04811 0.05336

23⁄8 0.36464 0.40442 20 0.04330 0.04803

21⁄2 0.34641 0.38420 22 0.03936 0.04366

25⁄8 0.32992 0.36590 24 0.03608 0.04002

23⁄4 0.31492 0.34927 26 0.03331 0.03694

27⁄8 0.30123 0.33409 28 0.03093 0.03430

3 0.28868 0.32017 30 0.02887 0.03202
31⁄4 0.26647 0.29554 32 0.02706 0.03002

31⁄2 0.24744 0.27443 34 0.02547 0.02825

4 0.21651 0.24013 36 0.02406 0.02668
41⁄2 0.19245 0.21344 38 0.02279 0.02528

5 0.17321 0.19210 40 0.02165 0.02401
51⁄2 0.15746 0.17464 42 0.02062 0.02287

6 0.14434 0.16008 44 0.01968 0.02183
7 0.12372 0.13721 46 0.01883 0.02088
8 0.10825 0.12006 48 0.01804 0.02001
9 0.09623 0.10672 50 0.01732 0.01921

10 0.08660 0.09605 52 0.01665 0.01847
11 0.07873 0.08732 56 0.01546 0.01715
12 0.07217 0.08004 60 0.01443 0.01601
13 0.06662 0.07388 64 0.01353 0.01501
14 0.06186 0.06861 68 0.01274 0.01412
15 0.05774 0.06403 72 0.01203 0.01334
16 0.05413 0.06003 80 0.01083 0.01201

Pitch
in

mm

0.866025P
in

Inches

W
in

Inches

Pitch
in

mm

0.866025P
in

Inches

W
in

Inches

Pitch
in

mm

0.866025P
in

Inches

W
in

Inches

0.2 0.00682 0.00455 0.75 0.02557 0.01705 3.5 0.11933 0.07956

0.25 0.00852 0.00568 0.8 0.02728 0.01818 4 0.13638 0.09092

0.3 0.01023 0.00682 1 0.03410 0.02273 4.5 0.15343 0.10229

0.35 0.01193 0.00796 1.25 0.04262 0.02841 5 0.17048 0.11365

0.4 0.01364 0.00909 1.5 0.05114 0.03410 5.5 0.18753 0.12502

0.45 0.01534 0.01023 1.75 0.05967 0.03978 6 0.20457 0.13638

0.5 0.01705 0.01137 2 0.06819 0.04546 8 0.30686 0.18184

0.6 0.02046 0.01364 2.5 0.08524 0.05683 … … …

0.7 0.02387 0.01591 3 0.10229 0.06819 … … …
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Dimensions Over Wires of Given Diameter for Checking Screw Threads
of American National Form (U.S. Standard) and the V-Form

Buckingham Simplified Formula which Includes Effect of Lead Angle.—The For -
mula (3) which follows gives very accurate results for the lower lead angles in determining
measurement M. However, if extreme accuracy is essential, it may be advisable to use the
involute helicoid formulas as explained later.

Theoretically correct equations for determining measurement M are complex and cumber-
some to apply. Formula (3)  combines simplicity with a degree of accuracy which meets all
but the most exacting requirements, particularly for lead angles below 8 or 10 degrees and
the higher thread angles. However, the wire diameter used in Formula (3)  must conform to
that obtained by Formula (3a) to permit a direct solution or one not involving indetermi-
nate equations and successive trials.

Application of Buckingham Formula: In the application of Formula (3) to screw or worm
threads, two general cases are to be considered.

Case 1: The screw thread or worm is to be milled with a cutter having an included angle
equal to the nominal or standard thread angle that is assumed to be the angle in the axial
plane. For example, a 60-degree cutter is to be used for milling a thread. In this case, the

Dia.
of

Thread

No. of
Threads

per
Inch

Wire
Dia.
Used

Dimension over
Wires Dia.

of
Thread

No. of
Threads

per
Inch

Wire
Dia.
Used

Dimension over
Wires

V-
Thread

U.S.
Thread

V-
Thread

U.S.
Thread

1⁄4 18 0.035 0.2588 0.2708 7⁄8 8 0.090 0.9285 0.9556
1⁄4 20 0.035 0.2684 0.2792 7⁄8 9 0.090 0.9525 0.9766
1⁄4 22 0.035 0.2763 0.2861 7⁄8 10 0.090 0.9718 0.9935
1⁄4 24 0.035 0.2828 0.2919 15⁄16 8 0.090 0.9910 1.0181
5⁄16 18 0.035 0.3213 0.3333 15⁄16 9 0.090 1.0150 1.0391
5⁄16 20 0.035 0.3309 0.3417 1 8 0.090 1.0535 1.0806
5⁄16 22 0.035 0.3388 0.3486 1 9 0.090 1.0775 1.1016
5⁄16 24 0.035 0.3453 0.3544 11⁄8 7 0.090 1.1476 1.1785
3⁄8 16 0.040 0.3867 0.4003 11⁄4 7 0.090 1.2726 1.3035
3⁄8 18 0.040 0.3988 0.4108 13⁄8 6 0.150 1.5363 1.5724
3⁄8 20 0.040 0.4084 0.4192 11⁄2 6 0.150 1.6613 1.6974
7⁄16 14 0.050 0.4638 0.4793 15⁄8 51⁄2 0.150 1.7601 1.7995
7⁄16 16 0.050 0.4792 0.4928 13⁄4 5 0.150 1.8536 1.8969
1⁄2 12 0.050 0.5057 0.5237 17⁄8 5 0.150 1.9786 2.0219
1⁄2 13 0.050 0.5168 0.5334 2 41⁄2 0.150 2.0651 2.1132
1⁄2 14 0.050 0.5263 0.5418 21⁄4 41⁄2 0.150 2.3151 2.3632
9⁄16 12 0.050 0.5682 0.5862 21⁄2 4 0.150 2.5170 2.5711
9⁄16 14 0.050 0.5888 0.6043 23⁄4 4 0.150 2.7670 2.28211
5⁄8 10 0.070 0.6618 0.6835 3 31⁄2 0.200 3.1051 3.1670
5⁄8 11 0.070 0.6775 0.6972 31⁄4 31⁄2 0.200 3.3551 3.4170
5⁄8 12 0.070 0.6907 0.7087 31⁄2 31⁄4 0.250 3.7171 3.7837

11⁄16 10 0.070 0.7243 0.7460 33⁄4 3 0.250 3.9226 3.9948
11⁄16 11 0.070 0.7400 0.7597 4 3 0.250 4.1726 4.2448
3⁄4 10 0.070 0.7868 0.8085 41⁄4 27⁄8 0.250 4.3975 4.4729
3⁄4 11 0.070 0.8025 0.8222 41⁄2 23⁄4 0.250 4.6202 4.6989
3⁄4 12 0.070 0.8157 0.8337 43⁄4 25⁄8 0.250 4.8402 4.9227

13⁄16 9 0.070 0.8300 0.8541 5 21⁄2 0.250 5.0572 5.1438
13⁄16 10 0.070 0.8493 0.8710 … … … … …

(3) where (3a)M E W 1 Ansin+( )+= W
T Bcos×

Ancos
----------------------=
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thread angle in the plane of the axis will exceed 60 degrees by an amount increasing with
the lead angle. This variation from the standard angle may be of little or no practical impor-
tance if the lead angle is small or if the mating nut (or teeth in worm gearing) is formed to
suit the thread as milled.

Case 2: The screw thread or worm is to be milled with a cutter reduced to whatever nor-
mal angle is equivalent to the standard thread angle in the axial plane. For example, a 29-
degree Acme thread is to be milled with a cutter having some angle smaller than 29 degrees
(the reduction increasing with the lead angle) to make the thread angle standard in the
plane of the axis. Theoretically, the milling cutter angle should always be corrected to suit
the normal angle; but if the lead angle is small, such correction may be unnecessary.

If the thread is cut in a lathe to the standard angle as measured in the axial plane, Case 2
applies in determining the pin size W and the overall measurement M.

Table for Measuring Whitworth Standard Threads by the Three-wire Method

Dia.
of

Thread

No. of
Threads

per
Inch

Dia.
of Wire
Used

Dia.
Measured

over
Wires

Dia.
of

Thread

No. of
Threads

per
Inch

Dia.
of Wire
Used

Dia.
Measured

over
Wires

1⁄8 40 0.018 0.1420 21⁄4 4 0.150 2.3247

3⁄16 24 0.030 0.2158 23⁄8 4 0.150 2.4497

1⁄4 20 0.035 0.2808 21⁄2 4 0.150 2.5747

5⁄16 18 0.040 0.3502 25⁄8 4 0.150 2.6997

3⁄8 16 0.040 0.4015 23⁄4 31⁄2 0.200 2.9257

7⁄16 14 0.050 0.4815 27⁄8 31⁄2 0.200 3.0507
1⁄2 12 0.050 0.5249 3 31⁄2 0.200 3.1757

9⁄16 12 0.050 0.5874 31⁄8 31⁄2 0.200 3.3007

5⁄8 11 0.070 0.7011 31⁄4 31⁄4 0.200 3.3905

11⁄16 11 0.070 0.7636 33⁄8 31⁄4 0.200 3.5155

3⁄4 10 0.070 0.8115 31⁄2 31⁄4 0.200 3.6405

13⁄16 10 0.070 0.8740 35⁄8 31⁄4 0.200 3.7655
7⁄8 9 0.070 0.9187 33⁄4 3 0.200 3.8495

15⁄16 9 0.070 0.9812 37⁄8 3 0.200 3.9745

1 8 0.090 1.0848 4 3 0.200 4.0995

11⁄16 8 0.090 1.1473 41⁄8 3 0.200 4.2245

11⁄8 7 0.090 1.1812 41⁄4 27⁄8 0.250 4.4846

13⁄16 7 0.090 1.2437 43⁄8 27⁄8 0.250 4.6096

11⁄4 7 0.090 1.3062 41⁄2 27⁄8 0.250 4.7346

15⁄16 7 0.090 1.3687 45⁄8 27⁄8 0.250 4.8596

13⁄8 6 0.120 1.4881 43⁄4 23⁄4 0.250 4.9593

17⁄16 6 0.120 1.5506 47⁄8 23⁄4 0.250 5.0843

11⁄2 6 0.120 1.6131 5 23⁄4 0.250 5.2093

19⁄16 6 0.120 1.6756 51⁄8 23⁄4 0.250 5.3343

15⁄8 5 0.120 1.6847 51⁄4 25⁄8 0.250 5.4316

111⁄16 5 0.120 1.7472 53⁄8 25⁄8 0.250 5.5566

13⁄4 5 0.120 1.8097 51⁄2 25⁄8 0.250 5.6816

113⁄16 5 0.120 1.8722 55⁄8 25⁄8 0.250 5.8066

17⁄8 41⁄2 0.150 1.9942 53⁄4 21⁄2 0.250 5.9011

115⁄16 41⁄2 0.150 2.0567 57⁄8 21⁄2 0.250 6.0261

2 41⁄2 0.150 2.1192 6 21⁄2 0.250 6.1511

21⁄8 41⁄2 0.150 2.2442 … … … …

All dimensions are given in inches.
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In solving all problems under Case 1, angle An used in Formulas (3) and (3a) equals one-
half the included angle of the milling cutter.

When Case 2 applies, angle An for milled threads also equals one-half the included angle
of the cutter, but the cutter angle is reduced and is determined as follows:

The included angle of the cutter or the normal included angle of the thread groove = 2An.
Examples 1 and 2, which follow, illustrate Cases 1 and 2.

Example 1 (Case 1):Take, for example, an Acme screw thread that is milled with a cutter
having an included angle of 29 degrees; consequently, the angle of the thread exceeds 29
degrees in the axial section.

The outside or major diameter is 3 inches; the pitch, 1⁄2 inch; the lead, 1 inch; the number
of threads or “starts,” 2. Find pin size W and measurement M.

Pitch diameter E = 2.75; T = 0.25; L = 1.0; An = 14.50° tan An = 0.258618; sin An =
0.25038; and cos An = 0.968148.

Note: This value of M is only 0.0001 inch larger than that obtained by using the very
accurate involute helicoid Formula (4) discussed on the following page.

Example 2 (Case 2):A triple-threaded worm has a pitch diameter of 2.481 inches, pitch
of 1.5 inches, lead of 4.5 inches, lead angle of 30 degrees, and nominal thread angle of 60
degrees in the axial plane. Milling cutter angle is to be reduced. T = 0.75 inch; cos B =
0.866025; and tan A = 0.57735. Again use Formula (3) to see if it is applicable.

tan An = tan A × cos B = 0.57735 × 0.866025 = 0.5000; hence An = 26.565°, making the
included cutter angle 53.13°, thus cos An = 0.89443 and sin An = 0.44721.

Note: If the value of measurement M is determined by using the following Formula (4) it
will be found that M = 3.515 + inches; hence the error equals 3.532 − 3.515 = 0.017 inch
approximately, which indicates that Formula (3)  is not accurate enough here. The applica-
tion of this simpler Formula (3)  will depend upon the lead angle and thread angle (as pre-
viously explained) and upon the class of work.
Buckingham Exact Involute Helicoid Formula Applied to Screw Threads.—When
extreme accuracy is required in finding measurement M for obtaining a given pitch diame-
ter, the equations that follow, although somewhat cumbersome to apply, have the merit of
providing a direct and very accurate solution; consequently, they are preferable to the inde-
terminate equations and successive trial solutions heretofore employed when extreme pre-
cision is required. These equations are exact for involute helical gears and, consequently,
give theoretically correct results when applied to a screw thread of the involute helicoidal
form; they also give very close approximations for threads having intermediate profiles.

Helical Gear Equation Applied to Screw Thread Measurement: In applying the helical
gear equations to a screw thread, use either the axial or normal thread angle and the lead
angle of the helix. To keep the solution on a practical basis, either thread angle A or An, as
the case may be, is assumed to equal the cutter angle of a milled thread. Actually, the pro-

Antan Atan Bcos×=

Btan 1.0
3.1416 2.75×
--------------------------------- 0.115749= = B 6.6025°=

W
0.25 0.993368×

0.968148
--------------------------------------- 0.25651 inch= =

M 2.75 0.25651 1 0.25038+( )×+ 3.0707 inches= =

W
0.75 0.866025×

0.89443
--------------------------------------- 0.72618 inch= =

M 2.481 0.72618 1 0.44721+( )×+ 3.532 inches= =
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file of a milled thread will have some curvature in both axial and normal sections; hence
angles A and An represent the angular approximations of these slightly curved profiles. The
equations that follow give the values needed to solve the screw thread problem as a helical
gear problem.

The tables of involute functions starting on page 111 provide values for angles from 14 to
51 degrees, used for gear calculations. The formula for involute functions on page 110
may be used to extend this table as required.

Example 3:To illustrate the application of Formula (4) and the supplementary formulas,
assume that the number of starts S = 6; pitch diameter E = 0.6250; normal thread angle An =
20°; lead of thread L = 0.864 inch; T = 0.072; W = 0.07013 inch.

The involute function of G is found next by Formula (4e).

Since 0.20351 is outside the values for involute functions given in the tables on pages 111
through 114 use the formula for involute functions on page 110 to extend these tables as
required. It will be found that 44 deg. 21 min. or 44.350 degrees is the angular equivalent of
0.20351; hence, G = 44.350 degrees.

Accuracy of Formulas (3)  and (4)  Compared.—With the involute helicoid Formula
(4) any wire size that makes contact with the flanks of the thread may be used; however, in
the preceding example, the wire diameter W was obtained by Formula (3a) in order to com-
pare Formula (4) with (3) . If Example (3) is solved by Formula (3) , M = 0.71912; hence
the difference between the values of M obtained with Formulas (3) and (4) equals 0.71912
- 0.71859 = 0.00053 inch. The included thread angle in this case is 40 degrees. If Formulas

(4)

(4a) (4b)

(4c) (4d)

(4e)

M
2Rb

Gcos
------------- W+=

Ftan Atan
Btan

------------
Antan

Bsin
--------------= = Rb

E

2
--- Fcos=

Ta
T

Btan
------------= Hbtan F Htan×cos=

inv G
Ta

E
----- inv F W

2Rb Hbcos
-------------------------- π

S
---–+ +=

Btan L

πE
------- 0.864

1.9635
---------------- 0.44003= = = B 23.751°=

Helix angle H 90° 23.751°– 66.249°= =

Ftan
Antan

Bsin
-------------- 0.36397

0.40276
------------------- 0.90369= = = F 42.104°=

Rb

E

2
--- Fcos

0.6250
2

---------------- 0.74193× 0.23185= = =

Ta
T

Btan
------------ 0.072

0.44003
------------------- 0.16362= = =

Hbtan F Htancos 0.74193 2.27257× 1.68609= = = Hb 59.328°=

inv G
0.16362
0.625

------------------- 0.16884 0.07013
2 0.23185× 0.51012×
------------------------------------------------------ 3.1416

6
----------------–+ + 0.20351= =

M
2Rb

Gcos
------------- W+ 2 0.23185×

0.71508
---------------------------- 0.07013+ 0.71859 inch= = =
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(3) and (4) are applied to a 29-degree thread, the difference in measurements M or the error
resulting from the use of Formulas (3) will be larger. For example, with an Acme thread
having a lead angle of about 34 degrees, the difference in values of M obtained by the two
formulas equals 0.0008 inch.

Three-wire Measurement of Acme and Stub Acme Thread Pitch Diameter.—For
single- and multiple-start Acme and Stub Acme threads having lead angles of less than 5
degrees, the approximate three-wire formula given on page 1993 and the best wire size
taken from the table on page 2002 may be used.

Multiple-start Acme and Stub Acme threads commonly have a lead angle of greater than
5 degrees. For these, a direct determination of the actual pitch diameter is obtained by
using the formula: E = M − (C + c) in conjunction with the table on page 2003. To enter the
table, the lead angle B of the thread to be measured must be known. It is found by the for-
mula: tan B = L ÷ 3.1416E1 where L is the lead of the thread and E1 is the nominal pitch
diameter. The best wire size is now found by taking the value of w1 as given in the table for
lead angle B, with interpolation, and dividing it by the number of threads per inch. The
value of (C + c)1 given in the table for lead angle B is also divided by the number of threads
per inch to get (C + c). Using the best size wires, the actual measurement over wires M is
made and the actual pitch diameter E found by using the formula: E = M − (C + c).

Example:For a 5 tpi, 4-start Acme thread with a 13.952° lead angle, using three 0.10024-
inch wires, M = 1.1498 inches, hence E = 1.1498 − 0.1248 = 1.0250 inches.

Under certain conditions, a wire may contact one thread flank at two points, and it is then
advisable to substitute balls of the same diameter as the wires.

Checking Thickness of Acme Screw Threads.—In some instances it may be preferable
to check the thread thickness instead of the pitch diameter, especially if there is a thread
thickness tolerance.

A direct method, applicable to the larger pitches, is to use a vernier gear-tooth caliper for
measuring the thickness in the normal plane of the thread. This measurement, for an Amer-
ican Standard General Purpose Acme thread, should be made at a distance below the basic
outside diameter equal to p/4. The thickness at this basic pitch-line depth and in the axial
plane should be p/2 − 0.259 × the pitch diameter allowance from the table on page 1923
with a tolerance of minus 0.259 × the pitch diameter tolerance from the table on page 1928.
The thickness in the normal plane or plane of measurement is equal to the thickness in the
axial plane multiplied by the cosine of the helix angle. The helix angle may be determined
from the formula:

tangent of helix angle = lead of thread ÷ (3.1416 × pitch diameter)

Three-Wire Method for Checking Thickness of Acme Threads.—The application of
the 3-wire method of checking the thickness of an Acme screw thread is included in the
Report of the National Screw Thread Commission. In applying the 3-wire method for
checking thread thickness, the procedure is the same as in checking pitch diameter (see
Three-wire Measurement of Acme and Stub Acme Thread Pitch Diameter), although a dif-
ferent formula is required. Assume that D = basic major diameter of screw; M = measure-
ment over wires; W = diameter of wires; S = tangent of helix angle at pitch line; P = pitch;
T = thread thickness at depth equal to 0.25P.

This formula transposed to show the correct measurement M equivalent to a given
required thread thickness is as follows:

T 1.12931 P 0.25862 M D–( )× W 1.29152 0.48407S2+( )×–+×=

M D
W 1.29152 0.48407S2+( ) T 1.12931 P×–+×

0.25862
----------------------------------------------------------------------------------------------------------------+=
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Wire Sizes for Three-Wire Measurement of Acme Threads
with Lead Angles of Less than 5 Degrees

Wire sizes are based upon zero helix angle. Best size = 0.51645 × pitch; maximum size = 0.650013
× pitch; minimum size = 0.487263 × pitch.

Example:An Acme General Purpose thread, Class 2G, has a 5-inch basic major diameter,
0.5-inch pitch, and 1-inch lead (double thread). Assume the wire size is 0.258 inch. Deter-
mine measurement M for a thread thickness T at the basic pitch line of 0.2454 inch. (T is the
maximum thickness at the basic pitch line and equals 0.5P, the basic thickness, −0.259 ×
allowance from Table 4, page 1928.)

Testing Angle of Thread by Three-Wire Method.—The error in the angle of a thread
may be determined by using sets of wires of two diameters, the measurement over the two
sets of wires being followed by calculations to determine the amount of error, assuming
that the angle cannot be tested by comparison with a standard plug gage, known to be cor-
rect. The diameter of the small wires for the American Standard thread is usually about 0.6
times the pitch and the diameter of the large wires, about 0.9 times the pitch. The total dif-
ference between the measurements over the large and small sets of wires is first deter-
mined. If the thread is an American Standard or any other form having an included angle of
60 degrees, the difference between the two measurements should equal three times the dif-
ference between the diameters of the wires used. Thus, if the wires are 0.116 and 0.076 inch
in diameter, respectively, the difference equals 0.116 − 0.076 = 0.040 inch. Therefore, the
difference between the micrometer readings for a standard angle of 60 degrees equals 3 ×
0.040 = 0.120 inch for this example. If the angle is incorrect, the amount of error may be
determined by the following formula, which applies to any thread regardless of angle:

where A =difference in diameters of the large and small wires used
B =total difference between the measurements over the large and small wires
a =one-half the included thread angle

Example:The diameter of the large wires used for testing the angle of a thread is 0.116
inch and of the small wires 0.076 inch. The measurement over the two sets of wires shows
a total difference of 0.122 inch instead of the correct difference, 0.120 inch, for a standard
angle of 60 degrees when using the sizes of wires mentioned. The amount of error is deter-
mined as follows:

A table of sines shows that this value (0.4878) is the sine of 29 degrees 12 minutes,
approximately. Therefore, the angle of the thread is 58 degrees 24 minutes or 1 degree 36
minutes less than the standard angle.

Threads
per Inch

Best
Size Max. Min.

Threads
per Inch

Best
Size Max. Min.

1 0.51645 0.65001 0.48726 5 0.10329 0.13000 0.09745
11⁄3 0.38734 0.48751 0.36545 6 0.08608 0.10834 0.08121

11⁄2 0.34430 0.43334 0.32484 8 0.06456 0.08125 0.06091

2 0.25822 0.32501 0.24363 10 0.05164 0.06500 0.04873
21⁄2 0.20658 0.26001 0.19491 12 0.04304 0.05417 0.04061

3 0.17215 0.21667 0.16242 14 0.03689 0.04643 0.03480
4 0.12911 0.16250 0.12182 16 0.03228 0.04063 0.03045

M 5 0.258 1.29152 0.48407 0.06701( )× 2+[ ] 0.2454 1.12931 0.5×–+×
0.25862

---------------------------------------------------------------------------------------------------------------------------------------------------------------------+=

5.056 inches=

asin A

B A–
-------------=

asin 0.040
0.122 0.040–
--------------------------------- 0.040

0.082
------------- 0.4878= = =
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Best Wire Diameters and Constants for Three-wire Measurement of Acme and Stub 
Acme Threads with Large Lead Angles, 1-inch Axial Pitch

All dimensions are in inches.
Values given for w1 and (C + c)1 in table are for 1-inch pitch axial threads. For other pitches, divide

table values by number of threads per inch.
Courtesy of Van Keuren Co.

Lead
angle, B,

deg.

1-start threads 2-start threads Lead
angle, B,

deg.

2-start threads 3-start threads

w1 (C + c)1 w1 (C + c)1 w1 (C + c)1 w1 (C + c)1

5.0 0.51450 0.64311 0.51443 0.64290 10.0 0.50864 0.63518 0.50847 0.63463

5.1 0.51442 0.64301 0.51435 0.64279 10.1 0.50849 0.63498 0.50381 0.63442

5.2 0.51435 0.64291 0.51427 0.64268 10.2 0.50834 0.63478 0.50815 0.63420

5.3 0.51427 0.64282 0.51418 0.64256 10.3 0.50818 0.63457 0.50800 0.63399

5.4 0.51419 0.64272 0.51410 0.64245 10.4 0.50802 0.63436 0.50784 0.63378

5.5 0.51411 0.64261 0.51401 0.64233 10.5 0.40786 0.63416 0.50768 0.63356

5.6 0.51403 0.64251 0.51393 0.64221 10.6 0.50771 0.63395 0.50751 0.63333

5.7 0.51395 0.64240 0.51384 0.64209 10.7 0.50755 0.63375 0.50735 0.63311

5.8 0.51386 0.64229 0.51375 0.64196 10.8 0.50739 0.53354 0.50718 0.63288

5.9 0.51377 0.64218 0.51366 0.64184 10.9 0.50723 0.63333 0.50701 0.63265

6.0 0.51368 0.64207 0.51356 0.64171 11.0 0.50707 0.63313 0.50684 0.63242

6.1 0.51359 0.64195 0.51346 0.64157 11.1 0.50691 0.63292 0.50667 0.63219

6.2 0.51350 0.64184 0.51336 0.64144 11.2 0.50674 0.63271 0.50649 0.63195

6.3 0.51340 0.64172 0.41327 0.64131 11.3 0.50658 0.63250 0.50632 0.63172

6.4 0.51330 0.64160 0.51317 0.64117 11.4 0.50641 0.63228 0.50615 0.63149

6.5 0.51320 0.64147 0.51306 0.64103 11.5 0.50623 0.63206 0.50597 0.63126

6.6 0.51310 0.64134 0.51296 0.64089 11.6 0.50606 0.63184 0.50579 0.63102

6.7 0.51300 0.64122 0.51285 0.64075 11.7 0.50589 0.63162 0.50561 0.63078

6.8 0.51290 0.64110 0.51275 0.64061 11.8 0.50571 0.63140 0.50544 0.63055

6.9 0.51280 0.64097 0.51264 0.64046 11.9 0.50553 0.63117 0.50526 0.63031

7.0 0.51270 0.64085 0.51254 0.64032 12.0 0.50535 0.63095 0.50507 0.63006

7.1 0.51259 0.64072 0.51243 0.64017 12.1 0.50517 0.63072 0.50488 0.62981

7.2 0.51249 0.64060 0.51232 0.64002 12.2 0.50500 0.63050 0.50470 0.62956

7.3 0.51238 0.64047 0.51221 0.63987 12.3 0.50482 0.63027 0.50451 0.62931

7.4 0.51227 0.64034 0.51209 0.63972 12.4 0.50464 0.63004 0.50432 0.62906

7.5 0.51217 0.64021 0.51198 0.63957 12.5 0.50445 0.62981 0.50413 0.62881

7.6 0.51206 0.64008 0.51186 0.63941 12.6 0.50427 0.62958 0.50394 0.62856

7.7 0.51196 0.63996 0.51174 0.63925 12.7 0.50408 0.62934 0.50375 0.62830

7.8 0.51186 0.63983 0.51162 0.63909 12.8 0.50389 0.62911 0.50356 0.62805

7.9 0.51175 0.63970 0.51150 0.63892 12.9 0.50371 0.62888 0.50336 0.62779

8.0 0.51164 0.63957 0.51138 0.63876 13.0 0.50352 0.62865

For these
3-start
thread
values

see
table
on

following
page.

8.1 0.51153 0.63944 0.51125 0.63859 13.1 0.50333 0.62841

8.2 0.51142 0.63930 0.51113 0.63843 13.2 0.50313 0.62817

8.3 0.51130 0.63916 0.51101 0.63827 13.3 0.50293 0.62792

8.4 0.51118 0.63902 0.51088 0.63810 13.4 0.50274 0.62778

8.5 0.51105 0.63887 0.51075 0.63793 13.5 0.50254 0.62743

8.6 0.51093 0.63873 0.51062 0.63775 13.6 0.50234 0.62718

8.7 0.51081 0.63859 0.51049 0.63758 13.7 0.50215 0.62694

8.8 0.51069 0.63845 0.51035 0.63740 13.8 0.50195 0.62670

8.9 0.51057 0.63831 0.51022 0.63722 13.9 0.50175 0.62645

9.0 0.51044 0.63817 0.51008 0.63704 14.0 0.50155 0.62621

9.1 0.51032 0.63802 0.50993 0.63685 14.1 0.50135 0.62596

9.2 0.51019 0.63788 0.50979 0.63667 14.2 0.50115 0.62571

9.3 0.51006 0.63774 0.50965 0.63649 14.3 0.50094 0.62546

9.4 0.50993 0.63759 0.50951 0.63630 14.4 0.50073 0.62520

9.5 0.50981 0.63744 0.50937 0.63612 14.5 0.50051 0.62494

9.6 0.50968 0.63730 0.50922 0.63593 14.6 0.50030 0.62468

9.7 0.50955 0.63715 0.50908 0.63574 14.7 0.50009 0.62442

9.8 0.50941 0.63700 0.50893 0.63555 14.8 0.49988 0.62417

9.9 0.50927 0.63685 0.50879 0.63537 14.9 0.49966 0.62391

10.0 0.50913 0.63670 0.50864 0.63518 15.0 0.49945 0.62365
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Best Wire Diameters and Constants for Three-wire Measurement of Acme and 
Stub Acme Threads with Large Lead Angles—1-inch Axial Pitch

All dimensions are in inches.
Values given for w1 and (C + c)1 in table are for 1-inch pitch axial threads. For other pitches divide

table values by number of threads per inch.
Courtesy of Van Keuren Co.

Lead
angle, B,

deg.

3-start threads 4-start threads Lead
angle, B,

deg.

3-start threads 4-start threads

w1 (C + c)1 w1 (C + c)1 w1 (C + c)1 w1 (C + c)1

13.0 0.50316 0.62752 0.50297 0.62694 18.0 0.49154 0.61250 0.49109 0.61109
13.1 0.50295 0.62725 0.50277 0.62667 18.1 0.49127 0.61216 0.49082 0.61073
13.2 0.50275 0.62699 0.50256 0.62639 18.2 0.49101 0.61182 0.49054 0.61037
13.3 0.50255 0.62672 0.50235 0.62611 18.3 0.49074 0.61148 0.49027 0.61001
13.4 0.50235 0.62646 0.50215 0.62583 18.4 0.49047 0.61114 0.48999 0.60964
13.5 0.50214 0.62619 0.50194 0.62555 18.5 0.49020 0.61080 0.48971 0.69928
13.6 0.50194 0.62592 0.50173 0.62526 18.6 0.48992 0.61045 0.48943 0.60981
13.7 0.50173 0.62564 0.50152 0.62498 18.7 0.48965 0.61011 0.48915 0.60854
13.8 0.50152 0.62537 0.50131 0.62469 18.8 0.48938 0.60976 0.48887 0.60817
13.9 0.50131 0.62509 0.50109 0.62440 18.9 0.48910 0.60941 0.48859 0.60780
14.0 0.50110 0.62481 0.50087 0.62411 19.0 0.48882 0.60906 0.48830 0.60742
14.1 0.50089 0.62453 0.50065 0.62381 19.1 0.48854 0.60871 0.48800 0.60704
14.2 0.50068 0.62425 0.50043 0.62351 19.2 0.48825 0.60835 0.48771 0.60666
14.3 0.50046 0.62397 0.50021 0.62321 19.3 0.48797 0.60799 0.48742 0.60628
14.4 0.50024 0.62368 0.49999 0.62291 19.4 0.48769 0.60764 0.48713 0.60590
14.5 0.50003 0.62340 0.49977 0.62262 19.5 0.48741 0.60729 0.48684 0.60552
14.6 0.49981 0.62312 0.49955 0.62232 19.6 0.48712 0.60693 0.48655 0.60514
14.7 0.49959 0.62883 0.49932 0.62202 19.7 0.48638 0.60657 0.48625 0.60475
14.8 0.49936 0.62253 0.49910 0.62172 19.8 0.48655 0.60621 0.48596 0.60437
14.9 0.49914 0.62224 0.49887 0.62141 19.9 0.48626 0.60585 0.48566 0.60398
15.0 0.49891 0.62195 0.49864 0.62110 20.0 0.48597 0.60549 0.48536 0.60359
15.1 0.49869 0.62166 0.49842 0.62080 20.1 … … 0.48506 0.60320
15.2 0.49846 0.62137 0.49819 0.62049 20.2 … … 0.48476 0.60281
15.3 0.49824 0.62108 0.49795 0.62017 20.3 … … 0.48445 0.60241
15.4 0.42801 0.62078 0.49771 0.61985 20.4 … … 0.48415 0.60202
15.5 0.49778 0.62048 0.49747 0.61953 20.5 … … 0.48384 0.60162
15.6 0.49754 0.62017 0.49723 0.61921 20.6 … … 0.48354 0.60123
15.7 0.49731 0.61987 0.49699 0.61889 20.7 … … 0.48323 0.60083
15.8 0.49707 0.61956 0.49675 0.61857 20.8 … … 0.48292 0.60042
15.9 0.49683 0.61926 0.49651 0.61825 20.9 … … 0.48261 0.60002
16.0 0.49659 0.61895 0.49627 0.61793 21.0 … … 0.48230 0.59961
16.1 0.49635 0.61864 0.49602 0.61760 21.1 … … 0.48198 0.49920
16.2 0.49611 0.61833 0.49577 0.61727 21.2 … … 0.481166 0.59879
16.3 0.49586 0.61801 0.49552 0.61694 21.3 … … 0.48134 0.59838
16.4 0.49562 0.61770 0.49527 0.61661 21.4 … … 0.48103 0.59797
16.5 0.49537 0.61738 0.49502 0.61628 21.5 … … 0.48701 0.59756
16.6 0.49512 0.61706 0.49476 0.61594 21.6 … … 0.48040 0.59715
16.7 0.49488 0.61675 0.49451 0.61560 21.7 … … 0.48008 0.59674
16.8 0.40463 0.61643 0.49425 0.61526 21.8 … … 0.47975 0.59632
16.9 0.49438 0.61611 0.49400 0.61492 21.9 … … 0.47943 0.59590
17.0 0.49414 0.61580 0.49375 0.61458 22.0 … … 0.47910 0.59548
17.1 0.49389 0.61548 0.49349 0.61424 22.1 … … 0.47878 0.59507
17.2 0.49363 0.61515 0.49322 0.61389 22.2 … … 0.47845 0.59465
17.3 0.49337 0.61482 0.49296 0.61354 22.3 … … 0.47812 0.59422
17.4 0.49311 0.61449 0.49269 0.61319 22.4 … … 0.47778 0.59379
17.5 0.49285 0.61416 0.49243 0.61284 22.5 … … 0.47745 0.59336
17.6 0.49259 0.61383 0.49217 0.61250 22.6 … … 0.47711 0.52993
17.7 0.49233 0.61350 0.49191 0.61215 22.7 … … 0.47677 0.59250
17.8 0.49206 0.61316 0.49164 0.61180 22.8 … … 0.47643 0.59207
17.9 0.49180 0.61283 0.49137 0.61144 22.9 … … 0.47610 0.59164
… … … … … 23.0 … … 0.47577 0.59121
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Measuring Taper Screw Threads by Three-Wire Method.—When the 3-wire method
is used in measuring a taper screw thread, the measurement is along a line that is not per-
pendicular to the axis of the screw thread, the inclination from the perpendicular equaling
one-half the included angle of the taper. The formula that follows compensates for this
inclination resulting from contact of the measuring instrument surfaces, with two wires on
one side and one on the other. The taper thread is measured over the wires in the usual man-
ner except that the single wire must be located in the thread at a point where the effective
diameter is to be checked (as described more fully later). The formula shows the dimension
equivalent to the correct pitch diameter at this given point. The general formula for taper
screw threads follows:

where M =measurement over the 3 wires
E =pitch diameter
a =one-half the angle of the thread
N =number of threads per inch
W =diameter of wires; and
b =one-half the angle of taper.

This formula is not theoretically correct but it is accurate for screw threads having tapers
of 3⁄4 inch per foot or less. This general formula can be simplified for a given thread angle
and taper. The simplified formula following (in which P = pitch) is for an American
National Standard pipe thread:

Standard pitch diameters for pipe threads will be found in the section “American Pipe
Threads,” which also shows the location, or distance, of this pitch diameter from the end of
the pipe. In using the formula for finding dimension M over the wires,the single wire is
placed in whatever part of the thread groove locates it at the point where the pitch diameter
is to be checked. The wire must be accurately located at this point. The other wires are then
placed on each side of the thread that is diametrically opposite the single wire. If the pipe
thread is straight or without taper,

Application of Formula to Taper Pipe Threads: To illustrate the use of the formula for
taper threads, assume that dimension M is required for an American Standard 3-inch pipe
thread gage. Table 1a starting on page 1957 shows that the 3-inch size has 8 threads per
inch, or a pitch of 0.125 inch, and a pitch diameter at the gaging notch of 3.3885 inches.
Assume that the wire diameter is 0.07217 inch: Then when the pitch diameter is correct

Pitch Diameter Equivalent to a Given Measurement Over the Wires: The formula fol-
lowing may be used to check the pitch diameter at any point along a tapering thread when
measurement M over wires of a given diameter is known. In this formula, E = the effective
or pitch diameter at the position occupied by the single wire. The formula is not theoreti-
cally correct but gives very accurate results when applied to tapers of 3⁄4 inch per foot or
less.

Example:Measurement M = 3.495 inches at the gaging notch of a 3-inch pipe thread and
the wire diameter = 0.07217 inch. Then

M
E acot( ) 2N W 1 acsc+( )+⁄–

bsec
---------------------------------------------------------------------------=

M
E 0.866025 P×( ) 3 W×+–

1.00049
-------------------------------------------------------------------=

M E 0.866025 P×( ) 3 W×+–=

M
3.3885 0.866025 0.125×( ) 3 0.07217×+–

1.00049
-------------------------------------------------------------------------------------------------------- 3.495 inches= =

E 1.00049 M 0.866025 P×( ) 3 W×–+×=
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Pitch Diameter at Any Point Along Taper Screw Thread: When the pitch diameter in
any position along a tapering thread is known, the pitch diameter at any other position may
be determined as follows:

Multiply the distance (measured along the axis) between the location of the known pitch
diameter and the location of the required pitch diameter, by the taper per inch or by 0.0625
for American National Standard pipe threads. Add this product to the known diameter, if
the required diameter is at a large part of the taper, or subtract if the required diameter is
smaller.

Example:The pitch diameter of a 3-inch American National Standard pipe thread is
3.3885 at the gaging notch. Determine the pitch diameter at the small end. The table start-
ing on page 1957 shows that the distance between the gaging notch and the small end of a
3-inch pipe is 0.77 inch. Hence the pitch diameter at the small end = 3.3885 − (0.77 ×
0.0625) = 3.3404 inches.

Three-Wire Method Applied to Buttress Threads.—The angles of buttress threads
vary somewhat, especially on the front or load-resisting side. Formula (1), which follows,
may be applied to any angles required. In this formula, M = measurement over wires when
pitch diameter E is correct; A = included angle of thread and thread groove; a = angle of
front face or load-resisting side, measured from a line perpendicular to screw thread axis;
P = pitch of thread; and W = wire diameter.

(1)

For given angles A and a, this general formula may be simplified as shown by Formulas (3)
and (4). These simplified formulas contain constants with values depending upon angles A
and a.

Wire Diameter: The wire diameter for obtaining pitch-line contact at the back of a but-
tress thread may be determined by the following general Formula (2):

(2)

45-Degree Buttress Thread: The buttress thread shown by the diagram at the left, has a
front or load-resisting side that is perpendicular to the axis of the screw. Measurement M
equivalent to a correct pitch diameter E may be determined by Formula (3):

(3)

Wire diameter W for pitch-line contact at back of thread = 0.586 × pitch.

E 1.00049 3.495 0.866025 0.125×( ) 3 0.07217×–+× 3.3885 inches= =

M E
P

atan A a–( )tan+
------------------------------------------- W 1 A

2
--- a– 
 cos A

2
---csc×++–=

W P
acos

1 Acos+
----------------------
 
 =

M E P W 3.4142×( )+–=
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50-Degree Buttress Thread with Front-face Inclination of 5 Degrees: Thi s  bu t t r e s s
thread form is illustrated by the diagram at the right. Measurement M equivalent to the cor-
rect pitch diameter E may be determined by Formula (4):

(4)

Wire diameter W for pitch-line contact at back of thread = 0.606 × pitch. If the width of
flat at crest and root = 1⁄8 × pitch, depth = 0.69 × pitch.

American National Standard Buttress Threads ANSI B1.9-1973: This buttress screw
thread has an included thread angle of 52 degrees and a front face inclination of 7 degrees.
Measurements M equivalent to a pitch diameter E may be determined by Formula (5):

(5)

The wire angle correction factor c is less than 0.0004 inch for recommended combinations
of thread diameters and pitches and may be neglected. Use of wire diameter W = 0.54147P
is recommended.
Measurement of Pitch Diameter of Thread Ring Gages.—The application of direct
methods of measurement to determine the pitch diameter of thread ring gages presents
serious difficulties, particularly in securing proper contact pressure when a high degree of
precision is required. The usual practice is to fit the ring gage to a master setting plug.
When the thread ring gage is of correct lead, angle, and thread form, within close limits,
this method is quite satisfactory and represents standard American practice. It is the only
method available for small sizes of threads. For the larger sizes, various more or less satis-
factory methods have been devised, but none of these have found wide application.
Screw Thread Gage Classification.—Screw thread gages are classified by their degree
of accuracy, that is, by the amount of tolerance afforded the gage manufacturer and the
wear allowance, if any. 

There are also three classifications according to use: 1) Working gages for controlling
production;  2) inspection gages for rejection or acceptance of the finished product;  and
3) reference gages for determining the accuracy of the working and inspection gages.
American National Standard for Gages and Gaging for Unified Inch Screw Threads
ANSI/ASME B1.2-1983 (R2007).—This standard covers gaging methods for conform-
ance of Unified Screw threads and provides the essential specifications for applicable
gages required for unified inch screw threads.

The standard includes the following gages for Product Internal Thread:

GO Working Thread Plug Gage for inspecting the maximum-material GO functional
limit.

NOT GO (HI) Thread Plug Gage for inspecting the NOT GO (HI) functional diameter
limit.

Thread Snap Gage—GO Segments or Rolls for inspecting the maximum-material GO
functional limit.

Thread Snap Gage—NOT GO (HI) Segments or Rolls for inspecting the NOT GO (HI)
functional diameter limit.

Thread Snap Gages—Minimum Material: Pitch Diameter Cone Type and Vee and
Thread Groove Diameter Type for inspecting the minimum-material limit pitch diameter.

Thread-Setting Solid Ring Gage for setting internal thread indicating and snap gages.
Plain Plug, Snap, and Indicating Gages for checking the minor diameter of internal

threads.
Snap and Indicating Gages for checking the major diameter of internal threads.
Functional Indicating Thread Gage for inspecting the maximum-material GO func-

tional limit and size and the NOT GO (HI) functional diameter limit and size.

M E P 0.91955×( ) W 3.2235×( )+–=

M E 0.89064P 3.15689W c++–=
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Minimum-Material Indicating Thread Gage for inspecting the minimum-material limit
and size.

Indicating Runout Thread Gage for inspecting runout of the minor diameter to pitch
diameter.

In addition to these gages for product internal threads, the Standard also covers differen-
tial gaging and such instruments as pitch micrometers, thread-measuring balls, optical
comparator and toolmaker's microscope, profile tracing instrument, surface roughness
measuring instrument, and roundness measuring equipment.

The Standard includes the following gages for Product External Thread:

GO Working Thread Ring Gage for inspecting the maximum-material GO functional
limit.

NOT GO (LO) Thread Ring Gage for inspecting the NOT GO (LO) functional diameter
limit.

Thread Snap Gage—GO Segments or Rolls for inspecting the maximum-material GO
functional limit.

Thread Snap Gage—NOT GO (LO) Segments or Rolls for inspecting the NOT GO (LO)
functional diameter limit.

Thread Snap Gages—Cone and Vee Type and Minimum Material Thread Groove Diam-
eter Type for inspecting the minimum-material pitch diameter limit.

Plain Ring and Snap Gages for checking the major diameter.
Snap Gage for checking the minor diameter.
Functional Indicating Thread Gage for inspecting the maximum-material GO func-

tional limit and size and the NOT GO (LO) functional diameter limit and size.
Minimum-Material Indicating Thread Gage for inspecting the minimum-material limit

and size.
Indicating Runout Gage for inspecting the runout of the major diameter to the pitch

diameter.
W Tolerance Thread-Setting Plug Gage for setting adjustable thread ring gages, check-

ing solid thread ring gages, setting thread snap limit gages, and setting indicating thread
gages.

Plain Check Plug Gage for Thread Ring Gage for verifying the minor diameter limits of
thread ring gages after the thread rings have been properly set with the applicable thread-
setting plug gages.

Indicating Plain Diameter Gage for checking the major diameter.
Indicating Gage for checking the minor diameter.
In addition to these gages for product external threads, the Standard also covers differen-

tial gaging and such instruments as thread micrometers, thread-measuring wires, optical
comparator and toolmaker's microscope, profile tracing instrument, electromechanical
lead tester, helical path attachment used with GO type thread indicating gage, helical path
analyzer, surface roughness measuring equipment, and roundness measuring equipment.

The standard lists the following for use of Threaded and Plain Gages for verification of
product internal threads:

Tolerance: Unless otherwise specified all thread gages which directly check the product
thread shall be X tolerance for all classes.

GO Thread Plug Gages: GO thread plug gages must enter and pass through the full
threaded length of the product freely. The GO thread plug gage is a cumulative check of all
thread elements except the minor diameter.
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NOT GO (HI) Thread Plug Gages: NOT GO (HI) thread plug gages when applied to the
product internal thread may engage only the end threads (which may not be representative
of the complete thread). Entering threads on product are incomplete and permit gage to
start. Starting threads on NOT GO (HI) plugs are subject to greater wear than the remaining
threads. Such wear in combination with the incomplete product threads permits further
entry of the gage. NOT GO (HI) functional diameter is acceptable when the NOT GO (HI)
thread plug gage applied to the product internal thread does not enter more than three com-
plete turns. The gage should not be forced. Special requirements such as exceptionally thin
or ductile material, small number of threads, etc., may necessitate modification of this
practice.

GO and NOT GO Plain Plug Gages for Minor Diameter of Product Internal Thread:

(Recommended in Class Z tolerance.) GO plain plug gages must completely enter and
pass through the length of the product without force. NOT GO cylindrical plug gage must
not enter.

The standard lists the following for use of Thread Gages for verification of product exter-
nal threads:

GO Thread Ring Gages: Adjustable GO thread ring gages must be set to the applicable
W tolerance setting plugs to assure they are within specified limits. The product thread
must freely enter the GO thread ring gage for the entire length of the threaded portion. The
GO thread ring gage is a cumulative check of all thread elements except the major diame-
ter.

NOT GO (LO) Thread Ring Gages: NOT GO (LO) thread ring gages must be set to the
applicable W tolerance setting plugs to assure that they are within specified limits. NOT
GO (LO) thread ring gages when applied to the product external thread may engage only
the end threads (which may not be representative of the complete product thread)

Starting threads on NOT GO (LO) rings are subject to greater wear than the remaining
threads. Such wear in combination with the incomplete threads at the end of the product
thread permit further entry in the gage. NOT GO (LO) functional diameter is acceptable
when the NOT GO (LO) thread ring gage applied to the product external thread does not
pass over the thread more than three complete turns. The gage should not be forced. Spe-
cial requirements such as exceptionally thin or ductile material, small number of threads,
etc., may necessitate modification of this practice.

GO and NOT GO Plain Ring and Snap Gages for Checking Major Diameter of Product
External Thread: The GO gage must completely receive or pass over the major diameter of
the product external thread to ensure that the major diameter does not exceed the maxi-
mum-material-limit. The NOT GO gage must not pass over the major diameter of the prod-
uct external thread to ensure that the major diameter is not less than the minimum-material-
limit.

Limitations concerning the use of gages are given in the standard as follows:
Product threads accepted by a gage of one type may be verified by other types. It is pos-

sible, however, that parts which are near either rejection limit may be accepted by one type
and rejected by another. Also, it is possible for two individual limit gages of the same type
to be at the opposite extremes of the gage tolerances permitted, and borderline product
threads accepted by one gage could be rejected by another. For these reasons, a product
screw thread is considered acceptable when it passes a test by any of the permissible gages
in ANSI B1.3 for the gaging system that are within the tolerances.

Gaging large product external and internal threads equal to above 6.25-inch nominal
size with plain and threaded plug and ring gages presents problems for technical and eco-
nomic reasons. In these instances, verification may be based on use of modified snap or
indicating gages or measurement of thread elements. Various types of gages or measuring
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devices in addition to those defined in the Standard are available and acceptable when
properly correlated to this Standard. Producer and user should agree on the method and
equipment used.

Thread Forms of Gages.—Thread forms of gages for product internal and external
threads are given in Table 1. The Standard ANSI/ASME B1.2-1983 (R2007) also gives
illustrations of the thread forms of truncated thread setting plug gages, the thread forms of
full-form thread setting plug gages, the thread forms of solid thread setting ring gages, and
an illustration that shows the chip groove and removal of partial thread.

Building Up Worn Plug Gages.—Plug gages which have been worn under size can be
built up by chromium plating and then lapped to size. Any amount of metal up to 0.004 or
0.005 inch can be added to a worn gage. Chromium oxide is used in lapping chromium
plated gages, or other parts, to size and for polishing. When the chromium plating of a plug
gage has worn under size, it may be removed by subjecting it to the action of muriatic acid.
The gage is then built up again by chromium plating and lapped to size. When removing
the worn plating the gage should be watched carefully and the action of the acid stopped as
soon as the plating has been removed in order to avoid the roughening effect of the acid on
the steel.

Thread Gage Tolerances.—Gage tolerances of thread plug and ring gages, thread setting
plugs, and setting rings for Unified screw threads, designated as W and X tolerances, are
given in Table 4. W tolerances represent the highest commercial grade of accuracy and
workmanship, and are specified for thread setting gages; X tolerances are larger than W
tolerances and are used for product inspection gages. Tolerances for plain gages are given
in Table 2.

Determining Size of Gages: The three-wire method of determining pitch diameter size of
plug gages is recommended for gages covered by American National Standard B1.2,
described in Appendix B of the 1983 issue of that Standard.

Size limit adjustments of thread ring and external thread snap gages are determined by
their fit on their respective calibrated setting plugs. Indicating gages and thread gages for
product external threads are controlled by reference to appropriate calibrated setting plugs.

Size limit adjustments of internal thread snap gages are determined by their fit on their
respective calibrated setting rings. Indicating gages and other adjustable thread gages for
product internal threads are controlled by reference to appropriate calibrated setting rings
or by direct measuring methods.

Interpretation of Tolerances: Tolerances on lead, half-angle, and pitch diameter are
variations which may be taken independently for each of these elements and may be taken
to the extent allowed by respective tabulated dimensional limits. The tabulated tolerance
on any one element must not be exceeded, even though variations in the other two elements
are smaller than the respective tabulated tolerances.

Direction of Tolerance on Gages: At the maximum-material limit (GO), the dimensions
of all gages used for final conformance gaging are to be within limits of size of the product
thread. At the functional diameter limit, using NOT GO (HI and LO) thread gages, the
standard practice is to have the gage tolerance within the limits of size of the product
thread.

Formulas for Limits of Gages: Formulas for limits of American National Standard
Gages for Unified screw threads are given in Table 5. Some constants which are required
to determine gage dimensions are tabulated in Table 3.
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Table 2. American National Standard Tolerances for Plain Cylindrical Gages 
ANSI/ASME B1.2-1983 (R2007)

All dimensions are given in inches.

Table 3. Constants for Computing Thread Gage Dimensions 
 ANSI/ASME B1.2-1983 (R2007)

All dimensions are given in inches unless otherwise specified.

Size Range Tolerance Classa

a Tolerances apply to actual diameter of plug or ring. Apply tolerances as specified in the Standard.
Symbols XX, X, Y, Z, and ZZ are standard gage tolerance classes. 

Above
To and

Including

XX X Y Z ZZ

Tolerance

0.020 0.825 .00002 .00004 .00007 .00010 .00020
0.825 1.510 .00003 .00006 .00009 .00012 .00024
1.510 2.510 .00004 .00008 .00012 .00016 .00032
2.510 4.510 .00005 .00010 .00015 .00020 .00040
4.510 6.510 .000065 .00013 .00019 .00025 .00050
6.510 9.010 .00008 .00016 .00024 .00032 .00064
9.010 12.010 .00010 .00020 .00030 .00040 .00080

Threads
per
Inch

Pitch,
p .05p .087p

Height of Sharp V-
Thread, H =

.866025p
H/2 =

.43301p
H/4 =

.216506p

80 .012500 .0034 .00063 .00109 .010825 .00541 .00271

72 .013889 .0037 .00069 .00122 .012028 .00601 .00301

64 .015625 .0040 .00078 .00136 .013532 .00677 .00338

56 .017857 .0044 .00089 .00155 .015465 .00773 .00387

48 .020833 .0049 .00104 .00181 .018042 .00902 .00451

44 .022727 .0052 .00114 .00198 .019682 .00984 .00492

40 .025000 .0056 .00125 .00218 .021651 .01083 .00541

36 .027778 .0060 .00139 .00242 .024056 .01203 .00601

32 .031250 .0065 .00156 .00272 .027063 .01353 .00677

28 .035714 .0071 .00179 .00311 .030929 .01546 .00773

27 .037037 .0073 .00185 .00322 .032075 .01604 .00802

24 .041667 .0079 .00208 .00361 .036084 .01804 .00902

20 .050000 .0090 .00250 .00435 .043301 .02165 .01083

18 .055556 .0097 .00278 .00483 .048113 .02406 .01203

16 .062500 .0105 .00313 .00544 0.54127 .02706 .01353

14 .071429 .0115 .00357 .00621 .061859 .03093 .01546

13 .076923 .0122 .00385 .00669 .066617 .03331 .01665

12 .083333 .0129 .00417 .00725 .072169 .03608 .01804

111⁄2 .086957 .0133 .00435 .00757 .075307 .03765 .01883

11 .090909 .0137 .00451 .00791 .078730 .03936 .01968

10 .100000 .0146 .00500 .00870 .086603 .04330 .02165

9 .111111 .0158 .00556 .00967 .096225 .04811 .02406

8 .125000 .0171 .00625 .01088 .108253 .05413 .02706

7 .142857 .0188 .00714 .01243 .123718 .06186 .03093

6 .166667 .0210 .00833 .01450 .144338 .07217 .03608

5 .200000 .0239 .01000 .01740 .173205 .08660 .04330

41⁄2 .222222 .0258 .01111 .01933 .192450 .09623 .04811

4 .250000 .0281 .01250 .02175 .216506 .10825 .05413

0.060 p23 0.017p+
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All dimensions are given in inches unless otherwise specified.

Table 4. American National Standard Tolerance for GO, HI, and LO
Thread Gages for Unified Inch Screw Thread

Thds.
per
Inch

Tolerance
on Leada

a Allowable variation in lead between any two threads not farther apart than the length of the stan-
dard gage as shown in ANSI B47.1. The tolerance on lead establishes the width of a zone, measured
parallel to the axis of the thread, within which the actual helical path must lie for the specified length
of the thread. Measurements are taken from a fixed reference point, located at the start of the first full
thread, to a sufficient number of positions along the entire helix to detect all types of lead variations.
The amounts that these positions vary from their basic (theoretical) positions are recorded with due
respect to sign. The greatest variation in each direction (±) is selected, and the sum of their values, dis-
regarding sign, must not exceed the tolerance limits specified for W gages. 

Tol. on
Thread
Half-
angle
(±),

minutes

Tol. on Major and 
Minor Diams.b

b Tolerances apply to designated size of thread. The application of the tolerances is specified in the
Standard.

Tolerance on
Pitch Diameterb

To &
incl.
1⁄2 in.
Dia.

Above
1⁄2 in.
Dia.

To &
incl.
1⁄2 in.
Dia.

Above
1⁄2 to
4 in.
Dia.

Above
4 in.
Dia.

To &
incl.
1⁄2 in.
Dia.

Above
1⁄2 to

11⁄2 in.
Dia.

Above
11⁄2 to
4 in.
Dia.

Above
4 to
8 in.
Dia.

Above
8 to

12 in.c
Dia.

c Above 12 in. the tolerance is directly proportional to the tolerance given in this column below, in the
ratio of the diameter to 12 in. 

W GAGES

80, 72 .0001 .00015 20 .0003 .0003 … .0001 .00015 … … …
64 .0001 .00015 20 .0003 .0004 … .0001 .00015 … … …
56 .0001 .00015 20 .0003 .0004 … .0001 .00015 .0002 … …
48 .0001 .00015 18 .0003 .0004 … .0001 .00015 .0002 … …

44, 40 .0001 .00015 15 .0003 .0004 … .0001 .00015 .0002 … …
36 .0001 .00015 12 .0003 .0004 … .0001 .00015 .0002 … …
32 .0001 .00015 12 .0003 .0005 .0007 .0001 .00015 .0002 .00025 .0003

28, 27 .00015 .00015 8 .0005 .0005 .0007 .0001 .00015 .0002 .00025 .0003
24, 20 .00015 .00015 8 .0005 .0005 .0007 .0001 .00015 .0002 .00025 .0003

18 .00015 .00015 8 .0005 .0005 .0007 .0001 .00015 .0002 .00025 .0003
16 .00015 .00015 8 .0006 .0006 .0009 .0001 .0002 .00025 .0003 .0004

14, 13 .0002 .0002 6 .0006 .0006 .0009 .00015 .0002 .00025 .0003 .0004
12 .0002 .0002 6 .0006 .0006 .0009 .00015 .0002 .00025 .0003 .0004

111⁄2 .0002 .0002 6 .0006 .0006 .0009 .00015 .0002 .00025 .0003 .0004

11 .0002 .0002 6 .0006 .0006 .0009 .00015 .0002 .00025 .0003 .0004
10 … .00025 6 … .0006 .0009 … .0002 .0025 .0003 .0004
9 … .00025 6 … .0007 .0011 … .0002 .00025 .0003 .0004
8 … .00025 5 … .0007 .0011 … .0002 .00025 .0003 .0004
7 … .0003 5 … .0007 .0011 … .0002 .00025 .0003 .0004
6 … .0003 5 … .0008 .0013 … .0002 .00025 .0003 .0004
5 … .0003 4 … .0008 .0013 … … .00025 .0003 .0004

41⁄2 … .0003 4 … .0008 .0013 … … .00025 .0003 .0004

4 … .0003 4 … .0009 .0015 … … .00025 .0003 .0004

X GAGES

80, 72 .0002 .0002 30 .0003 .0003 … .0002 .0002 … … …
64 .0002 .0002 30 .0004 .0004 … .0002 .0002 … … …

56, 48 .0002 .0002 30 .0004 .0004 … .0002 .0002 .0003 … …
44, 40 .0002 .0002 20 .0004 .0004 … .0002 .0002 .0003 … …

36 .0002 .0002 20 .0004 .0004 … .0002 .0002 .0003 … …
32, 28 .0003 .0003 15 .0005 .0005 .0007 .0003 .0003 .0004 .0005 .0006
27, 24 .0003 .0003 15 .0005 .0005 .0007 .0003 .0003 .0004 .0005 .0006

20 .0003 .0003 15 .0005 .0005 .0007 .0003 .0003 .0004 .0005 .0006
18 .0003 .0003 10 .0005 .0005 .0007 .0003 .0003 .0004 .0005 .0006

16, 14 .0003 .0003 10 .0006 .0006 .0009 .0003 .0003 .0004 .0006 .0008
13, 12 .0003 .0003 10 .0006 .0006 .0009 .0003 .0003 .0004 .0006 .0008
111⁄2 .0003 .0003 10 .0006 .0006 .0009 .0003 .0003 .0004 .0006 .0008

11, 10 .0003 .0003 10 .0006 .0006 .0009 .0003 .0003 .0004 .0006 .0008
9 .0003 .0003 10 .0007 .0007 .0011 .0003 .0003 .0004 .0006 .0008

8, 7 .0004 .0004 5 .0007 .0007 .0011 .0004 .0004 .0005 .0006 .0008
6 .0004 .0004 5 .0008 .0008 .0013 .0004 .0004 .0005 .0006 .0008

5, 41⁄2 .0004 .0004 5 .0008 .0008 .0013 … … .0005 .0006 .0008

4 .0004 .0004 5 .0009 .0009 .0015 … … .0005 .0006 .0008
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Table 5. Formulas for Limits of American National Standard Gages for
 Unified Inch Screw Threads  ANSI/ASME B1.2-1983 (R2007)

See data in Screw Thread Systems section for symbols and dimensions of Unified Screw Threads.

No. Thread Gages for External Threads

1 GO Pitch Diameter = Maximum pitch diameter of external thread. Gage tolerance is minus.

2 GO Minor Diameter = Maximum pitch diameter of external thread minus H/2. Gage tolerance is minus.

3 NOT GO (LO) Pitch Diameter (for plus tolerance gage) = Minimum pitch diameter of external thread. Gage 
tolerance is plus.

4 NOT GO (LO) Minor Diameter = Minimum pitch diameter of external thread minus H/4. Gage tolerance is 
plus.

Plain Gages for Major Diameter of External Threads

5 GO = Maximum major diameter of external thread. Gage tolerance is minus.

6 NOT GO = Minimum major diameter of external thread. Gage tolerance is plus.

Thread Gages for Internal Threads

7 GO Major Diameter = Minimum major diameter of internal thread. Gage tolerance is plus.

8 GO Pitch Diameter = Minimum pitch diameter of internal thread. Gage tolerance is plus.

9 NOT GO (HI) Major Diameter = Maximum pitch diameter of internal thread plus H/2. Gage tolerance is 
minus.

10 NOT GO (HI) Pitch Diameter = Maximum pitch diameter of internal thread. Gage tolerance is minus.

Plain Gages for Minor Diameter of Internal Threads

11 GO = Minimum minor diameter of internal thread. Gage tolerance is plus.

12 NOT GO = Maximum minor diameter of internal thread. Gage tolerance is minus.

Full Form nd Truncated Setting Plugs

13 GO Major Diameter (Truncated Portion) = Maximum major diameter of external thread (= minimum major 

diameter of full portion of GO setting plug) minus . Gage tolerance is 

minus.

14 GO Major Diameter (Full Portion) = Maximum major diameter of external thread. Gage tolerance is plus.

15 GO Pitch Diameter = Maximum pitch diameter of external thread. Gage tolerance is minus.

16 aNOT GO (LO) Major Diameter (Truncated Portion) = Minimum pitch diameter of external thread plus H/2.
Gage tolerance is minus.

a Truncated portion is required when optional sharp root profile is used. 

17 NOT GO (LO) Major Diameter (Full Portion) = Maximum major diameter of external thread provided major 
diameter crest width shall not be less than 0.001 in. (0.0009 in. truncation). Apply W tolerance plus for max-
imum size except that for 0.001 in. crest width apply tolerance minus. For the 0.001 in. crest width, major 
diameter is equal to maximum major diameter of external thread plus 0.216506p minus the sum of external 
thread pitch diameter tolerance and 0.0017 in.

18 NOT GO (LO) Pitch Diameter = Minimum pitch diameter of external thread. Gage tolerance is plus.

Solid Thread-setting Rings for Snap and Indicating Gages

19 bGO Pitch Diameter = Minimum pitch diameter of internal thread. W gage tolerance is plus.

b Tolerances greater than W tolerance for pitch diameter are acceptable when internal indicating or
snap gage can accommodate a greater tolerance and when agreed upon by supplier and user. 

20 GO Minor Diameter = Minimum minor diameter of internal thread. W gage tolerance is minus.

21 bNOT GO (HI) Pitch Diameter = Maximum pitch diameter of internal thread. W gage tolerance is minus.

22 NOT GO (HI) Minor Diameter = Maximum minor diameter of internal thread. W gage tolerance is minus.

0.060 p23 0.017p+( )
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TAPPING AND THREAD CUTTING

Selection of Taps.—For most applications, a standard tap supplied by the manufacturer
can be used, but some jobs may require special taps. A variety of standard taps can be
obtained. In addition to specifying the size of the tap it is necessary to be able to select the
one most suitable for the application at hand. 

The elements of standard taps that are varied are: the number of flutes;  the type of flute,
whether straight, spiral pointed, or spiral fluted;  the chamfer length;  the relief of the land,
if any;  the tool steel used to make the tap;  and  the surface treatment of the tap.

Details regarding the nomenclature of tap elements are given in the section TAPS starting
on page 904, along with a listing of the standard sizes available.

Factors to consider in selecting a tap include: the method of tapping, by hand or by
machine;  the material to be tapped and its heat treatment;  the length of thread, or depth of
the tapped hole;  the required tolerance or class of fit;  and  the production requirement and
the type of machine to be used.

The diameter of the hole must also be considered, although this action is usually only a
matter of design and the specification of the tap drill size.

Method of Tapping: The term hand tap is used for both hand and machine taps, and
almost all taps can be applied by the hand or machine method. While any tap can be used
for hand tapping, those having a concentric land without the relief are preferable. In hand
tapping the tool is reversed periodically to break the chip, and the heel of the land of a tap
with a concentric land (without relief) will cut the chip off cleanly or any portion of it that
is attached to the work, whereas a tap with an eccentric or con-eccentric relief may leave a
small burr that becomes wedged between the relieved portion of the land and the work.
This wedging creates a pressure towards the cutting face of the tap that may cause it to chip;
it tends to roughen the threads in the hole, and it increases the overall torque required to
turn the tool. When tapping by machine, however, the tap is usually turned only in one
direction until the operation is complete, and an eccentric or con-eccentric relief is often an
advantage.

Chamfer Length: Three types of hand taps, used both for hand and machine tapping, are
available, and they are distinguished from each other by the length of chamfer. Taper taps
have a chamfer angle that reduces the height about 8-10 teeth; plug taps have a chamfer
angle with 3-5 threads reduced in height; and bottoming taps have a chamfer angle with 11⁄2
threads reduced in height. Since the teeth that are reduced in height do practically all the
cutting, the chip load or chip thickness per tooth will be least for a taper tap, greater for a
plug tap, and greatest for a bottoming tap.

For most through hole tapping applications it is necessary to use only a plug type tap,
which is also most suitable for blind holes where the tap drill hole is deeper than the
required thread. If the tap must bottom in a blind hole, the hole is usually threaded first with
a plug tap and then finished with a bottoming tap to catch the last threads in the bottom of
the hole. Taper taps are used on materials where the chip load per tooth must be kept to a
minimum. However, taper taps should not be used on materials that have a strong tendency
to work harden, such as the austenitic stainless steels.

Spiral Point Taps: Spiral point taps offer a special advantage when machine tapping
through holes in ductile materials because they are designed to handle the long continuous
chips that form and would otherwise cause a disposal problem. An angular gash is ground
at the point or end of the tap along the face of the chamfered threads or lead teeth of the tap.
This gash forms a left-hand helix in the flutes adjacent to the lead teeth which causes the
chips to flow ahead of the tap and through the hole. The gash is usually formed to produce
a rake angle on the cutting face that increases progressively toward the end of the tool.
Since the flutes are used primarily to provide a passage for the cutting fluid, they are usu-
ally made narrower and shallower thereby strengthening the tool. For tapping thin work-
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pieces short fluted spiral point taps are recommended. They have a spiral point gash along
the cutting teeth; the remainder of the threaded portion of the tap has no flute. Most spiral
pointed taps are of plug type; however, spiral point bottoming taps are also made.

Spiral Fluted Taps: Spiral fluted taps have a helical flute; the helix angle of the flute may
be between 15 and 52 degrees and the hand of the helix is the same as that of the threads on
the tap. The spiral flute and the rake that it forms on the cutting face of the tap combine to
induce the chips to flow backward along the helix and out of the hole. Thus, they are ideally
suited for tapping blind holes and they are available as plug and bottoming types. A higher
spiral angle should be specified for tapping very ductile materials; when tapping harder
materials, chipping at the cutting edge may result and the spiral angle must be reduced.

Holes having a pronounced interruption such as a groove or a keyway can be tapped with
spiral fluted taps. The land bridges the interruption and allows the tap to cut relatively
smoothly.

Serial Taps and Close Tolerance Threads: For tapping holes to close tolerances a set of
serial taps is used. 

They are usually available in sets of three: the No. 1 tap is undersize and is the first
rougher;  the No. 2 tap is of intermediate size and is the second rougher;  and  the No. 3 tap
is used for finishing.

The different taps are identified by one, two, and three annular grooves in the shank adja-
cent to the square. For some applications involving finer pitches only two serial taps are
required. Sets are also used to tap hard or tough materials having a high tensile strength,
deep blind holes in normal materials, and large coarse threads. A set of more than three taps
is sometimes required to produce threads of coarse pitch. Threads to some commercial tol-
erances, such as American Standard Unified 2B, or ISO Metric 6H, can be produced in one
cut using a ground tap; sometimes even closer tolerances can be produced with a single tap.
Ground taps are recommended for all close tolerance tapping operations. For much ordi-
nary work, cut taps are satisfactory and more economical than ground taps.

Tap Steels: Most taps are made from high speed steel. The type of tool steel used is deter-
mined by the tap manufacturer and is usually satisfactory when correctly applied except in
a few exceptional cases. Typical grades of high speed steel used to make taps are M-1, M-
2, M-3, M-42, etc. Carbon tool steel taps are satisfactory where the operating temperature
of the tap is low and where a high resistance to abrasion is not required as in some types of
hand tapping.

Surface Treatment: The life of high speed steel taps can sometimes be increased signifi-
cantly by treating the surface of the tap. A very common treatment is oxide coating, which
forms a thin metallic oxide coating on the tap that has lubricity and is somewhat porous to
absorb and retain oil. This coating reduces the friction between the tap and the work and it
makes the surface virtually impervious to rust. It does not increase the hardness of the sur-
face but it significantly reduces or prevents entirely galling, or the tendency of the work
material to weld or stick to the cutting edge and to other areas on the tap with which it is in
contact. For this reason oxide coated taps are recommended for metals that tend to gall and
stick such as non-free cutting low carbon steels and soft copper. It is also useful for tapping
other steels having higher strength properties.

Nitriding provides a very hard and wear resistant case on high speed steel. Nitrided taps
are especially recommended for tapping plastics; they have also been used successfully on
a variety of other materials including high strength high alloy steels. However, some cau-
tion must be used in specifying nitrided taps because the nitride case is very brittle and may
have a tendency to chip.

Chrome plating has been used to increase the wear resistance of taps but its application
has been limited because of the high cost and the danger of hydrogen embrittlement which
can cause cracks to form in the tool. A flash plate of about .0001 in. or less in thickness is
applied to the tap. Chrome-plated taps have been used successfully to tap a variety of fer-
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rous and nonferrous materials including plastics, hard rubber, mild steel, and tool steel.
Other surface treatments that have been used successfully to a limited extent are vapor
blasting and liquid honing.

Rake Angle: For the majority of applications in both ferrous and nonferrous materials the
rake angle machined on the tap by the manufacturer is satisfactory. This angle is approxi-
mately 5 to 7 degrees. In some instances it may be desirable to alter the rake angle of the tap
to obtain beneficial results and Table 1 provides a guide that can be used. In selecting a rake
angle from this table, consideration must be given to the size of the tap and the strength of
the land. Most standard taps are made with a curved face with the rake angle measured as a
chord between the crest and root of the thread. The resulting shape is called a hook angle.

Table 1. Tap Rake Angles for Tapping Different Materials

Cutting Speed.—The cutting speed for machine tapping is treated in detail on page 1071.
It suffices to say here that many variables must be considered in selecting this cutting speed
and any tabulation may have to be modified greatly. Where cutting speeds are mentioned
in the following section, they are intended only to provide a guideline to show the possible
range of speeds that could be used.
Tapping Specific Materials.—The work material has a great influence on the ease with
which a hole can be tapped. For production work, in many instances, modified taps are rec-
ommended; however, for toolroom or short batch work, standard hand taps can be used on
most jobs, providing reasonable care is taken when tapping. The following concerns the
tapping of metallic materials; information on the tapping of plastics is given on page 601.

Low Carbon Steel (Less than 0.15% C): These steels are very soft and ductile resulting
in a tendency for the work material to tear and to weld to the tap. They produce a continu-
ous chip that is difficult to break and spiral pointed taps are recommended for tapping
through holes; for blind holes a spiral fluted tap is recommended. To prevent galling and
welding, a liberal application of a sulfur base or other suitable cutting fluid is essential and
the selection of an oxide coated tap is very helpful.

Low Carbon Steels (0.15 to 0.30% C): The additional carbon in these steels is beneficial
as it reduces the tendency to tear and to weld; their machinability is further improved by
cold drawing. These steels present no serious problems in tapping provided a suitable cut-
ting fluid is used. An oxide coated tap is recommended, particularly in the lower carbon
range.

Material
Rake Angle,

Degrees Material
Rake Angle,

Degrees

Cast Iron 0-3 Aluminum 8-20

Malleable Iron 5-8 Brass 2-7

Steel Naval Brass 5-8

AISI 1100 Series 5-12 Phosphor Bronze 5-12

Low Carbon (up 5-12 Tobin Bronze 5-8

to .25 per cent) Manganese Bronze 5-12

Medium Carbon, Annealed 5-10 Magnesium 10-20

(.30 to .60 per cent) Monel 9-12

Heat Treated, 225-283 0-8 Copper 10-18

Brinell. (.30 to .60 per cent) Zinc Die Castings 10-15

High Carbon and 0-5 Plastic

High Speed Thermoplastic 5-8

Stainless 8-15 Thermosetting 0-3

Titanium 5-10 Hard Rubber 0-3
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Medium Carbon Steels (0.30 to 0.60% C): These steels can be tapped without too much
difficulty, although a lower cutting speed must be used in machine tapping. The cutting
speed is dependent on carbon content and heat treatment. Steels that have a higher carbon
content must be tapped more slowly, especially if the heat treatment has produced a pearl-
itic microstructure. The cutting speed and ease of tapping is significantly improved by heat
treating to produce a spheroidized microstructure. A suitable cutting fluid must be used.

High Carbon Steels (More than 0.6% C): Usually these materials are tapped in the
annealed or normalized condition although sometimes tapping is done after hardening and
tempering to a hardness below 55 Rc. Recommendations for tapping after hardening and
tempering are given under High Tensile Strength Steels. In the annealed and normalized
condition these steels have a higher strength and are more abrasive than steels with a lower
carbon content; thus, they are more difficult to tap. The microstructure resulting from the
heat treatment has a significant effect on the ease of tapping and the tap life, a spheroidite
structure being better in this respect than a pearlitic structure. The rake angle of the tap
should not exceed 5 degrees and for the harder materials a concentric tap is recommended.
The cutting speed is considerably lower for these steels and an activated sulfur-chlorinated
cutting fluid is recommended.

Alloy Steels: This classification includes a wide variety of steels, each of which may be
heat treated to have a wide range of properties. When annealed and normalized they are
similar to medium to high carbon steels and usually can be tapped without difficulty,
although for some alloy steels a lower tapping speed may be required. Standard taps can be
used and for machine tapping a con-eccentric relief may be helpful. A suitable cutting fluid
must be used.

High-Tensile Strength Steels: Any steel that must be tapped after being heat treated to a
hardness range of 40-55 Rc is included in this classification. Low tap life and excessive tap
breakage are characteristics of tapping these materials; those that have a high chromium
content are particularly troublesome. Best results are obtained with taps that have concen-
tric lands, a rake angle that is at or near zero degrees, and 6 to 8 chamfered threads on the
end to reduce the chip load per tooth. The chamfer relief should be kept to a minimum. The
load on the tap should be kept to a minimum by every possible means, including using the
largest possible tap drill size; keeping the hole depth to a minimum; avoidance of bottom-
ing holes; and, in the larger sizes, using fine instead of coarse pitches. Oxide coated taps are
recommended although a nitrided tap can sometimes be used to reduce tap wear. An active
sulfur-chlorinated oil is recommended as a cutting fluid and the tapping speed should not
exceed about 10 feet per minute (3.0 m/min).

Stainless Steels: Ferritic and martensitic type stainless steels are somewhat like alloy
steels that have a high chromium content, and they can be tapped in a similar manner,
although a slightly slower cutting speed may have to be used. Standard rake angle oxide
coated taps are recommended and a cutting fluid containing molybdenum disulphide is
helpful to reduce the friction in tapping. Austenitic stainless steels are very difficult to tap
because of their high resistance to cutting and their great tendency to work harden. A work-
hardened layer is formed by a cutting edge of the tap and the depth of this layer depends on
the severity of the cut and the sharpness of the tool. The next cutting edge must penetrate
below the work-hardened layer, if it is to be able to cut. Therefore, the tap must be kept
sharp and each succeeding cutting edge on the tool must penetrate below the work-hard-
ened layer formed by the preceding cutting edge. For this reason, a taper tap should not be
used, but rather a plug tap having 3-5 chamfered threads. To reduce the rubbing of the
lands, an eccentric or con-eccentric relieved land should be used and a 10-15 degree rake
angle is recommended. A tough continuous chip is formed that is difficult to break. To con-
trol this chip, spiral pointed taps are recommended for through holes and low-helix angle
spiral fluted taps for blind holes. An oxide coating on the tap is very helpful and a sulfur-
chlorinated mineral lard oil is recommended, although heavy duty soluble oils have also
been used successfully.
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Free Cutting Steels: There are large numbers of free cutting steels, including free cutting
stainless steels, which are also called free machining steels. Sulfur, lead, or phosphorus are
added to these steels to improve their machinability. Free machining steels are always eas-
ier to tap than their counterparts that do not have the free machining additives. Tool life is
usually increased and a somewhat higher cutting speed can be used. The type of tap recom-
mended depends on the particular type of free machining steel and the nature of the tapping
operation; usually a standard tap can be used.

High Temperature Alloys: These are cobalt or nickel base nonferrous alloys that cut like
austenitic stainless steel, but are often even more difficult to machine. The recommenda-
tions given for austenitic stainless steel also apply to tapping these alloys but the rake angle
should be 0 to 10 degrees to strengthen the cutting edge. For most applications a nitrided
tap or one made from M41, M42, M43, or M44 steel is recommended. The tapping speed is
usually in the range of 5-10 ft/min(1.5–3.0 m/min).

Titanium and Titanium Alloys: Titanium and its alloys have a low specific heat and a pro-
nounced tendency to weld on to the tool material; therefore, oxide coated taps are recom-
mended to minimize galling and welding. The rake angle of the tap should be from 6 to 10
degrees. To minimize the contact between the work and the tap an eccentric or con-eccen-
tric relief land should be used. Taps having interrupted threads are sometimes helpful. Pure
titanium is comparatively easy to tap but the alloys are very difficult. The cutting speed
depends on the composition of the alloy and may vary from 10-40 ft/min(3.0–12.2 m/min).
Special cutting oils are recommended for tapping titanium.

Gray Cast Iron: The microstructure of gray cast iron can vary, even within a single cast-
ing, and compositions are used that vary in tensile strength from about 20,000-60,000 psi
(138–414 MPa) and 160 to 250 Bhn. Thus, cast iron is not a single material, although in
general it is not difficult to tap. The cutting speed may vary from 90 ft/min(27.4 m/min) for
the softer grades to 30 ft/min(9.1 m/min) for the harder grades. The chip is discontinuous
and straight fluted taps should be used for all applications. Oxide coated taps are helpful
and gray cast iron can usually be tapped dry, although water soluble oils and chemical
emulsions are sometimes used.

Malleable Cast Iron: Commercial malleable cast irons are also available having a rather
wide range of properties, although within a single casting they tend to be quite uniform.
They are relatively easy to tap and standard taps can be used. The cutting speed for ferritic
cast irons is 60–90 ft/min(18.3–27.4 m/min), for pearlitic malleable irons 40–50 ft/
min(12.2–15.2 m/min), and for martensitic malleable irons 30–35 ft/min(9.1–10.7
m/min). A soluble oil cutting fluid is recommended except for martensitic malleable iron
where a sulfur base oil may work better.

Ductile or Nodular Cast Iron: Several classes of nodular iron are used having a tensile
strength varying from 60,000-120,000 psi(414–827 MPa). Moreover, the microstructure
in a single casting and in castings produced at different times vary rather widely. The chips
are easily controlled but have some tendency to weld to the faces and flanks of cutting tools.
For this reason oxide coated taps are recommended. The cutting speed may vary from 15
fpm(4.6 m/min) for the harder martensitic ductile irons to 60 fpm (18.3 m/min) for the
softer ferritic grades. A suitable cutting fluid should be used.

Aluminum: Aluminum and aluminum alloys are relatively soft materials that have little
resistance to cutting. The danger in tapping these alloys is that the tap will ream the hole
instead of cutting threads, or that it will cut a thread eccentric  to the hole. For these reasons,
extra care must be taken when aligning the tap and starting the thread. For production tap-
ping a spiral pointed tap is recommended for through holes and a spiral fluted tap for blind
holes; preferably these taps should have a 10 to 15 degree rake angle. A lead screw tapping
machine is helpful in cutting accurate threads. A heavy duty soluble oil or a light base min-
eral oil should be used as a cutting fluid.
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Copper Alloys: Most copper alloys are not difficult to tap, except beryllium copper and a
few other hard alloys. Pure copper is difficult because of its ductility and the ductile contin-
uous chip formed, which can be hard to control. However, with reasonable care and the use
of medium heavy duty mineral lard oil it can be tapped successfully. Red brass, yellow
brass, and similar alloys containing not more than 35 per cent zinc produce a continuous
chip. While straight fluted taps can be used for hand tapping these alloys, machine tapping
should be done with spiral pointed or spiral fluted taps for through and blind holes respec-
tively. Naval brass, leaded brass, and cast brasses produce a discontinuous chip and a
straight fluted tap can be used for machine tapping. These alloys exhibit a tendency to close
in on the tap and sometimes an interrupted thread tap is used to reduce the resulting jam-
ming effect. Beryllium copper and the silicon bronzes are the strongest of the copper
alloys. Their strength combined with their ability to work harden can cause difficulties in
tapping. For these alloys plug type taps should be used and the taps should be kept as sharp
as possible. A medium or heavy duty water soluble oil is recommended as a cutting fluid.
Other Tapping Lubricants.—The power required in tapping varies considerably with
different lubricants. The following lubricants reduce the resistance to the cut when thread-
ing forged nuts and hexagon drawn material: stearine oil, lard oil, sperm oil, rape oil, and
10 per cent graphite with 90 per cent tallow. A mixture of cutting emulsion (soluble oil)
with water reduces resistance to threading action well. A few emulsions are almost as good
as animal and vegetable oils, but the emulsion used plays an important part; the majority of
emulsions do not give good results. A large volume of lubricant gives somewhat better
results than a small quantity, especially in the case of the thinner oils. Kerosene, turpentine,
and graphite proved unsuitable for tapping steel. Mineral oils not mixed with animal and
vegetable oils, and ordinary lubricating and machine oils, are wholly unsuitable.

For aluminum, kerosene is recommended. For tapping cast iron use a strong solution of
emulsion; oil has a tendency to make cast-iron chips clog in the flutes, preventing the lubri-
cant from reaching the tap cutting teeth. For tapping copper, milk is a good lubricant.
Diameter of Tap Drill.—Tapping troubles are sometimes caused by tap drills that are too
small in diameter. The tap drill should not be smaller than is necessary to give the required
strength to the thread as even a very small decrease in the diameter of the drill will increase
the torque required and the possibility of broken taps. Tests have shown that any increase
in the percentage of full thread over 60 per cent does not significantly increase the strength
of the thread. Often, a 55 to 60 per cent thread is satisfactory, although 75 per cent threads
are commonly used to provide an extra measure of safety. The present thread specifica-
tions do not always allow the use of the smaller thread depths. However, the specification
given on a part drawing must be adhered to and may require smaller minor diameters than
might otherwise be recommended.

The depth of the thread in the tapped hole is dependent on the length of thread engage-
ment and on the material. In general, when the engagement length is more than one and
one-half times the nominal diameter a 50 or 55 per cent thread is satisfactory. Soft ductile
materials permit a slightly larger tapping hole than brittle materials such as gray cast iron.

It must be remembered that a twist drill is a roughing tool that may be expected to drill
slightly oversize and that some variations in the size of the tapping holes are almost inevi-
table. When a closer control of the hole size is required it must be reamed. Reaming is rec-
ommended for the larger thread diameters and for some fine pitch threads.

For threads of Unified form (see American National and Unified Screw Thread Forms on
page 1806) the selection of tap drills is covered in the section Factors Influencing Minor
Diameter Tolerances of Tapped Holes on page 2030, and the hole size limits are given in
Table 2. Tap drill sizes for American National Form threads based on 75 per cent of full
thread depth are given in Tables 3 and 4. For smaller-size threads the use of slightly larger
drills, if permissible, will reduce tap breakage. The selection of tap drills for these threads
also may be based on the hole size limits given in Table 2 for Unified threads that take
lengths of engagement into account. (Text continues on page 2030.)
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Table 2.  Recommended Hole Size Limits Before Tapping Unified Threads

Thread
Size

Classes 1B and 2B Class 3B

Length of Engagement (D = Nominal Size of Thread)

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D

to 11⁄2D
Above 11⁄2D

to 3D

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D
to 11⁄2D

Above 11⁄2D

to 3D

Recommended Hole Size Limits

Mina Max Min Max Min Maxb Min Max Mina Max Min Max Min Maxb Min Max

0-80 0.0465 0.0500 0.0479 0.0514 0.0479 0.0514 0.0479 0.0514 0.0465 0.0500 0.0479 0.0514 0.0479 0.0514 0.0479 0.0514
1-64 0.0561 0.0599 0.0585 0.0623 0.0585 0.0623 0.0585 0.0623 0.0561 0.0599 0.0585 0.0623 0.0585 0.0623 0.0585 0.0623
1-72 0.0580 0.0613 0.0596 0.0629 0.0602 0.0635 0.0602 0.0635 0.0580 0.0613 0.0596 0.0629 0.0602 0.0635 0.0602 0.0635
2-56 0.0667 0.0705 0.0686 0.0724 0.0699 0.0737 0.0699 0.0737 0.0667 0.0705 0.0686 0.0724 0.0699 0.0737 0.0699 0.0737
2-64 0.0691 0.0724 0.0707 0.0740 0.0720 0.0753 0.0720 0.0753 0.0691 0.0724 0.0707 0.0740 0.0720 0.0753 0.0720 0.0753
3-48 0.0764 0.0804 0.0785 0.0825 0.0805 0.0845 0.0806 0.0846 0.0764 0.0804 0.0785 0.0825 0.0805 0.0845 0.0806 0.0846
3-56 0.0797 0.0831 0.0814 0.0848 0.0831 0.0865 0.0833 0.0867 0.0797 0.0831 0.0814 0.0848 0.0831 0.0865 0.0833 0.0867
4-40 0.0849 0.0894 0.0871 0.0916 0.0894 0.0939 0.0902 0.0947 0.0849 0.0894 0.0871 0.0916 0.0894 0.0939 0.0902 0.0947
4-48 0.0894 0.0931 0.0912 0.0949 0.0931 0.0968 0.0939 0.0976 0.0894 0.0931 0.0912 0.0949 0.0931 0.0968 0.0939 0.0976
5-40 0.0979 0.1020 0.1000 0.1041 0.1021 0.1062 0.1036 0.1077 0.0979 0.1020 0.1000 0.1041 0.1021 0.1062 0.1036 0.1077
5-44 0.1004 0.1042 0.1023 0.1060 0.1042 0.1079 0.1060 0.1097 0.1004 0.1042 0.1023 0.1060 0.1042 0.1079 0.1060 0.1097
6-32 0.104 0.109 0.106 0.112 0.109 0.114 0.112 0.117 0.1040 0.1091 0.1066 0.1115 0.1091 0.1140 0.1115 0.1164
6-40 0.111 0.115 0.113 0.117 0.115 0.119 0.117 0.121 0.1110 0.1148 0.1128 0.1167 0.1147 0.1186 0.1166 0.1205
8-32 0.130 0.134 0.132 0.137 0.134 0.139 0.137 0.141 0.1300 0.1345 0.1324 0.1367 0.1346 0.1389 0.1367 0.1410
8-36 0.134 0.138 0.136 0.140 0.138 0.142 0.140 0.144 0.1340 0.1377 0.1359 0.1397 0.1378 0.1416 0.1397 0.1435

10-24 0.145 0.150 0.148 0.154 0.150 0.156 0.152 0.159 0.1450 0.1502 0.1475 0.1528 0.1502 0.1555 0.1528 0.1581
10-32 0.156 0.160 0.158 0.162 0.160 0.164 0.162 0.166 0.1560 0.1601 0.1581 0.1621 0.1601 0.1641 0.1621 0.1661
12-24 0.171 0.176 0.174 0.179 0.176 0.181 0.178 0.184 0.1710 0.1758 0.1733 0.1782 0.1758 0.1807 0.1782 0.1831
12-28 0.177 0.182 0.179 0.184 0.182 0.186 0.184 0.188 0.1770 0.1815 0.1794 0.1836 0.1815 0.1857 0.1836 0.1878
12-32 0.182 0.186 0.184 0.188 0.186 0.190 0.188 0.192 0.1820 0.1858 0.1837 0.1877 0.1855 0.1895 0.1873 0.1913

1⁄4-20 0.196 0.202 0.199 0.204 0.202 0.207 0.204 0.210 0.1960 0.2013 0.1986 0.2040 0.2013 0.2067 0.2040 0.2094
1⁄4-28 0.211 0.216 0.213 0.218 0.216 0.220 0.218 0.222 0.2110 0.2152 0.2131 0.2171 0.2150 0.2190 0.2169 0.2209
1⁄4-32 0.216 0.220 0.218 0.222 0.220 0.224 0.222 0.226 0.2160 0.2196 0.2172 0.2212 0.2189 0.2229 0.2206 0.2246
1⁄4-36 0.220 0.224 0.221 0.225 0.224 0.226 0.225 0.228 0.2200 0.2243 0.2199 0.2243 0.2214 0.2258 0.2229 0.2273

5⁄16-18 0.252 0.259 0.255 0.262 0.259 0.265 0.262 0.268 0.2520 0.2577 0.2551 0.2604 0.2577 0.2630 0.2604 0.2657
5⁄16-24 0.267 0.272 0.270 0.275 0.272 0.277 0.275 0.280 0.2670 0.2714 0.2694 0.2734 0.2714 0.2754 0.2734 0.2774
5⁄16-32 0.279 0.283 0.281 0.285 0.283 0.286 0.285 0.289 0.2790 0.2817 0.2792 0.2832 0.2807 0.2847 0.2822 0.2862
5⁄16-36 0.282 0.286 0.284 0.288 0.285 0.289 0.287 0.291 0.2820 0.2863 0.2824 0.2863 0.2837 0.2877 0.2850 0.2890
3⁄8-16 0.307 0.314 0.311 0.318 0.314 0.321 0.318 0.325 0.3070 0.3127 0.3101 0.3155 0.3128 0.3182 0.3155 0.3209
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3⁄8-24 0.330 0.335 0.333 0.338 0.335 0.340 0.338 0.343 0.3300 0.3336 0.3314 0.3354 0.3332 0.3372 0.3351 0.3391
3⁄8-32 0.341 0.345 0.343 0.347 0.345 0.349 0.347 0.351 0.3410 0.3441 0.3415 0.3455 0.3429 0.3469 0.3444 0.3484
3⁄8-36 0.345 0.349 0.346 0.350 0.347 0.352 0.349 0.353 0.3450 0.3488 0.3449 0.3488 0.3461 0.3501 0.3474 0.3514

7⁄16-14 0.360 0.368 0.364 0.372 0.368 0.376 0.372 0.380 0.3600 0.3660 0.3630 0.3688 0.3659 0.3717 0.3688 0.3746
7⁄16-20 0.383 0.389 0.386 0.391 0.389 0.395 0.391 0.397 0.3830 0.3875 0.3855 0.3896 0.3875 0.3916 0.3896 0.3937
7⁄16-28 0.399 0.403 0.401 0.406 0.403 0.407 0.406 0.410 0.3990 0.4020 0.3995 0.4035 0.4011 0.4051 0.4017 0.4067
1⁄2-13 0.417 0.426 0.421 0.430 0.426 0.434 0.430 0.438 0.4170 0.4225 0.4196 0.4254 0.4226 0.4284 0.4255 0.4313
1⁄2-12 0.410 0.414 0.414 0.424 0.414 0.428 0.424 0.433 0.4100 0.4161 0.4129 0.4192 0.4160 0.4223 0.4192 0.4255
1⁄2-20 0.446 0.452 0.449 0.454 0.452 0.457 0.454 0.460 0.4460 0.4498 0.4477 0.4517 0.4497 0.4537 0.4516 0.4556
1⁄2-28 0.461 0.467 0.463 0.468 0.466 0.470 0.468 0.472 0.4610 0.4645 0.4620 0.4660 0.4636 0.4676 0.4652 0.4692

9⁄16-12 0.472 0.476 0.476 0.486 0.476 0.490 0.486 0.495 0.4720 0.4783 0.4753 0.4813 0.4783 0.4843 0.4813 0.4873
9⁄16-18 0.502 0.509 0.505 0.512 0.509 0.515 0.512 0.518 0.5020 0.5065 0.5045 0.5086 0.5065 0.5106 0.5086 0.5127
9⁄16-24 0.517 0.522 0.520 0.525 0.522 0.527 0.525 0.530 0.5170 0.5209 0.5186 0.5226 0.5204 0.5244 0.5221 0.5261
9⁄16-28 0.524 0.528 0.526 0.531 0.528 0.532 0.531 0.535 0.5240 0.5270 0.5245 0.5285 0.5261 0.5301 0.5277 0.5317
5⁄8-11 0.527 0.536 0.532 0.541 0.536 0.546 0.541 0.551 0.5270 0.5328 0.5298 0.5360 0.5329 0.5391 0.5360 0.5422
5⁄8-12 0.535 0.544 0.540 0.549 0.544 0.553 0.549 0.558 0.5350 0.5406 0.5377 0.5435 0.5405 0.5463 0.5434 0.5492
5⁄8-18 0.565 0.572 0.568 0.575 0.572 0.578 0.575 0.581 0.5650 0.5690 0.5670 0.5711 0.5690 0.5730 0.5711 0.5752
5⁄8-24 0.580 0.585 0.583 0.588 0.585 0.590 0.588 0.593 0.5800 0.5834 0.5811 0.5851 0.5829 0.5869 0.5846 0.5886
5⁄8-28 0.586 0.591 0.588 0.593 0.591 0.595 0.593 0.597 0.5860 0.5895 0.5870 0.5910 0.5886 0.5926 0.5902 0.5942

11⁄16-12 0.597 0.606 0.602 0.611 0.606 0.615 0.611 0.620 0.5970 0.6029 0.6001 0.6057 0.6029 0.6085 0.6057 0.6113
11⁄16-24 0.642 0.647 0.645 0.650 0.647 0.652 0.650 0.655 0.6420 0.6459 0.6436 0.6476 0.6454 0.6494 0.6471 0.6511

3⁄4-10 0.642 0.653 0.647 0.658 0.653 0.663 0.658 0.668 0.6420 0.6481 0.6449 0.6513 0.6481 0.6545 0.6513 0.6577
3⁄4-12 0.660 0.669 0.665 0.674 0.669 0.678 0.674 0.683 0.6600 0.6652 0.6626 0.6680 0.6653 0.6707 0.6680 0.6734
3⁄4-16 0.682 0.689 0.686 0.693 0.689 0.696 0.693 0.700 0.6820 0.6866 0.6844 0.6887 0.6865 0.6908 0.6886 0.6929
3⁄4-20 0.696 0.702 0.699 0.704 0.702 0.707 0.704 0.710 0.6960 0.6998 0.6977 0.7017 0.6997 0.7037 0.7016 0.7056
3⁄4-28 0.711 0.716 0.713 0.718 0.716 0.720 0.718 0.722 0.7110 0.7145 0.7120 0.7160 0.7136 0.7176 0.7152 0.7192

13⁄16-12 0.722 0.731 0.727 0.736 0.731 0.740 0.736 0.745 0.7220 0.7276 0.7250 0.7303 0.7276 0.7329 0.7303 0.7356

Table 2. (Continued) Recommended Hole Size Limits Before Tapping Unified Threads

Thread
Size

Classes 1B and 2B Class 3B

Length of Engagement (D = Nominal Size of Thread)

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D

to 11⁄2D
Above 11⁄2D

to 3D

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D
to 11⁄2D

Above 11⁄2D

to 3D

Recommended Hole Size Limits

Mina Max Min Max Min Maxb Min Max Mina Max Min Max Min Maxb Min Max
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13⁄16-16 0.745 0.752 0.749 0.756 0.752 0.759 0.756 0.763 0.7450 0.7491 0.7469 0.7512 0.7490 0.7533 0.7511 0.7554
13⁄16-20 0.758 0.764 0.761 0.766 0.764 0.770 0.766 0.772 0.7580 0.7623 0.7602 0.7642 0.7622 0.7662 0.7641 0.7681

7⁄8-9 0.755 0.767 0.761 0.773 0.767 0.778 0.773 0.785 0.7550 0.7614 0.7580 0.7647 0.7614 0.7681 0.7647 0.7714
7⁄8-12 0.785 0.794 0.790 0.799 0.794 0.803 0.799 0.808 0.7850 0.7900 0.7874 0.7926 0.7900 0.7952 0.7926 0.7978
7⁄8-14 0.798 0.806 0.802 0.810 0.806 0.814 0.810 0.818 0.7980 0.8022 0.8000 0.8045 0.8023 0.8068 0.8045 0.8090
7⁄8-16 0.807 0.814 0.811 0.818 0.814 0.821 0.818 0.825 0.8070 0.8116 0.8094 0.8137 0.8115 0.8158 0.8136 0.8179
7⁄8-20 0.821 0.827 0.824 0.829 0.827 0.832 0.829 0.835 0.8210 0.8248 0.8227 0.8267 0.8247 0.8287 0.8266 0.8306
7⁄8-28 0.836 0.840 0.838 0.843 0.840 0.845 0.843 0.847 0.8360 0.8395 0.8370 0.8410 0.8386 0.8426 0.8402 0.8442

15⁄16-12 0.847 0.856 0.852 0.861 0.856 0.865 0.861 0.870 0.8470 0.8524 0.8499 0.8550 0.8524 0.8575 0.8550 0.8601
15⁄16-16 0.870 0.877 0.874 0.881 0.877 0.884 0.881 0.888 0.8700 0.8741 0.8719 0.8762 0.8740 0.8783 0.8761 0.8804
15⁄16-20 0.883 0.889 0.886 0.891 0.889 0.895 0.891 0.897 0.8830 0.8873 0.8852 0.8892 0.8872 0.8912 0.8891 0.8931

1-8 0.865 0.878 0.871 0.884 0.878 0.890 0.884 0.896 0.8650 0.8722 0.8684 0.8759 0.8722 0.8797 0.8760 0.8835
1-12 0.910 0.919 0.915 0.924 0.919 0.928 0.924 0.933 0.9100 0.9148 0.9123 0.9173 0.9148 0.9198 0.9173 0.9223
1-14 0.923 0.931 0.927 0.934 0.931 0.938 0.934 0.942 0.9230 0.9271 0.9249 0.9293 0.9271 0.9315 0.9293 0.9337
1-16 0.932 0.939 0.936 0.943 0.939 0.946 0.943 0.950 0.9320 0.9366 0.9344 0.9387 0.9365 0.9408 0.9386 0.9429
1-20 0.946 0.952 0.949 0.954 0.952 0.957 0.954 0.960 0.9460 0.9498 0.9477 0.9517 0.9497 0.9537 0.9516 0.9556
1-28 0.961 0.966 0.963 0.968 0.966 0.970 0.968 0.972 0.9610 0.9645 0.9620 0.9660 0.9636 0.9676 0.9652 0.9692

11⁄16-12 0.972 0.981 0.977 0.986 0.981 0.990 0.986 0.995 0.9720 0.9773 0.9748 0.9798 0.9773 0.9823 0.9798 0.9848

11⁄16-16 0.995 1.002 0.999 1.055 1.002 1.009 1.055 1.013 0.9950 0.9991 0.9969 1.0012 0.9990 1.0033 1.0011 1.0054

11⁄16-18 1.002 1.009 1.005 1.012 1.009 1.015 1.012 1.018 1.0020 1.0065 1.0044 1.0085 1.0064 1.0105 1.0085 1.0126

11⁄8-7 0.970 0.984 0.977 0.991 0.984 0.998 0.991 1.005 0.9700 0.9790 0.9747 0.9833 0.9789 0.9875 0.9832 0.9918

11⁄8-8 0.990 1.003 0.996 1.009 1.003 1.015 1.009 1.021 0.9900 0.9972 0.9934 1.0009 0.9972 1.0047 1.0010 1.0085

11⁄8-12 1.035 1.044 1.040 1.049 1.044 1.053 1.049 1.058 1.0350 1.0398 1.0373 1.0423 1.0398 1.0448 1.0423 1.0473

11⁄8-16 1.057 1.064 1.061 1.068 1.064 1.071 1.068 1.075 1.0570 1.0616 1.0594 1.0637 1.0615 1.0658 1.0636 1.0679

11⁄8-18 1.065 1.072 1.068 1.075 1.072 1.078 1.075 1.081 1.0650 1.0690 1.0669 1.0710 1.0689 1.0730 1.0710 1.0751

11⁄8-20 1.071 1.077 1.074 1.079 1.077 1.082 1.079 1.085 1.0710 1.0748 1.0727 1.0767 1.0747 1.0787 1.0766 1.0806

11⁄8-28 1.086 1.091 1.088 1.093 1.091 1.095 1.093 1.097 1.0860 1.0895 1.0870 1.0910 1.0886 1.0926 1.0902 1.0942

13⁄16-12 1.097 1.106 1.102 1.111 1.106 1.115 1.111 1.120 1.0970 1.1023 1.0998 1.1048 1.1023 1.1073 1.1048 1.1098

Table 2. (Continued) Recommended Hole Size Limits Before Tapping Unified Threads

Thread
Size

Classes 1B and 2B Class 3B

Length of Engagement (D = Nominal Size of Thread)

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D

to 11⁄2D
Above 11⁄2D

to 3D

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D
to 11⁄2D

Above 11⁄2D

to 3D

Recommended Hole Size Limits

Mina Max Min Max Min Maxb Min Max Mina Max Min Max Min Maxb Min Max
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13⁄16-16 1.120 1.127 1.124 1.131 1.127 1.134 1.131 1.138 1.1200 1.1241 1.1219 1.1262 1.1240 1.1283 1.1261 1.1304

13⁄16-18 1.127 1.134 1.130 1.137 1.134 1.140 1.137 1.143 1.1270 1.1315 1.1294 1.1335 1.1314 1.1355 1.1335 1.1376

11⁄4-7 1.095 1.109 1.102 1.116 1.109 1.123 1.116 1.130 1.0950 1.1040 1.0997 1.1083 1.1039 1.1125 1.1082 1.1168

11⁄4-8 1.115 1.128 1.121 1.134 1.128 1.140 1.134 1.146 1.1150 1.1222 1.1184 1.1259 1.1222 1.1297 1.1260 1.1335

11⁄4-12 1.160 1.169 1.165 1.174 1.169 1.178 1.174 1.183 1.1600 1.1648 1.1623 1.1673 1.1648 1.1698 1.1673 1.1723

11⁄4-16 1.182 1.189 1.186 1.193 1.189 1.196 1.193 1.200 1.1820 1.1866 1.1844 1.1887 1.1865 1.1908 1.1886 1.1929

11⁄4-18 1.190 1.197 1.193 1.200 1.197 1.203 1.200 1.206 1.1900 1.1940 1.1919 1.1960 1.1939 1.1980 1.1960 1.2001

11⁄4-20 1.196 1.202 1.199 1.204 1.202 1.207 1.204 1.210 1.1960 1.1998 1.1977 1.2017 1.1997 1.2037 1.2016 1.2056

15⁄16-12 1.222 1.231 1.227 1.236 1.231 1.240 1.236 1.245 1.2220 1.2273 1.2248 1.2298 1.2273 1.2323 1.2298 1.2348

15⁄16-16 1.245 1.252 1.249 1.256 1.252 1.259 1.256 1.263 1.2450 1.2491 1.2469 1.2512 1.2490 1.2533 1.2511 1.2554

15⁄16-18 1.252 1.259 1.256 1.262 1.259 1.265 1.262 1.268 1.2520 1.2565 1.2544 1.2585 1.2564 1.2605 1.2585 1.2626

13⁄8-6 1.195 1.210 1.203 1.221 1.210 1.225 1.221 1.239 1.1950 1.2046 1.1996 1.2096 1.2046 1.2146 1.2096 1.2196

13⁄8-8 1.240 1.253 1.246 1.259 1.253 1.265 1.259 1.271 1.2400 1.2472 1.2434 1.2509 1.2472 1.2547 1.2510 1.2585

13⁄8-12 1.285 1.294 1.290 1.299 1.294 1.303 1.299 1.308 1.2850 1.2898 1.2873 1.2923 1.2898 1.2948 1.2923 1.2973

13⁄8-16 1.307 1.314 1.311 1.318 1.314 1.321 1.318 1.325 1.3070 1.3116 1.3094 1.3137 1.3115 1.3158 1.3136 1.3179

13⁄8-18 1.315 1.322 1.318 1.325 1.322 1.328 1.325 1.331 1.3150 1.3190 1.3169 1.3210 1.3189 1.3230 1.3210 1.3251

17⁄16-12 1.347 1.354 1.350 1.361 1.354 1.365 1.361 1.370 1.3470 1.3523 1.3498 1.3548 1.3523 1.3573 1.3548 1.3598

17⁄16-16 1.370 1.377 1.374 1.381 1.377 1.384 1.381 1.388 1.3700 1.3741 1.3719 1.3762 1.3740 1.3783 1.3761 1.3804

17⁄16-18 1.377 1.384 1.380 1.387 1.384 1.390 1.387 1.393 1.3770 1.3815 1.3794 1.3835 1.3814 1.3855 1.3835 1.3876

11⁄2-6 1.320 1.335 1.328 1.346 1.335 1.350 1.346 1.364 1.3200 1.3296 1.3246 1.3346 1.3296 1.3396 1.3346 1.3446

11⁄2-8 1.365 1.378 1.371 1.384 1.378 1.390 1.384 1.396 1.3650 1.3722 1.3684 1.3759 1.3722 1.3797 1.3760 1.3835

11⁄2-12 1.410 1.419 1.4155 1.424 1.419 1.428 1.424 1.433 1.4100 1.4148 1.4123 1.4173 1.4148 1.4198 1.4173 1.4223

11⁄2-16 1.432 1.439 1.436 1.443 1.439 1.446 1.443 1.450 1.4320 1.4366 1.4344 1.4387 1.4365 1.4408 1.4386 1.4429

11⁄2-18 1.440 1.446 1.443 1.450 1.446 1.452 1.450 1.456 1.4400 1.4440 1.4419 1.4460 1.4439 1.4480 1.4460 1.4501

11⁄2-20 1.446 1.452 1.449 1.454 1.452 1.457 1.454 1.460 1.4460 1.4498 1.4477 1.4517 1.4497 1.4537 1.4516 1.4556

19⁄16-16 1.495 1.502 1.499 1.506 1.502 1.509 1.506 1.513 1.4950 1.4991 1.4969 1.5012 1.4990 1.5033 1.5011 1.5054

19⁄16-18 1.502 1.509 1.505 1.512 1.509 1.515 1.512 1.518 1.5020 1.5065 1.5044 1.5085 1.5064 1.5105 1.5085 1.5126

Table 2. (Continued) Recommended Hole Size Limits Before Tapping Unified Threads

Thread
Size

Classes 1B and 2B Class 3B

Length of Engagement (D = Nominal Size of Thread)

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D

to 11⁄2D
Above 11⁄2D

to 3D

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D
to 11⁄2D

Above 11⁄2D

to 3D

Recommended Hole Size Limits

Mina Max Min Max Min Maxb Min Max Mina Max Min Max Min Maxb Min Max
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15⁄8-8 1.490 1.498 1.494 1.509 1.498 1.515 1.509 1.521 1.4900 1.4972 1.4934 1.5009 1.4972 1.5047 1.5010 1.5085

15⁄8-12 1.535 1.544 1.540 1.549 1.544 1.553 1.549 1.558 1.5350 1.5398 1.5373 1.5423 1.5398 1.5448 1.5423 1.5473

15⁄8-16 1.557 1.564 1.561 1.568 1.564 1.571 1.568 1.575 1.5570 1.5616 1.5594 1.5637 1.5615 1.5658 1.5636 1.5679

15⁄8-18 1.565 1.572 1.568 1.575 1.572 1.578 1.575 1.581 1.5650 1.5690 1.5669 1.5710 1.5689 1.5730 1.5710 1.5751

111⁄16-16 1.620 1.627 1.624 1.631 1.627 1.634 1.631 1.638 1.6200 1.6241 1.6219 1.6262 1.6240 1.6283 1.6261 1.6304

111⁄16-18 1.627 1.634 1.630 1.637 1.634 1.640 1.637 1.643 1.6270 1.6315 1.6294 1.6335 1.6314 1.6355 1.6335 1.6376

13⁄4-5 1.534 1.551 1.543 1.560 1.551 1.568 1.560 1.577 1.5340 1.5455 1.5395 1.5515 1.5455 1.5575 1.5515 1.5635

13⁄4-8 1.615 1.628 1.621 1.634 1.628 1.640 1.634 1.646 1.6150 1.6222 1.6184 1.6259 1.6222 1.6297 1.6260 1.6335

13⁄4-12 1.660 1.669 1.665 1.674 1.669 1.678 1.674 1.683 1.6600 1.6648 1.6623 1.6673 1.6648 1.6698 1.6673 1.6723

13⁄4-16 1.682 1.689 1.686 1.693 1.689 1.696 1.693 1.700 1.6820 1.6866 1.6844 1.6887 1.6865 1.6908 1.6886 1.6929

13⁄4-20 1.696 1.702 1.699 1.704 1.702 1.707 1.704 1.710 1.6960 1.6998 1.6977 1.7017 1.6997 1.7037 1.7016 1.7056

113⁄16-16 1.745 1.752 1.749 1.756 1.752 1.759 1.756 1.763 1.7450 1.7491 1.7469 1.7512 1.7490 1.7533 1.7511 1.7554

17⁄8-8 1.740 1.752 1.746 1.759 1.752 1.765 1.759 1.771 1.7400 1.7472 1.7434 1.7509 1.7472 1.7547 1.7510 1.7585

17⁄8-12 1.785 1.794 1.790 1.799 1.794 1.803 1.799 1.808 1.7850 1.7898 1.7873 1.7923 1.7898 1.7948 1.7923 1.7973

17⁄8-16 1.807 1.814 1.810 1.818 1.814 1.821 1.818 1.825 1.8070 1.8116 1.8094 1.8137 1.8115 1.8158 1.8136 1.1879

115⁄16-16 1.870 1.877 1.874 1.881 1.877 1.884 1.881 1.888 1.8700 1.8741 1.8719 1.8762 1.8740 1.8783 1.8761 1.8804

2-41⁄2 1.759 1.777 1.768 1.786 1.777 1.795 1.786 1.804 1.7590 1.7727 1.7661 1.7794 1.7728 1.7861 1.7794 1.7927

2-8 1.865 1.878 1.871 1.884 1.878 1.890 1.884 1.896 1.8650 1.8722 1.8684 1.8759 1.8722 1.8797 1.8760 1.8835
2-12 1.910 1.919 1.915 1.924 1.919 1.928 1.924 1.933 1.9100 1.9148 1.9123 1.9173 1.9148 1.9198 1.9173 1.9223
2-16 1.932 1.939 1.936 1.943 1.939 1.946 1.943 1.950 1.9320 1.9366 1.9344 1.9387 1.9365 1.9408 1.9386 1.9429
2-20 1.946 1.952 1.949 1.954 1.952 1.957 1.954 1.960 1.9460 1.9498 1.9477 1.9517 1.9497 1.9537 1.9516 1.9556

21⁄16-16 1.995 2.002 2.000 2.006 2.002 2.009 2.006 2.012 1.9950 1.9991 1.9969 2.0012 1.9990 2.0033 2.0011 2.0054

21⁄8-8 1.990 2.003 1.996 2.009 2.003 2.015 2.009 2.021 1.9900 1.9972 1.9934 2.0009 1.9972 2.0047 2.0010 2.0085

21⁄8-12 2.035 2.044 2.040 2.049 2.044 2.053 2.049 2.058 2.0350 2.0398 2.0373 2.0423 2.0398 2.0448 2.0423 2.0473

21⁄8-16 2.057 2.064 2.061 2.068 2.064 2.071 2.068 2.075 2.0570 2.0616 2.0594 2.0637 2.0615 2.0658 2.0636 2.0679

23⁄16-16 2.120 2.127 2.124 2.131 2.127 2.134 2.131 2.138 2.1200 2.1241 2.1219 2.1262 2.1240 2.1283 2.1261 2.1304

21⁄4-41⁄2 2.009 2.027 2.018 2.036 2.027 2.045 2.036 2.054 2.0090 2.0227 2.0161 2.0294 2.0228 2.0361 2.0294 2.0427

Table 2. (Continued) Recommended Hole Size Limits Before Tapping Unified Threads

Thread
Size

Classes 1B and 2B Class 3B

Length of Engagement (D = Nominal Size of Thread)

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D

to 11⁄2D
Above 11⁄2D

to 3D

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D
to 11⁄2D

Above 11⁄2D

to 3D

Recommended Hole Size Limits

Mina Max Min Max Min Maxb Min Max Mina Max Min Max Min Maxb Min Max
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21⁄4-8 2.115 2.128 2.121 2.134 2.128 2.140 2.134 2.146 2.1150 2.1222 2.1184 2.1259 2.1222 2.1297 2.1260 2.1335

21⁄4-12 2.160 2.169 2.165 2.174 2.169 2.178 2.174 2.182 2.1600 2.1648 2.1623 2.1673 2.1648 2.1698 2.1673 2.1723

21⁄4-16 2.182 2.189 2.186 2.193 2.189 2.196 2.193 2.200 2.1820 2.1866 2.1844 2.1887 2.1865 2.1908 2.1886 2.1929

21⁄4-20 2.196 2.202 2.199 2.204 2.202 2.207 2.204 2.210 2.1960 2.1998 2.1977 2.2017 2.1997 2.2037 2.2016 2.2056

25⁄16-16 2.245 2.252 2.249 2.256 2.252 2.259 2.256 2.263 2.2450 2.2491 2.2469 2.2512 2.2490 2.2533 2.2511 2.2554

23⁄8-12 2.285 2.294 2.290 2.299 2.294 2.303 2.299 2.308 2.2850 2.2898 2.2873 2.2923 2.2898 2.2948 2.2923 2.2973

23⁄8-16 2.307 2.314 2.311 2.318 2.314 2.321 2.318 2.325 2.3070 2.3116 2.3094 2.3137 2.3115 2.3158 2.3136 2.3179

27⁄16-16 2.370 2.377 2.374 2.381 2.377 2.384 2.381 2.388 2.3700 2.3741 2.3719 2.3762 2.3740 2.3783 2.3761 2.3804

21⁄2-4 2.229 2.248 2.238 2.258 2.248 2.267 2.258 2.277 2.2290 2.2444 2.2369 2.2519 2.2444 2.2594 2.2519 2.2669

21⁄2-8 2.365 2.378 2.371 2.384 2.378 2.390 2.384 2.396 2.3650 2.3722 2.3684 2.3759 2.3722 2.3797 2.3760 2.3835

21⁄2-12 2.410 2.419 2.415 2.424 2.419 2.428 2.424 2.433 2.4100 2.4148 2.4123 2.4173 2.4148 2.4198 2.4173 2.4223

21⁄2-16 2.432 2.439 2.436 2.443 2.439 2.446 2.443 2.450 2.4320 2.4366 2.4344 2.4387 2.4365 2.4408 2.4386 2.4429

21⁄2-20 2.446 2.452 2.449 2.454 2.452 2.457 2.454 2.460 2.4460 2.4498 2.4478 2.4517 2.4497 2.4537 2.4516 2.4556

25⁄8-12 2.535 2.544 2.540 2.549 2.544 2.553 2.549 2.558 2.5350 2.5398 2.5373 2.5423 2.5398 2.5448 2.5423 2.5473

25⁄8-16 2.557 2.564 2.561 2.568 2.564 2.571 2.568 2.575 2.5570 2.5616 2.5594 2.5637 2.5615 2.5658 2.5636 2.5679

23⁄4-4 2.479 2.498 2.489 2.508 2.498 2.517 2.508 2.527 2.4790 2.4944 2.4869 2.5019 2.4944 2.5094 2.5019 2.5169

23⁄4-8 2.615 2.628 2.621 2.634 2.628 2.640 2.634 2.644 2.6150 2.6222 2.6184 2.6259 2.6222 2.6297 2.6260 2.6335

23⁄4-12 2.660 2.669 2.665 2.674 2.669 2.678 2.674 2.683 2.6600 2.6648 2.6623 2.6673 2.6648 2.6698 2.6673 2.6723

23⁄4-16 2.682 2.689 2.686 2.693 2.689 2.696 2.693 2.700 2.6820 2.6866 2.6844 2.6887 2.6865 2.6908 2.6886 2.6929

27⁄8-12 2.785 2.794 2.790 2.809 2.794 2.803 2.809 2.808 2.7850 2.7898 2.7873 2.7923 2.7898 2.7948 2.7923 2.7973

27⁄8-16 2.807 2.814 2.811 2.818 2.814 2.821 2.818 2.825 2.8070 2.8116 2.8094 2.8137 2.8115 2.8158 2.8136 2.8179

3-4 2.729 2.748 2.739 2.758 2.748 2.767 2.758 2.777 2.7290 2.7444 2.7369 2.7519 2.7444 2.7594 2.7519 2.7669
3-8 2.865 2.878 2.871 2.884 2.878 2.890 2.884 2.896 2.8650 2.8722 2.8684 2.8759 2.8722 2.8797 2.8760 2.8835

3-12 2.910 2.919 2.915 2.924 2.919 2.928 2.924 2.933 2.9100 2.9148 2.9123 2.9173 2.9148 2.9198 2.9173 2.9223
3-16 2.932 2.939 2.936 2.943 2.939 2.946 2.943 2.950 2.9320 2.9366 2.9344 2.9387 2.9365 2.9408 2.9386 2.9429

31⁄8-12 3.035 3.044 3.040 3.049 3.044 3.053 3.049 3.058 3.0350 3.0398 3.0373 3.0423 3.0398 3.0448 3.0423 3.0473

31⁄8-16 3.057 3.064 3.061 3.068 3.064 3.071 3.068 3.075 3.0570 3.0616 3.0594 3.0637 3.0615 3.0658 3.0636 3.0679

Table 2. (Continued) Recommended Hole Size Limits Before Tapping Unified Threads

Thread
Size

Classes 1B and 2B Class 3B

Length of Engagement (D = Nominal Size of Thread)

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D

to 11⁄2D
Above 11⁄2D

to 3D

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D
to 11⁄2D

Above 11⁄2D

to 3D

Recommended Hole Size Limits

Mina Max Min Max Min Maxb Min Max Mina Max Min Max Min Maxb Min Max
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31⁄4-4 2.979 2.998 2.989 3.008 2.998 3.017 3.008 3.027 2.9790 2.9944 2.9869 3.0019 2.9944 3.0094 3.0019 3.0169

31⁄4-8 3.115 3.128 3.121 3.134 3.128 3.140 3.134 3.146 3.1150 3.1222 3.1184 3.1259 3.1222 3.1297 3.1260 3.1335

31⁄4-12 3.160 3.169 3.165 3.174 3.169 3.178 3.174 3.183 3.1600 3.1648 3.1623 3.1673 3.1648 3.1698 3.1673 3.1723

31⁄4-16 3.182 3.189 3.186 3.193 3.189 3.196 3.193 3.200 3.1820 3.1866 3.1844 3.1887 3.1865 3.1908 3.1886 3.1929

33⁄8-12 3.285 3.294 3.290 3.299 3.294 3.303 3.299 3.299 3.2850 3.2898 3.2873 3.2923 3.2898 3.2948 3.2923 3.2973

33⁄8-16 3.307 3.314 3.311 3.318 3.314 3.321 3.317 3.325 3.3070 3.3116 3.3094 3.3137 3.3115 3.3158 3.3136 3.3179

31⁄2-4 3.229 3.248 3.239 3.258 3.248 3.267 3.258 3.277 3.2290 3.2444 3.2369 3.2519 3.2444 3.2594 3.2519 3.2669

31⁄2-8 3.365 3.378 3.371 2.384 3.378 3.390 3.384 3.396 3.3650 3.3722 3.3684 3.3759 3.3722 3.3797 3.3760 3.3835

31⁄2-12 3.410 3.419 3.415 3.424 3.419 3.428 3.424 3.433 3.4100 3.4148 3.4123 3.4173 3.4148 3.4198 3.4173 3.4223

31⁄2-16 3.432 3.439 3.436 3.443 3.439 3.446 3.443 3.450 3.4320 3.4366 3.4344 3.4387 3.4365 3.4408 3.4386 3.4429

35⁄8-12 3.535 3.544 3.544 3.549 3.544 3.553 3.549 3.553 3.5350 3.5398 3.5373 3.5423 3.5398 3.5448 3.5423 3.5473

35⁄8-16 3.557 3.564 3.561 3.568 3.567 3.571 3.568 3.575 3.5570 3.5616 3.5594 3.5637 3.5615 3.5658 3.5636 3.5679

33⁄4-4 3.479 3.498 3.489 3.508 3.498 3.517 3.508 3.527 3.4790 3.4944 3.4869 3.5019 3.4944 3.5094 3.5019 3.5169

33⁄4-8 3.615 3.628 3.615 3.634 3.628 3.640 3.634 3.646 3.6150 3.6222 3.6184 3.6259 3.6222 3.6297 3.6260 3.6335

33⁄4-12 3.660 3.669 3.665 3.674 3.669 3.678 3.674 3.683 3.6600 3.6648 3.6623 3.6673 3.6648 3.6698 3.6673 3.6723
3⁄4-16 3.682 3.689 3.686 3.693 3.689 3.696 3.693 3.700 3.6820 3.6866 3.6844 3.6887 3.6865 3.6908 3.6886 3.6929

37⁄8-12 3.785 3.794 3.790 3.799 3.794 3.803 3.799 3.808 3.7850 3.7898 3.7873 3.7923 3.7898 3.7948 3.7923 3.7973

37⁄8-16 3.807 3.814 3.811 3.818 3.814 3.821 3.818 3.825 3.8070 3.8116 3.8094 3.8137 3.8115 3.8158 3.8136 3.8179

4-4 3.729 3.748 3.739 3.758 3.748 3.767 3.758 3.777 3.7290 3.7444 3.7369 3.7519 3.7444 3.7594 3.7519 3.7669
4-8 3.865 3.878 3.871 3.884 3.878 3.890 3.884 3.896 3.8650 3.8722 3.8684 3.8759 3.8722 3.8797 3.8760 3.8835

4-12 3.910 3.919 3.915 3.924 3.919 3.928 3.924 3.933 3.9100 3.9148 3.9123 3.9173 3.9148 3.9198 3.9173 3.9223
4-16 3.932 3.939 3.936 3.943 3.939 3.946 3.943 3.950 3.9320 3.9366 3.9344 3.9387 3.9365 3.9408 3.9386 3.9429
41⁄4-4 3.979 3.998 3.989 4.008 3.998 4.017 4.008 4.027 3.9790 3.9944 3.9869 4.0019 3.9944 4.0094 4.0019 4.0169

41⁄4-8 4.115 4.128 4.121 4.134 4.128 4.140 4.134 4.146 4.1150 4.1222 4.1184 4.1259 4.1222 4.1297 4.1260 4.1335

41⁄4-12 4.160 4.169 4.165 4.174 4.169 4.178 4.174 4.183 4.1600 4.1648 4.1623 4.1673 4.1648 4.1698 4.1673 4.1723

41⁄4-16 4.182 4.189 4.186 4.193 4.189 4.196 4.193 4.200 4.1820 4.1866 4.1844 4.1887 4.1865 4.1908 4.1886 4.1929

41⁄2-4 4.229 4.248 4.239 4.258 4.248 4.267 4.258 4.277 4.2290 4.2444 4.2369 4.2519 4.2444 4.2594 4.2519 4.2669

Table 2. (Continued) Recommended Hole Size Limits Before Tapping Unified Threads

Thread
Size

Classes 1B and 2B Class 3B

Length of Engagement (D = Nominal Size of Thread)

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D

to 11⁄2D
Above 11⁄2D

to 3D

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D
to 11⁄2D

Above 11⁄2D

to 3D

Recommended Hole Size Limits

Mina Max Min Max Min Maxb Min Max Mina Max Min Max Min Maxb Min Max
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All dimensions are in inches.

For basis of recommended hole size limits see accompanying text.

As an aid in selecting suitable drills, see the listing of American Standard drill sizes starting on page 868 in the twist drill section. For amount of expected drill over-
size, see page 897.

41⁄2-8 4.365 4.378 4.371 4.384 4.378 4.390 4.384 4.396 4.3650 4.3722 4.3684 4.3759 4.3722 4.3797 4.3760 4.3835

41⁄2-12 4.410 4.419 4.419 4.424 4.419 4.428 4.424 4.433 4.4100 4.4148 4.4123 4.4173 4.4148 4.4198 4.4173 4.4223

41⁄2-16 4.432 4.439 4.437 4.444 4.439 4.446 4.444 4.455 4.4320 4.4366 4.4344 4.4387 4.4365 4.4408 4.4386 4.4429

43⁄4-8 4.615 4.628 4.621 4.646 4.628 4.640 4.646 4.646 4.6150 4.6222 4.6184 4.6259 4.6222 4.6297 4.6260 4.6335

43⁄4-12 4.660 4.669 4.665 4.674 4.669 4.678 4.674 4.683 4.6600 4.6648 4.6623 4.6673 4.6648 4.6698 4.6673 4.6723

43⁄4-16 4.682 4.689 4.686 4.693 4.689 4.696 4.693 4.700 4.6820 4.6866 4.6844 4.6887 4.6865 4.6908 4.6886 4.6929

5-8 4.865 4.878 4.871 4.884 4.878 4.890 4.884 4.896 4.8650 4.8722 4.8684 4.8759 4.8722 4.8797 4.8760 4.8835
5-12 4.910 4.919 4.915 4.924 4.919 4.928 4.924 4.933 4.9100 4.9148 4.9123 4.9173 4.9148 4.9198 4.9173 4.9223
5-16 4.932 4.939 4.936 4.943 4.939 4.946 4.943 4.950 4.9320 4.9366 4.9344 4.9387 4.9365 4.9408 4.9386 4.9429
51⁄4-8 5.115 5.128 5.121 5.134 5.128 5.140 5.134 5.146 5.1150 5.1222 5.1184 5.1259 5.1222 5.1297 5.1260 5.1335

51⁄4-12 5.160 5.169 5.165 5.174 5.169 5.178 5.174 5.183 5.1600 5.1648 5.1623 5.1673 5.1648 5.1698 5.1673 5.1723

51⁄4-16 5.182 5.189 5.186 5.193 5.189 5.196 5.193 5.200 5.1820 5.1866 5.1844 5.1887 5.1865 5.1908 5.1886 5.1929

51⁄2-8 5.365 5.378 5.371 5.384 5.378 5.390 5.384 5.396 5.3650 5.3722 5.3684 5.3759 5.3722 5.3797 5.3760 5.3835

51⁄2-12 5.410 5.419 5.415 5.424 5.419 5.428 5.424 5.433 5.4100 5.4148 5.4123 5.4173 5.4148 5.4198 5.4173 5.4223

51⁄2-16 5.432 5.439 5.436 5.442 5.439 5.446 5.442 5.450 5.4320 5.4366 5.4344 5.4387 5.4365 5.4408 5.4386 5.4429

53⁄4-8 5.615 5.628 5.621 5.634 5.628 5.640 5.634 5.646 5.6150 5.6222 5.6184 5.6259 5.6222 5.6297 5.6260 5.6335

53⁄4-12 5.660 5.669 5.665 5.674 5.669 5.678 5.674 5.683 5.6600 5.6648 5.6623 5.6673 5.6648 5.6698 5.6673 5.6723

53⁄4-16 5.682 5.689 5.686 5.693 5.689 5.696 5.693 5.700 5.6820 5.6866 5.6844 5.6887 5.6865 5.6908 5.6886 5.6929

6-8 5.865 5.878 5.871 5.896 5.878 5.890 5.896 5.896 5.8650 5.8722 5.8684 5.8759 5.8722 5.8797 5.8760 5.8835
6-12 5.910 5.919 5.915 5.924 5.919 5.928 5.924 5.933 5.9100 5.9148 5.9123 5.9173 5.9148 5.9198 5.9173 5.9223
6-16 5.932 5.939 5.935 5.943 5.939 5.946 5.943 5.950 5.9320 5.9366 5.9344 5.9387 5.9365 5.9408 5.9386 5.9429

a This is the minimum minor diameter specified in the thread tables, page 1817.
b This is the maximum minor diameter specified in the thread tables, page 1817.

Table 2. (Continued) Recommended Hole Size Limits Before Tapping Unified Threads

Thread
Size

Classes 1B and 2B Class 3B

Length of Engagement (D = Nominal Size of Thread)

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D

to 11⁄2D
Above 11⁄2D

to 3D

To and Including
1⁄3D

Above 1⁄3D

to 2⁄3D

Above 2⁄3D
to 11⁄2D

Above 11⁄2D

to 3D

Recommended Hole Size Limits

Mina Max Min Max Min Maxb Min Max Mina Max Min Max Min Maxb Min Max

Machinery's Handbook 29th Edition
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Table 3. Tap Drill Sizes for Threads of American National Form

Screw Thread Commercial Tap Drillsa

a These tap drill diameters allow approximately 75 per cent of a full thread to be produced. For small
thread sizes in the first column, the use of drills to produce the larger hole sizes shown in Table 2 will
reduce defects caused by tap problems and breakage. 

Screw Thread Commercial Tap Drillsa

Outside
Diam.
Pitch

Root
Diam.

Size
or

Number

Decimal
Equiv.

Outside
Diam.
Pitch

Root
Diam.

Size
or

Number

Decimal
Equiv.

1⁄16-64 0.0422 3⁄64 0.0469 27 0.4519 15⁄32 0.4687

72 0.0445 3⁄64 0.0469 9⁄16-12 0.4542 31⁄64 0.4844

5⁄64-60 0.0563 1⁄16 0.0625 18 0.4903 33⁄64 0.5156

72 0.0601 52 0.0635 27 0.5144 17⁄32 0.5312

3⁄32-48 0.0667 49 0.0730 5⁄8-11 0.5069 17⁄32 0.5312

50 0.0678 49 0.0730 12 0.5168 35⁄64 0.5469

7⁄64-48 0.0823 43 0.0890 18 0.5528 37⁄64 0.5781

1⁄8-32 0.0844 3⁄32 0.0937 27 0.5769 19⁄32 0.5937

40 0.0925 38 0.1015 11⁄16-11 0.5694 19⁄32 0.5937

9⁄64-40 0.1081 32 0.1160 16 0.6063 5⁄8 0.6250

5⁄32-32 0.1157 1⁄8 0.1250 3⁄4-10 0.6201 21⁄32 0.6562

36 0.1202 30 0.1285 12 0.6418 43⁄64 0.6719

11⁄64-32 0.1313 9⁄64 0.1406 16 0.6688 11⁄16 0.6875

3⁄16-24 0.1334 26 0.1470 27 0.7019 23⁄32 0.7187

32 0.1469 22 0.1570 13⁄16-10 0.6826 23⁄32 0.7187

13⁄64-24 0.1490 20 0.1610 7⁄8-9 0.7307 49⁄64 0.7656

7⁄32-24 0.1646 16 0.1770 12 0.7668 51⁄64 0.7969

32 0.1782 12 0.1890 14 0.7822 13⁄16 0.8125

15⁄64-24 0.1806 10 0.1935 18 0.8028 53⁄64 0.8281

1⁄4-20 0.1850 7 0.2010 27 0.8269 27⁄32 0.8437

24 0.1959 4 0.2090 15⁄16- 9 0.7932 53⁄64 0.8281

27 0.2019 3 0.2130 1 - 8 0.8376 7⁄8 0.8750

28 0.2036 3 0.2130 12 0.8918 59⁄64 0.9219

32 0.2094 7⁄32 0.2187 14 0.9072 15⁄16 0.9375

5⁄16-18 0.2403 F 0.2570 27 0.9519 31⁄32 0.9687

20 0.2476 17⁄64 0.2656 11⁄8- 7 0.9394 63⁄64 0.9844

24 0.2584 I 0.2720 12 1.0168 13⁄64 1.0469

27 0.2644 J 0.2770 11⁄4- 7 1.0644 17⁄64 1.1094

32 0.2719 9⁄32 0.2812 12 1.1418 111⁄64 1.1719

3⁄8-16 0.2938 5⁄16 0.3125 13⁄8- 6 1.1585 17⁄32 1.2187

20 0.3100 21⁄64 0.3281 12 1.2668 119⁄64 1.2969

24 0.3209 Q 0.3320 11⁄2- 6 1.2835 111⁄32 1.3437

27 0.3269 R 0.3390 12 1.3918 127⁄64 1.4219

7⁄16-14 0.3447 U 0.3680 15⁄8- 51⁄2 1.3888 129⁄64 1.4531

20 0.3726 25⁄64 0.3906 13⁄4- 5 1.4902 19⁄16 1.5625

24 0.3834 X 0.3970 17⁄8- 5 1.6152 111⁄16 1.6875

27 0.3894 Y 0.4040 2 - 41⁄2 1.7113 125⁄32 1.7812

1⁄2-12 0.3918 27⁄64 0.4219 21⁄8- 41⁄2 1.8363 129⁄32 1.9062

13 0.4001 27⁄64 0.4219 21⁄4- 41⁄2 1.9613 21⁄32 2.0312

20 0.4351 29⁄64 0.4531 23⁄8- 4 2.0502 21⁄8 2.1250

24 0.4459 29⁄64 0.4531 21⁄2- 4 2.1752 21⁄4 2.2500
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Table 4. Tap Drills and Clearance Drills for Machine Screws with 
American National Thread Form

The size of the tap drill hole for any desired percentage of full thread depth can be calcu-
lated by the formulas below. In these formulas the Per Cent Full Thread is expressed as a
decimal; e.g., 75 per cent is expressed as .75. The tap drill size is the size nearest to the cal-
culated hole size.

For American Unified Thread form:

For ISO Metric threads (all dimensions in millimeters):

The constant 1.08253 in the above equation represents 5H/8 where H is the height of a
sharp V-thread (see page 1806). (The pitch is taken to be 1.)
Factors Influencing Minor Diameter Tolerances of Tapped Holes.—As stated in the
Unified screw thread standard, the principle practical factors that govern minor diameter
tolerances of internal threads are tapping difficulties, particularly tap breakage in the small
sizes, availability of standard drill sizes in the medium and large sizes, and depth (radial) of
engagement. Depth of engagement is related to the stripping strength of the thread assem-
bly, and thus also, to the length of engagement. It also has an influence on the tendency
toward disengagement of the threads on one side when assembly is eccentric. The amount
of possible eccentricity is one-half of the sum of the pitch diameter allowance and toler-

Size of Screw No. of
Threads
per Inch

Tap Drills Clearance Hole Drills

No. or
Diam.

Decimal
Equiv.

Drill
Size

Decimal
Equiv.

Close Fit Free Fit

Drill Size Decimal Equiv. Drill Size Decimal Equiv.

0 .060 80 3⁄64 .0469 52 .0635 50 .0700

1 .073 64
72

53
53

.0595

.0595 48 .0760 46 .0810

2 .086 56
64

50
50

.0700

.0700 43 .0890 41 .0960

3 .099 48
56

47
45

.0785

.0820 37 .1040 35 .1100

4 .112
36a

40
48

a These screws are not in the American Standard but are from the former A.S.M.E. Standard. 

44
43
42

.0860

.0890

.0935
32 .1160 30 .1285

5 .125 40
44

38
37

.1015
1040 30 .1285 29 .1360

6 .138 32
40

36
33

.1065

.1130 27 .1440 25 .1495

8 .164 32
36

29
29

.1360

.1360 18 .1695 16 .1770

10 .190 24
32

25
21

.1495

.1590 9 .1960 7 .2010

12 .216 24
28

16
14

.1770

.1820 2 .2210 1 .2280

14 .242 20a

24a

10
7

.1935

.2010 D .2460 F .2570

1⁄4 .250 20
28

7
3

.2010

.2130 F .2570 H .2660

5⁄16 .3125 18
24

F
I

.2570

.2720 P .3230 Q .3320

3⁄8 .375 16
24

5⁄16

Q
.3125
.3320 W .3860 X .3970

7⁄16 .4375 14
20

U
25⁄64

.3680

.3906
29⁄64 .4531 15⁄32 .4687

1⁄2 .500 13
20

27⁄64
29⁄64

.4219

.4531
33⁄64 .5156 17⁄32 .5312

Hole Size Basic Major Diameter 1.08253 Per Cent Full Thread×
Number of Threads per Inch

----------------------------------------------------------------------------–=

Hole Size Basic Major Diameter 1.08253 Pitch× Per Cent Full Thread×( )–=
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ances on both mating threads. For a given pitch, or height of thread, this sum increases with
the diameter, and accordingly this factor would require a decrease in minor diameter toler-
ance with increase in diameter. However, such decrease in tolerance would often require
the use of special drill sizes; therefore, to facilitate the use of standard drill sizes, for any
given pitch the minor diameter tolerance for Unified thread classes 1B and 2B threads of 1⁄4
inch diameter and larger is constant, in accordance with a formula given in the American
Standard for Unified Screw Threads.

Effect of Length of Engagement of Minor Diameter Tolerances: There may be applica-
tions where the lengths of engagement of mating threads is relatively short or the combina-
tion of materials used for mating threads is such that the maximum minor diameter
tolerance given in the Standard (based on a length of engagement equal to the nominal
diameter) may not provide the desired strength of the fastening. Experience has shown that
for lengths of engagement less than 2⁄3D (the minimum thickness of standard nuts) the
minor diameter tolerance may be reduced without causing tapping difficulties. In other
applications the length of engagement of mating threads may be long because of design
considerations or the combination of materials used for mating threads. As the threads
engaged increase in number, a shallower depth of engagement may be permitted and still
develop stripping strength greater than the external thread breaking strength. Under these
conditions the maximum tolerance given in the Standard should be increased to reduce the
possibility of tapping difficulties. The following paragraphs indicate how the aforemen-
tioned considerations were taken into account in determining the minor diameter limits for
various lengths of engagement given in Table 2.

Recommended Hole Sizes before Tapping.—Recommended hole size limits before
threading to provide for optimum strength of fastenings and tapping conditions are shown
in Table 2 for classes 1B, 2B, and 3B. The hole size limit before threading, and the toler-
ances between them, are derived from the minimum and maximum minor diameters of the
internal thread given in the dimensional tables for Unified threads in the screw thread sec-
tion using the following rules:

1) For lengths of engagement in the range to and including 1⁄3D, where D equals nominal
diameter, the minimum hole size will be equal to the minimum minor diameter of the inter-
nal thread and the maximum hole size will be larger by one-half the minor diameter toler-
ance.

2) For the range from 1⁄3D to 2⁄3D, the minimum and maximum hole sizes will each be one
quarter of the minor diameter tolerance larger than the corresponding limits for the length
of engagement to and including 1⁄3D.

3) For the range from 2⁄3D to 11⁄2D the minimum hole size will be larger than the minimum
minor diameter of the internal thread by one-half the minor diameter tolerance and the
maximum hole size will be equal to the maximum minor diameter.

4) For the range from 11⁄2D to 3D the minimum and maximum hole sizes will each be one-
quarter of the minor diameter tolerance of the internal thread larger than the corresponding
limits for the 2⁄3D to 11⁄2D length of engagement.

From the foregoing it will be seen that the difference between limits in each range is the
same and equal to one-half of the minor diameter tolerance given in the Unified screw
thread dimensional tables. This is a general rule, except that the minimum differences for
sizes below 1⁄4 inch are equal to the minor diameter tolerances calculated on the basis of
lengths of engagement to and including 1⁄3D. Also, for lengths of engagement greater than
1⁄3D and for sizes 1⁄4 inch and larger the values are adjusted so that the difference between
limits is never less than 0.004 inch.

For diameter-pitch combinations other than those given in Table 2, the foregoing rules
should be applied to the tolerances given in the dimensional tables in the screw thread sec-



2032 TAPPING

tion or the tolerances derived from the formulas given in the Standard to determine the hole
size limits.

Selection of Tap Drills: In selecting standard drills to produce holes within the limits
given in Table 2 it should be recognized that drills have a tendency to cut oversize. The
material on page 897 may be used as a guide to the expected amount of oversize.

Table 5. Unified Miniature Screw Threads—Recommended 
Hole Size Limits Before Tapping

As an aid in selecting suitable drills, see the listing of American Standard drill sizes in the twist drill
section. Thread sizes in heavy type are preferred sizes.

Hole Sizes for Tapping Unified Miniature Screw Threads.—Table 5 indicates the hole
size limits recommended for tapping. These limits are derived from the internal thread
minor diameter limits given in the American Standard for Unified Miniature Screw
Threads ASA B1.10-1958 and are disposed so as to provide the optimum conditions for
tapping. The maximum limits are based on providing a functionally adequate fastening for
the most common applications, where the material of the externally threaded member is of
a strength essentially equal to or greater than that of its mating part. In applications where,
because of considerations other than the fastening, the screw is made of an appreciably

Thread Size Internal Threads Lengths of Engagement

To and
including 2⁄3D

Above 2⁄3D
to 11⁄2D

Above 11⁄2D
to 3D

Designation

Pitch

Minor
Diameter Limits

Recommended Hole Size Limits

Min Max Min Max Min Max Min Max

mm mm mm mm mm mm mm mm mm

0.30 UNM 0.080 0.217 0.254 0.226 0.240 0.236 0.254 0.245 0.264

0.35 UNM 0.090 0.256 0.297 0.267 0.282 0.277 0.297 0.287 0.307

0.40 UNM 0.100 0.296 0.340 0.307 0.324 0.318 0.340 0.329 0.351

0.45 UNM 0.100 0.346 0.390 0.357 0.374 0.368 0.390 0.379 0.401

0.50 UNM 0.125 0.370 0.422 0.383 0.402 0.396 0.422 0.409 0.435

0.55 UNM 0.125 0.420 0.472 0.433 0.452 0.446 0.472 0.459 0.485

0.60 UNM 0.150 0.444 0.504 0.459 0.482 0.474 0.504 0.489 0.519

0.70 UNM 0.175 0.518 0.586 0.535 0.560 0.552 0.586 0.569 0.603

0.80 UNM 0.200 0.592 0.668 0.611 0.640 0.630 0.668 0.649 0.687

0.90 UNM 0.225 0.666 0.750 0.687 0.718 0.708 0.750 0.729 0.771

1.00 UNM 0.250 0.740 0.832 0.763 0.798 0.786 0.832 0.809 0.855

1.10 UNM 0.250 0.840 0.932 0.863 0.898 0.886 0.932 0.909 0.955

1.20 UNM 0.250 0.940 1.032 0.963 0.998 0.986 1.032 1.009 1.055

1.40 UNM 0.300 1.088 1.196 1.115 1.156 1.142 1.196 1.169 1.223

Designation
Thds.
per in. inch inch inch inch inch inch inch inch

0.30 UNM 318 0.0085 0.0100 0.0089 0.0095 0.0093 0.0100 0.0096 0.0104

0.35 UNM 282 0.0101 0.0117 0.0105 0.0111 0.0109 0.0117 0.0113 0.0121

0.40 UNM 254 0.0117 0.0134 0.0121 0.0127 0.0125 0.0134 0.0130 0.0138

0.45 UNM 254 0.0136 0.0154 0.0141 0.0147 0.0145 0.0154 0.0149 0.0158

0.50 UNM 203 0.0146 0.0166 0.0150 0.0158 0.0156 0.0166 0.0161 0.0171

0.55 UNM 203 0.0165 0.0186 0.0170 0.0178 0.0176 0.0186 0.0181 0.0191

0.60 UNM 169 0.0175 0.0198 0.0181 0.0190 0.0187 0.0198 0.0193 0.0204

0.70 UNM 145 0.0204 0.0231 0.0211 0.0221 0.0217 0.0231 0.0224 0.0237

0.80 UNM 127 0.0233 0.0263 0.0241 0.0252 0.0248 0.0263 0.0256 0.0270

0.90 UNM 113 0.0262 0.0295 0.0270 0.0283 0.0279 0.0295 0.0287 0.0304

1.00 UNM 102 0.0291 0.0327 0.0300 0.0314 0.0309 0.0327 0.0319 0.0337

1.10 UNM 102 0.0331 0.0367 0.0340 0.0354 0.0349 0.0367 0.0358 0.0376

1.20 UNM 102 0.0370 0.0406 0.0379 0.0393 0.0388 0.0406 0.0397 0.0415

1.40 UNM 85 0.0428 0.0471 0.0439 0.0455 0.0450 0.0471 0.0460 0.0481
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weaker material, the use of smaller hole sizes is usually necessary to extend thread engage-
ment to a greater depth on the external thread. Recommended minimum hole sizes are
greater than the minimum limits of the minor diameters to allow for the spin-up developed
in tapping.

In selecting drills to produce holes within the limits given in Table 5 it should be recog-
nized that drills have a tendency to cut oversize. The material on page 897 may be used as
a guide to the expected amount of oversize.

British Standard Tapping Drill Sizes for Screw and Pipe Threads.—British Standard
BS 1157:1975 (2004) provides recommendations for tapping drill sizes for use with fluted
taps for various ISO metric, Unified, British Standard fine, British Association, and British
Standard Whitworth screw threads as well as British Standard parallel and taper pipe
threads.

Table 6. British Standard Tapping Drill Sizes for ISO Metric Coarse Pitch Series 
Threads  BS 1157:1975 (2004)

Drill sizes are given in millimeters.

In the accompanying Table 6, recommended and alternative drill sizes are given for pro-
ducing holes for ISO metric coarse pitch series threads. These coarse pitch threads are suit-
able for the large majority of general-purpose applications, and the limits and tolerances
for internal coarse threads are given in the table starting on page 1919. It should be noted
that Table 6 is for fluted taps only since a fluteless tap will require for the same screw
thread a different size of twist drill than will a fluted tap. When tapped, holes produced with
drills of the recommended sizes provide for a theoretical radial engagement with the exter-
nal thread of about 81 per cent in most cases. Holes produced with drills of the alternative
sizes provide for a theoretical radial engagement with the external thread of about 70 to 75

Nom.
Size
and

Thread
Diam.

Standard Drill Sizesa

a These tapping drill sizes are for fluted taps only. 

Nom.
Size
and

Thread
Diam.

Standard Drill Sizesa

Recommended Alternative Recommended Alternative

Size

Theoretical
Radial

Engagement
with Ext.
Thread

(Per Cent) Size

Theoretical
Radial

Engagement
with Ext.
Thread

(Per Cent) Size

Theoretical
Radial

Engagement
with Ext.
Thread

(Per Cent) Size

Theoretical
Radial

Engagement
with Ext.
Thread

(Per Cent)

M 1 0.75 81.5 0.78 71.7 M 12 10.20 83.7 10.40 74.5b

b For tolerance class 6H and 7H threads only. 

M 1.1 0.85 81.5 0.88 71.7 M 14 12.00 81.5 12.20 73.4b

M 1.2 0.95 81.5 0.98 71.7 M 16 14.00 81.5 14.25 71.3c

c For tolerance class 7H threads only. 

M 1.4 1.10 81.5 1.15 67.9 M 18 15.50 81.5 15.75 73.4c

M 1.6 1.25 81.5 1.30 69.9 M 20 17.50 81.5 17.75 73.4c

M 1.8 1.45 81.5 1.50 69.9 M 22 19.50 81.5 19.75 73.4c

M 2 1.60 81.5 1.65 71.3 M 24 21.00 81.5 21.25 74.7b

M 2.2 1.75 81.5 1.80 72.5 M 27 24.00 81.5 24.25 74.7b

M 2.5 2.05 81.5 2.10 72.5 M 30 26.50 81.5 26.75 75.7b

M 3 2.50 81.5 2.55 73.4 M 33 29.50 81.5 29.75 75.7b

M 3.5 2.90 81.5 2.95 74.7 M 36 32.00 81.5 … …
M 4 3.30 81.5 3.40 69.9b M 39 35.00 81.5 … …

M 4.5 3.70 86.8 3.80 76.1 M 42 37.50 81.5 … …
M 5 4.20 81.5 4.30 71.3b M 45 40.50 81.5 … …

M 6 5.00 81.5 5.10 73.4 M 48 43.00 81.5 … …
M 7 6.00 81.5 6.10 73.4 M 52 47.00 81.5 … …
M 8 6.80 78.5 6.90 71.7b M 56 50.50 81.5 … …

M 9 7.80 78.5 7.90 71.7b M 60 54.50 81.5 … …

M 10 8.50 81.5 8.60 76.1 M 64 58.00 81.5 … …
M 11 9.50 81.5 9.60 76.1 M 68 62.00 81.5 … …
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per cent. In some cases, as indicated in Table 6, the alternative drill sizes are suitable only
for medium (6H) or for free (7H) thread tolerance classes.

When relatively soft material is being tapped, there is a tendency for the metal to be
squeezed down towards the root of the tap thread, and in such instances, the minor diame-
ter of the tapped hole may become smaller than the diameter of the drill employed. Users
may wish to choose different tapping drill sizes to overcome this problem or for special
purposes, and reference can be made to the pages mentioned above to obtain the minor
diameter limits for internal pitch series threads.

Reference should be made to this standard BS 1157:1975 (2004) for recommended tap-
ping hole sizes for other types of British Standard screw threads and pipe threads.

Table 7. British Standard Metric Bolt and Screw Clearance Holes  BS 4186: 1967

All dimensions are given in millimeters.

British Standard Clearance Holes for Metric Bolts and Screws.—The dimensions of
the clearance holes specified in this British Standard BS 4186:1967 have been chosen in
such a way as to require the use of the minimum number of drills. The recommendations
cover three series of clearance holes, namely close fit (H 12), medium fit (H 13), and free
fit (H 14) and are suitable for use with bolts and screws specified in the following metric
British Standards: BS 3692, ISO metric precision hexagon bolts, screws, and nuts; BS
4168, Hexagon socket screws and wrench keys; BS 4183, Machine screws and machine
screw nuts; and BS 4190, ISO metric black hexagon bolts, screws, and nuts. The sizes are
in accordance with those given in ISO Recommendation R273, and the range has been
extended up to 150 millimeters diameter in accordance with an addendum to that recom-
mendation. The selection of clearance holes sizes to suit particular design requirements

Nominal
Thread

Diameter

Clearance Hole Sizes
Nominal
Thread

Diameter

Clearance Hole Sizes
Close

Fit
Series

Medium
Fit

Series

Free
Fit

Series

Close
Fit

Series

Medium
Fit

Series

Free
Fit

Series
1.6 1.7 1.8 2.0 52.0 54.0 56.0 62.0
2.0 2.2 2.4 2.6 56.0 58.0 62.0 66.0
2.5 2.7 2.9 3.1 60.0 62.0 66.0 70.0
3.0 3.2 3.4 3.6 64.0 66.0 70.0 74.0
4.0 4.3 4.5 4.8 68.0 70.0 74.0 78.0
5.0 5.3 5.5 5.8 72.0 74.0 78.0 82.0
6.0 6.4 6.6 7.0 76.0 78.0 82.0 86.0
7.0 7.4 7.6 8.0 80.0 82.0 86.0 91.0
8.0 8.4 9.0 10.0 85.0 87.0 91.0 96.0

10.0 10.5 11.0 12.0 90.0 93.0 96.0 101.0
12.0 13.0 14.0 15.0 95.0 98.0 101.0 107.0
14.0 15.0 16.0 17.0 100.0 104.0 107.0 112.0
16.0 17.0 18.0 19.0 105.0 109.0 112.0 117.0
18.0 19.0 20.0 21.0 110.0 114.0 117.0 122.0
20.0 21.0 22.0 24.0 115.0 119.0 122.0 127.0
22.0 23.0 24.0 26.0 120.0 124.0 127.0 132.0
24.0 25.0 26.0 28.0 125.0 129.0 132.0 137.0
27.0 28.0 30.0 32.0 130.0 134.0 137.0 144.0
30.0 31.0 33.0 35.0 140.0 144.0 147.0 155.0
33.0 34.0 36.0 38.0 150.0 155.0 158.0 165.0
36.0 37.0 39.0 42.0 … … … …
39.0 40.0 42.0 45.0 … … … …
42.0 43.0 45.0 48.0 … … … …
45.0 46.0 48.0 52.0 … … … …
48.0 50.0 52.0 56.0 … … … …



TAPPING 2035

can of course be dependent upon many variable factors. It is however felt that the medium
fit series should suit the majority of general purpose applications. In the Standard, limiting
dimensions are given in a table which is included for reference purposes only, for use in
instances where it may be desirable to specify tolerances.

To avoid any risk of interference with the radius under the head of bolts and screws, it is
necessary to countersink slightly all recommended clearance holes in the close and
medium fit series. Dimensional details for the radius under the head of fasteners made
according to BS 3692 are given on page 1631; those for fasteners to BS 4168 are given on
page 1695; those to BS 4183 are given on pages 1669 through  1673.
Cold Form Tapping.—Cold form taps do not have cutting edges or conventional flutes;
the threads on the tap form the threads in the hole by displacing the metal in an extrusion or
swaging process. The threads thus produced are stronger than conventionally cut threads
because the grains in the metal are unbroken and the displaced metal is work hardened. The
surface of the thread is burnished and has an excellent finish. Although chip problems are
eliminated, cold form tapping does displace the metal surrounding the hole and counter-
sinking or chamfering before tapping is recommended. Cold form tapping is not recom-
mended if the wall thickness of the hole is less than two-thirds of the nominal diameter of
the thread. If possible, blind holes should be drilled deep enough to permit a cold form tap
having a four thread lead to be used as this will require less torque, produce less burr sur-
rounding the hole, and give a greater tool life.

The operation requires 0 to 50 per cent more torque than conventional tapping, and the
cold form tap will pick up its own lead when entering the hole; thus, conventional tapping
machines and tapping heads can be used. Another advantage is the better tool life obtained.
The best results are obtained by using a good lubricating oil instead of a conventional cut-
ting oil.

The method can be applied only to relatively ductile metals, such as low-carbon steel,
leaded steels, austenitic stainless steels, wrought aluminum, low-silicon aluminum die
casting alloys, zinc die casting alloys, magnesium, copper, and ductile copper alloys. A
higher than normal tapping speed can be used, sometimes by as much as 100 per cent.

Conventional tap drill sizes should not be used for cold form tapping because the metal is
displaced to form the thread. The cold formed thread is stronger than the conventionally
tapped thread, so the thread height can be reduced to 60 per cent without much loss of
strength; however, the use of a 65 per cent thread is strongly recommended. The following
formula is used to calculate the theoretical hole size for cold form tapping:

The theoretical hole size and the tap drill sizes for American Unified threads are given in
Table 8, and Table 9 lists drills for ISO metric threads. Sharp drills should be used to pre-
vent cold working the walls of the hole, especially on metals that are prone to work harden-
ing. Such damage may cause the torque to increase, possibly stopping the machine or
breaking the tap. On materials that can be die cast, cold form tapping can be done in cored
holes provided the correct core pin size is used. The core pins are slightly tapered, so the
theoretical hole size should be at the position on the pin that corresponds to one-half of the
required engagement length of the thread in the hole. The core pins should be designed to
form a chamfer on the hole to accept the vertical extrusion.

Theoretical hole size basic tap O.D. 0.0068 per cent of full thread×
threads per inch

--------------------------------------------------------------------------–=
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Table 8. Theoretical and Tap Drill or Core Hole Sizes for
Cold Form Tapping Unified Threads

Tap
Size

Threads
Per
Inch

Percentage of Full Thread

75 65 55

Theor.
Hole
Size

Nearest
Drill
Size

Dec.
Equiv.

Theor.
Hole
Size

Nearest
Drill
Size

Dec.
Equiv.

Theor.
Hole
Size

Nearest
Drill
Size

Dec.
Equiv.

0 80 0.0536 1.35 mm 0.0531 0.0545 … … 0.0554 54 0.055

1
64 0.0650 1.65 mm 0.0650 0.0661 … … 0.0672 51 0.0670

72 0.0659 1.65 mm 0.0650 0.0669 1.7 mm 0.0669 0.0679 51 0.0670

2
56 0.0769 1.95 mm 0.0768 0.0781 5⁄64 0.0781 0.0794 2.0 mm 0.0787

64 0.0780 5⁄64 0.0781 0.0791 2.0 mm 0.0787 0.0802 … …

3
48 0.0884 2.25 mm 0.0886 0.0898 43 0.089 0.0913 2.3 mm 0.0906

56 0.0889 43 0.089 0.0911 2.3 mm 0.0906 0.0924 2.35 mm 0.0925

4
40 0.0993 2.5 mm 0.0984 0.1010 39 0.0995 0.1028 2.6 mm 0.1024

48 0.0104 38 0.1015 0.1028 2.6 mm 0.1024 0.1043 37 0.1040

5 40 0.1123 34 0.1110 0.1140 33 0.113 0.1158 32 0.1160

44 0.1134 33 0.113 0.1150 2.9 mm 0.1142 0.1166 32 …

6
32 0.1221 3.1 mm 0.1220 0.1243 … … 0.1264 3.2 mm 0.1260

40 0.1253 1⁄8 0.1250 0.1270 3.2 mm 0.1260 0.1288 30 0.1285

8
32 0.1481 3.75 mm 0.1476 0.1503 25 0.1495 0.1524 24 0.1520

36 0.1498 25 0.1495 0.1518 24 0.1520 0.1537 3.9 mm 0.1535

10
24 0.1688 … … 0.1717 11⁄64 0.1719 0.1746 17 0.1730

32 0.1741 17 0.1730 0.1763 … … 0.1784 4.5 mm 0.1772

12
24 0.1948 10 0.1935 0.1977 5.0 mm 0.1968 0.2006 5.1 mm 0.2008

28 0.1978 5.0 mm 0.1968 0.2003 8 0.1990 0.2028 … …

1⁄4
20 0.2245 5.7 mm 0.2244 0.2280 1 0.2280 0.2315 … …

28 0.2318 … … 0.2343 A 0.2340 0.2368 6.0 mm 0.2362

5⁄16

18 0.2842 7.2 mm 0.2835 0.2879 7.3 mm 0.2874 0.2917 7.4 mm 0.2913

24 0.2912 7.4 mm 0.2913 0.2941 M 0.2950 0.2969 19⁄64 0.2969

3⁄8
16 0.3431 11⁄32 0.3437 0.3474 S 0.3480 0.3516 … …

24 0.3537 9.0 mm 0.3543 0.3566 … … 0.3594 23⁄64 0.3594

7⁄16

14 0.4011 … … 0.4059 13⁄32 0.4062 0.4108 … …

20 0.4120 Z 0.413 0.4154 … … 0.4188 … …

1⁄2
13 0.4608 … … 0.4660 … … 0.4712 12 mm 0.4724

20 0.4745 … … 0.4779 … … 0.4813 … …

9⁄16

12 0.5200 … … 0.5257 … … 0.5313 17⁄32 0.5312

18 0.5342 13.5 mm 0.5315 0.5380 … … 0.5417 … …

5⁄8
11 0.5787 37⁄64 0.5781 0.5848 … … 0.5910 15 mm 0.5906

18 0.5976 19⁄32 0.5937 0.6004 … … 0.6042 … …

3⁄4
10 0.6990 … … 0.7058 45⁄64 0.7031 0.7126 … …

16 0.7181 23⁄32 0.7187 0.7224 … … 0.7266 … …
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Table 9. Tap Drill or Core Hole Sizes for Cold Form Tapping ISO Metric Threads

The sizes are calculated to provide 60 to 75 per cent of full thread.

Removing a Broken Tap.—Broken taps can be removed by electrodischarge machining
(EDM), and this method is recommended when available. When an EDM machine is not
available, broken taps may be removed by using a tap extractor, which has fingers that
enter the flutes of the tap; the tap is backed out of the hole by turning the extractor with a
wrench. Sometimes the injection of a small amount of a proprietary solvent into the hole
will be helpful. A solvent can be made by diluting about one part nitric acid with five parts
water. The action of the proprietary solvent or the diluted nitric acid on the steel loosens the
tap so that it can be removed with pliers or with a tap extractor. The hole should be washed
out afterwards so that the acid will not continue to work on the part. Another method is to
add, by electric arc welding, additional metal to the shank of the broken tap, above the level
of the hole. Care must be taken to prevent depositing metal on the threads in the tapped
hole. After the shank has been built up, the head of a bolt or a nut is welded to it and then the
tap may be backed out.

Tap Drills for Pipe Taps

All dimensions are in inches.
To secure the best results, the hole should be reamed before tapping with a reamer having a taper of

3⁄4 inch per foot.

Power for Pipe Taps.—The power required for driving pipe taps is given in the following
table, which includes nominal pipe tap sizes from 2 to 8 inches.

The holes to be tapped were reamed with standard pipe tap reamers before tapping. The
horsepower recorded was read off just before the tap was reversed. The table gives the net
horsepower, deductions being made for the power required to run the machine without a
load. The material tapped was cast iron, except in two instances, where cast steel was
tapped. It will be seen that nearly double the power is required for tapping cast steel. The

Nominal Size of Tap Pitch Recommended Tap Drill Size

1.6 mm 0.35 mm 1.45 mm
1.8 mm 0.35 mm 1.65 mm
2.0 mm 0.40 mm 1.8 mm
2.2 mm. 0.45 mm 2.0 mm
2.5 mm 0.45 mm 2.3 mm
3.0 mm 0.50 mm 2.8 mma

a These diameters are the nearest stocked drill sizes and not the theoretical hole size, and may not
produce 60 to 75 per cent full thread. 

3.5 mm 0.60 mm 3.2 mm
4.0 mm 0.70 mm 3.7 mm
4.5 mm 0.75 mm 4.2 mma

5.0 mm 0.80 mm 4.6 mm
6.0 mm 1.00 mm 5.6 mma

7.0 mm 1.00 mm 6.5 mm
8.0 mm 1.25 mm 7.4 mm
10.0 mm 1.50 mm 9.3 mm

Size of
Tap

Drills for
Briggs

PipeTaps

Drills for
Whitworth
Pipe Taps

Size of
Tap

Drills for
Briggs Pipe

Taps

Drills for
Whitworth
Pipe Taps

Size of
Tap

Drills for
Briggs Pipe

Taps

Drills for
Whitworth
Pipe Taps

1⁄8 11⁄32
5⁄16 11⁄4 11⁄2 115⁄32 31⁄4 … 31⁄2

1⁄4 7⁄16
27⁄64 11⁄2 123⁄32 125⁄32 31⁄2 33⁄4 33⁄4

3⁄8 19⁄32
9⁄16 13⁄4 … 115⁄16 33⁄4 … 4

1⁄2 23⁄32
11⁄16 2 23⁄16 25⁄32 4 41⁄4 41⁄4

5⁄8 … 25⁄32 21⁄4 … 213⁄32 41⁄2 43⁄4 43⁄4
3⁄4 15⁄16

29⁄32 21⁄2 25⁄8 225⁄32 5 55⁄16 51⁄4
7⁄8 … 11⁄16 23⁄4 … 31⁄32 51⁄2 … 53⁄4

1 15⁄32 11⁄8 3 31⁄4 39⁄32 6 63⁄8 61⁄4
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power varies, of course, with the conditions. More power than that indicated in the table
will be required if the cast iron is of a harder quality or if the taps are not properly relieved.
The taps used in these experiments were of the inserted-blade type, the blades being made
of high-speed steel.

Power Required for Pipe Taps

High-Speed CNC Tapping.—Tapping speed depends on the type of material being cut,
the type of cutting tool, the speed and rigidity of the machine, the rigidity of the part-hold-
ing fixture, and the proper use of coolants and cutting fluids. When tapping, each revolu-
tion of the tool feeds the tap a distance equal to the thread pitch. Both spindle speed and
feed per revolution must be accurately controlled so that changes in spindle speed result in
a corresponding change in feed rate. If the feed/rev is not right, a stripped thread or broken
tap will result. NC/CNC machines equipped with the synchronous tapping feature are able
to control the tap feed as a function of spindle speed. These machines can use rigid-type tap
holders or automatic tapping attachments and are able to control depth very accurately.
Older NC machines that are unable to reliably coordinate spindle speed and feed must use
a tension-compression type tapping head that permits some variation of the spindle speed
while still letting the tap feed at the required rate.

CNC machines capable of synchronous tapping accurately coordinate feed rate and rota-
tional speed so that the tap advances at the correct rate regardless of the spindle speed. A
canned tapping cycle (see Right Hand Thread (G84) and Left Hand Thread (G74) on page
1297 in the CNC NUMERICAL CONTROL PROGRAMMING section) usually controls
the operation, and feed and speed are set by the machine operator or part programmer. Syn-
chronized tapping requires reversing the tapping spindle twice for each hole tapped, once
after finishing the cut and again at the end of the cycle. Because the rotating mass is fairly
large (motor, spindle, chuck or tap holder, and tap), the acceleration and deceleration of the
tap are rather slow and a lot of time is lost by this process. The frequent changes in cutting
speed during the cut also accelerate tap wear and reduce tap life.

A self-reversing tapping attachment has a forward drive that rotates in the same direction
as the machine spindle, a reverse drive that rotates in the opposite direction, and a neutral
position in between the two. When a hole is tapped, the spindle feeds at a slightly slower
rate than the tap to keep the forward drive engaged until the tap reaches the bottom of the
hole. Through holes are tapped by feeding to the desired depth and then retracting the spin-
dle, which engages the tapping-head reverse drive and backs the tap out of the hole—the
spindle does not need to be reversed. For tapping blind holes, the spindle is fed to a depth
equal to the thread depth minus the self-feed of the tapping attachment. When the spindle
is retracted (without reversing), the tap continues to feed forward a short distance (the tap-
ping head self-feed distance) before the reverse drive engages and reverse drives the tap
out of the hole. The depth can be controlled to within about 1⁄4 revolution of the tap. The
tapping cycle normally used for the self-reversing tap attachment is a standard boring cycle
with feed return and no dwell. A typical programming cycle is illustrated with a G85 block
on page 1297. The inward feed is set to about 95 per cent of the normal tapping feed (i.e.,

Nominal Tap 
Size Rev. per

Min.

Net
Power

Thickness of 
Metal

Nominal Tap 
Size Rev. per

Min.

Net Power
Thickness
of Metal

inch mm H.P. kW inch mm inch mm H.P. kW inch mm

2 50.80 40 4.24 3.16 11⁄8 28.58 31⁄2 88.90 25.6 7.20 5.37 13⁄4 44.45

21⁄2 63.50 40 5.15 3.84 11⁄8 28.58 4 101.60 18 6.60 4.92 2 50.80

a21⁄2

a Tapping cast steel; other tests in cast iron. 

63.50 38.5 9.14 6.81 11⁄8 28.58 5 127.00 18 7.70 5.74 2 50.80

3 76.20 40 5.75 4.29 11⁄8 28.58 6 152.40 17.8 8.80 6.56 2 50.80

a3 76.20 38.5 9.70 7.23 11⁄8 28.58 8 203.20 14 7.96 5.93 21⁄2 63.50
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95 per cent of the pitch per revolution). Because the tap is lightweight, tap reversal is
almost instantaneous and tapping speed is very fast compared with synchronous tapping.

Tapping speeds are usually given in surface feet per minute (sfm) or the equivalent feet
per minute (fpm or ft/min), so a conversion is necessary to get the spindle speed in revolu-
tions per minute. The tapping speed in rpm depends on the diameter of the tap, and is given
by the following formula:

where d is the nominal diameter of the tap in inches. As indicated previously, the feed in
in/rev is equal to the thread pitch and is independent of the cutting speed. The feed rate in
inches per minute is found by dividing the tapping speed in rpm by the number of threads
per inch, or by multiplying the speed in rpm by the pitch or feed per revolution:

Example:If the recommended tapping speed for 1020 steel is given as 45 to 60 sfm, find
the required spindle speed and feed rate for tapping a 1 ⁄4-20 UNF thread in 1020 steel.

Assuming that the machine being used is in good condition and rigid, and the tap is sharp,
use the higher rate of 60 sfm and calculate the required spindle speed and feed rate as fol-
lows:

Coolant for Tapping.—Proper use of through-the-tap high-pressure coolant/lubricant
can result in increased tap life, increased speed and feed, and more accurate threads. In
most chip-cutting processes, cutting fluid is used primarily as a coolant, with lubrication
being a secondary but important benefit. Tapping, however, requires a cutting fluid with
lubricity as the primary property and coolant as a secondary benefit. Consequently, the
typical blend of 5 per cent coolant concentrate to 95 per cent water is too low for best
results. An increased percentage of concentrate in the blend helps the fluid to cling to the
tap, providing better lubrication at the cutting interface. A method of increasing the tap
lubrication qualities without changing the concentration of the primary fluid blend is to use
a cutting fluid dispenser controlled by an M code different from that used to control the
high-pressure flood coolant (for example, use an M08 code in addition to M07). The sec-
ondary coolant-delivery system applies a small amount of an edge-type cutting fluid
(about a drop at a time) directly onto the tap-cutting surfaces providing the lubrication
needed for cutting. The edge-type fluid applied in this way clings to the tap, increasing the
lubrication effect and ensuring that the cutting fluid becomes directly involved in the cut-
ting action at the shear zone.

High-pressure coolant fed through the tap is important in many high-volume tapping
applications. The coolant is fed directly through the spindle or tool holder to the cutting
zone, greatly improving the process of chip evacuation and resulting in better thread qual-
ity. High-pressure through-the-tap coolant flushes blind holes before the tap enters and can
remove chips from the holes after tapping is finished. The flushing action prevents chip
recutting by forcing chips through the flutes and back out of the hole, improving the sur-
face of the thread and increasing tap life. By improving lubrication and reducing heat and
friction, the use of high-pressure coolant may result in increased tap life up to five times
that of conventional tapping and may permit speed and feed increases that reduce overall
cycle time.
Combined Drilling and Tapping.—A special tool that drills and taps in one operation
can save a lot of time by reducing setup and eliminating a secondary operation in some

rpm sfm 12×
d 3.14159×
---------------------------- sfm 3.82×

d
-------------------------= =

feed rate in min⁄( ) rpm
threads per inch
-------------------------------------- rpm thread pitch× rpm feed rev⁄×= = =

speed 60 3.82×
0.25

---------------------- 916.8 920 rpm≈= = feed rate 920
20

--------- 46 in/min= =
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applications. A combination drill and tap can be used for through holes if the length of the
fluted drill section is greater than the material thickness, but cannot be used for drilling and
tapping blind holes because the tip (drill point) must cut completely through the material
before the tapping section begins to cut threads. Drilling and tapping depths up to twice the
tool diameter are typical. Determine the appropriate speed by starting the tool at the recom-
mended speed for the tap size and material, and adjust the speed higher or lower to suit the
application. Feed during tapping is dependent on the thread pitch. NC/CNC programs can
use a fast drilling speed and a slower tapping speed to combine both operations into one
and minimize cutting time.
Relief Angles for Single-Point Thread Cutting Tools.—The surface finish on threads
cut with single-point thread cutting tools is influenced by the relief angles on the tools. The
leading and trailing cutting edges that form the sides of the thread, and the cutting edge at
the nose of the tool must all be provided with an adequate amount of relief. Moreover, it is
recommended that the effective relief angle, ae, for all of these cutting edges be made
equal, although the practice in some shops is to use slightly less relief at the trailing cutting
edge. While too much relief may weaken the cutting edge, causing it to chip, an inadequate
amount of relief will result in rough threads and in a shortened tool life. Other factors that
influence the finish produced on threads include the following: the work material; the cut-
ting speed; the cutting fluid used; the method used to cut the thread; and, the condition of
the cutting edge.

Two similar diagrams showing relationships of various relief angles of thread cutting tools

Relief angles on single-point thread cutting tools are often specified on the basis of expe-
rience. While this method may give satisfactory results in many instances, better results
can usually be obtained by calculating these angles, using the formulas provided further
on. When special high helix angle threads are to be cut, the magnitude of the relief angles
should always be calculated. These calculations are based on the effective relief angle, ae;
this is the angle between the flank of the tool and the sloping sides of the thread, measured
in a direction parallel to the axis of the thread. Recommended values of this angle are 8 to
14 degrees for high speed steel tools, and 5 to 10 degrees for cemented carbide tools. The
larger values are recommended for cutting threads on soft and gummy materials, and the
smaller values are for the harder materials, which inherently take a better surface finish.
Harder materials also require more support below the cutting edges, which is provided by
using a smaller relief angle. These values are recommended for the relief angle below the
cutting edge at the nose without any further modification. The angles below the leading
and trailing side cutting edges are modified, using the formulas provided. The angles b and
b ′ are the relief angles actually ground on the tool below the leading and trailing side cut-
ting edges respectively; they are measured perpendicular to the side cutting edges. When
designing or grinding the thread cutting tool, it is sometimes helpful to know the magni-
tude of the angle, n, for which a formula is provided. This angle would occur only in the
event that the tool were ground to a sharp point. It is the angle of the edge formed by the
intersection of the flank surfaces.
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where θ =helix angle of thread at minor diameter

θ′ =helix angle of thread at major diameter

K =minor diameter of thread

D =major diameter of thread

a =side relief angle parallel to thread axis at leading edge of tool

a′ = side relief angle parallel to thread axis at trailing edge of tool

ae =effective relief angle

b =side relief angle perpendicular to leading edge of tool

b′ = side relief angle perpendicular to trailing edge of tool

ω =included angle of thread cutting tool

n =nose angle resulting from intersection of flank surfaces

Example:Calculate the relief angles and the nose angle n for a single-point thread cutting
tool that is to be used to cut a 1-inch diameter, 5-threads-per-inch, double Acme thread.
The lead of this thread is 2 × 0.200 = 0.400 inch. The included angle ω of this thread is 29
degrees, the minor diameter K is 0.780 inch, and the effective relief angle ae below all cut-
ting edges is to be 10 degrees.

φtan lead of thread
πK

---------------------------------= φ′tan lead of thread
πD

---------------------------------=

a ae φ+=
a′ ae φ′–=

btan atan 1⁄2cos ω=

b ′tan a ′tan 1⁄2cos ω=

ntan atan a ′tan–
2 1⁄2tan ω

------------------------------=

φtan lead of thread
πK

--------------------------------- 0.400
π 0.780×
-----------------------= =

φ 9.27° 9°16′( )=

φ′tan lead of thread
πD

--------------------------------- 0.400
π 1.000×
-----------------------= =

φ′ 7.26° 7°15′( )=

a ae φ+ 10° 9.27°+ 19.27°= = =

a ′ ae φ′– 10° 7.26°– 2.74°= = =

btan atan 1⁄2cos ω 19.27tan 14.5cos= =

b 18.70° 18°42 ′( )=

b ′tan a ′tan 1⁄2cos ω 2.74tan 14.5cos= =

b ′ 2.65° 2°39′( )=

ntan atan a ′tan–
2 1⁄2ωtan

------------------------------ 19.27tan 2.74tan–
2 14.5tan

----------------------------------------------= =

n 30.26° 30°16 ′( )=
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Lathe Change Gears

Change Gears for Thread Cutting.—To determine the change gears to use for cutting a
thread of given pitch, first find what number of threads per inch will be cut when gears of
the same size are placed on the lead screw and spindle stud, either by trial or by referring to
the index plate; then multiply this number, called the “lathe screw constant,” by some trial
number to obtain the number of teeth in the gear for the spindle stud, and multiply the
threads per inch to be cut by the same trial number to obtain the number of teeth in the gear
for the lead screw. Expressing this rule as a formula:

For example, suppose the available change gears supplied with the lathe have 24, 28, 32,
36 teeth, etc., the number increasing by 4 up to 100, and that 10 threads per inch are to be
cut in a lathe having a lathe screw constant of 6; then, if the screw constant is written as the
numerator, the number of threads per inch to be cut as the denominator of a fraction, and
both numerator and denominator are multiplied by some trial number, say, 4, it is found
that gears having 24 and 40 teeth can be used. Thus:

The 24-tooth gear goes on the spindle stud and the 40-toothgear on the lead screw.
The lathe screw constant is, of course, equal to the number of threads per inch on the lead

screw, provided the spindle stud and spindle are geared in the ratio of 1 to 1, which, how-
ever, is not always so.

Compound Gearing.—To find the change gears used in compound gearing, place the
screw constant as the numerator and the number of threads per inch to be cut as the denom-
inator of a fraction; resolve both numerator and denominator into two factors each, and
multiply each “pair” of factors by the same number, until values are obtained representing
suitable numbers of teeth for the change gears. (One factor in the numerator and one in the
denominator make a “pair” of factors.)

Example:—13⁄4 threads per inch are to be cut in a lathe having a screw constant of 8; the
available gears have 24, 28, 32, 36, 40 teeth. etc., increasing by 4 up to 100. Following the
rule:

The gears having 72 and 64 teeth are the driving gears and those with 36 and 28 teeth are
the driven gears.

Fractional Threads.—Sometimes the lead of a thread is given as a fraction of an inch
instead of stating the number of threads per inch. For example, a thread may be required to
be cut, having 3⁄8 inch lead. The expression “3⁄8 inch lead” should first be transformed to
“number of threads per inch.” The number of threads per inch (the thread being single)
equals:

To find the change gears to cut 22⁄3 threads per inch in a lathe having a screw constant 8
and change gears ranging from 24 to 100 teeth, increasing in increments of 4, proceed as
below:

Trial number lathe screw constant×
Trial number threads per inch to be cut×
-------------------------------------------------------------------------------------------------- teeth in gear on spindle stud

teeth in gear on lead screw
-------------------------------------------------------------------=

6
10
------ 6 4×

10 4×
--------------- 24

40
------= =

8
13⁄4
------- 2 4×

1 13⁄4×
---------------- 2 36×( ) 4 16×( )×

1 36×( ) 13⁄4 16×( )×
--------------------------------------------------- 72 64×

36 28×
------------------= = =

1
3⁄8
---- 1

3
8
---÷ 8

3
--- 22⁄3= = =

8
22⁄3
------- 2 4×

1 22⁄3×
---------------- 2 36×( ) 4 24×( )×

1 36×( ) 22⁄3 24×( )×
--------------------------------------------------- 72 96×

36 64×
------------------= = =
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Change Gears for Metric Pitches.—When screws are cut in accordance with the metric
system, it is the usual practice to give the lead of the thread in millimeters, instead of the
number of threads per unit of measurement. To find the change gears for cutting metric
threads, when using a lathe having an inch lead screw, first determine the number of
threads per inch corresponding to the given lead in millimeters. Suppose a thread of 3 mil-
limeters lead is to be cut in a lathe having an inch lead screw and a screw constant of 6. As
there are 25.4 millimeters per inch, the number of threads per inch will equal 25.4 ÷ 3.
Place the screw constant as the numerator, and the number of threads per inch to be cut as
the denominator:

The numerator and denominator of this fractional expression of the change gear ratio is
next multiplied by some trial number to determine the size of the gears. The first whole
number by which 25.4 can be multiplied so as to get a whole number as the result is 5. Thus,
25.4 × 5 = 127. Hence, one gear having 127 teeth is always used when cutting metric
threads with an inch lead screw. The other gear required has 90 teeth. Thus:

Therefore, the following rule can be used to find the change gears for cutting metric
pitches with an inch lead screw:

Rule: Place the lathe screw constant multiplied by the lead of the required thread in mil-
limeters multiplied by 5 as the numerator of the fraction and 127 as the denominator. The
product of the numbers in the numerator equals the number of teeth for the spindle-stud
gear, and 127 is the number of teeth for the lead-screw gear.

If the lathe has a metric pitch lead screw, and a screw having a given number of threads
per inch is to be cut, first find the “metric screw constant” of the lathe or the lead of thread
in millimeters that would be cut with change gears of equal size on the lead screw and spin-
dle stud; then the method of determining the change gears is simply the reverse of the one
already explained for cutting a metric thread with an inch lead screw.

Rule: To find the change gears for cutting inch threads with a metric lead screw, place
127 in the numerator and the threads per inch to be cut, multiplied by the metric screw con-
stant multiplied by 5 in the denominator; 127 is the number of teeth on the spindle-stud
gear and the product of the numbers in the denominator equals the number of teeth in the
lead-screw gear.

Threads per Inch Obtained with a Given Combination of Gears.—To determine the
number of threads per inch that will be obtained with a given combination of gearing, mul-
tiply the lathe screw constant by the number of teeth in the driven gear (or by the product of
the numbers of teeth in both driven gears of compound gearing), and divide the product
thus obtained by the number of teeth in the driving gear (or by the product of the two driv-
ing gears of a compound train). The quotient equals the number of threads per inch.

Change Gears for Fractional Ratios.—When gear ratios cannot be expressed exactly in
whole numbers that are within the range of ordinary gearing, the combination of gearing
required for the fractional ratio may be determined quite easily, often by the “cancellation
method.” To illustrate this method, assume that the speeds of two gears are to be in the ratio
of 3.423 to 1. The number 3.423 is first changed to 3423⁄1000 to clear it of decimals. Then, in
order to secure a fraction that can be reduced, 3423 is changed to 3420;

6
25.4

3
----------
---------- 6

25.4
3

----------÷ 6 3×
25.4
------------= =

6 3× 5×
25.4 5×
--------------------- 90

127
---------=

3420
1000
------------ 342

100
--------- 3 2× 57×

2 50×
------------------------ 3 57×

1 50×
---------------= = =
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Then, multiplying 3⁄1 by some trial number, say, 24, the following gear combination is
obtained:

As the desired ratio is 3.423 to I, there is an error of 0.003. When the ratios are compara-
tively simple, the cancellation method is not difficult and is frequently used; but by the log-
arithmic method to be described, more accurate results are usually possible.

Modifying the Quick-Change Gearbox Output.—On most modern lathes, the gear
train connecting the headstock spindle with the lead screw contains a quick-change gear-
box. Instead of using different change gears, it is only necessary to position the handles of
the gearbox to adjust the speed ratio between the spindle and the lead screw in preparation
for cutting a thread. However, a thread sometimes must be cut for which there is no quick-
change gearbox setting. It is then necessary to modify the normal, or standard, gear ratio
between the spindle and the gearbox by installing modifying change gears to replace the
standard gears normally used. Metric and other odd pitch threads can be cut on lathes that
have an inch thread lead screw and a quick-change gearbox having only settings for inch
threads by using modifying-change gears in the gear train. Likewise, inch threads and
other odd pitch threads can be cut on metric lead-screw lathes having a gearbox on which
only metric thread settings can be made. Modifying-change gears also can be used for cut-
ting odd pitch threads on lathes having a quick-change gearbox that has both inch and met-
ric thread settings.

The sizes of the modifying-change gears can be calculated by formulas to be given later;
they depend on the thread to be cut and on the setting of the quick-change gearbox. Many
different sets of gears can be found for each thread to be cut. It is recommended that several
calculations be made in order to find the set of gears that is most suitable for installation on
the lathe. The modifying-change gear formulas that follow are based on the type of lead
screw, i.e., whether the lead screw has inch or metric threads.

Metric Threads on Inch Lead-Screw Lathes: A 127-tooth translating gear must be used
in the modifying-change gear train in order to be able to cut metric threads on inch lead-
screw lathes. The formula for calculating the modifying change gears is:

The numerator and denominator of this formula are multiplied by equal numbers, called
trial numbers, to find the gears. If suitable gears cannot be found with one set, then another
set of equal trial numbers is used. (Because these numbers are equal, such as 15 ⁄15 or
24 ⁄24, they are equal to the number one when thought of as a fraction; their inclusion has
the effect of multiplying the formula by one, which does not change its value.) It is neces-
sary to select the gearbox setting in threads per inch that must be used to cut the metric
thread when using the gears calculated by the formula. One method is to select a quick-
change gearbox setting that is close to the actual number of metric threads in a 1-inch
length, called the equivalent threads per inch, which can be calculated by the following for-
mula: Equivalent thds/in. = 25.4 ÷ pitch in millimeters to be cut.

Example:Select the quick-change gearbox setting and calculate the modifying change
gears required to set up a lathe having an inch-thread lead screw in order to cut an 
M12 × 1.75 metric thread.

72
24
------ 57

50
------× 4104

1200
------------ 3.42

1
----------= =

5 gearbox setting in thds/in.× pitch in mm to be cut×
127

--------------------------------------------------------------------------------------------------------------------------------- driving gears
driven gears
-------------------------------=
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Odd Inch Pitch Threads: The calculation of the modifying change gears used for cutting
odd pitch threads that are specified by their pitch in inches involves the sizes of the stan-
dard gears, which can be found by counting their teeth. Standard gears are those used to
enable the lathe to cut the thread for which the gearbox setting is made; they are the gears
that are normally used. The threads on worms used with worm gears are among the odd
pitch threads that can be cut by this method. As before, it is usually advisable to calculate
the actual number of threads per inch of the odd pitch thread and to select a gearbox setting
that is close to this value. The following formula is used to calculate the modifying-change
gears to cut odd inch pitch threads:

Example:Select the quick-change gearbox setting and calculate the modifying change
gears required to cut a thread having a pitch equal to 0.195 inch. The standard driving and
driven gears both have 48 teeth. To find equivalent threads per inch:

It will be noted that in the second step above, 1000 ⁄1000 has been substituted for 48 ⁄48.
This substitution does not change the ratio. The reason for this substitution is that 1000 ×
0.195 = 195, a whole number. Actually, 200 ⁄200 might have been substituted because 200
× 0.195 = 39, also a whole number.

The procedure for calculating the modifying gears using the following formulas is the
same as illustrated by the two previous examples.

Odd Threads per Inch on Inch Lead Screw Lathes: 

Equivalent thds/in. 25.4
pitch in mm to be cut
--------------------------------------------------- 25.4

1.75
---------- 1.45 (use 14 thds/in.)= = =

5 gearbox setting in thds/in.× pitch in mm to be cut×
127

--------------------------------------------------------------------------------------------------------------------------------- 5 14× 1.75×
127

--------------------------------=

24( ) 5× 14× 1.75×
24( ) 127×

-------------------------------------------------= 5 14×( ) 24(× 1.75 )×
24 127×

------------------------------------------------------=

70 42×
24 127×
--------------------- driving gears

driven gears
-------------------------------=

Standard driving gear pitch to be cut in inches× gearbox setting in thds/in.×
Standard driven gear

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

driving gears
driven gears
-------------------------------=

Thds
in.

------------ 1
pitch
------------ 1

0.195
------------- 5.13= = = (use 5 thds/in.)

Standard driving gear pitch to be cut in inches× gearbox setting in thds/in.×
Standard driven gear

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

48 0.195× 5×
48

-----------------------------------= 1000( ) 0.195× 5×
1000( )

--------------------------------------------- 195 5×
500 2×
------------------ 39 5×

100 2×
------------------ 39 5× 8( )×

50 2× 2× 8( )×
--------------------------------------= = = =

39 40×
50 32×
------------------= driving gears

driven gears
-------------------------------=

Standard driving gear gearbox setting in thds/in.×
Standard driven gear thds/in. to be cut×

------------------------------------------------------------------------------------------------------------------------ driving gears
driven gears
-------------------------------=
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Inch Threads on Metric Lead Screw Lathes: 

Odd Metric Pitch Threads on Metric Lead Screw Lathes: 

Finding Accurate Gear Ratios.—Tables included in the 23rd and earlier editions of this
handbook furnished a series of logarithms of gear ratios as a quick means of finding ratios
for all gear combinations having 15 to 120 teeth. The ratios thus determined could be fac-
tored into sets of 2, 4, 6, or any other even numbers of gears to provide a desired overall
ratio.

Although the method of using logarithms of gear ratios provides results of suitable accu-
racy for many gear-ratio problems, it does not provide a systematic means of evaluating
whether other, more accurate ratios are available. In critical applications, especially in the
design of mechanisms using reduction gear trains, it may be desirable to find many or all
possible ratios to meet a specified accuracy requirement. The methods best suited to such
problems use Continued Fractions and Conjugate Fractions as explained starting on
pages 11 and illustrated in the worked-out example on page 13 for a set of four change
gears.

As an example, if an overall reduction of 0.31416 is required, a fraction must be found
such that the factors of the numerator and denominator may be used to form a four-gear
reduction train in which no gear has more than 120 teeth. By using the method of conjugate
fractions discussed on page 12, the ratios listed above, and their factors are found to be suc-
cessively closer approximations to the required overall gear ratio.

Lathe Change-gears.—To calculate the change gears to cut any pitch on a lathe, the “con-
stant” of the machine must be known. For any lathe, the ratio C:L = driver:driven gear, in
which C = constant of machine and L = threads per inch.

For example, to find the change gears required to cut 1.7345 threads per inch on a lathe
having a constant of 4, the formula:

Ratio Numerator Factors Denominator Error Factors

11 ⁄35 11 5 × 7 +0.00013

16 ⁄51 2 × 2 × 2 × 2 3 × 17 −0.00043

27 ⁄86 3 × 3 × 3 2 × 43 −0.00021

38 ⁄121 2 × 19 11 × 11 −0.00011

49 ⁄156 7 × 7 2 × 2 × 3 × 13 −0.00006

82 ⁄261 2 × 41 3 × 3 × 29 +0.00002

224 ⁄713 2 × 2 × 2 × 2 × 2 × 7 23 × 31 +0.000005

437 ⁄1391 19 × 23 13 × 107 +0.000002

721 ⁄2295 7 × 103 3 × 3 × 3 × 5 × 17 +0.000001

1360 ⁄4329 2 × 2 × 2 × 2 × 17 3 × 3 × 13 × 53 +0.0000003

1715 ⁄5459 5 × 7 × 7 × 7 53 × 103 +0.0000001

3927 ⁄12500 3 × 7 × 11 × 17 2 × 2 × 5 × 5 × 5 × 5 × 5 0

127
5 gearbox setting in mm pitch× thds/in. to be cut×
--------------------------------------------------------------------------------------------------------------------------- driving gears

driven gears
-------------------------------=

Standard driving gear mm pitch to be cut×
Standard driven gear gearbox setting in mm pitch×
--------------------------------------------------------------------------------------------------------------------------- driving gears

driven gears
-------------------------------=
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may be used. The method of conjugate fractions shown on page 12 will find the ratio,
113 ⁄49 = 2.306122, which is closer than any other having suitable factors. This ratio is in
error by only 2.306140 − 2.306122 = 0.000018. Therefore, the driver should have 113 teeth
and the driven gear 49 teeth.

Relieving Helical-Fluted Hobs.—Relieving hobs that have been fluted at right angles to
the thread is another example of approximating a required change-gear ratio. The usual
method is to change the angle of the helical flutes to agree with previously calculated
change-gears. The ratio between the hob and the relieving attachment is expressed in the
formula:

and

in which: N = number of flutes in hob; α = helix angle of thread from plane perpendicular
to axis; C = constant of relieving attachment; P = axial lead of hob; and Hc = hob pitch cir-
cumference, = 3.1416 times pitch diameter.

The constant of the relieving attachment is found on its index plate and is determined by
the number of flutes that require equal gears on the change-gear studs. These values will
vary with different makes of lathes.

For example, what four change-gears can be used to relieve a helical-fluted worm-gear
hob, of 24 diametral pitch, six starts, 13 degrees, 41 minutes helix angle of thread, with
eleven helical flutes, assuming a relieving attachment having a constant of 4 is to be used?

Using the conjugate fractions method discussed on page 12, the following ratios are
found to provide factors that are successively closer approximations to the required
change-gear ratio 2.913136.

Numerator/Denominator Ratio Error

67 × 78/(39 × 46) 2.913043 −0.000093

30 × 47/(22 × 22) 2.913223 +0.000087

80 × 26/(21 × 34) 2.913165 +0.000029

27 × 82/(20 × 38) 2.913158 +0.000021

55 × 75/(24 × 59) 2.913136 +0.0000004

74 × 92/(57 × 41) 2.913136 +0.00000005

C

L
---- 4

1.7345
---------------- 2.306140= =

N

C αcos2×( )
------------------------------

driver

driven
-----------------  gears=

αtan P

Hc

------=

N

C αcos2×( )
------------------------------ 11

4 13°cos2 41′×( )
------------------------------------------ 11

4 0.944045×( )
------------------------------------ 2.913136= = =



2048 THREAD ROLLING

THREAD ROLLING

Screw threads may be formed by rolling either by using some type of thread-rolling
machine or by equipping an automatic screw machine or turret lathe with a suitable thread-
ing roll. If a thread-rolling machine is used, the unthreaded screw, bolt, or other “blank” is
placed (either automatically or by hand) between dies having thread-shaped ridges that
sink into the blank, and by displacing the metal, form a thread of the required shape and
pitch. The thread-rolling process is applied where bolts, screws, studs, threaded rods, etc.,
are required in large quantities. Screw threads that are within the range of the rolling pro-
cess may be produced more rapidly by this method than in any other way. Because of the
cold-working action of the dies, the rolled thread is 10 to 20 per cent stronger than a cut or
ground thread, and the increase may be much higher for fatigue resistance. Other advan-
tages of the rolling process are that no stock is wasted in forming the thread, and the surface
of a rolled thread is harder than that of a cut thread, thus increasing wear resistance.
Thread-Rolling Machine of Flat-Die Type.—One type of machine that is used exten-
sively for thread rolling is equipped with a pair of flat or straight dies. One die is stationary
and the other has a reciprocating movement when the machine is in use. The ridges on
these dies, which form the screw thread, incline at an angle equal to the helix angle of the
thread. In making dies for precision thread rolling, the threads may be formed either by
milling and grinding after heat treatment, or by grinding “from the solid” after heat treat-
ing. A vitrified wheel is used.

In a thread-rolling machine, thread is formed in one passage of the work, which is
inserted at one end of the dies, either by hand or automatically, and then rolls between the
die faces until it is ejected at the opposite end. The relation between the position of the dies
and a screw thread being rolled is such that the top of the thread-shaped ridge of one die, at
the point of contact with the screw thread, is directly opposite the bottom of the thread
groove in the other die at the point of contact. Some form of mechanism ensures starting
the blank at the right time and square with the dies.
Thread-Rolling Machine of Cylindrical-Die Type.—With machines of this type, the
blank is threaded while being rolled between two or three cylindrical dies (depending upon
the type of machine) that are pressed into the blank at a rate of penetration adjusted to the
hardness of the material, or wall thickness in threading operations on tubing or hollow
parts. The dies have ground, or ground and lapped, threads and a pitch diameter that is a
multiple of the pitch diameter of the thread to be rolled. As the dies are much larger in
diameter than the work, a multiple thread is required to obtain the same lead angle as that
of the work. The thread may be formed in one die revolution or even less, or several revo-
lutions may be required (as in rolling hard materials) to obtain a gradual rate of penetration
equivalent to that obtained with flat or straight dies if extended to a length of possibly 15 or
20 feet (4.6 or 6 m). Provisions for accurately adjusting or matching the thread rolls to
bring them into proper alignment with each other are important features of these machines.

 Two-Roll Type of Machine: With a two-roll type of machine, the work is rotated
between two horizontal power-driven threading rolls and is supported by a hardened rest
bar on the lower side. One roll is fed inward by hydraulic pressure to a depth that is gov-
erned automatically.

 Three-Roll Type of Machine: With this machine, the blank to be threaded is held in a
“floating position” while being rolled between three cylindrical dies that, through toggle
arms, are moved inward at a predetermined rate of penetration until the required pitch
diameter is obtained. The die movement is governed by a cam driven through change gears
selected to give the required cycle of squeeze, dwell, and release.
Rate of Production.—Production rates in thread rolling depend upon the type of
machine, the size of both machine and work, and whether the parts to be threaded are
inserted by hand or automatically. A reciprocating flat die type of machine, applied to ordi-
nary steels, may thread 30 or 40 parts per minute in diameters ranging from about 5⁄8 to 11⁄8
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inch(15.875–28.575 mm), and 150 to 175 per minute in machine screw sizes from No. 10
(.190 inch) to No. 6 (.138 inch). In the case of heat-treated alloy steels in the usual hardness
range of 26 to 32 Rockwell C, the production may be 30 or 40 per minute or less. With a
cylindrical die type of machine, which is designed primarily for precision work and hard
metals, 10 to 30 parts per minute are common production rates, the amount depending
upon the hardness of material and allowable rate of die penetration per work revolution.
These production rates are intended as a general guide only. The diameters of rolled
threads usually range from the smallest machine screw sizes up to 1 or 11⁄2 inches(25.4 or
38.1 mm), depending upon the type and size of machine.

Precision Thread Rolling.—Both flat and cylindrical dies are used in aeronautical and
other plants for precision work. With accurate dies and blank diameters held to close lim-
its, it is practicable to produce rolled threads for American Standard Class 3 and Class 4
fits. The blank sizing may be by centerless grinding or by means of a die in conjunction
with the heading operations. The blank should be round, and, as a general rule, the diame-
ter tolerance should not exceed 1⁄2 to 2⁄3 the pitch diameter tolerance. The blank diameter
should range from the correct size (which is close to the pitch diameter, but should be
determined by actual trial), down to the allowable minimum, the tolerance being minus to
insure a correct pitch diameter, even though the major diameter may vary slightly. Preci-
sion thread rolling has become an important method of threading alloy steel studs and other
threaded parts, especially in aeronautical work where precision and high-fatigue resis-
tance are required. Micrometer screws are also an outstanding example of precision thread
rolling. This process has also been applied in tap making, although it is the general practice
to finish rolled taps by grinding when the Class 3 and Class 4 fits are required.

Steels for Thread Rolling.—Steels vary from soft low-carbon types for ordinary screws
and bolts, to nickel, nickel-chromium and molybdenum steels for aircraft studs, bolts, etc.,
or for any work requiring exceptional strength and fatigue resistance. Typical SAE alloy
steels are No. 2330, 3135, 3140, 4027, 4042, 4640 and 6160. The hardness of these steels
after heat-treatment usually ranges from 26 to 32 Rockwell C, with tensile strengths vary-
ing from 130,000 to 150,000 psi(896–1034 MPa). While harder materials might be rolled,
grinding is more practicable when the hardness exceeds 40 Rockwell C. Thread rolling is
applicable not only to a wide range of steels but for non-ferrous materials, especially if
there is difficulty in cutting due to “tearing” the threads.

Diameter of Blank for Thread Rolling.—The diameter of the screw blank or cylindrical
part upon which a thread is to be rolled should be less than the outside screw diameter by an
amount that will just compensate for the metal that is displaced and raised above the origi-
nal surface by the rolling process. The increase in diameter is approximately equal to the
depth of one thread. While there are rules and formulas for determining blank diameters, it
may be necessary to make slight changes in the calculated size in order to secure a well-
formed thread. The blank diameter should be verified by trial, especially when rolling
accurate screw threads. Some stock offers greater resistance to displacement than other
stock, owing to the greater hardness or tenacity of the metal. The following figures may
prove useful in establishing trial sizes. The blank diameters for screws varying from 1⁄4 to 1⁄2
are from 0.002 to 0.0025 inch(50.8–63.5 µm) larger than the pitch diameter, and for screws
varying from 1⁄2 to 1 inch(12.7–25.4 mm) or larger, the blank diameters are from 0.0025 to
.003 inch(63.5–76.2 µm) larger than the pitch diameter. Blanks which are slightly less than
the pitch diameter are intended for bolts, screws, etc., which are to have a comparatively
free fit. Blanks for this class of work may vary from 0.002 to 0.003 inch(50.08–76.2 µm)
less than the pitch diameter for screw thread sizes varying from 1⁄4 to 1⁄2 inch(6.35–12.7
mm), and from 0.003 to 0.005 inch(76.2–127 µm) less than the pitch diameter for sizes
above 1⁄2 inch. If the screw threads are smaller than 1⁄4 inch, the blanks are usually from 0.001
to 0.0015 inch(25.4–38.1 µm) less than the pitch diameter for ordinary grades of work.
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Thread Rolling in Automatic Screw Machines.—Screw threads are sometimes rolled
in automatic screw machines and turret lathes when the thread is behind a shoulder so that
it cannot be cut with a die. In such cases, the advantage of rolling the thread is that a second
operation is avoided. A circular roll is used for rolling threads in screw machines. The roll
may be presented to the work either in a tangential direction or radially, either method pro-
ducing a satisfactory thread. In the former case, the roll gradually comes into contact with
the periphery of the work and completes the thread as it passes across the surface to be
threaded. When the roll is held in a radial position, it is simply forced against one side until
a complete thread is formed. The method of applying the roll may depend upon the relation
between the threading operation and other machining operations. Thread rolling in auto-
matic screw machines is generally applied only to brass and other relatively soft metals,
owing to the difficulty of rolling threads in steel. Thread rolls made of chrome-nickel steel
containing from 0.15 to 0.20 per cent of carbon have given fairly good results, however,
when applied to steel. A 3 per cent nickel steel containing about 0.12 per cent carbon has
also proved satisfactory for threading brass.

Factors Governing the Diameter of Thread Rolling.—The threading roll used in screw
machines may be about the same diameter as the screw thread, but for sizes smaller than,
say, 3⁄4 inch (19.05 mm), the roll diameter is some multiple of the thread diameter minus a
slight amount to obtain a better rolling action. When the diameters of the thread and roll are
practically the same, a single-threaded roll is used to form a single thread on the screw. If
the diameter of the roll is made double that of the screw, in order to avoid using a small roll,
then the roll must have a double thread. If the thread roll is three times the size of the screw
thread, a triple thread is used, and so on. These multiple threads are necessary when the roll
diameter is some multiple of the work, in order to obtain corresponding helix angles on the
roll and work.

Diameter of Threading Roll.—The pitch diameter of a threading roll having a single
thread is slightly less than the pitch diameter of the screw thread to be rolled, and in the case
of multiple-thread rolls, the pitch diameter is not an exact multiple of the screw thread pitch
diameter but is also reduced somewhat. The amount of reduction recommended by one
screw machine manufacturer is given by the formula shown at the end of this paragraph. A
description of the terms used in the formula is given as follows: D = pitch diameter of
threading roll, d = pitch diameter of screw thread, N = number of single threads or “starts”
on the roll (this number is selected with reference to diameter of roll desired), T = single
depth of thread:

Example:Find, by using above formula, the pitch diameter of a double-thread roll for
rolling a 1⁄2-inch American standard screw thread. Pitch diameter d = 0.4500 inch and
thread depth T = 0.0499 inch.

Kind of Thread on Roll and Its Shape.—The thread (or threads) on the roll should be
left hand for rolling a right-hand thread, and vice versa. The roll should be wide enough to
overlap the part to be threaded, provided there are clearance spaces at the ends, which
should be formed if possible. The thread on the roll should be sharp on top for rolling an
American (National) standard form of thread, so that less pressure will be required to dis-
place the metal when rolling the thread. The bottom of the thread groove on the roll may
also be left sharp or it may have a flat. If the bottom is sharp, the roll is sunk only far enough
into the blank to form a thread having a flat top, assuming that the thread is the American
form. The number of threads on the roll (whether double, triple, quadruple, etc.) is

D N d
T

2
---– 

  T–=

D 2 0.4500 0.0499
2

----------------– 
  0.0499– 0.8001 inch= =
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selected, as a rule, so that the diameter of the thread roll will be somewhere between 11⁄4 and
21⁄4 inches (31.75–57.15 mm). In making a thread roll, the ends are beveled at an angle of
45 degrees, to prevent the threads on the ends of the roll from chipping. Precautions should
be taken in hardening, because, if the sharp edges are burnt, the roll will be useless. Thread
rolls are usually lapped after hardening, by holding them on an arbor in the lathe and using
emery and oil on a piece of hard wood. To give good results a thread roll should fit closely
in the holder. If the roll is made to fit loosely, it will mar the threads.

Application of Thread Roll.—The shape of the work and the character of the operations
necessary to produce it, govern, to a large extent, the method employed in applying the
thread roll. Some of the points to consider are as follows:

1) Diameter of the part to be threaded.
2) Location of the part to be threaded.
3) Length of the part to be threaded.
4) Relation that the thread rolling operation bears to the other operations.
5) Shape of the part to be threaded, whether straight, tapered or otherwise.
6) Method of applying the support.
When the diameter to be rolled is much smaller than the diameter of the shoulder preced-

ing it, a cross-slide knurl-holder should be used. If the part to be threaded is not behind a
shoulder, a holder on the swing principle should be used. When the work is long (greater in
length than two-and-one-half times its diameter) a swing roll-holder should be employed,
carrying a support. When the work can be cut off after the thread is rolled, a cross-slide roll-
holder should be used. The method of applying the support to the work also governs to
some extent the method of applying the thread roll. When no other tool is working at the
same time as the thread roll, and when there is freedom from chips, the roll can be held
more rigidly by passing it under instead of over the work. When passing the roll over the
work, there is a tendency to raise the cross-slide. Where the part to be threaded is tapered,
the roll can best be presented to the work by holding it in a cross-slide roll-holder.

Tolerances on Wire for Thread Rolling.—The wire mills will accept a tolerance speci-
fication of plus or minus 0.002 inch(50.8 µm) on the diameter. It is particularly important
that this tolerance be maintained on stock used for long screws of small diameter. On
screws of short length the material will flow, and if the wire is over size little trouble will be
experienced, but in the case of screws having a length greater than ten times their diameter,
the material will be confined, and “burning” will take place, if the tolerance is greater than
that specified. If the wire is slightly under size, the rolled threads will have a ragged appear-
ance due to the fact that the crest is not fully formed. On screws under the No. 10-24 size, a
tolerance of plus or minus 0.001 inch should be adhered to in order to ensure good results.

Speeds and Feeds for Thread Rolling.—When the thread roll is made from high-carbon
steel and used on brass, a surface speed as high as 200 feet per minute can be used. How-
ever, better results are obtained by using a lower speed than this. When the roll is held in a
holder attached to the cross-slide, and is presented either tangentially or radially to the
work, a considerably higher speed can be used than if it is held in a swing tool. This is due
to the lack of rigidity in a holder of the swing type. The feeds to be used when a cross-slide
roll-holder is used are given in the upper half of the table “Feeds for Thread Rolling;” the
lower half of the table gives the feeds for thread rolling with swing tools. These feeds are
applicable for rolling threads without a support, when the root diameter of the blank is not
less than five times the double depth of the thread. When the root diameter is less than this,
a support should be used. A support should also be used when the width of the roll is more
than two-and-one-half times the smallest diameter of the piece to be rolled, irrespective of
the pitch of the thread. When the smallest diameter of the piece to be rolled is much less
than the root diameter of the thread, the smallest diameter should be taken as the deciding
factor for the feed to be used.
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Feeds for Thread Rolling

Root Diam.
of Blank

Number of Threads per Inch

72 64 56 48 44 40 36 32 28 24 22 20 18 14

Cross-slide Holders — Feed per Revolution in Inches

1⁄8 0.0045 0.0040 0.0035 0.0030 0.0025 0.0020 0.0015 0.0010 ..... ..... ..... ..... ..... .....

3⁄16 0.0050 0.0045 0.0040 0.0035 0.0030 0.0025 0.0020 0.0015 0.0005 ..... ..... ..... ..... .....

1⁄4 0.0055 0.0050 0.0045 0.0040 0.0035 0.0030 0.0025 0.0020 0.0010 0.0005 0.0005 ..... ..... .....

5⁄16 0.0060 0.0055 0.0050 0.0045 0.0040 0.0035 0.0030 0.0025 0.0015 0.0010 0.0010 0.0005 0.0005 .....

3⁄8 0.0065 0.0060 0.0055 0.0050 0.0045 0.0040 0.0035 0.0030 0.0020 0.0015 0.0015 0.0010 0.0010 0.0005

7⁄16 0.0070 0.0065 0.0060 0.0055 0.0050 0.0045 0.0040 0.0035 0.0025 0.0020 0.0020 0.0015 0.0015 0.0010

1⁄2 0.0075 0.0070 0.0065 0.0060 0.0055 0.0050 0.0045 0.0040 0.0030 0.0025 0.0025 0.0020 0.0020 0.0015

5⁄8 0.0080 0.0075 0.0070 0.0065 0.0060 0.0055 0.0050 0.0045 0.0035 0.0030 0.0030 0.0025 0.0025 0.0020

3⁄4 0.0085 0.0080 0.0075 0.0070 0.0065 0.0060 0.0055 0.0050 0.0040 0.0035 0.0035 0.0030 0.0030 0.0025

7⁄8 0.0090 0.0085 0.0080 0.0075 0.0070 0.0065 0.0060 0.0055 0.0045 0.0040 0.0040 0.0035 0.0035 0.0030

1 0.0095 0.0090 0.0085 0.0080 0.0075 0.0070 0.0065 0.0060 0.0050 0.0045 0.0045 0.0040 0.0040 0.0035

Root Diam. Swing Holders — Feed per Revolution in Inches

1⁄8 0.0025 0.0020 0.0015 0.0010 0.0005 ..... ..... ..... ..... ..... ..... ..... ..... .....

3⁄16 0.0028 0.0025 0.0020 0.0015 0.0008 0.0005 ..... ..... ..... ..... ..... ..... ..... .....

1⁄4 0.0030 0.0030 0.0025 0.0020 0.0010 0.0010 0.0005 0.0005 0.0005 ..... ..... ..... ..... .....

5⁄16 0.0035 0.0035 0.0030 0.0025 0.0015 0.0015 0.0010 0.0010 0.0010 0.0005 ..... ..... ..... .....

3⁄8 0.0040 0.0040 0.0035 0.0030 0.0020 0.0020 0.0015 0.0015 0.0015 0.0010 0.0005 0.0005 0.0005 .....

7⁄16 0.0045 0.0045 0.0040 0.0035 0.0030 0.0025 0.0020 0.0020 0.0020 0.0015 0.0010 0.0010 0.0010 .....

1⁄2 0.0048 0.0048 0.0045 0.0040 0.0035 0.0030 0.0025 0.0025 0.0025 0.0020 0.0015 0.0015 0.0015 0.0005

5⁄8 0.0050 0.0050 0.0048 0.0043 0.0040 0.0035 0.0030 0.0030 0.0028 0.0025 0.0020 0.0020 0.0018 0.0010

3⁄4 0.0055 0.0052 0.0050 0.0045 0.0043 0.0040 0.0035 0.0035 0.0030 0.0028 0.0025 0.0022 0.0020 0.0013

7⁄8 0.0058 0.0055 0.0052 0.0048 0.0045 0.0043 0.0040 0.0038 0.0032 0.0030 0.0028 0.0025 0.0022 0.0015

1 0.0060 0.0058 0.0054 0.0050 0.0048 0.0047 0.0043 0.0040 0.0035 0.0032 0.0030 0.0028 0.0025 0.0018

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



THREAD GRINDING 2053

THREAD GRINDING

Thread grinding is employed for precision tool and gage work and also in producing cer-
tain classes of threaded parts. 

Thread grinding may be utilized 1) because of the accuracy and finish obtained;

2) hardness of material to be threaded;  and  3) economy in grinding certain classes of
screw threads when using modern machines, wheels, and thread-grinding oils.

In some cases pre-cut threads are finished by grinding; but usually, threads are ground
“from the solid,” being formed entirely by the grinding process. Examples of work include
thread gages and taps of steel and tungsten carbide, hobs, worms, lead-screws, adjusting or
traversing screws, alloy steel studs, etc. Grinding is applied to external, internal, straight,
and tapering threads, and to various thread forms.

Accuracy Obtainable by Thread Grinding.—With single-edge or single-ribbed wheels
it is possible to grind threads on gages to a degree of accuracy that requires but very little
lapping to produce a so-called “master” thread gage. As far as lead is concerned, some
thread grinding machine manufacturers guarantee to hold the lead within 0.0001 inch per
inch (or mm per mm) of thread; and while it is not guaranteed that a higher degree of accu-
racy for lead is obtainable, it is known that threads have been ground to closer tolerances
than this on the lead. Pitch diameter accuracies for either Class 3 or Class 4 fits are obtain-
able according to the grinding method used; with single-edge wheels, the thread angle can
be ground to an accuracy of within two or three minutes in half the angle.

Wheels for Thread Grinding.—The wheels used for steel have an aluminous abrasive
and, ordinarily, either a resinoid bond or a vitrified bond. The general rule is to use resinoid
wheels when extreme tolerances are not required, and it is desirable to form the thread with
a minimum number of passes, as in grinding threaded machine parts, such as studs, adjust-
ing screws which are not calibrated, and for some classes of taps. Resinoid wheels, as a
rule, will hold a fine edge longer than a vitrified wheel but they are more flexible and, con-
sequently, less suitable for accurate work, especially when there is lateral grinding pres-
sure that causes wheel deflection. Vitrified wheels are utilized for obtaining extreme
accuracy in thread form and lead because they are very rigid and not easily deflected by
side pressure in grinding. This rigidity is especially important in grinding pre-cut threads
on such work as gages, taps and lead-screws. The progressive lead errors in long lead-
screws, for example, might cause an increasing lateral pressure that would deflect a res-
inoid wheel. Vitrified wheels are also recommended for internal grinding.

Diamond Wheels: Diamond wheels set in a rubber or plastic bond are also used for thread
grinding, especially for grinding threads in carbide materials and in other hardened alloys.
Thread grinding is now being done successfully on a commercial basis on both taps and
gages made from carbides. Gear hobs made from carbides have also been tested with suc-
cessful results. Diamond wheels are dressed by means of silicon-carbide grinding wheels
which travel past the diamond-wheel thread form at the angle required for the flanks of the
thread to be ground. The action of the dressing wheels is, perhaps, best described as a
“scrubbing” of the bond which holds the diamond grits. Obviously, the silicon-carbide
wheels do not dress the diamonds, but they loosen the bond until the diamonds not wanted
drop out.

Thread Grinding with Single-Edge Wheel.—With this type of wheel, the edge is trued
to the cross-sectional shape of the thread groove. The wheel, when new, may have a diam-
eter of 18 or 20 inches(45.7 or 50.8 cm) and, when grinding a thread, the wheel is inclined
to align it with the thread groove. On some machines, lead variations are obtained by
means of change-gears which transmit motion from the work-driving spindle to the lead-
screw. Other machines are so designed that a lead-screw is selected to suit the lead of
thread to be ground and transmits motion directly to the work-driving spindle.
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Wheels with Edges for Roughing and Finishing.—The “three-ribbed” type of wheel
has a roughing edge or rib which removes about two-thirds of the metal. This is followed
by an intermediate rib which leaves about 0.005 inch(127 µm) for the third or finishing rib.
The accuracy obtained with this triple-edge type compares with that of a single-edge
wheel, which means that it may be used for the greatest accuracy obtainable in thread
grinding.

When the accuracy required makes it necessary, this wheel can be inclined to the helix
angle of the thread, the same as is the single-edge wheel.

The three-ribbed wheel is recommended not only for precision work but for grinding
threads which are too long for the multi-ribbed wheel referred to later. It is also well
adapted to tap grinding, because it is possible to dress a portion of the wheel adjacent to the
finish rib for the purpose of grinding the outside diameter of the thread, as indicated in Fig.
1. Furthermore, the wheel can be dressed for grinding or relieving both crests and flanks at
the same time.

Fig. 3. Alternate-ribbed Wheel for Grinding the Finer Pitches

Multi-ribbed Wheels.—This type of wheel is employed when rapid production is more
important than extreme accuracy, which means that it is intended primarily for the grind-
ing of duplicate parts in manufacturing. A wheel 11⁄4 to 2 inches(3.175–5.08 cm) wide has
formed upon its face a series of annular thread-shaped ridges (see Fig. 2); hence, if the
length of the thread is not greater than the wheel width, a thread may be ground in one work
revolution plus about one-half revolution for feeding in and withdrawing the wheel. The
principle of operation is the same as that of thread milling with a multiple type cutter. This
type of wheel is not inclined to the lead angle. To obtain a Class 3 fit, the lead angle should
not exceed 4 degrees.

Fig. 1. Wheel with Edges for Roughing
and Finishing

Fig. 2. Multi-ribbed Type of
Thread-grinding Wheel
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It is not practicable to use this form of wheel on thread pitches where the root is less than
0.007 inch(177.8 µm) wide, because of difficulties in wheel dressing. When this method
can be applied, it is the fastest means known of producing threads in hardened materials. It
is not recommended, however, that thread gages, taps, and work of this character be
ground with multi-ribbed wheels. The single-ribbed wheel has a definite field for accurate,
small-lot production.

It is necessary, in multi-ribbed grinding, to use more horsepower than is required for sin-
gle-ribbed wheel grinding. Coarse threads, in particular, may require a wheel motor with
two or three times more horsepower than would be necessary for grinding with a single-
ribbed wheel.

Alternate-ribbed Wheel for Fine Pitches.—The spacing of ribs on this type of wheel
(Fig. 3) equals twice the pitch, so that during the first revolution every other thread groove
section is being ground; consequently, about two and one-half work revolutions are
required for grinding a complete thread, but the better distribution of cooling oil and result-
ing increase in work speeds makes this wheel very efficient. This alternate-type of wheel is
adapted for grinding threads of fine pitch. Since these wheels cannot be tipped to the helix
angle of the thread, they are not recommended for anything closer than Class 3 fits. The
“three-ribbed” wheels referred to in a previous paragraph are also made in the alternate
type for the finer pitches.

Grinding Threads “from the Solid”.—The process of forming threads entirely by
grinding, or without preliminary cutting, is applied both in the manufacture of certain
classes of threaded parts and also in the production of precision tools, such as taps and
thread gages. For example, in airplane engine manufacture, certain parts are heat-treated
and then the threads are ground “from the solid,” thus eliminating distortion. Minute
cracks are sometimes found at the roots of threads that were cut and then hardened, or
ground from the solid. Steel threads of coarse pitch that are to be surface hardened, may be
rough threaded by cutting, then hardened and finally corrected by grinding. Many ground
thread taps are produced by grinding from the solid after heat-treatment. Hardening high-
speed steel taps before the thread is formed will make sure there are no narrow or delicate
crests to interfere with the application of the high temperature required for uniform hard-
ness and the best steel structure.

Number of Wheel Passes.—The number of cuts or passes for grinding from the solid
depends upon the type of wheel and accuracy required. In general, threads of 12 or 14 per
inch and finer may be ground in one pass of a single-edge wheel unless the “unwrapped”
thread length is much greater than normal. Unwrapped length = pitch circumference × total
number of thread turns, approximately. For example, a thread gage 11⁄4 inches long with 24
threads per inch would have an unwrapped length equal to 30 × pitch circumference. (If
more convenient, outside circumference may be used instead of pitch circumference.)
Assume that there are 6 or 7 feet of unwrapped length on a screw thread having 12 threads
per inch. In this case, one pass might be sufficient for a Class 3 fit, whereas two passes
might be recommended for a Class 4 fit. When two passes are required, too deep a roughing
cut may break down the narrow edge of the wheel. To prevent this, try a roughing cut depth
equal to about two-thirds the total thread depth, thus leaving one-third for the finishing cut.

Wheel and Work Rotation.—When a screw thread, on the side being ground, is moving
upward or against the grinding wheel rotation, less heat is generated and the grinding oper-
ation is more efficient than when wheel and work are moving in the same direction on the
grinding side; however, to avoid running a machine idle during its return stroke, many
screw threads are ground during both the forward and return traversing movements, by
reversing the work rotation at the end of the forward stroke. For this reason, thread grinders
generally are equipped so that both forward and return work speeds may be changed; they
may also be designed to accelerate the return movement when grinding in one direction
only.
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Wheel Speeds.—Wheel speeds should always be limited to the maximum specified on the
wheel by the manufacturer. According to the American National Standard Safety Code,
resinoid and vitrified wheels are limited to 12,000 surface feet per minute(3657 m/min);
however, according to Norton Co., the most efficient speeds are from 9,000 to
10,000(2743–3048 m/min) for resinoid wheels and 7,500 to 9,500(2286–2896 m/min) for
vitrified wheels. Only tested wheels recommended by the wheel manufacturer should be
used. After a suitable surface speed has been established, it should be maintained by
increasing the rpm of the wheel, as the latter is reduced in diameter by wear.

Since thread grinding wheels work close to the limit of their stock-removing capacity,
some adjustment of the wheel or work speed may be required to get the best results. If the
wheel speed is too slow for a given job and excessive heat is generated, try an increase in
speed, assuming that such increase is within the safety limits. If the wheel is too soft and the
edge wears excessively, again an increase in wheel speed will give the effect of a harder
wheel and result in better form-retaining qualities.
Work Speeds.—The work speed usually ranges from 3 to 10 fpm(0.9–3.0 m/min). In
grinding with a comparatively heavy feed, and a mininum number of passes, the speed may
not exceed 21⁄2 or 3 fpm(0.76–0.9 m/min). If very light feeds are employed, as in grinding
hardened high-speed steel, the work speed may be much higher than 3 fpm(0.9 m/min) and
should be determined by test. If excessive heat is generated by removing stock too rapidly,
a work speed reduction is one remedy. If a wheel is working below its normal capacity, an
increase in work speed would prevent dulling of the grains and reduce the tendency to heat
or “burn” the work. An increase in work speed and reduction in feed may also be employed
to prevent burning while grinding hardened steel.
Truing Grinding Wheels.—Thread grinding wheels are trued both to maintain the
required thread form and also an efficient grinding surface. Thread grinders ordinarily are
equipped with precision truing devices which function automatically. One type automati-
cally dresses the wheel and also compensates for the slight amount removed in dressing,
thus automatically maintaining size control of the work. While truing the wheel, a small
amount of grinding oil should be used to reduce diamond wear. Light truing cuts are advis-
able, especially in truing resinoid wheels which may be deflected by excessive truing pres-
sure. A master former for controlling the path followed by the truing diamond may require
a modified profile to prevent distortion of the thread form, especially when the lead angles
are comparatively large. Such modification usually is not required for 60-degree threads
when the pitches for a given diameter are standard because then the resulting lead angles
are less than 41⁄2 degrees. In grinding Acme threads or 29-degree worm threads having lead
angles greater than 4 or 5 degrees, modified formers may be required to prevent a bulge in
the thread profile. The highest point of this bulge is approximately at the pitch line. A bulge
of about 0.001 inch(25.4 µm) may be within allowable limits on some commercial worms
but precision worms for gear hobbers, etc., require straight flanks in the axial plane.

Crushing Method: Thread grinding wheels are also dressed or formed by the crushing
method, which is used in connection with some types of thread grinding machines. When
this method is used, the annular ridge or ridges on the wheel are formed by a hardened steel
cylindrical dresser or crusher. The crusher has a series of smooth annular ridges which are
shaped and spaced like the thread that is to be ground. During the wheel dressing operation,
the crusher is positively driven instead of the grinding wheel, and the ridges on the wheel
face are formed by the rotating crusher being forced inward.
Wheel Hardness or Grade.—Wheel hardness or grade selection is based upon a compro-
mise between efficient cutting and durability of the grinding edge. Grade selection
depends on the bond and the character of the work. The following general recommenda-
tions are based upon Norton grading.

Vitrified wheels usually range from J to M, and resinoid wheels from R to U. For heat-
treated screws or studs and the Unified Standard Thread, try the following. For 8 to 12
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threads per inch, grade S resinoid wheel; for 14 to 20 threads per inch, grade T resinoid; for
24 threads per inch and finer, grades T or U resinoid. For high-speed steel taps 4 to 12
threads per inch, grade J vitrified or S resinoid; 14 to 20 threads per inch, grade K vitrified
or T resinoid; 24 to 36 threads per inch, grade M vitrified or T resinoid.

Grain Size.—A thread grinding wheel usually operates close to its maximum stock-
removing capacity, and the narrow edge which forms the root of the thread is the most vul-
nerable part. In grain selection, the general rule is to use the coarsest grained wheel that will
hold its form while grinding a reasonable amount of work. Pitch of thread and quality of
finish are two governing factors. Thus, to obtain an exceptionally fine finish, the grain size
might be smaller than is needed to retain the edge profile. The usual grain sizes range from
120 to 150. For heat-treated screws and studs with Unified Standard Threads, 100 to 180 is
the usual range. For precision screw threads of very fine pitch, the grain size may range
from 220 to 320. For high-speed steel taps, the usual range is from 150 to 180 for Unified
Standard Threads, and from 80 to 150 for pre-cut Acme threads.

Thread Grinding by Centerless Method.—Screw threads may be ground from the solid
by the centerless method. A centerless thread grinder is similar in its operating principle to
a centerless grinder designed for general work, in that it has a grinding wheel, a regulating
or feed wheel (with speed adjustments), and a work-rest. Adjustments are provided to
accommodate work of different sizes and for varying the rates of feed. The grinding wheel
is a multi-ribbed type, being a series of annular ridges across the face. These ridges con-
form in pitch and profile with the thread to be ground. The grinding wheel is inclined to suit
the helix or lead angle of the thread. In grinding threads on such work as socket type set-
screws, the blanks are fed automatically and passed between the grinding and regulating
wheels in a continuous stream. To illustrate production possibilities, hardened socket set-
screws of 1⁄4 -20 size may be ground from the solid at the rate of 60 to 70 per minute and with
the wheel operating continuously for 8 hours without redressing. The lead errors of center-
less ground screw threads may be limited to 0.0005 inch per inch (or mm per mm) or even
less by reducing the production rate. The pitch diameter tolerances are within 0.0002 to
0.0003 inch(5.08–7.62 µm) of the basic size. The grain size for the wheel is selected with
reference to the pitch of the thread, the following sizes being recommended: For 11 to 13
threads per inch, 150; for 16 threads per inch, 180; for 18 to 20 threads per inch, 220; for 24
to 28 threads per inch, 320; for 40 threads per inch, 400.

Principle of Centerless Grinding.—Centerless grinding is the grinding of cylindrical
work without supporting it on centers in the usual way. Two abrasive wheels are mounted
so that their peripheries face each other, one of the wheels having its axis so arranged that
it can be swung out of parallel with the axis of the other wheel by varying amounts, as
required. Between these two abrasive wheels is a work-supporting member equipped with
suitable guides. The grinding wheel forces the work downward against the work-rest and
also against the regulating wheel. The latter imparts a uniform rotation to the work which
has the same peripheral speed as the regulating wheel, the speed of which is adjustable.

Principle of the Centerless Grinding Process
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THREAD MILLING

Single-cutter Method.—Usually, when a single point cutter is used, the axis of the cutter
is inclined an amount equal to the lead angle of the screw thread, in order to locate the cutter
in line with the thread groove at the point where the cutting action takes place. Tangent of
lead angle = lead of screw thread ÷ pitch circumference of screw.

The helical thread groove is generated by making as many turns around the workpiece
diameter as there are pitches in the length of thread to be cut. For example, a 16-pitch
thread, 1 inch long, would require 16 turns of the cutter around the work. The single cutter
process is especially applicable to the milling of large screw threads of coarse pitch, and
either single or multiple threads.

The cutter should revolve as fast as possible without dulling the cutting edges exces-
sively, in order to mill a smooth thread and prevent the unevenness that would result with a
slow-moving cutter, on account of the tooth spaces. As the cutter rotates, the part on which
a thread is to be milled is also revolved, but at a very slow rate (a few inches per minute),
since this rotation of the work is practically a feeding movement. The cutter is ordinarily
set to the full depth of the thread groove and finishes a single thread in one passage,
although deep threads of coarse pitch may require two or even three cuts. For fine pitches
and short threads, the multiple-cutter method (described in the next paragraph) usually is
preferable, because it is more rapid. The milling of taper screw threads may be done on a
single-cutter type of machine by traversing the cutter laterally as it feeds along in a length-
wise direction, the same as when using a taper attachment on a lathe.
Multiple-cutter Method.—The multiple cutter for thread milling is practically a series of
single cutters, although formed of one solid piece of steel, at least so far as the cutter proper
is concerned. The rows of teeth do not lie in a helical path, like the teeth of a hob or tap, but
they are annular or without lead. If the cutter had helical teeth the same as a gear hob, it
would have to be geared to revolve in a certain fixed ratio with the screw being milled, but
a cutter having annular teeth may rotate at any desired cutting speed, while the screw blank
is rotated slowly to provide a suitable rate of feed. (The multiple thread milling cutters used
are frequently called “hobs,” but the term hob should be applied only to cutters having a
helical row of teeth like a gear-cutting hob.)

The object in using a multiple cutter instead of a single cutter is to finish a screw thread
complete in approximately one revolution of the work, a slight amount of over-travel being
allowed to insure milling the thread to the full depth where the end of cut joins the starting
point. The cutter which is at least one and one half or two threads or pitches wider than the
thread to be milled, is fed in to the full thread depth and then either the cutter or screw blank
is moved in a lengthwise direction a distance equal to the lead of the thread during one rev-
olution of the work.

The multiple cutter is used for milling comparatively short threads and coarse, medium
or fine pitches. The accompanying illustration shows typical examples of external and
internal work for which the multiple-cutter type of thread milling has proved very effi-
cient, although its usefulness is not confined to shoulder work and “blind” holes.

In using multiple cutters either for internal or external thread milling, the axis of the cut-
ter is set parallel with the axis of the work, instead of inclining the cutter to suit the lead
angle of the thread, as when using a single cutter. Theoretically, this is not the correct posi-
tion for a cutter, since each cutting edge is revolving in a plane at right angles to the screw's
axis while milling a thread groove of helical form. However, as a general rule, interference
between the cutter and the thread, does not result a decided change in the standard thread
form.Usually the deviation is very slight and may be disregarded except when milling
threads which incline considerably relative to the axis like a thread of multiple form and
large lead angle. Multiple cutters are suitable for external threads having lead angles under
31⁄2 degrees and for internal threads having lead angles under 21⁄2 degrees. Threads which
have steeper sides or smaller included angles than the American Standard or Whitworth



THREAD MILLING 2059

forms have greater limitations on the maximum helix angle and may have to be milled with
a single point cutter tilted to the helix angle, assuming that the milling process is preferable
to other methods. For instance, in milling an Acme thread which has an included angle
between the sides of 29 degrees, there might be considerable interference if a multiple cut-
ter were used, unless the screw thread diameter were large enough in proportion to the
pitch to prevent such interference. If an attempt were made to mill a square thread with a
multiple cutter, the results would be unsatisfactory owing to the interference.

Examples of External and Internal Thread Milling
with a Multiple Thread Milling Cutter

Interference between the cutter and work is more pronounced when milling internal
threads, because the cutter does not clear itself so well. It is preferable to use as small a cut-
ter as practicable, either for internal or external work, not only to avoid interference, but to
reduce the strain on the driving mechanism. Some thread milling cutters, known as “top-
ping cutters,” are made for milling the outside diameter of the thread as well as the angular
sides and root, but most are made non-tapping.

Planetary Method.—The planetary method of thread milling is similar in principle to
planetary milling. The part to be threaded is held stationary and the thread milling cutter,
while revolving about its own axis, is given a planetary movement around the work in
order to mill the thread in one planetary revolution. The machine spindle and the cutter
which is held by it is moved longitudinally for thread milling, an amount equal to the thread
lead during one planetary revolution. This operation is applicable to both internal and
external threads. Other advantages: Thread milling is frequently accompanied by milling
operations on other adjoining surfaces, and may be performed with conventional and plan-
etary methods. For example, a machine may be used for milling a screw thread and a con-
centric cylindrical surface simultaneously. When the milling operation begins, the cutter-
spindle feeds the cutter in to the right depth and the planetary movement then begins, thus
milling the thread and the cylindrical surface. Thin sharp starting edges are eliminated on
threads milled by this method and the thread begins with a smooth gradual approach. One
design of machine will mill internal and external threads simultaneously. These threads
may be of the same hand or one may be right hand and the other left hand. The threads may
also be either of the same pitch or of a different pitch, and either straight or tapered.

Classes of Work for Thread Milling Machines.—Thread milling machines are used in
preference to lathes or taps and dies for certain threading operations. 
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There are four general reasons why a thread milling machine may be preferred:
1) Because the pitch of the thread is too coarse for cutting with a die;  2) because the mill-
ing process is more efficient than using a single-point tool in a lathe;  3 )  t o  s ecu re  a
smoother and more accurate thread than would be obtained with a tap or die;  an d
4) because the thread is so located relative to a shoulder or other surface that the milling
method is superior, if not the only practicable way.

A thread milling machine having a single cutter is especially adapted for coarse pitches,
multiple-threaded screws, or any form or size of thread requiring the removal of a rela-
tively large amount of metal, particularly if the pitch of the thread is large in proportion to
the screw diameter, since the torsional strain due to the milling process is relatively small.
Thread milling often gives a higher rate of production, and a thread is usually finished by
means of a single turn of the multiple thread milling cutter around the thread diameter. The
multiple-cutter type of thread milling machine frequently comes into competition with
dies and taps, and especially self-opening dies and collapsing taps. The use of a multiple
cutter is desirable when a thread must be cut close to a shoulder or to the bottom of a shal-
low recess, although the usefulness of the multiple cutter is not confined to shoulder work
and “blind” holes.

Maximum Pitches of Die-cut Threads.—Dies of special design could be constructed for
practically any pitch, if the screw blank were strong enough to resist the cutting strains and
the size and cost of the die were immaterial; but, as a general rule, when the pitch is coarser
than four or five threads per inch, the difficulty of cutting threads with dies increases rap-
idly, although in a few cases some dies are used successfully on screw threads having two
or three threads per inch or less. Much depends upon the design of the die, the finish or
smoothness required, and the relation between the pitch of the thread and the diameter of
the screw. When the screw diameter is relatively small in proportion to the pitch, there may
be considerable distortion due to the twisting strains set up when the thread is being cut. If
the number of threads per inch is only one or two less than the standard number for a given
diameter, a screw blank ordinarily will be strong enough to permit the use of a die.

Changing Pitch of Screw Thread Slightly.—A very slight change in the pitch of a screw
thread may be necessary as, for example, when the pitch of a tap is increased a small
amount to compensate for shrinkage in hardening. One method of obtaining slight varia-
tions in pitch is by means of a taper attachment. This attachment is set at an angle and the
work is located at the same angle by adjusting the tailstock center. The result is that the tool
follows an angular path relative to the movement of the carriage and, consequently, the
pitch of the thread is increased slightly, the amount depending upon the angle to which the
work and taper attachment are set. The cosine of this angle, for obtaining a given increase
in pitch, equals the standard pitch (which would be obtained with the lathe used in the reg-
ular way) divided by the increased pitch necessary to compensate for shrinkage.

Example:If the pitch of a 3⁄4-inch American standard screw is to be increased from 0.100
to 0.1005, the cosine of the angle to which the taper attachment and work should be set is
found as follows:

which is the cosine of 5 degrees 45 minutes, nearly.

Change Gears for Helical Milling

Lead of a Milling Machine.—If gears with an equal number of teeth are placed on the
table feed-screw and the worm-gear stud, then the lead of the milling machine is the dis-
tance the table will travel while the index spindle makes one complete revolution. This dis-
tance is a constant used in figuring the change gears.

Cosine of required angle 0.100
0.1005
---------------- 0.9950= =
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The lead of a helix or “spiral” is the distance, measured along the axis of the work, in
which the helix makes one full turn around the work. The lead of the milling machine may,
therefore, also be expressed as the lead of the helix that will be cut when gears with an equal
number of teeth are placed on the feed-screw and the worm-gear stud, and an idler of suit-
able size is interposed between the gears.

Rule: To find the lead of a milling machine, place equal gears on the worm-gear stud and
on the feed-screw, and multiply the number of revolutions made by the feed-screw to pro-
duce one revolution of the index head spindle, by the lead of the thread on the feed-screw.
Expressing the rule given as a formula:

Assume that it is necessary to make 40 revolutions of the feed-screw to turn the index
head spindle one complete revolution, when the gears are equal, and that the lead of the
thread on the feed-screw of the milling machine is 1⁄4 inch(6.35 mm); then the lead of the
machine equals 40 × 1⁄4 inch = 10 inches. In metric units, the lead is 40 × 6.35 = 254 mm.

Change Gears for Helical Milling.—To find the change gears to be used in the com-
pound train of gears for helical milling, place the lead of the helix to be cut in the numerator
and the lead of the milling machine in the denominator of a fraction; divide numerator and
denominator into two factors each; and multiply each “pair” of factors by the same number
until suitable numbers of teeth for the change gears are obtained. (One factor in the numer-
ator and one in the denominator are considered as one “pair” in this calculation.)

Example:Assume that the lead of a machine is 10 inches, and that a helix having a 48-
inch lead is to be cut. Following the method explained:

The gear having 72 teeth is placed on the worm-gear stud and meshes with the 24-tooth
gear on the intermediate stud. On the same intermediate stud is then placed the gear having
64 teeth, which is driven by the gear having 40 teeth placed on the feed-screw. This makes
the gears having 72 and 64 teeth the driven gears, and the gears having 24 and 40 teeth the
driving gears. In general, for compound gearing, the following formula may be used:

Short-lead Milling.—If the lead to be milled is exceptionally short, the drive may be
direct from the table feed-screw to the dividing head spindle to avoid excessive load on
feed-screw and change-gears. If the table feed-screw has 4 threads per inch (usual stan-
dard), then

For indexing, the number of teeth on the spindle change-gear should be some multiple of
the number of divisions required, to permit indexing by disengaging and turning the gear.

Helix.—A helix is a curve generated by a point moving about a cylindrical surface (real or
imaginary) at a constant rate in the direction of the cylinder's axis. The curvature of a screw
thread is one common example of a helical curve.

Lead of Helix: The lead of a helix is the distance that it advances in an axial direction, in
one complete turn about the cylindrical surface. To illustrate, the lead of a screw thread

lead of milling
machine

rev. of feed-screw for one
revolution of index spindle

with equal gears
lead of

feed-screw×=

48
10
------ 6 8×

2 5×
------------ 6 12×( ) 8 8×( )×

2 12×( ) 5 8×( )×
------------------------------------------- 72 64×

24 40×
------------------= = =

lead of helix to be cut
lead of machine

---------------------------------------------------- product of driven gears
product of driving gears
---------------------------------------------------------=

Change-gear ratio Lead to be milled
0.25

------------------------------------------ Driven gears
Driving gears
--------------------------------= =
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equals the distance that a thread advances in one turn; it also equals the distance that a nut
would advance in one turn.

Development of Helix: If one turn of a helical curve were unrolled onto a plane surface
(as shown by diagram), the helix would become a straight line forming the hypotenuse of a
right angle triangle. The length of one side of this triangle would equal the circumference
of the cylinder with which the helix coincides, and the length of the other side of the trian-
gle would equal the lead of the helix.

Helix Angles.—The triangular development of a helix has one angle A subtended by the
circumference of the cylinder, and another angle B subtended by the lead of the helix. The
term “helix angle” applies to angle A. For example, the helix angle of a helical gear,
according to the general usage of the term, is always angle A, because this is the angle used
in helical gear-designing formulas. Helix angle A would also be applied in milling the heli-
cal teeth of cutters, reamers, etc. Angle A of a gear or cutter tooth is a measure of its incli-
nation relative to the axis of the gear or cutter.

Lead Angle: Angle B is applied to screw threads and worm threads and is referred to as
the lead angle of the screw thread or worm. This angle B is a measure of the inclination of a
screw thread from a plane that is perpendicular to the screw thread axis. Angle B is called
the “lead angle” because it is subtended by the lead of the thread, and to distinguish it from
the term “helix angle” as applied to helical gears.

Finding Helix Angle of Helical Gear: A helical gear tooth has an infinite number of helix
angles, but the angle at the pitch diameter or mid-working depth is the one required in gear
designing and gear cutting. This angle A, relative to the axis of the gear, is found as follows:

Finding Lead Angle of Screw Thread: The lead or helix angle at the pitch diameter of a
screw thread usually is required when, for example, a thread milling cutter must be aligned
with the thread. This angle measured from a plane perpendicular to the screw thread axis,
is found as follows:

tan helix angle 3.1416 pitch diameter of gear×
Lead of gear tooth

---------------------------------------------------------------------------=

tan lead angle Lead of screw thread
3.1416 pitch diameter of screw thread×
-----------------------------------------------------------------------------------------------=
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Change Gears for Different Leads—0.670 Inch to 2.658 Inches
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0.670 24 86 24 100 1.711 28 72 44 100 2.182 24 44 40 100

0.781 24 86 28 100 1.714 24 56 40 100 2.188 24 48 28 64

0.800 24 72 24 100 1.744 24 64 40 86 2.193 24 56 44 86

0.893 24 86 32 100 1.745 24 44 32 100 2.200 24 48 44 100

0.930 24 72 24 86 1.750 28 64 40 100 2.222 24 48 32 72

1.029 24 56 24 100 1.776 24 44 28 86 2.233 40 86 48 100

1.042 28 86 32 100 1.778 32 72 40 100 2.238 28 64 44 86

1.047 24 64 24 86 1.786 24 86 64 100 2.240 28 40 32 100

1.050 24 64 28 100 1.800 24 64 48 100 2.250 24 40 24 64

1.067 24 72 32 100 1.809 28 72 40 86 2.274 32 72 44 86

1.085 24 72 28 86 1.818 24 44 24 72 2.286 32 56 40 100

1.116 24 86 40 100 1.823 28 86 56 100 2.292 24 64 44 72

1.196 24 56 24 86 1.860 28 56 32 86 2.326 32 64 40 86

1.200 24 48 24 100 1.861 24 72 48 86 2.333 28 48 40 100

1.221 24 64 28 86 1.867 28 48 32 100 2.338 24 44 24 56

1.228 24 86 44 100 1.875 24 48 24 64 2.344 28 86 72 100

1.240 24 72 32 86 1.886 24 56 44 100 2.368 28 44 32 86

1.250 24 64 24 72 1.905 24 56 32 72 2.381 32 86 64 100

1.302 28 86 40 100 1.919 24 64 44 86 2.386 24 44 28 64

1.309 24 44 24 100 1.920 24 40 32 100 2.392 24 56 48 86

1.333 24 72 40 100 1.925 28 64 44 100 2.400 28 56 48 100

1.340 24 86 48 100 1.944 24 48 28 72 2.424 24 44 32 72

1.371 24 56 32 100 1.954 24 40 28 86 2.431 28 64 40 72

1.395 24 48 24 86 1.956 32 72 44 100 2.442 24 32 28 86

1.400 24 48 28 100 1.990 28 72 44 86 2.445 40 72 44 100

1.429 24 56 24 72 1.993 24 56 40 86 2.450 28 64 56 100

1.440 24 40 24 100 2.000 24 40 24 72 2.456 44 86 48 100

1.458 24 64 28 72 2.009 24 86 72 100 2.481 32 72 48 86

1.467 24 72 44 100 2.030 24 44 32 86 2.489 32 72 56 100

1.488 32 86 40 100 2.035 28 64 40 86 2.500 24 48 28 56

1.500 24 64 40 100 2.036 28 44 32 100 2.514 32 56 44 100

1.522 24 44 24 86 2.045 24 44 24 64 2.532 28 72 56 86

1.550 24 72 40 86 2.047 40 86 44 100 2.537 24 44 40 86

1.563 24 86 56 100 2.057 24 28 24 100 2.546 28 44 40 100

1.595 24 56 32 86 2.067 32 72 40 86 2.558 32 64 44 86

1.600 24 48 32 100 2.083 24 64 40 72 2.567 28 48 44 100

1.607 24 56 24 64 2.084 28 86 64 100 2.571 24 40 24 56

1.628 24 48 28 86 2.093 24 64 48 86 2.593 28 48 32 72

1.637 32 86 44 100 2.100 24 64 56 100 2.605 28 40 32 86

1.650 24 64 44 100 2.121 24 44 28 72 2.618 24 44 48 100

1.667 24 56 28 72 2.133 24 72 64 100 2.619 24 56 44 72

1.674 24 40 24 86 2.143 24 56 32 64 2.625 24 40 28 64

1.680 24 40 28 100 2.171 24 72 56 86 2.640 24 40 44 100

1.706 24 72 44 86 2.178 28 72 56 100 2.658 32 56 40 86
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Change Gears for Different Leads—2.667 Inches to 4.040 Inches
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2.667 40 72 48 100 3.140 24 86 72 64 3.588 72 56 24 86

2.674 28 64 44 72 3.143 40 56 44 100 3.600 72 48 24 100

2.678 24 56 40 64 3.150 28 100 72 64 3.618 56 72 40 86

2.679 32 86 72 100 3.175 32 56 40 72 3.636 24 44 32 48

2.700 24 64 72 100 3.182 28 44 32 64 3.637 48 44 24 72

2.713 28 48 40 86 3.189 32 56 48 86 3.646 40 48 28 64

2.727 24 44 32 64 3.190 24 86 64 56 3.655 40 56 44 86

2.743 24 56 64 100 3.198 40 64 44 86 3.657 64 56 32 100

2.750 40 64 44 100 3.200 28 100 64 56 3.663 72 64 28 86

2.778 32 64 40 72 3.214 24 56 48 64 3.667 40 48 44 100

2.791 28 56 48 86 3.225 24 100 86 64 3.673 24 28 24 56

2.800 24 24 28 100 3.241 28 48 40 72 3.684 44 86 72 100

2.812 24 32 24 64 3.256 24 24 28 86 3.686 86 56 24 100

2.828 28 44 32 72 3.267 28 48 56 100 3.704 32 48 40 72

2.843 40 72 44 86 3.273 24 40 24 44 3.721 24 24 32 86

2.845 32 72 64 100 3.275 44 86 64 100 3.733 48 72 56 100

2.849 28 64 56 86 3.281 24 32 28 64 3.750 24 32 24 48

2.857 24 48 32 56 3.300 44 64 48 100 3.763 86 64 28 100

2.865 44 86 56 100 3.308 32 72 64 86 3.771 44 56 48 100

2.867 86 72 24 100 3.333 32 64 48 72 3.772 24 28 44 100

2.880 24 40 48 100 3.345 28 100 86 72 3.799 56 48 28 86

2.894 28 72 64 86 3.349 40 86 72 100 3.809 24 28 32 72

2.909 32 44 40 100 3.360 56 40 24 100 3.810 64 56 24 72

2.917 24 64 56 72 3.383 32 44 40 86 3.818 24 40 28 44

2.924 32 56 44 86 3.403 28 64 56 72 3.819 40 64 44 72

2.933 44 72 48 100 3.409 24 44 40 64 3.822 86 72 32 100

2.934 32 48 44 100 3.411 32 48 44 86 3.837 24 32 44 86

2.946 24 56 44 64 3.422 44 72 56 100 3.840 64 40 24 100

2.960 28 44 40 86 3.428 24 40 32 56 3.850 44 64 56 100

2.977 40 86 64 100 3.429 40 28 24 100 3.876 24 72 100 86

2.984 28 48 44 86 3.438 24 48 44 64 3.889 32 64 56 72

3.000 24 40 28 56 3.488 40 64 48 86 3.896 24 44 40 56

3.030 24 44 40 72 3.491 64 44 24 100 3.907 56 40 24 86

3.044 24 44 48 86 3.492 32 56 44 72 3.911 44 72 64 100

3.055 28 44 48 100 3.500 40 64 56 100 3.920 28 40 56 100

3.056 32 64 44 72 3.520 32 40 44 100 3.927 72 44 24 100

3.070 24 40 44 86 3.535 28 44 40 72 3.929 32 56 44 64

3.080 28 40 44 100 3.552 56 44 24 86 3.977 28 44 40 64

3.086 24 56 72 100 3.556 40 72 64 100 3.979 44 72 56 86

3.101 40 72 48 86 3.564 56 44 28 100 3.987 24 28 40 86

3.111 28 40 32 72 3.565 28 48 44 72 4.000 24 40 32 48

3.117 24 44 32 56 3.571 24 48 40 56 4.011 28 48 44 64

3.125 28 56 40 64 3.572 48 86 64 100 4.019 72 86 48 100

3.126 48 86 56 100 3.582 44 40 28 86 4.040 32 44 40 72
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Change Gears for Different Leads—4.059 Inches to 5.568 Inches
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4.059 32 44 48 86 4.567 72 44 24 86 5.105 28 48 56 64

4.060 64 44 24 86 4.572 40 56 64 100 5.116 44 24 24 86

4.070 28 32 40 86 4.582 72 44 28 100 5.119 86 56 24 72

4.073 64 44 28 100 4.583 44 64 48 72 5.120 64 40 32 100

4.074 32 48 44 72 4.584 32 48 44 64 5.133 56 48 44 100

4.091 24 44 48 64 4.651 40 24 24 86 5.134 44 24 28 100

4.093 32 40 44 86 4.655 64 44 32 100 5.142 72 56 40 100

4.114 48 28 24 100 4.667 28 40 32 48 5.143 24 28 24 40

4.125 24 40 44 64 4.675 24 28 24 44 5.156 44 32 24 64

4.135 40 72 64 86 4.687 40 32 24 64 5.160 86 40 24 100

4.144 56 44 28 86 4.688 56 86 72 100 5.168 100 72 32 86

4.167 28 48 40 56 4.691 86 44 24 100 5.185 28 24 32 72

4.186 72 64 32 86 4.714 44 40 24 56 5.186 64 48 28 72

4.200 48 64 56 100 4.736 64 44 28 86 5.195 32 44 40 56

4.242 28 44 32 48 4.762 40 28 24 72 5.209 100 64 24 72

4.253 64 56 32 86 4.773 24 32 28 44 5.210 64 40 28 86

4.264 40 48 44 86 4.778 86 72 40 100 5.226 86 64 28 72

4.267 64 48 32 100 4.784 72 56 32 86 5.233 72 64 40 86

4.278 28 40 44 72 4.785 48 28 24 86 5.236 72 44 32 100

4.286 24 28 24 48 4.800 48 24 24 100 5.238 44 28 24 72

4.300 86 56 28 100 4.813 44 40 28 64 5.250 24 32 28 40

4.320 72 40 24 100 4.821 72 56 24 64 5.256 86 72 44 100

4.341 48 72 56 86 4.849 32 44 48 72 5.280 48 40 44 100

4.342 64 48 28 86 4.861 40 32 28 72 5.303 28 44 40 48

4.361 100 64 24 86 4.884 48 64 56 86 5.316 40 28 32 86

4.363 24 40 32 44 4.889 32 40 44 72 5.328 72 44 28 86

4.364 40 44 48 100 4.898 24 28 32 56 5.333 40 24 32 100

4.365 40 56 44 72 4.900 56 32 28 100 5.347 44 64 56 72

4.375 24 24 28 64 4.911 40 56 44 64 5.348 44 32 28 72

4.386 24 28 44 86 4.914 86 56 32 100 5.357 40 28 24 64

4.400 24 24 44 100 4.950 56 44 28 72 5.358 64 86 72 100

4.444 64 56 28 72 4.961 64 48 32 86 5.375 86 64 40 100

4.465 64 40 24 86 4.978 56 72 64 100 5.400 72 32 24 100

4.466 48 40 32 86 4.984 100 56 24 86 5.413 64 44 32 86

4.477 44 32 28 86 5.000 24 24 28 56 5.426 40 24 28 86

4.479 86 64 24 72 5.017 86 48 28 100 5.427 40 48 56 86

4.480 56 40 32 100 5.023 72 40 24 86 5.444 56 40 28 72

4.500 72 64 40 100 5.029 44 28 32 100 5.455 48 44 28 56

4.522 100 72 28 86 5.040 72 40 28 100 5.469 40 32 28 64

4.537 56 48 28 72 5.074 40 44 48 86 5.473 86 44 28 100

4.545 24 44 40 48 5.080 64 56 32 72 5.486 64 28 24 100

4.546 28 44 40 56 5.088 100 64 28 86 5.500 44 40 24 48

4.548 44 72 64 86 5.091 56 44 40 100 5.556 40 24 24 72

4.558 56 40 28 86 5.093 40 48 44 72 5.568 56 44 28 64
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Change Gears for Different Leads—5.581 Inches to 7.500 Inches
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5.581 64 32 24 86 6.172 72 28 24 100 6.825 86 56 32 72

5.582 48 24 24 86 6.202 40 24 32 86 6.857 32 28 24 40

5.600 56 24 24 100 6.222 64 40 28 72 6.875 44 24 24 64

5.625 48 32 24 64 6.234 32 28 24 44 6.880 86 40 32 100

5.657 56 44 32 72 6.250 24 24 40 64 6.944 100 48 24 72

5.698 56 32 28 86 6.255 86 44 32 100 6.945 100 56 28 72

5.714 48 28 24 72 6.279 72 64 48 86 6.968 86 48 28 72

5.730 40 48 44 64 6.286 44 40 32 56 6.977 48 32 40 86

5.733 86 48 32 100 6.300 72 32 28 100 6.982 64 44 48 100

5.756 72 64 44 86 6.343 100 44 24 86 6.984 44 28 32 72

5.759 86 56 24 64 6.350 40 28 32 72 7.000 28 24 24 40

5.760 72 40 32 100 6.364 56 44 24 48 7.013 72 44 24 56

5.788 64 72 56 86 6.379 64 28 24 86 7.040 64 40 44 100

5.814 100 64 32 86 6.396 44 32 40 86 7.071 56 44 40 72

5.818 64 44 40 100 6.400 64 24 24 100 7.104 56 44 48 86

5.833 28 24 24 48 6.417 44 40 28 48 7.106 100 72 44 86

5.847 64 56 44 86 6.429 24 28 24 32 7.111 64 40 32 72

5.848 44 28 32 86 6.450 86 64 48 100 7.130 44 24 28 72

5.861 72 40 28 86 6.460 100 72 40 86 7.143 40 28 32 64

5.867 44 24 32 100 6.465 64 44 32 72 7.159 72 44 28 64

5.893 44 32 24 56 6.482 56 48 40 72 7.163 56 40 44 86

5.912 86 64 44 100 6.512 56 24 24 86 7.167 86 40 24 72

5.920 56 44 40 86 6.515 86 44 24 72 7.176 72 28 24 86

5.926 64 48 32 72 6.534 56 24 28 100 7.200 72 24 24 100

5.952 100 56 24 72 6.545 48 40 24 44 7.268 100 64 40 86

5.954 64 40 32 86 6.548 44 48 40 56 7.272 64 44 28 56

5.969 44 24 28 86 6.563 56 32 24 64 7.273 32 24 24 44

5.972 86 48 24 72 6.578 72 56 44 86 7.292 56 48 40 64

5.980 72 56 40 86 6.600 48 32 44 100 7.310 44 28 40 86

6.000 48 40 28 56 6.645 100 56 32 86 7.314 64 28 32 100

6.016 44 32 28 64 6.667 64 48 28 56 7.326 72 32 28 86

6.020 86 40 28 100 6.689 86 72 56 100 7.330 86 44 24 64

6.061 40 44 32 48 6.697 100 56 24 64 7.333 44 24 40 100

6.077 100 64 28 72 6.698 72 40 32 86 7.334 44 40 32 48

6.089 72 44 32 86 6.719 86 48 24 64 7.347 48 28 24 56

6.109 56 44 48 100 6.720 56 40 48 100 7.371 86 56 48 100

6.112 24 24 44 72 6.735 44 28 24 56 7.372 86 28 24 100

6.122 40 28 24 56 6.750 72 40 24 64 7.400 100 44 28 86

6.125 56 40 28 64 6.757 86 56 44 100 7.408 40 24 32 72

6.137 72 44 24 64 6.766 64 44 40 86 7.424 56 44 28 48

6.140 48 40 44 86 6.784 100 48 28 86 7.442 64 24 24 86

6.143 86 56 40 100 6.806 56 32 28 72 7.465 86 64 40 72

6.160 56 40 44 100 6.818 40 32 24 44 7.467 64 24 28 100

6.171 72 56 48 100 6.822 44 24 32 86 7.500 48 24 24 64
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Change Gears for Different Leads—7.525 Inches to 9.598 Inches
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7.525 86 32 28 100 8.140 56 32 40 86 8.800 48 24 44 100

7.543 48 28 44 100 8.145 64 44 56 100 8.838 100 44 28 72

7.576 100 44 24 72 8.148 64 48 44 72 8.839 72 56 44 64

7.597 56 24 28 86 8.149 44 24 32 72 8.909 56 40 28 44

7.601 86 44 28 72 8.163 40 28 32 56 8.929 100 48 24 56

7.611 72 44 40 86 8.167 56 40 28 48 8.930 64 40 48 86

7.619 64 48 32 56 8.182 48 32 24 44 8.953 56 32 44 86

7.620 64 28 24 72 8.186 64 40 44 86 8.959 86 48 28 56

7.636 56 40 24 44 8.212 86 64 44 72 8.960 64 40 56 100

7.639 44 32 40 72 8.229 72 28 32 100 8.980 44 28 32 56

7.644 86 72 64 100 8.250 44 32 24 40 9.000 48 32 24 40

7.657 56 32 28 64 8.306 100 56 40 86 9.044 100 72 56 86

7.674 72 48 44 86 8.312 64 44 32 56 9.074 56 24 28 72

7.675 48 32 44 86 8.333 40 24 24 48 9.091 40 24 24 44

7.679 86 48 24 56 8.334 40 24 28 56 9.115 100 48 28 64

7.680 64 40 48 100 8.361 86 40 28 72 9.134 72 44 48 86

7.700 56 32 44 100 8.372 72 24 24 86 9.137 100 56 44 86

7.714 72 40 24 56 8.377 86 44 24 56 9.143 64 40 32 56

7.752 100 48 32 86 8.400 72 24 28 100 9.164 72 44 56 100

7.778 32 24 28 48 8.437 72 32 24 64 9.167 44 24 24 48

7.792 40 28 24 44 8.457 100 44 32 86 9.210 72 40 44 86

7.813 100 48 24 64 8.484 32 24 28 44 9.214 86 40 24 56

7.815 56 40 48 86 8.485 64 44 28 48 9.260 100 48 32 72

7.818 86 44 40 100 8.485 56 44 32 48 9.302 48 24 40 86

7.838 86 48 28 64 8.506 64 28 32 86 9.303 56 28 40 86

7.855 72 44 48 100 8.523 100 44 24 64 9.333 64 40 28 48

7.857 44 24 24 56 8.527 44 24 40 86 9.334 32 24 28 40

7.872 44 28 32 64 8.532 86 56 40 72 9.351 48 28 24 44

7.875 72 40 28 64 8.534 64 24 32 100 9.375 48 32 40 64

7.883 86 48 44 100 8.552 86 44 28 64 9.382 86 44 48 100

7.920 72 40 44 100 8.556 56 40 44 72 9.385 86 56 44 72

7.936 100 56 32 72 8.572 64 32 24 56 9.406 86 40 28 64

7.954 40 32 28 44 8.572 48 24 24 56 9.428 44 28 24 40

7.955 56 44 40 64 8.594 44 32 40 64 9.429 48 40 44 56

7.963 86 48 32 72 8.600 86 24 24 100 9.460 86 40 44 100

7.974 48 28 40 86 8.640 72 40 48 100 9.472 64 44 56 86

7.994 100 64 44 86 8.681 100 64 40 72 9.524 40 28 32 48

8.000 64 32 40 100 8.682 64 24 28 86 9.545 72 44 28 48

8.021 44 32 28 48 8.687 86 44 32 72 9.546 56 32 24 44

8.035 72 56 40 64 8.721 100 32 24 86 9.547 56 44 48 64

8.063 86 40 24 64 8.727 48 40 32 44 9.549 100 64 44 72

8.081 64 44 40 72 8.730 44 28 40 72 9.556 86 40 32 72

8.102 100 48 28 72 8.750 28 24 24 32 9.569 72 28 32 86

8.119 64 44 48 86 8.772 48 28 44 86 9.598 86 56 40 64
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Change Gears for Different Leads—9.600 Inches to 12.375 Inches
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9.600 72 24 32 100 10.370 64 24 28 72 11.314 72 28 44 100

9.625 44 32 28 40 10.371 64 48 56 72 11.363 100 44 24 48

9.643 72 32 24 56 10.390 40 28 32 44 11.401 86 44 28 48

9.675 86 64 72 100 10.417 100 32 24 72 11.429 32 24 24 28

9.690 100 48 40 86 10.419 64 40 56 86 11.454 72 40 28 44

9.697 64 48 32 44 10.451 86 32 28 72 11.459 44 24 40 64

9.723 40 24 28 48 10.467 72 32 40 86 11.467 86 24 32 100

9.741 100 44 24 56 10.473 72 44 64 100 11.512 72 32 44 86

9.768 72 48 56 86 10.476 44 24 32 56 11.518 86 28 24 64

9.773 86 44 24 48 10.477 48 28 44 72 11.520 72 40 64 100

9.778 64 40 44 72 10.500 56 32 24 40 11.574 100 48 40 72

9.796 64 28 24 56 10.558 86 56 44 64 11.629 100 24 24 86

9.818 72 40 24 44 10.571 100 44 40 86 11.638 64 40 32 44

9.822 44 32 40 56 10.606 56 44 40 48 11.667 56 24 24 48

9.828 86 28 32 100 10.631 64 28 40 86 11.688 72 44 40 56

9.844 72 32 28 64 10.655 72 44 56 86 11.695 64 28 44 86

9.900 72 32 44 100 10.659 100 48 44 86 11.719 100 32 24 64

9.921 100 56 40 72 10.667 64 40 48 72 11.721 72 40 56 86

9.923 64 24 32 86 10.694 44 24 28 48 11.728 86 40 24 44

9.943 100 44 28 64 10.713 40 28 24 32 11.733 64 24 44 100

9.954 86 48 40 72 10.714 48 32 40 56 11.757 86 32 28 64

9.967 100 56 48 86 10.750 86 40 24 48 11.785 72 48 44 56

9.968 100 28 24 86 10.800 72 32 48 100 11.786 44 28 24 32

10.000 56 28 24 48 10.853 56 24 40 86 11.825 86 32 44 100

10.033 86 24 28 100 10.859 86 44 40 72 11.905 100 28 24 72

10.046 72 40 48 86 10.909 72 44 32 48 11.938 56 24 44 86

10.057 64 28 44 100 10.913 100 56 44 72 11.944 86 24 24 72

10.078 86 32 24 64 10.937 56 32 40 64 11.960 72 28 40 86

10.080 72 40 56 100 10.945 86 44 56 100 12.000 48 24 24 40

10.101 100 44 32 72 10.949 86 48 44 72 12.031 56 32 44 64

10.159 64 28 32 72 10.972 64 28 48 100 12.040 86 40 56 100

10.175 100 32 28 86 11.000 44 24 24 40 12.121 40 24 32 44

10.182 64 40 28 44 11.021 72 28 24 56 12.153 100 32 28 72

10.186 44 24 40 72 11.057 86 56 72 100 12.178 72 44 64 86

10.209 56 24 28 64 11.111 40 24 32 48 12.216 86 44 40 64

10.228 72 44 40 64 11.137 56 32 28 44 12.222 44 24 32 48

10.233 48 24 44 86 11.160 100 56 40 64 12.245 48 28 40 56

10.238 86 28 24 72 11.163 72 24 32 86 12.250 56 32 28 40

10.267 56 24 44 100 11.169 86 44 32 56 12.272 72 32 24 44

10.286 48 28 24 40 11.198 86 48 40 64 12.277 100 56 44 64

10.312 48 32 44 64 11.200 56 24 48 100 12.286 86 28 40 100

10.313 72 48 44 64 11.225 44 28 40 56 12.318 86 48 44 64

10.320 86 40 48 100 11.250 72 24 24 64 12.343 72 28 48 100

10.336 100 72 64 86 11.313 64 44 56 72 12.375 72 40 44 64
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Change Gears for Different Leads—12.403 Inches to 16.000 Inches
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12.403 64 24 40 86 13.438 86 24 24 64 14.668 44 24 32 40

12.444 64 40 56 72 13.469 48 28 44 56 14.694 72 28 32 56

12.468 64 28 24 44 13.500 72 32 24 40 14.743 86 28 48 100

12.500 40 24 24 32 13.514 86 28 44 100 14.780 86 40 44 64

12.542 86 40 28 48 13.566 100 24 28 86 14.800 100 44 56 86

12.508 86 44 64 100 13.611 56 24 28 48 14.815 64 24 40 72

12.558 72 32 48 86 13.636 48 32 40 44 14.849 56 24 28 44

12.571 64 40 44 56 13.643 64 24 44 86 14.880 100 48 40 56

12.572 44 28 32 40 13.650 86 28 32 72 14.884 64 28 56 86

12.600 72 32 56 100 13.672 100 32 28 64 14.931 86 32 40 72

12.627 100 44 40 72 13.682 86 40 28 44 14.933 64 24 56 100

12.686 100 44 48 86 13.713 64 40 48 56 14.950 100 56 72 86

12.698 64 28 40 72 13.715 64 28 24 40 15.000 48 24 24 32

12.727 64 32 28 44 13.750 44 24 24 32 15.050 86 32 56 100

12.728 56 24 24 44 13.760 86 40 64 100 15.150 100 44 32 48

12.732 100 48 44 72 13.889 100 24 24 72 15.151 100 44 48 72

12.758 64 28 48 86 13.933 86 48 56 72 15.202 86 44 56 72

12.791 100 40 44 86 13.935 86 24 28 72 15.238 64 28 48 72

12.798 86 48 40 56 13.953 72 24 40 86 15.239 64 28 32 48

12.800 64 28 56 100 13.960 86 44 40 56 15.272 56 40 48 44

12.834 56 40 44 48 13.968 64 28 44 72 15.278 44 24 40 48

12.857 72 28 32 64 14.000 56 24 24 40 15.279 100 40 44 72

12.858 48 28 24 32 14.025 72 44 48 56 15.306 100 28 24 56

12.900 86 32 48 100 14.026 72 28 24 44 15.349 72 24 44 86

12.963 56 24 40 72 14.063 72 32 40 64 15.357 86 28 24 48

12.987 100 44 32 56 14.071 86 44 72 100 15.429 72 40 48 56

13.020 100 48 40 64 14.078 86 48 44 56 15.469 72 32 44 64

13.024 56 24 48 86 14.142 72 40 44 56 15.480 86 40 72 100

13.030 86 44 32 48 14.204 100 44 40 64 15.504 100 48 64 86

13.062 64 28 32 56 14.260 56 24 44 72 15.556 64 32 56 72

13.082 100 64 72 86 14.286 40 24 24 28 15.584 48 28 40 44

13.090 72 40 32 44 14.318 72 32 28 44 15.625 100 24 24 64

13.096 44 28 40 48 14.319 72 44 56 64 15.636 86 40 32 44

13.125 72 32 28 48 14.322 100 48 44 64 15.677 86 32 28 48

13.139 86 40 44 72 14.333 86 40 32 48 15.714 44 24 24 28

13.157 72 28 44 86 14.352 72 28 48 86 15.750 72 32 28 40

13.163 86 28 24 56 14.400 72 24 48 100 15.767 86 24 44 100

13.200 72 24 44 100 14.536 100 32 40 86 15.873 100 56 64 72

13.258 100 44 28 48 14.545 64 24 24 44 15.874 100 28 32 72

13.289 100 28 32 86 14.583 56 32 40 48 15.909 100 40 28 44

13.333 64 24 24 48 14.584 40 24 28 32 15.925 86 48 64 72

13.393 100 56 48 64 14.651 72 32 56 86 15.926 86 24 32 72

13.396 72 40 64 86 14.659 86 44 48 64 15.989 100 32 44 86

13.437 86 32 28 56 14.667 64 40 44 48 16.000 64 24 24 40
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Change Gears for Different Leads—16.042 Inches to 21.39 Inches
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16.042 56 24 44 64 17.442 100 32 48 86 19.350 86 32 72 100

16.043 44 24 28 32 17.454 64 40 48 44 19.380 100 24 40 86

16.071 72 32 40 56 17.500 56 24 24 32 19.394 64 24 32 44

16.125 86 32 24 40 17.550 86 28 32 56 19.444 40 24 28 24

16.204 100 24 28 72 17.677 100 44 56 72 19.480 100 28 24 44

16.233 100 44 40 56 17.679 72 32 44 56 19.531 100 32 40 64

16.280 100 40 56 86 17.778 64 24 32 48 19.535 72 24 56 86

16.288 86 44 40 48 17.858 100 24 24 56 19.545 86 24 24 44

16.296 64 24 44 72 17.917 86 24 32 64 19.590 64 28 48 56

16.327 64 28 40 56 17.918 86 24 24 48 19.635 72 40 48 44

16.333 56 24 28 40 17.959 64 28 44 56 19.642 100 40 44 56

16.364 72 24 24 44 18.000 72 24 24 40 19.643 44 28 40 32

16.370 100 48 44 56 18.181 56 28 40 44 19.656 86 28 64 100

16.423 86 32 44 72 18.182 48 24 40 44 19.687 72 32 56 64

16.456 72 28 64 100 18.229 100 32 28 48 19.710 86 40 44 48

16.500 72 40 44 48 18.273 100 28 44 86 19.840 100 28 40 72

16.612 100 28 40 86 18.285 64 28 32 40 19.886 100 44 56 64

16.623 64 28 32 44 18.333 56 28 44 48 19.887 100 32 28 44

16.667 56 28 40 48 18.367 72 28 40 56 19.908 86 24 40 72

16.722 86 40 56 72 18.428 86 28 24 40 19.934 100 28 48 86

16.744 72 24 48 86 18.476 86 32 44 64 20.00 72 24 32 48

16.752 86 44 48 56 18.519 100 24 32 72 20.07 86 24 56 100

16.753 86 28 24 44 18.605 100 40 64 86 20.09 100 56 72 64

16.797 86 32 40 64 18.663 100 64 86 72 20.16 86 48 72 64

16.800 72 24 56 100 18.667 64 24 28 40 20.20 100 44 64 72

16.875 72 32 48 64 18.700 72 44 64 56 20.35 100 32 56 86

16.892 86 40 44 56 18.750 100 32 24 40 20.36 64 40 56 44

16.914 100 44 64 86 18.750 72 32 40 48 20.41 100 28 32 56

16.969 64 44 56 48 18.770 86 28 44 72 20.42 56 24 28 32

16.970 64 24 28 44 18.812 86 32 28 40 20.45 72 32 40 44

17.045 100 32 24 44 18.858 48 28 44 40 20.48 86 48 64 56

17.046 100 44 48 64 18.939 100 44 40 48 20.57 72 40 64 56

17.062 86 28 40 72 19.029 100 44 72 86 20.63 72 32 44 48

17.101 86 44 56 64 19.048 40 24 32 28 20.74 64 24 56 72

17.102 86 32 28 44 19.090 56 32 48 44 20.78 64 28 40 44

17.141 64 32 48 56 19.091 72 24 28 44 20.83 100 32 48 72

17.143 64 28 24 32 19.096 100 32 44 72 20.90 86 32 56 72

17.144 48 24 24 28 19.111 86 40 64 72 20.93 100 40 72 86

17.188 100 40 44 64 19.136 72 28 64 86 20.95 64 28 44 48

17.200 86 32 64 100 19.197 86 32 40 56 21.00 56 32 48 40

17.275 86 56 72 64 19.200 72 24 64 100 21.12 86 32 44 56

17.361 100 32 40 72 19.250 56 32 44 40 21.32 100 24 44 86

17.364 64 24 56 86 19.285 72 32 48 56 21.33 100 56 86 72

17.373 86 44 64 72 19.286 72 28 24 32 21.39 44 24 28 24
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Change Gears for Different Leads—21.43 Inches to 32.09 Inches
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21.43 100 40 48 56 24.88 100 72 86 48 28.05 72 28 48 44

21.48 100 32 44 64 24.93 64 28 48 44 28.06 100 28 44 56

21.50 86 24 24 40 25.00 72 24 40 48 28.13 100 40 72 64

21.82 72 44 64 48 25.08 86 24 28 40 28.15 86 28 44 48

21.88 100 40 56 64 25.09 86 40 56 48 28.29 72 28 44 40

21.90 86 24 44 72 25.13 86 44 72 56 28.41 100 32 40 44

21.94 86 28 40 56 25.14 64 28 44 40 28.57 100 56 64 40

21.99 86 44 72 64 25.45 64 44 56 32 28.64 72 44 56 32

22.00 64 32 44 40 25.46 100 24 44 72 28.65 100 32 44 48

22.04 72 28 48 56 25.51 100 28 40 56 28.67 86 40 64 48

22.11 86 28 72 100 25.57 100 64 72 44 29.09 64 24 48 44

22.22 100 40 64 72 25.60 86 28 40 48 29.17 100 40 56 48

22.34 86 44 64 56 25.67 56 24 44 40 29.22 100 56 72 44

22.40 86 32 40 48 25.71 72 24 48 56 29.32 86 48 72 44

22.50 72 24 48 64 25.72 72 24 24 28 29.34 64 24 44 40

22.73 100 24 24 44 25.80 86 24 72 100 29.39 72 28 64 56

22.80 86 48 56 44 25.97 100 44 64 56 29.56 86 32 44 40

22.86 64 24 24 28 26.04 100 32 40 48 29.76 100 28 40 48

22.91 72 44 56 40 26.06 86 44 64 48 29.86 100 40 86 72

22.92 100 40 44 48 26.16 100 32 72 86 29.90 100 28 72 86

22.93 86 24 64 100 26.18 72 40 64 44 30.00 56 28 48 32

23.04 86 56 72 48 26.19 44 24 40 28 30.23 86 32 72 64

23.14 100 24 40 72 26.25 72 32 56 48 30.30 100 48 64 44

23.26 100 32 64 86 26.33 86 28 48 56 30.48 64 24 32 28

23.33 64 32 56 48 26.52 100 44 56 48 30.54 100 44 86 64

23.38 72 28 40 44 26.58 100 28 64 86 30.56 44 24 40 24

23.44 100 48 72 64 26.67 64 28 56 48 30.61 100 28 48 56

23.45 86 40 48 44 26.79 100 48 72 56 30.71 86 24 48 56

23.52 86 32 56 64 26.88 86 28 56 64 30.72 86 24 24 28

23.57 72 28 44 48 27.00 72 32 48 40 30.86 72 28 48 40

23.81 100 48 64 56 27.13 100 24 56 86 31.01 100 24 64 86

23.89 86 32 64 72 27.15 100 44 86 72 31.11 64 24 56 48

24.00 64 40 72 48 27.22 56 24 28 24 31.25 100 28 56 64

24.13 86 28 44 56 27.27 100 40 48 44 31.27 86 40 64 44

24.19 86 40 72 64 27.30 86 28 64 72 31.35 86 32 56 48

24.24 64 24 40 44 27.34 100 32 56 64 31.36 86 24 28 32

24.31 100 32 56 72 27.36 86 40 56 44 31.43 64 28 44 32

24.43 86 32 40 44 27.43 64 28 48 40 31.50 72 32 56 40

24.44 44 24 32 24 27.50 56 32 44 28 31.75 100 72 64 28

24.54 72 32 48 44 27.64 86 40 72 56 31.82 100 44 56 40

24.55 100 32 44 56 27.78 100 32 64 72 31.85 86 24 64 72

24.57 86 40 64 56 27.87 86 24 56 72 31.99 100 56 86 48

24.64 86 24 44 64 27.92 86 28 40 44 32.00 64 28 56 40

24.75 72 32 44 40 28.00 100 64 86 48 32.09 56 24 44 32
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Change Gears for Different Leads—32.14 Inches to 60.00 Inches
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32.14 100 56 72 40 38.20 100 24 44 48 46.07 86 28 72 48

32.25 86 48 72 40 38.39 100 40 86 56 46.67 64 24 56 32

32.41 100 24 56 72 38.57 72 28 48 32 46.88 100 32 72 48

32.47 100 28 40 44 38.89 56 24 40 24 47.15 72 24 44 28

32.58 86 24 40 44 38.96 100 28 48 44 47.62 100 28 64 48

32.73 72 32 64 44 39.09 86 32 64 44 47.78 86 24 64 48

32.74 100 28 44 48 39.29 100 28 44 40 47.99 100 32 86 56

32.85 86 24 44 48 39.42 86 24 44 40 48.00 72 24 64 40

33.00 72 24 44 40 39.49 86 28 72 56 48.38 86 32 72 40

33.33 100 24 32 40 39.77 100 32 56 44 48.61 100 24 56 48

33.51 86 28 48 44 40.00 72 24 64 48 48.86 100 40 86 44

33.59 100 64 86 40 40.18 100 32 72 56 48.89 64 24 44 24

33.79 86 28 44 40 40.31 86 32 72 48 49.11 100 28 44 32

33.94 64 24 56 44 40.72 100 44 86 48 49.14 86 28 64 40

34.09 100 48 72 44 40.82 100 28 64 56 49.27 86 24 44 32

34.20 86 44 56 32 40.91 100 40 72 44 49.77 100 24 86 72

34.29 72 48 64 28 40.95 86 28 64 48 50.00 100 28 56 40

34.38 100 32 44 40 40.96 86 24 32 28 50.17 86 24 56 40

34.55 86 32 72 56 41.14 72 28 64 40 50.26 86 28 72 44

34.72 100 24 40 48 41.25 72 24 44 32 51.14 100 32 72 44

34.88 100 24 72 86 41.67 100 32 64 48 51.19 86 24 40 28

34.90 100 56 86 44 41.81 86 24 56 48 51.43 72 28 64 32

35.00 72 24 56 48 41.91 64 24 44 28 51.95 100 28 64 44

35.10 86 28 64 56 41.99 100 32 86 64 52.12 86 24 64 44

35.16 100 32 72 64 42.00 72 24 56 40 52.50 72 24 56 32

35.18 86 44 72 40 42.23 86 28 44 32 53.03 100 24 56 44

35.36 72 32 44 28 42.66 100 28 86 72 53.33 64 24 56 28

35.56 64 24 32 24 42.78 56 24 44 24 53.57 100 28 72 48

35.71 100 32 64 56 42.86 100 28 48 40 53.75 86 24 48 32

35.72 100 24 24 28 43.00 86 32 64 40 54.85 100 28 86 56

35.83 86 32 64 48 43.64 72 24 64 44 55.00 72 24 44 24

36.00 72 32 64 40 43.75 100 32 56 40 55.28 86 28 72 40

36.36 100 44 64 40 43.98 86 32 72 44 55.56 100 24 32 24

36.46 100 48 56 32 44.44 64 24 40 24 55.99 100 24 86 64

36.67 48 24 44 24 44.64 100 28 40 32 56.25 100 32 72 40

36.86 86 28 48 40 44.68 86 28 64 44 56.31 86 24 44 28

37.04 100 24 64 72 44.79 100 40 86 48 57.14 100 28 64 40

37.33 100 32 86 72 45.00 72 28 56 32 57.30 100 24 44 32

37.40 72 28 64 44 45.45 100 32 64 44 57.33 86 24 64 40

37.50 100 48 72 40 45.46 100 28 56 44 58.33 100 24 56 40

37.63 86 32 56 40 45.61 86 24 56 44 58.44 100 28 72 44

37.88 100 24 40 44 45.72 64 24 48 28 58.64 86 24 72 44

38.10 64 24 40 28 45.84 100 24 44 40 59.53 100 24 40 28

38.18 72 24 56 44 45.92 100 28 72 56 60.00 72 24 64 32
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Lead of Helix for Given Helix Angle Relative to Axis, When Diameter = 1

Deg. 0 ′ 6 ′ 12 ′ 18 ′ 24 ′ 30 ′ 36 ′ 42 ′ 48 ′ 54 ′ 60 ′

0 Infin. 1800.001 899.997 599.994 449.993 359.992 299.990 257.130 224.986 199.983 179.982

1 179.982 163.616 149.978 138.438 128.545 119.973 112.471 105.851 99.967 94.702 89.964

2 89.964 85.676 81.778 78.219 74.956 71.954 69.183 66.617 64.235 62.016 59.945

3 59.945 58.008 56.191 54.485 52.879 51.365 49.934 48.581 47.299 46.082 44.927

4 44.927 43.827 42.780 41.782 40.829 39.918 39.046 38.212 37.412 36.645 35.909

5 35.909 35.201 34.520 33.866 33.235 32.627 32.040 31.475 30.928 30.400 29.890

6 29.890 29.397 28.919 28.456 28.008 27.573 27.152 26.743 26.346 25.961 25.586

7 25.586 25.222 24.868 24.524 24.189 23.863 23.545 23.236 22.934 22.640 22.354

8 22.354 22.074 21.801 21.535 21.275 21.021 20.773 20.530 20.293 20.062 19.835

9 19.835 19.614 19.397 19.185 18.977 18.773 18.574 18.379 18.188 18.000 17.817

10 17.817 17.637 17.460 17.287 17.117 16.950 16.787 16.626 16.469 16.314 16.162

11 16.162 16.013 15.866 15.722 15.581 15.441 15.305 15.170 15.038 14.908 14.780

12 14.780 14.654 14.530 14.409 14.289 14.171 14.055 13.940 13.828 13.717 13.608

13 13.608 13.500 13.394 13.290 13.187 13.086 12.986 12.887 12.790 12.695 12.600

14 12.600 12.507 12.415 12.325 12.237 12.148 12.061 11.975 11.890 11.807 11.725

15 11.725 11.643 11.563 11.484 11.405 11.328 11.252 11.177 11.102 11.029 10.956

16 10.956 10.884 10.813 10.743 10.674 10.606 10.538 10.471 10.405 10.340 10.276

17 10.276 10.212 10.149 10.086 10.025 9.964 9.904 9.844 9.785 9.727 9.669

18 9.669 9.612 9.555 9.499 9.444 9.389 9.335 9.281 9.228 9.176 9.124

19 9.124 9.072 9.021 8.971 8.921 8.872 8.823 8.774 8.726 8.679 8.631

20 8.631 8.585 8.539 8.493 8.447 8.403 8.358 8.314 8.270 8.227 8.184

21 8.184 8.142 8.099 8.058 8.016 7.975 7.935 7.894 7.855 7.815 7.776

22 7.776 7.737 7.698 7.660 7.622 7.584 7.547 7.510 7.474 7.437 7.401

23 7.401 7.365 7.330 7.295 7.260 7.225 7.191 7.157 7.123 7.089 7.056

24 7.056 7.023 6.990 6.958 6.926 6.894 6.862 6.830 6.799 6.768 6.737

25 6.737 6.707 6.676 6.646 6.617 6.586 6.557 6.528 6.499 6.470 6.441

26 6.441 6.413 6.385 6.357 6.329 6.300 6.274 6.246 6.219 6.192 6.166

27 6.166 6.139 6.113 6.087 6.061 6.035 6.009 5.984 5.959 5.933 5.908

28 5.908 5.884 5.859 5.835 5.810 5.786 5.762 5.738 5.715 5.691 5.668

29 5.668 5.644 5.621 5.598 5.575 5.553 5.530 5.508 5.486 5.463 5.441
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30 5.441 5.420 5.398 5.376 5.355 5.333 5.312 5.291 5.270 5.249 5.228

31 5.228 5.208 5.187 5.167 5.147 5.127 5.107 5.087 5.067 5.047 5.028

32 5.028 5.008 4.989 4.969 4.950 4.931 4.912 4.894 4.875 4.856 4.838

33 4.838 4.819 4.801 4.783 4.764 4.746 4.728 4.711 4.693 4.675 4.658

34 4.658 4.640 4.623 4.605 4.588 4.571 4.554 4.537 4.520 4.503 4.487

35 4.487 4.470 4.453 4.437 4.421 4.404 4.388 4.372 4.356 4.340 4.324

36 4.324 4.308 4.292 4.277 4.261 4.246 4.230 4.215 4.199 4.184 4.169

37 4.169 4.154 4.139 4.124 4.109 4.094 4.079 4.065 4.050 4.036 4.021

38 4.021 4.007 3.992 3.978 3.964 3.950 3.935 3.921 3.907 3.893 3.880

39 3.880 3.866 3.852 3.838 3.825 3.811 3.798 3.784 3.771 3.757 3.744

40 3.744 3.731 3.718 3.704 3.691 3.678 3.665 3.652 3.640 3.627 3.614

41 3.614 3.601 3.589 3.576 3.563 3.551 3.538 3.526 3.514 3.501 3.489

42 3.489 3.477 3.465 3.453 3.440 3.428 3.416 3.405 3.393 3.381 3.369

43 3.369 3.358 3.346 3.334 3.322 3.311 3.299 3.287 3.276 3.265 3.253

44 3.253 3.242 3.231 3.219 3.208 3.197 3.186 3.175 3.164 3.153 3.142

45 3.142 3.131 3.120 3.109 3.098 3.087 3.076 3.066 3.055 3.044 3.034

46 3.034 3.023 3.013 3.002 2.992 2.981 2.971 2.960 2.950 2.940 2.930

47 2.930 2.919 2.909 2.899 2.889 2.879 2.869 2.859 2.849 2.839 2.829

48 2.829 2.819 2.809 2.799 2.789 2.779 2.770 2.760 2.750 2.741 2.731

49 2.731 2.721 2.712 2.702 2.693 2.683 2.674 2.664 2.655 2.645 2.636

50 2.636 2.627 2.617 2.608 2.599 2.590 2.581 2.571 2.562 2.553 2.544

51 2.544 2.535 2.526 2.517 2.508 2.499 2.490 2.481 2.472 2.463 2.454

52 2.454 2.446 2.437 2.428 2.419 2.411 2.402 2.393 2.385 2.376 2.367

53 2.367 2.359 2.350 2.342 2.333 2.325 2.316 2.308 2.299 2.291 2.282

54 2.282 2.274 2.266 2.257 2.249 2.241 2.233 2.224 2.216 2.208 2.200

55 2.200 2.192 2.183 2.175 2.167 2.159 2.151 2.143 2.135 2.127 2.119

56 2.119 2.111 2.103 2.095 2.087 2.079 2.072 2.064 2.056 2.048 2.040

57 2.040 2.032 2.025 2.017 2.009 2.001 1.994 1.986 1.978 1.971 1.963

58 1.963 1.955 1.948 1.940 1.933 1.925 1.918 1.910 1.903 1.895 1.888

59 1.888 1.880 1.873 1.865 1.858 1.851 1.843 1.836 1.828 1.821 1.814

Lead of Helix for Given Helix Angle Relative to Axis, When Diameter = 1(Continued)

Deg. 0 ′ 6 ′ 12 ′ 18 ′ 24 ′ 30 ′ 36 ′ 42 ′ 48 ′ 54 ′ 60 ′
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60 1.814 1.806 1.799 1.792 1.785 1.777 1.770 1.763 1.756 1.749 1.741

61 1.741 1.734 1.727 1.720 1.713 1.706 1.699 1.692 1.685 1.677 1.670

62 1.670 1.663 1.656 1.649 1.642 1.635 1.628 1.621 1.615 1.608 1.601

63 1.601 1.594 1.587 1.580 1.573 1.566 1.559 1.553 1.546 1.539 1.532

64 1.532 1.525 1.519 1.512 1.505 1.498 1.492 1.485 1.478 1.472 1.465

65 1.465 1.458 1.452 1.445 1.438 1.432 1.425 1.418 1.412 1.405 1.399

66 1.399 1.392 1.386 1.379 1.372 1.366 1.359 1.353 1.346 1.340 1.334

67 1.334 1.327 1.321 1.314 1.308 1.301 1.295 1.288 1.282 1.276 1.269

68 1.269 1.263 1.257 1.250 1.244 1.237 1.231 1.225 1.219 1.212 1.206

69 1.206 1.200 1.193 1.187 1.181 1.175 1.168 1.162 1.156 1.150 1.143

70 1.143 1.137 1.131 1.125 1.119 1.112 1.106 1.100 1.094 1.088 1.082

71 1.082 1.076 1.069 1.063 1.057 1.051 1.045 1.039 1.033 1.027 1.021

72 1.021 1.015 1.009 1.003 0.997 0.991 0.985 0.978 0.972 0.966 0.960

73 0.960 0.954 0.948 0.943 0.937 0.931 0.925 0.919 0.913 0.907 0.901

74 0.901 0.895 0.889 0.883 0.877 0.871 0.865 0.859 0.854 0.848 0.842

75 0.842 0.836 0.830 0.824 0.818 0.812 0.807 0.801 0.795 0.789 0.783

76 0.783 0.777 0.772 0.766 0.760 0.754 0.748 0.743 0.737 0.731 0.725

77 0.725 0.720 0.714 0.708 0.702 0.696 0.691 0.685 0.679 0.673 0.668

78 0.668 0.662 0.656 0.651 0.645 0.639 0.633 0.628 0.622 0.616 0.611

79 0.611 0.605 0.599 0.594 0.588 0.582 0.577 0.571 0.565 0.560 0.554

80 0.554 0.548 0.543 0.537 0.531 0.526 0.520 0.514 0.509 0.503 0.498

81 0.498 0.492 0.486 0.481 0.475 0.469 0.464 0.458 0.453 0.447 0.441

82 0.441 0.436 0.430 0.425 0.419 0.414 0.408 0.402 0.397 0.391 0.386

83 0.386 0.380 0.375 0.369 0.363 0.358 0.352 0.347 0.341 0.336 0.330

84 0.330 0.325 0.319 0.314 0.308 0.302 0.297 0.291 0.286 0.280 0.275

85 0.275 0.269 0.264 0.258 0.253 0.247 0.242 0.236 0.231 0.225 0.220

86 0.220 0.214 0.209 0.203 0.198 0.192 0.187 0.181 0.176 0.170 0.165

87 0.165 0.159 0.154 0.148 0.143 0.137 0.132 0.126 0.121 0.115 0.110

88 0.110 0.104 0.099 0.093 0.088 0.082 0.077 0.071 0.066 0.060 0.055

89 0.055 0.049 0.044 0.038 0.033 0.027 0.022 0.016 0.011 0.005 0.000

Lead of Helix for Given Helix Angle Relative to Axis, When Diameter = 1(Continued)

Deg. 0 ′ 6 ′ 12 ′ 18 ′ 24 ′ 30 ′ 36 ′ 42 ′ 48 ′ 54 ′ 60 ′
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Leads, Change Gears and Angles for Helical Milling

Lead
of

Helix,
Inches

Change Gears Diameter of Work, Inches

Gear
on

Wor
m

First
Gear
on

Stud

Sec-
ond
Gear
 on 

Stud

Gear
on

Screw

1⁄8 1⁄4 3⁄8 1⁄2 5⁄8 3⁄4 7⁄8 1 11⁄4 11⁄2

Approximate Angles for Milling Machine Table
0.67 24 86 24 100 301⁄4 … … … … … … … … …
0.78 24 86 28 100 26 441⁄2 … … … … … … … …
0.89 24 86 32 100 231⁄2 41 … … … … … … … …
1.12 24 86 40 100 19 341⁄2 … … … … … … … …
1.34 24 86 48 100 16 301⁄4 411⁄2 … … … … … … …
1.46 24 64 28 72 143⁄4 28 381⁄2 … … … … … … …
1.56 24 86 56 100 133⁄4 261⁄2 37 … … … … … … …
1.67 24 64 32 72 123⁄4 25 343⁄4 431⁄4 … … … … … …
1.94 32 64 28 72 111⁄4 213⁄4 31 39 45 … … … … …
2.08 24 64 40 72 101⁄4 201⁄2 291⁄2 37 431⁄4 … … … … …
2.22 32 56 28 72 93⁄4 191⁄4 271⁄2 35 411⁄4 … … … … …
2.50 24 64 48 72 83⁄4 17 25 32 38 431⁄4 … … … …
2.78 40 56 28 72 8 151⁄2 23 291⁄2 351⁄4 401⁄2 443⁄4 … … …
2.92 24 64 56 72 71⁄2 15 213⁄4 281⁄4 34 39 431⁄4 … … …
3.24 40 48 28 72 63⁄4 131⁄4 193⁄4 253⁄4 311⁄4 36 401⁄2 441⁄4 … …
3.70 40 48 32 72 6 113⁄4 171⁄2 23 28 321⁄2 361⁄2 401⁄2 … …
3.89 56 48 24 72 51⁄2 111⁄4 163⁄4 22 263⁄4 311⁄4 351⁄4 39 … …
4.17 40 72 48 64 51⁄4 101⁄2 153⁄4 201⁄2 251⁄4 291⁄2 331⁄2 37 431⁄4 …
4.46 48 40 32 86 43⁄4 93⁄4 143⁄4 191⁄4 233⁄4 273⁄4 311⁄2 35 411⁄2 …
4.86 40 64 56 72 41⁄2 9 131⁄2 173⁄4 22 253⁄4 291⁄2 33 39 441⁄4
5.33 48 40 32 72 4 81⁄4 121⁄4 161⁄2 201⁄4 233⁄4 271⁄4 301⁄2 361⁄2 411⁄2
5.44 56 40 28 72 4 8 12 16 20 231⁄2 263⁄4 30 36 41
6.12 56 40 28 64 31⁄2 71⁄4 11 141⁄2 173⁄4 21 241⁄4 27 33 373⁄4
6.22 56 40 32 72 31⁄2 7 103⁄4 141⁄4 171⁄2 203⁄4 233⁄4 263⁄4 321⁄2 371⁄4
6.48 56 48 40 72 31⁄4 63⁄4 101⁄4 131⁄2 163⁄4 20 23 253⁄4 311⁄2 361⁄4
6.67 64 48 28 56 31⁄4 61⁄2 10 131⁄4 161⁄2 191⁄2 221⁄2 251⁄4 303⁄4 351⁄4
7.29 56 48 40 64 3 61⁄4 91⁄4 121⁄4 15 18 201⁄2 231⁄2 281⁄2 33
7.41 64 48 40 72 3 6 9 12 143⁄4 173⁄4 201⁄4 223⁄4 281⁄4 321⁄2
7.62 64 48 32 56 23⁄4 53⁄4 83⁄4 111⁄2 141⁄2 171⁄4 193⁄4 221⁄4 271⁄2 32
8.33 48 32 40 72 21⁄2 51⁄4 8 101⁄2 131⁄4 153⁄4 181⁄4 201⁄2 251⁄2 291⁄2
8.95 86 48 28 56 21⁄2 5 71⁄2 10 121⁄2 143⁄4 17 191⁄4 24 28
9.33 56 40 48 72 21⁄4 43⁄4 71⁄4 91⁄2 113⁄4 14 161⁄4 181⁄2 23 27
9.52 64 48 40 56 21⁄4 41⁄2 7 91⁄4 111⁄2 133⁄4 16 181⁄4 221⁄2 261⁄2

10.29 72 40 32 56 2 41⁄4 61⁄2 83⁄4 103⁄4 123⁄4 15 171⁄4 21 243⁄4
10.37 64 48 56 72 2 41⁄4 61⁄2 81⁄2 101⁄2 123⁄4 143⁄4 17 203⁄4 241⁄2
10.50 48 40 56 64 2 41⁄4 61⁄4 81⁄2 101⁄2 121⁄2 141⁄2 163⁄4 201⁄2 241⁄4
10.67 64 40 48 72 2 4 61⁄4 81⁄4 101⁄4 121⁄4 141⁄4 161⁄2 201⁄4 24
10.94 56 32 40 64 2 4 6 81⁄4 101⁄4 12 14 161⁄4 20 231⁄2
11.11 64 32 40 72 2 4 6 8 10 113⁄4 133⁄4 16 193⁄4 23
11.66 56 32 48 72 13⁄4 33⁄4 53⁄4 71⁄2 91⁄2 111⁄4 131⁄4 151⁄4 183⁄4 22
12.00 72 40 32 48 13⁄4 33⁄4 51⁄2 71⁄4 91⁄4 11 123⁄4 15 181⁄4 211⁄2
13.12 56 32 48 64 11⁄2 31⁄2 51⁄4 63⁄4 81⁄2 101⁄4 113⁄4 131⁄2 163⁄4 20
13.33 56 28 48 72 11⁄2 31⁄4 5 61⁄2 81⁄4 10 111⁄2 131⁄4 161⁄2 191⁄2
13.71 64 40 48 56 11⁄2 31⁄4 43⁄4 61⁄2 8 93⁄4 111⁄4 13 16 19
15.24 64 28 48 72 11⁄2 3 41⁄2 53⁄4 71⁄4 83⁄4 101⁄4 113⁄4 141⁄2 171⁄4
15.56 64 32 56 72 11⁄4 23⁄4 41⁄4 53⁄4 71⁄4 83⁄4 10 111⁄2 141⁄4 17
15.75 56 64 72 40 11⁄4 23⁄4 41⁄4 51⁄2 7 81⁄2 93⁄4 111⁄4 14 163⁄4
16.87 72 32 48 64 11⁄4 21⁄2 4 51⁄4 63⁄4 73⁄4 91⁄4 101⁄2 131⁄4 153⁄4
17.14 64 32 48 56 11⁄4 21⁄2 4 51⁄4 61⁄2 73⁄4 9 101⁄4 13 151⁄2
18.75 72 32 40 48 1 21⁄4 31⁄2 43⁄4 6 71⁄4 81⁄4 91⁄2 12 141⁄4
19.29 72 32 48 56 1 21⁄4 31⁄2 41⁄4 2 53⁄4 7 8 91⁄4 111⁄2 133⁄4
19.59 64 28 48 56 1 21⁄4 31⁄4 41⁄2 53⁄4 63⁄4 8 91⁄4 111⁄2 131⁄2
19.69 72 32 56 64 1 21⁄4 31⁄4 41⁄2 53⁄4 63⁄4 8 9 111⁄2 131⁄2
21.43 72 24 40 56 1 2 31⁄4 41⁄4 51⁄4 61⁄4 71⁄2 81⁄2 101⁄2 121⁄2
22.50 72 28 56 64 1 2 3 4 5 6 7 8 10 12
23.33 64 32 56 48 1 2 3 4 5 53⁄4 63⁄4 73⁄4 93⁄4 111⁄2
26.25 72 24 56 64 1 13⁄4 23⁄4 31⁄2 41⁄4 5 6 7 81⁄2 101⁄4
26.67 64 28 56 48 3⁄4 13⁄4 23⁄4 31⁄2 41⁄4 5 6 63⁄4 81⁄2 10
28.00 64 32 56 40 3⁄4 13⁄4 21⁄2 31⁄4 4 43⁄4 53⁄4 61⁄2 8 91⁄2
30.86 72 28 48 40 3⁄4 11⁄2 21⁄4 3 33⁄4 41⁄2 5 53⁄4 71⁄4 83⁄4
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Leads, Change Gears and Angles for Helical Milling

Helix Angle for Given Lead and Diameter.—The table on this and the preceding page
gives helix angles (relative to axis) equivalent to a range of leads and diameters. The
expression “Diameter of Work” at the top of the table might mean pitch diameter or outside
diameter, depending upon the class of work. Assume, for example, that a plain milling cut-
ter 4 inches in diameter is to have helical teeth and a helix angle of about 25 degrees is
desired. The table shows that this angle will be obtained approximately by using change-
gears that will give a lead of 26.67 inches. As the outside diameter of the cutter is 4 inches,

Lead
of

Helix,
Inches

Change Gears Diameter of Work, Inches

Gear
on

Worm

First
Gear
on

Stud

Sec-
ond
Gear
on

Stud

Gear
on

Screw

13⁄4 2 21⁄4 21⁄2 23⁄4 3 31⁄4 31⁄2 33⁄4 4

Approximate Angles for Milling Machine Table

6.12 56 40 28 64 42 … … … … … … … … …
6.22 56 40 32 72 411⁄2 … … … … … … … … …
6.48 56 48 40 72 401⁄4 441⁄4 … … … … … … … …
6.67 64 48 28 56 391⁄2 431⁄2 … … … … … … … …
7.29 56 48 40 64 37 41 441⁄4 … … … … … … …
7.41 64 48 40 72 361⁄2 401⁄4 433⁄4 … … … … … … …
7.62 64 48 32 56 36 391⁄2 43 … … … … … … …
8.33 48 32 40 72 331⁄2 37 401⁄2 431⁄2 … … … … … …
8.95 86 48 28 56 313⁄4 351⁄4 381⁄2 411⁄4 44 … … … … …
9.33 56 40 48 72 301⁄2 34 371⁄4 401⁄4 43 … … … … …
9.52 64 48 40 56 30 331⁄2 361⁄2 391⁄2 421⁄4 45 … … … …

10.29 72 40 32 56 281⁄4 311⁄2 341⁄2 371⁄2 40 421⁄2 45 … … …
10.37 64 48 56 72 28 311⁄4 341⁄4 371⁄4 393⁄4 421⁄4 443⁄4 … … …
10.50 48 40 56 64 273⁄4 31 34 363⁄4 391⁄2 42 441⁄4 … … …
10.67 64 40 48 72 271⁄4 301⁄2 331⁄2 361⁄2 39 411⁄2 433⁄4 … … …
10.94 56 32 40 64 263⁄4 30 33 353⁄4 381⁄4 403⁄4 43 … … …
11.11 64 32 40 72 261⁄2 291⁄2 321⁄2 351⁄4 38 401⁄4 421⁄2 443⁄4 … …
11.66 56 32 48 72 251⁄4 281⁄2 311⁄4 34 361⁄2 39 411⁄4 431⁄2 … …
12.00 72 40 32 48 243⁄4 273⁄4 301⁄2 331⁄4 353⁄4 38 401⁄4 421⁄2 443⁄4 …
13.12 56 32 48 64 223⁄4 253⁄4 281⁄4 31 331⁄4 353⁄4 373⁄4 40 42 433⁄4
13.33 56 28 48 72 221⁄2 251⁄2 28 301⁄2 33 351⁄4 371⁄2 391⁄2 411⁄2 431⁄4
13.71 64 40 48 56 22 243⁄4 271⁄4 30 321⁄4 341⁄2 361⁄2 383⁄4 403⁄4 421⁄2
15.24 64 28 48 72 20 221⁄2 25 271⁄4 291⁄2 313⁄4 34 353⁄4 373⁄4 391⁄2
15.56 64 32 56 72 191⁄2 22 241⁄2 27 29 311⁄4 331⁄4 351⁄4 37 39
15.75 56 64 72 40 191⁄4 213⁄4 241⁄4 261⁄2 283⁄4 31 33 35 363⁄4 381⁄2
16.87 72 32 48 64 181⁄4 201⁄2 223⁄4 25 27 291⁄4 311⁄4 331⁄4 35 361⁄2
17.14 64 32 48 56 173⁄4 201⁄4 221⁄4 243⁄4 263⁄4 29 303⁄4 323⁄4 341⁄2 36
18.75 72 32 40 48 161⁄4 181⁄2 203⁄4 223⁄4 25 263⁄4 281⁄2 301⁄4 32 333⁄4
19.29 72 32 48 56 16 181⁄4 201⁄4 221⁄4 24 26 28 293⁄4 311⁄2 33
19.59 64 28 48 56 153⁄4 18 20 22 233⁄4 253⁄4 271⁄2 291⁄4 31 323⁄4
19.69 72 32 56 64 153⁄4 173⁄4 20 213⁄4 233⁄4 251⁄2 271⁄2 291⁄4 31 321⁄2
21.43 72 24 40 56 141⁄2 161⁄2 181⁄2 201⁄4 22 233⁄4 251⁄2 271⁄4 29 301⁄4
22.50 72 28 56 64 133⁄4 153⁄4 171⁄2 191⁄4 21 223⁄4 241⁄2 26 273⁄4 291⁄4
23.33 64 32 56 48 131⁄4 151⁄4 17 183⁄4 201⁄4 22 231⁄2 251⁄4 27 281⁄4
26.25 72 24 56 64 12 131⁄2 15 163⁄4 181⁄4 193⁄4 211⁄4 223⁄4 241⁄4 251⁄2
26.67 64 28 56 48 113⁄4 131⁄4 143⁄4 161⁄2 18 191⁄2 21 221⁄4 233⁄4 251⁄4
28.00 64 32 56 40 111⁄4 123⁄4 141⁄4 153⁄4 171⁄4 183⁄4 20 211⁄2 223⁄4 24
30.86 72 28 48 40 10 111⁄2 13 141⁄4 151⁄2 17 181⁄2 191⁄2 21 22
31.50 72 32 56 40 10 111⁄4 123⁄4 14 151⁄4 161⁄2 18 191⁄4 201⁄2 213⁄4
36.00 72 32 64 40 83⁄4 10 11 121⁄4 131⁄2 143⁄4 16 17 181⁄4 191⁄4
41.14 72 28 64 40 73⁄4 83⁄4 93⁄4 103⁄4 113⁄4 13 14 15 16 17
45.00 72 28 56 32 7 8 9 10 11 113⁄4 123⁄4 133⁄4 143⁄4 151⁄2
48.00 72 24 64 40 61⁄2 71⁄2 81⁄2 91⁄4 101⁄4 111⁄4 12 13 133⁄4 141⁄2
51.43 72 28 64 32 6 7 73⁄4 83⁄4 91⁄2 101⁄2 111⁄4 12 123⁄4 133⁄4
60.00 72 24 64 32 51⁄4 6 63⁄4 71⁄2 81⁄4 9 91⁄2 101⁄4 11 113⁄4
68.57 72 24 64 28 41⁄4 51⁄4 53⁄4 61⁄2 71⁄4 8 81⁄2 9 93⁄4 101⁄4
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the helix angle of 251⁄4 degrees is at the top of the teeth. The angles listed for different diam-
eters are used in setting the table of a milling machine. In milling a right-hand helix (or cut-
ter teeth that turn to the right as seen from the end of the cutter), swivel the right-hand end
of the machine table toward the rear, and, inversely, for a left-hand helix, swivel the left-
hand end of the table toward the rear. The angles in the table are based upon the following
formula:

Lead of Helix for Given Angle.—The lead of a helix or “spiral” for given angles mea-
sured with the axis of the work is given in the table, starting on page 2073, for a diameter of
1. For other diameters, lead equals the value found in the table multiplied by the given
diameter. Suppose the angle is 55 degrees, and the diameter 5 inches; what would be the
lead? By referring to the table starting on page 2073, it is found that the lead for a diameter
of 1 and an angle of 55 degrees 0 minutes equals 2.200. Multiply this value by 5; 5 × 2.200
= 11 inches, which is the required lead. If the lead and diameter are given, and the angle is
wanted, divide the given lead by the given diameter, thus obtaining the lead for a diameter
equal to 1; then find the angle corresponding to this lead in the table. If the lead and angle
are given, and the diameter is wanted, divide the lead by the value in the table for the angle.

Helix Angle for Given Lead and Pitch Radius.—To determine the helix angle for a
helical gear, knowing the pitch radius and the lead, use the formula:

where ψ =helix angle
R =pitch radius of gear, and
L = lead of tooth

Example :

Helix Angle and Lead, Given Normal DP and Numbers of Teeth.—When N1 = num-
ber of teeth in pinion, N2 = number of teeth in gear, Pn = normal diametral pitch, C = center
distance, ψ = helix angle, L1 = lead of pinion, and L2 = lead ofgear, then:

Lead of Tooth Given Pitch Radius and Helix Angle.—To determine the lead of the
tooth for a helical gear, given the helix angle and the pitch radius, the formula becomes: 
L = 2πR/tan ψ.

cot helix angle relative to axis lead of helix
3.1416 diameter×
-------------------------------------------=

ψtan 2πR L⁄=

R 3.000,= L 21.000,= ψtan 2 3.1416× 3.000×( ) 21.000⁄ 0.89760= =

ψ∴ 41.911 degrees=

ψcos
N1 N2+

2PnC
------------------- ,= L1

πN1

Pn ψsin
------------------ ,= L2

πN2

Pn ψsin
------------------=

Pn 6,= N1 18,= N2 30,= C 4.500=

ψcos 18 30+
2 6× 4.5×
-------------------------- 0.88889,= = ψ∴ 27.266° ,= and ψsin 0.45812=

L1
3.1416 18×
6 0.45812×
---------------------------- 20.5728,= = and L2

3.1416 30×
6 0.45812×
---------------------------- 34.2880= =

ψ 22.5° ,= ψtan∴ 0.41421,= R 2.500.=

L
2 3.1416× 2.500×

0.41421
--------------------------------------------- 37.9228= =
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SIMPLE, COMPOUND, DIFFERENTIAL, AND 
BLOCK INDEXING

Milling Machine Indexing.—Positioning a workpiece at a precise angle or interval of
rotation for a machining operation is called indexing. A dividing head is a milling machine
attachment that provides this fine control of rotational positioning through a combination
of a crank-operated worm and worm gear, and one or more indexing plates with several
circles of evenly spaced holes to measure partial turns of the worm crank. The indexing
crank carries a movable indexing pin that can be inserted into and withdrawn from any of
the holes in a given circle with an adjustment provided for changing the circle that the
indexing pin tracks.

Hole Circles.—The Brown & Sharpe dividing head has three standard indexing plates,
each with six circles of holes as listed in the table below.

Numbers of Holes in Brown & Sharpe Standard Indexing Plates

Dividing heads of Cincinnati Milling Machine design have two-sided, standard, and
high-number plates with the numbers of holes shown in the following table.

Numbers of Holes in Cincinnati Milling Machine Standard Indexing Plates

Some dividing heads provide for Direct Indexing through the attachment of a special
indexing plate directly to the main spindle where a separate indexing pin engages indexing
holes in the plate. The worm is disengaged from the worm gear during this quick method of
indexing, which is mostly used for common, small-numbered divisions such as six, used in
machining hexagonal forms for bolt heads and nuts, for instance.

Simple Indexing.—Also called Plain Indexing or Indirect Indexing, simple indexing is
based on the ratio between the worm and the worm gear, which is usually, but not always,
40:1. All the tables in this section are based on a 40:1 gear ratio, except for Table 8 on page
2119 that gives indexing movements for dividing heads utilizing a 60:1 gear ratio.

The number of turns of the indexing crank needed for each indexing movement to pro-
duce a specified number of evenly spaced divisions is equal to the number of turns of the
crank that produce exactly one full turn of the main spindle, divided by the specified num-
ber of divisions required for the workpiece. The accompanying tables in this section pro-
vide data for the indexing movements to meet most division requirements, and include the
simple indexing movements along with the more complex movements for divisions that
are not available through simple indexing. The fractional entries in the tables are deliber-
ately not reduced to lowest terms. Thus, the numerator represents the number of holes to be
moved on the circle of holes specified by the denominator.

Plate Number Numbers of Holes

1 15 16 17 18 19 20
2 21 23 27 29 31 33
3 37 39 41 43 47 49

Side Standard Plate

1 24 25 28 30 34 37 38 39 41 42 43
2 46 47 49 51 53 54 57 58 59 62 66

High-Number Plates
A 30 48 69 91 99 117 129 147 171 177 189
B 36 67 81 97 111 127 141 157 169 183 199
C 34 46 79 93 109 123 139 153 167 181 197
D 32 44 77 89 107 121 137 151 163 179 193
E 26 42 73 87 103 119 133 149 161 175 191
F 28 38 71 83 101 113 131 143 159 173 187
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Setting up for an indexing job includes setting the sector arms to the fractional part of a
turn required for each indexing movement to avoid the need to count holes each time. The
current location of the indexing pin in the circle of holes to be used is always hole zero
when counting the number of holes to be moved. The wormshaft hub carrying the dividing
plate may also carry one or two sets of sector arms, each of which can be used to define two
arcs of holes. As shown at the right in the drawing of a typical dividing head at the top of the
table Simple and Differential Indexing with Browne & Sharpe Indexing Plates on page
2107, these sector arms can make up an inner arc, A, and an outer arc, B. The inner arc is
used most often, but some indexing movements require the use of the outer arc.

Example:With a worm/worm gear ratio of 40:1 making 35 divisions requires each index-
ing movement to be 40 ÷ 35 = 1 1⁄7 turns: one full turn of the indexing crank plus one-sev-
enth of a full turn more. A full turn is easily achieved using any circle of holes, but to
continue the indexing movement to completion for this example requires a circle in which
the number of holes is evenly divisible by 7. The Brown & Sharpe dividing head has a 21-
hole circle on plate 2 and a 49-hole circle on plate 3. Either circle could be used because
3 ⁄21 and 7 ⁄49 both equal 1 ⁄7th. The Cincinnati dividing head standard plate has a 28-hole
circle on the first side and a 49-hole circle on the second side and again, either 4 ⁄28 or 7 ⁄49
could be used for the fractional part of a turn needed for 35 divisions. In selecting among
equivalent indexing solutions, the one with the smallest number of holes in the fractional
part of a turn is generally preferred (except that if an indexing plate with an alternate solu-
tion is already mounted on the dividing head, the alternate should be used to avoid switch-
ing indexing plates).
Compound Indexing.—Compound indexing is used to obtain divisions that are not avail-
able by simple indexing. Two simple indexing movements are used with different circles
of holes on an indexing plate that is not bolted to the dividing head frame so that it is free to
rotate on the worm shaft. A second, stationary indexing pin arrangement is clamped or oth-
erwise fixed to the frame of the dividing head to hold the indexing plate in position except
during the second portion of the compound indexing movement. If available, a double set
of low-profile sector arms would improve the ease and reliability of this method. Sector
arms for the innermost circle of an indexing movement should not reach as far as the outer-
most circle of the movement, and sector arms for the outermost circle should be full length.
Positioning the outermost circle sector arms may have to wait until the indexing pin on the
innermost circle is withdrawn, and may sometimes coincide with the position of that pin.
The indexing pin on the crank is set to track the innermost of the two circles in the com-
pound movement and the stationary indexing pin is set to track the outermost circle. Some
divisions are only available using adjacent circles, so the intercircle spacing may become a
constraining factor in the design or evaluation of a stationary pin arrangement.

The first part of the indexing movement is performed as in simple indexing by withdraw-
ing the indexing pin on the crank arm from its hole in the indexing plate, rotating the crank
to its next position, and reinserting the indexing pin in the new hole. For the second part of
the movement, the stationary indexing pin is released from its hole in the indexing plate,
and with the crank indexing pin seated in its hole, the crank is used to turn the crank arm
and indexing plate together to the next position for reinserting the stationary pin into its
new hole.

There are two possibilities for the separate movements in compound indexing: they may
both be in the same direction of rotation, referred to as positive compounding and indicated
in the table by a plus (+) sign between the two indexing movements, or they may be in
opposite directions of rotation, referred to as negative compounding and indicated in the
table by a minus (−) sign between the two indexing movements. In positive compounding,
it does not matter whether the rotation is clockwise or counterclockwise, as long as it is the
same throughout the job. In negative compounding, there will be one clockwise movement
and one counterclockwise movement for each unit of the division. The mathematical dif-
ference is in whether the two fractional turns are to be added together or whether one is to
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be subtracted from the other. Operationally, this difference is important because of the
backlash, or free play, between the worm and the worm gear of the dividing head. In posi-
tive compounding, this play is always taken up because the worm is turned continually in
the same direction. In negative compounding, however, the direction of each turn is always
opposite that of the previous turn, requiring each portion of each division to be started by
backing off a few holes to allow the play to be taken up before the movement to the next
position begins.

The Tables 1a and 1b, Simple and Compound Indexing with Brown & Sharpe Plates, give
indexing movements for all divisions up to and including 250 with plain dividing heads of
the Brown & Sharpe design. All the simple indexing movements, and many of the com-
pound indexing movements, are exact for the divisions they provide. There remains a sub-
stantial number of divisions for which the indexing movements are approximate. For these
divisions, the indexing movements shown come very close to the target number, but the
price of getting close is increased length and complexity of the indexing movements. The
table shows all divisions that can be obtained through simple indexing and all divisions for
which exact compound indexing movements are available. Approximate movements are
only used when it is necessary to obtain a division that would otherwise not be available.
The approximate indexing movements usually involve multiple revolutions of the work-
piece, with successive revolutions filling in spaces left during earlier turns.

Table 1a. Simple and Compound Indexing with Brown & Sharpe Plates

Number of
Divisions

Whole
Turns

Fractions
of a Turn

Number of
Divisions

Whole
Turns

Fractions
of a Turn

Number of
Divisions

Whole
Turns

Fractions
of a Turn

2 20 … 15 2 26/39 33 1 7 /33
3 13 5/15 16 2 8/16 34 1 3 /17
3 13 7/21 17 2 6/17 35 1 3 /21
3 13 13/39 18 2 4/18 35 1 7 /49
4 10 … 18 2 6/27 36 1 2 /18
5 8 … 19 2 2/19 36 1 3 /27
6 6 10/15 20 2 … 37 1 3 /37
6 6 14/21 21 1 19/21 38 1 1 /19
6 6 26/39 22 1 27/33 39 1 1 /39
7 5 15/21 23 1 17/23 40 1 …
8 5 … 24 1 10/15 41 … 40 /41
9 4 8/18 24 1 14/21 42 … 20 /21
9 4 12/27 24 1 26/39 43 … 40 /43

10 4 … 25 1 9/15 44 … 30 /33
11 3 21/33 26 1 21/39 45 … 16 /18
12 3 5/15 27 1 13/27 45 … 24 /27
12 3 7/21 28 1 9/21 46 … 20 /23
12 3 13/39 29 1 11/29 47 … 40 /47
13 3 3/39 30 1 5/15 48 … 15 /18
14 2 18/21 30 1 7/21 49 … 40 /49
14 2 42/49 30 1 13/39 50 … 12 /15
15 2 10/15 31 1 9/31
15 2 14/21 32 1 4/16

Table 1b.  Simple and Compound Indexing with Brown & Sharpe Plates 
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51 10 ⁄15 + 2 ⁄17 1 51.00000 Exact 57 5 ⁄15 + 7 ⁄19 1 57.00000 Exact
51a 741⁄47 + 37 ⁄49 11 51.00005 322.55 57a 440⁄47 + 3 ⁄49 7 56.99991 205.26
52 30 ⁄39 1 52.00000 Exact 58 20 ⁄29 1 58.00000 Exact
53 26 ⁄29 + 19 ⁄31 2 52.99926 22.89 59 18 ⁄37 + 9 ⁄47 1 58.99915 22.14
53 14 ⁄43 + 445⁄47 7 52.99991 180.13 59 42⁄43 + 1 ⁄47 6 59.00012 154.39

53a 543⁄47 + 43 ⁄49 9 53.00006 263.90 59a 710⁄47 + 12 ⁄49 11 58.99971 64.51
54 20 ⁄27 1 54.00000 Exact 59 515⁄37 + 320⁄49 13 58.99994 300.09
55 24 ⁄33 1 55.00000 Exact 60 10 ⁄15 1 60.00000 Exact
56 15 ⁄21 1 56.00000 Exact 60 14 ⁄21 1 60.00000 Exact
56 35 ⁄49 1 56.00000 Exact 60 26 ⁄39 1 60.00000 Exact
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61 23⁄43 + 26 ⁄47 4 60.99981 102.93 94 20 ⁄47 1 94.00000 Exact

61a 342⁄47 + 2 ⁄49 6 60.99989 175.94 95 8 ⁄19 1 95.00000 Exact
61 431⁄41 + 2 ⁄49 8 61.00009 204.64 96a 3 ⁄18 + 5 ⁄20 1 96.00000 Exact
62 20 ⁄31 1 62.00000 Exact 97 15 ⁄41 + 2 ⁄43 1 97.00138 22.45
63 11 ⁄21 + 3 ⁄27 1 63.00000 Exact 97 142⁄43 + 4 ⁄47 5 97.00024 128.66

63a 419⁄29 + 14 ⁄33 8 62.99938 32.49 97a 327⁄41 + 43 ⁄49 11 96.99989 281.37
64 10 ⁄16 1 64.00000 Exact 98 20 ⁄49 1 98.00000 Exact
65 24 ⁄39 1 65.00000 Exact 99a 6 ⁄27 + 6 ⁄33 1 99.00000 Exact
66 20 ⁄33 1 66.00000 Exact 100 6 ⁄15 1 100.00000 Exact
67 29 ⁄37 + 16 ⁄39 2 66.99942 36.75 101 133⁄43 + 10 ⁄47 5 100.99950 64.33
67 227⁄41 + 16 ⁄49 5 67.00017 127.90 101 227⁄37 + 2 ⁄47 7 100.99979 154.99
67 420⁄43 + 25⁄49 11 67.00007 295.10 101a 332⁄43 + 30 ⁄49 11 101.00011 295.10
68 10 ⁄17 1 68.00000 Exact 102 5 ⁄15 + 1 ⁄17 1 102.00000 Exact
69 14 ⁄21 − 2 ⁄23 1 69.00000 Exact 102a 317⁄43 + 45 ⁄49 11 102.00022 147.55

69a 19 ⁄23 + 11 ⁄33 2 69.00000 Exact 103a 18⁄43 + 18 ⁄49 4 103.00031 107.31
70 12 ⁄21 1 70.00000 Exact 103 222⁄37 + 21 ⁄41 8 103.00021 154.52
70 28 ⁄49 1 70.00000 Exact 103 432⁄37 + 9 ⁄49 13 103.00011 300.09
71 35 ⁄37 + 32 ⁄43 3 71.00037 60.77 104 15 ⁄39 1 104.00000 Exact
71a 234⁄41 + 27 ⁄49 6 70.99985 153.48 105 8 ⁄21 1 105.00000 Exact
71 425⁄39 + 228⁄41 13 70.99991 264.67 106 17⁄39 + 29 ⁄41 5 105.99934 50.90
72 10 ⁄18 1 72.00000 Exact 106 212⁄41 + 15 ⁄43 7 105.99957 78.57
72 15 ⁄27 1 72.00000 Exact 106a 238⁄41 + 23 ⁄49 9 106.00029 115.11
73 5 ⁄43 + 48 ⁄49 2 73.00130 17.88 107 23 ⁄43+ 10 ⁄47 2 107.00199 17.15
73 219⁄43 + 14 ⁄47 5 72.99982 128.66 107a 121⁄31 + 31 ⁄33 7 107.00037 91.18
73 228⁄47 + 348⁄49 12 73.00007 351.87 107 238⁄41 + 3 ⁄47 8 106.99983 196.28

73a 528⁄47 + 48 ⁄49 12 73.00007 351.87 107 338⁄39 + 22 ⁄43 12 106.99987 256.23
74 20 ⁄37 1 74.00000 Exact 108 10 ⁄27 1 108.00000 Exact
75 8 ⁄15 1 75.00000 Exact 109 18⁄21 + 2 ⁄23 4 108.99859 24.60
76 10 ⁄19 1 76.00000 Exact 109 124⁄37 + 26 ⁄47 6 108.99974 132.85

77a 9 ⁄21 + 3 ⁄33 1 77.00000 Exact 109a 219⁄39 + 4 ⁄49 7 108.99980 170.32
78 20 ⁄39 1 78.00000 Exact 110 12 ⁄33 1 110.00000 Exact
79 17 ⁄37 + 26 ⁄47 2 79.00057 44.28 111 1 ⁄37 + 13 ⁄39 1 111.00000 Exact
79a 242⁄43 + 3 ⁄49 6 79.00016 160.96 111a 329⁄47 + 17 ⁄49 11 111.00011 322.55
79 434⁄39 + 9 ⁄47 10 79.00011 233.38 112a 310⁄31 + 20 ⁄33 11 111.99801 17.91
80 8 ⁄16 1 80.00000 Exact 112 33 ⁄43 + 221⁄47 9 112.00123 28.95
81 10 ⁄43 + 37 ⁄49 2 80.99952 53.65 112 14 ⁄37 + 446⁄47 15 112.00086 41.52
81 39⁄47 + 13 ⁄49 7 80.99987 205.26 112 914⁄37 + 46 ⁄47 29 112.00044 80.26

81a 45⁄41 + 40 ⁄49 10 80.99990 255.79 113 14 ⁄37 − 1 ⁄41 1 112.99814 19.32
81 511⁄37 + 16⁄49 13 81.00009 300.09 113 228⁄41 + 7 ⁄47 8 112.99982 196.28
82 20 ⁄41 1 82.00000 Exact 113a 226⁄47 + 31 ⁄49 9 112.99986 263.90
83 111⁄29 + 17 ⁄31 4 83.00058 45.79 113 420⁄37 + 3 ⁄49 13 113.00012 300.09

83a 245⁄47 + 44 ⁄49 8 83.00034 78.19 114a 10 ⁄15 − 6 ⁄19 1 114.00000 Exact
83 317⁄27 + 7 ⁄31 8 82.99969 85.26 114 135⁄37 + 25 ⁄49 7 113.99955 80.79
83 51⁄37 + 31 ⁄41 12 83.00011 231.78 115 8 ⁄23 1 115.00000 Exact
84 10 ⁄21 1 84.00000 Exact 116 10 ⁄29 1 116.00000 Exact
85 8 ⁄17 1 85.00000 Exact 117 116⁄41 + 15 ⁄47 5 117.00061 61.34
86 20 ⁄43 1 86.00000 Exact 117 71⁄47 − 9 ⁄49 20 117.00006 586.45
87 14 ⁄21 − 6 ⁄29 1 87.00000 Exact 117a 61⁄47 + 40 ⁄49 20 117.00006 586.45
87 17 ⁄29 + 11 ⁄33 2 87.00000 Exact 118a 18⁄39 + 24 ⁄49 5 117.99938 60.83
88 15 ⁄33 1 88.00000 Exact 118 30 ⁄41 + 215⁄47 9 117.99966 110.41
89 129⁄37 + 19 ⁄41 5 88.99971 96.58 119 15 ⁄43 + 31 ⁄47 3 118.99902 38.60
89 222⁄37 + 5 ⁄49 6 88.99980 138.50 119a 24⁄23 + 17 ⁄33 8 119.00049 77.31

89a 228⁄39 + 43 ⁄49 8 89.00015 194.65 119 331⁄37 + 25 ⁄47 13 118.99987 287.84
90 8 ⁄18 1 90.00000 Exact 120 5 ⁄15 1 120.00000 Exact
90 12 ⁄27 1 90.00000 Exact 120 7 ⁄21 1 120.00000 Exact
91a 6 ⁄39 +14 ⁄49 1 91.00000 Exact 120 13 ⁄39 1 120.00000 Exact
92 10 ⁄23 1 92.00000 Exact 121 8 ⁄37 + 38 ⁄49 3 121.00111 34.63
93 7 ⁄21+3 ⁄31 1 93.00000 Exact 121a 14 ⁄47 + 34 ⁄49 3 120.99825 21.99
93a 3 ⁄31 + 11 ⁄33 1 93.00000 Exact 121 14⁄43 + 210⁄47 10 120.99985 257.32
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122 114⁄41 + 14 ⁄47 5 122.00063 61.34 147 13 ⁄39 − 3 ⁄49 1 147.00000 Exact
122 41 ⁄43 + 232⁄49 11 122.00026 147.55 147a 13 ⁄39 + 37 ⁄49 4 147.00000 Exact

122a 241⁄43 + 32 ⁄49 11 122.00026 147.55 148 10 ⁄37 1 148.00000 Exact
123 26 ⁄39 − 14 ⁄41 1 123.00000 Exact 149 28 ⁄41 + 6 ⁄49 3 148.99876 38.37
123a 112⁄43 + 17 ⁄49 5 123.00058 67.07 149 17⁄39 + 7 ⁄43 5 149.00044 106.76
124 10 ⁄31 1 124.00000 Exact 149a 25⁄43 + 41 ⁄49 11 149.00032 147.55
125 41 ⁄43 +16 ⁄49 4 124.99815 21.46 149 26 ⁄37 + 237⁄47 13 148.99984 287.84
125 133⁄41 + 37 ⁄49 8 125.00097 40.93 150 4 ⁄15 1 150.00000 Exact
125 23⁄43 + 8 ⁄47 7 125.00110 36.03 151 5 ⁄37 + 31 ⁄47 3 150.99855 33.21
125 3 ⁄41 + 321⁄47 11 125.00074 53.98 151a 42 ⁄43 + 43 ⁄49 7 151.00077 62.60
126 2 ⁄21 + 6 ⁄27 1 126.00000 Exact 151 6 ⁄37 + 35 ⁄39 4 151.00065 73.49
126 216⁄19 + 13 ⁄20 11 125.99849 26.61 151 221⁄43 + 20 ⁄47 11 151.00017 283.05
127 2 ⁄39 + 42 ⁄47 3 126.99769 17.50 152 5 ⁄19 1 152.00000 Exact
127 26⁄37 + 2 ⁄47 7 127.00052 77.50 153 10 ⁄18 − 5 ⁄17 1 153.00000 Exact

127a 223⁄39 + 12 ⁄49 9 127.00018 218.98 153a 145⁄47 + 45 ⁄49 11 153.00015 322.55
128 5 ⁄16 1 128.00000 Exact 154a 1 ⁄21 + 7 ⁄33 1 154.00000 Exact
129 13 ⁄39 − 1 ⁄43 1 129.00000 Exact 155 8 ⁄31 1 155.00000 Exact
129a 524⁄41 + 15 ⁄49 19 128.99966 121.50 156 10 ⁄39 1 156.00000 Exact
130 12 ⁄39 1 130.00000 Exact 157 18 ⁄47 − 5 ⁄39 1 157.00214 23.34
131 5 ⁄37 + 8 ⁄47 1 130.99812 22.14 157 22 ⁄47 + 27 ⁄49 4 157.00043 117.29
131a 240⁄43 + 21 ⁄49 11 130.99901 42.16 157a 223⁄31 + 2 ⁄33 11 157.00035 143.28

131 4 ⁄37 + 118⁄43 5 131.00041 101.29 157 22 ⁄41 + 238⁄49 13 157.00030 166.27
131 227⁄43 + 20 ⁄47 10 130.99984 257.32 158a 45⁄43 + 34 ⁄49 19 157.99901 50.97
132 10 ⁄33 1 132.00000 Exact 158 14⁄39 + 8 ⁄49 5 157.99917 60.83
133 1 ⁄37 + 27 ⁄47 2 133.00191 22.14 158 129⁄39 + 23 ⁄43 9 158.00052 96.09
133 12 ⁄31 + 17 ⁄33 3 133.00108 39.08 159 14 ⁄37 + 27 ⁄43 4 159.00062 81.03
133a 223⁄29 + 17 ⁄33 11 133.00063 67.02 159 119⁄43 + 15 ⁄47 7 158.99972 180.13
133 123⁄29 + 19 ⁄31 8 133.00046 91.57 159a 27⁄37 + 16 ⁄49 10 159.00022 230.84
134 4 ⁄29 + 25 ⁄33 3 134.00233 18.28 160 4 ⁄16 1 160.00000 Exact
134 113⁄43 + 37 ⁄47 7 133.99953 90.06 161 9 ⁄23 − 3 ⁄21 1 161.00000 Exact

134a 327⁄47 + 15 ⁄49 13 134.00022 190.60 161a 110⁄39 + 48 ⁄49 9 161.00164 31.28
135 8 ⁄27 1 135.00000 Exact 162 28 ⁄47 − 15 ⁄43 1 162.00401 12.87
136 5 ⁄17 1 136.00000 Exact 162 130⁄39 − 2 ⁄49 7 161.99818 28.39
137 9 ⁄37 + 31 ⁄49 3 137.00252 17.31 162a 30⁄39 + 47 ⁄49 7 161.99818 28.39
137 11 ⁄41 + 138⁄49 7 136.99951 89.53 162 28⁄23 + 25 ⁄29 13 161.99907 55.20
137 17 ⁄43 + 240⁄49 11 137.00015 295.10 163 18 ⁄49 − 5 ⁄41 1 163.00203 25.58

137a 217⁄43 + 40 ⁄49 11 137.00015 295.10 163 19 ⁄37 + 22 ⁄47 4 162.99941 88.57
138 7 ⁄21 − 1 ⁄23 1 138.00000 Exact 163a 27⁄37 + 25 ⁄49 11 162.99959 126.96

138a 18 ⁄23 + 22 ⁄33 5 138.00000 Exact 163 231⁄47 + 26 ⁄49 13 162.99986 381.20
139 23 ⁄41 + 13 ⁄43 3 139.00131 33.67 164 10 ⁄41 1 164.00000 Exact
139 131⁄39 + 9 ⁄41 7 139.00031 142.51 165 8 ⁄33 1 165.00000 Exact
139 314⁄43 + 6 ⁄47 12 138.99986 308.79 166 20 ⁄29 + 17 ⁄33 5 166.00173 30.46

139a 225⁄37 + 24 ⁄49 11 138.99983 253.92 166a 119⁄43 + 12 ⁄49 7 165.99887 46.95
140 6 ⁄21 1 140.00000 Exact 166 220⁄41 + 7 ⁄43 11 166.00043 123.46
141 29 ⁄47 − 13 ⁄39 1 141.00000 Exact 167a 21⁄29 + 4 ⁄33 9 166.99952 109.66

141a 132⁄39 + 22 ⁄49 8 141.00069 64.88 167 23 ⁄43 + 9 ⁄49 3 167.00132 40.24
142 23 ⁄39 + 12 ⁄47 3 142.00129 35.01 167 6 ⁄37 + 39 ⁄49 4 167.00058 92.34
142 18 ⁄41 + 231⁄47 11 141.99967 134.94 167 224⁄37 + 20 ⁄43 13 167.00040 131.67

142a 41⁄47 + 10 ⁄49 15 141.99979 219.92 168 5 ⁄21 1 168.00000 Exact
143a 36 ⁄47 + 31 ⁄49 5 142.99907 48.87 169 1 ⁄41 + 22 ⁄49 2 169.00105 51.16
143 13 ⁄37 + 20 ⁄41 3 143.00079 57.95 169a 132⁄37 + 13 ⁄49 9 169.00052 103.88
143 116⁄27 + 20 ⁄31 8 143.00053 85.26 170 4 ⁄17 1 170.00000 Exact
144 5 ⁄18 1 144.00000 Exact 171 8 ⁄18 − 4 ⁄19 1 171.00000 Exact
145 8 ⁄29 1 145.00000 Exact 171a 129⁄47 + 1 ⁄49 7 170.99973 205.26
146 16 ⁄41 − 5 ⁄43 1 146.00414 11.22 172 10 ⁄43 1 172.00000 Exact
146 3 ⁄37 + 141⁄49 7 145.99942 80.79 173 27 ⁄37 + 8 ⁄41 4 173.00071 77.26

146a 13⁄37 + 41 ⁄49 7 145.99942 80.79 173a 17⁄43 + 11 ⁄49 6 173.00034 160.96
146 28 ⁄37 + 233⁄41 13 146.00037 125.55
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174 7 ⁄21 − 3 ⁄29 1 174.00000 Exact 199 16 ⁄41 + 10 ⁄47 3 199.00172 36.80
174a 14 ⁄29 + 22 ⁄33 5 174.00000 Exact 199 26 ⁄37 + 13 ⁄43 5 198.99937 101.29
175 3 ⁄37 + 26 ⁄43 3 174.99542 12.15 199a 112⁄41 + 45 ⁄49 11 199.00045 140.69

175a 14⁄31 + 8 ⁄33 6 174.99644 15.63 199 141⁄43 + 31 ⁄47 13 199.00019 334.52
175 19⁄37 + 5 ⁄39 6 174.99747 22.05 200 3 ⁄15 1 200.00000 Exact
175 28⁄41 + 15 ⁄47 11 175.00103 53.98 201 27 ⁄37 + 13 ⁄49 5 200.99778 28.85

176a 114⁄43 + 13 ⁄49 7 176.00239 23.47 201 118⁄41 + 27 ⁄49 10 201.00050 127.90
176 218⁄37 + 22 ⁄47 13 175.99844 35.98 201a 218⁄47 + 10 ⁄49 13 201.00034 190.60
177 6 ⁄37 + 3 ⁄47 1 176.99746 22.14 201 25⁄41 + 20 ⁄43 13 200.99978 291.81
177 117⁄37 + 6 ⁄49 7 177.00139 40.40 202 24 ⁄37 + 14 ⁄41 5 201.99734 24.14

177a 219⁄47 + 4 ⁄49 11 176.99913 64.51 202a 310⁄41 + 6 ⁄49 17 201.99911 72.47
178 116⁄39 + 7 ⁄43 7 177.99848 37.37 202 1 ⁄43 + 227⁄49 13 201.99853 43.59

178a 328⁄47 + 11 ⁄49 17 177.99955 124.62 203 14 ⁄29 − 6 ⁄21 1 203.00000 Exact
178 211⁄41 + 32 ⁄49 13 177.99966 166.27 203a 123⁄39 + 9 ⁄49 9 202.99793 31.28
179 20 ⁄37 − 13 ⁄41 1 178.99705 19.31 204 9 ⁄17 − 5 ⁄15 1 204.00000 Exact
179 14 ⁄39 + 23 ⁄43 4 178.99933 85.41 204a 220⁄41 + 3 ⁄49 13 203.99922 83.13

179a 134⁄47 + 36 ⁄49 11 179.00018 322.55 205 8 ⁄41 1 205.00000 Exact
180 4 ⁄18 1 180.00000 Exact 206 1 ⁄41 + 24 ⁄43 3 205.99805 33.67
180 6 ⁄27 1 180.00000 Exact 206 28⁄39 + 15 ⁄47 13 205.99957 151.70
181 20 ⁄37 + 6 ⁄49 3 180.99834 34.63 206a 234⁄39 + 2 ⁄49 15 206.00072 91.24

181a 28⁄43 + 12 ⁄49 11 180.99961 147.55 207 5 ⁄23 + 15 ⁄27 4 207.00000 Exact
181 39 ⁄41 + 28 ⁄47 7 180.99966 171.75 207a 28⁄41 + 25 ⁄49 14 206.99908 71.62
181 28⁄39 + 21 ⁄47 12 180.99979 280.06 208 8 ⁄43 + 38 ⁄49 5 207.99605 16.77

182a 3 ⁄39 + 7 ⁄49 1 182.00000 Exact 208a 119⁄47 + 16 ⁄49 9 207.99799 32.99
183 8 ⁄29 + 5 ⁄31 2 183.00254 22.89 208 335⁄43 + 11 ⁄49 21 208.00094 70.42
183 1 ⁄43 + 40 ⁄47 4 182.99943 102.93 209a 9 ⁄41 + 8 ⁄49 2 208.99870 51.16
183a 124⁄41 + 8 ⁄49 8 183.00028 204.64 209 136⁄41 + 18 ⁄43 12 208.99975 269.37
184 5 ⁄23 1 184.00000 Exact 210 4 ⁄21 1 210.00000 Exact
185 8 ⁄37 1 185.00000 Exact 211a 128⁄39 + 18 ⁄49 11 211.00125 53.53
186 17 ⁄31 − 7 ⁄21 1 186.00000 Exact 211 35 ⁄37 + 9 ⁄47 6 211.00101 66.42
186a 3 ⁄31 + 11 ⁄33 2 186.00000 Exact 211 110⁄37 + 17 ⁄39 9 210.99919 82.68
187 19 ⁄37 + 5 ⁄39 3 186.99784 27.56 211 133⁄41 + 31 ⁄47 13 211.00021 318.96

187a 120⁄47 + 14 ⁄49 8 186.99822 33.51 212 34 ⁄39 + 22 ⁄49 7 211.99683 21.29
187 21 ⁄23 + 10 ⁄27 6 187.00125 47.44 212 15⁄43 + 47 ⁄49 11 212.00091 73.77
187 138⁄43 + 12 ⁄47 10 186.99977 257.32 212a 34⁄47 + 6 ⁄49 17 211.99946 124.62
188 10 ⁄47 1 188.00000 Exact 213a 118⁄39 + 2 ⁄49 8 212.99896 64.88
189 7 ⁄27 − 1 ⁄21 1 189.00000 Exact 213 14 ⁄37 + 44 ⁄47 7 213.00087 77.50
189a 126⁄41 + 34 ⁄49 11 189.00150 40.20 213 236⁄37 + 9 ⁄41 17 213.00021 328.36

190 4 ⁄19 1 190.00000 Exact 214 7 ⁄39 + 37 ⁄49 5 213.99776 30.41

191 1 ⁄21 + 18 ⁄31 3 191.00244 24.87 214a 29⁄47 + 30 ⁄49 15 214.00031 219.92

191a 138⁄47 + 14 ⁄49 10 191.00145 41.89 215 8 ⁄43 1 215.00000 Exact
191 34 ⁄37 + 5 ⁄39 5 190.99934 91.86 216 5 ⁄27 1 216.00000 Exact
191 28 ⁄39 + 45 ⁄47 8 190.99967 186.71 217 12 ⁄21 − 12 ⁄31 1 217.00000 Exact
192 5 ⁄15 − 2 ⁄16 1 192.00000 Exact 217a 23⁄43 + 16 ⁄49 13 217.00139 49.82

192a 122⁄41 + 37 ⁄49 11 191.99826 35.17 218 14 ⁄39 + 9 ⁄47 3 217.99802 35.01
193a 5 ⁄37 + 34 ⁄49 4 193.00067 92.34 218a 22 ⁄47 + 40 ⁄49 7 217.99865 51.31
193 29 ⁄39 + 12 ⁄41 5 192.99940 101.80 218 19 ⁄37 + 134⁄39 13 218.00116 59.71
194 41 ⁄43 + 24 ⁄49 7 194.00197 31.30 219 24 ⁄39 + 14 ⁄47 5 218.99642 19.45
194a 122⁄37 + 33 ⁄49 11 193.99805 31.74 219a 229⁄43 + 39 ⁄49 19 218.99891 63.71
194 123⁄37 + 11 ⁄47 9 194.00062 99.64 219 12⁄37 + 11 ⁄49 7 218.99914 80.79
194 28⁄47 + 25 ⁄49 13 193.99968 190.60 219 211⁄41 + 41 ⁄49 17 218.99968 217.42
195 8 ⁄39 1 195.00000 Exact 220 6 ⁄33 1 220.00000 Exact
196 10 ⁄49 1 196.00000 Exact 221 26 ⁄37 + 1 ⁄47 4 221.00079 88.57
197 17 ⁄37 − 10 ⁄39 1 196.99659 18.37 221a 5 ⁄47 + 48 ⁄49 6 220.99960 175.94
197 19 ⁄39 + 5 ⁄41 3 197.00205 30.54 221 39⁄41 + 25 ⁄43 21 220.99985 471.39

197a 139⁄43 + 16 ⁄49 11 196.99958 147.55 222 19 ⁄37 − 13 ⁄39 1 222.00000 Exact

198a 3 ⁄27 + 3 ⁄33 1 198.00000 Exact 222a 18⁄43 + 39 ⁄49 11 222.00192 36.89
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The greater spacing between successive machining operations may be used to advantage
to spread out and reduce the effects of heat generation on the workpiece. The number of
workpiece revolutions required by an approximation is shown in the table in the column to
the right of the indexing movements. The table gives two or three choices for each division
requiring approximate movements.

Two measures of the closeness of each approximation are provided to aid in the trade-off
between complexity and precision. The first measure is the precise number of divisions
that a set of indexing movements produces, offering a direct comparison of the degree of
approximation. However, the difference between the precise number of divisions and the
target number of divisions is angular in nature, so the error introduced by an approximation
depends on the size of the circle being divided. The second measure of closeness reflects
this characteristic by expressing the degree of approximation as the diameter at which the
error is equal to 0.001. This second measure is unitless, so that taking the error as 0.001
inch means that the entries in that column are to be taken as diameters in inches, but the

223 6 ⁄37 + 36 ⁄49 25 223.00123 57.71 239 1 ⁄37 + 12 ⁄39 2 239.00621 12.25
223 126⁄37 + 38 ⁄47 14 222.99977 309.98 239 32 ⁄39 + 9 ⁄49 6 238.99948 145.99

223a 226⁄43 + 13 ⁄49 16 222.99983 429.23 239a 123⁄43 + 15 ⁄49 11 238.99974 295.10
223 311⁄41 + 15 ⁄47 20 223.00014 490.71 239 23⁄41 + 26 ⁄43 16 239.00021 359.16
224 113⁄37 + 11 ⁄43 9 223.99687 22.79 240 3 ⁄18 1 240.00000 Exact
224 216⁄39 + 11 ⁄41 15 224.00187 38.17 241 4 ⁄39 + 17 ⁄43 3 241.00599 12.81

224a 26⁄23 + 2 ⁄33 13 223.99546 15.70 241 26 ⁄41 + 17 ⁄47 6 241.00052 147.21
224 35⁄43 + 13 ⁄47 19 223.99883 61.11 241a 11⁄41 + 23 ⁄49 9 240.99967 230.21
225 1 ⁄15 + 2 ⁄18 1 225.00000 Exact 241 125⁄37 + 35 ⁄43 15 240.99975 303.86
225a 1 ⁄18 + 6 ⁄20 2 225.00000 Exact 242 4 ⁄37 + 19 ⁄49 3 242.00222 34.63
226 28 ⁄37 + 5 ⁄39 5 225.99843 45.93 242 137⁄39 + 26 ⁄49 15 242.00084 91.24

226a 138⁄39 + 16 ⁄49 13 225.99955 158.16 242a 123⁄41 + 45 ⁄49 15 241.99960 191.85
227 9 ⁄39 + 14 ⁄47 3 226.99690 23.34 242 222⁄39 + 39 ⁄43 21 241.99966 224.20
227 111⁄37 + 25 ⁄39 11 227.00036 202.10 243 22 ⁄37 + 3 ⁄47 4 243.00437 17.71

227a 33⁄43 + 5 ⁄49 18 226.99985 482.89 243 32 ⁄41 + 2 ⁄47 5 243.00126 61.34
228 5 ⁄15 − 3 ⁄19 1 228.00000 Exact 243a 29 ⁄41 + 46 ⁄49 10 242.99970 255.79
229 7 ⁄39 + 34 ⁄49 5 228.99940 121.66 244 36 ⁄39 + 11 ⁄49 7 243.99453 14.19
229a 119⁄41 + 31 ⁄49 12 229.00024 306.95 244 110⁄37 + 8 ⁄39 9 244.00188 41.34
229 235⁄41 + 20 ⁄43 19 229.00017 426.50 244 215⁄31 + 10 ⁄33 17 243.99860 55.36
230 4 ⁄23 1 230.00000 Exact 244a 128⁄37 + 2 ⁄43 11 244.00139 55.71
231a 3 ⁄21 + 1 ⁄33 1 231.00000 Exact 245 8 ⁄49 1 245.00000 Exact
232 5 ⁄29 1 232.00000 Exact 246 13 ⁄39 − 7 ⁄41 1 246.00000 Exact
233 2 ⁄37 + 31 ⁄49 4 232.99598 18.47 246a 6 ⁄43 + 33 ⁄49 5 246.00117 67.07
233a 136⁄47 + 6 ⁄49 11 233.00069 107.52 247 17 ⁄37 + 21 ⁄41 6 247.00136 57.59
233 21 ⁄37 + 26 ⁄41 7 233.00055 135.21 247 15 ⁄43 + 145⁄49 14 247.00021 375.58
233 123⁄37 + 41 ⁄43 15 232.99976 303.86 247a 115⁄43 + 45 ⁄49 14 247.00021 375.58

234a 221⁄29 + 6 ⁄33 17 234.00216 34.52 248 5 ⁄31 1 248.00000 Exact
234 8 ⁄41 + 31 ⁄47 5 234.00121 61.34 249 20 ⁄37 + 5 ⁄49 4 248.99571 18.47
234 217⁄43 + 24 ⁄47 17 233.99966 218.72 249 10 ⁄37 + 146⁄47 14 249.00026 309.98
235 8 ⁄47 1 235.00000 Exact 249 4 ⁄43 + 247⁄49 19 249.00016 509.72
236 22 ⁄37 + 29 ⁄49 7 236.00186 40.40 249a 24⁄43 + 47 ⁄49 19 249.00016 509.72

236a 230⁄43 + 9 ⁄49 17 236.00066 114.02 250 18⁄41 + 12 ⁄49 9 249.99654 23.02
237 17⁄39 + 7 ⁄41 8 236.99861 54.29 250a 19⁄37 + 41 ⁄49 13 250.00265 30.01
237 126⁄37 + 6 ⁄39 11 236.99888 67.37 250 22⁄43 + 33 ⁄49 17 250.00174 45.61
237 12 ⁄47 + 146⁄49 13 236.99980 381.20 250 316⁄47 + 48 ⁄49 27 249.99899 79.17

237a 112⁄47 + 46 ⁄49 13 236.99980 381.20 … … … … …
238 7 ⁄37 + 28 ⁄43 5 237.99551 16.88 … … … … …
238 1 ⁄43 + 123⁄47 9 237.99804 38.60 … … … … …

238a 23⁄31 + 14 ⁄33 15 237.99922 97.69 … … … … …
238 217⁄39 + 4 ⁄47 15 238.00043 175.04 … … … … …

a Requires only the outer most circle of holes on indexing plate. 
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measure works as well with 0.001 centimeter and diameters in centimeters. The measure
can also be used to calculate the error of approximation at a given diameter. Divide the
given diameter by the value of the measure and multiply the result by 0.001 to determine
the amount of error that using an approximation will introduce.

Example:A gear is to be cut with 127 teeth at 16 diametral pitch using a Brown & Sharpe
plain dividing head. The indexing table gives three approximations for 127 divisions. The
pitch diameter of a 16 DP gear with 127 teeth is about 7.9 inches, so the calculated error of
approximation for the three choices would be about (7.9 ÷ 17.5) × 0.001 = 0.00045 inch,
(7.9 ÷ 77.5) × 0.001 = 0.00010 inch, and (7.9 ÷ 218.98) × 0.001 = 0.000036 inch. Consid-
ering the increased potential for operator error with longer indexing movements and such
other factors as may be appropriate, assume that the first of the three approximations is
selected. Plate 3 is mounted on the worm shaft of the dividing head but not bolted to the
frame. A double set of sector arms is installed, if available; otherwise, the single pair of
sector arms is installed. The indexing pin on the crank arm is set to track the 39-hole circle.
The stationary indexing pin is installed and set to track the 47-hole circle. If only one pair
of sector arms is used, it is used for the 42 ⁄47 movement and is set for 0-42 holes using the
outer arc. Six holes should be showing in the inner arc on the 47-hole circle (the zero-hole,
the 42-hole, and four extra holes). The second set of sector arms is set for 0-2 holes on the
39-hole circle using the inner arc (three holes showing). If there is no second pair of sector
arms, this is a short enough movement to do freehand without adding much risk of error.

Angular Indexing.—The plain dividing head with a 40:1 gear ratio will rotate the main
spindle and the workpiece 9 degrees for each full turn of the indexing crank, and therefore
1 degree for movements of 2 ⁄18 or 3 ⁄27 on Brown & Sharpe dividing heads and 6 ⁄54 on
heads of Cincinnati design. To find the indexing movement for an angle, divide that angle,
in degrees, by 9 to get the number of full turns and the remainder, if any. If the remainder,
expressed in minutes, is evenly divisible by 36, 33.75, 30, 27, or 20, then the quotient is the
number of holes to be moved on the 15-, 16-, 18-, 20-, or 27-hole circles, respectively, to
obtain the fractional turn required (or evenly divisible by 22.5, 21.6, 18, 16.875, 15, 11.25,
or 10 for the number of holes to be moved on the 24-, 25-, 30-, 32-, 36-, 48-, or 54-hole
circles, respectively, for the standard and high number plates of a Cincinnati dividing
head). If none of these divisions is even, it is not possible to index the angle (exactly) by
this method.

Example:An angle of 61° 48 ′ is required. Expressed in degrees, this angle is 61.8°, which
when divided by 9 equals 6 with a remainder of 7.8°, or 468 ′. Division of 468 by 20, 27, 30,
33.75, and 36 reveals an even division by 36, yielding 13. The indexing movement for 61°
48 ′ is six full turns plus 13 holes on the 15-hole circle.

Tables for Angular Indexing.—Table 2, headed Angular Values of One-Hole Moves,
provides the angular movement obtained with a move of one hole in each of the indexing
circles available on standard Brown & Sharpe and Cincinnati plates, for a selection of
angles that can be approximated with simple indexing.

Table 3,  titled Accurate Angular Indexing, provides the simple and compound indexing
movements to obtain the full range of fractional turns with the standard indexing plates of
both the Brown & Sharpe and Cincinnati dividing heads. Compound indexing movements
depend on the presence of specific indexing circles on the same indexing plate, so some
movements may not be available with plates of different configurations. To use the table to
index an angle, first convert the angle to seconds and then divide the number of seconds in
the angle by 32,400 (the number of seconds in 9 degrees, which is one full turn of the index-
ing crank). The whole-number portion of the quotient gives the number of full turns of the
indexing crank, and the decimal fraction of the quotient gives the fractional turn required.
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Table 2. Angular Values of One-Hole Moves for B&S and Cincinnati Index Plates

Use Table 3  to locate the indexing movement for the decimal fraction nearest to the dec-
imal fraction of the quotient for which there is an entry in the column for the dividing head
to be used. If the decimal fraction of the quotient is close to the midpoint between two table
entries, calculate the mathematical value of the two indexing movements to more decimal
places to make the closeness determination.

Example:Movement through an angle of 31° 27 ′ 50″ is required. Expressed in seconds,
this angle 113270″, which, divided by 32,400, equals 3.495987. The indexing movement
is three full turns of the crank plus a fractional turn of 0.495987. The nearest Table 3  entry
is for 0.4960, which requires a compound indexing movement of 8 holes on the 23-hole
circle plus 4 holes on the 27-hole circle in the same direction. Checking the value of these
movements shows that 8⁄23 + 4⁄27 = 0.347826 + 0.148148 = 0.495974, which, multiplied by
32,400, = 16,069.56, or 4° 27 ′ 49.56″ from the fractional turn. Adding the 27° from three
full turns gives a total movement of 31° 27 ′ 49.56″.

Holes in
Circle

Angle in
Minutes

Holes in
Circle

Angle in
Minutes

Holes in
Circle

Angle in
Minutes

15 36.000 53 10.189 129 4.186
16 33.750 54 10.000 131 4.122
17 31.765 57 9.474 133 4.060
18 30.000 58 9.310 137 3.942
19 28.421 59 9.153 139 3.885
20 27.000 62 8.710 141 3.830
21 25.714 66 8.182 143 3.776
23 23.478 67 8.060 147 3.673
24 22.500 69 7.826 149 3.624
25 21.600 71 7.606 151 3.576
26 20.769 73 7.397 153 3.529
27 20.000 77 7.013 157 3.439
28 19.286 79 6.835 159 3.396
29 18.621 81 6.667 161 3.354
30 18.000 83 6.506 163 3.313
31 17.419 87 6.207 167 3.234
32 16.875 89 6.067 169 3.195
33 16.364 91 5.934 171 3.158
34 15.882 93 5.806 173 3.121
36 15.000 97 5.567 175 3.086
37 14.595 99 5.455 177 3.051
38 14.211 101 5.347 179 3.017
39 13.846 103 5.243 181 2.983
41 13.171 107 5.047 183 2.951
42 12.857 109 4.954 187 2.888
43 12.558 111 4.865 189 2.857
44 12.273 113 4.779 191 2.827
46 11.739 117 4.615 193 2.798
47 11.489 119 4.538 197 2.741
48 11.250 121 4.463 199 2.714
49 11.020 123 4.390 … …
51 10.588 127 4.252 … …



2088 MILLING MACHINE INDEXING

Table 3. Accurate Angular Indexing 

Part
of a
Turn

B&S, Becker,
Hendey, K&T,

& Rockford

Cincinnati
and

LeBlond

Part
of a
Turn

B&S, Becker,
Hendey, K&T,

& Rockford

Cincinnati
and

LeBlond

0.0010 12/49 − 10/41 15/51 −  17/58 0.0370 13/43 −  13/49 6/51 − 5/62
0.0020 24/49 −  20/41 23/51 −  22/49 0.0370 1/27 2/54
0.0030 8/23 − 10/29 7/39 − 6/34 0.0377 … 2/53
0.0040 1/41 − 1/49 4/66 − 3/53 0.0380 13/41 −  12/43 12/49 −  12/58
0.0050 4/39 − 4/41 3/24 − 3/25 0.0390 15/29 −  11/23 9/54 − 6/47
0.0060 9/29 − 7/23 18/51 −  17/49 0.0392 … 2/51
0.0070 11/31 −  8/23 5/46 − 6/59 0.0400 9/41 − 7/39 1/25
0.0080 2/41 − 2/49 10/49 −  10/51 0.0408 2/49 2/49
0.0090 1/23 − 1/29 8/24 − 12/37 0.0410 20/41 −  21/47 21/43 −  17/38
0.0100 8/39 − 8/41 6/24 − 6/25 0.0417 … 1/24
0.0110 6/39 − 7/49 11/59 −  10/57 0.0420 8/47 − 5/39 23/59 −  16/46
0.0120 9/47 − 7/39 15/49 −  15/51 0.0426 2/47 2/47
0.0130 2/33 − 1/21 3/54 − 2/47 0.0430 7/21 − 9/31 8/59 − 5/54
0.0140 19/47 −  16/41 10/46 −  12/59 0.0435 1/23 2/46
0.0150 8/29 − 6/23 9/24 − 9/25 0.0440 17/43 −  13/37 17/57 −  15/59
0.0152 … 1/66 0.0450 11/49 −  7/39 3/24 − 2/25
0.0160 18/49 −  13/37 20/49 −  20/51 0.0455 … 3/66
0.0161 … 1/62 0.0460 8/37 − 8/47 19/39 −  15/34
0.0169 … 1/59 0.0465 2/43 2/43
0.0170 15/41 −  15/43 9/49 − 11/66 0.0470 8/49 − 5/43 26/66 −  17/49
0.0172 … 1/58 0.0476 1/21 2/42
0.0175 … 1/57 0.0480 11/47 −  8/43 13/51 −  12/58
0.0180 9/39 − 10/47 11/42 −  10/41 0.0484 … 3/62
0.0185 … 1/54 0.0488 2/41 2/41
0.0189 … 1/53 0.0490 14/43 −  13/47 8/47 − 8/66
0.0190 7/37 − 8/47 6/49 − 6/58 0.0500 1/20 2/24 − 1/30
0.0196 … 1/51 0.0508 … 3/59
0.0200 16/39 −  16/41 3/30 − 2/25 0.0510 2/17 − 1/15 16/54 −  13/53
0.0204 1/49 1/49 0.0513 2/39 2/39
0.0210 3/43 − 2/41 15/46 −  18/59 0.0517 … 3/58
0.0213 1/47 1/47 0.0520 19/37 −  18/39 6/46 − 4/51
0.0217 … 1/46 0.0526 1/19 2/38
0.0220 12/37 −  13/43 22/59 −  20/57 0.0526 … 3/57
0.0230 4/37 − 4/47 3/47 − 2/49 0.0530 14/47 −  12/49 1/54 + 2/58
0.0233 1/43 1/43 0.0540 17/47 −  12/39 12/53 −  10/58
0.0238 … 1/42 0.0541 2/37 2/37
0.0240 18/47 −  14/39 23/58 −  19/51 0.0550 4/41 − 2/47 9/24 − 8/25
0.0244 1/41 1/41 0.0556 1/18 3/54
0.0250 2/16 − 2/20 2/30 − 1/24 0.0560 13/49 −  9/43 7/38 − 5/39
0.0256 1/39 1/39 0.0566 … 3/53
0.0260 4/33 − 2/21 3/46 − 2/51 0.0570 13/29 −  9/23 18/49 −  18/58
0.0263 … 1/38 0.0580 19/41 −  15/37 7/53 − 4/54
0.0270 3/23 − 3/29 6/53 − 5/58 0.0588 1/17 2/34
0.0270 1/37 1/37 0.0588 … 3/51
0.0280 17/43 −  18/49 20/46 −  24/59 0.0590 11/41 −  9/43 21/49 −  17/46
0.0290 11/37 −  11/41 4/49 − 3/57 0.0600 4/39 − 2/47 3/30 − 1/25
0.0294 … 1/34 0.0606 2/33 4/66
0.0300 2/39 − 1/47 7/25 − 6/24 0.0610 7/37 − 5/39 5/51 − 2/54
0.0303 1/33 2/66 0.0612 3/49 3/49
0.0310 13/39 −  13/43 13/34 −  13/37 0.0620 17/43 −  13/39 11/37 −  8/34
0.0320 11/37 −  13/49 8/37 − 7/38 0.0625 1/16 …
0.0323 1/31 2/62 0.0630 2/21 − 1/31 5/59 − 1/46
0.0330 11/49 −  9/47 11/49 −  9/47 0.0638 3/47 3/47
0.0333 … 1/30 0.0640 23/49 −  15/37 10/51 −  7/53
0.0339 … 2/59 0.0645 2/31 4/62
0.0340 18/49 −  13/39 18/49 −  17/51 0.0650 5/43 − 2/39 11/25 −  9/24
0.0345 1/29 2/58 0.0652 … 3/46
0.0350 13/41 −  11/39 4/25 − 3/24 0.0660 22/49 −  18/47 22/49 −  18/47
0.0351 … 2/57 0.0667 1/15 2/30
0.0357 … 1/28 0.0670 5/39 − 3/49 19/49 −  17/53
0.0360 18/39 −  20/47 21/41 −  20/42 0.0678 … 4/59
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0.0680 9/39 − 7/43 23/51 −  18/47 0.0980 … 5/51
0.0690 2/29 4/58 0.0990 1/29 + 2/31 20/47 −  16/49
0.0690 12/37 −  12/47 7/66 − 2/54 0.1000 2/20 3/30
0.0698 3/43 3/43 0.1010 6/27 − 4/33 18/59 −  10/49
0.0700 8/33 − 5/29 8/25 − 6/24 0.1017 … 6/59
0.0702 … 4/57 0.1020 6/47 − 1/39 11/54 −  6/59
0.0710 17/43 −  12/37 11/58 −  7/59 0.1020 5/49 5/49
0.0714 … 2/28 0.1026 4/39 4/39
0.0714 … 3/42 0.1030 21/49 −  14/43 18/57 −  10/47
0.0720 7/47 − 3/39 10/49 −  7/53 0.1034 … 6/58
0.0730 9/37 − 8/47 1/47 + 3/58 0.1035 3/29 …
0.0732 3/41 3/41 0.1040 21/41 −  20/49 15/62 −  8/58
0.0740 23/49 −  17/43 19/42 −  14/37 0.1050 11/41 −  8/49 12/25 −  9/24
0.0741 2/27 4/54 0.1053 2/19 4/38
0.0750 2/16 − 1/20 1/24 + 1/30 0.1053 … 6/57
0.0755 … 4/53 0.1060 1/27 + 2/29 2/54 + 4/58
0.0758 … 5/66 0.1061 … 7/66
0.0760 17/47 −  14/49 24/49 −  24/58 0.1064 5/47 5/47
0.0769 3/39 3/39 0.1070 10/37 −  8/49 2/51 + 4/59
0.0770 … 9/46 − 7/59 0.1071 … 3/28
0.0771 6/37 − 4/47 … 0.1080 1/23 + 2/31 24/53 −  20/58
0.0780 13/39 −  12/47 9/46 − 6/51 0.1081 4/37 4/37
0.0784 … 4/51 0.1087 … 5/46
0.0789 … 3/38 0.1090 8/47 − 3/49 25/58 −  19/59
0.0790 20/37 −  18/39 21/39 −  17/37 0.1100 2/41 + 3/49 9/25 − 6/24
0.0800 9/37 − 8/49 2/25 0.1110 15/49 −  8/41 32/59 −  22/51
0.0806 … 5/62 0.1111 3/27 6/54
0.0810 9/23 − 9/29 17/47 −  16/57 0.1111 2/18 …
0.0811 3/37 3/37 0.1120 23/41 −  22/49 23/47 −  20/53
0.0816 4/49 4/49 0.1129 … 7/62
0.0820 5/47 − 1/41 4/38 − 1/43 0.1130 13/41 −  10/49 1/49 + 5/54
0.0830 4/23 − 3/33 8/46 − 6/66 0.1132 … 6/53
0.0833 … 2/24 0.1140 7/43 − 2/41 22/58 −  13/49
0.0840 8/43 − 5/49 8/47 − 5/58 0.1150 13/31 −  7/23 6/25 − 3/24
0.0847 … 5/59 0.1160 6/29 − 3/33 14/53 −  8/54
0.0850 9/17 − 8/18 3/24 − 1/25 0.1163 5/43 5/43
0.0851 4/47 4/47 0.1170 5/33 − 1/29 5/59 + 2/62
0.0860 13/31 −  7/21 16/59 −  10/54 0.1176 2/17 4/34
0.0862 … 5/58 0.1176 … 6/51
0.0870 2/23 4/46 0.1180 6/23 − 3/21 27/59 −  18/53
0.0870 5/33 − 2/31 21/54 −  16/53 0.1186 … 7/59
0.0877 … 5/57 0.1190 10/29 −  7/31 4/47 + 2/59
0.0880 8/37 − 5/39 28/57 −  25/62 0.1190 … 5/42
0.0882 … 3/34 0.1200 8/39 − 4/47 3/25
0.0890 6/37 − 3/41 22/53 −  15/46 0.1207 … 7/58
0.0900 22/49 −  14/39 6/24 −  4/25 0.1210 21/43 −  18/49 26/53 −  17/46
0.0909 3/33 6/66 0.1212 4/33 8/66
0.0910 23/49 −  14/37 21/51 −  17/53 0.1220 5/41 5/41
0.0920 4/31 − 1/27 4/34 − 1/39 0.1220 23/47 −  18/49 10/51 −  4/54
0.0926 … 5/54 0.1224 6/49 6/49
0.0930 15/29 −  14/33 5/34 − 2/37 0.1228 … 7/57
0.0930 4/43 4/43 0.1230 10/49 −  3/37 1/59 + 7/66
0.0940 23/47 −  17/43 15/49 −  14/66 0.1240 2/23 + 1/27 18/34 −  15/37
0.0943 … 5/53 0.1250 2/16 3/24
0.0950 5/43 − 1/47 9/24 − 7/25 0.1260 24/47 −  15/39 10/59 −  2/46
0.0952 2/21 4/42 0.1270 22/43 −  15/39 1/46 + 6/57
0.0960 11/39 −  8/43 11/39 −  8/43 0.1277 6/47 6/47
0.0968 3/31 6/62 0.1280 7/37 − 3/49 33/62 −  19/47
0.0970 22/43 −  17/41 12/59 −  5/47 0.1282 5/39 5/39
0.0976 4/41 4/41 0.1290 10/27 −  7/29 24/59 −  15/54
0.0980 7/27 − 5/31 16/47 −  16/66 0.1290 4/31 8/62
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0.1296 … 7/54 0.1613 5/31 10/62
0.1300 10/43 −  4/39 6/24 − 3/25 0.1620 3/39 + 4/47 25/57 −  13/47
0.1304 3/23 6/46 0.1622 6/37 6/37
0.1310 3/43 + 3/49 8/49 − 2/62 0.1628 7/43 7/43
0.1316 … 5/38 0.1630 10/29 −  6/33 22/47 −  18/59
0.1320 11/47 −  5/49 11/47 −  5/49 0.1633 8/49 8/49
0.1321 … 7/53 0.1640 10/47 −  2/41 8/38 − 2/43
0.1330 8/29 − 3/21 2/37 + 3/38 0.1650 2/47 + 6/49 3/24 + 1/25
0.1333 2/15 4/30 0.1660 8/23 − 6/33 16/46 −  12/66
0.1340 7/17 − 5/18 19/53 −  11/49 0.1667 3/18 4/24
0.1350 10/43 −  4/41 9/24 − 6/25 0.1667 … 5/30
0.1351 5/37 5/37 0.1667 … 7/42
0.1356 … 8/59 0.1667 … 9/54
0.1360 5/16 − 3/17 11/47 −  5/51 0.1667 … 11/66
0.1364 … 9/66 0.1670 16/39 −  9/37 19/53 −  9/47
0.1370 3/41 + 3/47 10/47 −  5/66 0.1680 16/43 −  10/49 26/57 −  17/59
0.1373 … 7/51 0.1690 5/39 + 2/49 10/46 −  3/62
0.1379 4/29 8/58 0.1695 … 10/59
0.1380 23/47 −  13/37 18/39 −  11/34 0.1698 … 9/53
0.1390 28/49 −  16/37 16/38 −  11/39 0.1700 6/23 − 3/33 6/24 − 2/25
0.1395 6/43 6/43 0.1702 8/47 8/47
0.1400 8/49 − 1/43 1/25 + 3/30 0.1707 7/41 7/41
0.1404 … 8/57 0.1710 15/49 −  5/37 15/47 −  8/54
0.1410 11/47 −  4/43 12/66 −  2/49 0.1720 1/39 + 6/41 32/59 −  20/54
0.1420 8/49 − 1/47 21/57 −  12/53 0.1724 5/29 10/58
0.1429 … 4/28 0.1730 9/41 − 2/31 9/41 − 2/43
0.1429 3/21 6/42 0.1739 4/23 8/46
0.1429 7/49 7/49 0.1740 10/33 −  4/31 21/53 −  12/54
0.1430 10/47 −  3/43 24/51 −  19/58 0.1750 2/16 + 1/20 1/24 + 4/30
0.1440 19/43 −  14/47 20/49 −  14/53 0.1754 … 10/57
0.1450 9/47 − 2/43 15/24 −  12/25 0.1760 2/37 + 5/41 2/37 + 5/41
0.1452 … 9/62 0.1765 3/17 6/34
0.1460 26/49 −  15/39 2/47 + 6/58 0.1765 … 9/51
0.1463 6/41 6/41 0.1770 5/39 + 2/41 14/49 −  5/46
0.1470 4/21 − 1/23 16/41 −  9/37 0.1774 … 11/62
0.1471 … 5/34 0.1780 23/41 −  18/47 6/49 + 3/54
0.1480 4/19 − 1/16 9/37 − 4/42 0.1786 … 5/28
0.1481 4/27 8/54 0.1790 11/21 −  10/29 19/51 −  12/62
0.1489 7/47 7/47 0.1795 7/39 7/39
0.1490 12/31 −  5/21 11/49 −  4/53 0.1800 11/47 −  2/37 2/25 + 3/30
0.1500 3/20 7/30 − 2/24 0.1810 11/37 −  5/43 18/38 −  12/41
0.1509 … 8/53 0.1818 6/33 12/66
0.1510 22/47 −  13/41 25/59 −  18/66 0.1820 9/39 − 2/41 21/46 −  14/51
0.1515 5/33 10/66 0.1830 5/17 − 2/18 33/58 −  22/57
0.1520 11/41 −  5/43 16/62 0.1837 9/49 9/49
0.1522 … 7/46 0.1840 8/31 − 2/27 19/62 −  6/49
0.1525 … 9/59 0.1842 … 7/38
0.1530 10/27 −  5/23 13/54 −  5/57 0.1850 4/37 + 3/39 14/25 −  9/24
0.1538 6/39 6/39 0.1852 5/27 10/54
0.1540 10/37 −  5/43 5/58 + 4/59 0.1860 1/29 + 5/33 18/47 −  13/66
0.1550 8/37 − 3/49 7/25 − 3/24 0.1860 8/43 8/43
0.1552 … 9/58 0.1864 … 11/59
0.1560 4/21 − 1/29 1/49 + 8/59 0.1870 16/49 −  6/43 24/57 −  11/47
0.1569 … 8/51 0.1875 3/16 …
0.1570 15/47 −  6/37 31/59 −  21/57 0.1880 12/29 −  7/31 30/49 −  28/66
0.1579 3/19 6/38 0.1887 … 10/53
0.1579 … 9/57 0.1890 13/29 −  7/27 23/58 −  11/53
0.1580 3/37 + 3/39 3/34 + 3/43 0.1892 7/37 7/37
0.1590 20/43 −  15/49 3/54 + 6/58 0.1897 … 11/58
0.1600 18/37 −  16/49 4/25 0.1900 10/43 −  2/47 11/25 −  6/24
0.1610 9/39 − 3/43 9/39 − 3/43 0.1905 4/21 8/42
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0.1910 17/39 −  12/49 21/57 −  11/62 0.2222 4/18 …
0.1915 9/47 9/47 0.2222 6/27 12/54
0.1920 7/41 + 1/47 12/57 −  1/54 0.2230 15/31 −  6/23 11/46 −  1/62
0.1930 … 11/57 0.2240 5/41 + 5/49 15/38 −  7/41
0.1930 10/19 −  5/15 19/59 −  8/62 0.2241 … 13/58
0.1935 6/31 12/62 0.2245 11/49 11/49
0.1940 7/41 + 1/43 14/43 −  5/38 0.2250 2/16 + 2/20 3/24 + 3/30
0.1950 1/23 + 5/33 8/25 − 3/24 0.2258 7/31 14/62
0.1951 8/41 8/41 0.2260 7/39 + 2/43 2/49 + 10/54
0.1957 … 9/46 0.2264 … 12/53
0.1960 21/49 −  10/43 34/66 −  15/47 0.2270 7/27 − 1/31 14/54 −  2/62
0.1961 … 10/51 0.2273 … 15/66
0.1970 … 13/66 0.2280 11/39 −  2/37 23/49 −  14/58
0.1970 21/39 −  14/41 11/47 −  2/54 0.2281 … 13/57
0.1980 2/29 + 4/31 17/49 −  7/47 0.2290 18/39 −  10/43 29/51 −  18/53
0.1990 5/37 + 3/47 27/59 −  15/58 0.2300 7/37 + 2/49 12/25 −  6/24
0.2000 3/15 5/25 0.2308 9/39 9/39
0.2000 4/20 6/30 0.2310 28/49 −  16/47 26/59 −  13/62
0.2010 11/39 −  3/37 8/49 + 2/53 0.2320 20/41 −  11/43 26/57 −  13/58
0.2020 23/41 −  14/39 23/41 −  14/39 0.2326 10/43 10/43
0.2030 2/37 + 7/47 19/62 −  6/58 0.2330 27/47 −  14/41 25/62 −  8/47
0.2034 … 12/59 0.2333 … 7/30
0.2037 … 11/54 0.2340 24/41 −  13/37 2/54 + 13/66
0.2040 12/47 −  2/39 18/51 −  7/47 0.2340 11/47 11/47
0.2041 10/49 10/49 0.2350 11/27 −  5/29 9/25 − 3/24
0.2050 13/37 −  6/41 3/24 + 2/25 0.2353 4/17 8/34
0.2051 8/39 8/39 0.2353 … 12/51
0.2059 … 7/34 0.2360 10/39 −  1/49 29/66 −  12/59
0.2060 15/43 −  7/49 12/53 −  1/49 0.2368 … 9/38
0.2069 6/29 12/58 0.2370 23/37 −  15/39 23/37 −  15/39
0.2070 19/41 −  10/39 19/41 −  10/39 0.2373 … 14/59
0.2075 … 11/53 0.2380 2/43 + 9/47 34/57 −  19/53
0.2080 15/31 −  8/29 13/58 −  1/62 0.2381 5/21 10/42
0.2083 … 5/24 0.2390 24/43 −  15/47 12/62 + 3/66
0.2090 16/33 −  8/29 8/46 + 2/57 0.2391 … 11/46
0.2093 9/43 9/43 0.2400 3/43 + 8/47 6/25
0.2097 … 13/62 0.2407 … 13/54
0.2100 22/37 −  15/39 6/24 − 1/25 0.2410 19/47 −  8/49 17/47 −  7/58
0.2105 4/19 8/38 0.2414 7/29 14/58
0.2105 … 12/57 0.2419 … 15/62
0.2110 22/41 −  14/43 22/41 −  14/43 0.2420 21/37 −  14/43 12/46 −  1/53
0.2120 2/27 − 4/29 4/54 + 8/58 0.2424 8/33 16/66
0.2121 7/33 14/66 0.2430 29/49 −  15/43 4/47 + 9/57
0.2128 10/47 10/47 0.2432 9/37 9/37
0.2130 23/49 −  10/39 2/30 + 6/41 0.2439 10/41 10/41
0.2140 20/37 −  16/49 12/51 −  1/47 0.2440 13/49 −  1/47 30/53 −  19/59
0.2143 … 6/28 0.2449 12/49 12/49
0.2143 … 9/42 0.2450 13/37 −  5/47 3/24 + 3/25
0.2150 11/43 −  2/49 9/24 − 4/25 0.2453 … 13/53
0.2157 … 11/51 0.2456 … 14/57
0.2160 2/23 + 4/31 25/51 −  17/62 0.2460 20/49 −  6/37 11/37 −  2/39
0.2162 8/37 8/37 0.2470 10/37 −  1/43 29/49 −  20/58
0.2170 11/41 −  2/39 28/59 −  17/66 0.2480 4/23 + 2/27 26/49 −  13/46
0.2174 5/23 10/46 0.2490 10/37 −  1/47 17/43 −  6/41
0.2180 3/31 + 4/33 21/59 −  8/58 0.2500 4/16 6/24
0.2190 11/23 −  7/27 3/47 + 9/58 0.2500 5/20 7/28
0.2195 9/41 9/41 0.2510 2/15 + 2/17 34/66 −  14/53
0.2200 4/41 + 6/49 3/25 + 3/30 0.2520 24/43 −  15/49 22/49 −  13/66
0.2203 … 13/59 0.2530 7/37 + 3/47 11/53 + 3/66
0.2210 18/49 −  6/41 21/47 −  14/62 0.2540 26/49 −  13/47 2/46 + 12/57
0.2220 25/41 −  19/49 7/51 + 5/59 0.2542 … 15/59
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0.2549 … 13/51 0.2857 … 12/42
0.2550 4/21 + 2/31 9/24 − 3/25 0.2857 … 8/28
0.2553 12/47 12/47 0.2860 20/47 −  6/43 20/58 −  3/51
0.2558 11/43 11/43 0.2870 7/41 + 5/43 20/42 −  7/37
0.2560 13/33 −  4/29 9/47 + 4/62 0.2879 … 19/66
0.2564 10/39 10/39 0.2880 19/43 −  6/39 19/43 −  6/39
0.2570 20/39 −  11/43 8/53 + 7/66 0.2881 … 17/59
0.2576 … 17/66 0.2890 1/21 + 7/29 16/46 −  3/51
0.2580 15/29 −  7/27 24/54 −  11/59 0.2895 … 11/38
0.2581 8/31 16/62 0.2900 23/43 −  12/49 6/24 + 1/25
0.2586 … 15/58 0.2903 9/31 18/62
0.2590 24/49 −  9/39 16/42 −  5/41 0.2910 5/39 + 7/43 7/49 + 8/54
0.2593 7/27 14/54 0.2917 … 7/24
0.2600 20/43 −  8/39 4/25 + 3/30 0.2920 9/39 + 3/49 35/57 −  19/59
0.2609 6/23 12/46 0.2927 12/41 12/41
0.2610 15/33 −  6/31 5/53 + 9/54 0.2930 17/39 −  7/49 28/53 −  12/51
0.2619 … 11/42 0.2931 … 17/58
0.2620 18/37 −  11/49 16/51 −  3/58 0.2940 8/21 − 2/23 14/57 + 3/62
0.2630 13/41 −  2/37 13/46 −  1/51 0.2941 5/17 10/34
0.2632 5/19 10/38 0.2941 … 15/51
0.2632 … 15/57 0.2950 18/37 −  9/47 9/24 − 2/25
0.2640 22/47 −  10/49 22/47 −  10/49 0.2960 21/41 −  8/37 29/57 −  10/47
0.2642 … 14/53 0.2963 8/27 16/54
0.2647 … 9/34 0.2970 3/29 + 6/31 13/47 + 1/49
0.2650 8/37 + 2/41 15/24 −  9/25 0.2973 11/37 11/37
0.2653 13/49 13/49 0.2979 14/47 14/47
0.2660 8/27 − 1/33 28/51 −  15/53 0.2980 11/21 −  7/31 12/37 −  1/38
0.2667 … 8/30 0.2982 … 17/57
0.2670 18/37 −  9/41 19/47 −  7/51 0.2990 19/43 −  7/49 19/43 −  4/28
0.2680 8/18 − 3/17 27/49 −  15/53 0.3000 6/20 9/30
0.2683 11/41 11/41 0.3010 1/41 + 13/47 19/54 −  3/59
0.2690 2/18 + 3/19 6/54 + 9/57 0.3019 … 16/53
0.2700 16/27 −  10/31 13/25 −  6/24 0.3020 7/29 + 2/33 23/62 −  4/58
0.2703 10/37 10/37 0.3023 13/43 13/43
0.2710 2/43 + 11/49 1/28 + 8/34 0.3030 15/39 −  4/49 25/57 −  8/59
0.2712 … 16/59 0.3030 10/33 20/66
0.2720 14/37 −  5/47 17/59 −  1/62 0.3040 16/31 −  7/33 33/59 −  12/47
0.2727 9/33 18/66 0.3043 7/23 14/46
0.2730 1/16 + 4/19 18/34 −  10/39 0.3050 1/31 + 9/33 15/24 −  8/25
0.2740 6/41 + 6/47 26/59 −  9/54 0.3051 … 18/59
0.2742 … 17/62 0.3060 17/31 −  8/33 33/54 −  18/59
0.2745 … 14/51 0.3061 15/49 15/49
0.2750 2/16 + 3/20 5/24 + 2/30 0.3065 … 19/62
0.2759 8/29 16/58 0.3070 18/37 −  7/39 1/53 + 17/59
0.2760 12/31 −  3/27 13/43 −  1/38 0.3077 12/39 12/39
0.2766 13/47 13/47 0.3080 5/41 + 8/43 16/49 −  1/54
0.2770 11/27 −  3/23 18/28 −  15/41 0.3090 1/43 + 14/49 19/30 −  12/37
0.2778 5/18 15/54 0.3095 … 13/42
0.2780 5/23 + 2/33 17/39 −  6/38 0.3100 16/37 −  6/49 14/25 −  6/24
0.2790 16/29 −  9/33 14/47 −  1/53 0.3103 9/29 18/58
0.2791 12/43 12/43 0.3110 3/39 + 11/47 19/46 −  5/49
0.2800 16/49 −  2/43 7/25 0.3120 8/21 − 2/29 2/49 + 16/59
0.2807 … 16/57 0.3125 5/16 …
0.2810 3/39 + 10/49 17/57 −  1/58 0.3130 9/37 + 3/43 4/24 + 6/41
0.2820 5/27 + 3/31 24/66 −  4/49 0.3137 … 16/51
0.2821 11/39 11/39 0.3140 12/27 −  3/23 14/47 + 1/62
0.2826 … 13/46 0.3148 … 17/54
0.2830 14/43 −  2/47 15/53 0.3150 26/41 −  15/47 21/24 −  14/25
0.2840 21/47 −  7/43 37/66 −  13/47 0.3158 … 12/38
0.2850 15/43 −  3/47 3/24 + 4/25 0.3158 … 18/57
0.2857 14/49 14/49 0.3160 6/37 + 6/39 6/34 + 6/43
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0.3170 11/18 −  5/17 34/59 −  14/54 0.3485 … 23/66
0.3171 13/41 13/41 0.3488 15/43 15/43
0.3180 22/37 −  13/47 6/54 + 12/58 0.3490 11/29 −  1/33 2/47 + 19/62
0.3182 … 21/66 0.3500 7/20 6/24 + 3/30
0.3190 6/27 + 3/31 3/34 + 9/39 0.3509 … 20/57
0.3191 15/47 15/47 0.3510 13/27 −  3/23 25/53 −  7/58
0.3200 16/47 −  1/49 8/25 0.3514 13/37 13/37
0.3208 … 17/53 0.3519 … 19/54
0.3210 25/49 −  7/37 10/59 + 10/66 0.3520 4/37 + 10/41 24/62 −  2/57
0.3214 … 9/28 0.3529 6/17 12/34
0.3220 18/39 −  6/43 18/39 −  6/43 0.3529 … 18/51
0.3220 … 19/59 0.3530 4/37 + 12/49 31/59 −  10/58
0.3226 10/31 20/62 0.3540 14/37 −  1/41 22/59 −  1/53
0.3230 21/41 −  7/37 21/41 −  7/37 0.3548 11/31 22/62
0.3235 … 11/34 0.3550 10/43 + 6/49 12/25 −  3/24
0.3240 3/23 + 6/31 21/47 −  7/57 0.3559 … 21/59
0.3243 12/37 12/37 0.3560 5/41 + 11/47 12/49 + 6/54
0.3250 2/16 + 4/20 3/24 + 5/25 0.3570 20/43 −  4/37 20/43 −  4/37
0.3256 14/43 14/43 0.3571 … 10/28
0.3260 21/49 −  4/39 23/59 −  3/47 0.3571 … 15/42
0.3261 … 15/46 0.3580 14/37 −  1/49 38/62 −  13/51
0.3265 16/49 16/49 0.3585 … 19/53
0.3270 24/49 −  7/43 17/58 + 2/59 0.3590 14/39 14/39
0.3276 … 19/58 0.3600 22/47 −  4/37 9/25
0.3280 26/41 −  15/49 15/51 + 2/59 0.3610 9/23 − 1/33 18/46 −  2/66
0.3290 5/21 + 3/33 23/43 −  7/34 0.3617 17/47 17/47
0.3300 4/47 + 12/49 6/24 + 2/25 0.3620 15/27 −  6/31 17/41 −  2/38
0.3310 17/31 −  5/23 23/59 −  3/51 0.3621 … 21/58
0.3320 28/43 −  15/47 30/59 −  9/51 0.3630 23/49 −  5/47 25/53 −  5/46
0.3330 7/43 + 8/47 36/51 −  22/59 0.3636 12/33 24/66
0.3333 5/15 8/24 0.3640 26/47 −  7/37 25/62 −  2/51
0.3333 6/18 10/30 0.3650 28/47 −  9/39 3/24 + 6/25
0.3333 7/21 13/39 0.3659 … 15/41
0.3333 9/27 14/42 0.3660 10/17 −  4/18 13/57 + 8/58
0.3333 11/33 17/51 0.3667 … 11/30
0.3333 13/39 18/54 0.3670 5/27 + 6/33 13/49 + 6/59
0.3333 … 19/57 0.3673 18/49 18/49
0.3333 … 22/66 0.3680 16/31 −  4/27 31/66 −  6/59
0.3340 7/41 + 8/49 29/47 −  15/53 0.3684 7/19 14/38
0.3350 21/37 −  10/43 9/24 − 1/25 0.3684 … 21/57
0.3360 28/41 −  17/49 9/46 + 8/57 0.3690 30/49 −  9/37 21/62 + 2/66
0.3370 2/39 + 14/49 33/57 −  15/62 0.3696 … 17/46
0.3380 10/23 −  3/31 25/62 −  3/46 0.3700 30/47 −  11/41 6/24 + 3/25
0.3387 … 21/62 0.3704 10/27 20/54
0.3390 19/49 −  2/41 20/59 0.3710 32/49 −  11/39 23/62
0.3396 … 18/53 0.3720 2/29 + 10/33 34/57 −  11/49
0.3400 25/49 −  8/47 6/25 + 3/30 0.3721 16/43 16/43
0.3404 16/47 16/47 0.3725 … 19/51
0.3410 12/27 −  3/29 22/46 −  7/51 0.3729 … 22/59
0.3415 14/41 14/41 0.3730 30/47 −  13/49 21/49 −  3/54
0.3420 4/21 + 5/33 25/62 −  3/49 0.3740 32/49 −  12/43 5/46 + 13/49
0.3421 … 13/38 0.3750 6/16 9/24
0.3430 13/23 −  6/27 37/57 −  15/49 0.3760 5/21 + 4/29 11/49 + 10/66
0.3440 2/39 + 12/41 14/54 + 5/59 0.3770 13/37 + 1/39 20/51 −  1/66
0.3448 … 20/58 0.3774 … 20/53
0.3450 2/23 + 8/31 15/24 −  7/25 0.3780 13/27 −  3/29 31/53 −  12/58
0.3460 18/41 −  4/43 18/41 −  4/43 0.3784 14/37 14/37
0.3469 17/49 17/49 0.3788 … 25/66
0.3470 7/31 + 4/33 7/38 + 7/43 0.3790 8/37 + 7/43 8/37 + 7/43
0.3478 8/23 16/46 0.3793 11/29 22/58
0.3480 20/33 −  8/31 31/59 −  11/62 0.3800 20/43 −  4/47 7/25 + 3/30
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0.3810 8/21 16/42 0.4120 18/41 −  1/37 24/53 −  2/49
0.3810 19/47 −  1/43 8/51 + 13/58 0.4130 2/39 + 17/47 19/46
0.3820 25/49 −  5/39 40/62 −  15/57 0.4138 12/29 24/58
0.3824 … 13/34 0.4140 19/39 −  3/41 19/39 −  3/41
0.3830 18/47 18/47 0.4146 17/41 17/41
0.3830 27/43 −  12/49 37/58 −  13/51 0.4150 18/33 −  3/23 9/24 + 1/25
0.3840 27/43 −  10/41 27/43 −  10/41 0.4151 … 22/53
0.3846 15/39 15/39 0.4160 21/39 −  6/49 41/62 −  13/53
0.3850 15/37 −  1/49 15/24 −  6/25 0.4167 … 10/24
0.3860 1/37 + 14/39 22/57 0.4170 26/37 −  14/49 10/38 + 6/39
0.3870 3/17 + 4/19 16/39 −  1/43 0.4180 8/21 + 1/27 16/46 + 4/57
0.3871 12/31 24/62 0.4186 18/43 18/43
0.3878 19/49 19/49 0.4190 18/39 −  2/47 31/46 −  13/51
0.3880 14/41 + 2/43 18/53 + 3/62 0.4194 13/31 26/62
0.3889 7/18 21/54 0.4200 24/49 −  3/43 8/25 + 3/30
0.3890 17/41 −  1/39 24/53 −  3/47 0.4210 1/39 + 17/43 23/49 −  3/62
0.3898 … 23/59 0.4211 8/19 16/38
0.3900 2/23 + 10/33 16/25 −  6/24 0.4211 … 24/57
0.3902 16/41 16/41 0.4220 15/29 −  2/21 3/41 + 15/43
0.3910 14/31 −  2/33 29/66 −  3/62 0.4230 24/43 −  5/37 20/54 + 3/57
0.3913 9/23 18/46 0.4237 … 25/59
0.3920 14/33 −  1/31 17/47 + 2/66 0.4240 4/27 + 8/29 41/62 −  14/59
0.3922 … 20/51 0.4242 14/33 28/66
0.3929 … 11/28 0.4250 6/16 + 1/20 7/24 + 4/30
0.3930 1/39 + 18/49 28/46 −  11/51 0.4255 20/47 20/47
0.3939 13/33 26/66 0.4259 … 23/54
0.3940 3/39 + 13/41 24/53 −  3/51 0.4260 27/41 −  10/43 28/57 −  3/46
0.3947 … 15/38 0.4270 27/39 −  13/49 29/59 −  4/62
0.3950 26/37 −  12/39 13/25 −  3/24 0.4280 12/43 + 7/47 33/57 −  8/53
0.3953 17/43 17/43 0.4286 9/21 12/28
0.3960 4/29 + 8/31 33/47 −  15/49 0.4286 21/49 18/42
0.3962 … 21/53 0.4286 … 21/49
0.3966 … 23/58 0.4290 30/47 −  9/43 21/51 + 1/58
0.3970 25/41 −  10/47 7/57 + 17/62 0.4300 22/43 −  4/49 17/25 −  6/24
0.3980 3/16 + 4/19 28/58 −  5/59 0.4310 11/39 + 7/47 25/58
0.3990 7/39 + 9/41 6/37 + 9/38 0.4314 … 22/51
0.4000 6/15 10/25 0.4320 4/23 + 8/31 28/62 −  1/51
0.4000 8/20 12/30 0.4324 16/37 16/37
0.4010 2/37 + 17/49 27/62 −  2/58 0.4330 5/37 + 14/47 26/42 −  8/43
0.4020 5/43 + 14/49 16/49 + 4/53 0.4333 … 13/30
0.4030 26/49 −  6/47 30/47 −  12/51 0.4340 5/31 + 9/33 23/53
0.4032 … 25/62 0.4348 10/23 20/46
0.4035 … 23/57 0.4350 21/31 −  8/33 14/25 −  3/24
0.4040 11/39 + 5/41 11/39 + 5/41 0.4355 … 27/62
0.4043 19/47 19/47 0.4359 … 17/39
0.4048 … 17/42 0.4360 6/31 + 8/33 42/59 −  16/58
0.4050 29/41 −  13/43 3/24 + 7/25 0.4370 27/39 −  12/47 31/49 −  9/46
0.4054 15/37 15/37 0.4375 7/16 …
0.4060 21/47 −  2/49 17/58 + 7/62 0.4380 13/27 −  1/23 24/57 + 1/59
0.4068 … 24/59 0.4386 … 25/57
0.4070 9/19 − 1/15 7/47 + 16/62 0.4390 18/43 + 1/49 34/59 −  7/51
0.4074 11/27 22/54 0.4390 18/41 18/41
0.4080 16/37 −  1/41 2/54 + 23/62 0.4394 … 29/66
0.4082 20/49 20/49 0.4400 8/41 + 12/49 11/25
0.4090 15/39 + 1/41 15/39 + 1/41 0.4407 … 26/59
0.4091 … 27/66 0.4410 10/37 + 7/41 10/37 + 7/41
0.4100 1/37 + 18/47 6/24 + 4/25 0.4412 … 15/34
0.4103 16/39 16/39 0.4419 19/43 19/43
0.4110 9/41 + 9/47 7/34 + 8/39 0.4420 18/33 −  3/29 34/62 −  5/47
0.4118 7/17 14/34 0.4430 4/39 + 16/47 20/51 + 3/59
0.4118 … 21/51 0.4440 9/41 + 11/49 14/51 + 10/59
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0.4444 12/27 24/54 0.4737 … 27/57
0.4444 8/18 … 0.4740 9/37 + 9/39 9/34 + 9/43
0.4450 7/37 + 11/43 3/24 + 8/25 0.4746 … 28/59
0.4460 11/23 −  1/31 22/46 −  2/62 0.4750 6/16 + 2/20 9/24 + 3/30
0.4468 21/47 21/47 0.4760 4/43 + 18/47 15/53 + 11/57
0.4470 6/21 + 5/31 14/49 + 10/62 0.4762 10/21 20/42
0.4474 … 17/38 0.4770 26/43 −  6/47 30/47 −  10/62
0.4480 10/41 + 10/49 27/41 −  8/38 0.4780 12/31 + 3/33 24/62 + 6/66
0.4483 13/29 26/58 0.4783 11/23 22/46
0.4490 22/49 22/49 0.4790 22/39 −  4/47 10/53 + 18/62
0.4490 20/39 −  3/47 14/57 + 12/59 0.4800 16/39 + 3/43 12/25
0.4500 9/20 6/24 + 6/30 0.4810 14/41 + 6/43 22/58 + 6/59
0.4510 … 23/51 0.4815 13/27 26/54
0.4510 5/15 + 2/17 42/62 −  12/53 0.4820 33/49 −  9/47 19/46 + 4/58
0.4516 14/31 28/62 0.4828 14/29 28/58
0.4520 14/39 + 4/43 4/49 + 20/54 0.4830 27/39 −  9/43 27/39 −  9/43
0.4524 … 19/42 0.4839 15/31 30/62
0.4528 … 24/53 0.4840 5/37 + 15/43 24/46 −  2/53
0.4530 3/23 + 10/31 16/59 + 12/66 0.4848 16/33 32/66
0.4540 14/27 −  2/31 1/54 + 27/62 0.4850 24/47 −  1/39 3/24 + 9/25
0.4545 15/33 30/66 0.4860 13/43 + 9/49 43/62 −  11/53
0.4550 25/47 −  3/39 9/24 + 2/25 0.4865 18/37 18/37
0.4560 9/37 + 10/47 17/62 + 12/66 0.4870 15/37 + 4/49 26/43 −  4/34
0.4561 … 26/57 0.4872 19/39 19/39
0.4565 … 21/46 0.4878 20/41 20/41
0.4570 4/37 + 15/43 27/39 −  8/34 0.4880 8/29 + 7/33 5/46 + 22/58
0.4576 … 27/59 0.4884 21/43 21/43
0.4580 27/49 −  4/43 20/53 + 5/62 0.4890 28/43 −  6/37 19/47 + 5/59
0.4583 … 11/24 0.4894 23/47 23/47
0.4590 35/49 −  12/47 18/51 + 7/66 0.4898 24/49 24/49
0.4595 17/37 17/37 0.4900 13/21 −  4/31 6/24 + 6/25
0.4600 16/41 + 3/43 9/25 + 3/30 0.4902 … 25/51
0.4610 13/39 + 6/47 22/34 −  8/43 0.4906 … 26/53
0.4615 18/39 18/39 0.4910 15/39 + 5/47 21/46 + 2/58
0.4620 15/47 + 7/49 36/62 −  7/59 0.4912 … 28/57
0.4630 … 25/54 0.4915 … 29/59
0.4630 … 10/46 + 14/57 0.4920 25/37 −  9/49 17/46 + 6/49
0.4631 9/21 + 1/29 … 0.4930 8/41 + 14/47 21/53 + 6/62
0.4634 19/41 19/41 0.4940 33/49 −  7/39 14/46 + 11/58
0.4640 21/43 −  1/41 32/58 −  5/57 0.4950 5/29 + 10/31 9/24 + 3/25
0.4643 … 13/28 0.4960 8/23 + 4/27 20/53 + 7/59
0.4650 21/37 −  4/39 15/24 −  4/25 0.4970 33/47 −  8/39 7/46 + 20/58
0.4651 20/43 20/43 0.4980 20/37 −  2/47 29/41 −  9/43
0.4655 … 27/58 0.4990 26/41 −  5/37 26/41 −  5/37
0.4660 13/41 + 7/47 31/47 −  12/62 0.5000 8/16 12/24
0.4667 7/15 14/30 0.5000 9/18 14/28
0.4670 19/37 −  2/43 25/34 −  11/41 0.5000 10/20 15/30
0.4677 … 29/62 0.5000 … 17/34
0.4680 11/27 + 2/33 3/49 + 24/59 0.5000 … 19/38
0.4681 22/47 22/47 0.5000 … 21/42
0.4690 8/23 + 4/33 35/49 −  13/53 0.5000 … 23/46
0.4694 23/49 23/49 0.5000 … 27/54
0.4697 … 31/66 0.5000 … 29/58
0.4700 19/29 −  5/27 18/25 −  6/24 0.5000 … 31/62
0.4706 8/17 16/34 0.5000 … 33/66
0.4706 … 24/51 0.5010 5/37 + 15/41 37/51 −  11/49
0.4710 12/39 + 8/49 12/47 + 11/51 0.5020 17/37 + 2/47 25/53 + 2/66
0.4717 … 25/53 0.5030 8/39 + 14/47 16/49 + 9/51
0.4720 20/39 −  2/49 31/53 −  7/62 0.5040 5/43 + 19/49 37/66 −  3/53
0.4730 6/39 + 15/47 29/59 −  1/54 0.5050 21/31 −  5/29 15/24 −  3/25
0.4737 9/19 18/38 0.5060 7/39 + 16/49 22/53 + 6/66
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0.5070 33/47 −  8/41 28/46 −  6/59 0.5370 … 29/54
0.5080 12/37 + 9/49 41/66 −  6/53 0.5370 … 6/51 + 26/62
0.5085 … 30/59 0.5371 17/41 + 6/49 …
0.5088 … 29/57 0.5380 4/18 + 6/19 12/49 + 17/58
0.5090 24/39 −  5/47 27/51 −  1/49 0.5385 21/39 21/39
0.5094 … 27/53 0.5390 26/39 −  6/47 34/51 −  6/47
0.5098 … 26/51 0.5400 25/41 −  3/43 6/25 + 9/30
0.5100 8/21 + 4/31 18/24 −  6/25 0.5405 20/37 20/37
0.5102 25/49 25/49 0.5410 12/47 + 14/49 2/38 + 21/43
0.5106 24/47 24/47 0.5417 … 13/24
0.5110 6/37 + 15/43 26/49 −  1/51 0.5420 4/43 + 22/49 7/46 + 23/59
0.5116 22/43 22/43 0.5424 … 32/59
0.5120 21/29 −  7/33 45/66 −  9/53 0.5430 33/43 −  11/49 22/54 + 8/59
0.5122 21/41 21/41 0.5435 … 25/46
0.5128 20/39 20/39 0.5439 … 31/57
0.5130 22/37 −  4/49 30/54 −  2/47 0.5440 4/37 + 17/39 4/37 + 17/39
0.5135 19/37 19/37 0.5450 3/39 + 22/47 15/24 −  2/25
0.5140 30/43 −  9/49 33/46 −  12/59 0.5455 18/33 36/66
0.5150 1/39 + 23/47 16/25 −  3/24 0.5460 13/27 + 2/31 2/34 + 19/39
0.5152 17/33 34/66 0.5470 21/31 −  3/23 32/49 −  7/66
0.5160 28/43 −  5/37 37/59 −  6/54 0.5472 … 29/53
0.5161 16/31 32/62 0.5476 … 23/42
0.5170 13/39 + 9/49 9/49 + 17/51 0.5480 12/41 + 12/47 25/39 −  4/43
0.5172 15/29 30/58 0.5484 17/31 34/62
0.5180 9/47 + 16/49 31/41 −  10/42 0.5490 10/15 −  2/17 8/47 + 25/66
0.5185 14/27 28/54 0.5490 … 28/51
0.5190 27/41 −  6/43 6/49 + 23/58 0.5500 11/20 6/24 + 9/30
0.5200 3/41 + 21/47 13/25 0.5510 19/39 + 3/47 31/53 −  2/59
0.5210 17/39 + 4/47 41/59 −  8/46 0.5510 … 27/49
0.5217 12/23 24/46 0.5517 16/29 32/58
0.5220 19/31 −  3/33 14/47 + 13/58 0.5520 31/41 −  10/49 29/46 −  4/51
0.5230 17/43 + 6/47 14/49 + 14/59 0.5526 … 21/38
0.5238 11/21 22/42 0.5530 15/21 −  5/31 28/54 + 2/58
0.5240 29/47 −  4/43 32/51 −  6/58 0.5532 26/47 26/47
0.5250 6/16 + 3/20 7/24 + 7/30 0.5540 12/23 + 1/31 12/53 + 19/58
0.5254 … 31/59 0.5550 1/41 + 26/49 17/25 −  3/24
0.5260 28/37 −  9/39 26/46 −  2/51 0.5556 10/18 30/54
0.5263 10/19 20/38 0.5556 15/27 …
0.5263 … 30/57 0.5560 32/41 −  11/49 35/47 −  10/53
0.5270 32/47 −  6/39 6/53 + 24/58 0.5570 22/41 + 1/49 18/49 + 11/58
0.5280 19/39 + 2/49 35/59 −  3/46 0.5580 3/29 + 15/33 7/53 + 23/54
0.5283 … 28/53 0.5581 24/43 24/43
0.5290 18/37 + 2/47 30/53 −  2/54 0.5588 … 19/34
0.5294 9/17 18/34 0.5590 27/37 −  7/41 43/59 −  9/53
0.5294 … 27/51 0.5593 … 33/59
0.5300 5/27 + 10/29 6/24 + 7/25 0.5600 37/49 −  8/41 14/25
0.5303 … 35/66 0.5606 … 37/66
0.5306 26/49 26/49 0.5610 23/41 23/41
0.5310 15/23 −  4/33 24/37 −  4/34 0.5610 4/23 + 12/31 5/51 + 25/54
0.5319 25/47 25/47 0.5614 … 32/57
0.5320 7/27 + 9/33 5/51 + 23/53 0.5620 1/23 + 14/27 9/34 + 11/37
0.5323 … 33/62 0.5625 9/16 …
0.5330 18/37 + 2/43 16/46 + 10/54 0.5630 12/39 + 12/47 22/46 + 5/59
0.5333 8/15 16/30 0.5640 25/33 −  6/31 41/49 −  18/66
0.5340 28/41 −  7/47 37/51 −  9/47 0.5641 22/39 22/39
0.5345 … 31/58 0.5645 … 35/62
0.5349 23/43 23/43 0.5650 10/31 + 8/33 3/24 + 11/25
0.5350 16/37 + 4/39 9/24 + 4/25 0.5652 13/23 26/46
0.5357 … 15/28 0.5660 4/39 + 19/41 9/46 + 20/54
0.5360 1/41 + 22/43 5/49 + 23/53 0.5660 … 30/53
0.5366 22/41 22/41 0.5667 … 17/30
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0.5670 33/47 −  5/37 25/47 + 2/57 0.5970 6/47 + 23/49 13/58 + 22/59
0.5676 21/37 21/37 0.5980 35/49 −  5/43 16/47 + 17/66
0.5680 23/31 −  4/23 21/47 + 8/66 0.5990 17/37 + 6/43 23/49 + 7/54
0.5686 … 29/51 0.6000 9/15 15/25
0.5690 … 33/58 0.6000 12/20 18/30
0.5690 28/39 −  7/47 42/59 −  7/49 0.6010 32/41 −  7/39 32/41 −  7/39
0.5700 21/43 + 4/49 6/24 + 8/25 0.6020 13/16 −  4/19 20/47 + 9/51
0.5710 9/43 + 17/47 39/57 −  6/53 0.6030 16/41 + 10/47 24/49 + 6/53
0.5714 12/21 16/28 0.6034 … 35/58
0.5714 28/49 24/42 0.6038 … 32/53
0.5714 … 28/49 0.6040 23/31 −  4/29 21/58 + 15/62
0.5720 31/43 −  7/47 40/58 −  6/51 0.6047 … 26/43
0.5730 12/39 + 13/49 23/57 + 10/59 0.6050 11/37 + 12/39 3/24 + 12/25
0.5740 14/41 + 10/43 23/37 −  2/42 0.6053 … 23/38
0.5741 … 31/54 0.6060 28/41 −  3/39 29/54 + 4/58
0.5745 27/47 27/47 0.6061 20/33 40/66
0.5750 3/15 + 6/16 9/24 + 6/30 0.6070 31/49 −  1/39 23/47 + 6/51
0.5758 19/33 38/66 0.6071 … 17/28
0.5760 21/29 −  4/27 24/49 + 5/58 0.6078 … 31/51
0.5763 … 34/59 0.6080 1/31 + 19/33 24/53 + 9/58
0.5770 5/37 + 19/43 32/46 −  7/59 0.6087 14/23 28/46
0.5780 2/21 + 14/29 25/49 + 4/59 0.6090 17/31 + 2/33 40/59 −  4/58
0.5789 11/19 22/38 0.6098 25/41 25/41
0.5789 … 33/57 0.6100 23/33 −  2/23 6/24 + 9/25
0.5790 26/43 −  1/39 38/62 −  2/59 0.6102 … 36/59
0.5800 3/43 + 25/49 12/25 + 3/30 0.6110 1/39 + 24/41 5/28 + 16/37
0.5806 18/31 36/62 0.6111 … 33/54
0.5810 21/39 + 2/47 18/53 + 14/58 0.6120 27/41 −  2/43 29/39 −  5/38
0.5814 25/43 25/43 0.6122 30/49 30/49
0.5820 6/21 + 8/27 23/38 −  1/43 0.6129 19/31 38/62
0.5830 11/37 + 14/49 8/46 + 27/66 0.6130 15/19 −  3/17 1/49 + 32/54
0.5833 … 14/24 0.6140 25/39 −  1/37 36/49 −  7/58
0.5840 18/39 + 6/49 13/57 + 21/59 0.6140 … 35/57
0.5849 … 31/53 0.6150 22/37 + 1/49 9/24 + 6/25
0.5850 3/23 + 15/33 15/24 −  1/25 0.6154 24/39 24/39
0.5854 24/41 24/41 0.6160 10/41 + 16/43 14/53 + 19/54
0.5860 20/39 + 3/41 17/54 + 16/59 0.6170 12/37 + 12/41 5/59 + 33/62
0.5862 17/29 34/58 0.6170 29/47 29/47
0.5870 … 27/46 0.6176 … 21/34
0.5870 30/47 −  2/39 37/53 −  6/54 0.6180 5/39 + 24/49 3/53 + 32/57
0.5880 1/37 + 23/41 28/57 + 6/62 0.6190 1/43 + 28/47 17/53 + 17/57
0.5882 10/17 20/34 0.6190 13/21 26/42
0.5882 … 30/51 0.6200 23/43 + 4/47 8/25 + 9/30
0.5890 32/41 −  9/47 8/46 + 22/53 0.6207 … 36/58
0.5897 23/39 23/39 0.6210 29/37 −  7/43 6/46 + 26/53
0.5900 29/47 −  1/37 18/24 −  4/25 0.6212 … 41/66
0.5909 … 39/66 0.6216 23/37 23/37
0.5910 24/39 −  1/41 40/59 −  4/46 0.6220 14/27 + 3/29 15/53 + 20/59
0.5918 29/49 29/49 0.6226 … 33/53
0.5920 21/37 + 1/41 21/34 −  1/39 0.6230 24/37 −  1/39 24/37 −  1/39
0.5926 16/27 32/54 0.6240 5/29 + 14/31 4/49 + 32/59
0.5930 1/15 + 10/19 22/34 −  2/37 0.6250 10/16 15/24
0.5932 … 35/59 0.6260 12/43 + 17/49 21/46 + 10/59
0.5940 6/29 + 12/31 15/49 + 19/66 0.6270 17/47 + 13/49 24/46 + 6/57
0.5946 22/37 22/37 0.6271 … 37/59
0.5950 12/41 + 13/43 18/25 −  3/24 0.6275 … 32/51
0.5952 … 25/42 0.6279 27/43 27/43
0.5957 28/47 28/47 0.6280 23/33 −  2/29 28/47 + 2/62
0.5960 28/39 −  5/41 15/51 + 16/53 0.6290 11/39 + 17/49 12/54 + 24/59
0.5965 … 34/57 0.6290 … 39/62
0.5968 … 37/62 0.6296 17/27 34/54
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0.6300 11/41 + 17/47 18/24 −  3/25 0.6610 … 39/59
0.6304 … 29/46 0.6613 … 41/62
0.6310 9/37 + 19/49 8/49 + 29/62 0.6620 13/23 + 3/31 36/53 −  1/58
0.6316 12/19 24/38 0.6630 35/49 −  2/39 11/39 + 16/42
0.6316 … 36/57 0.6640 13/41 + 17/49 33/51 + 1/59
0.6320 12/37 + 12/39 12/34 + 12/43 0.6650 16/37 + 10/43 15/24 + 1/25
0.6327 31/49 31/49 0.6660 34/41 −  8/49 21/51 + 15/59
0.6330 13/27 + 5/33 14/51 + 19/53 0.6667 10/15 16/24
0.6333 … 19/30 0.6667 12/18 20/30
0.6340 7/17 + 4/18 25/37 −  1/24 0.6667 14/21 26/39
0.6341 26/41 26/41 0.6667 18/27 28/42
0.6350 9/39 + 19/47 19/25 −  3/24 0.6667 22/33 34/51
0.6360 7/37 + 21/47 12/54 + 24/58 0.6667 26/39 36/54
0.6364 21/33 42/66 0.6667 … 38/57
0.6370 5/47 + 26/49 10/47 + 28/66 0.6667 … 44/66
0.6379 … 37/58 0.6670 24/41 + 4/49 5/51 + 33/58
0.6380 12/27 + 6/31 6/34 + 18/39 0.6680 14/41 + 16/49 11/47 + 23/53
0.6383 30/47 30/47 0.6690 5/23 + 14/31 10/46 + 28/62
0.6390 14/23 + 1/33 28/39 −  3/38 0.6700 37/49 −  4/47 18/24 −  2/25
0.6400 4/37 + 25/47 16/25 0.6710 9/21 + 8/33 15/47 + 19/54
0.6410 … 45/66 −  2/49 0.6720 15/41 + 15//49 7/54 + 32//59
0.6410 25/39 25/39 0.6724 … 39/58
0.6415 … 34/53 0.6730 7/43 + 25//49 42/57 −  3//47
0.6420 23/37 + 1/49 20/59 + 20/66 0.6735 33/49 33/49
0.6429 … 18/28 0.6739 … 31/46
0.6429 … 27/42 0.6740 4/39 + 28/49 21/53 + 15/54
0.6430 41/37 −  20/43 24/51 + 10/58 0.6744 29/43 29/43
0.6440 31/43 −  3/39 31/43 −  3/39 0.6750 10/16 + 1/20 9/24 + 9/30
0.6441 … 38/59 0.6757 25/37 25/37
0.6450 33/43 −  6/49 3/24 + 13/25 0.6760 20/23 −  6/31 43/62 −  1/57
0.6452 20/31 40/62 0.6765 … 23/34
0.6460 23/37 + 1/41 2/47 + 35/58 0.6770 7/37 + 20/41 26/53 + 11/59
0.6470 8/39 + 19/43 24/47 + 9/66 0.6774 21/31 42/62
0.6471 11/17 22/34 0.6780 … 40/59
0.6471 … 33/51 0.6780 21/39 + 6/43 6/49 + 30/54
0.6480 31/41 −  4/37 43/57 −  5/47 0.6786 … 19/28
0.6481 … 35/54 0.6790 7/37 + 24/49 19/51 + 19/62
0.6486 24/37 24/37 0.6792 … 36/53
0.6490 3/23 + 14/27 8/30 + 13/34 0.6800 31/47 + 1/49 17/25
0.6491 … 37/57 0.6809 32/47 32/47
0.6500 13/20 6/24 + 12/30 0.6810 21/27 −  3/31 29/41 −  1/38
0.6510 18/29 + 1/33 25/59 + 15/66 0.6818 … 45/66
0.6512 … 28/43 0.6820 15/37 + 13/47 37/51 −  2/46
0.6515 … 43/66 0.6829 28/41 28/41
0.6520 8/31 + 13/33 46/59 −  6/47 0.6830 5/17 + 7/18 35/57 + 4/58
0.6522 15/23 30/46 0.6840 31/37 −  6/39 13/47 + 22/54
0.6530 24/31 −  4/33 22/54 + 14/57 0.6842 13/19 26/38
0.6531 32/49 32/49 0.6842 … 39/57
0.6540 23/41 + 4/43 34/58 + 4/59 0.6850 15/41 + 15/47 3/24 + 14/25
0.6550 23/31 −  2/23 9/24 + 7/25 0.6852 … 37/54
0.6552 19/29 38/58 0.6860 3/23 + 15/27 19/49 + 17/57
0.6560 29/41 −  2/39 23/24 −  13/43 0.6863 … 35/51
0.6570 10/23 + 6/27 20/46 + 12/54 0.6870 28/37 −  3/43 36/51 −  1/53
0.6579 … 25/38 0.6875 11/16 …
0.6580 10/21 + 6/33 20/34 + 3/43 0.6880 13/21 + 2/29 30/49 + 5/66
0.6585 27/41 27/41 0.6890 36/47 −  3/39 42/53 −  6/58
0.6590 15/27 + 3/29 3/54 + 35/58 0.6897 20/29 40/58
0.6596 31/47 31/47 0.6900 21/37 + 6/49 6/24 + 11/25
0.6600 8/47 + 24/49 9/25 + 9/30 0.6905 … 29/42
0.6604 … 35/53 0.6910 35/49 −  1/43 21/57 + 20/62
0.6610 2/41 + 30/49 34/57 + 4/62 0.6920 35/43 −  5/41 35/43 −  5/41
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0.6923 27/39 27/39 0.7234 … 34/47
0.6930 19/37 + 7/39 19/37 + 7/39 0.7240 3/27 + 19/31 34/41 −  4/38
0.6935 … 43/62 0.7241 21/29 42/58
0.6939 34/49 34/49 0.7250 2/16 + 12/20 7/24 + 13/30
0.6940 10/23 + 7/27 14/38 + 14/43 0.7255 … 37/51
0.6949 … 41/59 0.7258 … 45/62
0.6950 24/33 −  1/31 9/24 + 8/25 0.7260 34/41 −  6/47 2/49 + 37/54
0.6957 16/23 32/46 0.7270 15/19 −  1/16 14/54 + 29/62
0.6960 15/31 + 7/33 32/47 + 1/66 0.7273 24/33 48/66
0.6970 … 46/66 0.7280 23/37 + 5/47 23/49 + 15/58
0.6970 24/39 + 4/49 24/51 + 12/53 0.7288 … 43/59
0.6977 30/43 30/43 0.7290 38/49 −  2/43 12/47 + 27/57
0.6980 22/29 −  2/33 4/47 + 38/62 0.7297 27/37 27/37
0.6981 … 37/53 0.7300 11/27 + 10/31 6/24 + 12/25
0.6990 34/47 −  1/41 14/58 + 27/59 0.7310 15/37 + 14/43 26/59 + 18/62
0.7000 14/20 21/30 0.7317 30/41 30/41
0.7010 24/43 + 7/49 28/47 + 6/57 0.7320 20/37 + 9/47 26/57 + 16/58
0.7018 … 40/57 0.7330 19/37 + 9/41 39/47 −  6/62
0.7020 10/21 + 7/31 7/37 + 20/39 0.7333 11/15 22/30
0.7021 33/47 33/47 0.7340 6/21 + 13/29 26/49 + 12/59
0.7027 26/37 26/37 0.7347 36/49 36/49
0.7030 25/31 −  3/29 23/58 + 19/62 0.7350 29/37 −  2/41 9/24 + 9/25
0.7037 19/27 38/54 0.7353 … 25/34
0.7040 8/37 + 20/41 47/59 −  5/54 0.7358 … 39/53
0.7050 19/37 + 9/47 15/24 + 2/25 0.7360 25/47 + 10/49 47/59 −  4/66
0.7059 12/17 24/34 0.7368 14/19 28/38
0.7059 … 36/51 0.7368 … 42/57
0.7060 18/37 + 9/41 38/58 + 3/59 0.7370 2/37 + 28/41 13/49 + 25/53
0.7069 … 41/58 0.7380 19/37 + 11/49 31/47 + 4/51
0.7070 6/39 + 26/47 7/30 + 18/38 0.7381 … 31/42
0.7073 29/41 29 ⁄41 0.7390 6/31 + 18/33 12/62 + 36/66
0.7080 30/39 −  3/49 13/58 + 30/62 0.7391 17/23 34/46
0.7083 … 17/24 0.7400 8/39 + 23/43 6/25 + 15/30
0.7090 34/39 −  7/43 31/46 + 2/57 0.7407 20/27 40/54
0.7097 22/31 44/62 0.7410 9/39 + 25/49 49/57 −  7/59
0.7100 20/43 + 12/49 18/24 −  1/25 0.7414 … 43/58
0.7105 … 27/38 0.7419 23/31 46/62
0.7110 22/29 −  1/21 33/39 −  5/37 0.7420 17/39 + 15/49 28/51 + 11/57
0.7119 … 42/59 0.7424 … 49/66
0.7120 6/39 + 24/43 31/54 + 8/58 0.7430 19/39 + 11/43 1/53 + 42/58
0.7121 … 47/66 0.7436 … 29/39
0.7130 27/43 + 4/47 17/30 + 6/41 0.7440 4/29 + 20/33 27/49 + 11/57
0.7140 6/43 + 27/47 45/57 −  4/53 0.7442 32/43 32/43
0.7143 15/21 20/28 0.7447 35/47 35/47
0.7143 35/49 30/42 0.7450 17/21 −  2/31 15/24 + 3/25
0.7143 … 35/49 0.7451 … 38/51
0.7150 28/43 + 3/47 21/25 −  3/24 0.7458 … 44/59
0.7160 2/47 + 33/49 25/51 + 14/62 0.7460 13/47 + 23/49 2/59 + 47/66
0.7170 … 38/53 0.7470 23/41 + 8/43 29/49 + 9/58
0.7170 29/43 + 2/47 28/59 + 16/66 0.7480 19/43 + 15/49 10/53 + 33/59
0.7174 … 33/46 0.7490 13/15 −  2/17 36/47 −  1/59
0.7179 28/39 28/39 0.7500 12/16 18/24
0.7180 22/27 −  3/31 21/58 + 21/59 0.7500 15/20 21/28
0.7190 39/49 −  3/39 12/57 + 30/59 0.7510 11/23 + 9/33 39/53 + 1/66
0.7193 … 41/57 0.7520 19/23 −  2/27 39/57 + 4/59
0.7200 2/43 + 33/49 18/25 0.7530 23/39 + 8/49 11/53 + 36/66
0.7209 31/43 31/43 0.7540 6/37 + 29/49 25/46 + 12/57
0.7210 13/29 + 9/33 21/47 + 17/62 0.7544 … 43/57
0.7220 18/23 −  2/33 13/46 + 29/66 0.7547 … 40/53
0.7222 13/18 39/54 0.7550 24/37 + 5/47 21/24 −  3/25
0.7230 6/29 + 16/31 11/46 + 30/62 0.7551 37/49 37/49
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0.7560 1/47 + 36/49 9/47 + 35/62 0.7860 17/37 + 16/49 49/58 −  3/51
0.7561 31/41 31/41 0.7870 10/39 + 26/49 30/37 −  1/42
0.7568 28/37 28/37 0.7872 37/47 37/47
0.7570 15/43 + 20/49 8/53 + 40/66 0.7879 26/33 52/66
0.7576 25/33 50/66 0.7880 6/39 + 26/41 45/51 −  5/53
0.7580 16/37 + 14/43 48/59 −  3/54 0.7890 19/41 + 14/43 37/49 + 2/59
0.7581 … 47/62 0.7895 … 30/38
0.7586 22/29 44/58 0.7895 … 45/57
0.7590 28/47 + 8/49 36/41 −  5/42 0.7900 15/37 + 15/39 18/24 + 1/25
0.7593 … 41/54 0.7903 … 49/62
0.7600 39/47 −  3/43 19/25 0.7907 34/43 34/43
0.7609 … 35/46 0.7910 8/29 + 17/33 7/49 + 35/54
0.7610 19/43 + 15/47 34/51 + 5/53 0.7917 … 19/24
0.7619 16/21 32/42 0.7920 8/29 + 16/31 4/47 + 41/58
0.7620 38/47 −  2/43 16/51 + 26/58 0.7925 … 42/53
0.7627 … 45/59 0.7930 10/39 + 22/41 7/47 + 38/59
0.7630 14/37 + 15/39 36/46 −  1/51 0.7931 23/29 46/58
0.7632 … 29/38 0.7940 28/43 + 7/49 14/57 + 34/62
0.7640 29/39 + 1/49 27/57 + 18/62 0.7941 … 27/34
0.7647 13/17 26/34 0.7949 31/39 31/39
0.7647 … 39/51 0.7950 24/37 + 6/41 21/24 −  2/25
0.7650 16/27 + 5/29 3/24 + 16/25 0.7959 39/49 39/49
0.7660 36/47 36/47 0.7960 2/39 + 35/47 18/37 + 13/42
0.7660 13/37 + 17/41 4/37 + 25/38 0.7963 … 43/54
0.7667 … 23/30 0.7966 … 47/59
0.7670 14/41 + 20/47 31/38 −  2/41 0.7970 40/47 −  2/37 13/53 + 32/58
0.7674 33/43 33/43 0.7980 14/39 + 18/41 33/51 + 8/53
0.7680 21/41 + 11/43 21/41 + 11/43 0.7990 3/37 + 28/39 10/28 + 19/43
0.7690 16/47 + 21/49 15/54 + 28/57 0.8000 12/15 20/25
0.7692 30/39 30/39 0.8000 16/20 24/30
0.7700 14/23 + 5/31 6/24 + 13/25 0.8010 32/37 −  3/47 10/47 + 30/51
0.7710 21/39 + 10/43 48/59 −  2/47 0.8020 27/31 −  2/29 54/62 −  4/58
0.7719 … 44/57 0.8030 18/39 + 14/41 18/39 + 14/41
0.7720 2/37 + 28/39 2/37 + 28/39 0.8030 … 53/66
0.7727 … 51/66 0.8039 … 41/51
0.7730 20/27 + 1/31 1/34 + 29/39 0.8040 10/43 + 28/49 32/49 + 8/53
0.7736 … 41/53 0.8043 … 37/46
0.7740 32/39 −  2/43 32/39 −  2/43 0.8049 33/41 33/41
0.7742 24/31 48/62 0.8050 22/23 −  5/33 3/24 + 17/25
0.7750 6/16 + 8/20 9/24 + 12/30 0.8060 34/41 −  1/43 13/47 + 27/51
0.7755 38/49 38/49 0.8065 25/31 50/62
0.7759 … 45/58 0.8070 5/15 + 9/19 15/58 + 34/62
0.7760 36/41 −  5/49 5/51 + 40/59 0.8070 … 46/57
0.7770 6/23 + 16/31 47/59 −  1/51 0.8080 19/21 −  3/31 22/39 + 10/41
0.7778 14/18 42/54 0.8085 38/47 38/47
0.7778 21/27 … 0.8090 22/39 + 12/49 28/53 + 16/57
0.7780 16/41 + 19/49 41/47 −  5/53 0.8095 … 34/42
0.7790 6/41 + 31/49 49/57 −  5/62 0.8100 33/43 + 2/47 6/24 + 14/25
0.7797 … 46/59 0.8103 … 47/58
0.7800 28/37 + 1/43 17/25 + 3/30 0.8108 30/37 30/37
0.7805 32/41 32/41 0.8110 7/27 + 16/29 34/53 + 10/59
0.7810 12/23 + 7/27 17/57 + 28/58 0.8113 … 43/53
0.7820 28/31 −  4/33 45/49 −  9/66 0.8120 17/29 + 7/31 34/58 + 14/62
0.7826 18/23 36/46 0.8125 13/16 …
0.7830 13/31 + 12/33 23/46 + 15/53 0.8130 6/43 + 33/49 16/24 + 6/41
0.7838 29/37 29/37 0.8136 … 48/59
0.7840 21/23 −  4/31 34/47 + 4/66 0.8140 35/43 35/43
0.7843 … 40/51 0.8140 28/33 −  1/29 14/47 + 32/62
0.7850 32/43 + 2/49 15/24 + 4/25 0.8148 22/27 44/54
0.7857 … 22/28 0.8150 22/47 + 17/49 9/24 + 11/25
0.7857 … 33/42 0.8158 … 31/38
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0.8160 5/37 + 32/47 23/34 + 6/43 0.8478 … 39/46
0.8163 40/49 40/49 0.8480 30/41 + 5/43 31/59 + 20/62
0.8170 12/17 + 2/18 13/54 + 34/59 0.8485 28/33 56/66
0.8180 30/39 + 2/41 33/54 + 12/58 0.8490 13/41 + 25/47 2/47 + 50/62
0.8182 27/33 54/66 0.8491 … 45/53
0.8190 26/37 + 5/43 20/34 + 9/39 0.8500 17/20 18/24 + 3/30
0.8200 28/39 + 5/49 8/25 + 15/30 0.8510 5/21 + 19/31 22/37 + 10/39
0.8205 32/39 32/39 0.8511 40/47 40/47
0.8210 10/21 + 10/29 10/59 + 43/66 0.8519 23/27 46/54
0.8214 … 23/28 0.8520 1/16 + 15/19 55/62 −  2/57
0.8220 18/41 + 18/47 11/57 + 39/62 0.8529 … 29/34
0.8226 … 51/62 0.8530 17/21 + 1/23 19/58 + 31/59
0.8230 34/39 −  2/41 4/49 + 43/58 0.8537 35/41 35/41
0.8235 14/17 28/34 0.8540 15/39 + 23/49 54/62 −  1/59
0.8235 … 42/51 0.8548 … 53/62
0.8240 15/37 + 18/43 19/53 + 27/58 0.8550 19/37 + 14/41 9/24 + 12/25
0.8246 … 47/57 0.8560 24/43 + 14/47 37/53 + 9/57
0.8250 6/16 + 9/20 7/24 + 16/30 0.8570 3/43 + 37/47 51/57 −  2/53
0.8260 4/31 + 23/33 39/62 + 13/66 0.8571 18/21 24/28
0.8261 19/23 38/46 0.8571 42/49 36/42
0.8270 32/41 + 2/43 46/58 + 2/59 0.8571 … 42/49
0.8276 24/29 48/58 0.8580 25/43 + 13/47 38/51 + 7/62
0.8280 35/41 −  1/39 35/41 −  1/39 0.8590 11/27 + 14/31 22/54 + 28/62
0.8290 5/37 + 34/49 10/34 + 23/43 0.8596 … 49/57
0.8293 34/41 34/41 0.8600 1/43 + 41/49 9/25 + 15/30
0.8298 39/47 39/47 0.8605 37/43 37/43
0.8300 17/23 + 3/33 18/24 + 2/25 0.8610 16/37 + 21/49 18/46 + 31/66
0.8302 … 44/53 0.8620 13/37 + 24/47 17/38 + 17/41
0.8305 … 49/59 0.8621 25/29 50/58
0.8310 34/39 −  2/49 39/49 + 2/57 0.8627 … 44/51
0.8320 27/43 + 10/49 27/53 + 20/62 0.8630 38/41 −  3/47 18/46 + 25/53
0.8330 9/37 + 23/39 42/47 −  4/66 0.8636 … 57/66
0.8333 15/18 20/24 0.8640 11/16 + 3/17 56/62 −  2/51
0.8333 … 25/30 0.8644 … 51/59
0.8333 … 35/42 0.8649 32/37 32/37
0.8333 … 45/54 0.8650 4/41 + 33/43 15/24 + 6/25
0.8333 … 55/66 0.8660 10/17 + 5/18 13/57 + 37/58
0.8340 15/23 + 6/33 20/38 + 12/39 0.8667 13/15 26/30
0.8350 43/49 −  2/47 21/24 −  1/25 0.8670 3/21 + 21/29 28/54 + 23/66
0.8360 2/41 + 37/47 32/46 + 8/57 0.8679 … 46/53
0.8367 41/49 41/49 0.8680 36/47 + 5/49 53/59 −  2/66
0.8370 19/29 + 6/33 33/57 + 16/62 0.8684 … 33/38
0.8372 … 36/43 0.8690 40/43 −  3/49 39/47 + 2/51
0.8378 … 31/37 0.8696 20/23 40/46
0.8380 7/39 + 27/41 20/46 + 25/62 0.8700 4/39 + 33/43 18/24 + 3/25
0.8387 26/31 52/62 0.8704 … 47/54
0.8390 30/39 + 3/43 3/49 + 42/54 0.8710 27/31 54/62
0.8400 19/37 + 16/49 21/25 0.8710 17/27 + 7/29 31/51 + 15/57
0.8410 23/43 + 15/49 44/51 −  1/46 0.8718 34/39 34/39
0.8420 34/37 −  3/39 46/49 −  6/62 0.8720 30/37 + 3/49 26/58 + 25/59
0.8421 16/19 32/38 0.8723 41/47 41/47
0.8421 … 48/57 0.8730 15/39 + 21/43 21/49 + 24/54
0.8430 6/37 + 32/47 9/47 + 43/66 0.8740 15/39 + 23/47 5/53 + 46/59
0.8431 … 43/51 0.8750 14/16 21/24
0.8440 17/21 + 1/29 41/54 + 5/59 0.8760 21/23 −  1/27 48/57 + 2/59
0.8448 … 49/58 0.8770 3/37 + 39/49 37/51 + 10/66
0.8450 29/37 + 3/49 3/24 + 18/25 0.8772 … 50/57
0.8460 27/37 + 5/43 22/54 + 25/57 0.8776 43/49 43/49
0.8462 33/39 33/39 0.8780 24/47 + 18/49 31/53 + 17/58
0.8470 5/23 + 17/27 26/38 + 7/43 0.8780 36/41 36/41
0.8475 … 50/59 0.8788 … 58/66
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0.8790 22/43 + 18/49 52/58 −  1/57 0.9110 31/37 + 3/41 31/37 + 3/41
0.8793 … 51/58 0.9118 … 31/34
0.8800 31/39 + 4/47 22/25 0.9120 26/37 + 9/43 52/43 −  11/37
0.8810 … 37/42 0.9123 … 52/57
0.8810 19/29 + 7/31 8/51 + 42/58 0.9130 2/31 + 28/33 35/62 + 23/66
0.8814 … 52/59 0.9130 21/23 42/46
0.8820 20/37 + 14/41 42/57 + 9/62 0.9138 … 53/58
0.8824 15/17 30/34 0.9140 7/21 + 18/31 42/47 + 1/49
0.8824 … 45/51 0.9149 43/47 43/47
0.8830 27/41 + 11/49 7/51 + 44/59 0.9150 8/17 + 8/18 21/24 + 1/25
0.8837 38/43 38/43 0.9153 … 54/59
0.8840 23/29 + 3/33 37/47 + 6/62 0.9160 35/43 + 5/49 40/53 + 10/62
0.8850 7/23 + 18/31 3/24 + 19/25 0.9167 … 22/24
0.8860 38/41 −  2/49 38/59 + 15/62 0.9170 19/23 + 3/33 29/38 + 6/39
0.8868 … 47/53 0.9180 1/41 + 42/47 39/46 + 4/57
0.8870 28/41 + 10/49 34/51 + 13/59 0.9184 45/49 45/49
0.8871 … 55/62 0.9189 34/37 34/37
0.8880 18/41 + 22/49 28/51 + 20/59 0.9190 14/23 + 9/29 8/46 + 38/51
0.8889 16/18 48/54 0.9194 … 57/62
0.8889 24/27 … 0.9200 28/37 + 8/49 23/25
0.8890 8/41 + 34/49 53/57 −  2/49 0.9210 17/37 + 18/39 23/49 + 28/62
0.8900 39/41 −  3/49 6/24 + 16/25 0.9211 … 35/38
0.8910 29/41 + 9/49 52/57 −  1/47 0.9216 … 47/51
0.8913 … 41/46 0.9220 26/39 + 12/47 10/34 + 27/43
0.8919 33/37 33/37 0.9229 31/37 + 4/47 …
0.8920 19/41 + 21/49 17/47 + 35/66 0.9230 … 29/54 + 22/57
0.8929 … 25/28 0.9231 36/39 36/39
0.8930 27/37 + 8/49 5/46 + 40/51 0.9240 15/41 + 24/43 45/59 + 10/62
0.8936 42/47 42/47 0.9242 … 61/66
0.8939 … 59/66 0.9245 … 49/53
0.8940 27/29 −  1/27 28/49 + 20/62 0.9250 14/16 + 1/20 7/24 + 19/30
0.8947 17/19 34/38 0.9259 25/27 50/54
0.8947 … 51/57 0.9260 17/43 + 26/49 2/51 + 47/53
0.8950 30/41 + 8/49 9/24 + 13/25 0.9268 38/41 38/41
0.8960 20/41 + 20/49 8/47 + 45/62 0.9270 28/37 + 8/47 29/59 + 27/62
0.8966 26/29 52/58 0.9280 3/39 + 40/47 47/57 + 6/58
0.8970 14/43 + 28/49 7/57 + 48/62 0.9286 … 26/28
0.8974 35/39 35/39 0.9286 … 39/42
0.8980 44/49 44/49 0.9290 12/37 + 26/43 16/53 + 37/59
0.8980 1/39 + 41/47 28/57 + 24/59 0.9298 … 53/57
0.8983 … 53/59 0.9300 5/29 + 25/33 6/24 + 17/25
0.8990 8/39 + 34/49 42/51 + 4/53 0.9302 40/43 40/43
0.9000 18/20 27/30 0.9310 25/37 + 12/47 7/30 + 30/43
0.9010 28/29 −  2/31 27/58 + 27/62 0.9310 27/29 54/58
0.9020 20/27 + 5/31 46/51 0.9320 30/39 + 7/43 59/62 + 1/51
0.9020 … 29/53 + 22/62 0.9322 … 55/59
0.9024 37/41 37/41 0.9330 34/39 + 3/49 5/42 + 35/43
0.9030 17/41 + 21/43 17/41 + 21/43 0.9333 14/15 28/30
0.9032 28/31 56/62 0.9340 1/37 + 39/43 56/59 −  1/66
0.9040 17/41 + 23/47 7/53 + 44/57 0.9348 … 43/46
0.9048 19/21 38/42 0.9350 2/39 + 38/43 9/24 + 14/25
0.9050 38/43 + 1/47 15/24 + 7/25 0.9355 29/31 58/62
0.9057 … 48/53 0.9360 15/37 + 26/49 13/58 + 42/59
0.9060 17/43 + 24/47 17/58 + 38/62 0.9362 44/47 44/47
0.9070 39/43 39/43 0.9370 19/21 + 1/31 29/53 + 23/59
0.9070 14/29 + 14/33 7/47 + 47/62 0.9375 15/16 …
0.9074 … 49/54 0.9380 13/39 + 26/43 21/46 + 26/54
0.9080 1/27 + 27/31 29/54 + 23/62 0.9388 46/49 46/49
0.9090 14/37 + 26/49 8/53 + 47/62 0.9390 30/37 + 5/39 30/37 + 5/39
0.9091 30/33 60/66 0.9394 31/33 62/66
0.9100 14/39 + 27/49 18/24 + 4/25 0.9400 35/39 + 2/47 16/25 + 9/30
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Approximate Indexing for Small Angles.—To find approximate indexing movements
for small angles, such as the remainder from the method discussed in Angular Indexing
starting on page 2086, on a dividing head with a 40:1 worm-gear ratio, divide 540 by the
number of minutes in the angle, and then divide the number of holes in each of the available
indexing circles by this quotient. The result that is closest to a whole number is the best
approximation of the angle for a simple indexing movement and is the number of holes to
be moved in the corresponding circle of holes. If the angle is greater than 9 degrees, the

0.9410 30 ⁄41 + 9/43 25/47 + 27/66 0.9670 9/47 + 38/49 8/34 + 30/41
0.9412 16/17 32/34 0.9677 30/31 60/62
0.9412 … 48/51 0.9680 26/37 + 13/49 2/46 + 49/53
0.9420 15/37 + 22/41 42/47 + 3/62 0.9690 26/39 + 13/43 5/51 + 54/62
0.9430 9/23 + 16/29 12/49 + 37/53 0.9697 32/33 64/66
0.9434 … 50/53 0.9700 12/23 + 13/29 6/24 + 18/25
0.9440 9/43 + 36/49 26/46 + 25/66 0.9706 … 33/34
0.9444 17/18 51/54 0.9710 26/37 + 11/41 14/46 + 34/51
0.9450 37/41 + 2/47 15/24 + 8/25 0.9720 26/43 + 18/49 31/53 + 24/62
0.9459 35/37 35/37 0.9730 36/37 36/37
0.9460 12/39 + 30/47 22/46 + 29/62 0.9730 20/23 + 3/29 26/54 + 29/59
0.9470 33/47 + 12/49 14/49 + 41/62 0.9737 … 37/38
0.9474 18/19 36/38 0.9740 16/21 + 7/33 26/34 + 9/43
0.9474 … 54/57 0.9744 38/39 38/39
0.9480 18/37 + 18/39 11/38 + 27/41 0.9750 10/16 + 7/20 13/24 + 13/30
0.9483 … 55/58 0.9756 40/41 40/41
0.9487 37/39 37/39 0.9760 14/39 + 29/47 10/49 + 44/57
0.9490 1/15 + 15/17 13/47 + 39/58 0.9762 … 41/42
0.9492 … 56/59 0.9767 42/43 42/43
0.9500 19/20 6/24 + 21/30 0.9770 33/37 + 4/47 30/47 + 21/62
0.9510 29/43 + 13/47 41/53 + 11/62 0.9780 25/37 + 13/43 25/37 + 13/43
0.9512 39/41 39/41 0.9783 … 45/46
0.9516 … 59/62 0.9787 46/47 46/47
0.9520 8/43 + 36/47 30/53 + 22/57 0.9790 13/23 + 12/29 10/53 + 49/62
0.9524 20/21 40/42 0.9796 48/49 48/49
0.9530 5/43 + 41/49 16/59 + 45/66 0.9800 23/39 + 16/41 17/25 + 9/30
0.9535 41/43 41/43 0.9804 … 50/51
0.9540 29/37 + 8/47 28/54 + 27/62 0.9810 22/43 + 23/49 51/58 + 6/59
0.9545 … 63/66 0.9811 … 52/53
0.9550 7/39 + 38/49 21/24 + 2/25 0.9815 … 53/54
0.9560 13/37 + 26/43 13/37 + 26/43 0.9820 30/39 + 10/47 19/46 + 33/58
0.9565 22/23 44/46 0.9825 … 56/57
0.9570 14/21 + 9/31 21/47 + 25/49 0.9828 … 57/58
0.9574 45/47 45/47 0.9830 26/41 + 15/43 45/57 + 12/62
0.9580 5/39 + 39/47 20/53 + 36/62 0.9831 … 58/59
0.9583 … 23/24 0.9839 … 61/62
0.9590 21/41 + 21/47 18/51 + 40/66 0.9840 13/37 + 31/49 1/46 + 51/53
0.9592 47/49 47/49 0.9848 … 65/66
0.9600 7/39 + 32/41 24/25 0.9850 6/23 + 21/29 15/24 + 9/25
0.9608 … 49/51 0.9860 16/23 + 9/31 42/53 + 12/62
0.9610 11/23 + 14/29 5/34 + 35/43 0.9870 15/21 + 9/33 13/34 + 26/43
0.9620 28/41 + 12/43 52/59 + 5/62 0.9880 7/39 + 38/47 5/46 + 51/58
0.9623 … 51/53 0.9890 33/39 + 7/49 20/39 + 20/42
0.9630 26/27 52/54 0.9900 10/29 + 20/31 18/24 + 6/25
0.9630 30/43 + 13/49 1/51 + 50/53 0.9910 22/23 + 1/29 21/46 + 31/58
0.9640 21/39 + 20/47 52/57 + 3/58 0.9920 39/41 + 2/49 40/53 + 14/59
0.9643 … 27/28 0.9930 8/23 + 20/31 21/53 + 37/62
0.9649 … 55/57 0.9940 7/23 + 20/29 14/46 + 40/58
0.9650 11/39 + 28/41 3/24 + 21/25 0.9950 35/39 + 4/41 21/24 + 3/25
0.9655 28/29 56/58 0.9960 40/41 + 1/49 43/46 + 3/49
0.9660 13/39 + 31/49 15/39 + 25/43 0.9970 15/23 + 10/29 30/46 + 20/58
0.9661 … 57/59 0.9980 20/41 + 25/49 12/51 + 45/59
0.9667 … 29/30 0.9990 10/41 + 37/49 6/51 + 52/59
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whole number will be greater than the number of holes in the circle, indicating that one or
more full turns of the crank are required. Dividing by the number of holes in the indicated
circle of holes will reduce the required indexing movement to the number of full turns, and
the remainder will be the number of holes to be moved for the fractional turn. If the angle is
less than about 11 minutes, it cannot be indexed by simple indexing with standard B & S
plates (the corresponding angle for standard plates on a Cincinnati head is about 8 minutes,
and for Cincinnati high number plates, 2.7 minutes. See Tables 5, 6a, and 6b for indexing
movements with Cincinnati standard and high number plates).

Example:An angle of 7° 25 ′ is to be indexed. Expressed in minutes, it is 445′ and 540
divided by 445 equals 1.213483. The indexing circles available on standard B & S plates
are 15, 16, 17, 18, 19, 20, 21, 23, 27, 29, 31, 33, 37, 39, 41, 43, 47, and 49. Each of these
numbers is divided by 1.213483 and the closest to a whole number is found to be 17 ÷
1.213483 = 14.00926. The best approximation for a simple indexing movement to obtain
7° 25 ′ is 14 holes on the 17-hole circle.

Differential Indexing.—This method is the same, in principle, as compound indexing
(see Compound Indexing on page 2080), but differs from the latter in that the index plate is
rotated by suitable gearing that connects it to the spiral-head spindle. This rotation or dif-
ferential motion of the index plate takes place when the crank is turned, the plate moving
either in the same direction as the crank or opposite to it, as may be required. The result is
that the actual movement of the crank, at every indexing, is either greater or less than its
movement with relation to the index plate. The differential method makes it possible to
obtain almost any division by using only one circle of holes for that division and turning the
index crank in one direction, as with plain indexing.

The gears to use for turning the index plate the required amount (when gears are required)
are shown by Tables 4a and 4b, Simple and Differential Indexing with Browne & Sharpe
Indexing Plates, which shows what divisions can be obtained by plain indexing, and when
it is necessary to use gears and the differential system. For example, if 50 divisions are
required, the 20-hole index circle is used and the crank is moved 16 holes, but no gears are
required. For 51 divisions, a 24-tooth gear is placed on the wormshaft and a 48-tooth gear
on the spindle. These two gears are connected by two idler gears having 24 and 44 teeth,
respectively.

To illustrate the principle of differential indexing, suppose a dividing head is to be geared
for 271 divisions. Table 4b calls for a gear on the wormshaft having 56 teeth, a spindle gear
with 72 teeth, and a 24-tooth idler to rotate the index plate in the same direction as the
crank. The sector arms should be set to give the crank a movement of 3 holes in the 21-hole
circle. If the spindle and the index plate were not connected through gearing, 280 divisions
would be obtained by successively moving the crank 3 holes in the 21-hole circle, but the
gears cause the index plate to turn in the same direction as the crank at such a rate that,
when 271 indexings have been made, the work is turned one complete revolution. There-
fore, we have 271 divisions instead of 280, the number being reduced because the total
movement of the crank, for each indexing, is equal to the movement relative to the index
plate, plus the movement of the plate itself when, as here, the crank and plate rotate in the
same direction.

If they were rotated in opposite directions, the crank would have a total movement equal
to the amount it turned relative to the plate, minus the plate's movement. Sometimes it is
necessary to use compound gearing to move the index plate the required amount for each
turn of the crank. The differential method cannot be used in connection with helical or spi-
ral milling because the spiral head is then geared to the leadscrew of the machine.

Finding Ratio of Gearing for Differential Indexing.—To find the ratio of gearing for
differential indexing, first select some approximate number A of divisions either greater or
less than the required number N. For example, if the required number N is 67, the approxi-
mate number A might be 70. Then, if 40 turns of the index crank are required for 1 revolu-
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tion of the spindle, the gearing ratio R = (A − N) × 40/A. If the approximate number A is less
than N, the formula is the same as above except that A − N is replaced by N − A.

Example:Find the gearing ratio and indexing movement for 67 divisions.

The fraction 12 ⁄7 is raised to obtain a numerator and a denominator to match gears that are
available. For example, 12 ⁄7 = 48 ⁄28.

Various combinations of gearing and index circles are possible for a given number of
divisions. The index numbers and gear combinations in the accompanying Tables 4a and
4b apply to a given series of index circles and gear-tooth numbers. The approximate num-
ber A on which any combination is based may be determined by dividing 40 by the fraction
representing the indexing movement. For example, the approximate number used for 109
divisions equals 40 ÷ 6 ⁄16, or 40 × 16 ⁄6 = 106 2⁄3. If this approximate number is inserted in
the preceding formula, it will be found that the gear ratio is 7 ⁄8, as shown in the table.

Second Method of Determining Gear Ratio: In illustrating a somewhat different method
of obtaining the gear ratio, 67 divisions will again be used. If 70 is selected as the approxi-
mate number, then 40 ⁄70 = 4 ⁄7 or 12 ⁄21 turn of the index crank will be required. If the
crank is indexed four-sevenths of a turn, sixty-seven times, it will make 4 ⁄7 × 67 = 382⁄7 rev-
olutions. This number is 15⁄7 turns less than the 40 required for one revolution of the work
(indicating that the gearing should be arranged to rotate the index plate in the same direc-
tion as the index crank to increase the indexing movement). Hence the gear ratio 15⁄7 = 12 ⁄7.

To Find the Indexing Movement.—The indexing movement is represented by the frac-
tion 40/A. For example, if 70 is the approximate number A used in calculating the gear ratio
for 67 divisions, then, to find the required movement of the index crank, reduce 40 ⁄70 to
any fraction of equal value and having as denominator any number equal to the number of
holes available in an index circle.

Use of Idler Gears.—In differential indexing, idler gears are used to rotate the index plate
in the same direction as the index crank, thus increasing the resulting indexing movement,
or to rotate the index plate in the opposite direction, thus reducing the resulting indexing
movement.

Example 1:If the approximate number A is greater than the required number of divisions
N, simple gearing will require one idler, and compound gearing, no idler. Index plate and
crank rotate in the same direction.

Example 2:If the approximate number A is less than the required number of divisions N,
simple gearing requires two idlers, and compound gearing, one idler. Index plate and crank
rotate in opposite directions.

When Compound Gearing Is Required.—It is sometimes necessary, as shown in the
table, to use a train of four gears to obtain the required ratio with the gear-tooth numbers
that are available.

Example:Find the gear combination and indexing movement for 99 divisions, assuming
that an approximate number A of 100 is used.

The final numbers here represent available gear sizes. The gears having 32 and 28 teeth are
the drivers (gear on spindle and first gear on stud), and gears having 40 and 56 teeth are

If A 70, gearing ratio 70 67–( ) 40
70
------× 12

7
------ gear on spindle (driver)

gear on worm (driven)
--------------------------------------------------------= = = =

To illustrate, 
40
70
------ 4

7
--- 12

21
------ number of holes indexed

number of holes in index circle
--------------------------------------------------------------------------= = =

Ratio 100 99–( ) 40
100
---------× 4

10
------ 4 1×

5 2×
------------

32
40
------ 28

56
------×= = = =
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driven (second gear on stud and gear on wormshaft). The indexing movement is repre-
sented by the fraction 40⁄100, which is reduced to 8⁄20, the 20-hole index circle being used here.

Example:Determine the gear combination to use for indexing 53 divisions. If 56 is used
as an approximate number (possibly after one or more trial solutions to find an approxi-
mate number and resulting gear ratio coinciding with available gears):

The tooth numbers above the line here represent gear on spindle and first gear on stud. The
tooth numbers below the line represent second gear on stud and gear on wormshaft.

To Check the Number of Divisions Obtained with a Given Gear Ratio and Index
Movement.—Invert the fraction representing the indexing movement. Let C = this
inverted fraction and R = gearing ratio.

Example 1:If simple gearing with one idler, or compound gearing with no idler, is used:
number of divisions N = 40C − RC.

For instance, if the gear ratio is 12⁄7, there is simple gearing and one idler, and the indexing
movement is 12⁄21, making the inverted fraction C, 21⁄12; find the number of divisions N.

Example 2:If simple gearing with two idlers, or compound gearing with one idler, is
used: number of divisions N = 40C + RC.

For instance, if the gear ratio is 7⁄8, two idlers are used with simple gearing, and the index-
ing movement is 6 holes in the 16-hole circle, then number of divisions:

Sector Graduations

Gearing ratio 56 53–( ) 40
56
------× 15

7
------ 3 5×

1 7×
------------ 72 40×

24 56×
------------------= = = =

Indexing movement 40
56
------ 5

7
--- 5 7×

7 7×
------------ 35 holes

49-hole circle
---------------------------------= = = =

N 40
21
12
------×

 
  12

7
------ 21

12
------×

 
 – 70 21

7
------– 67= = =

N 40
16
6
------×

 
  7

8
--- 16

6
------×

 
 + 109= =

3 7
3 9
4 1
4 3
4 7
4 9

c

a

b

30 20
10

0

40

80

70

60
50

90

100

110

120
130

140

150

160

170
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Table 4a. Simple and Differential Indexing with
 Browne & Sharpe Indexing Plates

No.
of

Div.
Index
Circle

No. of
Turns

of
Crank G

ra
du

at
io

n
on

 S
ec

to
r

No.
of

Div.
Index
Circle

No. of
Turns

of
Crank G

ra
du

at
io

n
on

 S
ec

to
r

Gear
on

Worm

No. 1 Hole

G
ea

r
on

 S
pi

nd
le Idlers

First
Gear

on Stud

Second
Gear

on Stud
No. 1
Hole

No. 2
Hole

2 Any 20 … 33 33 17⁄33 41 Note: The data in columns labeled Graduation on 
Sector refer to a graduated dial that accompanies the 
sector arms on some dividing heads, page 2106. The 
graduated sector ring eliminates the requirement of 
counting holes and thereby lessens the possbility of 
error. Graduations in table indicate setting for sector 
arms when index crank moves through arc A, except fig-
ures marked *, when crank moves through arc B.

Differential Indexing

Certain divisions such as 51, 53, 57, etc., require the 
use of differential indexing. In differential indexing, 
change gears are used to transmit motion from the main 
spindle of the dividing head to the index plate, which 
turns (either in the same direction as the index plate or in 
the opposite direction) whatever amount is required to 
obtain the correct indexing movement.

The numbers in the columns below represent numbers 
of teeth for the change gears necessary to give the divi-
sions required. Where no numbers are shown simple 
indexing, which does not require change gears, is used.

3 39 1313⁄39 65 34 17 13⁄17 33

4 Any 10 … 35 49 17⁄49 26

5 Any 8 … 36 27 13⁄27 21

6 39 626⁄39 132 37 37 13⁄37 15

7 49 535⁄49 140 38 19 11⁄19 9

8 Any 5 … 39 39 11⁄39 3

9 27 412⁄27 88 40 Any 1 …

10 Any 4 … 41 41 40/41 3*

11 33 321⁄33 126 42 21 20/21 9*

12 39 313⁄39 65 43 43 40/43 12*

13 39 33⁄39 14 44 33 30/33 17*

14 49 242⁄49 169 45 27 24/27 21*

15 39 220⁄39 132 46 23 20/23 172

16 20 210⁄20 98 47 47 40/47 168

17 17 26⁄17 69 48 18 15/18 165

18 27 26⁄27 43 49 49 40/49 161 Differential Gears

19 19 22⁄19 19 50 20 16/20 158

20 Any 2 … 51 17 14/17 33* 24 … … 48 24 44

21 21 119⁄21 18* 52 39 30/39 152 … … … … … …

22 33 127⁄33 161 53 49 35/49 140 56 40 24 72 … …

23 23 117⁄23 147 54 27 20/27 147 … … … … … …

24 39 126⁄39 132 55 33 24/33 144 … … … … … …

25 20 112⁄20 118 56 49 35/49 140 … … … … … …

26 39 121⁄39 106 57 21 15/21 142 56 … … 40 24 44

27 27 113⁄27 95 58 29 20/29 136 … … … … … …

28 49 121⁄49 83 59 39 26/39 132 48 … … 32 44 …

29 29 111⁄29 75 60 39 26/39 132 … … … … … …

30 39 113⁄39 65 61 39 26/39 132 48 … … 32 24 44

31 31 19⁄31 56 62 31 20/31 127 … … … … … …

32 20 15⁄20 48 63 39 26/39 132 24 … … 48 24 44

Gear on Spindle
64 T.

Gear on Worm
40 T.

2nd Gear on Stud, 32 T.
1st Gear on Stud, 56 T.

Geared for 107 Divisions

Idler
24 T.

No. 1
Hole

No. 2
Hole

A

B
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Table 4b. Simple and Differential Indexing
 Browne & Sharpe Indexing Plates

No. of
Divi-
sions

Index
Circle

No. of
Turns of
Crank

Graduation
on

Sectora

Gear
on

Worm

No. 1 Hole

Gear
on

Spindle

Idlers

First Gear
on Stud

Second
Gear on

Stud
No. 1
Hole

No. 2
Holeb

64 16 10/16 123 … … … … … …
65 39 24/39 121 … … … … … …
66 33 20/33 120 … … … … … …
67 21 12/21 113 28 … … 48 44 …
68 17 10/17 116 … … … … … …
69 20 12/20 118 40 … … 56 24 44
70 49 28/49 112 … … … … … …
71 18 10/18 109 72 … … 40 24 …
72 27 15/27 110 … … … … … …
73 21 12/21 113 28 … … 48 24 44
74 37 20/37 107 … … … … … …
75 15 8/15 105 … … … … … …
76 19 10/19 103 … … … … … …
77 20 10/20 98 32 … … 48 44 …
78 39 20/39 101 … … … … … …
79 20 10/20 98 48 … … 24 44 …
80 20 10/20 98 … … … … … …
81 20 10/20 98 48 … … 24 24 44
82 41 20/41 96 … … … … … …
83 20 10/20 98 32 … … 48 24 44
84 21 10/21 94 … … … … … …
85 17 8/17 92 … … … … … …
86 43 20/48 91 … … … … … …
87 15 7/15 92 40 … … 24 24 44
88 33 15/33 89 … … … … … …
89 18 8/18 87 72 … … 32 44 …
90 27 12/27 88 … … … … … …
91 39 18/39 91 24 … … 48 24 44
92 23 10/23 86 … … … … … …
93 18 8/18 87 24 … … 32 24 44
94 47 20/47 83 … … … … … …
95 19 8/19 82 … … … … … …
96 21 9/21 85 28 … … 32 24 44
97 20 8/20 78 40 … … 48 44 …
98 49 20/49 79 … … … … … …
99 20 8/20 78 56 28 40 32 … …

100 20 8/20 78 … … … … … …
101 20 8/20 78 72 24 40 48 … 24
102 20 8/20 78 40 … … 32 24 44
103 20 8/20 78 40 … … 48 24 44
104 39 15/39 75 … … … … … …
105 21 8/21 75 … … … … … …
106 43 16/43 73 86 24 24 48 … …
107 20 8/20 78 40 56 32 64 … 24
108 27 10/27 73 … … … … … …
109 16 6/16 73 32 … … 28 24 44
110 33 12/33 71 … … … … … …
111 39 13/39 65 24 … … 72 32 …
112 39 13/39 65 24 … … 64 44 …
113 39 13/39 65 24 … … 56 44 …
114 39 13/39 65 24 … … 48 44 …
115 23 8/23 68 … … … … … …
116 29 10/29 68 … … … … … …
117 39 13/39 65 24 … … 24 56 …
118 39 13/39 65 48 … … 32 44 …
119 39 13/39 65 72 … … 24 44 …
120 39 13/39 65 … … … … … …
121 39 13/39 65 72 … … 24 24 44
122 39 13/39 65 48 … … 32 24 44
123 39 13/39 65 24 … … 24 24 44
124 31 10/31 63 … … … … … …
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125 39 13/39 65 24 … … 40 24 44
126 39 13/39 65 24 … … 48 24 44
127 39 13/39 65 24 … … 56 24 44
128 16 5/16 61 … … … … … …
129 39 13/39 65 24 … … 72 24 44
130 39 12/39 60 … … … … … …
131 20 6/20 58 40 … … 28 44 …
132 33 10/33 59 … … … … … …
133 21 6/21 56 24 … … 48 44 …
134 21 6/21 56 28 … … 48 44 …
135 27 8/27 58 … … … … … …
136 17 5/17 57 … … … … … …
137 21 6/21 56 28 … … 24 56 …
138 21 6/21 56 56 … … 32 44 …
139 21 6/21 56 56 32 48 24 … …
140 49 14/49 55 … … … … … …
141 18 5/18 54 48 … … 40 44 …
142 21 6/21 56 56 … … 32 24 44
143 21 6/21 56 28 … … 24 24 44
144 18 5/18 54 … … … … … …
145 29 8/29 54 … … … … … …
146 21 6/21 56 28 … … 48 24 44
147 21 6/21 56 24 … … 48 24 44
148 37 10/37 53 … … … … … …
149 21 6/21 56 28 … … 72 24 44
150 15 4/15 52 … … … … … …
151 20 5/20 48 32 … … 72 44 …
152 19 5/19 51 … … … … … …
153 20 5/20 48 32 … … 56 44 …
154 20 5/20 48 32 … … 48 44 …
155 31 8/31 50 … … … … … …
156 39 10/39 50 … … … … … …
157 20 5/20 48 32 … … 24 56 …
158 20 5/20 48 48 … … 24 44 …
159 20 5/20 48 64 32 56 28 … …
160 20 5/20 48 … … … … … …
161 20 5/20 48 64 32 56 28 … 24
162 20 5/20 48 48 … … 24 24 44
163 20 5/20 48 32 … … 24 24 44
164 41 10/41 47 … … … … … …
165 33 8/33 47 … … … … … …
166 20 5/20 48 32 … … 48 24 44
167 20 5/20 48 32 … … 56 24 44
168 21 5/21 47 … … … … … …
169 20 5/20 48 32 … … 72 24 44
170 17 4/17 45 … … … … … …
171 21 5/21 47 56 … … 40 24 44
172 43 10/43 44 … … … … … …
173 18 4/18 43 72 56 32 64 … …
174 18 4/18 43 24 … … 32 56 …
175 18 4/18 43 72 40 32 64 … …
176 18 4/18 43 72 24 24 64 … …
177 18 4/18 43 72 … … 48 24 …
178 18 4/18 43 72 … … 32 44 …
179 18 4/18 43 72 24 48 32 … …
180 18 4/18 43 … … … … … …
181 18 4/18 43 72 24 48 32 … 24
182 18 4/18 43 72 … … 32 24 44
183 18 4/18 43 48 … … 32 24 44
184 23 5/23 42 … … … … … …
185 37 8/37 42 … … … … … …
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186 18 4/18 43 48 … … 64 24 44
187 18 4/18 43 72 48 24 56 … 24
188 47 10/47 40 … … … … … …
189 18 4/18 43 32 … … 64 24 44
190 19 4/19 40 … … … … … …
191 20 4/20 38 40 … … 72 24 …
192 20 4/20 38 40 … … 64 44 …
193 20 4/20 38 40 … … 56 44 …
194 20 4/20 38 40 … … 48 44 …
195 39 8/39 39 … … … … … …
196 49 10/49 38 … … … … … …
197 20 4/20 38 40 … … 24 56 …
198 20 4/20 38 56 28 40 32 … …
199 20 4/20 38 100 40 64 32 … …
200 20 4/20 38 … … … … … …
201 20 4/20 38 72 24 40 24 … 24
202 20 4/20 38 72 24 40 48 … 24
203 20 4/20 38 40 … … 24 24 44
204 20 4/20 38 40 … … 32 24 44
204 20 4/20 38 40 … … 32 24 44
205 41 8/41 37 … … … … … …
206 20 4/20 38 40 … … 48 24 44
207 20 4/20 38 40 … … 56 24 44
208 20 4/20 38 40 … … 64 24 44
209 20 4/20 38 40 … … 72 24 44
210 21 4/21 37 … … … … … …
211 16 3/16 36 64 … … 28 44 …
212 43 8/43 35 86 24 24 48 … …
213 27 5/27 36 72 … … 40 44 …
214 20 4/20 38 40 56 32 64 … 24
215 43 8/43 35 … … … … … …
216 27 5/27 36 … … … … … …
217 21 4/21 37 48 … … 64 24 44
218 16 3/16 36 64 … … 56 24 44
219 21 4/21 37 28 … … 48 24 44
220 33 6/33 35 … … … … … …
221 17 3/17 33 24 … … 24 56 …
222 18 3/18 32 24 … … 72 44 …
223 43 8/43 35 86 8 24 64 … 24
224 18 3/18 32 24 … … 64 44 …
225 27 5/27 36 24 … … 40 24 44
226 18 3/18 32 24 … … 56 44 …
227 49 8/49 30 56 64 28 72 … …
228 18 3/18 32 24 … … 48 44 …
229 18 3/18 32 24 … … 44 48 …
230 23 4/23 34 … … … … … …
231 18 3/18 32 32 … … 48 44 …
232 29 5/29 33 … … … … … …
233 18 3/18 32 48 … … 56 44 …
234 18 3/18 32 24 … … 24 56 …
235 47 8/47 32 … … … … … …
236 18 3/18 32 48 … … 32 44 …
237 18 3/18 32 48 … … 24 44 …
238 18 3/18 32 72 … … 24 44 …
239 18 3/18 32 72 24 64 32 … …
240 18 3/18 32 … … … … … …
241 18 3/18 32 72 24 64 32 … 24
242 18 3/18 32 72 … … 24 24 44
243 18 3/18 32 64 … … 32 24 44
244 18 3/18 32 48 … … 32 24 44
245 49 8/49 30 … … … … … …
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246 18 3/18 32 24 … … 24 24 44
247 18 3/18 32 48 … … 56 24 44
248 31 5/31 31 … … … … … …
249 18 3/18 32 32 … … 48 24 44
250 18 3/18 32 24 … … 40 24 44
251 18 3/18 32 48 44 32 64 … 24
252 18 3/18 32 24 … … 48 24 44
253 33 5/33 29 24 … … 40 56 …
254 18 3/18 32 24 … … 56 24 44
255 18 3/18 32 48 40 24 72 … 24
256 18 3/18 32 24 … … 64 24 44
257 49 8/49 30 56 48 28 64 … 24
258 43 7/43 31 32 … … 64 24 44
259 21 3/21 28 24 … … 72 44 …
260 39 6/39 29 … … … … … …
261 29 4/29 26 48 64 24 72 … …
262 20 3/20 28 40 … … 28 44 …
263 49 8/49 30 56 64 28 72 … 24
264 33 5/33 29 … … … … … …
265 21 3/21 28 56 40 24 72 … …
266 21 3/21 28 32 … … 64 44 …
267 27 4/27 28 72 … … 32 44 …
268 21 3/21 28 28 … … 48 44 …
269 20 3/20 28 64 32 40 28 … 24
270 27 4/27 28 … … … … … …
271 21 3/21 28 56 24 24 72 … …
272 21 3/21 28 56 … … 64 24 …
273 21 3/21 28 24 … … 24 56 …
274 21 3/21 28 56 … … 48 44 …
275 21 3/21 28 56 … … 40 44 …
276 21 3/21 28 56 … … 32 44 …
277 21 3/21 28 56 … … 24 44 …
278 21 3/21 28 56 32 48 24 … …
279 27 4/27 28 24 … … 32 24 44
280 49 7/49 26 … … … … … …
281 21 3/21 28 72 24 56 24 … 24
282 43 6/43 26 86 24 24 56 … …
283 21 3/21 28 56 … … 24 24 44
284 21 3/21 28 56 … … 32 24 44
285 21 3/21 28 56 … … 40 24 44
286 21 3/21 28 56 … … 48 24 44
287 21 3/21 28 24 … … 24 24 44
288 21 3/21 28 28 … … 32 24 44
289 21 3/21 28 56 24 24 72 … 24
290 29 4/29 26 … … … … … …
291 15 2/15 25 40 … … 48 44 …
292 21 3/21 28 28 … … 48 24 44
293 15 2/15 25 48 32 40 56 … …
294 21 3/21 28 24 … … 48 24 44
295 15 2/15 25 48 … … 32 44 …
296 37 5/37 26 … … … … … …
297 33 4/33 23 28 48 24 56 … …
298 21 3/21 28 28 … … 72 24 44
299 23 3/23 25 24 … … 24 56 …
300 15 2/15 25 … … … … … …
301 43 6/43 26 24 … … 48 24 44
302 16 2/16 24 32 … … 72 24 …
303 15 2/15 25 72 24 40 48 … 24
304 16 2/16 24 24 … … 48 44 …
305 15 2/15 25 48 … … 32 24 44
306 15 2/15 25 40 … … 32 24 44
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307 15 2/15 25 72 48 40 56 … 24
308 16 2/16 24 32 … … 48 44 …
309 15 2/15 25 40 … … 48 24 44
310 31 4/31 24 … … … … … …
311 16 2/16 24 64 24 24 72 … …
312 39 5/39 24 … … … … … …
313 16 2/16 24 32 … … 28 56 …
314 16 2/16 24 32 … … 24 56 …
315 16 2/16 24 64 … … 40 24 …
316 16 2/16 24 64 … … 32 44 …
317 16 2/16 24 64 … … 24 44 …
318 16 2/16 24 56 28 48 24 … …
319 29 4/29 26 48 64 24 72 … 24
320 16 2/16 24 … … … … … …
321 16 2/16 24 72 24 64 24 … 24
322 23 3/23 25 32 … … 64 24 44
323 16 2/16 24 64 … … 24 24 44
324 16 2/16 24 64 … … 32 24 44
325 16 2/16 24 64 … … 40 24 44
326 16 2/16 24 32 … … 24 24 44
327 16 2/16 24 32 … … 28 24 44
328 41 5/41 23 … … … … … …
329 16 2/16 24 64 24 24 72 … 24
330 33 4/33 23 … … … … … …
331 16 2/16 24 64 44 24 48 … 24
332 16 2/16 24 32 … … 48 24 44
333 18 2/18 21 24 … … 72 44 …
334 16 2/16 24 32 … … 56 24 44
335 33 4/33 23 72 48 44 40 … 24
336 16 2/16 24 32 … … 64 24 44
337 43 5/43 21 86 40 32 56 … …
338 16 2/16 24 32 … … 72 24 44
339 18 2/18 21 24 … … 56 44 …
340 17 2/17 22 … … … … … …
341 43 5/43 21 86 24 32 40 … …
342 18 2/18 21 32 … … 64 44 …
343 15 2/15 25 40 64 24 86 … 24
344 43 5/43 21 … … … … … …
345 18 2/18 21 24 … … 40 56 …
346 18 2/18 21 72 56 32 64 … …
347 43 5/43 21 86 24 32 40 … 24
348 18 2/18 21 24 … … 32 56 …
349 18 2/18 21 72 44 24 48 … …
350 18 2/18 21 72 40 32 64 … …
351 18 2/18 21 24 … … 24 56 …
352 18 2/18 21 72 24 24 64 … …
353 18 2/18 21 72 24 24 56 … …
354 18 2/18 21 72 … … 48 24 …
355 18 2/18 21 72 … … 40 24 …
356 18 2/18 21 72 … … 32 24 …
357 18 2/18 21 72 … … 24 44 …
358 18 2/18 21 72 32 48 24 … …
359 43 5/43 21 86 48 32 100 … 24
360 18 2/18 21 … … … … … …
361 19 2/19 19 32 … … 64 44 …
362 18 2/18 21 72 28 56 32 … 24
363 18 2/18 21 72 … … 24 24 44
364 18 2/18 21 72 … … 32 24 44

a See Note on page 2107.
b On B & S numbers 1, 11⁄2, and 2 machines, number 2 hole is in the machine table. On numbers 3 and

4 machines, number 2 hole is in the head. 

Table 4b. (Continued) Simple and Differential Indexing
 Browne & Sharpe Indexing Plates

No. of
Divi-
sions

Index
Circle

No. of
Turns of
Crank

Graduation
on

Sectora

Gear
on

Worm

No. 1 Hole

Gear
on

Spindle

Idlers

First Gear
on Stud

Second
Gear on

Stud
No. 1
Hole

No. 2
Holeb



MILLING MACHINE INDEXING 2113

Table 5. Indexing Movements for Standard Index Plate
Cincinnati Milling Machine

The standard index plate indexes all numbers up to and including 60; all even numbers and those divisible by 5 up to 120; and all 
divisions listed below up to 400. This plate is drilled on both sides, and has holes as follows:

First side: 24, 25, 28, 30, 34, 37, 38, 39, 41, 42, 43.
Second side: 46, 47, 49, 51, 53, 54, 57, 58, 59, 62, 66.
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2 Any 20 … 44 66 60 104 39 15 205 41 8

3 24 13 8 45 54 48 105 42 16 210 42 8

4 Any 10 … 46 46 40 106 53 20 212 53 10

5 Any 8 … 47 47 40 108 54 20 215 43 8

6 24 6 16 48 24 20 110 66 24 216 54 10

7 28 5 20 49 49 40 112 28 10 220 66 12

8 Any 5 … 50 25 20 114 57 20 224 28 5

9 54 4 24 51 51 40 115 46 16 228 57 10

10 Any 4 … 52 39 30 116 58 20 230 46 8

11 66 3 42 53 53 40 118 59 20 232 58 10

12 24 3 8 54 54 40 120 66 22 235 47 8

13 39 3 3 55 66 48 124 62 20 236 59 10

14 49 2 42 56 28 20 125 25 8 240 66 11

15 24 2 16 57 57 40 130 39 12 245 49 8

16 24 2 12 58 58 40 132 66 20 248 62 10

17 34 2 12 59 59 40 135 54 16 250 25 4

18 54 2 12 60 42 28 136 34 10 255 51 8

19 38 2 4 62 62 40 140 28 8 260 39 6

20 Any 2 … 64 24 15 144 54 15 264 66 10

21 42 1 38 65 39 24 145 58 16 270 54 8

22 66 1 54 66 66 40 148 37 10 272 34 5

23 46 1 34 68 34 20 150 30 8 280 28 4

24 24 1 16 70 28 16 152 38 10 290 58 8

25 25 1 15 72 54 30 155 62 16 296 37 5

26 39 1 21 74 37 20 156 39 10 300 30 4

27 54 1 26 75 30 16 160 28 7 304 38 5

28 42 1 18 76 38 20 164 41 10 310 62 8

29 58 1 22 78 39 20 165 66 16 312 39 5

30 24 1 8 80 34 17 168 42 10 320 24 3

31 62 1 18 82 41 20 170 34 8 328 41 5

32 28 1 7 84 42 20 172 43 10 330 66 8

33 66 1 14 85 34 16 176 66 15 336 42 5

34 34 1 6 86 43 20 180 54 12 340 34 4

35 28 1 4 88 66 30 184 46 10 344 43 5

36 54 1 6 90 54 24 185 37 8 360 54 6

37 37 1 3 92 46 20 188 47 10 368 46 5

38 38 1 2 94 47 20 190 38 8 370 37 4

39 39 1 1 95 38 16 192 24 5 376 47 5

40 Any 1 … 96 24 10 195 39 8 380 38 4

41 41 … 40 98 49 20 196 49 10 390 39 4

42 42 … 40 100 25 10 200 30 6 392 49 5

43 43 … 40 102 51 20 204 51 10 400 30 3
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Table 6a. Indexing Movements for High Numbers
Cincinnati Milling Machine

This set of 3 index plates indexes all numbers up to and including 200; all even numbers and those divisible by 5 up to and 
including 400. The plates are drilled on each side, making six sides A, B, C, D, E and F.

Example:—It is required to index 35 divisions. The preferred side is F, since this requires the least number of holes; but should 
one of plates D, A or E be in place, either can be used, thus avoiding the changing of plates.

N
o.

 o
f

D
iv

is
io

ns

Si
de

C
ir

cl
e

Tu
rn

s

H
ol

es

N
o.

 o
f

D
iv

is
io

ns

Si
de

C
ir

cl
e

Tu
rn

s

H
ol

es

N
o.

 o
f

D
iv

is
io

ns

Si
de

C
ir

cl
e

Tu
rn

s

H
ol

es

2 Any Any 20 .... 15 C 93 2 62 28 D 77 1 33

3 A 30 13 10 15 F 159 2 106 28 A 91 1 39

3 B 36 13 12 16 E 26 2 13 29 E 87 1 33

3 E 42 13 14 16 F 28 2 14 30 A 30 1 10

3 C 93 13 31 16 A 30 2 15 30 B 36 1 12

3 F 159 13 53 16 D 32 2 16 30 E 42 1 14

4 Any Any 10 .... 16 C 34 2 17 30 C 93 1 31

5 Any Any 8 .... 16 B 36 2 18 30 F 159 1 53

6 A 30 6 20 17 C 34 2 12 31 C 93 1 27

6 B 36 6 24 17 E 119 2 42 32 F 28 1 7

6 E 42 6 28 17 C 153 2 54 32 D 32 1 8

6 C 93 6 62 17 F 187 2 66 32 B 36 1 9

6 F 159 6 106 18 B 36 2 8 32 A 48 1 12

7 F 28 5 20 18 A 99 2 22 33 A 99 1 21

7 E 42 5 30 18 C 153 2 34 34 C 34 1 6

7 D 77 5 55 19 F 38 2 4 34 E 119 1 21

7 A 91 5 65 19 E 133 2 14 34 F 187 1 33

8 Any Any 5 .... 19 A 171 2 18 35 F 28 1 4

9 B 36 4 16 20 Any Any 2 .... 35 D 77 1 11

9 A 99 4 44 21 E 42 1 38 35 A 91 1 13

9 C 153 4 68 21 A 147 1 133 35 E 119 1 17

10 Any Any 4 .... 22 D 44 1 36 36 B 36 1 4

11 D 44 3 28 22 A 99 1 81 36 A 99 1 11

11 A 99 3 63 22 F 143 1 117 36 C 153 1 17

11 F 143 3 91 23 C 46 1 34 37 B 111 1 9

12 A 30 3 10 23 A 69 1 51 38 F 38 1 2

12 B 36 3 12 23 E 161 1 119 38 E 133 1 7

12 E 42 3 14 24 A 30 1 20 38 A 171 1 9

12 C 93 3 31 24 B 36 1 24 39 A 117 1 3

12 F 159 3 53 24 E 42 1 28 40 Any Any 1 ....

13 E 26 3 2 24 C 93 1 62 41 C 123 .... 120

13 A 91 3 7 24 F 159 1 106 42 E 42 .... 40

13 F 143 3 11 25 A 30 1 18 42 A 147 .... 140

13 B 169 3 13 25 E 175 1 105 43 A 129 .... 120

14 F 28 2 24 26 F 26 1 14 44 D 44 .... 40

14 E 42 2 36 26 A 91 1 49 44 A 99 .... 90

14 D 77 2 66 26 B 169 1 91 44 F 143 .... 130

14 A 91 2 78 27 B 81 1 39 45 B 36 .... 32

15 A 30 2 20 27 A 189 1 91 45 A 99 .... 88

15 B 36 2 24 28 F 28 1 12 45 C 153 .... 136

15 E 42 2 28 28 E 42 1 18 46 C 46 .... 40



MILLING MACHINE INDEXING 2115

Table 6b. Indexing Movements for High Numbers
Cincinnati Milling Machine 
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46 A 69 60 70 E 119 68 96 B 36 15
46 E 161 140 71 F 71 40 96 A 48 20
47 B 141 120 72 B 36 20 97 B 97 40
48 A 30 25 72 A 117 65 98 A 147 60
48 B 36 30 72 C 153 85 99 A 99 40
49 A 147 120 73 E 73 40 100 A 30 12
50 A 30 24 74 B 111 60 100 E 175 70
50 E 175 140 75 A 30 16 101 F 101 40
51 C 153 120 76 F 38 20 102 C 153 60
52 E 26 20 76 E 133 70 103 E 103 40
52 A 91 70 76 A 171 90 104 E 26 10
52 F 143 110 77 D 77 40 104 A 91 35
52 B 169 130 78 A 117 60 104 F 143 55
53 F 159 120 79 C 79 40 104 B 169 65
54 B 81 60 80 E 26 13 105 E 42 16
54 A 189 140 80 F 28 14 105 A 147 56
55 D 44 32 80 A 30 15 106 F 159 60
55 F 143 104 80 D 32 16 107 D 107 40
56 F 28 20 80 C 34 17 108 B 81 30
56 E 42 30 80 B 36 18 108 A 189 70
56 D 77 55 80 E 42 21 109 C 109 40
56 A 91 65 81 B 81 40 110 D 44 16
57 A 171 120 82 C 123 60 110 A 99 36
58 E 87 60 83 F 83 40 110 F 143 52
59 A 177 120 84 E 42 20 111 B 111 40
60 A 30 20 84 A 147 70 112 F 28 10
60 B 36 24 85 C 34 16 112 E 42 15
60 E 42 28 85 E 119 56 113 F 113 40
60 F 159 106 85 F 187 88 114 A 171 60
61 B 183 120 86 A 129 60 115 C 46 16
62 C 93 60 87 E 87 40 115 A 69 24
63 A 189 120 88 D 44 20 115 E 161 56
64 D 32 20 88 A 99 45 116 E 87 30
64 A 48 30 88 F 143 65 117 A 117 40
65 E 26 16 89 D 89 40 118 A 177 60
65 A 91 56 90 B 36 16 119 E 119 40
65 F 143 88 90 A 99 44 120 A 30 10
65 B 169 104 90 C 153 68 120 B 36 12
66 A 99 60 91 A 91 40 120 E 42 14
67 B 67 40 92 C 46 20 120 C 93 31
68 C 34 20 92 A 69 30 120 F 159 53
68 E 119 70 92 E 161 70 121 D 121 40
68 F 187 110 93 C 93 40 122 B 183 60
69 A 69 40 94 B 141 60 123 C 123 40
70 F 28 16 95 F 38 16 124 C 93 30
70 D 42 24 95 E 133 56 125 E 175 56
70 A 91 52 95 A 171 72 126 A 189 60

127 B 127 40 160 A 48 12 198 A 99 20
128 D 32 10 161 E 161 40 199 B 199 40
128 A 48 15 162 B 81 20 200 A 30 6
129 A 129 40 163 D 163 40 200 E 175 35
130 E 26 8 164 C 123 30 202 F 101 20
130 A 91 28 165 A 99 24 204 C 153 30
130 F 143 44 166 F 83 20 205 C 123 24
130 B 169 52 167 C 167 40 206 E 103 20
131 F 131 40 168 E 42 10 208 E 26 5
132 A 99 30 168 A 147 35 210 E 42 8
133 E 133 40 169 B 169 40 210 A 147 28
134 B 67 20 170 C 34 8 212 F 159 30
135 B 81 24 170 E 119 28 214 D 107 20
135 A 189 56 170 F 187 44 215 A 129 24
136 C 34 10 171 A 171 40 216 B 81 15
136 E 119 35 172 A 129 30 216 A 189 35
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137 D 137 40 173 F 173 40 218 C 109 20
138 A 69 20 174 E 87 20 220 D 44 8
139 C 139 40 175 E 175 40 220 A 99 18
140 F 28 8 176 D 44 10 220 F 143 26
140 E 42 12 177 A 177 40 222 B 111 20
140 D 77 22 178 D 89 20 224 F 28 5
140 A 91 26 179 D 179 40 226 F 113 20
141 B 141 40 180 B 36 8 228 A 171 30
142 F 71 20 180 A 99 22 230 C 46 8
143 F 143 40 180 C 153 34 230 A 69 12
144 B 36 10 181 C 181 40 230 E 161 28
145 E 87 24 182 A 91 20 232 E 87 15
146 E 73 20 183 B 183 40 234 A 117 20
147 A 147 40 184 C 46 10 235 B 141 24
148 B 111 30 184 A 69 15 236 A 177 30
149 E 149 40 184 E 161 35 238 E 119 20
150 A 30 8 185 B 111 24 240 A 30 5
151 D 151 40 186 C 93 20 240 B 36 6
152 F 38 10 187 F 187 40 240 E 42 7
152 E 133 35 188 B 141 30 240 A 48 8
152 A 171 45 189 A 189 40 242 D 121 20
153 C 153 40 190 F 38 8 244 B 183 30
154 D 77 20 190 E 133 28 245 A 147 24
155 C 93 24 190 A 171 36 246 C 123 20
156 A 117 30 191 E 191 40 248 C 93 15
157 B 157 40 192 A 48 10 250 E 175 28
158 C 79 20 193 D 193 40 252 A 189 30
159 F 159 40 194 B 97 20 254 B 127 20
160 F 28 7 195 A 117 24 255 C 153 24
160 D 32 8 196 A 147 30 256 D 32 5
160 B 36 9 197 C 197 40 258 A 129 20
260 E 26 4 304 F 38 5 354 A 177 20
260 A 91 14 305 B 183 24 355 F 71 8
260 F 143 22 306 C 153 20 356 D 89 10
260 B 169 26 308 D 77 10 358 D 179 20
262 F 131 20 310 C 93 12 360 B 36 4
264 A 99 15 312 A 117 15 360 A 99 11
265 F 159 24 314 B 157 20 360 C 153 17
266 E 133 20 315 A 189 24 362 C 181 20
268 B 67 10 316 C 79 10 364 A 91 10
270 B 81 12 318 F 159 20 365 E 73 8
270 A 189 28 320 D 32 4 366 B 183 20
272 C 34 5 320 A 48 6 368 C 46 5
274 D 137 20 322 E 161 20 370 B 111 12
276 A 69 10 324 B 81 10 372 C 93 10
278 C 139 20 326 D 163 20 374 F 187 20
280 F 28 4 328 C 123 15 376 B 141 15
280 E 42 6 330 A 99 12 378 A 189 20
280 D 77 11 332 F 83 10 380 F 38 4
280 A 91 13 334 C 167 20 380 E 133 14
282 B 141 20 335 B 67 8 380 A 171 18
284 F 71 10 336 E 42 5 382 E 191 20
285 A 171 24 338 B 169 20 384 A 48 5
286 F 143 20 340 C 34 4 385 D 77 8
288 B 36 5 340 E 119 14 386 D 193 20
290 E 87 12 340 F 187 22 388 B 97 10
292 E 73 10 342 A 171 20 390 A 117 12
294 A 147 20 344 A 129 15 392 A 147 15
295 A 177 24 345 A 69 8 394 C 197 20
296 B 111 15 346 F 173 20 395 C 79 8
298 E 149 20 348 E 87 10 396 A 99 10
300 A 30 4 350 E 175 20 398 B 199 20
302 D 151 20 352 D 44 5 400 A 30 3

Table 6b. (Continued) Indexing Movements for High Numbers
Cincinnati Milling Machine 
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Indexing Tables.—Indexing tables are usually circular, with a flat, T-slotted table, 12 to
24 in. (30.5–61 cm) in diameter, to which workpieces can be clamped. The flat table sur-
face may be horizontal, universal, or angularly adjustable. The table can be turned contin-
uously through 360° about an axis normal to the surface. Rotation is through a worm drive
with a graduated scale, and a means of angular readout is provided. Indexed locations to
0.25° with accuracy of ±0.1 second can be obtained from mechanical means, or greater
accuracy from an autocollimator or sine-angle attachment built into the base, or under
numerical control. Provision is made for locking the table at any angular position while a
machining operation is being performed.

Power for rotation of the table during machining can be transmitted, as with a dividing
head, for cutting a continuous, spiral scroll, for instance. The indexing table is usually
more rigid and can be used with larger workpieces than the dividing head.

Block or Multiple Indexing for Gear Cutting.—With the block system of indexing,
numbers of teeth are indexed at one time, instead of cutting the teeth consecutively, and the
gear is revolved several times before all the teeth are finished. For example, when cutting a
gear having 25 teeth, the indexing mechanism is geared to index four teeth at once (see
Table 7) and the first time around, six widely separated tooth spaces are cut. The second
time around, the cutter is one tooth behind the spaces originally milled. On the third index-
ing, the cutter has dropped back another tooth, and the gear in question is thus finished by
indexing it through four cycles.

The various combinations of change gears to use for block or multiple indexing are given
in the accompanying Table 7. The advantage claimed for block indexing is that the heat
generated by the cutter (especially when cutting cast iron gears of coarse pitch) is distrib-
uted more evenly about the rim and is dissipated to a greater extent, thus avoiding distor-
tion due to local heating and permitting higher speeds and feeds to be used.

Table 7 gives values for use with Brown & Sharpe automatic gear cutting machines, but
the gears for any other machine equipped with a similar indexing mechanism can be calcu-
lated easily. Assume, for example, that a gear cutter requires the following change gears
for indexing a certain number of teeth: driving gears having 20 and 30 teeth, respectively,
and driven gears having 50 and 60 teeth.

Then if it is desired to cut, for instance, every fifth tooth, multiply the fractions 20 ⁄60 and
30 ⁄50 by 5. Then 20 ⁄60 × 30 ⁄50 × 5 ⁄1 = 1 ⁄1. In this instance, the blank could be divided so
that every fifth space was cut, by using gears of equal size. The number of teeth in the gear
and the number of teeth indexed in each block must not have a common factor.

Table 7. Block or Multiple Indexing for Gear Cutting
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25 4 100 50 72 30 4 36 5 100 48 80 40 4

26 3 100 50 90 52 4 37 5 100 30 90 74 4

27 2 100 50 60 54 4 38 5 100 30 90 76 4

28 3 100 50 90 56 4 39 5 100 30 90 78 4

29 3 100 50 90 58 4 40 3 100 50 90 80 4

30 7 100 30 84 40 4 41 5 100 30 90 82 4

31 3 100 50 90 62 4 42 5 100 30 90 84 4

32 3 100 50 90 64 4 43 5 100 30 90 86 4

33 4 100 50 80 44 4 44 5 100 30 90 88 4

34 3 100 50 90 68 4 45 7 100 50 70 30 4

35 4 100 50 96 56 4 46 5 100 30 90 92 4



2118 MILLING MACHINE INDEXING

47 5 100 30 90 94 4 119 3 100 70 72 68 2

48 5 100 30 90 96 4 120 7 100 50 70 40 2

49 5 100 30 90 98 4 121 4 60 66 96 44 2

50 7 100 50 84 40 4 123 7 100 30 84 82 2

51 4 100 30 96 68 2 124 5 100 60 90 62 2

52 5 100 30 90 52 2 125 7 100 50 84 50 2

54 5 100 30 90 54 2 126 5 100 50 50 42 2

55 4 100 50 96 44 2 128 5 100 60 90 64 2

56 5 100 30 90 56 2 129 7 100 30 84 86 2

57 4 100 30 96 76 2 130 7 100 50 84 52 2

58 5 100 30 90 58 2 132 5 100 88 80 40 2

60 7 100 30 84 40 2 133 4 100 70 96 76 2

62 5 100 30 90 62 2 134 5 100 60 90 67 2

63 5 100 30 80 56 2 135 7 100 50 84 54 2

64 5 100 30 90 64 2 136 5 100 60 90 68 2

65 4 100 50 96 52 2 138 5 100 92 80 40 2

66 5 100 44 80 40 2 140 3 50 50 90 70 2

67 5 100 30 90 67 2 141 5 100 94 80 40 2

68 5 100 30 90 68 2 143 6 90 66 96 52 2

69 5 100 46 80 40 2 144 5 100 60 90 72 2

70 3 100 50 90 70 2 145 6 100 50 72 58 2

72 5 100 30 90 72 2 147 5 100 98 80 40 2

74 5 100 30 90 74 2 148 5 100 60 90 74 2

75 7 100 30 84 50 2 150 7 100 60 84 50 2

76 5 100 30 90 76 2 152 5 100 60 90 76 2

77 4 100 70 96 44 2 153 5 100 68 80 60 2

78 5 100 30 90 78 2 154 5 100 56 72 66 2

80 3 100 50 90 80 2 155 6 100 50 72 62 2

81 7 100 30 84 52 2 156 5 100 60 90 78 2

82 5 100 30 90 82 2 160 7 100 50 84 64 2

84 5 100 30 90 84 2 161 5 100 70 60 46 2

85 4 100 50 96 68 2 162 7 100 60 84 52 2

86 5 100 30 90 86 2 164 5 100 60 90 82 2

87 7 100 30 84 58 2 165 7 100 50 84 66 2

88 5 100 30 90 88 2 168 5 100 60 90 84 2

90 7 100 30 70 50 2 169 6 96 52 90 78 2

91 3 100 70 72 52 2 170 7 100 50 84 68 2

92 5 100 30 90 92 2 171 5 70 42 80 76 2

93 7 100 30 84 62 2 172 5 100 60 90 86 2

94 5 100 30 90 94 2 174 7 100 60 84 58 2

95 4 100 50 96 76 2 175 8 100 50 96 70 2

96 5 100 30 90 96 2 176 5 100 60 90 88 2

98 5 100 30 90 98 2 180 7 100 60 70 50 2

99 10 100 30 80 44 2 182 9 90 56 96 52 2

100 7 100 50 84 40 2 184 5 100 60 90 92 2

102 5 100 30 60 68 2 185 6 100 50 72 74 2

104 5 100 60 90 52 2 186 7 100 60 84 62 2

105 4 100 70 96 60 2 187 5 100 44 48 68 2

108 7 100 30 70 60 2 188 5 100 60 90 94 2

110 7 100 50 84 44 2 189 5 100 60 80 84 2

111 5 100 74 80 40 2 190 7 100 50 84 76 2

112 5 100 60 90 56 2 192 5 100 60 90 96 2

114 7 100 30 84 76 2 195 7 100 50 84 78 2

115 8 100 50 96 46 2 196 5 100 60 90 98 2

116 5 100 60 90 58 2 198 7 100 50 70 66 2

117 8 100 30 96 78 2 200 7 60 60 84 40 2

Table 7. (Continued) Block or Multiple Indexing for Gear Cutting
N

um
be

r
of

 T
ee

th
to

 b
e 

C
ut

N
um

be
r

In
de

xe
d

at
 O

nc
e

1s
t

D
ri

ve
r

1s
t

Fo
llo

w
er

2n
d

D
ri

ve
r

2n
d

Fo
llo

w
er

Tu
rn

s 
of

L
oc

ki
ng

D
is

k

N
um

be
r

of
 T

ee
th

to
 b

e 
C

ut

N
um

be
r

In
de

xe
d

at
 O

nc
e

1s
t

D
ri

ve
r

1s
t

Fo
llo

w
er

2n
d

D
ri

ve
r

2n
d

Fo
llo

w
er

Tu
rn

s 
of

 
L

oc
ki

ng
D

is
k



MILLING MACHINE INDEXING 2119

Table 8. Indexing Movements for 60-Tooth Worm-Wheel Dividing Head
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2 Any 30 .. 50 60 1 12 98 49 30 146 73 30

3 Any 20 .. 51 17 1 3 99 33 20 147 49 20

4 Any 15 .. 52 26 1 4 100 60 36 148 37 15

5 Any 12 .. 53 53 1 7 101 101 60 149 149 60

6 Any 10 .. 54 27 1 3 102 17 10 150 60 24

7 21 8 12 55 33 1 3 103 103 60 151 151 60

8 26 7 13 56 28 1 2 104 26 15 152 76 30

9 21 6 14 57 19 1 1 105 21 12 153 51 20

10 Any 6 .. 58 29 1 1 106 53 30 154 77 30

11 33 5 15 59 59 1 1 107 107 60 155 31 12

12 Any 5 .. 60 Any 1 .. 108 27 15 156 26 10

13 26 4 16 61 61 .. 60 109 109 60 157 157 60

14 21 4 6 62 31 .. 30 110 33 18 158 79 30

15 Any 4 .. 63 21 .. 20 111 37 20 159 53 20

16 28 3 21 64 32 .. 30 112 28 15 160 32 12

17 17 3 9 65 26 .. 24 113 113 60 161 161 60

18 21 3 7 66 33 .. 30 114 19 10 162 27 10

19 19 3 3 67 67 .. 60 115 23 12 163 163 60

20 Any 3 .. 68 17 .. 15 116 29 15 164 41 15

21 21 2 18 69 23 .. 20 117 39 20 165 33 12

22 33 2 24 70 21 .. 18 118 59 30 166 83 30

23 23 2 14 71 71 .. 60 119 119 60 167 167 60

24 26 2 13 72 60 .. 50 120 26 13 168 28 10

25 60 2 24 73 73 .. 60 121 121 60 169 169 60

26 26 2 8 74 37 .. 30 122 61 30 170 17 6

27 27 2 6 75 60 .. 48 123 41 20 171 57 20

28 21 2 3 76 19 .. 15 124 31 15 172 43 15

29 29 2 2 77 77 .. 60 125 100 48 173 173 60

30 Any 2 .. 78 26 .. 20 126 21 10 174 29 10

31 31 1 29 79 79 .. 60 127 127 60 175 35 12

32 32 1 28 80 28 .. 21 128 32 15 176 44 15

33 33 1 27 81 27 .. 20 129 43 20 177 59 20

34 17 1 13 82 41 .. 30 130 26 12 178 89 30

35 21 1 15 83 83 .. 60 131 131 60 179 179 60

36 21 1 14 84 21 .. 15 132 33 15 180 21 7

37 37 1 23 85 17 .. 12 133 133 60 181 181 60

38 19 1 11 86 43 .. 30 134 67 30 182 91 30

39 26 1 14 87 29 .. 20 135 27 12 183 61 20

40 26 1 13 88 44 .. 30 136 68 30 184 46 15

41 41 1 19 89 89 .. 60 137 137 60 185 37 12

42 21 1 9 90 21 .. 14 138 23 10 186 31 10

43 43 1 17 91 91 .. 60 139 139 60 187 187 60

44 33 1 12 92 23 .. 15 140 21 9 188 47 15

45 21 1 7 93 31 .. 20 141 47 20 189 63 20

46 23 1 7 94 47 .. 30 142 71 30 190 19 6

47 47 1 13 95 19 .. 12 143 143 60 191 191 60

48 28 1 7 96 32 .. 20 144 60 25 192 32 10

49 49 1 11 97 97 .. 60 145 29 12 193 193 60
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Linear Indexing for Rack Cutting.—When racks are cut on a milling machine, two gen-
eral methods of linear indexing are used. One is by using the graduated dial on the feed-
screw and the other is by using an indexing attachment. The accompanying Table 9  shows
the indexing movements when the first method is employed. This table applies to milling
machines having feed-screws with the usual lead of 1⁄4 inch(6.35 mm) and 250 dial gradua-
tions each equivalent to 0.001 inch(25.4 µm) of table movement.

Multiply decimal part of turn (obtained by above formula) by 250, to obtain dial reading
for fractional part of indexing movement, assuming that dial has 250 graduations.

Table 9. Linear Indexing Movements for Cutting Rack Teeth on a Milling Machine

These movements are for table feed-screws having the usual lead of 1⁄4 inch

Note: The linear pitch of the rack equals the circular pitch of gear or pinion which is to
mesh with the rack. The table gives both standard diametral pitches and their equivalent
linear or circular pitches.

Example:Find indexing movement for cutting rack to mesh with a pinion of 10 diametral
pitch.

Indexing movement equals 1 whole turn of feed-screw plus 64.2 thousandths or divisions
on feed-screw dial. The feed-screw may be turned this fractional amount by setting dial
back to its zero position for each indexing (without backward movement of feed-screw),
or, if preferred, 64.2 (in this example) may be added to each successive dial position as
shown below.

Dial reading for second position = 64.2 × 2 = 128.4 (complete movement = 1 turn × 64.2
additional divisions by turning feed-screw until dial reading is 128.4).

Third dial position = 64.2 × 3 = 192.6 (complete movement = 1 turn + 64.2 additional
divisions by turning until dial reading is 192.6).

Fourth position = 64.2 × 4 − 250 = 6.8 (1 turn + 64.2 additional divisions by turning feed-
screw until dial reading is 6.8 divisions past the zero mark); or, to simplify operation, set
dial back to zero for fourth indexing (without moving feed-screw) and then repeat settings
for the three previous indexings or whatever number can be made before making a com-
plete turn of the dial.

Pitch of Rack Teeth Indexing, Movement Pitch of Rack Teeth Indexing, Movement

Diametral
Pitch

Linear
or

Circular

No. of
Whole
Turns

No. of
0.001 Inch
Divisions

Diametral
Pitch

Linear
or

Circular

No. of
Whole
Turns

No. of
0.001 Inch
Divisions

2 1.5708 6 70.8 12 0.2618 1 11.8
21⁄4 1.3963 5 146.3 13 0.2417 0 241.7

21⁄2 1.2566 5 6.6 14 0.2244 0 224.4

23⁄4 1.1424 4 142.4 15 0.2094 0 208.4

3 1.0472 4 47.2 16 0.1963 0 196.3
31⁄2 0.8976 3 147.6 17 0.1848 0 184.8

4 0.7854 3 35.4 18 0.1745 0 174.8
5 0.6283 2 128.3 19 0.1653 0 165.3
6 0.5263 2 23.6 20 0.1571 0 157.1
7 0.4488 1 198.8 22 0.1428 0 142.8
8 0.3927 1 142.7 24 0.1309 0 130.9
9 0.3491 1 99.1 26 0.1208 0 120.8

10 0.3142 1 64.2 28 0.1122 0 112.2
11 0.2856 1 35.6 30 0.1047 0 104.7

Actual rotation of feed-screw Linear pitch of rack
Lead of feed-screw
-----------------------------------------------=
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Counter Milling.—Changing the direction of a linear milling operation by a specific
angle requires a linear offset before changing the angle of cut. This compensates for the
radius of the milling cutters, as illustrated in Figs. 1a and 1b.

For inside cuts the offset is subtracted from the point at which the cutting direction
changes (Fig. 1a), and for outside cuts the offset is added to the point at which the cutting
direction changes (Fig. 1b). The formula for the offset is 

where x = offset distance; r =  radius of the milling cutter; and, M =  the multiplication
factor (M = tan θ⁄2). The value of M for certain angles can be found in Table 10.

Table 10. Offset Multiplication Factors

Multiply factor M by the tool radius r to determine the offset dimension 

Fig. 1a. Inside Milling Fig. 1b. Outside Milling

Deg° M Deg° M Deg° M Deg° M Deg° M

1° 0.00873 19° 0.16734 37° 0.33460 55° 0.52057 73° 0.73996

2° 0.01746 20° 0.17633 38° 0.34433 56° 0.53171 74° 0.75355

3° 0.02619 21° 0.18534 39° 0.35412 57° 0.54296 75° 0.76733

4° 0.03492 22° 0.19438 40° 0.36397 58° 0.55431 76° 0.78129

5° 0.04366 23° 0.20345 41° 0.37388 59° 0.56577 77° 0.79544

6° 0.05241 24° 0.21256 42° 0.38386 60° 0.57735 78° 0.80978

7° 0.06116 25° 0.22169 43° 0.39391 61° 0.58905 79° 0.82434

8° 0.06993 26° 0.23087 44° 0.40403 62° 0.60086 80° 0.83910

9° 0.07870 27° 0.24008 45° 0.41421 63° 0.61280 81° 0.85408

10° 0.08749 28° 0.24933 46° 0.42447 64° 0.62487 82° 0.86929

11° 0.09629 29° 0.25862 47° 0.43481 65° 0.63707 83° 0.88473

12° 0.10510 30° 0.26795 48° 0.44523 66° 0.64941 84° 0.90040

13° 0.11394 31° 0.27732 49° 0.45573 67° 0.66189 85° 0.91633

14° 0.12278 32° 0.28675 50° 0.46631 68° 0.67451 86° 0.93252

15° 0.13165 33° 0.29621 51° 0.47698 69° 0.68728 87° 0.94896

16° 0.14054 34° 0.30573 52° 0.48773 70° 0.70021 88° 0.96569

17° 0.14945 35° 0.31530 53° 0.49858 71° 0.71329 89° 0.98270

18° 0.15838 36° 0.32492 54° 0.50953 72° 0.72654 90° 1.00000

��yy
Cutter
path

x
radius

Inside
angle

��yy
r

Cutter
path

Outside
angle

x
radius
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GEARS AND GEARING

External spur gears are cylindrical gears with straight teeth cut parallel to the axes. Gears
transmit drive between parallel shafts. Tooth loads produce no axial thrust. Excellent at
moderate speeds but tend to be noisy at high speeds. Shafts rotate in opposite directions.

Internal spur gears provide compact drive arrangements for transmitting motion
between parallel shafts rotating in the same direction.

Helical gears are cylindrical gears with teeth cut at an angle to the axes. Provides drive
between shafts rotating in opposite directions, with superior load carrying capacity and
quietness than spur gears. Tooth loads produce axial thrust. 

Crossed helical gears are helical gears that mesh together on non-parallel axes.
Straight bevel gears have teeth that are radial toward the apex and are of conical form.

Designed to operate on intersecting axes, bevel gears are used to connect two shafts on
intersecting axes. The angle between the shafts equals the angle between the two axes of
the meshing teeth. End thrust developed under load tends to separate the gears.

Spiral bevel gears have curved oblique teeth that contact each other smoothly and gradu-
ally from one end of a tooth to the other. Meshing is similar to that of straight bevel gears
but is smoother and quieter in use. Left hand spiral teeth incline away from the axis in an
anti-clockwise direction looking on small end of pinion or face of gear, right-hand teeth
incline away from axis in clockwise direction. The hand of spiral of the pinion is always
opposite to that of the gear and is used to identify the hand of the gear pair. Used to connect
two shafts on intersecting axes as with straight bevel gears. The spiral angle does not affect
the smoothness and quietness of operation or the efficiency but does affect the direction of
the thrust loads created. A left-hand spiral pinion driving clockwise when viewed from the
large end of the pinion creates an axial thrust that tends to move the pinion out of mesh.

Zerol bevel gears have curved teeth lying in the same general direction as straight bevel
teeth but should be considered to be spiral bevel gears with zero spiral angle.

Hypoid bevel gears are a cross between spiral bevel gears and worm gears. The axes of
hypoid bevel gears are non-intersecting and non-parallel. The distance between the axes is
called the offset. The offset permits higher ratios of reduction than is practicable with other
bevel gears. Hypoid bevel gears have curved oblique teeth on which contact begins gradu-
ally and continues smoothly from one end of the tooth to the other.

Worm gears are used to transmit motion between shafts at right angles, that do not lie in a
common plane and sometimes to connect shafts at other angles. Worm gears have line
tooth contact and are used for power transmission, but the higher the ratio the lower the
efficiency.

Definitions of Gear Terms.—The following terms are commonly applied to the various
classes of gears:
Active face width is the dimension of the tooth face width that makes contact with a mating

gear.
Addendum is the radial or perpendicular distance between the pitch circle and the top of the

tooth.
Arc of action is the arc of the pitch circle through which a tooth travels from the first point

of contact with the mating tooth to the point where contact ceases. 
Arc of approach is the arc of the pitch circle through which a tooth travels from the first

point of contact with the mating tooth to the pitch point.
Arc of recession is the arc of the pitch circle through which a tooth travels from its contact

with a mating tooth at the pitch point until contact ceases.
Axial pitch is the distance parallel to the axis between corresponding sides of adjacent

teeth.
Axial plane is the plane that contains the two axes in a pair of gears. In a single gear the

axial plane is any plane containing the axis and any given point.
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Axial thickness is the distance parallel to the axis between two pitch line elements of the
same tooth.

Backlash is the shortest distance between the non-driving surfaces of adjacent teeth when
the working flanks are in contact.

Base circle is the circle from which the involute tooth curve is generated or developed.
Base helix angle is the angle at the base cylinder of an involute gear that the tooth makes

with the gear axis.
Base pitch is the circular pitch taken on the circumference of the base circles, or the dis-

tance along the line of action between two successive and corresponding involute tooth
profiles. The normal base pitch is the base pitch in the normal plane and the axial base
pitch is the base pitch in the axial plane.

Base tooth thickness is the distance on the base circle in the plane of rotation between invo-
lutes of the same pitch.

Bottom land is the surface of the gear between the flanks of adjacent teeth.
Center distance is the shortest distance between the non-intersecting axes of mating gears,

or between the parallel axes of spur gears and parallel helical gears, or the crossed axes of
crossed helical gears or worm gears.

Central plane is the plane perpendicular to the gear axis in a worm gear, which contains the
common perpendicular of the gear and the worm axes. In the usual arrangement with the
axes at right angles, it contains the worm axis. 

Chordal addendum is the radial distance from the circular thickness chord to the top of the
tooth, or the height from the top of the tooth to the chord subtending the circular thickness
arc.

Chordal thickness is the length of the chord subtended by the circular thickness arc. The
dimension obtained when a gear tooth caliper is used to measure the tooth thickness at the
pitch circle.

Circular pitch is the distance on the circumference of the pitch circle, in the plane of rota-
tion, between corresponding points of adjacent teeth. The length of the arc of the pitch
circle between the centers or other corresponding points of adjacent teeth.

Circular thickness is the thickness of the tooth on the pitch circle in the plane of rotation, or
the length of arc between the two sides of a gear tooth measured on the pitch circle.

Clearance is the radial distance between the top of a tooth and the bottom of a mating tooth
space, or the amount by which the dedendum in a given gear exceeds the addendum of its
mating gear.

Contact diameter is the smallest diameter on a gear tooth with which the mating gear
makes contact.

Contact ratio is the ratio of the arc of action in the plane of rotation to the circular pitch, and
is sometimes thought of as the average number of teeth in contact. This ratio is obtained
most directly as the ratio of the length of action to the base pitch.

Contact ratio - face is the ratio of the face advance to the circular pitch in helical gears.
Contact ratio - total is the ratio of the sum of the arc of action and the face advance to the

circular pitch.
Contact stress is the maximum compressive stress within the contact area between mating

gear tooth profiles. Also called the Hertz stress.
Cycloid is the curve formed by the path of a point on a circle as it rolls along a straight line.

When such a circle rolls along the outside of another circle the curve is called an epicyc-
loid, and when it rolls along the inside of another circle it is called a hypocycloid. These
curves are used in defining the former American Standard composite Tooth Form.

Dedendum is the radial or perpendicular distance between the pitch circle and the bottom
of the tooth space.

Diametral pitch is the ratio of the number of teeth to the number of inches in the pitch
diameter in the plane of rotation, or the number of gear teeth to each inch of pitch diame-
ter. Normal diametral pitch is the diametral pitch as calculated in the normal plane, or the
diametral pitch divided by the cosine of the helix angle.
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Efficiency is the torque ratio of a gear set divided by its gear ratio.
Equivalent pitch radius is the radius of curvature of the pitch surface at the pitch point in a

plane normal to the pitch line element.
Face advance is the distance on the pitch circle that a gear tooth travels from the time pitch

point contact is made at one end of the tooth until pitch point contact is made at the other
end.

Fillet radius is the radius of the concave portion of the tooth profile where it joins the bot-
tom of the tooth space.

Fillet stress is the maximum tensile stress in the gear tooth fillet.
Flank of tooth is the surface between the pitch circle and the bottom land, including the

gear tooth fillet.
Gear ratio is the ratio between the numbers of teeth in mating gears.
Helical overlap is the effective face width of a helical gear divided by the gear axial pitch.
Helix angle is the angle that a helical gear tooth makes with the gear axis at the pitch circle,

unless specified otherwise.
Hertz stress, see Contact stress.
Highest point of single tooth contact (HPSTC) is the largest diameter on a spur gear at

which a single tooth is in contact with the mating gear.
Interference is the contact between mating teeth at some point other than along the line of

action.
Internal diameter is the diameter of a circle that coincides with the tops of the teeth of an

internal gear.
Internal gear is a gear with teeth on the inner cylindrical surface.
Involute is the curve generally used as the profile of gear teeth. The curve is the path of a

point on a straight line as it rolls along a convex base curve, usually a circle.
Land The top land is the top surface of a gear tooth and the bottom land is the surface of the

gear between the fillets of adjacent teeth.
Lead is the axial advance of the helix in one complete turn, or the distance along its own

axis on one revolution if the gear were free to move axially.
Length of action is the distance on an involute line of action through which the point of

contact moves during the action of the tooth profile.
Line of action is the portion of the common tangent to the base cylinders along which con-

tact between mating involute teeth occurs.
Lowest point of single tooth contact (LPSTC) is the smallest diameter on a spur gear at

which a single tooth is in contact with its mating gear. Gear set contact stress is deter-
mined with a load placed on the pinion at this point.

Module is the ratio of the pitch diameter to the number of teeth, normally the ratio of pitch
diameter in mm to the number of teeth. Module in the inch system is the ratio of the pitch
diameter in inches to the number of teeth.

Normal plane is a plane normal to the tooth surfaces at a point of contact and perpendicular
to the pitch plane.

Number of teeth is the number of teeth contained in a gear.
Outside diameter is the diameter of the circle that contains the tops of the teeth of external

gears.
Pitch is the distance between similar, equally-spaced tooth surfaces in a given direction

along a given curve or line.
Pitch circle is the circle through the pitch point having its center at the gear axis.
Pitch diameter is the diameter of the pitch circle. The operating pitch diameter is the pitch

diameter at which the gear operates.
Pitch plane is the plane parallel to the axial plane and tangent to the pitch surfaces in any

pair of gears. In a single gear, the pitch plane may be any plane tangent to the pitch sur-
faces.

Pitch point is the intersection between the axes of the line of centers and the line of action.
Plane of rotation is any plane perpendicular to a gear axis.
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Pressure angle is the angle between a tooth profile and a radial line at its pitch point. In
involute teeth, the pressure angle is often described as the angle between the line of action
and the line tangent to the pitch circle. Standard pressure angles are established in con-
nection with standard tooth proportions. A given pair of involute profiles will transmit
smooth motion at the same velocity ratio when the center distance is changed. Changes in
center distance in gear design and gear manufacturing operations may cause changes in
pitch diameter, pitch and pressure angle in the same gears under different conditions.
Unless otherwise specified, the pressure angle is the standard pressure angle at the stan-
dard pitch diameter. The operating pressure angle is determined by the center distance
at which a pair of gears operate. In oblique teeth such as helical and spiral designs, the
pressure angle is specified in the transverse, normal or axial planes.

Principle reference planes are pitch plane, axial plane and transverse plane, all intersect-
ing at a point and mutually perpendicular. 

Rack: A rack is a gear with teeth spaced along a straight line, suitable for straight line
motion. A basic rack is a rack that is adopted as the basis of a system of interchangeable
gears. Standard gear tooth dimensions are often illustrated on an outline of a basic rack.

Roll angle is the angle subtended at the center of a base circle from the origin of an involute
to the point of tangency of a point on a straight line from any point on the same involute.
The radian measure of this angle is the tangent of the pressure angle of the point on the
involute.

Root diameter is the diameter of the circle that contains the roots or bottoms of the tooth
spaces.

Tangent plane is a plane tangent to the tooth surfaces at a point or line of contact.
Tip relief is an arbitrary modification of a tooth profile where a small amount of material is

removed from the involute face of the tooth surface near the tip of the gear tooth.
Tooth face is the surface between the pitch line element and the tooth tip.
Tooth surface is the total tooth area including the flank of the tooth and the tooth face.
Total face width is the dimensional width of a gear blank and may exceed the effective face

width as with a double-helical gear where the total face width includes any distance sep-
arating the right-hand and left-hand helical gear teeth.

Transverse plane is a plane that is perpendicular to the axial plane and to the pitch plane. In
gears with parallel axes, the transverse plane and the plane of rotation coincide.

Trochoid is the curve formed by the path of a point on the extension of a radius of a circle
as it rolls along a curve or line. A trochoid is also the curve formed by the path of a point
on a perpendicular to a straight line as the straight line rolls along the convex side of a
base curve. By the first definition, a trochoid is derived from the cycloid, by the second
definition it is derived from the involute.

True involute form diameter is the smallest diameter on the tooth at which the point of tan-
gency of the involute tooth profile exists. Usually this position is the point of tangency of
the involute tooth profile and the fillet curve, and is often referred to as the TIF diameter.

Undercut is a condition in generated gear teeth when any part of the fillet curve lies inside
a line drawn at a tangent to the working profile at its lowest point. Undercut may be intro-
duced deliberately to facilitate shaving operations, as in pre-shaving.

Whole depth is the total depth of a tooth space, equal to the addendum plus the dedendum
and equal to the working depth plus clearance.

Working depth is the depth of engagement of two gears, or the sum of their addendums.
The standard working distance is the depth to which a tooth extends into the tooth space
of a mating gear when the center distance is standard.
Definitions of gear terms are given in AGMA Standards 112.05, 115.01, and 116.01 enti-

tled “Terms, Definitions, Symbols and Abbreviations,” “Reference Information—Basic
Gear Geometry,” and “Glossary—Terms Used in Gearing,” respectively; obtainable from
American Gear Manufacturers Assn., 500 Montgomery St., Alexandria, VA 22314.
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Comparative Sizes and Shape of Gear Teeth

Nomenclature of Gear Teeth

Gear Teeth of Different Diametral Pitch Shapes of Gear Teeth of
Different Pressure Angles

Terms Used in Gear Geometry from Table 1 on page 2131
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Properties of the Involute Curve.—The involute curve is used almost exclusively for
gear-tooth profiles, because of the following important properties.

1) The form or shape of an involute curve depends upon the diameter of the base circle
from which it is derived. (If a taut line were unwound from the circumference of a circle—
the base circle of the involute—the end of that line or any point on the unwound portion,
would describe an involute curve.)

2) If a gear tooth of involute curvature acts against the involute tooth of a mating gear
while rotating at a uniform rate, the angular motion of the driven gear will also be uniform,
even though the center-to-center distance is varied.

3) The relative rate of motion between driving and driven gears having involute tooth
curves is established by the diameters of their base circles.

4) Contact between intermeshing involute teeth on a driving and driven gear is along a
straight line that is tangent to the two base circles of these gears. This is the line of action.

5) The point where the line of action intersects the common center-line of the mating
involute gears, establishes the radii of the pitch circles of these gears; hence true pitch cir-
cle diameters are affected by a change in the center distance. (Pitch diameters obtained by
dividing the number of teeth by the diametral pitch apply when the center distance equals
the total number of teeth on both gears divided by twice the diametral pitch.)

6) The pitch diameters of mating involute gears are directly proportional to the diameters
of their respective base circles; thus, if the base circle of one mating gear is three times as
large as the other, the pitch circle diameters will be in the same ratio.

7) The angle between the line of action and a line perpendicular to the common center-
line of mating gears, is the pressure angle; hence the pressure angle is affected by any
change in the center distance.

8) When an involute curve acts against a straight line (as in the case of an involute pinion
acting against straight-sided rack teeth), the straight line is tangent to the involute and per-
pendicular to its line of action.

9) The pressure angle, in the case of an involute pinion acting against straight-sided rack
teeth, is the angle between the line of action and the line of the rack's motion. If the involute
pinion rotates at a uniform rate, movement of the rack will also be uniform.

Diametral and Circular Pitch Systems.—Gear tooth system standards are established
by specifying the tooth proportions of the basic rack. The diametral pitch system is applied
to most of the gearing produced in the United States. If gear teeth are larger than about one
diametral pitch, it is common practice to use the circular pitch system. The circular pitch
system is also applied to cast gearing and it is commonly used in connection with the
design and manufacture of worm gearing.
Pitch Diameters Obtained with Diametral Pitch System.—The diametral pitch system
is arranged to provide a series of standard tooth sizes, the principle being similar to the
standardization of screw thread pitches. Inasmuch as there must be a whole number of

Nomenclature:

φ =Pressure Angle
a =Addendum aG =Addendum of Gear aP =Addendum of Pinion
b =Dedendum
c =Clearance
C =Center Distance
D =Pitch Diameter DG =Pitch Diameter of Gear DP =Pitch Diameter of Pinion

DB =Base Circle Diameter DO =Outside Diameter DR =Root Diameter
F =Face Width
hk =Working Depth of Tooth ht =Whole Depth of Tooth

mG =Gear Ratio
N =Number of Teeth NG =Number of Teeth in Gear NP =Number of Teeth in Pinion
p =Circular Pitch P =Diametral Pitch
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teeth on each gear, the increase in pitch diameter per tooth varies according to the pitch. For
example, the pitch diameter of a gear having, say, 20 teeth of 4 diametral pitch, will be 5
inches; 21 teeth, 51⁄4 inches; and so on, the increase in diameter for each additional tooth
being equal to 1⁄4 inch for 4 diametral pitch. Similarly, for 2 diametral pitch the variations
for successive numbers of teeth would equal 1⁄2 inch, and for 10 diametral pitch the varia-
tions would equal 1⁄10 inch, etc. Where a given center distance must be maintained and no
standard diametral pitch can be used, gears should be designed with reference to the gear
set center distance procedure discussed in Gears for Given Center Distance and Ratio
starting on page 2139.

Table 1. Formulas for Dimensions of Standard Spur Gears

To Find Formula To Find Formula
Base Circle 

Diameter
(1)

Number of Teeth
(2a)

Circular Pitch
(3a) (3b)

(3c) Outside Diameter
(Full-depth
Teeth)

(4a)

Center Distance

(5a) (5b)

(5c) Outside Diameter 
(American Stan-
dard Stub Teeth)

(6a)

(6b) (6c)

(6d) Outside Diameter (7)

Diametral Pitch

(8a)
Pitch Diameter

(9a)

(9b) (9c)

(9d) Root Diametera

a See also formulas in Tables 2 and 4 on pages 2131 and  2135.

(10)

Gear Ratio (11)
Whole Depth (12)

Working Depth (13)

Table 2. Formulas for Tooth Parts, 20-and 25-degree Involute Full-depth Teeth 
ANSI Coarse Pitch Spur Gear Tooth Forms ANSI B6.1-1968 (R1974)

To Find
Diametral Pitch,

P, Known
Circular Pitch,

p, Known

Addendum a = 1.000 ÷ P a = 0.3183 × p

Dedendum (Preferred) b = 1.250 ÷ P b = 0.3979 × p

(Shaved or Ground Teeth)a b = 1.350 ÷ P b = 0.4297 × p

Working Depth hk = 2.000 ÷ P hk = 0.6366 × p

Whole Depth (Preferred) ht = 2.250 ÷ P ht = 0.7162 × p

(Shaved or Ground Teeth) ht = 2.350 ÷ P ht = 0.7480 × p

Clearance (Preferred)b c = 0.250 ÷ P c = 0.0796 × p

DB D φcos= N P D×=

p
3.1416D

N
---------------------= N

3.1416D

p
---------------------=

p
3.1416

P
----------------= DO

N 2+
P

-------------=

C
NP mG 1+( )

2P
-----------------------------= DO

N 2+( )p

3.1416
---------------------=

C
DP DG+

2
---------------------= DO

N 1.6+
P

-----------------=

C
NG NP+

2P
--------------------= DO

N 1.6+( )p

3.1416
--------------------------=

C
NG NP+( )p

6.2832
-----------------------------= DO D 2a+=

P
3.1416

p
----------------= D

N

P
----=

P
N

D
----= D

Np

3.1416
----------------=

P
NP mG 1+( )

2C
-----------------------------= DR D 2b–=

mG

NG

NP

-------=
a b+

aG aP+
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American National Standard Coarse Pitch Spur Gear Tooth Forms.—The American
National Standard (ANSI B6.1-1968, R1974) provides tooth proportion information on
two involute spur gear forms. These two forms are identical except that one has a pressure
angle of 20 degrees and a minimum allowable tooth number of 18 while the other has a
pressure angle of 25 degrees and a minimum allowable tooth number of 12. (For pinions
with fewer teeth, see tooth proportions for long addendum pinions and their mating short
addendum gears in Tables 7 through 9d starting on page 2146.) A gear tooth standard is
established by specifying the tooth proportions of the basic rack. Gears made to this stan-
dard will thus be conjugate with the specified rack and with each other. The basic rack
forms for the 20-degree and 25-degree standard are shown on the following page; basic
formulas for these proportions as a function of the gear diametral pitch and also of the cir-
cular pitch are given in Table 2. Tooth parts data are given in Table 3.

In recent years the established standard of almost universal use is the ANSI 20-degree
standard spur gear form. It provides a gear with good strength and without fillet undercut
in pinions of as few as eighteen teeth. Some more recent applications have required a tooth
form of even greater strength and fewer teeth than eighteen. This requirement has stimu-
lated the establishment of the ANSI 25-degree standard. This 25-degree form will give
greater tooth strength than the 20-degree standard, will provide pinions of as few as twelve
teeth without fillet undercut and will provide a lower contact compressive stress for greater
gear set surface durability.

(Shaved or Ground Teeth) c = 0.350 ÷ P c = 0.1114 × p

Fillet Radius (Rack)c rf = 0.300 ÷ P rf = 0.0955 × p

Pitch Diameter D = N ÷ P D = 0.3183 × N × p

Outside Diameter DO = (N + 2) ÷ P DO = 0.3183 × (N + 2)p

Root Diameter (Preferred) DR = (N − 2.5) ÷ P DR = 0.3183 × (N − 2.5)p

(Shaved or Ground Teeth) DR = (N − 2.7) ÷ P DR = 0.3183 × (N − 2.7)p

Circular Thickness—Basic t = 1.5708 ÷ P t = p ÷ 2

a When gears are preshave cut on a gear shaper the dedendum will usually need to be increased to
1.40/P to allow for the higher fillet trochoid produced by the shaper cutter. This is of particular impor-
tance on gears of few teeth or if the gear blank configuration requires the use of a small diameter shaper
cutter, in which case the dedendum may need to be increased to as much as 1.45/P. This should be
avoided on highly loaded gears where the consequently reduced J factor will increase gear tooth stress
excessively. 

b A minimum clearance of 0.157/P may be used for the basic 20-degree and 25-degree pressure
angle rack in the case of shallow root sections and use of existing hobs or cutters. However, whenever
less than standard clearance is used, the location of the TIF diameter should be determined by the
method shown in True Involute Form Diameter starting on page 2157. The TIF diameter must be less
than the Contact Diameter determined by the method shown on page 2155.

c The fillet radius of the basic rack should not exceed 0.235/P for a 20-degree pressure angle rack or
0.270/P for a 25-degree pressure angle rack for a clearance of 0.157/P. The basic rack fillet radius
must be reduced for teeth with a 25-degree pressure angle having a clearance in excess of 0.250/P.

Table 2. (Continued) Formulas for Tooth Parts, 20-and 25-degree Involute Full-depth 
Teeth ANSI Coarse Pitch Spur Gear Tooth Forms ANSI B6.1-1968 (R1974)

To Find
Diametral Pitch,

P, Known
Circular Pitch,

p, Known
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American National Standard and Former American Standard Gear Tooth Forms
 ANSI B6.1-1968, (R1974) and  ASA B6.1-1932

Basic Rack of the 20-Degree and 25-Degree Full-Depth Involute Systems

Basic Rack of the 141⁄2-Degree Full-Depth Involute System

Basic Rack of the 20-Degree Stub Involute System

Approximation of Basic Rack for the 141⁄2-Degree Composite System
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The working depth is equal to twice the addendum.

The whole depth is equal to the addendum plus the dedendum.

Table 3. Gear Tooth Parts for American National Standard Coarse Pitch
20- and 25-Degree Pressure Angle Gears

Dia.
Pitch

Circ.
Pitch

Stand.
Addend.a

a When using equal addendums on pinion and gear the minimum number of teeth on the pinion is 18
and the minimum total number of teeth in the pair is 36 for 20-degree full depth involute tooth form
and 12 and 24, respectively, for 25-degree full depth tooth form. 

Stand.
Dedend.

Spec.
Dedend.b

b The dedendum in this column is used when the gear tooth is shaved. It allows for the higher fillet
cut by a protuberance hob. 

Min.
Dedend.

Stand.
F. Rad.

Min.
F. Rad.

P p a b b b rf rf

0.3142 10. 3.1831 3.9789 4.2972 3.6828 0.9549 0.4997
0.3307 9.5 3.0239 3.7799 4.0823 3.4987 0.9072 0.4748
0.3491 9. 2.8648 3.5810 3.8675 3.3146 0.8594 0.4498
0.3696 8.5 2.7056 3.3820 3.6526 3.1304 0.8117 0.4248
0.3927 8. 2.5465 3.1831 3.4377 2.9463 0.7639 0.3998
0.4189 7.5 2.3873 2.9842 3.2229 2.7621 0.7162 0.3748
0.4488 7. 2.2282 2.7852 3.0080 2.5780 0.6685 0.3498
0.4833 6.5 2.0690 2.5863 2.7932 2.3938 0.6207 0.3248
0.5236 6. 1.9099 2.3873 2.5783 2.2097 0.5730 0.2998
0.5712 5.5 1.7507 2.1884 2.3635 2.0256 0.5252 0.2749
0.6283 5. 1.5915 1.9894 2.1486 1.8414 0.4775 0.2499
0.6981 4.5 1.4324 1.7905 1.9337 1.6573 0.4297 0.2249
0.7854 4. 1.2732 1.5915 1.7189 1.4731 0.3820 0.1999
0.8976 3.5 1.1141 1.3926 1.5040 1.2890 0.3342 0.1749
1. 3.1416 1.0000 1.2500 1.3500 1.1570 0.3000 0.1570
1.25 2.5133 0.8000 1.0000 1.0800 0.9256 0.2400 0.1256
1.5 2.0944 0.6667 0.8333 0.9000 0.7713 0.2000 0.1047
1.75 1.7952 0.5714 0.7143 0.7714 0.6611 0.1714 0.0897
2. 1.5708 0.5000 0.6250 0.6750 0.5785 0.1500 0.0785
2.25 1.3963 0.4444 0.5556 0.6000 0.5142 0.1333 0.0698
2.5 1.2566 0.4000 0.5000 0.5400 0.4628 0.1200 0.0628
2.75 1.1424 0.3636 0.4545 0.4909 0.4207 0.1091 0.0571
3. 1.0472 0.3333 0.4167 0.4500 0.3857 0.1000 0.0523
3.25 0.9666 0.3077 0.3846 0.4154 0.3560 0.0923 0.0483
3.5 0.8976 0.2857 0.3571 0.3857 0.3306 0.0857 0.0449
3.75 0.8378 0.2667 0.3333 0.3600 0.3085 0.0800 0.0419
4. 0.7854 0.2500 0.3125 0.3375 0.2893 0.0750 0.0392
4.5 0.6981 0.2222 0.2778 0.3000 0.2571 0.0667 0.0349
5. 0.6283 0.2000 0.2500 0.2700 0.2314 0.0600 0.0314
5.5 0.5712 0.1818 0.2273 0.2455 0.2104 0.0545 0.0285
6. 0.5236 0.1667 0.2083 0.2250 0.1928 0.0500 0.0262
6.5 0.4833 0.1538 0.1923 0.2077 0.1780 0.0462 0.0242
7. 0.4488 0.1429 0.1786 0.1929 0.1653 0.0429 0.0224
7.5 0.4189 0.1333 0.1667 0.1800 0.1543 0.0400 0.0209
8. 0.3927 0.1250 0.1563 0.1687 0.1446 0.0375 0.0196
8.5 0.3696 0.1176 0.1471 0.1588 0.1361 0.0353 0.0185
9. 0.3491 0.1111 0.1389 0.1500 0.1286 0.0333 0.0174
9.5 0.3307 0.1053 0.1316 0.1421 0.1218 0.0316 0.0165

10. 0.3142 0.1000 0.1250 0.1350 0.1157 0.0300 0.0157
11. 0.2856 0.0909 0.1136 0.1227 0.1052 0.0273 0.0143
12. 0.2618 0.0833 0.1042 0.1125 0.0964 0.0250 0.0131
13. 0.2417 0.0769 0.0962 0.1038 0.0890 0.0231 0.0121
14. 0.2244 0.0714 0.0893 0.0964 0.0826 0.0214 0.0112
15. 0.2094 0.0667 0.0833 0.0900 0.0771 0.0200 0.0105
16. 0.1963 0.0625 0.0781 0.0844 0.0723 0.0188 0.0098
17. 0.1848 0.0588 0.0735 0.0794 0.0681 0.0176 0.0092
18. 0.1745 0.0556 0.0694 0.0750 0.0643 0.0167 0.0087
19. 0.1653 0.0526 0.0658 0.0711 0.0609 0.0158 0.0083
20. 0.1571 0.0500 0.0625 0.0675 0.0579 0.0150 0.0079
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Table 4. Tooth Proportions for Fine-Pitch Involute Spur and Helical Gears of
141⁄2-, 20-, and 25-Degree Pressure Angle  ANSI B6.7-1977

American National Standard Tooth Proportions for Fine-Pitch Involute Spur and
Helical Gears.—The proportions of spur gears in this Standard (ANSI B6.7-1977) follow
closely ANSI B6.1-1968, R1974, “Tooth Proportions for Coarse-Pitch Involute Spur
Gears.” The main difference between fine-pitch and coarse-pitch gears is the greater clear-
ance specified for fine-pitch gears. The increased clearance provides for any foreign mate-
rial that may tend to accumulate at the bottoms of the teeth and also the relatively larger
fillet radius resulting from proportionately greater wear on the tips of fine-pitch cutting
tools.

Pressure Angle: The standard pressure angle for fine-pitch gears is 20 degrees and is rec-
ommended for most applications. For helical gears this pressure angle applies in the nor-
mal plane. In certain cases, notably sintered or molded gears, or in gearing where greatest
strength and wear resistance are desired, a 25-degree pressure angle may be required.
However, pressure angles greater than 20 degrees tend to require use of generating tools

Item Spur Helical

Addendum, a

Dedendum, b

Working Depth, hk

Whole Depth, ht

Clearance, c
(Standard)

(Shaved or Ground Teeth)

Tooth Thickness, t
At Pitch Diameter

Circular Pitch, p

Pitch Diameter
Pinion, d

Gear, D

Outside Diameter
Pinion, do

Gear, Do

Center Distance, C

All dimensions are in inches.
P =Transverse Diametral Pitch

Pn =Normal Diametral Pitch
tn =Normal Tooth Thickness at Pitch Diameter
pn =Normal Circular Pitch

ψ =Helix Angle
n =Number of pinion teeth
N =Number of gear teeth

1.000
P

-------------
1.000

Pn

-------------

1.200
P

------------- 0.002 (min.)+
1.200

Pn

------------- 0.002 (min.)+

2.000
P

-------------
2.000

Pn

-------------

2.200
P

------------- 0.002 (min.)+
2.200

Pn

------------- 0.002 (min.)+

0.200
P

------------- 0.002 (min.)+
0.200

Pn

------------- 0.002 (min.)+

0.350
P

------------- 0.002 (min.)+
0.350

Pn

------------- 0.002 (min.)+

t
1.5708

P
----------------= tn

1.5708
Pn

----------------=

p
πD

N
--------=  or 

πd

n
------  or 

π
P
--- pn

π
Pn

------=

n

P
---

n

Pn ψcos
-------------------

N

P
----

N

Pn ψcos
-------------------

n 2+
P

------------
1

Pn

------ n

ψcos
------------- 2+
 
 

N 2+
P

-------------
1

Pn

------ N

ψcos
------------- 2+
 
 

N n+
2P

-------------
N n+

2Pn ψcos
-----------------------
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having very narrow point widths, and higher pressure angles require closer control of cen-
ter distance when backlash requirements are critical.

In those cases where consideration of angular position or backlash is critical and both
pinion and gear contain relatively large numbers of teeth, a 141⁄2-degree pressure angle may
be desirable. In general, pressure angles less than 20 degrees require greater amounts of
tooth modification to avoid undercutting problems and are limited to larger total numbers
of teeth in pinion and gear when operating at a standard center distance. Information Sheet
B in the Standard provides tooth proportions for both 141⁄2- and 25-degree pressure angle
fine-pitch gears. Table 4 provides tooth proportions for fine-pitch spur and helical gears
with 141⁄2-, 20-, and 25-degree pressure angles, and Table 5 provides tooth parts.

Diametral Pitches: Diametral pitches preferred are: 20, 24, 32, 40, 48, 64, 72, 80, 96, and
120.

Table 5. American National Standard Fine Pitch Standard Gear Tooth Parts—
141⁄2-, 20-, and 25-Degree Pressure Angles

The working depth is equal to twice the addendum. The whole depth is equal to the addendum plus
the dedendum. For minimum number of teeth see page 2154.

Other American Spur Gear Standards.—An appended information sheet in the Ameri-
can National Standard ANSI B6.1-1968, R1974 provides tooth proportion information for
three spur gear forms with the notice that they are “not recommended for new designs.”
These forms are therefore considered to be obsolescent but the information is given on
their proportions because they have been used widely in the past. These forms are the 141⁄2-
degree full depth form, the 20-degree stub involute form and the 141⁄2-degree composite
form which were covered in the former American Standard (ASA B6.1-1932). The basic
rack for the 141⁄2-degree full depth form is shown on page 2132; basic formulas for these
proportions are given in Table 6.

Diametral
Pitch

Circular
Pitch

Circular
Thickness

Standard
Addend.

Standard
Dedend.

Special
Dedend.a

a Based upon clearance for shaved or ground teeth. 

P p t a b b

20 0.1571 0.0785 0.0500 0.0620 0.0695
24 0.1309 0.0654 0.0417 0.0520 0.0582
32 0.0982 0.0491 0.0313 0.0395 0.0442
40 0.0785 0.0393 0.0250 0.0320 0.0358
48 0.0654 0.0327 0.0208 0.0270 0.0301
64 0.0491 0.0245 0.0156 0.0208 0.0231
72 0.0436 0.0218 0.0139 0.0187 0.0208
80 0.0393 0.0196 0.0125 0.0170 0.0189
96 0.0327 0.0164 0.0104 0.0145 0.0161

120 0.0262 0.0131 0.0083 0.0120 0.0132
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Table 6. Formulas for Tooth Parts—Former American Standard 
Spur Gear Tooth Forms ASA B6.1-1932

Fellows Stub Tooth.—The system of stub gear teeth introduced by the Fellows Gear
Shaper Co. is based upon the use of two diametral pitches. One diametral pitch, say, 8, is
used as the basis for obtaining the dimensions for the addendum and dedendum, while
another diametral pitch, say, 6, is used for obtaining the dimensions of the thickness of the
tooth, the number of teeth, and the pitch diameter. Teeth made according to this system are
designated as 6⁄8 pitch, 12⁄14 pitch, etc., the numerator in this fraction indicating the pitch
determining the thickness of the tooth and the number of teeth, and the denominator, the
pitch determining the depth of the tooth. The clearance is made greater than in the ordinary
gear-tooth system and equals 0.25 ÷ denominator of the diametral pitch. The pressure
angle is 20 degrees.

This type of stub gear tooth is now used infrequently. For information as to the tooth part
dimensions see 18th and earlier editions of Machinery's Handbook.
Basic Gear Dimensions.—The basic dimensions for all involute spur gears may be
obtained using the formulas shown in Table 1. This table is used in conjunction with Table
3 to obtain dimensions for coarse pitch gears and Table 5 to obtain dimensions for fine
pitch standard spur gears. To obtain the dimensions of gears that are specified at a standard
circular pitch, the equivalent diametral pitch is first calculated by using the formula in
Table 1. If the required number of teeth in the pinion (Np) is less than the minimum speci-
fied in either Table 3 or Table 5, whichever is applicable, the gears must be proportioned by
the long and short addendum method shown on page 2148.

To Find
Diametral Pitch, P

Known
Circular Pitch, p

Known

141⁄2-Degree Involute Full-depth Teeth

Addendum a = 1.000 ÷ P a = 0.3183 × p

Minimum Dedendum b = 1.157 ÷ P b = 0.3683 × p

Working Depth hk = 2.000 ÷ P hk = 0.6366 × p

Minimum Whole Depth ht = 2.157 ÷ P ht = 0.6866 × p

Basic Tooth Thickness on Pitch Line t = 1.5708 ÷ P t = 0.500 × p

Minimum Clearance c = 0.157 ÷ P c = 0.050 × p

20-Degree Involute Stub Teeth

Addendum a = 0.800 ÷ P a = 0.2546 × p

Minimum Dedendum b = 1.000 ÷ P b = 0.3183 × p

Working Depth hk = 1.600 ÷ P hk = 0.5092 × p

Minimum Whole Depth ht = 1.800 ÷ P ht = 0.5729 × p

Basic Tooth Thickness on Pitch Line t = 1.5708 ÷ P t = 0.500 × p

Minimum Clearance c = 0.200 ÷ P c = 0.0637 × p

Note: Radius of fillet equals 11⁄3 × clearance for 141⁄2-degree full-depth teeth and 11⁄2 × clearance 
for 20-degree full-depth teeth.

Note: A suitable working tolerance should be considered in connection with all minimum recom-
mendations.
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Formulas for Outside and Root Diameters of Spur Gears that are
Finish-hobbed, Shaped, or Pre-shaved

Notation
D =Pitch Diameter

DO =Outside Diameter
DR =Root Diameter

P =Diametral Pitch

a =Standard Addendum
b =Standard Minimum Dedendum

bs =Standard Dedendum
bps =Dedendum for Pre-shaving

141⁄2-, 20-, And 25-degree Involute Full-depth Teeth (19P and coarser)a

a 141⁄2-degree full-depth and 20-degree stub teeth are not recommended for new designs. 

(Hobbed)b

b According to ANSI B6.1-1968 a minimum clearance of 0.157/P may be used for the basic 20-
degree and 25-degree pressure angle rack in the case of shallow root sections and the use of existing
hobs and cutters. 

(Shaped)c

c According to ANSI B6.1-1968 the preferred clearance is 0.250/P.

(Pre-shaved)d

d According to ANSI B6.1-1968 the clearance for teeth which are shaved or ground is 0.350/P.

(Pre-shaved)e

e When gears are preshave cut on a gear shaper the dedendum will usually need to be increased to
1.40/P to allow for the higher fillet trochoid produced by the shaper cutter; this is of particular impor-
tance on gears of few teeth or if the gear blank configuration requires the use of a small diameter
shaper cutter, in which case the dedendum may need to be increased to as much as 1.45/P. This should
be avoided on highly loaded gears where the consequently reduced J factor will increase gear tooth
stress excessively. 

20-degree Involute Fine-pitch Full-depth Teeth (20P and finer)

(Hobbed or Shaped)f

f According to ANSI B6.7-1967 the standard clearance is 0.200/P + 0.002 (min.). 

(Pre-shaved)g

g According to ANSI B6.7-1967 the clearance for shaved or ground teeth is 0.350/P + 0.002 (min.). 

20-degree Involute Stub Teetha

(Hobbed)

(Pre-shaved)

DO D 2a+ N

P
---- 2

1
P
---×

 
 += =

DR D 2b– N

P
---- 2

1.157
P

-------------×
 
 –= =

DR D 2bs– N

P
---- 2

1.25
P

----------×
 
 –= =

DR D 2bps– N

P
---- 2

1.35
P

----------×
 
 –= =

DR D 2bps– N

P
---- 2

1.40
P

----------×
 
 –= =

DO D 2a+ N

P
---- 2

1
P
---×

 
 += =

DR D 2b– N

P
---- 2 1.2

P
------- 0.002+
 
 –= =

DR D 2bps– N

P
---- 2 1.35

P
---------- 0.002+
 
 –= =

DO D 2a+ N

P
---- 2

0.8
P

-------×
 
 += =

DR D 2b– N

P
---- 2

1
P
---×

 
 –= =

DR D 2bps– N

P
---- 2

1.35
P

----------×
 
 –= =
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Gears for Given Center Distance and Ratio.—When it is necessary to use a pair of
gears of given ratio at a specified center distance C1, it may be found that no gears of stan-
dard diametral pitch will satisfy the center distance requirement. Gears of standard diame-
tral pitch P may need to be redesigned to operate at other than their standard pitch diameter
D and standard pressure angle φ. The diametral pitch P1 at which these gears will operate is

(1)

where Np =number of teeth in pinion
NG =number of teeth in gear

and their operating pressure angle φ1 is

(2)

Thus although the pair of gears are cut to a diametral pitch P and a pressure angle φ, they
operate as standard gears of diametral pitch P1 and pressure angle φ1. The pitch P and pres-
sure angle φ should be chosen so that φ1 lies between about 18 and 25 degrees.

The operating pitch diameters of the pinion Dp1 and of the gear DG1 are

The base diameters of the pinion DPB1 and of the gear DGB1 are

The basic tooth thickness, t1, at the operating pitch diameter for both pinion and gear is

(5)

The root diameters of the pinion DPR1 and gear DGR1 and the corresponding outside diam-
eters DPO1 and DGO1 are not standard because each gear is to be cut with a cutter that is not
standard for the operating pitch diameters DP1 and DG1.

The root diameters are

where bc is the hob or cutter addendum for the pinion and gear.

The tooth thicknesses of the pinion tP2 and the gear tG2 are

(8a)

(3a) and (3b)

(4a) and (4b)

(6a) and (6b)

where (7a)

and (7b)

P1
NP NG+

2C1
---------------------=

φ1

P1

P
------ φcos 
 arccos=

DP1
NP

P1
-------= DG1

NG

P1
-------=

DPB1 DP1 φ1cos= DGB1 DG1 φ1cos=

t1
1.5708

P1
----------------=

DPR1

NP

P
------- 2bP1–= DGR1

NG

P
------- 2bG1–=

bP1 bc

tP2 1.5708 P⁄–

2 φtan
-------------------------------------
 
 –=

bG1 bc

tG2 1.5708 P⁄–

2 φtan
--------------------------------------–=

tP2

NP

P
------- 1.5708

NP

---------------- inv φ1 inv φ–+
 
 =
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(8b)

The outside diameter of the pinion DPO and the gear DGO are

Example:Design gears of 8 diametral pitch, 20-degree pressure angle, and 28 and 88
teeth to operate at 7.50-inch center distance. The gears are to be cut with a hob of 0.169-
inch addendum.

(9a)

and (9b)

(1)

(2)

(3a)

and (3b)

(4a)

and (4b)

(5)

(6a)

and (6b)

(7a)

(7b)

(8a)

(8b)

(9a)

(9b)

tG2

NG

P
------- 1.5708

NG

---------------- φ1
inv φinv–+ 

 =

DPO 2 C1 DGR1 2– bc 1 P⁄–( )–×=

DGO 2 C1 DPR1 2 bc 1 P⁄–( )––×=

P1
28 88+
2 7.50×
------------------- 7.7333= =

φ1
7.7333

8
---------------- 0.93969× 
 arccos 24.719°= =

DP1
28

7.7333
---------------- 3.6207 in.= =

DG1
88

7.7333
---------------- 11.3794 in.= =

DPB1 3.6207 0.90837× 3.2889 in.= =

DGB1 11.3794 0.90837× 10.3367 in.= =

t1
1.5708
7.7333
---------------- 0.20312 in.= =

DPR1
28
8
------ 2 0.1016×– 3.2968 in.= =

DGR1
88
8
------ 2 0.0428–( )×– 11.0856 in.= =

bP1 0.169
0.2454 1.5708 8⁄–

2 0.36397×
----------------------------------------------
 
 – 0.1016 in.= =

bG1 0.169
0.3505 1.5708 8⁄–

2 0.36397×
----------------------------------------------
 
 – 0.0428 in.–= =

tP2
28
8

------ 1.5708
28

---------------- 0.028922 0.014904–+ 
  0.2454 in.= =

tG2
88
8

------ 1.5708
88

---------------- 0.028922 0.014904–+ 
  0.3505 in.–=

DPO1 2 7.50 11.0856– 2 0.169 1 8⁄–( )–× 3.8264 in.= =

DGO1 2 7.50 3.2968 2 0.169 1 8⁄–( )––× 11.6152 in.= =



SPUR GEARING 2141

Tooth Thickness Allowance for Shaving.—Proper stock allowance is important for
good results in shaving operations. If too much stock is left for shaving, the life of the shav-
ing tool is reduced and, in addition, shaving time is increased. The following figures repre-
sent the amount of stock to be left on the teeth for removal by shaving under average
conditions: For diametral pitches of 2 to 4, a thickness of 0.003 to 0.004 inch (0.0762–
0.1016 mm)— one-half on each side of the tooth; for 5 to 6 diametral pitch, 0.0025 to
0.0035 inch(0.0635–0.0889 mm); for 7 to 10 diametral pitch, 0.002 to 0.003 inch(0.0508–
0.0762 mm); for 11 to 14 diametral pitch, 0.0015 to 0.0020 inch(0.0381–0.0508 mm); for
16 to 18 diametral pitch, 0.001 to 0.002 inch(0.0254–0.0508 mm); for 20 to 48 diametral
pitch, 0.0005 to 0.0015 inch(0.0127–0.0381 mm); and for 52 to 72 diametral pitch, 0.0003
to 0.0007 inch(0.00762–0.01778 mm).

The thickness of the gear teeth may be measured in several ways to determine the amount
of stock left on the sides of the teeth to be removed by shaving. If it is necessary to measure
the tooth thickness during the preshaving operation while the gear is in the gear shaper or
hobbing machine, a gear tooth caliper or pins would be employed. Caliper methods of
measuring gear teeth are explained in detail on page 2147 for measurements over single
teeth, and on page 2236 for measurements over two or more teeth.

When the preshaved gear can be removed from the machine for checking, the center dis-
tance method may be employed. In this method, the preshaved gear is meshed without
backlash with a gear of standard tooth thickness and the increase in center distance over
standard is noted. The amount of total tooth thickness over standard on the preshaved gear
can then be determined by the formula: t2 = 2 tan φ × d, where t2 = amount that the total
thickness of the tooth exceeds the standard thickness, φ = pressure angle, and d = amount
that the center distance between the two gears exceeds the standard center distance.
Circular Pitch for Given Center Distance and Ratio.—When it is necessary to use a
pair of gears of given ratio at a specified center distance, it may be found that no gears of
standard diametral pitch will satisfy the center distance requirement. Hence, circular pitch
gears may be selected. To find the required circular pitch p, when the center distance C and
total number of teeth N in both gears are known, use the following formula:

Example:A pair of gears having a ratio of 3 is to be used at a center distance of 10.230
inches. If one gear has 60 teeth and the other 20, what must be their circular pitch?

Circular Thickness of Tooth when Outside Diameter is Standard.—For a full-depth
or stub tooth gear of standard outside diameter, the tooth thickness on the pitch circle (cir-
cular thickness or arc thickness) is found by the following formula:

where t = circular thickness and P = diametral pitch. In Fellows stub tooth gears the diame-
tral pitch used is the numerator of the pitch fraction (for example, 6 if the pitch is 6 ⁄8).

Example 1:Find the tooth thickness on the pitch circle of a 141⁄2-degree full-depth tooth of
12 diametral pitch.

Example 2:Find the tooth thickness on the tooth circle of a 20-degree full-depth involute
tooth having a diametral pitch of 5.

p
C 6.2832×

N
--------------------------=

p
10.230 6.2832×

60 20+
--------------------------------------- 0.8035 inch= =

t
1.5708

P
----------------=

t 1.5708 12⁄ 0.1309 inch= =

t
1.5708

5
---------------- 0.31416, say 0.3142 inch= =
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The tooth thickness on the pitch circle can be determined very accurately by means of
measurement over wires which are located in tooth spaces that are diametrically opposite
or as nearly diametrically opposite as possible. Where measurement over wires is not fea-
sible, the circular or arc tooth thickness can be used in determining the chordal thickness
which is the dimension measured with a gear tooth caliper.
Circular Thickness of Tooth when Outside Diameter has been Enlarged.—When the
outside diameter of a small pinion is not standard but is enlarged to avoid undercut and to
improve tooth action, the teeth are located farther out radially relative to the standard pitch
diameter and consequently the circular tooth thickness at the standard pitch diameter is
increased. To find this increased arc thickness the following formula is used, where t =
tooth thickness; e = amount outside diameter is increased over standard; φ = pressure
angle; and p = circular pitch at the standard pitch diameter.

Example:The outside diameter of a pinion having 10 teeth of 5 diametral pitch and a
pressure angle of 141⁄2 degrees is to be increased by 0.2746 inch. The circular pitch equiva-
lent to 5 diametral pitch is 0.6283 inch. Find the arc tooth thickness at the standard pitch
diameter.

Circular Thickness of Tooth when Outside Diameter has been Reduced.—If the out-
side diameter of a gear is reduced, as is frequently done to maintain the standard center dis-
tance when the outside diameter of the mating pinion is increased, the circular thickness of
the gear teeth at the standard pitch diameter will be reduced.This decreased circular thick-
ness can be found by the following formula where t = circular thickness at the standard
pitch diameter; e = amount outside diameter is reduced under standard; φ = pressure angle;
and p = circular pitch.

Example:The outside diameter of a gear having a pressure angle of 141⁄2 degrees is to be
reduced by 0.2746 inch or an amount equal to the increase in diameter of its mating pinion.
The circular pitch is 0.6283 inch. Determine the circular tooth thickness at the standard
pitch diameter.

Chordal Thickness of Tooth when Outside Diameter is Standard.—To  f i nd  t he
chordal or straight line thickness of a gear tooth the following formula can be used where tc
= chordal thickness; D = pitch diameter; and N = number of teeth.

Example:A pinion has 15 teeth of 3 diametral pitch; the pitch diameter is equal to 15 ÷ 3
or 5 inches. Find the chordal thickness at the standard pitch diameter.

t
p

2
--- e φtan+=

t
0.6283

2
---------------- 0.2746 141⁄2°tan×( )+=

t 0.3142 0.2746 0.25862×( )+ 0.3852 inch= =

t
p

2
--- e φtan–=

t
0.6283

2
---------------- 0.2746 141⁄2°tan×( )–=

t 0.3142 0.2746 0.25862×( )– 0.2432 inch= =

tc D
90°
N

--------
 
 sin=

tc 5
90°
15
--------
 
 sin 5 6°sin 5 0.10453× 0.5226 inch= = = =
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Chordal Thicknesses and Chordal Addenda of Milled, Full-depth
Gear Teeth and of Gear Milling Cutters

T =chordal thickness of gear tooth and cutter tooth at pitch line;
H =chordal addendum for full-depth gear tooth;
A =chordal addendum of cutter = (2.157 ÷ diametral pitch) − H

= (0.6866 × circular pitch) − H.

D
ia

m
et

ra
l

Pi
tc

h

D
im

en
si

on Number of Gear Cutter, and Corresponding Number of Teeth

No. 1
135 Teeth

No. 2
55 Teeth

No. 3
35 Teeth

No. 4
26 Teeth

No. 5
21 Teeth

No. 6
17 Teeth

No. 7
14 Teeth

No. 8
12 Teeth

1
T 1.5707 1.5706 1.5702 1.5698 1.5694 1.5686 1.5675 1.5663

H 1.0047 1.0112 1.0176 1.0237 1.0294 1.0362 1.0440 1.0514

11⁄2
T 1.0471 1.0470 1.0468 1.0465 1.0462 1.0457 1.0450 1.0442

H 0.6698 0.6741 0.6784 0.6824 0.6862 0.6908 0.6960 0.7009

2
T 0.7853 0.7853 0.7851 0.7849 0.7847 0.7843 0.7837 0.7831

H 0.5023 0.5056 0.5088 0.5118 0.5147 0.5181 0.5220 0.5257

21⁄2
T 0.6283 0.6282 0.6281 0.6279 0.6277 0.6274 0.6270 0.6265

H 0.4018 0.4044 0.4070 0.4094 0.4117 0.4144 0.4176 0.4205

3
T 0.5235 0.5235 0.5234 0.5232 0.5231 0.5228 0.5225 0.5221

H 0.3349 0.3370 0.3392 0.3412 0.3431 0.3454 0.3480 0.3504

31⁄2
T 0.4487 0.4487 0.4486 0.4485 0.4484 0.4481 0.4478 0.4475

H 0.2870 0.2889 0.2907 0.2919 0.2935 0.2954 0.2977 0.3004

4
T 0.3926 0.3926 0.3926 0.3924 0.3923 0.3921 0.3919 0.3915

H 0.2511 0.2528 0.2544 0.2559 0.2573 0.2590 0.2610 0.2628

5
T 0.3141 0.3141 0.3140 0.3139 0.3138 0.3137 0.3135 0.3132

H 0.2009 0.2022 0.2035 0.2047 0.2058 0.2072 0.2088 0.2102

6
T 0.2618 0.2617 0.2617 0.2616 0.2615 0.2614 0.2612 0.2610

H 0.1674 0.1685 0.1696 0.1706 0.1715 0.1727 0.1740 0.1752

7
T 0.2244 0.2243 0.2243 0.2242 0.2242 0.2240 0.2239 0.2237

H 0.1435 0.1444 0.1453 0.1462 0.1470 0.1480 0.1491 0.1502

8
T 0.1963 0.1963 0.1962 0.1962 0.1961 0.1960 0.1959 0.1958

H 0.1255 0.1264 0.1272 0.1279 0.1286 0.1295 0.1305 0.1314

9
T 0.1745 0.1745 0.1744 0.1744 0.1743 0.1743 0.1741 0.1740

H 0.1116 0.1123 0.1130 0.1137 0.1143 0.1151 0.1160 0.1168

10
T 0.1570 0.1570 0.1570 0.1569 0.1569 0.1568 0.1567 0.1566

H 0.1004 0.1011 0.1017 0.1023 0.1029 0.1036 0.1044 0.1051

11
T 0.1428 0.1428 0.1427 0.1427 0.1426 0.1426 0.1425 0.1424

H 0.0913 0.0919 0.0925 0.0930 0.0935 0.0942 0.0949 0.0955

12
T 0.1309 0.1309 0.1308 0.1308 0.1308 0.1307 0.1306 0.1305

H 0.0837 0.0842 0.0848 0.0853 0.0857 0.0863 0.0870 0.0876

14
T 0.1122 0.1122 0.1121 0.1121 0.1121 0.1120 0.1119 0.1118

H 0.0717 0.0722 0.0726 0.0731 0.0735 0.0740 0.0745 0.0751

16
T 0.0981 0.0981 0.0981 0.0981 0.0980 0.0980 0.0979 0.0979

H 0.0628 0.0632 0.0636 0.0639 0.0643 0.0647 0.0652 0.0657

18
T 0.0872 0.0872 0.0872 0.0872 0.0872 0.0871 0.0870 0.0870

H 0.0558 0.0561 0.0565 0.0568 0.0571 0.0575 0.0580 0.0584

20
T 0.0785 0.0785 0.0785 0.0785 0.0784 0.0784 0.0783 0.0783

H 0.0502 0.0505 0.0508 0.0511 0.0514 0.0518 0.0522 0.0525



2144 SPUR GEARING

Chordal Thicknesses and Chordal Addenda of Milled, Full-depth
Gear Teeth and of Gear Milling Cutters

C
ir

cu
la

r
Pi

tc
h

D
im

en
si

on Number of Gear Cutter, and Corresponding Number of Teeth

No. 1
135 Teeth

No. 2
55 Teeth

No. 3
35 Teeth

No. 4
26 Teeth

No. 5
21 Teeth

No. 6
17 Teeth

No. 7
14 Teeth

No. 8
12 Teeth

1⁄4
T 0.1250 0.1250 0.1249 0.1249 0.1249 0.1248 0.1247 0.1246
H 0.0799 0.0804 0.0809 0.0814 0.0819 0.0824 0.0830 0.0836

5⁄16
T 0.1562 0.1562 0.1562 0.1561 0.1561 0.1560 0.1559 0.1558
H 0.0999 0.1006 0.1012 0.1018 0.1023 0.1030 0.1038 0.1045

8⁄8
T 0.1875 0.1875 0.1874 0.1873 0.1873 0.1872 0.1871 0.1870
H 0.1199 0.1207 0.1214 0.1221 0.1228 0.1236 0.1245 0.1254

7⁄16
T 0.2187 0.2187 0.2186 0.2186 0.2185 0.2184 0.2183 0.2181
H 0.1399 0.1408 0.1416 0.1425 0.1433 0.1443 0.1453 0.1464

1⁄2
T 0.2500 0.2500 0.2499 0.2498 0.2498 0.2496 0.2495 0.2493
H 0.1599 0.1609 0.1619 0.1629 0.1638 0.1649 0.1661 0.1673

9⁄16
T 0.2812 0.2812 0.2811 0.2810 0.2810 0.2808 0.2806 0.2804
H 0.1799 0.1810 0.1821 0.1832 0.1842 0.1855 0.1868 0.1882

5⁄8
T 0.3125 0.3125 0.3123 0.3123 0.3122 0.3120 0.3118 0.3116
H 0.1998 0.2012 0.2023 0.2036 0.2047 0.2061 0.2076 0.2091

11⁄16
T 0.3437 0.3437 0.3436 0.3435 0.3434 0.3432 0.3430 0.3427
H 0.2198 0.2213 0.2226 0.2239 0.2252 0.2267 0.2283 0.2300

3⁄4
T 0.3750 0.3750 0.3748 0.3747 0.3747 0.3744 0.3742 0.3740
H 0.2398 0.2414 0.2428 0.2443 0.2457 0.2473 0.2491 0.2509

13⁄16
T 0.4062 0.4062 0.4060 0.4059 0.4059 0.4056 0.4054 0.4050
H 0.2598 0.2615 0.2631 0.2647 0.2661 0.2679 0.2699 0.2718

7⁄8
T 0.4375 0.4375 0.4373 0.4372 0.4371 0.4368 0.4366 0.4362
H 0.2798 0.2816 0.2833 0.2850 0.2866 0.2885 0.2906 0.2927

15⁄16
T 0.4687 0.4687 0.4685 0.4684 0.4683 0.4680 0.4678 0.4674
H 0.2998 0.3018 0.3035 0.3054 0.3071 0.3092 0.3114 0.3137

1
T 0.5000 0.5000 0.4998 0.4997 0.4996 0.4993 0.4990 0.4986
H 0.3198 0.3219 0.3238 0.3258 0.3276 0.3298 0.3322 0.3346

11⁄8
T 0.5625 0.5625 0.5623 0.5621 0.5620 0.5617 0.5613 0.5610
H 0.3597 0.3621 0.3642 0.3665 0.3685 0.3710 0.3737 0.3764

11⁄4
T 0.6250 0.6250 0.6247 0.6246 0.6245 0.6241 0.6237 0.6232
H 0.3997 0.4023 0.4047 0.4072 0.4095 0.4122 0.4152 0.4182

18⁄8
T 0.6875 0.6875 0.6872 0.6870 0.6869 0.6865 0.6861 0.6856
H 0.4397 0.4426 0.4452 0.4479 0.4504 0.4534 0.4567 0.4600

11⁄2
T 0.7500 0.7500 0.7497 0.7495 0.7494 0.7489 0.7485 0.7480
H 0.4797 0.4828 0.4857 0.4887 0.4914 0.4947 0.4983 0.5019

13⁄4
T 0.8750 0.8750 0.8746 0.8744 0.8743 0.8737 0.8732 0.8726
H 0.5596 0.5633 0.5666 0.5701 0.5733 0.5771 0.5813 0.5855

2
T 1.0000 1.0000 0.9996 0.9994 0.9992 0.9986 0.9980 0.9972
H 0.6396 0.6438 0.6476 0.6516 0.6552 0.6596 0.6644 0.6692

21⁄4
T 1.1250 1.1250 1.1246 1.1242 1.1240 1.1234 1.1226 1.1220
H 0.7195 0.7242 0.7285 0.7330 0.7371 0.7420 0.7474 0.7528

21⁄2
T 1.2500 1.2500 1.2494 1.2492 1.2490 1.2482 1.2474 1.2464
H 0.7995 0.8047 0.8095 0.8145 0.8190 0.8245 0.8305 0.8365

3
T 1.5000 1.5000 1.4994 1.4990 1.4990 1.4978 1.4970 1.4960
H 0.9594 0.9657 0.9714 0.9774 0.9828 0.9894 0.9966 1.0038
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Chordal Thickness of Tooth when Outside Diameter is Special.—When the outside
diameter is larger or smaller than standard the chordal thickness at the standard pitch diam-
eter is found by the following formula where tc = chordal thickness at the standard pitch
diameter D; t = circular thickness at the standard pitch diameter of the enlarged pinion or
reduced gear being measured.

Example 1:The outside diameter of a pinion having 10 teeth of 5 diametral pitch has been
enlarged by 0.2746 inch. This enlargement has increased the circular tooth thickness at the
standard pitch diameter (as determined by the formula previously given) to 0.3852 inch.
Find the equivalent chordal thickness.

(The error introduced by rounding the circular thickness to three significant figures before
cubing it only affects the fifth decimal place in the result.)

Example 2:A gear having 30 teeth is to mesh with the pinion in Example 1 and is reduced
so that the circular tooth thickness at the standard pitch diameter is 0.2432 inch. Find the
equivalent chordal thickness.

Chordal Addendum.—In measuring the chordal thickness, the vertical scale of a gear
tooth caliper is set to the chordal or “corrected” addendum to locate the caliper jaws at the
pitch line (see Method of setting a gear tooth caliper on page 2148). The simplified for-
mula which follows may be used in determining the chordal addendum either when the
addendum is standard for full-depth or stub teeth or when the addendum is either longer or
shorter than standard as in case of an enlarged pinion or a gear which is to mesh with an
enlarged pinion and has a reduced addendum to maintain the standard center distance. If ac

= chordal addendum; a = addendum; and t = circular thickness of tooth at pitch diameter D;
then,

Example 1:The outside diameter of an 8 diametral pitch 14-tooth pinion with 20-degree
full-depth teeth is to be increased by using an enlarged addendum of 1.234 ÷ 8 = 0.1542
inch (see Table 7 on page 2146). The basic tooth thickness of the enlarged pinion is 1.741
÷ 8 = 0.2176 inch. What is the chordal addendum?

Example 2:The outside diameter of a 141⁄2-degree pinion having 12 teeth of 2 diametral
pitch is to be enlarged 0.624 inch to avoid undercut (see Table 8 on page 2146), thus
increasing the addendum from 0.5000 to 0.8120 inch and the arc thickness at the pitch line
from 0.7854 to 0.9467 inch. Then,

tc t
t3

6 D2×
----------------–=

tc 0.3852 0.3853

6 2× 2
----------------– 0.3852 0.0024– 0.3828 inch= = =

tc 0.2432 0.2433

6 62×
----------------– 0.2432 0.00007 0.2431 inch=–= =

ac a
t2

4D
-------+=

 Chordal addendum 0.1542 0.21762

4 14 8÷( )×
-----------------------------+ 0.1610 inch= =

 Chordal addendum of pinion 0.8120 0.94672

4 12 2÷( )×
-----------------------------+ 0.8493 inch= =
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Table 7. Addendums and Tooth Thicknesses for Coarse-Pitch Long-Addendum
Pinions and their Mating Short-Addendum Gears—20- and 25-degree Pressure 

Angles ANSI B6.1-1968 (R1974)

All values are for 1 diametral pitch. For any other sizes of teeth all linear dimensions should be
divided by the diametral pitch. Basic tooth thicknesses do not include an allowance for backlash.

Table 8. Enlarged Pinion and Reduced Gear Dimensions to Avoid Interference
Coarse Pitch 141⁄2-degree Involute Full Depth Teeth

All dimensions are given in inches and are for 1 diametral pitch. For other pitches divide tabular
values by desired diametral pitch.

Add to the standard outside diameter of the pinion the amount given in the second column of the
table divided by the desired diametral pitch, and (to maintain standard center distance) subtract the
same amount from the outside diameter of the mating gear. Long addendum pinions will mesh with
standard gears, but the center distance will be greater than standard.

Number of
Teeth in
Pinion

Addendum Basic Tooth Thickness Number of
Teeth in

GearPinion Gear Pinion Gear

NP aP aG tP tG NG (min)

20-Degree Involute Full Depth Tooth Form (Less than 20 Diametral Pitch)

10 1.468 .532 1.912 1.230 25
11 1.409 .591 1.868 1.273 24
12 1.351 .649 1.826 1.315 23
13 1.292 .708 1.783 1.358 22
14 1.234 .766 1.741 1.400 21
15 1.175 .825 1.698 1.443 20
16 1.117 .883 1.656 1.486 19
17 1.058 .942 1.613 1.529 18

25-Degree Involute Full Depth Tooth Form (Less than 20 Diametral Pitch)

10 1.184 .816 1.742 1.399 15
11 1.095 .905 1.659 1.482 14

Number of
Pinion
Teeth

Changes in Pinion
and Gear
Diameters

Circular Tooth Thickness Min. No. of Teeth in Mating Gear

Pinion Mating Gear
To Avoid
Undercut

For Full Invo-
lute Action

10 1.3731 1.9259 1.2157 54 27
11 1.3104 1.9097 1.2319 53 27
12 1.2477 1.8935 1.2481 52 28
13 1.1850 1.8773 1.2643 51 28
14 1.1223 1.8611 1.2805 50 28
15 1.0597 1.8449 1.2967 49 28
16 0.9970 1.8286 1.3130 48 28
17 0.9343 1.8124 1.3292 47 28
18 0.8716 1.7962 1.3454 46 28
19 0.8089 1.7800 1.3616 45 28
20 0.7462 1.7638 1.3778 44 28
21 0.6835 1.7476 1.3940 43 28
22 0.6208 1.7314 1.4102 42 27
23 0.5581 1.7151 1.4265 41 27
24 0.4954 1.6989 1.4427 40 27
25 0.4328 1.6827 1.4589 39 26
26 0.3701 1.6665 1.4751 38 26
27 0.3074 1.6503 1.4913 37 26
28 0.2447 1.6341 1.5075 36 25
29 0.1820 1.6179 1.5237 35 25
30 0.1193 1.6017 1.5399 34 24
31 0.0566 1.5854 1.5562 33 24
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Example 3:The outside diameter of the mating gear for the pinion in Example 3 is to be
reduced 0.624 inch. The gear has 60 teeth and the addendum is reduced from 0.5000 to
0.1881 inch (to maintain the standard center distance), thus reducing the arc thickness to
0.6240 inch. Then,

When a gear addendum is reduced as much as the mating pinion addendum is enlarged,
the minimum number of gear teeth required to prevent undercutting depends upon the
enlargement of the mating pinion. To illustrate, if a 141⁄2-degree pinion with 13 teeth is
enlarged 1.185 inches, then the reduced mating gear should have a minimum of 51 teeth to
avoid undercut (see Table 8 on page 2146).

Tables for Chordal Thicknesses and Chordal Addenda of Milled, Full-depth
Teeth.—Two convenient tables for checking gears with milled, full-depth teeth are given
on pages 2143 and  2144. The first shows chordal thicknesses and chordal addenda for the
lowest number of teeth cut by gear cutters Nos. 1 through 8, and for the commonly used
diametral pitches. The second gives similar data for commonly used circular pitches. In
each case the data shown are accurate for the number of gear teeth indicated, but are
approximate for other numbers of teeth within the range of the cutter under which they
appear in the table. For the higher diametral pitches and lower circular pitches, the error
introduced by using the data for any tooth number within the range of the cutter under
which it appears is comparatively small. The chordal thicknesses and chordal addenda for
gear cutters Nos. 1 through 8 of the more commonly used diametral and circular pitches
can be obtained from the table and formulas on pages 2143 and  2144.

Caliper Measurement of Gear Tooth.—In cutting gear teeth, the general practice is to
adjust the cutter or hob until it grazes the outside diameter of the blank; the cutter is then
sunk to the total depth of the tooth space plus whatever slight additional amount may be
required to provide the necessary play or backlash between the teeth. (For recommenda-
tions concerning backlash and excess depth of cut required, see Backlash starting on page
2163.) If the outside diameter of the gear blank is correct, the tooth thickness should also be
correct after the cutter has been sunk to the depth required for a given pitch and backlash.
However, it is advisable to check the tooth thickness by measuring it, and the vernier gear-
tooth caliper (see following illustration) is commonly used in measuring the thickness.

The vertical scale of this caliper is set so that when it rests upon the top of the tooth as
shown, the lower ends of the caliper jaws will be at the height of the pitch circle; the hori-
zontal scale then shows the chordal thickness of the tooth at this point. If the gear is being
cut on a milling machine or with the type of gear-cutting machine employing a formed
milling cutter, the tooth thickness is checked by first taking a trial cut for a short distance at
one side of the blank; then the gear blank is indexed for the next space and another cut is
taken far enough to mill the full outline of the tooth. The tooth thickness is then measured.

Before the gear-tooth caliper can be used, it is necessary to determine the correct chordal
thickness and also the chordal addendum (or “corrected addendum” as it is sometimes
called). The vertical scale is set to the chordal addendum, thus locating the ends of the jaws
at the height of the pitch circle. The rules or formulas to use in determining the chordal
thickness and chordal addendum will depend upon the outside diameter of the gear; for
example, if the outside diameter of a small pinion is enlarged to avoid undercut and
improve the tooth action, this must be taken into account in figuring the chordal thickness
and chordal addendum as shown by the accompanying rules. The detail of a gear tooth
included with the gear-tooth caliper illustration, represents the chordal thickness T, the
addendum S, and the chordal addendum H. For the caliper measurements over two or more
teeth see Checking Spur Gear Size by Chordal Measurement Over Two or More Teeth
starting on page 2236.

 Chordal addendum of gear 0.1881 0.62402

4 60 2÷( )×
-----------------------------+ 0.1913 inch= =
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Method of setting a gear tooth caliper

Selection of Involute Gear Milling Cutter for a Given Diametral Pitch and Number of
Teeth.—When gear teeth are cut by using formed milling cutters, the cutter must be
selected to suit both the pitch and the number of teeth, because the shapes of the tooth
spaces vary according to the number of teeth. For instance, the tooth spaces of a small pin-
ion are not of the same shape as the spaces of a large gear of equal pitch. Theoretically,
there should be a different formed cutter for every tooth number, but such refinement is
unnecessary in practice. The involute formed cutters commonly used are made in series of
eight cutters for each diametral pitch (see Series of Involute, Finishing Gear Milling Cut-
ters for Each Pitch). The shape of each cutter in this series is correct for a certain number of
teeth only, but it can be used for other numbers within the limits given. For instance, a No.
6 cutter may be used for gears having from 17 to 20 teeth, but the tooth outline is correct
only for 17 teeth or the lowest number in the range, which is also true of the other cutters
listed. When this cutter is used for a gear having, say, 19 teeth, too much material is
removed from the upper surfaces of the teeth, although the gear meets ordinary require-
ments. When greater accuracy of tooth shape is desired to ensure smoother or quieter oper-
ation, an intermediate series of cutters having half-numbers may be used provided the
number of gear teeth is between the number listed for the regular cutters (see Series of Invo-
lute, Finishing Gear Milling Cutters for Each Pitch).

Involute gear milling cutters are designed to cut a composite tooth form, the center por-
tion being a true involute while the top and bottom portions are cycloidal. This composite
form is necessary to prevent tooth interference when milled mating gears are meshed with
each other. Because of their composite form, milled gears will not mate satisfactorily
enough for high grade work with those of generated, full-involute form. Composite form
hobs are available, however, which will produce generated gears that mesh with those cut
by gear milling cutters.

Metric Module Gear Cutters: The accompanying table for selecting the cutter number to
be used to cut a given number of teeth may be used also to select metric module gear cutters
except that the numbers are designated in reverse order. For example, cutter No. 1, in the
metric module system, is used for 12-13 teeth, cutter No. 2 for 14-16 teeth, etc.

Increasing Pinion Diameter to Avoid Undercut or Interference.—On coarse-pitch
pinions with small numbers of teeth (10 to 17 for 20-degree and 10 and 11 for 25-degree
pressure angle involute tooth forms) undercutting of the tooth profile or fillet interference
with the tip of the mating gear can be avoided by making certain changes from the standard
tooth proportions that are specified in Table 3 on page 2134. These changes consist essen-
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tially in increasing the addendum and hence the outside diameter of the pinion and decreas-
ing the addendum and hence the outside diameter of the mating gear. These changes in
outside diameters of pinion and gear do not change the velocity ratio or the procedures in
cutting the teeth on a hobbing machine or generating type of shaper or planer.

Data in Table 7 on page 2146 are taken from ANSI Standard B6.1-1968, reaffirmed
1974, and show for 20-degree and 25-degree full-depth standard tooth forms, respectively,
the addendums and tooth thicknesses for long addendum pinions and their mating short
addendum gears when the number of teeth in the pinion is as given. Similar data for former

Circular Pitch in Gears—Pitch Diameters, Outside Diameters, and Root Diameters

For any particular circular pitch and number of teeth, use the table as shown in the example to find the pitch diameter, outside
diameter, and root diameter. Example: Pitch diameter for 57 teeth of 6-inch circular pitch = 10 × pitch diameter given under factor
for 5 teeth plus pitch diameter given under factor for 7 teeth. (10 × 9.5493) + 13.3690 = 108.862 inches.

Outside diameter of gear equals pitch diameter plus outside diameter factor from next-to-last column in table = 108.862 +
3.8197 = 112.682 inches.

Root diameter of gear equals pitch diameter minus root diameter factor from last column in table = 108.862 − 4.4194 = 104.443
inches.
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Pitch Diameter Corresponding to Factor for Number of Teeth

6 1.9099 3.8197 5.7296 7.6394 9.5493 11.4591 13.3690 15.2788 17.1887 3.8197 4.4194
51⁄2 1.7507 3.5014 5.2521 7.0028 8.7535 10.5042 12.2549 14.0056 15.7563 3.5014 4.0511
5 1.5915 3.1831 4.7746 6.3662 7.9577 9.5493 11.1408 12.7324 14.3239 3.1831 3.6828
41⁄2 1.4324 2.8648 4.2972 5.7296 7.1620 8.5943 10.0267 11.4591 12.8915 2.8648 3.3146
4 1.2732 2.5465 3.8197 5.0929 6.3662 7.6394 8.9127 10.1859 11.4591 2.5465 2.9463
31⁄2 1.1141 2.2282 3.3422 4.4563 5.5704 6.6845 7.7986 8.9127 10.0267 2.2282 2.5780
3 0.9549 1.9099 2.8648 3.8197 4.7746 5.7296 6.6845 7.6394 8.5943 1.9099 2.2097
21⁄2 0.7958 1.5915 2.3873 3.1831 3.9789 4.7746 5.5704 6.3662 7.1620 1.5915 1.8414
2 0.6366 1.2732 1.9099 2.5465 3.1831 3.8197 4.4563 5.0929 5.7296 1.2732 1.4731
17⁄8 0.5968 1.1937 1.7905 2.3873 2.9841 3.5810 4.1778 4.7746 5.3715 1.1937 1.3811

13⁄4 0.5570 1.1141 1.6711 2.2282 2.7852 3.3422 3.8993 4.4563 5.0134 1.1141 1.2890

15⁄8 0.5173 1.0345 1.5518 2.0690 2.5863 3.1035 3.6208 4.1380 4.6553 1.0345 1.1969

11⁄2 0.4775 0.9549 1.4324 1.9099 2.3873 2.8648 3.3422 3.8197 4.2972 0.9549 1.1049

17⁄16 0.4576 0.9151 1.3727 1.8303 2.2878 2.7454 3.2030 3.6606 4.1181 0.9151 1.0588

13⁄8 0.4377 0.8754 1.3130 1.7507 2.1884 2.6261 3.0637 3.5014 3.9391 0.8754 1.0128

15⁄16 0.4178 0.8356 1.2533 1.6711 2.0889 2.5067 2.9245 3.3422 3.7600 0.8356 0.9667

11⁄4 0.3979 0.7958 1.1937 1.5915 1.9894 2.3873 2.7852 3.1831 3.5810 0.7958 0.9207

13⁄16 0.3780 0.7560 1.1340 1.5120 1.8900 2.2680 2.6459 3.0239 3.4019 0.7560 0.8747

11⁄8 0.3581 0.7162 1.0743 1.4324 1.7905 2.1486 2.5067 2.8648 3.2229 0.7162 0.8286

11⁄16 0.3382 0.6764 1.0146 1.3528 1.6910 2.0292 2.3674 2.7056 3.0438 0.6764 0.7826
1 0.3183 0.6366 0.9549 1.2732 1.5915 1.9099 2.2282 2.5465 2.8648 0.6366 0.7366

15⁄16 0.2984 0.5968 0.8952 1.1937 1.4921 1.7905 2.0889 2.3873 2.6857 0.5968 0.6905
7⁄8 0.2785 0.5570 0.8356 1.1141 1.3926 1.6711 1.9496 2.2282 2.5067 0.5570 O.6445
13⁄16 0.2586 0.5173 0.7759 1.0345 1.2931 1.5518 1.8104 2.0690 2.3276 0.5173 0.5985
3⁄4 0.2387 0.4475 0.7162 0.9549 1.1937 1.4324 1.6711 1.9099 2.1486 0.4775 0.5524
11⁄16 0.2188 0.4377 0.6565 0.8754 1.0942 1.3130 1.5319 1.7507 1.9695 0.4377 0.5064
2⁄3 0.2122 0.4244 0.6366 0.8488 1.0610 1.2732 1.4854 1.6977 1.9099 0.4244 0.4910
5⁄8 0.1989 0.3979 0.5968 0.7958 0.9947 1.1937 1.3926 1.5915 1.7905 0.3979 0.4604
9⁄16 0.1790 0.3581 0.5371 0.7162 0.8952 1.0743 1.2533 1.4324 1.6114 0.3581 0.4143
1⁄2 0.1592 0.3183 0.4775 0.6366 0.7958 0.9549 1.1141 1.2732 1.4324 0.3183 0.3683
7⁄16 0.1393 0.2785 0.4178 0.5570 0.6963 0.8356 0.9748 1.1141 1.2533 0.2785 0.3222
3⁄8 0.1194 0.2387 0.3581 0.4775 0.5968 0.7162 0.8356 0.9549 1.0743 0.2387 0.2762
1⁄3 0.1061 0.2122 0.3183 0.4244 0.5305 0.6366 0.7427 0.8488 0.9549 0.2122 0.2455
5⁄16 0.0995 0.1989 0.2984 0.3979 0.4974 0.5968 0.6963 0.7958 0.8952 0.1989 0.2302
1⁄4 0.0796 0.1592 0.2387 0.3183 0.3979 0.4775 0.5570 0.6366 0.7162 0.1592 0.1841
3⁄16 0.0597 0.1194 0.1790 0.2387 0.2984 0.3581 0.4178 0.4775 0.5371 0.1194 0.1381
1⁄8 0.0398 0.0796 0.1194 0.1592 0.1989 0.2387 0.2785 0.3183 0.3581 0.0796 0.0921
1⁄16 0.0199 0.0398 0.0597 0.0796 0.0995 0.1194 0.1393 0.1592 0.1790 0.0398 0.0460
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standard 141⁄2-degree full-depth teeth (20 diametral pitch and coarser) are given in Table 8

on page 2146.

Example:A 14-tooth, 20-degree pressure angle pinion of 6 diametral pitch is to be
enlarged. What will be the outside diameters of the pinion and a 60-tooth mating gear? If
the mating gear is to have the minimum number of teeth to avoid undercut, what will be its
outside diameter?

For a mating gear with minimum number of teeth to avoid undercut:

Series of Involute, Finishing Gear Milling Cutters for Each Pitch

Roughing cutters are made with No. 1 form only. Dimensions of roughing and finishing cutters are
given on page 828. Dimensions of cutters for bevel gears are given on page 829.

Enlarged Fine-Pitch Pinions: American Standard ANSI B6.7-1977, Information Sheet
A provides a different system for 20-degree pressure angle pinion enlargement than is used
for coarse-pitch gears. Pinions with 11 through 23 teeth (9 through 14 teeth for 25-degree
pressure angle) are enlarged so that a standard tooth thickness rack with addendum 1.05/P
will start contact 5° of roll above the base circle radius. The use of 1.05/P for the addendum
allows for center distance variation and eccentricity of the mating gear outside diameter;
the 5° roll angle avoids the fabrication of the involute in the troublesome area near the base
circle.

Pinions with less than 11 teeth (9 teeth for 25-degree pressure angle) are enlarged to the
extent that the highest point of undercut coincides with the start of contact with the stan-
dard rack described previously. The height of undercut considered is that produced by a
sharp-cornered 120 pitch hob. Pinions with less than 13 teeth (11 teeth for 25-degree pres-
sure angle) are truncated to provide a top land of 0.275/P. Data for enlarged pinions may be
found in Tables 9a, 9b, 9c, and 9d.

Number of Cutter Will cut Gears from Number of Cutter Will cut Gears from

1 135 teeth to a rack 5 21 to 25 teeth
2 55 to 134 teeth 6 17 to 20 teeth
3 35 to 54 teeth 7 14 to 16 teeth
4 26 to 34 teeth 8 12 to 13 teeth

The regular cutters listed above are used ordinarily.
 The cutters listed below (an intermediate series having half numbers) may be used when greater

accuracy of tooth shape is essential in cases where the number of teeth is between the numbers for
which the regular cutters are intended.
Number of Cutter Will cut Gears from Number of Cutter Will cut Gears from

11⁄2 80 to 134 teeth 51⁄2 19 to 20 teeth

21⁄2 42 to 54 teeth 61⁄2 15 to 16 teeth

31⁄2 30 to 34 teeth 71⁄2 13 teeth

41⁄2 23 to 25 teeth … …

Do  pinion( )
NP

P
------ 2a+ 14

6
------ 2

1.234
6

-------------
 
 + 2.745 inches= = =

Do  gear( )
NG

P
------- 2a+ 60

6
------ 2

0.766
6

-------------
 
 + 10.255 inches= = =

Do  gear( )
NG

P
------- 2a+ 21

6
------ 2

0.766
6

-------------
 
 + 3.755 inches= = =



SPUR GEARING 2151

Table 9a. Increase in Dedendum, ∆  for 20 -, and 25 -Degree Pressure Angle Fine-
Pitch Enlarged Pinions and Reduced Gears ANSI B6.7-1977

∆ = increase in standard dedendum to provide increased clearance. See footnote to Table 9d.

Table 9b. Dimensions Required when Using Enlarged, Fine-pitch, 141⁄2-Degree

Pressure Angle Pinions ANSI B6.7-1977, Information Sheet B

All dimensions are given in inches and are for 1 diametral pitch. For other pitches divide tabulated
dimensions by the diametrical pitch.

Diametral
Pitch, P ∆

Diametral
Pitch, P ∆

Diametral
Pitch, P ∆

Diametral
Pitch, P ∆

Diametral
Pitch, P ∆

20 0.0000 32 0.0007 48 0.0012 72 0.0015 96 0.0016

24 0.0004 40 0.0010 64 0.0015 80 0.0015 120 0.0017

Enlarged Pinion

Standard Center-distance System
(Long and Short Addendum) Enlarged Center-distance System

Reduced Mating Gear

Contact
Ratio,

n
Mating

with
N

Enlarged
Pinion
Mating

with St'd.
Gear

Two Equal
Enlarged
Mating
Pinionsa

a If enlarged mating pinions are of unequal size, the center distance is increased by an amount equal
to one-half the sum of their increase over standard outside diameters. Data in this column are not given
in the standard. 

Contact
Ratio of 

Two
Equal

Enlarged
Mating Pin-

ions

No.
of

Teeth
n

Outside
Diame-

ter C
ir.

 T
oo

th
 T

hi
ck

ne
ss

at
 S

ta
nd

ar
d 

Pi
tc

h 
D

ia
.

D
ec

re
as

e 
in

 S
ta

nd
ar

d
 O

ut
si

de
 D

ia
.b

b To maintain standard center distance when using an enlarged pinion, the mating gear diameter
must be decreased by the amount of the pinion enlargement. 

C
ir.

 T
oo

th
 T

hi
ck

ne
ss

at
 S

ta
nd

ar
d 

Pi
tc

h 
D

ia
.

R
ec

om
m

en
de

d
M

in
im

um
 N

o.
 o

f
Te

et
h 

N

Increase over St'd.
Center Distance

10 13.3731 1.9259 1.3731 1.2157 54 1.831 0.6866 1.3732 1.053

11 14.3104 1.9097 1.3104 1.2319 53 1.847 0.6552 1.3104 1.088

12 15.2477 1.8935 1.2477 1.2481 52 1.860 0.6239 1.2477 1.121

13 16.1850 1.8773 1.1850 1.2643 51 1.873 0.5925 1.1850 1.154

14 17.1223 1.8611 1.1223 1.2805 50 1.885 0.5612 1.2223 1.186

15 18.0597 1.8448 1.0597 1.2967 49 1.896 0.5299 1.0597 1.217

16 18.9970 1.8286 0.9970 1.3130 48 1.906 0.4985 0.9970 1.248

17 19.9343 1.8124 0.9343 1.3292 47 1.914 0.4672 0.9343 1.278

18 20.8716 1.7962 0.8716 1.3454 46 1.922 0.4358 0.8716 1.307

19 21.8089 1.7800 0.8089 1.3616 45 1.929 0.4045 0.8089 1.336

20 22.7462 1.7638 0.7462 1.3778 44 1.936 0.3731 0.7462 1.364

21 23.6835 1.7476 0.6835 1.3940 43 1.942 0.3418 0.6835 1.392

22 24.6208 1.7314 0.6208 1.4102 42 1.948 0.3104 0.6208 1.419

23 25.5581 1.7151 0.5581 1.4265 41 1.952 0.2791 0.5581 1.446

24 26.4954 1.6989 0.4954 1.4427 40 1.956 0.2477 0.4954 1.472

25 27.4328 1.6827 0.4328 1.4589 39 1.960 0.2164 0.4328 1.498

26 28.3701 1.6665 0.3701 1.4751 38 1.963 0.1851 0.3701 1.524

27 29.3074 1.6503 0.3074 1.4913 37 1.965 0.1537 0.3074 1.549

28 30.2447 1.6341 0.2448 1.5075 36 1.967 0.1224 0.2448 1.573

29 31.1820 1.6179 0.1820 1.5237 35 1.969 0.0910 0.1820 1.598

30 32.1193 1.6017 0.1193 1.5399 34 1.970 0.0597 0.1193 1.622

31 33.0566 1.5854 0.0566 1.5562 33 1.971 0.0283 0.0566 1.646
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Table 9c. Tooth Proportions Recommended for Enlarging Fine-Pitch Pinions of 20-Degree Pressure Angle—
20 Diametral Pitch and Finer  ANSI B6.7-1977

All dimensions are given in inches.

Enlarged Pinion Dimensions

Enlarged C.D. System
Pinion Mating with

Standard Gear

Standard Center Distance 
(Long and Short Addendums)

Reduced Gear Dimensions

Number
of

Teeth,a
n

a Caution should be exercised in the use of pinions above the horizontal lines. They should be checked for suitability, particularly in the areas of contact ratio (less than
1.2 is not recommended), center distance, clearance, and tooth strength. 

Outside
Diameter,

DoP

Addendum,
aP

Basic
Tooth

Thickness,
tP

Dedendum
Based on
20 Pitch, b

bP

b The actual dedendum is calculated by dividing the values in this column by the desired diametral pitch and then adding to the result an amount ∆ found in Table 9a. As
an example, a 20-degree pressure angle 7-tooth pinion meshing with a 42-tooth gear would have, for 24 diametral pitch, a dedendum of 0.4565 ÷ 24 + 0.0004 =  0.0194.
The 42-tooth gear would have a dedendum of 2.0235 ÷ 24 + 0.004 = 0.0847 inch. 

Contact
Ratio

Two Equal
Pinions

Contact
Ratio
with a

24-Tooth
Gear Addendum, aG

Basic
Tooth

Thickness,
tG

Dedendum
Based on
20 Pitch, b

bG

Recommended
Minimum No.

of Teeth,
N

Contact
Ratio

n Mating
with N

7 10.0102 1.5051 2.14114 0.4565 0.697 1.003 0.2165 1.00045 2.0235 42 1.079

8 11.0250 1.5125 2.09854 0.5150 0.792 1.075 0.2750 1.04305 1.9650 40 1.162

9 12.0305 1.5152 2.05594 0.5735 0.893 1.152 0.3335 1.08565 1.9065 39 1.251

10 13.0279 1.5140 2.01355 0.6321 0.982 1.211 0.3921 1.12824 1.8479 38 1.312

11 14.0304 1.5152 1.97937 0.6787 1.068 1.268 0.4387 1.16222 1.8013 37 1.371

12 15.0296 1.5148 1.94703 0.7232 1.151 1.322 0.4832 1.19456 1.7568 36 1.427

13 15.9448 1.4724 1.91469 0.7676 1.193 1.353 0.5276 1.22690 1.7124 35 1.457

14 16.8560 1.4280 1.88235 0.8120 1.232 1.381 0.5720 1.25924 1.6680 34 1.483

15 17.7671 1.3836 1.85001 0.8564 1.270 1.408 0.6164 1.29158 1.6236 33 1.507

16 18.6782 1.3391 1.81766 0.9009 1.323 1.434 0.6609 1.32393 1.5791 32 1.528

17 19.5894 1.2947 1.78532 0.9453 1.347 1.458 0.7053 1.35627 1.5347 31 1.546

18 20.5006 1.2503 1.75298 0.9897 1.385 1.482 0.7497 1.38861 1.4903 30 1.561

19 21.4116 1.2058 1.72064 1.0342 1.423 1.505 0.7942 1.42095 1.4458 29 1.574

20 22.3228 1.1614 1.68839 1.0786 1.461 1.527 0.8386 1.45320 1.4014 28 1.584

21 23.2340 1.1170 1.65595 1.1230 1.498 1.548 0.8830 1.48564 1.3570 27 1.592

22 24.1450 1.0725 1.62361 1.1675 1.536 1.568 0.9275 1.51798 1.3125 26 1.598

23 25.0561 1.0281 1.59127 1.2119 1.574 1.588 0.9719 1.55032 1.2681 25 1.601

24 26.0000 1.0000 1.57080 1.2400 1.602 1.602 1.0000 1.57080 1.2400 24 1.602

Machinery's Handbook 29th Edition
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Table 9d. Tooth Proportions Recommended for Enlarging Fine-Pitch Pinions of 25-Degree Pressure Angle—
20 Diametral Pitch and Finer  ANSI B6.7-1977, Information Sheet B

All dimensions are given in inches.

All values are for 1 diametral pitch. For any other sizes of teeth, all linear dimensions should be divided by the diametral pitch.

Note: The tables in the ANSI B6.7-1977 standard  also specify Form Diameter, Roll Angle to Form Diameter, and Top Land. These are not shown here. The top land
is in no case less than 0.275/P. The form diameters and the roll angles to form diameter shown in the Standard are the values which should be met with a standard hob
when generating the tooth thicknesses shown in the tables. These form diameters provides more than enough length of involute profile for any mating gear smaller than
a rack. However,since these form diameters are based on gear tooth generation using standard hobs, they should impose little or no hardship on manufacture except in
cases of the most critical quality levels. In such cases, form diameter specifications and master gear design should be based upon actual mating conditions.

Enlarged Pinion Dimensions

Enlarged C.D. System
Pinion Mating with

Standard Gear

Standard Center Distance
(Long and Short Addendums)

Reduced Gear Dimensions

Number
of

Teeth,a
n

a Caution should be exercised in the use of pinions above the horizontal lines. They should be checked for suitability, particularly in the areas of contact ratio (less than
1.2 is not recommended), center distance, clearance, and tooth strength. 

Outside
Diameter,

DoP

Addendum,
aP

Basic
Tooth

Thickness,
tP

Dedendum
Based on 20 

Pitch,
Dedendum
Based on
20 Pitch, b

bP

b The actual dedendum is calculated by dividing the values in this column by the desired diametral pitch and then adding to the result an amount ∆ found in Table 9a. As
an example, a 20-degree pressure angle 7-tooth pinion meshing with a 42-tooth gear would have, for 24 diametral pitch, a dedendum of 0.4565 ÷ 24 + 0.0004 =  0.0194.
The 42-tooth gear would have a dedendum of 2.0235 ÷ 24 + 0.004 = 0.0847 inch. 

Contact
Ratio

Two Equal
Pinions

Contact
Ratio
with a

15-Tooth
Gear Addendum, aG

Basic
Tooth

Thickness,
tG

Dedendum
Based on
20 Pitch, b

bG

Recommended
Minimum No.

of Teeth,
N

Contact
Ratio

n Mating
with N

6 8.7645 1.3822 2.18362 0.5829 0.696 0.954 0.3429 0.95797 1.8971 24 1.030
7 9.7253 1.3626 2.10029 0.6722 0.800 1.026 0.4322 1.04130 1.8078 23 1.108
8 10.6735 1.3368 2.01701 0.7616 0.904 1.094 0.5216 1.12459 1.7184 22 1.177
9 11.6203 1.3102 1.94110 0.8427 1.003 1.156 0.6029 1.20048 1.6371 20 1.234

10 12.5691 1.2846 1.87345 0.9155 1.095 1.211 0.6755 1.26814 1.5645 19 1.282
11 13.5039 1.2520 1.80579 0.9880 1.183 1.261 0.7480 1.33581 1.4920 18 1.322
12 14.3588 1.1794 1.73813 1.0606 1.231 1.290 0.8206 1.40346 1.4194 17 1.337
13 15.2138 1.1069 1.67047 1.1331 1.279 1.317 0.8931 1.47112 1.3469 16 1.347
14 16.0686 1.0343 1.60281 1.2057 1.328 1.343 0.9657 1.53878 1.2743 15 1.352
15 17.0000 1.0000 1.57030 1.2400 1.358 1.358 1.0000 1.57080 1.2400 15 1.358

Machinery's Handbook 29th Edition
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Minimum Number of Teeth to Avoid Undercutting by Hob.—The data in the above
tables give tooth proportions for low numbers of teeth to avoid interference between the
gear tooth tip and the pinion tooth flank. Consideration must also be given to possible
undercutting of the pinion tooth flank by the hob used to cut the pinion. The minimum
number of teeth Nmin of standard proportion that may be cut without undercut is:
Nmin = 2P csc2 φ [aH − rt (1 − sin φ)] where: aH = cutter addendum; rt = radius at cutter tip or
corners; φ = cutter pressure angle; and P = diametral pitch.
Gear to Mesh with Enlarged Pinion.—Data in the fifth column of Table 8 show mini-
mum number of teeth in a mating gear which can be cut with hob or rack type cutter without
undercut, when outside diameter of gear has been reduced an amount equal to the pinion
enlargement to retain the standard center distance. To calculate N for the gear, insert
addendum a of enlarged mating pinion in the formula N = 2a × csc2φ.

Example:A gear is to mesh with a 24-tooth pinion of 1 diametral pitch which has been
enlarged 0.4954 inch, as shown by the table. The pressure angle is 141⁄2 degrees. Find min-
imum number of teeth N for reduced gear.

In the case of fine pitch gears with reduced outside diameters, the recommended mini-
mum numbers of teeth given in Tables 9b, 9c, and 9d, are somewhat more than the mini-
mum numbers required to prevent undercutting and are based upon studies made by the
American Gear Manufacturers Association.
Standard Center-distance System for Enlarged Pinions.—In this system, sometimes
referred to as “long and short addendums,” the center distance is made standard for the
numbers of teeth in pinion and gear. The outside diameter of the gear is decreased by the
same amount that the outside of the pinion is enlarged. 

The advantages of this system are: 1) No change in center distance or ratio is required;
2) The operating pressure angle remains standard;  and  3) A slightly greater contact ratio
is obtained than when the center distance is increased.

The disadvantages are 1) The gears as well as the pinion must be changed from standard
dimensions;  2) Pinions having fewer than the minimum number of teeth to avoid undercut
cannot be satisfactorily meshed together;  and  3) In most cases where gear trains include
idler gears, the standard center-distance system cannot be used.
Enlarged Center-distance System for Enlarged Pinions.—If an enlarged pinion is
meshed with another enlarged pinion or with a gear of standard outside diameter, the center
distance must be increased. For fine-pitch gears, it is usually satisfactory to increase the
center distance by an amount equal to one-half of the enlargements (see eighth column of
Table 9b). This is an approximation as theoretically there is a slight increase in backlash. 

The advantages of this system are: 1) Only the pinions need be changed from the stan-
dard dimensions;  2) Pinions having fewer than 18 teeth may engage other pinions in this
range;  3) The pinion tooth, which is the weaker member, is made stronger by the enlarge-
ment;  and  4) The tooth contact stress, which controls gear durability, is lowered by being
moved away from the pinion base circle.

The disadvantages are: 1) Center distances must be enlarged over the standard;  2)  The
operating pressure angle increases slightly with different combinations of pinions and
gears, which is usually not important;  and  3) The contact ratio is slightly smaller than that
obtained with the standard center-distance system.

This consideration is of minor importance as in the worst case the loss is approximately
only 6 per cent.

Enlarged Pinions Meshing without Backlash: When two enlarged pinions are to mesh
without backlash, their center distance will be greater than the standard and less than that

 Pinion addendum 1 0.4954 2÷( )+ 1.2477= =

Hence, N 2 1.2477× 15.95× 39.8 (use 40)= =



SPUR GEARING 2155

for the enlarged center-distance system. This center distance may be calculated by the for-
mulas given in the following section.

Center Distance at Which Modified Mating Spur Gears Will Mesh with No Back-
lash.—When the tooth thickness of one or both of a pair of mating spur gears has been
increased or decreased from the standard value (π ÷ 2P), the center distance at which they
will mesh tightly (without backlash) may be calculated from the following formulas:

In these formulas, P = diametral pitch; n = number of teeth in pinion; N = number of teeth
in gear; t and T are the actual tooth thicknesses of the pinion and gear, respectively, on their
standard pitch circles; inv φ = involute function of standard pressure angle of gears; C =
standard center distance for the gears; C1 = center distance at which the gears mesh without
backlash; and inv φ1 = involute function of operating pressure angle when gears are
meshed tightly at center distance C1.

Example:Calculate the center distance for no backlash when an enlarged 10-tooth pinion
of 100 diametral pitch and 20-degree pressure angle is meshed with a standard 30-tooth
gear, the circular tooth thickness of the pinion and gear, respectively, being 0.01873 and
0.015708 inch. From the table of involute functions, page 111, inv 20-degrees = 0.014904.
Therefore,

Contact Diameter.—For two meshing gears it is important to know the contact diameter
of each. A first gear with number of teeth, n, and outside diameter, d0, meshes at a standard
center distance with a second gear with number of teeth, N, and outside diameter, D0; both
gears have a diametral pitch, P, and pressure angle, φ, a, A, b, and B are unnamed angles
used only in the calculations. The contact diameter, dc, is found by a three-step calculation
that can be done by hand using a trigonometric table and a logarithmic table or a desk cal-
culator. Slide rule calculation is not recommended because it is not accurate enough to give
good results. The three-step formulas to find the contact diameter, dc, of the first gear are:

(1)

(2)

(3)

Similarly the three-step formulas to find the contact diameter, Dc, of the second gear are:

(4)

φ1inv φinv P t T+( ) π–
n N+

-----------------------------+= C
n N+

2P
-------------= C1

φcos
φ1cos

-------------- C×=

inv φ1 inv 20° 100 0.01873 0.015708+( ) π–
10 30+( )

------------------------------------------------------------------------+ 0.014904 0.34438 0.31416–
4

---------------------------------------------+= =

inv φ1 0.022459= then, from  the involute table φ1 22°49 ′=

C
n N+

2P
------------- 10 30+

2 100×
------------------ 0.2000 inch= = =

C1
20°cos

22°49′cos
-------------------------- 0.2000× 0.93969

0.92175
------------------- 0.2000× 0.2039 inch= = =

Acos N φcos
Do P×
----------------=

btan φtan
N

n
---- Atan φtan–( )–=

dc
n φcos
P bcos
----------------=

acos n φcos
do P×
---------------=
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(5)

(6)

Contact Ratio.—The contact ratio of a pair of mating spur gears must be well over 1.0 to
assure a smooth transfer of load from one pair of teeth to the next pair as the two gears
rotate under load. Because of a reduction in contact ratio due to such factors as tooth
deflection, tooth spacing errors, tooth tip breakage, and outside diameter and center dis-
tance tolerances, the contact ratio of gears for power transmission as a general rule should
not be less than about 1.4. A contact ratio of as low as 1.15 may be used in extreme cases,
provided the tolerance effects mentioned above are accounted for in the calculation. The
formula for determining the contact ratio, mf, using the nomenclature in the previous sec-
tion is:

Both formulas Equations (4a) and Equations (5b) should give the same answer. It is good
practice to use both formulas as a check on the previous calculations.
Lowest Point of Single Tooth Contact.—This diameter on the pinion (sometimes
referred to as LPSTC is used to find the maximum contact compressive stress (sometimes
called the Hertz Stress) of a pair of mating spur gears. The two-step formulas for determin-
ing this pinion diameter, dL, using the same nomenclature as in the previous sections with
c and C as unnamed angles used only in the calculations are:

(8)

(9)

In some cases it is necessary to have a plot of the compressive stress over the whole cycle
of contact; in this case the LPSTC for the gear is required also. The similar two-step formu-
las for this gear diameter are:

(10)

(11)

Maximum Hob Tip Radius.—The standard gear tooth proportions given by the formulas
in Table 2 on page 2131 provide a specified size for the rack fillet radius in the general form
of (a constant) × (pitch). For any given standard this constant may vary up to a maximum

(7a)

or

(7b)

or

(7c)

where R0 = outside radius of first gear; RB =  base radius of first gear ; r0 = ou t s ide
radius of second gear; rB = base radius of second gear; C = center distance; I = pre s -
sure angle; and, p = circular pitch.

Btan φtan
n

N
---- atan φtan–( )–=

Dc
N φcos
P Bcos
----------------=

mf

N

6.28318
------------------- Atan Btan–( )=

mf

N

6.28318
------------------- atan btan–( )=

mf

R0
2 RB

2– r0
2 rB

2– C θsin–+

P θcos
------------------------------------------------------------------------=

ctan atan 6.28318
n

-------------------–=

dL
n φcos
P ccos
---------------=

Ctan Atan 6.28318
N

-------------------–=

DL
N φcos
P Ccos
-----------------=
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which it is geometrically impossible to exceed; this maximum constant, rc (max), is found
by the formula:

(12)

where b is the similar constant in the specified formula for the gear dedendum. The hob tip
radius of any standard hob to finish cut any standard gear may vary from zero up to this
limiting value.

Undercut Limit for Hobbed Involute Gears.—It is well to avoid designing and specify-
ing gears that will have a hobbed trochoidal fillet that undercuts the involute gear tooth
profile. This should be avoided because it may cause the involute profile to be cut away up
to a point above the required contact diameter with the mating gear so that involute action
is lost and the contact ratio reduced to a level that may be too low for proper conjugate
action. An undercut fillet will also weaken the beam strength and thus raise the fillet tensile
stress of the gear tooth. To assure that the hobbed gear tooth will not have an undercut fillet,
the following formula must be satisfied:

(13)

where b is the dedendum constant; rc is the hob or rack tip radius constant; n is the number
of teeth in the gear; and φ is the gear and hob pressure angle. If the gear is not standard or
the hob does not roll at the gear pitch diameter, this formula can not be applied and the
determination of the expected existence of undercut becomes a considerably more compli-
cated procedure.

Highest Point of Single Tooth Contact.—This diameter is used to place the maximum
operating load for the determination of the gear tooth fillet stress. The two-step formulas
for determining this diameter, dH, of the pinion using the same nomenclature as in the pre-
vious sections with d and D as unnamed angles used only in the calculations are:

True Involute Form Diameter.—The point on the gear tooth at which the fillet and the
involute profile are tangent to each other should be determined to assure that it lies at a
smaller diameter than the required contact diameter with the mating gear. If the TIF diam-
eter is larger than the contact diameter, then fillet interference will occur with severe dam-
age to the gear tooth profile and rough action of the gear set. This two-step calculation is
made by using the following two formulas with e and E as unnamed angles used only in the
calculations:

(18)

(19)

(14)

(15)

Similarly for the gear:

(16)

(17)

rc  (max) 0.785398 φcos b φsin–
1 φsin–

-------------------------------------------------------=

b rc–

φsin
------------- rc+ 0.5n φsin≤

dtan btan 6.28318
n

-------------------+=

dH
n φcos
P dcos
----------------=

Dtan Btan 6.28318
N

-------------------+=

DH
N φcos
P Dcos
-----------------=

etan φtan
4
n
---

b rc–

2sin φ
--------------

rc

2 φcos
---------------+ 

 –=

dTIF
n φcos
P ecos
---------------=
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As in the previous sections, φ is the pressure angle of the gear; n is the number of teeth in
the pinion; b is the dedendum constant, rc is the rack or hob tip radius constant, P is the gear
diametral pitch and dTIF is the true involute form diameter.

Similarly, for the mating gear:

(20)

(21)

where N is number of teeth in this mating gear and DTIF is the true involute form diameter.

Profile Checker Settings.—The actual tooth profile tolerance will need to be determined
on high performance gears that operate either at high unit loads or at high pitch-line veloc-
ity. This is done on an involute checker, a machine which requires two settings, the gear
base radius and the roll angle in degrees to significant points on the involute. From the
smallest diameter outward these significant points are: TIF, Contact Diameter, LPSTC,
Pitch Diameter, HPSTC, and Outside Diameter.

The base radius is:

(22)

The roll angle, in degrees, at any point is equal to the tangent of the pressure angle at that
point multiplied by 57.2958. The following table shows the tangents to be used at each sig-
nificant diameter.

Example:Find the significant diameters, contact ratio and hob tip radius for a 10-diame-
tral pitch, 23-tooth, 20-degree pressure angle pinion of 2.5-inch outside diameter if it is to
mesh with a 31-tooth gear of 3.3-inch outside diameter.

Thus: n =23

dO =2.5

P =10

N =31

DO =3.3

φ =20°

Significant Point
on Tooth Profile Pinion Gear For Computation

TIF tan e tan E (See Formulas (18) & (20))
Contact Dia. tan b tan B (See Formulas (2) & (5))
LPSTC tan c tan C (See Formulas (8) & (10))
Pitch Dia. tan φ tan φ (φ = Pressure angle)
HPSTC tan d tan D (See Formulas (14) & (16))
Outside Dia. tan a tan A (See Formulas (4) & (1))

Etan φtan
4
N
----

b rc–

2sin φ
--------------

rc

2 φcos
---------------+ 

 –=

DTIF
N φcos
P Ecos
----------------=

Rb
N φcos

2P
----------------=
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1) Pinion contact diameter, dc

(1)

(2)

(3)

2) Gear contact diameter, Dc

(4)

(5)

(6)

3) Contact ratio, mf

(7a)

(7b)

4) Pinion LPSTC, dL

(8)

(9)

5) Gear LPSTC, DL

(10)

(11)

Acos 31 0.93969×
3.3 10×

-------------------------------=

0.88274= A 28°1′30″=

btan 0.36397
31
23
------ 0.53227 0.36397–( )–=

0.13713= b 7°48 ′26″=

dc
23 0.93969×
10 0.99073×
-------------------------------=

2.1815 inches=

acos 23 0.93963×
2.5 10×

-------------------------------=

0.86452= a 30°10 ′20″=

Btan 0.36397
23
31
------ 0.58136 0.36937–( )–=

0.20267= B 11°27 ′26″=

Dc
31 0.93969×
10 0.98000×
-------------------------------=

2.9725 inches=

mf

31
6.28318
------------------- 0.53227 0.20267–( )=

1.626=

mf

23
6.28318
------------------- 0.58136 0.13713–( )=

1.626=

ctan 0.58136 6.28318
23

-------------------–=

0.30818= c 17°7′41″=

dL
23 0.93969×
10 0.95565×
-------------------------------=

2.2616 inches=

Ctan 0.53227 6.28318
31

-------------------–=

0.32959= C 18°14′30″=

DL
31 0.93969×
10 0.94974×
-------------------------------=

3.0672 inches=
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6) Maximum permissible hob tip radius, rc (max). The dedendum factor is 1.25.

(12)

7) If the hob tip radius rc is 0.30, determine if the pinion involute is undercut.

(13)

8) therefore there is no involute undercut.
9) Pinion HPSTC, dH

(14)

(15)

10) Gear HPSTC, DH

(16)

(17)

11) Pinion TIF diameter, dTIF

(18)

(19)

12) Gear TIF diameter, DTIF

(20)

(21)

Gear Blanks for Fine-pitch Gears.—The accuracy to which gears can be produced is
considerably affected by the design of the gear blank and the accuracy to which the various
surfaces of the blank are machined. The following recommendations should not be
regarded as inflexible rules, but rather as minimum average requirements for gear-blank
quality compatible with the expected quality class of the finished gear.

rc  (max) 0.785398 0.93969 1.25 0.34202×–×
1 0.34202–

------------------------------------------------------------------------------------------=

0.4719 inch=

1.25 0.30–
0.34202

--------------------------- 0.30+ 0.5 23× 0.34202×≤

3.0776 3.9332<

dtan 0.13713 6.28318
23

-------------------+=

0.41031= d 22°18 ′32″=

dH
23 0.93969×
10 0.92515×
-------------------------------=

2.3362 inches=

Dtan 0.20267 6.28318
31

-------------------+=

0.40535= D 22°3′55″=

DH
31 0.93969×
10 0.92676×
-------------------------------=

3.1433 inches=

etan 0.36397
4
23
------ 1.25 0.30–

0.64279
--------------------------- 0.30

2 0.93969×
----------------------------+ 

 –=

0.07917= e 4°31 ′36″=

dTIF
23 0.93969×
10 0.99688×
-------------------------------=

2.1681 inches=

Etan 0.36397
4

31
------ 1.25 0.30–

0.64279
--------------------------- 0.30

2 0.93969×
----------------------------+

 
 –=

0.15267= E 8°40 ′50″=

DTIF
31 0.93969×
10 0.98855×
------------------------------- 2.9468 inches= =
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Design of Gear Blanks: The accuracy to which gears can be produced is affected by the
design of the blank, so the following points of design should be noted: 1) Gears designed
with a hole should have the hole large enough that the blank can be adequately supported
during machining of the teeth and yet not so large as to cause distortion;  2) Face widths
should be wide enough, in proportion to outside diameters, to avoid springing and to per-
mit obtaining flatness in important surfaces;  3) Short bore lengths should be avoided
wherever possible. It is feasible, however, to machine relatively thin blanks in stacks, pro-
vided the surfaces are flat and parallel to each other;  4) Where gear blanks with hubs are
to be designed, attention should be given to the wall sections of the hubs. Too thin a section
will not permit proper clamping of the blank during machining operations and may also
affect proper mounting of the gear;  and  5) Where pinions or gears integral with their
shafts are to be designed, deflection of the shaft can be minimized by having the shaft
length and shaft diameter well proportioned to the gear or pinion diameter. The foregoing
general principles may also be useful when applied to blanks for coarser pitch gears.

Specifying Spur and Helical Gear Data on Drawings.—The data that may be shown on
drawings of spur and helical gears falls into three groups: The first group consists of data
basic to the design of the gear; the second group consists of data used in manufacturing and
inspection; and the third group consists of engineering reference data. The accompanying
table may be used as a checklist for the various data which may be placed on gear drawings
and the sequence in which they should appear.

Explanation of Terms Used in Gear Specifications: 1) Number of teeth is the number of
teeth in 360 deg of gear circumference. In a sector gear, both the actual number of teeth in
the sector and the theoretical number of teeth in 360 deg should be given.

2) Diametral pitch is the ratio of the number of teeth in the gear to the number of inches in
the standard pitch diameter. It is used in this standard as a nominal specification of tooth
size.

a) Normal diametral pitch is the diametral pitch in the normal plane.
b) Transverse diametral pitch is the diametral pitch in the transverse plane.
c) Module is the ratio of the number of teeth in the gear to the number of mm in the stan-

dard pitch diameter.
d) Normal module is the module measured in the normal plane.
e) Transverse module is the module measured in the transverse plane.

3) Pressure angle is the angle between the gear tooth profile and a radial line at the pitch
point. It is used in this standard to specify the pressure angle of the basic rack used in defin-
ing the gear tooth profile.

a) Normal pressure angle is the pressure angle in the normal plane.
b) Transverse pressure angle is the pressure angle in the transverse plane.

4) Helix angle is the angle between the pitch helix and an element of the pitch cylinder,
unless otherwise specified.

a) Hand of helix is the direction in which the teeth twist as they recede from an observer
along the axis. A right hand helix twists clockwise and a left hand helix twists coun-
terclockwise.

5) Standard pitch diameter is the diameter of the pitch circle. It equals the number of teeth
divided by the transverse diametral pitch.

6) Tooth form may be specified as standard addendum, long addendum, short addendum,
modified involute or special. If a modified involute or special tooth form is required, a
detailed view should be shown on the drawing. If a special tooth form is specified, roll
angles must be supplied (see page 2158).

7) Addendum is the radial distance between the standard pitch circle and the outside cir-
cle. The actual value depends on the specification of outside diameter.

8) Whole depth is the total radial depth of the tooth space. The actual value is dependent
on the specification of outside diameter and root diameter.
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9) Maximum calculated circular thickness on the standard pitch circle is the tooth thick-
ness which will provide the desired minimum backlash when the gear is assembled in mesh
with its mate on minimum center distance. Control may best be exerted by testing in tight
mesh with a master which integrates all errors in the several teeth in mesh through the arc
of action as explained on page 2169. This value is independent of the effect of runout.

a) Maximum calculated normal circular thickness is the circular tooth thickness in the
normal plane which satisfies requirements explained in (9).

10) Gear testing radius is the distance from its axis of rotation to the standard pitch line of
a standard master when in intimate contact under recommended pressure on a variable-
center-distance running gage. Maximum testing radius should be calculated to provide the
maximum circular tooth thickness specified in (9) when checked as explained on
page 2169. This value is affected by the runout of the gear. Tolerance on testing radius
must be equal to or greater than the total composite error permitted by the quality class
specified in (11).

11) Quality class is specified for convenience when talking or writing about the accuracy
of the gear.

12) Maximum total composite error, and 13) Maximum tooth-to-tooth composite error.
Actual tolerance values (12 and 13) permitted by the quality class (11) are specified in
inches to provide machine operator or inspector with tolerances required to inspect the
gear.

14) Testing pressure recommendations are given on page 2169. Incorrect testing pres-
sure will result in incorrect measurement of testing radius.

15) Master specifications by tool or code number may be required to call for the use of a
special master gear when tooth thickness deviates excessively from standard.

16) Measurement over two 0.xxxx diameter pins may be specified to assist the manufac-
turing department in determining size at machine for setup only.

17) Outside diameter is usually shown on the drawing of the gear together with other
blank dimensions so that it will not be necessary for machine operators to search gear tooth
data for this dimension. Since outside diameter is also frequently used in the manufacture
and inspection of the teeth, it may be included in the data block with other tooth specifica-
tions if preferred. To permit use of topping hobs for cutting gears on which the tooth thick-
ness has been modified from standard, the outside diameter should be related to the
specified gear testing radius (10).

18) Maximum root diameter is specified to assure adequate clearance for the outside
diameter of the mating gear. This dimension is usually considered acceptable if the gear is
checked with a master and meets specifications (10) through (13).

19) Active profile diameter of a gear is the smallest diameter at which the mating gear
tooth profile can make contact. Because of difficulties involved in checking, this specifica-
tion is not recommended for gears finer than 48 pitch.

20) Surface roughness on active profile surfaces may be specified in microinches to be
checked by instrument up to about 32 pitch, or by visual comparison in the finer pitch
ranges. It is difficult to determine accurately the surface roughness of fine pitch gears. For
many commercial applications surface roughness may be considered acceptable on gears
which meet the maximum tooth-to-tooth-error specification (13).

21) Mating gear part number may be shown as a convenient reference. If the gear is used
in several applications, all mating gears may be listed but usual practice is to record this
information in a reference file.

22) Number of teeth in mating gear, and  23) Minimum operating center distance. This
information is often specified to eliminate the necessity of getting prints of the mating gear
and assemblies for checking the design specifications, interference, backlash, determina-
tion of master gear specification, and acceptance or rejection of gears made out of toler-
ance.



BACKLASH IN GEARS 2163

Data for Spur and Helical Gear Drawings

Backlash

In general, backlash in gears is play between mating teeth. For purposes of measurement
and calculation, backlash is defined as the amount by which a tooth space exceeds the
thickness of an engaging tooth. It does not include the effect of center-distance changes of
the mountings and variations in bearings. When not otherwise specified, numerical values
of backlash are understood to be given on the pitch circles. The general purpose of back-
lash is to prevent gears from jamming together and making contact on both sides of their
teeth simultaneously. Lack of backlash may cause noise, overloading, overheating of the
gears and bearings, and even seizing and failure.

Excessive backlash is objectionable, particularly if the drive is frequently reversing, or if
there is an overrunning load as in cam drives. On the other hand, specification of an unnec-
essarily small amount of backlash allowance will increase the cost of gears, because errors
in runout, pitch, profile, and mounting must be held correspondingly smaller. Backlash
does not affect involute action and usually is not detrimental to proper gear action.
Determining Proper Amount of Backlash.—In specifying proper backlash and toler-
ances for a pair of gears, the most important factor is probably the maximum permissible
amount of runout in both gear and pinion (or worm). Next are the allowable errors in pro-
file, pitch, tooth thickness, and helix angle. Backlash between a pair of gears will vary as
successive teeth make contact because of the effect of composite tooth errors, particularly
runout, and errors in the gear center distances and bearings.

Other important considerations are speed and space for lubricant film. Slow-moving
gears, in general, require the least backlash. Fast-moving fine-pitch gears are usually lubri-

Type
of

Data

Min.
Spur
Gear
Data

Min.
Helical
Gear-
Data

Add'l
Optional

Data
Item

Numbera

a An item-by-item explanation of the terms used in this table is given beginning on page 2161.

Dataa

Basic
Specifications

• • 1 Number of teeth
• 2 Diametral pitch or module

• 2a Normal diametral pitch or module
• 2b Transverse diametral pitch or module

• 3 Pressure angle
• 3a Normal pressure angle

• 3b Transverse pressure angle
• 4 Helix angle
• 4a Hand of helix

• • 5 Standard pitch diameter
• • 6 Tooth form

• 7 Addendum
• 8 Whole depth

• 9 Max. calc. circular thickness on std. pitch circle
• 9a Max. calc. normal circular thickness on std.pitch circle

Manufacturing
and

Inspection

• 10 Roll angles
• • 11 A.G.M.A. quality class
• • 12 Max. total composite error
• • 13 Max. tooth-to-tooth composite error

• 14 Testing pressure (Ounces)
• • 15 Master specification

• 16 Meas. over two .xxxx dia. pins (For setup only)
• • 17 Outside diameter (Preferably shown on drawing of gear)

• 18 Max. root diameter
• 19 Active profile diameter
• 20 Surface roughness of active profile

Engineering
Reference

• 21 Mating gear part number
• 22 Number of teeth in mating gear
• 23 Minimum operating center distance
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cated with relatively light oil, but if there is insufficient clearance for an oil film, and par-
ticularly if oil trapped at the root of the teeth cannot escape, heat and excessive tooth
loading will occur.

Heat is a factor because gears may operate warmer, and, therefore, expand more, than the
housings. The heat may result from oil churning or from frictional losses between the teeth,
at bearings or oil seals, or from external causes. Moreover, for the same temperature rise,
the material of the gears—for example, bronze and aluminum—may expand more than the
material of the housings, usually steel or cast iron.

The higher the helix angle or spiral angle, the more transverse backlash is required for a
given normal backlash. The transverse backlash is equal to the normal backlash divided by
the cosine of the helix angle.

In designs employing normal pressure angles higher than 20 degrees, special consider-
ation must be given to backlash, because more backlash is required on the pitch circles to
obtain a given amount of backlash in a direction normal to the tooth profiles.

Errors in boring the gear housings, both in center distance and alignment, are of extreme
importance in determining allowance to obtain the backlash desired. The same is true in the
mounting of the gears, which is affected by the type and adjustment of bearings, and simi-
lar factors. Other influences in backlash specification are heat treatment subsequent to cut-
ting the teeth, lapping operations, need for recutting, and reduction of tooth thickness
through normal wear.

Minimum backlash is necessary for timing, indexing, gun-sighting, and certain instru-
ment gear trains. If the operating speed is very low and the necessary precautions are taken
in the manufacture of such gear trains, the backlash may be held to extremely small limits.
However, the specification of “zero backlash,” so commonly stipulated for gears of this
nature, usually involves special and expensive techniques, and is difficult to obtain.

Table 1. AGMA Recommended Backlash Range for Coarse-Pitch
Spur, Helical, and Herringbone Gearing

The above backlash tolerances contain allowance for gear expansion due to differential in the oper-
ating temperature of the gearing and their supporting structure. The values may be used where the
operating temperatures are up to 70 deg F higher than the ambient temperature.

For most gearing applications the recommended backlash ranges will provide proper running
clearance between engaging teeth of mating gears. Deviation below the minimum or above the max-
imum values shown, which do not affect operational use of the gearing, should not be cause for rejec-
tion.

Definite backlash tolerances on coarse-pitch gearing are to be considered binding on the gear man-
ufacturer only when agreed upon in writing.

Some applications may require less backlash than shown in the above table. In such cases the
amount and tolerance should be by agreement between manufacturer and purchaser.

Center
Distance
(Inches)

Normal Diametral Pitches

0.5-1.99 2-3.49 3.5-5.99 6-9.99 10-19.99

Backlash, Normal Plane, Inchesa

a Suggested backlash, on nominal centers, measured after rotating to the point of closest engage-
ment. For helical and herringbone gears, divide above values by the cosine of the helix angle to obtain
the transverse backlash. 

Up to 5 … … … … .005-.015
Over 5 to 10 … … … .010-.020 .010-.020
Over 10 to 20 … … .020-.030 .015-.025 .010-.020
Over 20 to 30 … .030-.040 .025-.030 .020-.030 …
Over 30 to 40 .040-.060 .035-.045 .030-.040 .025-.035 …
Over 40 to 50 .050-.070 .040-.055 .035-.050 .030-.040 …
Over 50 to 80 .060-.080 .045-.065 .040-.060 … …
Over 80 to 100 .070-.095 .050-.080 … … …
Over 100 to 120 .080-.110 … … … …
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Recommended Backlash: In the following tables American Gear Manufacturers Associ-
ation recommendations for backlash ranges for various kinds of gears are given.* For pur-
poses of measurement and calculation, backlash is defined as the amount by which a tooth
space exceeds the thickness of an engaging tooth. When not otherwise specified, numeri-
cal values of backlash are understood to be measured at the tightest point of mesh on the
pitch circle in a direction normal to the tooth surface when the gears are mounted in their
specified position.

Coarse-Pitch Gears:: Table 1 gives the recommended backlash range for coarse-pitch
spur, helical and herringbone gearing. Because backlash for helical and herringbone gears
is more conveniently measured in the normal plane, Table 1 has been prepared to show
backlash in the normal plane for coarse-pitch helical and herringbone gearing and in the
transverse plane for spur gears. To obtain backlash in the transverse plane for helical and
herringbone gears, divide the normal plane backlash in Table 1 by the cosine of the helix
angle.

Table 2. AGMA Recommended Backlash Range for Bevel and Hypoid Gears

Measured at tightest point of mesh

The backlash tolerances given in this table contain allowances for gear expansion due to
a differential in the operating temperature of the gearing and their supporting structure.
The values may be used where the operating temperature is up to 70 °F higher (39 °C
higher) than the ambient temperature. These backlash values will provide proper running
clearances for most gear applications.

The following important factors must be considered in establishing backlash tolerances:

a) Center distance tolerance;  b) Parallelism of gear axes;  c) Side runout or wobble;

d) Tooth thickness tolerance;  e) Pitch line runout tolerance; f) Profile tolerance;  g) Pitch
tolerance;  h) Lead tolerance;  i) Types of bearings and subsequent wear;  j )  Deflect ion
under load;  k) Gear tooth wear;  l) Pitch line velocity;  m) Lubrication requirements;  and

n) Thermal expansion of gears and housing.

A tight mesh may result in objectionable gear sound, increased power losses, overheat-
ing, rupture of the lubricant film, overloaded bearings and premature gear failure. How-
ever, it is recognized that there are some gearing applications where a tight mesh (zero
backlash) may be required.

Specifying unnecessarily close backlash tolerances will increase the cost of the gearing.
It is obvious from the above summary that the desired amount of backlash is difficult to
evaluate. It is, therefore, recommended that when a designer, user or purchaser includes a
reference to backlash in a gearing specification and drawing, consultation be arranged with
the manufacturer.
* Extracted from Gear Classification Manual, AGMA 390.03 with permission of the publisher, the
American Gear Manufacturers Association, 1500 King St., Alexandria, VA 22314. 

Diametral
Pitch

Normal Backlash, Inch

Diametral
Pitch

Normal Backlash, Inch

Quality
Numbers

7 through 13

Quality
Numbers

3 through 6

Quality
Numbers

7 through 13

Quality
Numbers

3 through 6

1.00 to 1.25 0.020-0.030 0.045-0.065 5.00 to 6.00 0.005-0.007 0.006-0.013

1.25 to 1.50 0.018-0.026 0.035-0.055 6.00 to 8.00 0.004-0.006 0.005-0.010

1.50 to 1.75 0.016-0.022 0.025-0.045 8.00 to 10.00 0.003-0.005 0.004-0.008

1.75 to 2.00 0.014-0.018 0.020-0.040 10.00 to 16.00 0.002-0.004 0.003-0.005

2.00 to 2.50 0.012-0.016 0.020-0.030 16.00 to 20.00 0.001-0.003 0.002-0.004

2.50 to 3.00 0.010-0.013 0.015-0.025 20 to 50 0.000-0.002 0.000-0.002

3.00 to 3.50 0.008-0.011 0.012-0.022 50 to 80 0.000-0.001 0.000-0.001

3.50 to 4.00 0.007-0.009 0.010-0.020 80 and finer 0.000-0.0007 0.000-0.0007

4.00 to 5.00 0.006-0.008 0.008-0.016 … … …
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Bevel and Hypoid Gears: Table 2 gives similar backlash range values for bevel and
hypoid gears. These are values based upon average conditions for general purpose gearing,
but may require modification to meet specific needs.

Backlash on bevel and hypoid gears can be controlled to some extent by axial adjustment
of the gears during assembly. However, due to the fact that actual adjustment of a bevel or
hypoid gear in its mounting will alter the amount of backlash, it is imperative that the
amount of backlash cut into the gears during manufacture is not excessive. Bevel and
hypoid gears must always be capable of operation without interference when adjusted for
zero backlash. This requirement is imposed by the fact that a failure of the axial thrust bear-
ing might permit the gears to operate under this condition. Therefore, bevel and hypoid
gears should never be designed to operate with normal backlash in excess of 0.080/P where
P is diametral pitch.

Fine-Pitch Gears: Table 3 gives similar backlash range values for fine-pitch spur, helical
and herringbone gearing.

Providing Backlash.—In order to obtain the amount of backlash desired, it is necessary to
decrease tooth thicknesses. However, because of manufacturing and assembling inaccura-
cies not only in the gears but also in other parts, the allowances made on tooth thickness
almost always must exceed the desired amount of backlash. Since the amounts of these
allowances depend on the closeness of control exercised on all manufacturing operations,
no general recommendations for them can be given.

It is customary to make half the allowance for backlash on the tooth thickness of each
gear of a pair, although there are exceptions. For example, on pinions having very low
numbers of teeth it is desirable to provide all the allowance on the mating gear, so as not to
weaken the pinion teeth. In worm gearing, ordinary practice is to provide all of the allow-
ance on the worm which is usually made of a material stronger than that of the worm gear.

In some instances the backlash allowance is provided in the cutter, and the cutter is then
operated at the standard tooth depth. In still other cases, backlash is obtained by setting the
distance between two tools for cutting the two sides of the teeth, as in straight bevel gears,
or by taking side cuts, or by changing the center distance between the gears in their mount-
ings. In spur and helical gearing, backlash allowance is usually obtained by sinking the cut-
ter deeper into the blank than the standard depth. The accompanying table gives the excess
depth of cut for various pressure angles.

Excess Depth of Cut E to Provide Backlash Allowance

Control of Backlash Allowances in Production.—Measurement of the tooth thickness
of gears is perhaps the simplest way of controlling backlash allowances in production. 

There are several ways in which this may be done including: 1) chordal thickness mea-
surements as described on page 2145;  2) caliper measurements over two or more teeth as
described on page 2236;  and  3) measurements over wires.

Distribution of
Backlash

Pressure Angle φ, Degrees

141⁄2 171⁄2 20 25 30

Excess Depth of Cut E to Obtain Circular Backlash Ba

a Circular backlash is the amount by which the width of a tooth space is greater than the thickness of
the engaging tooth on the pitch circles. As described in pages 2163 and  2167 this is what is meant by
backlash unless otherwise specified. 

All on One Gear 1.93B 1.59B 1.37B 1.07B 0.87B

One-half on Each Gear 0.97B 0.79B 0.69B 0.54B 0.43B

Excess Depth of Cut E to Obtain BacklashBb Normal to Tooth Profileb

b Backlash measured normal to the tooth profile by inserting a feeler gage between meshing teeth; to
convert to circular backlash, B = Bb ÷ cos φ.

All on One Gear 2.00Bb 1.66Bb 1.46Bb 1.18Bb 1.99Bb

One-half on Each Gear 1.00Bb 0.83Bb 0.73Bb 0.59Bb 0.50Bb
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In this last method, first the theoretical measurement over wires when the backlash
allowance is zero is determined by the method described on page 2221; then the amount
this measurement must be reduced to obtain a desired backlash allowance is taken from the
table on page 2235.

It should be understood, as explained in the section Measurement of Backlash that
merely making tooth thickness allowances will not guarantee the amount of backlash in the
ready-to-run assembly of two or more gears. Manufacturing limitations will introduce
such gear errors as runout, pitch error, profile error, and lead error, and gear-housing errors
in both center distance and alignment. All of these make the backlash of the assembled
gears different from that indicated by tooth thickness measurements on the individual
gears.

Measurement of Backlash.—Backlash is commonly measured by holding one gear of a
pair stationary and rocking the other back and forth. The movement is registered by a dial
indicator having its pointer or finger in a plane of rotation at or near the pitch diameter and
in a direction parallel to a tangent to the pitch circle of the moving gear. If the direction of
measurement is normal to the teeth, or other than as specified above, it is recommended
that readings be converted to the plane of rotation and in a tangent direction at or near the
pitch diameter, for purposes of standardization and comparison.

In spur gears, parallel helical gears, and bevel gears, it is immaterial whether the pinion
or gear is held stationary for the test. In crossed helical and hypoid gears, readings may
vary according to which member is stationary; hence, it is customary to hold the pinion sta-
tionary and measure on the gear.

In some instances, backlash is measured by thickness gages or feelers. A similar method
utilizes a soft lead wire inserted between the teeth as they pass through mesh. In both meth-
ods, it is likewise recommended that readings be converted to the plane of rotation and in a
tangent direction at or near the pitch diameter, taking into account the normal pressure
angle, and the helix angle or spiral angle of the teeth.

Sometimes backlash in parallel helical or herringbone gears is checked by holding the
gear stationary, and moving the pinion axially back and forth, readings being taken on the
face or shaft of the pinion, and converted to the plane of rotation by calculation. Another
method consists of meshing a pair of gears tightly together on centers and observing the
variation from the specified center distance. Such readings should also be converted to the
plane of rotation and in a tangent direction at or near the pitch diameter for the reasons pre-
viously given.

Measurements of backlash may vary in the same pair of gears, depending on accuracy of
manufacturing and assembling. Incorrect tooth profiles will cause a change of backlash at
different phases of the tooth action. Eccentricity may cause a substantial difference
between maximum and minimum backlash at different positions around the gears. In stat-
ing amounts of backlash, it should always be remembered that merely making allowances
on tooth thickness does not guarantee the minimum amount of backlash that will exist in
assembled gears.

Fine-Pitch Gears: The measurement of backlash of fine-pitch gears, when assembled,
cannot be made in the same manner and by the same techniques employed for gears of
coarser pitches. In the very fine pitches, it is virtually impossible to use indicating devices
for measuring backlash. Sometimes a toolmaker's microscope is used for this purpose to
good advantage on very small mechanisms.

Another means of measuring backlash in fine-pitch gears is to attach a beam to one of the
shafts and measure the angular displacement in inches when one member is held station-
ary. The ratio of the length of the beam to the nominal pitch radius of the gear or pinion to
which the beam is attached gives the approximate ratio of indicator reading to circular
backlash. Because of the limited means of measuring backlash between a pair of fine-pitch
gears, gear centers and tooth thickness of the gears when cut must be held to very close lim-
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its. Tooth thickness of fine-pitch spur and helical gears can best be checked on a variable-
center-distance fixture using a master gear. When checked in this manner, tooth thickness
change = 2 × center distance change × tangent of transverse pressure angle, approximately.
Control of Backlash in Assemblies.—Provision is often made for adjusting one gear rel-
ative to the other, thereby affording complete control over backlash at initial assembly and
throughout the life of the gears. Such practice is most common in bevel gearing. It is fairly
common in spur and helical gearing when the application permits slight changes between
shaft centers. It is practical in worm gearing only for single thread worms with low lead
angles. Otherwise faulty contact results.

Another method of controlling backlash quite common in bevel gears and less common
in spur and helical gears is to match the high and low spots of the runout gears of one to one
ratio and mark the engaging teeth at the point where the runout of one gear cancels the
runout of the mating gear.

Table 3. AGMA Backlash Allowance and Tolerance for Fine-Pitch Spur,
Helical and Herringbone Gearing

Backlash in gears is the play between mating tooth surfaces. For purposes of measurement and cal-
culation, backlash is defined as the amount by which a tooth space exceeds the thickness of an engag-
ing tooth. When not otherwise specified, numerical values of backlash are understood to be
measured at the tightest point of mesh on the pitch circle in a direction normal to the tooth surface
when the gears are mounted in their specified position.

Allowance is the basic amount that a tooth is thinned from basic calculated circular tooth thickness
to obtain the required backlash class.

Tolerance is the total permissible variation in the circular thickness of the teeth.

Backlash
Designation

Normal
Diametral

Pitch Range

Tooth Thinning to Obtain Backlasha

a These dimensions are shown primarily for the benefit of the gear manufacturer and represent the
amount that the thickness of teeth should be reduced in the pinion and gear below the standard calcu-
lated value, to provide for backlash in the mesh. In some cases, particularly with pinions involving
small numbers of teeth, it may be desirable to provide for total backlash by thinning the teeth in the
gear member only by twice the allowance value shown in column (3). In this case both members will
have the tolerance shown in column (4). In some cases, particularly in meshes with a small number of
teeth, backlash may be achieved by an increase in basic center at distance. In such cases, neither mem-
ber is reduced by the allowance shown in column (3). 

Resulting Approximate
Backlash (per Mesh)

Normal Planeb

Inch

b These dimensions indicate the approximate backlash that will occur in a mesh in which each of the
mating pairs of gears have the teeth thinned by the amount referred to in Note 1, and are meshed on
theoretical centers. 

Allowance,
per Gear,

Inch

Tolerance,
per Gear,

Inch

A

20 thru 45 .002 0 to .002 .004 to .008
46 thru 70 .0015 0 to .002 .003 to .007
71 thru 90 .001 0 to .00175 .002 to .0055

91 thru 200 .00075 0 to .00075 .0015 to .003

B
20 thru 60 .001 0 to .001 .002 to .004
61 thru 120 .00075 0 to .00075 .0015 to .003
121 thru 200 .0005 0 to .0005 .001 to .002

C
20 thru 60 .0005 0 to .0005 .001 to .002
61 thru 120 .00035 0 to .0004 .0007 to .0015
121 thru 200 .0002 0 to .0003 .0004 to .001

D
20 thru 60 .00025 0 to .00025 .0005 to .001
61 thru 120 .0002 0 to .0002 .0004 to .0008
121 thru 200 .0001 0 to .0001 .0002 to .0004

E
20 thru 60

Zeroc

c Backlash in gear sets can also be achieved by increasing the center distance above nominal and
using the teeth at standard tooth thickness. Class E backlash designation infers gear sets operating
under these conditions. 

0 to .00025 0 to .0005
61 thru 120 0 to .0002 0 to .0004
121 thru 200 0 to .0001 0 to .0002
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Angular Backlash in Gears.—When the backlash on the pitch circles of a meshing pair
of gears is known, the angular backlash or angular play corresponding to this backlash may
be computed from the following formulas.

In these formulas, B = backlash between gears, in inches; D = pitch diameter of larger
gear, in inches; d = pitch diameter of smaller gear, in inches; θD = angular backlash or
angular movement of larger gear in minutes when smaller gear is held fixed and larger gear
rocked back and forth; and θd = angular backlash or angular movement of smaller gear, in
minutes, when the larger gear is held fixed and the smaller gear rocked back and forth.
Inspection of Gears.—Perhaps the most widely used method of determining relative
accuracy in a gear is to rotate the gear through at least one complete revolution in intimate
contact with a master gear of known accuracy. The gear to be tested and the master gear are
mounted on a variable-center-distance fixture and the resulting radial displacements or
changes in center distance during rotation of the gear are measured by a suitable device.
Except for the effect of backlash, this so-called “composite check” approximates the
action of the gear under operating conditions and gives the combined effect of the follow-
ing errors: runout; pitch error; tooth-thickness variation; profile error; and lateral runout
(sometimes called wobble).

Tooth-to-Tooth Composite Error, illustrated below, is the error that shows up as flicker
on the indicator of a variable-center-distance fixture as the gear being tested is rotated from
tooth to tooth in intimate contact with the master gear. Such flicker shows the combined or
composite effect of circular pitch error, tooth-thickness variation, and profile error.

Diagram Showing Nature of Composite Errors
Total Composite Error, shown above, is made up of runout, wobble, and the tooth-to-

tooth composite error; it is the total center-distance displacement read on the indicating
device of the testing fixture, as shown in the accompanying diagram.
Pressure for Composite Checking of Fine-Pitch Gears.—In using a variable-center-
distance fixture, excessive pressure on fine-pitch gears of narrow face width will result in
incorrect readings due to deflection of the teeth. Based on tests, the following checking
pressures are recommended for gears of 0.100-inch face width: 20 to 29 diametral pitch, 28
ounces; 30 to 39 pitch, 24 ounces; 40 to 49 pitch, 20 ounces; 50 to 59 pitch, 16 ounces; 60
to 79 pitch, 12 ounces; 80 to 99 pitch, 8 ounces, 100 to 149 pitch, 4 ounces; and 150 and
finer pitches, 2 ounces, minimum. These recommended checking pressures are based on
the use of antifriction mountings for the movable head of the checking fixture and include
the pressure of the indicating device. For face widths less than 0.100 inch, the recom-
mended pressures should be reduced proportionately; for larger widths, no increase is nec-
essary although the force may be increased safely in the proper proportion.

θD
6875B

D
----------------=  minutes θd

6875B

d
----------------=  minutes

Total Composite Error

Tooth-To-Tooth
Composite Error

Runout
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Internal Gearing

Internal Spur Gears.—An internal gear may be proportioned like a standard spur gear
turned “outside in” or with addendum and dedendum in reverse positions; however, to
avoid interference or improve the tooth form and action, the internal diameter of the gear
should be increased and the outside diameter of the mating pinion is also made larger than
the size based upon standard or conventional tooth proportions. The extent of these
enlargements will be illustrated by means of examples given following table, Rules for
Internal Gears – 20-degree Full-Depth Teeth. The 20-degree involute full-depth tooth
form is recommended for internal gears; the 20-degree stub tooth and the 141⁄2-degree full-
depth tooth are also used.
Methods of Cutting Internal Gears.—Internal spur gears are cut by methods similar in
principle to those employed for external spur gears. 

They may be cut by one of the following methods: 1) By a generating process, as when
using a Fellows gear shaper;  2) by using a formed cutter and milling the teeth;  3) by plan-
ing, using a machine of the template or form-copying type (especially applicable to gears
of large pitch);  and  4) by using a formed tool that reproduces its shape and is given a plan-
ing action either on a slotting or a planing type of machine.

Internal gears frequently have a web at one side that limits the amount of clearance space
at the ends of the teeth. Such gears may be cut readily on a gear shaper. The most practical
method of cutting very large internal gears is on a planer of the form-copying type. A reg-
ular spur gear planer is equipped with a special tool holder for locating the tool in the posi-
tion required for cutting internal teeth.
Formed Cutters for Internal Gears.—When formed cutters are used, a special cutter
usually is desirable, because the tooth spaces of an internal gear are not the same shape as
the tooth spaces of external gearing having the same pitch and number of teeth. This differ-
ence is because an internal gear is a spur gear “turned outside in.” According to one rule,
the standard No. 1 cutter for external gearing may be used for internal gears of 4 diametral
pitch and finer, when there are 60 or more teeth. This No. 1 cutter, as applied to external
gearing, is intended for all gears having from 135 teeth to a rack. The finer the pitch and the
larger the number of teeth, the better the results obtained with a No. 1 cutter. The standard
No. 1 cutter is considered satisfactory for jobbing work, and usually when the number of
gears to be cut does not warrant obtaining a special cutter, although the use of the No. 1
cutter is not practicable when the number of teeth in the pinion is large in proportion to the
number of teeth in the internal gear.
Arc Thickness of Internal Gear Tooth.—Rule: If internal diameter of an internal gear is
enlarged as determined by Rules 1 and 2 for Internal Diameters (see Rules for Internal
Gears – 20-degree Full-Depth Teeth), the arc tooth thickness at the pitch circle equals
1.3888 divided by the diametral pitch, assuming a pressure angle of 20 degrees.
Arc Thickness of Pinion Tooth.—Rule: If the pinion for an internal gear is larger than
conventional size (see Outside Diameter of Pinion for Internal Gear, under Rules for Inter-
nal Gears – 20-degree Full-Depth Teeth), then the arc tooth thickness on the pitch circle
equals 1.7528 divided by the diametral pitch, assuming a pressure angle of 20 degrees.

Note: For chordal thickness and chordal addendum, see rules and formulas for spur
gears.
Relative Sizes of Internal Gear and Pinion.—If a pinion is too large or too near the size
of its mating internal gear, serious interference or modification of the tooth shape may
occur.

Rule: For internal gears having a 20-degree pressure angle and full-depth teeth, the dif-
ference between the numbers of teeth in gear and pinion should not be less than 12. For
teeth of stub form, the smallest difference should be 7 or 8 teeth. For a pressure angle of
141⁄2 degrees, the difference in tooth numbers should not be less than 15.
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Rules for Internal Gears – 20-degree Full-Depth Teeth

To Find Rule

Pitch Diameter

Rule: To find the pitch diameter of an internal gear, divide the num-
ber of internal gear teeth by the diametral pitch. The pitch diame-
ter of the mating pinion also equals the number of pinion teeth 
divided by the diametral pitch, the same as for external spur gears.

Internal
Diameter
(Enlarged to
Avoid
Interference)

Rule 1: For internal gears to mesh with pinions having 16 teeth or 
more, subtract 1.2 from the number of teeth and divide the remain-
der by the diametral pitch.

Example: An internal gear has 72 teeth of 6 diametral pitch and 
the mating pinion has 18 teeth; then

Rule 2: If circular pitch is used, subtract 1.2 from the number of 
internal gear teeth, multiply the remainder by the circular pitch, and 
divide the product by 3.1416.

Internal
Diameter
(Based upon
Spur Gear
Reversed)

Rule: If the internal gear is to be designed to conform to a spur 
gear turned outside in, subtract 2 from the number of teeth and 
divide the remainder by the diametral pitch to find the internal 
diameter.

Example: (Same as Example above.)

Outside
Diameter of
Pinion for
Internal
Gear

Note: If the internal gearing is to be proportioned like standard 
spur gearing, use the rule or formula previously given for spur gears 
in determining the outside diameter. The rule and formula following 
apply to a pinion that is enlarged and intended to mesh with an 
internal gear enlarged as determined by the preceding Rules 1 and 2 
above.

Rule: For pinions having 16 teeth or more, add 2.5 to the number 
of pinion teeth and divide by the diametral pitch.

Example 1: A pinion for driving an internal gear is to have 18 
teeth (full depth) of 6 diametral pitch; then

By using the rule for external spur gears, the outside diameter = 
3.333 inches.

Center
Distance

Rule: Subtract the number of pinion teeth from the number of inter-
nal gear teeth and divide the remainder by two times the diametral 
pitch.

Tooth
Thickness

See paragraphs, Arc Thickness of Internal Gear Tooth and Effect of 
Diameter of Cutting on Profile and Pressure Angle of Worms, on 
previous page.

Internal diameter 72 1.2–
6

------------------- 11.8 inches= =

Internal diameter 72 2–
6

--------------- 11.666 inches= =

Outside diameter 18 2.5+
6

------------------- 3.416 inches= =
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British Standard for Spur and Helical Gears 

British Standard For Spur And Helical Gears.—BS 436: Part 1: 1967: Spur and Heli-
cal Gears, Basic Rack Form, Pitches and Accuracy for Diametral Pitch Series, now has
sections concerned with basic requirements for general tooth form, standard pitches, accu-
racy and accuracy testing procedures, and the showing of this information on engineering
drawings to make sure that the gear manufacturer receives the required data. The latest
form of the standard complies with ISO agreements. The standard pitches are in accor-
dance with ISO R54, and the basic rack form and its modifications are in accordance with
the ISO R53 “Basic Rack of Cylindrical Gears for General Engineering and for Heavy
Engineering Standard”.

Five grades of gear accuracy in previous versions are replaced by grades 3 to 12 of the
draft ISO Standard. Grades 1 and 2 cover master gears that are not dealt with here. BS 436:
Part 1: 1967 is a companion to the following British Standards:

BS 235 “Gears for Traction”
BS 545 “Bevel Gears (Machine Cut)”
BS 721 “Worm Gearing”
BS 821 “Iron Castings for Gears and Gear Blanks (Ordinary, Medium and High Grade)”
BS 978 “Fine Pitch Gears” Part 1, “Involute, Spur and Helical Gears”; Part 2, “Cycloidal

Gears” (with addendum 1, PD 3376: “Double Circular Arc Type Gears.”; Part 3,
“Bevel Gears”

BS 1807 “Gears for Turbines and Similar Drives” Part 1, “Accuracy” Part 2, “Tooth
Form and Pitches”

BS 2519 “Glossary of Terms for Toothed Gearing”
BS 3027 “Dimensions for Worm Gear Units”
BS 3696 “Master Gears”
Part 1 of BS 436 applies to external and internal involute spur and helical gears on paral-

lel shafts and having normal diametral pitch of 20 or coarser. The basic rack and tooth form
are specified, also first and second preference standard pitches and fundamental tolerances
that determine the grades of gear accuracy, and requirements for terminology and notation.

 These requirements include:center distance a;  reference circle diameter d, for pinion d1
and wheel d2;  tip diameter da for pinion da1 and wheel da2;  center distance modification
coefficient γ;  face width b for pinion b1 and wheel b2;  addendum modification coefficient
x;  for pinion x1 and wheel x2;  length of arc l;  diametral pitch Pt;  normal diametral pitch
pn;  transverse pitch pt;   number of teeth z, for pinion z1 and wheel z2;  helix angle at refer-
ence cylinder ß;  pressure angle at reference cylinder α;  normal pressure angle at refer-
ence cylinder αn;  transverse pressure angle at reference cylinder αt;  and  transverse pres-
sure angle, working,αt w.

 The basic rack tooth profile has a pressure angle of 20. The Standard permits the total
tooth depth to be varied within 2.25 to 2.40, so that the root clearance can be increased
within the limits of 0.25 to 0.040 to allow for variations in manufacturing processes; and
the root radius can be varied within the limits of 0.25 to 0.39. Tip relief can be varied within
the limits shown at the right in the illustration. 

Standard normal diametral pitches Pn, BS 436 Part 1:1967, are in accordance with ISO
R54. The preferred series, rather than the second choice, should be used where possible.
Preferred normal diametral pitches for spur and helical gears (second choices in parenthe-
ses) are: 20 (18), 16 (14), 12 (11), 10 (9), 8 (7), 6 (5.5), 5 (4.5), 4 (3.5), 3 (2.75), 2.5 (2.25),
2 (1.75), 1.5, 1.25, and 1. 

Information to be Given on Drawings: British Standard BS 308, “Engineering Drawing
Practice”, specifies data to be included on drawings of spur and helical gears. For all gears
the data should include: number of teeth, normal diametral pitch, basic rack tooth form,
axial pitch, tooth profile modifications, blank diameter, reference circle diameter, and
helix angle at reference cylinder (0 for straight spur gears), tooth thickness at reference cyl-
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inder, grade of gear, drawing number of mating gear, working center distance, and back-
lash.

For single helical gears, the above data should be supplemented with hand and lead of the
tooth helix; and for double helical gears, with the hand in relation to a specific part of the
face width and the lead of tooth helix. 

Inspection instructions should be included, care being taken to avoid conflicting require-
ments for accuracy of individual elements, and single- and dual-flank testing. Supplemen-
tary data covering specific design, manufacturing and inspection requirements or
limitations may be needed, together with other dimensions and tolerances, material, heat
treatment, hardness, case depth, surface texture, protective finishes, and drawing scale. 

Addendum Modification to Involute Spur and Helical Gears.—The British Standards
Institute guide PD 6457:1970 contains certain design recommendations aimed at making
it possible to use standard cutting tools for some sizes of gears. Essentially, the guide cov-
ers addendum modification and includes formulas for both English and metric units. 

Addendum Modification  is an enlargement or reduction of gear tooth dimensions that
results from displacement of the reference plane of the generating rack from its normal
position. The displacement is represented by the coefficient X, X1, or X2, where X is the
equivalent dimension for gears of unit module or diametral pitch. The addendum modifi-
cation establishes a datum tooth thickness at the reference circle of the gear but does not
necessarily establish the height of either the reference addendum or the working adden-
dum. In any pair of gears, the datum tooth thicknesses are those that always give zero back-
lash at the meshing center distance. Normal practice requires allowances for backlash for
all unmodified gears. 

Taking full advantage of the adaptability of the involute system allows various tooth
design features to be obtained. Addendum modification has the following applications:
avoiding undercut tooth profiles; achieving optimum tooth proportions and control of the
proportion of receding to approaching contact; adapting a gear pair to a predetermined cen-
ter distance without recourse to non-standard pitches; and permitting use of a range of
working pressure angles using standard geometry tools.

BS 436, Part 3:1986 “Spur and Helical Gears”.—This part provides methods for calcu-
lating contact and root bending stresses for metal involute gears, and is somewhat similar
to the ANSI/AGMA Standard for calculating stresses in pairs of involute spur or helical
gears. Stress factors covered in the British Standard include the following:

Tangential Force is the nominal force for contact and bending stresses.
Zone Factor accounts for the influence of tooth flank curvature at the pitch point on Hert-

zian stress. 
Contact Ratio Factor takes account of the load-sharing influence of the transverse con-

tact ratio and the overlap ratio on the specific loading. 
Elasticity Factor takes into account the influence of the modulus of elasticity of the

material and of Poisson's ratio on the Hertzian stress.
Basic Endurance Limit for contact makes allowance for the surface hardness.
Material Quality covers the quality of the material used.
Lubricant Influence, Roughness, and Speed The lubricant viscosity, surface roughness

and pitch line speed affect the lubricant film thickness, which in turn, affects the Hertzian
stresses.

Work Hardening Factor accounts for the increase in surface durability due to the mesh-
ing action.

Size Factor covers the possible influences of size on the material quality and its response
to manufacturing processes.

Life Factor accounts for the increase in permissible stresses when the number of stress
cycles is less than the endurance life.
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Application Factor allows for load fluctuations from the mean load or loads in the load
histogram caused by sources external to the gearing.

Dynamic Factor allows for load fluctuations arising from contact conditions at the gear
mesh.

Load Distribution accounts for the increase in local load due to maldistribution of load
across the face of the gear tooth caused by deflections, alignment tolerances and helix
modifications.

Minimum Demanded and Actual Safety Factor The minimum demanded safety factor is
agreed between the supplier and the purchaser. The actual safety factor is calculated.

Geometry Factors allow for the influence of the tooth form, the effect of the fillet and the
helix angle on the nominal bending stress for the application of load at the highest point of
single pair tooth contact.

Sensitivity Factor allows for the sensitivity of the gear material to the presence of notches
such as the root fillet.

Surface Condition Factor accounts for reduction of the endurance limit due to flaws in
the material and the surface roughness of the tooth root fillets. 
ISO TC/600.—The ISO TC/600 Standard is similar to BS 436, Part 3:1986, but is far more
comprehensive. For general gear design, the ISO Standard provides a complicated method
of arriving at a conclusion similar to that reached by the less complex British Standard.
Factors additional to the above that are included in the ISO Standard include the following

Application Factor account for dynamic overloads from sources external to the gearing.
Dynamic Factor allows for internally generated dynamic loads caused by vibrations of

the pinion and wheel against each other.
Load Distribution makes allowance for the effects of non-uniform distribution of load

across the face width, depending on the mesh alignment error of the loaded gear pair and
the mesh stiffness.

Transverse Load Distribution Factor takes into account the effect of the load distribu-
tion on gear tooth contact stresses.

Gear Tooth Stiffness Constants are defined as the load needed to deform one or several
meshing gear teeth having 1 mm face width, by an amount of 1 µm (0.00004 in).

Allowable Contact Stress  is the permissible Hertzian pressure on the gear tooth face.
Minimum demanded and Calculated Safety Factors  The minimum demanded safety

factor is agreed between the supplier and the customer. The calculated safety factor is the
actual safety factor of the gear pair.

Zone Factor accounts for the influence on the Hertzian pressure of the tooth flank curva-
ture at the pitch point.

Elasticity Factor takes account of the influence of the material properties such as the
modulus of elasticity and Poisson's ratio.

Contact Ratio Factor accounts for the influence of the transverse contact ratio and the
overlap ratio on the specific surface load of the gears.

Helix Angle Factor makes allowance for influence of helix angle on surface durability.
Endurance Limit is the limit of repeated Hertzian stresses that can be permanently

endured by a given material
Life Factor takes account of a higher permissible Hertzian stress if only limited durabil-

ity is demanded.
Lubrication Film Factor The film of lubricant between the tooth flanks influences the

surface load capacity. Factors include the oil viscosity, pitch line velocity and roughness of
the tooth flanks.

Work Hardening Factor takes account of the increase in surface durability due to mesh-
ing a steel wheel with a hardened pinion having smooth tooth surfaces.

Coefficient of Friction The mean value of the local coefficient of friction depends on the
lubricant, surface roughness, the lay of surface irregularities, material properties of the
tooth flanks, and the force and size of tangential velocities.
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Bulk Temperature Thermal Flash Factor is dependent on moduli of elasticity and ther-
mal contact coefficients of pinion and wheel materials and geometry of the line of action. 

Welding Factor  Accounts for different tooth materials and heat treatments.
Geometrical Factor is defined as a function of the gear ratio and the dimensionless

parameter on the line of action.
Integral Temperature Criterion The integral temperature of the gears depends on the

lubricant viscosity and tendency toward cuffing and scoring of the gear materials.
Examination of the above factors shows the similarity in the approach of the British and

the ISO Standards to that of the ANSI/AGMA Standards. Slight variations in the methods
used to calculate the factors will result in different allowable stress figures. Experimental
work using some of the stressing formulas has shown wide variations and designers must
continue to rely on experience to arrive at satisfactory results.

Standards Nomenclature

All standards are referenced and identified throughout this book by an alphanumeric pre-
fix which designates the organization that administered the development work on the stan-
dard, and followed by a standards number. 

All standards are reviewed by the relevant committees at regular time intervals, as speci-
fied by the overseeing standards organization, to determine whether the standard should be
confirmed (reissued without changes other than correction of typographical errors),
updated, or removed from service.

The following is for example use only. ANSI B18.8.2-1984, R1994 is a standard for
Taper, Dowel, Straight, Grooved, and Spring Pins. ANSI refers to the American National
Standards Institute that is responsible for overseeing the development or approval of the
standard, and B18.8.2 is the number of the standard. The first date, 1984, indicates the year
in which the standard was issued, and the sequence R1994 indicates that this standard was
reviewed and reaffirmed in that 1994. The current designation of the standard,
ANSI/ASME B18.8.2-1995, indicates that it was revised in 1995; it is ANSI approved;
and, ASME (American Society of Mechanical Engineers) was the standards body respon-
sible for development of the standard. This standard is sometimes also designated ASME
B18.8.2-1995.

ISO (International Organization for Standardization) standards use a slightly different
format, for example, ISO 5127-1:1983. The entire ISO reference number consists of a pre-
fix ISO, a serial number, and the year of publication. 

Aside from content, ISO standards differ from American National standards in that they
often smaller focused documents, which in turn reference other standards or other parts of
the same standard. Unlike the numbering scheme used by ANSI, ISO standards related to
a particular topic often do not carry sequential numbers nor are they in consecutive series.

British Standards Institute standards use the following format: BS 1361: 1971 (1986).
The first part is the organization prefix BS, followed by the reference number and the date
of issue. The number in parenthesis is the date that the standard was most recently recon-
firmed.  British Standards may also be designated withdrawn (no longer to be used) and
obsolescent (going out of use, but may be used for servicing older equipment). 

Organization Web Address Organization Web Address

ISO (International Organization for 
Standardization) www.iso.ch JIS (Japanese Industrial Standards) www.jisc.org

IEC (International Electrotechnical 
Commission) www.iec.ch ASME (American Society of 

Mechanical Engineers) www.asme.org

ANSI (American National Stan-
dards Institute) www.ansi.org SAE (Society of Automotive Engi-

neers) www.sae.org

BSI (British Standards Institute) www.bsi-inc.org SME (Society of Manufacturing 
Engineers) www.sme.org
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HYPOID AND BEVEL GEARING

Hypoid Gears

Hypoid gears are offset and in effect, are spiral gears whose axes do not intersect but are
staggered by an amount decided by the application. Due to the offset, contact between the
teeth of the two gears does not occur along a surface line of the cones as it does with spiral
bevels having intersecting axes, but along a curve in space inclined to the surface line. The
basic solids of the hypoid gear members are not cones, as in spiral bevels, but are hyperbo-
loids of revolution which cannot be projected into the common plane of ordinary flat gears,
thus the name hypoid. The visualization of hypoid gears is based on an imaginary flat gear
which is a substitute for the theoretically correct helical surface. If certain rules are
observed during the calculations to fix the gear dimensions, the errors that result from the
use of an imaginary flat gear as an approximation are negligible. 

The staggered axes result in meshing conditions that are beneficial to the strength and
running properties of the gear teeth. A uniform sliding action takes place between the teeth,
not only in the direction of the tooth profile but also longitudinally, producing ideal condi-
tions for movement of lubricants. With spiral gears, great differences in sliding motion
arise over various portions of the tooth surface, creating vibration and noise. Hypoid gears
are almost free from the problems of differences in these sliding motions and the teeth also
have larger curvature radii in the direction of the profile. Surface pressures are thus
reduced so that there is less wear and quieter operation.

The teeth of hypoid gears are 1.5 to 2 times stronger than those of spiral bevel gears of the
same dimensions, made from the same material. Certain limits must be imposed on the
dimensions of hypoid gear teeth so that their proportions can be calculated in the same way
as they are for spiral bevel gears. The offset must not be larger than 1/7th of the ring gear
outer diameter, and the tooth ratio must not be much less than 4 to 1. Within these limits,
the tooth proportions can be calculated in the same way as for spiral bevel gears and the
radius of lengthwise curvature can be assumed in such a way that the normal module is a
maximum at the center of the tooth face width to produce stabilized tooth bearings.

If the offset is larger or the ratio is smaller than specified above, a tooth form must be
selected that is better adapted to the modified meshing conditions. In particular, the curva-
ture of the tooth length curve must be determined with other points in view. The limits are
only guidelines since it is impossible to account for all other factors involved, including the
pitch line speed of the gears, lubrication, loads, design of shafts and bearings, and the gen-
eral conditions of operation.

Of the three different designs of hypoid bevel gears now available, the most widely used,
especially in the automobile industry, is the Gleason system. Two other hypoid gear sys-
tems have been introduced by Oerlikon (Swiss) and Klingelnberg (German). All three
methods use the involute gear form, but they have teeth with differing curvatures, pro-
duced by the cutting method. Teeth in the Gleason system are arc shaped and their depth
tapers. Both the European systems are designed to combine rolling with the sideways
motion of the teeth and use a constant tooth depth. Oerlikon uses an epicycloidal tooth
form and Klingelnberg uses a true involute form. 

With their circular accurate tooth face curves, Gleason hypoid gears are produced with
multi-bladed face milling cutters. The gear blank is rolled relative to the rotating cutter to
make one inter-tooth groove, then the cutter is withdrawn and returned to its starting posi-
tion while the blank is indexed into the position for cutting the next tooth. Both roughing
and finishing cutters are kept parallel to the tooth root lines, which are at an angle to the
gear pitch line. Depending on this angularity, plus the spiral angle, a correction factor must
be calculated for both the leading and trailing faces of the gear tooth. 

In operation, the convex faces of the teeth on one gear always bear on the concave faces
of the teeth on the mating gear. For correct meshing between the pinion and gear wheel, the
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spiral angles should not vary over the full face width. The tooth form generated is a loga-
rithmic spiral and, as a compromise, the cutter radius is made equal to the mean radius of a
corresponding logarithmic spiral. 

The involute tooth face curves of the Klingelnberg system gears have constant-pitch
teeth cut by (usually) a single-start taper hob. The machine is set up to rotate both the cutter
and the gear blank at the correct relative speeds. The surface of the hob is set tangential to
a circle radius, which is the gear base circle, from which all the parallel involute curves are
struck. To keep the hob size within reasonable dimensions, the cone must lie a minimum
distance within the teeth and this requirement governs the size of the module.

Both the module and the tooth depth are constant over the full face width and the spiral
angle varies. The cutting speed variations, especially with regard to crown wheels, over the
cone surface of the hob, make it difficult to produce a uniform surface finish on the teeth,
so a finishing cut is usually made with a truncated hob which is tilted to produce the
required amount of crowning automatically, for correct tooth marking and finishing. The
dependence of the module, spiral angle and other features on the base circle radius, and the
need for suitable hob proportions restrict the gear dimensions and the system cannot be
used for gears with a low or zero angle. However, gears can be cut with a large root radius
giving teeth of high strength. The favorable geometry of the tooth form gives quieter run-
ning and tolerance of inaccuracies in assembly. 

Teeth of gears made by the Oerlikon system have elongated epicycloidal form, produced
with a face-type rotating cutter. Both the cutter and the gear blank rotate continuously, with
no indexing. The cutter head has separate groups of cutters for roughing, outside cutting
and inside cutting so that tooth roots and flanks are cut simultaneously, but the feed is
divided into two stages. As stresses are released during cutting, there is some distortion of
the blank and this distortion will usually be worse for a hollow crown wheel than for a solid
pinion.

All the heavy cuts are taken during the first stages of machining with the Oerlikon system
and the second stage is used to finish the tooth profile accurately, so distortion effects are
minimized. As with the Klingelnberg process, the Oerlikon system produces a variation in
spiral angle and module over the width of the face, but unlike the Klingelnberg method, the
tooth length curve is cycloidal. It is claimed that, under load, the tilting force in an Oerlikon
gear set acts at a point 0.4 times the distance from the small diameter end of the gear and not
in the mid-tooth position as in other gear systems, so that the radius is obviously smaller
and the tilting moment is reduced, resulting in lower loading of the bearings.

Gears cut by the Oerlikon system have tooth markings of different shape than gears cut
by other systems, showing that more of the face width of the Oerlikon tooth is involved in
the load-bearing pattern. Thus, the surface loading is spread over a greater area and
becomes lighter at the points of contact.

Bevel Gearing

Types of Bevel Gears.—Bevel gears are conical gears, that is, gears in the shape of cones,
and are used to connect shafts having intersecting axes. Hypoid gears are similar in general
form to bevel gears, but operate on axes that are offset. With few exceptions, most bevel
gears may be classified as being either of the straight-tooth type or of the curved-tooth
type. The latter type includes spiral bevels, Zerol bevels, and hypoid gears. The following
is a brief description of the distinguishing characteristics of the different types of bevel
gears.

 Straight Bevel Gears: The teeth of this most commonly used type of bevel gear are
straight but their sides are tapered so that they would intersect the axis at a common point
called the pitch cone apex if extended inward. The face cone elements of most straight
bevel gears, however, are now made parallel to the root cone elements of the mating gear to
obtain uniform clearance along the length of the teeth. The face cone elements of such
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gears, therefore, would intersect the axis at a point inside the pitch cone. Straight bevel
gears are the easiest to calculate and are economical to produce.

Straight bevel gear teeth may be generated for full-length contact or for localized contact.
The latter are slightly convex in a lengthwise direction so that some adjustment of the gears
during assembly is possible and small displacements due to load deflections can occur
without undesirable load concentration on the ends of the teeth. This slight lengthwise
rounding of the tooth sides need not be computed in the design but is taken care of automat-
ically in the cutting operation on the newer types of bevel gear generators.

 Zerol Bevel Gears: The teeth of Zerol bevel gears are curved but lie in the same general
direction as the teeth of straight bevel gears. They may be thought of as spiral bevel gears
of zero spiral angle and are manufactured on the same machines as spiral bevel gears. The
face cone elements of Zerol bevel gears do not pass through the pitch cone apex but instead
are approximately parallel to the root cone elements of the mating gear to provide uniform
tooth clearance. The root cone elements also do not pass through the pitch cone apex
because of the manner in which these gears are cut. Zerol bevel gears are used in place of
straight bevel gears when generating equipment of the spiral type but not the straight type
is available, and may be used when hardened bevel gears of high accuracy (produced by
grinding) are required.

 Spiral Bevel Gears: Spiral bevel gears have curved oblique teeth on which contact
begins gradually and continues smoothly from end to end. They mesh with a rolling con-
tact similar to straight bevel gears. As a result of their overlapping tooth action, however,
spiral bevel gears will transmit motion more smoothly than straight bevel or Zerol bevel
gears, reducing noise and vibration that become especially noticeable at high speeds.

One of the advantages associated with spiral bevel gears is the complete control of the
localized tooth contact. By making a slight change in the radii of curvature of the mating
tooth surfaces, the amount of surface over which tooth contact takes place can be changed
to suit the specific requirements of each job. Localized tooth contact promotes smooth,
quiet running spiral bevel gears, and permits some mounting deflections without concen-
trating the load dangerously near either end of the tooth. Permissible deflections estab-
lished by experience are given under the heading Mountings for Bevel Gears.

Because their tooth surfaces can be ground, spiral bevel gears have a definite advantage
in applications requiring hardened gears of high accuracy. The bottoms of the tooth spaces
and the tooth profiles may be ground simultaneously, resulting in a smooth blending of the
tooth profile, the tooth fillet, and the bottom of the tooth space. This feature is important
from a strength standpoint because it eliminates cutter marks and other surface interrup-
tions that frequently result in stress concentrations.

 Hypoid Gears: In general appearance, hypoid gears resemble spiral bevel gears, except
that the axis of the pinion is offset relative to the gear axis. If there is sufficient offset, the
shafts may pass one another thus permitting the use of a compact straddle mounting on the
gear and pinion. Whereas a spiral bevel pinion has equal pressure angles and symmetrical
profile curvatures on both sides of the teeth, a hypoid pinion properly conjugate to a mating
gear having equal pressure angles on both sides of the teeth must have nonsymmetrical
profile curvatures for proper tooth action. In addition, to obtain equal arcs of motion for
both sides of the teeth, it is necessary to use unequal pressure angles on hypoid pinions.
Hypoid gears are usually designed so that the pinion has a larger spiral angle than the gear.
The advantage of such a design is that the pinion diameter is increased and is stronger than
a corresponding spiral bevel pinion. This diameter increment permits the use of compara-
tively high ratios without the pinion becoming too small to allow a bore or shank of ade-
quate size. The sliding action along the lengthwise direction of their teeth in hypoid gears
is a function of the difference in the spiral angles on the gear and pinion. This sliding effect
makes such gears even smoother running than spiral bevel gears. Grinding of hypoid gears
can be accomplished on the same machines used for grinding spiral bevel and Zerol bevel
gears.
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Applications of Bevel and Hypoid Gears.—Bevel and hypoid gears may be used to
transmit power between shafts at practically any angle and speed. The particular type of
gearing best suited for a specific job, however, depends on the mountings and the operating
conditions.

Straight and Zerol Bevel Gears: For peripheral speeds up to 1000 feet per minute(305
m/min), where maximum smoothness and quietness are not the primary consideration,
straight and Zerol bevel gears are recommended. For such applications, plain bearings may
be used for radial and axial loads, although the use of antifriction bearings is always pref-
erable. Plain bearings permit a more compact and less expensive design, which is one rea-
son why straight and Zerol bevel gears are much used in differentials. This type of bevel
gearing is the simplest to calculate and set up for cutting, and is ideal for small lots where
fixed charges must be kept to a minimum.

Zerol bevel gears are recommended in place of straight bevel gears where hardened gears
of high accuracy are required, because Zerol gears may be ground; and when only spiral-
type equipment is available for cutting bevel gears.

Spiral Bevel and Hypoid Gears: Spiral bevel and hypoid gears are recommended for
applications where peripheral speeds exceed 1000 feet per minute(305 m/min) or 1000
revolutions per minute. In many instances, they may be used to advantage at lower speeds,
particularly where extreme smoothness and quietness are desired. For peripheral speeds
above 8000 feet per minute(2438 m/min), ground gears should be used.

For large reduction ratios the use of spiral and hypoid gears will reduce the overall size of
the installation because the continuous pitch line contact of these gears makes it practical
to obtain smooth performance with a smaller number of teeth in the pinion than is possible
with straight or Zerol bevel gears.

Hypoid gears are recommended for industrial applications: when maximum smoothness
of operation is desired; for high reduction ratios where compactness of design, smoothness
of operation, and maximum pinion strength are important; and for nonintersecting shafts.

Bevel and hypoid gears may be used for both speed-reducing and speed-increasing
drives. In speed-increasing drives, however, the ratio should be kept as low as possible and
the pinion mounted on antifriction bearings; otherwise bearing friction will cause the drive
to lock.
Notes on the Design of Bevel Gear Blanks.—The quality of any finished gear is depen-
dent, to a large degree, on the design and accuracy of the gear blank. A number of factors
that affect manufacturing economy as well as performance must be considered.

A gear blank should be designed to avoid localized stresses and serious deflections
within itself. Sufficient thickness of metal should be provided under the roots of gear teeth
to give them proper support. As a general rule, the amount of metal under the root should
equal the whole depth of the tooth; this metal depth should be maintained under the small
ends of the teeth as well as under the middle. On webless-type ring gears, the minimum
stock between the root line and the bottom of tap drill holes should be one-third the tooth
depth. For heavily loaded gears, a preliminary analysis of the direction and magnitude of
the forces is helpful in the design of both the gear and its mounting. Rigidity is also neces-
sary for proper chucking when cutting the teeth. For this reason, bores, hubs, and other
locating surfaces must be in proper proportion to the diameter and pitch of the gear. Small
bores, thin webs, or any condition that necessitates excessive overhang in cutting should be
avoided.

Other factors to be considered are the ease of machining and, in gears that are to be hard-
ened, proper design to ensure the best hardening conditions. It is desirable to provide a
locating surface of generous size on the backs of gears. This surface should be machined or
ground square with the bore and is used both for locating the gear axially in assembly and
for holding it when the teeth are cut. The front clamping surface must, of course, be flat and
parallel to the back surface. In connection with cutting the teeth on Zerol bevel, spiral
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bevel, and hypoid gears, clearance must be provided for face-mill type cutters; front and
rear hubs should not intersect the extended root line of the gear or they will interfere with
the path of the cutter. In addition, there must be enough room in the front of the gear for the
clamp nut that holds the gear on the arbor, or in the chuck, while cutting the teeth. The same
considerations must be given to straight bevel gears that are to be generated using a circu-
lar-type cutter instead of reciprocating tools.
Mountings for Bevel Gears.—Rigid mountings should be provided for bevel gears to
keep the displacements of the gears under operating loads within recommended limits. To
align gears properly, care should be taken to ensure accurately machined mountings, prop-
erly fitted keys, and couplings that run true and square.

As a result of deflection tests on gears and their mountings, and having observed these
same units in service, the Gleason Works recommends that the following allowable deflec-
tions be used for gears from 6 to 15 inches(15.24–38.10 cm) in diameter: neither the pinion
nor the gear should lift or depress more than 0.003 inch(0.076 mm) at the center of the face
width; the pinion should not yield axially more than 0.003 inch(0.076 mm) in either direc-
tion; and the gear should not yield axially more than 0.003 inch(0.076 mm) in either direc-
tion on 1 to 1 ratio gears (miter gears), or near miters, or more than 0.010 inch(0.25 mm)
away from the pinion on higher ratios.

When deflections exceed these limits, additional problems are involved in obtaining sat-
isfactory gears. It becomes necessary to narrow and shorten the tooth contacts to suit the
more flexible mounting. These changes decrease the bearing area, raise the unit tooth pres-
sure, and reduce the number of teeth in contact, resulting in increased noise and the danger
of surface failure as well as tooth breakage.

Spiral bevel and hypoid gears in general should be mounted on antifriction bearings in an
oil-tight case. Designs for a given set of conditions may use plain bearings for radial and
thrust loads, maintaining gears in satisfactory alignment is usually more easily accom-
plished with ball or roller bearings.

Bearing Spacing and Shaft Stiffness: Bearing spacing and shaft stiffness are extremely
important if gear deflections are to be minimized. For both straddle mounted and overhung
mounted gears the spread between bearings should never be less than 70 per cent of the
pitch diameter of the gear. On overhung mounted gears the spread should be at least 21⁄2
times the overhang and, in addition, the shaft diameter should be equal to or preferably
greater than the overhang to provide sufficient shaft stiffness. When two spiral bevel or
hypoid gears are mounted on the same shaft, the axial thrust should be taken at one place
only and near the gear where the greater thrust is developed. Provision should be made for
adjusting both the gear and pinion axially in assembly. Details on how this may be accom-
plished are given in the Gleason Works booklet, “Assembling Bevel Gears.”
Cutting Bevel Gear Teeth.—A correctly formed bevel gear tooth has the same sectional
shape throughout its length, but on a uniformly diminishing scale from the large to the
small end. The only way to obtain this correct form is by using a generating type of bevel
gear cutting machine. This accounts, in part, for the extensive use of generating type gear
cutting equipment in the production of bevel gears.

Bevel gears too large to be cut by generating equipment —100 inches (254 cm) or over in
diameter— may be produced by a form-copying type of gear planer. A template or former
is used to mechanically guide a single cutting tool in the proper path to cut the profile of the
teeth. Since the tooth profile produced by this method is dependent on the contour of the
template used, it is possible to produce tooth profiles to suit a variety of requirements.

Although generating methods are to be preferred, there are still some cases where
straight bevel gears are produced by milling. Milled gears cannot be produced with the
accuracy of generated gears and generally are not suitable for use in high-speed applica-
tions or where angular motion must be transmitted with a high degree of accuracy. Milled
gears are used chiefly as replacement gears in certain applications, and gears which are
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subsequently to be finished on generating type equipment are sometimes roughed out by
milling. Formulas and methods used for the cutting of bevel gears are given in the latter
part of this section.

In producing gears by generating methods, the tooth curvature is generated from a
straight-sided cutter or tool having an angle equal to the required pressure angle. This tool
represents the side of a crown gear tooth. The teeth of a true involute crown gear, however,
have sides which are very slightly curved. If the curvature of the cutting tool conforms to
that of the involute crown gear, an involute form of bevel gear tooth will be obtained. The
use of a straight-sided tool is more practical and results in a very slight change of tooth
shape to what is known as the “octoid” form. Both the octoid and involute forms of bevel
gear tooth give theoretically correct action.

Bevel gear teeth, like those for spur gears, differ as to pressure angle and tooth propor-
tions. The whole depth and the addendum at the large end of the tooth may be the same as
for a spur gear of equal pitch. Most bevel gears, however, both of the straight tooth and spi-
ral-bevel types, have lengthened pinion addendums and shortened gear addendums as in
the case of some spur gears, the amount of departure from equal addendums varying with
the ratio of gearing. Long addendums on the pinion are used principally to avoid undercut
and to increase tooth strength. In addition, where long and short addendums are used, the
tooth thickness of the gear is decreased and that of the pinion increased to provide a better
balance of strength. See the Gleason Works System for straight and spiral bevel gears and
also the British Standard.
Nomenclature for Bevel Gears.—The accompanying diagram, Fig. 1a, Bevel Gear
Nomenclature, illustrates various angles and dimensions referred to in describing bevel
gears. In connection with the face angles shown in the diagram, it should be noted that the
face cones are made parallel to the root cones of the mating gears to provide uniform clear-
ance along the length of the teeth. See also Fig. 1b, page 2183.
American Standard for Bevel Gears.—American Standard ANSI/AGMA 2005-B88,
Design Manual for Bevel Gears, replaces AGMA Standards 202.03, 208.03, 209.04, and
330.01, and provides standards for design of straight, zerol, and spiral bevel gears and
hypoid gears with information on fabrication, inspection, and mounting. The information
covers preliminary design, drawing formats, materials, rating, strength, inspection, lubri-
cation, mountings, and assembly. Blanks for standard taper, uniform depth, duplex taper,
and tilted root designs are included so that the material applies to users of Gleason, Klin-
gelnberg, and Oerlikon gear cutting machines.
Formulas for Dimensions of Milled Bevel Gears.—As explained earlier, most bevel
gears are produced by generating methods. Even so, there are applications for which it may
be desired to cut a pair of mating bevel gears by using rotary formed milling cutters. Exam-
ples of such applications include replacement gears for certain types of equipment and
gears for use in experimental developments.

The tooth proportions of milled bevel gears differ in some respects from those of gener-
ated gears, the principal difference being that for milled bevel gears the tooth thicknesses
of pinion and gear are made equal, and the addendum and dedendum of the pinion are
respectively the same as those of the gear. The rules and formulas in the accompanying
table may be used to calculate the dimensions of milled bevel gears with shafts at a right
angle, an acute angle, and an obtuse angle.

In the accompanying diagrams, Figs. 1a and  1b, and list of notations, the various terms
and symbols applied to milled bevel gears are as indicated.

N =number of teeth
P =diametral pitch
p =circular pitch
α =pitch cone angle and edge angle
∑=angle between shafts



2182 BEVEL GEARING

D =pitch diameter
S =addendum

S + A = dedendum (A = clearance)
W =whole depth of tooth
T = thickness of tooth at pitch line
C =pitch cone radius
F =width of face
s =addendum at small end of tooth
t = thickness of tooth at pitch line at small end
θ =addendum angle
φ =dedendum angle
γ =face angle = pitch cone angle + addendum angle
δ =angle of compound rest
ζ =cutting angle
K =angular addendum
O =outside diameter
J =vertex distance
j =vertex distance at small end

N′ =number of teeth for which to select cutter

Fig. 1a. Bevel Gear Nomenclature
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Fig. 1b. Bevel Gear Nomenclature
The formulas for milled bevel gears should be modified to make the clearance at the bot-

tom of the teeth uniform instead of tapering toward the vertex. If this recommendation is
followed, then the cutting angle (root angle) should be determined by subtracting the
addendum angle from the pitch cone angle instead of subtracting the dedendum angle as in
the formula given in the table.

Rules and Formulas for Calculating Dimensions of Milled Bevel Gears  

To Find Rule Formula

Pitch Cone
Angle of Pinion

Divide the sine of the shaft angle by the sum of 
the cosine of the shaft angle and the quotient 
obtained by dividing the number of teeth in the 
gear by the number of teeth in the pinion; this 
gives the tangent. Note: For shaft angles greater 
than 90° the cosine is negative.

For 90° shaft angle,

Pitch Cone
Angle of Gear

Subtract the pitch cone angle of the pinion from 
the shaft angle.

αG = ∑ − αP

Pitch Diameter Divide the number of teeth by the diametral 
pitch. D = N ÷ P
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Addendum Divide 1 by the diametral pitch. S = 1 ÷ P

Dedendum Divide 1.157 by the diametral pitch. S + A = 1.157 ÷ P

Whole Depth of
Tooth

Divide 2.157 by the diametral pitch.
W = 2.157 ÷ P

Thickness of
Tooth at Pitch
Line

Divide 1.571 by the diametral pitch.
T = 1.571 ÷ P

Pitch Cone
Radius

Divide the pitch diameter by twice the sine of 
the pitch cone angle.

Addendum of
Small End of
Tooth

Subtract the width of face from the pitch cone 
radius, divide the remainder by the pitch cone 
radius and multiply by the addendum.

Thickness of
Tooth at Pitch
Line at Small
End

Subtract the width of face from the pitch cone 
radius, divide the remainder by the pitch cone 
radius and multiply by the thickness of the tooth 
at pitch line.

Addendum
Angle

Divide the addendum by the pitch cone radius to 
get the tangent.

Dedendum
Angle

Divide the dedendum by the pitch cone radius to 
get the tangent.

Face Width
(Max.)

Divide the pitch cone radius by 3 or divide 8 by 
the diametral pitch, whichever gives the smaller 
value.

Circular Pitch Divide 3.1416 by the diametral pitch. ρ = 3.1416 ÷ P

Face Angle Add the addendum angle to the pitch cone angle γ = α + θ

Compound Rest
Angle for Turning
Blank

Subtract both the pitch cone angle and the 
addendum angle from 90 degrees. δ = 90° − α − θ

Cutting Angle Subtract the dedendum angle from the pitch 
cone angle. ζ = α − φ

Angular Addendum Multiply the addendum by the cosine of the 
pitch cone angle. K = S × cos α

Outside Diameter Add twice the angular addendum to the pitch 
diameter. O = D + 2K

Vertex or Apex
Distance

Multiply one-half the outside diameter by the 
cotangent of the face angle.

Vertex Distance at
Small End of Tooth

Subtract the width of face from the pitch cone 
radius; divide the remainder by the pitch cone 
radius and multiply by the apex distance.

Number of Teeth for
which to Select
Cutter

Divide the number of teeth by the cosine of the 
pitch cone angle.

Rules and Formulas for Calculating Dimensions of Milled Bevel Gears(Continued)

To Find Rule Formula
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Numbers of Formed Cutters Used to Mill Teeth in Mating Bevel Gear
and Pinion with Shafts at Right Angles 

Number of Teeth in Pinion

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

N
um

be
r 

of
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ee
th

 in
 G

ea
r

12 7-7 … … … … … … … … … … … … … … … …

13 6-7 6-6 … … … … … … … … … … … … … … …

14 5-7 6-6 6-6 … … … … … … … … … … … … … …

15 5-7 5-6 5-6 5-5 … … … … … … … … … … … … …

16 4-7 5-7 5-6 5-6 5-5 … … … … … … … … … … … …

17 4-7 4-7 4-6 5-6 5-5 5-5 … … … … … … … … … … …

18 4-7 4-7 4-6 4-6 4-5 4-5 5-5 … … … … … … … … … …

19 3-7 4-7 4-6 4-6 4-6 4-5 4-5 4-4 … … … … … … … … …

20 3-7 3-7 4-6 4-6 4-6 4-5 4-5 4-4 4-4 … … … … … … … …

21 3-8 3-7 3-7 3-6 4-6 4-5 4-5 4-5 4-4 4-4 … … … … … … …

22 3-8 3-7 3-7 3-6 3-6 3-5 4-5 4-5 4-4 4-4 4-4 … … … … … …

23 3-8 3-7 3-7 3-6 3-6 3-5 3-5 3-5 3-4 4-4 4-4 4-4 … … … … …

24 3-8 3-7 3-7 3-6 3-6 3-6 3-5 3-5 3-4 3-4 3-4 4-4 4-4 … … … …

25 2-8 2-7 3-7 3-6 3-6 3-6 3-5 3-5 3-5 3-4 3-4 3-4 4-4 3-3 … … …

26 2-8 2-7 3-7 3-6 3-6 3-6 3-5 3-5 3-5 3-4 3-4 3-4 3-4 3-3 3-3 … …

27 2-8 2-7 2-7 2-6 3-6 3-6 3-5 3-5 3-5 3-4 3-4 3-4 3-4 3-4 3-3 3-3 …

28 2-8 2-7 2-7 2-6 2-6 3-6 3-5 3-5 3-5 3-4 3-4 3-4 3-4 3-4 3-3 3-3 3-3

29 2-8 2-7 2-7 2-7 2-6 2-6 3-5 3-5 3-5 3-4 3-4 3-4 3-4 3-4 3-3 3-3 3-3

30 2-8 2-7 2-7 2-7 2-6 2-6 2-5 2-5 3-5 3-5 3-4 3-4 3-4 3-4 3-4 3-3 3-3

31 2-8 2-7 2-7 2-7 2-6 2-6 2-6 2-5 2-5 2-5 3-4 3-4 3-4 3-4 3-4 3-3 3-3

32 2-8 2-7 2-7 2-7 2-6 2-6 2-6 2-5 2-5 2-5 2-4 2-4 3-4 3-4 3-4 3-3 3-3

33 2-8 2-8 2-7 2-7 2-6 2-6 2-6 2-5 2-5 2-5 2-4 2-4 2-4 3-4 3-4 3-4 3-3

34 2-8 2-8 2-7 2-7 2-6 2-6 2-6 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4 3-4 3-3

35 2-8 2-8 2-7 2-7 2-6 2-6 2-6 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4 2-4 2-3

36 2-8 2-8 2-7 2-7 2-6 2-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4 2-3

37 2-8 2-8 2-7 2-7 2-6 2-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4 2-3

38 2-8 2-8 2-7 2-7 2-6 2-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4 2-4

39 2-8 2-8 2-7 2-7 2-6 2-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4 2-4

40 1-8 2-8 2-7 2-7 2-6 2-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4 2-4

41 1-8 1-8 2-7 2-7 2-6 2-6 2-6 2-6 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4 2-4

42 1-8 1-8 2-7 2-7 2-6 2-6 2-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4

43 1-8 1-8 1-7 2-7 2-6 2-6 2-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4

44 1-8 1-8 1-7 1-7 2-6 2-6 2-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4

45 1-8 1-8 1-7 1-7 1-6 2-6 2-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4

46 1-8 1-8 1-7 1-7 1-7 2-6 2-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4

47 1-8 1-8 1-7 1-7 1-7 1-6 2-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4

48 1-8 1-8 1-7 1-7 1-7 1-6 1-6 2-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4

49 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4

50 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 2-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4

51 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-5 2-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4

52 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-5 1-5 2-5 2-5 2-4 2-4 2-4 2-4 2-4

53 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-5 1-5 1-5 2-5 2-4 2-4 2-4 2-4 2-4

54 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-5 1-5 1-5 1-5 2-4 2-4 2-4 2-4 2-4

55 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 2-4 2-4 2-4 2-4
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Number of cutter for gear given first, followed by number for pinion. See text, page 2187
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56 1-8 1-8 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 2-4 2-4 2-4

57 1-8 1-8 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 2-4 2-4

58 1-8 1-8 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4 2-4

59 1-8 1-8 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

60 1-8 1-8 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

61 1-8 1-8 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

62 1-8 1-8 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

63 1-8 1-8 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

64 1-8 1-8 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

65 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

66 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

67 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

68 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

69 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

70 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

71 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

72 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

73 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

74 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

75 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

76 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

77 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

78 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

79 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

80 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

81 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

82 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

83 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

84 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

85 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

86 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

87 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

88 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

89 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

90 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

91 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

92 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

93 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

94 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

95 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

96 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

97 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

98 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

99 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

100 1-8 1-8 1-7 1-7 1-7 1-6 1-6 1-6 1-6 1-5 1-5 1-5 1-5 1-4 1-4 1-4 1-4

Numbers of Formed Cutters Used to Mill Teeth in Mating Bevel Gear
and Pinion with Shafts at Right Angles (Continued)

Number of Teeth in Pinion

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
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Selecting Formed Cutters for Milling Bevel Gears.—For milling 141⁄2-degree pressure
angle bevel gears, the standard cutter series furnished by manufacturers of formed milling
cutters is commonly used. There are 8 cutters in the series for each diametral pitch to cover
the full range from a 12-tooth pinion to a crown gear. The difference between formed cut-
ters used for milling spur gears and those used for bevel gears is that bevel gear cutters are
thinner because they must pass through the narrow tooth space at the small end of the bevel
gear; otherwise the shape of the cutter and hence, the cutter number, are the same.

To select the proper number of cutter to be used when a bevel gear is to be milled, it is
necessary, first, to compute what is called the “Number of Teeth, N ′ for which to Select
Cutter.” This number of teeth can then be used to select the proper number of bevel gear
cutter from the spur gear milling cutter table on page 2150. The value of N ′ may be com-
puted using the last formula in the table on page 2183.

Example 1:What numbers of cutters are required for a pair of bevel gears of 4 diametral
pitch and 70 degree shaft angle if the gear has 50 teeth and the pinion 20 teeth?

The pitch cone angle of the pinion is determined by using the first formula in the table on
page 2183:

The pitch cone angle of the gear is determined from the second formula in the table on
page 2183:

The numbers of teeth N ′ for which to select the cutters for the gear and pinion may now
be determined from the last formula in the table on page 2183:

From the table on page 2150 the numbers of the cutters for pinion and gear are found to be,
respectively, 5 and 2.

Example 2:Required the cutters for a pair of bevel gears where the gear has 24 teeth and
the pinion 12 teeth. The shaft angle is 90 degrees. As in the first example, the formulas
given in the table on page 2183 will be used.

And from the table on page 2150 the cutters for pinion and gear are found to be, respec-
tively, 8 and 3.
Use of Table for Selecting Formed Cutters for Milling Bevel Gears.—The  t ab l e
beginning on page 2185 gives the numbers of cutters to use for milling various numbers of
teeth in the gear and pinion. The table applies only to bevel gears with axes at right angles.
Thus, in Example 2 given above, the numbers of the cutters could have been obtained
directly by entering the table with the actual numbers of teeth in the gear, 24, and the pin-
ion, 12.

αPtan Σsin
NG

NP

------- Σcos+

-------------------------- 70°sin
50
20
------ 70°cos+
------------------------------ 0.33064; αP 18°18 ′= = = =

αG Σ αP– 70° 18°18′– 51°42′= = =

N ′  for the pinion
NP

αPcos
--------------- 20

18°18′cos
-------------------------- 21.1 21 teeth≈= = =

N ′  for the gear
NG

αGcos
---------------- 50

51°42 ′cos
-------------------------- 80.7 81 teeth≈= = =

αPtan NP NG÷ 12 24÷ 0.5000 and= = = αP 26°34 ′=

αG Σ αP 90° 26°34′– 63°26 ′= =–=

N ′  for pinion 12 26°34′cos÷ 13.4 13 teeth≈= =

N ′  for gear 24 63°26′cos÷ 53.6 54 teeth≈= =
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Offset of Cutter for Milling Bevel Gears.—When milling bevel gears with a rotary
formed cutter, it is necessary to take two cuts through each tooth space with the gear blank
slightly off center, first on one side and then on the other, to obtain a tooth of approximately
the correct form. The gear blank is also rotated proportionately to obtain the proper tooth
thickness at the large and small ends. The amount that the gear blank or cutter should be
offset from the central position can be determined quite accurately by the use of the table
Factors for Obtaining Offset for Milling Bevel Gears in conjunction with the following
rule: Find the factor in the table corresponding to the number of cutter used and to the ratio
of the pitch cone radius to the face width; then divide this factor by the diametral pitch and
subtract the result from half the thickness of the cutter at the pitch line.

Factors for Obtaining Offset for Milling Bevel Gears

Note.—For obtaining offset by above table, use formula:

P =diametral pitch of gear to be cut
T =thickness of cutter used, measured at pitch line

To illustrate, what would be the amount of offset for a bevel gear having 24 teeth, 6
diametral pitch, 30-degree pitch cone angle and 11⁄4-inch face or tooth length? In order to
obtain a factor from the table, the ratio of the pitch cone radius to the face width must be
determined. The pitch cone radius equals the pitch diameter divided by twice the sine of the
pitch cone angle = 4 ÷ (2 × 0.5) = 4 inches. As the face width is 1.25, the ratio is 4 ÷ 1.25 or
about 31⁄4 to 1. The factor in the table for this ratio is 0.280 with a No. 4 cutter, which would
be the cutter number for this particular gear. The thickness of the cutter at the pitch line is
measured by using a vernier gear tooth caliper. The depth S + A (see Fig. 2; S = addendum;
A = clearance) at which to take the measurement equals 1.157 divided by the diametral
pitch; thus, 1.157 ÷ 6 = 0.1928 inch. The cutter thickness at this depth will vary with differ-
ent cutters and even with the same cutter as it is ground away, because formed bevel gear
cutters are commonly provided with side relief. Assuming that the thickness is 0.1745
inch, and substituting the values in the formula given, we have:

Adjusting the Gear Blank for Milling.—After the offset is determined, the blank is
adjusted laterally by this amount, and the tooth spaces are milled around the blank. After
having milled one side of each tooth to the proper dimensions, the blank is set over in the

No. of 
Cutter

Ratio of Pitch Cone Radius to Width of Face 

1 0.254 0.254 0.255 0.256 0.257 0.257 0.257 0.258 0.258 0.259 0.260 0.262 0.264

2 0.266 0.268 0.271 0.272 0.273 0.274 0.274 0.275 0.277 0.279 0.280 0.283 0.284

3 0.266 0.268 0.271 0.273 0.275 0.278 0.280 0.282 0.283 0.286 0.287 0.290 0.292

4 0.275 0.280 0.285 0.287 0.291 0.293 0.296 0.298 0.298 0.302 0.305 0.308 0.311

5 0.280 0.285 0.290 0.293 0.295 0.296 0.298 0.300 0.302 0.307 0.309 0.313 0.315

6 0.311 0.318 0.323 0.328 0.330 0.334 0.337 0.340 0.343 0.348 0.352 0.356 0.362

7 0.289 0.298 0.308 0.316 0.324 0.329 0.334 0.338 0.343 0.350 0.360 0.370 0.376

8 0.275 0.286 0.296 0.309 0.319 0.331 0.338 0.344 0.352 0.361 0.368 0.380 0.386

C

F
----
 
 

3
1
--- 31⁄4

1
------- 31⁄2

1
------- 33⁄4

1
------- 4

1
--- 41⁄4

1
------- 41⁄2

1
------- 43⁄4

1
------- 5

1
--- 51⁄2

1
------- 6

1
--- 7

1
--- 8

1
---

Offset T

2
--- factor from table

P
----------------------------------------–=

Offset 0.1745
2

---------------- 0.280
6

------------- 0.0406 inch= = =
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opposite direction the same amount from a position central with the cutter, and is rotated to
line up the cutter with a tooth space at the small end. A trial cut is then taken, which will
leave the tooth being milled a little too thick, provided the cutter is thin enough—as it
should be—to pass through the small end of the tooth space of the finished gear. This trial
tooth is made the proper thickness by rotating the blank toward the cutter. To test the
amount of offset, measure the tooth thickness (with a vernier caliper) at the large and small
ends. The caliper should be set so that the addendum at the small end is in proper propor-
tion to the addendum at the large end; that is, in the ratio, (C − F)/C (see Fig. 2).

Fig. 2. 

 In taking these measurements, if the thicknesses at both ends (which should be in this
same ratio) are too great, rotate the tooth toward the cutter and take trial cuts until the
proper thickness at either the large or small end is obtained. If the large end of the tooth is
the right thickness and the small end too thick, the blank was offset too much; inversely, if
the small end is correct and the large end too thick, the blank was not set enough off center,
and, either way, its position should be changed accordingly. The formula and table previ-
ously referred to will enable a properly turned blank to be set accurately enough for general
work. The dividing head should be set to the cutting angle β (see Fig. 2), which is found by
subtracting the addendum angle θ from the pitch cone angle α. After a bevel gear is cut by
the method described, the sides of the teeth at the small end should be filed as indicated by
the shade lines at E; that is, by filing off a triangular area from the point of the tooth at the
large end to the point at the small end, thence down to the pitch line and back diagonally to
a point at the large end.

Circular Thickness, Chordal Thickness, and Chordal Addendum of Milled Bevel
Gear Teeth.—In the formulas that follow, T = circular tooth thickness on pitch circle at
large end of tooth; t = circular thickness at small end; Tc and tc = chordal thickness at large
and small ends, respectively; Sc and sc = chordal addendum at large and small ends, respec-
tively; D = pitch diameter at large end; and C, F, P, S, s, and α are as defined on page 2181.

�
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��
�

s + A = S               + A(C – F)C

C
F

S + A

E

s + A

C
u

ttin
g

A
n

gle
β

α 0
0

T
1.5708

P
----------------= Tc T

T 3

6D2
----------–= Sc S

T 2 αcos
4D

-------------------+=

t
T C F–( )

C
----------------------= tc t

t3

6 D 2F αsin–( )2
----------------------------------------–= sc s

t2 αcos
4 D 2F αsin–( )
--------------------------------------+=
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Typical Steels Used for Bevel Gear Applications

Other steels with qualities equivalent to those listed in the table may also be used.

Carburizing Steels

SAE
or

AISI
No.

Type of Steel

Purchase Specifications

RemarksPreliminary
Heat Treatment

Brinell
Hard-
ness

Number

ASTM
Grain
Size

1024 Manganese Normalize Low Alloy — oil quench 
limited to thin sections

2512 Nickel Alloy Normalize — 
Anneal 163-228 5-8 Aircraft quality

3310
3312X Nickel-Chromium

Normalize, then 
heat to 1450°F, 
cool in furnace. 
Reheat to1170°F
— cool in air

163-228 5-8 Used for maximum resis-
tance to wear and fatigue

4028 Molybdenum Normalize 163-217 Low Alloy

4615
4620 Nickel-Molybdenum Normalize —

1700°F-1750°F 163-217 5-8

Good machining qualities. 
Well adapted to direct 
quench — gives tough core 
with minimum distortion

4815
4820 Nickel-Molybdenum Normalize 163-241 5-8 For aircraft and heavily

loaded service

5120 Chromium Normalize 163-217 5-8

8615
8620
8715
8720

Chromium-Nickel-
Molybdenum

Normalize —
cool at hammer 163-217 5-8 Used as an alternate for 

4620

Oil Hardening and Flame Hardening Steels

1141 Sulfurized free-
cutting carbon steel

Normalize
Heat-treated

179-228
255-269

5 or
Coarser

Free-cutting steel used for 
unhardened gears, oil-
treated gears, and for gears 
to be surface hardened 
where stresses are low

4140

Chromium-
MolybdenumNickel-
Molybdenum

For oil hardening, 
Normalize — 
Anneal
For surface hard-
ening, Normalize,
reheat, quench,
and draw

179-212 Used for heat-treated, oil-
hardened, and surface-
hardened gears. Machine 
qualities of 4640 are supe-
rior to 4140, and it is the 
preferred steel for flame 
hardening

4640
235-269
269-302
302-341

6145 Chromium-
Vanadium

Normalize—
reheat, quench,
and draw

235-269
269-302
302-341

Fair machining qualities. 
Used for surface hardened 
gears when 4640 is not 
available

8640
8739

Chromium-Nickel-
Molybdenum Same as for 4640 Used as an alternate for 

4640

Nitriding Steels

Nitral-
loy
H & G

Special Alloy Anneal 163-192
Normal hardness range for 
cutting is 20-28 Rockwell 
C
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WORM GEARING

Worm Gearing.—Worm gearing may be divided into two general classes, fine-pitch
worm gearing, and coarse-pitch worm gearing. Fine-pitch worm gearing is segregated
from coarse-pitch worm gearing for the following reasons:

1) Fine-pitch worms and wormgears are used largely to transmit motion rather than
power. Tooth strength except at the coarser end of the fine-pitch range is seldom an impor-
tant factor; durability and accuracy, as they affect the transmission of uniform angular
motion, are of greater importance.

2) Housing constructions and lubricating methods are, in general, quite different for fine-
pitch worm gearing.

3) Because fine-pitch worms and wormgears are so small, profile deviations and tooth
bearings cannot be measured with the same accuracy as can those of coarse pitches.

4) Equipment generally available for cutting fine-pitch wormgears has restrictions which
limit the diameter, the lead range, the degree of accuracy attainable, and the kind of tooth
bearing obtainable.

5) Special consideration must be given to top lands in fine-pitch hardened worms and
wormgear-cutting tools.

6) Interchangeability and high production are important factors in fine-pitch worm gear-
ing; individual matching of the worm to the gear, as often practiced with coarse-pitch pre-
cision worms, is impractical in the case of fine-pitch worm drives.
American Standard Design for Fine-pitch Worm Gearing (ANSI B6.9-1977).—This
standard is intended as a design procedure for fine-pitch worms and wormgears having
axes at right angles. It covers cylindrical worms with helical threads, and wormgears
hobbed for fully conjugate tooth surfaces. It does not cover helical gears used as
wormgears.

Hobs: The hob for producing the gear is a duplicate of the mating worm with regard to
tooth profile, number of threads, and lead. The hob differs from the worm principally in
that the outside diameter of the hob is larger to allow for resharpening and to provide bot-
tom clearance in the wormgear.

Pitches: Eight standard axial pitches have been established to provide adequate coverage
of the pitch range normally required: 0.030, 0.040, 0.050, 0.065, 0.080, 0.100, 0.130, and
0.160 inch.

Axial pitch is used as a basis for this design standard because: 1) Axial pitch establishes
lead which is a basic dimension in the production and inspection of worms;  2) the axial
pitch of the worm is equal to the circular pitch of the gear in the central plane;  and  3) only
one set of change gears or one master lead cam is required for a given lead, regardless of
lead angle, on commonly-used worm-producing equipment.

Lead Angles: Fifteen standard lead angles have been established to provide adequate
coverage: 0.5, 1, 1.5, 2, 3, 4, 5, 7, 9, 11, 14, 17, 21, 25, and 30 degrees.

This series of lead angles has been standardized to: 1) Minimize tooling;  2 )  pe r mi t
obtaining geometric similarity between worms of different axial pitch by keeping the same
lead angle;  and  3) take into account the production distribution found in fine-pitch worm
gearing applications.

For example, most fine-pitch worms have either one or two threads. This requires smaller
increments at the low end of the lead angle series. For the less frequently used thread num-
bers, proportionately greater increments at the high end of the lead angle series are suffi-
cient.

Pressure Angle of Worm: A pressure angle of 20 degrees has been selected as standard
for cutters and grinding wheels used to produce worms within the scope of this Standard
because it avoids objectionable undercutting regardless of lead angle.



2192 WORM GEARING

Although the pressure angle of the cutter or grinding wheel used to produce the worm is
20 degrees, the normal pressure angle produced in the worm will actually be slightly
greater, and will vary with the worm diameter, lead angle, and diameter of cutter or grind-
ing wheel. A method for calculating the pressure angle change is given under the heading
Effect of Production Method on Worm Profile and Pressure Angle.

Pitch Diameter Range of Worms: The minimum recommended worm pitch diameter is
0.250 inch and the maximum is 2.000 inches.

Table 1. Formulas for Proportions of American Standard Fine-pitch
Worms and Wormgears  ANSI B6.9-1977

LETTER SYMBOLS
P =Circular pitch of wormgear
P =axial pitch of the worm, Px, in the central plane

Px =Axial pitch of worm
Pn =Normal circular pitch of worm and wormgear = Px

cos λ = P cos ψ
λ =Lead angle of worm
ψ =Helix angle of wormgear
n =Number of threads in worm
N =Number of teeth in wormgear
N =nmG

mG =Ratio of gearing = N ÷ n

Item Formula Item Formula

WORM DIMENSIONS WORMGEAR DIMENSIONSa

Lead Pitch Diameter D = NP ÷ π = ΝΠξ ÷ π

Pitch Diameter Outside Diameter Do = 2C − d + 2a

Outside Diameter Face Width

Safe Minimum Length 
of Threaded Portion of 
Wormb

DIMENSIONS FOR BOTH WORM AND WORMGEAR

Addendum a = 0.3183Pn Tooth thickness tn = 0.5Pn

Whole Depth ht = 0.7003Pn + 0.002 Approximate normal 
pressure anglec φn = 20 degrees

Working Depth hk = 0.6366Pn

Clearance c = ht − hk Center distance C = 0.5 (d + D)

All dimensions in inches unless otherwise indicated.

a Current practice for fine-pitch worm gearing does not require the use of throated blanks. This
results in the much simpler blank shown in the diagram which is quite similar to that for a spur or heli-
cal gear. The slight loss in contact resulting from the use of non-throated blanks has little effect on the
load-carrying capacity of fine-pitch worm gears. It is sometimes desirable to use topping hobs for pro-
ducing wormgears in which the size relation between the outside and pitch diameters must be closely
controlled. In such cases the blank is made slightly larger than Do by an amount (usually from 0.010 to
0.020) depending on the pitch. Topped wormgears will appear to have a small throat which is the result
of the hobbing operation. For all intents and purposes, the throating is negligible and a blank so made
is not to be considered as being a throated blank. 

b This formula allows a sufficient length for fine-pitch worms. 
c As stated in the text on page 2191, the actual pressure angle will be slightly greater due to the man-

ufacturing process. 

l nPx=

d l π λtan( )÷=

do d 2a+= FGmin 1.125

do 2c+( )2 do 4a–( )2–

×=

FW Do
2 D2–=



WORM GEARING 2193

Tooth Form of Worm and Wormgear: The shape of the worm thread in the normal plane
is defined as that which is produced by a symmetrical double-conical cutter or grinding
wheel having straight elements and an included angle of 40 degrees.

Because worms and wormgears are closely related to their method of manufacture, it is
impossible to specify clearly the tooth form of the wormgear without referring to the mat-
ing worm. For this reason, worm specifications should include the method of manufacture
and the diameter of cutter or grinding wheel used. Similarly, for determining the shape of
the generating tool, information about the method of producing the worm threads must be
given to the manufacturer if the tools are to be designed correctly.

The worm profile will be a curve that departs from a straight line by varying amounts,
depending on the worm diameter, lead angle, and the cutter or grinding wheel diameter. A
method for calculating this deviation is given in the Standard. The tooth form of the
wormgear is understood to be made fully conjugate to the mating worm thread.

Effect of Diameter of Cutting on Profile and Pressure Angle of Worms

Effect of Production Method on Worm Profile and Pressure Angle.—In worm gear-
ing, tooth bearing is usually used as the means of judging tooth profile accuracy since
direct profile measurements on fine-pitch worms or wormgears is not practical. According
to AGMA 370.01, Design Manual for Fine-Pitch Gearing, a minimum of 50 per cent initial
area of contact is suitable for most fine-pitch worm gearing, although in some cases, such
as when the load fluctuates widely, a more restricted initial area of contact may be desir-
able.

Except where single-pointed lathe tools, end mills, or cutters of special shape are used in
the manufacture of worms, the pressure angle and profile produced by the cutter are differ-
ent from those of the cutter itself. The amounts of these differences depend on several fac-
tors, namely, diameter and lead angle of the worm, thickness and depth of the worm thread,
and diameter of the cutter or grinding wheel. The accompanying diagram shows the curva-
ture and pressure angle effects produced in the worm by cutters and grinding wheels, and
how the amount of variation in worm profile and pressure angle is influenced by the diam-
eter of the cutting tool used.

Materials for Worm Gearing.—Worm gearing, especially for power transmission,
should have steel worms and phosphor bronze wormgears. This combination is used
extensively. The worms should be hardened and ground to obtain accuracy and a smooth
finish.

The phosphor bronze wormgears should contain from 10 to 12 per cent of tin. The S.A.E.
phosphor gear bronze (No. 65) contains 88-90% copper, 10-12% tin, 0.50% lead, 0.50%
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zinc (but with a maximum total lead, zinc and nickel content of 1.0 per cent), phosphorous
0.10-0.30%, aluminum 0.005%. The S.A.E. nickel phosphor gear bronze (No. 65 + Ni)
contains 87% copper, 11% tin, 2% nickel and 0.2% phosphorous.

Single-thread Worms Gears.—The ratio of the worm speed to the wormgear speed may
range from 1.5 or even less up to 100 or more. Worm gearing having high ratios are not
very efficient as transmitters of power; nevertheless high as well as low ratios often are
required. Since the ratio equals the number of wormgear teeth divided by the number of
threads or “starts” on the worm, single-thread worms are used to obtain a high ratio. As a
general rule, a ratio of 50 is about the maximum recommended for a single worm and
wormgear combination, although ratios up to 100 or higher are possible. When a high ratio
is required, it may be preferable to use, in combination, two sets of worm gearing of the
multi-thread type in preference to one set of the single-thread type in order to obtain the
same total reduction and a higher combined efficiency.

Single-thread worms are comparatively inefficient because of the effect of the low lead
angle; consequently, single-thread worms are not used when the primary purpose is to
transmit power as efficiently as possible but they may be employed either when a large
speed reduction with one set of gearing is necessary, or possibly as a means of adjustment,
especially if “mechanical advantage” or self-locking are important factors.

Multi-thread Worm Gears.—When worm gearing is designed primarily for transmit-
ting power efficiently, the lead angle of the worm should be as high as is consistent with
other requirements and preferably between, say, 25 or 30 and 45 degrees. This means that
the worm must be multi-threaded. To obtain a given ratio, some number of wormgear teeth
divided by some number of worm threads must equal the ratio. Thus, if the ratio is 6, com-
binations such as the following might be used:

The numerators represent numbers of wormgear teeth and the denominators, the number
of worm threads or “starts.” The number of wormgear teeth may not be an exact multiple of
the number of threads on a multi-thread worm in order to obtain a “hunting tooth” action.

Number of Threads or “Starts” on Worm: The number of threads on the worm ordi-
narily varies from one to six or eight, depending upon the ratio of the gearing. As the ratio
is increased, the number of worm threads is reduced, as a general rule. In some cases, how-
ever, the higher of two ratios may also have a larger number of threads. For example, a ratio
of 61⁄5 would have 5 threads whereas a ratio of 65⁄6 would have 6 threads. Whenever the ratio
is fractional, the number of threads on the worm equals the denominator of the fractional
part of the ratio.

Worm-Gear Cutting.—The machines used for cutting worm-gears include ordinary
milling machines, gear-hobbing machines of the type adapted to cutting either spur, spiral,
or worm gearing, and special machines designed expressly for cutting worm-gears. The
general methods employed are (1) cutting by using a straight hob and a radial feeding
movement between hob and gear blank; (2) cutting by feeding a fly cutter tangentially with
relation to the worm gear blank; and (3) cutting by feeding a tapering hob tangentially. The
fly-cutter method is slow as compared with hobbing but it has two decided advantages:
First, a very simple and inexpensive cutter may be used instead of an expensive hob. This
is of great importance when the number of worm-gears is not large enough to warrant mak-
ing a hob. Second, with the fly-cutter method, it is possible to produce worm-gears having
more accurate teeth than are obtainable by the use of a straight hob. Taper hobs are espe-
cially adapted for cutting worm-gears that are to mesh with worms having large helix
angles; they are also preferable for worm-gears having large face widths in proportion to
the worm diameter. Worm-gear teeth are generated more accurately with a taper hob than
with a straight hob that is given a radial feeding movement. 

24
4
------ ,

30
5

------ ,
36
6

------ ,
42
7

------
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HELICAL GEARING

Basic Rules and Formulas for Helical Gear Calculations.—The rules and formulas in
the following table and elsewhere in this article are basic to helical gear calculations. The
notation used in the formulas is: Pn = normal diametral pitch of cutter; D = pitch diameter;
N = number of teeth; α = helix angle; γ = center angle or angle between shafts; C = center
distance; N ′ = number of teeth for which to select a formed cutter for milled teeth; L = lead
of tooth helix; S = addendum; W = whole depth; Tn = normal tooth thickness at pitch line;
and O = outside diameter.

Rules and Formulas for Helical Gear Calculations

Determining Direction of Thrust.—The first step in helical gear design is to determine
the desired direction of the thrust. When the direction of the thrust has been determined and
the relative positions of the driver and driven gears are known, then the direction of helix
(right- or left-hand) may be found from the accompanying thrust diagrams, Directions of
Rotation and Resulting Thrust for Parallel Shaft and 90 Degree Shaft Angle Helical
Gears. The diagrams show the directions of rotation and the resulting thrust for parallel-

No. To Find Rule Formula

1 Pitch Diameter Divide the number of teeth by the product of the
normal diameter pitch and the cosine of the
helix angle.

2 Center Distance Add together the two pitch diameters and divide
by 2.

3 Lead of Tooth
Helix

Multiply the pitch diameter by 3.1416 by the
cotangent of the helix angle. L = π D cot α

4 Addendum Divide 1 by the normal diametral pitch.

5 Whole Depth of
tooth

Divide 2.157 by the normal diametral pitch.

6 Normal Tooth
Thickness at
Pitch Line

Divide 1.5708 by the normal diametral pitch.

7 OutsideDiameter Add twice the addendum to the pitch diameter. O = D + 2S

D
N

Pn αcos
-------------------=

C
Da Db+

2
--------------------=

S
1

Pn

------=

W
2.157

Pn

-------------=

Tn
1.5708

Pn

----------------=
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shaft and 90-degree shaft angle helical gears. The thrust bearings are located so as to take
the thrust caused by the tooth loads. The direction of the thrust depends on the direction of
the helix, the relative positions of driver and driven gears, and the direction of rotation. The
thrust may be changed to the opposite direction by changing any one of the three condi-
tions, namely, by changing the hand of the helix, by reversing the direction of rotation, or
by exchanging of driver and driven gear positions.

Directions of Rotation and Resulting Thrust for Parallel Shaft
and 90 Degree Shaft Angle Helical Gears

Determining Helix Angles.—The following rules should be observed for helical gears
with shafts at any given angle. If each helix angle is less than the shaft angle, then the sum
of the helix angles of the two gears will equal the angle between the shafts, and the helix
angle is of the same hand for both gears; if the helix angle of one of the gears is larger than
the shaft angle, then the difference between the helix angles of the two gears will be equal
to the shaft angle, and the gears will be of opposite hand.

Pitch of Cutter to be Used.—The thickness of the cutter at the pitchline for cutting heli-
cal gears should equal one-half the normal circular pitch. The normal pitch varies with the
helix angle, hence, the helix angle must be considered when selecting a cutter. The cutter
should be of the same pitch as the normal diametral pitch of the gear. This normal pitch is
found by dividing the transverse diametral pitch of the gear by the cosine of the helix angle.
To illustrate, if the pitch diameter of a helical gear is 6.718 and there are 38 teeth having a
helix angle of 45 degrees, the transverse diametral pitch equals 38 divided by 6.718 =
5.656; then the normal diametral pitch equals 5.656 divided by 0.707 = 8. A cutter, then, of
8 diametral pitch is the one to use for this particular gear.

Helical gears should preferably be cut on a generating-type gear cutting machine such as
a hobber or shaper. Milling machines are used in some shops when hobbers or shapers are
not available or when single, replacement gears are being made. In such instances, the
pitch of the formed cutter used in milling a helical gear must not only conform to the nor-
mal diametral pitch of the gear, but the cutter number must also be determined. See Select-
ing Cutter for Milling Helical Gears starting on page 2204.
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1. Shafts Parallel, Center Distance Approximate.—Given or assumed:
1) Position of gear having right- or left-hand helix, depending upon rota-
tion and direction in which thrust is to be received
2) Ca = approximate center distance
3) Pn = normal diametral pitch
4) N = number of teeth in large gear
5) n = number of teeth in small gear
6) α = angle of helix
To find:

1) D = pitch diameter of large gear = 

2) d = pitch diameter of small gear = 

3) O = outside diameter of large gear = D + 

4) o = outside diameter of small gear = d + 

5) T = number of teeth marked on formed milling cutter (large gear) = 

6) t = number of teeth marked on formed milling cutter (small gear) = 

7) L = lead of helix on large gear = πD cot α
8) l = lead of helix on small gear = πd cot α
9) C = center distance (if not right, vary α) = 1⁄2 (D + d)

Example:  Given or assumed: 1) See illustration;  2) Ca = 17 inches;  3) Pn = 2;  4 )  N  =
48;  5) n = 20;  and  6) α = 20.

To find:

1) D =  = 25.541 inches

2) d =  = 10.642 inches

3) O =  = 26.541 inches

4) o = d +  = 11.642 inches

5) T =  = 57.8, say 58 teeth

6) t =  = 24.1, say 24 teeth

7) L = πD cot α = 3.1416 × 25.541 × 2.747 = 220.42 inches
8) l = πd cot α = 3.1416 × 10.642 × 2.747 = 91.84 inches
9) C = 1⁄2 (D + d) = 1⁄2 (25.541 + 10.642) = 18.091 inches

N

Pn αcos
-------------------

n

Pn αcos
-------------------

2
Pn

------

2
Pn

------

N

αcos3
---------------

n

αcos3
---------------

N

Pn αcos
------------------- 48

2 0.9397×
-------------------------=

n

Pn αcos
------------------- 20

2 0.9397×
-------------------------=

2
Pn

------ 25.541 2
2
---+=

2
Pn

------ 10.642 2
2
---+=

N

αcos3
--------------- 48

0.9397( )3
-----------------------=

n

αcos3
--------------- 20

0.9397( )3
-----------------------=
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2. Shafts Parallel, Center Distance Exact.—Given or assumed:
1) Position of gear having right- or left-hand helix, depending upon rota-
tion and direction in which thrust is to be received
2) C = exact center distance
3) Pn = normal diametral pitch (pitch of cutter)
4) N = number of teeth in large gear
5) n = number of teeth in small gear
To find:

1) cos α = 

2) D = pitch diameter of large gear = 

3) d = pitch diameter of small gear = 

4) O = outside diameter of large gear = D + 

5) o = outside diameter of small gear = d + 

6) T = number of teeth marked on formed milling cutter (large gear) = 

7) t = number of teeth marked on formed milling cutter (small gear) = 

8) L = lead of helix (large gear) = πD cot α
9) l = lead of helix (small gear) = πd cot α
Example:  Given or assumed:1) See illustration;  2) C = 18.75 inches;  3) Pn = 4;  4) N =

96;  and  5) n = 48.

1) cos α =  = 0.96, or α = 16°16 ′

2) D =  = 25 inches

3) d =  = 12.5 inches

4) O = D +  = 25.5 inches

5) o = d +  = 13 inches

6) T =  = 108 teeth

7) t =  = 54 teeth

8) L = πD cot α = 3.1416 × 25 × 3.427 =  269.15 inches
9) l = πd cot α = 3.1416 × 12.5 × 3.427 =  134.57 inches

N n+
2PnC
--------------

N

Pn αcos
-------------------

n

Pn αcos
-------------------

2
Pn

------

2
Pn

------

N

αcos3
---------------

n

αcos3
---------------

N n+
2PnC
-------------- 96 48+

2 4× 18.75×
--------------------------------=

N

Pn αcos
------------------- 96

4 0.96×
-------------------=

n

Pn αcos
------------------- 48

4 0.96×
-------------------=

2
Pn

------ 25 2
4
---+=

2
Pn

------ 12.5 2
4
---+=

N

αcos3
--------------- 96

0.96( )3
-----------------=

n

αcos3
--------------- 48

0.96( )3
-----------------=
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3. Shafts at Right Angles, Center Distance Approximate.—Sum of helix angles of gear
and pinion must equal 90 degrees.

Given or assumed:
1) Position of gear having right- or left-hand helix, depending
on rotation and direction in which thrust is to be received
2) Ca= approximate center distance
3) Pn = normal diametral pitch (pitch of cutter)
4) R = ratio of gear to pinion size

5) n = number of teeth in pinion =  for 45 degrees;

and  for any angle 

6) N = number of teeth in gear = nR

7) α = angle of helix of gear
8) β = angle of helix of pinion
To find:

a) When helix angles are 45 degrees, 

1) D = pitch diameter of gear = 

2) d = pitch diameter of pinion = 

3) O = outside diameter of gear = D + 

4) o = outside diameter of pinion = d + 

5) T = number of formed cutter (gear) = 

6) t = number of formed cutter (pinion) = 

7) L = lead of helix of gear = πD
8) l = lead of helix of pinion = πd

9) C = center distance (exact) = 

b) When helix angles are other than 45 degrees

1) D =  2) d =  3) T = 

4) t =  5) L = πD cot α 6) l = πd cot β

Example:Given or assumed: 1) See illustration;  2) Ca = 3.2 inches;  3) Pn = 10;  and
4) R = 1.5.

5) n =  = say 18 teeth.

6) N = nR = 18 × 1.5 = 27 teeth;  7) α = 45 degrees;  and  8) β = 45 degrees.

1.41CaPn

R 1+
------------------------

2CaPn αcos βcos

R βcos αcos+
------------------------------------------

N

0.70711Pn

--------------------------

n

0.70711Pn

--------------------------

2
Pn

------

2
Pn

------

N

0.353
-------------

n

0.353
-------------

D d+
2

-------------

N

Pn αcos
------------------- n

Pn βcos
------------------- N

αcos3
---------------

n

βcos3
--------------

1.41CaPn

R 1+
------------------------ 1.41 3.2× 10×

1.5 1+
------------------------------------=
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To find:

1) D =  = 3.818 inches

2) d =  = 2.545 inches

3) O = D +  = 4.018 inches

4) o = d +  = 2.745 inches

5) T =  = 76.5, say 76 teeth

6) t =  = 51 teeth

7) L = πD = 3.1416 × 3.818 = 12 inches

8) l = πd = 3.1416 × 2.545 = 8 inches

9) C =  = 3.182 inches

4A. Shafts at Right Angles, Center Distance Exact.—Gears have same direction of
helix. Sum of the helix angles will equal 90 degrees.

Given or assumed:
1) Position of gear having right- or left-hand helix depending
on rotation and direction in which thrust is to be received
2) Pn = normal diametral pitch (pitch of cutter)
3) R = ratio of number of teeth in large gear to number of teeth
in small gear
4) αa = approximate helix angle of large gear
5) C = exact center distance
To find:
1) n = number of teeth in small gear nearest = 2 CPn sin αa ÷ 1
+ R tan αa

2) N = number of teeth in large gear = Rn
3) α = exact helix angle of large gear, found by trial from R sec α + cosec α = 2 CPn ÷ n

4) β = exact helix angle of small gear = 90° − α

5) D = pitch diameter of large gear = 

6) d = pitch diameter of small gear = 

7) O = outside diameter of large gear = D + 

N

0.70711Pn

-------------------------- 27
0.70711 10×
-------------------------------=

n

0.70711Pn

-------------------------- 18
0.70711 10×
-------------------------------=

2
Pn

------ 3.818 2
10
------+=

2
Pn

------ 2.545 2
10
------+=

N

0.353
------------- 27

0.353
-------------=

n

0.353
------------- 18

0.353
-------------=

D d+
2

------------- 3.818 2.545+
2

---------------------------------=

N

Pn αcos
-------------------

n

Pn βcos
-------------------

2
Pn

------
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8) o = outside diameter of small gear = d + 

9) N ′ and n ′ = numbers of teeth marked on cutters for large and small gears (see
page 2204)

10) L = lead of helix on large gear = πD cot α

11) l = lead of helix on small gear = πd cot β

Example:  Given or assumed: 1) See illustration;  2) Pn = 8;  3) R = 3;  4 )  α a  =  4 5
degrees;  and  5) C = 10 in.

To find:

1) n =  = 28.25, say 28 teeth

2) N = Rn = 3 × 28 = 84 teeth

3) R sec α + cosec α =  = 5.714, or α = 46°6 ′

4) β = 90° − α = 90° − 46°6 ′ = 43°54 ′

5) D =  = 15.143 inches

6) d =  = 4.857 inches

7) O = D +  = 15.143 + 0.25 = 15.393 inches

8) o = d +  = 4.857 + 0.25 = 5.107 inches

9) N ′ = 275; n ′ = 94 (see page 2204)

10) L = πD cot α = 3.1416 × 15.143 × 0.96232 = 45.78 inches

11) l = πd cot β = 3.1416 × 4.857 × 1.0392 = 15.857 inches

4B. Shafts at Right Angles, Any Ratio, Helix Angle for Minimum Center Distance.—

Diagram similar to 4A. Gears have same direction of helix. The sum of the helix angles
will equal 90 degrees.

For any given ratio of gearing R there is a helix angle α for the larger gear and a helix
angle β = 90° − α for the smaller gear that will make the center distance C a minimum.
Helix angle α is found from the formula cot α = R1 ⁄3. As an example, using the data found
in Case 4A, helix angles α and β for minimum center distance would be: cot α = R1 ⁄3 =
1.4422; α = 34°44 ′ and β = 90° − 34°44 ′ = 55°16 ′. Using these helix angles, D = 12.777; d
= 6.143; and C = 9.460 from the formulas for D and d given under Case 4A.

2
Pn

------

2CPn αasin

1 R αatan+
----------------------------- 2 10× 8× 0.70711×

1 3+
--------------------------------------------------=

2CPn

n
-------------- 2 10× 8×

28
------------------------=

N

Pn αcos
------------------- 84

8 0.6934×
-------------------------=

n

Pn βcos
------------------- 28

8 0.72055×
----------------------------=

2
Pn

------

2
Pn

------



2202 HELICAL GEARING

5. Shafts at Any Angle, Center Distance Approximate.—
The sum of the helix angles of the two gears equals the shaft
angle, and the gears are of the same hand, if each angle is less
than the shaft angle. The difference between the helix angles
equals the shaft angle, and the gears are of opposite hand, if
either angle is greater than the shaft angle.
Given or assumed:
1) Hand of helix, depending on rotation and direction in
which thrust is to be received
2) Ca = center distance
3) Pn = normal diametral pitch (pitch of cutter)

4) R = ratio of gear to pinion = 

5) α = angle of helix, gear
6) β = angle of helix, pinion

7) n = number of teeth in pinion nearest for any angle

and  when both angles are equal

8) N = number of teeth in gear = Rn

To find:

1) D = pitch diameter of gear = 

2) d = pitch diameter of pinion = 

3) O = outside diameter of gear = D + 

4) o = outside diameter of pinion = d + 

5) T = number of teeth marked on cutter for gear = 

6) t = number of teeth marked on cutter for pinion = 

7) L = lead of helix on gear = πD cot α
8) l = lead of helix on pinion = πd cot β

9) C = actual center distance = 

Example:  Given or assumed (angle of shafts, 60 degrees):
1) See illustration 2) Ca = 12 inches 3) Pn = 8
4) R = 4 5) α = 30 degrees 6) β = 30 degrees

7) n =  = 33 teeth

8) N = 4 × 33 = 132 teeth

N

n
----

2CaPn αcos βcos

R βcos αcos+
------------------------------------------

2CaPn αcos

R 1+
------------------------------

N

Pn αcos
-------------------

n

Pn βcos
-------------------

2
Pn

------

2
Pn

------

N

αcos3
---------------

n

βcos3
--------------

D d+
2

-------------

2CaPn αcos

R 1+
------------------------------ 2 12× 8× 0.86603×

4 1+
--------------------------------------------------=
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To find:

1) D =  = 19.052 inches

2) d =  = 4.763 inches

3) O = D +  = 19.302 inches

4) o = d +  = 5.013 inches

5) T =  = 203 teeth

6) t =  = 51 teeth

7) L = πD cot α = π × 19.052 × 1.732 = 103.66 inches

8) l = πd cot β = π × 4.763 × 1.732 = 25.92 inches

9) C =  = 11.9075 inches

6. Shafts at Any Angle, Center Distance Exact.—The sum of the helix angles of

the two gears equals the shaft angle, and the gears are of the
same hand, if each angle is less than the shaft angle. The dif-
ference between the helix angles equals the shaft angle, and
the gears are of opposite hand, if either angle is greater than
the shaft angle.
Given or assumed:
1) Hand of helix, depending on rotation and direction in
which thrust is to be received
2) C = center distance
3) Pn = normal diametral pitch (pitch of cutter)

4) αa = approximate helix angle of gear
5) βa = approximate helix angle of pinion

6) R = ratio of gear to pinion size = 

7) n = number of pinion teeth nearest 

8) N = number of gear teeth = Rn

To find:

1) α and β, exact helix angles, found by trial from R sec α + sec β = 

N

Pn αcos
------------------- 132

8 0.86603×
----------------------------=

n

Pn βcos
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----------------------------=
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---+=
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8
---+=

N
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2) D = pitch diameter of gear = 

3) d = pitch diameter of pinion = 

4) O = outside diameter of gear = D + 

5) o = outside diameter of pinion = d + 

6) N ′ = number of teeth marked on formed cutter for gear (see below)
7) n ′ = number of teeth marked on formed cutter for pinion (see below)
8) L = lead of helix on gear = πD cot α
9) l = lead of helix on pinion = πd cot β

Selecting Cutter for Milling Helical Gears.—The proper milling cutter to use for spur
gears depends on the pitch of the teeth and also upon the number of teeth as explained on
page 2148 but a cutter for milling helical gears is not selected with reference to the actual
number of teeth in the gear, as in spur gearing, but rather with reference to a calculated
number N ′ that takes into account the effect on the tooth profile of lead angle, normal
diametral pitch, and cutter diameter.

In the helical gearing examples starting on page 2197 the number of teeth N ′ on which to
base the selection of the cutter has been determined using the approximate formula N ′ = N
÷ cos3 α or N ′ = N sec3 α, where N = the actual number of teeth in the helical gear and α =
the helix angle. However, the use of this formula may, where a combination of high helix
angle and low tooth number is involved, result in the selection of a higher number of cutter
than should actually be used for greatest accuracy. This condition is most likely to occur
when the aforementioned formula is used to calculate N ′ for gears of high helix angle and
low number of teeth.

To avoid the possibility of error in choice of cutter number, the following formula, which
gives theoretically correct results for all combinations of helix angle and tooth numbers, is
to be preferred:

(1)

where: N ′ = number of teeth on which to base selection of cutter number from table on
page 2150; N = actual number of teeth in helical gear; α = helix angle; Pn = normal diame-
tral pitch of gear and cutter; and Dc = pitch diameter of cutter.

To simplify calculations, Formula (1) may be written as follows:

(2)

In this formula, K, K ′ and Q are constants obtained from the tables on page 2205.

Example:Helix angle = 30 degrees; number of teeth in helical gear = 15; and normal
diametral pitch = 20. From the tables on page 2205 K, K ′, and Q are, respectively, 1.540,
0.333, and 37.80.

Hence, from page 2150 select a number 3 cutter. Had the approximate formula been used,
then a number 5 cutter would have been selected on the basis of N ′ = 23.

N

Pn αcos
-------------------

n

Pn βcos
-------------------

2
Pn

------

2
Pn

------

N ′ N αsec3 PnDc αtan2+=

N ′ NK QK ′+=

N ′ 15 1.540×( ) 37.80 0.333×( )+ 23.10 12.60+= =

35.70,  say, 36=
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Factors for Selecting Cutters for Milling Helical Gears

K = 1 ÷ cos3 α = sec3 α; K ′ = tan2 α

Outside and Pitch Diameters of Standard Involute-form Milling Cutters

Pitch diameters shown in the table are computed from the formula: Dc = Do − 2(1.57 ÷ Pn). This
same formula may be used to compute the pitch diameter of a non-standard outside diameter cutter
when the normal diametral pitch Pn and the outside diameter Do are known.

Milling the Helical Teeth.—The teeth of a helical gear are proportioned from the normal
pitch and not the circular pitch. The whole depth of the tooth can be found by dividing
2.157 by the normal diametral pitch of the gear, which corresponds to the pitch of the cut-

Helix
Angle,

α K K ′

Helix
Angle,

α K K ′

Helix
Angle,

α K K ′

Helix
Angle,

α K K ′

0 1.000 0 16 1.127 0.082 32 1.640 0.390 48 3.336 1.233

1 1.001 0 17 1.145 0.093 33 1.695 0.422 49 3.540 1.323

2 1.002 0.001 18 1.163 0.106 34 1.755 0.455 50 3.767 1.420

3 1.004 0.003 19 1.182 0.119 35 1.819 0.490 51 4.012 1.525

4 1.007 0.005 20 1.204 0.132 36 1.889 0.528 52 4.284 1.638

5 1.011 0.008 21 1.228 0.147 37 1.963 0.568 53 4.586 1.761

6 1.016 0.011 22 1.254 0.163 38 2.044 0.610 54 4.925 1.894

7 1.022 0.015 23 1.282 0.180 39 2.130 0.656 55 5.295 2.039

8 1.030 0.020 24 1.312 0.198 40 2.225 0.704 56 5.710 2.198

9 1.038 0.025 25 1.344 0.217 41 2.326 0.756 57 6.190 2.371

10 1.047 0.031 26 1.377 0.238 42 2.436 0.811 58 6.720 2.561

11 1.057 0.038 27 1.414 0.260 43 2.557 0.870 59 7.321 2.770

12 1.068 0.045 28 1.454 0.283 44 2.687 0.933 60 8.000 3.000

13 1.080 0.053 29 1.495 0.307 45 2.828 1 61 8.780 3.254

14 1.094 0.062 30 1.540 0.333 46 2.983 1.072 62 9.658 3.537

15 1.110 0.072 31 1.588 0.361 47 3.152 1.150 63 10.687 3.852

Nor-
mal

Diamet
ral

Pitch,
Pn

Out-
side
Dia.,
Do

Pitch
Dia.,
Dc

Q =
PnDc

Nor-
mal

Diamet
ral

Pitch,
Pn

Out-
side
Dia.,
Do

Pitch
Dia.,
Dc

Q =
PnDc

Nor-
mal

Diamet
ral

Pitch,
Pn

Out-
side
Dia.,
Do

Pitch
Dia.,
Dc

Q =
PnDc

1 8.500 6.18 6.18 6 3.125 2.76 16.56 20 2.000 1.89 37.80

11⁄4 7.750 5.70 7.12 7 2.875 2.54 17.78 24 1.750 1.65 39.60

11⁄2 7.000 5.46 8.19 8 2.875 2.61 20.88 28 1.750 1.67 46.76

13⁄4 6.500 5.04 8.82 9 2.750 2.50 22.50 32 1.750 1.68 53.76

2 5.750 4.60 9.20 10 2.375 2.14 21.40 36 1.750 1.69 60.84

21⁄2 5.750 4.83 12.08 12 2.250 2.06 24.72 40 1.750 1.70 68.00

3 4.750 3.98 11.94 14 2.125 1.96 27.44 48 1.750 1.70 81.60

4 4.250 3.67 14.68 16 2.125 1.98 31.68 .. … … …

5 3.750 3.29 16.45 18 2.000 1.87 33.66 .. … … …
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ter. The thickness of the tooth at the pitch line equals 1.571 divided by the normal diametral
pitch. After a tooth space has been milled, the cutter should be prevented from dragging
through it when being returned for another cut. This can be done by lowering the blank
slightly, or by stopping the machine and turning the cutter to such a position that the teeth
will not touch the work. If the gear has teeth coarser than 10 or 12 diametral pitch, it is well
to take a roughing and a finishing cut. When pressing a helical gear blank on the arbor, it
should be remembered that it is more likely to slip when being milled than a spur gear,
because the pressure of the cut, being at an angle, tends to rotate the blank on the arbor.

Angular Position of Table: When cutting a helical gear on a milling machine, the table is
set to the helix angle of the gear. If the lead of the helical gear is known, but not the helix
angle, the helix angle is determined by multiplying the pitch diameter of the gear by 3.1416
and dividing this product by the lead; the result is the tangent of the lead angle which may
be obtained from trigonometric tables or a calculator.
American National Standard Fine-Pitch Teeth For Helical Gears.—This Standard,
ANSI B6.7-1977, provides a 20-degree tooth form for both spur and helical gears of 20
diametral pitch and finer. Formulas for tooth parts are given on page 2135.

Enlargement of Helical Pinions, 20-Degree Normal Pressure Angle: Formula (4) and
the accompanying graph are based on the use of hobs having sharp corners at their top
lands. Pinions cut by shaper cutters may not require as much modification as indicated by
(4) or the graph. The number 2.1 appearing in (4) results from the use of a standard tooth
thickness rack having an addendum of 1.05/Pn which will start contact at a roll angle 5
degrees above the base radius. The roll angle of 5 degrees is also reflected in Formula (4).

To avoid undercutting of the teeth and to provide more favorable contact conditions near
the base of the tooth, it is recommended that helical pinions with less than 24 teeth be
enlarged in accordance with the following graph and formulas. As with enlarged spur pin-
ions, when an enlarged helical pinion is used it is necessary either to reduce the diameter of
the mating gear or to increase the center distance. In the formulas that follow, φn = normal
pressure angle; φt = transverse pressure angle;ψ = helix angle of pinion; Pn = normal
diametral pitch; Pt = transverse diametral pitch; d = pitch diameter of pinion; do = outside
diameter of enlarged pinion, Kh = enlargement for full depth pinions of 1 normal diametral
pitch; and n = number of teeth in pinion.
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To eliminate the need for making the calculations indicated in Formulas (3) and (4), the
accompanying graph may be used to obtain the value of Kh directly for full-depth pinions
of 20-degree normal pressure angle.

Pt =Pn cos ψ (1)
d =n ÷ Pt (2)

tanψt = tan φn ÷ cos ψ
(3)

Kh =2.1 −  (sin φt − cos φt tan 5°) sin φt

(4)
do =d + (5) 

Example:Find the outside diameter of a helical pinion having 12 teeth, 32 normal diame-
tral pitch, 20-degree pressure angle, and 18-degree helix angle.

Pt =Pn cos ψ = 32 cos 18° = 32 × 0.95106 = 30.4339
d =n ÷ Pt = 12 ÷ 30.4339 = 0.3943 inch

Kh =0.851 (from graph)

do =0.3943 +  = 0.4834

Center Distance at Which Modified Mating Helical Gears Will Mesh with no Back-
lash.—If the helical pinion in the previous example on page 2207 had been made to stan-
dard dimensions, that is, not enlarged, and was in tight mesh with a standard 24-tooth mat-
ing gear, the center distance for tight mesh could be calculated from the formula on
page 2135:

(1)

However, if the pinion is enlarged as in the example and meshed with the same standard
24-tooth gear, then the center distance for tight mesh will be increased. To calculate the
new center distance, the following formulas and calculations are required:

First, calculate the transverse pressure angle φt using Formula (2):

(2)

and from a calculator the angle φt is found to be 20° 56 ′ 30″. In the table on page 111, inv φt

is found to be 0.017196, and the cosine from a calculator as 0.93394.
Using Formula (3), calculate the pressure angle φ at which the gears are in tight mesh:

(3)

In this formula, the value for tnP for 1 diametral pitch is that found in Table 9c on page
2152, for a 12-tooth pinion, in the fourth column: 1.94703. The value of tnG for 1 diametral
pitch for a standard gear is always 1.5708.

From the table on page 112, or a calculator, 0.027647 is the involute of 24° 22 ′ 7″ and the
cosine corresponding to this angle is 0.91091.

Finally, using Formula (4), the center distance for tight mesh, C ′ is found:

(4)

n

ψcos
-------------

2 Kh+

Pn

---------------

2 0.851+
32

----------------------

C
n N+

2Pn ψcos
----------------------- 12 24+

2 32× 18°cos×
-------------------------------------- 0.5914 inch= = =

φttan φntan ψcos÷ 20°tan 18°cos÷ 0.38270= = =

inv φ inv φt

tnP tnG+( ) π–

n N+
-----------------------------------+=

inv φ 0.017196 1.94703 1.5708+( ) π–
12 24+

--------------------------------------------------------+ 0.027647= =

C ′ C φtcos

φcos
------------------ 0.5914 0.93394×

0.91091
------------------------------------------ 0.606 inch= = =
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Change-gears for Helical Gear Hobbing.—If a gear-hobbing machine is not equipped
with a differential, there is a fixed relation between the index and feed gears and it is neces-
sary to compensate for even slight errors in the index gear ratio, to avoid excessive lead
errors. This may be done readily (as shown by the example to follow) by modifying the
ratio of the feed gears slightly, thus offsetting the index gear error and making very accu-
rate leads possible.

Machine Without Differential: The formulas which follow may be applied in computing
the index gear ratio.

R =index-gear ratio

L = lead of gear, inches

F =feed per gear revolution, inch

K =machine constant

T =number of threads on hob

N =number of teeth on gear

Pn =normal diametral pitch

Pnc =normal circular pitch

A =helix angle, relative to axis

M =feed gear constant

(1)

Use minus (−) sign in Formulas (1) and (2) when gear and hob are the same “hand” and plus
(+) sign when they are of opposite hand; when climb hobbing is to be used, reverse this
rule.

(2)

(3)

(4)

Note: If gear and hob are of opposite hand, then in Formulas (3) and (4) change (NR − KT)
to (KT − NR). This change is also made if gear and hob are of same hand but climb hobbing
is used.

Example:A right-hand helical gear with 48 teeth of 10 normal diametral pitch, has a lead
of 44.0894 inches. The feed is to be 0.035 inch, with whatever slight adjustment may be
necessary to compensate for the error in available index gears. K = 30 and M = 0.075. A
single-thread right-hand hob is to be used.

Using the method of Conjugate Fractions beginning on page 12, several suitable ratios
close to 0.62549654 were found. One of these, (34 × 53)/(43 × 67) = 0.625477264839 will
be used as the index ratio. Other usable ratios and their decimal values were found to be as
follows:

R
L F÷

L F÷( ) 1±
--------------------------- KT

N
-------× L

L F±
---------- KT

N
-------× Driving gear sizes

Driven gear sizes
-------------------------------------------= = =

R
KT

N
Pn Asin× F×

π
----------------------------------±

------------------------------------------ KT

N
Asin F×

Pnc

---------------------±
-----------------------------= =

Ratio of feed gears F

M
-----= F

L NR KT–( )
NR

------------------------------=

L
FNR

NR KT–( )
-------------------------- lead obtained with available index and feed gears= =

R
44.0894

44.0894 0.035–
--------------------------------------- 30 1×

48
---------------× 0.62549654= =
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Index ratio error = 0.62549654 − 0.62547726 = 0.00001928.
Now use Formula (3) to find slight change required in rate of feed. This change compen-

sates sufficiently for the error in available index gears.
Change in Feed Rate: Insert in Formula (3) obtainable index ratio.

To find close approximation to modified feed gear ratio, proceed as in finding suitable

gears for index ratio, thus obtaining . Inverting, modified feed gear ratio =

 = 0.448534.

Modified feed F = obtainable modified feed ratio × M = 0.448534 × 0.075 = 0.03364
inch. If the feed rate is not modified, even a small error in the index gear ratio may result in
an excessive lead error.

Checking Accuracy of Lead: The modified feed and obtainable index ratio are inserted in
Formula (4). Desired lead = 44.0894 inches. Lead obtained = 44.087196 inches; hence the
computed error = 44.0894 − 44.087196 = 0.002204 inch or about 0.00005 inch per inch of
lead.

Machine with Differential: If a machine is equipped with a differential, the lead gears are
computed in order to obtain the required helix angle and lead. The instructions of the hob-
bing machine manufacturer should be followed in computing the lead gears, because the
ratio formula is affected by the location of the differential gears. If these gears are ahead of
the index gears, the lead gear ratio is not affected by a change in the number of teeth to be
cut (see Formula (5)); hence, the same lead gears are used when, for example, a gear and
pinion are cut on the same machine. In the formulas which follow, the notation is the same
as previously given, with these exceptions: Rd = lead gear ratio for machine with differen-
tial; Pa = axial or linear pitch of helical gear = distance from center of one tooth to center of
next tooth measured parallel to gear axis = total lead L ÷ number of teeth N.

(5)

The number of hob threads T is included in the formula because double-thread hobs are
used sometimes, especially for roughing in order to reduce the hobbing time. Lead gears
having a ratio sufficiently close to the required ratio may be determined by using the table
of gear ratio logarithms as previously described in connection with the non-differential
type of machine. When using a machine equipped with a differential, the effect of a lead-
gear ratio error upon the lead of the gear is small in comparison with the effect of an index
gear error when using a non-differential type of machine. The lead obtained with a given or

32 38×
27 72×
------------------ 0.6255144= 27 42×

42 37×
------------------ 0.62548263=

44 29×
34 60×
------------------ 0.6254902= 26 97×

96 42×
------------------ 0.62549603=

20 41×
23 57×
------------------ 0.62547674=

F
44.0894 48 0.62547726 30–×( )×

48 0.62547726×
----------------------------------------------------------------------------------- 0.0336417= =

Modified feed gear ratio F

M
----- 0.0336417

0.075
------------------------- 0.448556= = =

Log 0.448556 1.651817= log of reciprocal 0.348183=

106
71
--------- 112

75
---------×

71
106
--------- 75

112
---------×

Rd

Pa T×
K

--------------- L T×
N K×
-------------- π Acosec× T×

Pn K×
------------------------------------- Driven gear sizes

Driving gear sizes
-------------------------------------------= = = =
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obtainable lead gear ratio may be determined by the following formula: L = (RdNK) ÷ T. In
this formula, Rd represents the ratio obtained with available gears. If the given lead is
44.0894 inches, as in the preceding example, then the desired ratio as obtained with For-
mula (5) would be 0.9185292 if K = 1. Assume that the lead gears selected by using logs of
ratios have a ratio of 0.9184704; then this ratio error of 0.0000588 would result in a com-
puted lead error of only 0.000065 inch per inch.

Formula (5), as mentioned, applies to machines having the differential located ahead of
the index gears. If the differential is located after the index gears, it is necessary to change
lead gears whenever the index gears are changed for hobbing a different number of teeth,
as indicated by the following formula which gives the lead gear ratio. In this formula, D =
pitch diameter.

(6)

General Remarks on Helical Gear Hobbing.—In cutting teeth having large angles, it is
desirable to have the direction of helix of the hob the same as the direction of helix of the
gear, or in other words, the gear and the hob of the same “hand.” Then the direction of the
cut will come against the movement of the blank. At ordinary angles, however, one hob
will cut both right- and left-hand gears. In setting up the hobbing machine for helical gears,
care should be taken to see that the vertical feed does not trip until the machine has been
stopped or the hob has fed down past the finished gear.

Herringbone Gears

Double helical or herringbone gears are commonly used in parallel-shaft transmissions,
especially when a smooth, continuous action (due to the gradual overlapping engagement
of the teeth) is essential, as in high-speed drives where the pitch-line velocity may range
from about 1000 to 3000 feet per minute(305–914 m/min) in commercial gearing and up to
12,000 feet per minute(3658 m/min) or higher in more specialized installations. These rel-
atively high speeds are encountered in marine reduction gears, in certain speed-reducing
and speed-increasing units, and in various other transmissions, particularly in connection
with steam turbine and electric motor drives.

General Classes of Helical Gear Problems.—There are two general classes of prob-
lems. In one, the problem is to design gears capable of transmitting a given amount of
power at a given speed, safely and without excessive wear; hence, the required proportions
must be determined. In the second, the proportions and speed are known and the power-
transmitting capacity is required. The first is the more difficult and common problem.

Causes of Herringbone Gear Failures.—Where failure occurs in a herringbone gear
transmission, it is rarely due to tooth breakage but usually to excessive wear or sub-surface
failures, such as pitting and spalling; hence, it is common practice to base the design of
such gears upon durability, or upon tooth pressures which are within the allowable limits
for wear. In this connection, it seems to have been well established by tests of both spur
gears and herringbone gears, that there is a critical surface pressure value for teeth having
given physical properties and coefficient of friction. According to these tests, pressures
above the critical value result in rapid wear and a short gear life, whereas when pressures
are below the critical, wear is negligible. The yield point or endurance limit of the material
marks the critical loading point, and in practical designing a reasonable factor of safety
would, of course, be employed.

Rd
L T×

K
------------ D π× T×

K Atan×
----------------------- Driven gear sizes

Driving gear sizes
-------------------------------------------= = =
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OTHER GEAR TYPES

Elliptic Gears

Gears of this type provide simple means of obtaining a quick-return motion but they
present a rather cumbersome manufacturing problem and, as a general rule, it is preferable
to obtain quick-return motions by some other type of mechanism. When elliptic gears are
used, the two gears that mesh with each other must be equal in size, and each gear must
revolve about one of the foci of the ellipse forming the pitch line, as indicated by the dia-
gram, in Fig. 1. By the use of elliptic gears so mounted, it is possible to obtain a variable
motion of the driven shaft, because the gear on the driving shaft, while revolving one half
of a revolution, will engage with only a small portion of the circumference of the driven
gear, while during the other half of its revolution, the driving gear will engage with a great
deal more than one-half of the total number of teeth in the driven gear; hence, the cutting
stroke of a machine tool, for example, may be made to have a slow motion, while the return
stroke is at a rapid rate. The ellipse has two points, each of which is called a focus, located
as indicated at A and B. The sum of the distance between the foci and the elliptic curve is
constant at all points and is equal to the longer or major axis of the ellipse. On account of
this peculiarity of the ellipse, two equal ellipses can be made to mesh with each other dur-
ing a complete revolution about their axes, if one is mounted on a shaft at its focus A and the
other at its focus B.

Fig. 1. General Arrangement of Elliptic Gears.

Planetary Gearing

Planetary or epicyclic gearing provides means of obtaining a compact design of trans-
mission, with driving and driven shafts in line, and a large speed reduction when required.
Typical arrangements of planetary gearing are shown by the following diagrams which are
accompanied by speed ratio formulas. When planetary gears are arranged as shown by
Figs. 5,  6,  9 and  12, the speed of the follower relative to the driver is increased, whereas
Figs. 7,  8,  10, and  11 illustrate speed-reducing mechanisms.
Direction of Rotation.—In using the following formulas, if the final result is preceded by
a minus sign (negative), this indicates that the driver and follower will rotate in opposite
directions; otherwise, both will rotate in the same direction.
Compound Drive.—The formulas accompanying Figs. 19 through  22 are for obtaining
the speed ratios when there are two driving members rotating at different speeds. For
example, in Fig. 19, the central shaft with its attached link is one driver. The internal gear
z, instead of being fixed, is also rotated. In Fig. 22, if z = 24, B = 60 and S = 31⁄2, with both
drivers rotating in the same direction, then F = 0, thus indicating, in this case, the point
where a larger value of S will reverse follower rotation.
Planetary Bevel Gears.—Two forms of planetary gears of the bevel type are shown in
Figs. 23 and  24. The planet gear in Fig. 23 rotates about a fixed bevel gear at the center of
which is the driven shaft. Fig. 24 illustrates the Humpage reduction gear. This is sometimes
referred to as cone-pulley back-gearing because of its use within the cone pulleys of certain
types of machine tools.
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Ratios of Planetary or Epicyclic Gearing 

D =rotation of driver per revolution of follower or driven member
F =rotation of follower or driven member per revolution of driver. (In Figs. 1 through  4, F = rota-

tion of planet type follower about its axis.)
A =size of driving gear (use either number of teeth or pitch diameter). Note: When follower derives 

its motion both from A and from a secondary driving member, A = size of initial driving gear, 
and formula gives speed relationship between A and follower.

B =size of driven gear or follower (use either pitch diameter or number of teeth)
C =size of fixed gear (use either pitch diameter or number of teeth)
x =size of planet gear as shown by diagram (use either pitch diameter or number of teeth)
y =size of planet gear as shown by diagram (use either pitch diameter or number of teeth)
z =size of secondary or auxiliary driving gear, when follower derives its motion from two driving 

members
S =rotation of secondary driver, per revolution of initial driver. S is negative when secondary and 

initial drivers rotate in opposite directions. (Formulas in which S is used, give speed relation-
ship between follower and the initial driver.)

Note: In all cases, if D is known, F = 1 ÷ D, or, if F is known, D = 1 ÷ F.

Fig. 1. Fig. 2. Fig. 3. 

Fig. 4. Fig. 5. Fig. 6. 
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x B×
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Fig. 7. Fig. 8. Fig. 9. 

Fig. 10. Fig. 11. Fig. 12. 

Fig. 13. Fig. 14. Fig. 15. 

Ratios of Planetary or Epicyclic Gearing 
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Fig. 16. Fig. 17. Fig. 18. 

Fig. 19. Fig. 20. Fig. 21. 

Fig. 22. Fig. 23. 
Fig. 24. 

Ratios of Planetary or Epicyclic Gearing 
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Ratchet Gearing

Ratchet gearing may be used to transmit intermittent motion, or its only function may be
to prevent the ratchet wheel from rotating backward. Ratchet gearing of this latter form is
commonly used in connection with hoisting mechanisms of various kinds, to prevent the
hoisting drum or shaft from rotating in a reverse direction under the action of the load.

Types of Ratchet Gearing

Ratchet gearing in its simplest form consists of a toothed ratchet wheel a (see Fig. a), and
a pawl or detent b, and it may be used to transmit intermittent motion or to prevent relative
motion between two parts except in one direction. The pawl b is pivoted to lever c which,
when given an oscillating movement, imparts an intermittent rotary movement to ratchet
wheel a. Fig. b illustrates another application of the ordinary ratchet and pawl mechanism.
In this instance, the pawl is pivoted to a stationary member and its only function is to pre-
vent the ratchet wheel from rotating backward. With the stationary design, illustrated at

Fig. a. Fig. b. Fig. c. 

Fig. d. Fig. e. Fig. f. 

Fig. g. Fig. h. Fig. i. 
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Fig. c, the pawl prevents the ratchet wheel from rotating in either direction, so long as it is
in engagement with the wheel.

The principle of multiple-pawl ratchet gearing is illustrated at Fig. d, which shows the
use of two pawls. One of these pawls is longer than the other, by an amount equal to one-
half the pitch of the ratchet-wheel teeth, so that the practical effect is that of reducing the
pitch one-half. By placing a number of driving pawls side by side and proportioning their
lengths according to the pitch of the teeth, a very fine feed can be obtained with a ratchet
wheel of comparatively coarse pitch.

This method of obtaining a fine feed from relatively coarse-pitch ratchets may be prefer-
able to the use of single ratchets of fine pitch which, although providing the feed required,
may have considerably weaker teeth.

The type of ratchet gearing shown at Fig. e is sometimes employed to impart a rotary
movement to the ratchet wheel for both the forward and backward motions of the lever to
which the two pawls are attached.

A simple form of reversing ratchet is illustrated at Fig. f. The teeth of the wheel are so
shaped that either side may be used for driving by simply changing the position of the dou-
ble-ended pawl, as indicated by the full and dotted lines.

Another form of reversible ratchet gearing for shapers is illustrated at Fig. g. The pawl, in
this case, instead of being a pivoted latch, is in the form of a plunger which is free to move
in the direction of its axis, but is normally held into engagement with the ratchet wheel by
a small spring. When the pawl is lifted and turned one-half revolution, the driving face then
engages the opposite sides of the teeth and the ratchet wheel is given an intermittent rotary
motion in the opposite direction.

The frictional type of ratchet gearing differs from the designs previously referred to, in
that there is no positive engagement between the driving and driven members of the ratchet
mechanism, the motion being transmitted by frictional resistance. One type of frictional
ratchet gearing is illustrated at Fig. h. Rollers or balls are placed between the ratchet wheel
and an outer ring which, when turned in one direction, causes the rollers or balls to wedge
between the wheel and ring as they move up the inclined edges of the teeth.

Fig. i illustrates one method of utilizing ratchet gearing for moving the driven member in
a straight line, as in the case of a lifting jack. The pawl g is pivoted to the operating lever of
the jack and does the lifting, whereas the pawl h holds the load while the lifting pawl g is
being returned preparatory to another lifting movement.
Shape of Ratchet Wheel Teeth.—When designing ratchet gearing, it is important to so
shape the teeth that the pawl will remain in engagement when a load is applied. The faces
of the teeth which engage the end of the pawl should be in such relation with the center of
the pawl pivot that a line perpendicular to the face of the engaging tooth will pass some-
where between the center of the ratchet wheel and the center of the pivot about which the
pawl swings. This is true if the pawl pushes the ratchet wheel, or if the ratchet wheel pushes
the pawl. However, if the pawl pulls the ratchet wheel or if the ratchet wheel pulls the pawl,
the perpendicular from the face of the ratchet teeth should fall outside the pawl pivot cen-
ter. Ratchet teeth may be either cut by a milling cutter having the correct angle, or hobbed
in a gear-hobbing machine by the use of a special hob.
Pitch of Ratchet Wheel Teeth.—The pitch of ratchet wheels used for holding suspended
loads may be calculated by the following formula, in which P = circular pitch, in
inches(mm), measured at the outside circumference; M = turning moment acting upon the
ratchet wheel shaft, in inch-pounds(N–mm); L = length of tooth face (thickness of ratchet
gear), in inches (millimeters); S = safe stress (for steel, 2500 pounds per square inch or 17
MPa when subjected to shock, and 4000 pounds per square inch or 28 MPa when not sub-
jected to shock); N = number of teeth in ratchet wheel; F = a factor the value of which is 50
for ratchet gears with 12 teeth or less, 35 for gears having from 12 to 20 teeth, and 20 for
gears having over 20 teeth:
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This formula has been used in the calculation of ratchet gears for crane design.

Gear Design Based upon Module System.—The module of a gear is equal to the pitch
diameter divided by the number of teeth, whereas diametral pitch is equal to the number of
teeth divided by the pitch diameter. The module system (see accompanying table and dia-
gram) is in general use in countries that have adopted the metric system; hence, the term
module is usually understood to mean the pitch diameter in millimeters divided by the
number of teeth. The module system, however, may also be based on inch measurements
and then it is known as the English module to avoid confusion with the metric module.
Module is an actual dimension, whereas diametral pitch is only a ratio. Thus, if the pitch
diameter of a gear is 50 millimeters and the number of teeth 25, the module is 2, which
means that there are 2 millimeters of pitch diameter for each tooth. The table Tooth Dimen-
sions Based Upon Module System shows the relation among module, diametral pitch, and
circular pitch.

German Standard Tooth Form for Spur and Bevel Gears  DIN 867

Formulas for dedendum and total depth, marked (*) are used when clearance equals 0.157 × mod-
ule. Formulas marked (**) are used when clearance equals one-sixth module. It is common practice
among American cutter manufacturers to make the clearance of metric or module cutters equal to
0.157 × module.

The flanks or sides are straight (involute system) and the pressure angle is 20 degrees. The shape of 
the root clearance space and the amount of clearance depend upon the method of cutting and special 

requirements. The amount of clearance may vary from 0.1 × module to 0.3 × module.

To Find Module Known Circular Pitch Known

Addendum Equals module 0.31823 × Circular pitch

Dedendum 1.157 × module*
1.167 × module**

0.3683 × Circular pitch*
0.3714 × Circular pitch**

Working Depth 2 × module 0.6366 × Circular pitch

Total Depth 2.157 × module*
2.167 × module**

0.6866 × Circular pitch*
0.6898 × Circulate pitch**

Tooth Thickness on
Pitch Line 1.5708 × module 0.5 × Circular pitch

P
FM

LSN
-----------=

������
������
������

Module x 3.1416

Module

20
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Tooth Dimensions Based Upon Module System

Module,
DIN

Standard
Series

Equivalent
Diametral

Pitch

Circular Pitch

Addendum,
Millimeters

Dedendum,
Millimetersa

a Dedendum and total depth when clearance = 0.1666 × module, or one-sixth module. 

Whole
Depth,a

Millimeters

Whole
Depth,b

Millimeters

b Total depth equivalent to American standard full-depth teeth. (Clearance = 0.157 × module.) 

Millimeters Inches

0.3 84.667 0.943 0.0371 0.30 0.35 0.650 0.647
0.4 63.500 1.257 0.0495 0.40 0.467 0.867 0.863
0.5 50.800 1.571 0.0618 0.50 0.583 1.083 1.079
0.6 42.333 1.885 0.0742 0.60 0.700 1.300 1.294
0.7 36.286 2.199 0.0865 0.70 0.817 1.517 1.510
0.8 31.750 2.513 0.0989 0.80 0.933 1.733 1.726
0.9 28.222 2.827 0.1113 0.90 1.050 1.950 1.941
1 25.400 3.142 0.1237 1.00 1.167 2.167 2.157
1.25 20.320 3.927 0.1546 1.25 1.458 2.708 2.697
1.5 16.933 4.712 0.1855 1.50 1.750 3.250 3.236
1.75 14.514 5.498 0.2164 1.75 2.042 3.792 3.774
2 12.700 6.283 0.2474 2.00 2.333 4.333 4.314
2.25 11.289 7.069 0.2783 2.25 2.625 4.875 4.853
2.5 10.160 7.854 0.3092 2.50 2.917 5.417 5.392
2.75 9.236 8.639 0.3401 2.75 3.208 5.958 5.932
3 8.466 9.425 0.3711 3.00 3.500 6.500 6.471
3.25 7.815 10.210 0.4020 3.25 3.791 7.041 7.010
3.5 7.257 10.996 0.4329 3.50 4.083 7.583 7.550
3.75 6.773 11.781 0.4638 3.75 4.375 8.125 8.089
4 6.350 12.566 0.4947 4.00 4.666 8.666 8.628
4.5 5.644 14.137 0.5566 4.50 5.25 9.750 9.707
5 5.080 15.708 0.6184 5.00 5.833 10.833 10.785
5.5 4.618 17.279 0.6803 5.50 6.416 11.916 11.864
6 4.233 18.850 0.7421 6.00 7.000 13.000 12.942
6.5 3.908 20.420 0.8035 6.50 7.583 14.083 14.021
7 3.628 21.991 0.8658 7. 8.166 15.166 15.099
8 3.175 25.132 0.9895 8. 9.333 17.333 17.256
9 2.822 28.274 1.1132 9. 10.499 19.499 19.413

10 2.540 31.416 1.2368 10. 11.666 21.666 21.571
11 2.309 34.558 1.3606 11. 12.833 23.833 23.728
12 2.117 37.699 1.4843 12. 14.000 26.000 25.884
13 1.954 40.841 1.6079 13. 15.166 28.166 28.041
14 1.814 43.982 1.7317 14. 16.332 30.332 30.198
15 1.693 47.124 1.8541 15. 17.499 32.499 32.355
16 1.587 50.266 1.9790 16. 18.666 34.666 34.512
18 1.411 56.549 2.2263 18. 21.000 39.000 38.826
20 1.270 62.832 2.4737 20. 23.332 43.332 43.142
22 1.155 69.115 2.7210 22. 25.665 47.665 47.454
24 1.058 75.398 2.9685 24. 28.000 52.000 51.768
27 0.941 84.823 3.339 27. 31.498 58.498 58.239
30 0.847 94.248 3.711 30. 35.000 65.000 64.713
33 0.770 103.673 4.082 33. 38.498 71.498 71.181
36 0.706 113.097 4.453 36. 41.998 77.998 77.652
39 0.651 122.522 4.824 39. 45.497 84.497 84.123
42 0.605 131.947 5.195 42. 48.997 90.997 90.594
45 0.564 141.372 5.566 45. 52.497 97.497 97.065
50 0.508 157.080 6.184 50. 58.330 108.330 107.855
55 0.462 172.788 6.803 55. 64.163 119.163 118.635
60 0.423 188.496 7.421 60. 69.996 129.996 129.426
65 0.391 204.204 8.040 65. 75.829 140.829 140.205
70 0.363 219.911 8.658 70. 81.662 151.662 150.997
75 0.339 235.619 9.276 75. 87.495 162.495 161.775
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Rules for Module System of Gearing

For tooth dimensions, see table Tooth Dimensions Based Upon Module System; also formulas in
German Standard Tooth Form for Spur and Bevel Gears  DIN 867.

To Find Rule

Metric Module

Rule 1: To find the metric module, divide the pitch diameter in milli-
meters by the number of teeth.

Example 1: The pitch diameter of a gear is 200 millimeters and the 
number of teeth, 40; then

Rule 2: Multiply circular pitch in millimeters by 0.3183.
Example 2: (Same as Example 1. Circular pitch of this gear equals 

15.708 millimeters.)

Rule 3: Divide outside diameter in millimeters by the number of teeth 
plus 2.

English Module

Note: The module system is usually applied when gear dimensions are 
expressed in millimeters, but module may also be based on inch mea-
surements.

Rule: To find the English module, divide pitch diameter in inches by 
the number of teeth.

Example: A gear has 48 teeth and a pitch diameter of 12 inches.

Metric Module
Equivalent to
Diametral
Pitch

Rule: To find the metric module equivalent to a given diametral pitch, 
divide 25.4 by the diametral pitch.

Example: Determine metric module equivalent to 10 diameteral pitch.

Note: The nearest standard module is 2.5.

Diametral Pitch
Equivalent to
Metric
Module

Rule: To find the diametral pitch equivalent to a given module, divide 
25.4 by the module. (25.4 = number of millimeters per inch.)

Example: The module is 12; determine equivalent diametral pitch.

Note: A diametral pitch of 2 is the nearest standard equivalent.

Pitch Diameter

Rule: Multiply number of teeth by module.
Example: The metric module is 8 and the gear has 40 teeth; then

Outside Diameter

Rule: Add 2 to the number of teeth and multiply sum by the module.
Example: A gear has 40 teeth and module is 6. Find outside or blank 

diameter.

Module 200
40
--------- 5= =

Module 15.708 0.3183× 5= =

Module 12
48
------

1
4
---  module or 4 diametral pitch= =

Equivalent module 25.4
10

---------- 2.54= =

Equivalent diametral pitch 25.4
12

---------- 2.117= =

D 40 8× 320 millimeters 12.598 inches= = =

Outside diameter 40 2+( ) 6× 252 millimeters= =
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Equivalent Diametral Pitches, Circular Pitches, and Metric Modules
Commonly Used Pitches and Modules in Bold Type

Diametral
Pitch

Circular
Pitch,
Inches

Module
Millimeters

Diametral
Pitch

Circular
Pitch,
Inches

Module
Millimeters

Diametral
Pitch

Circular
Pitch,
Inches

Module
Millime-

ters
1⁄2 6.2832 50.8000 2.2848 13⁄8 11.1170 10.0531 5⁄16

2.5266

0.5080 6.1842 50 2.3091 1.3605 11 10.1600 0.3092 21⁄2
0.5236 6 48.5104 21⁄2 1.2566 10.1600 11 0.2856 2.3091

0.5644 5.5658 45 2.5133 11⁄4 10.1063 12 0.2618 2.1167

0.5712 51⁄2 44.4679 2.5400 1.2368 10 12.5664 1⁄4 2.0213

0.6283 5 40.4253 23⁄4 1.1424 9.2364 12.7000 0.2474 2

0.6350 4.9474 40 2.7925 11⁄8 9.0957 13 0.2417 1.9538

0.6981 41⁄2 36.3828 2.8222 1.1132 9 14 0.2244 1.8143

0.7257 4.3290 35 3 1.0472 8.4667 15 0.2094 1.6933
3⁄4 4.1888 33.8667 3.1416 1 8.0851 16 0.1963 1.5875

0.7854 4 32.3403 3.1750 0.9895 8 16.7552 3⁄16
1.5160

0.8378 33⁄4 30.3190 3.3510 15⁄16
7.5797 16.9333 0.1855 11⁄2

0.8467 3.7105 30 31⁄2 0.8976 7.2571 17 0.1848 1.4941

0.8976 31⁄2 28.2977 3.5904 7⁄8 7.0744 18 0.1745 1.4111

0.9666 31⁄4 26.2765 3.6286 0.8658 7 19 0.1653 1.3368

1 3.1416 25.4000 3.8666 13⁄16
6.5691 20 0.1571 1.2700

1.0160 3.0921 25 3.9078 0.8040 61⁄2 22 0.1428 1.1545

1.0472 3 24.2552 4 0.7854 6.3500 24 0.1309 1.0583

1.1424 23⁄4 22.2339 4.1888 3⁄4 6.0638 25 0.1257 1.0160

11⁄4 2.5133 20.3200 4.2333 0.7421 6 25.1328 1⁄8 1.0106

1.2566 21⁄2 20.2127 4.5696 11⁄16
5.5585 25.4000 0.1237 1

1.2700 2.4737 20 4.6182 0.6803 51⁄2 26 0.1208 0.9769

1.3963 21⁄4 18.1914 5 0.6283 5.0800 28 0.1122 0.9071

1.4111 2.2263 18 5.0265 5⁄8 5.0532 30 0.1047 0.8467

11⁄2 2.0944 16.9333 5.0800 0.6184 5 32 0.0982 0.7937

1.5708 2 16.1701 5.5851 9⁄16
4.5478 34 0.0924 0.7470

1.5875 1.9790 16 5.6443 0.5566 41⁄2 36 0.0873 0.7056

1.6755 17⁄8 15.1595 6 0.5236 4.2333 38 0.0827 0.6684

1.6933 1.8553 15 6.2832 1⁄2 4.0425 40 0.0785 0.6350

13⁄4 1.7952 14.5143 6.3500 0.4947 4 42 0.0748 0.6048

1.7952 13⁄4 14.1489 7 0.4488 3.6286 44 0.0714 0.5773

1.8143 1.7316 14 7.1808 7⁄16
3.5372 46 0.0683 0.5522

1.9333 15⁄8 13.1382 7.2571 0.4329 31⁄2 48 0.0654 0.5292

1.9538 1.6079 13 8 0.3927 3.1750 50 0.0628 0.5080

2 1.5708 12.7000 8.3776 3⁄8 3.0319 50.2656 1⁄16
0.5053

2.0944 11⁄2 12.1276 8.4667 0.3711 3 50.8000 0.0618 1⁄2
2.1167 1.4842 12 9 0.3491 2.8222 56 0.0561 0.4536

21⁄4 1.3963 11.2889 10 0.3142 2.5400 60 0.0524 0.4233

The module of a gear is the pitch diameter divided by the number of teeth. The module may be expressed in any 
units; but when no units are stated, it is understood to be in millimeters. The metric module, therefore, equals the pitch 
diameter in millimeters divided by the number of teeth. To find the metric module equivalent to a given diametral pitch, 
divide 25.4 by the diametral pitch. To find the diametral pitch equivalent to a given module, divide 25.4 by the module. 
(25.4 = number of millimeters per inch.)
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CHECKING GEAR SIZES

Checking Gear Size by Measurement Over Wires or Pins

The wire or pin method of checking gear sizes is accurate, easily applied, and especially
useful in shops with limited inspection equipment. Two cylindrical wires or pins of prede-
termined diameter are placed in diametrically opposite tooth spaces (see diagram). If the
gear has an odd number of teeth, the wires are located as nearly opposite as possible, as
shown by the diagram at the right. The overall measurement M is checked by using any suf-
ficiently accurate method of measurement. The value of measurement M when the pitch
diameter is correct can be determined easily and quickly by means of the calculated values
in the accompanying tables.
Measurements for Checking External Spur Gears when Wire Diameter Equals 1.728
Divided by Diametral Pitch.—Tables 1 and 2 give measurements M, in inches, for
checking the pitch diameters of external spur gears of 1 diametral pitch. For any other
diametral pitch, divide the measurement given in the table by whatever diametral pitch is
required. The result shows what measurement M should be when the pitch diameter is cor-
rect and there is no allowance for backlash. The procedure for obtaining a given amount of
backlash will be explained later. Tables 1 through 4 inclusive are based on wire sizes con-
forming to the Van Keuren standard. For external spur gears, the wire size equals 1.728
divided by the diametral pitch. The wire diameters for various diametral pitches will be
found in the left-hand section of Table 5.

Even Number of Teeth: Table 1 is for even numbers of teeth. To illustrate the use of the
table, assume that a spur gear has 32 teeth of 4 diametral pitch and a pressure angle of 20
degrees. Table 1 shows that the measurement for 1 diametral pitch is 34.4130; hence, for 4
diametral pitch, the measurement equals 34.4130 ÷ 4 = 8.6032 inches. This dimension is
the measurement over the wires when the pitch diameter is correct, provided there is no
allowance for backlash. The wire diameter here equals 1.728 ÷ 4 = 0.432 inch (Table 5).

Measurement for even numbers of teeth above 170 and not in Table 1 may be determined
as shown by the following example: Assume that number of teeth = 240 and pressure angle
= 141⁄2 degrees; then, for 1 diametral pitch, figure at left of decimal point = given No. of
teeth + 2 = 240 + 2 = 242. Figure at right of decimal point lies between decimal values
given in table for 200 teeth and 300 teeth and is obtained by interpolation. Thus, 240 − 200
= 40 (change to 0.40); 0.5395 − 0.5321 = 0.0074 = difference between decimal values for
300 and 200 teeth; hence, decimal required = 0.5321 + (0.40 × 0.0074) = 0.53506. Total
dimension = 242.53506 divided by the diametral pitch required.

Odd Number of Teeth: Table 2 is for odd numbers of teeth. Measurement for odd num-
bers above 171 and not in Table 2 may be determined as shown by the following example:
Assume that number of teeth = 335 and pressure angle = 20 degrees; then, for 1 diametral

M M



2222 CHECKING GEAR SIZES

pitch, figure at left of decimal point = given No. of teeth + 2 = 335 + 2 = 337. Figure at right
of decimal point lies between decimal values given in table for 301 and 401 teeth. Thus,
335 − 301 = 34 (change to 0.34); 0.4565 − 0.4538 = 0.0027; hence, decimal required =
0.4538 + (0.34 × 0.0027) = 0.4547. Total dimension = 337.4547.

Table 1. Checking External Spur Gear Sizes
by Measurement Over Wires

EVEN NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and Van Keuren standard wire sizes. For any other 
diametral pitch, divide dimension in table by given pitch.

No. of Teeth
Pressure Angle

141⁄2° 171⁄2° 20° 25° 30°
6 8.2846 8.2927 8.3032 8.3340 8.3759
8 10.3160 10.3196 10.3271 10.3533 10.3919

10 12.3399 12.3396 12.3445 12.3667 12.4028
12 14.3590 14.3552 14.3578 14.3768 14.4108
14 16.3746 16.3677 16.3683 16.3846 16.4169
16 18.3877 18.3780 18.3768 18.3908 18.4217
18 20.3989 20.3866 20.3840 20.3959 20.4256
20 22.4087 22.3940 22.3900 22.4002 22.4288
22 24.4172 24.4004 24.3952 24.4038 24.4315
24 26.4247 26.4060 26.3997 26.4069 26.4339
26 28.4314 28.4110 28.4036 28.4096 28.4358
28 30.4374 30.4154 30.4071 30.4120 30.4376
30 32.4429 32.4193 32.4102 32.4141 32.4391
32 34.4478 34.4228 34.4130 34.4159 34.4405
34 36.4523 36.4260 36.4155 36.4176 36.4417
36 38.4565 38.4290 38.4178 38.4191 38.4428
38 40.4603 40.4317 40.4198 40.4205 40.4438
40 42.4638 42.4341 42.4217 42.4217 42.4447
42 44.4671 44.4364 44.4234 44.4228 44.4455
44 46.4701 46.4385 46.4250 46.4239 46.4463
46 48.4729 48.4404 48.4265 48.4248 48.4470
48 50.4756 50.4422 50.4279 50.4257 50.4476
50 52.4781 52.4439 52.4292 52.4265 52.4482
52 54.4804 54.4454 54.4304 54.4273 54.4487
54 56.4826 56.4469 56.4315 56.4280 56.4492
56 58.4847 58.4483 58.4325 58.4287 58.4497
58 60.4866 60.4496 60.4335 60.4293 60.4501
60 62.4884 62.4509 62.4344 62.4299 62.4506
62 64.4902 64.4520 64.4352 64.4304 64.4510
64 66.4918 66.4531 66.4361 66.4309 66.4513
66 68.4933 68.4542 68.4369 68.4314 68.4517
68 70.4948 70.4552 70.4376 70.4319 70.4520
70 72.4963 72.4561 72.4383 72.4323 72.4523
72 74.4977 74.4570 74.4390 74.4327 74.4526
74 76.4990 76.4578 76.4396 76.4331 76.4529
76 78.5002 78.4586 78.4402 78.4335 78.4532
78 80.5014 80.4594 80.4408 80.4339 80.4534
80 82.5026 82.4601 82.4413 82.4342 82.4536
82 84.5037 84.4608 84.4418 84.4345 84.4538
84 86.5047 86.4615 86.4423 86.4348 86.4540
86 88.5057 88.4621 88.4428 88.4351 88.4542
88 90.5067 90.4627 90.4433 90.4354 90.4544

Wire or pin diameter 1.728
Diametral Pitch
-------------------------------------=



CHECKING GEAR SIZES 2223

90 92.5076 92.4633 92.4437 92.4357 92.4546
92 94.5085 94.4639 94.4441 94.4359 94.4548
94 96.5094 96.4644 96.4445 96.4362 96.4550
96 98.5102 98.4649 98.4449 98.4364 98.4552
98 100.5110 100.4655 100.4453 100.4367 100.4554

100 102.5118 102.4660 102.4456 102.4369 102.4555
102 104.5125 104.4665 104.4460 104.4370 104.4557
104 106.5132 106.4669 106.4463 106.4372 106.4558
106 108.5139 108.4673 108.4466 108.4374 108.4560
108 110.5146 110.4678 110.4469 110.4376 110.4561
110 112.5152 112.4682 112.4472 112.4378 112.4562
112 114.5159 114.4686 114.4475 114.4380 114.4563
114 116.5165 116.4690 116.4478 116.4382 116.4564
116 118.5171 118.4693 118.4481 118.4384 118.4565
118 120.5177 120.4697 120.4484 120.4385 120.4566
120 122.5182 122.4701 122.4486 122.4387 122.4567
122 124.5188 124.4704 124.4489 124.4388 124.4568
124 126.5193 126.4708 126.4491 126.4390 126.4569
126 128.5198 128.4711 128.4493 128.4391 128.4570
128 130.5203 130.4714 130.4496 130.4393 130.4571
130 132.5208 132.4717 132.4498 132.4394 132.4572
132 134.5213 134.4720 134.4500 134.4395 134.4573
134 136.5217 136.4723 136.4502 136.4397 136.4574
136 138.5221 138.4725 138.4504 138.4398 138.4575
138 140.5226 140.4728 140.4506 140.4399 140.4576
140 142.5230 142.4730 142.4508 142.4400 142.4577
142 144.5234 144.4733 144.4510 144.4401 144.4578
144 146.5238 146.4736 146.4512 146.4402 146.4578
146 148.5242 148.4738 148.4513 148.4403 148.4579
148 150.5246 150.4740 150.4515 150.4404 150.4580
150 152.5250 152.4742 152.4516 152.4405 152.4580
152 154.5254 154.4745 154.4518 154.4406 154.4581
154 156.5257 156.4747 156.4520 156.4407 156.4581
156 158.5261 158.4749 158.4521 158.4408 158.4582
158 160.5264 160.4751 160.4523 160.4409 160.4582
160 162.5267 162.4753 162.4524 162.4410 162.4583
162 164.5270 164.4755 164.4526 164.4411 164.4584
164 166.5273 166.4757 166.4527 166.4411 166.4584
166 168.5276 168.4759 168.4528 168.4412 168.4585
168 170.5279 170.4760 170.4529 170.4413 170.4585
170 172.5282 172.4761 172.4531 172.4414 172.4586
180 182.5297 182.4771 182.4537 182.4418 182.4589
190 192.5310 192.4780 192.4542 192.4421 192.4591
200 202.5321 202.4786 202.4548 202.4424 202.4593
300 302.5395 302.4831 302.4579 302.4443 302.4606
400 402.5434 402.4854 402.4596 402.4453 402.4613
500 502.5458 502.4868 502.4606 502.4458 502.4619

Table 1. (Continued) Checking External Spur Gear Sizes
by Measurement Over Wires

EVEN NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and Van Keuren standard wire sizes. For any other 
diametral pitch, divide dimension in table by given pitch.

No. of Teeth
Pressure Angle

141⁄2° 171⁄2° 20° 25° 30°

Wire or pin diameter 1.728
Diametral Pitch
-------------------------------------=
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Table 2. Checking External Spur Gear Sizes
by Measurement Over Wires

ODD NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and Van Keuren standard wire sizes. For any other 
diametral pitch, divide dimension in table by given pitch.

No. of Teeth
Pressure Angle

141⁄2° 171⁄2° 20° 25° 30°
7 9.1116 9.1172 9.1260 9.1536 9.1928
9 11.1829 11.1844 11.1905 11.2142 11.2509

11 13.2317 13.2296 13.2332 13.2536 13.2882
13 15.2677 15.2617 15.2639 15.2814 15.3142
15 17.2957 17.2873 17.2871 17.3021 17.3329
17 19.3182 19.3072 19.3053 19.3181 19.3482
19 21.3368 21.3233 21.3200 21.3310 21.3600
21 23.3524 23.3368 23.3321 23.3415 23.3696
23 25.3658 25.3481 25.3423 25.3502 25.3775
25 27.3774 27.3579 27.3511 27.3576 27.3842
27 29.3876 29.3664 29.3586 29.3640 29.3899
29 31.3966 31.3738 31.3652 31.3695 31.3948
31 33.4047 33.3804 33.3710 33.3743 33.3991
33 35.4119 35.3863 35.3761 35.3786 35.4029
35 37.4185 37.3916 37.3807 37.3824 37.4063
37 39.4245 39.3964 39.3849 39.3858 39.4094
39 41.4299 41.4007 41.3886 41.3889 41.4120
41 43.4348 43.4047 43.3920 43.3917 43.4145
43 45.4394 45.4083 45.3951 45.3942 45.4168
45 47.4437 47.4116 47.3980 47.3965 47.4188
47 49.4477 49.4147 49.4007 49.3986 49.4206
49 51.4514 51.4175 51.4031 51.4006 51.4223
51 53.4547 53.4202 53.4053 53.4024 53.4239
53 55.4579 55.4227 55.4074 55.4041 55.4254
55 57.4609 57.4249 57.4093 57.4056 57.4267
57 59.4637 59.4271 59.4111 59.4071 59.4280
59 61.4664 61.4291 61.4128 61.4084 61.4292
61 63.4689 63.4310 63.4144 63.4097 63.4303
63 65.4712 65.4328 65.4159 65.4109 65.4313
65 67.4734 67.4344 67.4173 67.4120 67.4323
67 69.4755 69.4360 69.4186 69.4130 69.4332
69 71.4775 71.4375 71.4198 71.4140 71.4341
71 73.4795 73.4389 73.4210 73.4150 73.4349
73 75.4813 75.4403 75.4221 75.4159 75.4357
75 77.4830 77.4416 77.4232 77.4167 77.4364
77 79.4847 79.4428 79.4242 79.4175 79.4371
79 81.4863 81.4440 81.4252 81.4183 81.4378
81 83.4877 83.4451 83.4262 83.4190 83.4384
83 85.4892 85.4462 85.4271 85.4196 85.4390
85 87.4906 87.4472 87.4279 87.4203 87.4395
87 89.4919 89.4481 89.4287 89.4209 89.4400
89 91.4932 91.4490 91.4295 91.4215 91.4405
91 93.4944 93.4499 93.4303 93.4221 93.4410
93 95.4956 95.4508 95.4310 95.4227 95.4415

Wire or pin diameter 1.728
Diametral Pitch
-------------------------------------=
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95 97.4967 97.4516 97.4317 97.4232 97.4420
97 99.4978 99.4524 99.4323 99.4237 99.4424
99 101.4988 101.4532 101.4329 101.4242 101.4428

101 103.4998 103.4540 103.4335 103.4247 103.4432
103 105.5008 105.4546 105.4341 105.4252 105.4436
105 107.5017 107.4553 107.4346 107.4256 107.4440
107 109.5026 109.4559 109.4352 109.4260 109.4443
109 111.5035 111.4566 111.4357 111.4264 111.4447
111 113.5044 113.4572 113.4362 113.4268 113.4450
113 115.5052 115.4578 115.4367 115.4272 115.4453
115 117.5060 117.4584 117.4372 117.4275 117.4456
117 119.5068 119.4589 119.4376 119.4279 119.4459
119 121.5075 121.4594 121.4380 121.4282 121.4462
121 123.5082 123.4599 123.4384 123.4285 123.4465
123 125.5089 125.4604 125.4388 125.4288 125.4468
125 127.5096 127.4609 127.4392 127.4291 127.4471
127 129.5103 129.4614 129.4396 129.4294 129.4473
129 131.5109 131.4619 131.4400 131.4297 131.4476
131 133.5115 133.4623 133.4404 133.4300 133.4478
133 135.5121 135.4628 135.4408 135.4302 135.4480
135 137.5127 137.4632 137.4411 137.4305 137.4483
137 139.5133 139.4636 139.4414 139.4307 139.4485
139 141.5139 141.4640 141.4418 141.4310 141.4487
141 143.5144 143.4644 143.4421 143.4312 143.4489
143 145.5149 145.4648 145.4424 145.4315 145.4491
145 147.5154 147.4651 147.4427 147.4317 147.4493
147 149.5159 149.4655 149.4430 149.4319 149.4495
149 151.5164 151.4658 151.4433 151.4321 151.4497
151 153.5169 153.4661 153.4435 153.4323 153.4498
153 155.5174 155.4665 155.4438 155.4325 155.4500
155 157.5179 157.4668 157.4440 157.4327 157.4502
157 159.5183 159.4671 159.4443 159.4329 159.4504
159 161.5188 161.4674 161.4445 161.4331 161.4505
161 163.5192 163.4677 163.4448 163.4333 163.4507
163 165.5196 165.4680 165.4450 165.4335 165.4508
165 167.5200 167.4683 167.4453 167.4337 167.4510
167 169.5204 169.4686 169.4455 169.4338 169.4511
169 171.5208 171.4688 171.4457 171.4340 171.4513
171 173.5212 173.4691 173.4459 173.4342 173.4514
181 183.5230 183.4704 183.4469 183.4350 183.4520
191 193.5246 193.4715 193.4478 193.4357 193.4526
201 203.5260 203.4725 203.4487 203.4363 203.4532
301 303.5355 303.4790 303.4538 303.4402 303.4565
401 403.5404 403.4823 403.4565 403.4422 403.4582
501 503.5433 503.4843 503.4581 503.4434 503.4592

Table 2. Checking External Spur Gear Sizes
by Measurement Over Wires

ODD NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and Van Keuren standard wire sizes. For any other 
diametral pitch, divide dimension in table by given pitch.

No. of Teeth
Pressure Angle

141⁄2° 171⁄2° 20° 25° 30°

Wire or pin diameter 1.728
Diametral Pitch
-------------------------------------=
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Table 3. Checking Internal Spur Gear Sizes
by Measurement Between Wires

EVEN NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and Van Keuren standard wire sizes. For any other 
diametral pitch, divide dimension in table by given pitch.

No. of Teeth
Pressure Angle

141⁄2° 171⁄2° 20° 25° 30°
10 8.8337 8.7383 8.6617 8.5209 8.3966
12 10.8394 10.7404 10.6623 10.5210 10.3973
14 12.8438 12.7419 12.6627 12.5210 12.3978
16 14.8474 14.7431 14.6630 14.5210 14.3982
18 16.8504 16.7441 16.6633 16.5210 16.3985
20 18.8529 18.7449 18.6635 18.5211 18.3987
22 20.8550 20.7456 20.6636 20.5211 20.3989
24 22.8569 22.7462 22.6638 22.5211 22.3991
26 24.8585 24.7467 24.6639 24.5211 24.3992
28 26.8599 26.7471 26.6640 26.5211 26.3993
30 28.8612 28.7475 28.6641 28.5211 28.3994
32 30.8623 30.7478 30.6642 30.5211 30.3995
34 32.8633 32.7481 32.6642 32.5211 32.3995
36 34.8642 34.7483 34.6643 34.5212 34.3996
38 36.8650 36.7486 36.6642 36.5212 36.3996
40 38.8658 38.7488 38.6644 38.5212 38.3997
42 40.8665 40.7490 40.6644 40.5212 40.3997
44 42.8672 42.7492 42.6645 42.5212 42.3998
46 44.8678 44.7493 44.6645 44.5212 44.3998
48 46.8683 46.7495 46.6646 46.5212 46.3999
50 48.8688 48.7496 48.6646 48.5212 48.3999
52 50.8692 50.7497 50.6646 50.5212 50.3999
54 52.8697 52.7499 52.6647 52.5212 52.4000
56 54.8701 54.7500 54.6647 54.5212 54.4000
58 56.8705 56.7501 56.6648 56.5212 56.4001
60 58.8709 58.7502 58.6648 58.5212 58.4001
62 60.8712 60.7503 60.6648 60.5212 60.4001
64 62.8715 62.7504 62.6648 62.5212 62.4001
66 64.8718 64.7505 64.6649 64.5212 64.4001
68 66.8721 66.7505 66.6649 66.5212 66.4001
70 68.8724 68.7506 68.6649 68.5212 68.4001
72 70.8727 70.7507 70.6649 70.5212 70.4002
74 72.8729 72.7507 72.6649 72.5212 72.4002
76 74.8731 74.7508 74.6649 74.5212 74.4002
78 76.8734 76.7509 76.6649 76.5212 76.4002
80 78.8736 78.7509 78.6649 78.5212 78.4002
82 80.8738 80.7510 80.6649 80.5212 80.4002
84 82.8740 82.7510 82.6649 82.5212 82.4002
86 84.8742 84.7511 84.6650 84.5212 84.4002
88 86.8743 86.7511 86.6650 86.5212 86.4003
90 88.8745 88.7512 88.6650 88.5212 88.4003
92 90.8747 90.7512 90.6650 90.5212 90.4003
94 92.8749 92.7513 92.6650 92.5212 92.4003

Wire or pin diameter 1.44
Diametral Pitch
-------------------------------------=
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96 94.8750 94.7513 94.6650 94.5212 94.4003
98 96.8752 96.7513 96.6650 96.5212 96.4003

100 98.8753 98.7514 98.6650 98.5212 98.4003
102 100.8754 100.7514 100.6650 100.5212 100.4003
104 102.8756 102.7514 102.6650 102.5212 102.4003
106 104.8757 104.7515 104.6650 104.5212 104.4003
108 106.8758 106.7515 106.6650 106.5212 106.4003
110 108.8759 108.7515 108.6651 108.5212 108.4004
112 110.8760 110.7516 110.6651 110.5212 110.4004
114 112.8761 112.7516 112.6651 112.5212 112.4004
116 114.8762 114.7516 114.6651 114.5212 114.4004
118 116.8763 116.7516 116.6651 116.5212 116.4004
120 118.8764 118.7517 118.6651 118.5212 118.4004
122 120.8765 120.7517 120.6651 120.5212 120.4004
124 122.8766 122.7517 122.6651 122.5212 122.4004
126 124.8767 124.7517 124.6651 124.5212 124.4004
128 126.8768 126.7518 126.6651 126.5212 126.4004
130 128.8769 128.7518 128.6652 128.5212 128.4004
132 130.8769 130.7518 130.6652 130.5212 130.4004
134 132.8770 132.7518 132.6652 132.5212 132.4004
136 134.8771 134.7519 134.6652 134.5212 134.4004
138 136.8772 136.7519 136.6652 136.5212 136.4004
140 138.8773 138.7519 138.6652 138.5212 138.4004
142 140.8773 140.7519 140.6652 140.5212 140.4004
144 142.8774 142.7519 142.6652 142.5212 142.4004
146 144.8774 144.7520 144.6652 144.5212 144.4004
148 146.8775 146.7520 146.6652 146.5212 146.4004
150 148.8775 148.7520 148.6652 148.5212 148.4005
152 150.8776 150.7520 150.6652 150.5212 150.4005
154 152.8776 152.7520 152.6652 152.5212 152.4005
156 154.8777 154.7520 154.6652 154.5212 154.4005
158 156.8778 156.7520 156.6652 156.5212 156.4005
160 158.8778 158.7520 158.6652 158.5212 158.4005
162 160.8779 160.7520 160.6652 160.5212 160.4005
164 162.8779 162.7521 162.6652 162.5212 162.4005
166 164.8780 164.7521 164.6652 164.5212 164.4005
168 166.8780 166.7521 166.6652 166.5212 166.4005
170 168.8781 168.7521 168.6652 168.5212 168.4005
180 178.8783 178.7522 178.6652 178.5212 178.4005
190 188.8785 188.7522 188.6652 188.5212 188.4005
200 198.8788 198.7523 198.6652 198.5212 198.4005
300 298.8795 298.7525 298.6654 298.5212 298.4005
400 398.8803 398.7527 398.6654 398.5212 398.4006
500 498.8810 498.7528 498.6654 498.5212 498.4006

Table 3. Checking Internal Spur Gear Sizes
by Measurement Between Wires

EVEN NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and Van Keuren standard wire sizes. For any other 
diametral pitch, divide dimension in table by given pitch.

No. of Teeth
Pressure Angle

141⁄2° 171⁄2° 20° 25° 30°

Wire or pin diameter 1.44
Diametral Pitch
-------------------------------------=
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Table 4. Checking Internal Spur Gear Sizes
by Measurement Between Wires

ODD NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and Van Keuren standard wire sizes. For any other diametral pitch, divide dimen-
sions in table by given pitch.

No. of Teeth
Pressure Angle

141⁄2° 171⁄2° 20° 25° 30°

7 5.6393 5.5537 5.4823 5.3462 5.2232
9 7.6894 7.5976 7.5230 7.3847 7.2618
11 9.7219 9.6256 9.5490 9.4094 9.2867
13 11.7449 11.6451 11.5669 11.4265 11.3040
15 13.7620 13.6594 13.5801 13.4391 13.3167
17 15.7752 15.6703 15.5902 15.4487 15.3265
19 17.7858 17.6790 17.5981 17.4563 17.3343
21 19.7945 19.6860 19.6045 19.4625 19.3405
23 21.8017 21.6918 21.6099 21.4676 21.3457
25 23.8078 23.6967 23.6143 23.4719 23.3501
27 25.8130 25.7009 25.6181 25.4755 25.3538
29 27.8176 27.7045 27.6214 27.4787 27.3571
31 29.8216 29.7076 29.6242 29.4814 29.3599
33 31.8251 31.7104 31.6267 31.4838 31.3623
35 33.8282 33.7128 33.6289 33.4860 33.3645
37 35.8311 35.7150 35.6310 35.4879 35.3665
39 37.8336 37.7169 37.6327 37.4896 37.3682
41 39.8359 39.7187 39.6343 39.4911 39.3698
43 41.8380 41.7203 41.6357 41.4925 41.3712
45 43.8399 43.7217 43.6371 43.4938 43.3725
47 45.8416 45.7231 45.6383 45.4950 45.3737
49 47.8432 47.7243 47.6394 47.4960 47.3748
51 49.8447 49.7254 49.6404 49.4970 49.3758
53 51.8461 51.7265 51.6414 51.4979 51.3768
55 53.8474 53.7274 53.6422 53.4988 53.3776
57 55.8486 55.7283 55.6431 55.4996 55.3784
59 57.8497 57.7292 57.6438 57.5003 57.3792
61 59.8508 59.7300 59.6445 59.5010 59.3799
63 61.8517 61.7307 61.6452 61.5016 61.3806
65 63.8526 63.7314 63.6458 63.5022 63.3812
67 65.8535 65.7320 65.6464 65.5028 65.3818
69 67.8543 67.7327 67.6469 67.5033 67.3823
71 69.8551 69.7332 69.6475 69.5038 69.3828
73 71.8558 71.7338 71.6480 71.5043 71.3833
75 73.8565 73.7343 73.6484 73.5048 73.3838
77 75.8572 75.7348 75.6489 75.5052 75.3842
79 77.8573 77.7352 77.6493 77.5056 77.3846
81 79.8584 79.7357 79.6497 79.5060 79.3850
83 81.8590 81.7361 81.6501 81.5064 81.3854
85 83.8595 83.7365 83.6505 83.5067 83.3858
87 85.8600 85.7369 85.6508 85.5071 85.3861
89 87.8605 87.7373 87.6511 87.5074 87.3864
91 89.8610 89.7376 89.6514 89.5077 89.3867
93 91.8614 91.7379 91.6517 91.5080 91.3870
95 93.8619 93.7383 93.6520 93.5082 93.3873
97 95.8623 95.7386 95.6523 95.5085 95.3876
99 97.8627 97.7389 97.6526 97.5088 97.3879

101 99.8631 99.7391 99.6528 99.5090 99.3881
103 101.8635 101.7394 101.6531 101.5093 101.3883
105 103.8638 103.7397 103.6533 103.5095 103.3886
107 105.8642 105.7399 105.6535 105.5097 105.3888
109 107.8645 107.7402 107.6537 107.5099 107.3890
111 109.8648 109.7404 109.6539 109.5101 109.3893

Wire or pin diameter 1.44
Diametral Pitch
-------------------------------------=
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Table 5. Van Keuren Wire Diameters for Gears

113 111.8651 111.7406 111.6541 111.5103 111.3895
115 113.8654 113.7409 113.6543 113.5105 113.3897
117 115.8657 115.7411 115.6545 115.5107 115.3899
119 117.8660 117.7413 117.6547 117.5109 117.3900
121 119.8662 119.7415 119.6548 119.5110 119.3902
123 121.8663 121.7417 121.6550 121.5112 121.3904
125 123.8668 123.7418 123.6552 123.5114 123.3905
127 125.8670 125.7420 125.6554 125.5115 125.3907
129 127.8672 127.7422 127.6556 127.5117 127.3908
131 129.8675 129.7424 129.6557 129.5118 129.3910
133 131.8677 131.7425 131.6559 131.5120 131.3911
135 133.8679 133.7427 133.6560 133.5121 133.3913
137 135.8681 135.7428 135.6561 135.5123 135.3914
139 137.8683 137.7430 137.6563 137.5124 137.3916
141 139.8685 139.7431 139.6564 139.5125 139.3917
143 141.8687 141.7433 141.6565 141.5126 141.3918
145 143.8689 143.7434 143.6566 143.5127 143.3919
147 145.8691 145.7436 145.6568 145.5128 145.3920
149 147.8693 147.7437 147.6569 147.5130 147.3922
151 149.8694 149.7438 149.6570 149.5131 149.3923
153 151.8696 151.7439 151.6571 151.5132 151.3924
155 153.8698 153.7441 153.6572 153.5133 153.3925
157 155.8699 155.7442 155.6573 155.5134 155.3926
159 157.8701 157.7443 157.6574 157.5135 157.3927
161 159.8702 159.7444 159.6575 159.5136 159.3928
163 161.8704 161.7445 161.6576 161.5137 161.3929
165 163.8705 163.7446 163.6577 163.5138 163.3930
167 165.8707 165.7447 165.6578 165.5139 165.3931
169 167.8708 167.7448 167.6579 167.5139 167.3932
171 169.8710 169.7449 169.6580 169.5140 169.3933
181 179.8717 179.7453 179.6584 179.5144 179.3937
191 189.8721 189.7458 189.6588 189.5148 189.3940
201 199.8727 199.7461 199.6591 199.5151 199.3944
301 299.8759 299.7485 299.6612 299.5171 299.3965
401 399.8776 399.7496 399.6623 399.5182 399.3975
501 499.8786 499.7504 499.6629 499.5188 499.3981

External Gears Wire Dia. = 1.728 ÷ D.P. Internal Gears Wire Dia. = 1.44 ÷ D.P.

D.P. Dia. D.P. Dia. D.P. Dia. D.P. Dia.

2 0.86400 16 0.10800 2 0.72000 16 0.09000

21⁄2 0.69120 18 0.09600 21⁄2 0.57600 18 0.08000

3 0.57600 20 0.08640 3 0.48000 20 0.07200
4 0.43200 22 0.07855 4 0.36000 22 0.06545
5 0.34560 24 0.07200 5 0.28800 24 0.06000
6 0.28800 28 0.06171 6 0.24000 28 0.05143
7 0.24686 32 0.05400 7 0.20571 32 0.04500
8 0.21600 36 0.04800 8 0.18000 36 0.04000
9 0.19200 40 0.04320 9 0.16000 40 0.03600

10 0.17280 48 0.03600 10 0.14400 48 0.03000
11 0.15709 64 0.02700 11 0.13091 64 0.02250
12 0.14400 72 0.02400 12 0.12000 72 0.02000
14 0.12343 80 0.02160 14 0.10286 80 0.01800

Table 4. Checking Internal Spur Gear Sizes
by Measurement Between Wires

ODD NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and Van Keuren standard wire sizes. For any other diametral pitch, divide dimen-
sions in table by given pitch.

No. of Teeth
Pressure Angle

141⁄2° 171⁄2° 20° 25° 30°

Wire or pin diameter 1.44
Diametral Pitch
-------------------------------------=
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Measurements for Checking Internal Gears when Wire Diameter Equals 1.44
Divided by Diametral Pitch.—Tables 3 and 4 give measurements between wires for
checking internal gears of 1 diametral pitch. For any other diametral pitch, divide the mea-
surement given in the table by the diametral pitch required. These measurements are based
upon the Van Keuren standard wire size, which, for internal spur gears, equals 1.44 divided
by the diametral pitch (see Table 5).

Even Number of Teeth: For an even number of teeth above 170 and not in Table 3, pro-
ceed as shown by the following example: Assume that the number of teeth = 380 and pres-
sure angle is 141⁄2 degrees; then, for 1 diametral pitch, figure at left of decimal point = given
number of teeth − 2 = 380 − 2 = 378. Figure at right of decimal point lies between decimal
values given in table for 300 and 400 teeth and is obtained by interpolation. Thus, 380 −
300 = 80 (change to 0.80); 0.8803 − 0.8795 = 0.0008; hence, decimal required = 0.8795 +
(0.80 × 0.0008) 0.88014. Total dimension = 378.880l4.

Odd Number of Teeth: Table 4 is for internal gears having odd numbers of teeth. For
tooth numbers above 171 and not in the table, proceed as shown by the following example:
Assume that number of teeth = 337 and pressure angle is 141⁄2 degrees; then, for 1 diametral
pitch, figure at left of decimal point = given No. of teeth − 2 = 337 − 2 = 335. Figure at right
of decimal point lies between decimal values given in table for 301 and 401 teeth and is
obtained by interpolation. Thus, 337 − 301 = 36 (change to 0.36); 0.8776 − 0.8759 =
0.0017; hence, decimal required = 0.8759 + (0.36 × 0.0017) = 0.8765. Total dimension =
335.8765.

Measurements for Checking External Spur Gears when Wire Diameter Equals 1.68
Divided by Diametral Pitch.—Tables 7 and 8 give measurements M, in inches, for
checking the pitch diameters of external spur gears of 1 diametral pitch. For any other
diametral pitch, divide the measurement given in the table by whatever diametral pitch is
required. The result shows what measurement M should be when the pitch diameter is cor-
rect and there is no allowance for backlash. The procedure for checking for a given amount
of backlash when the diameter of the measuring wires equals 1.68 divided by the diametral
pitch is explained under a subsequent heading. Tables 7 and 8 are based upon wire sizes
equal to 1.68 divided by the diametral pitch. The corresponding wire diameters for various
diametral pitches are given in Table 6.

Table 6. Wire Diameters for Spur and Helical Gears Based upon 1.68 Constant

Pin diameter = 1.68 ÷ diametral pitch for spur gears and 1.68 ÷ normal diametral pitch for helical
gears.

To find measurement M of an external spur gear using wire sizes equal to 1.68 inches
divided by the diametral pitch, the same method is followed in using Tables 7 and 8 as that
outlined for Tables 1 and 2.

Diametral
or Normal
Diametral

Pitch
Wire

Diameter

Diametral
or Normal
Diametral

Pitch
Wire

Diameter

Diametral
or Normal
Diametral

Pitch
Wire

Diameter

Diametral
or Normal
Diametral

Pitch
Wire

Diameter

2 0.840 8 0.210 18 0.09333 40 0.042

21⁄2 0.672 9 0.18666 20 0.084 48 0.035

3 0.560 10 0.168 22 0.07636 64 0.02625

4 0.420 11 0.15273 24 0.070 72 0.02333

5 0.336 12 0.140 28 0.060 80 0.021

6 0.280 14 0.120 32 0.0525 … …

7 0.240 16 0.105 36 0.04667 … …
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Table 7. Checking External Spur Gear Sizes
by Measurement Over Wires

EVEN NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and 1.68-inch series wire sizes (a Van Keuren standard). For any other 
diametral pitch, divide dimension in table by given pitch.

No. of 
Teeth

Pressure Angle

141⁄2° 171⁄2° 20° 25° 30°
6 8.1298 8.1442 8.1600 8.2003 8.2504
8 10.1535 10.1647 10.1783 10.2155 10.2633

10 12.1712 12.1796 12.1914 12.2260 12.2722
12 14.1851 14.1910 14.2013 14.2338 14.2785
14 16.1964 16.2001 16.2091 16.2397 16.2833
16 18.2058 18.2076 18.2154 18.2445 18.2871
18 20.2137 20.2138 20.2205 20.2483 20.2902
20 22.2205 22.2190 22.2249 22.2515 22.2927
22 24.2265 24.2235 24.2286 24.2542 24.2949
24 26.2317 26.2275 26.2318 26.2566 26.2967
26 28.2363 28.2309 28.2346 28.2586 28.2982
28 30.2404 30.2339 30.2371 30.2603 30.2996
30 32.2441 32.2367 32.2392 32.2619 32.3008
32 34.2475 34.2391 34.2412 34.2632 34.3017
34 36.2505 36.2413 36.2430 36.2644 36.3026
36 38.2533 38.2433 38.2445 38.2655 38.3035
38 40.2558 40.2451 40.2460 40.2666 40.3044
40 42.2582 42.2468 42.2473 42.2675 42.3051
42 44.2604 44.2483 44.2485 44.2683 44.3057
44 46.2624 46.2497 46.2496 46.2690 46.3063
46 48.2642 48.2510 48.2506 48.2697 48.3068
48 50.2660 50.2522 50.2516 50.2704 50.3073
50 52.2676 52.2534 52.2525 52.2710 52.3078
52 54.2691 54.2545 54.2533 54.2716 54.3082
54 56.2705 56.2555 56.2541 56.2721 56.3086
56 58.2719 58.2564 58.2548 58.2726 58.3089
58 60.2731 60.2572 60.2555 60.2730 60.3093
60 62.2743 62.2580 62.2561 62.2735 62.3096
62 64.2755 64.2587 64.2567 64.2739 64.3099
64 66.2765 66.2594 66.2572 66.2742 66.3102
66 68.2775 68.2601 68.2577 68.2746 68.3104
68 70.2785 70.2608 70.2582 70.2749 70.3107
70 72.2794 72.2615 72.2587 72.2752 72.3109
72 74.2803 74.2620 74.2591 74.2755 74.3111
74 76.2811 76.2625 76.2596 76.2758 76.3113
76 78.2819 78.2631 78.2600 78.2761 78.3115
78 80.2827 80.2636 80.2604 80.2763 80.3117
80 82.2834 82.2641 82.2607 82.2766 82.3119
82 84.2841 84.2646 84.2611 84.2768 84.3121
84 86.2847 86.2650 86.2614 86.2771 86.3123
86 88.2854 88.2655 88.2617 88.2773 88.3124
88 90.2860 90.2659 90.2620 90.2775 90.3126
90 92.2866 92.2662 92.2624 92.2777 92.3127
92 94.2872 94.2666 94.2626 94.2779 94.3129
94 96.2877 96.2670 96.2629 96.2780 96.3130
96 98.2882 98.2673 98.2632 98.2782 98.3131
98 100.2887 100.2677 100.2635 100.2784 100.3132

100 102.2892 102.2680 102.2638 102.2785 102.3134
102 104.2897 104.2683 104.2640 104.2787 104.3135

Wire or pin diameter 1.68
Diametral Pitch
-------------------------------------=
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Allowance for Backlash: Tables 1, 2, 7, and 8 give measurements over wires when the
pitch diameters are correct and there is no allowance for backlash or play between meshing
teeth. Backlash is obtained by cutting the teeth somewhat deeper than standard, thus reduc-
ing the thickness. Usually, the teeth of both mating gears are reduced in thickness an
amount equal to one-half of the total backlash desired. However, if the pinion is small, it is
common practice to reduce the gear teeth the full amount of backlash and the pinion is
made to standard size. The changes in measurements M over wires, for obtaining backlash
in external spur gears, are listed in Table 9.

104 106.2901 106.2685 106.2642 106.2788 106.3136
106 108.2905 108.2688 108.2644 108.2789 108.3137
108 110.2910 110.2691 110.2645 110.2791 110.3138
110 112.2914 112.2694 112.2647 112.2792 112.3139
112 114.2918 114.2696 114.2649 114.2793 114.3140
114 116.2921 116.2699 116.2651 116.2794 116.3141
116 118.2925 118.2701 118.2653 118.2795 118.3142
118 120.2929 120.2703 120.2655 120.2797 120.3142
120 122.2932 122.2706 122.2656 122.2798 122.3143
122 124.2936 124.2708 124.2658 124.2799 124.3144
124 126.2939 126.2710 126.2660 126.2800 126.3145
126 128.2941 128.2712 128.2661 128.2801 128.3146
128 130.2945 130.2714 130.2663 130.2802 130.3146
130 132.2948 132.2716 132.2664 132.2803 132.3147
132 134.2951 134.2718 134.2666 134.2804 134.3147
134 136.2954 136.2720 136.2667 136.2805 136.3148
136 138.2957 138.2722 138.2669 138.2806 138.3149
138 140.2960 140.2724 140.2670 140.2807 140.3149
140 142.2962 142.2725 142.2671 142.2808 142.3150
142 144.2965 144.2727 144.2672 144.2808 144.3151
144 146.2967 146.2729 146.2674 146.2809 146.3151
146 148.2970 148.2730 148.2675 148.2810 148.3152
148 150.2972 150.2732 150.2676 150.2811 150.3152
150 152.2974 152.2733 152.2677 152.2812 152.3153
152 154.2977 154.2735 154.2678 154.2812 154.3153
154 156.2979 156.2736 156.2679 156.2813 156.3154
156 158.2981 158.2737 158.2680 158.2813 158.3155
158 160.2983 160.2739 160.2681 160.2814 160.3155
160 162.2985 162.2740 162.2682 162.2815 162.3155
162 164.2987 164.2741 164.2683 164.2815 164.3156
164 166.2989 166.2742 166.2684 166.2816 166.3156
166 168.2990 168.2744 168.2685 168.2816 168.3157
168 170.2992 170.2745 170.2686 170.2817 170.3157
170 172.2994 172.2746 172.2687 172.2818 172.3158
180 182.3003 182.2752 182.2691 182.2820 182.3160
190 192.3011 192.2757 192.2694 192.2823 192.3161
200 202.3018 202.2761 202.2698 202.2825 202.3163
300 302.3063 302.2790 302.2719 302.2839 302.3173
400 402.3087 402.2804 402.2730 402.2845 402.3178
500 502.3101 502.2813 502.2736 502.2850 502.3181

Table 7. Checking External Spur Gear Sizes
by Measurement Over Wires

EVEN NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and 1.68-inch series wire sizes (a Van Keuren standard). For any other 
diametral pitch, divide dimension in table by given pitch.

No. of 
Teeth

Pressure Angle

141⁄2° 171⁄2° 20° 25° 30°

Wire or pin diameter 1.68
Diametral Pitch
-------------------------------------=
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Table 8. Checking External Spur Gear Sizes
by Measurement Over Wires

ODD NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and 1.68-inch series wire sizes (a Van Keuren standard). For any other 
diametral pitch, divide dimension in table by given pitch.

No. of
Teeth

Pressure Angle

141⁄2° 17 1⁄2° 20° 25° 30°

5 6.8485 6.8639 6.8800 6.9202 6.9691
7 8.9555 8.9679 8.9822 9.0199 9.0675
9 11.0189 11.0285 11.0410 11.0762 11.1224

11 13.0615 13.0686 13.0795 13.1126 13.1575
13 15.0925 15.0973 15.1068 15.1381 15.1819
15 17.1163 17.1190 17.1273 17.1570 17.1998
17 19.1351 19.1360 19.1432 19.1716 19.2136
19 21.1505 21.1498 21.1561 21.1832 21.2245
21 23.1634 23.1611 23.1665 23.1926 23.2334
23 25.1743 25.1707 25.1754 25.2005 25.2408
25 27.1836 27.1788 27.1828 27.2071 27.2469
27 29.1918 29.1859 29.1892 29.2128 29.2522
29 31.1990 31.1920 31.1948 31.2177 31.2568
31 33.2053 33.1974 33.1997 33.2220 33.2607
33 35.2110 35.2021 35.2041 35.2258 35.2642
35 37.2161 37.2065 37.2079 37.2292 37.2674
37 39.2208 39.2104 39.2115 39.2323 39.2702
39 41.2249 41.2138 41.2147 41.2349 41.2726
41 43.2287 43.2170 43.2174 43.2374 43.2749
43 45.2323 45.2199 45.2200 45.2396 45.2769
45 47.2355 47.2226 47.2224 47.2417 47.2788
47 49.2385 49.2251 49.2246 49.2435 49.2805
49 51.2413 51.2273 51.2266 51.2452 51.2820
51 53.2439 53.2294 53.2284 53.2468 53.2835
53 55.2463 55.2313 55.2302 55.2483 55.2848
55 57.2485 57.2331 57.2318 57.2497 57.2861
57 59.2506 59.2348 59.2333 59.2509 59.2872
59 61.2526 61.2363 61.2347 61.2521 61.2883
61 63.2545 63.2378 63.2360 63.2532 63.2893
63 65.2562 65.2392 65.2372 65.2543 65.2902
65 67.2579 67.2406 67.2383 67.2553 67.2911
67 69.2594 69.2419 69.2394 69.2562 69.2920
69 71.2609 71.2431 71.2405 71.2571 71.2928
71 73.2623 73.2442 73.2414 73.2579 73.2935
73 75.2636 75.2452 75.2423 75.2586 75.2942
75 77.2649 77.2462 77.2432 77.2594 77.2949
77 79.2661 79.2472 79.2440 79.2601 79.2955
79 81.2673 81.2481 81.2448 81.2607 81.2961
81 83.2684 83.2490 83.2456 83.2614 83.2967
83 85.2694 85.2498 85.2463 85.2620 85.2972
85 87.2704 87.2506 87.2470 87.2625 87.2977
87 89.2714 89.2514 89.2476 89.2631 89.2982
89 91.2723 91.2521 91.2482 91.2636 91.2987
91 93.2732 93.2528 93.2489 93.2641 93.2991
93 95.2741 95.2534 95.2494 95.2646 95.2996

Wire or pin diameter 1.68
Diametral Pitch
-------------------------------------=
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95 97.2749 97.2541 97.2500 97.2650 97.3000
97 99.2757 99.2547 99.2506 99.2655 99.3004
99 101.2764 101.2553 101.2511 101.2659 101.3008

101 103.2771 103.2558 103.2516 103.2663 103.3011
103 105.2778 105.2563 105.2520 105.2667 105.3015
105 107.2785 107.2568 107.2525 107.2671 107.3018
107 109.2791 109.2573 109.2529 109.2674 109.3021
109 111.2798 111.2578 111.2533 111.2678 111.3024
111 113.2804 113.2583 113.2537 113.2681 113.3027
113 115.2809 115.2588 115.2541 115.2684 115.3030
115 117.2815 117.2592 117.2544 117.2687 117.3033
117 119.2821 119.2596 119.2548 119.2690 119.3036
119 121.2826 121.2601 121.2552 121.2693 121.3038
121 123.2831 123.2605 123.2555 123.2696 123.3041
123 125.2836 125.2608 125.2558 125.2699 125.3043
125 127.2841 127.2612 127.2562 127.2702 127.3046
127 129.2846 129.2615 129.2565 129.2704 129.3048
129 131.2851 131.2619 131.2568 131.2707 131.3050
131 133.2855 133.2622 133.2571 133.2709 133.3053
133 135.2859 135.2626 135.2574 135.2712 135.3055
135 137.2863 137.2629 137.2577 137.2714 137.3057
137 139.2867 139.3632 139.2579 139.2716 139.3059
139 141.2871 141.2635 141.2582 141.2718 141.3060
141 143.2875 143.2638 143.2584 143.2720 143.3062
143 145.2879 145.2641 145.2587 145.2722 145.3064
145 147.2883 147.2644 147.2589 147.2724 147.3066
147 149.2887 149.2647 149.2591 149.2726 149.3068
149 151.2890 151.2649 151.2594 151.2728 151.3069
151 153.2893 153.2652 153.2596 153.2730 153.3071
153 155.2897 155.2654 155.2598 155.2732 155.3073
155 157.2900 157.2657 157.2600 157.2733 157.3074
157 159.2903 159.2659 159.2602 159.2735 159.3076
159 161.2906 161.2661 161.2604 161.2736 161.3077
161 163.2909 163.2663 163.2606 163.2738 163.3078
163 165.2912 165.2665 165.2608 165.2740 165.3080
165 167.2915 167.2668 167.2610 167.2741 167.3081
167 169.2917 169.2670 169.2611 169.2743 169.3083
169 171.2920 171.2672 171.2613 171.2744 171.3084
171 173.2922 173.2674 173.2615 173.2746 173.3085
181 183.2936 183.2684 183.2623 183.2752 183.3091
191 193.2947 193.2692 193.2630 193.2758 193.3097
201 203.2957 203.2700 203.2636 203.2764 203.3101
301 303.3022 303.2749 303.2678 303.2798 303.3132
401 403.3056 403.2774 403.2699 403.2815 403.3147
501 503.3076 503.2789 503.2711 503.2825 503.3156

Table 8. Checking External Spur Gear Sizes
by Measurement Over Wires

ODD NUMBERS OF TEETH

Dimensions in table are for 1 diametral pitch and 1.68-inch series wire sizes (a Van Keuren standard). For any other 
diametral pitch, divide dimension in table by given pitch.

No. of
Teeth

Pressure Angle

141⁄2° 17 1⁄2° 20° 25° 30°

Wire or pin diameter 1.68
Diametral Pitch
-------------------------------------=
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Table 9. Backlash Allowances for External and Internal Spur Gears

Measurements for Checking Helical Gears using Wires or Balls.—Helical gears may
be checked for size by using one wire, or ball; two wires, or balls; and three wires, depend-
ing on the case at hand. Three wires may be used for measurement of either even or odd
tooth numbers provided that the face width and helix angle of the gear permit the arrange-
ment of two wires in adjacent tooth spaces on one side of the gear and a third wire on the
opposite side. The wires should be held between flat, parallel plates. The measurement
between these plates, and perpendicular to the gear axis, will be the same for both even and
odd numbers of teeth because the axial displacement of the wires with the odd numbers of
teeth does not affect the perpendicular measurement between the plates. The calculation of
measurements over three wires is the same as described for measurements over two wires
for even numbers of teeth.

Measurements over One Wire or One Ball for Even or Odd Numbers of Teeth: Thi s
measurement is calculated by the method for measurement over two wires for even num-
bers of teeth and the result divided by two to obtain the measurement from over the wire or
ball to the center of the gear mounted on an arbor.

Measurement over Two Wires or Two Balls for Even Numbers of Teeth: The measure-
ment over two wires (or two balls kept in the same plane by holding them against a surface
parallel to the face of the gear) is calculated as follows: First, calculate the pitch diameter
of the helical gear from the formula D = Number of teeth divided by the product of the nor-
mal diametral pitch and the cosine of the helix angle, D = N ÷ (Pn × cos ψ). Next, calculate
the number of teeth, Ne, there would be in a spur gear for it to have the same tooth curvature
as the helical gear has in the normal plane: Ne = N/cos3 ψ. Next, refer to Table 7 for spur
gears with even tooth numbers and find, by interpolation, the decimal value of the constant
for this number of teeth under the given normal pressure angle. Finally, add 2 to this deci-
mal value and divide the sum by the normal diametral pitch Pn. The result of this calcula-
tion, added to the pitch diameter D, is the measurement over two wires or balls.

Example:A helical gear has 32 teeth of 6 normal diametral pitch, 20 degree pressure
angle, and 23 degree helix angle. Determine the measurement over two wires, M, without
allowance for backlash.

D = 32 ÷ 6 × cos 23° = 5.7939; Ne = 32 ÷ cos3 23° = 41.027; and in Table 7, fourth column,
the decimal part of the measurement for 40 teeth is .2473 and that for 42 teeth is .2485. The

No. of Teeth

141⁄2° 171⁄2° 20° 25° 30°

Ext. Int. Ext. Int. Ext. Int. Ext. Int. Ext. Int.

5 .0019 .0024 .0018 .0024 .0017 .0023 .0015 .0021 .0013 .0019

10 .0024 .0029 .0022 .0027 .0020 .0026 .0017 .0022 .0015 .0018

20 .0028 .0032 .0025 .0029 .0023 .0027 .0019 .0022 .0016 .0018

30 .0030 .0034 .0026 .0030 .0024 .0027 .0020 .0022 .0016 .0018

40 .0031 .0035 .0027 .0030 .0025 .0027 .0020 .0022 .0017 .0018

50 .0032 .0036 .0028 .0031 .0025 .0027 .0020 .0022 .0017 .0018

100 .0035 .0037 .0030 .0031 .0026 .0027 .0021 .0022 .0017 .0017

200 .0036 .0038 .0031 .0031 .0027 .0027 .0021 .0022 .0017 .0017

External Gears: For each 0.001 inch reduction in pitch-line tooth thickness, reduce measurement over wires 
obtained from Tables 1, 2, 7, or 8 by the amount shown below.

Internal Gears: For each 0.001 inch reduction in pitch-line tooth thickness, increase measurement between wires 
obtained from Tables 3 or 4 by the amounts shown below.

Backlash on pitch line equals double tooth thickness reduction when teeth of both mating gears are reduced. If teeth 
of one gear only are reduced, backlash on pitch line equals amount of reduction.

Example: For a 30-tooth, 10-diametral pitch, 20-degree pressure angle, external gear the measurement over wires 
from Table 1 is 32.4102 ÷ 10. For a backlash of 0.002 this measurement must be reduced by 2 × 0.0024 to 3.2362 or 
(3.2410 − 0.0048).
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decimal part for 41.027 teeth is, by interpolation,  × (.2485 − .2473) + .2473

= 0.2479; (0.2479 + 2) ÷ 6 = 0.3747; and M = 0.3747 + 5.7939 = 6.1686.
This measurement over wires or balls is based upon the use of 1.68/Pn wires or balls. If

measurements over 1.728/Pn diameter wires or balls are preferred, use Table 1 to find the
decimal part described above instead of Table 7.

Measurement over Two Wires or Two Balls for Odd Numbers of Teeth: The procedure is
similar to that for two wire or two ball measurement for even tooth numbers except that a
correction is made in the final M value to account for the wires or balls not being diametri-
cally opposite by one-half tooth interval. In addition, care must be taken to ensure that the
balls or wires are kept in a plane of the gear's rotation as described previously.

Example:A helical gear has 13 teeth of 8 normal diametral pitch, 141⁄2 degree pressure
angle, and 45 degree helix angle. Determine measurement M without allowance for back-
lash based upon the use of 1.728/Pn balls or wires.

As before, D = 13 ⁄8 × cos 45° = 2.2981; Ne = 13/cos3 45° = 36.770; and in the second
column of Table 1 the decimal part of the measurement for 36 teeth is .4565 and that for 38

teeth is .4603. The decimal part for 36.770 teeth is, by interpolation,  ×

(.4603 − .4565) + .4565 = 0.4580; (0.4580 + 2)/8 = 0.3073; and M = 0.3073 + 2.2981 =
2.6054. This measurement is correct for three-wire measurements but, for two balls or
wires held in the plane of rotation of the gear, M must be corrected as follows:

Checking Spur Gear Size by Chordal Measurement Over Two or More Teeth.—

Another method of checking gear sizes, that is generally available, is illustrated by the dia-
gram accompanying Table 10. A vernier caliper is used to measure the distance M over two
or more teeth. The diagram illustrates the measurement over two teeth (or with one inter-
vening tooth space), but three or more teeth might be included, depending upon the pitch.
The jaws of the caliper are merely held in contact with the sides or profiles of the teeth and
perpendicular to the axis of the gear. Measurement M for involute teeth of the correct size
is determined as follows

General Formula for Checking External and Internal Spur Gears by Measurement Over
Wires: The following formulas may be used for pressure angles or wire sizes not covered
by the tables. In these formulas, M = measurement over wires for external gears or mea-
surement between wires for internal gears; D = pitch diameter; T = arc tooth thickness on
pitch circle; W = wire diameter; N = number of gear teeth; A = pressure angle of gear; a =
angle, the cosine of which is required in Formulas (2) and (3).

First determine the involute function of angle a (inv a); then the corresponding angle a is
found by referring to the tables of involute functions beginning on page 111,

(1)

(2)

(3)

Note: In Formulas (1), (2), and (3), use the upper sign for external and the lower sign for
internal gears wherever a ± or � appears in the formulas.

41.027 40–( )
42 40–( )

---------------------------------

36.770 36–( )
38 36–( )

---------------------------------

M  corrected M Ball Diam.–( ) 90° N⁄( ) Ball Diam.+cos×=

2.6054 1.728 8⁄–( ) 90° 13⁄( )cos 1.728 8⁄+×= 2.5880=

inv a inv A
T

D
---- W

D Acos
-----------------± π

N
----+−±=

For even numbers of teeth, M
D Acos

acos
----------------- W±=

For odd numbers of teeth, M
D Acos

acos
-----------------
 
  90°

N
--------cos

 
  W±=
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Table 10. Chordal Measurements over Spur Gear Teeth of 1 Diametral Pitch

Find value of M under pressure angle and 
opposite number of teeth; divide M by 
diametral pitch of gear to be measured 
and then subtract one-half total backlash 
to obtain a measurement M equivalent to 
given pitch and backlash. The number of 
teeth to gage or measure over is shown 
by Table 11.

Number
of Gear
Teeth

M
in Inches
for 1 D.P.

Number
of Gear
Teeth

M
in Inches
for 1 D.P.

Number
of Gear
Teeth

M
in Inches
for 1 D.P.

Number
of Gear
Teeth

M
in Inches
for 1 D.P.

Pressure Angle, 141⁄2 Degrees

12 4.6267 37 7.8024 62 14.0197 87 20.2370
13 4.6321 38 10.8493 63 17.0666 88 23.2838
14 4.6374 39 10.8547 64 17.0720 89 23.2892
15 4.6428 40 10.8601 65 17.0773 90 23.2946
16 4.6482 41 10.8654 66 17.0827 91 23.2999
17 4.6536 42 10.8708 67 17.0881 92 23.3053
18 4.6589 43 10.8762 68 17.0934 93 23.3107
19 7.7058 44 10.8815 69 17.0988 94 23.3160
20 7.7112 45 10.8869 70 17.1042 95 23.3214
21 7.7166 46 10.8923 71 17.1095 96 23.3268
22 7.7219 47 10.8976 72 17.1149 97 23.3322
23 7.7273 48 10.9030 73 17.1203 98 23.3375
24 7.7326 49 10.9084 74 17.1256 99 23.3429
25 7.7380 50 10.9137 75 17.1310 100 23.3483
26 7.7434 51 13.9606 76 20.1779 101 26.3952
27 7.7488 52 13.9660 77 20.1833 102 26.4005
28 7.7541 53 13.9714 78 20.1886 103 26.4059
29 7.7595 54 13.9767 79 20.1940 104 26.4113
30 7.7649 55 13.9821 80 20.1994 105 26.4166
31 7.7702 56 13.9875 81 20.2047 106 26.4220
32 7.7756 57 13.9929 82 20.2101 107 26.4274
33 7.7810 58 13.9982 83 20.2155 108 26.4327
34 7.7683 59 14.0036 84 20.2208 109 26.4381
35 7.7917 60 14.0090 85 20.2262 110 26.4435
36 7.7971 61 14.0143 86 20.2316 … …

Pressure Angle, 20 Degrees

12 4.5963 30 10.7526 48 16.9090 66 23.0653
13 4.6103 31 10.7666 49 16.9230 67 23.0793
14 4.6243 32 10.7806 50 16.9370 68 23.0933
15 4.6383 33 10.7946 51 16.9510 69 23.1073
16 4.6523 34 10.8086 52 16.9650 70 23.1214
17 4.6663 35 10.8226 53 16.9790 71 23.1354
18 4.6803 36 10.8366 54 16.9930 72 23.1494
19 7.6464 37 13.8028 55 19.9591 73 26.1155
20 7.6604 38 13.8168 56 19.9731 74 26.1295
21 7.6744 39 13.8307 57 19.9872 75 26.1435
22 7.6884 40 13.8447 58 20.0012 76 26.1575
23 7.7024 41 13.8587 59 20.0152 77 26.1715
24 7.7165 42 13.8727 60 20.0292 78 26.1855
25 7.7305 43 13.8867 61 20.0432 79 26.1995
26 7.7445 44 13.9007 62 20.0572 80 26.2135
27 7.7585 45 13.9147 63 20.0712 81 26.2275
28 10.7246 46 16.8810 64 23.0373 … …
29 10.7386 47 16.8950 65 23.0513 … …

M

T
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Table for Determining the Chordal Dimension: Table 10 gives the chordal dimensions
for one diametral pitch when measuring over the number of teeth indicated in Table 11. To
obtain any chordal dimension, it is simply necessary to divide chord M in the table (oppo-
site the given number of teeth) by the diametral pitch of the gear to be measured and then
subtract from the quotient one-half the total backlash between the mating pair of gears. In
cases where a small pinion is used with a large gear and all of the backlash is to be obtained
by reducing the gear teeth, the total amount of backlash is subtracted from the chordal
dimension of the gear and nothing from the chordal dimension of the pinion. The applica-
tion of the tables will be illustrated by an example.

Table 11. Number of Teeth Included in Chordal Measurement

This table shows the number of teeth to be included between the jaws of the vernier caliper in mea-
suring dimension M as explained in connection with Table 10.

Example:Determine the chordal dimension for checking the size of a gear having 30
teeth of 5 diametral pitch and a pressure angle of 20 degrees. A total backlash of 0.008 inch
is to be obtained by reducing equally the teeth of both mating gears.

Table 10 shows that chordal distance for 30 teeth of one diametral pitch and a pressure
angle of 20 degrees is 10.7526 inches; one-half of the backlash equals 0.004 inch; hence,

Table 11 shows that this is the chordal dimension when the vernier caliper spans four
teeth, this being the number of teeth to gage over whenever gears of 20-degree pressure
angle have any number of teeth from 28 to 36, inclusive.

If it is considered necessary to leave enough stock on the gear teeth for a shaving or fin-
ishing cut, this allowance is simply added to the chordal dimension of the finished teeth to
obtain the required measurement over the teeth for the roughing operation. It may be advis-
able to place this chordal dimension for rough machining on the detail drawing.
Formula for Chordal Dimension M.—The required measurement M over spur gear
teeth may be obtained by the following formula in which R = pitch radius of gear, A = pres-
sure angle, T = tooth thickness along pitch circle, N = number of gear teeth, S = number of
tooth spaces between caliper jaws, F = a factor depending on the pressure angle = 0.01109
for 141⁄2°; = 0.01973 for 171⁄2°; = 0.0298 for 20°; = 0.04303 for 221⁄2°; = 0.05995 for 25°.
This factor F equals twice the involute function of the pressure angle.

Example:A spur gear has 30 teeth of 6 diametral pitch and a pressure angle of 141⁄2
degrees. Determine measurement M over three teeth, there being two intervening tooth
spaces.

The pitch radius = 21⁄2 inches, the arc tooth thickness equivalent to 6 diametral pitch is
0.2618 inch (if no allowance is made for backlash) and factor F for 141⁄2 degrees = 0.01109
inch.

Tooth Range
for 141⁄2°
Pressure
Angle

Tooth Range
for 20°

Pressure
Angle

Number of
Teeth to

Gage
Over

Tooth Range
for 141⁄2°
Pressure
Angle

Tooth Range
for 20°

Pressure
Angle

Number of
Teeth to

Gage
Over

12 to 18 12 to 18 2 63 to 75 46 to 54 6

19 to 37 19 to 27 3 76 to 87 55 to 63 7

38 to 50 28 to 36 4 88 to 100 64 to 72 8

51 to 62 37 to 45 5 101 to 110 73 to 81 9

Chordal dimension 10.7526
5

------------------- 0.004– 2.1465 inches= =

M R Acos× T

R
--- 6.2832 S×

N
------------------------- F+ +

 
 ×=
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Checking Enlarged Pinions by Measuring Over Pins or Wires.—When the teeth of
small spur gears or pinions would be undercut if generated by an unmodified straight-sided
rack cutter or hob, it is common practice to make the outside diameter larger than standard.
The amount of increase in outside diameter varies with the pressure angle and number of
teeth, as shown by Table 7 on page 2146. The teeth are always cut to standard depth on a
generating type of machine such as a gear hobber or gear shaper; and because the number
of teeth and pitch are not changed, the pitch diameter also remains unchanged. The tooth
thickness on the pitch circle, however, is increased and wire sizes suitable for standard
gears are not large enough to extend above the tops of these enlarged gears or pinions;
hence, the Van Keuren wire size recommended for these enlarged pinions equals 1.92 ÷
diametral pitch. Table 12 gives measurements over wires of this size, for checking full-
depth involute gears of 1 diametral pitch. For any other pitch, merely divide the measure-
ment given in the table by the diametral pitch. Table 12 applies to pinions that have been
enlarged by the same amounts as given in tables 7 and 8, starting on page 2146. These
enlarged pinions will mesh with standard gears; but if the standard center distance is to be
maintained, reduce the gear diameter below the standard size by as much as the pinion
diameter is increased.

Table 12. Checking Enlarged Spur Pinions by Measurement Over Wires

Measurements over wires are given in table for 1 diametral pitch. For any other diametral pitch, 
divide measurement in table by given pitch. Wire size equals 1.92 ÷ diametral pitch.

Number
of

Teeth

Outside
or Major
Diameter
(Note 1)

Circular
Tooth

Thickness
(Note 2)

Measure-
ment
Over
Wires

Number
of

Teeth

Outside
or Major
Diameter
(Note 1)

Circular
Tooth

Thickness
(Note 2)

Measure-
ment
Over
Wires

141⁄2-degree full-depth involute teeth: 20-degree full-depth involute teeth:

10 13.3731 1.9259 13.6186 10 12.936 1.912 13.5039
11 14.3104 1.9097 14.4966 11 13.818 1.868 14.3299
12 15.2477 1.8935 15.6290 12 14.702 1.826 15.4086
13 16.1850 1.8773 16.5211 13 15.584 1.783 16.2473
14 17.1223 1.8611 17.6244 14 16.468 1.741 17.2933
15 18.0597 1.8449 18.5260 15 17.350 1.698 18.1383
16 18.9970 1.8286 19.6075 16 18.234 1.656 19.1596
17 19.9343 1.8124 20.5156 17 19.116 1.613 20.0080
18 20.8716 1.7962 21.5806

Note 1: These enlargements, which are to 
improve the tooth form and avoid undercut, con-
form to those given in Tables 7 and 8, starting on 
page 2146 where data will be found on the mini-
mum number of teeth in the mating gear.

Note 2: The circular or arc thickness is at the 
standard pitch diameter. The corresponding 
chordal thickness may be found as follows: Mul-
tiply arc thickness by 90 and then divide product 
by 3.1416 × pitch radius; find sine of angle thus 
obtained and multiply it by pitch diameter.

19 21.8089 1.7800 22.4934
20 22.7462 1.7638 23.5451
21 23.6835 1.7476 24.4611
22 24.6208 1.7314 25.5018
23 25.5581 1.7151 26.4201
24 26.4954 1.6989 27.4515
25 27.4328 1.6827 28.3718
26 28.3701 1.6665 29.3952
27 29.3074 1.6503 30.3168
28 30.2447 1.6341 31.3333
29 31.1820 1.6179 32.2558
30 32.1193 1.6017 33.2661
31 33.0566 1.5854 34.1889

M 2.5 0.96815× 0.2618
2.5

---------------- 6.2832 2×
30

------------------------- 0.01109+ + 
 × 1.2941 inches= =
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Classification of Gear Steels.—Gear steels may be divided into two general classes —
the plain carbon and the alloy steels. Alloy steels are used to some extent in the industrial
field, but heat-treated plain carbon steels are far more common. The use of untreated alloy
steels for gears is seldom, if ever, justified, and then, only when heat-treating facilities are
lacking. The points to be considered in determining whether to use heat-treated plain car-
bon steels or heat-treated alloy steels are: Does the service condition or design require the
superior characteristics of the alloy steels, or, if alloy steels are not required, will the
advantages to be derived offset the additional cost? For most applications, plain carbon
steels, heat-treated to obtain the best of their qualities for the service intended, are satisfac-
tory and quite economical. The advantages obtained from using heat-treated alloy steels in
place of heat-treated plain carbon steels are as follows:

1) Increased surface hardness and depth of hardness penetration for the same carbon con-
tent and quench.

2) Ability to obtain the same surface hardness with a less drastic quench and, in the case
of some of the alloys, a lower quenching temperature, thus giving less distortion.

3) Increased toughness, as indicated by the higher values of yield point, elongation, and
reduction of area.

4) Finer grain size, with the resulting higher impact toughness and increased wear resis-
tance.

5) In the case of some of the alloys, better machining qualities or the possibility of
machining at higher hardnesses.
Use of Casehardening Steels.—Each of the two general classes of gear steels may be fur-
ther subdivided as follows: 1) Casehardening steels;  2) full-hardening steels;  and
3) steels that are heat-treated and drawn to a hardness that will permit machining.

The first two — casehardening and full-hardening steels — are interchangeable for some
kinds of service, and the choice is often a matter of personal opinion. Casehardening steels
with their extremely hard, fine-grained (when properly treated) case and comparatively
soft and ductile core are generally used when resistance to wear is desired. Casehardening
alloy steels have a fairly tough core, but not as tough as that of the full-hardening steels. In
order to realize the greatest benefits from the core properties, casehardened steels should
be double-quenched. This is particularly true of the alloy steels, because the benefits
derived from their use seldom justify the additional expense, unless the core is refined and
toughened by a second quench. The penalty that must be paid for the additional refinement
is increased distortion, which may be excessive if the shape or design does not lend itself to
the casehardening process.
Use of “Thru-Hardening” Steels.—Thru-hardening steels are used when great strength,
high endurance limit, toughness, and resistance to shock are required. These qualities are
governed by the kind of steel and treatment used. Fairly high surface hardnesses are obtain-
able in this group, though not so high as those of the casehardening steels. For that reason,
the resistance to wear is not so great as might be obtained, but when wear resistance com-
bined with great strength and toughness is required, this type of steel is superior to the oth-
ers. Thru-hardening steels become distorted to some extent when hardened, the amount
depending upon the steel and quenching medium used. For that reason, thru-hardening
steels are not suitable for high-speed gearing where noise is a factor, or for gearing where
accuracy is of paramount importance, except, of course, in cases where grinding of the
teeth is practicable. The medium and high-carbon percentages require an oil quench, but a
water quench may be necessary for the lower carbon contents, in order to obtain the highest
physical properties and hardness. The distortion, however, will be greater with the water
quench.
Heat-Treatment that Permits Machining.—When the grinding of gear teeth is not prac-
ticable and a high degree of accuracy is required, hardened steels may be drawn or tem-
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pered to a hardness that will permit the cutting of the teeth. This treatment gives a highly
refined structure, great toughness, and, in spite of the low hardness, excellent wearing
qualities. The lower strength is somewhat compensated for by the elimination of the incre-
ment loads due to the impacts which are caused by inaccuracies. When steels that have a
low degree of hardness penetration from surface to core are treated in this manner, the
design cannot be based on the physical properties corresponding to the hardness at the sur-
face. Since the physical properties are determined by the hardness, the drop in hardness
from surface to core will give lower physical properties at the root of the tooth, where the
stress is greatest. The quenching medium may be either oil, water, or brine, depending on
the steel used and hardness penetration desired. The amount of distortion, of course, is
immaterial, because the machining is done after heat-treating.

Making Pinion Harder than Gear to Equalize Wear.—Beneficial results from a wear
standpoint are obtained by making the pinion harder than the gear. The pinion, having a
lesser number of teeth than the gear, naturally does more work per tooth, and the differen-
tial in hardness between the pinion and the gear (the amount being dependent on the ratio)
serves to equalize the rate of wear. The harder pinion teeth correct the errors in the gear
teeth to some extent by the initial wear and then seem to burnish the teeth of the gear and
increase its ability to withstand wear by the greater hardness due to the cold-working of the
surface. In applications where the gear ratio is high and there are no severe shock loads, a
casehardened pinion running with an oil-treated gear, treated to a Brinell hardness at which
the teeth may be cut after treating, is an excellent combination. The pinion, being relatively
small, is distorted but little, and distortion in the gear is circumvented by cutting the teeth
after treatment.

Forged and Rolled Carbon Steels for Gears.—These compositions cover steel for
gears in three groups, according to heat treatment, as follows:

a) case-hardened gears

b) unhardened gears, not heat treated after machining

c) hardened and tempered gears

Forged and rolled carbon gear steels are purchased on the basis of the requirements as to
chemical composition specified in Table 1. Class N steel will normally be ordered in ten
point carbon ranges within these limits. Requirements as to physical properties have been
omitted, but when they are called for the requirements as to carbon shall be omitted. The
steels may be made by either or both the open hearth and electric furnace processes.

Table 1. Compositions of Forged and Rolled Carbon Steels for Gears

Forged and Rolled Alloy Steels for Gears.—These compositions cover alloy steel for
gears, in two classes according to heat treatment, as follows:

a) casehardened gears

b) hardened and tempered gears

Forged and rolled alloy gear steels are purchased on the basis of the requirements as to
chemical composition specified in Table 2. Requirements as to physical properties have
been omitted. The steel shall be made by either or both the open hearth and electric furnace
process.

Heat Treatment Class Carbon Manganese Phosphorus Sulfur

Case-hardened C 0.15-0.25 0.40-0.70 0.045 max 0.055 max

Untreated N 0.25-0.50 0.50-0.80 0.045 max 0.055 max

Hardened (or untreated) H 0.40-0.50 0.40-0.70 0.045 max 0.055 max
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Table 2. Compositions of Forged and Rolled Alloy Steels for Gears

Steel Castings for Gears.—It is recommended that steel castings for cut gears be pur-
chased on the basis of chemical analysis and that only two types of analysis be used, one for
case-hardened gears and the other for both untreated gears and those which are to be hard-
ened and tempered. The steel is to be made by the open hearth, crucible, or electric furnace
processes. The converter process is not recognized. Sufficient risers must be provided to
secure soundness and freedom from undue segregation. Risers should not be broken off the
unannealed castings by force. Where risers are cut off with a torch, the cut should be at least
one-half inch above the surface of the castings, and the remaining metal removed by chip-
ping, grinding, or other noninjurious method.

Steel for use in gears should conform to the requirements for chemical composition indi-
cated in Table 3. All steel castings for gears must be thoroughly normalized or annealed,
using such temperature and time as will entirely eliminate the characteristic structure of
unannealed castings.

Table 3. Compositions of Cast Steels for Gears

Effect of Alloying Metals on Gear Steels.—The effect of the various alloying elements
on steel are here summarized to assist in deciding on the particular kind of alloy steel to use
for specific purposes. The characteristics outlined apply only to heat-treated steels. When
the effect of the addition of an alloying element is stated, it is understood that reference is
made to alloy steels of a given carbon content, compared with a plain carbon steel of the
same carbon content.

Nickel: The addition of nickel tends to increase the hardness and strength, with but little
sacrifice of ductility. The hardness penetration is somewhat greater than that of plain car-
bon steels. Use of nickel as an alloying element lowers the critical points and produces less
distortion, due to the lower quenching temperature. The nickel steels of the case-hardening
group carburize more slowly, but the grain growth is less.

Chromium: Chromium increases the hardness and strength over that obtained by the use
of nickel, though the loss of ductility is greater. Chromium refines the grain and imparts a

Steel
Specification

Chemical Compositiona

a C = carbon; Mn = manganese; Si = silicon; Ni = nickel; Cr = chromium, and Mo = molybdenum. 

C Mn Si Ni Cr Mo

AISI 4130 0.28-0.30 0.40-0.60 0.20-0.35 … 0.80-1.1 0.15-0.25
AISI 4140 0.38-0.43 0.75-1.0 0.20-0.35 … 0.80-1.1 0.15-0.25
AISI 4340 0.38-0.43 0.60-0.80 0.20-0.35 1.65-2.0 0.70-90 0.20-0.30
AISI 4615 0.13-0.18 0.45-0.65 0.20-0.35 1.65-2.0 … 0.20-0.30
AISI 4620 0.17-0.22 0.45-0.65 0.20-0.35 1.65-2.0 … 0.20-0.30
AISI 8615 0.13-0.18 0.70-0.90 0.20-0.35 0.40-0.70 0.40-0.60 0.15-0.25
AISI 8620 0.18-0.23 0.70-0.90 0.20-0.35 0.40-0.70 0.40-0.60 0.15-0.25
AISI 9310 0.08-0.13 0.45-0.65 0.20-0.35 3.0-3.5 1.0-1.4 0.08-0.15
Nitralloy

Type Nb

b Both Nitralloy alloys contain aluminum 0.85-1.2% 

0.20-0.27 0.40-0.70 0.20-0.40 3.2-3.8 1.0-1.3 0.20-0.30

135 Mod.b 0.38-0.45 0.40-0.70 0.20-0.40 … 1.4-1.8 0.30-0.45

Steel
Specification

Chemical Compositiona

a C = carbon; Mn = manganese; and Si = silicon. 

C Mn Si

SAE-0022 0.12-0.22 0.50-0.90 0.60 Max. May be carburized
SAE-0050 0.40-0.50 0.50-0.90 0.80 Max. Hardenable 210-250
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greater depth of hardness. Chromium steels have a high degree of wear resistance and are
easily machined in spite of the fine grain.

Manganese: When present in sufficient amounts to warrant the use of the term alloy, the
addition of manganese is very effective. It gives greater strength than nickel and a higher
degree of toughness than chromium. Owing to its susceptibility to cold-working, it is likely
to flow under severe unit pressures. Up to the present time, it has never been used to any
great extent for heat-treated gears, but is now receiving an increasing amount of attention.

Vanadium: Vanadium has a similar effect to that of manganese—increasing the hard-
ness, strength, and toughness. The loss of ductility is somewhat more than that due to man-
ganese, but the hardness penetration is greater than for any of the other alloying elements.
Owing to the extremely fine-grained structure, the impact strength is high; but vanadium
tends to make machining difficult.

Molybdenum: Molybdenum has the property of increasing the strength without affecting
the ductility. For the same hardness, steels containing molybdenum are more ductile than
any other alloy steels, and having nearly the same strength, are tougher; in spite of the
increased toughness, the presence of molybdenum does not make machining more diffi-
cult. In fact, such steels can be machined at a higher hardness than any of the other alloy
steels. The impact strength is nearly as great as that of the vanadium steels.

Chrome-Nickel Steels: The combination of the two alloying elements chromium and
nickel adds the beneficial qualities of both. The high degree of ductility present in nickel
steels is complemented by the high strength, finer grain size, deep hardening, and wear-
resistant properties imparted by the addition of chromium. The increased toughness makes
these steels more difficult to machine than the plain carbon steels, and they are more diffi-
cult to heat treat. The distortion increases with the amount of chromium and nickel.

Chrome-Vanadium Steels: Chrome-vanadium steels have practically the same tensile
properties as the chrome-nickel steels, but the hardening power, impact strength, and wear
resistance are increased by the finer grain size. They are difficult to machine and become
distorted more easily than the other alloy steels.

Chrome-Molybdenum Steels: This group has the same qualities as the straight molybde-
num steels, but the hardening depth and wear resistance are increased by the addition of
chromium. This steel is very easily heat treated and machined.

Nickel-Molybdenum Steels: Nickel-molybdenum steels have qualities similar to
chrome-molybdenum steel. The toughness is said to be greater, but the steel is somewhat
more difficult to machine.
Sintered Materials.—For high production of low and moderately loaded gears, signifi-
cant production cost savings may be effected by the use of a sintered metal powder. With
this material, the gear is formed in a die under high pressure and then sintered in a furnace.
The primary cost saving comes from the great reduction in labor cost of machining the gear
teeth and other gear blank surfaces. The volume of production must be high enough to
amortize the cost of the die and the gear blank must be of such a configuration that it may
be formed and readily ejected from the die.

Bronze and Brass Gear Castings.—These specifications cover nonferrous metals for
spur, bevel, and worm gears, bushings and flanges for composition gears. This material
shall be purchased on the basis of chemical composition. The alloys may be made by any
approved method.

Spur and Bevel Gears: For spur and bevel gears, hard cast bronze is recommended
(ASTM B-10-18; SAE No. 62; and the well-known 88-10-2 mixture) with the following
limits as to composition: Copper, 86 to 89; tin, 9 to 11; zinc, 1 to 3; lead (max), 0.20; iron
(max), 0.06 per cent. Good castings made from this bronze should have the following min-
imum physical characteristics: Ultimate strength, 30,000 pounds per square inch; yield
point, 15,000 pounds per square inch; elongation in 2 inches, 14 per cent.
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Worm Gears: For bronze worm gears, two alternative analyses of phosphor bronze are
recommended, SAE No. 65 and No. 63.

SAE No. 65 (called phosphor gear bronze) has the following composition: Copper, 88 to
90; tin, 10 to 12; phosphorus, 0.1 to 0.3; lead, zinc, and impurities (max) 0.5 per cent.

Good castings made of this alloy should have the following minimum physical charac-
teristics: Ultimate strength, 35,000 pounds per square inch; yield point, 20,000 pounds per
square inch; elongation in 2 inches, 10 per cent.

The composition of SAE No. 63 (called leaded gun metal) follows: copper, 86 to 89; tin,
9 to 11; lead, 1 to 2.5; phosphorus (max), 0.25; zinc and impurities (max), 0.50 per cent.

Steels for Industrial Gearing

Material
Specification

Hardness

Typical Heat Treatment,
Characteristics, and Uses

Case
Rc

Core
Bhn

Case-Hardening Steels

AISI 1020
AISI 1116 55-60 160-230

Carburize, harden, temper at 350°F.
For gears that must be wear-resistant. Normalizedmaterial 

is easily machined. Core is ductile but has little strength.

AISI 4130 
AISI 4140 50-55 270-370

Harden, temper at 900°F, Nitride.
For parts requiring greater wear resistance than that of 

through-hardened steels but cannot tolerate the distortion 
of carburizing. Case is shallow, core is tough.

AISI 4615
AISI 4620 } 55-60 170-260 Carburize, harden, temper at 350°F.

For gears requiring high fatigue resistance and strength. 
The 86xx series has better machinability.

The 20 point steels are used for coarser teeth.
AISI 8615
AISI 8620 } 55-60 200-300

AISI 9310 58-63 250-350

Carburize, harden, temper at 300°F.
Primarily for aerospace gears that are highly loaded and 

operate at high pitch line velocity and for other gears requir-
ing high reliability under extreme operating conditions. This 
material is not used at high temperatures.

Nitralloy N
and Type 135 
Mod. (15-N)

90-94 300-370

Harden, temper at 1200°F, Nitride.
For gears requiring high strength and wear resistance that 

cannot tolerate the distortion of thecarburizing process or 
that operate at high temperatures.

Gear teeth are usually finished before nitriding. Care must 
be exercised in running nitrided gears together to avoid craz-
ing of case-hardened surfaces.

Through-Hardening Steels

AISI 1045
AISI 1140 24-40 …

Harden and temper to required hardness. Oil quench for 
lower hardness and water quench for higher hardness.

For gears of medium and large size requiring moderate 
strength and wear resistance. Gears that must have consis-
tent, solid sections to withstand quenching.

AISI
4140AISI

4340
24-40 …

Harden (oil quench), temper to required hardness.
For gears requiring high strength and wear resistance, and 

high shock loading resistance. Use 41xx series for moderate 
sections and 43xx series for heavy sections. Gears must have 
consistent, solid sections to withstand quenching.
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Good castings made of this alloy should have the following minimum physical charac-
teristics: Ultimate strength, 30,000 pounds per square inch; yield point, 12,000 pounds per
square inch; elongation in 2 inches, 10 per cent.

These alloys, especially No. 65, are adapted to chilling for hardness and refinement of
grain. No. 65 is to be preferred for use with worms of great hardness and fine accuracy. No.
63 is to be preferred for use with unhardened worms.

Gear Bushings: For bronze bushings for gears, SAE No. 64 is recommended of the fol-
lowing analysis: copper, 78.5 to 81.5; tin, 9 to 11; lead, 9 to 11; phosphorus, 0.05 to 0.25;
zinc (max), 0.75; other impurities (max), 0.25 per cent. Good castings of this alloy should
have the following minimum physical characteristics: Ultimate strength, 25,000 pounds
per square inch; yield point, 12,000 pounds per square inch; elongation in 2 inches, 8 per
cent.

Flanges for Composition Pinions: For brass flanges for composition pinions ASTM B-
30-32T, and SAE No. 40 are recommended. This is a good cast red brass of sufficient
strength and hardness to take its share of load and wear when the design is such that the
flanges mesh with the mating gear. The composition is as follows: copper, 83 to 86; tin, 4.5
to 5.5; lead, 4.5 to 5.5; zinc, 4.5 to 5.5; iron (max) 0.35; antimony (max), 0.25 per cent; alu-
minum, none. Good castings made from this alloy should have the following minimum
physical characteristics: ultimate strength, 27,000 pounds per square inch; yield point,
12,000 pounds per square inch; elongation in 2 inches, 16 per cent.

Materials for Worm Gearing.—The Hamilton Gear & Machine Co. conducted an
extensive series of tests on a variety of materials that might be used for worm gears, to
ascertain which material is the most suitable. According to these tests chill-cast nickel-
phosphor-bronze ranks first in resistance to wear and deformation. This bronze is com-
posed of approximately 87.5 per cent copper, 11 per cent tin, 1.5 per cent nickel, with from
0.1 to 0.2 per cent phosphorus. The worms used in these tests were made from SAE-2315,
31⁄2 per cent nickel steel, case-hardened, ground, and polished. The Shore scleroscope hard-
ness of the worms was between 80 and 90. This nickel alloy steel was adopted after numer-
ous tests of a variety of steels, because it provided the necessary strength, together with the
degree of hardness required.

The material that showed up second best in these tests was a No. 65 SAE bronze. Navy
bronze (88-10-2) containing 2 per cent zinc, with no phosphorus, and not chilled, per-
formed satisfactorily at speeds of 600 revolutions per minute, but was not sufficiently
strong at lower speeds. Red brass (85-5-5) proved slightly better at from 1500 to 1800 rev-
olutions per minute, but would bend at lower speeds, before it would show actual wear.

Non-metallic Gearing.—Non-metallic or composition gearing is used primarily where
quietness of operation at high speed is the first consideration. Non-metallic materials are
also applied very generally to timing gears and numerous other classes of gearing. Raw-
hide was used originally for non-metallic gears, but other materials have been introduced
that have important advantages. These later materials are sold by different firms under var-
ious trade names, such as Micarta, Textolite, Formica, Dilecto, Spauldite, Phenolite,
Fibroc, Fabroil, Synthane, Celoron, etc. Most of these gear materials consist of layers of
canvas or other material that is impregnated with plastics and forced together under
hydraulic pressure, which, in conjunction with the application of heat, forms a dense rigid
mass.

Although phenol resin gears in general are resilient, they are self-supporting and require
no side plates or shrouds unless subjected to a heavy starting torque. The phenol resinoid
element protects these gears from vermin and rodents.

The non-metallic gear materials referred to are generally assumed to have the power-
transmitting capacity of cast iron. Although the tensile strength may be considerably less
than that of cast iron, the resiliency of these materials enables them to withstand impact and
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abrasion to a degree that might result in excessive wear of cast-iron teeth. Thus, composi-
tion gearing of impregnated canvas has often proved to be more durable than cast iron.
Application of Non-metallic Gears.—The most effective field of use for these non-
metallic materials is for high-speed duty. At low speeds, when the starting torque may be
high, or when the load may fluctuate widely, or when high shock loads may be encoun-
tered, these non-metallic materials do not always prove satisfactory. In general, non-
metallic materials should not be used for pitch-line velocities below 600 feet per minute
(3.05 m/s).

Tooth Form: The best tooth form for non-metallic materials is the 20-degree stub-tooth
system. When only a single pair of gears is involved and the center distance can be varied,
the best results will be obtained by making the non-metallic driving pinion of all-adden-
dum form, and the driven metal gear with standard tooth proportions. Such a drive will
carry from 50 to 75 per cent greater loads than one of standard tooth proportions.

Material for Mating Gear: For durability under load, the use of hardened steel (over 400
Brinell) for the mating metal gear appears to give the best results. A good second choice for
the material of the mating member is cast iron. The use of brass, bronze, or soft steel (under
400 Brinell) as a material for the mating member of phenolic laminated gears leads to
excessive abrasive wear.
Power-Transmitting Capacity of Non-metallic Gears.—The characteristics of gears
made of phenolic laminated materials are so different from those of metal gears that they
should be considered in a class by themselves. Because of the low modulus of elasticity,
most of the effects of small errors in tooth form and spacing are absorbed at the tooth sur-
faces by the elastic deformation, and have but little effect on the strength of the gears.
If S =safe working stress for a given velocity lb/in2 (MPa)

Ss =allowable static stress lb/in2 (MPa)
V =pitch-line velocity in feet per minute (meter/s)

then, the recommended practice of the American Gear Manufacturers' Association,

The value of Ss for phenolic laminated materials is given as 6000 lb/in2 (41.36 MPa). The
accompanying table gives the safe working stresses S for different pitch-line velocities.
When the value of S is known, the horsepower capacity is determined by substituting the
value of S for Ss in the appropriate equations in the section on power-transmitting capacity
of plastics gears starting on page 604.

The tensile strength of the phenolic laminated materials used for gears is slightly less
than that of cast iron. These materials are far softer than any metal, and the modulus of elas-

Safe Working Stresses for Non-metallic Gears

Pitch-Line
Velocity, V

Safe Working
Stress, S

Pitch-Line
Velocity, V

Safe Working
Stress, S

Pitch-Line
Velocity, V

SafeWorking
Stress, S

fpm m/s lb/in2 MPa fpm m/s lb/in2 MPa fpm m/s lb/in2 MPa

600 3.05 2625 18.10 1800 9.14 1950 13.44 4000 20.32 1714 11.82

700 3.56 2500 17.24 2000 10.16 1909 13.16 4500 22.86 1691 11.66

800 4.06 2400 16.54 2200 11.18 1875 12.93 5000 25.40 1673 11.53

900 4.57 2318 15.98 2400 12.19 1846 12.73 5500 27.94 1653 11.40

1000 5.08 2250 15.51 2600 13.20 1821 12.56 6000 30.48 1645 11.34

1200 6.10 2143 14.78 2800 14.22 1800 12.41 6500 33.02 1634 11.27

1400 7.11 2063 14.22 3000 15.24 1781 12.28 7000 35.56 1622 11.18

1600 8.13 2000 13.79 3500 17.78 1743 12.02 7500 38.10 1617 11.15

S Ss
150

200 V+
------------------- 0.25+ 
 ×  US Units= S Ss

0.76
1.016 V+
----------------------- 0.25+ 
   SI Units×=
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ticity is about one-thirtieth that of steel. In other words, if the tooth load on a steel gear that
causes a deformation of 0.001 inch (0.025 mm) were applied to the tooth of a similar gear
made of phenolic laminated material, the tooth of the non-metallic gear would be
deformed about 1⁄32 inch (0.794 mm). Under these conditions, several things will happen.
With all gears, regardless of the theoretical duration of contact, one tooth only will carry
the load until the load is sufficient to deform the tooth the amount of the error that may be
present. On metal gears, when the tooth has been deformed the amount of the error, the
stresses set up in the materials may approach or exceed the elastic limit of the material.
Hence, for standard tooth forms and those generated from standard basic racks, it is dan-
gerous to calculate their strength as very much greater than that which can safely be carried
on a single tooth. On gears made of phenolic laminated materials, on the other hand, the
teeth will be deformed the amount of this normal error without setting up any appreciable
stresses in the material, so that the load is actually supported by several teeth.

All materials have their own peculiar and distinct characteristics, so that under certain
specific conditions, each material has a field of its own where it is superior to any other.
Such fields may overlap to some extent, and only in such overlapping fields are different
materials directly competitive. For example, steel is more or less ductile, has a high tensile
strength, and a high modulus of elasticity. Cast iron, on the other hand, is not ductile, has a
low tensile strength, but a high compressive strength, and a low modulus of elasticity.
Hence, when stiffness and high tensile strength are essential, steel is far superior to cast
iron. On the other hand, when these two characteristics are unimportant, but high compres-
sive strength and a moderate amount of elasticity are essential, cast iron is superior to steel.
Preferred Pitch for Non-metallic Gears.—The pitch of the gear or pinion should bear a
reasonable relation either to the power or speed or to the applied torque, as shown by the
accompanying table. The upper half of this table is based upon horsepower (kw) transmit-
ted at a given pitch-line velocity. The lower half gives the torque in pounds-feet (N-m) or
the torque at a 1-foot (meter) radius. This torque T for any given horsepower (kw) and
speed can be obtained from the following formulas:

Bore Sizes for Non-metallic Gears.—For plain phenolic laminated pinions, that is, pin-
ions without metal end plates, a drive fit of 0.001 inch per inch(or mm/mm) of shaft diam-
eter should be used. For shafts above 2.5 inches(63.5 mm) in diameter, the fit should be
constant at 0.0025 to 0.003 inch(0.064–0.076 mm). When metal reinforcing end plates are
used, the drive fit should conform to the same standards as used for metal.

The root diameter of a pinion of phenolic laminated type should be such that the mini-
mum distance from the edge of the keyway to the root diameter will be at least equal to the
depth of tooth.
Keyway Stresses for Non-metallic Gears.—The keyway stress should not exceed 3000
psi (20.68 MPa) on a plain phenolic laminated gear or pinion. The keyway stress is calcu-
lated by the formulas:

where S =unit stress in pounds per square inch (newton per square meter)
hp =horsepower transmitted
kw =kilowatt power transmitted
V =peripheral speed of shaft in feet per minute (meter/sec)
A =square inch (square meter) area of keyway in pinion (length × height)

If the keyway stress formula is expressed in terms of shaft radius r (inch or meter) and
revolutions per minute, it will read:

T
5252 hp×

rpm
------------------------  pound-feet= T

9550 kw×
rpm

-------------------------  N-m=

S
33 000, hp×

V A×
------------------------------  psi= S

1 000, kw×
V A×

----------------------------  MPa=
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When the design is such that the keyway stresses exceed 3000 psi (20.68 MPa), metal
reinforcing end plates may be used. Such end plates should not extend beyond the root
diameter of the teeth. The distance from the outer edge of the retaining bolt to the root
diameter of the teeth shall not be less than a full tooth depth. The use of drive keys should
be avoided, but if required, metal end plates should be used on the pinion to take the wedg-
ing action of the key.

For phenolic laminated pinions, the face of the mating gear should be the same or slightly
greater than the pinion face.

Invention of Gear Teeth.—The invention of gear teeth represents a gradual evolution
from gearing of primitive form. The earliest evidence we have of an investigation of the
problem of uniform motion from toothed gearing and the successful solution of that prob-
lem dates from the time of Olaf Roemer, the celebrated Danish astronomer, who, in the
year 1674, proposed the epicycloidal form to obtain uniform motion. Evidently Robert
Willis, professor at the University of Cambridge, was the first to make a practical applica-
tion of the epicycloidal curve so as to provide for an interchangeable series of gears. Willis
gives credit to Camus for conceiving the idea of interchangeable gears, but claims for him-
self its first application. The involute tooth was suggested as a theory by early scientists
and mathematicians, but it remained for Willis to present it in a practical form. Perhaps the
earliest conception of the application of this form of teeth to gears was by Philippe de
Lahire, a Frenchman, who considered it, in theory, equally suitable with the epicycloidal

Preferred Pitches for Non-metallic Gears
Applicable both to rawhide and the phenolic laminated types of materials

Diametral Pitch for Given Horsepower and Pitch Line Velocities

Horsepower
Transmitted

Pitch Line Velocity
up to 1000 Feet per

Minute

Pitch Line Velocity
from 1000 to 2000

Feet per Minute

Pitch Line Velocity
over 2000 Feet per

Minute
1⁄4-1 8-10 10-12 12-16

1-2 7-8 8-10 10-12
2-3 6-7 7-8 8-10

3-71⁄2 5-6 6-7 7-8

71⁄2-10 4-5 5-6 6-7

10-15 3-4 4-5 5-6
15-25 21⁄2-3 3-4 4-5

25-60 2-21⁄2 21⁄2-3 3-4

60-100 13⁄4-2 2-21⁄2 21⁄2-3
100-150 11⁄2-13⁄4 13⁄4-2 2-21⁄2

Torque in Pounds-feet for Given Diametral Pitch

Diametral
Pitch

Torque in Pounds-feet Diametral
Pitch

Torque in Pounds-feet

Minimum Maximum Minimum Maximum

16 1 2 4 50 100
12 2 4 3 100 200
10 4 8 21⁄2 200 450

8 8 15 2 450 900
6 15 30 11⁄2 900 1800

5 30 50 1 1800 3500

S
63 000, hp×
rpm r× A×
------------------------------  psi= S

9550  kw×
rpm r× A×
----------------------------  N-m=
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for tooth outlines. This was about 1695 and not long after Roemer had first demonstrated
the epicycloidal form. The applicability of the involute had been further elucidated by
Leonard Euler, a Swiss mathematician, born at Basel, 1707, who is credited by Willis with
being the first to suggest it. Willis devised the Willis odontograph for laying out involute
teeth.

A pressure angle of 141⁄2 degrees was selected for three different reasons. First, because
the sine of 141⁄2 degrees is nearly 1⁄4, making it convenient in calculation; second, because
this angle coincided closely with the pressure angle resulting from the usual construction
of epicycloidal gear teeth; third, because the angle of the straight-sided involute rack is the
same as the 29-degree worm thread.

Calculating Replacement-Gear Dimensions from Simple Measurements.—The fol-
lowing Tables 1a, 1b, and 1c, provide formulas with which to calculate the dimensions
needed to produce replacement spur, bevel, and helical gears when only the number of
teeth, the outside diameter, and the tooth depth of the gear to be replaced are known.

For helical gears, exact helix angles can be obtained by the following procedure.
1) Using a common protractor, measure the approximate helix angle A at the approxi-

mate pitch line.
2) Place sample or its mating gear on the arbor of a gear hobbing machine.
3) Calculate the index and lead gears differentially for the angle obtained by the measure-

ments, and set up the machine as though a gear is to be cut.
4) Attach a dial indicator on an adjustable arm to the vertical swivel head, with the indi-

cator plunger in a plane perpendicular to the gear axis and in contact with the tooth face.
Contact may be anywhere between the top and the root of the tooth.

5) With the power shut off, engage the starting lever and traverse the indicator plunger
axially by means of the handwheel.

6) If angle A is correct, the indicator plunger will not move as it traverses the face width
of the gear. If it does move from 0, note the amount. Divide the amount of movement by the
width of the gear to obtain the tangent of the angle by which to correct angle A, plus or
minus, depending on the direction of indicator movement.

Table 1a.  Formulas for Calculating Spur Gear Dimensions

N = number of teeth.
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American Standard
141⁄2-and 20-degree
full depth

American Standard
20-degree stub

Fellows 20-degree
stub

See Notea

a In the Fellows stub-tooth system, PN = diametral pitch in numerator of stub-tooth designation and
is used to determine circular pitch and number of teeth, and PD = diametral pitch in the denominator of
stub-tooth designation and is used to determine tooth depth. 
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NG = number of teeth in gear; NP = number of teeth in pinion; O = outside diameter of gear; o = outside diameter of pinion; D = pitch diameter of gear = NG ÷ P; d =
pitch diameter of pinion = NP ÷ P; Pc = circular pitch; J = addendum; K = dedendum; W = whole depth.

See footnote in Table 1a for meaning of PN and PD. The tooth thickness on the pitch circle is found by means of the formulas in the last column under spur gears.

Table 1b. Formulas for Calculating Dimensions of Milled Bevel Gears — 90 degree Shaftsa

a These formulas do not apply to Gleason System Gearing. 

Tooth
Form and
Pressure
Angle

Tangent
of Pitch Cone

Angle of
Gear, tan A

Tangent
of Pitch Cone

Angle of
Pinion, tan a

Diametral Pitchb

of Both Gear
and Pinion,

P

b These values are the same for both gear and pinion. 

Outside
Diameter

of Gear, O,
or Pinion, o

Pitch-Cone
Radiusb

or Cone
Distance, E

Tangent
of

Addendum
Angleb

Tangent
of

Dedendum
Angleb

Cosine of
Pitch-Cone

Angle c of Gear,
cos A

c The same formulas apply to the pinion, substituting NP for NG and o for O.
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PN = normal diametral pitch = normal diametral pitch of cutter or hob used to cut teeth

P =diametral pitch

O =outside diameter of blank

D =pitch diameter

A =helix angle

N =number of teeth

(PN)N =normal diametral pitch in numerator of stub-tooth designation, which determines thickness of tooth and number of teeth

(PN)D =normal diametral pitch in denominator of stub-tooth designation, which determines the addendum, dedendum, and whole depth

Table 1c. Formulas for Calculating Dimensions of Helical Gears

Tooth Form
and Pressure
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PN

Diametral
Pitch P
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Diameter

of Blank O
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Diameter D
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Helix Angle A Addendum Dedendum Whole Depth
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SPLINES AND SERRATIONS

A splined shaft is one having a series of parallel keys formed integrally with the shaft and
mating with corresponding grooves cut in a hub or fitting; this arrangement is in contrast to
a shaft having a series of keys or feathers fitted into slots cut into the shaft. The latter con-
struction weakens the shaft to a considerable degree because of the slots cut into it and con-
sequently, reduces its torque-transmitting capacity.

Splined shafts are most generally used in three types of applications: 1)  for  coupling
shafts when relatively heavy torques are to be transmitted without slippage;  2) for trans-
mitting power to slidably-mounted or permanently-fixed gears, pulleys, and other rotating
members;  and  3) for attaching parts that may require removal for indexing or change in
angular position.

Splines having straight-sided teeth have been used in many applications (see SAE Paral-
lel Side Splines for Soft Broached Holes in Fittings); however, the use of splines with teeth
of involute profile has steadily increased since 1) involute spline couplings have greater
torque-transmitting capacity than any other type;  2) they can be produced by the same
techniques and equipment as is used to cut gears;  and  3) they have a self-centering action
under load even when there is backlash between mating members.

Involute Splines

American National Standard Involute Splines*.—These splines or multiple keys are
similar in form to internal and external involute gears. The general practice is to form the
external splines either by hobbing, rolling, or on a gear shaper, and internal splines either
by broaching or on a gear shaper. The internal spline is held to basic dimensions and the
external spline is varied to control the fit. Involute splines have maximum strength at the
base, can be accurately spaced and are self-centering, thus equalizing the bearing and
stresses, and they can be measured and fitted accurately.

In American National Standard ANSI B92.1-1970 (R 1993), many features of the 1960
standard are retained; plus the addition of three tolerance classes, for a total of four. The
term “involute serration,” formerly applied to involute splines with 45-degree pressure
angle, has been deleted and the standard now includes involute splines with 30-, 37.5-, and
45-degree pressure angles. Tables for these splines have been rearranged accordingly. The
term “serration” will no longer apply to splines covered by this Standard.

The Standard has only one fit class for all side fit splines; the former Class 2 fit. Class 1 fit
has been deleted because of its infrequent use. The major diameter of the flat root side fit
spline has been changed and a tolerance applied to include the range of the 1950 and the
1960 standards. The interchangeability limitations with splines made to previous stan-
dards are given later in the section entitled “Interchangeability.”

There have been no tolerance nor fit changes to the major diameter fit section.
The Standard recognizes the fact that proper assembly between mating splines is depen-

dent only on the spline being within effective specifications from the tip of the tooth to the
form diameter. Therefore, on side fit splines, the internal spline major diameter now is
shown as a maximum dimension and the external spline minor diameter is shown as a min-
imum dimension. The minimum internal major diameter and the maximum external minor
diameter must clear the specified form diameter and thus do not need any additional con-
trol.

The spline specification tables now include a greater number of tolerance level selec-
tions. These tolerance classes were added for greater selection to suit end product needs.
The selections differ only in the tolerance as applied to space width and tooth thickness.
* See American National Standard ANSI B92.2M-1980 (R1989), Metric Module Involute Splines; also
see page 2272.
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The tolerance class used in ASA B5.15-1960 is the basis and is now designated as toler-
ance Class 5. The new tolerance classes are based on the following formulas:

All dimensions listed in this standard are for the finished part. Therefore, any compensa-
tion that must be made for operations that take place during processing, such as heat treat-
ment, must be taken into account when selecting the tolerance level for manufacturing.

The standard has the same internal minimum effective space width and external maxi-
mum effective tooth thickness for all tolerance classes and has two types of fit. For tooth
side fits, the minimum effective space width and the maximum effective tooth thickness
are of equal value. This basic concept makes it possible to have interchangeable assembly
between mating splines where they are made to this standard regardless of the tolerance
class of the individual members. A tolerance class “mix” of mating members is thus
allowed, which often is an advantage where one member is considerably less difficult to
produce than its mate, and the “average” tolerance applied to the two units is such that it
satisfies the design need. For instance, assigning a Class 5 tolerance to one member and
Class 7 to its mate will provide an assembly tolerance in the Class 6 range. The maximum
effective tooth thickness is less than the minimum effective space width for major diameter
fits to allow for eccentricity variations.

In the event the fit as provided in this standard does not satisfy a particular design need
and a specific amount of effective clearance or press fit is desired, the change should be
made only to the external spline by a reduction or an increase in effective tooth thickness
and a like change in actual tooth thickness. The minimum effective space width, in this
standard, is always basic. The basic minimum effective space width should always be
retained when special designs are derived from the concept of this standard.

Terms Applied to Involute Splines.—The following definitions of involute spline
terms, here listed in alphabetical order, are given in the American National Standard. Some
of these terms are illustrated in the diagram in Table 6.

 Active Spline Length (La) is the length of spline that contacts the mating spline. On slid-
ing splines, it exceeds the length of engagement.

 Actual Space Width (s) is the circular width on the pitch circle of any single space con-
sidering an infinitely thin increment of axial spline length.

 Actual Tooth Thickness (t) is the circular thickness on the pitch circle of any single tooth
considering an infinitely thin increment of axial spline length.

 Alignment Variation is the variation of the effective spline axis with respect to the refer-
ence axis (see Fig. 1c).

 Base Circle is the circle from which involute spline tooth profiles are constructed.
 Base Diameter (Db) is the diameter of the base circle.

 Basic Space Width is the basic space width for 30-degree pressure angle splines; half the
circular pitch. The basic space width for 37.5- and 45-degree pressure angle splines, how-
ever, is greater than half the circular pitch. The teeth are proportioned so that the external
tooth, at its base, has about the same thickness as the internal tooth at the form diameter.
This proportioning results in greater minor diameters than those of comparable involute
splines of 30-degree pressure angle.

 Circular Pitch (p) is the distance along the pitch circle between corresponding points of
adjacent spline teeth.

 Depth of Engagement is the radial distance from the minor circle of the internal spline to
the major circle of the external spline, minus corner clearance and/or chamfer depth.

Tolerance Class 4 Tolerance Class 5 0.71×=

Tolerance Class 6 Tolerance Class 5 1.40×=

Tolerance Class 7 Tolerance Class 5 2.0× 0=
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 Diametral Pitch (P) is the number of spline teeth per inch of pitch diameter. The diame-
tral pitch determines the circular pitch and the basic space width or tooth thickness. In con-
junction with the number of teeth, it also determines the pitch diameter. (See also Pitch.)

 Effective Clearance (cv) is the effective space width of the internal spline minus the
effective tooth thickness of the mating external spline.

 Effective Space Width (Sv) of an internal spline is equal to the circular tooth thickness on
the pitch circle of an imaginary perfect external spline that would fit the internal spline
without looseness or interference considering engagement of the entire axial length of the
spline. The minimum effective space width of the internal spline is always basic, as shown
in Table 3. Fit variations may be obtained by adjusting the tooth thickness of the external
spline.

Three Types of Involute Spline Variations

 Effective Tooth Thickness (tv) of an external spline is equal to the circular space width on
the pitch circle of an imaginary perfect internal spline that would fit the external spline
without looseness or interference, considering engagement of the entire axial length of the
spline.

 Effective Variation is the accumulated effect of the spline variations on the fit with the
mating part.

 External Spline is a spline formed on the outer surface of a cylinder.
 Fillet is the concave portion of the tooth profile that joins the sides to the bottom of the

space.
 Fillet Root Splines are those in which a single fillet in the general form of an arc joins the

sides of adjacent teeth.
 Flat Root Splines are those in which fillets join the arcs of major or minor circles to the

tooth sides.

Fig. 1a. Lead Variation

Fig. 1b. Parallelism Variation

Fig. 1c. Alignment Variation

Reference Axis

Center Lines
of Teeth

Reference Axis

Center Lines
of Teeth

Reference Axis

Effective
Spline Axis
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 Form Circle is the circle which defines the deepest points of involute form control of the
tooth profile. This circle along with the tooth tip circle (or start of chamfer circle) deter-
mines the limits of tooth profile requiring control. It is located near the major circle on the
internal spline and near the minor circle on the external spline.

 Form Clearance (cF) is the radial depth of involute profile beyond the depth of engage-
ment with the mating part. It allows for looseness between mating splines and for eccen-
tricities between the minor circle (internal), the major circle (external), and their respective
pitch circles.

 Form Diameter (DFe, DFi) the diameter of the form circle.
 Internal Spline is a spline formed on the inner surface of a cylinder.
 Involute Spline is one having teeth with involute profiles.
 Lead Variation is the variation of the direction of the spline tooth from its intended direc-

tion parallel to the reference axis, also including parallelism and alignment variations (see
Fig. 1a). Note: Straight (nonhelical) splines have an infinite lead.

 Length of Engagement (Lq) is the axial length of contact between mating splines.
 Machining Tolerance (m) is the permissible variation in actual space width or actual

tooth thickness.
 Major Circle is the circle formed by the outermost surface of the spline. It is the outside

circle (tooth tip circle) of the external spline or the root circle of the internal spline.
 Major Diameter (Do, Dri) is the diameter of the major circle.
 Minor Circle is the circle formed by the innermost surface of the spline. It is the root cir-

cle of the external spline or the inside circle (tooth tip circle) of the internal spline.
 Minor Diameter (Dre, Di) is the diameter of the minor circle.
 Nominal Clearance is the actual space width of an internal spline minus the actual tooth

thickness of the mating external spline. It does not define the fit between mating members,
because of the effect of variations.

 Out of Roundness is the variation of the spline from a true circular configuration.
 Parallelism Variation is the variation of parallelism of a single spline tooth with respect

to any other single spline tooth (see Fig. 1b).
 Pitch (P/Ps) is a combination number of a one-to-two ratio indicating the spline propor-

tions; the upper or first number is the diametral pitch, the lower or second number is the
stub pitch and denotes, as that fractional part of an inch, the basic radial length of engage-
ment, both above and below the pitch circle.

 Pitch Circle is the reference circle from which all transverse spline tooth dimensions are
constructed.

 Pitch Diameter (D) is the diameter of the pitch circle.
 Pitch Point is the intersection of the spline tooth profile with the pitch circle.
 Pressure Angle (φ) is the angle between a line tangent to an involute and a radial line

through the point of tangency. Unless otherwise specified, it is the standard pressure angle.
 Profile Variation is any variation from the specified tooth profile normal to the flank.
 Spline is a machine element consisting of integral keys (spline teeth) or keyways

(spaces) equally spaced around a circle or portion thereof.
 Standard (Main) Pressure Angle (φD) is the pressure angle at the specified pitch diame-

ter.
 Stub Pitch (Ps) is a number used to denote the radial distance from the pitch circle to the

major circle of the external spline and from the pitch circle to the minor circle of the inter-
nal spline. The stub pitch for splines in this standard is twice the diametral pitch.

 Total Index Variation is the greatest difference in any two teeth (adjacent or otherwise)
between the actual and the perfect spacing of the tooth profiles.

 Total Tolerance (m + λ) is the machining tolerance plus the variation allowance.
 Variation Allowance (λ) is the permissible effective variation.
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Tooth Proportions.—There are 17 pitches: 2.5 ⁄5, 3 ⁄6, 4 ⁄8,5 ⁄10, 6 ⁄12, 8 ⁄16, 10 ⁄20,
12 ⁄24, 16 ⁄32, 20 ⁄40, 24 ⁄48, 32 ⁄64, 40 ⁄80, 48 ⁄96, 64 ⁄128, 80 ⁄160, and 128 ⁄256. The
numerator in this fractional designation is known as the diametral pitch and controls the
pitch diameter; the denominator, which is always double the numerator, is known as the
stub pitch and controls the tooth depth. For convenience in calculation, only the numerator
is used in the formulas given and is designated as P. Diametral pitch, as in gears, means the
number of teeth per inch of pitch diameter.

Table 1 shows the symbols and Table 2 the formulas for basic tooth dimensions of invo-
lute spline teeth of various pitches. Basic dimensions are given in Table 3.

Table 1. American National Standard Involute Spline Symbols
 ANSI B92.1-1970, R1993

cv effective clearance Mi measurement between pins, internal
cF form clearance spline
D pitch diameter N number of teeth
Db base diameter P diametral pitch
Dci pin contact diameter, internal Ps stub pitch

spline p circular pitch
Dce pin contact diameter, external rf fillet radius

spline s actual space width, circular
DFe form diameter, external spline sv effective space width, circular
DFi form diameter, internal spline sc allowable compressive stress, psi
Di minor diameter, internal spline ss allowable shear stress, psi
Do major diameter, external spline t actual tooth thickness, circular
Dre minor diameter, external spline tv effective tooth thickness, circular

(root) λ variation allowance
Dri major diameter, internal spline ∈ involute roll angle

(root) φ pressure angle
de diameter of measuring pin for external φD standard pressure angle

spline φci pressure angle at pin contact diameter,
di diameter of measuring pin for internal internal spline

spline φce pressure angle at pin contact diameter,
Ke change factor for external spline external spline
Ki change factor for internal spline φi pressure angle at pin center, internal
L spline length spline
La active spline length φe pressure angle at pin center, external
Lg length of engagement spline
m machining tolerance φF pressure angle at form diameter
Me measurement over pins, external

spline
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π = 3.1415927
Note: All spline specification table dimensions in the standard are derived from these basic formulas by application of tolerances.

Table 2. Formulas for Involute Spline Basic Dimensions  ANSI B92.1-1970, R1993

Term Symbol

30 deg φD 37.5 deg φD 45 deg φD

Flat Root Side Fit Flat Root Major Dia Fit Fillet Root Side Fit Fillet Root Side Fit Fillet Root Side Fit

2.5 ⁄5 - 32 ⁄64 Pitch 3 ⁄6 - 16 ⁄32 Pitch 2.5 ⁄5 - 48 ⁄96 Pitch 2.5 ⁄5 - 48 ⁄96 Pitch 10 ⁄20 - 128 ⁄256 Pitch

Stub Pitch Ps 2P 2P 2P 2P 2P

Pitch Diameter D

Base Diameter Db D cos φD D cos φD D cos φD D cos φD D cos φD

Circular Pitch p

Minimum Effective
Space Width

sv

Major
Diameter, Internal

Dri

Major Diameter, 
External

Do

Minor Diameter, 
Internal

Di

Minor
Dia.
Ext.

2.5 ⁄5 thru
12 ⁄24 pitch

Dre

…
16 ⁄32 pitch

and finer
10 ⁄20 pitch

and finer …

Form Diameter, 
Internal

DFi

Form Diameter, 
External

DFe

Form Clearance 
(Radial)

cF 0.001 D, with max of 0.010, min of 0.002

N P⁄ N P⁄ N P⁄ N P⁄ N P⁄

π P⁄ π P⁄ π P⁄ π P⁄ π P⁄

π 2P( )⁄ π 2P( )⁄ π 2P( )⁄ 0.5π 0.1+( ) P⁄ 0.5π 0.2+( ) P⁄

N 1.35+( ) P⁄ N 1+( ) P⁄ N 1.8+( ) P⁄ N 1.6+( ) P⁄ N 1.4+( ) P⁄

N 1+( ) P⁄ N 1+( ) P⁄ N 1+( ) P⁄ N 1+( ) P⁄ N 1+( ) P⁄

N 1–( ) P⁄ N 1–( ) P⁄ N 1–( ) P⁄ N 0.8–( ) P⁄ N 0.6–( ) P⁄

N 1.35–( ) P⁄

N 1.8–( ) P⁄

N 1.3–( ) P⁄N 2–( ) P⁄

N 1–( ) P⁄

N 1+( ) P⁄ 2cF+ N 0.8+( ) P⁄ 0.004– 2cF+ N 1+( ) P⁄ 2cF+ N 1+( ) P⁄ 2cF+ N 1+( ) P⁄ 2cF+

N 1–( ) P⁄ 2cF– N 1–( ) P⁄ 2cF– N 1–( ) P⁄ 2cF– N 0.8–( ) P⁄ 2cF– N 0.6–( ) P⁄ 2cF–

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Table 3. Basic Dimensions for Involute Splines  ANSI B92.1-1970, R1993

Tooth Numbers.—The American National Standard covers involute splines having tooth
numbers ranging from 6 to 60 with a 30- or 37.5-degree pressure angle and from 6 to 100
with a 45-degree pressure angle. In selecting the number of teeth for a given spline applica-
tion, it is well to keep in mind that there are no advantages to be gained by using odd num-
bers of teeth and that the diameters of splines with odd tooth numbers, particularly internal
splines, are troublesome to measure with pins since no two tooth spaces are diametrically
opposite each other.

Types and Classes of Involute Spline Fits.—Two types of fits are covered by the Amer-
ican National Standard for involute splines, the side fit, and the major diameter fit. Dimen-
sional data for flat root side fit, flat root major diameter fit, and fillet root side fit splines are
tabulated in this standard for 30-degree pressure angle splines; but for only the fillet root
side fit for 37.5- and 45-degree pressure angle splines.

 Side Fit: In the side fit, the mating members contact only on the sides of the teeth; major
and minor diameters are clearance dimensions. The tooth sides act as drivers and centralize
the mating splines.

 Major Diameter Fit: Mating parts for this fit contact at the major diameter for centraliz-
ing. The sides of the teeth act as drivers. The minor diameters are clearance dimensions.

The major diameter fit provides a minimum effective clearance that will allow for con-
tact and location at the major diameter with a minimum amount of location or centralizing
effect by the sides of the teeth. The major diameter fit has only one space width and tooth
thickness tolerance which is the same as side fit Class 5.

A fillet root may be specified for an external spline, even though it is otherwise designed
to the flat root side fit or major diameter fit standard. An internal spline with a fillet root can
be used only for the side fit.

Classes of Tolerances.—This standard includes four classes of tolerances on space width
and tooth thickness. This has been done to provide a range of tolerances for selection to suit
a design need. The classes are variations of the former single tolerance which is now Class
5 and are based on the formulas shown in the footnote of Table 4. All tolerance classes have
the same minimum effective space width and maximum effective tooth thickness limits so
that a mix of classes between mating parts is possible.

Pitch,
P/Ps

Circular
Pitch,

p

Min Effective Space Width
(BASIC),

Sv min Pitch,
P/Ps

Circular
Pitch,

p

Min Effective Space Width
(BASIC),

Sv min

30 deg φ 37.5 deg φ 45 deg φ 30 deg φ 37.5 deg φ 45 deg φ

2.5 ⁄5 1.2566 0.6283 0.6683 … 20 ⁄40 0.1571 0.0785 0.0835 0.0885

3 ⁄6 1.0472 0.5236 0.5569 … 24 ⁄48 0.1309 0.0654 0.0696 0.0738

4 ⁄8 0.7854 0.3927 0.4177 … 32 ⁄64 0.0982 0.0491 0.0522 0.0553

5 ⁄10 0.6283 0.3142 0.3342 … 40 ⁄80 0.0785 0.0393 0.0418 0.0443

6 ⁄12 0.5236 0.2618 0.2785 … 48 ⁄96 0.0654 0.0327 0.0348 0.0369

8 ⁄16 0.3927 0.1963 0.2088 … 64 ⁄128 0.0491 … … 0.0277

10 ⁄20 0.3142 0.1571 0.1671 0.1771 80 ⁄160 0.0393 … … 0.0221

12 ⁄24 0.2618 0.1309 0.1392 0.1476 128 ⁄256 0.0246 … … 0.0138

16 ⁄32 0.1963 0.0982 0.1044 0.1107 … … … … …
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Table 4. Maximum Tolerances for Space Width and Tooth Thickness
of Tolerance Class 5 Splines  ANSI B92.1-1970, R1993

(Values shown in ten thousandths; 20 = 0.0020)

For other tolerance classes: Class 4 = 0.71 × Tabulated value
Class 5 = As tabulated in table
Class 6 = 1.40 × Tabulated value
Class 7 = 2.00 × Tabulated value

No.
of

Teeth

Pitch, P/Ps

2.5 ⁄5
and
3 ⁄6

4 ⁄8
and
5 ⁄10

6 ⁄12
and
8 ⁄16

10 ⁄20
and

12 ⁄24

16 ⁄32
and

20 ⁄40

24 ⁄48
thru

48 ⁄96

64 ⁄128
and

80 ⁄160
128 ⁄256

N Machining Tolerance, m

10 15.8 14.5 12.5 12.0 11.7 11.7 9.6 9.5

20 17.6 16.0 14.0 13.0 12.4 12.4 10.2 10.0

30 18.4 17.5 15.5 14.0 13.1 13.1 10.8 10.5

40 21.8 19.0 17.0 15.0 13.8 13.8 11.4 —

50 23.0 20.5 18.5 16.0 14.5 14.5 — —

60 24.8 22.0 20.0 17.0 15.2 15.2 — —

70 — — — 18.0 15.9 15.9 — —

80 — — — 19.0 16.6 16.6 — —

90 — — — 20.0 17.3 17.3 — —

100 — — — 21.0 18.0 18.0 — —

N Variation Allowance, λ

10 23.5 20.3 17.0 15.7 14.2 12.2 11.0 9.8

20 27.0 22.6 19.0 17.4 15.4 13.4 12.0 10.6

30 30.5 24.9 21.0 19.1 16.6 14.6 13.0 11.4

40 34.0 27.2 23.0 21.6 17.8 15.8 14.0 —

50 37.5 29.5 25.0 22.5 19.0 17.0 — —

60 41.0 31.8 27.0 24.2 20.2 18.2 — —

70 — — — 25.9 21.4 19.4 — —

80 — — — 27.6 22.6 20.6 — —

90 — — — 29.3 23.8 21.8 — —

100 — — — 31.0 25.0 23.0 — —

N Total Index Variation

10 20 17 15 15 14 12 11 10

20 24 20 18 17 15 13 12 11

30 28 22 20 19 16 15 14 13

40 32 25 22 20 18 16 15 —

50 36 27 25 22 19 17 — —

60 40 30 27 24 20 18 — —

70 — — — 26 21 20 — —

80 — — — 28 22 21 — —

90 — — — 29 24 23 — —

100 — — — 31 25 24 — —

N Profile Variation

All
+7 +6 +5 +4 +3 +2 +2 +2

−10 −8 −7 −6 −5 −4 −4 −4

Lead Variation

Lg, in. 0.3 0.5 1 2 3 4 5 6 7 8 9 10

Variation 2 3 4 5 6 7 8 9 10 11 12 13
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Fillets and Chamfers.—Spline teeth may have either a flat root or a rounded fillet root.

Flat Root Splines: are suitable for most applications. The fillet that joins the sides to the
bottom of the tooth space, if generated, has a varying radius of curvature. Specification of
this fillet is usually not required. It is controlled by the form diameter, which is the diameter
at the deepest point of the desired true involute form (sometimes designated as TIF).

When flat root splines are used for heavily loaded couplings that are not suitable for fillet
root spline application, it may be desirable to minimize the stress concentration in the flat
root type by specifying an approximate radius for the fillet.

Because internal splines are stronger than external splines due to their broad bases and
high pressure angles at the major diameter, broaches for flat root internal splines are nor-
mally made with the involute profile extending to the major diameter.

Fillet Root Splines: are recommended for heavy loads because the larger fillets provided
reduce the stress concentrations. The curvature along any generated fillet varies and can-
not be specified by a radius of any given value.

External splines may be produced by generating with a pinion-type shaper cutter or with
a hob, or by cutting with no generating motion using a tool formed to the contour of a tooth
space. External splines are also made by cold forming and are usually of the fillet root
design. Internal splines are usually produced by broaching, by form cutting, or by generat-
ing with a shaper cutter. Even when full-tip radius tools are used, each of these cutting
methods produces a fillet contour with individual characteristics. Generated spline fillets
are curves related to the prolate epicycloid for external splines and the prolate hypocycloid
for internal splines. These fillets have a minimum radius of curvature at the point where the
fillet is tangent to the external spline minor diameter circle or the internal spline major
diameter circle and a rapidly increasing radius of curvature up to the point where the fillet
comes tangent to the involute profile.

Chamfers and Corner Clearance: In major diameter fits, it is always necessary to pro-
vide corner clearance at the major diameter of the spline coupling. This clearance is usually
effected by providing a chamfer on the top corners of the external member. This method
may not be possible or feasible because of the following:

a) If the external member is roll formed by plastic deformation, a chamfer cannot be pro-
vided by the process.

b) A semitopping cutter may not be available.
c) When cutting external splines with small numbers of teeth, a semitopping cutter may

reduce the width of the top land to a prohibitive point.

In such conditions, the corner clearance can be provided on the internal spline, as shown
in Fig. 2.

When this option is used, the form diameter may fall in the protuberance area.

Fig. 2. Internal corner clearance.
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Spline Variations.—The maximum allowable variations for involute splines are listed in
Table 4.

Profile Variation: The reference profile, from which variations occur, passes through the
point used to determine the actual space width or tooth thickness. This is either the pitch
point or the contact point of the standard measuring pins.

Profile variation is positive in the direction of the space and negative in the direction of
the tooth. Profile variations may occur at any point on the profile for establishing effective
fits and are shown in Table 4.

Lead Variations: The lead tolerance for the total spline length applies also to any portion
thereof unless otherwise specified.

Out of Roundness: This condition may appear merely as a result of index and profile
variations given in Table 4 and requires no further allowance. However, heat treatment and
deflection of thin sections may cause out of roundness, which increases index and profile
variations. Tolerances for such conditions depend on many variables and are therefore not
tabulated. Additional tooth and/or space width tolerance must allow for such conditions.

Eccentricity: Eccentricity of major and minor diameters in relation to the effective diam-
eter of side fit splines should not cause contact beyond the form diameters of the mating
splines, even under conditions of maximum effective clearance. This standard does not
establish specific tolerances.

Eccentricity of major diameters in relation to the effective diameters of major diameter
fit splines should be absorbed within the maximum material limits established by the toler-
ances on major diameter and effective space width or effective tooth thickness.

If the alignment of mating splines is affected by eccentricity of locating surfaces relative
to each other and/or the splines, it may be necessary to decrease the effective and actual
tooth thickness of the external splines in order to maintain the desired fit condition. This
standard does not include allowances for eccentric location.

Effect of Spline Variations.—Spline variations can be classified as index variations, pro-
file variations, or lead variations.

Index Variations: These variations cause the clearance to vary from one set of mating
tooth sides to another. Because the fit depends on the areas with minimum clearance, index
variations reduce the effective clearance.

Profile Variations: Positive profile variations affect the fit by reducing effective clear-
ance. Negative profile variations do not affect the fit but reduce the contact area.

Lead Variations: These variations will cause clearance variations and therefore reduce
the effective clearance.

Variation Allowance: The effect of individual spline variations on the fit (effective vari-
ation) is less than their total, because areas of more than minimum clearance can be altered
without changing the fit. The variation allowance is 60 percent of the sum of twice the pos-
itive profile variation, the total index variation and the lead variation for the length of
engagement. The variation allowances in Table 4 are based on a lead variation for an
assumed length of engagement equal to one-half the pitch diameter. Adjustment may be
required for a greater length of engagement.

Effective and Actual Dimensions.—Although each space of an internal spline may have
the same width as each tooth of a perfect mating external spline, the two may not fit
because of variations of index and profile in the internal spline. To allow the perfect exter-
nal spline to fit in any position, all spaces of the internal spline must then be widened by the
amount of interference. The resulting width of these tooth spaces is the actual space width
of the internal spline. The effective space width is the tooth thickness of the perfect mating
external spline. The same reasoning applied to an external spline that has variations of
index and profile when mated with a perfect internal spline leads to the concept of effective
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tooth thickness, which exceeds the actual tooth thickness by the amount of the effective
variation.

The effective space width of the internal spline minus the effective tooth thickness of the
external spline is the effective clearance and defines the fit of the mating parts. (This state-
ment is strictly true only if high points of mating parts come into contact.) Positive effec-
tive clearance represents looseness or backlash. Negative effective clearance represents
tightness or interference.
Space Width and Tooth Thickness Limits.—The variation of actual space width and
actual tooth thickness within the machining tolerance causes corresponding variations of
effective dimensions, so that there are four limit dimensions for each component part.

These variations are shown diagrammatically in Table 5.

Table 5. Specification Guide for Space Width and Tooth Thickness 
 ANSI B92.1-1970, R1993

The minimum effective space width is always basic. The maximum effective tooth thick-
ness is the same as the minimum effective space width except for the major diameter fit.
The major diameter fit maximum effective tooth thickness is less than the minimum effec-
tive space width by an amount that allows for eccentricity between the effective spline and
the major diameter. The permissible variation of the effective clearance is divided between
the internal and external splines to arrive at the maximum effective space width and the
minimum effective tooth thickness. Limits for the actual space width and actual tooth
thickness are constructed from suitable variation allowances.
Use of Effective and Actual Dimensions.—Each of the four dimensions for space width
and tooth thickness shown in Table 5 has a definite function.

Minimum Effective Space Width and Maximum Effective Tooth Thickness: These
dimensions control the minimum effective clearance, and must always be specified.

Minimum Actual Space Width and Maximum Actual Tooth Thickness: These  d imen-
sions cannot be used for acceptance or rejection of parts. If the actual space width is less
than the minimum without causing the effective space width to be undersized, or if the
actual tooth thickness is more than the maximum without causing the effective tooth thick-
ness to be oversized, the effective variation is less than anticipated; such parts are desirable
and not defective. The specification of these dimensions as processing reference dimen-
sions is optional. They are also used to analyze undersize effective space width or oversize
effective tooth thickness conditions to determine whether or not these conditions are
caused by excessive effective variation.

Maximum Actual Space Width and Minimum Actual Tooth Thickness: These  d imen-
sions control machining tolerance and limit the effective variation. The spread between
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these dimensions, reduced by the effective variation of the internal and external spline, is
the maximum effective clearance. Where the effective variation obtained in machining is
appreciably less than the variation allowance, these dimensions must be adjusted in order
to maintain the desired fit.

Maximum Effective Space Width and Minimum Effective Tooth Thickness: These
dimensions define the maximum effective clearance but they do not limit the effective
variation. They may be used, in addition to the maximum actual space width and minimum
actual tooth thickness, to prevent the increase of maximum effective clearance due to
reduction of effective variations. The notation “inspection optional” may be added where
maximum effective clearance is an assembly requirement, but does not need absolute con-
trol. It will indicate, without necessarily adding inspection time and equipment, that the
actual space width of the internal spline must be held below the maximum, or the actual
tooth thickness of the external spline above the minimum, if machining methods result in
less than the allowable variations. Where effective variation needs no control or is con-
trolled by laboratory inspection, these limits may be substituted for maximum actual space
width and minimum actual tooth thickness.

Combinations of Involute Spline Types.—Flat root side fit internal splines may be used
with fillet root external splines where the larger radius is desired on the external spline for
control of stress concentrations. This combination of fits may also be permitted as a design
option by specifying for the minimum root diameter of the external, the value of the mini-
mum root diameter of the fillet root external spline and noting this as “optional root.”

A design option may also be permitted to provide either flat root internal or fillet root
internal by specifying for the maximum major diameter, the value of the maximum major
diameter of the fillet root internal spline and noting this as “optional root.”

Interchangeability.—Splines made to this standard may interchange with splines made
to older standards. Exceptions are listed below.

External Splines: These external splines will mate with older internal splines as follows:

Internal Splines: These will mate with older external splines as follows:

Year Major Dia. Fit Flat Root Side Fit Fillet Root Side Fit
1946 Yes No (A)a

a For exceptions A, B, C, see the paragraph on Exceptions that follows. 

No (A)

1950b

b Full dedendum. 

Yes (B) Yes (B) Yes (C)

1950c

c Short dedendum. 

Yes (B) No (A) Yes (C)
1957 SAE Yes No (A) Yes (C)
1960 Yes No (A) Yes (C)

Year Major Dia. Fit Flat Root Side Fit Fillet Root Side Fit
1946 No (D)a

a For exceptions C, D, E, F, G, see the paragraph on Exceptions that follows. 

No (E) No (D)
1950 Yes (F) Yes Yes (C)
1957 SAE Yes (G) Yes Yes
1960 Yes (G) Yes Yes
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Table 6. Spline Terms, Symbols, and Drawing Data, 30-Degree Pressure Angle, Flat 
Root Side Fit  ANSI B92.1-1970, R1993

The fit shown is used in restricted areas (as with tubular parts with wall thickness too small to per-
mit use of fillet roots, and to allow hobbing closer to shoulders, etc.) and for economy (when hob-
bing, shaping, etc., and using shorter broaches for the internal member).

Press fits are not tabulated because their design depends on the degree of tightness desired and 
must allow for such factors as the shape of the blank, wall thickness, material, hardness, thermal 
expansion, etc. Close tolerances or selective size grouping may be required to limit fit variations.

Drawing Data

Internal Involute Spline Data External Involute Spline Data

Flat Root Side Fit Flat Root Side Fit

Number of Teeth xx Number of Teeth xx

Pitch xx/xx Pitch xx/xx

Pressure Angle 30° Pressure Angle 30°
Base Diameter x.xxxxxx Ref Base Diameter x.xxxxxx Ref

Pitch Diameter x.xxxxxx Ref Pitch Diameter x.xxxxxx Ref

Major Diameter x.xxx max Major Diameter x.xxx/x.xxx

Form Diameter x.xxx Form Diameter x.xxx

Minor Diameter x.xxx/x.xxx Minor Diameter x.xxx min

Circular Space Width Circular Tooth Thickness

Max Actual x.xxxx Max Effective x.xxxx

Min Effective x.xxxx Min Actual x.xxxx

The following information may be added as 
required:

The following information may be added as 
required:

Max Measurement 
Between Pins

x.xxx Ref Min Measurement Over 
Pins

x.xxxx Ref

Pin Diameter x.xxxx Pin Diameter x.xxxx

The above drawing data are required for the spline specifications. The standard system is shown; for 
alternate systems, see Table 5. Number of x's indicates number of decimal places normally used.

Optional

External
Spline

Internal
Spline

30-Deg Pressure Angle

Circular Pitch p

Space Width (Circular)
s = Actual

sv = Effective

Tooth Thickness (Circular)
t = Actual

tv = Effective

Pitch
Dia.

D
Ref

Fillet Form Clearance CF

CF
Major Dia.

Minor Dia.

Form Dia.

Dri

Dre

DFi

Do

Di

DFe
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Exceptions:
a) The external major diameter, unless chamfered or reduced, may interfere with the

internal form diameter on flat root side fit splines. Internal splines made to the 1957 and
1960 standards had the same dimensions as shown for the major diameter fit splines in this
standard.

b) For 15 teeth or less, the minor diameter of the internal spline, unless chamfered, will
interfere with the form diameter of the external spline.

c) For 9 teeth or less, the minor diameter of the internal spline, unless chamfered, will
interfere with form diameter of the external spline.

d) The internal minor diameter, unless chamfered, will interfere with the external form
diameter.

e) The internal minor diameter, unless chamfered, will interfere with the external form
diameter.

f) For 10 teeth or less, the minimum chamfer on the major diameter of the external spline
may not clear the internal form diameter.

g) Depending upon the pitch of the spline, the minimum chamfer on the major diameter
may not clear the internal form diameter.
Drawing Data.—It is important that uniform specifications be used to show complete
information on detail drawings of splines. Much misunderstanding will be avoided by fol-
lowing the suggested arrangement of dimensions and data as given in Table 6. The number
of x's indicates the number of decimal places normally used. With this tabulated type of
spline specifications, it is usually not necessary to show a graphic illustration of the spline
teeth.
Spline Data and Reference Dimensions.—Spline data are used for engineering and
manufacturing purposes. Pitch and pressure angle are not subject to individual inspection.

As used in this standard, reference is an added notation or modifier to a dimension, spec-
ification, or note when that dimension, specification, or note is:

1) Repeated for drawing clarification.
2) Needed to define a nonfeature datum or basis from which a form or feature is gener-

ated.
3) Needed to define a nonfeature dimension from which other specifications or dimen-

sions are developed.
4) Needed to define a nonfeature dimension at which toleranced sizes of a feature are

specified.
5) Needed to define a nonfeature dimension from which control tolerances or sizes are

developed or added as useful information.
Any dimension, specification, or note that is noted “REF” should not be used as a crite-

rion for part acceptance or rejection.
Estimating Key and Spline Sizes and Lengths.—Fig. 3 may be used to estimate the size
of American Standard involute splines required to transmit a given torque. It also may be
used to find the outside diameter of shafts used with single keys. After the size of the shaft
is found, the proportions of the key can be determined from Table 1 on page 2472.

Curve A is for flexible splines with teeth hardened to Rockwell C 55-65. For these
splines, lengths are generally made equal to or somewhat greater than the pitch diameter
for diameters below 11⁄4 inches; on larger diameters, the length is generally one-third to
two-thirds the pitch diameter. Curve A also applies for a single key used as a fixed cou-
pling, the length of the key being one to one and one-quarter times the shaft diameter. The
stress in the shaft, neglecting stress concentration at the keyway, is about 7500 pounds per
square inch. See also Effect of Keyways on Shaft Strength starting on page 301.

Curve B represents high-capacity single keys used as fixed couplings for stresses of 9500
pounds per square inch, neglecting stress concentration. Key-length is one to one and one-
quarter times shaft diameter and both shaft and key are of moderately hard heat-treated
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steel. This type of connection is commonly used to key commercial flexible couplings to
motor or generator shafts.

Curve C is for multiple-key fixed splines with lengths of three-quarters to one and one-
quarter times pitch diameter and shaft hardness of 200-300 BHN.

Curve D is for high-capacity splines with lengths one-half to one times the pitch diame-
ter. Hardnesses up to Rockwell C 58 are common and in aircraft applications the shaft is
generally hollow to reduce weight.

Curve E represents a solid shaft with 65,000 pounds per square inch shear stress. For hol-
low shafts with inside diameter equal to three-quarters of the outside diameter the shear
stress would be 95,000 pounds per square inch.

Length of Splines: Fixed splines with lengths of one-third the pitch diameter will have
the same shear strength as the shaft, assuming uniform loading of the teeth; however,
errors in spacing of teeth result in only half the teeth being fully loaded. Therefore, for bal-
anced strength of teeth and shaft the length should be two-thirds the pitch diameter. If
weight is not important, however, this may be increased to equal the pitch diameter. In the
case of flexible splines, long lengths do not contribute to load carrying capacity when there
is misalignment to be accommodated. Maximum effective length for flexible splines may
be approximated from Fig. 4.

Formulas for Torque Capacity of Involute Splines.—The formulas for torque capacity
of 30-degree involute splines given in the following paragraphs are derived largely from an
article “When Splines Need Stress Control” by D. W. Dudley, Product Engineering, Dec.
23, 1957.

In the formulas that follow the symbols used are as defined on page 2256 with the follow-
ing additions: Dh = inside diameter of hollow shaft, inches; Ka = application factor from
Table 7; Km = load distribution factor from Table 8; Kf = fatigue life factor from Table 9; Kw

Fig. 3. Chart for Estimating Involute Spline Size Based on Diameter-Torque Relationships
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= wear life factor from Table 10; Le = maximum effective length from Fig. 4, to be used in
stress formulas even though the actual length may be greater; T = transmitted torque,
pound-inches. For fixed splines without helix modification, the effective length Le should
never exceed 5000 D3.5 ÷ T.

Table 7. Spline Application Factors, Ka

Table 8. Load Distribution Factors, Km, for Misalignment of Flexible Splines

For fixed splines, Km = 1.

Fig. 4. Maximum Effective Length for Fixed and Flexible Splines

Power Source

Type of Load

Uniform
(Generator, Fan)

Light
Shock

(Oscillating
Pumps, etc.)

Intermittent
Shock

(Actuating
Pumps, etc.)

Heavy
Shock

(Punches,
Shears, etc.)

Application Factor, Ka

Uniform (Turbine, Motor) 1.0 1.2 1.5 1.8
Light Shock (Hydraulic Motor) 1.2 1.3 1.8 2.1
Medium Shock (Internal Combus-

tion, Engine) 2.0 2.2 2.4 2.8

Misalignment,
inches per inch

Load Distribution Factor, Km
a

a For fixed splines, Km=1.

1⁄2-in. Face Width 1-in. Face Width 2-in. Face Width 4-in. Face Width

0.001 1 1 1 1 1⁄2
0.002 1 1 1 1⁄2 2
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Table 9. Fatigue-Life Factors, Kf, for Splines

Table 10. Wear Life Factors, Kw, for Flexible Splines

Wear life factors, unlike fatigue life factors given in Table 9, are based on the total number of rev-
olutions of the spline, since each revolution of a flexible spline results in a complete cycle of rocking
motion which contributes to spline wear.

Definitions: A fixed spline is one which is either shrink fitted or loosely fitted but piloted
with rings at each end to prevent rocking of the spline which results in small axial move-
ments that cause wear. A flexible spline permits some rocking motion such as occurs when
the shafts are not perfectly aligned. This flexing or rocking motion causes axial movement
and consequently wear of the teeth. Straight-toothed flexible splines can accommodate
only small angular misalignments (less than 1 deg.) before wear becomes a serious prob-
lem. For greater amounts of misalignment (up to about 5 deg.), crowned splines are prefer-
able to reduce wear and end-loading of the teeth.

Shear Stress Under Roots of External Teeth: For a transmitted torque T, the torsional
shear stress induced in the shaft under the root diameter of an external spline is:

(1)

(2)

The computed stress should not exceed the values in Table 11.

Table 11. Allowable Shear, Compressive, and Tensile Stresses for Splines

No. of Torque
Cyclesa

a A torque cycle consists of one start and one stop, not the number of revolutions. 

Fatigue-Life Factor, Kf

Unidirectional Fully-reversed

1,000 1.8 1.8
10,000 1.0 1.0

100,000 0.5 0.4
1,000,000 0.4 0.3

10,000,000 0.3 0.2

Number of
Revolutions of Spline

Life Factor,
Kw

Number of
Revolutions of Spline

Life Factor,
Kw

10,000 4.0 100,000,000 1.0
100,000 2.8 1,000,000,000 0.7

1,000,000 2.0 10,000,000,000 0.5
10,000,000 1.4 … …

Material

Hardness

Max. Allowable Stress

Shear Stress, 
psi

Compressive Stress, psi Tensile Stress, 
psiBrinell Rockwell C Straight Crowned

Steel
160-200 — 20,000 1,500 6,000 22,000
230-260 — 30,000 2,000 8,000 32,000
302-351 33-38 40,000 3,000 12,000 45,000

Surface-hardened Steel — 48-53 40,000 4,000 16,000 45,000
Case-hardened Steel — 58-63 50,000 5,000 20,000 55,000
Through-hardened Steel

(Aircraft Quality) — 42-46 45,000 — — 50,000

Ss

16TKa

πDre
3Kf

------------------= for a solid shaft

Ss

16TDreKa

π Dre
4 Dh

4–( )Kf

------------------------------------= for a hollow shaft
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Shear Stress at the Pitch Diameter of Teeth: The shear stress at the pitch line of the teeth
for a transmitted torque T is:

(3)

The factor of 4 in (3) assumes that only half the teeth will carry the load because of spac-
ing errors. For poor manufacturing accuracies, change the factor to 6.

The computed stress should not exceed the values in Table 11.

Compressive Stresses on Sides of Spline Teeth: Allowable compressive stresses on
splines are very much lower than for gear teeth since non-uniform load distribution and
misalignment result in unequal load sharing and end loading of the teeth.

(4)

(5)

In these formulas, h is the depth of engagement of the teeth, which for flat root splines is
0.9/P and for fillet root splines is 1/P, approximately.

The stresses computed from Formulas (4) and (5) should not exceed the values in Table
11.

Bursting Stresses on Splines: Internal splines may burst due to three kinds of tensile
stress: 1) tensile stress due to the radial component of the transmitted load;  2) centrifugal
tensile stress;  and  3) tensile stress due to the tangential force at the pitch line causing
bending of the teeth.

(6)

where tw = wall thickness of internal spline = outside diameter of spline sleeve minus spline
major diameter, all divided by 2. L = full length of spline.

(7)

where Doi = outside diameter of spline sleeve.

(8)

In Equation (8), Y is the Lewis form factor obtained from a tooth layout. For internal
splines of 30-deg. pressure angle a value of Y = 1.5 is a satisfactory estimate. The factor 4
in (8) assumes that only half the teeth are carrying the load.

The total tensile stress tending to burst the rim of the external member is:
St = [KaKm (S1 + S3) + S2]/Kf; and should be less than those in Table 11.

Crowned Splines for Large Misalignments.—As mentioned on page 2268, crowned
splines can accommodate misalignments of up to about 5 degrees. Crowned splineshave
considerably less capacity than straight splines of the same size if both are operating with
precise alignment. However, when large misalignments exist, the crowned spline has
greater capacity.

American Standard tooth forms may be used for crowned external members so that they
may be mated with straight internal members of Standard form.

Ss

4TKaKm

DNLetKf

-----------------------=

For flexible splines, Sc

2TKmKa

DNLehKw

--------------------------=

For fixed splines, Sc

2TKmKa

9DNLehKf

---------------------------=

Radial load tensile stress, S1
T φtan
πDtwL
-----------------=

Centrifugal tensile stress, S2
1.656 rpm( )2× Doi

2 0.212Dri
2+( )

1 000 000, ,
-------------------------------------------------------------------------------=

Beam loading tensile stress, S3
4T

D2LeY
----------------=
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The accompanying diagram of a crowned spline shows the radius of the crown r1; the
radius of curvature of the crowned tooth, r2; the pitch diameter of the spline, D; the face
width, F; and the relief or crown height A  at the ends of the teeth. The crown height A
should always be made somewhat greater than one-half the face width multiplied by the
tangent of the misalignment angle. For a crown height A, the approximate radius of curva-
ture r2 is F2 ÷ 8A, and r1 = r2 tan φ, where φ is the pressure angle of the spline.

For a torque T, the compressive stress on the teeth is:

and should be less than the value in Table 11.
Fretting Damage to Splines and Other Machine Elements.—Fretting is wear that
occurs when cyclic loading, such as vibration, causes two surfaces in intimate contact to
undergo small oscillatory motions with respect to each other. During fretting, high points
or asperities of the mating surfaces adhere to each other and small particles are pulled out,
leaving minute, shallow pits and a powdery debris. In steel parts exposed to air, the metal-
lic debris oxidizes rapidly and forms a red, rustlike powder or sludge; hence, the coined
designation “fretting corrosion.”

Fretting is mechanical in origin and has been observed in most materials, including those
that do not oxidize, such as gold, platinum, and nonmetallics; hence, the corrosion accom-
panying fretting of steel parts is a secondary factor.

Fretting can occur in the operation of machinery subject to motion or vibration or both. It
can destroy close fits; the debris may clog moving parts; and fatigue failure may be accel-
erated because stress levels to initiate fatigue in fretted parts are much lower than for
undamaged material. Sites for fretting damage include interference fits; splined, bolted,
keyed, pinned, and riveted joints; between wires in wire rope; flexible shafts and tubes;
between leaves in leaf springs; friction clamps; small amplitude-of-oscillation bearings;
and electrical contacts.

Vibration or cyclic loadings are the main causes of fretting. If these factors cannot be
eliminated, greater clamping force may reduce movement but, if not effective, may actu-
ally worsen the damage. Lubrication may delay the onset of damage; hard plating or sur-
face hardening methods may be effective, not by reducing fretting, but by increasing the
fatigue strength of the material. Plating soft materials having inherent lubricity onto con-
tacting surfaces is effective until the plating wears through.
Involute Spline Inspection Methods.—Spline gages are used for routine inspection of
production parts.

Analytical inspection, which is the measurement of individual dimensions and varia-
tions, may be required:

a) To supplement inspection by gages, for example, where NOT GO composite gages are
used in place of NOT GO sector gages and variations must be controlled.

b) To evaluate parts rejected by gages.
c) For prototype parts or short runs where spline gages are not used.

Sc 2290 2T DNhr2÷ ;=
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d) To supplement inspection by gages where each individual variation must be restrained
from assuming too great a portion of the tolerance between the minimum material actual
and the maximum material effective dimensions.
Inspection with Gages.—A variety of gages is used in the inspection of involute splines.

Types of Gages: A composite spline gage has a full complement of teeth. A sector spline
gage has two diametrically opposite groups of teeth. A sector plug gage with only two teeth
per sector is also known as a “paddle gage.” A sector ring gage with only two teeth per sec-
tor is also known as a “snap ring gage.” A progressive gage is a gage consisting of two or
more adjacent sections with different inspection functions. Progressive GO gages are
physical combinations of GO gage members that check consecutively first one feature or
one group of features, then their relationship to other features. GO and NOT GO gages may
also be combined physically to form a progressive gage.

Fig. 5. Space width and tooth-thickness inspection.

GO and NOT GO Gages: GO gages are used to inspect maximum material conditions
(maximum external, minimum internal dimensions). They may be used to inspect an indi-
vidual dimension or the relationship between two or more functional dimensions. They
control the minimum looseness or maximum interference.

NOT GO gages are used to inspect minimum material conditions (minimum external,
maximum internal dimensions), thereby controlling the maximum looseness or minimum
interference. Unless otherwise agreed upon, a product is acceptable only if the NOT GO
gage does not enter or go on the part. A NOT GO gage can be used to inspect only one
dimension. An attempt at simultaneous NOT GO inspection of more than one dimension
could result in failure of such a gage to enter or go on (acceptance of part), even though all
but one of the dimensions were outside product limits. In the event all dimensions are out-
side the limits, their relationship could be such as to allow acceptance.

Effective and Actual Dimensions: The effective space width and tooth thickness are
inspected by means of an accurate mating member in the form of a composite spline gage.

The actual space width and tooth thickness are inspected with sector plug and ring gages,
or by measurements with pins.
Measurements with Pins.—The actual space width of internal splines, and the actual
tooth thickness of external splines, may be measured with pins. These measurements do
not determine the fit between mating parts, but may be used as part of the analytic inspec-
tion of splines to evaluate the effective space width or effective tooth thickness by approx-
imation.

Formulas for 2-Pin Measurement Between Pins: For measurement between pins of
internal splines using the symbols given on page 2256:

1) Find involute of pressure angle at pin center:

φiinv s

D
---- φdinv

di

Db

------–+=
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2) Find the value of φi in degrees, in the involute function tables beginning on page 111.
Find sec φi = 1/cosine φi in the trig tables, pages 107 through 109, using interpolation to
obtain higher accuracy.

3) Compute measurement, Mi, between pins:
For even numbers of teeth: Mi = Db sec φi − di

For odd numbers of teeth: Mi = (Db cos 90°/N) sec φi − di

where: di =1.7280/P for 30° and 37.5° standard pressure angle (φD) splines

di =1.9200/P for 45° pressure angle splines
Example:Find the measurement between pins for maximum actual space width of an

internal spline of 30° pressure angle, tolerance class 4, 3⁄6 diametral pitch, and 20 teeth.

The maximum actual space width to be substituted for s in Step 1 above is obtained as
follows: In Table 5, page 2262, the maximum actual space width is the sum of the mini-
mum effective space width (second column) and λ + m (third column). The minimum
effective space width sv from Table 2, page 2257, is π/2P = π/(2 × 3). The values of λ and
m from Table 4, page 2259, are, for a class 4 fit, 3 ⁄6 diametral pitch, 20-tooth spline: λ =
0.0027 × 0.71 = 0.00192; and m = 0.00176 × 0.71 = 0.00125, so that s = 0.52360 + 0.00192
+ 0.00125 = 0.52677.

Other values required for Step 1 are:
D =N ÷ P = 20 ÷ 3 = 6.66666

inv  φD = inv 30° = 0.053751 from a calculator
di =1.7280 ⁄3 = 0.57600

Db =D cos φD = 6.66666 × 0.86603 = 5.77353

The computation is made as follows:
1) inv φi = 0.52677 ⁄6.66666 + 0.053751 − 0.57600 ⁄5.77353 = 0.03300
2) From a calculator, φi = 25°46.18 ′ and sec φi = 1.11044
3) Mi = 5.77353 × 1.11044 − 0.57600 = 5.8352 inches

Formulas for 2-Pin Measurement Over Pins: For measurement over pins of external
splines:

1) Find involute of pressure angle at pin center:

2) Find the value of φe and sec φe from the involute function tables beginning on
page 111.

3) Compute measurement, Me, over pins:
For even numbers of teeth: Me = Db sec φe + de

For odd numbers of teeth: Me = (Db cos 90°/N) sec φe + de

where de =1.9200/P for all external splines
American National Standard Metric Module Splines.—ANSI B92.2M-1980 (R1989)
is the American National Standards Institute version of the International Standards Orga-
nization involute spline standard. It is not a “soft metric” conversion of any previous, inch-
based, standard,* and splines made to this hard metric version are not intended for use with
components made to the B92.1 or other, previous standards. The ISO 4156 Standard from
* A “soft” conversion is one in which dimensions in inches, when multiplied by 25.4 will, after being
appropriately rounded off, provide equivalent dimensions in millimeters. In a “hard” system the tools
of production, such as hobs, do not bear a usable relation to the tools in another system; i.e., a 10 diame-
tral pitch hob calculates to be equal to a 2.54 module hob in the metric module system, a hob that does
not exist in the metric standard. 

φeinv t

D
---- φDinv

de

Db

------ π
N
----–+ +=
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which this one is derived is the result of a cooperative effort between the ANSI B92 com-
mittee and other members of the ISO/TC 14-2 involute spline committee.

Many of the features of the previous standard, ANSI B92.1-1970 (R1993), have been
retained such as: 30-, 37.5-, and 45-degree pressure angles; flat root and fillet root side fits;
the four tolerance classes 4, 5, 6, and 7; tables for a single class of fit; and the effective fit
concept.

Among the major differences are: use of modules of from 0.25 through 10 mm in place of
diametral pitch; dimensions in millimeters instead of inches; the “basic rack”; removal of
the major diameter fit; and use of ISO symbols in place of those used previously. Also, pro-
vision is made for calculating three defined clearance fits.

The Standard recognizes that proper assembly between mating splines is dependent only
on the spline being within effective specifications from the tip of the tooth to the form
diameter. Therefore, the internal spline major diameter is shown as a maximum dimension
and the external spline minor diameter is shown as a minimum dimension. The minimum
internal major diameter and the maximum external minor diameter must clear the speci-
fied form diameter and thus require no additional control. All dimensions are for the fin-
ished part; any compensation that must be made for operations that take place during
processing, such as heat treatment, must be considered when selecting the tolerance level
for manufacturing.

The Standard provides the same internal minimum effective space width and external
maximum effective tooth thickness for all tolerance classes. This basic concept makes pos-
sible interchangeable assembly between mating splines regardless of the tolerance class of
the individual members, and permits a tolerance class “mix” of mating members. This
arrangement is often an advantage when one member is considerably less difficult to pro-
duce than its mate, and the “average” tolerance applied to the two units is such that it satis-
fies the design need. For example, by specifying Class 5 tolerance for one member and
Class 7 for its mate, an assembly tolerance in the Class 6 range is provided.

If a fit given in this Standard does not satisfy a particular design need, and a specific
clearance or press fit is desired, the change shall be made only to the external spline by a
reduction of, or an increase in, the effective tooth thickness and a like change in the actual
tooth thickness. The minimum effective space width is always basic and this basic width
should always be retained when special designs are derived from the concept of this Stan-
dard.

Spline Terms and Definitions: The spline terms and definitions given for American
National Standard ANSI B92.1-1970 (R1993) described in the preceding section, may be
used in regard to ANSI B92.2M-1980 (R1989). The 1980 Standard utilizes ISO symbols in
place of those used in the 1970 Standard; these differences are shown in Table 12.

Dimensions and Tolerances: Dimensions and tolerances of splines made to the 1980
Standard may be calculated using the formulas given in Table 13. These formulas are for
metric module splines in the range of from 0.25 to 10 mm metric module of side-fit design
and having pressure angles of 30-, 37.5-, and 45-degrees. The standard modules in the sys-
tem are: 0.25; 0.5; 0.75; 1; 1.25; 1.5; 1.75; 2; 2.5; 3; 4; 5; 6; 8; and 10. The range of from 0.5
to 10 module applies to all splines except 45-degree fillet root splines; for these, the range
of from 0.25 to 2.5 module applies.

Fit Classes: Four classes of side fit splines are provided: spline fit class H/h having a
minimum effective clearance, cv = es = 0; classes H/f, H/e, and H/d having tooth thickness
modifications, es, of f, e, and d, respectively, to provide progressively greater effective
clearance cv, The tooth thickness modifications h, f, e, and d in Table 14 are fundamental
deviations selected from ISO R286, “ISO System of Limits and Fits.” They are applied to
the external spline by shifting the tooth thickness total tolerance below the basic tooth
thickness by the amount of the tooth thickness modification to provide a prescribed mini-
mum effective clearance cv.
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Table 12. Comparison of Symbols Used in  ANSI B92.2M-1980 (R1989)
and Those in ANSI B92.1-1970, R1993

Symbol

Meaning of Symbol

Symbol

Meaning of SymbolB92.2M B92.1 B92.2M B92.1

c … theoretical clearance m … module

cv cv effective clearance … P diametral pitch

cF cF form clearance … Ps stub pitch = 2P

D D pitch diameter Pb … base pitch

DB Db base diameter p p circular pitch

dce Dce
pin contact diameter, external 

spline π π 3.141592654

dci Dci
pin contact diameter, internal 

spline rfe rf fillet rad., ext. spline

DEE Do major diam., ext. spline rfi rf fillet rad., int. spline

DEI Dri major diam., int. spline Ebsc sv min basic circular space width

DFE DFe form diam., ext. spline Emax s max. actual circular space width

DFI DFi form diam., int. spline Emin s min. actual circular space width

DIE Dre minor diam., ext. spline EV sv effective circular space width

DII Di minor diam., int. spline Sbsc tv max basic circular tooth thickness

DRE de pin diam., ext. spline Smax t max. actual circular tooth thick.

DRI di pin diam., int. spline Smin t min. actual circular tooth thick.

hs … see Figs. 6a,  6b,  6c, and  6d SV tv effective circular tooth thick.

λ λ effective variation α φ pressure angle

INV α … involute α=tan α − arc α αD φD standard pressure angle

KE Ke change factor, ext. spline αci φci
press. angle at pin contact diame-

ter, internal spline

KI Ki change factor, int. spline αce φce
press. angle at pin contact diame-

ter, external spline

g L spline length αi φi
press. angle at pin center, internal 

spline

gw … active spline length αe φe
press. angle at pin center, external 

spline

gγ … length of engagement αFe φF
press. angle at form diameter, 

external spline

T m machining tolerance αFi φF
press. angle at form diameter, 

internal spline

MRE Me meas. over 2 pins, ext. spline es …
ext. spline cir. tooth thick.modifi-

cation for required fit
class=cv min (Table 14)

MRI Mi meas. bet. 2 pins, int. spline h, f, 
e,or d …

tooth thick, size modifiers (called 
fundamental deviation in ISO 
R286), Table 14

Z N number of teeth H …
space width size modifier (called 

fundamental deviation in ISO 
R286), Table 14
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Table 13. Formulas for Dimensions and Tolerances for All Fit Classes—
Metric Module Involute Splines

Term Symbol

Formula

30-Degree Flat 
Root

30-Degree Fillet 
Root

37.5-Degree Fillet 
Root

45-Degree Fillet 
Root

0.5 to 10 module 0.5 to 10 module 0.5 to 10 module 0.25 to 2.5 module

Pitch Diameter D mZ

Base Diameter DB mZ cos αD

Circular Pitch p πm

Base Pitch pb πm cos αD

Tooth Thick Mod es According to selected fit class, H/h, H/f, H/e, or H/d (see Table 14)
Min Maj. Diam. Int DEI min m(Z + 1.5) m(Z + 1.8) m(Z + 1.4) m(Z + 1.2)

Max Maj Diam. Int. DEI max DEI min + (T + λ)/tan αD (see Footnote a)

Form Diam, Int. DFI m(Z + 1) + 2cF m(Z + 1) + 2cF m(Z + 0.9) + 2cF m(Z + 0.8) + 2cF

Min Minor Diam, Int DII min DFE + 2cF (see Footnote b)

Max Minor Diam, 
Int DII max DII min + (0.2m0.667 − 0.01m−0.5) (see Footnote c)

Cir Space Width,

Basic Ebsc 0.5πm

Min Effective EV min 0.5πm

Max Actual E max EV min + (T + λ) for classes 4, 5, 6, and 7 (see Table 15 for T + λ)
Min Actual E min EV min + λ (see text on page 2276 for λ)
Max Effective EV max E max − λ (see text on page 2276 for λ)

Max Major Diam, 
Extd

DEE
max

m(Z +1) − es/tanαD m(Z +1) − es/tanαD

m(Z +0.9) −
es/tanαD

m(Z +0.8) −
es/tanαD

Min Major Diam. 
Ext

DEE
min DEE max − (0.2m0.667 − 0.01m−0.5)c

Form Diam, External DFE

Max Minor Diam, 
Extd

DIE max
m(Z −1.5) −

es/tanαD

m(Z −1.8) −
es/tanαD

m(Z −1.4) −
es/tanαD

m(Z −1.2) −
es/tanαD

Min Minor Diam, 
Ext DIE min DIE max − (T + λ)/tan αD (see Footnote a)

Cir Tooth Thick,

Basic Sbsc 0.5πm

Max Effective SV max Sbsc − es

Min Actual S min SV max − (T + λ) for classes 4, 5, 6, and 7 (see Table 15 for T + λ)
Max Actual S max SV max − λ (see text on page 2276 for λ)
Min Effective SV min S min + λ (see text on page 2276 for λ)

Total Tolerance on 
Circular Space 
Width or Tooth 
Thickness

(T + λ) See formulas in Table 15

Machining Toler-
ance on Circular 
Space Width or 
Tooth Thickness

T T = (T + λ) from Table 15 − λ from text on page 2276.

Effective Variation 
Allowed on Circu-
lar Space Width or 
Tooth Thickness

λ See text on page 2276.

Form Clearance cF 0.1m

Rack Dimension hs 0.6m(see Fig. 6a) 0.6m(see Fig. 6b) 0.55m(see Fig. 6c) 0.5m(see Fig. 6d)

a Use (T + λ) for class 7 from Table 15
b For all types of fit, always use the DFE value corresponding to the H/h fit. 

2 0.5DB( )2 0.5D αsin D
hs 0.5es( ) αtan D⁄( )+

αsin D
------------------------------------------------------–

2
+×
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Note: The values listed in this table are taken from ISO R286 and have been computed on the basis
of the geometrical mean of the size ranges shown. Values in boldface type do not comply with any
documented rule for rounding but are those used by ISO R286; they are used in this table to comply
with established international practice.

Basic Rack Profiles: The basic rack profile for the standard pressure angle splines are
shown in Figs. 6a,  6b,  6c, and  6d. The dimensions shown are for maximum material con-
dition and for fit class H/h.

Spline Machining Tolerances and Variations.—The total tolerance (T + λ), Table 15, is
the sum of Effective Variation, λ, and a Machining Tolerance, T.

Table 15. Space Width and Tooth Thickness Total Tolerance, (T + λ), in Millimeters

Effective Variation: The effective variation, λ, is the combined effect that total index
variation, positive profile variation, and tooth alignment variation has on the effective fit of
mating involute splines. The effect of the individual variations is less than the sum of the
allowable variations because areas of more than minimum clearance can have profile,
tooth alignment, or index variations without changing the fit. It is also unlikely that these
variations would occur in their maximum amounts simultaneously on the same spline. For
this reason, total index variation, total profile variation, and tooth alignment variation are
used to calculate the combined effect by the following formula:

The above variation is based upon a length of engagement equal to one-half the pitch diam-
eter of the spline; adjustment of λ may be required for a greater length of engagement. For-
mulas for values of Fp, ff, and Fβ used in the above formula are given in Table 16.

c Values of (0.2m0.667 − 0.01m−0.5) are as follows: for 10 module, 0.93; for 8 module, 0.80; for 6 mod-
ule, 0.66; for 5 module, 0.58; for 4 module, 0.50; for 3 module, 0.41; for 2.5 module, 0.36; for 2 mod-
ule, 0.31; for 1.75 module, 0.28; for 1.5 module, 0.25; for 1.25 module, 0.22; for 1 module, 0.19; for
0.75 module, 0.15; for 0.5 module, 0.11; and for 0.25 module, 0.06. 

d See Table 17 for values of es/tan α D.

Table 14. Tooth Thickness Modification, es, for Selected Spline Fit Classes

Pitch
Diameter
in mm,

D

External Splinesa

a Internal splines are fit class H and have space width modification from basic space width equal to
zero; thus, an H/h fit class has effective clearance cv = 0. 

Pitch
Diameter
in mm,

D

External Splinesa

Selected Fit Class Selected Fit Class

d e f h d e f h

Tooth Thickness Modification (Reduc-
tion) Relative to Basic Tooth Thickness 
at Pitch Diameter, es, in mm

Tooth Thickness Modification (Reduc-
tion) Relative to Basic Tooth Thickness 
at Pitch Diameter, es, in mm

≤ 3 0.020 0.014 0.006 0 > 120 to 180 0.145 0.085 0.043 0
> 3 to 6 0.030 0.020 0.010 0 > 180 to 250 0.170 0.100 0.050 0
> 6 to 10 0.040 0.025 0.013 0 > 250 to 315 0.190 0.110 0.056 0
> 10 to 18 0.050 0.032 0.016 0 > 315 to 400 0.210 0.125 0.062 0
> 18 to 30 0.065 0.040 0.020 0 > 400 to 500 0.230 0.135 0.068 0
> 30 to 50 0.080 0.050 0.025 0 > 500 to 630 0.260 0.145 0.076 0
> 50 to 80 0.100 0.060 0.030 0 > 630 to 800 0.290 0.160 0.080 0
> 80 to 120 0.120 0.072 0.036 0 > 800 to 1000 0.320 0.170 0.086 0

Spline
Toler-
ance
Class

Formula for 
Total Tolerance,

(T + λ)

Spline
Toler-
ance
Class

Formula for 
Total Tolerance,

(T + λ)

In these formulas, i* and i** are tolerance units based 
upon pitch diameter and tooth thickness, respectively:

4 10i* + 40i** 6 25i* + 100i**

5 16i* + 64i** 7 40i* + 160i**

i∗ 0.001 0.45 D3 0.001D+( )for D 500≤ mm=

0.001 0.004D 2.1+( ) for D 500mm>=

i** 0.001 0.45 Sbsc
3 0.001Sbsc+( )=

λ 0.6 Fp( )2 ff( )2 Fβ( )2+ +  millimeters=
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Table 16. Formulas for Fp, ff , and Fβ used to calculate λ

g = length of spline in millimeters.

These values are used with the applicable formulas in Table 13.

Machining Tolerance: A value for machining tolerance may be obtained by subtracting
the effective variation, λ, from the total tolerance (T + λ). Design requirements or specific
processes used in spline manufacture may require a different amount of machining toler-
ance in relation to the total tolerance.

Fig. 6a. Profile of Basic Rack for 30° Flat Root Spline

Spline
Toler-
ance
Class

Total Index
Variation, in mm,

Fp

Total Profile
Variation, in mm,

ff

Total Lead
Variation, in mm,

Fβ

4 0.001 [1.6m(1 + 0.0125Z) + 10]

5 0.001 [2.5m(1 + 0.0125Z) + 16]

6 0.001 [4m(1 + 0.0125Z) + 25]

7 0.001 [6.3m(1 + 0.0125Z) + 40]

Table 17. Reduction, es/tan αD, of External Spline Major and Minor Diameters

Required for Selected Fit Classes

Pitch
Diameter
D in mm

Standard Pressure Angle, in Degrees

30 37.5 45 30 37.5 45 30 37.5 45 All

Classes of Fit

d e f h

es/tan αD in millimeters

≤3 0.035 0.026 0.020 0.024 0.018 0.014 0.010 0.008 0.006 0
>3 to 6 0.052 0.039 0.030 0.035 0.026 0.020 0.017 0.013 0.010 0

> 6 to 10 0.069 0.052 0.040 0.043 0.033 0.025 0.023 0.017 0.013 0
> 10 to 18 0.087 0.065 0.050 0.055 0.042 0.032 0.028 0.021 0.016 0
> 18 to 30 0.113 0.085 0.065 0.069 0.052 0.040 0.035 0.026 0.020 0
> 30 to 50 0.139 0.104 0.080 0.087 0.065 0.050 0.043 0.033 0.025 0
> 50 to 80 0.173 0.130 0.100 0.104 0.078 0.060 0.052 0.039 0.030 0

> 80 to 120 0.208 0.156 0.120 0.125 0.094 0.072 0.062 0.047 0.036 0
> 120 to 180 0.251 0.189 0.145 0.147 0.111 0.085 0.074 0.056 0.043 0
> 180 to 250 0.294 0.222 0.170 0.173 0.130 0.100 0.087 0.065 0.050 0
> 250 to 315 0.329 0.248 0.190 0.191 0.143 0.110 0.097 0.073 0.056 0
> 315 to 400 0.364 0.274 0.210 0.217 0.163 0.125 0.107 0.081 0.062 0
> 400 to 500 0.398 0.300 0.230 0.234 0.176 0.135 0.118 0.089 0.068 0
> 500 to 630 0.450 0.339 0.260 0.251 0.189 0.145 0.132 0.099 0.076 0
> 630 to 800 0.502 0.378 0.290 0.277 0.209 0.160 0.139 0.104 0.080 0

> 800 to 1000 0.554 0.417 0.320 0.294 0.222 0.170 0.149 0.112 0.086 0

0.001 2.5 mZπ 2⁄ 6.3+( ) 0.001 0.8 g 4+( )

0.001 3.55 mZπ 2⁄ 9+( ) 0.001 1.0 g 5+( )

0.001 5 mZπ 2⁄ 12.5+( ) 0.001 1.25 g 6.3+( )

0.001 7.1 mZπ 2⁄ 18+( ) 0.001 2 g 10+( )
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Fig. 6b. Profile of Basic Rack for 30° Fillet Root Spline

Fig. 6c. Profile of Basic Rack for 37.5° Fillet Root Spline

Fig. 6d. Profile of Basic Rack for 45° Fillet Root Spline

British Standard Straight Splines.—British Standard BS 2059:1953, “Straight-sided
Splines and Serrations”, was introduced because of the widespread development and use
of splines and because of the increasing use of involute splines it was necessary to provide
a separate standard for straight-sided splines. BS 2059 was prepared on the hole basis, the
hole being the constant member, and provide for different fits to be obtained by varying the
size of the splined or serrated shaft. Part 1 of the standard deals with 6 splines only, irre-
spective of the shaft diameter, with two depths termed shallow and deep. The splines are
bottom fitting with top clearance.

The standard contains three different grades of fit, based on the principle of variations in
the diameter of the shaft at the root of the splines, in conjunction with variations in the
widths of the splines themselves. Fit 1 represents the condition of closest fit and is designed
for minimum backlash. Fit 2 has a positive allowance and is designed for ease of assembly,
and Fit 3 has a larger positive allowance for applications that can accept such clearances.
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all these splines allow for clearance on the sides of the splines (the widths), but in Fit 1, the
minor diameters of the hole and the shaft may be of identical size. 

Assembly of a splined shaft and hole requires consideration of the designed profile of
each member, and this consideration should concentrate on the maximum diameter of the
shafts and the widths of external splines, in association with the minimum diameter of the
hole and the widths of the internal splineways. In other words, both internal and external
splines are in the maximum metal condition. The accuracy of spacing of the splines will
affect the quality of the resultant fit. If angular positioning is inaccurate, or the splines are
not parallel with the axis, there will be interference between the hole and the shaft. 

Part 2 of the Standard deals with straight-sided 90 serrations having nominal diameters
from 0.25 to 6.0 inches. Provision is again made for three grades of fits, the basic constant
being the serrated hole size. Variations in the fits of these serrations is obtained by varying
the sizes of the serrations on the shaft, and the fits are related to flank bearing, the depth of
engagement being constant for each size and allowing positive clearance at crest and root. 

Fit 1 is an interference fit intended for permanent or semi-permanent assemblies. Heating
to expand the internally-serrated member is needed for assembly. Fit 2 is a transition fit
intended for assemblies that require accurate location of the serrated members, but must
allow disassembly. In maximum metal conditions, heating of the outside member may be
needed for assembly. Fit. 3 is a clearance or sliding fit, intended for general applications.

Maximum and minimum dimensions for the various features are shown in the Standard
for each class of fit. Maximum metal conditions presupposes that there are no errors of
form such as spacing, alignment, or roundness of hole or shaft. Any compensation needed
for such errors may require reduction of a shaft diameter or enlargement of a serrated bore,
but the measured effective size must fall within the specified limits.

British Standard BS 3550:1963, “Involute Splines”, is complementary to BS 2059, and
the basic dimensions of all the sizes of splines are the same as those in the ANSI/ASME
B5.15-1960, for major diameter fit and side fit. The British Standard uses the same terms
and symbols and provides data and guidance for design of straight involute splines of 30
pressure angle, with tables of limiting dimensions. The standard also deals with manufac-
turing errors and their effect on the fit between mating spline elements. The range of
splines covered is:

Side fit, flat root, 2.5/5.0 to 32/64 pitch, 6 to 60 splines.

Major diameter, flat root, 3.0/6.0 to 16/32 pitch, 6 to 60 splines.

Side fit, fillet root, 2.5/5.0 to 48/96 pitch, 6 to 60 splines.

British Standard BS 6186, Part 1:1981, “Involute Splines, Metric Module, Side Fit” is
identical with sections 1 and 2 of ISO 4156 and with ANSI B92.2M-1980 (R1989)
“Straight Cylindrical Involute Splines, Metric Module, Side Fit - Generalities, Dimen-
sions and Inspection”. 

S.A.E. Standard Spline Fittings.—The S.A.E. spline fittings (Tables 18 through 21
inclusive) have become an established standard for many applications in the agricultural,
automotive, machine tool, and other industries. The dimensions given, in inches, apply
only to soft broached holes. Dimensions are illustrated in Figs. 7a,  7b, and  7c. The toler-
ances given may be readily maintained by usual broaching methods. The tolerances
selected for the large and small diameters may depend upon whether the fit between the
mating part, as finally made, is on the large or the small diameter. The other diameter,
which is designed for clearance, may have a larger manufactured tolerance. If the final fit
between the parts is on the sides of the spline only, larger tolerances are permissible for
both the large and small diameters. The spline should not be more than 0.006 inch per foot
out of parallel with respect to the shaft axis. No allowance is made for corner radii to obtain
clearance. Radii at the corners of the spline should not exceed 0.015 inch.
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Table 18. S.A.E. Standard 4-Spline Fittings

Fig. 7a. 4-Spline Fitting Fig. 7b. 6-Spline Fitting Fig. 7c. 10-Spline Fitting

Nom.
Diam

For All Fits 4A—Permanent Fit 4B—To Slide—No Load

D W d h

Ta

a See note at end of Table 21.

d h

TaMin. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
3⁄4 0.749 0.750 0.179 0.181 0.636 0.637 0.055 0.056 78 0.561 0.562 0.093 0.094 123
7⁄8 0.874 0.875 0.209 0.211 0.743 0.744 0.065 0.066 107 0.655 0.656 0.108 0.109 167

1 0.999 1.000 0.239 0.241 0.849 0.850 0.074 0.075 139 0.749 0.750 0.124 0.125 219

11⁄8 1.124 1.125 0.269 0.271 0.955 0.956 0.083 0.084 175 0.843 0.844 0.140 0.141 277

11⁄4 1.249 1.250 0.299 0.301 1.061 1.062 0.093 0.094 217 0.936 0.937 0.155 0.156 341

13⁄8 1.374 1.375 0.329 0.331 1.168 1.169 0.102 0.103 262 1.030 1.031 0.171 0.172 414

11⁄2 1.499 1.500 0.359 0.361 1.274 1.275 0.111 0.112 311 1.124 1.125 0.186 0.187 491

15⁄8 1.624 1.625 0.389 0.391 1.380 1.381 0.121 0.122 367 1.218 1.219 0.202 0.203 577

13⁄4 1.749 1.750 0.420 0.422 1.486 1.487 0.130 0.131 424 1.311 1.312 0.218 0.219 670

2 1.998 2.000 0.479 0.482 1.698 1.700 0.148 0.150 555 1.498 1.500 0.248 0.250 875

21⁄4 2.248 2.250 0.539 0.542 1.910 1.912 0.167 0.169 703 1.685 1.687 0.279 0.281 1106

21⁄2 2.498 2.500 0.599 0.602 2.123 2.125 0.185 0.187 865 1.873 1.875 0.310 0.312 1365

3 2.998 3.000 0.720 0.723 2.548 2.550 0.223 0.225 1249 2.248 2.250 0.373 0.375 1969

Table 19. S.A.E. Standard 6-Spline Fittings

Nom.
Diam.

For All Fits 6A—Permanent Fit
6B—To Slide—No 

Load
6C—To Slide Under 

Load
D W d

Ta

a See note at end of Table 21.

d

Ta

d

TaMin. Max. Min. Max. Min. Max. Min. Max. Min. Max.
3⁄4 0.749 0.750 0.186 0.188 0.674 0.675 80 0.637 0.638 117 0.599 0.600 152
7⁄8 0.874 0.875 0.217 0.219 0.787 0.788 109 0.743 0.744 159 0.699 0.700 207

1 0.999 1.000 0.248 0.250 0.899 0.900 143 0.849 0.850 208 0.799 0.800 270

11⁄8 1.124 1.125 0.279 0.281 1.012 1.013 180 0.955 0.956 263 0.899 0.900 342

11⁄4 1.249 1.250 0.311 0.313 1.124 1.125 223 1.062 1.063 325 0.999 1.000 421

13⁄8 1.374 1.375 0.342 0.344 1.237 1.238 269 1.168 1.169 393 1.099 1.100 510

11⁄2 1.499 1.500 0.373 0.375 1.349 1.350 321 1.274 1.275 468 1.199 1.200 608

15⁄8 1.624 1.625 0.404 0.406 1.462 1.463 376 1.380 1.381 550 1.299 1.300 713

13⁄4 1.749 1.750 0.436 0.438 1.574 1.575 436 1.487 1.488 637 1.399 1.400 827

2 1.998 2.000 0.497 0.500 1.798 1.800 570 1.698 1.700 833 1.598 1.600 1080

21⁄4 2.248 2.250 0.560 0.563 2.023 2.025 721 1.911 1.913 1052 1.798 1.800 1367

21⁄2 2.498 2.500 0.622 0.625 2.248 2.250 891 2.123 2.125 1300 1.998 2.000 1688

3 2.998 3.000 0.747 0.750 2.698 2.700 1283 2.548 2.550 1873 2.398 2.400 2430

d

W

D h

d

D h

W

d

h
D

W
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Table 21. S.A.E. Standard 16-Spline Fittings

Table 22. Formulas for Determining Dimensions of S.A.E. Standard Splines

Table 20. S.A.E. Standard 10-Spline Fittings

Nom.
Diam.

For All Fits 10A—Permanent Fit
10B—To Slide, No 

Load
10C—To Slide Under 

Load

D W d

Ta

d

Ta

a See note at end of Table 21.

d

TaMin. Max. Min. Max. Min. Max. Min. Max. Min. Max.
3⁄4 0.749 0.750 0.115 0.117 0.682 0.683 120 0.644 0.645 183 0.607 0.608 241
7⁄8 0.874 0.875 0.135 0.137 0.795 0.796 165 0.752 0.753 248 0.708 0.709 329

1 0.999 1.000 0.154 0.156 0.909 0.910 215 0.859 0.860 326 0.809 0.810 430
11⁄8 1.124 1.125 0.174 0.176 1.023 1.024 271 0.967 0.968 412 0.910 0.911 545

11⁄4 1.249 1.250 0.193 0.195 1.137 1.138 336 1.074 1.075 508 1.012 1.013 672

13⁄8 1.374 1.375 0.213 0.215 1.250 1.251 406 1.182 1.183 614 1.113 1.114 813

11⁄2 1.499 1.500 0.232 0.234 1.364 1.365 483 1.289 1.290 732 1.214 1.215 967

15⁄8 1.624 1.625 0.252 0.254 1.478 1.479 566 1.397 1.398 860 1.315 1.316 1135

13⁄4 1.749 1.750 0.271 0.273 1.592 1.593 658 1.504 1.505 997 1.417 1.418 1316

2 1.998 2.000 0.309 0.312 1.818 1.820 860 1.718 1.720 1302 1.618 1.620 1720
21⁄4 2.248 2.250 0.348 0.351 2.046 2.048 1088 1.933 1.935 1647 1.821 1.823 2176

21⁄2 2.498 2.500 0.387 0.390 2.273 2.275 1343 2.148 2.150 2034 2.023 2.025 2688

3 2.998 3.000 0.465 0.468 2.728 2.730 1934 2.578 2.580 2929 2.428 2.430 3869
31⁄2 3.497 3.500 0.543 0.546 3.182 3.185 2632 3.007 3.010 3987 2.832 2.835 5266

4 3.997 4.000 0.621 0.624 3.637 3.640 3438 3.437 3.440 5208 3.237 3.240 6878
41⁄2 4.497 4.500 0.699 0.702 4.092 4.095 4351 3.867 3.870 6591 3.642 3.645 8705

5 4.997 5.000 0.777 0.780 4.547 4.550 5371 4.297 4.300 8137 4.047 4.050 10746
51⁄2 5.497 5.500 0.855 0.858 5.002 5.005 6500 4.727 4.730 9846 4.452 4.455 13003

6 5.997 6.000 0.933 0.936 5.457 5.460 7735 5.157 5.160 11718 4.857 4.860 15475

Nom.
Diam.

For All Fits 16A—Permanent Fit
16B—To Slide—No 

Load
16C—To Slide Under 

Load

D W d

Ta

d

Ta

a Torque Capacity of Spline Fittings: The torque capacities of the different spline fittings are given in
the columns headed “T.” The torque capacity, per inch of bearing length at 1000 pounds pressure per
square inch on the sides of the spline, may be determined by the following formula, in which T =
torque capacity in inch-pounds per inch of length, N = number of splines, R = mean radius or radial
distance from center of hole to center of spline, h = depth of spline:  

d

TaMin. Max. Min. Max. Min. Max. Min. Max. Min. Max.

2 1.997 2.000 0.193 0.196 1.817 1.820 1375 1.717 1.720 2083 1.617 1.620 2751
21⁄2 2.497 2.500 0.242 0.245 2.273 2.275 2149 2.147 2.150 3255 2.022 2.025 4299

3 2.997 3.000 0.291 0.294 2.727 2.730 3094 2.577 2.580 4687 2.427 2.430 6190
31⁄2 3.497 3.500 0.340 0.343 3.182 3.185 4212 3.007 3.010 6378 2.832 2.835 8426

4 3.997 4.000 0.389 0.392 3.637 3.640 5501 3.437 3.440 8333 3.237 3.240 11005
41⁄2 4.497 4.500 0.438 0.441 4.092 4.095 6962 3.867 3.870 10546 3.642 3.645 13928

5 4.997 5.000 0.487 0.490 4.547 4.550 8595 4.297 4.300 13020 4.047 4.050 17195
51⁄2 5.497 5.500 0.536 0.539 5.002 5.005 10395 4.727 4.730 15754 4.452 4.455 20806

6 5.997 6.000 0.585 0.588 5.457 5.460 12377 5.157 5.160 18749 4.857 4.860 24760

No. of
Splines

W
For All Fits

A
Permanent Fit

B
To Slide Without Load

C
To Slide Under Load

h d h d h d

Four 0.241Da 0.075D 0.850D 0.125D 0.750D … …
Six 0.250D 0.050D 0.900D 0.075D 0.850D 0.100D 0.800D

Ten 0.156D 0.045D 0.910D 0.070D 0.860D 0.095D 0.810D

Sixteen 0.098D 0.045D 0.910D 0.070D 0.860D 0.095D 0.810D

T 1000NRh=
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The formulas in the table above give the maximum dimensions for W, h, and d, as listed in Tables
18 through 21 inclusive.

Polygon-Type Shaft Connections.—Involute-form and straight-sided splines are used
for both fixed and sliding connections between machine members such as shafts and gears.
Polygon-type connections, so called because they resemble regular polygons but with
curved sides, may be used similarly. German DIN Standards 32711 and 32712 include data
for three- and four-sided metric polygon connections. Data for 11 of the sizes shown in
those Standards, but converted to inch dimensions by Stoffel Polygon Systems, are given
in the accompanying table.

Dimensions of Three- and Four-Sided Polygon-type Shaft Connections

Dimensions Q and R shown on the diagrams are approximate and used only for drafting purposes:
Q ≈ 7.5e; R ≈ DI/2 + 16e.

Dimension DM = DI + 2e. Pressure angle Bmax is approximately 344e/DM degrees for three sides,
and 299e/DM degrees for four sides.

Tolerances: ISO H7 tolerances apply to bore dimensions. For shafts, g6 tolerances apply for sliding
fits; k7 tolerances for tight fits.

Choosing Between Three- and Four-Sided Designs: Three-sided designs are best for
applications in which no relative movement between mating components is allowed while
torque is transmitted. If a hub is to slide on a shaft while under torque, four-sided designs,
which have larger pressure angles Bmax than those of three-sided designs, are better suited
to sliding even though the axial force needed to move the sliding member is approximately
50 percent greater than for comparable involute spline connections.

a Four splines for fits A and B only. 

Drawing for 3-sided Designs Drawing for 4-sided Designs

Three-Sided Designs Four-Sided Designs

Nominal Sizes Design Data Nominal Sizes Design Data

DA

(in.)
DI

(in.)
e

(in.)
Area
(in.2)

ZP

(in.3)
DA

(in.)
DI

(in.)
e

(in.)
Area
(in.2)

ZP

(in.3)

0.530 0.470 0.015 0.194 0.020 0.500 0.415 0.075 0.155 0.014
0.665 0.585 0.020 0.302 0.039 0.625 0.525 0.075 0.250 0.028
0.800 0.700 0.025 0.434 0.067 0.750 0.625 0.125 0.350 0.048
0.930 0.820 0.027 0.594 0.108 0.875 0.725 0.150 0.470 0.075
1.080 0.920 0.040 0.765 0.153 1.000 0.850 0.150 0.650 0.12
1.205 1.045 0.040 0.977 0.224 1.125 0.950 0.200 0.810 0.17
1.330 1.170 0.040 1.208 0.314 1.250 1.040 0.200 0.980 0.22
1.485 1.265 0.055 1.450 0.397 1.375 1.135 0.225 1.17 0.29
1.610 1.390 0.055 1.732 0.527 1.500 1.260 0.225 1.43 0.39
1.870 1.630 0.060 2.378 0.850 1.750 1.480 0.250 1.94 0.64
2.140 1.860 0.070 3.090 1.260 2.000 1.700 0.250 2.60 0.92



POLYGON SHAFTS 2283

Strength of Polygon Connections: In the formulas that follow,

Hw =hub width, inches Ht =hub wall thickness, inches

Mb =bending moment, lb-inch

Mt =torque, lb-inch

Z =section modulus, bending, in.3

= 0.098DM
4/DA for three sides = 0.15DI

3 for four sides

ZP =polar section modulus, torsion, in.3

= 0.196DM
4/DA for three sides = 0.196DI

3 for four sides

DA and DM. See table footnotes.

Sb =bending stress, allowable, lb/in.2

Ss =shearing stress, allowable, lb/in.2

St =tensile stress, allowable, lb/in.2

in which K = 1.44 for three sides except that if DM is greater than 1.375 inches, then K = 1.2;
K = 0.7 for four sides.

Failure may occur in the hub of a polygon connection if the hoop stresses in the hub
exceed the allowable tensile stress for the material used. The radial force tending to expand
the rim and cause tensile stresses is calculated from

This radial force acting at n points may be used to calculate the tensile stress in the hub
wall using formulas from strength of materials.

Manufacturing: Polygon shaft profiles may be produced using conventional machining
processes such as hobbing, shaping, contour milling, copy turning, and numerically con-
trolled milling and grinding. Bores are produced using broaches, spark erosion, gear
shapers with generating cutters of appropriate form, and, in some instances, internal grind-
ers of special design. Regardless of the production methods used, points on both of the
mating profiles may be calculated from the following equations:

In these equations, α is the angle of rotation of the workpiece from any selected reference
position; n is the number of polygon sides, either 3 or 4; DI is the diameter of the inscribed
circle shown on the diagram in the table; and e is the dimension shown on the diagram in
the table and which may be used as a setting on special polygon grinding machines. The
value of e determines the shape of the profile. A value of 0, for example, results in a circular
shaft having a diameter of DI. The values of e in the table were selected arbitrarily to pro-
vide suitable proportions for the sizes shown.

For shafts, Mt (maximum) = SsZp;

Mb (maximum) = SbZ

For bores,
Ht minimum( ) K

Mt

StHw

------------=

Radial Force, lb
2Mt

DIn Bmax 11.3+( )tan
----------------------------------------------------=

X DI 2⁄ e+( ) αcos e nαcos   αcos– ne nαsin   αsin–=

Y DI 2⁄ e+( ) αsin e nαcos  αsin– ne nsin α αcos+=
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CAMS AND CAM DESIGN

Classes of Cams.—Cams may, in general, be divided into two classes: uniform motion
cams and accelerated motion cams. The uniform motion cam moves the follower at the
same rate of speed from the beginning to the end of the stroke; but as the movement is
started from zero to the full speed of the uniform motion and stops in the same abrupt way,
there is a distinct shock at the beginning and end of the stroke, if the movement is at all
rapid. In machinery working at a high rate of speed, therefore, it is important that cams are
so constructed that sudden shocks are avoided when starting the motion or when reversing
the direction of motion of the follower.

The uniformly accelerated motion cam is suitable for moderate speeds, but it has the dis-
advantage of sudden changes in acceleration at the beginning, middle and end of the
stroke. A cycloidal motion curve cam produces no abrupt changes in acceleration and is
often used in high-speed machinery because it results in low noise, vibration and wear. The
cycloidal motion displacement curve is so called because it can be generated from a cyc-
loid which is the locus of a point of a circle rolling on a straight line.*

Cam Follower Systems.—The three most used cam and follower systems are radial and
offset translating roller follower, Figs. 1a and  1b; and the swinging roller follower, Fig. 1c.
When the cam rotates, it imparts a translating motion to the roller followers in Figs. 1a and
1b and a swinging motion to the roller follower in Fig. 1c. The motion of the follower is, of
course, dependent on the shape of the cam; and the following section on displacement dia-
grams explains how a favorable motion is obtained so that the cam can rotate at high speed
without shock.

The arrangements in Figs. 1a,  1b, and  1c show open-track cams. In Figs. 2a and  2b the
roller is forced to move in a closed track. Open-track cams build smaller than closed-track
* Jensen, P. W., Cam Design and Manufacture, Industrial Press Inc. 

Fig. 1a. Radial Translating 
Roller Follower

Fig. 1b. Offset Translating 
Roller Follower

Fig. 1c. Swinging Roller Fol-
lower

Fig. 2a. Closed-Track Cam Fig. 2b. Closed-Track Cam With Two Rollers
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cams but, in general, springs are necessary to keep the roller in contact with the cam at all
times. Closed-track cams do not require a spring and have the advantage of positive drive
throughout the rise and return cycle. The positive drive is sometimes required as in the case
where a broken spring would cause serious damage to a machine.
Displacement Diagrams.—Design of a cam begins with the displacement diagram. A
simple displacement diagram is shown in Fig. 3. One cycle means one whole revolution of
the cam; i.e., one cycle represents 360°. The horizontal distances T1, T2, T3, T4 are
expressed in units of time (seconds); or radians or degrees. The vertical distance, h, repre-
sents the maximum “rise” or stroke of the follower.

Fig. 3. A Simple Displacement Diagram

The displacement diagram of Fig. 3 is not a very favorable one because the motion from
rest (the horizontal lines) to constant velocity takes place instantaneously and this means
that accelerations become infinitely large at these transition points.

Types of Cam Displacement Curves: A variety of cam curves are available for moving
the follower. In the following sections only the rise portions of the total time-displacement
diagram are studied. The return portions can be analyzed in a similar manner. Complex
cams are frequently employed which may involve a number of rise-dwell-return intervals
in which the rise and return aspects are quite different. To analyze the action of a cam it is
necessary to study its time-displacement and associated velocity and acceleration curves.
The latter are based on the first and second time-derivatives of the equation describing the
time-displacement curve:

Meaning of Symbols and Equivalent Relations

y =displacement of follower, inch(m)
h =maximum displacement of follower, inch(m)
t = time for cam to rotate through angle φ, sec, = φ/ω, sec

T = time for cam to rotate through angle β, sec, = β/ω, or β/6N, sec
φ =cam angle rotation for follower displacement y, degrees
β =cam angle rotation for total rise h, degrees
v =velocity of follower, in/sec(m/s)
a =follower acceleration, in/sec2(m/s2)

t/T = φ/β
N =cam speed, rpm
ω =angular velocity of cam, degrees/sec = β/T = φ/t = dφ/dt = 6N

ωR =angular velocity of cam, radians/sec = πω/180

y displacement f t( )= = or y f φ( )=

v
dy

dt
------ velocity ω dy

dφ
------= = =

a
d2y

dt2
-------- acceleration ω2 d2y

dφ2
---------= = =
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W =effective weight, lbs(kg)
g =gravitational constant = 386 in./sec2(9.81 m/s2)

f(t) =  means a function of t
f(φ) =  means a function of φ
Rmin =minimum radius to the cam pitch curve, inch(m)
Rmax =maximum radius to the cam pitch curve, inch(m)

rf =radius of cam follower roller, inch (m)
ρ =radius of curvature of cam pitch curve (path of center of roller follower),

inch(m)
Rc =radius of curvature of actual cam surface, in.,(m) = ρ − rf for convex surface;

 = ρ + rf for concave surface.

Fig. 4. Cam Displacement, Velocity, and Acceleration Curves for Constant Velocity Motion

Four displacement curves are of the greatest utility in cam design.

1. Constant-Velocity Motion: (Fig. 4)

* Except at t = 0 and t = T where the acceleration is theoretically infinite.

This motion and its disadvantages were mentioned previously. While in the unaltered
form shown it is rarely used except in very crude devices, nevertheless, the advantage of
uniform velocity is an important one and by modifying the start and finish of the follower
stroke this form of cam motion can be utilized. Such modification is explained in the sec-
tion Displacement Diagram Synthesis on page 2288.

2. Parabolic Motion: (Fig. 5)

Examination of the above formulas shows that the velocity is zero when t = 0 and y = 0;
and when t = T and y = h.

(1a)

}(1b) 0 < t < T

(1c)

For 0 ≤ t ≤ T/2 and 0 ≤ φ ≤ β/2 For T/2 ≤ t ≤ T and β/2 ≤ φ ≤ β

y =2h(t/T)2 = 2h(φ/β)2 (2a)
v =4ht/T2 = 4hωφ/β2 (2b)
a =4h/T2 = 4h(ω/β)2 (2c)

y =h[1 − 2(1 − t/T)2] = h[1 − 2(1 − φ/β)2] (2d) 
v =4h/T(1 − t/T) = (4hω/β)(1 − φ/β) (2e) 
a =− 4h/T2 = − 4h(ω/β)2 (2f)

y h
t

T
---= or y

hφ
β

------=

v
dy

dt
------

h

T
---= = or v

hω
β

-------=

a
d2y

dt2
-------- 0*= =



CAMS AND CAM DESIGN 2287

Fig. 5. Cam Displacement, Velocity, and Acceleration Curves for Parabolic Motion

The most important advantage of this curve is that for a given angle of rotation and rise it
produces the smallest possible acceleration. However, because of the sudden changes in
acceleration at the beginning, middle, and end of the stroke, shocks are produced. If the fol-
lower system were perfectly rigid with no backlash or flexibility, this would be of little sig-
nificance. But such systems are mechanically impossible to build and a certain amount of
impact is caused at each of these changeover points.

Fig. 6. Cam Displacement, Velocity, and Acceleration Curves for Simple Harmonic Motion

3. Simple Harmonic Motion: (Fig. 6)

Smoothness in velocity and acceleration during the stroke is the advantage inherent in
this curve. However, the instantaneous changes in acceleration at the beginning and end of
the stroke tend to cause vibration, noise, and wear. As can be seen from Fig. 6, the maxi-
mum acceleration values occur at the ends of the stroke. Thus, if inertia loads are to be
overcome by the follower, the resulting forces cause stresses in the members. These forces
are in many cases much larger than the externally applied loads.

(3a)

}(3b) 0 ≤ t ≤ T

(3c)

y
h

2
--- 1

180°t

T
--------------
 
 cos–= or y

h

2
--- 1

180°φ
β

---------------
 
 cos–=

v
h

2
--- π

T
--- 180°t

T
--------------
 
 sin⋅= or v

h

2
--- πω

β
------- 180°φ

β
---------------
 
 sin⋅=

a
h

2
--- π2

T 2
----- 180°t

T
--------------
 
 cos⋅= or a

h

2
--- πω

β
-------
 
 

2 180°φ
β

---------------
 
 cos⋅=
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4. Cycloidal Motion: (Fig. 7)

Fig. 7. Cam Displacement, Velocity, and Acceleration Curves for Cycloidal Motion

This time-displacement curve has excellent acceleration characteristics; there are no
abrupt changes in its associated acceleration curve. The maximum value of the accelera-
tion of the follower for a given rise and time is somewhat higher than that of the simple har-
monic motion curve. In spite of this, the cycloidal curve is used often as a basis for
designing cams for high-speed machinery because it results in low levels of noise, vibra-
tion, and wear.

Displacement Diagram Synthesis.—The straight-line graph shown in Fig. 3 has the
important advantage of uniform velocity. This is so desirable that many cams based on this
graph are used. To avoid impact at the beginning and end of the stroke, a modification is
introduced at these points. There are many different types of modifications possible, rang-
ing from a simple circular arc to much more complicated curves. One of the better curves
used for this purpose is the parabolic curve given by Equation (2a). As seen from the
derived time graphs, this curve causes the follower to begin a stroke with zero velocity but
having a finite and constant acceleration. We must accept the necessity of acceleration, but
effort should be made to hold it to a minimum.

Matching of Constant Velocity and Parabolic Motion Curves: By matching a parabolic
cam curve to the beginning and end of a straight-line cam displacement diagram it is possi-
ble to reduce the acceleration from infinity to a finite constant value to avoid impact loads.
As illustrated in Fig. 8, it can be shown that for any parabola the vertex of which is at O, the
tangent to the curve at the point P intersects the line OQ at its midpoint. This means that the
tangent at P represents the velocity of the follower at time X0 as shown in Fig. 8. Since the
tangent also represents the velocity of the follower over the constant velocity portion of the
stroke, the transition from rest to the maximum velocity is accomplished with smoothness.

(4a)

} 0 ≤ i ≤ T(4b)

(4c)

y h
t

T
---

1
2π
------ 360°t

T
--------------
 
 sin–= or y h

φ
β
--- 1

2π
------ 360°φ

β
---------------
 
 sin–=

v
h

T
--- 1

360°t

T
--------------
 
 cos–= or v

hω
β

------- 1
360°φ

β
---------------
 
 cos–=

a
2πh

T2
---------- 360°t

T
--------------
 
 sin= or a

2πhω2

β2
----------------- 360°φ

β
---------------
 
 sin=
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Fig. 8. The Tangent at P Bisects OQ, When Curve is a Parabola

Example:A cam follower is to rise 1⁄4 in. with constant acceleration; 11⁄4 in. with constant
velocity, over an angle of 50 degrees; and then 1⁄2 in. with constant deceleration.

In Fig. 9 the three rise distances are laid out, y1 = 1⁄4 in., y2 = 11⁄4 in., y3 = 1⁄2 in., and horizon-
tals drawn. Next, an arbitrary horizontal distance φ2 proportional to 50 degrees is measured
off and points A and B are located. The line AB is extended to M1 and M2. By remembering
that a tangent to a parabola, Fig. 8, will cut the abscissa axis at point (X0/2,0) where X0 is the
abscissa of the point of tangency, the two values φ1 = 20° and φ3 = 40° will be found. Ana-
lytically,

In Fig. 9, the portions of the parabola have been drawn in; the details of this operation are
as follows:

Assume that accuracy to the nearest thousandth of one inch is desired, and it is decided to
plot values for every 5 degrees of cam rotation.

The formula for the acceleration portion of the parabolic curve is:

(5)

Two different parabolas are involved in this example; one for accelerating the follower
during a cam rotation of 20 degrees, the other for decelerating it in 40 degrees, these two
being tangent, to opposite ends of the same line AB.

In Fig. 9 only the first half of a complete acceleration-deceleration parabolic curve is
used to blend with the left end of the straight line AB. Therefore, in using the Formula (5)
substitute 2y1 for h and 2φ1 for β so that

M1E

φ2
-----------

y1

y2
-----=

1⁄2φ1

50°
---------- 0.25

1.25
----------= φ1 20°=∴

FM2

φ2
-----------

y3

y2
-----=

1⁄2φ3

50°
---------- 0.50

1.25
----------= φ3 40°=∴

y
2h

T 2
------ t2 2h

φ
β
---
 
 

2
= =
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For the right end of the straight line AB, the calculations are similar but, in using Formula
(5), calculated y values are subtracted from the total rise of the cam (y1 + y2 + y3) to obtain
the follower displacement.

Fig. 9. Matching a Parabola at Each End of Straight Line Displacement Curve AB to Provide More 
Acceptable Acceleration and Deceleration

Table 1 shows the computations and resulting values for the cam displacement diagram
described. The calculations are shown in detail so that if equations are programmed for a
digital computer, the results can be verified easily. Obviously, the intermediate points are
not needed to draw the straight line, but when the cam profile is later to be drawn or cut,
these values will be needed since they are to be measured on radial lines.

The matching procedure when using cycloidal motion is exactly the same as for para-
bolic motion, because parabolic and cycloidal motion have the same maximum velocity
for equal rise (or return) and lift angle (or return angle).

Cam Profile Determination.—In the cam constructions that follow an artificial device
called an inversion is used. This represents a mental concept which is very helpful in per-
forming the graphical work. The construction of a cam profile requires the drawing of
many positions of the cam with the follower in each case in its related location. However,
instead of revolving the cam, it is assumed that the follower rotates around the fixed cam. It
requires the drawing of many follower positions, but since this is done more or less dia-
grammatically, it is relatively simple.

As part of the inversion process, the direction of rotation is important. In order to pre-
serve the correct sequence of events, the artificial rotation of the follower must be the
reverse of the cam's prescribed rotation. Thus, in Fig. 10 the cam rotation is counterclock-
wise, whereas the artificial rotation of the follower is clockwise.

Radial Translating Roller Follower: The time-displacement diagram for a cam with a
radial translating roller follower is shown in Fig. 10(a). This diagram is read from left to
right as follows: For 100 degrees of cam shaft rotation the follower rises h inches (AB),
dwells in its upper position for 20 degrees (BC), returns over 180 degrees (CD), and finally
dwells in its lowest position for 60 degrees (DE). Then the entire cycle is repeated.

Fig. 10(b) shows the cam construction layout with the cam pitch curve as a dot and dash
line. To locate a point on this curve, take a point on the displacement curve, as 6′ at the 6o-
degree position, and project this horizontally to point 6″ on the 0-degree position of the
cam construction diagram. Using the center of cam rotation, an arc is struck from point 6″
to intercept the 60-degree position radial line which gives point 6 ′″ on the cam pitch curve.
It will be seen that the smaller circle in the cam construction layout has a radius Rmin equal

y
2hφ2

β2
------------

2( ) 2y1( )

2φ1( )2
---------------------φ2= =
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to the smallest distance from the center of cam rotation to the pitch curve and, similarly, the
larger circle has a radius Rmax equal to the largest distance to the pitch curve. Thus, the dif-
ference in radii of these two circles is equal to the maximum rise h of the follower.

The cam pitch curve is also the actual profile or working surface when a knife-edged fol-
lower is used. To get the profile or working surface for a cam with a roller follower, a series
of arcs with centers on the pitch curve and radii equal to the radius of the roller are drawn
and the inner envelope drawn tangent to these arcs is the cam working surface or profile
shown as a solid line in Fig. 10(b).

Table 1. Development of Modified Constant Velocity Cam 
 with Parabolic Matching

Rise
Angle

φ
Degrees Computation

Follower
Displacement

y Explanation

φ1 = 20° {

0 0 0

5 0.000625 × 52 0.016

10 0.00625 × 102 0.063

15 0.000625 × 152 0.141

{

20 0.000625 × 202 0.250

φ2 = 50°

25 0.375

1.250 in. divided into
10 uniform divisions

30 0.500

35 0.625

40 0.750

45 0.875

50 1.000

55 1.125

60 1.250

65 1.375

{

70 1.500

φ3 = 40°

75 2.000 − (0.0003125 × 352) 1.617

See footnote a

80 2.000 − (0.0003125 × 302) 1.719

85 2.000 − (0.0003125 × 252) 1.805

90 2.000 − (0.0003125 × 202) 1.875

95 2.000 − (0.0003125 × 152) 1.930

100 2.000 − (0.0003125 × 102) 1.969

105 2.000 − (0.0003125 × 52) 1.992

110 2.000 − (0.0003125 × 02) 2.000

a Since the deceleration portion of a parabolic cam is the same shape as the acceleration portion, but
inverted, Formula (5) may be used to calculate the y values by substituting 2y3 for h and for β and the
result subtracted from the total rise (y1 + y2 + y3) to obtain the follower displacement. 

Cam Grinding: The cams used on gas and gasoline motors, for operating the inlet and exhaust valves, 
are finished to the correct form by grinding. This grinding may be done in a regular cylindrical grinding 
machine by using a suitable cam grinding attachment. The general method of grinding cams is by so 
mounting the cam or camshaft that, while rotating, it will be moved toward and from the grinding wheel 
by a master cam, the movement causing the cam to be ground to the required form or contour. The mas-
ter cam is in engagement with a roller which transmits motion to the work-holding fixture. It is evident 
that cam grinding first involves the generation of master cams, since these must be made to suit each 
different form of cam that is ground. In modern CNC cam grinding machines, downloaded master cam 
data replaces the “hard” master cam required on older manual machines. 

β 40°,= h 0.500=

y
2( ) 0.500( )

40( )2
--------------------------φ2=

0.000625φ2=

β 80° ,= h 1.000=

y 2
2( ) 1.000( )

80°( )2
-------------------------- 110° φ–( )2–=

2 0.0003125 110° φ–( )2–=
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Fig. 10. (a) Time-Displacement Diagram for Cam to be Laid Out; (b) Construction of Contour of Cam 
With Radial Translating Roller Follower

Offset Translating Roller Follower: Given the time-displacement diagram Fig. 11(a)
and an offset follower. The construction of the cam in this case is very similar to the fore-
going case and is shown in Fig. 11(b). In this construction it will be noted that the angular
position lines are not drawn radially from the cam shaft center but tangent to a circle having
a radius equal to the amount of offset of the center line of the cam follower from the center
of the cam shaft. For counterclockwise rotation of the cam, points 6 ′, 6″, and 6 ′″ are
located in succession as indicated.

Fig. 11. (a) Time-Displacement Diagram for Cam to be Laid Out; (b) Construction of Contour of Cam 
With Offset Translating Roller Follower

Swinging Roller Follower: Given the time-displacement diagram Fig. 12(a) and the
length of the swinging follower arm Lf, it is required that the displacement of the follower
center along the circular arc that it describes be equal to the corresponding displacements
in the time-displacement diagram. If φ0 is known, the displacement h of Fig. 12(a) would
be found from the formula h = πφ0Lf /180°: otherwise the maximum rise h of the follower
is stepped off on the arc drawn with M as a center and starting at a point on the Rmin circle.
Point M is the actual position of the pivot center of the swinging follower with respect to
the cam shaft center. It is again required that the rotation of the cam be counterclockwise
and therefore M is considered to have been rotated clockwise around the cam shaft center,
whereby the points 2, 4, 6, etc., are obtained as shown in Fig. 12(b). Around each of the
pivot points, 2, 4, 6, etc., circular arcs whose radii equal Lf are drawn between the Rmin and
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Rmax circles giving the points 2 ′, 4 ′, 6 ′, etc. The Rmin circle with center at the cam shaft cen-
ter is drawn through the lowest position of the center of the roller follower and the Rmax cir-
cle through the highest position as shown. The different points on the pitch curve are now
located. Point 6 ′″, for instance, is found by stepping off the y6 ordinate of the displacement
diagram on arc 6 ′ starting at the Rmin circle.

Fig. 12. (a) Time-Displacement Diagram for Cam to be Laid Out; (b) Construction of Contour of Cam 
With Swinging Roller Follower

Pressure Angle and Radius of Curvature.—The pressure angle at any point on the pro-
file of a cam may be defined as the angle between the direction where the follower wants to
go at that point and where the cam wants to push it. It is the angle between the tangent to the
path of follower motion and the line perpendicular to the tangent of the cam profile at the
point of cam-roller contact.

The size of the pressure angle is important because:
1) Increasing the pressure angle increases the side thrust and this increases the forces

exerted on cam and follower.
2) Reducing the pressure angle increases the cam size and often this is not desirable

because:
a) The size of the cam determines, to a certain extent, the size of the machine.
b) Larger cams require more precise cutting points in manufacturing and, therefore, an

increase in cost.
c) Larger cams have higher circumferential speed and small deviations from the theoret-

ical path of the follower cause additional acceleration, the size of which increases with the
square of the cam size.

d) Larger cams mean more revolving weight and in high-speed machines this leads to
increased vibrations in the machine.

e) The inertia of a large cam may interfere with quick starting and stopping.

The maximum pressure angle αm should, in general, be kept at or below 30 degrees for
translating-type followers and at or below 45 degrees for swinging-type followers.These
values are on the conservative side and in many cases may be increased considerably, but
beyond these limits trouble could develop and an analysis is necessary.

In the following, graphical methods are described by which a cam mechanism can be
designed with translating or swinging roller followers having specified maximum pressure
angles for rise and return. These methods are applicable to any kind of time-displacement
diagram.
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Fig. 13. Displacement Diagram

Determination of Cam Size for a Radial or an Offset Translating Follower.—Fig. 13
shows a time-displacement diagram. The maximum displacement is preferably made to
scale, but the length of the abscissa, L, can be chosen arbitrarily. The distance L from 0 to
360 degrees is measured and is set equal to 2πk from which

k is calculated and laid out as length E to M in Fig. 14.

In Fig. 13 the two points P1 and P2 having the maximum angles of slope, τ1, and τ2, are
located by inspection. In this example y1 and y2 are of equal length.

Angles τ1 and τ2 are laid out as shown in Fig. 14, and the points of intersection with a per-
pendicular to EM at M determine Q1 and Q2. The measured distances

are laid out in Fig. 15, which is constructed as follows:

Draw a vertical line RuRo of length h equal to the stroke of the roller follower, Ru being the
lowest position and Ro the highest position of the center of the roller follower. From Ru lay
out RuRy1 = y1 and RuRy2 = y2; these are equal lengths in this example. Next, if the rotation
of the cam is counterclockwise, lay out k tan τ1, to the left, k tan τ2 to the right from points
Ry1 and Ry2, respectively, Ry1 and Ry2 being the same point in this case.

Fig. 14. Construction to Find k tan τ1 and k tan τ2

The specified maximum pressure angle α1 is laid out at E1 as shown, and a ray (line) E1F1
is determined. Any point on this ray chosen as the cam shaft center will proportion the cam
so that the pressure angle at a point on the cam profile corresponding to point P1, of the dis-
placement diagram will be exactly α1.

k
L

2π
------=

MQ1 k τ1tan= and MQ2 k τ2tan=
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Fig. 15. Finding Proportions of Cam; Offset Translating Follower

The angle α2 is laid out at E2 as shown, and another ray E2F2 is determined. Similarly, any
point on this ray chosen as the cam shaft center will proportion the cam so that the pressure
angle at a point on the cam profile corresponding to point P2 of the displacement diagram
will be exactly α2.

Any point chosen within the cross-hatched area A as the cam center will yield a cam
whose pressure angles at points corresponding to P1 and P2 will not exceed the specified
values α1 and α2 respectively. If O1 is chosen as the cam shaft center, the pressure angles
on the cam profile corresponding to points P1 and P2 are exactly α1 and α2, respectively.
Selection of point O1 also yields the smallest possible cam for the given requirements and
requires an offset follower in which e is the offset distance.

If O2 is chosen as the cam shaft center, a radial translating follower is obtained (zero off-
set). In that case, the pressure angle α1 for the rise is unchanged, whereas the pressure angle
for the return is changed from α2 to α′2. That is, the pressure angle on the return stroke is
reduced at the point P2. If point O3 had been selected, then α2 would remain unchanged but
α1 would be decreased and the offset, e, increased.

Fig. 16. Construction of Cam Contour; Offset Translating Follower
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Fig. 16 shows the shape of the cam when O1 from Fig. 15 is chosen as the cam shaft cen-
ter, and it is seen that the pressure angle at a point on the cam profile corresponding to point
P1 is α1 and at a point corresponding to point P2 is α2.

In the foregoing, a cam mechanism has been so proportioned that the pressure angles α1
and α2 at points on the cam corresponding to points P1 and P2 were obtained. Even though
P1 and P2 are the points of greatest slope on the displacement diagram, the pressure angles
produced at some other points on the actual cam may be slightly greater.

However, if the pressure angles α1 and α2 are not to be exceeded at any point — i.e., they
are to be maximum pressure angles — then P1 and P2 must be selected to be at the locations
where these maximum pressure angles occur. If these locations are not known, then the
graphical procedure described must be repeated, letting P1 take various positions on the
curve for rise (AB) and P2 various positions on the return curve (CD) and then setting Rmin
equal to the largest of the values determined from the various positions.

Fig. 17. Displacement Diagram

Determination of Cam Size for Swinging Roller Follower.—The proportioning of a
cam with swinging roller follower having specific pressure angles at selected points fol-
lows the same procedure as that for a translating follower.

Example:Given the diagram for the roller displacement along its circular arc, Fig. 17
with h = 1.95 in., the periods of rise and fall, respectively, β1 = 160° and β2 = 120°, the
length of the swinging follower arm Lf = 3.52 in., rotation of the cam away from pivot point
M, and pressure angles α1 = α2 = 45° (corresponding to the points P1 and P2 in the displace-
ment diagram). Find the cam proportions.

Solution: Distances k tan τ1 and k tan τ2 are determined as in the previous example, Fig.

14. In Fig. 18, Ry1 is determined by making the distance RuRy1 = y1 along the arc RuRo and
Ry2 by making RuRy2 = y2. The arc RuRo = h and Ru indicates the lowest position of the cen-
ter of the swinging roller follower and Ro the highest position.

Because the cam (i.e., the surface of the cam as it passes under the follower roller) rotates
away from pivot point M, k tan τ1 is laid out away from M, that is, from Ry1 to E1 and k tan
τ2 is laid out toward M from Ry2 to E2. Angle α1 at E1 determines one ray and α2 at E2
another ray, which together subtend an area A having the property that if the cam shaft cen-
ter is chosen inside this area, the pressure angles at the points of the cam corresponding to
P1 and P2 in the displacement diagram will not exceed the given values α1 and α2, respec-
tively. If the cam shaft center is chosen on the ray drawn from E1 at an angle α1 = 45°, the
pressure angle α1 on the cam profile corresponding to point P1 will be exactly 45°, and if
chosen on the ray from E2, the pressure angle α2 corresponding to P2 will be exactly 45°. If
another point, O2 for example, is chosen as the cam shaft center, the pressure angle corre-
sponding to P1 will be α′1 and that corresponding to P2 will be α2.
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Fig. 18. Finding Proportions of Cam; Swinging Roller Follower (CCW Rotation)

Fig. 19. Finding Proportions of Cam; Swinging Roller Follower (CW Rotation)

Fig. 19 shows the construction for rotation toward pivot point M (clockwise rotation of
the cam in this case). The layout of the cam curve is made in a manner similar to that shown
previously in Fig. 12.

In this example, the cam mechanism was so proportioned that the pressure angles at cer-
tain points (corresponding to P1 and P2) do not exceed certain specified values (namely α1
and α2).

To make sure that the pressure angle at no point along the cam profile exceeds the speci-
fied value, the previous procedure should be repeated for a series of points along the pro-
file.
Formulas for Calculating Pressure Angles.—The graphical methods described previ-
ously are useful because they permit layout and measurement of pressure angles and radii
of curvature of any cam profile. For cams of complicated profiles, and especially if the pro-
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file cannot be represented by a simple formula, the graphical method may be the only prac-
tical solution. However, for some of the standard cam profiles utilizing radial translating
roller followers, the following formulas may be used to determine key cam dimensions
before laying out the cam. These formulas enable the designer to specify the maximum
pressure angle (usually 30° or less) and, using the specified value, to calculate the mini-
mum cam size that will satisfy the requirement.

The following symbols are in addition to those starting on page 2285.
αmax = specified maximum pressure angle, degrees

Rαmax = radius from cam center to point on pitch curve where αmax is located, inches(m)
φp =rise angle, in degrees, corresponding to αmax and Rα max

α =pressure angle at any selected point, degrees
Rα =radius from cam center to pitch curve at α, inches(m)

φ =rise angle, in degrees, corresponding to α and Rα

For Uniform Velocity Motion

α = at radius Rα to the pitch curve (6a) 

αmax = at radius Rmin of the pitch curve (φ=0°). (6b) 

If αmax is specified, the minimum radius to the lowest point on the pitch curve, Rmin, is:

Rmin = which corresponds to φ=0°. (6c) 

For Parabolic Motion

α = at radius Rα to the pitch curve at angle φ, where 0≤φ≤β/2 (7a) 

and α = at radius Rα to pitch curve at angle φ, where β/2≤φ≤β.

αmax = which occurs at φ=β/2 and Rα=Rmin+h/2 (7b) 

If αmax is specified, then the minimum radius to the lowest point of the pitch curve is:

Rmin = which corresponds to φ=0°. (7c) 

For Simple Harmonic Motion

α = at radius Rα to the pitch curve at angle φ (8a)

φp =  = φ where pressure angle αmax occurs (8b) 

Rαmax = at point where α=αmax and φ=φmax (8c) 

180°h

πβRα
---------------arctan

180°h

πβRmin
------------------arctan  

180°h
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720°hφ
πβ2Rα
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720°h 1 φ β⁄–( )
πβRα

----------------------------------------arctan

360°h

πβRα
---------------arctan

360°h

πβ αtan max
--------------------------- h

2
---–

90°h

βRα
------------ 180°φ

β
---------------
 
 sinarctan

β
180°
-----------
 
  arccot

β
180°
----------- αmaxtan
 
 

h 180°φp β⁄( )sin[ ]2

2 180°φp β⁄( )cos
-------------------------------------------------
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Rmin = (8d)

For Cycloidal Motion

α = at radius Rα to the pitch curve at angle φ (9a) 

φp = = value of φ where pressure angle αmax occurs (9b) 

Rαmax = at point where α=αmax and φ=φp (9c)

Rmin = (9d)

Radius of Curvature.—The minimum radius of curvature of a cam should be kept as
large as possible (1) to prevent undercutting of the convex portion of the cam and (2) to
prevent too high surface stresses. Figs. 20(a), (b) and (c) illustrate how undercutting
occurs.

Fig. 20. (a) No Undercutting. (b) Sharp Corner on Cam. (c) Undercutting

In Fig. 20(a) the radius of curvature of the path of the follower is ρmin and the cam will at
that point have a radius of curvature Rc = ρmin − rf.

In Fig. 20(b) ρmin = rf and Rc = 0. Therefore, the actual cam will have a sharp corner which
in most cases will result in too high surface stresses.

In Fig. 20(c) is shown the case where ρmin < rf. This case is not possible because undercut-
ting will occur and the actual motion of the roller follower will deviate from the desired one
as shown.

Undercutting cannot occur at the concave portion of the cam profile (working surface),
but caution should be exerted in not making the radius of curvature equal to the radius of
the roller follower. This condition would occur if there is a cusp on the displacement dia-
gram which, of course, should always be avoided. To enable milling or grinding of con-
cave portions of a cam profile, the radius of curvature of concave portions of the cam, Rc =
ρmin + rf, must be larger than the radius of the cutter to be used.

The radius of curvature is used in calculating surface stresses (see following section), and
may be determined by measurement on the cam layout or, in the case of radial translating
followers, may be calculated using the formulas that follow. Although these formulas are
exact for radial followers, they may be used for offset and swinging followers to obtain an
approximation.

Rα max
h

2
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180°
πβRα
-------------- 1

360°φ
β
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180°
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h

2π
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Rα max h
φp

β
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2π
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360°φp

β
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Based upon polar coordinates, the radius of curvature is:

*Positive values (+) indicate convex curve; negative values (−), concave.

In Equation (10), r = (Rmin + y), where Rmin is the smallest radius to the pitch curve (see
Fig. 12) and y is the displacement of the follower from its lowest position given in terms of
φ, the angle of cam rotation. The following formulas for r, dr/dφ, and d2r/dφ2 may be sub-
stituted into Equation (10) to calculate the radius of curvature at any point of the cam pitch
curve; however, to determine the possibility of undercutting of the convex portion of the
cam, it is the minimum radius of curvature on the convex portion, ρmin, that is needed. The
minimum radius of curvature occurs, generally, at the point of maximum negative acceler-
ation.

Parabolic motion: 

These equations are for the deceleration portion of the curve as explained in the footnote to Table 1.

The minimum radius of curvature can occur at either φ = β/2 or at φ = β, depending on the
magnitudes of h, Rmin, and β. Therefore, to determine which is the case, make two calcula-
tions using Formula (10), one for φ = β/2, and the other for φ = β.

Simple harmonic motion: 

The minimum radius of curvature can occur at either φ = β/2 or at φ = β, depending on the
magnitudes of h, Rmin, and β. Therefore, to determine which is the case, make two calcula-
tions using Formula (10), one for φ = β/2, and the other for φ = β.

Cycloidal motion: 

(10)

(11a)

}(11b)

(11c)

(12a)
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(13d)

(ρmin occurs near φ = 0.75β.)

Example:  Given h = 1 inch(m), Rmin = 2.9 inch(m), and β = 60°. Find ρmin for parabolic
motion, simple harmonic motion, and cycloidal motion.

Solution: ρmin =2.02 inch(m) for parabolic motion, from Equation (10)

ρmin =1.8 inch(m) for simple harmonic motion, from Equation (10)

ρmin =1.6 inch(m) for cycloidal motion, from Equation (13d)

The value of ρmin on any cam may also be obtained by measurement on the layout of the
cam using a compass.
Cam Forces, Contact Stresses, and Materials.—After a cam and follower configura-
tion has been determined, the forces acting on the cam may be calculated or otherwise
determined. Next, the stresses at the cam surface are calculated and suitable materials to
withstand the stress are selected. If the calculated maximum stress is too great, it will be
necessary to change the cam design. 

Such changes may include: 1) increasing the cam size to decrease pressure angle and
increase the radius of curvature;  2) changing to an offset or swinging follower to reduce
the pressure angle;  3) reducing the cam rotation speed to reduce inertia forces;
4) increasing the cam rise angle, β, during which the rise,h, occurs;  5 )  increas ing  the
thickness of the cam, provided that deflections of the follower are small enough to main-
tain uniform loading across the width of the cam;  and  6) using a more suitable cam curve
or modifying the cam curve at critical points.

Although parabolic motion seems to be the best with respect to minimizing the calculated
maximum acceleration and, therefore, also the maximum acceleration forces, neverthe-
less, in the case of high speed cams, cycloidal motion yields the lower maximum accelera-
tion forces. Thus, it can be shown that owing to the sudden change in acceleration (called
jerk or pulse) in the case of parabolic motion, the actual forces acting on the cam are dou-
bled and sometimes even tripled at high speed, whereas with cycloidal motion, owing to
the gradually changing acceleration, the actual dynamic forces are only slightly higher
than the theoretical. Therefore, the calculated force due to acceleration should be multi-
plied by at least a factor of 2 for parabolic and 1.05 for cycloidal motion to provide an
allowance for the load-increasing effects of elasticity and backlash.

The main factors influencing cam forces are: 1) displacement and cam speed (forces due
to acceleration);  2) dynamic forces due to backlash and flexibility;  3) linkage dimensions
which affect weight and weight distribution;  4) pressure angle and friction forces;  an d
5) spring forces.

The main factors influencing stresses in cams are: 1) radius of curvature for cam and
roller;  and  2) materials.

Acceleration Forces: The formula for the force acting on a translating body given an
acceleration a is:

(14)

In this formula, g = 386 inches/second squared, a = acceleration of W in inches/second
squared; R = resultant of all the external forces (except friction) acting on the weight W. For
cam analysis purposes, W, in pounds, consists of the weight of the follower, a portion of the

(13c) 0 ≤ φ ≤ βd2r
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weight of the return spring (1⁄3), and the weight of the members of the external mechanism
against which the follower pushes, for example, the weight of a piston:

(15)

where W = equivalent single weight; Wf = follower weight; Ws = spring weight; and We =
external weight, all in pounds.

Spring Forces: The return spring, Ks, shown in Fig. 21a must be strong enough to hold
the follower against the cam at all times. At high cam speeds the main force attempting to
separate the follower from the cam surface is the acceleration force R at the point of maxi-
mum negative acceleration. Thus, at that point the spring must exert a force Fs,

(16)

where Fe = external force resisting motion of follower, and Ff = friction force from fol-
lower guide bushings and other sources.

When the follower is at its lowest position (Rmin in Fig. 21a), it is usual practice to have
the spring provide some estimated preload to account for “set” that takes place in a spring
after repeated use and to prevent roller sliding at the start of movement.

The required spring constant, Ks, in pounds per inch of spring deflection is:

(17)

where ya = rise of cam from Rmin to height at which maximum negative acceleration takes
place.

The force, Fy, that the spring exerts at any height y above Rmin is:

(18)

Fig. 21. (a) Radial Translating Follower and Cam System (b) Force Acting on a Translating Follower

Pressure Angle and Friction Forces: As shown in Fig. 21b, the pressure angle of the cam
causes a sideways component Fn sin α which produces friction forces µF1 and µF2 in the
guide bushing. If the follower rod is too flexible, bending of the follower will increase

W Wf
1⁄3Ws We+ +=

Fs R Wf– Fe– Ff–=

Ks

Fs preload–

ya

-----------------------------=

Fy yKs preload+=
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these friction forces. The effect of the friction forces and the pressure angle are taken into
account in the formula,

(19a)

where µ = coefficient of friction in bushing; l1, l2, and d are as shown in Fig. 21; and P = the
sum of all the forces acting down against the upward motion of the follower (acceleration
force + spring force + follower weight + external force)

(19b)

Cam Torque: The follower pressing against the cam causes resisting torques during the
rise period and assisting torques during the return period. The maximum value of the resist-
ing torque determines the cam drive requirements. Instantaneous torque values may be cal-
culated from

(20)

in which To = instantaneous torque in pound-inches.

Exampleof Force Analysis:A radial translating follower system is shown in Fig. 21a.
The follower is moved with cycloidal motion over a distance of 1 in. and an angle of lift β
= 100°. Cam speed N = 900 rpm. The weight of the follower mass, Wf, is 2 pounds. Both the
spring weight Ws and the external weight We are negligible. The follower stem diameter is
0.75 in., l1 = 1.5 in., l2 = 4 in., coefficient of friction µ = 0.05, external force Fe = 10 lbs, and
the pressure angle is not to exceed 30°.

(a) What is the smallest radius Rmin to the pitch curve?

From Formula (9b) the rise angle φp to where the maximum pressure angle αmax exists is:

From Formula (9c) the radius, Rα max, at which the angle of rise is φp is:

From Formula (9d), Rmin is given by

The same results could have been obtained graphically. If this Rmin is too small, i.e., if the
cam bore and hub require a larger cam, then Rmin can be increased, in which case the max-
imum pressure angle will be less than 30°.

(b) If the return spring Ks is specified to provide a preload of 36 lbs when the follower is
at Rmin, what is the spring constant required to hold the follower on the cam throughout the
cycle?
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The follower tends to leave the cam at the point of maximum negative acceleration. Fig.

7 shows this to be at φ = 3⁄4 β = 75°.

From Formula (4c),

From Formulas (14) and (15),

Using Formula (16) to determine the spring force Fs to hold the follower on the cam,

as stated on page 2301, the value of R in the above formula should be multiplied by 1.05 for
cycloidal motion to provide a factor of safety for dynamic pulses. Thus,

The spring constant from Formula (17) is:

and, from Formula (4a) ya is:

so that Ks = (88 − 36)/0.909 = 57 lb/in.

(c) At the point where the pressure angle αmax is 30° (φ = 45°) the rise of the follower is
1.96 − 1.56 = 0.40 in. What is the normal force, Fn, on the cam? From Formulas (19a) and
(19b)

using φ = 45°, h = 1 in., β = 100°, and ω = 6 × 900 in Formula (4c) gives a = 5660 in./sec2.
So that, with W = 2 lbs, y = 0.4, Ks = 57, preload = 36 lbs, Wf = 2 lbs, Fe = 10 lbs, α = 30°, µ
= 0.05, l1 = 1.5, l2 = 4, and d = 0.75,

Note: If the coefficient of friction had been assumed to be 0, then Fn = 104; on the other
hand, if the follower is too flexible, so that sidewise bending occurs causing jamming in the
bushing, the coefficient of friction may increase to, say, 0.5, in which case the calculated Fn

= 200 lbs.
(d) Assuming that in the manufacture of this cam that an error or “bump” resulting from

a chattermark or as a result of poor blending occurred, and that this “bump” rose to a height
of 0.001 in. in a 1° rise of the cam in the vicinity of φ = 45°. What effect would this bump
have on the acceleration force R?

One formula that may be used to calculate the change in acceleration caused by such a
cam error is: 
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(21)

where ∆a = change in acceleration,

e =error in inches,

∆φ =width of error in degrees. The plus (+) sign is used for a “bump” and the minus
(−) sign for a dent or hollow in the surface

For e = 0.001, ∆φ = 1°, and N = 900 rpm,

which is 10 times the acceleration calculated for a perfect cam and would cause sufficient
force Fn to damage the cam surface. On high speed cams, therefore, accuracy is of consid-
erable importance.

(e) What is the cam torque at φ = 45°?

From Formula (20),

(f) What is the radius of curvature at φ = 45°?

From Formula (10),

From Formula (13b),

From Formula (13c),
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Calculation of Contact Stresses.—When a roller follower is loaded against a cam, the
compressive stress developed at the surface of contact may be calculated from

(22)

for a steel roller against a steel cam. For a steel roller on a cast iron cam, use 1850 instead of
2290 in Equation (22).

Sc =maximum calculated compressive stress, psi
Fn =normal load, lb
b =width of cam, inch

Rc =radius of curvature of cam surface, inch
rf =radius of roller follower, inch

The plus sign in (21) is used in calculating the maximum compressive stress when the
roller is in contact with the convex portion of the cam profile and the minus sign is used
when the roller is in contact with the concave portion. When the roller is in contact with the
straight (flat) portion of the cam profile, Rc = ∞ and 1/Rc = 0. In practice, the greatest com-
pressive stress is most apt to occur when the roller is in contact with that part of the cam
profile which is convex and has the smallest radius of curvature.

Example:Given the previous cam example, the radius of the roller rf = 0.25 in., the con-
vex radius of the cam Rc = (2.26−0.25) in., the width of contact b = 0.3 in., and the normal
load Fn = 110 lbs. Find the maximum surface compressive stress. From (21),

This calculated stress should be less than the allowable stress for the material selected
from Table 2.

Cam Materials: In considering materials for cams it is difficult to select any single mate-
rial as being the best for every application. Often the choice is based on custom or the
machinability of the material rather than its strength. However, the failure of a cam or
roller is commonly due to fatigue, so that an important factor to be considered is the limit-
ing wear load, which depends on the surface endurance limits of the materials used and the
relative hardnesses of the mating surfaces.

Table 2. Cam Materials

Based on United Shoe Machinery Corp. data by Guy J. Talbourdet.

Cam Materials for Use with
Roller of Hardened Steel

Maximum Allowable
Compressive Stress, psi

Gray-iron casting, ASTM A 48-48, Class 20, 160-190 Bhn, phosphate-
coated

58,000

Gray-iron casting, ASTM A 339-51T, Grade 20, 140-160 Bhn 51,000
Nodular-iron casting, ASTM A 339-51T, Grade 80-60-03, 207-241Bhn 72,000
Gray-iron casting, ASTM A 48−48, Class 30, 200-220 Bhn 65,000
Gray-iron casting, ASTM A 48−48, Class 35, 225-225 Bhn 78,000
Gray-iron casting, ASTM A 48-48, Class 30, heat treated (Austempered), 

225-300 Bhn 90,000
SAE 1020 steel, 130-150 Bhn 82,000
SAE 4150 steel, heat treated to 270-300 Bhn, phosphate coated 20,000
SAE 4150 steel, heat treated to 270-300 Bhn 188,000
SAE 1020 steel, carburized to 0.045 in. depth of case, 50-58 Rc 226,000
SAE 1340 steel, induction hardened to 45-55 Rc 198,000
SAE 4340 steel, induction hardened to 50-55 Rc 226,000
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In Table 2 are given maximum permissible compressive stresses (surface endurance lim-
its) for various cam materials when in contact with a roller of hardened steel. The stress
values shown are based on 100,000,000 cycles or repetitions of stress for pure rolling.
Where the repetitions of stress are considerably greater than 100,000,000, where there is
appreciable misalignment, or where there is sliding, more conservative stress figures must
be used.

Layout of Cylinder Cams.—In Fig. 22 is shown the development of a uniformly acceler-
ated motion cam curve laid out on the surface of a cylindrical cam. This development is
necessary for finding the projection on the cylindrical surface, as shown at KL. To con-
struct the developed curve, first divide the base circle of the cylinder into, say, twelve equal
parts. Set off these parts along line ag. Only one-half of the layout has been shown, as the
other half is constructed in the same manner, except that the curve is here falling instead of
rising. Divide line aH into the same number of divisions as the half circle, the divisions
being in the proportion 1 : 3 : 5 : 5 : 3 : 1. Draw horizontal lines from these division points
and vertical lines from a, b, c, etc. The intersections between the two sets of lines are points
on the developed cam curve. These points are transferred to the cylindrical surface at the
left by projection in the usual manner.

Fig. 22. Development of Cylindrical Cam

Shape of Rolls for Cylinder Cams.—The rolls for cylindrical cams working in a groove
in the cam should be conical rather than cylindrical in shape, in order that they may rotate
freely and without excessive friction. Fig. 23(a) shows a straight roll and groove, the action
of which is faulty because of the varying surface speed at the top and bottom of the groove.
Fig. 23(b) shows a roll with curved surface. For heavy work, however, the small bearing
area is quickly worn down and the roll presses a groove into the side of the cam as well, thus
destroying the accuracy of the movement and creating backlash. Fig. 23(c) shows the con-
ical shape which permits a true rolling action in the groove. The amount of taper depends
on the angle of spiral of the cam groove. As this angle, as a rule, is not constant for the
whole movement, the roll and groove should be designed to meet the requirements on that
section of the cam where the heaviest duty is performed. Frequently the cam groove is of a
nearly even spiral angle for a considerable length. The method for determining the angle of
the roll and groove to work correctly during the important part of the cycle is as follows:

In Fig. 23(d), b is the circumferential distance on the surface of the cam that includes the
section of the groove for which correct rolling action is required. The throw of the cam for
this circumferential movement is a. Line OU is the development of the movement of the
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cam roll during the given part of the cycle, and c is the movement corresponding to b, but
on a circle the diameter of which is equal to that of the cam at the bottom of the groove.
With the same throw a as before, the line OV will be the development of the cam at the bot-
tom of the groove. OU then is the length of the helix traveled by the top of the roll, while OV
is the travel at the bottom of the groove. If, then, the top width and bottom width of the
groove be made proportional to OU and OV, the groove will be properly proportioned.

Fig. 23. Shape of Rolls for Cylinder Cams

Cam Milling.—Plate cams having a constant rise, such as are used on automatic screw
machines, can be cut in a universal milling machine, with the spiral head set at an angle α,
as shown by the illustration. 

Fig. 24. 

When the spiral head is set vertical, the “lead” of the cam (or its rise for one complete rev-
olution) is the same as the lead for which the machine is geared; but when the spiral head
and cutter are inclined, any lead or rise of the cam can be obtained, provided it is less than
the lead for which the machine is geared, that is, less than the forward feed of the table for
one turn of the spiral-head spindle. The cam lead, then, can be varied within certain limits
by simply changing the inclination α of the spiral head and cutter. The following formula
is for determining this angle of inclination, for a given rise of cam and with the machine
geared for a lead, L, selected from the tables beginning on page 2063,

where α =angle to which index head and milling attachment are set from horizontal as
shown in the accompanying diagram

r =rise of cam in given part of circumference
L =spiral lead for which milling machine is geared
φ =angle in which rise is required, expressed in degrees

For example, suppose a cam is to be milled having a rise of 0.125 inch in 300 degrees and
that the machine is geared for the smallest possible lead, or 0.670 inch; then:

αsin 360° r×
φ L×

--------------------=
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which is the sine of 12° 56 ′. Therefore, to secure a rise of 0.125 inch with the machine
geared for 0.670 inch lead, the spiral head is elevated to an angle of 12° 56 ′ and the vertical
milling attachment is also swiveled around to locate the cutter in line with the spiral-head
spindle, so that the edge of the finished cam will be parallel to its axis of rotation. In the
example given, the lead used was 0.670. A larger lead, say 0.930, could have been selected
from the table on page 2063. In that case, α = 9° 17 ′.

When there are several lobes on a cam, having different leads, the machine can be geared
for a lead somewhat in excess of the greatest lead on the cam, and then all the lobes can be
milled without changing the spiral head gearing, by simply varying the angle of the spiral
head and cutter to suit the different cam leads. Whenever possible, it is advisable to mill on
the under side of the cam, as there is less interference from chips; moreover, it is easier to
see any lines that may be laid out on the cam face. To set the cam for a new cut, it is first
turned back by operating the handle of the table feed screw, after which the index crank is
disengaged from the plate and turned the required amount.
Simple Method for Cutting Uniform Motion Cams.—Some cams are laid out with
dividers, machined and filed to the line; but for a cam that must advance a certain number
of thousandths per revolution of spindle this method is not accurate. Cams are easily and
accurately cut in the following manner. 

Let it be required to make the heart cam shown in the illustration. The throw of this cam
is 1.1 inch. Now, by setting the index on the milling machine to cut 200 teeth and also
dividing 1.1 inch by 100, we find that we have 0.011 inch to recede from or advance
towards the cam center for each cut across the cam. Placing the cam securely on an arbor,
and the latter between the centers of the milling machine, and using a convex cutter set the
proper distance from the center of the arbor, make the first cut across the cam. Then, by
lowering the milling machine knee 0.011 inch and turning the index pin the proper number
of holes on the index plate, take the next cut and so on.

αsin 360° 0.125×
300° 0.670×
------------------------------- 0.2239= =
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PLAIN BEARINGS

Introduction

On the following pages are given data and procedures for designing full-film or hydrody-
namically lubricated bearings of the journal and thrust types. However, before proceeding
to these design methods, it is thought useful to first review those bearing aspects concern-
ing the types of bearings available; lubricants and lubrication methods; hardness and sur-
face finish; machining methods; seals; retainers; and typical length-to-diameter ratios for
various applications.

The following paragraphs preceding the design sections provide guidance in these mat-
ters and suggest modifications in allowable loads when other than full-film operating con-
ditions exist in a bearing.

Classes of Plain Bearings.—Bearings that provide sliding contact between mating sur-
faces fall into three general classes: radial bearings that support rotating shafts or journals;
thrust bearings that support axial loads on rotating members; and guide or slipper bearings
that guide moving parts in a straight line. Radial sliding bearings, more commonly called
sleeve bearings, may be of several types, the most usual being the plain full journal bear-
ing, which has 360-degree contact with its mating journal, and the partial journal bearing,
which has less than 180-degree contact. This latter type is used when the load direction is
constant and has the advantages of simplicity, ease of lubrication, and reduced frictional
loss.

The relative motions between the parts of plain bearings may take place: 1) as pure slid-
ing without the benefit of a liquid or gaseous lubricating medium between the moving sur-
faces such as with the dry operation of nylon or Teflon;  2) with hydrodynamic lubrication
in which a wedge or film buildup of lubricating medium is produced, with either whole or
partial separation of the bearing surfaces;  3) with hydrostatic lubrication in which a lubri-
cating medium is introduced under pressure between the mating surfaces causing a force
opposite to the applied load and a lifting or separation of these surfaces;  and  4 )  w i th  a
hybrid form or combination of hydrodynamic and hydrostatic lubrication.

Listed below are some of the advantages and disadvantages of sliding contact (plain)
bearings as compared with rolling contact (antifriction) bearings.

Advantages: 1) require less space;  2) are quieter in operation;  3) are lower in cost, par-
ticularly in high-volume production;  4) have greater rigidity;  and  5) their life is generally
not limited by fatigue.

Disadvantages: 1) have higher frictional properties resulting in higher power consump-
tion;  2) are more susceptible to damage from foreign material in lubrication system;
3) have more stringent lubrication requirements;  and  4) are more susceptible to damage
from interrupted lubrication supply.

Types of Journal Bearings.—Many types of journal bearing configurations have been
developed; some of these are shown in Fig. 1.

 Circumferential-groove bearings, Fig. 1(a), have an oil groove extending circumferen-
tially around the bearing. The oil is maintained under pressure in the groove. The groove
divides the bearing into two shorter bearings that tend to run at a slightly greater eccentric-
ity. However, the advantage in terms of stability is slight, and this design is most com-
monly used in reciprocating-load main and connecting-rod bearings because of the
uniformity of oil distribution.

Short cylindrical bearings are a better solution than the circumferential-groove bearing
for high-speed, low-load service. Often the bearing can be shortened enough to increase
the unit loading to a substantial value, causing the shaft to ride at a position of substantial
eccentricity in the bearing. Experience has shown that instability rarely results when the
shaft eccentricity is greater that 0.6. Very short bearings are not often used for this type of
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application, because they do not provide a high temporary rotating-load capacity in the
event some unbalance should be created in the rotor during service.

Fig. 1. Typical shapes of several types of pressure-fed bearings.
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 Cylindrical-overshot bearings, Fig. 1(b), are used where surface speeds of 10,000 fpm
or more exist, and where additional oil flow is desired to maintain a reasonable bearing
temperature. This bearing has a wide circumferential groove extending from one axial oil
groove to the other over the upper half of the bearing. Oil is usually admitted to the trailing-
edge oil groove. An inlet orifice is used to control the oil flow. Cooler operation results
from the elimination of shearing action over a large section of the upper half of the bearing
and, to a great extent, from the additional flow of cool oil over the top half of the bearing.

 Pressure bearings, Fig. 1(c), employ a groove over the top half of the bearing. The
groove terminates at a sharp dam about 45 degrees beyond the vertical in the direction of
shaft rotation. Oil is pumped into this groove by shear action from the rotation of the shaft
and is then stopped by the dam. In high-speed operation, this situation creates a high oil
pressure over the upper half of the bearing. The pressure created in the oil groove and sur-
rounding upper half of the bearing increases the load on the lower half of the bearing. This
self-generated load increases the shaft eccentricity. If the eccentricity is increased to 0.6 or
greater, stable operation under high-speed, low-load conditions can result. The central oil
groove can be extended around the lower half of the bearing, further increasing the effec-
tive loading. This design has one primary disadvantage: Dirt in the oil will tend to abrade
the sharp edge of the dam and impair ability to create high pressures.

 Multiple-groove bearings, Fig. 1(d), are sometimes used to provide increased oil flow.
The interruptions in the oil film also appear to give this bearing some merit as a stable
design.

 Elliptical bearings, Fig. 1(e), are not truly elliptical, but are formed from two sections of
a cylinder. This two-piece bearing has a large clearance in the direction of the split and a
smaller clearance in the load direction at right angles to the split. At light loads, the shaft
runs eccentric to both halves of the bearing, and hence, the elliptical bearing has a higher
oil flow than the corresponding cylindrical bearing. Thus, the elliptical bearing will run
cooler and will be more stable than a cylindrical bearing.

 Elliptical-overshot bearings (not shown) are elliptical bearings in which the upper half
is relieved by a wide oil groove connecting the axial oil grooves. They are analogous to
cylindrical-overshot bearings.

 Displaced elliptical bearings, Fig. 1(f), shift the centers of the two bearing arcs in both a
horizontal and a vertical direction. This design has greater stiffness than a cylindrical bear-
ing, in both horizontal and vertical directions, with substantially higher oil flow. It has not
been extensively used, but offers the prospect of high stability and cool operation.

 Three-lobe bearings, Fig. 1(g), are made up in cross section of three circular arcs. They
are most effective as antioil whip bearings when the centers of curvature of each of the
three lobes lie well outside the clearance circle that the shaft center can describe within the
bearing. Three axial oil-feed grooves are used. It is a more difficult design to manufacture,
because it is almost necessary to make it in three parts instead of two. The bore is machined
with shims between each of the three parts. The shims are removed after machining is com-
pleted.

 Pivoted-shoe bearings, Fig. 1(h), are one of the most stable bearings. The bearing sur-
face is divided into three or more segments, each of which is pivoted at the center. In oper-
ation, each shoe tilts to form a wedge-shaped oil film, thus creating a force tending to push
the shaft toward the center of the bearing. For single-direction rotation, the shoes are some-
times pivoted near one end and forced toward the shaft by springs.

 Nutcracker bearings, Fig. 1(i), consist of two cylindrical half-bearings. The upper half-
bearing is free to move in a vertical direction and is forced toward the shaft by a hydraulic
cylinder. External oil pressure may be used to create load on the upper half of the bearing
through the hydraulic cylinder. Or the high-pressure oil may be obtained from the lower
half of the bearing by tapping a hole into the high-pressure oil film, thus creating a self-
loading bearing. Either type can increase bearing eccentricity to the point where stable
operation can be achieved.
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Hydrostatic Bearings.—Hydrostatic bearings are used when operating conditions
require full film lubrication that cannot be developed hydrodynamically. The hydrostati-
cally lubricated bearing, either thrust or radial, is supplied with lubricant under pressure
from an external source. Some advantages of the hydrostatic bearing over bearings of other
types are: low friction; high load capacity; high reliability; high stiffness; and long life.

Hydrostatic bearings are used successfully in many applications including machine
tools, rolling mills, and other heavily loaded slow-moving machinery. However, special-
ized techniques, including a thorough understanding of hydraulic components external to
the bearing package is required. The designer is cautioned against use of this type of bear-
ing without a full knowledge of all aspects of the problem. Determination of the operating
performance of hydrostatic bearings is a specialized area of the lubrication field and is
described in specialized reference books.

Guide Bearings.—This type of bearing is generally used as a positioning device or as a
guide to linear motion such as in machine tools. Fig. 2 shows several examples of guide-
way bearing designs. It is normal for this type of bearing to operate in the boundary lubri-
cation region with either dry, dry film such as molybdenum disulfide (MoS2) or
tetrafluorethylene (TFE), grease, oil, or gaseous lubrication. Hydrostatic lubrication is
often used to improve performance, reduce wear, and increase stability. This type of
design uses pumps to supply air or gas under pressure to pockets designed to produce a
bearing film and maintain complete separation of the sliding surfaces.

Fig. 2. Types of Guide Bearings

Design.—The design of a sliding bearing is generally accomplished in one of two ways:
1) a bearing operating under similar conditions is used as a model or basis from which the
new bearing is designed;  and  2) in the absence of any previous experience with similar
bearings in similar environments, certain assumptions concerning operating conditions
and requirements are made and a tentative design prepared based on general design param-
eters or rules of thumb. Detailed lubrication analysis is then performed to establish design
and operating details and requirements.

Modes of Bearing Operation.—The load-carrying ability of a sliding bearing depends
upon the kind of fluid film that is formed between its moving surfaces. The formation of
this film is dependent, in part, on the design of the bearing and, in part, on the speed of rota-
tion. The bearing has three modes or regions of operation designated as full-film, mixed-
film, and boundary lubrication with effects on bearing friction, as shown in Fig. 3.

In terms of physical bearing operation these three modes may be further described as fol-
lows:
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1) Full-film, or hydrodynamic, lubrication produces a complete physical separation of
the sliding surfaces resulting in low friction and long wear-free service life.

To promote full-film lubrication in hydrodynamic operation, the following parameters
should be satisfied: a) Lubricant selected has the correct viscosity for the proposed opera-
tion;  b) proper lubricant flow rates are maintained;  c) proper design methods and consid-
erations have been utilized;  and  d) surface velocity in excess of 25 fpm (7.62 m/min) is
maintained.

When full-film lubrication is achieved, a coefficient of friction between 0.001 and 0.005
can be expected.

2) Mixed-film lubrication is a mode of operation between the full-film and boundary
modes. With this mode, there is a partial separation of the sliding surfaces by the lubricant
film; however, as in boundary lubrication, limitations on surface speed and wear will
result. With this type of lubrication, a surface velocity in excess of 10 fpm (3.05 m/min) is
required with resulting coefficients of friction of 0.02 to 0.08.

3) Boundary lubrication takes place when the sliding surfaces are rubbing together with
only an extremely thin film of lubricant present. This type of operation is acceptable only
in applications with oscillating or slow rotary motion. In complete boundary lubrication,
the oscillatory or rotary motion is usually less than 10 feet per minute with resulting coef-
ficients of friction of 0.08 to 0.14. These bearings are usually grease lubricated or periodi-
cally oil lubricated.

In starting up and accelerating to its operating point, a journal bearing passes through all
three modes of operation. At rest, the journal and bearing are in contact, and thus when
starting, the operation is in the boundary lubrication region. As the shaft begins to rotate
more rapidly and the hydrodynamic film starts to build up, bearing operation enters the

Fig. 3. Three modes of bearing operation.
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region of mixed-film lubrication. When design speeds and loads are reached, the hydrody-
namic action in a properly designed bearing will promote full-film lubrication.

Methods of Retaining Bearings.—Several methods are available to ensure that a bearing
remains in place within a housing. Which method to use depends upon the particular appli-
cation but requires first that the unit lends itself to convenient assembly and disassembly;
additionally, the bearing wall should be of uniform thickness to avoid introduction of weak
points in the construction that may lead to elastic or thermal distortion.

Press or Shrink Fit: One common and satisfactory technique for retaining the bearing is
to press or shrink the bearing in the housing with an interference fit. This method permits
the use of bearings having uniform wall thickness over the entire bearing length.

Standard bushings with finished inside and outside diameters are available in sizes up to
approximately 5 inches (127 mm) inside diameter. Stock bushings are commonly provided
0.002 to 0.003 inch (50.8–76.2 µm) over nominal on outside diameter sizes of 3 inches
(76.2 mm) or less. For diameters greater than 3 inches, outside diameters are 0.003 to 0.005
inch (76.2–127 µm) over nominal. Because these tolerances are built into standard bush-
ings, the amount of press fit is controlled by the housing-bore size.

As a result of a press or shrink fit, the bore of the bearing material “closes in” by some
amount. In general, this diameter decrease is approximately 70 to 100 per cent of the
amount of the interference fit. Any attempt to accurately predict the amount of reduction,
in an effort to avoid final clearance machining, should be avoided.

Shrink fits may be accomplished by chilling the bearing in a mixture of dry ice and alco-
hol, or in liquid air. These methods are easier than heating the housing and are preferred.
Dry ice in alcohol has a temperature of −110°F (−79°C) and liquid air boils at −310°F (−
190°C).

When a bearing is pressed into the housing, the driving force should be uniformly applied
to the end of the bearing to avoid upsetting or peening of the bearing. Of equal importance,
the mating surfaces must be clean, smoothly finished, and free of machining imperfec-
tions.

Keying Methods: A variety of methods can be used to fix the position of the bearing with
respect to its housing by “keying” the two together. Possible keying methods are shown in
Figs. 4a through  4f including: a) set screws;  b) Woodruff keys;  c )  b o l t ed  bea r i ng
flanges;  d) threaded bearings;  e) dowel pins;  and  f) housing caps.

Factors to be considered when selecting one of these methods are as follows:
1) Maintaining uniform wall thickness of the bearing material, if possible, especially in

the load-carrying region of the bearing.
2) Providing as much contact area as possible between bearing and housing. Mating sur-

faces should be clean, smooth, and free from imperfections to facilitate heat transfer.
3) Preventing any local deformation of the bearing that might result from the keying

method. Machining after keying is recommended.
4) Considering the possibility of bearing distortion resulting from the effect of tempera-

ture changes on the particular keying method.

Methods of Sealing.—In applications where lubricants or process fluids are utilized in
operation, provision must be made normally to prevent leakage to other areas. This provi-
sion is made by the use of static and dynamic type sealing devices. In general, three terms
are used to describe the devices used for sealing:

Seal: A means of preventing migration of fluids, gases, or particles across a joint or open-
ing in a container.

Packing: A dynamic seal, used where some form of relative motion occurs between rigid
members of an assembly.

Gaskets: A static seal, used where there is no relative motion between joined parts.
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Two major functions must be achieved by all sealing applications: prevent escape of
fluid; and prevent migration of foreign matter from the outside.

The first determination in selecting the proper seal is whether the application is static or
dynamic. To meet the requirements of a static application there must be no relative motion
between the joining parts or between the seal and the mating part. If there is any relative
motion, the application must be considered dynamic, and the seal selected accordingly.

Dynamic sealing requires control of fluids leaking between parts with relative motion.
Two primary methods are used to this end: positive contact or rubbing seals; and controlled
clearance noncontact seals.

Positive Contact or Rubbing Seals: These seals are used where positive containment of
liquids or gases is required, or where the seal area is continuously flooded. If properly
selected and applied, contact seals can provide zero leakage for most fluids. However,
because they are sensitive to temperature, pressure, and speed, improper application can
result in early failure. These seals are applicable to rotating and reciprocating shafts. In
many assemblies, positive-contact seals are available as off-the-shelf items. In other
instances, they are custom-designed to the special demands of a particular application.
Custom design is offered by many seal manufacturers and, for extreme cases, probably
offers the best solution to the sealing problem.

Controlled Clearance Noncontact Seals: Representative of the controlled-clearance
seals, which includes all seals in which there is no rubbing contact between the rotating and

Methods of Bearing Retention

Fig. 4a. Set Screws

Fig. 4b. Woodruff Key Fig. 4c. Bolts through Flange
Fig. 4d. Bearing Screwed into 

Housing

Fig. 4e. Dowel Pin Fig. 4f. Housing Cap

��
����

��
��
������

��� �
�
�
�

�
�
�
�

����
����

��
��

��
����
����

��
��

��
��

�
�
�
�

��
��
�
�

�
�



PLAIN BEARINGS 2321

stationary members, are throttling bushings and labyrinths. Both types operate by fluid-
throttling action in narrow annular or radial passages.

Clearance seals are frictionless and very insensitive to temperature and speed. They are
chiefly effective as devices for limiting leakage rather than stopping it completely.
Although they are employed as primary seals in many applications, the clearance seal also
finds use as auxiliary protection in contact-seal applications. These seals are usually
designed into the equipment by the designer himself, and they can take on many different
forms.

Advantages of this seal are that friction is kept to an absolute minimum and there is no
wear or distortion during the life of the equipment. However, there are two significant dis-
advantages: The seal has limited use when leakage rates are critical; and it becomes quite
costly as the configuration becomes elaborate.

Static Seals: Static seals such as gaskets, “O” rings, and molded packings cover very
broad ranges of both design and materials.

Some of the typical types are as follows: 1) Molded packings: a) lip type, and b) squeeze-
molded;  2) simple compression packings;  3) diaphragm seals;  4) nonmetallic gaskets;
5) “O” rings;  and  6) metallic gaskets and “O” rings.

Data on “O” rings are found starting on page 2587.
Detailed design information for specific products should be obtained directly from man-

ufacturers.
Hardness and Surface Finish.—Even in well-lubricated full-film sleeve bearings,
momentary contact between journal and bearing may occur under such conditions as start-
ing, stopping, or overloading. In mixed-film and boundary-film lubricated sleeve bear-
ings, continuous metal-to-metal contact occurs. Hence, to allow for any necessary
wearing-in, the journal is usually made harder than the bearing material. This arrangement
allows the effects of scoring or wearing to take place on the bearing, which is more easily
replaced, rather than on the more expensive shaft. As a general rule, recommended Brinell
(Bhn) hardness of the journal is at least 100 points harder than the bearing material.

The softer cast bronzes used for bearings are those with high lead content and very little
tin. Such bronzes give adequate service in boundary-and mixed-film applications where
full advantage is taken of their excellent “bearing” characteristics.

High-tin, low-lead content cast bronzes are the harder bronzes and these have high ulti-
mate load-carrying capacity: higher journal hardnesses are required with these bearing
bronzes. Aluminum bronze, for example, requires a journal hardness in the range of 550 to
600 Bhn.

In general, harder bearing materials require better alignment and more reliable lubrica-
tion to minimize local heat generation if and when the journal touches the shaft. Also, abra-
sives that find their way into the bearing are a problem for the harder bearing materials and
greater care should be taken to exclude them.

Surface Finish: Whether bearing operation is complete boundary, mixed film, or fluid
film, surface finishes of the journal and bearing must receive careful attention. In applica-
tions where operation is hydrodynamic or full-film, peak surface variations should be less
than the expected minimum film thickness; otherwise, peaks on the journal surface will
contact peaks on the bearing surface, with resulting high friction and temperature rise.
Ranges of surface roughness obtained by various finishing methods are: boring, broach-
ing, and reaming, 32 to 64 µinches (0.813–1.626 µm), rms; grinding, 16 to 64
µinches(0.406–1.626 µm), rms; and fine grinding, 4 to 16 µinches(0.102–0.406 µm), rms.

In general, the better surface finishes are required for full-film bearings operating at high
eccentricity ratios because full-film lubrication must be maintained with small clearances,
and metal-to-metal contact must be avoided. Also, the harder the material, the better the
surface finish required. For boundary- and mixed-film applications, surface finish require-
ments may be somewhat relaxed because bearing wear-in will in time smooth the surfaces.
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Fig. 5 is a general guide to the ranges required for bearing and journal surface finishes.
Selecting a particular surface finish in each range can be simplified by observing the gen-
eral rule that smoother finishes are required for the harder materials, for high loads, and for
high speeds.

Fig. 5. Recommended ranges of surface finish for the three types of sleeve bearing operations.

Machining Bores.—The methods most commonly used in finishing journal bearing
bores are boring, broaching, reaming, and burnishing.

 Broaching is a rapid finishing method providing good size and alignment control when
adequate piloting is possible. Soft babbitt materials are particularly compatible with the
broaching method. A third finishing method, reaming, facilitates good size and alignment
control when piloting is utilized. Reaming can be accomplished both manually or by
machine, the machine method being preferred. Burnishing is a fast sizing operation that
gives good alignment control, but does not give as good size control as the cutting meth-
ods. It is not recommended for soft materials such as babbitt. Burnishing has an ironing
effect that gives added seating of the bushing outside diameter in the housing bore; conse-
quently, it is often used for this purpose, especially on a 1⁄32-inch (0.794 mm) wall bushing,
even if a further sizing operation is to be used subsequently.

Boring of journal bearings provides the best concentricity, alignment, and size control
and is the finishing method of choice when close tolerances and clearances are desirable.

Methods of Lubrication.—There are numerous ways to supply lubricant to bearings.
The more common of these are described in the following.

Pressure lubrication, in which an abundance of oil is fed to the bearing from a central
groove, single or multiple holes, or axial grooves, is effective and efficient. The moving oil
assists in flushing dirt from the bearing and helps keep the bearing cool. In fact, it removes
heat faster than other lubricating methods and, therefore, permits thinner oil films and
unimpaired load capacities. The oil-supply pressure needed for bushings carrying the basic
load is directly proportional to the shaft speed, but for most installations, 50 psi (345 kPa)
will be adequate.

Splash fed applies to a variety of intermittently lubricated bushings. It includes every-
thing from bearings spattered with oil from the action of other moving parts to bearings
regularly dipped in oil. Like oil bath lubrication, splash feeding is practical when the hous-
ing can be made oiltight and when the moving parts do not churn the oil. The fluctuating
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nature of the load and the intermittent oil supply in splash fed applications requires the
designer to use experience and judgment when determining the probable load capacity of
bearings lubricated in this way.

Oil bath lubrication, in which the bushing is submerged in oil, is the most reliable of all
methods except pressure lubrication. It is practical if the housing can be made oil tight, and
if the shaft speed is not so great as to cause excessive churning of the oil.

Oil ring lubrication, in which oil is supplied to the bearing by a ring in contact with the
shaft, will, within reasonable limits, bring enough oil to the bearing to maintain hydrody-
namic lubrication. If the shaft speed is too low, little oil will follow the ring to the bearing;
and, if the speed is too high, the ring speed will not keep pace with the shaft. Also, a ring
revolving at high speed will lose oil by centrifugal force. For best results, the peripheral
speed of the shaft should be between 200 and 2000 fpm (61 and 610 m/min). Safe load to
achieve hydrodynamic lubrication should be one-half of that for pressure fed bearings.
Unless the load is light, hydrodynamic lubrication is doubtful. The safe load, then, to
achieve hydrodynamic lubrication, should be one-quarter of that of pressure fed bearings.

Wick or waste pack lubrication delivers oil to a bushing by the capillary action of a wick
or waste pack; the amount delivered is proportional to the size of the wick or pack.

Lubricants: The value of an oil as a lubricant depends mainly on its film-forming capac-
ity, that is, its capability to maintain a film of oil between the bearing surfaces. The film-
forming capacity depends to a large extent on the viscosity of the oil, but this should not be
understood to mean that oil of the highest viscosity is always the most suitable lubricant.
For practical reasons, an oil of the lowest viscosity that will retain an unbroken oil film
between the bearing surfaces is the most suitable for purposes of lubrication. A higher vis-
cosity than that necessary to maintain the oil film results in a waste of power due to the
expenditure of energy necessary to overcome the internal friction of the oil itself.

Fig. 6 provides representative values of viscosity in centipoises for SAE mineral oils.
Table 56a on page 2698 is provided as a means of converting viscosities of other units to
centipoises.

Grease packed in a cavity surrounding the bushing is less adequate than an oil system,
but it has the advantage of being more or less permanent. Although hydrodynamic lubrica-
tion is possible under certain very favorable circumstances, boundary lubrication is the
usual state.
Lubricant Selection.—In selecting lubricants for journal bearing operation, several fac-
tors must be considered: 1) type of operation (full, mixed, or boundary film) anticipated;
2) surface speed;  and  3) bearing loading.

Fig. 7 combines these factors and facilitates general selection of the proper lubricant vis-
cosity range.

As an example of using these curves, consider a lightly loaded bearing operating at 2000
rpm. At the bottom of the figure, locate 2000 rpm and move vertically to intersect the light-
load full-film lubrication curve, which indicates an SAE 5 oil.

As a general rule-of-thumb, heavier oils are recommended for high loads and lighter oils
for high speeds.

In addition, other than using conventional lubrication oils, journal bearings may be lubri-
cated with greases or solid lubricants. Some of the reasons for use of these lubricants are to:

1) Lengthen the period between relubrication:
2) Avoid contaminating surrounding equipment or material with “leaking” lubricating

oil;
3) Provide effective lubrication under extreme temperature ranges;
4) Provide effective lubrication in the presence of contaminating atmospheres; and
5) Prevent intimate metal-to-metal contact under conditions of high unit pressure which

might destroy boundary lubricating films.
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Greases: Where full-film lubrication is not possible or is impractical for slow-speed
fairly high-load applications, greases are widely used as bearing lubricants. Although full-
film lubrication with grease is possible, it is not normally considered since an elaborate
pumping system is required to continuously supply a prescribed amount of grease to the
bearing. Bearings supplied with grease are usually lubricated periodically. Grease lubrica-
tion, therefore, implies that the bearing will operate under conditions of complete bound-
ary lubrication and should be designed accordingly.

Lubricating greases are essentially a combination of a mineral lubricating oil and a thick-
ening agent, which is usually a metallic soap. When suitably mixed, they make excellent
bearing lubricants. There are many different types of greases which, in general, may be
classified according to the soap base used. Information on commonly used greases is
shown in Table 1.

Fig. 6. Viscosity vs. Temperature—SAE oils.
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Table 1. Commonly Used Greases and Solid Lubricants

Synthetic greases are composed of normal types of soaps but use synthetic hydrocarbons
instead of normal mineral oils. They are available in a range of consistencies in both water-
soluble and insoluble types. Synthetic greases can accommodate a wide range of variation
in operating temperature; however, recommendations on special-purpose greases should
be obtained from the lubricant manufacturer.

Application of grease is accomplished by one of several techniques depending upon
grease consistency. These classifications are shown in Table 2 along with typical methods
of application. Grooves for grease are generally greater in width, up to 1.5 times, than for
oil.

Coefficients of friction for grease-lubricated bearings range from 0.08 to 0.16, depend-
ing upon consistency of the grease, frequency of lubrication, and type of grease. An aver-
age value of 0.12 may be used for design purposes.

Solid Lubricants: The need for effective high-temperature lubricants led to the develop-
ment of several solid lubricants. Essentially, solid lubricants may be described as low-
shear-strength solid materials. Their function within a bronze bearing is to act as an inter-
mediary material between sliding surfaces. Since these solids have very low shear

Fig. 7. Lubricant Selection Guide

Type
Operating Temperature

Load Comments
°F °C

Greases

Calcium or lime soap 160 71 Moderate …
Sodium soap 300 149 Wide For wide speed range
Aluminum soap 180 82 Moderate …
Lithium soap 300 149 Moderate Good low temperature
Barium soap 350 177 Wide …

Solid Lubricants

Graphite 1000 538 Wide …

Molybdenum disulfide −100 to 750 –73 to 399 Wide …

Journal Speed, N (rpm)

10 20 40 60 100 200 400 600 1000 2000 4000 6000 10,000

SAE 5

SAE 10

SAE 20

SAE 30

SAE 40

SAE 50

Grease

Full-Film Lubrication
    Heavy Load 250 psi
    Light Load 100 psi

Boundary and Mixed-Film Lubrication
    Heavy Load
    Light Load
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strength, they shear more readily than the bearing material and thereby allow relative
motion. So long as solid lubricant remains between the moving surfaces, effective lubrica-
tion is provided and friction and wear are reduced to acceptable levels.

Solid lubricants provide the most effective boundary films in terms of reduced friction,
wear, and transfer of metal from one sliding component to the other. However, there is a
significant deterioration in these desirable properties as the operating temperature of the
boundary film approaches the melting point of the solid film. At this temperature the fric-
tion may increase by a factor of 5 to 10 and the rate of metal transfer may increase by as
much as 1000. What occurs is that the molecules of the lubricant lose their orientation to
the surface that exists when the lubricant is solid. As the temperature further increases,
additional deterioration sets in with the friction increasing by some additional small
amount but the transfer of metal accelerates by an additional factor of 20 or more. The final
effect of too high temperature is the same as metal-to-metal contact without benefit of
lubricant. These changes, which are due to the physical state of the lubricant, are reversed
when cooling takes place.

The effects just described also partially explain why fatty acid lubricants are superior to
paraffin base lubricants. The fatty acid lubricants react chemically with the metallic sur-
faces to form a metallic soap that has a higher melting point than the lubricant itself, the
result being that the breakdown temperature of the film, now in the form of a metallic soap
is raised so that it acts more like a solid film lubricant than a fluid film lubricant.

Journal or Sleeve Bearings

Although this type of bearing may take many shapes and forms, there are always three
basic components: journal or shaft, bushing or bearing, and lubricant. Fig. 1 shows these
components with the nomenclature generally used to describe a journal bearing: W =
applied load, N = revolution, e = eccentricity of journal center to bearing center, θ = atti-
tude angle, which is the angle between the applied load and the point of minimum film
thickness, d = diameter of the shaft, cd = bearing clearance, d + cd = diameter of the bearing
and ho = minimum film thickness.

Grooving and Oil Feeding.—Grooving in a journal bearing has two purposes:
1) to establish and maintain an efficient film of lubricant between the bearing moving

surfaces and
2) to provide adequate bearing cooling
The obvious and only practical location for introducing lubricant to the bearing is in a

region of low pressure. A typical pressure profile of a bearing is shown by Fig. 2. The arrow
W shows the applied load. Typical grooving configurations used for journal bearings are
shown in Figs. 3a through  3e.

Heat Radiating Capacity.—In a self-contained lubrication system for a journal bearing,
the heat generated by bearing friction must be removed to prevent continued temperature

Table 2. NLGI Consistency Numbers

NLGIa

Consistency No.
Consistency 

of Grease
Typical

 Method of Application

0 Semifluid Brush or gun
1 Very soft Pin-type cup or gun
2 Soft Pressure gun or centralized pressure system
3 Light cup grease Pressure gun or centralized pressure system
4 Medium cup grease Pressure gun or centralized pressure system
5 Heavy cup grease Pressure gun or hand
6 Block grease Hand, cut to fit

a NLGI is National Lubricating Grease Institute 
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rise to an unsatisfactory level. The heat-radiating capacity HR of the bearing in foot-pounds
per minute may be calculated from the formula HR = Ld CtR in which C is a constant deter-
mined by O. Lasche, and tR is temperature rise in degrees Fahrenheit. 

Values for the product CtR may be found from the curves in Fig. 4 for various values of
bearing temperature rise tR and for three operating conditions. In this equation, L = total
length of the bearing in inches and d = bearing diameter in inches.

Journal Bearing Design Notation.—The symbols used in the following step-by-step
procedure for lubrication analysis and design of a plain sleeve or journal bearing are as fol-
lows:

c =specific heat of lubricant, Btu/lb/degree F

Fig. 1. Basic components of a journal bearing.
Fig. 2. Typical pressure profile

of journal bearing.
Types of Journal Bearing Oil Grooving

Fig. 3a. Single inlet hole Fig. 3b. Circular groove

Fig. 3c. Straight axial groove Fig. 3d. Straight axial groove with feeder groove

Fig. 3e. Straight axial groove in shaft
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cd =diametral clearance, inches
Cn =bearing capacity number

d =journal diameter, inches
e =eccentricity, inches

ho =minimum film thickness, inch
K =constants
l =bearing length as defined in Fig. 5, inches

L =actual length of bearing, inches
m =clearance modulus
N =rpm
pb =unit load, psi
ps =oil supply pressure, psi
Pf =friction horsepower
P ′ =bearing pressure parameter

q =flow factor
Q1 =hydrodynamic flow, gpm
Q2 =pressure flow, gpm
Q = total flow, gpm

Qnew =new total flow, gpm
QR =total flow required, gpm

r = journal radius, inches
∆t = actual temperature rise of oil in bearing, °F

∆ta =assumed temperature rise of oil in bearing, °F
∆tnew = new assumed temperature rise of oil in bearing, °F

Fig. 4. Heat-radiating capacity factor, CtR, vs. bearing temperature rise, tR—journal bearings.
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tb =bearing operating temperature, °F
tin =oil inlet temperature, °F
Tf =friction torque, inch-pounds/inch
T′ = torque parameter
W = load, pounds
X =factor
Z =viscosity, centipoises
∈ =eccentricity ratio — ratio of eccentricity to radial clearance
α =oil density, lbs/inch3

Fig. 5. Length, l, of bearing for circular groove type (left) and single inlet hole type (right).

Journal Bearing Lubrication Analysis.—The following procedure leads to a complete
lubrication analysis which forms the basis for the bearing design.

1) Diameter of bearing d: This is usually determined by considering strength and/or
deflection requirements for the shaft using principles of strength of materials.

2) Length of bearing L: This is determined by an assumed l/d ratio in which l may or may
not be equal to the overall length, L (See Step 6). Bearing pressure and the possibility of
edge loading due to shaft deflection and misalignment are factors to be considered. In gen-
eral, shaft misalignment resulting from location tolerances and/or shaft deflections should
be maintained below 0.0003 inch per inch of length.

3) Bearing pressure pb: The unit load in pound per square inch is calculated from the for-
mula:

where K =1 for single oil hole

K =2 for central groove

W = load, pounds

l =bearing length as defined in Fig. 5, inches

d =journal diameter, inches

 Typical unit loads in service are shown in Table 3. These pressures can be used as a safe
guide in selection. However, if space limitations impose a higher limit of loading, the com-
plete lubrication analysis and evaluation of material properties will determine acceptabil-
ity.

pb
W

Kld
---------=
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Table 3. Allowable Sleeve Bearing Pressures for Various Classes of Bearings

4) Diametral clearance cd: This is selected on a trial basis from Fig. 6 which shows sug-
gested diametral clearance ranges for various shaft sizes and for two speed ranges. These
are hot or operating clearances so that thermal expansion of journal and bearing to these
temperatures must be taken into consideration in establishing machining dimensions. The
optimum operating clearance should be determined on the basis of a complete lubrication
analysis (See paragraph following Step Item 23).

5) Clearance modulus m: This is calculated from the formula: 

6) Length to diameter ratio l/d: This is usually between 1 and 2; however, with the mod-
ern trend toward higher speeds and more compact units, lower ratios down to 0.3 are used.
In shorter bearings there is a consequent reduction in load carrying capacity due to exces-
sive end or side leakage of lubricant. In longer bearings there may be a tendency towards
edge loading. Length l for a single oil feed hole is taken as the total length of the bearing as
shown in Fig. 5. For a central oil groove length, l is taken as one-half the total length.

Typical l/d ratio's use for various types of applications are given in Table 4.
7) Assumed operating temperature tb: A temperature rise of the lubricant as it passes

through the bearing is assumed and the consequent operating temperature in degrees F is
calculated from the formula:

where tin = inlet temperature of oil in °F

∆ta =assumed temperature rise of oil in bearing in °F. An initial assumption of 20°F
is usually made.

8) Viscosity of lubricant Z: The viscosity in centipoises at the assumed bearing operating
temperature is found from the curve in Fig. 6 which shows the viscosity of SAE grade oils
versus temperature.

9) Bearing pressure parameter P ′: This value is required to find the eccentricity ratio and
is calculated from the formula:

Types of Bearing or
Kind of Service

Pressurea

psi(MPa)

a These pressures in psi(MPa) of area equal to length times diameter are intended as a general guide
only. The allowable unit pressure depends upon operating conditions, especially in regard to lubrica-
tion, design of bearings, workmanship, velocity, and nature of load. 

Types of Bearing or
Kind of Service

Pressurea

psi(MPa)

Electric Motor & Generator 
Bearings (General) 100–200

(0.69–1.38)

Diesel Engine
Rod 1000–2000

(6.89–13.79)
Turbine & Reduction Gears 100–250

(0.69–1.72)
Wrist Pins 1800–2000

(12.41–13.79)
Heavy Line Shafting 100–150

(0.69–1.03)
Automotive, Main Bearings 500–700

(3.45–4.83)
Locomotive Axles 300–350

(2.07–2.41)
Automotive, Rod Bearings 1500–2500

(10.34–17.24)
Light Line Shafting 15–35

(0.103–0.241)
Centrifugal Pumps 80–100

(0.55–0.689)
Diesel Engine, Main 800–1500

(5.52–10.34)
Aircraft Rod Bearings 700–3000

(4.83–20.68)

m
cd

d
-----=

tb tin ∆ ta+=
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where N =rpm

10) Eccentricity ratio ∈: Using P ′ and l/d, the value of 1/(1 − ∈) is determined from Fig.
7 and from this, ∈ can be determined.

Fig. 6. Operating Diametral Clearance Cd vs. Journal Diameter d.

Table 4. Representative l/d Ratios

Type of Service l/d Type of Service l/d

Gasoline and diesel engine Light shafting 2.5 to 3.5

main bearings and crankpins 0.3 to 1.0 Heavy shafting 2.0 to 3.0

Generators and motors 1.2 to 2.5 Steam engine

Turbogenerators 0.8 to 1.5 Main bearings 1.5 to 2.5

Machine tools 2.0 to 3.0 Crank and wrist pins 1.0 to 1.3
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11) Torque parameter T ′: This value is obtained from Fig. 8 or Fig. 9 using 1/(1 − ∈) and
l/d.

12) Friction torque T: This value is calculated from the formula:

where r = journal radius, inches
13) Friction horsepower Pf: This value is calculated from the formula:

where K =1 for single oil hole, 2 for central groove.
14) Factor X: This factor is used in the calculation of the lubricant flow and can either be

obtained from Table 5 or calculated from the formula:

where α =oil density in pounds per cubic inch
c =specific heat of lubricant in Btu/lb/°F

15) Total flow of lubricant required QR: This is calculated from the formula:

16) Bearing capacity number Cn: This value is needed to obtain the flow factor and is cal-
culated from the formula:

Fig. 7. Bearing parameter. P ′, vs. eccentricity ratio. 1/(1 − ∈) — journal bearings.

T
T ′r2ZN

6900 1000m( )
----------------------------------=

Pf
KTNl

63 000,
------------------=

X 0.1837 αc⁄=

QR

X Pf( )
∆ta

--------------=

LIVE GRAPH
Click here to view

/knovel2/view_hotlink.jsp?hotlink_id=444758257
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Fig. 8. Torque parameter, T ′, vs. eccentricity ratio, 1(1 − ∈) — journal bearings.

Fig. 9. Torque parameter, T ′, vs eccentricity ratio, 1/(1 − ∈) — journal bearings.
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17) Flow factor q: This value is obtained from the curve in Fig. 10.

18) Hydrodynamic flow of lubricant Q1: This flow in gallons per minute is calculated
from the formula:

19) Pressure flow of lubricant Q2: This flow in gallons per minute is calculated from the
formula:

where K =1.64 × 105 for single oil hole
K =2.35 × 105 for central groove
ps =oil supply pressure

Table 5. X Factor vs. Temperature of Mineral Oils

Temperature X Factor

100 12.9
150 12.4
200 12.1
250 11.8
300 11.5

Fig. 10. Flow factor, q, vs. bearing capacity number, Cn—journal bearings.
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20) Total flow of lubricant Q: This value is obtained by adding the hydrodynamic flow
and the pressure flow.

21) Bearing temperature rise ∆t: This temperature rise in degrees F is obtained from the
formula:

22) Comparison of actual and assumed temperature rises: At this point if ∆ta and ∆t dif-
fer by more than 5 degrees F, Steps 7 through 22 are repeated using a ∆tnew halfway
between the former ∆ta and ∆t.

23) Minimum film thickness ho: When Step 22 has been satisfied, the minimum film
thickness in inches is calculated from the formula: ho = 1⁄2Cd (1 − ∈).

A new diametral clearance cd is now assumed and Steps 5 through 23 are repeated. When
this repetition has been done for a sufficient number of values for cd, the full lubrication
study is plotted as shown in Fig. 11. From this chart a working range of diametral clearance
can be determined that optimizes film thickness, differential temperature, friction horse-
power and oil flow.

Use of Lubrication Analysis.—Once the lubrication analysis has been completed and
plotted as shown in Fig. 11, the following steps lead to the optimum bearing design, taking
into consideration both basic operating requirements and requirements peculiar to the
application.

1) Examine the curve (Fig. 11) for minimum film thickness and determine the acceptable
range of diametral clearance, cd, based on

a) a minimum of 200 × 10−6 inches for small bearings under 1 inch diameter
b) a minimum of 500 × 10−6 inches for bearings from 1 to 4 inches diameter

Fig. 11. Example of lubrication analysis curves for journal bearing.

Q Q1 Q2+=

∆t
X Pf( )

Q
--------------=

0 20 40 60

Oil Temp.

Rise, ∆ t,  F.
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50 100 150

Min. Film Thick

ho, in. x 10–6
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Friction Power

Loss, Pf , hp

Mfg. Limit

Oil Flow, Q, gpm

c d

Mfg. Limit
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c) a minimum of 750 × 10−6 inches for larger bearings. 
More conservative designs would increase these requirements
2) Determine the minimum acceptable cd based on a maximum ∆t of 40°F from the oil

temperature rise curve (Fig. 11).
3) If there are no requirements for maintaining low friction horsepower and oil flow, the

possible limits of diametral clearance are now defined.
4) The required manufacturing tolerances can now be placed within this band to optimize

ho as shown by Fig. 11.
5) If oil flow and power loss are a consideration, the manufacturing tolerances may then

be shifted, within the range permitted by the requirements for ho and ∆t.

Fig. 12. Full journal bearing example design.

Example:  A full journal bearing, Fig. 12, 2.3 inches in diameter and 1.9 inches long is to
carry a load of 6000 pounds at 4800 rpm, using SAE 30 oil supplied at 200°F through a sin-
gle oil hole at 30 psi. Determine the operating characteristics of this bearing as a function
of diametral clearance.

1) Diameter of bearing, given as 2.3 inches.
2) Length of bearing, given as 1.9 inches.
3) Bearing pressure:

4) Diametral clearance: Assume cd is equal to 0.003 inch from Fig. 6 on page 2331 for
first calculation.

5) Clearance modulus:

6) Length-to-diameter ratio:

7) Assumed operating temperature: If the temperature rise ∆ta is assumed to be 20°F,

8) Viscosity of lubricant: From Fig. 6 on page 2324, Z = 7.7 centipoises
9) Bearing-pressure parameter:

10) Eccentricity ratio: From Fig. 7,  and ∈ = 0.85

pb
6000

1 1.9× 2.3×
------------------------------ 1372 lbs. per sq. in.= =

m
0.003
2.3

------------- 0.0013 inch= =

l

d
--- 1.9

2.3
------- 0.83= =

tb 200 20+ 220°F= =

P ′ 6.9 1.32× 1372×
7.7 4800×

------------------------------------------ 0.43= =

1
1 ∈–
------------- 6.8=
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11) Torque parameter: From Fig. 8, T ′ = 1.46
12) Friction torque:

13) Friction horsepower:

14) Factor X: From Table 5, X = 12, approximately
15) Total flow of lubricant required:

16) Bearing-capacity number:

17) Flow factor: From Fig. 10, q = 1.43
18) Actual hydrodynamic flow of lubricant:

19) Actual pressure flow of lubricant:

20) Actual total flow of lubricant:

21) Actual bearing-temperature rise:

22) Comparison of actual and assumed temperature rises: Because ∆ta and ∆t differ by
more than 5°F, a new ∆ta, midway between these two, of 30°F is assumed and Steps 7
through 22 are repeated.

7a) Assumed operating temperature:

8a) Viscosity of lubricant: From Fig. 6, Z = 6.8 centipoises
9a) Bearing-pressure parameter:

10a) Eccentricity ratio: From Fig. 7,

 and ∈ = 0.86
11a) Torque parameter: From Fig. 8, T ′ = 1.53
12a) Friction torque:

13a) Friction horsepower:

Tf
1.46 1.152× 7.7 4800××

6900 1.3×
-------------------------------------------------------------- 7.96 inch-pounds per inch= =

Pf
1 7.96× 4800× 1.9×

63 000,
--------------------------------------------------- 1.15 horsepower= =

QR
12 1.15×

20
---------------------- 0.69 gallon per minute= =

Cn
0.832

60 0.43×
---------------------- 0.027= =

Q1
4800 1.9× 0.003× 1.43 2.3××

294
---------------------------------------------------------------------------- 0.306 gallon per minute= =

Q2
1.64 105× 30× 0.0033× 2.3× 1 1.5 0.852×+( )×

7.7 1.9×
------------------------------------------------------------------------------------------------------------------------- 0.044gallon per min= =

Q 0.306 0.044+ 0.350 gallon per minute= =

∆ t
12 1.15×

0.350
---------------------- 39.4°F= =

tb 200 30+ 230°F= =

P ′ 6.9 1.32× 1372×
6.8 4800×

------------------------------------------ 0.49= =

1
1 ∈–
------------- 7.4=

Tf
1.53 1.152× 6.8× 4800×

6900 1.3×
-------------------------------------------------------------- 7.36 inch-pounds per inch= =

Pf
1 7.36× 4800× 1.9×

63 000,
--------------------------------------------------- 1.07 horsepower= =
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14a) Factor X: From Table 5, X = 11.9 approximately
15a) Total flow of lubricant required:

16a) Bearing-capacity number:

17a) Flow factor: From Fig. 10, q = 1.48
18a) Actual hydrodynamic flow of lubricant:

19a) Pressure flow:

20a) Actual flow of lubricant:

21a) Actual bearing-temperature rise:

22a) Comparison of actual and assumed temperature rises: Now ∆t and ∆ta are within 5
degrees F.

23) Minimum film thickness:

This analysis may now be repeated for other values of cd determined from Fig. 6 and a
complete lubrication analysis performed and plotted as shown in Fig. 11. An operating
range for cd can then be determined to optimize minimum clearance, friction horsepower
loss, lubricant flow, and temperature rise.

Thrust Bearings

As the name implies, thrust bearings are used either to absorb axial shaft loads or to posi-
tion shafts axially. Brief descriptions of the normal designs for these bearings follow with
approximate design methods for each. The generally accepted load ranges for these types
of bearings are given in Table 1 and the schematic configurations are shown in Fig. 1.

The parallel or flat plate thrust bearing is probably the most frequently used type. It is
the simplest and lowest in cost of those considered; however, it is also the least capable of
absorbing load, as can be seen from Table 1. It is most generally used as a positioning
device where loads are either light or occasional.

The step bearing, like the parallel plate, is also a relatively simple design. This type of
bearing will accept the normal range of thrust loads and lends itself to low-cost, high-vol-
ume production. However, this type of bearing becomes sensitive to alignment as its size
increases.

The tapered land thrust bearing, as shown in Table 1, is capable of high load capacity.
Where the step bearing is generally used for small sizes, the tapered land type can be used
in larger sizes. However, it is more costly to manufacture and does require good alignment
as size is increased.

The tilting pad or Kingsbury thrust bearing (as it is commonly referred to) is also capa-
ble of high thrust capacity. Because of its construction it is more costly, but it has the inher-
ent advantage of being able to absorb significant amounts of misalignment.

QR
11.9 1.07×

30
--------------------------- 0.42 gallon per minute= =

Cn
0.832

60 0.49×
---------------------- 0.023= =

Q1
4800 1.9× 0.003× 1.48× 2.3×

294
---------------------------------------------------------------------------- 0.317 gallon per minute= =

Q2
1.64 105× 30× 0.0033× 2.3× 1 1.5 0.862×+( )×

6.8 1.9×
------------------------------------------------------------------------------------------------------------------------- 0.050 gallon per minute= =

Qnew 0.317 0.050+ 0.367 gallon per minute= =

∆ t
11.9 1.06×

0.367
--------------------------- 34.4°F= =

ho

0.003
2

------------- 1 0.86–( ) 0.00021 inch= =
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Fig. 1. Types of thrust bearings.

Table 1. Thrust Bearing Loads*

Thrust Bearing Design Notation.—The symbols used in the design procedures that fol-
low for flat plate, step, tapered land, and tilting pad thrust bearings are as follows:

a =radial width of pad, inches
b =circumferential length of pad at pitch line, inches

b2 =pad step length
B =circumference of pitch circle, inches
c =specific heat of oil, Btu/gal/°F

D =diameter, inches
e =depth of step, inch
f =coefficient of friction
g =depth of 45° chamfer, inches
h =film thickness, inch
i =number of pads
J =power loss coefficient
K =film thickness factor

Kg =fraction of circumference occupied by the pads; usually, 0.8
l = length of chamfer, inches

M =horsepower per square inch
N =revolutions per minute
O =operating number
p =bearing unit load, psi

ps =oil-supply pressure, psi
Pf =friction horsepower
Q = total flow, gpm

Type
Normal Unit Loads,

Lb per Sq. In.
Maximum Unit Loads,

Lb per Sq. In.

Parallel surface <75 <150
Step 200 500
Tapered land 200 500
Tilting pad 200 500

* Reproduced with permission from Wilcock and Booser, Bearing Design and Applications,
McGraw-Hill Book Co., Copyright © 1957. 

Flat  Plate Step

Tapered Land Tilting Pad
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Qc =required flow per chamfer, gpm
Qo

c =uncorrected required flow per chamfer, gpm
QF =film flow, gpm

s =oil-groove width
∆t = temperature rise, °F
U =velocity, feet per minute
V =effective width-to-length ratio for one pad
W =applied load, pounds
YG =oil-flow factor
YL =leakage factor
YS =shape factor
Z =viscosity, centipoises
α =dimensionless film-thickness factor
δ =taper
ξ =kinetic energy correction factor

Note: In the following, subscript 1 denotes inside diameter and subscript 2 denotes out-
side diameter. Subscript i denotes inlet and subscript o denotes outlet.
Flat Plate Thrust Bearing Design.—The following steps define the performance of a flat
plate thrust bearing, one section of which is shown in Fig. 2. Although each bearing section
is wedge shaped, as shown below right, for the purposes of design calculation, it is consid-
ered to be a rectangle with a length b equal to the circumferential length along the pitch line
of the section being considered, and a width a equal to the difference in the external and
internal radii.

General Parameters: a) From Table 1, the maximum unit load is between 75 and 100
pounds per square inch;  and  b) The outside diameter is usually between 1.5 and 2.5 times
the inside diameter.

1) Inside diameter, D1. Determined by shaft size and clearance.
2) Outside diameter, D2. Calculated by the formula

where W =applied load, pounds
Kg =fraction of circumference occupied by pads; usually, 0.8

p =bearing unit load, psi
3) Radial pad width, a. Equal to one-half the difference between the inside and outside

diameters.

Fig. 2. Basic elements of flat plate thrust 
bearing.* Basic elements of flat plate thrust bearing.*

b

h

U

b

h

U

b

a

D1 + D2
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D2 D1
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4W
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------------- D1
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4) Pitch line circumference, B. Found from the pitch diameter.

5) Number of pads, i. Assume an oil groove width, s. If the length of pad is assumed to be
optimum, i.e., equal to its width,

Take i as nearest even number.
6) Length of pad, b. If number of pads and oil groove width are known,

7) Actual unit load, p. Calculated in pounds per square inch based on pad dimensions.

8) Pitch line velocity, U. Found in feet per minute from

where N =rpm
9) Friction power loss, Pf. Friction power loss is difficult to calculate for this type of bear-

ing because there is no theoretical method of determining the operating film thickness.
However, a good approximation can be made using Fig. 3. From this curve, the value of M,
horsepower loss per square inch of bearing surface, can be obtained. The total power loss,
Pf, is then calculated from

10) Oil flow required, Q. May be estimated in gallons per minute for a given temperature
rise from

where c =specific heat of oil in Btu/gal/°F
∆t = temperature rise of the oil in °F

Note: A ∆t of 50°F is an acceptable maximum.
Because there is no theoretical method of predicting the minimum film thickness in this

type of bearing, only an approximation, based on experience, of the film flow can be made.
For this reason and based on practical experience, it is desirable to have a minimum of one-
half of the desired oil flow pass through the chamfer.

11) Film flow, QF. Calculated in gallons per minute from

where V =effective width-to-length ratio for one pad, a/b
Z2 =oil viscosity at outlet temperature
h =film thickness

Note: Because h cannot be calculated, use h = 0.002 inch.

12) Required flow per chamfer, Qc. Readily found from the formula

a
D2 D1–

2
-------------------=

B π D2 a–( )=

iapp
B

a s+
-----------=

b
B i s×( )–

i
------------------------=

p
W

iab
--------=

U
BN

12
--------=

Pf iabM=

Q
42.4Pf

c∆ t
----------------=

QF

1.5( ) 105( )iVh3ps

Z2
--------------------------------------------=
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13) Kinetic energy correction factor, ξ. Found by assuming a chamfer length l and enter-
ing Fig. 4 with a value Z2l and Qc.

14) Uncorrected required flow per chamfer, Q0
c. Found from the formula

15) Depth of chamfer, g. Found from the formula

Example:  Design a flat plate thrust bearing to carry 900 pounds load at 4000 rpm using an
SAE 10 oil with a specific heat of 3.5 Btu/gal/°F at 120°F and 30-psi inlet conditions. The

Fig. 3. Friction power loss, M, vs. peripheral speed, U — thrust bearings.a

a See footnote on page 2339.
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shaft is 23⁄4 inches in diameter and the temperature rise is not to exceed 40°F. Fig. 5 shows
the final design of this bearing.

1) Inside diameter. Assumed to be 3 inches to clear shaft.
2) Outside diameter. Assuming a unit bearing load of 75 pounds per square inch from

Table 1,

Use 51⁄2 inches.
3) Radial pad width.

4) Pitch-line circumference.

5) Number of pads. Assume an oil groove width of 3⁄16 inch. If length of pad is assumed to
be equal to width of pad, then

If the number of pads, i, is taken as 10, then

Fig. 4. Kinetic energy correction factor, ξ—thrust bearings.a

a See footnote on page 2339.
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6) Length of pad.

7) Actual unit load.

8) Pitch-line velocity.

9) Friction power loss. From Fig. 3, M = 0.19

10) Oil flow required.

(Assuming a temperature rise of 40°F—the maximum allowable according to the given
condition—then the assumed operating temperature will be 120°F + 40°F = 160°F and the
oil viscosity Z2 is found from Fig. 6 to be 9.6 centipoises.)

11) Film flow.

Because 0.038 gpm is a very small part of the required flow of 0.82 gpm, the bulk of the
flow must be carried through the chamfers.

12) Required flow per chamfer. Assume that all the oil flow is to be carried through the
chamfers.

13) Kinetic energy correction factor. If l, the length of chamfer is made 1⁄8 inch, then Z2l =
9.6 × 1⁄8 = 1.2. Entering Fig. 4 with this value and Qc = 0.082,

14) Uncorrected required oil flow per chamfer.

15) Depth of chamfer.

A schematic drawing of this bearing is shown in Fig. 5.

b
13.35 10 0.1875×( )–

10
----------------------------------------------------- 1.14 inches= =

p
900

10 1.25× 1.14×
--------------------------------------- 63 psi= =

U
13.35 4000×

12
------------------------------- 4 430 ft per min.,= =

Pf 10 1.25× 1.14 0.19×× 2.7 horsepower= =

Q
42.4 2.7×
3.5 40×

------------------------ 0.82 gallon per minute= =

QF
1.5 105× 10× 1× 0.0023× 30×

9.6
------------------------------------------------------------------------------ 0.038 gpm= =

Qc
0.82
10

---------- 0.082 gpm= =

ξ 0.44=

Qc
0 0.082

0.44
------------- 0.186 gpm= =

g
0.186 0.125× 9.6×

4.74 104× 30×
-----------------------------------------------4=

g 0.02 inch=
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Fig. 5. Flat plate thrust bearing example design.*

Step Thrust Bearing Design.—The following steps define the performance of a step
thrust bearing, one section of which is shown in Fig. 6.

Fig. 6. Basic elements of step thrust bearing.*

Although each bearing section is wedge shaped, as shown at the right in Fig. 6, for the
purposes of design calculation it is considered to be a rectangle with a length b equal to the
circumferential length along the pitch line of the section being considered, and a width a
equal to the difference in the external and internal radii.

General Parameters: For optimum proportions, a = b, b2 = 1.2b1, and e = 0.7h.
1) Internal diameter, D1. An internal diameter is assumed that is sufficient to clear the

shaft.
2) External diameter, D2. A unit bearing pressure is assumed from Table 1 and the exter-

nal diameter is then found from the formula

3) Radial pad width, a. Equal to the difference between the external and internal radii.

* See footnote on page 2339.
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4) Pitch-line circumference, B. Found from the formula

5) Number of pads,i. Assume an oil groove width, s (0.062 inch may be taken as a mini-
mum), and find the approximate number of pads, assuming the pad length is equal to a.
Note that if a chamfer is found necessary to increase the oil flow (see Step 13), the oil
groove width should be greater than the chamfer width.

Then i is taken as the nearest even number.
6) Length of pad, b. Readily determined from the number of pads and groove width.

7) Pitch-line velocity, U. Found in feet per minute from the formula 

8) Film thickness, h. Found in inches from the formula

9) Depth of step, e. According to the general parameter

10) Friction power loss, Pf. Found from the formula

11) Pad step length, b2. This distance, on the pitch line, from the leading edge of the pad
to the step in inches is determined by the general parameters

12) Hydrodynamic oil flow, Q. Found in gallons per minute from the formula

13) Temperature rise, ∆t. Found in degrees F from the formula

If the flow is insufficient, as indicated by too high a temperature rise, chamfers can be
added to provide adequate flow as in Steps 12-15 of the flat plate thrust bearing design.

Example:Design a step thrust bearing for positioning a 7⁄8-inch diameter shaft operating
with a 25-pound thrust load and a speed of 5,000 rpm. The lubricating oil has a viscosity of
25 centipoises at the operating temperature of 160 deg. F and has a specific heat of 3.4 Btu
per gal. per deg. F.

1) Internal diameter. Assumed to be 1 inch to clear the shaft.
2) External diameter. Because the example is a positioning bearing with low total load,

unit load will be negligible and the external diameter is not established by using the for-
mula given in Step 2 of the procedure, but a convenient size is taken to give the desired
overall bearing proportions.

B
π D1 D2+( )

2
----------------------------=

iapp
B

a s+
-----------=

b
B

i
--- s–=

U
BN

12
--------=

h
2.09

9–×10 ia3UZ

W
-----------------------------------------=

e 0.7h=

Pf
7.35

13–×10 ia2U2Z

h
----------------------------------------------=

b2
1.2b

2.2
----------=

Q 6.65
4–×10 iahU=

∆ t
42.4Pf

cQ
----------------=

D2 3 inches=
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3) Radial pad width.

4) Pitch-line circumference.

5) Number of pads. Assuming a minimum groove width of 0.062 inch,

Take i = 6.
6) Length of pad.

7) Pitch-line velocity.

8) Film thickness.

9) Depth of step.

10) Power loss.

11) Pad step length.

12) Total hydrodynamic oil flow.

13) Temperature rise.

Tapered Land Thrust Bearing Design.—The following steps define the performance of
a tapered land thrust bearing, one section of which is shown in Fig. 7. Although each bear-
ing section is wedge shaped, as shown in Fig. 7, right, for the purposes of design calcula-
tion, it is considered to be a rectangle with a length b equal to the circumferential length
along the pitch line of the section being considered and a width a equal to the difference in
the external and internal radii.

General Parameters: Usually, the taper extends to only 80 per cent of the pad length with
the remainder being flat, thus: b2 = 0.8b and b1 = 0.2b.

a
3 1–

2
------------ 1 inch= =

B
π 3 1+( )

2
--------------------- 6.28 inches= =

iapp
6.28

1 0.062+
---------------------- 5.9= =

b
6.28

6
---------- 0.062– 0.985= =

U
6.28 5 000,×

12
------------------------------- 2 620  fpm,= =

h
2.09

9–×10 6× 13× 2 620,× 25×
25

------------------------------------------------------------------------------- 0.0057 inch= =

e 0.7 0.0057× 0.004 inch= =

Pf
7.35

13–×10 6× 12× 2 620, 2× 25×
0.0057

------------------------------------------------------------------------------------ 0.133 hp= =

b2
1.2 0.985×

2.2
--------------------------- 0.537 inch= =

Q 6.65
4–×10 6 1× 0.0057 2 620,××× 0.060 gpm= =

∆ t
42.4 0.133×
3.4 0.060×
------------------------------ 28°  F= =
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Fig. 7. Basic elements of tapered land thrust bearing.*

1) Inside diameter, D1. Determined by shaft size and clearance.
2) Outside diameter, D2. Calculated by the formula

where Kg =0.8 or 0.9 and W = applied load, pounds
Pa =assumed unit load from Table 1, page 2339

3) Radial pad width, a. Equal to one-half the difference between the inside and outside
diameters.

4) Pitch-line circumference, B. Found from the mean diameter:

5) Number of pads,i. Assume an oil groove width, s, and find the approximate number of
pads, assuming the pad length is equal to a.

Then i is taken as the nearest even number.
6) Length of pad, b. Readily determined because the number of pads and groove width

are known.

7) Taper values, δ1 and δ2. Can be taken from Table 2.
8) Actual bearing unit load, p. Calculated in pounds per square inch from the formula

9) Pitch-line velocity, U. Found in feet per minute at the pitch circle from the formula

where N =rpm
10) Oil leakage factor, YL. Found either from Fig. 8 which shows curves for YL as func-

tions of the pad width a and length of land b or from the formula

11) Film thickness factor, K. Calculated using the formula

* See footnote on page 2339.

h2
δ

U

b2 b1

h1

b

D2
4W

πKgPa

----------------- D1
2+ 

  1 2⁄
=

a
D2 D1–

2
-------------------=

B
π D1 D2+( )

2
----------------------------=

iapp
B

a s+
-----------=

b
B is–

i
--------------=

p
W

iab
--------=

U
BN

12
--------=

YL
b

1 π2b2 12a2⁄( )+
------------------------------------------=

K
5.75 106p×

UYLZ
----------------------------=
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12) Minimum film thickness, h. Using the value of K just determined and the selected
taper values δ1 and δ2, h is found from Fig. 9. In general, h should be 0.001 inch for small
bearings and 0.002 inch for larger and high-speed bearings.

13) Friction power loss, Pf. Using the film thickness h, the coefficient J can be obtained
from Fig. 10. The friction loss in horsepower is then calculated from the formula

14) Required oil flow, Q. May be estimated in gallons per minute for a given temperature
rise ∆t from the formula

where c =specific heat of the oil in Btu/gal/°F
Note: A ∆t of 50°F is an acceptable maximum.
15) Shape factor, Ys. Needed to compute the actual oil flow and calculated from 

16) Oil flow factor, YG. Found from Fig. 11 using Ys and D1/D2.

17) Actual oil film flow, QF. The amount of oil in gallons per minute that the bearing film
will pass is calculated from the formula

18) If the flow is insufficient, the tapers can be increased or chamfers calculated to pro-
vide adequate flow, as in Steps 12-15 of the flat plate thrust bearing design procedure.

Example:Design a tapered land thrust bearing for 70,000 pounds at 3600 rpm. The shaft
diameter is 6.5 inches. The oil inlet temperature is 110°F at 20 psi.

Fig. 8. Leakage factor, YL, vs. pad dimensions a and b—tapered land thrust bearings.*

* See footnote on page 2339.
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Fig. 9. Thickness, h, vs. factor K—tapered land thrust bearings.*

Fig. 10. Power-loss coefficient. J, vs. film thickness, h—tapered land thrust bearings.*

A maximum temperature rise of 50°F is acceptable and results in a viscosity of 18 centi-
poises. Use values of Kg = 0.9 and c = 3.5 Btu/gal/°F.
* See footnote on page 2339.
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1) Internal diameter. Assume D1 = 7 inches to clear shaft.
2) External diameter. Assume a unit bearing load pa of 400 pounds per square inch from

Table 1, then

Round off to 17 inches.
3) Radial pad width.

4) Pitch-line circumference.

5) Number of pads. Assume groove width of 0.5 inch, then

Take i = 6.
6) Length of pad.

Fig. 11. Oil-flow factor, YG, vs. diameter ratio D1/D2—tapered land bearings.*

7) Taper values. Interpolate in Table 2 to obtain

8) Actual bearing unit load.

* See footnote on page 2339.
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9) Pitch-line velocity.

10) Oil leakage factor.

From Fig. 8,

11) Film-thickness factor.

12) Minimum film thickness.

From Fig. 9,

13) Friction power loss. From Fig. 10, J = 260, then

14) Required oil flow.

See footnote on page 2339.
15) Shape factor.

16) Oil-flow factor.

From Fig. 11,

where D1/D2 =0.41
17) Actual oil film flow.

Because calculated film flow exceeds required oil flow, chamfers are not necessary.
However, if film flow were less than required, suitable chamfers would be needed.

Table 2. Taper Values for Tapered Land Thrust Bearings

Tilting Pad Thrust Bearing Design.—The following steps define the performance of a
tilting pad thrust bearing, one section of which is shown in Fig. 12. Although each bearing
section is wedge shaped, as shown at the right below, for the purposes of design calcula-
tion, it is considered to be a rectangle with a length b equal to the circumferential length
along the pitch line of the section being considered and a width a equal to the difference in
the external and internal radii, as shown at left in Fig. 12. The location of the pivot shown
in Fig. 12 is optimum. If shaft rotation in both directions is required, however, the pivot
must be at the midpoint, which results in little or no detrimental effect on the performance.

Pad Dimensions, Inches Taper, Inch

a × b δ1 = h2 − h1 (at ID) δ2 = h2 − h1 (at OD)
1⁄2 × 1⁄2 0.0025 0.0015

1 × 1 0.005 0.003
3 × 3 0.007 0.004
7 × 7 0.009 0.006

U
37.7 3600×

12
---------------------------- 11 300,  ft per min= =

YL 2.75=

K
5.75 106× 404×

11 300, 2.75× 18×
----------------------------------------------- 4150= =

h 2.2 mils=

Pf 8.79 10 13–× 6× 5× 5.78× 260× 11 300, 2× 18 91 hp=×=

Q
42.4 91×
3.5 50×
---------------------- 22.0 gpm= =

YS
8 5× 5.78×

172 72–
----------------------------- 0.963= =

YG 0.61=

QF
8.9 10 4–× 6× 0.005× 173× 3600× 0.61× 0.9632×

17 7–
------------------------------------------------------------------------------------------------------------------------------ 26.7gpm= =
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Fig. 12. Basic elements of tilting pad thrust bearing.*

1) Inside diameter, D1. Determined by shaft size and clearance.
2) Outside diameter, D2. Calculated from the formula

where W =applied load, pounds
Kg =0.8

p =unit load from Table 1

3) Radial pad width, a. Equal to one-half the difference between the inside and outside
diameters:

4) Pitch-line circumference, B. Found from the mean diameter:

5) Number of pads,i. The number of pads may be estimated from the formula

Select the nearest even number.
6) Length of pad, b. Found from the formula

7) Pitch-line velocity, U. Calculated in feet per minute from the formula

8) Bearing unit load, p. Calculated from the formula

9) Operating number, O. Calculated from the formula

10) where Z2 = viscosity of oil at outlet temperature (inlet temperature plus assumed tem-
perature rise through the bearing).
* See footnote on page 2339.
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11) Minimum film thickness,hmin. By using the operating number, the value of α = dimen-
sionless film thickness is found from Fig. 13. Then the actual minimum film thickness is
calculated from the formula:

In general, this value should be 0.001 inch for small bearings and 0.002 inch for larger
and high-speed bearings.

12) Coefficient of friction, f. Found from Fig. 14.
13) Friction power loss, Pf. This horsepower loss now is calculated by the formula

14) Actual oil flow, Q. This flow over the pad in gallons per minute is calculated from the
formula

15) Temperature rise, ∆t. Found from the formula

where c = specific heat of oil in Btu/gal/°F
If the flow is insufficient, as indicated by too high a temperature rise, chamfers can be

added to provide adequate flow, as in Steps 12-15 of the flat plate thrust bearing design.
Example:Design a tilting pad thrust bearing for 70,000 pounds thrust at 3600 rpm. The

shaft diameter is 6.5 inches and a maximum OD of 15 inches is available. The oil inlet tem-
perature is 110°F and the supply pressure is 20 pounds per square inch. A maximum tem-
perature rise of 50°F is acceptable and results in a viscosity of 18 centipoises. Use a value
of 3.5 Btu/gal/°F for c.

1) Inside diameter. Assume D1= 7 inches to clear shaft.
2) Outside diameter. Given maximum D2 = 15 inches.
3) Radial pad width.

4) Pitch-line circumference.

5) Number of pads.

Select 6 pads: i = 6.
6) Length of pad.

Make b = 4.75 inches.
7) Pitch-line velocity.

8) Bearing unit load.

hmin αb=

Pf
fWU

33 000,
------------------=

Q 0.0591αiabU=

∆t 0.0217
fp

αc
------=

a
15 7–

2
--------------- 4 inches= =

B π 7 15+
2

---------------
 
  34.6 inches= =

i
34.6 0.8×

4
------------------------ 6.9= =

b
34.6 0.8×

6
------------------------ 4.61 inches= =

U
34.6 3600×

12
---------------------------- 10 400 ft min⁄,= =

p
70 000,

6 4× 4.75×
----------------------------- 614 psi= =
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Fig. 13. Dimensionless minimum film thickness, α, vs. operating number,
O—tilting pad thrust bearings.*

Fig. 14. Coefficient of friction f vs. dimensionless film thickness α for tilting pad thrust bearings with 
optimum pivot location.*

* See footnote on page 2339.
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9) Operating number.

10) Minimum film thickness. From Fig. 13, α = 0.30 × 10−3.

11) Coefficient of friction. From Fig. 14, f = 0.0036.
12) Friction power loss.

13) Oil flow.

14) Temperature rise.

Because this temperature is less than the 50°F, which is considered as the acceptable
maximum, the design is satisfactory.

Plain Bearing Materials

Materials used for sliding bearings cover a wide range of metals and nonmetals. To make
the optimum selection requires a complete analysis of the specific application. The impor-
tant general categories are: Babbitts, alkali-hardened lead, cadmium alloys, copper lead,
aluminum bronze, silver, sintered metals, plastics, wood, rubber, and carbon graphite.

Properties of Bearing Materials.—For a material to be used as a plain bearing, it must
possess certain physical and chemical properties that permit it to operate properly. If a
material does not possess all of these characteristics to some degree, it will not function
long as a bearing. It should be noted, however, that few, if any, materials are outstanding in
all these characteristics. Therefore, the selection of the optimum bearing material for a
given application is at best a compromise to secure the most desirable combination of
properties required for that particular usage. 

The seven properties generally acknowledged to be the most significant are: 1) Fatigue
resistance;  2) Embeddability;  3) Compatibility;  4) Conformability;  5) Thermal conduc-
tivity;  6) Corrosion resistance;  and  7) Load capacity.

These properties are described as follows:
1) Fatigue resistance is the ability of the bearing lining material to withstand repeated

applications of stress and strain without cracking, flaking, or being destroyed by some
other means.

2) Embeddability is the ability of the bearing lining material to absorb or embed within
itself any of the larger of the small dirt particles present in a lubrication system. Poor
embeddability permits particles circulating around the bearing to score both the bearing
surface and the journal or shaft. Good embeddability will permit these particles to be
trapped and forced into the bearing surface and out of the way where they can do no harm.

3) Compatibility or antiscoring tendencies permit the shaft and bearing to “get along”
with each other. It is the ability to resist galling or seizing under conditions of metal-to-
metal contact such as at startup. This characteristic is most truly a bearing property,
because contact between the bearing and shaft in good designs occurs only at startup.

4) Conformability is defined as malleability or as the ability of the bearing material to
creep or flow slightly under load, as in the initial stages of running, to permit the shaft and
bearing contours to conform with each other or to compensate for nonuniform loading
caused by misalignment.

O
1.45

7–×10 18 10 400,××
5 614× 4.75×

------------------------------------------------------------- 1.86
6–×10= =

hmin 0.00030 4.75× 0.0014 inch= =

Pf
0.0036 70 000,× 10 400,×

33 000,
----------------------------------------------------------------- 79.4 hp= =

Q 0.0591 6× 0.30× 10 3–× 4× 4.75 10 400,×× 21.02 gpm= =

∆t
0.0217 0.0036× 614×

0.30 10 3–× 3.5×
------------------------------------------------------ 45.7°F= =
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Table 1. Bearing and Bushing Alloys—Composition, Forms, 
Characteristics, and Applications  SAE General Information

SAE No.and Alloy
Grouping

Nominal Composition,
Per cent

Form of Use (1), Characteristics (2),
and Applications (3)

Sn-Base
Alloys

11 Sn, 87.5; Sb, 6.75; 
Cu, 5.75

(1) Cast on steel, bronze, or brass backs, or directly in the bearing 
housing. (2) Soft, corrosion-resistant with moderate fatigue resis-
tance. (3) Main and connecting-rod bearings; motor bushings.
Operates with either hard or soft journal.12 Sn, 89; Sb,7.5; Cu, 3.5

Pb-Base
Alloys

13 Pb, 84; Sb, 10; Sn, 6 (1) SAE 13 and 14 are cast on steel, bronze, or brass, or in the bearing 
housing; SAE 15 is cast on steel; and SAE 16 is cast into and on a 
porous sintered matrix, usually copper-nickel bonded to steel. (2) 
Soft, moderately fatigue-resistant, corrosion-resistant. (3) Main and 
connecting-rod bearings. Operates with hard or soft journal with 
good finish.

14 Pb, 75; Sb, 15; Sn, 10

15 Pb, 83; Sb,15; Sn,14; 
As,1

16 Pb, 92; Sb, 3.5;Sn, 4.5

Pb-Sn
Overlays

19 Pb, 90; Sn, 10 (1) Electrodeposited as a thin layer on copper-lead or silver bearings 
faces. (2) Soft, corrosion-resistant. Bearings so coated run satisfac-
torily against soft shafts throughout the life of the coating. (3) 
Heavy-duty, high-speed main and connecting-rod bearings.

190 Pb, 93; Sn, 7

Cu-Pb
Alloys

49 Cu, 76; Pb, 24 (1) Cast or sintered on steel back with the exception of SAE 481, 
which is cast on steel back only. (2) Moderately hard. Somewhat 
subject to oil corrosion. Some oils minimize this; protection with 
overlay may be desirable. Fatigue resistance good to fairly good. 
Listed in order of decreasing hardness and fatigue resistance. (3) 
Main and connecting-rod bearings. The higher lead alloys can be 
used unplated against a soft shaft, although an overlay is helpful. 
The lower lead alloys may be used against a hard shaft, or with an 
overlay against a soft one.

48 Cu, 70; Pb, 30

480 Cu, 65; Pb, 35

481 Cu, 60; Pb, 40

Cu-Pb-
Sn-Alloys

482 Cu, 67; Pb, 28; Sn, 5 (1) Steel-backed and lined with a structure combining sintered copper 
alloy matrix with corrosion-resistant lead alloy. (2) Moderately 
hard. Corrosion resistance improved over copper-leads of equal lead 
content without tin. Fatigue resistance fairly good. Listed in order of 
decreasing hardness and fatigue resistance. (3) Main and connect-
ing-rod bearings. Generally used without overlay. SAE 484 and 485 
may be used with hard or soft shaft, and a hardened or cast shaft is 
recommended for SAE 482.

484 Cu, 55; Pb, 42; Sn, 3

485 Cu, 46; Pb, 51; Sn, 3

Al-Base
Alloys

770 Al, 91.75; Sn, 6.25; 
Cu, 1; Ni, 1

(1) SAE 770 cast in permanent molds; work-hardened to improve 
physical properties. SAE 780 and 782 usually bonded to steel back 
but is procurable in strip form without steel backing. SAE 781 usu-
ally bonded to steel back but can be produced as castings or wrought 
strip without steel back. (2) Hard, extremely fatigue-resistant, resis-
tant to oil corrosion. (3) Main and connecting-rod bearings. Gener-
ally used with suitable overlay. SAE 781 and 782 also used for 
bushings and thrust bearings with or without overlay.

780 Al, 91; Sn, 6; Si, 1.5; 
Cu, 1; Ni, 0.5

781 Al, 95; Si, 4; Cd, 1

782 Al, 95; Cu, 1;Ni, 1; Cd, 3

Other
Cu-Base
Alloys

795 Cu, 90; Zn, 9.5; Sn, 0.5
(1) Wrought solid bronze, (2) Hard, strong, good fatigue resistance, 

(3) Intermediate-load oscillating motion such as tie-rods and brake 
shafts.

791 Cu, 88; Zn,4;Sn,4; Pb, 4 (1) SAE 791, wrought solid bronze; SAE 793, cast on steel back; SAE 
798, sintered on steel back. (2) General-purpose bearing material, 
good shock and load capacity. Resistant to high temperatures. Hard 
shaft desirable. Less score-resistant than higher lead alloys. (3) 
Medium to high loads. Transmission bushings and thrust washers. 
SAE 791 also used for piston pin and 793 and 798 for chassis bush-
ings.

793 Cu, 84; Pb, 8; Sn, 4; 
Zn, 4

798 Cu, 84; Pb, 8; Sn,4; Zn, 4

Other
Cu-Base
Alloys

792 Cu, 80; Sn, 10; Pb, 10 (1) SAE 792, cast on steel back, SAE 797, sintered on steel back. (2) 
Has maximum shock and load-carrying capacity of conventional 
cast bearing alloys; hard, both fatigue- and corrosion-resistant. Hard 
shaft desirable. (3) Heavy loads with oscillating or rotating motion. 
Used for piston pins, steering knuckles, differential axles, thrust 
washers, and wear plates.

797 Cu, 80; Sn, 10; Pb, 10

794 Cu, 73.5; Pb, 23; Sn, 3.5 (1) SAE 794, cast on steel back; SAE 799, sintered on steel back. (2) 
Higher lead content gives improved surface action for higher speeds 
but results in somewhat less corrosion resistance. (3) Intermediate 
load application for both oscillating and rotating shafts, that is, 
rocker-arm bushings, transmissions, and farm implements.

799 Cu, 73.5,; Pb, 23; Sn, 3.5
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5) High thermal conductivity is required to absorb and carry away the heat generated in
the bearing. This conductivity is most important, not in removing frictional heat generated
in the oil film, but in preventing seizures due to hot spots caused by local asperity break-
throughs or foreign particles.

6) Corrosion resistance is required to resist attack by organic acids that are sometimes
formed in oils at operating conditions.

7) Load capacity or strength is the ability of the material to withstand the hydrodynamic
pressures exerted upon it during operation.

Babbitt or White Metal Alloys.—Many different bearing metal compositions are
referred to as babbitt metals. The exact composition of the original babbitt metal is not
known; however, the ingredients were probably tin, copper, and antimony in approxi-
mately the following percentages: 89.3, 3.6, and 7.1. Tin and lead-base babbitts are proba-
bly the best known of all bearing materials. With their excellent embeddability and
compatibility characteristics under boundary lubrication, babbitt bearings are used in a
wide range of applications including household appliances, automobile and diesel
engines, railroad cars, electric motors, generators, steam and gas turbines, and industrial
and marine gear units.

Table 2. White Metal Bearing Alloys—Composition and Properties
 ASTM B23-83, reapproved 1988

The compression test specimens were cylinders 1.5 inches in length and 0.5 inch in diameter,
machined from chill castings 2 inches in length and 0.75 inch in diameter. The Brinell tests were
made on the bottom face of parallel machined specimens cast in a 2-inch diameter by 0.625-inch
deep steel mold at room temperature.

Both the Society of Automotive Engineers and American Society for Testing and Mate-
rials have classified white metal bearing alloys. Tables 1 and 2 give compositions and
properties or characteristics for the two classifications.

ASTM
Alloya

Number

a Data for ASTM alloys 1, 2, 3, 7, 8, and 15 appear in the Appendix of ASTM B23-83; the data for
alloys 4, 5, 6, 10, 11, 12, 16, and 19 are given in ASTM B23-49. All values are for reference purposes
only. 

Nominal
Composition, Per Cent

Compressive
Yield Point,b psi

b The values for yield point were taken from stress-strain curves at the deformation of 0.125 per cent
reduction of gage. 

Ultimate Compressive
Strength,c psi

c The ultimate strength values were taken as the unit load necessary to produce a deformation of 25
per cent of the length of the specimen. 

Brinell
Hardnessd

d These values are the average Brinell number of three impressions on each alloy using a 10-mm ball
and a 500-kg load applied for 30 seconds. 

Melt-
ing

Point
°F

Proper
Pouring

Temperature, 
°FSn Sb Pb Cu 68 °F 212 °F 68 °F 212 °F 68 °F 212 °F

1 91.0 4.5 … 4.5 4400 2650 12,850 6950 17.0 8.0 433 825

2 89.0 7.5 … 3.5 6100 3000 14,900 8700 24.5 12.0 466 795

3 83.33 8.33 … 8.33 6600 3150 17,600 9900 27.0 14.5 464 915

4 75.0 12.0 10.0 3.0 5550 2150 16,150 6900 24.5 12.0 363 710

5 65.0 15.0 18.0 2.0 5050 2150 15,050 6750 22.5 10.0 358 690

6 20.0 15.0 63.5 1.5 3800 2050 14,550 8050 21.0 10.5 358 655

7e

e Also nominal arsenic, 0.45 per cent. 

10.0 15.0 bal. … 3550 1600 15,650 6150 22.5 10.5 464 640

8e 5.0 15.0 bal. … 3400 1750 15,600 6150 20.0 9.5 459 645

10 2.0 15.0 83.0 … 3350 1850 15,450 5750 17.5 9.0 468 630

11 … 15.0 85.0 … 3050 1400 12,800 5100 15.0 7.0 471 630

12 … 10.0 90.0 … 2800 1250 12,900 5100 14.5 6.5 473 625

15f

f Also nominal arsenic, 1 per cent. 

1.0 16.0 bal. 0.5 … … … … 21.0 13.0 479 662

16 10.0 12.5 77.0 0.5 … … … … 27.5 13.6 471 620

19 5.0 9.0 86.0 … … … 15,600 6100 17.7 8.0 462 620



PLAIN BEARING MATERIALS 2359

In small bushings for fractional-horsepower motors and in automotive engine bearings,
babbitt is generally used as a thin coating over a flat steel strip. After forming oil distribu-
tion grooves and drilling required holes, the strip is cut to size, rolled, and shaped into fin-
ished bearing. These bearings are available for shaft diameters from 0.5 to 5 inches(12.7–
127 mm). Strip bearings are turned out by the millions yearly in highly automated factories
and offer an excellent combination of low cost with good bearing properties.

For larger bearings in heavy-duty equipment, a thicker babbitt is cast on a rigid backing
of steel or cast iron. Chemical and electrolytic cleaning of the bearing shell, thorough rins-
ing, tinning, and then centrifugal casting of the babbitt are desirable for sound bonding of
the babbitt to the bearing shell. After machining, the babbitt layer is usually 1⁄2 to 1⁄4
inch(12.7–6.35 mm) thick.

Compared to other bearing materials, babbitts generally have lower load-carrying capac-
ity and fatigue strength, are a little higher in cost, and require a more complicated design.
Also, their strength decreases rapidly with increasing temperature. These shortcomings
can be avoided by using an intermediate layer of high-strength, fatigue-resistant material
that is placed between a steel backing and a thin babbitt surface layer. Such composite
bearings frequently eliminate any need for using alternate materials having poorer bearing
characteristics.

Tin babbitt is composed of 80 to 90 per cent tin to which is added about 3 to 8 per cent
copper and 4 to 14 per cent antimony. An increase in copper or antimony produces
increased hardness and tensile strength and decreased ductility. However, if the percent-
ages of these alloys are increased above those shown in Table 2, the resulting alloy will
have decreased fatigue resistance. These alloys have very little tendency to cause wear to
their journals because of their ability to embed dirt. They resist the corrosive effects of
acids, are not prone to oil-film failure, and are easily bonded and cast. Two drawbacks are
encountered from use of these alloys because they have low fatigue resistance and their
hardness and strength drop appreciably at low temperatures.

Lead babbitt compositions generally range from 10 to 15 per cent antimony and up to 10
per cent tin in combination with the lead. Like tin-base babbitts, these alloys have little ten-
dency to cause wear to their journals, embed dirt well, resist the corrosive effects of acids,
are not prone to oil-film failure and are easily bonded and cast. Their chief disadvantages
when compared with tin-base alloys are a rather lower strength and a susceptibility to cor-
rosion.
Cadmium Base.—Cadmium alloy bearings have a greater resistance to fatigue than bab-
bitt bearings, but their use is very limited due to their poor corrosion resistance. These
alloys contain 1 to 15 per cent nickel, or 0.4 to 0.75 per cent copper, and 0.5 to 2.0 per cent
silver. Their prime attribute is their high-temperature capability. The load-carrying capac-
ity and relative basic bearing properties are shown in Table 3.

Copper-Lead.—Copper-lead bearings are a binary mixture of copper and lead containing
from 20 to 40 per cent lead. Lead is practically insoluble in copper, so a cast microstructure
consists of lead pockets in a copper matrix. A steel backing is commonly used with this
material and high volume is achieved either by continuous casting or by powder metal-
lurgy techniques. This material is very often used with an overplate such as lead-tin and
lead-tin-copper to increase basic bearing properties. Table 3 provides comparisons of
material properties.

The combination of good fatigue strength, high-load capacity, and high-temperature per-
formance has resulted in extensive use of this material for heavy-duty main and connect-
ing-rod bearings as well as moderate-load and speed applications in turbines and electric
motors.
Leaded Bronze and Tin-Bronze.—Leaded and tin-bronzes contain up to 25 per cent lead
or approximately 10 per cent tin, respectively. Cast leaded bronze bearings offer good
compatibility, excellent casting, and easy machining characteristics, low cost, good struc-
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tural properties and high-load capacity, usefulness as a single material that requires neither
a separate overlay nor a steel backing. Bronzes are available in standard bar stock, sand or
permanent molds, investment, centrifugal or continuous casting. Leaded bronzes have bet-
ter compatibility than tin-bronzes because the spheroids of lead smear over the bearing sur-
face under conditions of inadequate lubrication. These alloys are generally a first choice at
intermediate loads and speeds. Table 3 provides comparisons of basic bearing properties
of these materials.

Aluminum.—Aluminum bearings are either cast solid aluminum, aluminum with a steel
backing, or aluminum with a suitable overlay. The aluminum is usually alloyed with small
amounts of tin, silicon, cadmium, nickel, or copper, as shown in Table 1. An aluminum
bearing alloy with 20 to 30 per cent tin alloy and up to 3 per cent copper has shown promise
as a substitute for bronzes in some industrial applications.

These bearings are best suited for operation with hard journals. Owing to the high ther-
mal expansion of the metal (resulting in diametral contraction when it is confined as a bear-
ing in a rigid housing), large clearances are required, which tend to make the bearing noisy,
especially on starting. Overlays of lead-tin, lead, or lead-tin-copper may be applied to alu-
minum bearings to facilitate their use with soft shafts.

Aluminum alloys are available with properties specifically designed for bearing applica-
tions, such as high load-carrying capacity, fatigue strength, and thermal conductivity, in
addition to excellent corrosion resistance and low cost.

Silver.—Silver bearings were developed for and have an excellent record in heavy-duty
applications such as aircraft master rod and diesel engine main bearings. Silver has a
higher fatigue rating than any of the other bearing materials; the steel backing used with
this material may show evidence of fatigue before the silver. The advent of overlays, or
more commonly called overplates, made it possible for silver to be used as a bearing mate-
rial. Silver by itself does not possess any of the desirable bearing qualities except high
fatigue resistance and high thermal conductivity. The overlays such as lead, lead-tin, or
lead-indium improve the embeddability and antiscoring properties of silver. The relative
basic properties of this material, when used as an overplate, are shown in Table 3.

Cast Iron.—Cast iron is an inexpensive bearing material capable of operation at light
loads and low speeds, i.e., up to 130 ft/min (40 m/min) and 150 lb/in2 (1.03 MPa). These
bearings must be well lubricated and have a rather large clearance so as to avoid scoring
from particles torn from the cast iron that ride between bearing and journal. A journal hard-
ness of between 150 – 250 Brinell has been found to be best when using cast-iron bearings.

Table 3. Properties of Bearing Alloys and Bearing Characteristics Ratings

Material

Recommended
Shaft Hardness,

Brinell

Load-Carrying
Capacity,

psia

Maximum
Operating
Temp., °Fb C
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Tin-Base Babbitt 150 or less 800 – 1500 300 1 1 1 5
Lead-Base Babbitt 150 or less 800 – 1200 300 1 1 3 5
Cadmium Base 200 – 250 1200 – 2000 500 1 2 5 4
Copper-Lead 300 1500 – 2500 350 2 2 5 3
Tin-Bronze 300 – 400 4000+ 500+ 3 5 2 1
Lead-Bronze 300 3000 – 4500 450 – 500 3 4 4 2
Aluminum 300 4000+ 225 – 300 5 3 1 2
Silver-Overplate 300 4000+ 500 2 3 1 1
Trimetal-Overplate 230 or less 2000 – 4000+ 225 – 300 1 2 2 3

a 1 psi = 6.8947 kPa.  
b Temp. in °C = (°F–32)/1.8.
c Note: 1 is best; 5 is worst.  
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Porous Metals.—Porous metal self-lubricating bearings are usually made by sintering
metals such as plain or leaded bronze, iron, and stainless steel. The sintering produces a
spongelike structure capable of absorbing fairly large quantities of oil, usually 10-35 per
cent of the total volume. These bearings are used where lubrication supply is difficult,
inadequate, or infrequent. This type of bearing should be flooded from time to time to
resaturate the material. Another use of these porous materials is to meter a small quantity
of oil to the bearings such as in drip feed systems. The general design operating character-
istics of this class of materials are shown in Table 4.

Table 4. Application Limits — Sintered Metal and Nonmetallic Bearings

1 fpm = 0.3048 m/min; 1 psi = 6.8947 kPa; 

Tables 5a, 5b, and 5c give the chemical compositions, permissible loads, interference
fits, and running clearances of bronze-base and iron-base metal-powder sintered bearings
that are specified in the ASTM specifications for oil-impregnated metal-powder sintered
bearings (B438-83a and B439-83).

Plastics Bearings.—Plastics are finding increased use as bearing materials because of
their resistance to corrosion, quiet operation, ability to be molded into many configura-
tions, and their excellent compatibility, which minimizes or eliminates the need for lubri-
cation. Many plastics are capable of operating as bearings, especially phenolic,
tetrafluoroethylene (TFE), and polyamide (nylon) resins. The general application limits
for these materials are shown in Table 4.

Laminated Phenolics: These composite materials consist of cotton fabric, asbestos, or
other fillers bonded with phenolic resin. They have excellent compatibility with various
fluids as well as strength and shock resistance. However, precautions must be taken to
maintain adequate bearing cooling because the thermal conductivity of these materials is
low.

Nylon: This material has the widest use for small, lightly loaded applications. It has low
frictional properties and requires no lubrication.

Teflon: This material, with its exceptional low coefficient of friction, self-lubricating
characteristics, resistance to attack by almost any chemicals, and its wide temperature
range, is one of the most interesting of the plastics for bearing use. High cost combined

Bearing Material

Load Capacity
Maximum

Temperature Surface 
Speed, Vmax

(max. fpm)

PV Limit
P = psi load
V = surface 

ft/minpsi kPa °F °C

Acetal 1000 6895 180 82 1000 3000

Graphite (dry) 600 4137 750 399 2500 15,000

Graphite (lubricated) 600 4137 750 399 2500 150,000

Nylon, Polycarbonate 1000 6895 200 93 1000 3000

Nylon composite … … 400 204 … 16,000

Phenolics 6000 41369 200 93 2500 15,000

Porous bronze 4500 31026 160 71 1500 50,000

Porous iron 8000 55158 160 71 800 50,000

Porous metals
4000–
8000 27579–55158 150 66 1500 50,000

Virgin Teflon (TFE) 500 3447 500 260 50 1000

Reinforced Teflon 2500 17237 500 260 1000 10,000–15,000

TFE fabric 60,000 413685 500 260 150 25,000

Rubber 50 345 150 66 4000 15,000

Maple & Lignum Vitae 2000 13790 150 66 2000 15,000
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with low load capacity cause Teflon to be selected mostly in modified form, where other
less expensive materials have proved inadequate for design requirements.

Bearings made of laminated phenolics, nylon, or Teflon are all unaffected by acids and
alkalies except if highly concentrated and therefore can be used with lubricants containing
dilute acids or alkalies. Water is used to lubricate most phenolic laminate bearings but oil,
grease, and emulsions of grease and water are also used. Water and oil are used as lubri-
cants for nylon and Teflon bearings. Almost all types of plastic bearings absorb water and
oil to some extent. In some the dimensional change caused by the absorption may be as
much as three per cent in one direction. This means that bearings have to be treated before
use so that proper clearances will be kept. This may be done by boiling in water, for water
lubricated bearings. Boiling in water makes bearings swell the maximum amount. Clear-
ances for phenolic bearings are kept at about 0.001 inch per inch (or mm per mm) of diam-
eter on treated bearings. Partially lubricated or dry nylon bearings are given a clearance of
0.004 to 0.006 inches (101.6–152.4 µm) for a one-inch (25.4 mm) diameter bearing.

Rubber: Rubber bearings give excellent performance on propeller shafts and rudders of
ships, hydraulic turbines, pumps, sand and gravel washers, dredges and other industrial
equipment that handle water or slurries. The resilience of rubber helps to isolate vibration
and provide quiet operation, allows running with relatively large clearances and helps to
compensate for misalignment. In these bearings a fluted rubber structure is supported by a
metal shell. The flutes or scallops in the rubber form a series of grooves through which
lubricant or, as generally used, water and foreign material such as sand may pass through
the bearing.

Wood.—Bearings made from such woods as lignum vitae, rock maple, or oak offer self-
lubricating properties, low cost, and clean operation. However, they have frequently been
displaced in recent years by various plastics, rubber and sintered-metal bearings. General
applications are shown in Table 4.

Carbon-Graphite.—Bearings of molded and machined carbon-graphite are used where
regular maintenance and lubrication cannot be given. They are dimensionally stable over a
wide range of temperatures, may be lubricated if desired, and are not affected by chemi-
cals. These bearings may be used up to temperatures of 700 to 750°F (371–399°C) in air or
1200°F (649°C) in a non-oxidizing atmosphere, and generally are operated at a maximum
load of 20 pounds per square inch. In some instances a metal or metal alloy is added to the
carbon-graphite composition to improve such properties as compressive strength and den-
sity. The temperature limitation depends upon the melting point of the metal or alloy and
the maximum load is generally 350 psi (2.4 MPa) when used with no lubrication or 600
psi(4.2 MPa) when used with lubrication.

Normal running clearances for both types of carbon-graphite bearings used with steel
shafts and operating at a temperature of less than 200°F (93°C) are as follows: 0.001 inch
(0.0254 mm) for bearings of 0.187 to 0.500-inch (4.75–12.7 mm) inside diameter, 0.002
inch (0.0508 mm) for bearings of 0.501 to 1.000-inch (12.73–25.4 mm) inside diameter,
0.003 inch (0.0762 mm) for bearings of 1.001 to 1.250-inch (25.43–31.75 mm) inside
diameter, 0.004 inch (0.1016 mm) for bearings of 1.251 to 1.500-inch (31.77–38.1mm)
diameter, and 0.005 inch (0.127 mm) for bearings of 1.501 to 2.000-inch (38.13–50.8 mm)
inside diameter. Speeds depend upon too many variables to list specifically so it can only
be stated here that high loads require a low number of rpm and low loads permit a high
number of rpm. Smooth journals are necessary in these bearings as rough ones tend to
abrade the bearings quickly. Cast iron and hard chromium-plate steel shafts of 400 Brinell
and over, and phosphor-bronze shafts over 135 Brinell are recommended.
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Table 5a. Copper- and Iron-Base Sintered Bearings (Oil Impregnated) — 
 ASTM B438-83a (R1989) , B439-83 (R1989), and Appendices

Chemical Requirements

Alloying
Elementsa

a Abbreviations used for the alloying elements are as follows: Cu, copper; Fe, iron; Sn, tin; Pb, lead;
Zn, zinc; Ni, nickel; Sb, antimony; Si, silicon; Al, aluminum; and C, carbon. 

Percentage Composition

Copper-Base Bearings Iron-Base Bearings

Grade 1 Grade 2 Grades

Class A Class B Class A Class B 1 2 3 4

Cu 87.5-99.5 87.5-90.5 87.5-90.5 87.5-90.5 … … 7.0-11.0 18.0-22.0

Sn 9.5-10.5 9.5-10.5 9.5-10.5 9.5-10.5 … … … …

Graphite 0.1 max. 1.75 max. 0.1 max. 1.75 max. … … … …

Pb … … 2.0-4.0 2.0-4.0 … … … …

Fe 1.0 max. 1.0 max. 1.0 max. 1.0 max. 96.25 min. 95.9 min. Balanceb

b Total of iron plus copper shall be 97 per cent, minimum. 

Balanceb

Comb. Cc

c Combined carbon (on basis of iron only) may be a metallographic estimate of the carbon in the
iron.

… … … … 0.25 max. 0.25-0.60 … …

Si, max. … … … … 0.3 0.3 … …

Al, max. … … … … 0.2 0.2 … …

Others 0.5 max. 0.5 max. 1.0 max. 1.0 max. 3.0 max. 3.0 max. 3.0 max. 3.0 max.

Permissible Loads

Copper-Base Bearings Iron-Base Bearings

Grades 1 & 2

Shaft Velocity, fpm

Grades 1
& 2

Grades 3
& 4

Shaft Velocity, fpm

Type 1 Type 2
Types 3

& 4

Max. Load, psi Max. Load, psi

Slow and intermittent 3200 4000 4000 Slow and intermittent 3600 8000

25 2000 2000 2000 25 1800 3000

50 to 100 500 500 550 50 to 100 450 700

Over 100 to 150 365 325 365 Over 100 to 150 300 400

Over 150 to 200 280 250 280 Over 150 to 200 225 300

Over 200 a

a For shaft velocities over 200 fpm, the permissible loads may be calculated as follows: P =
50,000/V; where P = safe load, psi of projected area; and V = shaft velocity, fpm. With a shaft velocity
of less than 50 fpm and a permissible load greater than 1,000 psi, an extreme pressure lubricant should
be used; with heat dissipation and removal techniques, higher PV ratings can be obtained. 

a a Over 200 a

Clearances

Press-Fit Clearances Running Clearancesa

a Only minimum recommended clearances are listed. It is assumed that ground steel shafting will be
used and that all bearings will be oil-impregnated. 

Copper- and Iron-Base Copper-Base Iron-Base

Bearing OD Min. Max. Shaft Size
Min.

Clearance Shaft Size
Min.

Clearance

Up to 0.760 0.001 0.003 Up to 0.250 0.0003 Up to 0.760 0.0005

0.761-1.510 0.0015 0.004 0.250-0.760 0.0005 0.761-1.510 0.001

1.511-2.510 0.002 0.005 0.760-1.510 0.0010 1.511-2.510 0.0015

2.511-3.010 0.002 0.006 1.510-2.510 0.0015 Over 2.510 0.002

Over 3.010 0.002 0.007 Over 2.510 0.0020
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All dimensions in inches except where otherwise noted.

Table 5b. Copper- and Iron-Base Sintered Bearings (Oil Impregnated) — 
 ASTM B438-83a (R1989) , B439-83 (R1989), and Appendices

Commercial Dimensional Tolerances a,b

Diameter Tolerance Length Tolerance Diameter Tolerance Length Tolerance

Copper Base Iron Base

Inside or
Outside

Diameter

Total
Diameter

Tolerances Length

Total
Length

Tolerances

Inside or
Outside

Diameter

Total
Diameter

Tolerances Length

Total
Length

Tolerances

Up to 1 0.001 Up to 1.5 0.01 Up to 0.760 −0.001 Up to 1.495 0.01
1 to 1.5 0.0015 1.5 to 3 0.01 0.761-1.510 −0.0015 1.496-1.990 0.02
1.5 to 2 0.002 3 to 4.5 0.02 1.511-2.510 −0.002 1.991-2.990 0.02
2 to 2.5 0.0025 … … 2.511-3.010 −0.003 2.991-4.985 0.03
2.5 to 3 0.003 … … 3.011-4.010 −0.005 … …

… … … … 4.011-5.010 −0.005 … …
… … … … 5.011-6.010 −0.006 … …

Concentricity Tolerance a,b,c

Iron Base Copper Base

Outside
Diameter

Max. Wall
Thickness

Concentricity
Tolerance

Outside
Diameter Length

Concentricity
Tolerance

Up to 1.510 Up to 0.355 0.003
Up to 1

0 to 1 0.00.

1 to 2 0.004

1.511 to 2.010 Up to 0.505 0.004
2 to 3 0.005

1 to 2

0 to 1 0.004

2.011 to 4.010 Up to 1.010 0.005
1 to 2 0.005

2 to 3 0.006

4.011 to 5.010 Up to 1.510 0.006
2 to 3

0 to 1 0.005

1 to 2 0.006

5.011 to 6.010 Up to 2.010 0.007 2 to 3 0.007

a For copper-base bearings with 4-to-1 maximum-length-diameter ratio and a 24-to-1 maximum-
length-to-wall-thickness ratio; bearings with greater ratios are not covered here. 

b For iron-base bearings with a 3-to-1 maximum-length-to-inside diameter ratio and a 20-to-1 max-
imum-length-to-wall-thickness ratio; bearings with greater ratios are not covered here. 

c Total indicator reading. 

Table 5c. Copper- and Iron-Base Sintered Bearings (Oil Impregnated) — 
 ASTM B438-83a (R1989) , B439-83 (R1989), and Appendices

Diameter
Range

Flange and Thrust Bearings, Diameter, and 
Thickness Tolerancesa Parallellisma on Faces, max.

Flange Diameter
Tolerance

Flange Thickness
Tolerance Copper Base Iron Base

Standard Special Standard Special Standard Special Standard Special

0 to 11⁄2 ±0.005 ±0.0025 ±0.005 ±0.0025 0.003 0.002 0.005 0.003

Over 11⁄2 to 3 ±0.010 ±0.005 ±0.010 ±0.007 0.004 0.003 0.007 0.005

Over 3 to 6 ±0.025 ±0.010 ±0.015 ±0.010 0.005 0.004 0.010 0.007

a Standard and special tolerances are specified for diameters, thicknesses, and parallelism. Special
tolerances should not be specified unless required because they require additional or secondary oper-
ations and, therefore, are costlier. Thrust bearings (1⁄4 inch thickness, max.) have a standard thickness
tolerance of ±0.005 inch and a special thickness tolerance of ±0.0025 inch for all diameters. 
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BALL, ROLLER, AND NEEDLE BEARINGS

Rolling Contact Bearings

Rolling contact bearings substitute a rolling element, ball or roller, for a hydrodynamic or
hydrostatic fluid film to carry an impressed load without wear and with reduced friction.
Because of their greatly reduced starting friction, when compared to the conventional jour-
nal bearing, they have acquired the common designation of “anti-friction” bearings.
Although normally made with hardened rolling elements and races, and usually utilizing a
separator to space the rolling elements and reduce friction, many variations are in use
throughout the mechanical and electrical industries. The most common anti-friction bear-
ing application is that of the deep-groove ball bearing with ribbon-type separator and
sealed-grease lubrication used to support a shaft with radial and thrust loads in rotating
equipment. This shielded or sealed bearing has become a standard and commonplace item
ordered from a supplier's catalogue in much the same manner as nuts and bolts. Because of
the simple design approach and the elimination of a separate lubrication system or device,
this bearing is found in as many installations as the wick-fed or impregnated porous plain
bushing.

Currently, a number of manufacturers produce a complete range of ball and roller bear-
ings in a fully interchangeable series with standard dimensions, tolerances and fits as spec-
ified in Anti-Friction Bearing Manufacturers Association (AFBMA) Standards. Except
for deep-groove ball bearings, performance standards are not so well defined and sizing
and selection must be done in close conformance with the specific manufacturer's cata-
logue requirements. In general, desired functional features should be carefully gone over
with the vendor's representatives.

Rolling contact bearings are made to high standards of accuracy and with close metallur-
gical control. Balls and rollers are normally held to diametral tolerances of .0001 inch (2.54
µm) or less within one bearing and are often used as “gage” blocks in routine toolroom
operations. This accuracy is essential to the performance and durability of rolling-contact
bearings and in limiting runout, providing proper radial and axial clearances, and ensuring
smoothness of operation.

Because of their low friction, both starting and running, rolling-contact bearings are uti-
lized to reduce the complexity of many systems that normally function with journal bear-
ings. Aside from this advantage and that of precise radial and axial location of rotating
elements, however, they also are desirable because of their reduced lubrication require-
ments and their ability to function during brief interruptions in normal lubrication.

In applying rolling-contact bearings it is well to appreciate that their life is limited by the
fatigue life of the material from which they are made and is modified by the lubricant used.
In rolling-contact fatigue, precise relationships among life, load, and design characteris-
tics are not predictable, but a statistical function described as the “probability of survival”
is used to relate them according to equations recommended by the AFBMA. Deviations
from these formulas result when certain extremes in applications such as speed, deflection,
temperature, lubrication, and internal geometry must be dealt with.

Types of Anti-friction Bearings.—The general types are usually determined by the
shape of the rolling element, but many variations have been developed that apply conven-
tional elements in unique ways. Thus it is well to know that special bearings can be pro-
cured with races adapted to specific applications, although this is not practical for other
than high volume configurations or where the requirements cannot be met in a more eco-
nomical manner. “Special” races are appreciably more expensive. Quite often, in such sit-
uations, races are made to incorporate other functions of the mechanism, or are
“submerged” in the surrounding structure, with the rolling elements supported by a shaft or
housing that has been hardened and finished in a suitable manner. Typical anti-friction
bearing types are shown in Tables 1a through 1g.
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Types of Ball Bearings.—Most types of ball bearings originate from three basic designs:
the single-row radial, the single-row angular contact, and the double-row angular contact.

 Single-row Radial, Non-filling Slot: This is probably the most widely used ball bearing
and is employed in many modified forms. It is also known as the “Conrad” type or “Deep-
groove” type. It is a symmetrical unit capable of taking combined radial and thrust loads in
which the thrust component is relatively high, but is not intended for pure thrust loads,
however. Because this type is not self-aligning, accurate alignment between shaft and
housing bore is required.

 Single-row Radial, Filling Slot: This type is designed primarily to carry radial loads.
Bearings of this type are assembled with as many balls as can be introduced by eccentric
displacement of the rings, as in the non-filling slot type, and then several more balls are
inserted through the loading slot, aided by a slight spreading of the rings and heat expan-
sion of the outer ring, if necessary. This type of bearing will take a certain degree of thrust
when in combination with a radial load but is not recommended where thrust loads exceed
60 per cent of the radial load.

Table 1a. Types of Rolling Element Bearings and Their Symbols

BALL BEARINGS, SINGLE ROW, RADIAL CONTACT

Symbol Description Symbol Description

BC Non-filling slot assembly BH Non-separable counter-
bore assembly

BL Filling slot assembly BM Separable assembly

BALL BEARINGS, SINGLE ROW, ANGULAR CONTACTa

Symbol Description Symbol Description

BN

Non-separable
Nominal contact angle: 

from above 10° to and 
including 22°

BAS

Separable inner ring
Nominal contact angle: 

from above 22° to and 
including 32°

BNS

Separable outer ring
Nominal contact angle: 
from above 10° to and 
including 22°

BT

Non-separable
Nominal contact angle: 

from above 32° to and 
including 45°

BNT

Separable inner ring
Nominal contact angle: 

from above 10° to and 
including 22°

BY Two-piece outer ring

BA

Non-separable
Nominal contact angle: 
from above 22° to and 
including 32°

BZ Two-piece inner ring

BALL BEARINGS, SINGLE ROW, RADIAL CONTACT,
SPHERICAL OUTSIDE SURFACE

Symbol Description Symbol Description

BCA Non-filling slot assembly BLA Filling slot assembly

a A line through the ball contact points forms an acute angle with a perpendicular to the bearing axis. 
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 Single-row Angular-contact: This type is designed for combined radial and thrust loads
where the thrust component may be large and axial deflection must be confined within
very close limits. A high shoulder on one side of the outer ring is provided to take the thrust,
while the shoulder on the other side is only high enough to make the bearing non-separable.
Except where used for a pure thrust load in one direction, this type is applied either in pairs
(duplex) or one at each end of the shaft, opposed.

 Double-row Bearings: These are, in effect, two single-row angular-contact bearings
built as a unit with the internal fit between balls and raceway fixed at the time of bearing
assembly. This fit is therefore not dependent upon mounting methods for internal rigidity.
These bearings usually have a known amount of internal preload built in for maximum
resistance to deflection under combined loads with thrust from either direction. Thus, with
balls and races under compression before an external load is applied, due to this internal
preload, the bearings are very effective for radial loads where bearing deflection must be
minimized.

Other Types: Modifications of these basic types provide arrangements for self-sealing,
location by snap ring, shielding, etc., but the fundamentals of mounting are not changed. A
special type is the self-aligning ball bearing which can be used to compensate for an appre-
ciable degree of misalignment between shaft and housing due to shaft deflections, mount-

Table 1b. Types of Rolling Element Bearings and Their Symbols

BALL BEARINGS, DOUBLE ROW, RADIAL CONTACT

Symbol Description Symbol Description

BF Filling slot assembly

BHA Non-separable two-piece 
outer ring

BK Non-filling slot assembly

BALL BEARINGS, DOUBLE ROW, ANGULAR CONTACT a

Symbol Description Symbol Description

BD
Filling slot assembly
Vertex of contact

angles inside bearing
BG

Non-filling slot assembly
Vertex of contact

angles outside bearing

BE
Filling slot assembly
Vertex of contact
angles outside bearing

BAA

Non-separable
Vertex of contact

angles inside bearing
Two-piece outer ring

BJ
Non-filling slot assembly
Vertex of contact
angles inside bearing

BVV

Separable
Vertex of contact

angles outside bearing
Two-piece inner ring

BALL BEARINGS, DOUBLE ROW, SELF-ALIGNING a

a A line through the ball contact points forms an acute angle with a perpendicular to the bearing axis. 

Symbol Description

BS Raceway of outer ring
spherical
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ing inaccuracies, or other causes commonly encountered. With a single row of balls,
alignment is provided by a spherical outer surface on the outer ring; with a double row of
balls, alignment is provided by a spherical raceway on the outer ring. Bearings in the wide
series have a considerable amount of thrust capacity.

Types of Roller Bearings.—Types of roller bearings are distinguished by the design of
rollers and raceways to handle axial, combined axial and thrust, or thrust loads.

 Cylindrical Roller: These bearings have solid or helically wound hollow cylindrical
rollers. The free ring may have a restraining flange to provide some restraint to endwise
movement in one direction or may be without a flange so that the bearing rings may be dis-
placed axially with respect to each other. Either rolls or roller path on the races may be
slightly crowned to prevent edge loading under slight shaft misalignment. Low friction
makes this type suitable for relatively high speeds.

 Barrel Roller: These bearings have rollers that are barrel-shaped and symmetrical. They
are furnished in both single- and double-row mountings. As with cylindrical roller bear-
ings, the single-row mounting type has a low thrust capacity, but angular mounting of rolls
in the double-row type permits its use for combined axial and thrust loads.

 Spherical Roller: These bearings are usually furnished in a double-row, self-aligning
mounting. Both rows of rollers have a common spherical outer raceway. The rollers are

Table 1c. Types of Rolling Element Bearings and Their Symbols

CYLINDRICAL ROLLER BEARING, SINGLE ROW,
NON-LOCATING TYPE

Symbol Description Symbol Description

RU
Inner ring without ribs
Double-ribbed outer ring
Inner ring separable

RNS

Double-ribbed inner ring
Outer ring without ribs
Outer ring separable
Spherical outside surface

RUP

Inner ring without ribs
Double-ribbed outer ring 
with one loose rib

Both rings separable
RAB

Inner ring without ribs
Single-ribbed outer ring
Both rings separable

RUA

Inner ring without ribs
Double-ribbed outer ring 
Inner ring separable Spher-
ical outside surface

RM

Inner ring without ribs
Rollers located by cage, 

end-rings or internal snap 
rings recesses in outer 
ring Inner ring separable

RN
Double-ribbed inner ring
Outer ring without ribs
Outer ring separable

RNU
Inner ring without ribs
Outer ring without ribs
Both rings separable

CYLINDRICAL ROLLER BEARINGS, SINGLE ROW,
ONE-DIRECTION-LOCATING TYPE

Symbol Description Symbol Description

RR

Single-ribbed inner-ring
Outer ring with two 
internal snap rings

Inner ring separable
RF

Double-ribbed inner ring
Single-ribbed outer ring
Outer ring separable

RJ
Single-ribbedinner ring
Double-ribbed outer ring
Inner ring separable

RS

Single-ribbed inner ring
Outer ring with one rib and 

one internal snap ring
Inner ring separable

RJP

Single-ribbed inner ring
Double-ribbed outer ring 
with one loose rib

Both rings separable
RAA

Single-ribbed inner ring
Single-ribbed outer ring
Both rings separable
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barrel-shaped with one end smaller than the other to provide a small thrust to keep the roll-
ers in contact with the center guide flange. This type of roller bearing has a high radial and
thrust load carrying capacity with the ability to maintain this capacity under some degree
of misalignment of shaft and bearing housing.

 Tapered Roller: In this type, straight tapered rollers are held in accurate alignment by
means of a guide flange on the inner ring. The basic characteristic of these bearings is that
the apexes of the tapered working surfaces of both rollers and races, if extended, would
coincide on the bearing axis. These bearings are separable. They have a high radial and
thrust carrying capacity.

Types of Ball and Roller Thrust Bearings.—Are designed to take thrust loads alone or
in combination with radial loads.

 One-direction Ball Thrust: These bearings consist of a shaft ring and a flat or spherical
housing ring with a single row of balls between. They are capable of carrying pure thrust
loads in one direction only. They cannot carry any radial load.

 Two-direction Ball Thrust: These bearings consist of a shaft ring with a ball groove in
either side, two sets of balls, and two housing rings so arranged that thrust loads in either
direction can be supported. No radial loads can be carried.

Table 1d. Types of Rolling Element Bearings and Their Symbols

CYLINDRICAL ROLLER BEARINGS, SINGLE ROW,
TWO-DIRECTION-LOCATING TYPE

Symbol Description Symbol Description

RK

Double-ribbed inner ring
Outer ring with two
internal snap rings

Non-separable
RY

Double-ribbed inner ring
Outer ring with one rib and 

one internal snap ring
Non-separable

RC
Double-ribbed inner ring
Double-ribbed outer ring
Non-separable

RCS

Double-ribbed inner ring
Double-ribbed outer ring
Non-separable
Spherical outside surface

RG

Inner ring, with one rib and
one snap ring

Double-ribbed outer ring
Non-separable

RP

Double-ribbed inner ring
Double-ribbed outer ring 

with one loose rib
Outer ring separable

RT

Double-ribbed inner
ring with one loose rib

Double-ribbed outer ring
Inner ring separable

CYLINDRICAL ROLLER BEARINGS

Double Row Non-Locating Type Double Row Two-Direction-Locating Type

Symbol Description Symbol Description

RA

Inner ring without ribs
Three integral ribs on
outer ring

Inner ring separable
RB

Three integral ribs
on inner ring

Outer ring without ribs, 
with two internal
snap rings

Non-separable

RD

Three integral ribs on
inner ring

Outer ring without ribs
Outer ring separable

Multi-Row Non-Locating Type

Symbol Description

RE

Inner ring without ribs
Outer rings without ribs, 
with two internal
snap rings

Inner ring separable

RV

Inner ring without ribs
Double-ribbed outer ring 

(loose ribs)
Both rings separable
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 Spherical Roller Thrust: This type is similar in design to the radial spherical roller bear-
ing except that it has a much larger contact angle. The rollers are barrel shaped with one end
smaller than the other. This type of bearing has a very high thrust load carrying capacity
and can also carry radial loads.

 Tapered Roller Thrust: In this type the rollers are tapered and several different arrange-
ments of housing and shaft are used.

 Roller Thrust: In this type the rollers are straight and several different arrangements of
housing and shaft are used.

Types of Needle Bearings.—Needle bearings are characterized by their relatively small
size rollers, usually not above 1⁄4 inch (6.35 mm) in diameter, and a relatively high ratio of
length to diameter, usually ranging from about 3 to 1 and 10 to 1. Another feature that is

Table 1e. Types of Rolling Element Bearings and Their Symbols

SELF-ALIGNING ROLLER BEARINGS, DOUBLE ROW
Symbol Description Symbol Description

SD

Three integral ribs on inner 
ring

Raceway of outer ring 
spherical

SL

Raceway of outer ring 
spherical

Rollers guided by the cage
Two integral ribs on

inner ring

SE

Raceway of outer ring 
spherical

Rollers guided by separate 
center guide ring in
outer ring

SELF-ALIGNING ROLLER BEARINGS
SINGLE ROW

Symbol Description

SW Raceway of inner ring 
spherical SR

Inner ring with ribs
Raceway of outer ring 

spherical
Radial contact

SC

Raceway of outer ring 
spherical

Rollers guided by separate 
axially floating guide ring
on inner ring

SA

Raceway of outer ring 
spherical

Angular contact

SB

Raceway of inner ring 
spherical

Angular contact

THRUST BALL BEARINGS

Symbol Description Symbol Description

TA
TBa

Single direction, grooved 
raceways, flat seats

TDA
Double direction, washers 

with grooved raceways, 
flat seats

TBFa
Single direction, flat wash-

ers, flat seats

THRUST ROLLER BEARINGS
Symbol Description Symbol Description

TS
Single direction, aligning 

flat seats, spherical rollers TPCa

Single direction, flat seats, 
flat races, outside band, 
cylindrical rollers

TP
Single direction, flat seats, 

cylindrical rollers TRa

Single direction, flat races, 
aligning seat with align-
ing washer, cylindrical 
rollers

a Inch dimensioned only. 
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characteristic of several types of needle bearings is the absence of a cage or separator for
retaining the individual rollers. Needle bearings may be divided into three classes: loose-
roller, outer race and retained roller, and non-separable units.

 Loose-roller: This type of bearing has no integral races or retaining members, the nee-
dles being located directly between the shaft and the outer bearing bore. Usually both shaft
and outer bore bearing surfaces are hardened and retaining members that have smooth
unbroken surfaces are provided to prevent endwise movement. Compactness and high
radial load capacity are features of this type.

 Outer Race and Retained Roller: There are two types of outer race and retained roller
bearings. In the Drawn Shell type, the needle rollers are enclosed by a hardened shell that
acts as a retaining member and as a hardened outer race. The needles roll directly on the
shaft, the bearing surface of which should be hardened. The capacity for given roller length
and shaft diameter is about two-thirds that of the loose roller type. It is mounted in the
housing with a press fit.

In the Machined Race type, the outer race consists of a heavy machined member. Various
modifications of this type provide heavy ends or faces for end location of the needle rollers,
or open end construction with end washers for roller retention, or a cage that maintains
alignment of the rollers and is itself held in place by retaining rings. An auxiliary outer
member with spherical seat that holds the outer race may be provided for self-alignment.

Table 1f. Types of Rolling Element Bearings and Their Symbols

TAPERED ROLLER BEARINGS — INCH

Symbol Description Symbol Description

TS Single row TDI Two row, double-
cone single cups

TDO
Two row, double-cup 

single-cone adjust-
able

TNA
Two row, double-cup 

single cone nonad-
justable

TQD,
TQI

Four row, cup 
adjusted

TAPERED ROLLER BEARINGS — METRIC

Symbol Description Symbol Description

TS Single row, straight 
bore TSF Single row, straight 

bore, flanged cup

TDO

Double row, straight 
bore, two single 
cones, one double 
cup with lubrica-
tion
hole and groove

2TS

Double row, straight 
bore, two single 
cones, two single 
cups

THRUST TAPERED ROLLER BARINGS

Symbol Description

TT Thrust bearings
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This type is applicable where split housings occur or where a press fit of the bearing into
the housing is not possible.

 Non-separable: This type consists of a non-separable unit of outer race, rollers and inner
race. These bearings are used where high static or oscillating motion loads are expected as
in certain aircraft components and where both outer and inner races are necessary.

Special or Unconventional Types.—Rolling contact bearings have been developed for
many highly specialized applications. They may be constructed of non-corrosive materi-
als, non-magnetic materials, plastics, ceramics, and even wood. Although the materials are
chosen to adapt more conventional configurations to difficult applications or environ-
ments, even greater ingenuity has been applied in utilizing rolling contact for solving par-
ticular problems. Thus, linear or recirculating bearings are available to provide low
friction, accurate location, and simplified lubrication features to such applications as
machine ways, axial motion devices, jack-screws, steering linkages, collets, and chucks.
This type of bearing utilizes the “full-complement” style of loading the rolling elements
between “races” or ways without a cage and with each element advancing by the action of
“races” in the loaded areas and by contact with the adjacent element in the unloaded areas.
The “races” may not be cylindrical or bodies of revolution but plane surfaces, with suitable
interruptions to free the rolling elements so that they can follow a return trough or slot back
to the entry-point at the start of the “race” contact area. Combinations of radial and thrust
bearings are available for the user with special requirements.

Plastics Bearings.—A more recent development has been the use of Acetal resin rollers
and balls in applications where abrasive, corrosive and difficult-to-lubricate conditions
exist. Although these bearings do not have the load carrying capacity nor the low friction
factor of their hard steel counterparts, they do offer freedom from indentation, wear, and
corrosion, while at the same time providing significant weight savings. 

Table 1g. Types of Rolling Element Bearings and Their Symbols

NEEDLE ROLLER BEARINGS, DRAWN CUP

Symbola Description Symbola Description

NIB
NB

Needle roller bearing, full 
complement, drawn cup, 
without inner ring

NIYM
NYM

Needle roller bearing, full 
complement, rollers 
retained by lubricant, 
drawn cup, closed end, 
without inner ring

NIBM
NBM

Needle roller bearing, full 
complement, drawn cup, 
closed end, without inner 
ring

NIH
NH

Needle roller bearing, 
with cage, drawn cup, 
without inner ring

NIY
NY

Needle roller bearing, full 
complement, rollers 
retained by lubricant, drawn 
cup, without inner ring

NIHM
NHM

Needle roller bearing, with 
cage, drawn cup, closed 
end, without inner ring

NEEDLE ROLLER BEARINGS NEEDLE ROLLER AND CAGE ASSEMBLIES

Symbola Description Symbola Description

NIA
NA

Needle roller bearing, with 
cage, machined ring lubri-
cation hole and groove in 
OD, without inner ring

NIM
NM

Needle roller and cage 
assembly

NEEDLE ROLLER BEARING INNER RINGS

Machined Ring Needle Roller Bearings Type NIA may be 
used with inch dimensioned inner rings, Type NIR, and 
Type NA may be used with metric dimensional inner 
rings, Type NR.

Symbola Description

NIR
NR

Needle roller bearing 
inner ring, lubrication hole 
and groove in bore

a Symbols with I, as NIB, are inch-dimensioned, and those without the I, as NB, are metric dimen-
sioned. 
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Of additional value are: 1) their resistance to indentation from shock loads or oscillation;
and  2) their self-lubricating properties.

Usually these bearings are not available from stock, but must be designed and produced
in accordance with the data made available by the plastics processor.
Pillow Block and Flanged Housing Bearings.—Of great interest to the shop man and
particularly adaptable to “line-shafting” applications are a series of ball and roller bearings
supplied with their own housings, adapters, and seals. Often called pre-mounted bearings,
they come with a wide variety of flange mountings permitting location on faces parallel to
or perpendicular to the shaft axis.

Inner races can be mounted directly on ground shafts, or can be adapter-mounted to
“drill-rod” or to commercial shafting. For installations sensitive to imbalance and vibra-
tion, the use of accurately ground shaft seats is recommended.

Most pillow block designs incorporate self-aligning types of bearings so they do not
require the precision mountings utilized with more normal bearing installations.
Conventional Bearing Materials.—Most rolling contact bearings are made with all load
carrying members of full hard steel, either through- or case-hardened. For greater reliabil-
ity this material is controlled and selected for cleanliness and alloying practices in confor-
mity with rigid specifications in order to reduce anomalies and inclusions that could limit
the useful fatigue life. Magnaflux inspection is employed to ensure that elements are free
from both material defects and cracks. Likewise, a light etch is employed between rough
and finish grinding to allow detection of burns due to heavy stock removal and associated
decarburization in finished pieces.
Cage Materials.—Standard bearings are normally made with cages of free-machining
brass or low carbon sulfurized steel. In high-speed applications or where lubrication may
be intermittent or marginal, special materials may be employed. Iron-silicon-bronze, lam-
inated phenolics, silver-plating, over-lays, solid-film baked-on coatings, carbon-graphite
inserts, and, in extreme cases, sintered or even impregnated materials are used in separa-
tors.

Commercial bearings usually rely on stamped steel with or without a phosphate treat-
ment; some low cost varieties are found with snap-in plastic or metallic cages.

So long as lubrication is adequate and speeds are both reasonable and steady, the materi-
als and design of the cage are of secondary importance when compared with those of the
rolling elements and their contacts with the races. In spite of this tolerance, a good portion
of all rolling bearing failures encountered can be traced to cage failures resulting from
inadequate lubrication. It can never be overemphasized that no bearing can be designed to
run continuously without lubrication!

Standard Method of Bearing Designation.—The Anti-Friction Bearing Manufacturers
Association has adopted a standard identification code that provides a specific designation
for each different ball, roller, and needle bearing. Thus, for any given bearing, a uniform
designation is provided for manufacturer and user alike, so that the confusion of different
company designations can be avoided.

In this identification code there is a “basic number” for each bearing that consists of three
elements: a one- to four-digit number to indicate the size of the bore in numbers of millime-
ters (metric series); a two- or three-letter symbol to indicate the type of bearing; and a two-
digit number to identify the dimension series to which the bearing belongs.

In addition to this “basic number” other numbers and letters are added to designate type
of tolerance, cage, lubrication, fit up, ring modification, addition of shields, seals, mount-
ing accessories, etc. Thus, a complete designating symbol might be 50BC02JPXE0A10,
for example. The basic number is 50BC02 and the remainder is the supplementary number.
For a radial bearing, this latter consists of up to four letters to indicate modification of
design, one or two digits to indicate internal fit and tolerances, a letter to indicate lubricants
and preservatives, and up to three digits to indicate special requirements.
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For a thrust bearing the supplementary number would consist of two letters to indicate
modifications of design, one digit to indicate tolerances, one letter to indicate lubricants
and preservatives, and up to three digits to indicate special requirements.

For a needle bearing the supplementary number would consist of up to three letters indi-
cating cage material or integral seal information or whether the outer ring has a crowned
outside surface and one letter to indicate lubricants or preservatives.

Dimension Series: Annular ball, cylindrical roller, and self-aligning roller bearings are
made in a series of different outside diameters for every given bore diameter and in a series
of different widths for every given outside diameter. Thus, each of these bearings belongs
to a dimension series that is designated by a two-digit number such as or, 23, 93, etc. The
first digit (8, 0, 1, 2, 3, 4, 5, 6 and 9) indicates the width series and the second digit (7, 8, 9,
0, 1, 2, 3, and 4) the diameter series to which the bearing belongs. Similar types of identifi-
cation codes are used for ball and roller thrust bearings and needle roller bearings.

Bearing Tolerances

Ball and Roller Bearings.—In order to provide standards of precision for proper applica-
tion of ball or roller bearings in all types of equipment, five classes of tolerances have been
established by the Anti-Friction Bearing Manufacturers Association for ball bearings,
three for cylindrical roller bearings and one for spherical roller bearings. These tolerances
are given in Tables 2, 3, 4, 5, and 6. They are designated as ABEC-1, ABEC-3, ABEC-5,
ABEC-7 and ABEC-9 for ball bearings, the ABEC-9 being the most precise, RBEC-1,
RBEC-3, and RBEC-5 for roller bearings. In general, bearings to specifications closer than
ABEC-1 or RBEC-1 are required because of the need for very precise fits on shaft or hous-
ing, to reduce eccentricity or runout of shaft or supported part, or to permit operation at
very high speeds. All five classes include tolerances for bore, outside diameter, ring width,
and radial runouts of inner and outer rings. ABEC-5, ABEC-7 and ABEC-9 provide added
tolerances for parallelism of sides, side runout and groove parallelism with sides.
Thrust Bearings.—Anti-Friction Bearing Manufacturers Association and American
National Standard tolerance limits for metric single direction thrust ball and roller bearings
are given in Table 8. Tolerance limits for single direction thrust ball bearings, inch dimen-
sioned are given in Table 7, and for cylindrical thrust roller bearings, inch dimensioned in
Table 9.

Only one class of tolerance limits is established for metric thrust bearings.
Radial Needle Roller Bearings.—Tolerance limits for needle roller bearings, drawn cup,
without inner ring, inch types NIB, NIBM, NIY, NIYM, NIH, and NIHM are given in
Table 10 and for metric types NB, NBM, NY, NYM, NH and NHM in Table 11. Standard
tolerance limits for needle roller bearings, with cage, machined ring, without inner ring,
inch type NIA are given in Table 12 and for needle roller bearings inner rings, inch type
NIR in Table 13.
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All units are micrometers, unless otherwise indicated.For sizes beyond range of this table, see
Standard.This table does not cover tapered roller bearings.

Table 2. ABEC-1 and RBEC-1 Tolerance Limits for Metric Ball 
and Roller Bearings  ANSI/ABMA 20-1987

Basic Inner Ring Bore 
Diameter, d Vdp,a max

a Bore diameter variation in a single radial plane. 

∆dmp
b

b Single plane mean bore diameter deviation from basic. (For a basically tapered bore, ∆dmp refers
only to the theoretical small end of the bore.) 

Kia
c

c Radial runout of assembled bearing inner ring. 

mm Diameter Series

Over Incl. 7,8,9 0,1 2,3,4 High Low max

2.5 10 10 8 6 0 −8 10
10 18 10 8 6 0 −8 10
18 30 13 10 8 0 −10 13
30 50 15 12 9 0 −12 15
50 80 19 19 11 0 −15 20
80 120 25 25 15 0 −20 25

120 180 31 31 19 0 −25 30
180 250 38 38 23 0 −30 40
250 315 44 44 26 0 −35 50
315 400 50 50 30 0 −40 60

Basic Outer 
Ring Outside

Outerside Diameter, D

VDp,a max

a Outside diameter variation in a single radial plane. Applies before mounting and after removal of
internal or external snap ring. 

∆Dmp
b

b Single plane mean outside diameter deviation from basic. 

Kea
c

c Radial runout of assembled bearing outer ring. 

Open
Bearings

Capped
Bearingsd

d No values have been established for diameters series 7, 8, 9, 0, and 1. 

mm Diameter Series

Over Incl. 7,8,9 0,1 2,3,4 2,3,4 High Low max

6 18 10 8 6 10 0 −8 15
18 30 12 9 7 12 0 −9 15
30 50 14 11 8 16 0 −11 20
50 80 16 13 10 20 0 −13 25
80 120 19 19 11 26 0 −15 35

120 150 23 23 14 30 0 −18 40
150 180 31 31 19 38 0 −25 45
180 250 38 38 23 … 0 −30 50
250 315 44 44 26 … 0 −35 60
315 400 50 50 50 … 0 −40 70

Width Tolerances

d ∆Bs
a

a Single inner ring width deviation from basic. ∆Cs (single outer ring width deviation from basic) is
identical to ∆Bs of inner ring of same bearing. 

d ∆Bs
a

mm All Normal Modifiedb

b Refers to the rings of single bearings made for paired or stack mounting. 

mm All Normal Modifiedb

Over Incl. High Low Over Incl. High Low

2.5 10 0 −120 −250 80 120 0 −200 −380
10 18 0 −120 −250 120 180 0 −250 −500
18 30 0 −120 −250 180 250 0 −300 −500
30 50 0 −120 −250 250 315 0 −350 −500
50 80 0 −150 −380 315 400 0 −400 −630
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All units are micrometers, unless otherwise indicated.For sizes beyond range of this table, see
Standard.This table does not cover tapered roller bearings.

Table 3. ABEC-3 AND RBEC-3 Tolerance Limits for Metric Ball 
and Roller Bearings  ANSI/ABMA 20-1987

Basic Inner Ring Bore 
Diameter, d Vdp,a max

a Bore diameter variation in a single radial plane. 

∆dmp
b

b Single plane mean bore diameter deviation from basic. (For a basically tapered bore, ∆dmp refers
only to the theoretical small end of the bore.) 

Kia
c

c Radial runout of assembled bearing inner ring. 

mm Diameter Series

Over Incl. 7, 8, 9 0, 1 2, 3, 4 High Low max

2.5 10 9 7 5 0 −7 6
10 18 9 7 5 0 −7 7
18 30 10 8 6 0 −8 8
30 50 13 10 8 0 −10 10
50 80 15 15 9 0 −12 10
80 120 19 19 11 0 −15 13

120 180 23 23 14 0 −18 18
180 250 28 28 17 0 −22 20
250 315 31 31 19 0 −25 25
315 400 38 38 23 0 −30 30

Basic Outer 
Ring Outside

Outerside Diameter, D

VDp,a max

a Outside diameter variation in a single radial plane. Applies before mounting and after removal of
internal or external snap ring. 

∆Dmp
b

b Single plane mean outside diameter deviation from basic. 

Kea
c

c Radial runout of assembled bearing outer ring. 

Open
Bearings

Capped
Bearingsd

d No values have been established for diameter series 7, 8, 9, 0, and 1. 

mm Diameter Series

Over Incl. 7,8,9 0,1 2,3,4 2,3,4 High Low max

6 18 9 7 5 9 0 −7 8
18 30 10 8 6 10 0 −8 9
30 50 11 9 7 13 0 −9 10
50 80 14 11 8 16 0 −11 13
80 120 16 16 10 20 0 −13 18

120 150 19 19 11 25 0 −15 20
150 180 23 23 14 30 0 −18 23
180 250 25 25 15 … 0 −20 25
250 315 31 31 19 … 0 −25 30
315 400 35 35 21 … 0 −28 35

Width Tolerances

d ∆Bs
a

a Single inner ring width deviation from basic. ∆Cs (single outer ring width deviation from basic) is
identical to ∆Bs of inner ring of same bearing. 

d ∆Bs
a

mm All Normal Modifiedb

b Refers to the rings of single bearings made for paired or stack mounting. 

mm All Normal Modifiedb

Over Incl. High Low Over Incl. High Low

2.5 10 0 −120 −250 80 120 0 −200 −380
10 18 0 −120 −250 120 180 0 −250 −500
18 30 0 −120 −250 180 250 0 −300 −500
30 50 0 −120 −250 250 315 0 −350 −500
50 80 0 −150 −380 315 400 0 −400 −630
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All units are micrometers, unless otherwise indicated. For sizes beyond range of this table, see
Standard.This table does not cover instrument bearings and tapered roller bearings.

Table 4. ABEC-5 and RBEC-5 Tolerance Limits for Metric
Ball and Roller Bearings  ANSI/ABMA 20-1987

INNER RING

Inner Ring Bore
Basic Dia.,d

mm
Vdp,a max

Diameter Series

a Bore (Vdp) and outside diameter (VDp) variation in a single radial plane. 

∆dmp
b

b Single plane mean bore (∆dmp) and outside diameter (∆Dmp) deviation from basic. (For a basically
tapered bore, ∆dmp refers only to the theoretical small end of the bore.) 

Radial
Runout

Kia

Ref. Face
 Runout

 with Bore
Sd

Axial
 Runout

Sia
c

c Axial runout of assembled bearing with inner ring Sia. Applies to groove-type ball bearings only. 

Width

∆Bs
d

d Single bore (∆Bs) and outer ring (∆Cs) width variation. 

VBs
e

e Inner (VBs) and outer (VCs) ring width deviation from basic. 

Over Incl. 7, 8, 9 0, 1, 2, 3, 4
Hig
h Low max max max All Normal Modifiedf

f Applies to the rings of single bearings made for paired or stack mounting. 

max

2.5 10 5 4 0 −5 4 7 7 0 −40 −250 5

10 18 5 4 0 −5 4 7 7 0 −80 −250 5

18 30 6 5 0 −6 4 8 8 0 −120 −250 5

30 50 8 6 0 −8 5 8 8 0 −120 −250 5

50 80 9 7 0 −9 5 8 8 0 −150 −250 6

80 120 10 8 0 −10 6 9 9 0 −200 −380 7

120 180 13 10 0 −13 8 10 10 0 −250 −380 8

180 250 15 12 0 −15 10 11 13 0 −300 −500 10

OUTER RING

Basic Outer Ring
Outside Dia., D

mm
VDp,aa max

Diameter Series

a No values have been established for capped bearings. 

∆Dmp
b

Radial
Runout

Kea

Outside
Cylindrical

 Surface Runout 
SD

b

b Outside cylindrical surface runout with outer ring reference face SD

Axial
 Runout

Sea
c

c Axial runout of assembled bearing with outer ring Sea.

Width

∆Cs
d VCs

e

Over Incl. 7, 8, 9 0, 1, 2, 3, 4 High Low max max max High Low max

6 18 5 4 0 −5 5 8 8

Identical
to ∆Bs

of inner ring
of same 
bearing

5

18 30 6 5 0 −6 6 8 8 5

30 50 7 5 0 −7 7 8 8 5

50 80 9 7 0 −9 8 8 10 6

80 120 10 8 0 −10 10 9 11 8

120 150 11 8 0 −11 11 10 13 8

150 180 13 10 0 −13 13 10 14 8

180 250 15 11 0 −15 15 11 15 10
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All units are micrometers, unless otherwise indicated. For sizes beyond range of this table, see
Standard. This table does not cover instrument bearings.

Table 5. ABEC-7 Tolerance Limits for Metric 
Ball and Roller Bearings  ANSI/ABMA 20-1987

INNER RING

Inner Ring
 Bore Basic 
Diameter, d

mm
Vdp,a max

Diameter Series

a Bore (Vdp) and outside diameter (VDp) variation in a single radial plane. 

∆dmp
b

b Single plane mean bore (∆dmp) and outside diameter (∆Dmp) deviation from basic. (For a basically
tapered bore, ∆dmp refers only to the theoretical small end of the bore.) 

∆ds
c

c Single bore (∆ds) and outside diameter (∆Ds) deviations from basic. These deviations apply to diam-
eter series 0, 1, 2, 3, and 4 only. 

Radial
Runout

Kia

Ref. Face
Runout

with Bore
Sd

Axial
Runout

Sia
d

d Axial run out of assembled bearing with inner ring  Sia. Applies to groove-type ball bearings only. 

Width

∆Bs
e

e Single bore (∆Bs) and outer ring (∆Cs) width deviation from basic. 

VBs
f

f Inner (VBs) and outer (VCs) ring width variation. 

Over Incl. 7, 8, 9
0, 1, 2,
 3, 4 High Low High Low max max max All

Nor-
mal

Mod-
ifiedg

g Applies to the rings of single bearings made for paired or stack mounting. 

max

2.5 10 4 3 0 −4 0 −4 2.5 3 3 0 −40 −250 2.5

10 18 4 3 0 −4 0 −4 2.5 3 3 0 −80 −250 2.5

18 30 5 4 0 −5 0 −5 3 4 4 0 −120 −250 2.5

30 50 6 5 0 −6 0 −6 4 4 4 0 −120 −250 3

50 80 7 5 0 −7 0 −7 4 5 5 0 −150 −250 4

80 120 8 6 0 −8 0 −8 5 5 5 0 −200 −380 4

120 180 10 8 0 −10 0 −10 6 6 7 0 −250 −380 5

180 250 12 9 0 −12 0 −12 8 7 8 0 −300 −500 6

OUTER RING

Basic Outer
 Ring

Outside Dia., D
mm

VDp,aa max
Diameter Series

a No values have been established for capped bearings. 

∆Dmp
b

b Single plane mean bore (∆dmp) and outside diameter (∆Dmp) deviation from basic. (For a basically
tapered bore, ∆dmp refers only to the theoretical small end of the bore.) 

∆Ds
c

c Single bore (∆ds) and outside diameter (∆Ds) deviations from basic. These deviations apply to diam-
eter series 0, 1, 2, 3, and 4 only. 

Radial
Runout

Kea

Surface
 Runout

SD
d

d Outside cylindrical surface runout outer ring reference face SD

Axial
 Runout

Sea
e

e Axial run out of assembled bearing with outer ring  Sia. Applies to groove-type ball bearings only. 

Width

∆Cs
f

f Single bore (∆Bs) and outer ring (∆Cs) width deviation from basic. 

VCs
g

g Inner (VBs) and outer (VCs) ring width variation. 

Over Incl. 7, 8, 9 0, 1, 2, 3, 4 High Low High Low max max max High Low max

6 18 4 3 0 −4 0 −4 3 4 5

Identical
to ∆Bs of

 inner ring
of

same bearing

2.5

18 30 5 4 0 −5 0 −5 4 4 5 2.5

30 50 6 5 0 −6 0 −6 5 4 5 2.5

50 80 7 5 0 −7 0 −7 5 4 5 3

80 120 8 6 0 −8 0 −8 6 5 6 4

120 150 9 7 0 −9 0 −9 7 5 7 5

150 180 10 8 0 −10 0 −10 8 5 8 5

180 250 11 8 0 −11 0 −11 19 7 10 7
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All units are micrometers, unless otherwise indicated.For sizes beyond range of this table, see
Standard.This table does not cover instrument bearings.

Table 7. Tolerance Limits for Single Direction Ball Thrust Bearings—
Inch Design  ANSI/ABMA 24.2-1989 (R1999)

Table 6. ABEC-9 Tolerance Limits for Metric 
Ball and Roller Bearing  ANSI/ABMA 20-1987

INNER RING

Inner Ring
 Bore

Basic Dia., d
mm Vdp,a max

a Bore (Vdp) and outside diameter (VDp) variation in a single radial plane. 

∆dmp
b

b Single plane mean bore (∆dmp) and outside diameter (∆Dmp) deviation from basic. (For a basically
tapered bore, ∆dmp refers to the theoretical small end of the bore.) 

∆ds
c

c Single bore diameter (∆ds) and outside diameter (∆Ds) deviation from basic. 

Radial
Runout

Kia

Ref. Face
 Runout

with
 Bore

Sd

Axial Runout 
of Assembled
 Bearing with
 Inner Ring

Sia
d

d Applies to groove-type ball bearings only. 

Width

∆Bs
e

e Single bore (∆Bs) and outer ring (∆Cs) width variation from basic. 

VBs
f

f Inner (VBs) and outer (VCs) ring width variation. 

Over Incl. max High Low High Low max max max High Low max

2.5 10 2.5 0 −2.5 0 −2.5 1.5 1.5 1.5 0 −40 1.5
10 18 2.5 0 −2.5 0 −2.5 1.5 1.5 1.5 0 −80 1.5
18 30 2.5 0 −2.5 0 −2.5 2.5 1.5 2.5 0 −120 1.5
30 50 2.5 0 −2.5 0 −2.5 2.5 1.5 2.5 0 −120 1.5
50 80 4 0 −4 0 −4 2.5 1.5 2.5 0 −150 1.5
50 80 4 0 −4 0 −4 2.5 1.5 2.5 0 −150 1.5
80 120 5 0 −5 0 −5 2.5 2.5 2.5 0 −200 2.5
120 150 7 0 −7 0 −7 2.5 2.5 2.5 0 −250 2.5
150 180 7 0 −7 0 −7 5 4 5 0 −300 4
180 250 8 0 −8 0 −8 5 5 5 0 −350 5

OUTER RING

Basic Outside
Diameter, D

mm VDp
aa

a No values have been established for capped bearings. 

∆Dmp
b ∆Ds

c

Radial
Runout

Kea

Outside
 Cylindrical

Surface
 Runout with
 Outer Ring

SD

Axial Runout
 of Assembled
 Bearing with 
Outer Ring 

Sea

Width

∆Cs
e VCs

f

Over Incl. max High Low High Low max max max High Low max

6 18 2.5 0 −2.5 0 −2.5 1.5 1.5 1.5

Identical
to ∆Bs

of inner ring
of same bearing

1.5
18 30 4 0 −4 0 −4 2.5 1.5 2.5 1.5
30 50 4 0 −4 0 −4 2.5 1.5 2.5 1.5
50 80 4 0 −4 0 −4 4 1.5 4 1.5
80 120 5 0 −5 0 −5 5 2.5 5 1.5
120 150 5 0 −5 0 −5 5 2.5 5 1.5
150 180 7 0 −7 0 −7 5 2.5 5 2.5
180 250 8 0 −8 0 −8 7 4 7 4
250 315 8 0 −8 0 −8 7 5 7 5

Bore Diameter a
d, Inches

a Bore tolerance limits: For bore diameters 0 to 1.8125 inches, inclusive, +0.005, −0.005; over
1.8125 to 12.000 inches, inclusive, +0.010, −0.010; over 12.000 to 20.000, inclusive, +0.0150, 
−0.0150.

Single Plane Mean
Bore Dia. Variation,

d, Inch
Outside Diameter

D, Inches

Single Plane Mean
O.D. Variation,

D, Inch

Over Incl. High Low Over Incl. High Low
0 6.7500 +0.005 0 0 5.3125 +0 −0.002

6.7500 20.0000 +0.010 0 5.3125 17.3750 +0 −0.003
… … … … 17.3750 39.3701 +0 −0.004
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Table 8. AFBMA and American National Standard Tolerance Limits for 
Metric Single Direction Thrust Ball (Type TA) and Roller 
Type (Type TS) Bearings  ANSI/ABMA 24.1-1989 (R1999)

All dimensions in micrometers, unless otherwise indicated. Tolerances are for normal tolerance
class only. For sizes beyond the range of this table and for other tolerance class values, see Standard.
All entries apply to type TA bearings; boldface entries also apply to type TS bearings.

Table 9. Tolerance Limits for Cylindrical Roller Thrust Bearings—
Inch Design  ANSI/ABMA 24.2-1989 (R1999)

All dimensions are in inches. For Type TR bearings, see Standard.

Bore Dia.of Shaft
Washer, d

∆dmp
a

a Single plane mean bore diameter deviation of central shaft washer (∆dmp) and outside diameter
(∆Dmp) variation. 

Si, Se
b

b Raceway parallelism with the face, housing-mounted (Se) and boremounted (Si) race or washer. 

∆Ts Min
c

c Deviation of the actual bearing height. 

Outside Dia. of 
Housing Washer, D

∆Dmp
amm mm

Over Incl. High Low Max Max Type TA Type TS Over Incl. High Low

18 30 0 −10 10 20 −250 … 10 18 0 −11
30 50 0 −12 10 20 −250 −300 18 30 0 −13
50 80 0 −15 10 20 −300 −400 30 50 0 −16
80 120 0 −20 15 25 −300 −400 50 80 0 −19

120 180 0 −25 15 25 −400 −500 80 120 0 −22

180 250 0 −30 20 30 −400 −500 120 180 0 −25

250 315 0 −35 25 40 −400 −700 180 250 0 −30

315 400 0 −40 30 40 -500 −700 250 315 0 −35

400 500 0 −45 30 50 −500 −900 315 400 0 −40

500 630 0 −50 35 60 −600 −1200 400 500 0 −45

Basic Bore Dia., d ∆dmp
a

a Single plane mean bore diameter deviation. 

∆Ts
b

b Deviation of the actual bearing height, single direction bearing. 

Basic Outside dia., D ∆Dmp
c

c Single plane mean outside diameter deviation. 

Over Incl. Low High High Low Over Incl. High Low
EXTRA LIGHT SERIES—TYPE TP

0 0.9375 +.0040 +.0060 +.0050 −.0050 0 4.7188 +0 −.0030
0.9375 1.9375 +.0050 +.0070 +.0050 −.0050 4.7188 5.2188 +0 −.0030
1.9375 3.0000 +.0060 +.0080 +.0050 −.0050 … … … …
3.0000 3.5000 +.0080 +.0100 −.0100 −.0100 … … … …

Basic Bore
Diameter, d ∆dmp

a
Basic Outside
Diameter, D

Outside Dia., D
Tolerance Limits

Basic Bore
Diameter, d ∆Ts

Over Inc. High Low Over Incl. High Low Over Incl. High Low
LIGHT SERIES—TYPE TP

0 1.1870 +0 −.0005 0 2.8750 +.0005 −0 0 2.0000 +0 −.006
1.1870 1.3750 +0 −.0006 2.8750 3.3750 +.0007 −0 2.0000 3.0000 +0 −.008
1.3750 1.5620 +0 −.0007 3.3750 3.7500 +.0009 −0 3.0000 6.0000 +0 −.010
1.5620 1.7500 +0 −.0008 3.7500 4.1250 +.0011 −0 6.0000 10.0000 +0 −.015
1.7500 1.9370 +0 −.0009 4.1250 4.7180 +.0013 −0 10.0000 18.0000 +0 −.020
1.9370 2.1250 +0 −.0010 4.7180 5.2180 +.0015 −0 18.0000 30.0000 +0 −.025
2.1250 2.5000 +0 −.0011 … … … … … … … …
2.2500 3.0000 +0 −.0012 … … … … … … … …
3.0000 3.5000 +0 −.0013 … … … … … … … …

HEAVY SERIES—TYPE TP
2.0000 3.0000 +0 −.0010 5.0000 10.0000 +.0015 −0 0 2.000 +0 −.006
3.0000 3.5000 +0 −.0012 10.0000 18.0000 +.0020 −0 2.000 3.000 +0 −.008
3.5000 9.0000 +0 −.0015 18.0000 26.0000 +.0025 −0 3.000 6.000 +0 −.010
9.0000 12.0000 +0 −.0018 26.0000 34.0000 +.0030 −0 6.000 10.000 +0 −.015
12.0000 18.0000 +0 −.0020 34.0000 44.0000 +.0040 −0 10.000 18.000 +0 −.020
18.0000 22.0000 +0 −.0025 … … … … 18.000 30.000 +0 −.025
22.0000 30.0000 +0 −.003 … … … … … … … …

TYPE TPC
0 2.0156 +.010 −0 2.5000 4.0000 +.005 −.005 0 2.0156 +0 −.008

2.0156 3.0156 +.010 −.020 4.0000 6.0000 +.006 −.006 2.0156 3.0156 +0 −.010
3.0156 6.0156 +.015 −.020 6.0000 10.0000 +.010 −.010 3.0156 6.0156 +0 −.015
6.0156 10.1560 +.015 −.050 10.0000 18.0000 +.012 −.012 6.0156 10.1560 +0 −.020
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Table 10. AFBMA and American National Standard Tolerance Limits 
for Needle Roller Bearings, Drawn Cup, Without Inner Ring — Inch Types 
NIB, NIBM, NIY, NIYM, NIH, and NIHM  ANSI/ABMA 18.2-1982 (R1999)

Table 11. AFBMA and American National Standard Tolerance Limits for
Needle Roller Bearings, Drawn Cup, Without Inner Ring — Metric Types

NB, NBM, NY, NYM, NH, and NHM  ANSI/ABMA 18.1-1982 (R1999)

For fitting and mounting practice, see Table 19.

Table 12. AFBMA and American National Standard Tolerance Limits for
Needle Roller Bearings, With Cage, Machined Ring, Without Inner Ring—

Inch Type NIA  ANSI/ABMA 18.2-1982 (R1999)

For fitting and mounting practice, see Table 20.

Ring Gage Bore Diametera

a The bore diameter under needle rollers can be measured only when bearing is pressed into a ring
gage, which rounds and sizes the bearing. 

Basic Bore Diameter
under Needle Rollers, Fw

Allowable Deviation
from Fw

a
Allowable Deviation 

from Width, BBasic Outside
Diameter, D

Inch
Deviation
from D

Inch
Inch Inch Inch

Over Incl. Over Incl. Low High High Low

0.1875 0.9375 +0.0005
0.9375 4.0000 −0.0005 0.1875 0.6875 +0.0015 +0.0024 +0 −0.0100

For fitting and mounting practice see 
Table 19.

0.6875 1.2500 +0.0005 +0.0014 +0 −0.0100
1.2500 1.3750 +0.0005 +0.0015 +0 −0.0100
1.3750 1.6250 +0.0005 +0.0016 +0 −0.0100
1.6250 1.8750 +0.0005 +0.0017 +0 −0.0100
1.8750 2.0000 +0.0006 +0.0018 +0 −0.0100
2.0000 2.5000 +0.0006 +0.0020 +0 −0.0100
2.5000 3.5000 +0.0010 +0.0024 +0 −0.0100

Ring Gage Bore Diametera

a The bore diameter under needle rollers can be measured only when bearing is pressed into a ring
gage, which rounds and sizes the bearing. 

Basic Bore Diameter 
underNeedle Rollers,

Fw

Allowable 
Deviation from

Fw
a

Allowable Deviation
from Width,

B
Basic Outside 
Diameter, D Deviation

from
D

Micrometers

mm mm Micrometers Micrometers

Over Incl. Over Incl. Low High High Low

6 10 −16 3 6 +10 +28 +0 −250
10 18 −20 6 10 +13 +31 +0 −250
30 50 −28 18 30 +20 +41 +0 −250
50 80 −33 30 50 +25 +50 +0 −250
… … … 50 70 +30 +60 +0 −250

Basic Outside
Diameter,

D

Allowable Deviation
From D of Single 

Mean Diameter, Dmp

Basic Bore
Diameter under 

Needle Rollers, Fw

Allowable
Deviation
from Fw

Allowable
 Deviation

from Width, B
Inch Inch Inch Inch Inch

Over Incl. High Low Over Incl. Low High High Low

0.7500 2.0000 +0 −0.0005 0.3150 0.7087 +0.0008 +0.0017 +0 −0.0050
2.0000 3.2500 +0 −0.0006 0.7087 1.1811 +0.0009 +0.0018 +0 −0.0050
3.2500 4.7500 +0 −0.0008 1.1811 1.6535 +0.0010 +0.0019 +0 −0.0050
4.7500 7.2500 +0 −0.0010 1.6535 1.9685 +0.0010 +0.0020 +0 −0.0050

1.9685 2.7559 +0.0011 +0.0021 +0 −0.0050
7.2500 10.2500 +0 −0.0012 2.7559 3.1496 +0.0011 +0.0023 +0 −0.0050

10.2500 11.1250 +0 −0.0014 3.1496 4.0157 +0.0012 +0.0024 +0 −0.0050
… … … … 4.0157 4.7244 +0.0012 +0.0026 +0 −0.0050
… … … … 4.7244 6.2992 +0.0013 +0.0027 +0 −0.0050
… … … … 6.2992 7.0866 +0.0013 +0.0029 +0 −0.0050
… … … … 7.0866 7.8740 +0.0014 +0.0030 +0 −0.0050
… … … … 7.8740 9.2520 +0.0014 +0.0032 +0 −0.0050
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Table 13. AFBMA and American National Standard Tolerance Limits for Needle 
Roller Bearing Inner Rings—Inch Type NIR  ANSI/ABMA 18.2-1982 (R1999)

For fitting and mounting practice, see Table 21.

Metric Radial Ball and Roller Bearing Shaft and Housing Fits.—To select the proper
fits, it is necessary to consider the type and extent of the load, bearing type, and certain
other design and performance requirements.

The required shaft and housing fits are indicated in Tables 14 and 15. The terms “Light,”
“Normal,” and “Heavy” loads refer to radial loads that are generally within the following
limits, with some overlap (C being the Basic Load Rating computed in accordance with
AFBMA-ANSI Standards):

Shaft Fits: Table 14 indicates the initial approach to shaft fit selection. Note that for most
normal applications where the shaft rotates and the radial load direction is constant, an
interference fit should be used. Also, the heavier the load, the greater is the required inter-
ference. For stationary shaft conditions and constant radial load direction, the inner ring
may be moderately loose on the shaft.

For pure thrust (axial) loading, heavy interference fits are not necessary; only a moder-
ately loose to tight fit is needed.

The upper part of Table 16 shows how the shaft diameters for various ANSI shaft limit
classifications deviate from the basic bore diameters.

Table 17 gives metric values for the shaft diameter and housing bore tolerance limits
given in Table 16.

The lower parts of Tables 16 and 17 show how housing bores for various ANSI hole limit
classifications deviate from the basic shaft outside diameters.

Basic Outside
Diameter,

F

Allowable Deviation
From F of Single 

Mean Diameter, Fmp

Basic Bore
Diameter

d

Allowable Deviation
from d of Single 

Mean Diameter, dmp

Allowable Deviation
from Width,

B

Inch Inch Inch Inch Inch

Over Incl. High Low Over Incl. High Low High Low

0.3937 0.7087 −0.0005 −0.0009 0.3125 0.7500 +0 −0.0004 +0.0100 +0.0050
0.7087 1.0236 −0.0007 −0.0012 0.7500 2.0000 +0 −0.0005 +0.0100 +0.0050
1.0236 1.1811 −0.0009 −0.0014 2.0000 3.2500 +0 −0.0006 +0.0100 +0.0050
1.1811 1.3780 −0.0009 −0.0015 3.2500 4.2500 +0 −0.0008 +0.0100 +0.0050
1.3780 1.9685 −0.0010 −0.0016 4.2500 4.7500 +0 −0.0008 +0.0150 +0.0100
1.9685 3.1496 −0.0011 −0.0018 4.7500 7.0000 +0 −0.0010 +0.0150 +0.0100
3.1496 3.9370 −0.0013 −0.0022 7.0000 8.0000 +0 −0.0012 +0.0150 +0.0100
3.9370 4.7244 −0.0015 −0.0024 … … … … … …
4.7244 5.5118 −0.0015 −0.0025 … … … … … …
5.5118 7.0866 −0.0017 −0.0027 … … … … … …
7.0866 8.2677 −0.0019 −0.0031 … … … … … …
8.2677 9.2520 −0.0020 −0.0032 … … … … … …

Bearing Type

Radial Load

Light Normal Heavy

Ball Up to 0.075C From 0.075C to 0.15C Over 0.15C

Cylindrical Roller Up to 0.075C From 0.075C to 0.2C Over 0.15C

Spherical Roller Up to 0.075C From 0.070C to 0.25C Over 0.15C
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Table 14. Selection of Shaft Tolerance Classifications for Metric Radial Ball and Roller Bearings
 of ABEC-1 and RBEC-1 Tolerance Classes  ANSI/ABMA 7-1995 (R2001)

Numerical values are given in Tables 16 and 17.

Operating Conditions

Ball Bearings Cylindrical Roller Bearings Spherical Roller Bearings Tolerance 
Symbola

a For solid steel shafts. For hollow or nonferrous shafts, tighter fits may be needed. 

mm Inch mm Inch mm Inch

Inner ring 
stationary in
relation to the 
direction of the 
load.

All loads

Inner ring has to be 
easily displaceable

All
diameters

All
diameters

All
diameters

All
diameters

All
diameters

All
diameters g6

Inner ring does not 
have to be easily
displaceable

All
diameters

All
diameters

All
diameters

All
diameters

All
diameters

All
diameters h6

Radial load: Nominal Shaft Diameter

Direction of load
indeterminate or 
the inner ring 
rotating in relation 
to the direction of 
the load.

≤18 ≤0.71 h5
>18 >0.71 ≤40 ≤1.57 ≤40 ≤1.57 j6b

b When greater accuracy is required, use j5, k5, and m5 instead of j6, k6, and m6, respectively. 

LIGHT (40)-140 (1.57)−5.51 (40)−100 (1.57)−3.94 k6b

(140)−320 (5.51)−12.6 (100)−320 (3.94)−12.6 m6b

(320)−500 (126)−19.7 (320)−500 (126)−19.7 n6
>500 >19.7 >500 >19.7 p6

≤18 ≤0.71 j5
>18 >0.71 ≤40 ≤1.57 ≤40 ≤1.57 k5

(40)−100 (1.57)−3.94 (40)−65 (1.57)−2.56 m5
NORMAL (100)−140 (3.94)−5.51 (65)−100 (2.56)−3.94 m6

(140)−320 (5.51)−12.6 (100)−140 (3.94)−5.51 n6
(320)−500 (12.6)−19.7 (140)−280 (5.51)−11.0 p6

>500 >19.7 (280)−500 (11.0)−19.7 r6
>500 >19.7 r7

(18)−100 (0.71)−3.94 k5
>100 >3.94 ≤40 ≤1.57 ≤40 ≤1.57 m5

(40)-65 (1.57)−2.56 (40)−65 (1.57)−2.56 m6b

HEAVY (65)−140 (2.56)−5.51 (65)−100 (2.56)−3.94 n6b

(140)−200 (5.51)−7.87 (100)−140 (3.94)−5.51 p6b

(200)−500 (7.87)−19.7 (140)−200 (5.51)−7.87 r6b

>500 >19.7 >200 >7.87 r7b

Pure Thrust Load All diams. All diams. Consult Bearing Manufacturer j6

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Table 15. Selection of Housing Tolerance Classifications for Metric Radial Ball and Roller Bearings
 of ABEC-1 and RBEC-1 Tolerance Classes

Design and Operating Conditions

Tolerance
Classificationa

a For cast iron or steel housings. For housings of nonferrous alloys tighter fits may be needed. 

Rotational Conditions Loading
Outer Ring Axial

Displacement Limitations Other Conditions

Outer ring
stationary
in relation

to load
direction

Light
Normal

and
Heavy

Outer ring must be
easily axially
displaceable

Heat input
through

shaft
G7

Housing
split

axially
H7b

b Where wider tolerances are permissible, use tolerance classifications P7, N7, M7, K7, J7, and H7, in place of P6, N6, M6, K6, J6, and H6, respectively. 

Housing not
split

axially

H6b

Shock with
temporary complete

unloading

Transitional Rangec

c The tolerance zones are such that the outer ring may be either tight or loose in the housing. 

J6b

Load
direction is

indeterminate

Light and normal

Normal and Heavy

Heavy Shock split
housing

not
recommended

K6b

Outer ring
rotating in
relation to

load
direction

Light M6b

Normal and Heavy
Outer ring need not

be axially
displaceable

N6b

Heavy
Thin wall

housing not
split

P6b
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Table 16. AFBMA and American National Standard Shaft Diameter and Housing Bore Tolerance Limits  ANSI/ABMA 7-1995 (R2001)

Based on ANSI B4.1-1967 (R2009) Preferred Limits and Fits for Cylindrical Parts. Symbols g6, h6, etc., are shaft and G7, H7, etc., hole limits designations. For
larger diameters and metric values see AFBMA Standard 7.

Allowable Deviations of Shaft Diameter from Basic Bore Diameter, Inch

Inches mm

g6 h6 h5 j5 j6 k5 k6 m5 m6 n6 p6 r6 r7

Over Incl. Over Incl.

Base Bore Diameter

0.2362 0.3937 6 10 −.0002
−.0006

 0
−.0004

 0
−.0002

+.0002
−.0001

+.0003
−.0001

+.0003
 0

+.0005
+.0002

0.3937 0.7087 10 18 −.0002
−.0007

 0
−.0004

 0
−.0003

+.0002
−.0001

+.0003
−.0001

+.0004
 0

+.0006
+.0003

0.7087 1.1811 18 30 −.0003
−.0008

 0
−.0005

+.0002
−.0002

+.0004
−.0002

+.0004
+.0001

+.0007
+.0003

1.1811 1.9685 30 50 −.0004
−.0010

 0
−.0006

+.0002
−.0002

+.0004
−.0002

+.0005
+.0001

+.0007
+.0001

+.0008
+.0004

+.0010
+.0004

1.9685 3.1496 50 80 −.0004
−.0011

 0
−.0007

+.0002
−.0003

+.0005
−.0003

+.0006
+.0001

+.0008
+.0001

+.0009
+.0004

+.0012
+.0004

+.0018
+.0009

3.1496 4.7244 80 120 −.0005
−.0013

 0
−.0009

+.0002
−.0004

+.0005
−.0004

+.0007
+.0001

+.0010
+.0001

+.0011
+.0005

+.0014
+.0005

+.0019
+.0010

+.0023
+.0015

Allowable Deviations of Housing Bore from Basic Outside Diameter of Shaft, Inch

Basic Outside Diameter G7 H7 H6 J7 J6 K6 K7 M6 M7 N6 N7 P6 P7

0.7087 1.1811 18 30 +.0003
+.0011

 0
+.0008

 0
+.0005

−.0004
+.0005

−.0002
+.0003

−.0004
+.0001

−.0006
+.0002

−.0007
+.0002

−.0008
 0

−.0009
−.0004

−.0011
−.0003

−.0012
−.0007

−.0014
−.0006

1.1811 1.9685 30 50 +.0004
+.0013

 0
+.0010

 0
+.0006

−.0004
+.0006

−.0002
+.0004

−.0005
+.0001

−.0007
+.0003

−.0008
−.0002

−.0010
 0

−.0011
−.0005

−.0013
−.0003

−.0015
−.0008

−.0017
−.0007

1.9685 3.1496 50 80 +.0004
+.0016

 0
+.0012

 0
+.0007

−.0005
+.0007

−.0002
+.0005

−.0006
+.0002

−.0008
+.0004

−.0009
−.0002

−.0012
 0

−.0013
−.0006

−.0015
−.0004

−.0018
−.0010

−.0020
−.0008

3.1496 4.7244 80 120 +.0005
+.0019

 0
+.0014

 0
+.0009

−.0005
+.0009

−.0002
+.0006

−.0007
+.0002

−.0010
+.0004

−.0011
−.0002

−.0014
 0

−.0015
−.0006

−.0018
−.0004

−.0020
−.0012

−.0023
−.0009

4.7244 7.0866 120 180 +.0006
+.0021

 0
+.0016

 0
+.0010

−.0006
+.0010

−.0003
+.0007

−.0008
+.0002

−.0011
+.0005

−.0013
−.0003

−.0016
 0

−.0018
−.0008

−.0020
−.0005

−.0024
−.0014

−.0027
−.0011

7.0866 9.8425 180 250 +.0006
+.0024

 0
+.0018

 0
+.0011

−.0006
+.0012

−.0003
+.0009

−.0009
+.0002

−.0013
+.0005

−.0015
−.0003

−.0018
 0

−.0020
−.0009

−.0024
−.0006

−.0028
−.0016

−.0031
−.0013
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Table 17. AFBMA and American National Standard Shaft Diameter and Housing Bore Tolerance Limits  ANSI/ABMA 7-1995 (R2001)

Based on ANSI B4.1-1967 (R2009) Preferred Limits and Fits for Cylindrical Parts. Symbols g6, h6, etc., are shaft and G7, H7, etc., hole limits designations. For
larger diameters and metric values see AFBMA Standard 7.

Allowable Deviations of Shaft Diameter from Basic Bore Diameter, mm

Inches mm

g6 h6 h5 j5 j6 k5 k6 m5 m6 n6 p6 r6 r7

Over Incl. Over Incl.

Base Bore Diameter

0.2362 0.3937 6 10 −.005
−.014

0
−.009

0
−.006

+.004
−.002

+.007
−.002

+.007
−.001

+.012
+.006

0.3937 0.7087 10 18 −.006
−.017

0
−.011

0
−.008

+.005
−.003

+.008
−.003

+.009
+.001

+.015
+.007

0.7087 1.1811 18 30 −.007
−.020

0
−.013

+.005
−.004

+.009
−.004

+.011
+.002

+.017
+.008

1.1811 1.9685 30 50 −.009
−.025

0
−.016

+.006
−.005

+.011
−.005

+.013
+.002

+.018
+.002

+.020
+.009

+.025
+.009

1.9685 3.1496 50 80 −.010
−.029

0
−.019

+.006
−.007

+.012
−.007

+.015
+.002

+.021
+.002

+.024
+.011

+.030
+.011

+.039
+.020

3.1496 4.7244 80 120 −.012
−.034

0
−.022

+.006
−.009

+.013
−.009

+.018
+.003

+.025
+.003

+.028
+.013

+.035
+.013

+.045
+.023

+.059
+.037

Allowable Deviations of Housing Bore from Basic Outside Diameter of Shaft, mm

Basic Outside Diameter G7 H7 H6 J7 J6 K6 K7 M6 M7 N6 N7 P6 P7

.7086 1.1811 18 30 +.007
+.028

0
+.021

0
+.013

−.009
+.012

−.005
+.008

−.011
+.002

−.015
+.006

−.017
−.004

−.021
0

−.024
−.011

−.028
−.007

−.031
−.018

−.035
−.014

1.1811 1.9685 30 50 +.009
+.034

0
+.025

0
+.016

−.011
+.014

−.006
+.010

−.013
+.003

−.018
+.007

−.020
−.004

−.025
0

−.028
−.012

−.033
−.008

−.037
−.021

−.042
−.017

1.9685 3.1496 50 80 +.010
+.040

0
+.030

0
+.019

−.012
+.018

−.006
+.013

−.015
+.004

−.021
+.009

−.024
−.005

−.030
0

−.033
−.014

−.039
−.009

−.045
−.026

−.051
−.021

3.1496 4.7244 80 120 +.012
+.047

0
+.035

0
+.022

−.013
+.022

−.006
+.016

−.018
+.004

−.025
+.010

−.028
−.006

−.035
0

−.038
−.016

−.045
−.010

−.052
−.030

−.059
−.024

4.7244 7.0866 120 180 +.014
+.054

0
+.040

0
+.025

−.014
+.026

−.007
+.018

−.021
+.004

−.028
+.012

−.033
−.008

−.040
0

−.045
−.020

−.052
−.012

−.061
−.036

−.068
−.028

7.0866 9.8425 180 250 +.015
+.061

0
+.046

0
+.029

−.016
+.030

−.007
+.022

−.024
+.005

−.033
+.013

−.037
−.008

−.046
0

−.051
−.022

−.060
−.014

−.070
−.041

−.079
−.033
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Design and Installation Considerations.—Interference fitting will reduce bearing
radial internal clearance, so it is recommended that prospective users consult bearing man-
ufacturers to make certain that the required bearings are correctly specified to satisfy all
mounting, environmental and other operating conditions and requirements. This check is
particularly necessary where heat sources in associated parts may further diminish bearing
clearances in operation.

Standard values of radial internal clearances of radial bearings are listed in AFBMA-
ANSI Standard 20.

Allowance for Axial Displacement.—Consideration should be given to axial displace-
ment of bearing components owing to thermal expansion or contraction of associated
parts. Displacement may be accommodated either by the internal construction of the bear-
ing or by allowing one of the bearing rings to be axially displaceable. For unusual applica-
tions consult bearing manufacturers.

Needle Roller Bearing Fitting and Mounting Practice.—The tolerance limits required
for shaft and housing seat diameters for needle roller bearings with inner and outer rings as
well as limits for raceway diameters where inner or outer rings or both are omitted and roll-
ers operate directly upon these surfaces are given in Tables 18 through 21, inclusive.
Unusual design and operating conditions may require a departure from these practices. In
such cases, bearing manufacturers should be consulted.

Needle Roller Bearings, Drawn Cup: These bearings without inner ring, Types NIB,
NB, NIBM, NBM, NIY, NY, NIYM, NYM, NIH, NH, NIHM, NHM, and Inner Rings,
Type NIR depend on the housings into which they are pressed for their size and shape.
Therefore, the housings must not only have the proper bore dimensions but also must have
sufficient strength. Tables 18 and 19, show the bore tolerance limits for rigid housings such
as those made from cast iron or steel of heavy radial section equal to or greater than the ring
gage section given in AFBMA Standard 4, 1984. The bearing manufacturers should be
consulted for recommendations if the housings must be of lower strength materials such as
aluminum or even of steel of thin radial section. The shape of the housing bores should be
such that when the mean bore diameter of a housing is measured in each of several radial
planes, the maximum difference between these mean diameters should not exceed 0.0005
inch (0.013 mm) or one-half the housing bore tolerance limit, if smaller. Also, the radial
deviation from circular form should not exceed 0.00025 inch (0.006 mm). The housing
bore surface finish should not exceed 125 micro-inches (3.2 micrometers) arithmetical
average.

Table 18. AFBMA and American National Standard Tolerance Limits for
Shaft Raceway and Housing Bore Diameters—Needle Roller Bearings, 

Drawn Cup, Without Inner Ring, Inch Types NIB, NIBM, NIY, 
NIYM, NIH, and NIHM   ANSI/ABMA 18.2-1982 (R1999)

For bearing tolerances, see Table 10.

Basic Bore Diameter 
under Needle Rollers,

Fw

Shaft Raceway Diametera

Allowable Deviation
from Fw

a See text for additional requirements. 

Basic Outside
Diameter,

D

Housing Bore DiameteraAl-
lowable Deviation

from D

Inch Inch Inch Inch

Over Incl. High Low Over Incl. Low High

OUTER RING STATIONARY RELATIVE TO LOAD
0.1875 1.8750 +0 −0.0005 0.3750 4.0000 −0.0005 +0.0005
1.8750 3.5000 +0 −0.0006 … … … …

OUTER RING ROTATING RELATIVE TO LOAD
0.1875 1.8750 −0.0005 −0.0010 0.3750 4.0000 −0.0010 +0
1.8750 3.5000 −0.0005 −0.0011 … … … …
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Table 19. AFBMA and American National Standard Tolerance Limits for Shaft 
Raceway and Housing Bore Diameters—Needle Roller Bearings, Drawn Cup, 

Without Inner Ring, Metric Types NB, NBM, NY, NYM, NH, and NHM 
 ANSI/ABMA 18.1-1982 (R1999)

For bearing tolerances, see Table 11.

Table 20. AFBMA and American National Standard Tolerance Limits for Shaft 
Raceway and Housing Bore Diameters—Needle Roller Bearings, With Cage, 

Machined Ring, Without Inner Ring, Inch Type NIA
 ANSI/ABMA 18.2-1982 (R1999)

For bearing tolerances, see Table 12.

Basic Bore Diameter Under
Needle Rollers,Fw

Shaft Raceway Diame-
tera Allowable Deviation 

from Fw

Basic Outside
Diameter,

D

Housing Bore Diameter-
aAllowable Deviation 

from D

OUTER RING STATIONARY RELATIVE TO LOAD

mm Inch ANSI h6, Inch mm Inch ANSI N7, Inch

Over Incl. Over Incl. High Low Over Incl. Over Incl. Low High

3 6 0.1181 0.2362 +0 −0.0003 6 10 0.2362 0.3937 −0.0007 −0.0002
6 10 0.2362 0.3937 +0 −0.0004 10 18 0.3937 0.7087 −0.0009 −0.0002

10 18 0.3937 0.7087 +0 −0.0004 18 30 0.7087 1.1811 −0.0011 −0.0003
18 30 0.7087 1.1811 +0 −0.0005 30 50 1.1811 1.9685 −0.0013 −0.0003
30 50 1.1811 1.9685 +0 −0.0006 50 80 1.9685 3.1496 −0.0015 −0.0004
50 80 1.9685 3.1496 +0 −0.0007 … … … … … …

OUTER RING ROTATING RELATIVE TO LOAD
mm Inch ANSI f6, Inch mm Inch ANSI R7, Inch

Over Incl. Over Incl. High Low Over Incl. Over Incl. Low High

3 6 0.1181 0.2362 −0.0004 −0.0007 6 10 0.2362 0.3937 −0.0011 −0.0005
6 10 0.2362 0.3937 −0.0005 −0.0009 10 18 0.3937 0.7087 −0.0013 −0.0006

10 18 0.3937 0.7087 −0.0006 −0.0011 18 30 0.7087 1.1811 −0.0016 −0.0008
18 30 0.7087 1.1811 −0.0008 −0.0013 30 50 1.1811 1.9685 −0.0020 −0.0010
30 50 1.1811 1.9685 −0.0010 −0.0016 50 65 1.9685 2.5591 −0.0024 −0.0012
50 80 1.9685 3.1496 −0.0012 −0.0019 65 80 2.5591 3.1496 −0.0024 −0.0013

Basic Bore Diameter under 
Needle Rollers,Fw

Shaft Raceway Diametera

Allowable Deviation from Fw

a See text for additional requirements. 

Basic Outside
Diameter, D

Housing Bore Diametera

Allowable Deviation from D

OUTER RING STATIONARY RELATIVE TO LOAD

Inch ANSI h6, Inch Inch ANSI H7, Inch

Over Incl. High Low Over Incl. Low High

0.2362 0.3937 +0 −0.0004 0.3937 0.7087 +0 +0.0007
0.3937 0.7087 +0 −0.0004 0.7087 1.1811 +0 +0.0008
0.7087 1.1811 +0 −0.0005 1.1811 1.9685 +0 +0.0010
1.1811 1.9685 +0 −0.0006 1.9685 3.1496 +0 +0.0012
1.9685 3.1496 +0 −0.0007 3.1496 4.7244 +0 +0.0014
3.1496 4.7244 +0 −0.0009 4.7244 7.0866 +0 +0.0016
4.7244 7.0866 +0 −0.0010 7.0866 9.8425 +0 +0.0018
7.0866 9.8425 +0 −0.0011 9.8425 12.4016 +0 +0.0020

OUTER RING ROTATING RELATIVE TO LOAD
Inch ANSI f6, Inch Inch ANSI N7, Inch

Over Incl. High Low Over Incl. Low High

0.2362 0.3937 −0.0005 −0.0009 0.3937 0.7087 −0.0009 −0.0002
0.3937 0.7087 −0.0006 −0.0011 0.7087 1.1811 −0.0011 −0.0003
0.7087 1.1811 −0.0008 −0.0013 1.1811 1.9685 −0.0013 −0.0003
1.1811 1.9685 −0.0010 −0.0016 1.9685 3.1496 −0.0015 −0.0004
1.9685 3.1496 −0.0012 −0.0019 3.1496 4.7244 −0.0018 −0.0004
3.1496 4.7244 −0.0014 −0.0023 4.7244 7.0866 −0.0020 −0.0005
4.7244 7.0866 −0.0016 −0.0027 7.0866 9.8425 −0.0024 −0.0006
7.0866 9.8425 −0.0020 −0.0031 9.8425 11.2205 −0.0026 −0.0006
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Table 21. AFBMA and American National Standard Tolerance Limits for Shaft 
Diameters—Needle Roller Bearing Inner Rings, Inch Type NIR 
(Used with Bearing Type NIA) ANSI/ABMA 18.2-1982 (R1999)

For inner ring tolerance limits, see Table 13.

Most needle roller bearings do not use inner rings, but operate directly on the surfaces of
shafts. When shafts are used as inner raceways, they should be made of bearing quality
steel hardened to Rockwell C 58 minimum. Tables 15 and 19 show the shaft raceway toler-
ance limits and Table 21 shows the shaft seat tolerance limits when inner rings are used.
However, whether the shaft surfaces are used as inner raceways or as seats for inner rings,
the mean outside diameter of the shaft surface in each of several radial planes should be
determined. The difference between these mean diameters should not exceed 0.0003 inch
(0.008 mm) or one-half the diameter tolerance limit, if smaller. The radial deviation from
circular form should not exceed 0.0001 inch (0.0025 mm), for diameters up to and includ-
ing 1 in. (25.4 mm). Above one inch the allowable deviation is 0.0001 times the shaft diam-
eter. The surface finish should not exceed 16 micro-inches (0.4 micrometer) arithmetical
average. The housing bore and shaft diameter tolerance limits depend upon whether the
load rotates relative to the shaft or the housing.

Needle Roller Bearing With Cage, Machined Ring, Without Inner Ring: The following
covers needle roller bearings Type NIA and inner rings Type NIR. The shape of the hous-
ing bores should be such that when the mean bore diameter of a housing is measured in
each of several radial planes, the maximum difference between these mean diameters does
not exceed 0.0005 inch (0.013 mm) or one-half the housing bore tolerance limit, if smaller.
Also, the radial deviation from circular form should not exceed 0.00025 inch (0.006 mm).
The housing bore surface finish should not exceed 125 micro-inches (3.2 micrometers)
arithmetical average. Table 21 shows the housing bore tolerance limits.

When shafts are used as inner raceways their requirements are the same as those given
above for Needle Roller Bearings, Drawn Cup. Table 20 shows the shaft raceway tolerance
limits and Table 21 shows the shaft seat tolerance limits when inner rings are used.

Needle Roller and Cage Assemblies, Types NIM and NM: For information concerning
boundary dimensions, tolerance limits, and fitting and mounting practice, reference
should be made to ANSI/ABMA 18.1-1982 (R1999) and ANSI/ABMA 18.2-1982
(R1999).

Basic Bore,
d

Shaft Diametera

a See text for additional requirements. 

Shaft Rotating Relative to Load, 
Outer Ring Stationary 

Relative to Load Allowable 
Deviation from d

Shaft Stationary Relative
to Load, Outer Ring

Rotating Relative to LoadAllowable 
Deviation from d

Inch ANSI m5, Inch ANSI g6, Inch

Over Incl. High Low High Low

0.2362 0.3937 +0.0005 +0.0002 −0.0002 −0.0006
0.3937 0.7087 +0.0006 +0.0003 −0.0002 −0.0007
0.7087 1.1811 +0.0007 +0.0003 −0.0003 −0.0008
1.1811 1.9685 +0.0008 +0.0004 −0.0004 −0.0010
1.9685 3.1496 +0.0009 +0.0004 −0.0004 −0.0011
3.1496 4.7244 +0.0011 +0.0005 −0.0005 −0.0013
4.7244 7.0866 +0.0013 +0.0006 −0.0006 −0.0015
7.0866 9.8425 +0.0015 +0.0007 −0.0006 −0.0017
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Bearing Mounting Practice

Because of their inherent design and material rigidity, rolling contact bearings must be
mounted with careful control of their alignment and runout. Medium-speed or slower
(400,000 DN values or less where D is the bearing bore in millimeters and N is the bearing
speed in revolutions per minute), and medium to light load (C/P values of 7 or greater
where C is the bearing specific dynamic capacity in pounds and P is the average bearing
load in pounds) applications can endure misalignments equivalent to those acceptable for
high-capacity, precision journal bearings utilizing hard bearing materials such as silver,
copper-lead, or aluminum. In no case, however, should the maximum shaft deflection
exceed .001 inch per inch (or mm per mm) for well-crowned roller bearings, and .003 inch
per inch (or mm per mm) for deep-groove ball-bearings. Except for self-aligning ball-bear-
ings and spherical or barrel roller bearings, all other types require shaft alignments with
deflections no greater than .0002 inch per inch (or mm per mm). With preloaded ball bear-
ings, this same limit is recommended as a maximum. Close-clearance tapered bearings or
thrust bearings of most types require the same shaft alignment also.

Of major importance for all bearings requiring good reliability, is the location of the races
on the shaft and in the housing. 

Assembly methods must insure: 1) that the faces are square, before the cavity is closed;
2) that the cover face is square to the shoulder and pulled in evenly;  and  3) that it will be
located by a face parallel to it when finally seated against the housing.

These requirements are shown in the accompanying Table 22. In applications not con-
trolled by automatic tooling with closely controlled fixtures and bolt torquing mecha-
nisms, races should be checked for squareness by sweeping with a dial indicator mounted
as shown below. For commercial applications with moderate life and reliability require-
ments, outer race runouts should be held to .0005 inch per inch (or mm per mm) of radius
and inner race runout to .0004 inch per inch (or mm per mm) of radius. In preloaded and
precision applications, these tolerances must be cut in half. In regard to the question of
alignment, it must be recognized that rolling-contact bearings, being made of fully-hard-
ened steel, do not wear in as may certain journal bearings when carefully applied and ini-
tially operated. Likewise, rolling contact bearings absorb relatively little deflection when
loaded to C/P values of 6 or less. At such stress levels the rolling element-race deformation
is generally not over .0002 inch (5.08 µm). Consequently, proper mounting and control of
shaft deflections are imperative for reliable bearing performance. Aside from inadequate
lubrication, these factors are the most frequent causes of premature bearing failures.
Mountings for Precision and Quiet-running Applications.—In applications of rolling-
element bearings where vibration or smoothness of operation is critical, special precau-
tions must be taken to eliminate those conditions which can serve to initiate radial and axial
motions. These exciting forces can result in shaft excursions which are in resonance with
shaft or housing components over a range of frequencies from well below shaft speed to as
much as 100 times above it. The more sensitive the configuration, the greater is the need for
precision bearings and mountings to be used.

Precision bearings are normally made to much closer tolerances than standard and there-
fore benefit from better finishing techniques. Special inspection operations are required,
however, to provide races and rolling elements with smoothness and runouts compatible
with the needs of the application. Similarly, shafts and housings must be carefully con-
trolled.

Among the important elements to be controlled are shaft, race, and housing roundness;
squareness of faces, diameters, shoulders, and rolling paths. Though not readily appreci-
ated, grinding chatter, lobular and compensating out-of-roundness, waviness, and flats of
less than 0.0005 inch (0.013 mm) deviation from the average or mean diameter can cause
significant roughness. To detect these and insure the selection of good pieces, three-point
electronic indicator inspection must be made. For ultra-precise or quiet applications,
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pieces are often checked on a “Talyrond” or a similar continuous recording instrument
capable of measuring to within a few millionths of an inch. Though this may seem extreme,
it has been found that shaft deformities will be reflected through inner races shrunk onto
them. Similarly, tight-fit outer races pick up significant deviations in housings. In many
instrument and in missile guidance applications, such deviations and deformities may have
to be limited to less than 0.00002 inch (0.508 µm).

In most of these precision applications, bearings are used with rolling elements con-
trolled to less than 5 millionths of an inch deviation from roundness and within the same
range for diameter.

Special attention is required both in housing design and in assembly of the bearing to
shaft and housing. Housing response to axial excursions forced by bearing wobble (which
in itself is a result of out-of-square mounting) has been found to be a major source of small
electric and other rotating equipment noise and howl. Stiffer, more massive housings and
careful alignment of bearing races can make significant improvements in applications
where noise or vibration has been found to be objectionable.

Table 22. Commercial Application Alignment Tolerances

Squareness and Alignment.—In addition to the limits for roundness and wall variation
of the races and their supports, squareness of end faces and shoulders must be closely con-
trolled. Tolerances of .0001 inch (2.54 µm) full indicator reading per inch of diameter are
normally required for end faces and shoulders, with appropriately selected limits for fillet
eccentricities. The latter must also fall within specified limits for radii tolerances to pre-
vent interference and the resulting cocking of the race. Reference should be made to the
bearing dimension tables which list corner radii for typical bearings. Shoulders must also
be of a sufficient height to insure proper support for the races, since they are of hardened
steel and are less capable of absorbing shock loads and abuse. The general subject of
squareness and alignment is of primary importance to the life of rolling element bearings.

Feature Location Tolerance

Housing Face Runout 1 Square to shaft center within .0004 inch/inch of 
radius full indicator reading.

Outer Race Face Runout 2 Square to shaft center within .0004 inch/inch of 
radius full indicator reading and complementary 
to the housing runout (not opposed).

Inner Race Face Runout 3 Square to shaft center within .0003 inch/inch of 
radius full indicator reading.

Cover and Closure Mounting Face 

Parallelism

4 and 5 Parallel within .001.

Housing Mounting Face Parallelism 6 Parallel within .001
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The following recommendations for shaft and housing design are given by the New
Departure Division of General Motors Corporation:*

“As a rule, there is little trouble experienced with inaccuracies in shafts. Bearings seats
and locating shoulders are turned and ground to size with the shaft held on centers and,
with ordinary care, there is small chance for serious out-of-roundness or taper. Shaft shoul-
ders should present sufficient surface in contact with the bearing face to assure positive and
accurate location.

“Where an undercut must be made for wheel runout in grinding a bearing seat, care
should be exercised that no sharp corners are left, for it is at such points that fatigue is most
likely to result in shaft breakage. It is best to undercut as little as possible and to have the
undercut end in a fillet instead of a sharp corner.

“Where clamping nuts are to be used, it is important to cut the threads as true and square
as possible in order to insure even pressure at all points on the bearing inner ring faces
when the nuts are set up tight. It is also important not to cut threads so far into the bearing
seat as to leave part of the inner ring unsupported or carried on the threads. Excessive
deflection is usually the result of improperly designed or undersized machine parts. With a
weak shaft, it is possible to seriously affect bearing operation through misalignment due to
shaft deflection. Where shafts are comparatively long, the diameter between bearings must
be great enough to properly resist bending. In general, the use of more than two bearings on
a single shaft should be avoided, owing to the difficulty of securing accurate alignment.
With bearings mounted close to each other, this can result in extremely heavy bearing
loads.

“Design is as important as careful machining in construction of accurate bearing hous-
ings. There should be plenty of metal in the wall sections and large, thin areas should be
avoided as much as possible, since they are likely to permit deflection of the boring tool
when the housing is being finish-machined.

“Wherever possible, it is best to design a housing so that the radial load placed on the
bearing is transmitted as directly as possible to the wall or rib supporting the housing. Dia-
phragm walls connecting an offset housing to the main wall or side of a machine are apt to
deflect unless made thick and well braced.

“When two bearings are to be mounted opposed, but in separate housings, the housings
should be so reinforced with fins or webs as to prevent deflection due to the axial load
under which the bearings are opposed.

“Where housings are deep and considerable overhang of the boring tool is required, there
is a tendency to produce out-of-roundness and taper, unless the tool is very rigid and light
finishing cuts are taken. In a too roughly bored housing there is a possibility for the ridges
of metal to peen down under load, thus eventually resulting in too loose a fit for the bearing
outer ring.”
Soft Metal and Resilient Housings.—In applications relying on bearing housings made
of soft materials (aluminum, magnesium, light sheet metal, etc.) or those which lose their
fit because of differential thermal expansion, outer race mounting must be approached in a
cautious manner. Of first importance is the determination of the possible consequences of
race loosening and turning. In conjunction with this, the type of loading must be consid-
ered for it may serve to magnify the effect of race loosening. It must be remembered that
generally, balancing processes do not insure zero unbalance at operating speeds, but rather
an “acceptable” maximum. This force exerted by the rotating element on the outer race can
initiate a precession which will aggravate the race loosening problem by causing further
attrition through wear, pounding, and abrasion. Since this force is generally of an order
greater than the friction forces in effect between the outer race, housing, and closures
(retaining nuts also), no foolproof method can be recommended for securing outer races in
housings which deform significantly under load or after appreciable service wear. Though
* New Departure Handbook. Vol. II — 1951. 
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many such “fixes” are offered, the only sure solution is to press the race into a housing of
sufficient stiffness with the heaviest fit consistent with the installed and operating clear-
ances. In many cases, inserts, or liners of cast iron or steel are provided to maintain the
desired fit and increase useful life of both bearing and housing.

Quiet or Vibration-free Mountings.—In seeming contradiction is the approach to bear-
ing mountings in which all shaft or rotating element excursions must be isolated from the
frame, housing, or supporting structure. Here bearing outer races are often supported on
elastomeric or metallic springs. Fundamentally, this is an isolation problem and must be
approached with caution to insure solution of the primary bearing objective — location
and restraint of the rotating body, as well as the reduction or elimination of the dynamic
problem. Again, the danger of skidding rolling elements must be considered and reference
to the resident engineers or sales engineers of the numerous bearing companies is recom-
mended, as this problem generally develops requirements for special, or non-catalog-type
bearings.

General Mounting Precautions.—Since the last operations involving the bearing appli-
cation — mounting and closing — have such important effects on bearing performance,
durability, and reliability, it must be cautioned that more bearings are abused or “killed” in
this early stage of their life than wear out or “die” under conditions for which they were
designed. Hammer and chisel “mechanics” invariably handle bearings as though no blow
could be too hard, no dirt too abrasive, and no misalignment of any consequence. Proper
tools, fixtures, and techniques are a must for rolling bearing application, and it is the
responsibility of the design engineer to provide for this in his design, advisory notes,
mounting instructions, and service manuals. Nicks, dents, scores, scratches, corrosion
staining, and dirt must be avoided if reliability, long life, and smooth running are to be
expected of rolling bearings. All manufacturers have pertinent service instructions avail-
able for the bearing user. These should be followed for best performance. In a later section,
methods for inspecting bearings and descriptions of most common bearing deficiencies
will be given.

Seating Fits for Bearings.—Anti-Friction Bearing Manufacturers Association
(AFBMA) standard shaft and housing bearing seat tolerances are given in Tables 13
through 18, inclusive.

Clamping and Retaining Methods.—Various methods of clamping bearings to prevent
axial movement on the shaft are employed, one of the most common being a nut screwed
on the end of the shaft and held in place by a tongued lock washer (see Table 23). The shaft
thread for the clamping nut (see Table 24) should be cut in accurate relation to bearing seats
and shoulders if bearing stresses are to be avoided. The threads used are of American
National Form, Class 3; special diameters and data for these are given in Tables 25 and 26.
Where somewhat closer than average accuracy is required, the washers and locknut faces
may be obtained ground for closer alignment with the threads. For a high degree of accu-
racy the shaft threads are ground and a more precise clamping means is employed. Where
a bearing inner ring is to be clamped, it is important to provide a sufficiently high shoulder
on the shaft to locate the bearing positively and accurately. If the difference between bear-
ing bore and maximum shaft diameter gives a low shoulder which would enter the corner
of the radius of the bearing, a shoulder ring that extends above the shoulder and well into
the shaft corner is employed. A shoulder ring with snap wire fitting into a groove in the
shaft is sometimes used where no locating shaft shoulder is present. A snap ring fitting into
a groove is frequently employed to prevent endwise movement of the bearing away from
the locating shoulder where tight clamping is not required. Such a retaining ring should not
be used where a slot in the shaft surface might lead to fatigue failure. Snap rings are also
used to locate the outer bearing ring in the housing. Dimensions of snap rings used for this
latter purpose are given in AFBMA and ANSI standards.
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Table 23. AFBMA Standard Lockwashers (Series W-00) for Ball Bearings and Cylindrical and Spherical 
Roller Bearings and (Series TW-100) for Tapered Roller Bearings. Inch Design.

All dimensions in inches. For dimensions in millimeters, multiply inch values by 25.4 and round result to two decimal places.

Data for sizes larger than shown are given in ANSI/AFBMA Standard 8.2-1991.

Type W 
No. Q Type TW No. Q

Tangs Key Bore R Diameter Dia. Over Tangs. 
Max.

No.

Widtha

a Tolerances: On width, T,−.010 inch for Types W-00 to W-03 and TW-100 to TW-103; −.020 inch for W-04 to W-07 and TW-104 to TW-107; −.030 inch for all others
shown. On Projection V, +.031 inch for all sizes up through W-13 and TW-113; +.062 inch for all others shown. 

Project.a Width S X X ′
Min. Max. E Tol.T V Min. Max. Min. Max. Min. Max. B B ′

W-00 .032 TW-100 .032 9 .120 .031 .110 .120 .334 .359 .334 .359 .406 0.421 0.625 +.015 0.875 0.891
W-01 .032 TW-101 .032 9 .120 .031 .110 .120 .412 .437 .412 .437 .484 .499 0.719 +.015 1.016 1.031
W-02 .032 TW-102 .048 11 .120 .031 .110 .120 .529 .554 .513 .538 .601 .616 0.813 +.015 1.156 1.156
W-03 .032 TW-103 .048 11 .120 .031 .110 .120 .607 .632 .591 .616 .679 .694 0.938 +.015 1.328 1.344
W-04 .032 TW-104 .048 11 .166 .031 .156 .176 .729 .754 .713 .738 .801 .816 1.125 +.015 1.531 1.563
W-05 .040 TW-105 .052 13 .166 .047 .156 .176 .909 .939 .897 .927 .989 1.009 1.281 +.015 1.719 1.703
W-06 .040 TW-106 .052 13 .166 .047 .156 .176 1.093 1.128 1.081 1.116 1.193 1.213 1.500 +.015 1.922 1.953

TW-065 .052 15 .166 … .156 .176 … … 1.221 1.256 1.333 1.353 1.813 +.015 … 2.234
W-07 .040 TW-107 .052 15 .166 .047 .156 .176 1.296 1.331 1.284 1.319 1.396 1.416 1.813 +.015 2.250 2.250
W-08 .048 TW-108 .062 15 .234 .047 .250 .290 1.475 1.510 1.461 1.496 1.583 1.603 2.000 +.030 2.469 2.484
W-09 .048 TW-109 .062 17 .234 .062 .250 .290 1.684 1.724 1.670 1.710 1.792 1.817 2.281 +.030 2.734 2.719
W-10 .048 TW-110 .062 17 .234 .062 .250 .290 1.884 1.924 1.870 1.910 1.992 2.017 2.438 +.030 2.922 2.922
W-11 .053 TW-111 .062 17 .234 .062 .250 .290 2.069 2.109 2.060 2.100 2.182 2.207 2.656 ±.030 3.109 3.094
W-12 .053 TW-112 .072 17 .234 .062 .250 .290 2.267 2.307 2.248 2.288 2.400 2.425 2.844 +.030 3.344 3.328
W-13 .053 TW-113 .072 19 .234 .062 .250 .290 2.455 2.495 2.436 2.476 2.588 2.613 3.063 +.030 3.578 3.563
W-14 .053 TW-114 .072 19 .234 .094 .250 .290 2.658 2.698 2.639 2.679 2.791 2.816 3.313 +.030 3.828 3.813
W-15 .062 TW-115 .085 19 .328 .094 .250 .290 2.831 2.876 2.808 2.853 2.973 3.003 3.563 +.030 4.109 4.047
W-16 .062 TW-116 .085 19 .328 .094 .313 .353 3.035 3.080 3.012 3.057 3.177 3.207 3.844 +.030 4.375 4.391

Machinery's Handbook 29th Edition
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Table 24. AFBMA Standard Locknuts (Series N-00) for Ball Bearings and Cylindrical and Spherical 
Roller Bearings and (Series TN-00) for Tapered Roller Bearings. Inch Design.

All dimensions in inches. For dimensions in millimeters, multiply inch values, except thread diameters, by 25.4 and round result to two decimal places.

Threads are American National form, Class 3.

Typical steels for locknuts are: AISI, C1015, C1018, C1020, C1025, C1035, C1117, C1118, C1212, C1213, and C1215. Minimum hardness, tensile strength, yield
strength and elongation are given in ANSI/ABMA 8.2-1991 which also lists larger sizes of locknuts.

BB &
RB

Nut No.

TRB
Nut
 No.

Thds.
per

Inch

Thread Minor
Dia.

Thread Pitch
Dia.

Thd. Major
Dia. d

Outside
Dia. C

Face Dia.
E

Slot dimension Thickness
DWidth G Height H

Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Max. Min. Max.

N-00 — 32 0.3572 0.3606 0.3707 0.3733 0.391 0.755 .605 .625 .120 .130 .073 .209 .229
N-01 — 32 0.4352 0.4386 0.4487 0.4513 0.469 0.880 .699 .719 .120 .130 .073 .303 .323
N-02 — 32 0.5522 0.5556 0.5657 0.5687 0.586 1.005 .793 .813 .120 .130 .104 .303 .323
N-03 — 32 0.6302 0.6336 0.6437 0.6467 0.664 1.130 .918 .938 .120 .130 .104 .334 .354
N-04 — 32 0.7472 0.7506 0.7607 0.7641 0.781 1.380 1.105 1.125 .178 .198 .104 .365 .385
N-05 — 32 0.9352 0.9386 0.9487 0.9521 0.969 1.568 1.261 1.281 .178 .198 .104 .396 .416
N-06 — 18 1.1129 1.1189 1.1369 1.1409 1.173 1.755 1.480 1.500 .178 .198 .104 .396 .416

TN-065 18 1.2524 1.2584 1.2764 1.2804 1.312 2.068 1.793 1.813 .178 .198 .104 .428 .448
N-07 TN-07 18 1.3159 1.3219 1.3399 1.3439 1.376 2.068 1.793 1.813 .178 .198 .104 .428 .448
N-08 TN-08 18 1.5029 1.5089 1.5269 1.5314 1.563 2.255 1.980 2.000 .240 .260 .104 .428 .448
N-09 TN-09 18 1.7069 1.7129 1.7309 1.7354 1.767 2.536 2.261 2.281 .240 .260 .104 .428 .448
N-10 TN-10 18 1.9069 1.9129 1.9309 1.9354 1.967 2.693 2.418 2.438 .240 .260 .104 .490 .510
N-11 TN-11 18 2.0969 2.1029 2.1209 2.1260 2.157 2.974 2.636 2.656 .240 .260 .135 .490 .510
N-12 TN-12 18 2.2999 2.3059 2.3239 2.3290 2.360 3.161 2.824 2.844 .240 .260 .135 .521 .541
N-13 TN-13 18 2.4879 2.4949 2.5119 2.5170 2.548 3.380 3.043 3.063 .240 .260 .135 .553 .573
N-14 TN-14 18 2.6909 2.6969 2.7149 2.7200 2.751 3.630 3.283 3.313 .240 .260 .135 .553 .573

AN-15 TAN-15 12 2.8428 2.8518 2.8789 2.8843 2.933 3.880 3.533 3.563 .360 .385 .135 .584 .604

Machinery's Handbook 29th Edition
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Table 25. AFBMA Standard for Shafts for Locknuts (series N-00) for Ball Bearings and 
Cylindrical and Spherical Roller Bearings. Inch Design.

All dimensions in inches. For dimensions in millimeters, multiply inch values, except thread diameters, by 25.4 and round result to two decimal places. See footnote
to Table 26 for material other than sttel.For sizes larger than shown, see ANSI/ABMA 8.2-1991.

Locknut
Number

Bearing
Bore

V2

Threadsa

a Threads are American National form Class 3. 

Relief Keyway

No. per
inch

Major
Dia.

Pitch
Dia.

Minor
Dia.

Length
L

Dia.
A

Width
W

Depth
H

Width
S M

Max. Max. Max. Max. Max. Max. Max. Min. Min. Min.

N-00 0.3937 0.312 32 0.391 0.3707 0.3527 0.297 0.3421 0.078 0.062 0.125 0.094
N-01 0.4724 0.406 32 0.469 0.4487 0.4307 0.391 0.4201 0.078 0.062 0.125 0.094
N-02 0.5906 0.500 32 0.586 0.5657 0.5477 0.391 0.5371 0.078 0.078 0.125 0.094
N-03 0.6693 0.562 32 0.664 0.6437 0.6257 0.422 0.6151 0.078 0.078 0.125 0.094
N-04 0.7874 0.719 32 0.781 0.7607 0.7427 0.453 0.7321 0.078 0.078 0.188 0.094
N-05 0.9843 0.875 32 0.969 0.9487 0.9307 0.484 0.9201 0.078 0.094 0.188 0.125
N-06 1.1811 1.062 18 1.173 1.1369 1.1048 0.484 1.0942 0.109 0.094 0.188 0.125
N-07 1.3780 1.250 18 1.376 1.3399 1.3078 0.516 1.2972 0.109 0.094 0.188 0.125
N-08 1.5748 1.469 18 1.563 1.5269 1.4948 0.547 1.4842 0.109 0.094 0.312 0.125
N-09 1.7717 1.688 18 1.767 1.7309 1.6988 0.547 1.6882 0.141 0.094 0.312 0.156
N-10 1.9685 1.875 18 1.967 1.9309 1.8988 0.609 1.8882 0.141 0.094 0.312 0.156
N-11 2.1654 2.062 18 2.157 2.1209 2.0888 0.609 2.0782 0.141 0.125 0.312 0.156
N-12 2.3622 2.250 18 2.360 2.3239 2.2918 0.641 2.2812 0.141 0.125 0.312 0.156
N-13 2.5591 2.438 18 2.548 2.5119 2.4798 0.672 2.4692 0.141 0.125 0.312 0.156
N-14 2.7559 2.625 18 2.751 2.7149 2.6828 0.672 2.6722 0.141 0.125 0.312 0.250
AN-15 2.9528 2.781 12 2.933 2.8789 2.8308 0.703 2.8095 0.172 0.125 0.312 0.250
AN-16 3.1496 3.000 12 3.137 3.0829 3.0348 0.703 3.0135 0.172 0.125 0.375 0.250

Machinery's Handbook 29th Edition
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Table 26. AFBMA Standard for Shafts for Tapered Roller Bearing Locknuts. Inch Design.

All dimensions in inches. For dimensions in millimeters, multiply inch values, except thread diameters, by 25.4 and round results to two decimal places.These data
apply to steel. When either the nut or the shaft is made of stainless steel, aluminum, or other material having a tendency to seize, it is recommended that the maximum
thread diameter of the shaft, both major and pitch, be reduced by 20 per cent of the pitch diameter tolerance listed in the Standard.For sizes larger than shown, see
ANSI/ABMA 8.2-1991.

Locknut
Number

Bearing
Bore

V2

Threadsa

a Threads are American National form Class 3. 

Relief Keyway

No. per
inch

Major
Dia.

Pitch
Dia.

Minor
Dia.

Length Dia.
A

Width
W

Depth
H

Width
S M UL1 L2

Max. Max. Max. Max. Max. Max. Max. Max. Max. Min. Min. Min.

N-00 0.3937 0.312 32 0.391 0.3707 0.3527 0.609 0.391 0.3421 0.078 0.094 0.125 0.094 0.469
N-01 0.4724 0.406 32 0.469 0.4487 0.4307 0.797 0.484 0.4201 0.078 0.094 0.125 0.094 0.562
N-02 0.5906 0.500 32 0.586 0.5657 0.5477 0.828 0.516 0.5371 0.078 0.094 0.125 0.094 0.594
N-03 0.6693 0.562 32 0.664 0.6437 0.6257 0.891 0.547 0.6151 0.078 0.078 0.125 0.094 0.625
N-04 0.7874 0.703 32 0.781 0.7607 0.7427 0.922 0.547 0.7321 0.078 0.094 0.188 0.094 0.625
N-05 0.9843 0.875 32 0.969 0.9487 0.9307 1.016 0.609 0.9201 0.078 0.125 0.188 0.125 0.719
N-06 1.1811 1.062 18 1.173 1.1369 1.1048 1.016 0.609 1.0942 0.109 0.125 0.188 0.125 0.719
TN-065 1.3750 1.188 18 1.312 1.2764 1.2443 1.078 0.641 1.2337 0.109 0.125 0.188 0.125 0.750
TN-07 1.3780 1.250 18 1.376 1.3399 1.3078 1.078 0.641 1.2972 0.109 0.125 0.188 0.125 0.750
TN-08 1.5748 1.438 18 1.563 1.5269 1.4948 1.078 0.641 1.4842 0.109 0.125 0.312 0.125 0.750
TN-09 1.7717 1.656 18 1.767 1.7309 1.6988 1.078 0.641 1.6882 0.141 0.125 0.312 0.156 0.781
TN-10 1.9685 1.859 18 1.967 1.9309 1.8988 1.203 0.703 1.882 0.141 0.125 0.312 0.156 0.844
TN-11 2.1654 2.047 18 2.157 2.1209 2.0888 1.203 0.703 2.0782 0.141 0.125 0.312 0.156 0.844
TN-12 2.3622 2.250 18 2.360 2.3239 2.2918 1.297 0.766 2.2812 0.141 0.156 0.312 0.156 0.906
TN-13 2.5591 2.422 18 2.548 2.5119 2.4798 1.359 0.797 2.4692 0.141 0.156 0.312 0.156 0.938
TN-14 2.7559 2.625 18 2.751 2.7149 2.6828 1.359 0.797 2.6722 0.141 0.156 0.312 0.250 1.000
TAN-15 2.9528 2.781 12 2.933 2.8789 2.8308 1.422 0.828 2.8095 0.172 0.188 0.312 0.250 1.031
TAN-16 3.1496 3.000 12 3.137 3.0829 3.0348 1.422 0.828 3.0135 0.172 0.188 0.375 0.250 1.031
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Bearing Closures.—Shields, seals, labyrinths, and slingers are employed to retain the
lubricant in the bearing and to prevent the entry of dirt, moisture, or other harmful sub-
stances. The type selected for a given application depends upon the lubricant, shaft, speed,
and the atmospheric conditions in which the unit is to operate. The shields or seals may be
located in the bearing itself. Shields differ from seals in that they are attached to one bear-
ing race but there is a definite clearance between the shield and the other, usually the inner,
race. When a shielded bearing is placed in a housing in which the grease space has been
filled, the bearing in running will tend to expel excess grease past the shields or to accept
grease from the housing when the amount in the bearing itself is low.

Seals of leather, rubber, cork, felt, or plastic composition may be used. Since they must
bear against the rotating member, excessive pressure should be avoided and some lubri-
cant must be allowed to flow into the area of contact in order to prevent seizing and burning
of the seal and scoring of the rotating member. Some seals are made up in the form of car-
tridges which can be pressed into the end of the bearing housing.

Leather seals may be used over a wide range of speeds. Although lubricant is best
retained with a leather cupped inward toward the bearing, this arrangement is not suitable
at high speeds due to danger of burning the leather. At high speeds where abrasive dust is
present, the seal should be arranged with the leather cupped outward to lead some lubricant
into the contact area. Only light pressure of leather against the shaft should be maintained.

Bearing Fits.—The slipping or creeping of a bearing ring on a rotating shaft or in a rotat-
ing housing occurs when the fit of the ring on the shaft or in the housing is loose. Such slip-
ping or creeping action may cause rapid wear of both shaft and bearing ring when the
surfaces are dry and highly loaded. To prevent this action the bearing is customarily
mounted with the rotating ring a press fit and the stationary ring a push fit, the tightness or
looseness depending upon the service intended. Thus, where shock or vibratory loads are
to be encountered, fits should be made somewhat tighter than for ordinary service. The sta-
tionary ring, if correctly fitted, is allowed to creep very slowly so that prolonged stressing
of one part of the raceway is avoided.

To facilitate the assembly of a bearing on a shaft it may become necessary to expand the
inner ring by heating. This should be done in clean oil or in a temperature-controlled fur-
nace at a temperature of between 200 and 250°F (93 to 121°C). The utmost care must be
used to make sure that the temperature does not exceed 250°F. as overheating will tend to
reduce the hardness of the rings. Prelubricated bearings should not be mounted by this
method.

Design Considerations

Friction Losses in Rolling Element Bearings.—The static and kinematic torques of roll-
ing element bearings are generally small and in many applications are not significant.
Bearing torque is a measure of the frictional resistance of the bearing to rotation and is the
sum of three components: the torque due to the applied load; the torque due to viscous
forces in lubricated rolling element bearings; and the torque due to roller end motions, for
example, thrust loads against flanges. The friction or torque data may be used to calculate
power absorption or heat generation within the bearing and can be utilized in efficiency or
system-cooling studies.

Empirical equations have been developed for each of the torque components. These
equations are influenced by such factors as bearing load, lubrication environment, and
bearing design parameters. These design parameters include sliding friction from contact
between the rolling elements and separator surfaces or between adjacent rolling elements;
rolling friction from material deformations during the passage of the rolling elements over
the race path; skidding or sliding of the Hertzian contact; and windage friction as a function
of speed.
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Starting or breakaway torques are also of interest in some situations. Breakaway torques
tend to be between 1.5 and 1.8 times the running or kinetic torques.

When evaluating the torque requirements of a system under design, it should be noted
that other components of the bearing package, such as seals and closures, can increase the
overall system torque significantly. Seal torques have been shown to vary from a fraction
of the bearing torque to several times that torque. In addition, the torque values given can
vary significantly when load, speed of rotation, temperature, or lubrication are outside nor-
mal ranges.

For small instrument bearings friction torque has implications more critical than for
larger types of bearings. These bearings have three operating friction torques to consider:
starting torque, normal running torque, and peak running torque. These torque levels may
vary between manufacturers and among lots from a given manufacturer.

Instrument bearings are even more critically dependent on design features — radial play,
retainer type, and race conformity — than larger bearings. Typical starting torque values
for small bearings are given in the accompanying table, extracted from the New Departure
General Catalog.

Finally, if accurate control of friction torque is critical to a particular application, tests of
the selected bearings should be conducted to evaluate performance.

Starting Torque — ABEC7

Selection of Ball and Roller Bearings.—As compared with sleeve bearings, ball and
roller bearings offer the following advantages: 1) Starting friction is low;  2) Less axial
space is required;  3) Relatively accurate shaft alignment can be maintained;  4 )  Bo th
radial and axial loads can be carried by certain types;  5) Angle of load application is not
restricted;  6) Replacement is relatively easy;  7) Comparatively heavy overloads can be
carried momentarily;  8) Lubrication is simple;  and  9) Design and application can be
made with the assistance of bearing supplier engineers.

In selecting a ball or roller bearing for a specific application five choices must be made:

1) the bearing series;  2) the type of bearing;  3) the size of bearing;  4) the method of lubri-
cation;  and  5) the type of mounting.

Naturally these considerations are modified or affected by the anticipated operating con-
ditions, expected life, cost, and overhaul philosophy. 

Bearing Bore
(in.)

Max. Starting
Torque
(g cm)

Thrust
Load
(g)

Minimum Radial Play Range (inches)
High Carbon Chrome

Steel and All Miniatures
Stainless Steel

Except Miniatures

0.125 0.10 75 0.0003-0.0005 —
0.14 75 0.0002-0.0004 0.0004-0.0006
0.18 75 0.0001-0.0003 0.0003-0.0005
0.22 75 0.0001-0.0003 0.0001-0.0003

0.1875-0.312 0.40 400 0.0005-0.0008 —
0.45 400 0.0004-0.0006 0.0005-0.0008
0.50 400 0.0003-0.0005 0.0003-0.0005
0.63 400 0.0001-0.0003 0.0002-0.0004

0.375 0.50 400 0.0005-0.0008 0.0008-0.0011
0.63 400 0.0004-0.0006 0.0005-0.0008
0.75 400 0.0003-0.0005 0.0004-0.0006
0.95 400 0.0002-0.0004 0.0003-0.0005
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It is well to review the possible history of the bearing and its function in the machine it
will be applied to, thus: 1) Will it be expected to endure removal and reapplication?;
2) Must it be free from maintenance attention during its useful life?;  3) Can wear of the
housing or shaft be tolerated during the overhaul period?;  4) Must it be adjustable to take
up wear, or to change shaft location?;  5) How accurately can the load spectrum be esti-
mated?;  and  6) Will it be relatively free from abuse in operation?.

Though many cautions could be pointed out, it should always be remembered that inade-
quate design approaches limit the utilization of rolling element bearings, reduce customer
satisfaction, and reduce reliability. Time spent in this stage of design is the most rewarding
effort of the bearing engineer, and here again he can depend on the bearing manufacturers'
field organization for assistance.

Type: Where loads are low, ball bearings are usually less expensive than roller bearings
in terms of unit-carrying capacity. Where loads are high, the reverse is usually true.

For a purely radial load, almost any type of radial bearing can be used, the actual choice
being determined by other factors. To support a combination of thrust and radial loads,
several types of bearings may be considered. If the thrust load component is large, it may
be most economical to provide a separate thrust bearing. When a separate thrust bearing
cannot be used due to high speed, lack of space, or other factors, the following types may
be considered: angular contact ball bearing, deep groove ball bearing without filling slot,
tapered roller bearing with steep contact angle, and self-aligning bearing of the wide type.
If movement or deflection in an axial direction must be held to a minimum, then a separate
thrust bearing or a preloaded bearing capable of taking considerable thrust load is required.
To minimize deflection due to a moment in an axial plane, a rigid bearing such as a double
row angular contact type with outwardly converging load lines is required. In such cases,
the resulting stresses must be taken into consideration in determining the proper size of the
bearing.

For shock loads or heavy loads of short duration, roller bearings are usually preferred.
Special bearing designs may be required where accelerations are usually high as in plan-

etary or crank motions.
Where the problem of excessive shaft deflection or misalignment between shaft and

housing is present, a self-aligning type of bearing may be a satisfactory solution.
It should be kept in mind that a great deal of difficulty can be avoided if standard types of

bearings are used in preference to special designs, wherever possible.
Size: The size of bearing required for a given application is determined by the loads that

are to be carried and, in some cases, by the amount of rigidity that is necessary to limit
deflection to some specified amount.

The forces to which a bearing will be subjected can be calculated by the laws of engineer-
ing mechanics from the known loads, power, operating pressure, etc. Where loads are
irregular, varying, or of unknown magnitude, it may be difficult to determine the actual
forces. In such cases, empirical determination of such forces, based on extensive experi-
ence in bearing design, may be needed to attack the problem successfully. Where such
experience is lacking, the bearing manufacturer should be consulted or the services of a
bearing expert obtained.

If a ball or roller bearing is to be subjected to a combination of radial and thrust loads, an
equivalent radial load is computed in the case of radial or angular type bearings and an
equivalent thrust load is computed in the case of thrust bearings.
Method of Lubrication.—If speeds are high, relubrication difficult, the shaft angle other
than horizontal, the application environment incompatible with normal lubrication, leak-
age cannot be tolerated; if other elements of the mechanism establish the lubrication
requirements, bearing selection must be made with these criteria as controlling influences.
Modern bearing types cover a wide selection of lubrication means. Though the most popu-
lar type is the “cartridge” type of sealed grease ball bearing, many applications have
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requirements which dictate against them. Often, operating environments may subject
bearings to temperatures too high for seals utilized in the more popular designs. If minute
leakage or the accumulation of traces of dirt at seal lips cannot be tolerated by the applica-
tion (as in baking industry machinery), then the selections of bearings must be made with
other sealing and lubrication systems in mind.

High shaft speeds generally dictate bearing selection based on the need for cooling, the
suppression of churning or aeration of conventional lubricants, and most important of all,
the inherent speed limitations of certain bearing types. An example of the latter is the effect
of cage design and of the roller-end thrust-flange contact on the lubrication requirements in
commercial taper roller bearings, which limit the speed they can endure and the thrust load
they can carry. Reference to the manufacturers' catalog and application-design manuals is
recommended before making bearing selections.

See Selecting a Suitable Lubricant on page 2433 for more information on this topic.

Type of Mounting.—Many bearing installations are complicated because the best
adapted type was not selected. Similarly, performance, reliability, and maintenance oper-
ations are restricted because the mounting was not thoroughly considered. There is no uni-
versally adaptable bearing for all needs. Careful reviews of the machine requirements
should be made before designs are implemented. In many cases complicated machining,
redundant shaft and housings, and use of an oversize bearing can be eliminated if the
proper bearing in a well-thought-out mounting is chosen.

Advantage should be taken of the many race variations available in “standard” series of
bearings. Puller grooves, tapered sleeves, ranged outer races, split races, fully demount-
able rolling-element and cage assemblies, flexible mountings, hydraulic removal features,
relubrication holes and grooves, and many other innovations are available beyond the
obvious advantages which are inherent in the basic bearing types.

Radial and Axial Clearance.—In designing the bearing mounting, a major consideration
is to provide running clearances consistent with the requirements of the application. Race
fits must be expected to absorb some of the original bearing clearance so that allowance
should be made for approximately 80 per cent of the actual interference showing up in the
diameter of the race. This will increase for heavy, stiff housings or for extra light series
races shrunk onto solid shafts, while light metal housings (aluminum, magnesium, or sheet
metal) and tubular shafts with wall sections less than the race wall thickness will cause a
lesser change in the race diameter.

Where the application will impose heat losses through housing or shaft, or where a tem-
perature differential may be expected, allowances must be made in the proper direction to
insure proper operating clearance. Some compromises are required in applications where
the indicated modification cannot be fully accommodated without endangering the bear-
ing performance at lower speeds, during starting, or under lower temperature conditions
than anticipated. Some leeway can be relied on with ball bearings since they can run with
moderate preloads (0.0005 inch or 12.7 µm, max.) without affecting bearing life or tem-
perature rise. Roller bearings, however, have a lesser tolerance for preloading, and must be
carefully controlled to avoid overheating and resulting self-destruction.

In all critical applications axial and radial clearances should be checked with feeler gages
or dial indicators to insure mounted clearances within tolerances established by the design
engineer. Since chips, scores, race misalignment, shaft or housing denting, housing distor-
tion, end cover (closure) off-squareness, and mismatch of rotor and housing axial dimen-
sions can rob the bearing of clearance, careful checks of running clearance is
recommended.

For precision applications, taper-sleeve mountings, opposed ball or tapered-roller bear-
ings with adjustable or shimmed closures are employed to provide careful control of radial
and/or axial clearances. This practice requires skill and experience as well as the initial
assistance of the bearing manufacturer's field engineer.
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Tapered bore bearings are often used in applications such as these, again requiring care-
ful and well worked-out assembly procedures. They can be assembled on either tapered
shafts or on adapter sleeves. Advancement of the inner race over the tapered shaft can be
done either by controlled heating (to expand the race as required) or by the use of a hydrau-
lic jack. The adapter sleeve is supplied with a lock-nut which is used to advance the race on
the tapered sleeve. With the heavier fits normally required to effect the clearance changes
compatible with such mountings, hydraulic removal devices are normally recommended.

For the conventional application, with standard fits, clearances provided in the standard
bearing are suitable for normal operation. To insure that the design conditions are “nor-
mal,” a careful review of the application requirements, environments, operating speed
range, anticipated abuses, and design parameters must be made.
General Bearing Handling Precautions.—To insure that rolling element bearings are
capable of achieving their design life and that they perform without objectionable noise,
temperature rise, or shaft excursions, the following precautions are recommended:

1) Use the best bearing available for the application, consistent with the value of the
application. Remember, the cost of the best bearing is generally small compared to the
replacement costs of the rotating components that can be destroyed if a bearing fails or
malfunctions.

2) If questions arise in designing the bearing application, seek out the assistance of the
bearing manufacturer's representative.

3) Handle bearings with care, keeping them in the sealed, original container until ready to
use.

4) Follow the manufacturer's instructions in handling and assembling the bearings.
5) Work with clean tools, clean dry hands, and in clean surroundings.
6) Do not wash or wipe bearings prior to installation unless special instructions or

requirements have been established to do so.
7) Place unwrapped bearings on clean paper and keep them similarly covered until

applied, if they cannot be kept in the original container.
8) Don't use wooden mallets, brittle or chipped tools, or dirty fixtures and tools in mount-

ing bearings.
9) Don't spin uncleaned bearings, nor spin any bearing with an air blast.
10) Use care not to scratch or nick bearings.
11) Don't strike or press on race flanges.
12) Use adapters for mounting which provide uniform steady pressure rather than ham-

mering on a drift or sleeve.
13) Insure that races are started onto shafts and into housings evenly so as to prevent

cocking.
14) Inspect shafts and housings before mounting bearing to insure that proper fits will be

maintained.
15) When removing bearings, clean housings, covers, and shafts before exposing the

bearings. All dirt can be considered an abrasive, dangerous to the reuse of any rolling bear-
ing.

16) Treat used bearings, which may be reused, as new ones.
17) Protect dismantled bearings from dirt and moisture.
18) Use clean, lint-free rags if bearings are wiped.
19) Wrap bearings in clean, oil-proof paper when not in use.
20) Use clean filtered, water-free Stoddard's solvent or flushing oil to clean bearings.
21) In heating bearings for mounting onto shafts, follow manufacturer's instructions.
22) In assembling bearings onto shafts never strike the outer race, or press on it to force

the inner race. Apply the pressure on the inner race only. In dismantling follow the same
precautions.

23) Do not press, strike, or otherwise force the seal or shield on factory-sealed bearings.



BALL AND ROLLER BEARINGS 2403

Bearing Failures, Deficiencies, and Their Origins.—The general classifications of fail-
ures and deficiencies requiting bearing removal are:

1) Overheating due to a) Inadequate or insufficient lubrication;  b) Excessive lubrica-
tion;  c) Grease liquefaction or aeration;  d) Oil foaming;  e) Abrasive or corrosive action
due to contaminants in bearing;  f) Distortion of housing due to warping, or out-of-round;
g) Seal rubbing or failure;  h) Inadequate or blocked scavenge oil passages;  i) Inadequate
bearing-clearance or bearing-preload;  j) Race turning;  k) Cage wear;  and  l )  Sh a f t
expansion-loss of bearing or seal clearance.

2) Vibration due to  a) Dirt or chips in bearing;  b) Fatigued race or rolling elements;
c) Race turning;  d) Rotor unbalance;  e) Out-of-round shaft;  f )  Race misal ignment ;
g) Housing resonance;  h) Cage wear;  i) Flats on races or rolling elements;  j) Excessive
clearance;  k) Corrosion;  l) False-brinelling or indentation of races;  m) Electrical dis-
charge (similar to corrosion effects);  n) Mixed rolling element diameters;  and  o) Out-of-
square rolling paths in races.

3) Turning on shaft due to a) Growth of race due to overheating;  b )  F r e t t i ng  wea r ;
c) Improper initial fit;  d) Excessive shaft deflection;  e) Initially coarse shaft finish;  an d
f) Seal rub on inner race.

4) Binding of the shaft due to a) Lubricant breakdown;  b) Contamination by abrasive or
corrosive matter;  c) Housing distortion or out-of-round pinching bearing;  d )  Un ev en
shimming of housing with loss of clearance;  e) Tight rubbing seals;  f) Preloaded bear-
ings;  g) Cocked races;  h) Loss of clearance due to excessive tightening of adapter;
i) Thermal expansion of shaft or housing;  and  j) Cage failure.

5) Noisy bearing due to a) Lubrication breakdown, inadequate lubrication, stiff grease;
b) Contamination;  c) Pinched bearing;  d) Seal rubbing;  e) Loss of clearance and preload-
ing;  f) Bearing slipping on shaft or in housing;  g) Flatted roller or ball;  h) Brinelling due
to assembly abuse, handling, or shock loads;  i) Variation in size of rolling elements;
j) Out-of-round or lobular shaft;  k) Housing bore waviness;  and  l) Chips or scores under
bearing race seat.

6) Displaced shaft due to a) Bearing wear;  b) Improper housing or closure assembly;
c) Overheated and shifted bearing;  d) Inadequate shaft or housing shoulder;  e) Lubrica-
tion and cage failure permitting rolling elements to bunch;  f) Loosened retainer nut or
adapter;  g) Excessive heat application in assembling inner race, causing growth and shift-
ing on shaft;  and  h) Housing pounding out.

7) Lubricant leakage due to a) Overfilling of lubricant;  b) Grease churning due to use of
too soft a consistency;  c) Grease deterioration due to excessive operating temperature;
d) Operating life longer than grease life (grease breakdown, aeration, and purging);
e) Seal wear;  f) Wrong shaft attitude (bearing seals designed for horizontal mounting
only);  g) Seal failure;  h) Clogged breather;  i) Oil foaming due to churning or air flow
through housing;  j) Gasket (O-ring) failure or misapplication;  k) Porous housing or clo-
sure;  and  l) Lubricator set at wrong flow rate.

Load Ratings and Fatigue Life

Ball and Roller Bearing Life.—The performance of ball and roller bearings is a function
of many variables. These include the bearing design, the characteristics of the material
from which the bearings are made, the way in which they are manufactured, as well as
many variables associated with their application. The only sure way to establish the satis-
factory operation of a bearing selected for a specific application is by actual performance
in the application. As this is often impractical, another basis is required to estimate the suit-
ability of a particular bearing for a given application. Two factors are taken into consider-
ation: the bearing fatigue life, and its ability to withstand static loading.

Life Criterion: Even if a ball or roller bearing is properly mounted, adequately lubri-
cated, protected from foreign matter and not subjected to extreme operating conditions, it
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can ultimately fatigue. Under ideal conditions, the repeated stresses developed in the con-
tact areas between the balls or rollers and the raceways eventually can result in the fatigue
of the material which manifests itself with the spalling of the load-carrying surfaces. In
most applications the fatigue life is the maximum useful life of a bearing.

Static Load Criterion: A static load is a load acting on a non-rotating bearing. Permanent
deformations appear in balls or rollers and raceways under a static load of moderate mag-
nitude and increase gradually with increasing load. The permissible static load is, there-
fore, dependent upon the permissible magnitude of permanent deformation. It has been
found that for ball and roller bearings suitably manufactured from hardened alloy steel,
deformations occurring under maximum contact stress of 4,000 megapascals (580,000
pounds per square inch) acting at the center of contact (in the case of roller bearings, of a
uniformly loaded roller) do not greatly impair smoothness or friction. Depending on
requirements for smoothness of operation, friction, or sound level, higher or lower static
load limits may be tolerated.
Ball Bearing Types Covered.—AFBMA and  Amer i can  Na t i ona l  S t anda rd
ANSI/ABMA 9-1990 sets forth the method of determining ball bearing Rating Life and
Static Load Rating and covers the following types:

1) Radial, deep groove and angular contact ball bearings whose inner ring race-ways
have a cross-sectional radius not larger than 52 percent of the ball diameter and whose
outer ring raceways have a cross-sectional radius not larger than 53 percent of the ball
diameter.

2) Radial, self-aligning ball bearings whose inner ring raceways have cross-sectional
radii not larger than 53 percent of the ball diameter.

3) Thrust ball bearings whose washer raceways have cross-sectional radii not larger than
54 percent of the ball diameter.

4) Double row, radial and angular contact ball bearings and double direction thrust ball
bearings are presumed to be symmetrical.
Limitations for Ball Bearings.—The following limitations apply:

1) Truncated contact area. This standard* may not be safely applied to ball bearings sub-
jected to loading which causes the contact area of the ball with the raceway to be truncated
by the raceway shoulder. This limitation depends strongly on details of bearing design
which are not standardized.

2) Material. This standard applies only to ball bearings fabricated from hardened good
quality steel.

3) Types. The fc factors specified in the basic load rating formulas are valid only for those
ball bearing types specified above.

4) Lubrication. The Rating Life calculated according to this standard is based on the
assumption that the bearing is adequately lubricated. The determination of adequate lubri-
cation depends upon the bearing application.

5) Ring support and alignment. The Rating Life calculated according to this standard
assumes that the bearing inner and outer rings are rigidly supported and the inner and outer
ring axes are properly aligned.

6) Internal clearance. The radial ball bearing Rating Life calculated according to this
standard is based on the assumption that only a nominal interior clearance occurs in the
mounted bearing at operating speed, load and temperature.

7) High speed effects. The Rating Life calculated according to this standard does not
account for high speed effects such as ball centrifugal forces and gyroscopic moments.
These effects tend to diminish fatigue life. Analytical evaluation of these effects frequently
requires the use of high speed digital computation devices and hence is not covered in the
standard.
* All references to “standard” are to AFBMA and American National Standard “Load Ratings and
Fatigue Life for Ball Bearings”ANSI/ABMA 9-1990. 
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8) Groove radii. If groove radii are smaller than those specified in the bearing types cov-
ered, the ability of a bearing to resist fatigue is not improved: however, it is diminished by
the use of larger radii.

Ball Bearing Rating Life.—According to the Anti-Friction Bearing Manufacturers
Association standards the Rating Life L10 of a group of apparently identical ball bearings is
the life in millions of revolutions that 90 percent of the group will complete or exceed. For
a single bearing, L10 also refers to the life associated with 90 percent reliability.

Radial and Angular Contact Ball Bearings: The magnitude of the Rating Life L10 in mil-
lions of revolutions, for a radial or angular contact ball bearing application is given by the
formula:

(1)

where C =basic load rating, newtons (pounds). See Formulas (2), (3a) and (3b)

P =equivalent radial load, newtons (pounds). See Formula (4)

Table 27. Values of fc for Radial and Angular Contact Ball Bearings

Single Row Radial Contact; Single 
and Double Row Angular

Contact, Groove Typea

a A. When calculating the basic load rating for a unit consisting of two similar, single row, radial con-
tact ball bearings, in a duplex mounting, the pair is considered as one, double row, radial contact ball
bearing.
B. When calculating the basic load rating for a unit consisting of two, similar, single row, angular con-
tact ball bearings in a duplex mounting, “face-to-face” or “back-to-back,” the pair is considered as
one, double row, angular contact ball bearing. 
C. When calculating the basic load rating for a unit consisting of two or more similar, single angular
contact ball bearings mounted “in tandem,” properly manufactured and mounted for equal load distri-
bution, the rating of the combination is the number of bearings to the 0.7 power times the rating of a
single row ball bearing. If the unit may be treated as a number of individually interchangeable single
row bearings, this footnote "C" does not apply. 

Double Row Radial
Contact Groove Type Self-Aligning

Values of fc

Metricb

b Use to obtain C in newtons when D is given in mm. 

Inchc

c Use to obtain C in pounds when D is given in inches. 

Metricb Inchc Metricb Inchc

0.05 46.7 3550 44.2 3360 17.3 1310
0.06 49.1 3730 46.5 3530 18.6 1420
0.07 51.1 3880 48.4 3680 19.9 1510
0.08 52.8 4020 50.0 3810 21.1 1600
0.09 54.3 4130 51.4 3900 22.3 1690
0.10 55.5 4220 52.6 4000 23.4 1770
0.12 57.5 4370 54.5 4140 25.6 1940
0.14 58.8 4470 55.7 4230 27.7 2100
0.16 59.6 4530 56.5 4290 29.7 2260
0.18 59.9 4550 56.8 4310 31.7 2410
0.20 59.9 4550 56.8 4310 33.5 2550
0.22 59.6 4530 56.5 4290 35.2 2680
0.24 59.0 4480 55.9 4250 36.8 2790
0.26 58.2 4420 55.1 4190 38.2 2910
0.28 57.1 4340 54.1 4110 39.4 3000
0.30 56.0 4250 53.0 4030 40.3 3060
0.32 54.6 4160 51.8 3950 40.9 3110
0.34 53.2 4050 50.4 3840 41.2 3130
0.36 51.7 3930 48.9 3730 41.3 3140
0.38 50.0 3800 47.4 3610 41.0 3110
0.40 48.4 3670 45.8 3480 40.4 3070

L10
C

P
----
 
 

3
=

D αcos
dm

-----------------
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Values of X, Y, and e for a load or contact angle other than shown are obtained by linear interpola-
tion.Values of X, Y, and e do not apply to filling slot bearings for applications in which ball-raceway

Table 28. Values of X and Y for Computing Equivalent Radial Load P of 
Radial and Angular Contact Ball Bearings

Contact
Angle,

α

Table
Entering
Factorsa

a Symbol definitions are given on the following page. 

Single Row Bearingsb

b For single row bearings when Fa/Fr ≤ e, use X = 1, Y = 0. Two similar, single row, angular contact
ball bearings mounted face-to-face or back-to-back are considered as one double row, angular contact
bearing.

Double Row Bearings

RADIAL CONTACT GROOVE BEARINGS

Fa/Co

Fa/iZD2

e X Y X Y X Y
Metric
Units

Inch
Units

0°

0.014 0.172 25 0.19

0.56

2.30

1 0 0.56

2.30
0.028 0.345 50 0.22 1.99 1.99
0.056 0.689 100 0.26 1.71 1.71
0.084 1.03 150 0.28 1.56 1.55
0.11 1.38 200 0.30 1.45 1.45
0.17 2.07 300 0.34 1.31 1.31
0.28 3.45 500 0.38 1.15 1.15
0.42 5.17 750 0.42 1.04 1.04
0.56 6.89 1000 0.44 1.00 1.00

ANGULAR CONTACT GROOVE BEARINGS

iFa/Co

Fa/ZD2

e X Y X Y X Y
Metric
Units

Inch
Units

5°

0.014 0.172 25 0.23 For this type use
the X, Y, and
e values
applicable
to
single
row radial
contact
bearings

1

2.78 0.78 3.74
0.028 0.345 50 0.26 2.40 3.23
0.056 0.689 100 0.30 2.07 2.78
0.085 1.03 150 0.34 1.87 2.52
0.11 1.38 200 0.36 1.75 2.36
0.17 2.07 300 0.40 1.58 2.13
0.28 3.45 500 0.45 1.39 1.87
0.42 5.17 750 0.50 1.26 1.69
0.56 6.89 1000 0.52 1.21 1.63

10°

0.014 0.172 25 0.29

0.46

1.88

1

2.18

0.75

3.06
0.029 0.345 50 0.32 1.71 1.98 2.78
0.057 0.689 100 0.36 1.52 1.76 2.47
0.086 1.03 150 0.38 1.41 1.63 2.20
0.11 1.38 200 0.40 1.34 1.55 2.18
0.17 2.07 300 0.44 1.23 1.42 2.00
0.29 3.45 500 0.49 1.10 1.27 1.79
0.43 5.17 750 0.54 1.01 1.17 1.64
0.57 6.89 1000 0.54 1.00 1.16 1.63

15°

0.015 0.172 25 0.38

0.44

1.47

1

1.65

0.72

2.39
0.029 0.345 50 0.40 1.40 1.57 2.28
0.058 0.689 100 0.43 1.30 1.46 2.11
0.087 1.03 150 0.46 1.23 1.38 2.00
0.12 1.38 200 0.47 1.19 1.34 1.93
0.17 2.07 300 0.50 1.12 1.26 1.82
0.29 3.45 500 0.55 1.02 1.14 1.66
0.44 5.17 750 0.56 1.00 1.12 1.63
0.58 6.89 1000 0.56 1.00 1.12 1.63

20° … … … 0.57 0.43 1.00 1 1.09 0.70 1.63
25° … … … 0.68 0.41 0.87 1 0.92 0.67 1.41
30° … … … 0.80 0.39 0.76 1 0.78 0.63 1.24
35° … … … 0.95 0.37 0.66 1 0.66 0.60 1.07
40° … … … 1.14 0.35 0.57 1 0.55 0.57 0.98

Self-aligning Ball Bearings 1.5 tan α 0.40 0.4 cot α 1 0.42 cot α 0.65 0.65 cot α

Fa

Fr

------ e>
Fa

Fr

------ e≤
Fa

Fr

------ e>
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contact areas project substantially into the filling slot under load.Symbol Definitions: Fa is the
applied axial load in newtons (pounds); Co is the static load rating in newtons (pounds) of the bearing
under consideration and is found by Formula (20); i is the number of rows of balls in the bearing; Z is
the number of balls per row in a radial or angular contact bearing or the number of balls in a single
row, single direction thrust bearing; D is the ball diameter in millimeters (inches); and Fr is the
applied radial load in newtons (pounds).
For radial and angular contact ball bearings with balls not larger than 25.4 mm (1 inch) in

diameter, C is found by the formula:

(2)

and with balls larger than 25.4 mm (1 inch) in diameter C is found by the formula:

(3a)

(3b)

where fc =a factor which depends on the geometry of the bearing components, the accu-
racy to which the various bearing parts are made and the material. Values of fc,
are given in Table 27

i =number of rows of balls in the bearing
α =nominal contact angle, degrees
Z =number of balls per row in a radial or angular contact bearing
D =ball diameter, mm (inches)

The magnitude of the equivalent radial load, P, in newtons (pounds) for radial and angu-
lar contact ball bearings, under combined constant radial and constant thrust loads is given
by the formula:

(4)

where Fr =the applied radial load in newtons (pounds)
Fa =the applied axial load in newtons (pounds)
X =radial load factor as given in Table 30

Y =axial load factor as given in Table 30

Thrust Ball Bearings: The magnitude of the Rating Life L10 in millions of revolutions for
a thrust ball bearing application is given by the formula:

(5)

where Ca =the basic load rating, newtons (pounds). See Formulas (6) to (10)

Pa =equivalent thrust load, newtons (pounds). See Formula (11)

For single row, single and double direction, thrust ball bearing with balls not larger than
25.4 mm (1 inch) in diameter, Ca is found by the formulas:

(6)

(7)

and with balls larger than 25.4 mm (1 inch) in diameter, Ca is found by the formulas:

(8a)

(8b)

(9a)

C fc i αcos( )0.7Z2 3⁄ D1.8=

C 3.647fc i αcos( )0.7Z2 3⁄ D1.4 (metric)=

C fc i αcos( )0.7Z2 3⁄ D1.4  (inch)=

P XFr YFa+=

L10

Ca

Pa

------
 
 

3
=

for α 90degrees,= Ca fcZ2 3⁄ D1.8=

for α 90 degrees,≠ Ca fc αcos( )0.7Z2 3⁄ D1.8 αtan=

for α 90 degrees,= Ca 3.647fcZ2 3⁄ D1.4  (metric)=

Ca fcZ2 3⁄ D1.4  (inch)=

for α 90 degrees,≠ Ca 3.647fc αcos( )0.7Z2 3⁄ D1.4 α  (metric)tan=
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(9b)

where fc =a factor which depends on the geometry of the bearing components, the accu-
racy to which the various bearing parts are made, and the material. Values of fc
are given in Table 29

Z =number of balls per row in a single row, single direction thrust ball bearing
D =ball diameter, mm (inches)
α =nominal contact angle, degrees

Table 29. Values of fc for Thrust Ball Bearings

For thrust ball bearings with two or more rows of similar balls carrying loads in the same
direction, the basic load rating, Ca, in newtons (pounds) is found by the formula:

(10)

where Z1, Z2 . . . Zn = number of balls in respective rows of a single-direction multi-row
thrust ball bearing

Ca1, Ca2 . . . Can = basic load rating per row of a single-direction, multi-row thrust ball bear-
ing, each calculated as a single-row bearing with Z1, Z2 . . . Zn balls, respec-
tively

The magnitude of the equivalent thrust load, Pa, in newtons (pounds) for thrust ball bear-
ings with α ≠ 90 degrees under combined constant thrust and constant radial loads is found
by the formula:

(11)

where Fr =the applied radial load in newtons (pounds)
Fa =the applied axial load in newtons (pounds)
X =radial load factor as given in Table 30

Y =axial load factor as given in Table 30

α = 90°

D cos α

α = 45° α = 60° α = 75°

Metrica

a Use to obtain Ca in newtons when D is given in mm. 

Inchb

b Use to obtain Ca in pounds when D is given in inches. 

Metrica Inchb Metrica Inchb Metrica Inchb

0.01 36.7 2790 0.01 42.1 3200 39.2 2970 37.3 2840
0.02 45.2 3430 0.02 51.7 3930 48.1 3650 45.9 3490
0.03 51.1 3880 0.03 58.2 4430 54.2 4120 51.7 3930
0.04 55.7 4230 0.04 63.3 4810 58.9 4470 56.1 4260
0.05 59.5 4520 0.05 67.3 5110 62.6 4760 59.7 4540
0.06 62.9 4780 0.06 70.7 5360 65.8 4990 62.7 4760
0.07 65.8 5000 0.07 73.5 5580 68.4 5190 65.2 4950
0.08 68.5 5210 0.08 75.9 5770 70.7 5360 67.3 5120
0.09 71.0 5390 0.09 78.0 5920 72.6 5510 69.2 5250
0.10 73.3 5570 0.10 79.7 6050 74.2 5630 70.7 5370
0.12 77.4 5880 0.12 82.3 6260 76.6 5830 … …
0.14 81.1 6160 0.14 84.1 6390 78.3 5950 … …
0.16 84.4 6410 0.16 85.1 6470 79.2 6020 … …
0.18 87.4 6640 0.18 85.5 6500 79.6 6050 … …
0.20 90.2 6854 0.20 85.4 6490 79.5 6040 … …
0.22 92.8 7060 0.22 84.9 6450 … … … …
0.24 95.3 7240 0.24 84.0 6380 … … … …
0.26 97.6 7410 0.26 82.8 6290 … … … …
0.28 99.8 7600 0.28 81.3 6180 … … … …
0.30 101.9 7750 0.30 79.6 6040 … … … …
0.32 103.9 7900 … … … … … … …
0.34 105.8 8050 … … … … … … …

Ca fc αcos( )0.7Z2 3⁄ D1.4 α  (inch)tan=

D

dm

------

Ca Z1 Z2 …Zn+ +( )
Z1

Ca1
---------
 
 

10 3⁄ Z2

Ca2
---------
 
 

10 3⁄
…

Zn

Can

---------
 
 

10 3⁄
+ +

0.3–
=

Pa XFr YFa+=
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Table 30. Values of X and Y for Computing Equivalent Thrust 
Load Pa for Thrust Ball Bearings

For α = 90°, Fr = 0 and Y = 1.

Roller Bearing Types Covered.—This standard* applies to cylindrical, tapered and self-
aligning radial and thrust roller bearings and to needle roller bearings. These bearings are
presumed to be within the size ranges shown in the AFBMA dimensional standards, of
good quality and produced in accordance with good manufacturing practice.

Roller bearings vary considerably in design and execution. Since small differences in rel-
ative shape of contacting surfaces may account for distinct differences in load carrying
ability, this standard does not attempt to cover all design variations, rather it applies to
basic roller bearing designs.

The following limitations apply:
1) Truncated contact area. This standard may not be safely applied to roller bearings sub-

jected to application conditions which cause the contact area of the roller with the raceway
to be severely truncated by the edge of the raceway or roller.

2) Stress concentrations. A cylindrical, tapered or self-aligning roller bearing must be
expected to have a basic load rating less than that obtained using a value of fc taken from
Table 31 or 32 if, under load, a stress concentration is present in some part of the roller-
raceway contact. Such stress concentrations occur in the center of nominal point contacts,
at the contact extremities for line contacts and at inadequately blended junctions of a roll-
ing surface profile. Stress concentrations can also occur if the rollers are not accurately
guided such as in bearings without cages and bearings not having rigid integral flanges.
Values of fc given in Tables 31 and 32 are based upon bearings manufactured to achieve
optimized contact. For no bearing type or execution will the factor fc be greater than that
obtained in Tables 31 and 32.

3) Material. This standard applies only to roller bearings fabricated from hardened, good
quality steel.

4) Lubrication. Rating Life calculated according to this standard is based on the assump-
tion that the bearing is adequately lubricated. Determination of adequate lubrication
depends upon the bearing application.

5) Ring support and alignment. Rating Life calculated according to this standard
assumes that the bearing inner and outer rings are rigidly supported, and that the inner and
outer ring axes are properly aligned.

6) Internal clearance. Radial roller bearing Rating Life calculated according to this stan-
dard is based on the assumption that only a nominal internal clearance occurs in the
mounted bearing at operating speed, load, and temperature.

7) High speed effects. The Rating Life calculated according to this standard does not
account for high speed effects such as roller centrifugal forces and gyroscopic moments:
These effects tend to diminish fatigue life. Analytical evaluation of these effects frequently
requires the use of high speed digital computation devices and hence, cannot be included.

Contact
Angle

α e

Single Direction
Bearings

Double Direction
Bearings

X Y X Y X Y

45° 1.25 0.66 1 1.18 0.59 0.66 1
60° 2.17 0.92 1 1.90 0.54 0.92 1
75° 4.67 1.66 1 3.89 0.52 1.66 1

* All references to “standard” are to AFBMA and American National Standard “Load Ratings and
Fatigue Life for Roller Bearings” ANSI/AFBMA Std 11-1990. 

Fa

Fr

------ e>
Fa

Fr

------ e≤
Fa

Fr

------ e>
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Table 31. Values of fc for Radial Roller Bearings

Table 32. Values of fc for Thrust Roller Bearings

Roller Bearing Rating Life.—The Rating Life L10 of a group of apparently identical
roller bearings is the life in millions of revolutions that 90 percent of the group will com-
plete or exceed. For a single bearing, L10 also refers to the life associated with 90 percent
reliability.

fc fc fc

Metrica

a For α = 0°, Fa = 0 and X = 1. 

Inchb

b Use to obtain C in pounds when leff and D are given in inches. 

Metrica Inchb Metrica Inchb

0.01 52.1 4680 0.18 88.8 7980 0.35 79.5 7140
0.02 60.8 5460 0.19 88.8 7980 0.36 78.6 7060
0.03 66.5 5970 0.20 88.7 7970 0.37 77.6 6970
0.04 70.7 6350 0.21 88.5 7950 0.38 76.7 6890
0.05 74.1 6660 0.22 88.2 7920 0.39 75.7 6800
0.06 76.9 6910 0.23 87.9 7890 0.40 74.6 6700
0.07 79.2 7120 0.24 87.5 7850 0.41 73.6 6610
0.08 81.2 7290 0.25 87.0 7810 0.42 72.5 6510
0.09 82.8 7440 0.26 86.4 7760 0.43 71.4 6420
0.10 84.2 7570 0.27 85.8 7710 0.44 70.3 6320
0.11 85.4 7670 0.28 85.2 7650 0.45 69.2 6220
0.12 86.4 7760 0.29 84.5 7590 0.46 68.1 6120
0.13 87.1 7830 0.30 83.8 7520 0.47 67.0 6010
0.14 87.7 7880 0.31 83.0 7450 0.48 65.8 5910
0.15 88.2 7920 0.32 82.2 7380 0.49 64.6 5810
0.16 88.5 7950 0.33 81.3 7300 0.50 63.5 5700
0.17 88.7 7970 0.34 80.4 7230 … … …

45° < α < 60° 60° < α < 75° 75° ≤ α < 90° α = 90°

fc fc

Metrica

a Use to obtain Ca in newtons when leff and D are given in mm. 

Inchb

b Use to obtain Ca in pounds when leff and D are given in inches. 

Metrica Inchb Metrica Inchb Metrica Inchb

0.01 109.7 9840 107.1 9610 105.6 9470 0.01 105.4 9500
0.02 127.8 11460 124.7 11180 123.0 11030 0.02 122.9 11000
0.03 139.5 12510 136.2 12220 134.3 12050 0.03 134.5 12100
0.04 148.3 13300 144.7 12980 142.8 12810 0.04 143.4 12800
0.05 155.2 13920 151.5 13590 149.4 13400 0.05 150.7 13200
0.06 160.9 14430 157.0 14080 154.9 13890 0.06 156.9 14100
0.07 165.6 14850 161.6 14490 159.4 14300 0.07 162.4 14500
0.08 169.5 15200 165.5 14840 163.2 14640 0.08 167.2 15100
0.09 172.8 15500 168.7 15130 166.4 14930 0.09 171.7 15400
0.10 175.5 15740 171.4 15370 169.0 15160 0.10 175.7 15900
0.12 179.7 16120 175.4 15730 173.0 15520 0.12 183.0 16300
0.14 182.3 16350 177.9 15960 175.5 15740 0.14 189.4 17000
0.16 183.7 16480 179.3 16080 … … 0.16 195.1 17500
0.18 184.1 16510 179.7 16120 … … 0.18 200.3 18000
0.20 183.7 16480 179.3 16080 … … 0.20 205.0 18500
0.22 182.6 16380 … … … … 0.22 209.4 18800
0.24 180.9 16230 … … … … 0.24 213.5 19100
0.26 178.7 16030 … … … … 0.26 217.3 19600
0.28 … … … … … … 0.28 220.9 19900
0.30 … … … … … … 0.30 224.3 20100

D αcos
dm

----------------- D αcos
dm

----------------- D αcos
dm

-----------------

D αcos
dm

----------------- D

dm

------
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Radial Roller Bearings: The magnitude of the Rating Life, L10, in millions of revolu-
tions, for a radial roller bearing application is given by the formula:

(12)

where C = the basic load rating in newtons (pounds), see Formula (13); and, P = equiva-
lent radial load in newtons (pounds), see Formula (14).

For radial roller bearings, C is found by the formula:

(13)

where fc =a factor which depends on the geometry of the bearing components, the accu-
racy to which the various bearing parts are made, and the material. Maximum
values of fc are given in Table 31

i =number of rows of rollers in the bearing
leff =effective length, mm (inches) α =nominal contact angle, degrees
Z =number of rollers per row in a radial roller bearing
D =roller diameter, mm (inches) (mean diameter for a tapered roller, major diam-

eter for a spherical roller)
When rollers are longer than 2.5D, a reduction in the fc value must be anticipated. In this

case, the bearing manufacturer may be expected to establish load ratings accordingly.
In applications where rollers operate directly on a shaft surface or a housing surface, such

a surface must be equivalent in all respects to the raceway it replaces to achieve the basic
load rating of the bearing.

When calculating the basic load rating for a unit consisting of two or more similar single-
row bearings mounted “in tandem,” properly manufactured and mounted for equal load
distribution, the rating of the combination is the number of bearings to the 7 ⁄9 power times
the rating of a single-row bearing. If, for some technical reason, the unit may be treated as
a number of individually interchangeable single-row bearings, this consideration does not
apply.

The magnitude of the equivalent radial load, P, in newtons (pounds), for radial roller
bearings, under combined constant radial and constant thrust loads is given by the formula:

(14)

where Fr =the applied radial load in newtons (pounds)
Fa =the applied axial load in newtons (pounds)
X =radial load factor as given in Table 33

Y =axial load factor as given in Table 33

Table 33. Values of X and Y for Computing Equivalent Radial 
Load P for Radial Roller Bearing

e = 1.5 tan α

Bearing Type X Y X Y

Self-Aligning
and

Tapered
Roller Bearingsa

α ≠ 0°

a For α = 0°, Fa = 0 and X = 1. 

Single Row Bearings
1 0 0.4 0.4 cot α

Double Row Bearingsa

1 0.45 cot α 0.67 0.67 cot α

L10
C

P
----
 
 

10 3⁄
=

C fc ileff αcos( )7 9⁄ Z3 4⁄ D29 27⁄=

P XFr YFa+=

Fa

Fr

------ e≤
Fa

Fr

------ e>
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 Typical Bearing Life for Various Design Applications

Roller bearings are generally designed to achieve optimized contact; however, they usu-
ally support loads other than the loading at which optimized contact is maintained. The
10 ⁄3 exponent in Rating Life Formulas (12) and (15) was selected to yield satisfactory Rat-
ing Life estimates for a broad spectrum from light to heavy loading. When loading exceeds
that which develops optimized contact, e.g., loading greater than C/4 to C/2 or Ca/4 to Ca/2,
the user should consult the bearing manufacturer to establish the adequacy of the Rating
Life formulas for the particular application.

Thrust Roller Bearings: The magnitude of the Rating Life, L10, in millions of revolutions
for a thrust roller bearing application is given by the formula:

(15)

where Ca =basic load rating, newtons (pounds). See Formulas (16) to (18)

Pa =equivalent thrust load, newtons (pounds). See Formula (19)

For single row, single and double direction, thrust roller bearings, the magnitude of the
basic load rating, Ca, in newtons (pounds), is found by the formulas:

(16)

Uses
Design life
 in hours Uses

Design life
 in hours

Agricultural equipment 3000 - 6000 Gearing units
Aircraft equipment 500 - 2000 Automotive 600 - 5000
Automotive Multipurpose 8000 - 15000

Race car 500 - 800 Machine tools 20000
Light motor cycle 600 - 1200 Rail Vehicles 15000 - 25000
Heavy motor cycle 1000 - 2000 Heavy rolling mill > 50000
Light cars 1000 - 2000 Machines
Heavy cars 1500 - 2500 Beater mills 20000 - 30000
Light trucks 1500 - 2500 Briquette presses 20000 - 30000
Heavy trucks 2000 - 2500 Grinding spindles 1000 - 2000
Buses 2000 - 5000 Machine tools 10000 - 30000

Electrical Mining machinery 4000 - 15000
Household appliances 1000 - 2000 Paper machines 50000 - 80000

Motors ≤ 1⁄2 hp 1000 - 2000 Rolling mills

Motors ≤ 3 hp 8000 - 10000 Small cold mills 5000 - 6000
Motors, medium 10000 - 15000 Large multipurpose mills 8000 - 10000
Motors, large 20000 - 30000 Rail vehicle axle
Elevator cables sheaves 40000 - 60000 Mining cars 5000
Mine ventilation fans 40000 - 50000 Motor rail cars 16000 - 20000

Propeller thrust bearings 15000 - 25000 Open-pit mining cars 20000 - 25000
Propeller shaft bearings > 80000 Streetcars 20000 - 25000
Gear drives Passenger cars 26000

Boat gearing units 3000 - 5000 Freight cars 35000
Gear drives > 50000 Locomotive outer bearings 20000 - 25000
Ship gear drives 20000 - 30000 Locomotive inner bearings 30000 - 40000

Machinery for 8 hour 
service which are not always 
fully utilized

14000 - 20000

Machinery for short or 
intermittent operation where service 
interruption is of minor 
importance

4000 - 8000

Machinery for 8 hour 
service which are fully uti-
lized

20000 - 30000
Machinery for intermittent 

service where reliable operation is of 
great importance

8000 - 14000

Machinery for continuous 24 
hour service 50000 - 60000 Instruments and apparatus in 

frequent use 0 - 500

L10

Ca

Pa

------
 
 

10 3⁄
=

for α 90°= , Ca fcleff
7 9⁄ Z3 4⁄ D29 27⁄=
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(17)

where fc =a factor which depends on the geometry of the bearing components, the accu-
racy to which the various parts are made, and the material. Values of fc are
given in Table 32

leff =effective length, mm (inches)
Z =number of rollers in a single row, single direction, thrust roller bearing
D =roller diameter, mm (inches) (mean diameter for a tapered roller, major diam-

eter for a spherical roller)
α =nominal contact angle, degrees

For thrust roller bearings with two or more rows of rollers carrying loads in the same
direction the magnitude of Ca is found by the formula:

(18)

Where Z1, Z2 . . . . Zn = the number of rollers in respective rows of a single direction, multi-
row bearing

Ca1,Ca2....Can = the basic load rating per row of a single direction, multi-row, thrust roller
bearing, each calculated as a single row bearing with Z1, Z2...Zn rollers respec-
tively

leff1,leff2...leffn = effective length, mm (inches), or rollers in the respective rows
In applications where rollers operate directly on a surface supplied by the user, such a

surface must be equivalent in all respects to the washer raceway it replaces to achieve the
basic load rating of the bearing.

In case the bearing is so designed that several rollers are located on a common axis, these
rollers are considered as one roller of a length equal to the total effective length of contact
of the several rollers. Rollers as defined above, or portions thereof which contact the same
washer-raceway area, belong to one row.

When the ratio of the individual roller effective length to the pitch diameter (at which this
roller operates) is too large, a reduction of the fc value must be anticipated due to excessive
slip in the roller-raceway contact.

When calculating the basic load rating for a unit consisting of two or more similar single
row bearings mounted “in tandem,” properly manufactured and mounted for equal load
distribution, the rating of the combination is defined by Formula (18). If, for some techni-
cal reason, the unit may be treated as a number of individually interchangeable single-row
bearings, this consideration does not apply.

The magnitude of the equivalent thrust load, Pa, in pounds, for thrust roller bearings with
α not equal to 90 degrees under combined constant thrust and constant radial loads is given
by the formula:

(19)

where Fr =applied radial load, newtons (pounds)
Fa =applied axial load, newtons (pounds)
X =radial load factor as given in Table 34

Y =axial load factor as given in Table 34

for α 90° ,≠ Ca fc leff αcos( )7 9⁄ Z3 4⁄ D29 27⁄ αtan=

Ca Z1leff1 Z2leff2…Znleffn+( )
Z1leff1

Ca1
----------------

9 2⁄ Z2leff2

Ca2
----------------

9 2⁄
....+ +





=

Znleffn

Can

----------------
9 2⁄





2– 9⁄

Pa XFr YFa+=
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Table 34. Values of X and Y for Computing Equivalent Thrust 
Load Pa for Thrust Roller Bearings

e = 1.5 tan α

Life Adjustment Factors.—In certain applications of ball or roller bearings it is desirable
to specify life for a reliability other than 90 per cent. In other cases the bearings may be fab-
ricated from special bearing steels such as vacuum-degassed and vacuum-melted steels,
and improved processing techniques. Finally, application conditions may indicate other
than normal lubrication, load distribution, or temperature. For such conditions a series of
life adjustment factors may be applied to the fatigue life formula. This is fully explained in
AFBMA and American National Standard “Load Ratings and Fatigue Life for Ball Bear-
ings”ANSI/AFBMA Std 9-1990 and AFBMA and American National Standard “Load
Ratings and Fatigue Life for Roller Bearings”ANSI/AFBMA Std 11-1990. In addition to
consulting these standards it may be advantageous to also obtain information from the
bearing manufacturer.

Life Adjustment Factor for Reliability: For certain applications, it is desirable to specify
life for a reliability greater than 90 per cent which is the basis of the Rating Life.

To determine the bearing life of ball or roller bearings for reliability greater than 90 per
cent, the Rating Life must be adjusted by a factor a1 such that Ln = a1 L10. For a reliability
of 95 per cent, designated as L5, the life adjustment factor a1 is 0.62; for 96 per cent, L4, a1
is 0.53; for 97 per cent, L3, a1 is 0.44; for 98 per cent, L2, a1 is 0.33; and for 99 per cent, L1,
a1 is 0.21.

Life Adjustment Factor for Material: For certain types of ball or roller bearings which
incorporate improved materials and processing, the Rating Life can be adjusted by a factor
a2 such that L10 ′ = a2L10. Factor a2 depends upon steel analysis, metallurgical processes,
forming methods, heat treatment, and manufacturing methods in general. Ball and roller
bearings fabricated from consumable vacuum remelted steels and certain other special
analysis steels, have demonstrated extraordinarily long endurance. These steels are of
exceptionally high quality, and bearings fabricated from these are usually considered spe-
cial manufacture. Generally, a2 values for such steels can be obtained from the bearing
manufacturer. However, all of the specified limitations and qualifications for the applica-
tion of the Rating Life formulas still apply.

Life Adjustment Factor for Application Condition: Application conditions which affect
ball or roller bearing life include: 1) lubrication;  2) load distribution (including effects of
clearance, misalignment, housing and shaft stiffness, type of loading, and thermal gradi-
ents);  and  3) temperature.

Items 2 and 3 require special analytical and experimental techniques, therefore the user
should consult the bearing manufacturer for evaluations and recommendations.

Operating conditions where the factor a3 might be less than 1 include: a) exceptionally
low values of Ndm (rpm times pitch diameter, in mm); e.g.,Ndm < 10,000;  b) lubricant vis-
cosity at less than 70 SSU for ball bearings and 100 SSU for roller bearings at operating
temperature;  and  c) excessively high operating temperatures.

Bearing
Type

Single Direction
Bearings

Double Direction
Bearings

X Y X Y X Y

Self-Aligning Tapered Thrust 
Roller Bearingsa

α ≠ 0

a For α = 90°, Fr = 0 and Y = 1. 

tan α 1 1.5 tan α 0.67 tan α 1

Fa

Fr

------ e>
Fa

Fr

------ e≤
Fa

Fr

------ e>
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When a3 is less than 1 it may not be assumed that the deficiency in lubrication can be
overcome by using an improved steel. When this factor is applied, L10 ′ = a3L10.

In most ball and roller bearing applications, lubrication is required to separate the rolling
surfaces, i.e., rollers and raceways, to reduce the retainer-roller and retainer-land friction
and sometimes to act as a coolant to remove heat generated by the bearing.

Factor Combinations: A fatigue life formula embodying the foregoing life adjustment
factors is L10 ′ = a1a2a3L10. Indiscriminate application of the life adjustment factors in this
formula may lead to serious overestimation of bearing endurance, since fatigue life is only
one criterion for bearing selection. Care must be exercised to select bearings which are of
sufficient size for the application.
Ball Bearing Static Load Rating.—For ball bearings suitably manufactured from hard-
ened alloy steels, the static radial load rating is that uniformly distributed static radial bear-
ing load which produces a maximum contact stress of 4,000 megapascals (580,000 pounds
per square inch). In the case of a single row, angular contact ball bearing, the static radial
load rating refers to the radial component of that load which causes a purely radial dis-
placement of the bearing rings in relation to each other. The static axial load rating is that
uniformly distributed static centric axial load which produces a maximum contact stress of
4,000 megapascals (580,000 pounds per square inch).

Radial and Angular Contact Groove Ball Bearings: The magnitude of the static load rat-
ing Co in newtons (pounds) for radial ball bearings is found by the formula:

(20)

where fo =a factor for different kinds of ball bearings given in Table 35

i =number of rows of balls in bearing
Z =number of balls per row
D =ball diameter, mm (inches)
α =nominal contact angle, degrees

This formula applies to bearings with a cross sectional raceway groove radius not larger
than 0.52 D in radial and angular contact groove ball bearing inner rings and 0.53 D in
radial and angular contact groove ball bearing outer rings and self-aligning ball bearing
inner rings.

The load carrying ability of a ball bearing is not necessarily increased by the use of a
smaller groove radius but is reduced by the use of a larger radius than those indicated
above.

Radial or Angular Contact Ball Bearing Combinations: The basic static load rating for
two similar single row radial or angular contact ball bearings mounted side by side on the
same shaft such that they operate as a unit (duplex mounting) in “back-to-back” or “face-
to-face” arrangement is two times the rating of one single row bearing.

The basic static radial load rating for two or more single row radial or angular contact ball
bearings mounted side by side on the same shaft such that they operate as a unit (duplex or
stack mounting) in “tandem” arrangement, properly manufactured and mounted for equal
load distribution, is the number of bearings times the rating of one single row bearing.

Thrust Ball Bearings: The magnitude of the static load rating Coa for thrust ball bearings
is found by the formula:

(21)

where fo =a factor given in Table 35

Z =number of balls carrying the load in one direction
D =ball diameter, mm (inches)
α =nominal contact angle, degrees

Co foiZD2 αcos=

Coa foZD2 αcos=
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This formula applies to thrust ball bearings with a cross sectional raceway radius not larger
than 0.54 D. The load carrying ability of a bearing is not necessarily increased by use of a
smaller radius, but is reduced by use of a larger radius.

Roller Bearing Static Load Rating: For roller bearings suitably manufactured from hard-
ened alloy steels, the static radial load rating is that uniformly distributed static radial bear-
ing load which produces a maximum contact stress of 4,000 megapascals (580,000 pounds
per square inch) acting at the center of contact of the most heavily loaded rolling element.
The static axial load rating is that uniformly distributed static centric axial load which pro-
duces a maximum contact stress of 4,000 megapascals (580,000 pounds per square inch)
acting at the center of contact of each rolling element.

Table 35.  fo for Calculating Static Load Rating for Ball Bearings

Radial and Angular
Contact Groove Type

Radial
Self-Aligning Thrust

Metrica Inchb Metrica Inchb Metrica Inchb

0.00 12.7 1850 1.3 187 51.9 7730
0.01 13.0 1880 1.3 191 52.6 7620
0.02 13.2 1920 1.3 195 51.7 7500
0.03 13.5 1960 1.4 198 50.9 7380
0.04 13.7 1990 1.4 202 50.2 7280
0.05 14.0 2030 1.4 206 49.6 7190
0.06 14.3 2070 1.5 210 48.9 7090
0.07 14.5 2100 1.5 214 48.3 7000
0.08 14.7 2140 1.5 218 47.6 6900
0.09 14.5 2110 1.5 222 46.9 6800
0.10 14.3 2080 1.6 226 46.4 6730
0.11 14.1 2050 1.6 231 45.9 6660
0.12 13.9 2020 1.6 235 45.5 6590
0.13 13.6 1980 1.7 239 44.7 6480
0.14 13.4 1950 1.7 243 44.0 6380
0.15 13.2 1920 1.7 247 43.3 6280
0.16 13.0 1890 1.7 252 42.6 6180
0.17 12.7 1850 1.8 256 41.9 6070
0.18 12.5 1820 1.8 261 41.2 5970
0.19 12.3 1790 1.8 265 40.4 5860
0.20 12.1 1760 1.9 269 39.7 5760
0.21 11.9 1730 1.9 274 39.0 5650
0.22 11.6 1690 1.9 278 38.3 5550
0.23 11.4 1660 2.0 283 37.5 5440
0.24 11.2 1630 2.0 288 37.0 5360
0.25 11.0 1600 2.0 293 36.4 5280
0.26 10.8 1570 2.1 297 35.8 5190
0.27 10.6 1540 2.1 302 35.0 5080
0.28 10.4 1510 2.1 307 34.4 4980
0.29 10.3 1490 2.1 311 33.7 4890
0.30 10.1 1460 2.2 316 33.2 4810
0.31 9.9 1440 2.2 321 32.7 4740
0.32 9.7 1410 2.3 326 32.0 4640
0.33 9.5 1380 2.3 331 31.2 4530
0.34 9.3 1350 2.3 336 30.5 4420
0.35 9.1 1320 2.4 341 30.0 4350
0.36 8.9 1290 2.4 346 29.5 4270
0.37 8.7 1260 2.4 351 28.8 4170
0.38 8.5 1240 2.5 356 28.0 4060
0.39 8.3 1210 2.5 361 27.2 3950
0.40 8.1 1180 2.5 367 26.8 3880
0.41 8.0 1160 2.6 372 26.2 3800
0.42 7.8 1130 2.6 377 25.7 3720
0.43 7.6 1100 2.6 383 25.1 3640
0.44 7.4 1080 2.7 388 24.6 3560
0.45 7.2 1050 2.7 393 24.0 3480

D αcos
dm

-----------------
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Note: Based on modulus of elasticity = 2.07 × 105 megapascals (30 × 106 pounds per square inch)
and Poisson's ratio = 0.3.

Radial Roller Bearings: The magnitude of the static load rating Co in newtons (pounds)
for radial roller bearings is found by the formulas:

(22a)

(22b)

where D =roller diameter, mm (inches); mean diameter for a tapered roller and major
diameter for a spherical roller

dm =mean pitch diameter of the roller complement, mm (inches)
i =number of rows of rollers in bearing

Z =number of rollers per row
leff =effective length, mm (inches); overall roller length minus roller chamfers or

minus grinding undercuts at the ring where contact is shortest
α =nominal contact angle, degrees

Radial Roller Bearing Combinations: The static load rating for two similar single row
roller bearings mounted side by side on the same shaft such that they operate as a unit is two
times the rating of one single row bearing.

The static radial load rating for two or more similar single row roller bearings mounted
side by side on the same shaft such that they operate as a unit (duplex or stack mounting) in
“tandem” arrangement, properly manufactured and mounted for equal load distribution, is
the number of bearings times the rating of one single row bearing.

Thrust Roller Bearings: The magnitude of the static load rating Coa in newtons (pounds)
for thrust roller bearings is found by the formulas:

(23a)

(23b)

where the symbol definitions are the same as for Formulas (22a) and (22b).
Thrust Roller Bearing Combination: The static axial load rating for two or more similar

single direction thrust roller bearings mounted side by side on the same shaft such that they
operate as a unit (duplex or stack mounting) in “tandem” arrangement, properly manufac-
tured and mounted for equal load distribution, is the number of bearings times the rating of
one single direction bearing. The accuracy of this formula decreases in the case of single
direction bearings when Fr > 0.44 Fa cot α where Fr is the applied radial load in newtons
(pounds) and Fa is the applied axial load in newtons (pounds).

0.46 7.1 1030 2.8 399 23.5 3400
0.47 6.9 1000 2.8 404 22.9 3320
0.48 6.7 977 2.8 410 22.4 3240
0.49 6.6 952 2.9 415 21.8 3160
0.50 6.4 927 2.9 421 21.2 3080

a Use to obtain Co or Coa in newtons when D is given in mm. 
b Use to obtain Co or Coa in pounds when D is given in inches. 

Table 35. (Continued) fo for Calculating Static Load Rating for Ball Bearings

Radial and Angular
Contact Groove Type

Radial
Self-Aligning Thrust

Metrica Inchb Metrica Inchb Metrica Inchb

D αcos
dm

-----------------

Co 44 1 D αcos
dm

-----------------– 
  iZleffD αcos= (metric)

Co 6430 1 D αcos
dm

-----------------– 
  iZleffD αcos= (inch)

Coa 220 1 D αcos
dm

-----------------–
 
  ZleffD αsin= (metric)

Coa 32150 1 D αcos
dm

-----------------–
 
  ZleffD αsin= (inch)
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Ball Bearing Static Equivalent Load.—For ball bearings the static equivalent radial
load is that calculated static radial load which produces a maximum contact stress equal in
magnitude to the maximum contact stress in the actual condition of loading. The static
equivalent axial load is that calculated static centric axial load which produces a maximum
contact stress equal in magnitude to the maximum contact stress in the actual condition of
loading.

Radial and Angular Contact Ball Bearings: The magnitude of the static equivalent
radial load Po in newtons (pounds) for radial and angular contact ball bearings under com-
bined thrust and radial loads is the greater of:

(24)

(25)

where Xo =radial load factor given in Table 36

Yo =axial load factor given in Table 36

Fr =applied radial load, newtons (pounds)
Fa =applied axial load, newtons (pounds)

Table 36. Values of Xo and Yo for Computing Static Equivalent 

Radial Load Po of Ball Bearings

Thrust Ball Bearings: The magnitude of the static equivalent axial load Poa in newtons
(pounds) for thrust ball bearings with contact angle α ≠ 90° under combined radial and
thrust loads is found by the formula:

(26)

where the symbol definitions are the same as for Formulas (24) and (25). This formula is
valid for all load directions in the case of double direction ball bearings. For single direc-
tion ball bearings, it is valid where Fr/Fa ≤ 0.44 cot α and gives a satisfactory but less con-
servative value of Poa for Fr/Fa up to 0.67 cot α.

Thrust ball bearings with α = 90° can support axial loads only. The static equivalent load
for this type of bearing is Poa = Fa.

Roller Bearing Static Equivalent Load.—The static equivalent radial load for roller
bearings is that calculated, static radial load which produces a maximum contact stress act-
ing at the center of contact of a uniformly loaded rolling element equal in magnitude to the
maximum contact stress in the actual condition of loading. The static equivalent axial load
is that calculated, static centric axial load which produces a maximum contact stress acting

Contact Angle

Single Row Bearingsa

a Po is always ≥ Fr.

Double Row Bearings

Xo Yo
b

b Values of Yo for intermediate contact angles are obtained by linear interpolation. 

Xo Yo
b

RADIAL CONTACT GROOVE BEARINGSc,a

c Permissible maximum value of Fa/Co (where Fa is applied axial load and Co is static radial load
rating) depends on the bearing design (groove depth and internal clearance). 

α = 0° 0.6 0.5 0.6 0.5
ANGULAR CONTACT GROOVE BEARINGS

α = 15° 0.5 0.47 1 0.94
α = 20° 0.5 0.42 1 0.84
α = 25° 0.5 0.38 1 0.76
α = 30° 0.5 0.33 1 0.66
α = 35° 0.5 0.29 1 0.58
α = 40° 0.5 0.26 1 0.52

SELF-ALIGNING BEARINGS
… 0.5 0.22 cot α 1 0.44 cot α

Po XoFr YoFa+=

Po Fr=

Poa Fa 2.3Fr αtan+=
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at the center of contact of a uniformly loaded rolling element equal in magnitude to the
maximum contact stress in the actual condition of loading.

Radial Roller Bearings: The magnitude of the static equivalent radial load Po in newtons
(pounds) for radial roller bearings under combined radial and thrust loads is the greater of:

(27)

(28)

where Xo =radial factor given in Table 37

Yo =axial factor given in Table 37

Fr =applied radial load, newtons (pounds)
Fa =applied axial load, newtons (pounds)

Table 37. Values of Xo and Yo for Computing Static Equivalent Radial 

Load Po for Self-Aligning and Tapered Roller Bearings

The static equivalent radial load for radial roller bearings with α = 0° and subjected to radial load
only is Por = Fr.

Note: The ability of radial roller bearings with α = 0° to support axial loads varies considerably
with bearing design and execution. The bearing user should therefore consult the bearing manufac-
turer for recommendations regarding the evaluation of equivalent load in cases where bearings with
α = 0° are subjected to axial load.

Radial Roller Bearing Combinations: When calculating the static equivalent radial load
for two similar single row angular contact roller bearings mounted side by side on the same
shaft such that they operate as a unit (duplex mounting) in “back-to-back” or “face-to-
face” arrangement, use the Xo and Yo values for a double row bearing and the Fr and Fa val-
ues for the total loads on the arrangement.

When calculating the static equivalent radial load for two or more similar single row
angular contact roller bearings mounted side by side on the same shaft such that they oper-
ate as a unit (duplex or stack mounting) in “tandem” arrangement, use the Xo and Yo values
for a single row bearing and the Fr and Fa values for the total loads on the arrangement.

Thrust Roller Bearings: The magnitude of the static equivalent axial load Poa in newtons
(pounds) for thrust roller bearings with contact angle α ≠ 90°, under combined radial and
thrust loads is found by the formula:

(29)

where Fa =applied axial load, newtons (pounds)
Fr =applied radial load, newtons (pounds)
α =nominal contact angle, degrees

The accuracy of this formula decreases for single direction thrust roller bearings when Fr

> 0.44 Fa cot α.

Thrust Roller Bearing Combinations: When calculating the static equivalent axial load
for two or more thrust roller bearings mounted side by side on the same shaft such that they
operate as a unit (duplex or stack mounting) in “tandem” arrangement, use the Fr and Fa

values for the total loads acting on the arrangement.

Bearing Type

Single Rowa

a Po is always ≥ Fr.

Double Row
Xo Yo Xo Yo

Self-Aligning and Tapered
α ≠ 0 0.5 0.22 cot α 1 0.44 cot α

Po XoFr YoFa+=

Po Fr=

Poa Fa 2.3Fr αtan+=



2420 LUBRICATION THEORY

LUBRICATION

Lubrication Theory

Whenever a solid surface moves over another, it must overcome a resistive, opposing
force known as solid friction. The first stage of solid friction, known as static friction, is the
frictional resistance that must be overcome to initiate movement of a body at rest. The sec-
ond stage of frictional resistance, known as kinetic friction, is the resistive force of a body
in motion as it slides or rolls over another solid body. It is usually smaller in magnitude
than static friction. Although friction varies according to applied load and solid surface
roughness, it is unaffected by speed of motion and apparent contact surface area. 

When viewed under a microscope a solid surface will appear rough with many asperities
(peaks and valleys). When two solid surfaces interact without a lubricating medium, full
metal-to-metal contact takes place in which the asperity peaks of one solid interferes with
asperity peaks of the other solid. When any movement is initiated the asperities collide
causing a rapid increase in heat and the metal peaks to adhere and weld to one another. If
the force of motion is great enough the peaks will plow through each other’s surface and
the welded areas will shear causing surface degradation, or wear. In extreme cases, the
resistance of the welded solid surfaces could be greater than the motive force causing
mechanical seizure to take place.

Some mechanical systems designs, such as brakes, are designed to take advantage of fric-
tion. For other systems, such as bearings, this metal-to-metal contact state and level of
wear is usually undesirable. To combat this level of solid friction, heat, wear, and con-
sumed power, a suitable lubricating fluid or fluid film must be introduced as an intermedi-
ary between the two solid surfaces. Although lubricants themselves are not frictionless, the
molecular resistive force of a gas or fluid in motion known as fluid friction is significantly
less than solid friction. The level of fluid friction is dependent on the lubricant’s Viscosity
(see page 2425.)
Film Thickness Ratio, λ.—For all bearings, the working lubricant film thickness has a
direct relationship to bearing life. The “working” or specific film thickness ratio lambda λ
is defined by dividing the nominal film thickness by the surface roughness, as depicted in
Fig. 1.

(1)

where λ =Specific film thickness
T =Nominal film thickness
R =Surface roughness

Fig. 1.  Determining the Working Film Thickness Ratio Lambda

The Lubrication Film.—Whenever a plain journal style bearing operates with a fluid
film, the coefficient of friction µ or extent of friction reduction will depend on which one
of three lubricant film conditions exists between the facing surfaces. 

λ T

R
---=

Maximum
Surface

Roughness
(R)

Nominal
Lubricant

Film
Thickness

(T)

Bearing

Lubricant

Shaft
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Full Film Hydrodynamic Lubrication (HDL): HDL is the desired lubrication condition
for plain style bearings in which both surfaces are fully separated by a working or specific
film thickness lambda, λ of more than 2 at the point of pressure distribution loading shown
in Fig. 2. A fluid wedge is created in which the asperities will not collide. Both surfaces are
said to be “metal-contact” free at all times. 

Fig. 2. HDL Hydrodynamic Lubrication of a Journal Bearing

As the shaft speed accelerates, rotation of the journal acts as a pump, forcing lubricant
into the pressure distribution area. Providing the lubricant is of a high enough viscosity, the
wedge-shaped lubricant channel will create a load-carrying pressure sufficient to com-
pletely separate the two surfaces and support the moving journal. Full film thickness will
vary between 5 and 200 microns depending on speed, load, and viscosity. As the speed
increases so does the lubricating action and ability to carry heavier loads. Inversely, slow
speeds do not allow the lubricant wedge to form, causing breakdown of the hydrodynamic
action and an undesirable Boundary Layer Lubrication state to prevail.

Boundary Layer Lubrication (BL): When a journal shaft is at rest in the bearing, any full
film lubricant wedge has collapsed leaving a residual film of lubricant in its place, insuffi-
cient to prevent metal-to-metal contact from occurring. Upon subsequent start up, the bear-
ing surfaces partially collide and ride on the thin lubricant film (start up conditions
promote heavy wear). When lubricant supply is inadequate, or heavy loads coupled with
low shaft speeds is the only design possible, the boundary layer lubrication must rely
heavily on the composition of the lubricant to provide specific anti-wear and extreme pres-
sure sacrificial additives, designed to retard premature wear. These surface-active addi-
tives act to form a thin surface laminate that prevents metal adhesion. Boundary layer
lubrication also occurs when a lubricant of too low a viscosity is chosen. 

Mixed Film Lubrication (MF): Mixed film lubrication state is generally encountered
under shock load conditions when a minimum thickness hydrodynamic film momentarily
breaks down or “thins out” into a boundary layer condition under severe shock load. Mixed
film condition is also encountered as a shaft accelerates toward full speed and the film
thickness transforms from boundary to full hydrodynamic condition. Choosing too light a
viscosity lubricant can lead to momentary or full time mixed film condition. Mixed film
condition is encountered when the specific film thickness lambda λ is between 1 and 2.

Lubricating Film Transition: Boundary layer condition is encountered when the specific
film thickness lambda λ ratio is less than 1, mixed-film when the lambda λ ratio is between
1 and 2, and hydrodynamic when the lambda λ ratio is more than 2. Once the lambda λ ratio
surpasses 4, relative bearing life is increased four-fold as depicted in Fig. 3.

Lambda λ < 1 1 < Lambda λ < 2 2 < Lambda λ < 4
Boundary Layer Film Lubrication Mixed Film Lubrication Hydrodynamic Lubrication

–

–

Full Film
ThicknessMagnified

Surfaces

Pressure Zone

HDL Lubricant Wedge

BearingJournal (Shaft)

Rotation
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Fig. 3. The Relationship Between Film Thickness Ratio Lambda λ, and Bearing Life

To achieve long life while supporting heavy loads, a plain bearing must successfully
manage the relationship between load, speed, and lubricant viscosity. If the load and speed
change, the lubricant viscosity must be able to compensate for the change. This relation-
ship is shown in the Stribeck or ZNP curve illustrated in Fig. 4. Choosing the correct lubri-
cant viscosity allows the bearing to run in the favored hydrodynamic range producing a
low coefficient of friction ranging from 0.002 to 0.005.

Fig. 4. Stribeck (ZNP) Curve
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Rolling element bearings (point contact) and the rolling section of mating gear teeth (line
contact) also favor full hydrodynamic lubrication film. They differ from sliding elements
in that rolling elements require considerably less lubrication than their sliding counterparts
and that the load is concentrated over a much smaller footprint on a non-conforming sur-
face - small diameter ball or roller “rolling” over or within a much larger diameter raceway.
As the ball or roller “rolls” through the load zone, the point of contact experiences a rapid
pressure rise causing momentary micro distortion of both the rolling element and race.
This area of deformation is named the Hertzian Contact Area (Fig. 5) and is analogous to
the contact patch of a properly inflated tire on a moving vehicle. As the loaded section of
rolling element moves out of the Hertzian contact area the deformed surface elastically
returns to its original shape. The lubricant trapped in the Hertzian contact area benefits
greatly from a phenomenon in which a lubricant under pressure will experience a dramatic
rise in viscosity and act as a solid lubricant, allowing small amounts of lubricant to provide
full film separation under extreme loading conditions. Under these conditions the hydro-
dynamic film is termed elastohydrodynamic lubrication (EHDL), and is unique to
point/line contact situations typically found with rolling element bearings and mating gear
teeth.

Fig. 5. Hertzian Contact Area Found in Rolling Element Bearing Surfaces

The wheels of industry run literally on a microfilm of lubricant; practical examples of
typical oil film thicknesses expressed in machine dynamic clearance are stated in the fol-
lowing Table 1.

1 micron = 0.00003937 inches: 25.4 microns = 0.001 inches.

Lubricants

A lubricant’s primary function is to reduce friction; in doing so it reduces wear and
energy consumption. Secondary functions are to reduce temperature, impact shock, corro-
sion, and contamination. 

Table 1. Typical Oil Film Thicknesses Expressed as Machine Dynamic Clearances.

Machine Component Typical Clearance in Microns

Plain Journal Bearings 0.5 - 100 
Rolling Element Bearings 0.1 - 3
Gears 0.1 - 1
Hydraulic Spool To Sleeve 1 - 4
Engine Piston Ring to Cylinder 0.3 - 7
Engine Rod Bearing (Plain) 0.5 - 20
Engine Main Bearing (Plain) 0.5 - 80
Pump Piston to Bore 5 - 40
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A lubricant can be in liquid (oil), solid (grease), or gaseous (oil mist) form and can be for-
mulated from animal, vegetable, hydrocarbon, or synthetic base oil stocks. Adding to each
lubricant formulation numerous chemical thickeners, solids, and chemical additives, gives
every single manufactured lubricant its own unique signature blend. Selection of lubricant
style and type is arguably the most influential factor in assuring long bearing life. 

In the 1970’s, Dr. Ernest Rabinowicz of MIT performed a landmark study on the effects
of lubrication on the Gross National Product (GNP) of the United States. The study con-
cluded that at that time, US manufacturing companies spent over $600 billion US annually
to repair damage caused by friction-induced mechanical wear; more importantly, the study
determined that over 70% of bearing loss of usefulness (failure) is directly attributable to
surface degradation - a totally preventable condition. In his study, Rabinowicz determined
there are four major contributors to surface degradation: 

Corrosive Wear: All metallic-bearing surfaces will corrode if left unprotected from con-
tact with water and corrosive acids. Water is introduced into lubricated environments from
outside sources penetrating the sealed reservoir or bearing (washout, product contamina-
tion), or through condensation, causing ferrous metals to rust. Corrosive acids are pro-
duced when the lubricant becomes oxidized and suffers loss or breakdown of its corrosion
inhibitor additive packages. Specifying and using a lubricant with rust inhibitors and cor-
rosion-inhibitor additives, and replacing the lubricant in a timely manner when additives
are depleted from the oil, will prevent corrosion.

Mechanical Wear by Adhesion: Adhesive wear occurs when a lubricant film separating
two sliding surfaces fails to completely separate the two surfaces. Metal to metal contact
occurs causing metal fragment transfer from one surface to the other. This transfer is com-
monly referred to as seizing, galling, scuffing, or scoring of surfaces. Correct lubricant vis-
cosity and application frequency will significantly reduce or eliminate adhesive wear.

Mechanical Wear by Abrasion : Abrasive wear, sometimes referred to as cutting wear, is
the result of hard particles (wear particles or introduced contaminant particles) bridging
two moving surfaces, scraping and cutting either one surface (two body abrasion) or both
bearing surfaces (three body abrasion). Controlling abrasive wear requires reduction of
adhesive wear combined with contamination control of lubricant transfer, application, and
filtration processes. 

Mechanical Wear by Fatigue: Fatigue wear results when bridged wear particles cause
small surface stress raisers (surface rippling) that eventually expand and break away from
the parent metal as a spall (flake or splinter). Repeated cyclic stress at the damaged area
accelerates the fatigue wear process.Correct lubricant viscosity choice and contamination
control are essential to retard fatigue wear. 

In all four types of wear, the primary solution for wear retardation lies in the correct
choice of lubricant. Lubricants are categorized into two specific families - oil, and grease.
The choice to use either oil or grease will depend upon temperature range, speed of rota-
tion, environment, budget, machine design, bearing and seal design, which operating con-
ditions.

Lubricating Oil.—For the majority of industrial applications requiring the separation of
moving surfaces, the lubricant of choice continues to be petroleum based oil, also widely
known as mineral oil. Although any liquid will provide a degree of lubrication, hydrocar-
bon based petroleum oils provide excellent surface wetting capabilities, water resistance,
thermal stability, and sufficient fluid viscosity or “stiffness” to provide full film protection
under load - all at an inexpensive price. By adding chemicals, metals, solids, and fillers,
mineral base oil stock can be formulated into an infinite number of tailored lubricating
products, including grease. These modified mineral oils can be formulated for virtually
any industrial application and widen the lubricant’s specification and capabilities even fur-
ther. The fundamental defining property for all lubricating oils is viscosity, and is the start-
ing point for choosing one specific lubricant over another. 
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Viscosity: The viscosity of a fluid is measured as its resistance to flow and shear; resis-
tance caused by fluid friction is set up along the molecular shear planes of the lubricant as
depicted in Fig. 6. Thin or light lubricants, such as machine and spindle oils shear at a faster
rate than thick lubricants such as gear oils, and are said to be less viscous. Although lower
viscosity oil is desirable for reducing energy (less drag), it likely would not be “stiff” or
viscous enough to withstand the demands of a heavily loaded gearbox.

Fig. 6. Viscosity Shear Planes

Kinematic Viscosity: Oil viscosity is measured by a variety of classifications. The two
generally accepted industrial standards are: Saybolt Universal Seconds - SUS (imperial
measure), and ISO VG - Centisokes - cSt (metric measure). These two standards rate oil by
their kinematic viscosity values. The ratings, based on a fluid temperature of 100° F (40° C)
and 212° F (100° C), relate the time taken for a fluid to flow through a viscosimeter capil-
lary apparatus and directly measure oil’s resistance to flow and shear by the forces of grav-
ity. Other common viscosity classifications and comparison equivalents are shown in
Table 2.

(2)

Where h =Absolute or Dynamic Viscosity in centipoise
g/cc =  Lubricant Density (Specific Gravity)
cSt = Kinematic Viscosity in centistokes

Absolute Viscosity: The absolute or dynamic viscosity is measured in Poise (metric) or
CentiPoise (cP) and Reyn (imperial), where one Reyn is equivalent to 68,950 Poise. One-
Poise is equivalent to a one-dyne force required to move a plane surface (shear plane) of
unit area a distance of one centimeter with unit speed (one centimeter per second) over a
second plane at a unit distance (one centimeter) from it. Absolute viscosity is calculated by
multiplying the kinematic viscosity value by the density of the lubricant measured at the
test temperature, and is the measure of oil’s resistance to flow and shear caused by internal
friction. Absolute viscosity is the viscosity measured through oil analysis.

(3)

Where h =Absolute or Dynamic Viscosity in centipoise
g/cc = Lubricant Density (specific gravity)
cSt = Kinematic viscosity in centistokes

To convert cSt to SUS @ 100° F (40° C), multiply by 4.632

To convert cSt to SUS @ 210° F (100° C), multiply by 4.664
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Viscosity Index (VI): Viscosity is dependent on temperature. As oil heats up it becomes
thinner or less viscous. Inversely, as oil cools down it becomes thicker or more viscous.
This phenomenon dictates that all oils will change their physical properties once they have
achieved their working environment temperature. Therefore, before a lubricant viscosity
choice can be made, its expected working environment temperature must be known. To
engineer for this phenomena, oil is given a Viscosity Index, or VI rating, which defines the
measure of a lubricant’s viscosity change due to temperature change. Higher VI ratings are
more desirable, reflecting narrower viscosity change over a standard temperature range.

Table 2. Viscosity Comparison Chart

Viscosities based on 95VI single grades relate horizontally.
SAE grades specified at 100 C.
SAE W grades are also specified at low temperatures.
ISO and AGMA Grades specified at 40 C.

SAE - Society of Automotive Engineers (Automotive lubricants)
AGMA - American Gear Manufacturers Assn. (Gear lubricants)
ISO - International Standards Organization
SUS - Saybolt Universal Seconds
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To determine a specific oil’s VI rating, its kinematic viscosity is measured at 100° F (40°
C) and 212° F (100° C), then its results are compared with two or more series of oils. VI
values once ranged between 0 and 100, but recent developments in lubricant technology
and additives have allowed this index to raise its upper limit and include a Very High Vis-
cosity Index (VHVI) group. Lubricants are generally classified in four basic VI groups
depicted in Table 3.

Composition of Oil.—Oil is composed of either a mineral (hydrocarbon based) or syn-
thetic oil base stock to which is added a variety of organic and inorganic compounds that
are dissolved or suspended as solids in the formulated oil. Depending on the end use condi-
tion the oil formulation is designed for, the additive package can represent between 1% up
to 30% of the formulated oil volume.

Mineral Based Oil.—Mineral oils are refined from crude oil stocks. Depending on where
the crude stock is found in the world, the oil can be paraffinic or napthenic based.

Paraffinic  based stocks are generally found in the Mid Continent USA, England’s North
Sea, and the Middle East. They contain a 60/30/10 mix of paraffin/napthene/wax resulting
in a very high VI rating up to 105. Because wax is present, they are known to have wax pour
point in which the oil’s flow is severely constricted or stopped by wax crystallization at
lower temperatures. This type of base oil stock is preferred when blending high quality
crankcase oils, hydraulic fluids. turbine oils, gear oils, and bearing oils.

Napthenic  based oil stocks are generally found in South America and the coastal regions
of the USA. They contain a 25/75/trace mix of paraffin/napthene/wax, resulting in a less
stable VI rating up to 70. Because only a trace of wax is present they are known as viscosity
pour point oils in which oil flow is restricted by increases in the lubricant’s viscosity at low
temperatures. Napthenic oils have lower pour points, higher flash points, and better addi-
tive solvency than paraffinic oils. This type of base stock is preferred when blending loco-
motive oils, refrigerant, and compressor oils.

Oil Additives.—When contact is likely between two bearing surfaces the lubricant should
be designed to mitigate the friction through the addition of engineered additives to the base
oil. Every manufactured lubricant on the market has its own unique formulation. In effect,
it is an engineered liquid, custom built to perform a specific a job in a specific environment.
All additives are sacrificial and therefore careful attention to additive package levels
through the use of oil analysis will tell the user exactly when to change the oil to prevent
damage to the bearing or contact parts. Typically oil additives as shown in Table 4 are used
to enhance the existing base oil, add additional properties to the oil, and suppress any unde-
sirable properties the base oil may have.

The additive package formulation will depend on the end use. Table 5 references what oil
type generally carries what additive package in its formulation.

Table 3.  Viscosity Index Rating 

VI rating Viscosity Index Group
< 35 Low (LVI)

35 - 80 Medium (MVI)
80 - 110 High (HVI)

> 110 Very High (VHVI)

Table 4. Oil Additives

Enhancement Additives New Property Additives Suppressant Additives
Anti-oxidant EP

Pour Point Depressant 
Viscosity Improver

Corrosion Inhibitor Anti-wear
Demulsifier Detergent
Anti-foam Dispersant
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Anti-oxidants: Oxygen attacks the base oil, especially at higher temperatures, leading to
the formation of sludge, tars, varnish, and corrosive acids. Anti-oxidant additives can
improve the oxidation stability of the oil by more than 10 times; lubricants designed for
higher operating temperatures will contain higher levels of antioxidants.

Corrosion Inhibitor or Antirust Agents : Used to form a protective shield against water
on ferrous metals, and copper, tin, and lead based bearing metals. They also act to neutral-
ize any corrosive acids that may attack the bearing materials.

Demulsifying Agents: Stop water from emulsifying with the oil. 

Antifoaming Agents: When oil is moved quickly, these agents, usually silicon based
compounds, act to retard the formation of air bubbles at the lubricant’s surface; air bubbles
contain oxygen that will attack the base oil and cause cavitation in pumps.

Extreme Pressure (EP) Additives: Additives such as sulphur, phosphorous, and chlorine
are employed to “soften” bearing surfaces, allowing them to break away as small asperities
without adhesive “tearing” when metal-to-metal contact is unavoidable. These additives
can be detrimental to yellow metal bearing material.

Anti-wear Agents: Solids such as molybdenum disulphide (moly), graphite, and PTFE,
are employed to assist as additional sliding agents when metal-to-metal contact occurs
under heavy loads. See Table 6.

Detergents are organic metallic soaps of barium, calcium, and magnesium, acting as
chemical cleaners to keep surfaces free from deposits and neutralize harmful combustion
acids.

Dispersants work in conjunction with detergents to chemically suspend the dirt particles
in the oil and allow them to be extracted by the lubrication system filters.

Pour Point Depressants prevent the formation of wax crystals in paraffinic-based min-
eral oil at low temperatures allowing it to be more fluid at colder temperatures.

Viscosity Improvers : Sometimes a base oil of inferior quality will require thickeners to
assist in achieving the specified viscosity levels over a varied temperature range. Viscosity
improvers are also used to prevent the oil from thinning at higher temperatures allowing
the manufacturer to build multi-grade lubricants that operate over wider temperature
ranges. Viscosity improvers use long chain organic molecules such as polymethacrylates
and ethylene propylene copolymers to retard the viscosity shearing and improve an oil’s
viscosity performance.

Table 5. Additive Package by Oil Type Guide

Additive Bear-
ing Oil

Gear
Oil

Turbine 
Oil

Hydraulic
Oil

Compres-
sor Oil

Crankcase
Oil Grease

Anti-oxidant � � � � � � �

Corrosion Inhibitor � � � � � � �

Demulsifier � � � � �

Anti-foam � � � � � �

Extreme Pressure EP � �

Anti-wear � � � � � �

Detergent � �

Dispersant � �

Pour Point � some � some � some � some

Viscosity Improver �
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1 micron = 0.00003937 inches; 1 psi = 6.8947 kPa; Temp. in °C = (°F–32)/1.8

Solids additives shown in Table 6, can be added to both mineral and synthetic base oil
stocks. In certain high temperature and high-pressure conditions, solids can be mixed with
a mineral spirits carrier and applied directly to the bearing surfaces as a dry solid lubricant.
The volatile carrier flashes off with the heat and leaves a dry solid film on the bearing sur-
face.

Synthetic Based Oils.—Originally developed to cope with extreme high temperature sit-
uations encountered in early jet engines, synthetic based oil differs from mineral based oil
in that its base stock is man-made. Using a polymerization similar to that used in plastics
manufacturing, synthetic based oils are scientifically designed with identifiable molecular
structures, resulting in fluids with highly predictable properties. 

Synthetic lubricants deliver many advantages; their stability under severe high and low
temperature operating conditions enables equipment to operate in extreme conditions with
a high degree of reliability. Although there are many different synthetic base stocks, indus-
try is primarily served by the following five common synthetic lubricant types. 

Poly-Alph-Olefins - PAOs: PAOs, Table 7, are often described as man-made mineral oils
(synthesized hydrocarbons) and were amongst the first developed synthetic lubricants for
popular use in automotive crankcase oils. They are formulated in a similar molecular struc-
ture to that of pure paraffin through the synthesis of ethylene gas molecules into a polymer-
ized uniform structure. They have a wide range of uses that include crankcase oil, gear oil,
compressor oil, and turbine oils. 

Poly-alkylene Glycols - PAGs: PAGs, Table 8, are also known as organic chemical Ucon
fluids that possess excellent lubricity and a unique property that causes decomposed or
oxidized products to volatilize (clean burn) or become soluble, resulting in no sludge, var-
nish, or damaging particles to be formed at high temperatures. PAG’s are polymers of
alkylene oxides and are used for compressor oils, hydraulic oils (water glygols), and severe
duty gear oils.

Table 6. Properties of Common Lubricant Solids Additives

Solid Additive Color Load Capability Thermal
Stability

Average 
Particle Size

Moisture
Sensitivity

Molybdenum
Disulphide

Grey-
Black > 100,000 (psi) < 750° F < 1 - 6 micron Detrimental

Graphite Grey-
Black < 50,000 (psi) < 1200° F 2 - 10 micron Necessary

Polytetrafluoroethylene
PTFE White < 6,000 (psi) < 500° F < 1 micron No Effect

Table 7. Poly-Alph-Olefins (PAOs)

Positive Features Negative Features
Low pour point (down to -90° F or –68°C)

Cost (4-8 × mineral oil cost)
Poor additive solubility
Poor biodegradability

High viscosity index, VI > 140 
High viscosity range 
Good mineral oil compatibility 
Good seal compatibility 
Excellent corrosion stability
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Di-Basic Acid Esters - Di-Esters: Due to their high shear VI stability under extreme tem-
perature, Di-Esters, Table 9, have become very popular in the aerospace industry. Formu-
lated from the reaction between alcohol and acid-laden oxygen, Di-esters originally saw
primary use in jet engine oils, but are now used mainly in high temperature compressor
oils.

Polyol-Esters: Due to their increased thermal stability over Di-esters, Polyol-Esters,
Table 10, have now taken over as the preferred oils for gas turbines, jet engines, and 2-
cycle oil applications.

Silicones: Silicone lubricants, Table 11, are semi-inorganic compounds formulated to
provide the stability of inorganic products, yet retain the versatility of organic products.
Although they have poor lubricity, silicone lubricants find favor in lightly loaded instru-
ment bearings and oils and situations requiring high temperature change and compatibility
with plastics.Additives are added to the base stocks to enhance lubricant performance, just
as with mineral oils.

Temperature Effects on Oil .—Changes in temperature effect an oil’s viscosity and its
ability to maintain a load carrying hydrodynamic film as depicted in Fig. 7. With the
exception of silicone-based fluids, which unfortunately have poor lubricating qualities,
most oils suffer a dramatic drop in viscosity once the temperature surpasses 100° F (38° C).

Table 8. Polyalkylene Glycols (PAGs)

Positive Features Negative Features
Low pour point (to -60° F or -51°C) 
High viscosity index, VI > 150 
High viscosity range 
Fair seal compatibility 
Excellent biodegradability 
Do not produce sludge or varnish

Cost (4 - 8 × mineral oil cost) 
Poor mineral oil compatibility 
Poor PAO and synthetic ester based 
oil compatibility

Table 9. Di-Basic Acid Esters (Di-esters)

Positive Features Negative Features
Low pour point (to -80° F or -62°C)
High viscosity index, VI> 150 
High viscosity range 
Good mineral oil compatibility 
Good additive solvency

Cost (4 - 8 x mineral oil cost) 
Poor hydrolytic stability 
Poor seal compatibility 
Fair mineral oil compatibility 
Poor corrosion stability 

Table 10. Polyol-Esters

Positive Features Negative Features
Low pour point (to -95° F or -71°C) 
High viscosity index, VI >160 
High viscosity range 
Good oxidation stability 
Good mineral oil compatibility 
Good anti-wear properties 
Good additive solvency

Cost (10 - 15 × mineral oil cost) 
Poor hydrolytic stability 
Poor seal compatibility 
Fair mineral oil compatibility 
Poor corrosion stability

Table 11. Silicone

Positive Features Negative Features
Low pour point (to -95° F or -71°C) 
High viscosity index, VI >250 
Very High 
Viscosity range 
Very high flash point 
Good seal compatibility

High Cost (30 - 100 × mineral oil cost) 
Poor lubricity 
Poor seal compatibility 
Poor mineral oil compatibility 
Poor biodegradability 
Poor additive solvency
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Fig. 7. Temperature Effect on Viscosity for Different Oils

Temperature affects not only the viscosity of the oil, it affects the condition and life
expectancy of the oil as shown in Fig. 8 For every 17° F (10° C) increase in temperature,
oxidation rates double and effective oil life is halved. Operating temperature is the leading
indicator in determining oil change out frequencies 

Fig. 8. Expected Oil Life at Varying Operating Temperatures.

Oxidation is the leading cause of lubricant failure. Fig. 9 shows typical upper and lower
working limits for various lubricating oils.

Lubricating Grease.—In situations where the containment and continued application of
lubricating oil is not practical, lubricating grease is widely used - most specifically in roll-
ing element bearings requiring only periodic lubrication, and slow-speed, high-load
boundary lubrication applications. Easier to retain than oil, grease offers lower lubricant
losses and good sealing qualities. When utilized in an automatic delivery system, grease
can provide full film lubrication.

Grease is a blended mix of the lubricating oil (mineral or synthetic - usually di-ester or
silicone based), oil additive package, and fatty acids mixed with metallic alkaline soap to
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form the thickening agent. Varying the oil, additive package, and soap blend produces
many unique types of grease formulated for a variety of operating conditions. Greases are
classified according to their soap base as depicted in Table 12.

Grease works in a similar way to a sponge; as the temperature of the grease rises, the oil
bleeds from the soap filler and performs the lubricating function to the balls, raceways, and
sliding surfaces. Inversely, once the grease cools down, the oil is soaked back up into the
soap filler, which essentially acts as a semi-fluid container for the lubricating oil. An
important step in selecting the correct grease is determining if the base oil viscosity is suit-
able for the application. For example, grease designed for heavily loaded, high tempera-
ture applications will probably use a heavy viscosity oil base, whereas general-purpose
grease is more likely to use a medium viscosity oil base. 

Grease properties may change according to the additive package used

At sustained high temperatures, grease will soften substantially and could leak or drop
from the bearing unless rated specifically for high temperature applications. High temper-
atures rapidly oxidize the lubricant causing the soap to harden; higher temperatures require
more frequent application of grease. Lower temperatures can be just as detrimental
because the grease “stiffens” considerably as temperatures near -20° F (-30° C). At this
temperature the rolling elements no longer rotate and they drag across the raceway. Under
heavier loads this effect causes “smearing” of the bearing surfaces leading to premature
bearing failure. Grease temperature guidelines by type are shown in Fig. 10.

Fig. 9. Temperature Limit Guidelines for Oil.

Table 12. Grease Types and Their Properties

Type Appearance Pump-
ability

Heat
Resistance

Temperature 
Range

Water 
Resistance

Compatibility
with other greases

Calcium (Lime Soap) Buttery Fair Fair 230° F (110° C) Excellent Excellent
Sodium (Soda Soap) Fibrous Fair Very Good 250° F (120° C) Poor Good
Calcium Complex Stringy Fair Good 350° F (175° C) Very Good Fair
Lithium Buttery Excellent Good 350° F (175° C) Excellent Excellent
Aluminum Complex Stringy Good Excellent 350° F (175° C) Excellent Poor
Lithium Complex Buttery Excellent Excellent 375° F (190° C) Very Good Excellent
Barium Fibrous Very Good Excellent 380° F (193° C) Excellent Fair
Bentonite (non-soap) Buttery Good Excellent 500° F (260° C) Good Poor
Urea Buttery Good Excellent > 500° F (260° C) Excellent Excellent

Temperature C
- -75 -25-50 100 200 3000

320-50-100 100 200 300 400 500 600
Temperature   F

Poly-alph-olefin-

Mineral

Poly Alkylene Glycol PAG

Di Ester

Polyol Ester

Silicone Extended Range Due 
to Additve Package.

Normal Use
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Fig. 10. Temperature Limit Guidelines for Grease

Grease Classification: The National Lubricating Grease Institute - NLGI, classifies
grease according to a rating standard that measures the consistency of the grease. Using a
penetrometer apparatus under laboratory conditions, a conical weight is dropped from a
known height into the grease sample, and its depth of penetration is measured after a 5 sec-
ond time period. The Table 13 rating chart shows that stiffer greases are rated with a higher
NLGI code than more fluid grease with higher levels of penetration. Grease consistency
largely depends on the type and amount of soap thickener blended in the grease and the oil
viscosity — NOT the base oil viscosity alone. Rolling element bearings will use grease in
the NLGI 1 to 3 ranges. Centralized grease lubricating systems favor 0 to 2 NLGI rated
grease.

Grease Additives: As with oil, grease will also contain solids additives such as graphite,
molybdenum disulphide, and PTFE for use in extreme pressure and heavy wear condi-
tions.

Lubricant Application

Selecting a Suitable Lubricant.—Selecting a suitable lubricant will depend on a number
of factors such as type of operation (full film, boundary layer), temperature, speed, load,
working environment, and machine design. Machine maintenance requirements and main-
tenance schedules are not always taken into account in the equipment engineering design
process of the lubrication system(s). Careful assessment of the conditions and consultation
with a lubricant manufacturer/provider must take place to determine the optimal lubricant
choice for each specific application. Table 14 offers general guidelines for lubricant choice

Table 13. NLGI Grease Consistency Rating Chart

NLGI Rating Description Penetration Range (0.1mm@77° F)
6 Brick Hard 85 - 115
5 Very Stiff 130 - 160
4 Stiff 175 - 205
3 Medium 220 - 250
2 Medium Soft 265 - 295
1 Soft 310 - 340
0 Very Soft 355 - 385

00 Semi Fluid 400 - 430
000 Semi Fluid 445 - 475

Temperature C

- -75 -25-50 100 200 3000

320-50-100 100 200 300 400 500 600

Temperature    F

Calcium Complex

Sodium

Lithium

Aluminum Complex

Bentonite
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when operating conditions are known, and Fig. 11 offers lubricant viscosity guideline
choices based on bearing speed in RPM. Once the initial lubricant choice is made, its vis-
cosity must be checked against the specific operating temperature to ensure that the lubri-
cant is suitable for speed, load, and temperature conditions.

Fig. 11. Lubricant Viscosity Selection Guide based on Bearing Speed in RPM

Lubricant additives deliver different working characteristics to the lubricant. Knowing
and documenting a machine or system’s lubricant application requirements will facilitate
a consolidation of lubricant requirements and assist in determining the optimal lubricant
additive package. Table 15 reviews typical lubricated components, and assigns priority
guideline ratings against a number of important lubricant functional attributes. This infor-
mation is a starting point when working with the lubricant manufacturer to enable consol-
idation of lubricant needs and choose lubricants with suitable additives.

Table 14. General Guidelines for Choosing a Preferred Lubricant Type

Condition Oil Grease Solid
Clearances Designed for Oil � �

Clearances Designed for Grease � �

High Speed, Low Load �

Low Speed, High Load �

Low Speed Oscillating Load � �

High Temperature �

Full Film Applications � �
a

a Automated delivery system. 

Boundary Layer Applications � �

Contaminated Working Environment �

Product Cannot Tolerate Leaks � �

Closed Gearbox �

Isolated Bearings �
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0 = Low Priority, 3 = High Priority

Oil Application.—Oil lubrication can be broken down into two major categories: termi-
nating (total loss), and recirculating oil systems. 

Terminating Oil Systems: Terminating oil systems are semi-automated and automated
systems that dispense oil at a known rate to the bearing(s) and do not recover the oil. This
system can be generally observed in use for lubricating plain bearings, gibs, and slide ways
found in small to medium-sized machine tools. Reservoir oil is replenished with new oil on
an “as used” basis. 

Recirculating Oil Systems: Recirculating oil systems pump oil through the bearing(s) on
a semi-continuous or continuous cycle, using the oil to cool the bearing as it lubricates.
Depending on the system design the oil can be filtered prior to the pump suction inlet, on
the pump discharge, and again on the gravity return to the oil storage reservoir. 

Recirculating systems are used on every kind of small to very large equipment as long as
the oil can be contained; reservoirs retain their original charge of oil, which is changed on
a condition or time basis. 

A simple method used by lubrication delivery system manufacturers for determining the
bearing oil requirements under normal load and speed conditions uses a volumetric
requirement over a specified time period (See Table 16), designated by:

(4)

Where V =  Oil volume in cubic centimeters, (cc)
A =  Bearing contact surface area, (cm2)
R =  Film thickness replenishment, (mm)

Other closed system oiling methods exist: Gearbox splash systems employ a simple
recirculative pickup/transfer of oil by a submerged gear tooth from an oil reservoir bath.
Constant level oilers maintain a constant level of oil in a specially designed oil bath bearing
housing. Using air over oil technology, oil can be misted and “rifled” into the bearing
allowing very high speeds of over 20,000 rpm at light loads.

When replenishing oil reservoirs always use new clean oil of the exact same specifica-
tion, from the same manufacturer. Mixing different oils of similar specification can cause
additive packages to react with one another causing detriment to the bearings. If changing
to a new oil specification or manufacturer consult with the new manufacturer for the cor-
rect change out procedure.
Grease Application.—Because grease is easy to retain in a bearing housing over a long
period of time and because it acts as a seal against contaminants, most rolling element bear-
ings are grease lubricated. For most applications a NLGI 1 or 2 rating grease is used. The

Table 15. Priority Guideline Ratings of Lubricant Functional Attributes
for Different Lubricated Components

Lubricant Attribute Sliding
Bearing

Rolling
Bearing

Wire Rope, Chain, 
Open Gears

Closed
Gears

Friction Reduction 1 2 1 2
Boundary Lubrication 1 2 2 3
Cooling Ability 2 2 0 3
Temperature Range 1 2 1 2
Corrosion Protection 1 2 2 1
Seal Out Contaminants 0 2 1 0

Table 16. Lubrication Film Replenishment Rate Guidelines for Oil and Grease

Lubricant Delivery Method R - Film Thickness Time
Automatic Terminating Oil 0.025mm (0.001 inch) 1 hour

Automatic Recirculating Oil 0.025mm (0.001 inch) 1 minute

V A R×=
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method of grease lubrication will depend on the greased bearing design; bearings can be
hand-packed, manually-lubricated with a terminating style grease gun, or automatically
greased.

Open rolling bearings are received with a rust inhibiting compound from new and must
be pre packed on assembly - DO NOT remove bearings from their packaging until
ready to use, and DO NOT spin dry bearings as this will significantly degrade the life
of the bearing. Shielded or sealed bearings usually arrive pre-packed from the manufac-
turer - always specify your preferred grease to your bearing supplier when ordering. The
initial amount of grease is determined by adjusting the volume according to the known
speed and load. For operating temperatures above 180°F (80°C) the bearing is packed to
25% of the full pack volume. For temperatures below 180°F (80°C), the guideline for pack
volume is shown in Table 17 and is based on the bearing surface speed in operation calcu-
lated as: 

(5)
where dn =Bearing surface speed factor, Metric, mm

Dn = Bearing surface speed factor, US Customary, in.
SD = Shaft Diameter of the bearing bore, mm or in.

RPM = Velocity, Rotations Per Minute at full speed

For vibration applications, do not fill more than 60% of full pack
When hand packing, work the grease with fingers around all the rolling elements; the

bearing can be dismantled to make for this operation easier. The grease should fill the
immediate bearing area. Before renewing grease in an existing bearing, the bearing must
be removed and washed in kerosene or any suitable degreasing product. Once clean, the
bearing is lightly coated in mineral oil, being careful not to spin the bearing at this point.
Once filled with the appropriate amount of grease in the bearing area, the bearing can be
hand spun to fling off grease excess, which is wiped away with a lint-free clean cloth. Free
spacing in the housing should be filled from 30% to 50%. Overfilling bearings with grease
is the leading cause of bearing lubrication-related failures. Over greasing causes the lubri-
cant to “churn,” which in turn “spikes” the bearing internal temperature, significantly
reducing the bearing life using considerably more energy to overcome fluid friction. Bear-
ings designed to be lubricated by a grease handgun or automated delivery system will have
a grease port built into the bearing housing and raceway. Grease lubrication intervals will
depend on temperature and speed. Fig. 12 provides guidelines for renewing grease based
on speed.

Bearings running at high temperature extremes will require more frequent application
based on the temperature, load, speed, and type of grease used. When replenishing grease
always use new clean grease of the exact same specification, from the same manufacturer.
Mixing different greases can lead to compatibility problems causing detriment to the bear-
ings. If changing to a new grease specification or manufacturer, consult with the new man-
ufacturer for the correct change out procedure.
Lubrication Delivery Methods and Systems .—Numerous methods and systems are
used to deliver oil and grease to bearing points. Automated centralized systems work on
the premise of delivering a very small amount of lubrication on an almost continual basis,

Table 17. Bearing Packing Guidelines

dn (mm) Dn (in.)
% Full Pack

From To From To
0 50,000 0 2,000 100

50,000 100,000 2,000 4,000 75
100,000 150,000 4,000 6,000 50
150,000 200,000 6,000 8,000 33
200,000+ 8,000+ 25

dn  or Dn SD RPM×=
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providing optimal full film lubrication to the bearing. Although more expensive initially,
automated centralized systems are credited with significant savings by extending bearing
life up to three times longer than manually lubricated bearings. They also reduce downtime
in changing out bearings, reduce lubricant consumption, and reduce energy consumption.
Table 18 compares the different types of methods and delivery systems and some of their
features, and can be used as a guide in to determining a suitable lubrication delivery
approach.

Fig. 12. Grease Renewal Period based on Running Time and Speed

Table 18.  Lubrication Method and System Comparison Guide

Feature Hand
Pack

Manual
Gun

Single
 Point 

Centralized
Total Loss

Centralized
Recirculating

Self Contained
 Splash/Bath 

Gravity 
Fed

Oil � � � � � �

Grease � � � �

Continuous Delivery � � � �

Cyclic Delivery � �

Automatic Control � � � �

Manual Control � � � �

Positive 
Displacement � � � �

Line Monitor 
Protection � �

# Lube Points Unlimited Unlimited 20 Min. 200 Max. 20 Max.
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Manual gun delivery systems are commonly known as grease guns and oil guns. These
hand-dispensing devices are capable of delivering lubricant at pressures exceeding 15,000
psi (103 MPa), and must be used with extreme caution if the bearing seal is not to be com-
promised - especially when lubricating from a remote located grease nipple. Bearings
manually lubricated with grease and oil guns are lubricated with significantly more lubri-
cant and less frequent applications than automatic centralized lubricated bearings. Manual
lubrication results in a high degree of bearing fluid friction and a significant lower life
expectancy.

Single point lubricators are self-contained automatic dispensing units that house a lubri-
cant reservoir and can dispense oil or grease to a single bearing or a small number of bear-
ings through a manifold system. Earlier versions of the grease units employed a spring-
loaded follower plate that dispensed against a bearing back pressure through a controllable
bleed valve; while oil units used gravity (also known as gravity units) to allow oil to drip
through a bleed valve at a controlled rate onto a brush or wick device touching the moving
shaft or part. Both unit types are refillable and are still available. Modern day versions are
mostly one-time-use units that employ programmable controlled battery operated positive
displacement pumps, or electrochemical gas expandable bellows to move the lubricant to
the bearing.

Centralized total loss systems employ a pump that can be automatically or manually acti-
vated to pump oil (solid or mist) or grease to a series of metering valves mounted at the
lubrication point, or in a manifold device piped to the bearing point. These systems are
capable of delivering a metered amount of lubricant on a cyclic basis to many hundreds of
lubricant points simultaneously. Because the lubricant is not reclaimed at the bearing
point, the pump reservoir must be filled with lubricant on a regular basis This lubrication
system is the most common type of found on industrial equipment. 

Centralized oil recirculating systems are designed to continually pump a metered amount
of oil through each bearing point. The oil is channeled back to the reservoir through a filter
system and pumped out again through the distribution system.

Self contained bath and splash installations are “pick-up” type systems that employ oil in
a reservoir filled to an engineered level that covers the lowest submersed gear teeth. As the
gear moves it picks up the oil and transfers lubricant as each gear engages and disengages.
Higher rpm speed causes the lubricant to be splashed high into the gearbox cavity so that is
is distributed to all the internal devices. 

Contamination Control

Before an oil lubricant gets to perform its lubrication function at the bearing point, it must
often go through a torturous handling process where the oil must be transferred multiple
times before it eventually resides in the final application reservoir. The lubricant is shipped
from the refinery to the blending station, to the manufacturer’s bulk storage tank, to the
supplier’s storage tank, to the barrel or pail, to the user’s storage facility, to the mainte-
nance department, and finally to the machine’s reservoir. If the transfer equipment and
storage tanks/devices are not dedicated to this exact lubricant type and scrupulously clean,
and the oil is not filtered at every transfer point, the virgin oil will be contaminated when
placed in the equipment reservoir. 

In a study performed by the National Research Council of Canada on bearing failure in
primary industries it was found that 82% of wear induced failure was particle induced fail-
ure from dirty lubricants, with the greatest wear caused by particles whose size equaled the
oil film thickness. Perhaps the greatest contamination enemy for bearings is the ever
present silt and its abrasive properties. Fig. 13 shows the Macpherson curve, which depicts
the contaminant effect on roller bearing life based on contaminant micron size. 
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Fig. 13. Macpherson Contamination Effect Curve

The graph in Fig. 13 clearly shows the relationship between bearing life extension and
contaminant size. By focusing on controlling contaminates less than 10 microns in size
with quality filtration methods, expected bearing life is more than tripled. 

ISO Cleanliness Code.—When performing a solids lubricant analysis and cleanliness
testing, the ISO Cleanliness Code ISO4406 (1999) is used as a guide. The number of 4-
micron, 6-micron, and 14-micron diameter particles in a one ml lubricant sample are
counted and compared to a particle concentration range, (see Table 19), then assigned a
cleanliness code number for each particle count size. 

Example:An ISO code of 21/19/17 would represent findings of between 10,000 to
20,000 4-micron sized particles per ml, between 2,500 and 5,000 6-micron sized particles
per ml, and between 640 and 1,280 14-micron sized particles per ml; this sample would be
considered very dirty. 

Typical cleanliness targets for rolling element bearings would start at 16/14/12 or better,
17/15/12 or better for journal style bearings, 17/14/12 or better for industrial gearboxes,
and 15/12 or better for hydraulic fluids.

Table 19. ISO Cleanliness Code 4406 (1999)

Particles Per ml Particles Per ml

More Than Up to and 
Including

Range Num-
ber (R) More Than Up to and 

Including
Range Num-

ber (R)
80000 160000 24 20 40 12
40000 80000 23 10 20 11
20000 40000 22 5 10 10
10000 20000 21 2.5 5 9
5000 10000 20 1.3 2.6 8
2500 5000 19 0.64 1,28 7
1300 2600 18 0.32 0.64 6
640 1280 17 0.16 0.32 5
320 640 16 0.08 0.16 4
160 320 15 0.04 0.08 3
80 160 14 0.02 0.04 2
40 80 13 0.01 0.02 1
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A study conducted by the British Hydromechanics Research Association (BHRA)
looked at the relationship between hydraulic fluid cleanliness and mean time between fail-
ure (MTBF), of over 100 hydraulic systems in a variety of industries over a three year
period. The results are seen in Fig. 14 and show that systems that were successful in filter-
ing out and excluding contaminants over 5 microns in size lasted tens of thousand of hours
longer between system breakdowns.

Fig. 14. MTBF vs. Cleanliness Levels

Solid particle ingression into a closed lubrication/hydraulic system can come from a
variety of sources that include new oil, service and manufacturing debris, improper seals,
vents/breathers, filter breakdown, and internal wear generation. For the most part, ingress
prevention is all about filtration. Introducing filtered clean new oil into a system will sig-
nificantly retard the wear process and avoid clogging up breathers and in line filter sys-
tems.
Water Contamination .—Water Contamination is the other major lubricant contaminant
that will significantly degrade the oil’s life -Fig. 15. Lubrication fluid typically saturates at
0.04% or 400 ppm, whereas hydraulic fluid (excluding water glycol fluids) saturates at an
even lower 0.03% or 300 ppm. Typical water sources are found in the fluid storage areas
when lubricants are stored outdoors and subjected to the elements, or stored in continually
changing temperatures causing condensation and rust that can be transferred into the
equipment’s lubrication system. 

Fig. 15. Effect of Water in Oil on Bearing Life
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Filtration Systems.—Although contamination cannot be completely eliminated, with
diligence and the use of effective filtration techniques and methods the effects of contami-
nation can be seriously mitigated. 

Working on the understanding that fluid cleanliness is the basis for contamination con-
trol, primary filtration commences on the virgin stock oils prior to the lubricant being
placed in the working reservoir or lubrication / hydraulic system. 

Once the lubricant is in a working system it will immediately begin to attract contami-
nants already in the system, from the air, outside sources, manufacturing materials, and
wear materials that must be filtered out as the lubricant moves through the system. Table
20 shows a typical pressure flow lubrication delivery, hydraulic system complete with a
minimum filter media package. The function of these filters is to reduce operating costs
and increase component life; therefore they must be properly sized for the system and be of
the highest quality. 

There are two basic types of filter design, surface filters and depth filters. Surface filters
are the most common and use a screening material to trap debris. Depth filters are deep
cleaning filtering devices that use multiple layers of dense materials to “polish” the lubri-
cant. Depth filters are usually set up in parallel with the basic filter system and allow a
small percentage of the lubricant flow to bypass the pump and be depth cleaned. 

Table 20. Typical Minimum Filtration Requirements for a 
Closed Loop Lubrication Hydraulic System

Location Type Degree Material Purpose

A Pump Suction Surface Medium Gauze, Paper Pump Protection

B Pump Delivery 
Header Surface Fine Felt, Paper, Cellulose,

Sintered metal Primary System Protection

C Return Line Surface Medium Felt, Paper, Cellulose Wear Products Protection

D Reservoir Vent Surface Course / 
Medium

Wire, Wool, Paper, Oil 
Bath Desiccant

Remove Airborne Contaminant 
and Condensation

E Reservoir Fill Port Surface Course Gauze, Paper Prevent Course Solids Ingress

F Drain Plug Surface Fine Magnet Capture Ferrite Wear
Metals And Debris

G Drain Valve n/a n/a n/a Water Removal

H Delivery Bypass
Filter Depth Very Fine Carbon, Cellulose, 

Diamataceous Earth, Felt
Lubricant Deep Cleaning

And Polishing

Delivery
Section

Pressured

B

C

B

Portable Filter Cart

A

H

A
F G

E
D

Return
Section

Gravity

Pump

Reservoir

Lubrication
Delivery System
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A diagram and tabulation of the filtration requirements of a a closed loop hydraulic sys-
tem are shown in Table 20. Fluid in the reservoir is sucked up by the pump through the suc-
tion filter (A) and pumped into the delivery header line under pressure. If a depth filter
option is used, a small percentage, up to 15%, of the oil flow is diverted for deep cleaning
through a depth filter (H) and sent back to the reservoir for recycling. The lubricant is then
forced through the primary pressure filter and allowed to perform its work at the bearing
point or hydraulic device before it eventually channels into the system return line under
gravity to pass through a low pressure return line filter that takes out any wear materials
gathered along the way. Once through the return filter the oil makes its way back into the
reservoir. The reservoir is protected against airborne contaminants and condensation by
the vent filter, and is protected against ingress of course solids by the fill neck screen filter.
Because water is heavier than oil it will settle to the bottom of the tank where most of it can
be drained off by opening the drain valve. Metallic debris also settle to the bottom and are
captured by the magnetic drain plug at the bottom of the reservoir. As the lubricant oxi-
dizes and breaks down, sludge will form on the bottom of the reservoir, which must be
cleaned out periodically manually by removing the reservoir clean-out hatch.

Filter Efficiency: Most surface filters are sold in either one-time-use, or cleanable-reus-
able forms. Depth filters are all one-time-use filters. All filters are performance rated
according to the media’s particle removal efficiency, known as the filter’s filtration ratio,
or Beta ratio. Not all filters are made equal, and they are tested for dirt holding capacity,
pressure differential capability, and filter efficiency, using an ISO 4572 Multipass Test
Procedure in which fluid is circulated through a mock lube system in a controlled manner.
Differential pressure across the test filter element is recorded as contamination is added
into the lubricant upstream of the filter. Laser particle sensors determine contamination
levels both upstream and downstream of the filter element and the beta ratio is determined
using the following formula:

(6)

Where B =Filter Filtration Ratio
x =A specific particle size

Example:If 100,000 particles, 10 microns and larger are counted upstream of the test fil-
ter, and 1000 particles are counted after or downstream of the test filter element, the Beta
ratio would equal:

Efficiency is determined using the following equation:

(7)

The higher the beta ratio, the better the capture efficiency of the filter, see Table 21.

Table 21. Filter Efficiency

Beta Ratio 
at a Specific 
Particle Size.

Filter Efficiency 
at Same Specific

Particle Size.

Beta Ratio 
at a Specific 
Particle Size.

Filter Efficiency 
at Same Specific

Particle Size.

Beta Ratio 
at a Specific 
Particle Size.

Filter Efficiency 
at Same Specific

Particle Size.
1.01 1% 5 80% 100 99%
1.1 9% 10 90% 200 99.5%
1.5 33% 20 95% 1000 99.9%
2 50% 75 98.7% … …

Bx
# Upstream Particulate

# Downstream Particulate
--------------------------------------------------------------=

B10
100 000,

1000
---------------------=

Efficiencyx 1 1
Beta
-----------–

 
  100×=

Efficiency10 1 1
100
---------–

 
  100× 99%= =
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COUPLINGS, CLUTCHES, BRAKES

Connecting Shafts.—For couplings to transmit up to about 150 horsepower, simple
flange-type couplings of appropriate size, as shown in the table, are commonly used. The
design shown is known as a safety flange coupling because the bolt heads and nuts are
shrouded by the flange, but such couplings today are normally shielded by a sheet metal or
other cover.

Safety Flange Couplings

A B C D E F G H J K

Bolts

No. Dia.

1 13⁄4 21⁄4 4 11⁄16
5⁄16 11⁄2 1⁄4 9⁄32

1⁄4 5 3⁄8
11⁄4 23⁄16 23⁄4 5 13⁄16

3⁄8 17⁄8 1⁄4 9⁄32
1⁄4 5 7⁄16

11⁄2 25⁄8 33⁄8 6 15⁄16
7⁄16 21⁄4 1⁄4 9⁄32

1⁄4 5 1⁄2
13⁄4 31⁄16 4 7 11⁄16

1⁄2 25⁄8 1⁄4 9⁄32
1⁄4 5 9⁄16

2 31⁄2 41⁄2 8 13⁄16
9⁄16 3 1⁄4 9⁄32

5⁄16 5 5⁄8
21⁄4 315⁄16 51⁄8 9 15⁄16

5⁄8 33⁄8 1⁄4 9⁄32
5⁄16 5 11⁄16

21⁄2 43⁄8 55⁄8 10 17⁄16
11⁄16 33⁄4 1⁄4 9⁄32

5⁄16 5 3⁄4
23⁄4 413⁄16 61⁄4 11 19⁄16

3⁄4 41⁄8 1⁄4 9⁄32
5⁄16 5 13⁄16

3 51⁄4 63⁄4 12 111⁄16
13⁄16 41⁄2 1⁄4 9⁄32

3⁄8 5 7⁄8
31⁄4 511⁄16 73⁄8 13 113⁄16

7⁄8 47⁄8 1⁄4 9⁄32
3⁄8 5 15⁄16

31⁄2 61⁄8 8 14 115⁄16
15⁄16 51⁄4 1⁄4 9⁄32

3⁄8 5 1

33⁄4 69⁄16 81⁄2 15 21⁄16 1 55⁄8 1⁄4 9⁄32
3⁄8 5 11⁄16

4 7 9 16 21⁄4 11⁄8 6 1⁄4 9⁄32
7⁄16 5 11⁄8

41⁄2 77⁄8 101⁄4 18 21⁄2 11⁄4 63⁄4 1⁄4 9⁄32
7⁄16 5 11⁄4

5 83⁄4 111⁄4 20 23⁄4 13⁄8 71⁄2 1⁄4 9⁄32
7⁄16 5 13⁄8

51⁄2 83⁄4 111⁄4 20 23⁄4 13⁄8 71⁄2 1⁄4 9⁄32
7⁄16 5 13⁄8

6 101⁄2 123⁄8 22 215⁄16 11⁄2 81⁄4 5⁄16
11⁄32

1⁄2 5 17⁄16

61⁄2 113⁄8 131⁄2 24 31⁄8 15⁄8 9 5⁄16
11⁄32

1⁄2 5 11⁄2
7 121⁄4 145⁄8 26 31⁄4 13⁄4 93⁄4 5⁄16

11⁄32
9⁄16 6 11⁄2

71⁄2 131⁄8 153⁄4 28 37⁄16 17⁄8 101⁄2 5⁄16
11⁄32

9⁄16 6 19⁄16

8 14 167⁄8 28 31⁄2 2 107⁄8 5⁄16
11⁄32

5⁄8 7 11⁄2
81⁄2 147⁄8 18 30 311⁄16 21⁄8 111⁄4 5⁄16

11⁄32
5⁄8 7 19⁄16

9 153⁄4 191⁄8 31 33⁄4 21⁄4 115⁄8 5⁄16
11⁄32

11⁄16 8 11⁄2
91⁄2 165⁄8 201⁄4 32 315⁄16 23⁄8 12 5⁄16

11⁄32
11⁄16 8 19⁄16

10 171⁄2 213⁄8 34 41⁄8 21⁄2 123⁄4 5⁄16
11⁄32

3⁄4 8 15⁄8
101⁄2 183⁄8 221⁄2 35 41⁄4 25⁄8 131⁄8 5⁄16

11⁄32
3⁄4 10 15⁄8

11 191⁄4 235⁄8 36 47⁄16 23⁄4 131⁄2 5⁄16
11⁄32

7⁄8 10 111⁄16

111⁄2 201⁄8 243⁄4 37 45⁄8 27⁄8 137⁄8 5⁄16
11⁄32

7⁄8 10 13⁄4
12 21 257⁄8 38 413⁄16 3 141⁄4 5⁄16

11⁄32 1 10 113⁄16
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For small sizes and low power applications, a setscrew may provide the connection
between the hub and the shaft, but higher power usually requires a key and perhaps two set-
screws, one of them above the key. A flat on the shaft and some means of locking the set-
screw(s) in position are advisable. In the AGMA Class I and II fits the shaft tolerances are
−0.0005 inch from 1⁄2 to 11⁄2 inches diameter and −0.001 inch on larger diameters up to 7
inches.

Class I coupling bore tolerances are + 0.001 inch up to 11⁄2 inches diameter, then + 0.0015
inch to 7 inches diameter. Class II coupling bore tolerances are + 0.002 inch on sizes up to
3 inches diameter, + 0.003 inch on sizes from 31⁄4 through 33⁄4 inches diameter, and + 0.004
inch on larger diameters up to 7 inches.

Interference Fits.—Components of couplings transmitting over 150 horsepower often
are made an interference fit on the shafts, which may reduce fretting corrosion. These cou-
plings may or may not use keys, depending on the degree of interference. Keys may range
in size from 1⁄8 inch wide by 1⁄16 inch high for 1⁄2-inch diameter shafts to 13⁄4 inches wide by 7⁄8
inch high for 7-inch diameter shafts. Couplings transmitting high torque or operating at
high speeds or both may use two keys. Keys must be a good fit in their keyways to ensure
good transmission of torque and prevent failure. AGMA standards provide recommenda-
tions for square parallel, rectangular section, and plain tapered keys, for shafts of 5⁄16
through 7 inches diameter, in three classes designated commercial, precision, and fitted.
These standards also cover keyway offset, lead, parallelism, finish and radii, and face keys
and splines. (See also ANSI and other Standards in KEYS AND KEYSEATS starting on
page 2460 of this Handbook.)

Double-cone Clamping Couplings.—As shown in the table, double-cone clamping cou-
plings are made in a range of sizes for shafts from 17⁄16 to 6 inches in diameter, and are easily
assembled to shafts. These couplings provide an interference fit, but they usually cost more
and have larger overall dimensions than regular flanged couplings.

Double-cone Clamping Couplings

A B C D E F G H J K L M
No. of
Bolts

No. of
Keys

17⁄16 51⁄4 23⁄4 21⁄8 15⁄8 5⁄8 21⁄8 43⁄4 11⁄8 1 5 1⁄2 3 1

115⁄16 7 31⁄2 27⁄8 21⁄8 5⁄8 23⁄4 61⁄4 11⁄8 13⁄8 61⁄4 1⁄2 3 1

27⁄16 83⁄4 45⁄16 35⁄8 3 3⁄4 31⁄2 713⁄16 17⁄8 13⁄4 77⁄8 5⁄8 3 1

3 101⁄2 51⁄2 43⁄32 31⁄2 3⁄4 43⁄16 9 21⁄4 2 91⁄2 5⁄8 3 1

31⁄2 121⁄4 7 53⁄8 43⁄8 7⁄8 51⁄16 111⁄4 25⁄8 21⁄8 111⁄4 3⁄4 4 1

4 14 7 51⁄2 43⁄4 7⁄8 51⁄2 12 33⁄4 21⁄2 12 3⁄4 4 1

41⁄2 151⁄2 8 67⁄8 51⁄4 7⁄8 63⁄4 131⁄2 33⁄4 23⁄4 141⁄2 3⁄4 4 1

5 17 9 71⁄4 53⁄4 7⁄8 7 15 33⁄4 3 151⁄4 3⁄4 4 1

51⁄2 171⁄2 91⁄2 73⁄4 61⁄4 1 7 151⁄2 33⁄4 3 151⁄4 7⁄8 4 1

6 18 10 81⁄4 63⁄4 1 7 16 33⁄4 3 151⁄4 7⁄8 4 2
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Flexible Couplings.—Shafts that are out of alignment laterally or angularly can be con-
nected by any of several designs of flexible couplings. Such couplings also permit some
degree of axial movement in one or both shafts. Some couplings use disks or diaphragms
to transmit the torque. Another simple form of flexible coupling consists of two flanges
connected by links or endless belts made of leather or other strong, pliable material. Alter-
natively, the flanges may have projections that engage spacers of molded rubber or other
flexible materials that accommodate uneven motion between the shafts. More highly
developed flexible couplings use toothed flanges engaged by correspondingly toothed ele-
ments, permitting relative movement. These couplings require lubrication unless one or
more of the elements is made of a self-lubricating material. Other couplings use dia-
phragms or bellows that can flex to accommodate relative movement between the shafts.

The Universal Joint.—This form of coupling, originally known as a Cardan or Hooke's
coupling, is used for connecting two shafts the axes of which are not in line with each other,
but which merely intersect at a point. There are many different designs of universal joints
or couplings, which are based on the principle embodied in the original design. One well-
known type is shown by the accompanying diagram.

As a rule, a universal joint does not work well if the angle α (see illustration) is more than
45 degrees, and the angle should preferably be limited to about 20 degrees or 25 degrees,
excepting when the speed of rotation is slow and little power is transmitted.

Variation in Angular Velocity of Driven Shaft: Owing to the angularity between two
shafts connected by a universal joint, there is a variation in the angular velocity of one shaft
during a single revolution, and because of this, the use of universal couplings is sometimes
prohibited. Thus, the angular velocity of the driven shaft will not be the same at all points
of the revolution as the angular velocity of the driving shaft. In other words, if the driving
shaft moves with a uniform motion, then the driven shaft will have a variable motion and,
therefore, the universal joint should not be used when absolute uniformity of motion is
essential for the driven shaft.

Determining Maximum and Minimum Velocities: If shaft A (see diagram) runs at a con-
stant speed, shaft B revolves at maximum speed when shaft A occupies the position shown
in the illustration, and the minimum speed of shaft B occurs when the fork of the driving
shaft A has turned 90 degrees from the position illustrated. The maximum speed of the
driven shaft may be obtained by multiplying the speed of the driving shaft by the secant of
angle α. The minimum speed of the driven shaft equals the speed of the driver multiplied
by cosine α. Thus, if the driver rotates at a constant speed of 100 revolutions per minute and
the shaft angle is 25 degrees, the maximum speed of the driven shaft is at a rate equal to
1.1034 × 100 = 110.34 rpm. The minimum speed rate equals 0.9063 × 100 = 90.63; hence,
the extreme variation equals 110.34 − 90.63 = 19.71 rpm.
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Use of Intermediate Shaft between Two Universal Joints.—The lack of uniformity in
the speed of the driven shaft resulting from the use of a universal coupling, as previously
explained, is objectionable for some forms of mechanisms. This variation may be avoided
if the two shafts are connected with an intermediate shaft and two universal joints, pro-
vided the latter are properly arranged or located. Two conditions are necessary to obtain a
constant speed ratio between the driving and driven shafts. First, the shafts must make the
same angle with the intermediate shaft; second, the universal joint forks (assuming that the
fork design is employed) on the intermediate shaft must be placed relatively so that when
the plane of the fork at the left end coincides with the center lines of the intermediate shaft
and the shaft attached to the left-hand coupling, the plane of the right-hand fork must also
coincide with the center lines of the intermediate shaft and the shaft attached to the right-
hand coupling; therefore the driving and the driven shafts may be placed in a variety of
positions. One of the most common arrangements is with the driving and driven shafts par-
allel. The forks on the intermediate shafts should then be placed in the same plane.

This intermediate connecting shaft is frequently made telescoping, and then the driving
and driven shafts can be moved independently of each other within certain limits in longi-
tudinal and lateral directions. The telescoping intermediate shaft consists of a rod which
enters a sleeve and is provided with a suitable spline, to prevent rotation between the rod
and sleeve and permit a sliding movement. This arrangement is applied to various machine
tools.

Knuckle Joints.—Movement at the joint between two rods may be provided by knuckle
joints, for which typical proportions are seen in the table Proportions of Knuckle Joints on
page 2447.

Friction Clutches.—Clutches which transmit motion from the driving to the driven mem-
ber by the friction between the engaging surfaces are built in many different designs,
although practically all of them can be classified under four general types, namely, conical
clutches; radially expanding clutches; contracting-band clutches; and friction disk
clutches in single and multiple types. There are many modifications of these general
classes, some of which combine the features of different types. The proportions of various
sizes of cone clutches are given in the table “Cast-iron Friction Clutches.” The multicone
friction clutch is a further development of the cone clutch. Instead of having a single cone-
shaped surface, there is a series of concentric conical rings which engage annular grooves
formed by corresponding rings on the opposite clutch member. The internal-expanding
type is provided with shoes which are forced outward against an enclosing drum by the
action of levers connecting with a collar free to slide along the shaft. The engaging shoes
are commonly lined with wood or other material to increase the coefficient of friction. Disk
clutches are based on the principle of multiple-plane friction, and use alternating plates or
disks so arranged that one set engages with an outside cylindrical case and the other set
with the shaft. When these plates are pressed together by spring pressure, or by other
means, motion is transmitted from the driving to the driven members connected to the
clutch. Some disk clutches have a few rather heavy or thick plates and others a relatively
large number of thinner plates. Clutches of the latter type are common in automobile trans-
missions. One set of disks may be of soft steel and the other set of phosphor-bronze, or
some other combination may be employed. For instance, disks are sometimes provided
with cork inserts, or one set or series of disks may be faced with a special friction material
such as asbestos-wire fabric, as in “dry plate” clutches, the disks of which are not lubri-
cated like the disks of a clutch having, for example, the steel and phosphor-bronze combi-
nation. It is common practice to hold the driving and driven members of friction clutches in
engagement by means of spring pressure, although pneumatic or hydraulic pressure may
be employed.
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Power Transmitting Capacity of Friction Clutches.—When selecting a clutch for a
given class of service, it is advisable to consider any overloads that may be encountered
and base the power transmitting capacity of the clutch upon such overloads. When the load
varies or is subject to frequent release or engagement, the clutch capacity should be greater
than the actual amount of power transmitted. If the power is derived from a gas or gasoline
engine, the horsepower rating of the clutch should be 75 or 100 per cent greater than that of
the engine.

Power Transmitted by Disk Clutches.—The approximate amount of power that a disk
clutch will transmit may be determined from the following formula, in which H = horse-
power transmitted by the clutch; µ = coefficient of friction; r = mean radius of engaging
surfaces; F = axial force in pounds (spring pressure) holding disks in contact; N = number
of frictional surfaces; S = speed of shaft in revolutions per minute:

Proportions of Knuckle Joints

For sizes not given below:

a = 1.2 D

b = 1.1 D

c = 1.2 D

e = 0.75 D 

f = 0.6 D

g = 1.5 D

h = 2 D
i = 0.5 D
j = 0.25 D
k = 0.5 D
l = 1.5 D

D a b c e f g h i j k l

1⁄2 5⁄8 9⁄16
5⁄8 3⁄8 5⁄16

3⁄4 1 1⁄4 1⁄8 1⁄4 3⁄4
3⁄4 7⁄8 3⁄4 7⁄8 9⁄16

7⁄16 11⁄8 11⁄2 3⁄8 3⁄16
3⁄8 11⁄8

1 11⁄4 11⁄8 11⁄4 3⁄4 5⁄8 11⁄2 2 1⁄2 1⁄4 1⁄2 11⁄2
11⁄4 11⁄2 13⁄8 11⁄2 15⁄16

3⁄4 17⁄8 21⁄2 5⁄8 5⁄16
5⁄8 17⁄8

11⁄2 13⁄4 15⁄8 13⁄4 11⁄8 7⁄8 21⁄4 3 3⁄4 3⁄8 3⁄4 21⁄4
13⁄4 21⁄8 2 21⁄8 15⁄16 11⁄16 25⁄8 31⁄2 7⁄8 7⁄16

7⁄8 25⁄8
2 23⁄8 21⁄4 23⁄8 11⁄2 13⁄16 3 4 1 1⁄2 1 3

21⁄4 23⁄4 21⁄2 23⁄4 111⁄16 13⁄8 33⁄8 41⁄2 11⁄8 9⁄16 11⁄8 33⁄8
21⁄2 3 23⁄4 3 17⁄8 11⁄2 33⁄4 5 11⁄4 5⁄8 11⁄4 33⁄4
23⁄4 31⁄4 3 31⁄4 21⁄16 15⁄8 41⁄8 51⁄2 13⁄8 11⁄16 13⁄8 41⁄8
3 35⁄8 31⁄4 35⁄8 21⁄4 113⁄16 41⁄2 6 11⁄2 3⁄4 11⁄2 41⁄2
31⁄4 4 35⁄8 4 27⁄16 2 47⁄8 61⁄2 15⁄8 13⁄16 15⁄8 47⁄8
31⁄2 41⁄4 37⁄8 41⁄4 25⁄8 21⁄8 51⁄4 7 13⁄4 7⁄8 13⁄4 51⁄4
33⁄4 41⁄2 41⁄8 41⁄2 213⁄16 21⁄4 55⁄8 71⁄2 17⁄8 15⁄16 17⁄8 55⁄8
4 43⁄4 43⁄8 43⁄4 3 23⁄8 6 8 2 1 2 6

41⁄4 51⁄8 43⁄4 51⁄8 33⁄16 29⁄16 63⁄8 81⁄2 21⁄8 11⁄16 21⁄8 63⁄8
41⁄2 51⁄2 5 51⁄2 33⁄8 23⁄4 63⁄4 9 21⁄4 11⁄8 21⁄4 63⁄4
43⁄4 53⁄4 51⁄4 53⁄4 39⁄16 27⁄8 71⁄8 91⁄2 23⁄8 13⁄16 23⁄8 71⁄8
5 6 51⁄2 6 33⁄4 3 71⁄2 10 21⁄2 11⁄4 21⁄2 71⁄2

H
µrFNS

63 000,
------------------=
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Cast-iron Friction Clutches

Frictional Coefficients for Clutch Calculations.—While the frictional coefficients
used by designers of clutches differ somewhat and depend upon variable factors, the fol-
lowing values may be used in clutch calculations: For greasy leather on cast iron about 0.20
or 0.25, leather on metal that is quite oily 0.15; metal and cork on oily metal 0.32; the same
on dry metal 0.35; metal on dry metal 0.15; disk clutches having lubricated surfaces 0.10.
Formulas for Cone Clutches.—In cone clutch design, different formulas have been
developed for determining the horsepower transmitted. These formulas, at first sight, do
not seem to agree, there being a variation due to the fact that in some of the formulas the
friction clutch surfaces are assumed to engage without slip, whereas, in others, some
allowance is made for slip. The following formulas include both of these conditions:

H.P. = horsepower transmitted

For sizes not given below:

a = 2 D
b = 4 to 8 D

c = 21⁄4 D
t = 11⁄2 D

e = 3⁄8 D

h = 1⁄2 D

s = 5⁄16 D, nearly
k = 1⁄4 D

Note: The angle φ of the cone 
may be from 4 to 10 degrees

D a b c t e h s k

1 2 4 - 8 21⁄4 11⁄2 3⁄8 1⁄2 5⁄16
1⁄4

11⁄4 21⁄2 5-10 27⁄8 17⁄8 1⁄2 5⁄8 3⁄8 5⁄16

11⁄2 3 6-12 33⁄8 21⁄4 5⁄8 3⁄4 1⁄2 3⁄8
13⁄4 31⁄2 7-14 4 25⁄8 5⁄8 7⁄8 5⁄8 7⁄16

2 4 8-16 41⁄2 3 3⁄4 1 5⁄8 1⁄2
21⁄4 41⁄2 9-18 5 33⁄8 7⁄8 11⁄8 5⁄8 9⁄16

21⁄2 5 10-20 55⁄8 33⁄4 1 11⁄4 3⁄4 5⁄8
23⁄4 51⁄2 11-22 61⁄4 41⁄8 1 13⁄8 7⁄8 11⁄16

3 6 12-24 63⁄4 41⁄2 11⁄8 11⁄2 7⁄8 3⁄4
31⁄4 61⁄2 13-26 73⁄8 47⁄8 11⁄4 15⁄8 1 13⁄16

31⁄2 7 14-28 77⁄8 51⁄4 13⁄8 13⁄4 1 7⁄8
33⁄4 71⁄2 15-30 81⁄2 55⁄8 13⁄8 17⁄8 11⁄4 15⁄16

4 8 16-32 9 6 11⁄2 2 11⁄4 1

41⁄4 81⁄2 17-34 91⁄2 63⁄8 15⁄8 21⁄8 13⁄8 11⁄16

41⁄2 9 18-36 101⁄4 63⁄4 13⁄4 21⁄4 13⁄8 11⁄8
43⁄4 91⁄2 19-38 103⁄4 71⁄8 13⁄4 23⁄8 11⁄2 13⁄16

5 10 20-40 111⁄4 71⁄2 17⁄8 21⁄2 11⁄2 11⁄4
51⁄4 101⁄2 21-42 113⁄4 77⁄8 2 25⁄8 15⁄8 15⁄16

51⁄2 11 22-44 123⁄8 81⁄4 2 23⁄4 13⁄4 13⁄8
53⁄4 111⁄2 23-46 13 85⁄8 21⁄4 27⁄8 13⁄4 17⁄16

6 12 24-48 131⁄2 9 21⁄4 3 17⁄8 11⁄2
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N =revolutions per minute
r =mean radius of friction cone, in inches

r1 =large radius of friction cone, in inches
r2 =small radius of friction cone, in inches
R1 =outside radius of leather band, in inches
R2 =inside radius of leather band, in inches
V =velocity of a point at distance r from the center, in feet per minute
F =tangential force acting at radius r, in pounds

Pn =total normal force between cone surfaces, in pounds
Ps =spring force, in pounds
α =angle of clutch surface with axis of shaft = 7 to 13 degrees
β =included angle of clutch leather, when developed, in degrees
f =coefficient of friction = 0.20 to 0.25 for greasy leather on iron
p =allowable pressure per square inch of leather band = 7 to 8 pounds

W =width of clutch leather, in inches

For engagement with some slip:

For engagement without slip:

Angle of Cone.—If the angle of the conical surface of the cone type of clutch is too small,
it may be difficult to release the clutch on account of the wedging effect, whereas, if the
angle is too large, excessive spring force will be required to prevent slipping. The mini-
mum angle for a leather-faced cone is about 8 or 9 degrees and the maximum angle about
13 degrees. An angle of 12 1⁄2 degrees appears to be the most common and is generally con-

R1
r1

αsin
-----------= R2

r2

αsin
-----------=

β αsin 360×= r
r1 r2+

2
----------------=

V
2πrN

12
--------------=

F
HP 33 000,×

V
-------------------------------= W

Pn

2πrp
-------------= HP

PnfrN

63 025,
----------------=

Pn

Ps

αsin
-----------= Ps

HP 63 025 αsin,×
frN

-------------------------------------------=

Pn

Ps

αsin f αcos+
---------------------------------= Ps

HP 63 025 αsin f αcos+( ),×
frN

---------------------------------------------------------------------=
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sidered good practice. These angles are given with relation to the clutch axis and are one-
half the included angle.
Magnetic Clutches.—Many disk and other clutches are operated electromagnetically
with the magnetic force used only to move the friction disk(s) and the clutch disk(s) into or
out of engagement against spring or other pressure. On the other hand, in a magnetic parti-
cle clutch, transmission of power is accomplished by magnetizing a quantity of metal par-
ticles enclosed between the driving and the driven components, forming a bond between
them. Such clutches can be controlled to provide either a rigid coupling or uniform slip,
useful in wire drawing and manufacture of cables.

Another type of magnetic clutch uses eddy currents induced in the input member which
interact with the field in the output rotor. Torque transmitted is proportional to the coil cur-
rent, so precise control of torque is provided. A third type of magnetic clutch relies on the
hysteresis loss between magnetic fields generated by a coil in an input drum and a close-
fitting cup on the output shaft, to transmit torque. Torque transmitted with this type of
clutch also is proportional to coil current, so close control is possible.

Permanent-magnet types of clutches also are available, in which the engagement force is
exerted by permanent magnets when the electrical supply to the disengagement coils is cut
off. These types of clutches have capacities up to five times the torque-to-weight ratio of
spring-operated clutches. In addition, if the controls are so arranged as to permit the coil
polarity to be reversed instead of being cut off, the combined permanent magnet and elec-
tromagnetic forces can transmit even greater torque.
Centrifugal and Free-wheeling Clutches.—Centrifugal clutches have driving members
that expand outward to engage a surrounding drum when speed is sufficient to generate
centrifugal force. Free-wheeling clutches are made in many different designs and use balls,
cams or sprags, ratchets, and fluids to transmit motion from one member to the other.
These types of clutches are designed to transmit torque in only one direction and to take up
the drive with various degrees of gradualness up to instantaneously.
Slipping Clutch/Couplings.—Where high shock loads are likely to be experienced, a
slipping clutch or coupling or both should be used. The most common design uses a clutch
plate that is clamped between the driving and driven plates by spring pressure that can be
adjusted. When excessive load causes the driven member to slow, the clutch plate surfaces
slip, allowing reduction of the torque transmitted. When the overload is removed, the drive
is taken up automatically. Switches can be provided to cut off current supply to the driving
motor when the driven shaft slows to a preset limit or to signal a warning or both. The slip
or overload torque is calculated by taking 150 per cent of the normal running torque.
Wrapped-spring Clutches.—For certain applications, a simple steel spring sized so that
its internal diameter is a snug fit on both driving and driven shafts will transmit adequate
torque in one direction. The tightness of grip of the spring on the shafts increases as the
torque transmitted increases. Disengagement can be effected by slight rotation of the
spring, through a projecting tang, using electrical or mechanical means, to wind up the
spring to a larger internal diameter, allowing one of the shafts to run free within the spring.

Normal running torque Tr in lb-ft = (required horsepower × 5250) ÷ rpm. For heavy
shock load applications, multiply by a 200 per cent or greater overload factor. (See Motors,
factors governing selection.)

The clutch starting torque Tc, in lb-ft, required to accelerate a given inertia in a specific
time is calculated from the formula:

where WR2 = total inertia encountered by clutch in lb-ft2 (W = weight and R = radius of
gyration of rotating part)

∆N = final rpm − initial rpm

Tc
WR2 ∆N×

308t
--------------------------=
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308 = constant (see Factors Governing Motor Selection on page 2573)
t = time to required speed in seconds

Example 1:  If the inertia is 80 lb-ft2, and the speed of the driven shaft is to be increased
from 0 to 1500 rpm in 3 seconds, find the clutch starting torque in lb-ft.

The heat E, in BTU, generated in one engagement of a clutch can be calculated from the
formula:

where: WR2 = total inertia encountered by clutch in lb-ft.2

N1 =final rpm N2 =initial rpm
Tc =clutch torque in lb-ft T1 =torque load in lb-ft

Example 2:  Calculate the heat generated for each engagement under the conditions cited
for Example 1.

The preferred location for a clutch is on the high- rather than on the low-speed shaft
because a smaller-capacity unit, of lower cost and with more rapid dissipation of heat, can
be used. However, the heat generated may also be more because of the greater slippage at
higher speeds, and the clutch may have a shorter life. For light-duty applications, such as to
a machine tool, where cutting occurs after the spindle has reached operating speed, the cal-
culated torque should be multiplied by a safety factor of 1.5 to arrive at the capacity of the
clutch to be used. Heavy-duty applications such as frequent starting of a heavily loaded
vibratory-finishing barrel require a safety factor of 3 or more.
Positive Clutches.—When the driving and driven members of a clutch are connected by
the engagement of interlocking teeth or projecting lugs, the clutch is said to be “positive”
to distinguish it from the type in which the power is transmitted by frictional contact. The
positive clutch is employed when a sudden starting action is not objectionable and when
the inertia of the driven parts is relatively small. The various forms of positive clutches dif-
fer merely in the angle or shape of the engaging surfaces. The least positive form is one
having planes of engagement which incline backward, with respect to the direction of
motion. The tendency of such a clutch is to disengage under load, in which case it must be
held in position by axial pressure.

Fig. 1. Types of Clutch Teeth

This pressure may be regulated to perform normal duty, permitting the clutch to slip and
disengage when over-loaded. Positive clutches, with the engaging planes parallel to the
axis of rotation, are held together to obviate the tendency to jar out of engagement, but they
provide no safety feature against over-load. So-called “under-cut” clutches engage more
tightly the heavier the load, and are designed to be disengaged only when free from load.

Tc
80 1500×

308 3×
------------------------ 130 lb-ft= =

E
Tc WR2× N1

2 N2
2–( )×

Tc T1–( ) 4.7× 106×
------------------------------------------------------=

E
130 80× 1500( )2×
130 10–( ) 4.7× 106×

------------------------------------------------------ 41.5 BTU= =
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The teeth of positive clutches are made in a variety of forms, a few of the more common
styles being shown in Fig. 1. Clutch A is a straight-toothed type, and B has angular or saw-
shaped teeth. The driving member of the former can be rotated in either direction: the latter
is adapted to the transmission of motion in one direction only, but is more readily engaged.
The angle θ of the cutter for a saw-tooth clutch B is ordinarily 60 degrees. Clutch C is sim-
ilar to A, except that the sides of the teeth are inclined to facilitate engagement and disen-
gagement. Teeth of this shape are sometimes used when a clutch is required to run in either
direction without backlash. Angle θ is varied to suit requirements and should not exceed 16
or 18 degrees. The straight-tooth clutch A is also modified to make the teeth engage more
readily, by rounding the corners of the teeth at the top and bottom. Clutch D (commonly
called a “spiral-jaw” clutch) differs from B in that the surfaces e are helicoidal. The driving
member of this clutch can transmit motion in only one direction. 

Fig. 2. Diagrammatic View Showing Method of Cutting Clutch Teeth

Fig. 3. 

Clutches of this type are known as right- and left-hand, the former driving when turning to
the right, as indicated by the arrow in the illustration. Clutch E is the form used on the back-
shaft of the Brown & Sharpe automatic screw machines. The faces of the teeth are radial
and incline at an angle of 8 degrees with the axis, so that the clutch can readily be disen-
gaged. This type of clutch is easily operated, with little jar or noise. The 2-inch (50.8 mm)
diameter size has 10 teeth. Height of working face, 1⁄8 inch (3.175 mm).

Cutting Clutch Teeth.—A common method of cutting a straight-tooth clutch is indicated
by the diagrams A, B and C, Fig. 2, which show the first, second and third cuts required for
forming the three teeth. The work is held in the chuck of a dividing-head, the latter being
set at right angles to the table. A plain milling cutter may be used (unless the corners of the
teeth are rounded), the side of the cutter being set to exactly coincide with the center-line.
When the number of teeth in the clutch is odd, the cut can be taken clear across the blank as
shown, thus finishing the sides of two teeth with one passage of the cutter. When the num-
ber of teeth is even, as at D, it is necessary to mill all the teeth on one side and then set the
cutter for finishing the opposite side. Therefore, clutches of this type commonly have an
odd number of teeth. The maximum width of the cutter depends upon the width of the
space at the narrow ends of the teeth. If the cutter must be quite narrow in order to pass the
narrow ends, some stock may be left in the tooth spaces, which must be removed by a sep-
arate cut. If the tooth is of the modified form shown at C, Fig. 1, the cutter should be set as
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indicated in Fig. 3; that is, so that a point a on the cutter at a radial distance d equal to one-
half the depth of the clutch teeth lies in a radial plane. When it is important to eliminate all
backlash, point a is sometimes located at a radial distance d equal to six-tenths of the depth
of the tooth, in order to leave clearance spaces at the bottoms of the teeth; the two clutch
members will then fit together tightly. Clutches of this type must be held in mesh.

Fig. 4. 

Angle of Dividing-head for Milling V-shaped Teeth with Single-angle Cutter

Cutting Saw-tooth Clutches: When milling clutches having angular teeth as shown at B,
Fig. 1, the axis of the clutch blank should be inclined a certain angle α as shown at A in Fig.
4. If the teeth were milled with the blank vertical, the tops of the teeth would incline
towards the center as at D, whereas, if the blank were set to such an angle that the tops of the
teeth were square with the axis, the bottoms would incline upwards as at E. In either case,

α is the angle shown in Fig. 4 and is the angle shown by the graduations 
on the dividing head. θ is the included angle of a single cutter, see Fig. 1.

No. of
Teeth, N

Angle of Single-angle Cutter, θ

No. of
Teeth, N

Angle of Single-angle Cutter, θ

60° 70° 80° 60° 70° 80°

Dividing Head Angle, α Dividing Head Angle, α

5 27° 19.2 ′ 55° 56.3 ′ 74° 15.4 ′ 18 83° 58.1 ′ 86° 12.1 ′ 88° 9.67 ′

6 60 71 37.6 81 13 19 84 18.8 86 25.1 88 15.9

7 68 46.7 76 48.5 83 39.2 20 84 37.1 86 36.6 88 21.5

8 73 13.3 79 30.9 84 56.5 21 84 53.5 86 46.9 88 26.5

9 75 58.9 81 13 85 45.4 22 85 8.26 86 56.2 88 31

10 77 53.6 82 24.1 86 19.6 23 85 21.6 87 4.63 88 35.1

11 79 18.5 83 17 86 45.1 24 85 33.8 87 12.3 88 38.8

12 80 24.4 83 58.1 87 4.94 25 85 45 87 19.3 88 42.2

13 81 17.1 84 31.1 87 20.9 26 85 55.2 87 25.7 88 45.3

14 82 .536 84 58.3 87 34 27 86 4.61 87 31.7 88 48.2

15 82 36.9 85 21.2 87 45 28 86 13.3 87 37.2 88 50.8

16 83 7.95 85 40.6 87 54.4 29 86 21.4 87 42.3 88 53.3

17 83 34.7 85 57.4 88 2.56 30 86 28.9 87 47 88 55.6

αcos 360° N⁄( )tan θcot×
2

--------------------------------------------------=
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the two clutch members would not mesh completely: the engagement of the teeth cut as
shown at D and E would be as indicated at D1 and E1 respectively. As will be seen, when the
outer points of the teeth at D1 are at the bottom of the grooves in the opposite member, the
inner ends are not together, the contact area being represented by the dotted lines. At E1 the
inner ends of the teeth strike first and spaces are left between the teeth around the outside of
the clutch. To overcome this objectionable feature, the clutch teeth should be cut as indi-
cated at B, or so that the bottoms and tops of the teeth have the same inclination, converging
at a central point x. The teeth of both members will then engage across the entire width as
shown at C. The angle α required for cutting a clutch as at B can be determined by the fol-
lowing formula in which α equals the required angle, N = number of teeth, θ = cutter angle,
and 360°/N = angle between teeth:

The angles α for various numbers of teeth and for 60-, 70- or 80-degree single-angle cut-
ters are given in the table on page 2453. The following table is for double-angle cutters
used to cut V-shaped teeth.

Angle of Dividing-head for Milling V-shaped Teeth with Double-angle Cutter

The angles given in the table above are applicable to the milling of V-shaped grooves in brackets,
etc., which must have toothed surfaces to prevent the two members from turning relative to each
other, except when unclamped for angular adjustment

This is the angle (α, Fig. 4) shown by graduations on 
the dividing-head. θ is the included angle of a double-
angle cutter, see Fig. 1.

No. of
Teeth, N

Included Angle of Cutter, θ

No. of
Teeth, N

Included Angle of Cutter, θ

60° 90° 60° 90°

Dividing Head Angle, α Dividing Head Angle, α

10 73° 39.4 ′ 80° 39 ′ 31 84° 56.9 ′ 87° 5.13 ′
11 75 16.1 81 33.5 32 85 6.42 87 10.6

12 76 34.9 82 18 33 85 15.4 87 15.8

13 77 40.5 82 55.3 34 85 23.8 87 20.7

14 78 36 83 26.8 35 85 31.8 87 25.2

15 79 23.6 83 54 36 85 39.3 87 29.6

16 80 4.83 84 17.5 37 85 46.4 87 33.7

17 80 41 84 38.2 38 85 53.1 87 37.5

18 81 13 84 56.5 39 85 59.5 87 41.2

19 81 41.5 85 12.8 40 86 5.51 87 44.7

20 82 6.97 85 27.5 41 86 11.3 87 48

21 82 30 85 40.7 42 86 16.7 87 51.2

22 82 50.8 85 52.6 43 86 22 87 54.2

23 83 9.82 86 3.56 44 86 26.9 87 57

24 83 27.2 86 13.5 45 86 31.7 87 59.8

25 83 43.1 86 22.7 46 86 36.2 88 2.4

26 83 57.8 26 31.2 47 86 40.6 88 4.91

27 84 11.4 86 39 48 86 44.8 88 7.32

28 84 24 86 46.2 49 86 48.8 88 9.63

29 84 35.7 86 53 50 86 52.6 88 11.8

30 84 46.7 86 59.3 51 86 56.3 88 14

αcos 360° N⁄( )tan θcot×
2

--------------------------------------------------=

αcos 180° N⁄( )tan θ 2⁄( )cot×
2

--------------------------------------------------------------=
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Friction Brakes 

Formulas for Band Brakes.—In any band brake, such as shown in Fig. 1, in the tabula-
tion of formulas, where the brake wheel rotates in a clockwise direction, the tension in that

part of the band marked x equals 

The tension in that part marked y equals .

P =tangential force in pounds at rim of brake wheel
e =base of natural logarithms = 2.71828
µ =coefficient of friction between the brake band and the brake wheel
θ =angle of contact of the brake band with the brake wheel expressed in radians

See also Conversion Tables of Angular Measure starting on page 103.
For simplicity in the formulas presented, the tensions at x and y (Fig. 1) are denoted by T1

and T2 respectively, for clockwise rotation. When the direction of the rotation is reversed,
the tension in x equals T2, and the tension in y equals T1, which is the reverse of the tension
in the clockwise direction.

The value of the expression eµθ in these formulas may be most easily found by using a
hand-held calculator of the scientific type; that is, one capable of raising 2.71828 to the
power µθ. The following example outlines the steps in the calculations.

Table of Values of eµθ

Proportion
of Contact
to Whole

Circumference, Steel Band
on Cast

Iron,
µ = 0.18

Leather Belt on

Wood Cast Iron

Slightly
Greasy;
µ = 0.47

Very
Greasy;
µ = 0.12

Slightly
Greasy;
µ = 0.28

Damp;
µ = 0.38

0.1 1.12 1.34 1.08 1.19 1.27

0.2 1.25 1.81 1.16 1.42 1.61

0.3 1.40 2.43 1.25 1.69 2.05

0.4 1.57 3.26 1.35 2.02 2.60

0.425 1.62 3.51 1.38 2.11 2.76

0.45 1.66 3.78 1.40 2.21 2.93

0.475 1.71 4.07 1.43 2.31 3.11

0.5 1.76 4.38 1.46 2.41 3.30

0.525 1.81 4.71 1.49 2.52 3.50

0.55 1.86 5.07 1.51 2.63 3.72

0.6 1.97 5.88 1.57 2.81 4.19

0.7 2.21 7.90 1.66 3.43 5.32

0.8 2.47 10.60 1.83 4.09 6.75

0.9 2.77 14.30 1.97 4.87 8.57

1.0 3.10 19.20 2.12 5.81 10.90

P
1

eµθ 1–
-----------------

P
eµθ

eµθ 1–
-----------------

  one radian 180 deg.
π   radians
------------------------ 57.296

deg.
radian
---------------= =

θ
2π
------
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Example:In a band brake of the type in Fig. 1, dimension a = 24 inches, and b = 4 inches;
force P = 100 pounds; coefficient µ = 0.2, and angle of contact = 240 degrees, or

Formulas for Simple and Differential Band Brakes

F = force in pounds at end of brake handle; P = tangential force in pounds at rim of brake wheel; e = base of natural 
logarithms = 2.71828; µ = coefficient of friction between the brake band and the brake wheel; θ = angle of contact of 
the brake band with the brake wheel, expressed in radians (one radian = 57.296 degrees).

Simple Band Brake

Fig. 1. 

For clockwise rotation:

For counter clockwise rotation:

Fig. 2. 

For clockwise rotation:

For counter clockwise rotation:

Differential Band Brake

Fig. 3. 

For clockwise rotation:

For counter clockwise rotation:

In this case, if b2 is equal to, or less than, b1e
µθ, the force F will be 0 or 

negative and the band brake works automatically.

Fig. 4. 

For clockwise rotation:

For counter clockwise rotation:

If b2 = b1, both of the above formulas reduce to . 

In this case, the same force F is required for rotation in either direction.

T1 P=
1

eµθ 1–
----------------- T2 P=

eµθ

eµθ 1–
-----------------

F
bT2

a
--------- Pb

a
-------= =

eµθ

eµθ 1–
-----------------
 
 

F
bT1

a
--------- Pb

a
-------= =

1
eµθ 1–
-----------------
 
 

F
bT1

a
--------- Pb

a
-------= =

1
eµθ 1–
-----------------
 
 

F
bT2

a
--------- Pb

a
-------= =

eµθ

eµθ 1–
-----------------
 
 

F
b2T2 b1T1–

a
----------------------------- P

a
---= =

b2eµθ b1–

eµθ 1–
-------------------------
 
 

F
b2T1 b1T2–

a
----------------------------- P

a
---= =

b2 b1eµθ–

eµθ 1–
-------------------------
 
 

F
b2T2 b1T1+

a
----------------------------- P

a
---= =

b2eµθ b1+

eµθ 1–
--------------------------
 
 

F
b1T2 b2T1+

a
----------------------------- P

a
---= =

b1eµθ b2+

eµθ 1–
--------------------------
 
 

F
Pb1

a
--------- eµθ 1+

eµθ 1–
-----------------
 
 =

θ 240
180
--------- π× 4.18= =
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The rotation is clockwise. Find force F required.

If a hand-held calculator is not used, determining the value of eµθ is rather tedious, and the
table on page 2455 will save calculations.
Coefficient of Friction in Brakes.—The coefficients of friction that may be assumed for
friction brake calculations are as follows: Iron on iron, 0.25 to 0.3 leather on iron, 0.3; cork
on iron, 0.35. Values somewhat lower than these should be assumed when the velocities
exceed 400 feet per minute at the beginning of the braking operation.

For brakes where wooden brake blocks are used on iron drums, poplar has proved the
best brake-block material. The best material for the brake drum is wrought iron. Poplar
gives a high coefficient of friction, and is little affected by oil. The average coefficient of
friction for poplar brake blocks and wrought-iron drums is 0.6; for poplar on cast iron, 0.35
for oak on wrought iron, 0.5; for oak on cast iron, 0.3; for beech on wrought iron, 0.5; for
beech on cast iron, 0.3; for elm on wrought iron, 0.6; and for elm on cast iron, 0.35. The
objection to elm is that the friction decreases rapidly if the friction surfaces are oily. The
coefficient of friction for elm and wrought iron, if oily, is less than 0.4.
Calculating Horsepower from Dynamometer Tests.—When  a  dynamomete r  i s
arranged for measuring the horsepower transmitted by a shaft, as indicated by the diagram-
matic view in Fig. 5, the horsepower may be obtained by the formula:

in which H.P. = horsepower transmitted; N = number of revolutions per minute; L = dis-
tance (as shown in illustration) from center of pulley to point of action of weight P, in feet;
P = weight hung on brake arm or read on scale.

Fig. 5. 

By adopting a length of brake arm equal to 5 feet 3 inches, the formula may be reduced to
the simple form:

If a length of brake arm equal to 2 feet 71⁄2 inches is adopted as a standard, the formula
takes the form:

The transmission type of dynamometer measures the power by transmitting it through
the mechanism of the dynamometer from the apparatus in which it is generated, or to the

F
Pb

a
------- eµθ

eµθ 1–
-----------------
 
 =

100 4×
24

------------------ 2.718280.2 4.18×

2.718280.2 4.18× 1–
-----------------------------------------------
 
 =

400
24
--------- 2.718280.836

2.718280.836 1–
---------------------------------------×= 16.66

2.31
2.31 1–
-------------------× 29.4= =

HP 2πLPN

33000
-------------------=

HP NP

1000
------------=

HP NP

2000
------------=
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apparatus in which it is to be utilized. Dynamometers known as indicators operate by
simultaneously measuring the pressure and volume of a confined fluid. This type may be
used for the measurement of the power generated by steam or gas engines or absorbed by
refrigerating machinery, air compressors, or pumps. An electrical dynamometer is for
measuring the power of an electric current, based on the mutual action of currents flowing
in two coils. It consists principally of one fixed and one movable coil, which, in the normal
position, are at right angles to each other. Both coils are connected in series, and, when a
current traverses the coils, the fields produced are at right angles; hence, the coils tend to
take up a parallel position. The movable coil with an attached pointer will be deflected, the
deflection measuring directly the electric current.

Friction Wheels for Power Transmission

When a rotating member is driven intermittently and the rate of driving does not need to
be positive, friction wheels are frequently used, especially when the amount of power to be
transmitted is comparatively small. The driven wheels in a pair of friction disks should
always be made of a harder material than the driving wheels, so that if the driven wheel

Formulas for Block Brakes

F = force in pounds at end of brake handle;
P = tangential force in pounds at rim of brake wheel;
µ = coefficient of friction between the brake block and brake wheel.

Fig. 1. 

Block brake.
For rotation in either direction:

Fig. 2. 

Block brake.
For clockwise rotation:

For counter clockwise rotation:

Fig. 3. 

Block brake.
For clockwise rotation:

For counter clockwise rotation:

Fig. 4. 

The brake wheel and friction block of the block brake are often grooved 
as shown in Fig. 4. In this case, substitute for µ in the above equations the 

value  where α is one-half the angle included by the faces 

of the grooves.

F P
b

a b+
------------ 1

µ
---× Pb

a b+
------------ 1

µ
---
 
 = =

F

Pb

µ
------- Pc–

a b+
--------------------

Pb

a b+
------------ 1

µ
--- c

b
---–

 
 = =

F

Pb

µ
------- Pc+

a b+
--------------------

Pb

a b+
------------ 1

µ
--- c

b
---+

 
 = =

F

Pb

µ
------- Pc+

a b+
--------------------

Pb

a b+
------------ 1

µ
--- c
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should be held stationary by the load, while the driving wheel revolves under its own pres-
sure, a flat spot may not be rapidly worn on the driven wheel. The driven wheels, therefore,
are usually made of iron, while the driving wheels are made of or covered with, rubber,
paper, leather, wood or fiber. The safe working force per inch of face width of contact for
various materials are as follows: Straw fiber, 150; leather fiber, 240; tarred fiber, 240;
leather, 150; wood, 100 to 150; paper, 150. Coefficients of friction for different combina-
tions of materials are given in the following table. Smaller values should be used for excep-
tionally high speeds, or when the transmission must be started while under load.

Horsepower of Friction Wheels.—Let D = diameter of friction wheel in inches; N =
Number of revolutions per minute; W = width of face in inches; f = coefficient of friction;
P = force in pounds, per inch width of face. Then:

then,
 for  P = 100 and f = 0.20, C = 0.00016

for  P = 150 and f = 0.20, C = 0.00024
for  P = 200 and f = 0.20, C = 0.00032

Working Values of Coefficient of Friction

The horsepower transmitted is then:

Example:Find the horsepower transmitted by a pair of friction wheels; the diameter of
the driving wheel is 10 inches, and it revolves at 200 revolutions per minute. The width of
the wheel is 2 inches. The force per inch width of face is 150 pounds, and the coefficient of
friction 0.20.

Horsepower Which May be Transmitted by Means of a Clean Paper Friction Wheel 
of One-inch Face when Run Under a Force of 150 Pounds (Rockwood Mfg. Co.)

Assume

Materials Coefficient of Friction Materials Coefficient of Friction

Straw fiber and cast iron 0.26 Tarred fiber and aluminum 0.18
Straw fiber and aluminum 0.27 Leather and cast iron 0.14
Leather fiber and cast iron 0.31 Leather and aluminum 0.22
Leather fiber and aluminum 0.30 Leather and typemetal 0.25
Tarred fiber and cast iron 0.15 Wood and metal 0.25
Paper and cast iron 0.20

Dia. of
Friction Wheel

Revolutions per Minute
25 50 75 100 150 200 300 400 600 800 1000

4 0.023 0.047 0.071 0.095 0.142 0.190 0.285 0.380 0.571 0.76 0.95
6 0.035 0.071 0.107 0.142 0.214 0.285 0.428 0.571 0.856 1.14 1.42
8 0.047 0.095 0.142 0.190 0.285 0.380 0.571 0.761 1.142 1.52 1.90

10 0.059 0.119 0.178 0.238 0.357 0.476 0.714 0.952 1.428 1.90 2.38
14 0.083 0.166 0.249 0.333 0.499 0.666 0.999 1.332 1.999 2.66 3.33
16 0.095 0.190 0.285 0.380 0.571 0.761 1.142 1.523 2.284 3.04 3.80
18 0.107 0.214 0.321 0.428 0.642 0.856 1.285 1.713 2.570 3.42 4.28
24 0.142 0.285 0.428 0.571 0.856 1.142 1.713 2.284 3.427 4.56 5.71
30 0.178 0.357 0.535 0.714 1.071 1.428 2.142 2.856 4.284 5.71 7.14
36 0.214 0.428 0.642 0.856 1.285 1.713 2.570 3.427 5.140 6.85 8.56
42 0.249 0.499 0.749 0.999 1.499 1.999 2.998 3.998 5.997 7.99 9.99
48 0.285 0.571 0.856 1.142 1.713 2.284 3.427 4.569 6.854 9.13 11.42
50 0.297 0.595 0.892 1.190 1.785 2.380 3.570 4.760 7.140 9.52 11.90

H.P. 3.1416 D× N× P× W f××
33 000, 12×

------------------------------------------------------------------=

3.1416 P× f×
33 000, 12×

---------------------------------- C=

HP D N W C×××=

HP 10 200× 2× 0.00024× 0.96 horsepower= =
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KEYS AND KEYSEATS

Metric Square and Rectangular Keys and Keyways

The ASME B18.25.1M standard covers requirements for square and rectangular parallel
keys and keyways intended for both alignment of shafts and hubs, and transmitting torque
between shafts and hubs. Keys covered by this standard have a relatively tight width toler-
ance. The deviations are less than the basic size. Keys with greater width tolerance and
with deviations greater than the basic size are covered by ASME B18.25.3M. All dimen-
sions in this standard are in millimeters (mm).

Comparison with ISO R773-1969 and 2491-1974.—This standard is based on ISO
Standards R773-1969, Rectangular or Square Parallel Keys and their corresponding key-
ways, and 2491-1974, Thin Parallel Keys and their corresponding keyways (dimensions in
millimeters). Product manufactured to this standard will meet the ISO standards. Because
of tighter width tolerances in this standard, products manufactured to the ISO standard
may not meet the requirements of this standard.

This standard differs from ISO in that it: a) does not restrict the corners of a key to be
chamfered but allows either a chamfer or a radius on the key;  and  b) specifies a key mate-
rial hardness rather than a tensile property.

Tolerances.—Many of the tolerances shown in Tables 1and 2 are from ANSI B4.2 (ISO
286-1 and ISO 286-2). As a result, in addition to plus-minus tolerances which are common
in the U.S., some are expressed as plus-plus or minus-minus deviations from the basic size.
For further interpretation of these tolerances refer to ANSI B4.2 or ISO 286.

 Designation.—Keys conforming to this standard shall be designated by the following
data, preferably in the sequence as follows: a) ASME document number;  b )  p r od uc t
name;  c) nominal size, width (b) × height (h) × length;  d) form;  and  e) hardness (if other
than non-hardened).

Examples:ASME B18.25.1M square key 3 × 3 × 15 form B.

ASME B18.25.1 M rectangular key 10 × 6 × 20 form C hardened

Preferred Lengths and Tolerances.—Preferred lengths and tolerances of square and
rectangular keys are shown below. Tolerances are JS16. To minimize problems due to lack
of straightness, key length should be less than 10 times the key width.

Material Requirements.—Standard steel keys shall have a hardness of 183 HV mini-
mum. Hardened keys shall be alloy steel through hardened to a Vickers hardness of 390 to
510 HV. When other materials and properties are required, these shall be as agreed upon by
the supplier and customer.

Dimensions and Tolerances.— Dimensions and tolerances for square and rectangular
parallel keys are shown in Table 1. Recommended dimensions and tolerances for keyways
are shown in Table 2.

Length ± Tolerances Length ± Tolerances

6 0.38 90, 100,110 1.10

8, 10 0.45 125, 140, 150,180 1.25

12, 14, 16, 18 0.56 200, 220, 250 1.45

20, 22, 25, 28 0.65 280 1.60

32, 36, 40, 45, 50 0.80 320, 360, 400 1.80

56, 63, 70, 80 0.95
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y = sharp edges removed not to exceed smax

Figures for Table 1 and Table 3

Table 1. Dimensions and Tolerances for Metric Square and
Rectangular Parallel Keys  ASME B18.25.1M

Width, 
b

Thickness,
h

Chamfer or Radius,
s

Range of
Lengths

Basic
 Size
(mm)

 Tolerance,
h8

Basic
 Size

Tolerance,
Square, h8

Rectangular, h11 Minimum Maximum From Toa

Square Keys
2 0

−0.014
2 0

0.16 0.25
6 20

3 3 −0.014 6 36
4

0
−0.018

4 0 8 45
5 5 −0.018

0.25 0.40
10 56

6 6 14 70
Rectangular Keys

5 0
−0.018

3
0

0.25 0.40

10 56
−0.060

6 4 0 14 70

8

0
−0.022

5 −0.075
18 90

7
0

−0.090

10
6

0

0.40

0.60 22 110
−0.075

8
0

−0.090

12

0
−0.027

6
0

0.60

28 110
−0.075

8
0

−0.090

14
6

0
36 160−0.075

9

16
7 0

45 180
10 −0.090

18
7

50 200
11

0
−0.110

h

X

X
L

X

h

X
L

X

X

45
s

b

b/2 Style  A

b

Style B

yy

yy

b/2
L

Style C

y

y
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All dimensions in this standard are in millimeters (mm).

Rectangular Keys

20

0
−0.033

8
0

0.60 0.80

56 220
−0.090

12
0

63 260
−0.110

22
6

0
70 280

−0.075

14
0

80 320
−0.110

25
9

0
90 360

−0.090

14
0

100 400
−0.110

28
10

0
−0.090

16

32

0
−0.039

11 0
18 −0.110

36
12

1.00 1.20

20
40 22 0
45 25 −0.110
50 28
56

0
−0.046

32
63 32

1.60 2.0070 36 0
80 40 −0.160
90 0

−0.054
45

2.50 3.00
100 50

a See Preferred Lengths and Tolerances starting on page 2460 for preferred maximum length of key. 

Figures for Table 2 and Table 4

Fig. 1a. Fig. 1b. Fig. 1c. 

Table 1. (Continued) Dimensions and Tolerances for Metric Square and
Rectangular Parallel Keys  ASME B18.25.1M

Width, 
b

Thickness,
h

Chamfer or Radius,
s

Range of
Lengths

Basic
 Size
(mm)

 Tolerance,
h8

Basic
 Size

Tolerance,
Square, h8

Rectangular, h11 Minimum Maximum From Toa

x

x

Hub

Key

Shaft

h

b t2
t1

d–t1
d+t2

d

Section x-x r
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Table 2. Keyway Dimensions and Tolerances for Metric Square and Rectangular Parallel Keys  ASME B18.25.1M

Key size
b × h
(mm)

Keyway
Width. Depth

Radius,
r

Basic
Size

Tolerancea and Resulting Fitsb Shaft,
t1

Hub,
t2Normal Fit Close Fit Free Fit

Shaft Hub Shaft and Hub Shaft Hub Basic
Size

Toler- 
ance

Basic
Size

Toler-
ance Min. Max.N9 Fit JS9 Fit P9 Fit H9 Fit D10 Fit

2 × 2 2 −0.004 0.010L +0.0125 0.0265L −0.006 0.008L +0.025 0.039L +0.060 0.074L 1.2

+0.1
0

1

+0.1
0

3 × 3 3 −0.029 0.029T −0.0125 0.0125T −0.031 0.031T 0 0T +0.020 0.020L 1.8 1.4 0.08 0.16
4 × 4 4

0
−0.030

0.018L
0.030T

+0.0150
−0.0150

0.033L
0.015T

−0.012
−0.042

0.006L
0.042T

+0.030
0

0.048L
0T

+0.078
+0.030

0.096L
0.030L

2.5 1.8
5 × 3 5 1.8 1.4
5 × 5 6 3 2.8
6 × 4 6 2.5 1.8 0.16 0.25
6 × 6 6 3.5 2.8
8 × 5 8

0
−0.036

0.022L
0.036T

+0.0180
−0.0180

0.040L
0.018T

−0.015
−0.051

0.007L
0.051T

+0.036
0

0.058L
0T

+0.098
+0.040

0.120L
0.040L

3 2.8

8 × 7 8 4 +0.2
0 3.3 +0.1

0

10 × 6 10 3.5 +0.1
0 2.8 +0.1

0

0.25 0.4

10 × 8 10 5 +0.2
0 3.3 +0.2

0

12 × 6 12

0
−0.043

0.027L
0.043T

+0.0215
−0.0215

0.0485L
0.0215T

−0.018
−0.061

0.009L
0.061T

+0.043
0

0.070L
0T

+0.120
+0.050

0.147L
0.050L

3.5 +0.1
0 2.8 +0.1

0

12 × 8 12 5 +0.2
0 3.3 +0.2

14 × 6 14 3.5 +0.1
0 2.8 +0.1

0
14 × 9 14 5.5

+0.2
0

3.8

+0.2
0

16 × 7 16 4 3.3
16 × 10 16 6 4.3
18 × 7 18 4 3.3

18 × 11 18 7 4.4

Machinery's Handbook 29th Edition
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20 × 8 20

0
−0.052

0.033L
0.052T

+0.026
−0.026

0.059L
0.026T

−0.022
−0.074

0.011L
0.074T

+0.052
0

0.085L
0T

+0.149
+0.065

0.182L
0.065L

5

+0.2
0

3.3

+0.2
0

0.4 0.06

20 × 12 20 7.5 4.9
22 × 9 22 5.5 3.8

22 × 14 22 9 5.4
25 × 9 25 5.5 3.8

25 × 14 25 9 5.4
28 × 10 28 6 4.3
28 × 16 28 10 6.4
32 × 11 32

0
−0.062

0.039L
0.062T

+0.031
−0.031

0.070L
0.031T

−0.026
−0.088

0.013L
0.088T

+0.062
0

0.101L
0T

+0.180
+0.080

0.219L
0.080L

7c 4.4
32 × 18 32 11c 7.4
36 × 12 36 7.5c 4.9

0.7 1.036 × 20 36 12

+0.3
0

8.4

+0.3
0

40 × 22 40 13 9.4
45 × 25 45 15 10.4
50 × 28 50 17 11.4
56 × 32 56

0
−0.074

0.046L
0.074T

+0.037−
0.037

0.083L
0.037T

−0.032
−0.106

0.014L
0.106T

+0.074
0

0.120L
0T

+0.220
+0.100

0.266L
0.100L

20 12.4
63 × 32 63 20 12.4 1.2 1.6
70 × 36 70 22 14.4
80 × 40 80 25 15.4
90 × 45 90 0

−0.087
0.054L +0.0435 0.0975L −0.037 0.017L +0.087

0
0.139L
0T

+0 260 0.314L 28 17.4 2.0 2.5
100 × 50 100 0.87T −0.0435 0.0435T −0.1254 0.1254T +0.120 0.120L 31 19.5

a Some of the tolerances are expressed as plus-plus. See Tolerances on page 2460 for more information. 
b Resulting fits: L indicates a clearance between the key and keyway; T indicates an interference between the key and keyway. 
c This value differs from that given in ASME B18.25.1M, which is believed to be inaccurate. 

Table 2. (Continued) Keyway Dimensions and Tolerances for Metric Square and Rectangular Parallel Keys  ASME B18.25.1M

Key size
b × h
(mm)

Keyway
Width. Depth

Radius,
r

Basic
Size

Tolerancea and Resulting Fitsb Shaft,
t1

Hub,
t2Normal Fit Close Fit Free Fit

Shaft Hub Shaft and Hub Shaft Hub Basic
Size

Toler- 
ance

Basic
Size

Toler-
ance Min. Max.N9 Fit JS9 Fit P9 Fit H9 Fit D10 Fit

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com



METRIC KEYS AND KEYWAYS 2465

Metric Square And Rectangular Keys And Keyways:
Width Tolerances And Deviations Greater Than Basic Size

This ASME B18.25.3M standard covers requirements for square and rectangular parallel
keys and keyways intended for both alignment of shafts and hubs, and transmitting torque
between shafts and hubs. Keys covered by this standard have a relatively loose width toler-
ance. All width tolerances are positive. Keys with minus width tolerances and a smaller
tolerance range are covered by ASME B18.25.1M. Dimensions and tolerances for square
and rectangular keys are shown in Table 3. Recommended dimensions and tolerances for
keyways are shown in Table 4. All dimensions in this standard are in millimeters.

Table 3.  Dimensions and Tolerances for Metric Square and
Rectangular Parallel Keys ASME B18.25.3M-1998

Width Tolerances and Deviations Greater Than Basic Size

Width, 
b

Thickness,
h

Chamfer or Radius,
s Range of Lengths

Basic Size Tolerance Basic Size Tolerance Min. Max. From To a

Square Keys
2 +0.040

−0.000
2 +0.040

−0.000 6
20

3 3 0.16 0.25 36 
4

+0.045
−0.000

4
+0.045
−0.000

8 45 
5 5

0.25 0.40
10 56 

6 6 14 70 
Rectangular Keys

5 +0.045
−0.000

3 +0.160
−0.000

0.25 0.40

10 56 

6 4 +0.175
−0.000

14 70 

8

+0.050
−0.000

5

7 +0.190
−0.000 18 90 

10
6 +0.175

−0.000
0.40 0.60 22 110 

8 +0.19
−0.000

12

+0.075
−0.000

6 +0.175
−0.000

0.40 0.60

28 140 
8 +0.190

−0.000

14
6 +0.175

−0.000 36 160 
9

+0.190
−0.00016

7 45 180 
10

18
7

11 +0.210
−0.000 50 200 

20 +0.050
−0.033

8 +0.190
−0.000

0.60 0.80
56

12 +0.210
−0.000 63
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Comparison With ISO R773-1969 and 2491-1974.—This standard has greater toler-
ances than ISO Standards R773-1969 and 2491-1974. Product manufactured to this stan-
dard is not interchangeable dimensionally with product manufactured to the ISO standards
nor is product manufactured to the ISO standards dimensionally interchangeable with
product manufactured to this standard. ISO standards do not include hardened keys.

Preferred Lengths and Tolerances.—Preferred lengths and tolerances of square and
rectangular keys are shown below. Tolerances are JS 16 from ANSI B4.2. To minimize
problems due to lack of straightness, key length should be less than 10 times the key width.

22

+0.050
−0.033

6 +0.175
−0.000 70 280 

14 +0.210
−0.000 80 320 

25
9 +0.210

−0.000 0.60 0.80 90 360 

14 +0.190
−0.000 100 400 

28
10 +0.210

−0.000
16

+0.280
−0.000

32

+0.090
−0.000

11
18

36
12
20

40 22 1.00 1.20
45 25
50 28
56

+0.125
−0.000

32

+0.310
−0.000

63 32 1.60 2.00
70 36
80 40

2.50 3.0090 +0.135
−0.000

45
100 50

a  See Preferred Lengths and Tolerances on page 2466 for preferred maximum length of key except
basic width of 2 mm. 

Length ±Tolerances Length ±Tolerances

6 0.375 90,100,110 1.10

8, 10 0.45 125,140,160,180 1.25

12,14,16, 18 0.55 200,220,250 1.45

20,22,25,28 0.65 280 1.60

32,36,45,50 0.80 320,360,400 1.80

56,63,70,80 0.95

Table 3. (Continued)  Dimensions and Tolerances for Metric Square and
Rectangular Parallel Keys ASME B18.25.3M-1998

Width Tolerances and Deviations Greater Than Basic Size

Width, 
b

Thickness,
h

Chamfer or Radius,
s Range of Lengths

Basic Size Tolerance Basic Size Tolerance Min. Max. From To a
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Table 4. Keyway Dimensions and Tolerances for Metric Square and Rectangular Parallel Keys ASME B18.25.3M-1998
Width Tolerances and Deviations Greater Than Basic Size

Key Size,
b × h

Keyway Width Keyway Depth

Nom-
inal

Tolerance and Resulting Fita Shaft, Hub, Radius,

Normal Fit Close Fit Free Fit t1 t2 r

Shaft Hub Shaft and Hub Shaft Hub
Nom-
inal

Nomi-
nal

Toler-
ance Fit

Toler-
ance Fit

Toler-
ance Fit

Toler-
ance Fit

Toler-
ance Fit

Toler-
ance

Toler-
ance Max.

2×2 2 +0.040 0.040L +0.050 0.050L +0.034 0.034L +0.066 0.066L
0T

+0.086 0.086L 1.2 1
3×3 3 +0.010 0.030T +0.025 0.015T −0.008 0.032T +0.040 +0.060 0.020L 1.8 1.4 0.16
4×4 4

0.075L
0T

2.5 1.8
5×3 5 1.8 +0.1 1.4 +0.1
5×5 5 +0.045 0.045L +0.060 0.060L +0.035 0.035L +0.075 +0.105 0.105L 3 0 2.8 0
6×4 6 +0.015 0.030T +0.015 0.015T −0.005 0.040T +0.045 +0.075 0.030L 2.5 1.8
6×6 6 3.5 2.8 0.25
8×5 8

+0.055
+0.015

0.055L
0.035T

+0.075
+0.035

0.075L
0.015T

+0.040
0.000

0.040L
0.050T

+0.090
+0.050

0.090L
0T

+0.130
+0.090

0.130L
0.040L

3 2.8

8×7 8 4 +0.2
0 3.3 +0.2

0

10×6 10 3.5 +0.1
0 2.8 +0.1

0

0.6

10×8 10 5 +0.2
0 3.3 +0.2

0

12×6 12

+0.080
−0.030

0.080L
0.045T

+0.095
+0.055

0.095L
0.020T

+0.055
−0.015

0.055L
0.060T

+0.135
+0.075

0.135L
0T

+0.185
+0.125

0.185L
0.050L

3.5 +0.1
0 2.8 +0.1

0

12×8 12 5 +0.2
0 3.3 +0.2

0

14×6 14 3.5 +0.1
0 2.8 +0.1

0

14×9 14 5.5 +0.2
0 3.8 +0.2

0

Machinery's Handbook 29th Edition
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16 × 7 16
+0.080
−0.030

0.080L
0.045T

+0.095
+0.055

0.095L
0.020T

+0.055
−0.015

0.055L
0.060T

+0.135
+0.075

0.135L
0T

+0.185
+0.125

0.185L
0.050L

4

+0.2
0

3.3

+0.2
0

0.6

16 × 10 16 6 4.3
18 × 7 18 4 3.3
18 × 11 18 7 4.4
20 × 8 20

+0.085
−0.035

0.085L
0.050T

+0.110
+0.060

0.110L
0 025T

+0.050
−0.010

0.050L
0.075T

+0.135
+0.085

0.150L
0T

+0.200
+0.110

0.200L
0.065L

5 3.3
20 × 12 10 7.5 4.9
22 × 9 10 5.5 3.8
22 × 14 22 9 5.4
25 × 9 25 5.5 3.8
25 × 14 25 9 5.4
28 × 10 28 6 4.3
28 × 16 28 10 6.4
32 × 11 32

+0.110
−0.050

0.110L
0.075T

+0.170
+0.090

0.170L
0.035T

+0.090
−0.020

0.090L
0.105T

+0.200
+0.125

0.225L
0T

+0.300
+0.225

0.300L
0.100L

7b 4.4
32 × 18 32 11b 7.4
36 × 12 36 7.5b 4.9

1.6
56 × 32 56

20 12.4
63 × 32 63
70 × 36 70 22 14.4
80 × 40 80 25 15.4
90 × 45 90 +0.130 0.130L +0.180 0.180L +0.095 0.095L +0.225 0.225L +0.340 0.340L 28 17.4 2.5

100 × 50 100 −0.050 0.085T +0.090 0.045T −0.015 0.120T +0.135 0T +0.255 0.120L 31 19.5
a  In column labeled “Fit,” an L indicates the maximum clearance between the key and keyway; the T indicates the maximum interference between the key and keyway. 
b This value differs from that given in ASME B18.25.3M, which is believed to be inaccurate. 

Table 4. (Continued) Keyway Dimensions and Tolerances for Metric Square and Rectangular Parallel Keys ASME B18.25.3M-1998
Width Tolerances and Deviations Greater Than Basic Size

Key Size,
b × h

Keyway Width Keyway Depth

Nom-
inal

Tolerance and Resulting Fita Shaft, Hub, Radius,

Normal Fit Close Fit Free Fit t1 t2 r

Shaft Hub Shaft and Hub Shaft Hub
Nom-
inal

Nomi-
nal

Toler-
ance Fit

Toler-
ance Fit

Toler-
ance Fit

Toler-
ance Fit

Toler-
ance Fit

Toler-
ance

Toler-
ance Max.

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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Tolerances.—Many of the tolerances shown in Table 3 and 4 are from ANSI B4.2 (ISO
286-1 and ISO 286-2). As a result, in addition to plus-minus tolerances which are common
in the U.S., some are expressed as plus-plus deviations from the basic size. 

Designation.—Keys conforming to this standard shall be designed by the following data,
preferably in the sequence shown: a) ASME document number;  b )  p roduc t  name ;

c) nominal size, width (b) × height (h) × length;  d) style;  and  e) hardness (if other than
non-hardened).

Optionally, a part identification number (PIN) per ASME B18.24.1 may be used.

Material Requirements.—Same as for ASME B18.25.1M. See page 2460.

Note: This table is NOT part of ASME B18.25.1M or ASME B18.25.3M, and is included for refer-
ence only. The selection of the proper size and type of key must rest with the design authority. 

Metric Woodruff Keys and Keyways

This ASME B18.25.2M standard covers requirements for metric Woodruff keys and
keyways intended for both alignment of shafts and hubs, and transmitting torque between
shafts and hubs. All dimensions in this standard are in millimeters (mm). Dimensions and
tolerances for Woodruff keys are shown in Table 5. Recommended dimensions and toler-
ances for keyways are shown in Table 6. For inch series Woodruff keys and keyseats, see
ANSI Standard Woodruff Keys and Keyseats starting on page 2477.

Comparison With ISO 3912-1977.—This standard is based on ISO 3912-1977, Woo-
druff Keys and Keyways. However, to improve manufacturability, tolerances are
decreased for the keyway width. The resulting fit is approximately the same. Keys manu-
factured to this standard are functionally interchangeable with keys manufactured to the
ISO standard. Because of tighter width tolerances in this standard, products manufactured
to the ISO standard may not meet the requirements of this standard.

Metric Keyway Sizes According to Shaft Diameter
Based on BS 4235:Part 1:1972 (1986)

Nomimal
Shaft

Diameter, d

Key Size,
b × h

Nominal
Keyway
Width, b

Nomimal
Shaft

Diameter, d

Key Size,
b × h

Nominal
Keyway
Width, bOver Up to

and Incl. Over Up to
and Incl.

Keyways for Square Parallel Keys (Cont’d) Keyways for Rectangular Parallel Keys

6 8 2 × 2 2 85 95 25 × 14 25

8 10 3 × 3 3 95 110 28 × 16 28
10 12 4 × 4 4 110 130 32 × 18 32
12 17 5 × 5 5 130 150 36 × 20 36
17 22 6 × 6 6 150 170 40 × 22 40

Keyways for Rectangular Parallel Keys 170 200 45 × 25 45

22 30 8 × 7 8 200 230 50 × 28 50
30 38 10 × 8 10 230 260 56 × 32 56
38 44 12 × 8 12 260 290 63 × 32 63
44 50 14 × 9 14 290 330 70 × 36 70
50 58 16 × 10 16 330 380 80 × 40 80
58 65 18 × 11 18 380 440 90 × 45 90
65 75 20 × 12 20 440 500 100 × 50 100
75 85 22 × 14 22 … … … …
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ASME B18.25.2M also differs from ISO 3912 in that it:a) does not restrict the corners of
a key to be chamfered but allows either a chamfer or a radius on the key;  b) specifies a
key material hardness rather than a tensile property;  and  c) specifies h12 rather than h11
for the tolerance of the height of the keys.
Tolerances.—Many of the tolerances shown in Tables 5 and 6 are from ANSI B4.2, Pre-
ferred Metric Limits and Fits (ISO 286-1 and ISO 286-2). As a result in addition to plus-
minus tolerances which are common in the U.S. some are expressed as plus-plus devia-
tions from the basic size. 

Designation.—Keys conforming to this standard shall be designated by the following
data, preferably in the sequence as follows: a) ASME document number;  b )  p r od uc t
name;  c) nominal size, width (b) × height (h) × length;  d) form;  and  e) hardness (if other
than non-hardened).

Example:ASME B18.25.2M, Woodruff Key 6 × 10 × 25 normal hardened; 
      ASME B18.25.2M, Woodruff Key 3 × 5 × 13 Whitney.

Material Requirements.—Same as for ASME B18.25.1M. See page 2460.

Table 5. Dimensions for Metric Woodruff Keys  ASME B18.25.2M-1996

Width Height
Diameter,

D

Chamfer
or Radius, 

s

Key Size
b × h × D b Tolerance h1

Tolerance
h12 h2

a

a Height h2 is based on 0.80 times height h1.

Tolerance
h12 D

Tolerance
h12 Min. Max.

l × l.4 × 4 1

0
−0.025

1.4
0

−0.10

1.1

0
−0.10

4 0
−0.120

1.5 × 2.6 × 7 1.5 2.6 2.1 7

0
−0.150

2 × 2.6 × 7 2 2.6 2.1 7
2 × 3.7 × 10 2 3.7

0
−0.12

3.0 10 0.16 0.25
2.5 × 3.7 × 10 2.5 3.7 3.0 10
3 × 5 × 13 3 5.0 4.0

0
−0.12

13
0

−0.1803 × 6.5 × 16 3 6.5

0
−0.15

5.2 16
4 × 6.5 × 16 4 6.5 5.2 16

4 × 7.5 × 19 4 7.5 6.0 19 0
−0.210

5 × 6.5 × 16 5 6.5 5.2 16 0
−0.180

5 × 7.5 × 19 5 7.5 6.0 19

0
−0.210

0.25 0.40
5 × 9 × 22 5 9.0 7.2

0
−0.15

22
6 × 9 × 22 6 9.0 7.2 22
6 × 10 × 25 6 10.0 8.0 25
8 × 11 × 28 8 11.0

0
−0.18

8.8 28
0.40 0.60

10 × 13 × 32 10 13.0 10.4 0
−0.18 32 0

−0.250

b

D
b

h
1

Normal Form (full radius type)

xx

b

D

Whitney Form (flat bottom type)

s

h
1

b

h
2

xx

sx = Sharp edges removed
not to exceed S max
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Advantages of Woodruff Keys.—In the Woodruff key system, half-circular disks of
steel are used as keys, the half-circular side of the key being inserted into the keyseat. Part
of the key projects and enters into a keyway in the part to be keyed to the shaft in the ordi-
nary way. The advantage of this type of key is that the keyway is easily milled by simply
sinking a milling cutter, of the same diameter as the diameter of the stock from which the
keys are made, into the shaft. The keys are also very cheaply made, as they are simply cut
off from round bar stock and milled apart in the center. Examples of Woodruff keyseat cut-
ters are shown on page 832.

Table 6. Keyway Dimensions for Metric Woodruff Keys  ASME B18.25.2M-1996

Key Size a

b × hl × D

a The nominal key diameter is the minimum keyway diameter. 

Width Depth

Radius,
R

Toleranceb

b Some of the tolerances are expressed as plus-plus or minus-minus. See Tolerances on page 2470
for more informations. 

Shaft,
t1

Hub,
t2Normal Fit Close Fit Free Fit

Basic
Size

Shaft
N9

Hub
S9

Shaft & Hub
P9

Shaft
H9

Hub
D10

Basic
Size To

le
ra

nc
e

Basic
Size To

le
ra

nc
e

Max. Min.

l × l.4 × 4 1

−0.004
−0.029

+0.0125
−0.0125

−0.006
−0.031

+0.025
0

+0.60
+0.20

1.0

+0.1
0

0.6

+0.1
0

0.16 0.08

1.5 × 2.6 × 7 1.5 2.0 0.8

2 × 2.6 × 7 2 1.8 1.0

2 × 3.7 × 10 2 2.9 1.0

2.5 × 3.7 × 10 2.5 2.7 1.2

3 × 5 × 13 3 3.8

+0.2
0

1.4

3 × 6.5 × 16 3 5.3 1.4

4 × 6.5 × 16 4

−0.030
0

+0.015
−0.015

−0.012
−0.042

+0.030
0

+0.078
+0.030

5.0 1.8

0.25 0.16

4 × 7.5 × 19 4 6.0 1.8

5 × 6.5 × 16 5 4.5 2.3

5 × 7.5 × 19 5 5.5 2.3

5 × 9 × 22 5 7.0

+0.3
0

2.3

6 × 9 × 22 6 6.5 2.8

6 × 10 × 25 7.5 2.8
+0.2
08 × 11 × 28 8 0

−0.036
+0.018
−0.018

−0.015
−0.051

+0.036
0

+0.098
+0.040

8.0 3.3
0.4 0.25

10 × 13 × 32 10 10.0 3.3

A

A

Hub

Key

Shaft

h
1

b t2
t1

d–t1
d+t2

d

Section A-A

z

r

s

Detail z
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ANSI Standard Inch Series Keys and Keyseats.—American National Standard, B17.1
Keys and Keyseats, based on current industry practice, was approved in 1967, and reaf-
firmed in 2008. This standard establishes a uniform relationship between shaft sizes and
key sizes for parallel and taper keys as shown in Table 1. Other data in this standard are
given in Tables 2 and 3 through 7. The sizes and tolerances shown are for single key appli-
cations only.

The following definitions are given in the standard. Note: Inch dimensions converted to
metric dimensions (enclosed in parenthesis) are not included in the standard.

Key: A demountable machinery part which, when assembled into keyseats, provides a
positive means for transmitting torque between the shaft and hub.

Keyseat: An axially located rectangular groove in a shaft or hub.
This standard recognizes that there are two classes of stock for parallel keys used by

industry. One is a close, plus toleranced key stock and the other is a broad, negative toler-
anced bar stock. Based on the use of two types of stock, two classes of fit are shown:

Class 1: A clearance or metal-to-metal side fit obtained by using bar stock keys and key-
seat tolerances as given in Table 4. This is a relatively free fit and applies only to parallel
keys.

Class 2: A side fit, with possible interference or clearance, obtained by using key stock
and keyseat tolerances as given in Table 4. This is a relatively tight fit.

Class 3: This is an interference side fit and is not tabulated in Table 4 since the degree of
interference has not been standardized. However, it is suggested that the top and bottom fit
range given under Class 2 in Table 4, for parallel keys be used.

Table 1. Key Size Versus Shaft Diameter  ANSI B17.1-1967 (R2008)

All dimensions are given in inches. For larger shaft sizes, see ANSI Standard Woodruff Keys and
Keyseats.

Key Size vs. Shaft Diameter: Shaft diameters are listed in Table 1 for identification of
various key sizes and are not intended to establish shaft dimensions, tolerances or selec-
tions. For a stepped shaft, the size of a key is determined by the diameter of the shaft at the
point of location of the key. Up through 61⁄2-inch (165.1 mm) diameter shafts square keys
are preferred; rectangular keys are preferred for larger shafts.

Nominal Shaft Diameter Nominal Key Size Normal Keyseat Depth

Over To (Incl.) Width, W

Height, H H/2

Square Rectangular Square Rectangular
5⁄16

7⁄16
3⁄32

3⁄32 … 3⁄64 …
7⁄16

9⁄16
1⁄8 1⁄8 3⁄32

1⁄16
3⁄64

9⁄16
7⁄8 3⁄16

3⁄16
1⁄8 3⁄32

1⁄16

7⁄8 11⁄4 1⁄4 1⁄4 3⁄16
1⁄8 3⁄32

11⁄4 13⁄8 5⁄16
5⁄16

1⁄4 5⁄32
1⁄8

13⁄8 13⁄4 3⁄8 3⁄8 1⁄4 3⁄16
1⁄8

13⁄4 21⁄4 1⁄2 1⁄2 3⁄8 1⁄4 3⁄16

21⁄4 23⁄4 5⁄8 5⁄8 7⁄16
5⁄16

7⁄32

23⁄4 31⁄4 3⁄4 3⁄4 1⁄2 3⁄8 1⁄4
31⁄4 33⁄4 7⁄8 7⁄8 5⁄8 7⁄16

5⁄16

33⁄4 41⁄2 1 1 3⁄4 1⁄2 3⁄8
41⁄2 51⁄2 11⁄4 11⁄4 7⁄8 5⁄8 7⁄16

51⁄2 61⁄2 11⁄2 11⁄2 1 3⁄4 1⁄2
Square Keys preferred for shaft diameters above this line; rectangular keys, below

61⁄2 71⁄2 13⁄4 13⁄4 11⁄2a

a Some key standards show 11⁄4 inches; preferred height is 11⁄2 inches. 

7⁄8 3⁄4
71⁄2 9 2 2 11⁄2 1 3⁄4
9 11 21⁄2 21⁄2 13⁄4 11⁄4 7⁄8
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If special considerations dictate the use of a keyseat in the hub shallower than the pre-
ferred nominal depth shown, it is recommended that the tabulated preferred nominal stan-
dard keyseat always be used in the shaft.

Keyseat Alignment Tolerances: A tolerance of 0.010 inch (0.254 mm), max is provided
for offset (due to parallel displacement of keyseat centerline from centerline of shaft or
bore) of keyseats in shaft and bore. The following tolerances for maximum lead (due to
angular displacement of keyseat centerline from centerline of shaft or bore and measured
at right angles to the shaft or bore centerline) of keyseats in shaft and bore are specified:
0.002 inch (0.0508 mm) for keyseat length up to and including 4 inches (101.6 mm);
0.0005 inch per inch of length (0.0127 mm per mm) for keyseat lengths above 4 inches to
and including 10 inches (254 mm); and 0.005 inch (0.127 mm) for keyseat lengths above
10 inches. For the effect of keyways on shaft strength, see Effect of Keyways on Shaft
Strength on page 301.

Table 2. Depth Control Values S and T for Shaft and Hub 
 ANSI B17.1-1967 (R2008)

Nominal
Shaft

Diameter

Shafts, Parallel and Taper Hubs, Parallel Hubs, Taper

Square Rectangular Square Rectangular Square Rectangular

S S T T T T

1⁄2 0.430 0.445 0.560 0.544 0.535 0.519
9⁄16 0.493 0.509 0.623 0.607 0.598 0.582
5⁄8 0.517 0.548 0.709 0.678 0.684 0.653
11⁄16 0.581 0.612 0.773 0.742 0.748 0.717
3⁄4 0.644 0.676 0.837 0.806 0.812 0.781
13⁄16 0.708 0.739 0.900 0.869 0.875 0.844
7⁄8 0.771 0.802 0.964 0.932 0.939 0.907
15⁄16 0.796 0.827 1.051 1.019 1.026 0.994

1 0.859 0.890 1.114 1.083 1.089 1.058
11⁄16 0.923 0.954 1.178 1.146 1.153 1.121

11⁄8 0.986 1.017 1.241 1.210 1.216 1.185

13⁄16 1.049 1.080 1.304 1.273 1.279 1.248

11⁄4 1.112 1.144 1.367 1.336 1.342 1.311

15⁄16 1.137 1.169 1.455 1.424 1.430 1.399

13⁄8 1.201 1.232 1.518 1.487 1.493 1.462

17⁄16 1.225 1.288 1.605 1.543 1.580 1.518

11⁄2 1.289 1.351 1.669 1.606 1.644 1.581

19⁄16 1.352 1.415 1.732 1.670 1.707 1.645

15⁄8 1.416 1.478 1.796 1.733 1.771 1.708

111⁄16 1.479 1.541 1.859 1.796 1.834 1.771

13⁄4 1.542 1.605 1.922 1.860 1.897 1.835

113⁄16 1.527 1.590 2.032 1.970 2.007 1.945

17⁄8 1.591 1.654 2.096 2.034 2.071 2.009

115⁄16 1.655 1.717 2.160 2.097 2.135 2.072
2 1.718 1.781 2.223 2.161 2.198 2.136
21⁄16 1.782 1.844 2.287 2.224 2.262 2.199

21⁄8 1.845 1.908 2.350 2.288 2.325 2.263

23⁄16 1.909 1.971 2.414 2.351 2.389 2.326

21⁄4 1.972 2.034 2.477 2.414 2.452 2.389

25⁄16 1.957 2.051 2.587 2.493 2.562 2.468

23⁄8 2.021 2.114 2.651 2.557 2.626 2.532

27⁄16 2.084 2.178 2.714 2.621 2.689 2.596

21⁄2 2.148 2.242 2.778 2.684 2.753 2.659

S T
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All dimensions are given in inches. See Table 4 for tolerances.

29⁄16 2.211 2.305 2.841 2.748 2.816 2.723

25⁄8 2.275 2.369 2.905 2.811 2.880 2.786

211⁄16 2.338 2.432 2.968 2.874 2.943 2.849

23⁄4 2.402 2.495 3.032 2.938 3.007 2.913

213⁄16 2.387 2.512 3.142 3.017 3.117 2.992

27⁄8 2.450 2.575 3.205 3.080 3.180 3.055

215⁄16 2.514 2.639 3.269 3.144 3.244 3.119
3 2.577 2.702 3.332 3.207 3.307 3.182
31⁄16 2.641 2.766 3.396 3.271 3.371 3.246

31⁄8 2.704 2.829 3.459 3.334 3.434 3.309

33⁄16 2.768 2.893 3.523 3.398 3.498 3.373

31⁄4 2.831 2.956 3.586 3.461 3.561 3.436

35⁄16 2.816 2.941 3.696 3.571 3.671 3.546

33⁄8 2.880 3.005 3.760 3.635 3.735 3.610

37⁄16 2.943 3.068 3.823 3.698 3.798 3.673

31⁄2 3.007 3.132 3.887 3.762 3.862 3.737

39⁄16 3.070 3.195 3.950 3.825 3.925 3.800

35⁄8 3.134 3.259 4.014 3.889 3.989 3.864

311⁄16 3.197 3.322 4.077 3.952 4.052 3.927

33⁄4 3.261 3.386 4.141 4.016 4.116 3.991

313⁄16 3.246 3.371 4.251 4.126 4.226 4.101

37⁄8 3.309 3.434 4.314 4.189 4.289 4.164

315⁄16 3.373 3.498 4.378 4.253 4.353 4.228
4 3.436 3.561 4.441 4.316 4.416 4.291
43⁄16 3.627 3.752 4.632 4.507 4.607 4.482

41⁄4 3.690 3.815 4.695 4.570 4.670 4.545

43⁄8 3.817 3.942 4.822 4.697 4.797 4.672

47⁄16 3.880 4.005 4.885 4.760 4.860 4.735

41⁄2 3.944 4.069 4.949 4.824 4.924 4.799

43⁄4 4.041 4.229 5.296 5.109 5.271 5.084

47⁄8 4.169 4.356 5.424 5.236 5.399 5.211

415⁄16 4.232 4.422 5.487 5.300 5.462 5.275
5 4.296 4.483 5.551 5.363 5.526 5.338
53⁄16 4.486 4.674 5.741 5.554 5.716 5.529

51⁄4 4.550 4.737 5.805 5.617 5.780 5.592

57⁄16 4.740 4.927 5.995 5.807 5.970 5.782

51⁄2 4.803 4.991 6.058 5.871 6.033 5.846

53⁄4 4.900 5.150 6.405 6.155 6.380 6.130

515⁄16 5.091 5.341 6.596 6.346 6.571 6.321
6 5.155 5.405 6.660 6.410 6.635 6.385
61⁄4 5.409 5.659 6.914 6.664 6.889 6.639

61⁄2 5.662 5.912 7.167 6.917 7.142 6.892

63⁄4 5.760 a5.885 7.515 a7.390 7.490 a7.365
7 6.014 a6.139 7.769 a7.644 7.744 a7.619
71⁄4 6.268 a6.393 8.023 a7.898 7.998 a7.873
71⁄2 6.521 a6.646 8.276 a8.151 8.251 a8.126
73⁄4 6.619 6.869 8.624 8.374 8.599 8.349
8 6.873 7.123 8.878 8.628 8.853 8.603
9 7.887 8.137 9.892 9.642 9.867 9.617

10 8.591 8.966 11.096 10.721 11.071 10.696
11 9.606 9.981 12.111 11.736 12.086 11.711
12 10.309 10.809 13.314 12.814 13.289 12.789
13 11.325 11.825 14.330 13.830 14.305 13.805
14 12.028 12.528 15.533 15.033 15.508 15.008
15 13.043 13.543 16.548 16.048 16.523 16.023

a 13⁄4 × 11⁄2 inch key. 

Table 2. (Continued) Depth Control Values S and T for Shaft and Hub 
 ANSI B17.1-1967 (R2008)

Nominal
Shaft

Diameter

Shafts, Parallel and Taper Hubs, Parallel Hubs, Taper

Square Rectangular Square Rectangular Square Rectangular

S S T T T T
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Table 3. ANSI Standard Plain and Gib Head Keys  ANSI B17.1-1967 (R2008)

All dimensions are given in inches.
*For locating position of dimension H. Tolerance does not apply.
For larger sizes the following relationships are suggested as guides for establishing A and B: A =

1.8H and B = 1.2H.

Key

Nominal Key Size

ToleranceWidth W

Over To (Incl.) Width, W Height, H

Parallel

Square

Keystock

… 11⁄4 +0.001 −0.000 +0.001 −0.000

11⁄4 3 +0.002 −0.000 +0.002 −0.000

3 31⁄2 +0.003 −0.000 +0.003 −0.000

Bar Stock

… 3⁄4 +0.000 −0.002 +0.000 −0.002
3⁄4 11⁄2 +0.000 −0.003 +0.000 −0.003

11⁄2 21⁄2 +0.000 −0.004 +0.000 −0.004

21⁄2 31⁄2 +0.000 −0.006 +0.000 −0.006

Rectangular

Keystock

… 11⁄4 +0.001 −0.000 +0.005 −0.005

11⁄4 3 +0.002 −0.000 +0.005 −0.005

3 7 +0.003 −0.000 +0.005 −0.005

Bar Stock

… 3⁄4 +0.000 −0.003 +0.000 −0.003
3⁄4 11⁄2 +0.000 −0.004 +0.000 −0.004

11⁄2 3 +0.000 −0.005 +0.000 −0.005

3 4 +0.000 −0.006 +0.000 −0.006
4 6 +0.000 −0.008 +0.000 −0.008
6 7 +0.000 −0.013 +0.000 −0.013

Taper Plain or Gib Head
Square or Rectangular

… 11⁄4 +0.001 −0.000 +0.005 −0.000

11⁄4 3 +0.002 −0.000 +0.005 −0.000

3 7 +0.003 −0.000 +0.005 −0.000

Gib Head Nominal Dimensions

Nominal
Key Size
Width, W

Square Rectangular Nominal
Key Size
Width, W

Square Rectangular

H A B H A B H A B H A B

1⁄8 1⁄8 1⁄4 1⁄4 3⁄32
3⁄16

1⁄8 1 1 15⁄8 11⁄8 3⁄4 11⁄4 7⁄8
3⁄16

3⁄16
5⁄16

5⁄16
1⁄8 1⁄4 1⁄4 11⁄4 11⁄4 2 17⁄16

7⁄8 13⁄8 1
1⁄4 1⁄4 7⁄16

3⁄8 3⁄16
5⁄16

5⁄16 11⁄2 11⁄2 23⁄8 13⁄4 1 15⁄8 11⁄8
5⁄16

5⁄16
1⁄2 7⁄16

1⁄4 7⁄16
3⁄8 13⁄4 13⁄4 23⁄4 2 11⁄2 23⁄8 13⁄4

3⁄8 3⁄8 5⁄8 1⁄2 1⁄4 7⁄16
3⁄8 2 2 31⁄2 21⁄4 11⁄2 23⁄8 13⁄4

1⁄2 1⁄2 7⁄8 5⁄8 3⁄8 5⁄8 1⁄2 21⁄2 21⁄2 4 3 13⁄4 23⁄4 2
5⁄8 5⁄8 1 3⁄4 7⁄16

3⁄4 9⁄16 3 3 5 31⁄2 2 31⁄2 21⁄4
3⁄4 3⁄4 11⁄4 7⁄8 1⁄2 7⁄8 5⁄8 31⁄2 31⁄2 6 4 21⁄2 4 3
7⁄8 7⁄8 13⁄8 1 5⁄8 1 3⁄4 … … … … … … …
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Table 4. ANSI Standard Fits for Parallel and Taper Keys  ANSI B17.1-1967 (R2008)

All dimensions are given in inches. See also text on page 2460.

Type
of

Key

Key Width Side Fit Top and Bottom Fit

Over
To

(Incl.)

Width Tolerance
Fit

Rangea

a Limits of variation. CL = Clearance; INT = Interference. 

Depth Tolerance
Fit

RangeaKey Key-Seat Key
Shaft

Key-Seat
Hub

Key-Seat

Class 1 Fit for Parallel Keys

Square

… 1⁄2
+0.000 +0.002 0.004 CL +0.000 +0.000 +0.010 0.032 CL
−0.002 −0.000 0.000 −0.002 −0.015 −0.000 0.005 CL

1⁄2 3⁄4
+0.000 +0.003 0.005 CL +0.000 +0.000 +0.010 0.032 CL
−0.002 −0.000 0.000 −0.002 −0.015 −0.000 0.005 CL

3⁄4 1
+0.000 +0.003 0.006 CL +0.000 +0.000 +0.010 0.033 CL
−0.003 −0.000 0.000 −0.003 −0.015 −0.000 0.005 CL

1 11⁄2
+0.000 +0.004 0.007 CL +0.000 +0.000 +0.010 0.033 CL
−0.003 −0.000 0.000 −0.003 −0.015 −0.000 0.005 CL

11⁄2 21⁄2
+0.000 +0.004 0.008 CL +0.000 +0.000 +0.010 0.034 CL
−0.004 −0.000 0.000 −0.004 −0.015 −0.000 0.005 CL

21⁄2 31⁄2
+0.000 +0.004 0.010 CL +0.000 +0.000 +0.010 0.036 CL
−0.006 −0.000 0.000 −0.006 −0.015 −0.000 0.005 CL

Rectan-
gular

… 1⁄2
+0.000 +0.002 0.005 CL +0.000 +0.000 +0.010 0.033 CL
−0.003 −0.000 0.000 −0.003 −0.015 −0.000 0.005 CL

1⁄2 3⁄4
+0.000 +0.003 0.006 CL +0.000 +0.000 +0.010 0.033 CL
−0.003 −0.000 0.000 −0.003 −0.015 −0.000 0.005 CL

3⁄4 1
+0.000 +0.003 0.007 CL +0.000 +0.000 +0.010 0.034 CL
−0.004 −0.000 0.000 −0.004 −0.015 −0.000 0.005 CL

1 11⁄2
+0.000 +0.004 0.008 CL +0.000 +0.000 +0.010 0.034 CL
−0.004 −0.000 0.000 −0.004 −0.015 −0.000 0.005 CL

11⁄2 3
+0.000 +0.004 0.009 CL +0.000 +0.000 +0.010 0.035 CL
−0.005 −0.000 0.000 −0.005 −0.015 −0.000 0.005 CL

3 4
+0.000 +0.004 0.010 CL +0.000 +0.000 +0.010 0.036 CL
−0.006 −0.000 0.000 −0.006 −0.015 −0.000 0.005 CL

4 6
+0.000 +0.004 0.012 CL +0.000 +0.000 +0.010 0.038 CL
−0.008 −0.000 0.000 −0.008 −0.015 −0.000 0.005 CL

6 7
+0.000 +0.004 0.017 CL +0.000 +0.000 +0.010 0.043 CL
−0.013 −0.000 0.000 −0.013 −0.015 −0.000 0.005 CL

Class 2 Fit for Parallel and Taper Keys

Parallel
Square

… 11⁄4
+0.001 +0.002 0.002 CL +0.001 +0.000 +0.010 0.030 CL
−0.000 −0.000 0.001 INT −0.000 −0.015 −0.000 0.004 CL

11⁄4 3
+0.002 +0.002 0.002 CL +0.002 +0.000 +0.010 0.030 CL
−0.000 −0.000 0.002 INT −0.000 −0.015 −0.000 0.003 CL

3 31⁄2
+0.003 +0.002 0.002 CL +0.003 +0.000 +0.010 0.030 CL
−0.000 −0.000 0.003 INT −0.000 −0.015 −0.000 0.002 CL

Parallel
Rectan-
gular

… 11⁄4
+0.001 +0.002 0.002 CL +0.005 +0.000 +0.010 0.035 CL
−0.000 −0.000 0.001 INT −0.005 −0.015 −0.000 0.000 CL

11⁄4 3
+0.002 +0.002 0.002 CL +0.005 +0.000 +0.010 0.035 CL
−0.000 −0.000 0.002 INT −0.005 −0.015 −0.000 0.000 CL

3 7
+0.003 +0.002 0.002 CL +0.005 +0.000 +0.010 0.035 CL
−0.000 −0.000 0.003 INT −0.005 −0.015 −0.000 0.000 CL

Taper

… 11⁄4
+0.001 +0.002 0.002 CL +0.005 +0.000 +0.010 0.005 CL
−0.000 −0.000 0.001 INT −0.000 −0.015 −0.000 0.025 INT

11⁄4 3
+0.002 +0.002 0.002 CL +0.005 +0.000 +0.010 0.005 CL
−0.000 −0.000 0.002 INT −0.000 −0.015 −0.000 0.025 INT

3 b

b To (Incl.) 31⁄2-inch Square and 7-inch Rectangular key widths. 

+0.003 +0.002 0.002 CL +0.005 +0.000 +0.010 0.005 CL
−0.000 −0.000 0.003 INT −0.000 −0.015 −0.000 0.025 INT
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Table 5. Suggested Keyseat Fillet Radius and Key Chamfer 
 ANSI B17.1-1967 (R2008)

All dimensions are given in inches.

Table 6. ANSI Standard Keyseat Tolerances for Electric Motor and
Generator Shaft Extensions  ANSI B17.1-1967 (R2008)

All dimensions are given in inches.

Table 7. Set Screws for Use Over Keys  ANSI B17.1-1967 (R2008)

All dimensions are given in inches.
These set screw diameter selections are offered as a guide but their use should be dependent upon

design considerations.

ANSI Standard Woodruff Keys and Keyseats.—American National Standard B17.2
was approved in 1967, and reaffirmed in 1990. Data from this standard are shown in Tables
8, 9, and 10.

Keyseat Depth, H/2
Fillet

Radius
45 deg.

Chamfer

Keyseat Depth, H/2
Fillet

Radius
45 deg.

ChamferOver To (Incl.) Over To (Incl.)

1⁄8 1⁄4 1⁄32
3⁄64

7⁄8 11⁄4 3⁄16
7⁄32

1⁄4 1⁄2 1⁄16
5⁄64 11⁄4 13⁄4 1⁄4 9⁄32

1⁄2 7⁄8 1⁄8 5⁄32 13⁄4 21⁄2 3⁄8 13⁄32

Keyseat Width

Width Tolerance Depth ToleranceOver To (Incl.)

… 1⁄4
+0.001 +0.000

−0.001 −0.015

1⁄4 3⁄4
+0.000 +0.000

−0.002 −0.015

3⁄4 11⁄4
+0.000 +0.000

−0.003 −0.015

Nom. Shaft Dia. Nom.
Key

Width

Set
Screw
Dia.

Nom. Shaft Dia. Nom.
Key

Width

Set
Screw
Dia.Over To (Incl.) Over To (Incl.)

5⁄16
7⁄16

3⁄32 No. 10 21⁄4 23⁄4 5⁄8 1⁄2
7⁄16

9⁄16
1⁄8 No. 10 23⁄4 31⁄4 3⁄4 5⁄8

9⁄16
7⁄8 3⁄16

1⁄4 31⁄4 33⁄4 7⁄8 3⁄4
7⁄8 11⁄4 1⁄4 5⁄16 33⁄4 41⁄2 1 3⁄4

11⁄4 13⁄8 5⁄16
3⁄8 41⁄2 51⁄2 11⁄4 7⁄8

13⁄8 13⁄4 3⁄8 3⁄8 51⁄2 61⁄2 11⁄2 1

13⁄4 21⁄4 1⁄2 1⁄2 … … … …
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Table 8. ANSI Standard Woodruff Keys  ANSI B17.2-1967 (R2008)

All dimensions are given in inches.
The Key numbers indicate normal key dimensions. The last two digits give the nominal diameter B

in eighths of an inch and the digits preceding the last two give the nominal width W in thirty-seconds
of an inch.

Key
No.

Nominal
Key Size
W X B

Actual Length F
+0.000
−0.010

Height of Key Distance
Below

Center E
C D

Max. Min. Max. Min.

202 1⁄16 × 1⁄4 0.248 0.109 0.104 0.109 0.104 1⁄64

202.5 1⁄16 × 5⁄16 0.311 0.140 0.135 0.140 0.135 1⁄64

302.5 3⁄32 × 5⁄16 0.311 0.140 0.135 0.140 0.135 1⁄64

203 1⁄16 × 3⁄8 0.374 0.172 0.167 0.172 0.167 1⁄64

303 3⁄32 × 3⁄8 0.374 0.172 0.167 0.172 0.167 1⁄64

403 1⁄8 × 3⁄8 0.374 0.172 0.167 0.172 0.167 1⁄64

204 1⁄16 × 1⁄2 0.491 0.203 0.198 0.194 0.188 3⁄64

304 3⁄32 × 1⁄2 0.491 0.203 0.198 0.194 0.188 3⁄64

404 1⁄8 × 1⁄2 0.491 0.203 0.198 0.194 0.188 3⁄64

305 3⁄32 × 5⁄8 0.612 0.250 0.245 0.240 0.234 1⁄16

405 1⁄8 × 5⁄8 0.612 0.250 0.245 0.240 0.234 1⁄16

505 5⁄32 × 5⁄8 0.612 0.250 0.245 0.240 0.234 1⁄16

605 3⁄16 × 5⁄8 0.612 0.250 0.245 0.240 0.234 1⁄16

406 1⁄8 × 3⁄4 0.740 0.313 0.308 0.303 0.297 1⁄16

506 5⁄32 × 3⁄4 0.740 0.313 0.308 0.303 0.297 1⁄16

606 3⁄16 × 3⁄4 0.740 0.313 0.308 0.303 0.297 1⁄16

806 1⁄4 × 3⁄4 0.740 0.313 0.308 0.303 0.297 1⁄16

507 5⁄32 × 7⁄8 0.866 0.375 0.370 0.365 0.359 1⁄16

607 3⁄16 × 7⁄8 0.866 0.375 0.370 0.365 0.359 1⁄16

707 7⁄32 × 7⁄8 0.866 0.375 0.370 0.365 0.359 1⁄16

807 1⁄4 × 7⁄8 0.866 0.375 0.370 0.365 0.359 1⁄16

608 3⁄16 × 1 0.992 0.438 0.433 0.428 0.422 1⁄16

708 7⁄32 × 1 0.992 0.438 0.433 0.428 0.422 1⁄16

808 1⁄4 × 1 0.992 0.438 0.433 0.428 0.422 1⁄16

1008 5⁄16 × 1 0.992 0.438 0.433 0.428 0.422 1⁄16

1208 3⁄8 × 1 0.992 0.438 0.433 0.428 0.422 1⁄16

609 3⁄16 × 11⁄8 1.114 0.484 0.479 0.475 0.469 5⁄64

709 7⁄32 × 11⁄8 1.114 0.484 0.479 0.475 0.469 5⁄64

809 1⁄4 × 11⁄8 1.114 0.484 0.479 0.475 0.469 5⁄64

1009 5⁄16 × 11⁄8 1.114 0.484 0.479 0.475 0.469 5⁄64

610 3⁄16 × 11⁄4 1.240 0.547 0.542 0.537 0.531 5⁄64

710 7⁄32 × 11⁄4 1.240 0.547 0.542 0.537 0.531 5⁄64

810 1⁄4 × 11⁄4 1.240 0.547 0.542 0.537 0.531 5⁄64

1010 5⁄16 × 11⁄4 1.240 0.547 0.542 0.537 0.531 5⁄64

1210 3⁄8 × 11⁄4 1.240 0.547 0.542 0.537 0.531 5⁄64

811 1⁄4 × 13⁄8 1.362 0.594 0.589 0.584 0.578 3⁄32

1011 5⁄16 × 13⁄8 1.362 0.594 0.589 0.584 0.578 3⁄32

1211 3⁄8 × 13⁄8 1.362 0.594 0.589 0.584 0.578 3⁄32

812 1⁄4 × 11⁄2 1.484 0.641 0.636 0.631 0.625 7⁄64

1012 5⁄16 × 11⁄2 1.484 0.641 0.636 0.631 0.625 7⁄64

1212 3⁄8 × 11⁄2 1.484 0.641 0.636 0.631 0.625 7⁄64
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Table 9. ANSI Standard Woodruff Keys  ANSI B17.2-1967 (R2008)

All dimensions are given in inches.
The key numbers indicate nominal key dimensions. The last two digits give the nominal diameter

B in eighths of an inch and the digits preceding the last two give the nominal width W in thirty-sec-
onds of an inch.

The key numbers with the −1 designation, while representing the nominal key size have a shorter
length F and due to a greater distance below center E are less in height than the keys of the same num-
ber without the −1 designation.

Key
No.

Nominal
Key Size

W × B

Actual
Length F
+0.000
−0.010

Height of Key
Distance
Below

Center E

C D

Max. Min. Max. Min.

617-1 3⁄16 × 21⁄8 1.380 0.406 0.401 0.396 0.390 21⁄32

817-1 1⁄4 × 21⁄8 1.380 0.406 0.401 0.396 0.390 21⁄32

1017-1 5⁄16 × 21⁄8 1.380 0.406 0.401 0.396 0.390 21⁄32

1217-1 3⁄8 × 21⁄8 1.380 0.406 0.401 0.396 0.390 21⁄32

617 3⁄16 × 21⁄8 1.723 0.531 0.526 0.521 0.515 17⁄32

817 1⁄4 × 21⁄8 1.723 0.531 0.526 0.521 0.515 17⁄32

1017 5⁄16 × 21⁄8 1.723 0.531 0.526 0.521 0.515 17⁄32

1217 3⁄8 × 21⁄8 1.723 0.531 0.526 0.521 0.515 17⁄32

822-1 1⁄4 × 23⁄4 2.000 0.594 0.589 0.584 0.578 25⁄32

1022-1 5⁄16 × 23⁄4 2.000 0.594 0.589 0.584 0.578 25⁄32

1222-1 3⁄8 × 23⁄4 2.000 0.594 0.589 0.584 0.578 25⁄32

1422-1 7⁄16 × 23⁄4 2.000 0.594 0.589 0.584 0.578 25⁄32

1622-1 1⁄2 × 23⁄4 2.000 0.594 0.589 0.584 0.578 25⁄32

822 1⁄4 × 23⁄4 2.317 0.750 0.745 0.740 0.734 5⁄8
1022 5⁄16 × 23⁄4 2.317 0.750 0.745 0.740 0.734 5⁄8
1222 3⁄8 × 23⁄4 2.317 0.750 0.745 0.740 0.734 5⁄8
1422 7⁄16 × 23⁄4 2.317 0.750 0.745 0.740 0.734 5⁄8
1622 1⁄2 × 23⁄4 2.317 0.750 0.745 0.740 0.734 5⁄8
1228 3⁄8 × 31⁄2 2.880 0.938 0.933 0.928 0.922 13⁄16

1428 7⁄16 × 31⁄2 2.880 0.938 0.933 0.928 0.922 13⁄16

1628 1⁄2 × 31⁄2 2.880 0.938 0.933 0.928 0.922 13⁄16

1828 9⁄16 × 31⁄2 2.880 0.938 0.933 0.928 0.922 13⁄16

2028 5⁄8 × 31⁄2 2.880 0.938 0.933 0.928 0.922 13⁄16

2228 11⁄16 × 31⁄2 2.880 0.938 0.933 0.928 0.922 13⁄16

2428 3⁄4 × 31⁄2 2.880 0.938 0.933 0.928 0.922 13⁄16
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Table 10. ANSI Keyseat Dimensions for Woodruff Keys
 ANSI B17.2-1967 (R2008)

Key
No.

Nominal
Size
Key

Keyseat—Shaft KeyAbove
Shaft Keyseat—Hub

Width Aa Depth B Diameter F Height C Width D Depth E

Min. Max. +0.005
−0.000 Min. Max. +0.005

−0.005
+0.002
−0.000

+0.005
−0.000

202 1⁄16 × 1⁄4 0.0615 0.0630 0.0728 0.250 0.268 0.0312 0.0635 0.0372

202.5 1⁄16 × 5⁄16 0.0615 0.0630 0.1038 0.312 0.330 0.0312 0.0635 0.0372

302.5 3⁄32 × 5⁄16 0.0928 0.0943 0.0882 0.312 0.330 0.0469 0.0948 0.0529

203 1⁄16 × 3⁄8 0.0615 0.0630 0.1358 0.375 0.393 0.0312 0.0635 0.0372

303 3⁄32 × 3⁄8 0.0928 0.0943 0.1202 0.375 0.393 0.0469 0.0948 0.0529

403 1⁄8 × 3⁄8 0.1240 0.1255 0.1045 0.375 0.393 0.0625 0.1260 0.0685

204 1⁄16 × 1⁄2 0.0615 0.0630 0.1668 0.500 0.518 0.0312 0.0635 0.0372

304 3⁄32 × 1⁄2 0.0928 0.0943 0.1511 0.500 0.518 0.0469 0.0948 0.0529

404 1⁄8 × 1⁄2 0.1240 0.1255 0.1355 0.500 0.518 0.0625 0.1260 0.0685

305 3⁄32 × 5⁄8 0.0928 0.0943 0.1981 0.625 0.643 0.0469 0.0948 0.0529

405 1⁄8 × 5⁄8 0.1240 0.1255 0.1825 0.625 0.643 0.0625 0.1260 0.0685

505 5⁄32 × 5⁄8 0.1553 0.1568 0.1669 0.625 0.643 0.0781 0.1573 0.0841

605 3⁄16 × 5⁄8 0.1863 0.1880 0.1513 0.625 0.643 0.0937 0.1885 0.0997

406 1⁄8 × 3⁄4 0.1240 0.1255 0.2455 0.750 0.768 0.0625 0.1260 0.0685

506 5⁄32 × 3⁄4 0.1553 0.1568 0.2299 0.750 0.768 0.0781 0.1573 0.0841

606 3⁄16 × 3⁄4 0.1863 0.1880 0.2143 0.750 0.768 0.0937 0.1885 0.0997

806 1⁄4 × 3⁄4 0.2487 0.2505 0.1830 0.750 0.768 0.1250 0.2510 0.1310

507 5⁄32 × 7⁄8 0.1553 0.1568 0.2919 0.875 0.895 0.0781 0.1573 0.0841

607 3⁄16 × 7⁄8 0.1863 0.1880 0.2763 0.875 0.895 0.0937 0.1885 0.0997

707 7⁄32 × 7⁄8 0.2175 0.2193 0.2607 0.875 0.895 0.1093 0.2198 0.1153

807 1⁄4 × 7⁄8 0.2487 0.2505 0.2450 0.875 0.895 0.1250 0.2510 0.1310

608 3⁄16 × 1 0.1863 0.1880 0.3393 1.000 1.020 0.0937 0.1885 0.0997

708 7⁄32 × 1 0.2175 0.2193 0.3237 1.000 1.020 0.1093 0.2198 0.1153

808 1⁄4 × 1 0.2487 0.2505 0.3080 1.000 1.020 0.1250 0.2510 0.1310

1008 5⁄16 × 1 0.3111 0.3130 0.2768 1.000 1.020 0.1562 0.3135 0.1622

1208 3⁄8 × 1 0.3735 0.3755 0.2455 1.000 1.020 0.1875 0.3760 0.1935

609 3⁄16 × 11⁄8 0.1863 0.1880 0.3853 1.125 1.145 0.0937 0.1885 0.0997

709 7⁄32 × 11⁄8 0.2175 0.2193 0.3697 1.125 1.145 0.1093 0.2198 0.1153

809 1⁄4 × 11⁄8 0.2487 0.2505 0.3540 1.125 1.145 0.1250 0.2510 0.1310

1009 5⁄16 × 11⁄8 0.3111 0.3130 0.3228 1.125 1.145 0.1562 0.3135 0.1622

610 3⁄16 × 11⁄4 0.1863 0.1880 0.4483 1.250 1.273 0.0937 0.1885 0.0997

710 7⁄32 × 11⁄4 0.2175 0.2193 0.4327 1.250 1.273 0.1093 0.2198 0.1153

810 1⁄4 × 11⁄4 0.2487 0.2505 0.4170 1.250 1.273 0.1250 0.2510 0.1310

1010 5⁄16 × 11⁄4 0.3111 0.3130 0.3858 1.250 1.273 0.1562 0.3135 0.1622

1210 3⁄8 × 11⁄4 0.3735 0.3755 0.3545 1.250 1.273 0.1875 0.3760 0.1935

811 1⁄4 × 13⁄8 0.2487 0.2505 0.4640 1.375 1.398 0.1250 0.2510 0.1310

1011 5⁄16 × 13⁄8 0.3111 0.3130 0.4328 1.375 1.398 0.1562 0.3135 0.1622
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All dimensions are given in inches.

The following definitions are given in this standard:

Woodruff Key: A demountable machinery part which, when assembled into key-seats,
provides a positive means for transmitting torque between the shaft and hub.

Woodruff Key Number: An identification number by which the size of key may be
readily determined.

Woodruff Keyseat—Shaft: The circular pocket in which the key is retained.

Woodruff Keyseat—Hub: An axially located rectangular groove in a hub. (This has been
referred to as a keyway.)

Woodruff Keyseat Milling Cutter: An arbor type or shank type milling cutter normally
used for milling Woodruff keyseats in shafts (see page 832).

1211 3⁄8 × 13⁄8 0.3735 0.3755 0.4015 1.375 1.398 0.1875 0.3760 0.1935

812 1⁄4 × 11⁄2 0.2487 0.2505 0.5110 1.500 1.523 0.1250 0.2510 0.1310

1012 5⁄16 × 11⁄2 0.3111 0.3130 0.4798 1.500 1.523 0.1562 0.3135 0.1622

1212 3⁄8 × 11⁄2 0.3735 0.3755 0.4485 1.500 1.523 0.1875 0.3760 0.1935

617-1 3⁄16 × 21⁄8 0.1863 0.1880 0.3073 2.125 2.160 0.0937 0.1885 0.0997

817-1 1⁄4 × 21⁄8 0.2487 0.2505 0.2760 2.125 2.160 0.1250 0.2510 0.1310

1017-1 5⁄16 × 21⁄8 0.3111 0.3130 0.2448 2.125 2.160 0.1562 0.3135 0.1622

1217-1 3⁄8 × 21⁄8 0.3735 0.3755 0.2135 2.125 2.160 0.1875 0.3760 0.1935

617 3⁄16 × 21⁄8 0.1863 0.1880 0.4323 2.125 2.160 0.0937 0.1885 0.0997

817 1⁄4 × 21⁄8 0.2487 0.2505 0.4010 2.125 2.160 0.1250 0.2510 0.1310

1017 5⁄16 × 21⁄8 0.3111 0.3130 0.3698 2.125 2.160 0.1562 0.3135 0.1622

1217 3⁄8 × 21⁄8 0.3735 0.3755 0.3385 2.125 2.160 0.1875 0.3760 0.1935

822-1 1⁄4 × 23⁄4 0.2487 0.2505 0.4640 2.750 2.785 0.1250 0.2510 0.1310

1022-1 5⁄16 × 23⁄4 0.3111 0.3130 0.4328 2.750 2.785 0.1562 0.3135 0.1622

1222-1 3⁄8 × 23⁄4 0.3735 0.3755 0.4015 2.750 2.785 0.1875 0.3760 0.1935

1422-1 7⁄16 × 23⁄4 0.4360 0.4380 0.3703 2.750 2.785 0.2187 0.4385 0.2247

1622-1 1⁄2 × 23⁄4 0.4985 0.5005 0.3390 2.750 2.785 0.2500 0.5010 0.2560

822 1⁄4 × 23⁄4 0.2487 0.2505 0.6200 2.750 2.785 0.1250 0.2510 0.1310

1022 5⁄16 × 23⁄4 0.3111 0.3130 0.5888 2.750 2.785 0.1562 0.3135 0.1622

1222 3⁄8 × 23⁄4 0.3735 0.3755 0.5575 2.750 2.785 0.1875 0.3760 0.1935

1422 7⁄16 × 23⁄4 0.4360 0.4380 0.5263 2.750 2.785 0.2187 0.4385 0.2247

1622 1⁄2 × 23⁄4 0.4985 0.5005 0.4950 2.750 2.785 0.2500 0.5010 0.2560

1228 3⁄8 × 31⁄2 0.3735 0.3755 0.7455 3.500 3.535 0.1875 0.3760 0.1935

1428 7⁄16 × 31⁄2 0.4360 0.4380 0.7143 3.500 3.535 0.2187 0.4385 0.2247

1628 1⁄2 × 31⁄2 0.4985 0.5005 0.6830 3.500 3.535 0.2500 0.5010 0.2560

1828 9⁄16 × 31⁄2 0.5610 0.5630 0.6518 3.500 3.535 0.2812 0.5635 0.2872

2028 5⁄8 × 31⁄2 0.6235 0.6255 0.6205 3.500 3.535 0.3125 0.6260 0.3185

2228 11⁄16 × 31⁄2 0.6860 0.6880 0.5893 3.500 3.535 0.3437 0.6885 0.3497

2428 3⁄4 × 31⁄2 0.7485 0.7505 0.5580 3.500 3.535 0.3750 0.7510 0.3810

a These Width A values were set with the maximum keyseat (shaft) width as that figure which will
receive a key with the greatest amount of looseness consistent with assuring the key's sticking in the
keyseat (shaft). Minimum keyseat width is that figure permitting the largest shaft distortion acceptable
when assembling maximum key in minimum keyseat.Dimensions A, B, C, D are taken at side intersec-
tion.

Table 10. ANSI Keyseat Dimensions for Woodruff Keys
 ANSI B17.2-1967 (R2008)

Key
No.

Nominal
Size
Key

Keyseat—Shaft KeyAbove
Shaft Keyseat—Hub

Width Aa Depth B Diameter F Height C Width D Depth E

Min. Max. +0.005
−0.000 Min. Max. +0.005

−0.005
+0.002
−0.000

+0.005
−0.000
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Chamfered Keys and Filleted Keyseats.—In general practice, chamfered keys and fil-
leted keyseats are not used. However, it is recognized that fillets in keyseats decrease stress
concentration at corners. When used, fillet radii should be as large as possible without
causing excessive bearing stresses due to reduced contact area between the key and its mat-
ing parts. Keys must be chamfered or rounded to clear fillet radii. Values in Table 5 assume
general conditions and should be used only as a guide when critical stresses are encoun-
tered.
Depths for Milling Keyseats.—Table 11 on page 2483 has been compiled to facilitate the
accurate milling of keyseats. This table gives the distance M (see illustration accompany-
ing table) between the top of the shaft and a line passing through the upper corners or edges

of the keyseat. Dimension M is calculated by the formula:  where
S is diameter of shaft, and E is width of keyseat. A simple approximate formula that gives
M to within 0.001 inch is M = E2 ÷ 4S.

Keyseating Machines.—The machines which are designed especially for cutting key-
seats or keyways in the hubs of pulleys, gears, etc., are generally known as keyseaters.
Machines of this class usually have a base or frame which contains the mechanism for
imparting a reciprocating motion to a cutter bar, which moves vertically for cutting a key-
seat in the work. There are several types of machines which are used for internal keyseating
operations in addition to the machines designed especially for this work. Broaching
machines as well as slotters are commonly used, and keyseating is also done to some extent
in shapers and planers.
Other Key Types.—The sunk key is the most common type and is of rectangular section
that engages a groove or slot formed both in the shaft and hub of the gear or pulley. The
width of an ordinary sunk key ordinarily is equal to about one-fourth of the shaft diameter
and the thickness, when a flat key is preferred to the square form, is usually about one-sixth
of the shaft diameter; these proportions are varied somewhat by different manufacturers.

The flat key is a rectangular shape which bears upon a flat surface formed on one side of
the shaft. The draw or gib key is a sunk key which has a head by means of which it can be
removed. The round tapered key is simply a taper pin which is driven into a hole that is
partly in the shaft and partly in the hub; this form is used for light work. The name feather
or spline is applied to a key which is fixed to either a shaft or hub, as when a gear must be
driven by a shaft, but at the same time be free to slide in a lengthwise direction. 

The taper of American Standard square and flat keys is 1.8 inch per foot.
The saddle key does not enter a slot in the shaft. It has parallel sides and is curved on its

under side to fit the shaft. It is slightly tapered on top so that, when it is driven tightly in
place, the shaft is held by frictional resistance. This key should be fitted so that it bears
lightly on the sides and heavily between the shaft and hub throughout its entire length. As
the drive with this type of key is not positive, it is only used where there is little power to
transmit. It is an inexpensive method of keying, as the shaft does is not machined.
Effect of Keyways on Shaft Strength.—See SHAFTS starting on page 295 and Effect of
Keyways on Shaft Strength starting on page 301.
British Standard Keys and Keyways.—See Keys and Keyways in the ADDITIONAL
material on Machinery’s Handbook 29 CD.
Cotters.—A cotter is a form of key that is used to connect rods, etc., that are subjected
either to tension or compression or both, the cotter being subjected to shearing stresses at
two transverse cross-sections. When taper cotters are used for drawing and holding parts
together, if the cotter is held in place by the friction between the bearing surfaces, the taper
should not be too great. Ordinarily a taper varying from 1⁄4 to 1⁄2 inch per foot is used for plain
cotters. When a set-screw or other device is used to prevent the cotter from backing out of
its slot, the taper may vary from 1 1⁄2 to 2 inches per foot.

M 1⁄2 S S2 E2––( )=
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Table 11. Finding Depth of Keyseat and Distance 
from Top of Key to Bottom of Shaft

For milling keyseats, the total depth to feed cutter in from outside of shaft to bottom 
of keyseat is M + D, where D is depth of keyseat.

For checking an assembled key and shaft, caliper measurement J between top of key 
and bottom of shaft is used.

where C is depth of key. For Woodruff keys, dimensions C and D can be found in 
Tables 8 through 10. Assuming shaft diameter S is normal size, the tolerance on dimen-
sion J for Woodruff keys in keyslots are + 0.000, −0.010 inch.

Dia.
of

Shaft, S
Inches

Width of Keyseat, E

1⁄16
3⁄32

1⁄8 5⁄32
3⁄16

7⁄32
1⁄4 5⁄16

3⁄8 7⁄16
1⁄2 9⁄16

5⁄8 11⁄16
3⁄4

Dimension M, Inch

0.3125 .0032 … … … … … … … … … … … … … …

0.3437 .0029 .0065 … … … … … … … … … … … … …

0.3750 .0026 .0060 .0107 … … … … … … … … … … … …

0.4060 .0024 .0055 .0099 … … … … … … … … … … … …

0.4375 .0022 .0051 .0091 … … … … … … … … … … … …

0.4687 .0021 .0047 .0085 .0134 … … … … … … … … … … …

0.5000 .0020 .0044 .0079 .0125 … … … … … … … … … … …

0.5625 … .0039 .0070 .0111 .0161 … … … … … … … … … …

0.6250 … .0035 .0063 .0099 .0144 .0198 … … … … … … … … …

0.6875 … .0032 .0057 .0090 .0130 .0179 .0235 … … … … … … … …

0.7500 … .0029 .0052 .0082 .0119 .0163 .0214 .0341 … … … … … … …

0.8125 … .0027 .0048 .0076 .0110 .0150 .0197 .0312 … … … … … … …

0.8750 … .0025 .0045 .0070 .0102 .0139 .0182 .0288 … … … … … … …

0.9375 … … .0042 .0066 .0095 .0129 .0170 .0263 .0391 … … … … … …

1.0000 … … .0039 .0061 .0089 .0121 .0159 .0250 .0365 … … … … … …

1.0625 … … .0037 .0058 .0083 .0114 .0149 .0235 .0342 … … … … … …

1.1250 … … .0035 .0055 .0079 .0107 .0141 .0221 .0322 .0443 … … … … …

1.1875 … … .0033 .0052 .0074 .0102 .0133 .0209 .0304 .0418 … … … … …

1.2500 … … .0031 .0049 .0071 .0097 .0126 .0198 .0288 .0395 … … … … …

1.3750 … … … .0045 .0064 .0088 .0115 .0180 .0261 .0357 .0471 … … … …

1.5000 … … … .0041 .0059 .0080 .0105 .0165 .0238 .0326 .0429 … … … …

1.6250 … … … .0038 .0054 .0074 .0097 .0152 .0219 .0300 .0394 .0502 … … …

1.7500 … … … … .0050 .0069 .0090 .0141 .0203 .0278 .0365 .0464 … … …

1.8750 … … … … .0047 .0064 .0084 .0131 .0189 .0259 .0340 .0432 .0536 … …

2.0000 … … … … .0044 .0060 .0078 .0123 .0177 .0242 .0318 .0404 .0501 … …

2.1250 … … … … … .0056 .0074 .0116 .0167 .0228 .0298 .0379 .0470 .0572 .0684

2.2500 … … … … … … .0070 .0109 .0157 .0215 .0281 .0357 .0443 .0538 .0643

2.3750 … … … … … … … .0103 .0149 .0203 .0266 .0338 .0419 .0509 .0608

2.5000 … … … … … … … … .0141 .0193 .0253 .0321 .0397 .0482 .0576

2.6250 … … … … … … … … .0135 .0184 .0240 .0305 .0377 .0457 .0547

2.7500 … … … … … … … … … .0175 .0229 .0291 .0360 .0437 .0521

2.8750 … … … … … … … … … .0168 .0219 .0278 .0344 .0417 .0498

3.0000 … … … … … … … … … … .0210 .0266 .0329 .0399 .0476

��
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SYMBOLS AND ABBREVIATIONS

Greek Letters and Standard Abbreviations

The Greek letters are frequently used in mathematical expressions and formulas. The
Greek alphabet is given below.

A α Alpha H η Eta N ν Nu T τ Tau
B β Beta Θ ϑ θ Theta Ξ ξ Xi ϒ υ Upsilon
Γ γ Gamma I ι Iota O o Omicron Φ φ Phi
∆ δ Delta K κ Kappa Π π Pi X χ Chi
E ε Epsilon Λ λ Lambda R ρ Rho Ψ ψ Psi
Z ζ Zeta M µ Mu Σ σ ς Sigma Ω ω Omega

ANSI Abbreviations for Scientific and Engineering Terms 
 ANSI Y1.1-1972 (R 1984)

Absolute abs Decibel dB
Alternating current ac Degree deg or°
Ampere amp Degree Centigrade °C
Ampere-hour amp hr Degree Fahrenheit °F
Angstrom unit A Degree Kelvin K
Antilogarithm antilog Diameter dia
Arithmetical average aa Direct current dc
Atmosphere atm Dozen doz
Atomic weight at wt Dram dr
Avoirdupois avdp Efficiency eff
Barometer baro Electric elec
Board feet (feet board measure) fbm Electromotive force emf
Boiler pressure bopress Elevation el
Boiling point bp Engine eng
Brinell hardness number Bhn Engineer engr
British thermal unit Btu or B Engineering engrg
Bushel bu Equation eq
Calorie cal External ext
Candle cd Fluid fl
Center to center c to c Foot ft
Centimeter cm Foot-candle fc
Centimeter-gram-second (system) cgs Foot-Lambert fL or fl
Chemical chem Foot per minute fpm
Chemically pure cp Foot per second fps
Circular circ Foot-pound ft lb
Circular mil cmil Foot-pound-second (system) fps
Coefficient coef Free on board fob
Cologarithm colog Freezing point fp
Concentrate conc Frequency freq
Conductivity cndct Fusion point fnpt
Constant const Gallon gal
Cord cd Gallon per minute gpm
Cosecant csc Gallon per second gps
Cosine cos Grain gr
Cost, insurance, and freight cif Gram g
Cotangent ctn Greatest common divisor gcd
Counter electromotive force cemf High pressure hp
Cubic cu Horsepower hp
Cubic centimeter cm3 or cc Horsepower-hour hp hr
Cubic foot ft3 or cu ft Hour h or hr
Cubic feet per second ft3 or cfs Hyperbolic cosine cosh
Cubic inch in3 or cu in Hyperbolic sine sinh
Cubic meter m3 or cu m Hyperbolic tangent tanh
Cubic millimeter mm3 or cumm Inch in
Cubic yard yd3 or cu yd Inch per second in/s or ips
Current density cd Inch-pound in lb
Cylinder cyl
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Only the most commonly used terms have been included. These forms are recommended for those
whose familiarity with the terms used makes possible a maximum of abbreviations. For others, less
contracted combinations made up from this list may be used. For example, the list gives the abbrevi-
ation of the term “feet per second” as “fps.” To some, however, ft per sec will be more easily under-
stood.

Abbreviations should be used sparingly and only where their meaning will be clear. If
there is any doubt, then spell out the term or unit of measurement.

The following points are good practice when preparing engineering documentation.
Terms denoting units of measurement should be abbreviated in text only when preceded by
the amounts indicated in numerals: “several inches,” “one inch,” “12 in.” A sentence
should not begin with a numeral followed by an abbreviation. The use of conventional
signs for abbreviations in text should be avoided: use “lb,” not “#” or “in,” not ″.

Symbols for the chemical elements are listed in the table on page 371.

Indicated horsepower-hour iph Pound-force foot lbf • ft or lb ft
Intermediate pressure ip Pound-force inch lbf • in or lb in
Internal intl pound-force per square foot lbf/ft2 or psf
Kilovolt-ampere/hour KVA-h or kVah pound-force per square inch lbf/in2 or psi
Kilowatt-hour meter kwhm pound per horsepower lb/hp or php
Latitude lat Power factor pf
Least common multiple lcm Quart qt
Liquid liq Reactive volt-ampere meter rva
Logarithm (common) log Revolution per minute r/min or rpm
Logarithm (natural) ln Revolution per second r/s or rps
Low pressure lp Root mean square rms
Lumen per watt lm/W or lpw Round rnd
Magnetomotive force mmf Secant sec
Mathematics (ical) math Second s or sec
Maximum max Sine sin
Mean effective pressure mep Specific gravity sp gr
Melting point mp Specific heat sp ht
Meter m Square sq
Meter-kilogram-second mks Square centimeter cm2 or sq cm
Microfarad µF Square foot ft2 or sq ft
Mile mi Square inch in2 or sq in
Mile per hour mi/h or mph Square kilometer km2 or sq km
Milliampere m/A Square root of mean square rms
Minimum min Standard std
Molecular weight mol wt Tangent tan
Molecule mo Temperature temp
National Electrical Code NEC Tensile strength ts
Ounce oz Versed sine vers
Ounce-inch oz in Volt V
Pennyweight dwt Watt W
Pint pt Watthour Wh
Potential pot Week wk
Potential difference pd Weight wt
Pound lb Yard yd

Alternative abbreviations conforming to the practice of the International Electrotechnical Commission.

Ampere A Kilovolt-ampere kVA Microfarad µF
Ampere-hour Ah Kilowatt kW Microwatt µW Volt V
Coulomb C Milliampere mA Volt-ampere VA
Farad F Kilowatthour kWh Millifarad mF Volt-coulomb VC
Henry H Megawatt MW Millihenry mH Watt W
Joule J Megohm MΩ Millivolt mV Watthour Wh
Kilovolt kV Microampere µA Ohm Ω

ANSI Abbreviations for Scientific and Engineering Terms (Continued)
 ANSI Y1.1-1972 (R 1984)
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Mathematical Signs and Commonly Used Abbreviations

+ Plus (sign of addition) π Pi (3.1416)

+ Positive Σ Sigma (sign of summation)

− Minus (sign of subtraction) ω Omega (angles measured in radians)

− Negative g
Acceleration due to gravity (32.16 ft/s2 or 

9.81 m/s2)

± (�) Plus or minus (minus or plus) i (or j) Imaginary quantity 

× Multiplied by (multiplication sign) sin Sine

· Multiplied by (multiplication sign) cos Cosine

÷ Divided by (division sign) tan Tangent

/ Divided by (division sign) cot Cotangent

: Is to (in proportion) sec Secant

= Equals csc Cosecant

≠ Is not equal to vers Versed sine

≡ Is identical to covers Coversed sine

≅ or ≈ Approximately equals
sin−1 a

arcsin a or 
asin a

Arc the sine of which is a

> Greater than (sin a)−1 Reciprocal of sin a (1 ÷ sin a)

< Less than sinn x nth power of sin x

≥ Greater than or equal to sinh x Hyperbolic sine of x

≤ Less than or equal to cosh x Hyperbolic cosine of x

→ Approaches as a limit ∆ Delta (increment of)

� Varies directly as δ Delta (variation of)

∴ Therefore d Differential (in calculus)

:: Equals (in proportion) ∂ Partial differentiation (in calculus)

Square root of a ∫ Integral (in calculus)

Cube root of a Integral between the limits a and b

4th root of a ! 5! = 1 × 2 × 3 × 4 × 5 (Factorial)

nth root of a ∠ Angle

a2 a squared (2nd power of a) � Right angle

a3 a cubed (3rd power of a) ⊥ Perpendicular to

a4 4th power of a � Triangle

an nth power of a � Circle

a−n 1 ÷ an � Parallelogram

Reciprocal value of n ° Degree (circular arc or temperature)

log Logarithm ′ Minutes or feet

loge Natural or Napierian logarithm ″ Seconds or inches

ln Natural or Napierian logarithm a ′ a prime

e Base of natural logarithms (2.71828) a″ a double prime

lim Limit value (of an expression) a1 a sub one

∞ Infinity a2 a sub two

α Alpha

commonly used to 
denote angles

an a sub n

β Beta ( ) Parentheses

γ Gamma [ ] Brackets

θ Theta { } Braces

φ Phi Absolute value of K, size of K irrespective of 
signµ Mu (coefficient of friction)

1–( )

a

a3
b

a

∫

a4

an

1
n
---

K
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Letter Symbols for Mechanics and Time-Related Phenomena
 ANSI/ASME Y10.3M-1984

Acceleration, angular α (alpha) Height h

Acceleration, due to gravity g Inertia, moment of I or J
Acceleration, linear a Inertia, polar (area) moment ofa J

Amplitudea

a Not specified in Standard 

A
Inertia, product (area) moment 

ofa
Ixy

Angle

α (alpha)
β (beta)
γ (gamma)
θ (theta)
φ (phi)
ψ (psi)

Length L or l
Load per unit distancea q or w
Load, totala P or W
Mass m

Moment of force, including 
bending moment M

Neutral axis, distance to 
extreme fiber froma

c

Angle, solid Ω (omega) Period T

Angular frequency ω (omega) Poisson's ratio µ (mu) or 
ν (nu)

Angular momentum L Power P

Angular velocity ω (omega) Pressure, normal force per unit 
area p

Arc length s Radius r

Area A Revolutions per unit of time n

Axes, through any pointa X-X, Y-Y, or 
Z-Z

Second moment of area (second 
axial moment of area)

Ia

Bulk modulus K Second polar moment of area IP or J
Breadth (width) b Section modulus Z

Coefficient of expansion, lineara α (alpha) Shear force in beam sectiona V

Coefficient of friction µ (mu) Spring constant (load per unit 
deflection)a

k

Concentrated load (same as 
force) F

Statical moment of any area 
about a given axisa

Q

Deflection of beam, maxa δ (delta) Strain, normal ε (epsilon)
Density ρ (rho) Strain, shear γ (gamma)

Depth d, δ (delta),
or t

Stress, concentration factora K

Diameter D or d Stress, normal σ (sigma)
Displacementa u, v, w Stress, shear τ (tau)
Distance, lineara s Temperature, absoluteb

b Specified in ANSI Y10.4-1982 (R1988) 

T, or θ (theta)
Eccentricity of application of 

loada
e Temperatureb t, or θ (theta)

Efficiencya η (eta) Thickness d, δ (delta), or t
Elasticity, modulus of E Time t

Elasticity, modulus of, in shear G Torque T

Elongation, totala δ (delta) Velocity, linear v

Energy, kinetic Ek, K, T Volume V

Energy, potential EP, V,
or Φ (phi)

Wavelength λ (lambda)

Factor of safetya N, or n Weight W

Force or load, concentrated F Weight per unit volume γ (gamma)
Frequency f Work W

Gyration, radius ofa k
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MEASURING UNITS

Metric Systems Of Measurement

A metric system of measurement was first established in France in the years following
the French Revolution, and various systems of metric units have been developed since that
time. All metric unit systems are based, at least in part, on the International Metric Stan-
dards, which are the meter and kilogram, or decimal multiples or submultiples of these
standards.

In 1795, a metric system called the centimeter-gram-second (cgs) system was proposed,
and was adopted in France in 1799. In 1873, the British Association for the Advancement
of Science recommended the use of the cgs system, and since then it has been widely used
in all branches of science throughout the world. From the base units in the cgs system are
derived the following:

Unit of velocity = 1 centimeter per second
Acceleration due to gravity (at Paris) = 981 centimeters per second per second

Unit of force = 1 dyne = 1⁄981 gram

Unit of work = 1 erg = 1 dyne-centimeter
Unit of power = 1 watt = 10,000,000 ergs per second

Another metric system called the MKS (meter-kilogram-second) system of units was
proposed by Professor G. Giorgi in 1902. In 1935, the International Electro-technical
Commission (IEC) accepted his recommendation that this system of units of mechanics
should be linked with the electromagnetic units by the adoption of a fourth base unit. In
1950, the IEC adopted the ampere, the unit of electric current, as the fourth unit, and the
MKSA system thus came into being.

A gravitational system of metric units, known as the technical system, is based on the
meter, the kilogram as a force, and the second. It has been widely used in engineering.
Because the standard of force is defined as the weight of the mass of the standard kilogram,
the fundamental unit of force varies due to the difference in gravitational pull at different
locations around the earth. By international agreement, a standard value for acceleration
due to gravity was chosen (9.81 meters per second squared) that for all practical measure-
ments is approximately the same as the local value at the point of measurement.

The International System of Units (SI).—The Conference Generale des Poids et
Mesures (CGPM), which is the body responsible for all international matters concerning
the metric system, adopted in 1954, a rationalized and coherent system of units, based on
the four MKSA units (see above), and including the kelvin as the unit of temperature and
the candela as the unit of luminous intensity. In 1960, the CGPM formally named this sys-
tem the Système International d'Unites, for which the abbreviation is SI in all languages. In
1971, the 14th CGPM adopted a seventh base unit, the mole, which is the unit of quantity
(“amount of substance”).

In the period since the first metric system was established in France toward the end of the
18th century, most of the countries of the world have adopted a metric system. At the
present time, most of the industrially advanced metric-using countries are changing from
their traditional metric system to SI. Those countries that are currently changing or consid-
ering change from the English system of measurement to metric have the advantage that
they can convert directly to the modernized system. The United Kingdom, which can be
said to have led the now worldwide move to change from the English system, went straight
to SI.

The use of SI units instead of the traditional metric units has little effect on everyday life
or trade. The units of linear measurement, mass, volume, and time remain the same, viz.
meter, kilogram, liter, and second.
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The SI, like the traditional metric system, is based on decimal arithmetic. For each phys-
ical quantity, units of different sizes are formed by multiplying or dividing a single base
value by powers of 10. Thus, changes can be made very simply by adding zeros or shifting
decimal points. For example, the meter is the basic unit of length; the kilometer is a multi-
ple (1000 meters); and the millimeter is a sub-multiple (one-thousandth of a meter).

In the older metric systems, the simplicity of a series of units linked by powers of ten is an
advantage for plain quantities such as length, but this simplicity is lost as soon as more
complex units are encountered. For example, in different branches of science and engi-
neering, energy may appear as the erg, the calorie, the kilogram-meter, the liter-atmo-
sphere, or the horsepower-hour. In contrast, the SI provides only one basic unit for each
physical quantity, and universality is thus achieved.

As mentioned before, there are seven base units, which are for the basic quantities of
length, mass, time, electric current, thermodynamic temperature, amount of substance,
and luminous intensity, expressed as the meter (m), the kilogram (kg), the second (s), the
ampere (A), the kelvin (K), the mole (mol), and the candela (cd). The units are defined in
the accompanying Table 1.

The SI is a coherent system. A system is said to be coherent if the product or quotient of
any two unit quantities in the system is the unit of the resultant quantity. For example, in a
coherent system in which the foot is the unit of length, the square foot is the unit of area,
whereas the acre is not.

Other physical quantities are derived from the base units. For example, the unit of veloc-
ity is the meter per second (m/s), which is a combination of the base units of length and
time. The unit of acceleration is the meter per second squared (m/s2). By applying New-
ton's second law of motion—force is proportional to mass multiplied by acceleration—the
unit of force is obtained that is the kilogram-meter per second squared (kg-m/s2). This unit
is known as the newton, or N. Work, or force times distance is the kilogram-meter squared
per second squared (kg-m2/s2), which is the joule (1 joule = 1 newton-meter), and energy is
also expressed in these terms. The abbreviation for joule is J. Power or work per unit time
is the kilogram-meter squared per second cubed (kg-m2/s3), which is the watt (1 watt = 1
joule per second = 1 newton-meter per second). The abbreviation for watt is W. The term
horsepower is not used in the SI and is replaced by the watt, which together with multiples
and submultiples—kilowatt and milliwatt, for example—is the same unit as that used in
electrical work.

The use of the newton as the unit of force is of particular interest to engineers. In practical
work using the English or traditional metric systems of measurements, it is a common
practice to apply weight units as force units. Thus, the unit of force in those systems is that
force that when applied to unit mass produces an acceleration g rather than unit accelera-
tion. The value of gravitational acceleration g varies around the earth, and thus the weight
of a given mass also varies. In an effort to account for this minor error, the kilogram-force
and pound-force were introduced, which are defined as the forces due to “standard grav-
ity” acting on bodies of one kilogram or one pound mass, respectively. The standard grav-
itational acceleration is taken as 9.80665 meters per second squared or 32.174 feet per
second squared. The newton is defined as “that force, which when applied to a body having
a mass of one kilogram, gives it an acceleration of one meter per second squared.” It is
independent of g. As a result, the factor g disappears from a wide range of formulas in
dynamics. However, in some formulas in statics, where the weight of a body is important
rather than its mass, g does appear where it was formerly absent (the weight of a mass of W
kilograms is equal to a force of Wg newtons, where g = approximately 9.81 meters per sec-
ond squared). Details concerning the use of SI units in mechanics calculations are given on
page 150 and throughout the Mechanics section in this Handbook. The use of SI units in
strength of materials calculations is covered in the section on that subject.
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Decimal multiples and sub-multiples of the SI units are formed by means of the prefixes
given in the following table, which represent the numerical factors shown.

Factors and Prefixes for Forming Decimal Multiples of SI Units

For more information on SI practice, the reader is referred to the following publications:
Metric Practice Guide, published by the American Society for Testing and Materials,

100 Barr Harbor Drive, West Conshohocken, PA 19428.
ISO International Standard 1000. This publication covers the rules for use of SI units,

their multiples and sub-multiples. It can be obtained from the American National Stan-
dards Institute 25 West 43rd Street, New York, NY 10036.

The International System of Units, Special Publication 330 of the National Institute of
Standards and Technology—Gaithersburg, MD 20899.

Binary Multiples.—The International Electrotechnical Commission has assigned the fol-
lowing prefixes to represent exponential binary multiples. This avoids confusion with
standard SI decimal prefixes when representing powers of 2, as in bits and bytes.

Example 1:2 Ki = 2 × 210 = 2 × 1,024 = 2,048. This does not equal 2 K = 2 × 103 = 2,000.

Example 2:1 mebibyte = 1 × 220 = 1,048,576 bytes. Again this does not equal 1 megabyte
= 1 × 106 = 1,000,000 bytes, a value that is often confused with 1,048,576 bytes.

Factor by which the
unit is multiplied Prefix Symbol

Factor by which the
unit is multiplied Prefix Symbol

1012 tera T 10−2 centi c
109 giga G 10−3 milli m
106 mega M 10−6 micro µ
103 kilo k 10−9 nano n
102 hecto h 10−12 pico p
10 deka da 10−15 femto f
10−1 deci d 10−18 atto a

Symbol Name Binary Power Symbol Name Binary Power Symbol Name Binary Power

Ki kibi 210 Gi gibi 230 Pi pebi 250

Mi mebi 220 Ti tebi 240 Ei exbi 260

Table 1. International System (SI) Units

Physical
Quantity

Name of
Unit

Unit
Symbol Definition

Basic SI Units

Length meter m Distance traveled by light in vacuo during 1/299,792,458 of a second.

Mass kilogram kg
Mass of the international prototype which is in the custody of the 

Bureau International des Poids et Mesures (BIPM) at Sèvres, near 
Paris.

Time second s
The duration of 9,192,631,770 periods of the radiation corresponding to 

the transition between the two hyperfine levels of the ground state of 
the cesium-133 atom.

Electric
Current ampere A

The constant current which, if maintained in two parallel rectilinear 
conductors of infinite length, of negligible circular cross section, and 
placed at a distance of one meter apart in a vacuum, would produce 
between these conductors a force equal to 2 × 10−7 N/m length.

Thermodynamic
Temperature

degree
kelvin K The fraction 1 ⁄273.16 of the thermodynamic temperature of the triple 

point of water.
Amount of
Substance mole mol The amount of substance of a system which contains as many elemen-

tary entities as there are atoms in 0.012 kilogram of carbon 12.

Luminous
Intensity candela cd

Luminous intensity, in the perpendicular direction, of a surface of 
1 ⁄600,000 square meter of a black body at the temperature of freezing 
platinum under a pressure of 101,325 newtons per square meter.
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Table 2. International System (SI) Units with Complex Names

SI Units Having Special Names

Force newton
N = 

kg•m/s2
That force which, when applied to a body having a mass of one kilo-

gram, gives it an acceleration of one meter per second squared.

Work,
Energy,
Quantity
of Heat

joule J = N•m The work done when the point of application of a force of one newton is 
displaced through a distance of one meter in the direction of the force.

Electric
Charge coulomb C = A•s The quantity of electricity transported in one second by a current of one 

ampere.

Electric
Potential volt V = W/A

The difference of potential between two points of a conducting wire 
carrying a constant current of one ampere, when the power dissipated 
between these points is equal to one watt.

Electric
Capacitance farad F = C/V

The capacitance of a capacitor between the plates of which there 
appears a difference of potential of one volt when it is charged by a 
quantity of electricity equal to one coulomb.

Electric
Resistance ohm Ω = V/A

The resistance between two points of a conductor when a constant dif-
ference of potential of one volt, applied between these two points, pro-
duces in this conductor a current of one ampere, this conductor not 
being the source of any electromotive force.

Magnetic
Flux weber Wb = V•s

The flux which, linking a circuit of one turn produces in it an electro-
motive force of one volt as it is reduced to zero at a uniform rate in one 
second.

Inductance henry H = V•s/A
The inductance of a closed circuit in which an electromotive force of 

one volt is produced when the electric current in the circuit varies uni-
formly at the rate of one ampere per second.

Luminous
Flux lumen 1m = cd•sr The flux emitted within a unit solid angle of one steradian by a point 

source having a uniform intensity of one candela.

Illumination lux lx = lm/m2 An illumination of one lumen per square meter.

Physical Quantity SI Unit Unit Symbol

SI Units Having Complex Names

Area square meter m2

Volume cubic meter m3

Frequency hertza

a Hz = cycle/second 

Hz
Density (Mass Density) kilogram per cubic meter kg/m3

Velocity meter per second m/s
Angular Velocity radian per second rad/s
Acceleration meter per second squared m/s2

Angular Acceleration radian per second squared rad/s2

Pressure pascalb

b Pa = newton/meter2

Pa
Surface Tension newton per meter N/m
Dynamic Viscosity newton second per meter squared N s/m2

Kinematic Viscosity
} meter squared per second m2/s

Diffusion Coefficient
Thermal Conductivity watt per meter degree Kelvin W/(m °K)
Electric Field Strength volt per meter V/m
Magnetic Flux Density teslac

c T = weber/meter2

T
Magnetic Field Strength ampere per meter A/m
Luminance candela per square meter cd/m2

Table 1. (Continued) International System (SI) Units

Physical
Quantity

Name of
Unit

Unit
Symbol Definition
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Standard of Length.—In 1866 the United States, by act of Congress, passed a law mak-
ing legal the meter, the only measure of length that has been legalized by the United States
Government. The United States yard is defined by the relation: 1 yard = 3600⁄3937 meter. The
legal equivalent of the meter for commercial purposes was fixed as 39.37 inches, by law, in
July, 1866, and experience having shown that this value was exact within the error of
observation, the United States Office of Standard Weights and Measures was, in 1893,
authorized to derive the yard from the meter by the use of this relation. The United States
prototype meters Nos. 27 and 21 were received from the International Bureau of Weights
and Measures in 1889. Meter No. 27, sealed in its metal case, is preserved in a fireproof
vault at the Bureau of Standards.

Comparisons made prior to 1893 indicated that the relation of the yard to the meter, fixed
by the Act of 1866, was by chance the exact relation between the international meter and
the British imperial yard, within the error of observation. A subsequent comparison made
between the standards just mentioned indicates that the legal relation adopted by Congress
is in error 0.0001 inch; but, in view of the fact that certain comparisons made by the English
Standards Office between the imperial yard and its authentic copies show variations as
great if not greater than this, it cannot be said with certainty that there is a difference
between the imperial yard of Great Britain and the United States yard derived from the
meter. The bronze yard No. 11, which was an exact copy of the British imperial yard both
in form and material, had shown changes when compared with the imperial yard in 1876
and 1888, which could not reasonably be said to be entirely due to changes in Bronze No.
11. On the other hand, the new meters represented the most advanced ideas of standards,
and it therefore seemed that greater stability as well as higher accuracy would be secured
by accepting the international meter as a fundamental standard of length.

U.S. Customary Unit System

The USCS is originated from the foot-pound-second unit system or English unit system.
The USCS system and English unit system are same for the measures of length and mass,
but it varies for the measure of capacity. The U.S. gallon is defined as 231 cubic inches and
bushel as 2,150.42 cubic inches where as the corresponding English units are 277.42 cubic
inches and 2,219.36 cubic inches. 

Fundamental Constants

Name Symbol USCS units SI units

Avogadro’s number NA 6.022 × 1023 mol−1

Boltzman constant k 5.65 × 10−24 ft•lbf/°R 1.38065 × 10−23 J/°K
Faraday Constant F 96487 C/mol
Gravitational constant g 32.174 lbm-ft/lbf-sec2 9.80667 m/sec2

Gravitational constant G 5.65 × 10−24 ft•lbf/°R 6.672 × 10−11 N.m2/kg2

Specific gas constant R 53.3 ft•lbf/lbm•°R 287 J/kg°K

Universal gas constant R 1545 ft•lbf/lbmol•°R 8314 J/kmol.°K
Volume (molal ideal gas) V 359 ft3/lbmol 22.41 m3/kmol
Pressure, atmospheric P 14.696 lbf/in2 101330 Pa (n/m2)
Temperature, standard T 32°F 0°C

Density

Air at 32°F (0°C) 0.0805 lbm/ft3 1.29 kg/m3

Air at 70°F (20°C), 1 atm 0.0749 lbm/ft3 1.20 kg/m3

Sea water 64 lbm/ft3 1025 kg/m3

Fresh water 62.4 lbm/ft3 1000 kg/m3

Mercury 849 lbm/ft3 13600 kg/m3

Earth 345 lbm/ft3 5520 kg/m3
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U.S. SYSTEM AND METRIC SYSTEM CONVERSIONS

Units of Length

Table 1. Linear Measure Conversion Factors 

Metric US Customary

1 kilometer (km) =
1000 meters
100,000 centimeters
1,000,000 millimeters
0.539956 nautical mile
0.621371 mile
1093.61 yards
3280.83 feet
39,370.08 inches

1 meter (m) =
10 decimeters
100 centimeters
1000 millimeters
1.09361 yards
3.28084 feet
39.37008 inches

1 decimeter (dm) = 10 centimeters
1 centimeter (cm) =

0.01 meter
10 millimeters
0.0328 foot
0.3937 inch

1 millimeter (mm) =
0.001 meter
0.1 centimeter
1000 micron
0.03937 inch

1 micrometer or micron (µm) =
0.000001 meter = one millionth meter
0.0001 centimeter
0.001 millimeter
0.00003937 inch
39.37 micro-inches

1 mile (mi) =
0.868976 nautical mile
1760 yards
5280 feet
63,360 inches
1.609344 kilometers
1609.344 meters
160,934.4 centimeters
1,609,344 millimeters

1 yard (yd) =
3 feet
36 inches
0.9144 meter
91.44 centimeter
914.4 millimeter

1 foot (international) (ft) =

12 inches = 1⁄3 yard
0.3048 meter
30.48 centimeter
304.8 millimeters

1 survey foot =
1.000002 international feet
12⁄39.37 = 0.3048006096012 meter

1 inch (in) =
1000 mils
1,000,000 micro-inch
2.54 centimeters
25.4 millimeters
25,400 microns

1 mil =
0.001 inch
1000 micro-inches
0.0254 millimeters

1 micro-inch (µin) =
0.000001 inch = one millionth inch
0.0254 micrometer (micron)

Note: Figures in Bold indicate exact conversion values

Surveyors Measure Nautical Measure

1 mile = 8 furlongs = 80 chains
1 furlong = 10 chains = 220 yards
1 chain =

4 rods = 22 yards = 66 feet = 100 links
1  rod =

5.5 yards = 16.5 feet = 25 links
5.0292 meter

1 link = 7.92 inches
1 span = 9 inches
1 hand = 4 inches

1 league = 3 nautical miles
1 nautical mile =

1.1508 statute miles
6076.11549 feet
1.8516 kilometers

1 fathom = 2 yards = 6 feet
1 knot =  nautical unit of speed =

1 nautical mile per hour
1.1508 statute miles per hour
1.8516 kilometers per hour
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Table 3. Feet and Inches to Inches Conversion

Example: A tape measure reads 17 feet 8 inches. How many inches is this?  Solution: Read down
the first column of Table 3 to find 10 ft 0 inch = 120 inches. Next, find the intersection of the 7 ft row
and the 8 inch column to get 92 inches. Add both results to get 120 inches + 92 inches = 212 inches.

Table 4. Inches to Feet  and Yards Conversion

One degree at the equator =
60 nautical miles
69.047 statute miles
111.098 kilometers

One minute at the equator =
1 nautical mile
1.1508 statute miles
1.8516 kilometers

360 degrees at the equator =
circumference at equator
21,600 nautical miles 
24,856.8 statute miles
39,995.4 kilometers

Table 2. Circular and Angular Measure Conversion Factors

circumference of circle =
360  degrees = 2π radian = 6.283185 radian

1 quadrant = 90  degrees = π/2 radian = 
1.570796 radian

1 radian = 57.2957795  degrees

1  degree (°) = 60  minutes = 3600 seconds = 
π/180 radian = 0.017453 radian

1  minute ( ′) = 60  seconds = 0.016667 degrees 
= 0.000291 radian

π = 3.141592654

Inches → 0 1 2 3 4 5 6 7 8 9 10 11

Feet ↓ Inches

0 0 1 2 3 4 5 6 7 8 9 10 11
1 12 13 14 15 16 17 18 19 20 21 22 23
2 24 25 26 27 28 29 30 31 32 33 34 35
3 36 37 38 39 40 41 42 43 44 45 46 47
4 48 49 50 51 52 53 54 55 56 57 58 59
5 60 61 62 63 64 65 66 67 68 69 70 71
6 72 73 74 75 76 77 78 79 80 81 82 83
7 84 85 86 87 88 89 90 91 92 93 94 95
8 96 97 98 99 100 101 102 103 104 105 106 107
9 108 109 110 111 112 113 114 115 116 117 118 119

10 120 121 122 123 124 125 126 127 128 129 130 131
20 240 241 242 243 244 245 246 247 248 249 250 251
30 360 361 362 363 364 365 366 367 368 369 370 371
40 480 481 482 483 484 485 486 487 488 489 490 491
50 600 601 602 603 604 605 606 607 608 609 610 611
60 720 721 722 723 724 725 726 727 728 729 730 731
70 840 841 842 843 844 845 846 847 848 849 850 851
80 960 961 962 963 964 965 966 967 968 969 970 971
90 1080 1081 1082 1083 1084 1085 1086 1087 1088 1089 1090 1091

100 1200 1201 1202 1203 1204 1205 1206 1207 1208 1209 1210 1211

inch feet yard inch feet yard inch feet yard inch feet yard inch feet yard
100 8.3333 2.7778 10 0.8333 0.2778 1 0.0833 0.0278 0.1 0.0083 0.0028 0.01 0.0008 0.0003
200 16.6667 5.5556 20 1.6667 0.5556 2 0.1667 0.0556 0.2 0.0167 0.0056 0.02 0.0017 0.0006
300 25 8.3333 30 2.5 0.8333 3 0.25 0.0833 0.3 0.025 0.0083 0.03 0.0025 0.0008
400 33.3333 11.1111 40 3.3333 1.1111 4 0.3333 0.1111 0.4 0.0333 0.0111 0.04 0.0033 0.0011
500 41.6667 13.8889 50 4.1667 1.3889 5 0.4167 0.1389 0.5 0.0417 0.0139 0.05 0.0042 0.0014
600 50 16.6667 60 5 1.6667 6 0.5 0.1667 0.6 0.05 0.0167 0.06 0.005 0.0017
700 58.3333 19.4444 70 5.8333 1.9444 7 0.5833 0.1944 0.7 0.0583 0.0194 0.07 0.0058 0.0019
800 66.6667 22.2222 80 6.6667 2.2222 8 0.6667 0.2222 0.8 0.0667 0.0222 0.08 0.0067 0.0022
900 75 25.0000 90 7.5 2.5000 9 0.75 0.2500 0.9 0.075 0.0250 0.09 0.0075 0.0025

1000 83.3333 27.7778 100 8.3333 2.7778 10 0.8333 0.2778 1 0.0833 0.0278 0.1 0.0083 0.0028

Table 1. (Continued) Linear Measure Conversion Factors 
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Table 5. Fractional Inches to Decimal Feet  for 0 to 1 Foot

→
Inches

↓

0 1 2 3 4 5 6 7 8 9 10 11

Feet

0 0.0000 0.0833 0.1667 0.2500 0.3333 0.4167 0.5000 0.5833 0.6667 0.7500 0.8333 0.9167
  1/64 0.0013 0.0846 0.1680 0.2513 0.3346 0.4180 0.5013 0.5846 0.6680 0.7513 0.8346 0.9180
  1/32 0.0026 0.0859 0.1693 0.2526 0.3359 0.4193 0.5026 0.5859 0.6693 0.7526 0.8359 0.9193
  3/64 0.0039 0.0872 0.1706 0.2539 0.3372 0.4206 0.5039 0.5872 0.6706 0.7539 0.8372 0.9206
  1/16 0.0052 0.0885 0.1719 0.2552 0.3385 0.4219 0.5052 0.5885 0.6719 0.7552 0.8385 0.9219
  5/64 0.0065 0.0898 0.1732 0.2565 0.3398 0.4232 0.5065 0.5898 0.6732 0.7565 0.8398 0.9232
  3/32 0.0078 0.0911 0.1745 0.2578 0.3411 0.4245 0.5078 0.5911 0.6745 0.7578 0.8411 0.9245
  7/64 0.0091 0.0924 0.1758 0.2591 0.3424 0.4258 0.5091 0.5924 0.6758 0.7591 0.8424 0.9258
  1/8 0.0104 0.0938 0.1771 0.2604 0.3438 0.4271 0.5104 0.5938 0.6771 0.7604 0.8438 0.9271
  9/64 0.0117 0.0951 0.1784 0.2617 0.3451 0.4284 0.5117 0.5951 0.6784 0.7617 0.8451 0.9284
  5/32 0.0130 0.0964 0.1797 0.2630 0.3464 0.4297 0.5130 0.5964 0.6797 0.7630 0.8464 0.9297
 11/64 0.0143 0.0977 0.1810 0.2643 0.3477 0.4310 0.5143 0.5977 0.6810 0.7643 0.8477 0.9310
  3/16 0.0156 0.0990 0.1823 0.2656 0.3490 0.4323 0.5156 0.5990 0.6823 0.7656 0.8490 0.9323
 13/64 0.0169 0.1003 0.1836 0.2669 0.3503 0.4336 0.5169 0.6003 0.6836 0.7669 0.8503 0.9336
  7/32 0.0182 0.1016 0.1849 0.2682 0.3516 0.4349 0.5182 0.6016 0.6849 0.7682 0.8516 0.9349
 15/64 0.0195 0.1029 0.1862 0.2695 0.3529 0.4362 0.5195 0.6029 0.6862 0.7695 0.8529 0.9362
  1/4 0.0208 0.1042 0.1875 0.2708 0.3542 0.4375 0.5208 0.6042 0.6875 0.7708 0.8542 0.9375

 17/64 0.0221 0.1055 0.1888 0.2721 0.3555 0.4388 0.5221 0.6055 0.6888 0.7721 0.8555 0.9388
  9/32 0.0234 0.1068 0.1901 0.2734 0.3568 0.4401 0.5234 0.6068 0.6901 0.7734 0.8568 0.9401
 19/64 0.0247 0.1081 0.1914 0.2747 0.3581 0.4414 0.5247 0.6081 0.6914 0.7747 0.8581 0.9414
  5/16 0.0260 0.1094 0.1927 0.2760 0.3594 0.4427 0.5260 0.6094 0.6927 0.7760 0.8594 0.9427
 21/64 0.0273 0.1107 0.1940 0.2773 0.3607 0.4440 0.5273 0.6107 0.6940 0.7773 0.8607 0.9440
 11/32 0.0286 0.1120 0.1953 0.2786 0.3620 0.4453 0.5286 0.6120 0.6953 0.7786 0.8620 0.9453
 23/64 0.0299 0.1133 0.1966 0.2799 0.3633 0.4466 0.5299 0.6133 0.6966 0.7799 0.8633 0.9466
  3/8 0.0313 0.1146 0.1979 0.2813 0.3646 0.4479 0.5313 0.6146 0.6979 0.7813 0.8646 0.9479

 25/64 0.0326 0.1159 0.1992 0.2826 0.3659 0.4492 0.5326 0.6159 0.6992 0.7826 0.8659 0.9492
 13/32 0.0339 0.1172 0.2005 0.2839 0.3672 0.4505 0.5339 0.6172 0.7005 0.7839 0.8672 0.9505
 27/64 0.0352 0.1185 0.2018 0.2852 0.3685 0.4518 0.5352 0.6185 0.7018 0.7852 0.8685 0.9518
  7/16 0.0365 0.1198 0.2031 0.2865 0.3698 0.4531 0.5365 0.6198 0.7031 0.7865 0.8698 0.9531
 29/64 0.0378 0.1211 0.2044 0.2878 0.3711 0.4544 0.5378 0.6211 0.7044 0.7878 0.8711 0.9544
 15/32 0.0391 0.1224 0.2057 0.2891 0.3724 0.4557 0.5391 0.6224 0.7057 0.7891 0.8724 0.9557
 31/64 0.0404 0.1237 0.2070 0.2904 0.3737 0.4570 0.5404 0.6237 0.7070 0.7904 0.8737 0.9570
  1/2 0.0417 0.1250 0.2083 0.2917 0.3750 0.4583 0.5417 0.6250 0.7083 0.7917 0.8750 0.9583

 33/64 0.0430 0.1263 0.2096 0.2930 0.3763 0.4596 0.5430 0.6263 0.7096 0.7930 0.8763 0.9596
 17/32 0.0443 0.1276 0.2109 0.2943 0.3776 0.4609 0.5443 0.6276 0.7109 0.7943 0.8776 0.9609
 35/64 0.0456 0.1289 0.2122 0.2956 0.3789 0.4622 0.5456 0.6289 0.7122 0.7956 0.8789 0.9622
  9/16 0.0469 0.1302 0.2135 0.2969 0.3802 0.4635 0.5469 0.6302 0.7135 0.7969 0.8802 0.9635
 37/64 0.0482 0.1315 0.2148 0.2982 0.3815 0.4648 0.5482 0.6315 0.7148 0.7982 0.8815 0.9648
 19/32 0.0495 0.1328 0.2161 0.2995 0.3828 0.4661 0.5495 0.6328 0.7161 0.7995 0.8828 0.9661
 39/64 0.0508 0.1341 0.2174 0.3008 0.3841 0.4674 0.5508 0.6341 0.7174 0.8008 0.8841 0.9674
  5/8 0.0521 0.1354 0.2188 0.3021 0.3854 0.4688 0.5521 0.6354 0.7188 0.8021 0.8854 0.9688

 41/64 0.0534 0.1367 0.2201 0.3034 0.3867 0.4701 0.5534 0.6367 0.7201 0.8034 0.8867 0.9701
 21/32 0.0547 0.1380 0.2214 0.3047 0.3880 0.4714 0.5547 0.6380 0.7214 0.8047 0.8880 0.9714
 43/64 0.0560 0.1393 0.2227 0.3060 0.3893 0.4727 0.5560 0.6393 0.7227 0.8060 0.8893 0.9727
 11/16 0.0573 0.1406 0.2240 0.3073 0.3906 0.4740 0.5573 0.6406 0.7240 0.8073 0.8906 0.9740
 45/64 0.0586 0.1419 0.2253 0.3086 0.3919 0.4753 0.5586 0.6419 0.7253 0.8086 0.8919 0.9753
 23/32 0.0599 0.1432 0.2266 0.3099 0.3932 0.4766 0.5599 0.6432 0.7266 0.8099 0.8932 0.9766
 47/64 0.0612 0.1445 0.2279 0.3112 0.3945 0.4779 0.5612 0.6445 0.7279 0.8112 0.8945 0.9779
  3/4 0.0625 0.1458 0.2292 0.3125 0.3958 0.4792 0.5625 0.6458 0.7292 0.8125 0.8958 0.9792

 49/64 0.0638 0.1471 0.2305 0.3138 0.3971 0.4805 0.5638 0.6471 0.7305 0.8138 0.8971 0.9805
 25/32 0.0651 0.1484 0.2318 0.3151 0.3984 0.4818 0.5651 0.6484 0.7318 0.8151 0.8984 0.9818
 51/64 0.0664 0.1497 0.2331 0.3164 0.3997 0.4831 0.5664 0.6497 0.7331 0.8164 0.8997 0.9831
 13/16 0.0677 0.1510 0.2344 0.3177 0.4010 0.4844 0.5677 0.6510 0.7344 0.8177 0.9010 0.9844
 53/64 0.0690 0.1523 0.2357 0.3190 0.4023 0.4857 0.5690 0.6523 0.7357 0.8190 0.9023 0.9857
 27/32 0.0703 0.1536 0.2370 0.3203 0.4036 0.4870 0.5703 0.6536 0.7370 0.8203 0.9036 0.9870
 55/64 0.0716 0.1549 0.2383 0.3216 0.4049 0.4883 0.5716 0.6549 0.7383 0.8216 0.9049 0.9883
  7/8 0.0729 0.1563 0.2396 0.3229 0.4063 0.4896 0.5729 0.6563 0.7396 0.8229 0.9063 0.9896

 57/64 0.0742 0.1576 0.2409 0.3242 0.4076 0.4909 0.5742 0.6576 0.7409 0.8242 0.9076 0.9909
 29/32 0.0755 0.1589 0.2422 0.3255 0.4089 0.4922 0.5755 0.6589 0.7422 0.8255 0.9089 0.9922
 59/64 0.0768 0.1602 0.2435 0.3268 0.4102 0.4935 0.5768 0.6602 0.7435 0.8268 0.9102 0.9935
 15/16 0.0781 0.1615 0.2448 0.3281 0.4115 0.4948 0.5781 0.6615 0.7448 0.8281 0.9115 0.9948
 61/64 0.0794 0.1628 0.2461 0.3294 0.4128 0.4961 0.5794 0.6628 0.7461 0.8294 0.9128 0.9961
 31/32 0.0807 0.1641 0.2474 0.3307 0.4141 0.4974 0.5807 0.6641 0.7474 0.8307 0.9141 0.9974
 63/64 0.0820 0.1654 0.2487 0.3320 0.4154 0.4987 0.5820 0.6654 0.7487 0.8320 0.9154 0.9987

1      0.0833 0.1667 0.2500 0.3333 0.4167 0.5000 0.5833 0.6667 0.7500 0.8333 0.9167 1.0000
Example: Convert 783⁄4 inches to feet.  Solution: From Table 4, find 70 inches = 5.8333 feet and add to that  83⁄4 inches =  0.7292 

feet found in Table 5 at the intersection of the 3⁄4 inch row and the  8 inch column.  Thus,  783⁄4 inches = 5.8333  +  0.7292  = 6.5625 
feet.
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Table 6. Feet to Inches Conversion

feet inch feet inch feet inch feet inch feet inch feet inch feet inch

100 1200 10 120 1 12 0.1 1.2 0.01 0.12 0.001 0.012 0.0001 0.0012
200 2400 20 240 2 24 0.2 2.4 0.02 0.24 0.002 0.024 0.0002 0.0024
300 3600 30 360 3 36 0.3 3.6 0.03 0.36 0.003 0.036 0.0003 0.0036
400 4800 40 480 4 48 0.4 4.8 0.04 0.48 0.004 0.048 0.0004 0.0048
500 6000 50 600 5 60 0.5 6 0.05 0.6 0.005 0.06 0.0005 0.006
600 7200 60 720 6 72 0.6 7.2 0.06 0.72 0.006 0.072 0.0006 0.0072
700 8400 70 840 7 84 0.7 8.4 0.07 0.84 0.007 0.084 0.0007 0.0084
800 9600 80 960 8 96 0.8 9.6 0.08 0.96 0.008 0.096 0.0008 0.0096
900 10800 90 1080 9 108 0.9 10.8 0.09 1.08 0.009 0.108 0.0009 0.0108
1000 12000 100 1200 10 120 1 12 0.1 1.2 0.01 0.12 0.001 0.012

Table 7. Fractional Inch to Decimal Inch and Millimeter

Fractional Inch Decimal Inch Millimeters Fractional Inch Decimal Inch Millimeters

  1/64 0.015625 0.396875 0.511811024 13
  1/32 0.03125 0.79375  33/64 0.515625 13.096875

0.039370079 1  17/32 0.53125 13.49375
  3/64 0.046875 1.190625  35/64 0.546875 13.890625
  1/16 0.0625 1.5875 0.551181102 14
  5/64 0.078125 1.984375   9/16 0.5625 14.2875

0.078740157 2  37/64 0.578125 14.684375
  3/32 0.09375 2.38125 0.590551181 15
  7/64 0.109375 2.778125  19/32 0.59375 15.08125

0.118110236 3  39/64 0.609375 15.478125
  1/8 0.125 3.175   5/8 0.625 15.875
  9/64 0.140625 3.571875 0.62992126 16
  5/32 0.15625 3.96875  41/64 0.640625 16.271875

0.157480315 4  21/32 0.65625 16.66875
 11/64 0.171875 4.365625 0.669291339 17
  3/16 0.1875 4.7625  43/64 0.671875 17.065625

0.196850394 5  11/16 0.6875 17.4625
 13/64 0.203125 5.159375  45/64 0.703125 17.859375
  7/32 0.21875 5.55625 0.708661417 18
 15/64 0.234375 5.953125  23/32 0.71875 18.25625

0.236220472 6  47/64 0.734375 18.653125
  1/4 0.25 6.35 0.748031496 19

 17/64 0.265625 6.746875   3/4 0.75 19.05
0.275590551 7  49/64 0.765625 19.446875

  9/32 0.28125 7.14375  25/32 0.78125 19.84375
 19/64 0.296875 7.540625 0.787401575 20
  5/16 0.3125 7.9375  51/64 0.796875 20.240625

0.31496063 8  13/16 0.8125 20.6375
 21/64 0.328125 8.334375 0.826771654 21
 11/32 0.34375 8.73125  53/64 0.828125 21.034375

0.354330709 9  27/32 0.84375 21.43125
 23/64 0.359375 9.128125  55/64 0.859375 21.828125
  3/8 0.375 9.525 0.866141732 22

 25/64 0.390625 9.921875   7/8 0.875 22.225
0.393700787 10  57/64 0.890625 22.621875

 13/32 0.40625 10.31875 0.905511811 23
 27/64 0.421875 10.715625  29/32 0.90625 23.01875

0.433070866 11  59/64 0.921875 23.415625
  7/16 0.4375 11.1125  15/16 0.9375 23.8125
 29/64 0.453125 11.509375 0.94488189 24
 15/32 0.46875 11.90625  61/64 0.953125 24.209375

0.472440945 12  31/32 0.96875 24.60625
 31/64 0.484375 12.303125 0.984251969 25
  1/2 0.5 12.7  63/64 0.984375 25.003125
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Table 8a. Inch to Millimeters Conversion

All values  in this table are exact.  For inches to centimeters, shift decimal point in mm column one
place to left and read centimeters, thus, for  example, 40 in. = 1016 mm = 101.6 cm.

Table 8b. Millimeters to Inch Conversion

Based on 1 inch = 25.4 millimeters, exactly.  For centimeters to inches, shift decimal point of cen-
timeter value one place to right and enter mm column, thus, for example, 70 cm = 700 mm =
27.55906 inches.

Table 9. Feet to Millimeters Conversion

inch mm inch mm inch mm inch mm inch mm inch mm

10 254.00000 1 25.40000 0.1 2.54000 .01 0.25400 0.001 0.02540 0.0001 0.00254
20 508.00000 2 50.80000 0.2 5.08000 .02 0.50800 0.002 0.05080 0.0002 0.00508
30 762.00000 3 76.20000 0.3 7.62000 .03 0.76200 0.003 0.07620 0.0003 0.00762
40 1,016.00000 4 101.60000 0.4 10.16000 .04 1.01600 0.004 0.10160 0.0004 0.01016
50 1,270.00000 5 127.00000 0.5 12.70000 .05 1.27000 0.005 0.12700 0.0005 0.01270
60 1,524.00000 6 152.40000 0.6 15.24000 .06 1.52400 0.006 0.15240 0.0006 0.01524
70 1,778.00000 7 177.80000 0.7 17.78000 .07 1.77800 0.007 0.17780 0.0007 0.01778
80 2,032.00000 8 203.20000 0.8 20.32000 .08 2.03200 0.008 0.20320 0.0008 0.02032
90 2,286.00000 9 228.60000 0.9 22.86000 .09 2.2860 0.009 0.22860 0.0009 0.02286

100 2,540.00000 10 254.00000 1.0 25.40000 .10 2.54000 0.010 0.25400 0.0010 0.02540

mm inch mm inch mm inch mm inch mm inch mm inch

100 3.93701 10 0.39370 1 0.03937 0.1 0.00394 0.01 .000039 0.001 0.00004
200 7.87402 20 0.78740 2 0.07874 0.2 0.00787 0.02 .00079 0.002 0.00008
300 11.81102 30 1.18110 3 0.11811 0.3 0.01181 0.03 .00118 0.003 0.00012
400 15.74803 40 1.57480 4 0.15748 0.4 0.01575 0.04 .00157 0.004 0.00016
500 19.68504 50 1.96850 5 0.19685 0.5 0.01969 0.05 .00197 0.005 0.00020
600 23.62205 60 2.36220 6 0.23622 0.6 0.02362 0.06 .00236 0.006 0.00024
700 27.55906 70 2.75591 7 0.27559 0.7 0.02756 0.07 .00276 0.007 0.00028
800 31.49606 80 3.14961 8 0.31496 0.8 0.03150 0.08 .00315 0.008 0.00031
900 35.43307 90 3.54331 9 0.35433 0.9 0.03543 0.09 .00354 0.009 0.00035

1,000 39.37008 100 3.93701 10 0.39370 1.0 0.03937 0.10 .00394 0.010 0.00039

feet mm feet mm feet mm feet mm feet mm

100 30,480 10 3,048 1 304.8 0.1 30.48 0.01 3.048
200 60,960 20 6,096 2 609.6 0.2 60.96 0.02 6.096
300 91,440 30 9,144 3 914.4 0.3 91.44 0.03 9.144
400 121,920 40 12,192 4 1,219.2 0.4 121.92 0.04 12.192
500 152,400 50 15,240 5 1,524.0 0.5 152.40 0.05 15.240
600 182,880 60 18,288 6 1,828.8 0.6 182.88 0.06 18.288
700 213,360 70 21,336 7 2,133.6 0.7 213.36 0.07 21.336
800 243,840 80 24,384 8 2,438.4 0.8 243.84 0.08 24.384
900 274,320 90 27,432 9 2,743.2 0.9 274.32 0.09 27.432

1,000 304,800 100 30,480 10 3,048.0 1.0 304.80 0.10 30.480

Based on 1 inch = 25.4 millimeters, exactly.  All values in this table are exact.

Example 1: Convert 293 feet, 547⁄64 inches to mm. Example 2: Convert 71.86 feet to mm.

200 ft  = 60,960.0 mm 70.0 feet = 21,336.0 mm
90 ft  = 27,432.0 mm 1.0 feet = 304.8 mm
3 ft  = 914.4 mm 0.80 feet = 243.84 mm

5 inch  = 127.0 mm 0.06 feet = 18.288 mm
47⁄64 inch  = 18.653 mm 71.86 feet = 21,902.928 mm

293 ft 547⁄64 inch  = 89,452.053 mm
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2666Table 10.  Mixed Fractional Inches to Millimeters Conversion for 0 to 41 Inches in 1⁄64-Inch Increments 

→
Inches↓

0 1 2 3 4 5 6 7 8 9 10 20 30 40

Millimeters

0 0 25.4 50.8 76.2 101.6 127.0 152.4 177.8 203.2 228.6 254.0 508.0 762.0 1016.0
  1/64 0.396875 25.796875 51.196875 76.596875 101.996875 127.396875 152.796875 178.196875 203.596875 228.996875 254.396875 508.396875 762.396875 1016.396875
  1/32 0.79375 26.19375 51.59375 76.99375 102.39375 127.79375 153.19375 178.59375 203.99375 229.39375 254.79375 508.79375 762.79375 1016.79375
  3/64 1.190625 26.590625 51.990625 77.390625 102.790625 128.190625 153.590625 178.990625 204.390625 229.790625 255.190625 509.190625 763.190625 1017.190625
  1/16 1.5875 26.9875 52.3875 77.7875 103.1875 128.5875 153.9875 179.3875 204.7875 230.1875 255.5875 509.5875 763.5875 1017.5875
  5/64 1.984375 27.384375 52.784375 78.184375 103.584375 128.984375 154.384375 179.784375 205.184375 230.584375 255.984375 509.984375 763.984375 1017.984375
  3/32 2.38125 27.78125 53.18125 78.58125 103.98125 129.38125 154.78125 180.18125 205.58125 230.98125 256.38125 510.38125 764.38125 1018.38125
  7/64 2.778125 28.178125 53.578125 78.978125 104.378125 129.778125 155.178125 180.578125 205.978125 231.378125 256.778125 510.778125 764.778125 1018.778125
  1/8 3.175 28.575 53.975 79.375 104.775 130.175 155.575 180.975 206.375 231.775 257.175 511.175 765.175 1019.175
  9/64 3.571875 28.971875 54.371875 79.771875 105.171875 130.571875 155.971875 181.371875 206.771875 232.171875 257.571875 511.571875 765.571875 1019.571875
  5/32 3.96875 29.36875 54.76875 80.16875 105.56875 130.96875 156.36875 181.76875 207.16875 232.56875 257.96875 511.96875 765.96875 1019.96875
 11/64 4.365625 29.765625 55.165625 80.565625 105.965625 131.365625 156.765625 182.165625 207.565625 232.965625 258.365625 512.365625 766.365625 1020.365625
  3/16 4.7625 30.1625 55.5625 80.9625 106.3625 131.7625 157.1625 182.5625 207.9625 233.3625 258.7625 512.7625 766.7625 1020.7625
 13/64 5.159375 30.559375 55.959375 81.359375 106.759375 132.159375 157.559375 182.959375 208.359375 233.759375 259.159375 513.159375 767.159375 1021.159375
  7/32 5.55625 30.95625 56.35625 81.75625 107.15625 132.55625 157.95625 183.35625 208.75625 234.15625 259.55625 513.55625 767.55625 1021.55625
 15/64 5.953125 31.353125 56.753125 82.153125 107.553125 132.953125 158.353125 183.753125 209.153125 234.553125 259.953125 513.953125 767.953125 1021.953125
  1/4 6.35 31.75 57.15 82.55 107.95 133.35 158.75 184.15 209.55 234.95 260.35 514.35 768.35 1022.35

 17/64 6.746875 32.146875 57.546875 82.946875 108.346875 133.746875 159.146875 184.546875 209.946875 235.346875 260.746875 514.746875 768.746875 1022.746875
  9/32 7.14375 32.54375 57.94375 83.34375 108.74375 134.14375 159.54375 184.94375 210.34375 235.74375 261.14375 515.14375 769.14375 1023.14375
 19/64 7.540625 32.940625 58.340625 83.740625 109.140625 134.540625 159.940625 185.340625 210.740625 236.140625 261.540625 515.540625 769.540625 1023.540625
  5/16 7.9375 33.3375 58.7375 84.1375 109.5375 134.9375 160.3375 185.7375 211.1375 236.5375 261.9375 515.9375 769.9375 1023.9375
 21/64 8.334375 33.734375 59.134375 84.534375 109.934375 135.334375 160.734375 186.134375 211.534375 236.934375 262.334375 516.334375 770.334375 1024.334375
 11/32 8.73125 34.13125 59.53125 84.93125 110.33125 135.73125 161.13125 186.53125 211.93125 237.33125 262.73125 516.73125 770.73125 1024.73125
 23/64 9.128125 34.528125 59.928125 85.328125 110.728125 136.128125 161.528125 186.928125 212.328125 237.728125 263.128125 517.128125 771.128125 1025.128125
  3/8 9.525 34.925 60.325 85.725 111.125 136.525 161.925 187.325 212.725 238.125 263.525 517.525 771.525 1025.525

 25/64 9.921875 35.321875 60.721875 86.121875 111.521875 136.921875 162.321875 187.721875 213.121875 238.521875 263.921875 517.921875 771.921875 1025.921875
 13/32 10.31875 35.71875 61.11875 86.51875 111.91875 137.31875 162.71875 188.11875 213.51875 238.91875 264.31875 518.31875 772.31875 1026.31875
 27/64 10.715625 36.115625 61.515625 86.915625 112.315625 137.715625 163.115625 188.515625 213.915625 239.315625 264.715625 518.715625 772.715625 1026.715625
  7/16 11.1125 36.5125 61.9125 87.3125 112.7125 138.1125 163.5125 188.9125 214.3125 239.7125 265.1125 519.1125 773.1125 1027.1125
 29/64 11.509375 36.909375 62.309375 87.709375 113.109375 138.509375 163.909375 189.309375 214.709375 240.109375 265.509375 519.509375 773.509375 1027.509375
 15/32 11.90625 37.30625 62.70625 88.10625 113.50625 138.90625 164.30625 189.70625 215.10625 240.50625 265.90625 519.90625 773.90625 1027.90625
 31/64 12.303125 37.703125 63.103125 88.503125 113.903125 139.303125 164.703125 190.103125 215.503125 240.903125 266.303125 520.303125 774.303125 1028.303125
  1/2 12.7 38.1 63.5 88.9 114.3 139.7 165.1 190.5 215.9 241.3 266.7 520.7 774.7 1028.7
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Based on 1 inch = 25.4 millimeters, exactly. All values  in this  table are exact. Example: Convert 2123⁄64 inches to millimeters.  Solution: From the first page of this
table, find 20 inches = 508.0 millimeters and add to that  123⁄64 inches =  34.528125 millimeters found  at the intersection of the 1- inch column and the row containing
23⁄64 inch .  Thus,  2123⁄64 inches = 508.0  +  34.528125  = 542.528125 mm, exactly. 

 33/64 13.096875 38.496875 63.896875 89.296875 114.696875 140.096875 165.496875 190.896875 216.296875 241.696875 267.096875 521.096875 775.096875 1029.096875
 17/32 13.49375 38.89375 64.29375 89.69375 115.09375 140.49375 165.89375 191.29375 216.69375 242.09375 267.49375 521.49375 775.49375 1029.49375
 35/64 13.890625 39.290625 64.690625 90.090625 115.490625 140.890625 166.290625 191.690625 217.090625 242.490625 267.890625 521.890625 775.890625 1029.890625
  9/16 14.2875 39.6875 65.0875 90.4875 115.8875 141.2875 166.6875 192.0875 217.4875 242.8875 268.2875 522.2875 776.2875 1030.2875
 37/64 14.684375 40.084375 65.484375 90.884375 116.284375 141.684375 167.084375 192.484375 217.884375 243.284375 268.684375 522.684375 776.684375 1030.684375
 19/32 15.08125 40.48125 65.88125 91.28125 116.68125 142.08125 167.48125 192.88125 218.28125 243.68125 269.08125 523.08125 777.08125 1031.08125
 39/64 15.478125 40.878125 66.278125 91.678125 117.078125 142.478125 167.878125 193.278125 218.678125 244.078125 269.478125 523.478125 777.478125 1031.478125
  5/8 15.875 41.275 66.675 92.075 117.475 142.875 168.275 193.675 219.075 244.475 269.875 523.875 777.875 1031.875

 41/64 16.271875 41.671875 67.071875 92.471875 117.871875 143.271875 168.671875 194.071875 219.471875 244.871875 270.271875 524.271875 778.271875 1032.271875
 21/32 16.66875 42.06875 67.46875 92.86875 118.26875 143.66875 169.06875 194.46875 219.86875 245.26875 270.66875 524.66875 778.66875 1032.66875
 43/64 17.065625 42.465625 67.865625 93.265625 118.665625 144.065625 169.465625 194.865625 220.265625 245.665625 271.065625 525.065625 779.065625 1033.065625
 11/16 17.4625 42.8625 68.2625 93.6625 119.0625 144.4625 169.8625 195.2625 220.6625 246.0625 271.4625 525.4625 779.4625 1033.4625
 45/64 17.859375 43.259375 68.659375 94.059375 119.459375 144.859375 170.259375 195.659375 221.059375 246.459375 271.859375 525.859375 779.859375 1033.859375
 23/32 18.25625 43.65625 69.05625 94.45625 119.85625 145.25625 170.65625 196.05625 221.45625 246.85625 272.25625 526.25625 780.25625 1034.25625
 47/64 18.653125 44.053125 69.453125 94.853125 120.253125 145.653125 171.053125 196.453125 221.853125 247.253125 272.653125 526.653125 780.653125 1034.653125
  3/4 19.05 44.45 69.85 95.25 120.65 146.05 171.45 196.85 222.25 247.65 273.05 527.05 781.05 1035.05

 49/64 19.446875 44.846875 70.246875 95.646875 121.046875 146.446875 171.846875 197.246875 222.646875 248.046875 273.446875 527.446875 781.446875 1035.446875
 25/32 19.84375 45.24375 70.64375 96.04375 121.44375 146.84375 172.24375 197.64375 223.04375 248.44375 273.84375 527.84375 781.84375 1035.84375
 51/64 20.240625 45.640625 71.040625 96.440625 121.840625 147.240625 172.640625 198.040625 223.440625 248.840625 274.240625 528.240625 782.240625 1036.240625
 13/16 20.6375 46.0375 71.4375 96.8375 122.2375 147.6375 173.0375 198.4375 223.8375 249.2375 274.6375 528.6375 782.6375 1036.6375
 53/64 21.034375 46.434375 71.834375 97.234375 122.634375 148.034375 173.434375 198.834375 224.234375 249.634375 275.034375 529.034375 783.034375 1037.034375
 27/32 21.43125 46.83125 72.23125 97.63125 123.03125 148.43125 173.83125 199.23125 224.63125 250.03125 275.43125 529.43125 783.43125 1037.43125
 55/64 21.828125 47.228125 72.628125 98.028125 123.428125 148.828125 174.228125 199.628125 225.028125 250.428125 275.828125 529.828125 783.828125 1037.828125
  7/8 22.225 47.625 73.025 98.425 123.825 149.225 174.625 200.025 225.425 250.825 276.225 530.225 784.225 1038.225

 57/64 22.621875 48.021875 73.421875 98.821875 124.221875 149.621875 175.021875 200.421875 225.821875 251.221875 276.621875 530.621875 784.621875 1038.621875
 29/32 23.01875 48.41875 73.81875 99.21875 124.61875 150.01875 175.41875 200.81875 226.21875 251.61875 277.01875 531.01875 785.01875 1039.01875
 59/64 23.415625 48.815625 74.215625 99.615625 125.015625 150.415625 175.815625 201.215625 226.615625 252.015625 277.415625 531.415625 785.415625 1039.415625
 15/16 23.8125 49.2125 74.6125 100.0125 125.4125 150.8125 176.2125 201.6125 227.0125 252.4125 277.8125 531.8125 785.8125 1039.8125
 61/64 24.209375 49.609375 75.009375 100.409375 125.809375 151.209375 176.609375 202.009375 227.409375 252.809375 278.209375 532.209375 786.209375 1040.209375
 31/32 24.60625 50.00625 75.40625 100.80625 126.20625 151.60625 177.00625 202.40625 227.80625 253.20625 278.60625 532.60625 786.60625 1040.60625
 63/64 25.003125 50.403125 75.803125 101.203125 126.603125 152.003125 177.403125 202.803125 228.203125 253.603125 279.003125 533.003125 787.003125 1041.003125

1      25.4 50.8 76.2 101.6 127 152.4 177.8 203.2 228.6 254 279.4 533.4 787.4 1041.4

Table 10. (Continued)  Mixed Fractional Inches to Millimeters Conversion for 0 to 41 Inches in 1⁄64-Inch Increments 

→
Inches↓

0 1 2 3 4 5 6 7 8 9 10 20 30 40

Millimeters
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2668 DECIMAL INCH TO MILLIMETER CONVERSION

Table 11. Decimals of an Inch to Millimeters Conversion 

→
Inches

↓

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

Millimeters

0.000 … 0.0254 0.0508 0.0762 0.1016 0.1270 0.1524 0.1778 0.2032 0.2286
0.010 0.2540 0.2794 0.3048 0.3302 0.3556 0.3810 0.4064 0.4318 0.4572 0.4826

0.020 0.5080 0.5334 0.5588 0.5842 0.6096 0.6350 0.6604 0.6858 0.7112 0.7366

0.030 0.7620 0.7874 0.8128 0.8382 0.8636 0.8890 0.9144 0.9398 0.9652 0.9906

0.040 1.0160 1.0414 1.0668 1.0922 1.1176 1.1430 1.1684 1.1938 1.2192 1.2446

0.050 1.2700 1.2954 1.3208 1.3462 1.3716 1.3970 1.4224 1.4478 1.4732 1.4986

0.060 1.5240 1.5494 1.5748 1.6002 1.6256 1.6510 1.6764 1.7018 1.7272 1.7526

0.070 1.7780 1.8034 1.8288 1.8542 1.8796 1.9050 1.9304 1.9558 1.9812 2.0066

0.080 2.0320 2.0574 2.0828 2.1082 2.1336 2.1590 2.1844 2.2098 2.2352 2.2606

0.090 2.2860 2.3114 2.3368 2.3622 2.3876 2.4130 2.4384 2.4638 2.4892 2.5146

0.100 2.5400 2.5654 2.5908 2.6162 2.6416 2.6670 2.6924 2.7178 2.7432 2.7686

0.110 2.7940 2.8194 2.8448 2.8702 2.8956 2.9210 2.9464 2.9718 2.9972 3.0226

0.120 3.0480 3.0734 3.0988 3.1242 3.1496 3.1750 3.2004 3.2258 3.2512 3.2766

0.130 3.3020 3.3274 3.3528 3.3782 3.4036 3.4290 3.4544 3.4798 3.5052 3.5306

0.140 3.5560 3.5814 3.6068 3.6322 3.6576 3.6830 3.7084 3.7338 3.7592 3.7846

0.150 3.8100 3.8354 3.8608 3.8862 3.9116 3.9370 3.9624 3.9878 4.0132 4.0386

0.160 4.0640 4.0894 4.1148 4.1402 4.1656 4.1910 4.2164 4.2418 4.2672 4.2926

0.170 4.3180 4.3434 4.3688 4.3942 4.4196 4.4450 4.4704 4.4958 4.5212 4.5466

0.180 4.5720 4.5974 4.6228 4.6482 4.6736 4.6990 4.7244 4.7498 4.7752 4.8006

0.190 4.8260 4.8514 4.8768 4.9022 4.9276 4.9530 4.9784 5.0038 5.0292 5.0546

0.200 5.0800 5.1054 5.1308 5.1562 5.1816 5.2070 5.2324 5.2578 5.2832 5.3086

0.210 5.3340 5.3594 5.3848 5.4102 5.4356 5.4610 5.4864 5.5118 5.5372 5.5626

0.220 5.5880 5.6134 5.6388 5.6642 5.6896 5.7150 5.7404 5.7658 5.7912 5.8166

0.230 5.8420 5.8674 5.8928 5.9182 5.9436 5.9690 5.9944 6.0198 6.0452 6.0706

0.240 6.0960 6.1214 6.1468 6.1722 6.1976 6.2230 6.2484 6.2738 6.2992 6.3246

0.250 6.3500 6.3754 6.4008 6.4262 6.4516 6.4770 6.5024 6.5278 6.5532 6.5786

0.260 6.6040 6.6294 6.6548 6.6802 6.7056 6.7310 6.7564 6.7818 6.8072 6.8326

0.270 6.8580 6.8834 6.9088 6.9342 6.9596 6.9850 7.0104 7.0358 7.0612 7.0866

0.280 7.1120 7.1374 7.1628 7.1882 7.2136 7.2390 7.2644 7.2898 7.3152 7.3406

0.290 7.3660 7.3914 7.4168 7.4422 7.4676 7.4930 7.5184 7.5438 7.5692 7.5946

0.300 7.6200 7.6454 7.6708 7.6962 7.7216 7.7470 7.7724 7.7978 7.8232 7.8486

0.310 7.8740 7.8994 7.9248 7.9502 7.9756 8.0010 8.0264 8.0518 8.0772 8.1026

0.320 8.1280 8.1534 8.1788 8.2042 8.2296 8.2550 8.2804 8.3058 8.3312 8.3566

0.330 8.3820 8.4074 8.4328 8.4582 8.4836 8.5090 8.5344 8.5598 8.5852 8.6106

0.340 8.6360 8.6614 8.6868 8.7122 8.7376 8.7630 8.7884 8.8138 8.8392 8.8646

0.350 8.8900 8.9154 8.9408 8.9662 8.9916 9.0170 9.0424 9.0678 9.0932 9.1186

0.360 9.1440 9.1694 9.1948 9.2202 9.2456 9.2710 9.2964 9.3218 9.3472 9.3726

0.370 9.3980 9.4234 9.4488 9.4742 9.4996 9.5250 9.5504 9.5758 9.6012 9.6266

0.380 9.6520 9.6774 9.7028 9.7282 9.7536 9.7790 9.8044 9.8298 9.8552 9.8806

0.390 9.9060 9.9314 9.9568 9.9822 10.0076 10.0330 10.0584 10.0838 10.1092 10.1346

0.400 10.1600 10.1854 10.2108 10.2362 10.2616 10.2870 10.3124 10.3378 10.3632 10.3886

0.410 10.4140 10.4394 10.4648 10.4902 10.5156 10.5410 10.5664 10.5918 10.6172 10.6426

0.420 10.6680 10.6934 10.7188 10.7442 10.7696 10.7950 10.8204 10.8458 10.8712 10.8966

0.430 10.9220 10.9474 10.9728 10.9982 11.0236 11.0490 11.0744 11.0998 11.1252 11.1506

0.440 11.1760 11.2014 11.2268 11.2522 11.2776 11.3030 11.3284 11.3538 11.3792 11.4046

0.450 11.4300 11.4554 11.4808 11.5062 11.5316 11.5570 11.5824 11.6078 11.6332 11.6586

0.460 11.6840 11.7094 11.7348 11.7602 11.7856 11.8110 11.8364 11.8618 11.8872 11.9126

0.470 11.9380 11.9634 11.9888 12.0142 12.0396 12.0650 12.0904 12.1158 12.1412 12.1666

0.480 12.1920 12.2174 12.2428 12.2682 12.2936 12.3190 12.3444 12.3698 12.3952 12.4206

0.490 12.4460 12.4714 12.4968 12.5222 12.5476 12.5730 12.5984 12.6238 12.6492 12.6746

0.500 12.7000 12.7254 12.7508 12.7762 12.8016 12.8270 12.8524 12.8778 12.9032 12.9286
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Based on 1 inch = 25.4 millimeters, exactly. All values in this table are exact. Use Table 8a to
obtain whole inch and other decimal equivalents to add to decimal equivalents above. Example:
Convert 10.9983 in. to mm.  Solution:  10.9983 in. = 254.0 + 25.3492 + 0.00762 = 279.35682 mm.

0.510 12.9540 12.9794 13.0048 13.0302 13.0556 13.0810 13.1064 13.1318 13.1572 13.1826
0.520 13.2080 13.2334 13.2588 13.2842 13.3096 13.3350 13.3604 13.3858 13.4112 13.4366

0.530 13.4620 13.4874 13.5128 13.5382 13.5636 13.5890 13.6144 13.6398 13.6652 13.6906

0.540 13.7160 13.7414 13.7668 13.7922 13.8176 13.8430 13.8684 13.8938 13.9192 13.9446

0.550 13.9700 13.9954 14.0208 14.0462 14.0716 14.0970 14.1224 14.1478 14.1732 14.1986

0.560 14.2240 14.2494 14.2748 14.3002 14.3256 14.3510 14.3764 14.4018 14.4272 14.4526

0.570 14.4780 14.5034 14.5288 14.5542 14.5796 14.6050 14.6304 14.6558 14.6812 14.7066

0.580 14.7320 14.7574 14.7828 14.8082 14.8336 14.8590 14.8844 14.9098 14.9352 14.9606

0.590 14.9860 15.0114 15.0368 15.0622 15.0876 15.1130 15.1384 15.1638 15.1892 15.2146

0.600 15.2400 15.2654 15.2908 15.3162 15.3416 15.3670 15.3924 15.4178 15.4432 15.4686

0.610 15.4940 15.5194 15.5448 15.5702 15.5956 15.6210 15.6464 15.6718 15.6972 15.7226

0.620 15.7480 15.7734 15.7988 15.8242 15.8496 15.8750 15.9004 15.9258 15.9512 15.9766

0.630 16.0020 16.0274 16.0528 16.0782 16.1036 16.1290 16.1544 16.1798 16.2052 16.2306

0.640 16.2560 16.2814 16.3068 16.3322 16.3576 16.3830 16.4084 16.4338 16.4592 16.4846

0.650 16.5100 16.5354 16.5608 16.5862 16.6116 16.6370 16.6624 16.6878 16.7132 16.7386

0.660 16.7640 16.7894 16.8148 16.8402 16.8656 16.8910 16.9164 16.9418 16.9672 16.9926

0.670 17.0180 17.0434 17.0688 17.0942 17.1196 17.1450 17.1704 17.1958 17.2212 17.2466

0.680 17.2720 17.2974 17.3228 17.3482 17.3736 17.3990 17.4244 17.4498 17.4752 17.5006

0.690 17.5260 17.5514 17.5768 17.6022 17.6276 17.6530 17.6784 17.7038 17.7292 17.7546

0.700 17.7800 17.8054 17.8308 17.8562 17.8816 17.9070 17.9324 17.9578 17.9832 18.0086

0.710 18.0340 18.0594 18.0848 18.1102 18.1356 18.1610 18.1864 18.2118 18.2372 18.2626

0.720 18.2880 18.3134 18.3388 18.3642 18.3896 18.4150 18.4404 18.4658 18.4912 18.5166

0.730 18.5420 18.5674 18.5928 18.6182 18.6436 18.6690 18.6944 18.7198 18.7452 18.7706

0.740 18.7960 18.8214 18.8468 18.8722 18.8976 18.9230 18.9484 18.9738 18.9992 19.0246

0.750 19.0500 19.0754 19.1008 19.1262 19.1516 19.1770 19.2024 19.2278 19.2532 19.2786

0.760 19.3040 19.3294 19.3548 19.3802 19.4056 19.4310 19.4564 19.4818 19.5072 19.5326

0.770 19.5580 19.5834 19.6088 19.6342 19.6596 19.6850 19.7104 19.7358 19.7612 19.7866

0.780 19.8120 19.8374 19.8628 19.8882 19.9136 19.9390 19.9644 19.9898 20.0152 20.0406

0.790 20.0660 20.0914 20.1168 20.1422 20.1676 20.1930 20.2184 20.2438 20.2692 20.2946

0.800 20.3200 20.3454 20.3708 20.3962 20.4216 20.4470 20.4724 20.4978 20.5232 20.5486

0.810 20.5740 20.5994 20.6248 20.6502 20.6756 20.7010 20.7264 20.7518 20.7772 20.8026

0.820 20.8280 20.8534 20.8788 20.9042 20.9296 20.9550 20.9804 21.0058 21.0312 21.0566

0.830 21.0820 21.1074 21.1328 21.1582 21.1836 21.2090 21.2344 21.2598 21.2852 21.3106

0.840 21.3360 21.3614 21.3868 21.4122 21.4376 21.4630 21.4884 21.5138 21.5392 21.5646

0.850 21.5900 21.6154 21.6408 21.6662 21.6916 21.7170 21.7424 21.7678 21.7932 21.8186

0.860 21.8440 21.8694 21.8948 21.9202 21.9456 21.9710 21.9964 22.0218 22.0472 22.0726

0.870 22.0980 22.1234 22.1488 22.1742 22.1996 22.2250 22.2504 22.2758 22.3012 22.3266

0.880 22.3520 22.3774 22.4028 22.4282 22.4536 22.4790 22.5044 22.5298 22.5552 22.5806

0.890 22.6060 22.6314 22.6568 22.6822 22.7076 22.7330 22.7584 22.7838 22.8092 22.8346

0.900 22.8600 22.8854 22.9108 22.9362 22.9616 22.9870 23.0124 23.0378 23.0632 23.0886

0.910 23.1140 23.1394 23.1648 23.1902 23.2156 23.2410 23.2664 23.2918 23.3172 23.3426

0.920 23.3680 23.3934 23.4188 23.4442 23.4696 23.4950 23.5204 23.5458 23.5712 23.5966

0.930 23.6220 23.6474 23.6728 23.6982 23.7236 23.7490 23.7744 23.7998 23.8252 23.8506

0.940 23.8760 23.9014 23.9268 23.9522 23.9776 24.0030 24.0284 24.0538 24.0792 24.1046

0.950 24.1300 24.1554 24.1808 24.2062 24.2316 24.2570 24.2824 24.3078 24.3332 24.3586

0.960 24.3840 24.4094 24.4348 24.4602 24.4856 24.5110 24.5364 24.5618 24.5872 24.6126

0.970 24.6380 24.6634 24.6888 24.7142 24.7396 24.7650 24.7904 24.8158 24.8412 24.8666

0.980 24.8920 24.9174 24.9428 24.9682 24.9936 25.0190 25.0444 25.0698 25.0952 25.1206

0.990 25.1460 25.1714 25.1968 25.2222 25.2476 25.2730 25.2984 25.3238 25.3492 25.3746

1.000 25.4000 … … … … … … … … …

Table 11. (Continued) Decimals of an Inch to Millimeters Conversion 

→
Inches

↓

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

Millimeters
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Table 12. Millimeters to Inches Conversion 

→
Millimeters

↓

0 1 2 3 4 5 6 7 8 9

Inches

0 … 0.03937 0.07874 0.11811 0.15748 0.19685 0.23622 0.27559 0.31496 0.35433
10 0.39370 0.43307 0.47244 0.51181 0.55118 0.59055 0.62992 0.66929 0.70866 0.74803

20 0.78740 0.82677 0.86614 0.90551 0.94488 0.98425 1.02362 1.06299 1.10236 1.14173

30 1.18110 1.22047 1.25984 1.29921 1.33858 1.37795 1.41732 1.45669 1.49606 1.53543

40 1.57480 1.61417 1.65354 1.69291 1.73228 1.77165 1.81102 1.85039 1.88976 1.92913

50 1.96850 2.00787 2.04724 2.08661 2.12598 2.16535 2.20472 2.24409 2.28346 2.32283

60 2.36220 2.40157 2.44094 2.48031 2.51969 2.55906 2.59843 2.63780 2.67717 2.71654

70 2.75591 2.79528 2.83465 2.87402 2.91339 2.95276 2.99213 3.03150 3.07087 3.11024

80 3.14961 3.18898 3.22835 3.26772 3.30709 3.34646 3.38583 3.42520 3.46457 3.50394

90 3.54331 3.58268 3.62205 3.66142 3.70079 3.74016 3.77953 3.81890 3.85827 3.89764

100 3.93701 3.97638 4.01575 4.05512 4.09449 4.13386 4.17323 4.21260 4.25197 4.29134

110 4.33071 4.37008 4.40945 4.44882 4.48819 4.52756 4.56693 4.60630 4.64567 4.68504

120 4.72441 4.76378 4.80315 4.84252 4.88189 4.92126 4.96063 5.00000 5.03937 5.07874

130 5.11811 5.15748 5.19685 5.23622 5.27559 5.31496 5.35433 5.39370 5.43307 5.47244

140 5.51181 5.55118 5.59055 5.62992 5.66929 5.70866 5.74803 5.78740 5.82677 5.86614

150 5.90551 5.94488 5.98425 6.02362 6.06299 6.10236 6.14173 6.18110 6.22047 6.25984

160 6.29921 6.33858 6.37795 6.41732 6.45669 6.49606 6.53543 6.57480 6.61417 6.65354

170 6.69291 6.73228 6.77165 6.81102 6.85039 6.88976 6.92913 6.96850 7.00787 7.04724

180 7.08661 7.12598 7.16535 7.20472 7.24409 7.28346 7.32283 7.36220 7.40157 7.44094

190 7.48031 7.51969 7.55906 7.59843 7.63780 7.67717 7.71654 7.75591 7.79528 7.83465

200 7.87402 7.91339 7.95276 7.99213 8.03150 8.07087 8.11024 8.14961 8.18898 8.22835

210 8.26772 8.30709 8.34646 8.38583 8.42520 8.46457 8.50394 8.54331 8.58268 8.62205

220 8.66142 8.70079 8.74016 8.77953 8.81890 8.85827 8.89764 8.93701 8.97638 9.01575

230 9.05512 9.09449 9.13386 9.17323 9.21260 9.25197 9.29134 9.33071 9.37008 9.40945

240 9.44882 9.48819 9.52756 9.56693 9.60630 9.64567 9.68504 9.72441 9.76378 9.80315

250 9.84252 9.88189 9.92126 9.96063 10.0000 10.0394 10.0787 10.1181 10.1575 10.1969

260 10.2362 10.2756 10.3150 10.3543 10.3937 10.4331 10.4724 10.5118 10.5512 10.5906

270 10.6299 10.6693 10.7087 10.7480 10.7874 10.8268 10.8661 10.9055 10.9449 10.9843

280 11.0236 11.0630 11.1024 11.1417 11.1811 11.2205 11.2598 11.2992 11.3386 11.3780

290 11.4173 11.4567 11.4961 11.5354 11.5748 11.6142 11.6535 11.6929 11.7323 11.7717

300 11.8110 11.8504 11.8898 11.9291 11.9685 12.0079 12.0472 12.0866 12.1260 12.1654

310 12.2047 12.2441 12.2835 12.3228 12.3622 12.4016 12.4409 12.4803 12.5197 12.5591

320 12.5984 12.6378 12.6772 12.7165 12.7559 12.7953 12.8346 12.8740 12.9134 12.9528

330 12.9921 13.0315 13.0709 13.1102 13.1496 13.1890 13.2283 13.2677 13.3071 13.3465

340 13.3858 13.4252 13.4646 13.5039 13.5433 13.5827 13.6220 13.6614 13.7008 13.7402

350 13.7795 13.8189 13.8583 13.8976 13.9370 13.9764 14.0157 14.0551 14.0945 14.1339

360 14.1732 14.2126 14.2520 14.2913 14.3307 14.3701 14.4094 14.4488 14.4882 14.5276

370 14.5669 14.6063 14.6457 14.6850 14.7244 14.7638 14.8031 14.8425 14.8819 14.9213

380 14.9606 15.0000 15.0394 15.0787 15.1181 15.1575 15.1969 15.2362 15.2756 15.3150

390 15.3543 15.3937 15.4331 15.4724 15.5118 15.5512 15.5906 15.6299 15.6693 15.7087

400 15.7480 15.7874 15.8268 15.8661 15.9055 15.9449 15.9843 16.0236 16.0630 16.1024

410 16.1417 16.1811 16.2205 16.2598 16.2992 16.3386 16.3780 16.4173 16.4567 16.4961

420 16.5354 16.5748 16.6142 16.6535 16.6929 16.7323 16.7717 16.8110 16.8504 16.8898

430 16.9291 16.9685 17.0079 17.0472 17.0866 17.1260 17.1654 17.2047 17.2441 17.2835

440 17.3228 17.3622 17.4016 17.4409 17.4803 17.5197 17.5591 17.5984 17.6378 17.6772

450 17.7165 17.7559 17.7953 17.8346 17.8740 17.9134 17.9528 17.9921 18.0315 18.0709

460 18.1102 18.1496 18.1890 18.2283 18.2677 18.3071 18.3465 18.3858 18.4252 18.4646

470 18.5039 18.5433 18.5827 18.6220 18.6614 18.7008 18.7402 18.7795 18.8189 18.8583

480 18.8976 18.9370 18.9764 19.0157 19.0551 19.0945 19.1339 19.1732 19.2126 19.2520

490 19.2913 19.3307 19.3701 19.4094 19.4488 19.4882 19.5276 19.5669 19.6063 19.6457
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Based on 1 inch = 25.4 millimeters, exactly.

500 19.6850 19.7244 19.7638 19.8031 19.8425 19.8819 19.9213 19.9606 20.0000 20.0394
510 20.0787 20.1181 20.1575 20.1969 20.2362 20.2756 20.3150 20.3543 20.3937 20.4331

520 20.4724 20.5118 20.5512 20.5906 20.6299 20.6693 20.7087 20.7480 20.7874 20.8268

530 20.8661 20.9055 20.9449 20.9843 21.0236 21.0630 21.1024 21.1417 21.1811 21.2205

540 21.2598 21.2992 21.3386 21.3780 21.4173 21.4567 21.4961 21.5354 21.5748 21.6142

550 21.6535 21.6929 21.7323 21.7717 21.8110 21.8504 21.8898 21.9291 21.9685 22.0079

560 22.0472 22.0866 22.1260 22.1654 22.2047 22.2441 22.2835 22.3228 22.3622 22.4016

570 22.4409 22.4803 22.5197 22.5591 22.5984 22.6378 22.6772 22.7165 22.7559 22.7953

580 22.8346 22.8740 22.9134 22.9528 22.9921 23.0315 23.0709 23.1102 23.1496 23.1890

590 23.2283 23.2677 23.3071 23.3465 23.3858 23.4252 23.4646 23.5039 23.5433 23.5827

600 23.6220 23.6614 23.7008 23.7402 23.7795 23.8189 23.8583 23.8976 23.9370 23.9764

610 24.0157 24.0551 24.0945 24.1339 24.1732 24.2126 24.2520 24.2913 24.3307 24.3701

620 24.4094 24.4488 24.4882 24.5276 24.5669 24.6063 24.6457 24.6850 24.7244 24.7638

630 24.8031 24.8425 24.8819 24.9213 24.9606 25.0000 25.0394 25.0787 25.1181 25.1575

640 25.1969 25.2362 25.2756 25.3150 25.3543 25.3937 25.4331 25.4724 25.5118 25.5512

650 25.5906 25.6299 25.6693 25.7087 25.7480 25.7874 25.8268 25.8661 25.9055 25.9449

660 25.9843 26.0236 26.0630 26.1024 26.1417 26.1811 26.2205 26.2598 26.2992 26.3386

670 26.3780 26.4173 26.4567 26.4961 26.5354 26.5748 26.6142 26.6535 26.6929 26.7323

680 26.7717 26.8110 26.8504 26.8898 26.9291 26.9685 27.0079 27.0472 27.0866 27.1260

690 27.1654 27.2047 27.2441 27.2835 27.3228 27.3622 27.4016 27.4409 27.4803 27.5197

700 27.5591 27.5984 27.6378 27.6772 27.7165 27.7559 27.7953 27.8346 27.8740 27.9134

710 27.9528 27.9921 28.0315 28.0709 28.1102 28.1496 28.1890 28.2283 28.2677 28.3071

720 28.3465 28.3858 28.4252 28.4646 28.5039 28.5433 28.5827 28.6220 28.6614 28.7008

730 28.7402 28.7795 28.8189 28.8583 28.8976 28.9370 28.9764 29.0157 29.0551 29.0945

740 29.1339 29.1732 29.2126 29.2520 29.2913 29.3307 29.3701 29.4094 29.4488 29.4882

750 29.5276 29.5669 29.6063 29.6457 29.6850 29.7244 29.7638 29.8031 29.8425 29.8819

760 29.9213 29.9606 30.0000 30.0394 30.0787 30.1181 30.1575 30.1969 30.2362 30.2756

770 30.3150 30.3543 30.3937 30.4331 30.4724 30.5118 30.5512 30.5906 30.6299 30.6693

780 30.7087 30.7480 30.7874 30.8268 30.8661 30.9055 30.949 30.9843 31.0236 31.0630

790 31.1024 31.1417 31.1811 31.2205 31.2598 31.2992 31.3386 31.3780 31.4173 31.4567

800 31.4961 31.5354 31.5748 31.6142 31.6535 31.6929 31.7323 31.7717 31.8110 31.8504

810 31.8898 31.9291 31.9685 32.0079 32.0472 32.0866 32.1260 32.1654 32.2047 32.2441

820 32.2835 32.3228 32.3622 32.4016 32.4409 32.4803 32.5197 32.5591 32.5984 32.6378

830 32.6772 32.7165 32.7559 32.7953 32.8346 32.8740 32.9134 32.9528 32.9921 33.0315

840 33.0709 33.1102 33.1496 33.1890 33.2283 33.2677 33.3071 33.3465 33.3858 33.4252

850 33.4646 33.5039 33.5433 33.5827 33.6220 33.6614 33.7008 33.7402 33.7795 33.8189

860 33.8583 33.8976 33.9370 33.9764 34.0157 34.0551 34.0945 34.1339 34.1732 34.2126

870 34.2520 34.2913 34.3307 34.3701 34.4094 34.4488 34.4882 34.5276 34.5669 34.6063

880 34.6457 34.6850 34.7244 34.7638 34.8031 34.8425 34.8819 34.9213 34.9606 35.0000

890 35.0394 35.0787 35.1181 35.1575 35.1969 35.2362 35.2756 35.3150 35.3543 35.3937

900 35.4331 35.4724 35.5118 35.5512 35.5906 35.6299 35.6693 35.7087 35.7480 35.7874

910 35.8268 35.8661 35.9055 35.9449 35.9843 36.0236 36.0630 36.1024 36.1417 36.1811

920 36.2205 36.2598 36.2992 36.3386 36.3780 36.4173 36.4567 36.4961 36.5354 36.5748

930 36.6142 36.6535 36.6929 36.7323 36.7717 36.8110 36.8504 36.8898 36.9291 36.9685

940 37.0079 37.0472 37.0866 37.1260 37.1654 37.2047 37.2441 37.2835 37.3228 37.3622

950 37.4016 37.409 37.4803 37.5197 37.5591 37.5984 37.6378 37.6772 37.7165 37.7559

960 37.7953 37.8346 37.8740 37.9134 37.9528 37.9921 38.0315 38.0709 38.1102 38.1496

970 38.1800 38.2283 38.2677 38.3071 38.3465 38.3858 38.4252 38.4646 38.5039 38.5433

980 38.5827 38.6220 38.6614 38.7008 38.7402 38.7795 38.8189 38.8583 38.8976 38.9370

990 38.9764 39.0157 39.0551 39.0945 39.1339 39.1732 39.2126 39.2520 39.2913 39.3307

1000 39.3701 … … … … … … … … …

Table 12. (Continued) Millimeters to Inches Conversion 

→
Millimeters

↓

0 1 2 3 4 5 6 7 8 9

Inches
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Table 13a. Microinches to Micrometers (microns) Conversion

Both tables based on 1 microinch = 0.0254 micrometers, exactly. All values in both parts of this
table are exact; figures to the right of the last place figures are all zeros.

Example:  Convert 1375 µin. to µm:

→
Microinches

↓

0 1 2 3 4 5 6 7 8 9

Micrometers (microns)

0 0 0.0254 0.0508 0.0762 0.1016 0.127 0.1524 0.1778 0.2032 0.2286
10 0.254 0.2794 0.3048 0.3302 0.3556 0.381 0.4064 0.4318 0.4572 0.4826
20 0.508 0.5334 0.5588 0.5842 0.6096 0.635 0.6604 0.6858 0.7112 0.7366
30 0.762 0.7874 0.8128 0.8382 0.8636 0.889 0.9144 0.9398 0.9652 0.9906
40 1.016 1.0414 1.0668 1.0922 1.1176 1.143 1.1684 1.1938 1.2192 1.2446
50 1.27 1.2954 1.3208 1.3462 1.3716 1.397 1.4224 1.4478 1.4732 1.4986
60 1.524 1.5494 1.5748 1.6002 1.6256 1.651 1.6764 1.7018 1.7272 1.7526
70 1.778 1.8034 1.8288 1.8542 1.8796 1.905 1.9304 1.9558 1.9812 2.0066
80 2.032 2.0574 2.0828 2.1082 2.1336 2.159 2.1844 2.2098 2.2352 2.2606
90 2.286 2.3114 2.3368 2.3622 2.3876 2.413 2.4384 2.4638 2.4892 2.5146
100 2.54 2.5654 2.5908 2.6162 2.6416 2.667 2.6924 2.7178 2.7432 2.7686
110 2.794 2.8194 2.8448 2.8702 2.8956 2.921 2.9464 2.9718 2.9972 3.0226
120 3.048 3.0734 3.0988 3.1242 3.1496 3.175 3.2004 3.2258 3.2512 3.2766
130 3.302 3.3274 3.3528 3.3782 3.4036 3.429 3.4544 3.4798 3.5052 3.5306
140 3.556 3.5814 3.6068 3.6322 3.6576 3.683 3.7084 3.7338 3.7592 3.7846
150 3.81 3.8354 3.8608 3.8862 3.9116 3.937 3.9624 3.9878 4.0132 4.0386
160 4.064 4.0894 4.1148 4.1402 4.1656 4.191 4.2164 4.2418 4.2672 4.2926
170 4.318 4.3434 4.3688 4.3942 4.4196 4.445 4.4704 4.4958 4.5212 4.5466
180 4.572 4.5974 4.6228 4.6482 4.6736 4.699 4.7244 4.7498 4.7752 4.8006
190 4.826 4.8514 4.8768 4.9022 4.9276 4.953 4.9784 5.0038 5.0292 5.0546
200 5.08 5.1054 5.1308 5.1562 5.1816 5.207 5.2324 5.2578 5.2832 5.3086
210 5.334 5.3594 5.3848 5.4102 5.4356 5.461 5.4864 5.5118 5.5372 5.5626
220 5.588 5.6134 5.6388 5.6642 5.6896 5.715 5.7404 5.7658 5.7912 5.8166
230 5.842 5.8674 5.8928 5.9182 5.9436 5.969 5.9944 6.0198 6.0452 6.0706
240 6.096 6.1214 6.1468 6.1722 6.1976 6.223 6.2484 6.2738 6.2992 6.3246
250 6.35 6.3754 6.4008 6.4262 6.4516 6.477 6.5024 6.5278 6.5532 6.5786
260 6.604 6.6294 6.6548 6.6802 6.7056 6.731 6.7564 6.7818 6.8072 6.8326
270 6.858 6.8834 6.9088 6.9342 6.9596 6.985 7.0104 7.0358 7.0612 7.0866
280 7.112 7.1374 7.1628 7.1882 7.2136 7.239 7.2644 7.2898 7.3152 7.3406
290 7.366 7.3914 7.4168 7.4422 7.4676 7.493 7.5184 7.5438 7.5692 7.5946
300 7.62 7.6454 7.6708 7.6962 7.7216 7.747 7.7724 7.7978 7.8232 7.8486
310 7.874 7.8994 7.9248 7.9502 7.9756 8.001 8.0264 8.0518 8.0772 8.1026
320 8.128 8.1534 8.1788 8.2042 8.2296 8.255 8.2804 8.3058 8.3312 8.3566
330 8.382 8.4074 8.4328 8.4582 8.4836 8.509 8.5344 8.5598 8.5852 8.6106
340 8.636 8.6614 8.6868 8.7122 8.7376 8.763 8.7884 8.8138 8.8392 8.8646
350 8.89 8.9154 8.9408 8.9662 8.9916 9.017 9.0424 9.0678 9.0932 9.1186
360 9.144 9.1694 9.1948 9.2202 9.2456 9.271 9.2964 9.3218 9.3472 9.3726
370 9.398 9.4234 9.4488 9.4742 9.4996 9.525 9.5504 9.5758 9.6012 9.6266
380 9.652 9.6774 9.7028 9.7282 9.7536 9.779 9.8044 9.8298 9.8552 9.8806
390 9.906 9.9314 9.9568 9.9822 10.0076 10.033 10.0584 10.0838 10.1092 10.1346
400 10.16 10.1854 10.2108 10.2362 10.2616 10.287 10.3124 10.3378 10.3632 10.3886
410 10.414 10.4394 10.4648 10.4902 10.5156 10.541 10.5664 10.5918 10.6172 10.6426
420 10.668 10.6934 10.7188 10.7442 10.7696 10.795 10.8204 10.8458 10.8712 10.8966
430 10.922 10.9474 10.9728 10.9982 11.0236 11.049 11.0744 11.0998 11.1252 11.1506
440 11.176 11.2014 11.2268 11.2522 11.2776 11.303 11.3284 11.3538 11.3792 11.4046
450 11.43 11.4554 11.4808 11.5062 11.5316 11.557 11.5824 11.6078 11.6332 11.6586
460 11.684 11.7094 11.7348 11.7602 11.7856 11.811 11.8364 11.8618 11.8872 11.9126
470 11.938 11.9634 11.9888 12.0142 12.0396 12.065 12.0904 12.1158 12.1412 12.1666
480 12.192 12.2174 12.2428 12.2682 12.2936 12.319 12.3444 12.3698 12.3952 12.4206
490 12.446 12.4714 12.4968 12.5222 12.5476 12.573 12.5984 12.6238 12.6492 12.6746
500 12.7 12.7254 12.7508 12.7762 12.8016 12.827 12.8524 12.8778 12.9032 12.9286

Use the small table below to convert microinches to micrometers for ranges higher than given in the main table above. Appropri-
ate quantities chosen from both tables are simply added to obtain the higher converted value:

µin. µm µin. µm µin. µm µin. µm µin. µm µin. µm

600 15.24 800 20.32 1000 25.4 1500 38.1 2100 53.34 2700 68.58
700 17.78 900 22.86 1200 30.48 1800 45.72 2400 60.96 3000 76.2

From lower portion of Table 13a: 1200 µin. = 30.48 µm

From upper portion of Table 13a: 175 µin. = 4.445 µm

1375 µin. = 34.925 µm
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Table 13b. Micrometers (microns) to Microinches Conversion

Both portions of Table 13b are based on 1 microinch = 0.0254 micrometers, exactly.

Example:  Convert 23.55 µm to µin.:

→
Microns

↓

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Microinches

0.00 0.0000 0.3937 0.7874 1.1811 1.5748 1.9685 2.3622 2.7559 3.1496 3.5433
0.10 3.9370 4.3307 4.7244 5.1181 5.5118 5.9055 6.2992 6.6929 7.0866 7.4803
0.20 7.8740 8.2677 8.6614 9.0551 9.4488 9.8425 10.2362 10.6299 11.0236 11.4173
0.30 11.8110 12.2047 12.5984 12.9921 13.3858 13.7795 14.1732 14.5669 14.9606 15.3543
0.40 15.7480 16.1417 16.5354 16.9291 17.3228 17.7165 18.1102 18.5039 18.8976 19.2913
0.50 19.6850 20.0787 20.4724 20.8661 21.2598 21.6535 22.0472 22.4409 22.8346 23.2283
0.60 23.6220 24.0157 24.4094 24.8031 25.1969 25.5906 25.9843 26.3780 26.7717 27.1654
0.70 27.5591 27.9528 28.3465 28.7402 29.1339 29.5276 29.9213 30.3150 30.7087 31.1024
0.80 31.4961 31.8898 32.2835 32.6772 33.0709 33.4646 33.8583 34.2520 34.6457 35.0394
0.90 35.4331 35.8268 36.2205 36.6142 37.0079 37.4016 37.7953 38.1890 38.5827 38.9764
1.00 39.3701 39.7638 40.1575 40.5512 40.9449 41.3386 41.7323 42.1260 42.5197 42.9134
1.10 43.3071 43.7008 44.0945 44.4882 44.8819 45.2756 45.6693 46.0630 46.4567 46.8504
1.20 47.2441 47.6378 48.0315 48.4252 48.8189 49.2126 49.6063 50.0000 50.3937 50.7874
1.30 51.1811 51.5748 51.9685 52.3622 52.7559 53.1496 53.5433 53.9370 54.3307 54.7244
1.40 55.1181 55.5118 55.9055 56.2992 56.6929 57.0866 57.4803 57.8740 58.2677 58.6614
1.50 59.0551 59.4488 59.8425 60.2362 60.6299 61.0236 61.4173 61.8110 62.2047 62.5984
1.60 62.9921 63.3858 63.7795 64.1732 64.5669 64.9606 65.3543 65.7480 66.1417 66.5354
1.70 66.9291 67.3228 67.7165 68.1102 68.5039 68.8976 69.2913 69.6850 70.0787 70.4724
1.80 70.8661 71.2598 71.6535 72.0472 72.4409 72.8346 73.2283 73.6220 74.0157 74.4094
1.90 74.8031 75.1969 75.5906 75.9843 76.3780 76.7717 77.1654 77.5591 77.9528 78.3465
2.00 78.7402 79.1339 79.5276 79.9213 80.3150 80.7087 81.1024 81.4961 81.8898 82.2835
2.10 82.6772 83.0709 83.4646 83.8583 84.2520 84.6457 85.0394 85.4331 85.8268 86.2205
2.20 86.6142 87.0079 87.4016 87.7953 88.1890 88.5827 88.9764 89.3701 89.7638 90.1575
2.30 90.5512 90.9449 91.3386 91.7323 92.1260 92.5197 92.9134 93.3071 93.7008 94.0945
2.40 94.4882 94.8819 95.2756 95.6693 96.0630 96.4567 96.8504 97.2441 97.6378 98.0315
2.50 98.4252 98.8189 99.2126 99.6063 100.0000 100.3937 100.7874 101.1811 101.5748 101.9685
2.60 102.3622 102.7559 103.1496 103.5433 103.9370 104.3307 104.7244 105.1181 105.5118 105.9055
2.70 106.2992 106.6929 107.0866 107.4803 107.8740 108.2677 108.6614 109.0551 109.4488 109.8425
2.80 110.2362 110.6299 111.0236 111.4173 111.8110 112.2047 112.5984 112.9921 113.3858 113.7795
2.90 114.1732 114.5669 114.9606 115.3543 115.7480 116.1417 116.5354 116.9291 117.3228 117.7165
3.00 118.1102 118.5039 118.8976 119.2913 119.6850 120.0787 120.4724 120.8661 121.2598 121.6535
3.10 122.0472 122.4409 122.8346 123.2283 123.6220 124.0157 124.4094 124.8031 125.1969 125.5906
3.20 125.9843 126.3780 126.7717 127.1654 127.5591 127.9528 128.3465 128.7402 129.1339 129.5276
3.30 129.9213 130.3150 130.7087 131.1024 131.4961 131.8898 132.2835 132.6772 133.0709 133.4646
3.40 133.8583 134.2520 134.6457 135.0394 135.4331 135.8268 136.2205 136.6142 137.0079 137.4016
3.50 137.7953 138.1890 138.5827 138.9764 139.3701 139.7638 140.1575 140.5512 140.9449 141.3386
3.60 141.7323 142.1260 142.5197 142.9134 143.3071 143.7008 144.0945 144.4882 144.8819 145.2756
3.70 145.6693 146.0630 146.4567 146.8504 147.2441 147.6378 148.0315 148.4252 148.8189 149.2126
3.80 149.6063 150.0000 150.3937 150.7874 151.1811 151.5748 151.9685 152.3622 152.7559 153.1496
3.90 153.5433 153.9370 154.3307 154.7244 155.1181 155.5118 155.9055 156.2992 156.6929 157.0866
4.00 157.4803 157.8740 158.2677 158.6614 159.0551 159.4488 159.8425 160.2362 160.6299 161.0236
4.10 161.4173 161.8110 162.2047 162.5984 162.9921 163.3858 163.7795 164.1732 164.5669 164.9606
4.20 165.3543 165.7480 166.1417 166.5354 166.9291 167.3228 167.7165 168.1102 168.5039 168.8976
4.30 169.2913 169.6850 170.0787 170.4724 170.8661 171.2598 171.6535 172.0472 172.4409 172.8346
4.40 173.2283 173.6220 174.0157 174.4094 174.8031 175.1969 175.5906 175.9843 176.3780 176.7717
4.50 177.1654 177.5591 177.9528 178.3465 178.7402 179.1339 179.5276 179.9213 180.3150 180.7087
4.60 181.1024 181.4961 181.8898 182.2835 182.6772 183.0709 183.4646 183.8583 184.2520 184.6457
4.70 185.0394 185.4331 185.8268 186.2205 186.6142 187.0079 187.4016 187.7953 188.1890 188.5827
4.80 188.9764 189.3701 189.7638 190.1575 190.5512 190.9449 191.3386 191.7323 192.1260 192.5197
4.90 192.9134 193.3071 193.7008 194.0945 194.4882 194.8819 195.2756 195.6693 196.0630 196.4567
5.00 196.8504 197.2441 197.6378 198.0315 198.4252 198.8189 199.2126 199.6063 200.0000 200.3937

The table given below can be used with the preceding main table to obtain higher converted values, simply by adding appropri-
ate quantities chosen from each table:

µm µin. µm µin. µm µin. µm µin. µm µin.

10 393.7008 20 787.4016 30 1,181.1024 40 1,574.8032 50 1,968.5039
15 590.5512 25 984.2520 35 1,378.9528 45 1,771.6535 55 2,165.3543

From above table: 20.00 µm = 787.4016 µin
From main table: 3.55 µm = 139.7638 µin

23.55 µm = 927.1654 µin
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Table 14a. Feet to Meters Conversion

 1 ft = 0.3048 m, exactly

Table 14b. Meters to Feet Conversion 

1 m = 3.280840 ft

Table 15a. Miles to Kilometers Conversion 

1 mile = 1.609344 km, exactly

Table 15b. Kilometers to Miles Conversion

 1 km = 0.6213712 mile

feet meters feet meters feet meters feet meters feet meters

100 30.48 10 3.048 1 0.3048 0.1 0.03048 0.01 0.003048
200 60.96 20 6.096 2 0.6096 0.2 0.06096 0.02 0.006096
300 91.44 30 9.144 3 0.9144 0.3 0.09144 0.03 0.009144
400 121.92 40 12.192 4 1.2192 0.4 0.12192 0.04 0.012192
500 152.4 50 15.24 5 1.524 0.5 0.1524 0.05 0.01524
600 182.88 60 18.288 6 1.8288 0.6 0.18288 0.06 0.018288
700 213.36 70 21.336 7 2.1336 0.7 0.21336 0.07 0.021336
800 243.84 80 24.384 8 2.4384 0.8 0.24384 0.08 0.024384
900 274.32 90 27.432 9 2.7432 0.9 0.27432 0.09 0.027432

1,000 304.8 100 30.48 10 3.048 1.0 0.3048 0.10 0.03048

meters feet meters feet meters feet meters feet meters feet

100 328.084 10 32.808 1 3.281 0.1 0.328 0.01 0.033
200 656.168 20 65.617 2 6.562 0.2 0.656 0.02 0.066
300 984.252 30 98.425 3 9.843 0.3 0.984 0.03 0.098
400 1,312.336 40 131.234 4 13.123 0.4 1.312 0.04 0.131
500 1,640.420 50 164.042 5 16.404 0.5 1.640 0.05 0.164
600 1,968.504 60 196.850 6 19.685 0.6 1.969 0.06 0.197
700 2,296.588 70 229.659 7 22.966 0.7 2.297 0.07 0.230
800 2,624.672 80 262.467 8 26.247 0.8 2.625 0.08 0.262
900 2,952.756 90 295.276 9 29.528 0.9 2.953 0.09 0.295

1,000 3,280.840 100 328.084 10 32.808 1.0 3.281 0.10 0.328

miles km miles km miles km miles km miles km

1,000 1,609.34 100 160.93 10 16.09 1 1.61 0.1 0.16
2,000 3,218.69 200 321.87 20 32.19 2 3.22 0.2 0.32
3,000 4,828.03 300 482.80 30 48.28 3 4.83 0.3 0.48
4,000 6,437.38 400 643.74 40 64.37 4 6.44 0.4 0.64
5,000 8,046.72 500 804.67 50 80.47 5 8.05 0.5 0.80
6,000 9,656.06 600 965.61 60 96.56 6 9.66 0.6 0.97
7,000 11,265.41 700 1,126.54 70 112.65 7 11.27 0.7 1.13
8,000 12,874.75 800 1,287.48 80 128.75 8 12.87 0.8 1.29
9,000 14,484.10 900 1,448.41 90 144.84 9 14.48 0.9 1.45
10,000 16,093.44 1,000 1,609.34 100 160.93 10 16.09 1.0 1.61

km miles km miles km miles km miles km miles

1,000 621.37 100 62.14 10 6.21 1 0.62 0.1 0.06
2,000 1,242.74 200 124.27 20 12.43 2 1.24 0.2 0.12
3,000 1,864.11 300 186.41 30 18.64 3 1.86 0.3 0.19
4,000 2,485.48 400 248.55 40 24.85 4 2.49 0.4 0.25
5,000 3,106.86 500 310.69 50 31.07 5 3.11 0.5 0.31
6,000 3,728.23 600 372.82 60 37.28 6 3.73 0.6 0.37
7,000 4,349.60 700 434.96 70 43.50 7 4.35 0.7 0.43
8,000 4,970.97 800 497.10 80 49.71 8 4.97 0.8 0.50
9,000 5,592.34 900 559.23 90 55.92 9 5.59 0.9 0.56
10,000 6,213.71 1,000 621.37 100 62.14 10 6.21 1.0 0.62
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Units of Area

Table 16. Square Measure and Conversion Factors 

Metric System U.S. System

1 square kilometer (km2) =
100 hectares
1,000,000 square meters
0.3861 square mile
247.1 acres

1 hectare (ha) =
0.01 square kilometer
100 ares
10,000 square meters
2.471 acres
107,639 square feet

1 are (a) =
0.0001 square kilometer
100 square meters
0.0247 acre
1076.4 square feet

1 square meter (m2) =
0.000001 square kilometer
100 square decimeters
10000 square centimeters
1,000,000 square millimeters
10.764 square feet
1.196 square yards

1 square decimeter (dm2) =
100 square centimeters

1 square centimeter (cm2) =
0.0001 square meters
100 square millimeters
0.001076 square foot
0.155 square inch

1 square millimeter (mm2) =
0.01 square centimeters
1,000,000 square microns
0.00155 square inch

1 square micrometer (micron) (µm2) =

1 × 10−12 square meter
0.000001 square millimeters
1 × 10−9 square inch
1549.997 square micro-inch

1 square mile (mi2) =
640 acres
6400 square chains
2.5899 square kilometers

1 acre =
10 square chains
4840 square yards
43,560 square feet
a square, 208.71 feet on a side
0.4046856 hectare
40.47 ares
4046.856 square meters

1 square chain =
16 square rods
484 square yards 

4356 square feet
1 square rod =

30.25 square yards
272.25 square feet
625 square links

1 square yard (yd2) =
9 square feet
1296 square inches
0.83612736 square meter
8361.2736 square centimeter
836,127.36 square millimeter

1 square foot (ft2) =
0.111111 square yard
144 square inches
0.09290304 square meter
929.0304 square centimeters
92,903.04 square millimeters

1 square inch (in2) =
0.0007716 square yard
0.006944 square foot
0.00064516 square meter
6.4516 square centimeters
645.16 square millimeters

1 square mil (mil2) =
0.000001 square inch
0.00064516 square millimeter

1 square micro-inch (µin2) =

1 × 10−12 square inch
0.00064516 square micrometer (micron)

Note: Figures in Bold indicate exact conversion values

Measure Used for Diameters and Areas of Electric Wires

1 circular inch =
area of 1-inch diameter circle 
π⁄4 square inch
0.7854 square inch
5.067 square centimeter
1,000,000 circular mils

1 circular mil =
area of 0.001-inch diameter circle
π⁄4 square mill

1 square inch =
1.2732 circular inch
1,273,239 circular mils
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Table 17a. Square Inches to Square Centimeters Conversion

Based on 1 inch = 2.54 centimeters, exactly, 1 inch2 = 6.4516 cm2, exactly. 

Table 17b. Square Centimeters to Square Inches Conversion

Based on 1 inch = 2.54 centimeters, exactly, 1 cm2 = 0.1550003 inch2.

Table 18a. Square Feet to Square Meters Conversion

Based on 1 inch = 2.54 centimeters, exactly, 1 ft2 = 0.09290304 m2, exactly. 

Table 18b. Square Meters to Square Feet Conversion

Based on 1 inch = 2.54 centimeters, exactly, 1 m2 = 10.76391 ft2.

inch2 cm2 inch2 cm2 inch2 cm2 inch2 cm2 inch2 cm2

100 645.16 10 64.516 1 6.4516 0.1 0.64516 0.01 0.064516
200 1,290.32 20 129.032 2 12.9032 0.2 1.29032 0.02 0.129032
300 1,935.48 30 193.548 3 19.3548 0.3 1.93548 0.03 0.135489
400 2,580.64 40 258.064 4 25.8064 0.4 2.58064 0.04 0.258064
500 3,225.80 50 322.58 5 32.258 0.5 3.2258 0.05 0.32258
600 30,870.96 60 387.096 6 38.7096 0.6 3.87096 0.06 0.387096
700 4,516.12 70 451.612 7 45.1612 0.7 4.51612 0.07 0.451612
800 5,161.28 80 516.128 8 51.6128 0.8 5.16128 0.08 0.516128
900 5,806.44 90 580.644 9 58.0644 0.9 5.80644 0.09 0.580644

1,000 6,451.60 100 645.16 10 64.516 1.0 6.4516 0.10 0.64516

cm2 inch2 cm2 inch2 cm2 inch2 cm2 inch2 cm2 inch2

100 15.500 10 1.550 1 0.155 0.1 0.016 0.01 0.002
200 31,000 20 3.100 2 0.310 0.2 0.031 0.02 0.003
300 46.500 30 4.650 3 0.465 0.3 0.047 0.03 0.005
400 62.000 40 6.200 4 0.620 0.4 0.062 0.04 0.006
500 77.500 50 7.750 5 0.75 0.5 0.078 0.05 0.008
600 93.000 60 9.300 6 0.930 0.6 0.093 0.06 0.009
700 108.500 70 10.850 7 1.085 0.7 0.109 0.07 0.011
800 124.000 80 12.400 8 1.240 0.8 0.124 0.08 0.012
900 139.500 90 13.950 9 1.395 0.9 0.140 0.09 0.014

1,000 155.000 100 15.500 10 1.550 1.0 0.155 0.10 0.016

ft2 m2 ft2 m2 ft2 m2 ft2 m2 ft2 m2

1,000 92.903 100 9.290 10 0.929 1 0.093 0.1 0.009
2,000 185.806 200 18.581 20 1.858 2 0.186 0.2 0.019
3,000 278.709 300 27.871 30 2.787 3 0.279 0.3 0.028
4,000 371.612 400 37.161 40 3.716 4 0.372 0.4 0.037
5,000 464.515 500 46.452 50 4.645 5 0.465 0.5 0.046
6,000 557.418 600 55.742 60 5.574 6 0.557 0.6 0.056
7,000 650.321 700 65.032 70 6.503 7 0.650 0.7 0.065
8,000 743.224 800 74.322 80 7.432 8 0.743 0.8 0.074
9,000 836.127 900 83.613 90 8.361 9 0.836 0.9 0.084

10,000 929.030 1,000 92.903 100 9.290 10 0.929 1.0 0.093

m2 ft2 m2 ft2 m2 ft2 m2 ft2 m2 ft2

100 1,076.39 10 107.64 1 10.76 0.1 1.08 0.01 0.11
200 2,152.78 20 215.28 2 21.53 0.2 2.15 0.02 0.22
300 3,229.17 30 322.92 3 32.29 0.3 3.23 0.03 0.32
400 4,305.56 40 430.56 4 43.06 0.4 4.31 0.04 0.43
500 5,381.96 50 538.20 5 53.82 0.5 5.38 0.05 0.54
600 6,458.35 60 645.83 6 64.58 0.6 6.46 0.06 0.65
700 7,534.74 70 753.47 7 75.35 0.7 7.53 0.07 0.75
800 8,611.13 80 861.11 8 86.11 0.8 8.61 0.08 0.86
900 9,687.52 90 968.75 9 96.88 0.9 9.69 0.09 0.97

1,000 10,763.91 100 1,076.39 10 107.64 1.0 10.76 0.10 1.08
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Based on 1 inch = 2.54 centimeters, exactly, 1 yd2 = 0.83612736 m2, exactly

Based on 1 inch = 2.54 centimeters, exactly, 1 m2 = 1.195990046 yd2.

Table 20a. Acres to Hectares Conversion 

1 acre = 0.4046856 hectare

Table 20b. Hectares to Acres Conversion 

1 hectare = 2.471054 acres

Table 19a. Square Yard to Square Meter Conversion

yd2 m2 yd2 m2 yd2 m2 yd2 m2 yd2 m2

1000 836.12736 100 83.612736 10 8.3612736 1 0.83612736 0.1 0.083612736
2000 1672.25472 200 167.225472 20 16.7225472 2 1.67225472 0.2 0.167225472
3000 2508.38208 300 250.838208 30 25.0838208 3 2.50838208 0.3 0.250838208
4000 3344.50944 400 334.450944 40 33.4450944 4 3.34450944 0.4 0.334450944
5000 4180.6368 500 418.06368 50 41.806368 5 4.1806368 0.5 0.41806368
6000 5016.76416 600 501.676416 60 50.1676416 6 5.01676416 0.6 0.501676416
7000 5852.89152 700 585.289152 70 58.5289152 7 5.85289152 0.7 0.585289152
8000 6689.01888 800 668.901888 80 66.8901888 8 6.68901888 0.8 0.668901888
9000 7525.14624 900 752.514624 90 75.2514624 9 7.52514624 0.9 0.752514624
10000 8361.2736 1000 836.12736 100 83.612736 10 8.3612736 1 0.83612736

Table 19b. Square Meter to Square Yard Conversion

m2 yd2 m2 yd2 m2 yd2 m2 yd2 m2 yd2

1000 1195.990046 100 119.5990046 10 11.95990046 1 1.195990046 0.1 0.119599005
2000 2391.980093 200 239.1980093 20 23.91980093 2 2.391980093 0.2 0.239198009
3000 3587.970139 300 358.7970139 30 35.87970139 3 3.587970139 0.3 0.358797014
4000 4783.960185 400 478.3960185 40 47.83960185 4 4.783960185 0.4 0.478396019
5000 5979.950232 500 597.9950232 50 59.79950232 5 5.979950232 0.5 0.597995023
6000 7175.940278 600 717.5940278 60 71.75940278 6 7.175940278 0.6 0.717594028
7000 8371.930324 700 837.1930324 70 83.71930324 7 8.371930324 0.7 0.837193032
8000 9567.92037 800 956.792037 80 95.6792037 8 9.56792037 0.8 0.956792037
9000 10763.91042 900 1076.391042 90 107.6391042 9 10.76391042 0.9 1.076391042

10000 11959.90046 1000 1195.990046 100 119.5990046 10 11.95990046 1 1.195990046

→
acres

↓

0 10 20 30 40 50 60 70 80 90

hectares

0 … 4.047 8.094 12.141 16.187 20.234 24.281 28.328 32.375 36.422
100 40.469 44.515 48.562 52.609 56.656 60.703 64.750 68.797 72.843 76.890
200 80.937 84.984 89.031 93.078 97.125 101.171 105.218 109.265 113.312 117.359
300 121.406 125.453 129.499 133.546 137.593 141.640 145.687 149.734 153.781 157.827
400 161.874 165.921 169.968 174.015 178.062 182.109 186.155 190.202 194.249 198.296
500 202.343 206.390 240.437 214.483 218.530 222.577 226.624 230.671 234.718 238.765
600 242.811 246.858 250.905 254.952 258.999 263.046 267.092 271.139 275.186 279.233
700 283.280 287.327 291.374 295.420 299.467 303.514 307.561 311.608 315.655 319.702
800 323.748 327.795 331.842 335.889 339.936 343.983 348.030 352.076 356.123 360.170
900 364.217 368.264 372.311 376.358 380.404 384.451 388.498 392.545 396.592 400.639
1000 404.686 … … … … … … … … …

→
hectares

↓

0 10 20 30 40 50 60 70 80 90

acres

0 … 24.71 49.42 74.13 98.84 123.55 148.26 172.97 197.68 222.39
100 247.11 271.82 296.53 321.24 345.95 370.66 395.37 420.08 444.79 469.50
200 494.21 518.92 543.63 568.34 593.05 617.76 642.47 667.18 691.90 716.61
300 741.32 766.03 790.74 815.45 840.16 864.87 889.58 914.29 939.00 963.71
400 988.42 1013.13 1037.84 1062.55 1087.26 1111.97 1136.68 1161.40 1186.11 1210.82
500 1235.53 1260.24 1284.95 1309.66 1334.37 1359.08 1383.79 1408.50 1433.21 1457.92
600 1482.63 1507.34 1532.05 1556.76 1581.47 1606.19 1630.90 1655.61 1680.32 1705.03
700 1729.74 1754.45 1779.16 1803.87 1828.58 1853.29 1878.00 1902.71 1927.42 1952.13
800 1976.84 2001.55 2026.26 2050.97 2075.69 2100.40 2125.11 2149.82 2174.53 2199.24
900 2223.95 2248.66 2273.37 2298.08 2322.79 2347.50 2372.21 2396.92 2421.63 2446.34
1000 2471.05 … … … … … … … … …



2678 CUBIC MEASURE AND CONVERSION FACTORS

Units of Volume

Table 21.  Cubic Measure and Conversion Factors 

Metric System U.S. System

1 cubic meter (m3) =
1000 cubic decimeters (liters)
1,000,000 cubic centimeters
1.30795 cubic yards
35.314667 cubic feet
61,023.74 cubic inches
264.17205 U.S. gallons
219.96925 British Imperial gallons

1 liter (l) or 1 cubic decimeter (dm3) =
1 liter = volume of 1 kg water at 39.2°F
0.001 cubic meter
1000 cubic centimeters
10 deciliters
0.03531466 cubic foot
61.023744 cubic inches
0.2642 U.S. gallon
0.21997 British Imperial gallon
1.0566882 U.S. quarts
33.814 U.S. fluid ounces

1 cubic centimeter (cm3) =
0.001 liter
1000 cubic millimeters
0.061024 cubic inch

1 cubic millimeter = 0.001 cubic centimeters
1 hectoliter (hl) = 100 liters
1 deciliter (dl) = 10 centiliters
1 centiliter (cl) = 10 milliliters

1 cubic yard (yd3) =
27 cubic feet
201.97403 U.S. gallons
46,656 cubic inch
0.7646 cubic meter

1 cubic foot (ft3) =
1728 cubic inches
7.4805 U.S. gallons
6.23 British Imperial gallons
 0.02831685 cubic meter
28.31685 liters

1 cubic inch (in3) =
0.55411256 U.S. fluid ounces
16.387064 cubic centimeters

Shipping Measure
For measuring internal capacity of a vessel:
1 register ton = 100 cubic feet

For measurement of cargo:
1 shipping ton =

Approximately 40 cubic feet of merchan-
dise is considered a shipping ton, unless 
that bulk would weigh more than 2000 
pounds, in which case the freight charge 
may be based upon weight

40 cubic feet =
32.143 U.S. bushels
31.16 Imperial bushels

British (Imperial) Liquid and Dry Measure U.S. Liquid Measure

1 British Imperial gallon =
0.1605 cubic foot
277.42 cubic inches
1.2009 U.S. gallon
160 Imperial fluid ounces
4 Imperial quarts
8 Imperial pints
4.54609 liters

1 quart =
2 Imperial pints
8 Imperial gills
40 Imperial fluid ounces
69.354 cubic inches
1.1365225 liters

1 pint =
4 Imperial gills
20 Imperial fluid ounces
34.678 cubic inches
568.26125 milliliters

1 gill =
5 Imperial fluid ounces
8.669 cubic inches
142.07 milliliters

1 U.S. gallon =
0.13368 cubic foot
231 cubic inches
128 U.S. fluid ounces
4 U.S. quarts
8 U.S. pints
0.8327 British Imperial gallon
3.785411784 liters

1 quart =
2 U.S. pints
8 U.S. gills
32 U.S. fluid ounces
57.75 cubic inches
0.9463529 liters

1 pint =
4 U.S. gills
16 U.S fluid ounces
28.875 cubic inches
473.176 milliliters

1 gill =
1/2 cup = 4 U.S. fluid ounces
7.21875 cubic inches
118.29 milliliters

Note: Figures in Bold indicate exact conversion values
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Based on 1 inch = 2.54 centimeters, exactly.  1 inch3 = 16.387064 cm3, exactly

Based on 1 inch = 2.54 centimeters, exactly.  1 cm3 = 0.06102376 inch3

British (Imperial) Liquid and Dry Measure Apothecaries' Fluid Measure

1 British Imperial fluid ounce =
1.733871 cubic inch
1⁄160 British Imperial gallon
28.41306 milliliters

1 British Imperial bushel =
8 Imperial gallons = 1.284 cubic feet
2219.36 cubic inches

1 U.S. fluid ounce =
1.8046875 cubic inch
1⁄128 U.S. gallon
8 drachms
0.02957353 liter
29.57353 milliliters

1 fluid drachm = 60 minims

U.S. Dry Measure Old Liquid Measure

1 bushel (U.S. or Winchester struck bushel) =
1.2445 cubic feet
2150.42 cubic inches
a cylinder 18.5 inches dia., 8 inches deep
a cylinder  47.0 cm dia., 20.3 cm deep

1 bushel = 4 pecks = 32 quarts = 64 pints
1 peck = 8 quarts = 16 pints
1 dry quart = 2 pints = 

67.200625 cubic inches
1.101221 liters

1 heaped bushel = 11⁄4 struck bushel
1 cubic foot = 0.8036 struck bushel

1 barrel (bbl) = 311⁄2 gallons
1 hogshead = 2 barrels = 63 gallons
1 pipe or butt = 2 hogsheads = 4 barrels = 126 

gallons
1 tierce = 42 gallons
1 puncheon = 2 tierces = 84 gallons
1 tun = 2 pipes = 3 puncheons

Other Cubic Measure
The following are used for wood and masonry:

1 cord of wood = 4 × 4 × 8 feet = 128 cubic feet
1 perch of masonry =

161⁄2 × 11⁄2 × 1 foot =  243⁄4 cubic feet

Barrel Measure

1  drum =
55 U.S. gallon
7.3524 cubic feet
208.19765 liters

1 petroleum barrel (bo) =
42 U.S. gallons
5.614583 cubic feet
158.98729 liters

Note: Figures in Bold indicate exact conversion values

Table 22a. Cubic Inches to Cubic Centimeters Conversion

inch3 cm3 inch3 cm3 inch3 cm3 inch3 cm3 inch3 cm3

100 1,638.71 10 163.87 1 16.39 0.1 1.64 0.01 0.16
200 3,277.41 20 327.74 2 32.77 0.2 3.28 0.02 0.33
300 4,916.12 30 491.61 3 49.16 0.3 4.92 0.03 0.49
400 6,554.82 40 655.48 4 65.55 0.4 6.55 0.04 0.66
500 8,193.53 50 819.35 5 81.94 0.5 8.19 0.05 0.82
600 9,832.24 60 983.22 6 98.32 0.6 9.83 0.06 0.98
700 11,470.94 70 1,147.09 7 114.71 0.7 11.47 0.07 1.15
800 13,109.65 80 1,310.96 8 131.10 0.8 13.11 0.08 1.31
900 14,748.35 90 1,474.84 9 147.48 0.9 14.75 0.09 1.47

1,000 16,387.06 100 1,638.71 10 163.87 1.0 16.39 0.10 1.64

Table 22b. Cubic Centimeres to Cubic Inches  Conversion

cm3 inch3 cm3 in3 cm3 inch3 cm3 in3 cm3 in3

1,000 61.024 100 6.102 10 0.610 1 0.061 0.1 0.006
2,000 122.048 200 12.205 20 1.220 2 0.122 0.2 0.012
3,000 183.071 300 18.307 30 1,831 3 0.183 0.3 0.018
4,000 244.095 400 24.410 40 2.441 4 0.244 0.4 0.024
5,000 305.119 500 30.512 50 3.051 5 0.305 0.5 0.031
6,000 366.143 600 36.614 60 3.661 6 0.366 0.6 0.037
7,000 427.166 700 42.717 70 4.272 7 0.427 0.7 0.043
8,000 488.190 800 48.819 80 4.882 8 0.488 0.8 0.049
9,000 549.214 900 54.921 90 5.492 9 0.549 0.9 0.055
10,000 610.238 1,000 61.024 100 6.102 10 0.610 1.0 0.061

Table 21. (Continued)  Cubic Measure and Conversion Factors 
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Based on 1 inch = 2.54 centimeters, exactly.  1 ft3 = 0.02831685 m3

Based on 1 inch = 2.54 centimeters, exactly.  1 m3 = 35.31466 ft3

Table 24a. Cubic Feet to Liters Conversion

1 ft3 = 28.31685 liters

Table 24b. Liters to Cubic Feet Conversion

1 liter = 0.03531466 ft3

Table 23a. Cubic Feet to Cubic Meters Conversion

ft3 m3 ft3 m3 ft3 m3 ft3 m3 ft3 m3

1,000 28.317 100 2.832 10 0.283 1 0.028 0.1 0.003
2,000 56.634 200 5.663 20 0.566 2 0.057 0.2 0.006
3,000 84.951 300 8.495 30 0.850 3 0.085 0.3 0.008
4,000 113.267 400 11.327 40 1.133 4 0.113 0.4 0.011
5,000 141.584 500 14.158 50 1.416 5 0.142 0.5 0.014
6,000 169.901 600 16.990 60 1.699 6 0.170 0.6 0.017
7,000 198.218 700 19.822 70 1.982 7 0.198 0.7 0.020
8,000 226.535 800 22.653 80 2.265 8 0.227 0.8 0.023
9,000 254.852 900 25.485 90 2.549 9 0.255 0.9 0.025
10,000 283.168 1,000 28.317 100 2.832 10 0.283 1.0 0.028

Table 23b. Cubic Meters to Cubic Feet  Conversion

m3 ft3 m3 ft3 m3 ft3 m3 ft3 m3 ft3

100 3,531.47 10 353.15 1 35.31 0.1 3.53 0.01 0.35
200 7,062.93 20 706.29 2 70.63 0.2 7.06 0.02 0.71
300 10,594.40 30 1,059.44 3 105.94 0.3 10.59 0.03 1.06
400 14,125.86 40 4,412.59 4 141.26 0.4 14.13 0.04 1.41
500 17,657.33 50 1,756.73 5 176.57 0.5 17.66 0.05 1.77
600 21,188.80 60 2,118.88 6 211.89 0.6 21.19 0.06 2.12
700 24,720.26 70 2,472.03 7 247.20 0.7 24.72 0.07 2.47
800 28,251.73 80 2,825.17 8 282.52 0.8 28.25 0.08 2.83
900 31,783.19 90 3,178.32 9 317.83 0.9 31.78 0.09 3.18

1,000 35,314.66 100 3,531.47 10 353.15 1.0 35.311 0.10 3.53

ft3 liters ft3 liters ft3 liters ft3 liters ft3 liters

100 2,831.68 10 283.17 1 28.32 0.1 2.83 0.01 0.28
200 5,663.37 20 566.34 2 56.63 0.2 5.66 0.02 0.57
300 8,495.06 30 849.51 3 84.95 0.3 8.50 0.03 0.85
400 11,326.74 40 1,132.67 4 113.27 0.4 11.33 0.04 1.13
500 14,158.42 50 1,415.84 5 141.58 0.5 14.16 0.05 1.42
600 16,990.11 60 1,699.01 6 169.90 0.6 16.99 0.06 1.70
700 19,821.80 70 1,982.18 7 198.22 0.7 19.82 0.07 1.98
800 22,653.48 80 2,263.35 8 226.53 0.8 22.65 0.08 2.27
900 25,485.16 90 2,548.52 9 254.85 0.9 25.49 0.09 2.55

1,000 28,316.85 100 2,831.68 10 283.17 1.0 28.32 0.10 2.83

liters ft3 liters ft3 liters ft3 liters ft3 liters ft3

1,000 35.315 100 3.531 10 0.353 1 0.035 0.1 0.004
2,000 70.629 200 7.063 20 0.706 2 0.071 0.2 0.007
3,000 105.944 300 10.594 30 1.059 3 0.106 0.3 0.011
4,000 141.259 400 14.126 40 1.413 4 0.141 0.4 0.014
5,000 176.573 500 17.657 50 1.766 5 0.177 0.5 0.018
6,000 211.888 600 21.189 60 2.119 6 0.212 0.6 0.021
7,000 247.203 700 24.720 70 2.472 7 0.247 0.7 0.025
8,000 282.517 800 28.252 80 2.825 8 0.283 0.8 0.028
9,000 317.832 900 31.783 90 3.178 9 0.318 0.9 0.032

10,000 353.147 1,000 35.315 100 3.531 10 0.353 1.0 0.035
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1 U.K. gallon = 4.546092 liters

1 liter = 0.2199692 U.K. gallons

Table 26a. U.S. Gallons to Liters Conversion

1 U.S. gallon = 3.785412 liters

Table 26b. Liters to U.S. Gallons Conversion

1 liter = 0.2641720 U.S. gallon

Table 25a. U.K. (Imperial) Gallons to Liters Conversion

Imp.
gals

0 1 2 3 4 5 6 7 8 9

liters

0 … 4.546 9.092 13.638 18.184 22.730 27.277 31.823 36.369 40.915
10 45.461 50.007 54.553 59.099 63.645 68.191 72.737 77.284 81.830 86.376
20 90.922 95.468 100.014 104.560 109.106 113.652 118.198 122.744 127.291 131.837
30 136.383 140.929 145.475 150.021 154.567 159.113 163.659 168.205 172.751 177.298
40 181.844 186.390 190.936 195.482 200.028 204.574 209.120 213.666 218.212 222.759
50 227.305 231.851 236.397 240.943 245.489 250.035 254.581 259.127 263.673 268.219
60 272.766 277.312 281.858 286.404 290.950 295.496 300.042 304.588 309.134 313.680
70 318.226 322.773 327.319 331.865 336.411 340.957 345.503 350.049 354.595 359.141
80 363.687 368.233 372.780 377.326 381.872 386.418 390.964 395.510 400.056 404.602
90 409.148 413.694 418.240 422.787 427.333 431.879 436.425 440.971 445.517 450.063

100 454.609 459.155 463.701 468.247 472.794 477.340 481.886 486.432 490.978 495.524

Table 25b. Liters to U.K. (Imperial) Gallons Conversion

liters

0 1 2 3 4 5 6 7 8 9

Imperial gallons

0 … 0.220 0.440 0.660 0.880 1.100 1.320 1.540 1.760 1.980
10 2.200 2.420 2.640 2.860 3.080 3.300 3.520 3.739 3.959 4.179
20 4.399 4.619 4.839 5.059 5.279 5.499 5.719 5.939 6.159 6.379
30 6.599 6.819 7.039 7.259 7.479 7.699 7.919 8.139 8.359 8.579
40 8.799 9.019 9.239 9.459 9.679 9.899 10.119 10.339 10.559 10.778
50 10.998 11.218 11.438 11.658 11.878 12.098 12.318 12.538 12.758 12.978
60 13.198 13.418 13.638 13.858 14.078 14.298 14.518 14.738 14.958 15.178
70 15.398 15.618 15.838 16.058 16.278 16.498 16.718 16.938 17.158 17.378
80 17.598 17.818 18.037 18.257 18.477 18.697 18.917 19.137 19.357 19.577
90 19.797 20.017 20.237 20.457 20.677 20.897 21.117 21.337 21.557 21.777
100 21.997 22.217 22.437 22.657 22.877 23.097 23.317 23.537 23.757 23.977

gals liters gals liters gals liters gals liters gals liters

1,000 3,785.41 100 378.54 10 37.85 1 3.79 0.1 0.38
2,000 7,570.82 200 757.08 20 75.71 2 7.57 0.2 0.76
3,000 11,356.24 300 1,135.62 30 113.56 3 11.36 0.3 1.14
4,000 15,141.65 400 1,514.16 40 151.42 4 15.14 0.4 1.51
5,000 18,927.06 500 1,892.71 50 189.27 5 18.93 0.5 1.89
6,000 22,712.47 600 2,271.25 60 227.12 6 22.71 0.6 2.27
7,000 26,497.88 700 2,649.79 70 264.98 7 26.50 0.7 2.65
8,000 30,283.30 800 3,028.33 80 302.83 8 30.28 0.8 3.03
9,000 34,068.71 900 3,406.87 90 340.69 9 34.07 0.9 3.41

10,000 37,854.12 1,000 3,785.41 100 378.54 10 37.85 1.0 3.79

liters gals liters gals liters gals liters gals liters gals

1,000 264.17 100 26.42 10 2.64 1 0.26 0.1 0.03
2,000 528.34 200 52.83 20 5.28 2 0.53 0.2 0.05
3,000 792.52 300 79.25 30 7.93 3 0.79 0.3 0.08
4,000 1,056.69 400 105.67 40 10.57 4 1.06 0.4 0.11
5,000 1,320.86 500 132.09 50 13.21 5 1.32 0.5 0.13
6,000 1,585.03 600 158.50 60 15.85 6 1.59 0.6 0.16
7,000 1,849.20 700 184.92 70 18.49 7 1.85 0.7 0.18
8,000 2,113.38 800 211.34 80 21.13 8 2.11 0.8 0.21
9,000 2,377.55 900 237.75 90 23.78 9 2.38 0.9 0.24

10,000 2,641.72 1,000 264.17 100 26.42 10 2.64 1.0 0.26
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1 U.S. fluid ounce = 29.57353 milliliters

1 milliliter = 0.003814 U.S. fluid ounce

Units of Volumetric Flow Rate

Table 28a. Volume Flow per Second Conversion

Pitot Tube.—  A pitot tube is a small, transparent, open tube bent at right angle. It is a hol-
low tube that is placed longitudinally in the direction of fluid flow, allowing the flow to
enter one end at the fluids velocity of approach. When the fluids enter the pitot tube, it
comes to a stop, all of the velocity head is converted to pressure head. The difference
between the total and static energies is the kinetic energy of the fluid. The velocity of the
fluid can be calculated by using the Bernoulli equation. 

Table 27a. U.S. Fluid Ounces to Milliliters Conversion

oz mL oz mL oz mL oz mL oz mL
100 2957.353 10 295.7353 1 29.57353 0.1 2.957353 0.01 0.2957353
200 5914.706 20 591.4706 2 59.14706 0.2 5.914706 0.02 0.5914706
300 8872.059 30 887.2059 3 88.72059 0.3 8.872059 0.03 0.8872059
400 11829.412 40 1182.9412 4 118.29412 0.4 11.829412 0.04 1.1829412
500 14786.765 50 1478.6765 5 147.86765 0.5 14.786765 0.05 1.4786765
600 17744.118 60 1774.4118 6 177.44118 0.6 17.744118 0.06 1.7744118
700 20701.471 70 2070.1471 7 207.01471 0.7 20.701471 0.07 2.0701471
800 23658.824 80 2365.8824 8 236.58824 0.8 23.658824 0.08 2.3658824
900 26616.177 90 2661.6177 9 266.16177 0.9 26.616177 0.09 2.6616177
1000 29573.53 100 2957.353 10 295.7353 1 29.57353 0.1 2.957353

Table 27b. Milliliters to U.S. Fluid Ounces Conversion

mL oz mL oz mL oz mL oz mL oz
100 3.3814 10 0.33814 1 0.033814 0.1 0.0033814 0.01 0.00033814
200 6.7628 20 0.67628 2 0.067628 0.2 0.0067628 0.02 0.00067628
300 10.1442 30 1.01442 3 0.101442 0.3 0.0101442 0.03 0.00101442
400 13.5256 40 1.35256 4 0.135256 0.4 0.0135256 0.04 0.00135256
500 16.907 50 1.6907 5 0.16907 0.5 0.016907 0.05 0.0016907
600 20.2884 60 2.02884 6 0.202884 0.6 0.0202884 0.06 0.00202884
700 23.6698 70 2.36698 7 0.236698 0.7 0.0236698 0.07 0.00236698
800 27.0512 80 2.70512 8 0.270512 0.8 0.0270512 0.08 0.00270512
900 30.4326 90 3.04326 9 0.304326 0.9 0.0304326 0.09 0.00304326

1000 33.814 100 3.3814 10 0.33814 1 0.033814 0.1 0.0033814

To Convert ↓
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↓

Cm3/sec Meter3/sec Foot3/sec Liter/sec Gallon/sec (US) Gallon/sec (UK)

Cm3/sec 1 1 × 10−6 3.531 × 10−5 0.001 2.642 × 10−4 2.19969 × 10−4

Meter3/sec 1 × 106 1 35.31466 1,000 264.172 219.9692

Foot3/sec 28,316.846 0.028316 1 28.3168 7.480519 6.22883

Liter/sec 1000 0.001 0.0353146 1 0.264172 0.21996

Gallon/sec (US) 3,785.412 3.7854 × 10−3 0.133368 3.785412 1 0.8326739

Gallon/sec (UK) 4,546.092 4.546 × 10−3 0.1605432 4.546092 1.2009504 1

Table 28b. Volume Flow per Minute Conversion

To Convert ↓
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↓ Foot3/min Liter/min Gallon/min (US) Gallon/min (UK)

Foot3/min 1 28.316846 7.480519 6.2288327

Liter/min 0.035314 1 0.264172 0.2199692
Gallon/min (US) 0.133680 3.785412 1 0.832673

Gallon/min (UK) 0.1605437 4.546092 1.20095 1
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Units of Mass and Weight

Table 30a. Pounds to Kilograms  Conversion

1 pound = 0.4535924 kilogram

Table 29. Mass and Weight Conversion Factors

Metric System Avoirdupois or Commercial Weight

1 metric ton (t) =
1000 kilograms
2204.6223 pounds
0.9842 gross or long ton (of 2240 pounds) 
0.9072 net or short ton (of 2000 pounds) 

1 kilogram (kg) =
1000 grams = 10 hectograms
2.2046 pounds
35.274 ounces avoirdupois 

1 hectogram (hg) = 10 dekagrams
1 dekagram (dag) = 10 grams
1 gram (g) =

10 decigrams
0.0022046 pound
0.03215 ounce Troy
0.03527 ounce avoirdupois
15.432 grains

1 decigram (dg) = 10 centigrams
1 centigram (cg) = 10 milligrams

1 gross or long ton =
2240 pounds
1.016 metric ton
1016 kilograms

1 net or short ton = 2000 pounds
1 pound = 16 ounces

7000 grains
0.45359237 kilogram
453.6 grams

1 ounce =
1⁄16 pound
16 drachms
437.5 grains
28.3495 grams
0.2780139 newton

1 grain Avoirdupois =
1 grain apothecaries' weight = 
1 grain Troy weight
0.064799 gram

Troy Weight 
Used for Weighing Gold and Silver

1 pound Troy =
12 ounces Troy = 5760 grains
144⁄175  Avoirdupois pound

1 ounce Troy =
20 pennyweights = 480 grains
31.103 grams

1 pennyweight = 24 grains
1 grain Troy =

1 grain avoirdupois
1 grain apothecaries' weight
0.0648 gram

1 carat (used in weighing diamonds) =
3.086 grains 
200 milligrams = 1⁄5 gram

1 gold karat = 1⁄24 proportion pure gold

Apothecaries' Weight

1 pound = 12 ounces = 5760 grains
1 ounce =

8 drachms = 480 grains
31.103 grams

1 drachm = 3 scruples = 60 grains
1 scruple = 20 grains

Old Weight Measures
Measures for weight seldom used in the United 

States:
1 gross or long ton = 20 hundred-weights
1 hundred-weight = 4 quarters = 112 pounds
1 quarter =  28 pounds
1 stone = 14 pounds
1 quintal = 100 pounds

Note: Figures in Bold indicate exact conversion values

lb kg lb kg lb kg lb kg lb kg

1,000 453.59 100 45.36 10 4.54 1 0.45 0.1 0.05
2,000 907.18 200 90.72 20 9.07 2 0.91 0.2 0.09
3,000 1,360.78 300 136.08 30 13.61 3 1.36 0.3 0.14
4,000 1,814.37 400 181.44 40 18.14 4 1.81 0.4 0.18
5,000 2,267.96 500 226.80 50 22.68 5 2.27 0.5 0.23
6,000 2,721.55 600 272.16 60 27.22 6 2.72 0.6 0.27
7,000 3,175.15 700 317.51 70 31.75 7 3.18 0.7 0.32
8,000 3,628.74 800 362.87 80 36.29 8 3.63 0.8 0.36
9,000 4,082.33 900 408.23 90 40.82 9 4.08 0.9 0.41
10,000 4,535.92 1,000 453.59 100 45.36 10 4.54 1.0 0.45
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Table 30b. Kilograms to Pounds  Conversion

1 kilogram = 2.204622 pounds

Table 31a. Ounces to Grams  Conversion

1 ounce = 28.34952 grams

Table 31b. Grams to Ounces  Conversion

1 gram = 0.03527397 ounce

Table 32. Density Conversion Factors

kg lb kg lb kg lb kg lb kg lb

1,000 2,204.62 100 220.46 10 22.05 1 2.20 0.1 0.22
2,000 4,409.24 200 440.92 20 44.09 2 4.41 0.2 0.44
3,000 6,613.87 300 661.39 30 66.14 3 6.61 0.3 0.66
4,000 8,818.49 400 881.85 40 88.18 4 8.82 0.4 0.88
5,000 11,023.11 500 1,102.31 50 110.23 5 11.02 0.5 1.10
6,000 13,227.73 600 1,322.77 60 132.28 6 13.23 0.6 1.32
7,000 15,432.35 700 1,543.24 70 154.32 7 15.43 0.7 1.54
8,000 17,636.98 800 1,763.70 80 176.37 8 17.64 0.8 1.76
9,000 19,841.60 900 1,984.16 90 198.42 9 19.84 0.9 1.98

10,000 22,046.22 1,000 2,204.62 100 220.46 10 22.05 1.0 2.20

oz g oz g oz g oz g oz g

10 283.50 1 28.35 0.1 2.83 0.01 0.28 0.001 0.03
20 566.99 2 56.70 0.2 5.67 0.02 0.57 0.002 0.06
30 850.49 3 85.05 0.3 8.50 0.03 0.85 0.003 0.09
40 1,133.98 4 113.40 0.4 11.34 0.04 1.13 0.004 0.11
50 1,417.48 5 141.75 0.5 14.17 0.05 1.42 0.005 0.14
60 1,700.97 6 170.10 0.6 17.01 0.06 1.70 0.006 0.17
70 1,984.47 7 198.45 0.7 19.84 0.07 1.98 0.007 0.20
80 2,267.96 8 226.80 0.8 22.68 0.08 2.27 0.008 0.23
90 2,551.46 9 255.15 0.9 25.51 0.09 2.55 0.009 0.26
100 2,834.95 10 283.50 1.0 28.35 0.10 2.83 0.010 0.28

g oz g oz g oz g oz g oz

100 3.527 10 0.353 1 0.035 0.1 0.004 0.01 0.000
200 7.055 20 0.705 2 0.071 0.2 0.007 0.02 0.001
300 10.582 30 1.058 3 0.106 0.3 0.011 0.03 0.001
400 14.110 40 1.411 4 0.141 0.4 0.014 0.04 0.001
500 17.637 50 1.764 5 0.176 0.5 0.018 0.05 0.002
600 21.164 60 2.116 6 0.212 0.6 0.021 0.06 0.002
700 24.692 70 2.469 7 0.247 0.7 0.025 0.07 0.002
800 28.219 80 2.822 8 0.282 0.8 0.028 0.08 0.003
900 31.747 90 3.175 9 0.317 0.9 0.032 0.09 0.003

1,000 35.274 100 3.527 10 0.353 1.0 0.035 0.10 0.004

To Convert 
↓
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↓ Gram/mL Gram/cm3 Kg/m3 Lb/inch3 Lb/feet3 Lb/gallon (US) Ton/yard3

Grams/mL 1 1 1000 0.036128 62.43 8.345 0.8428

Grams/cm3 1 1 1000 0.036128 62.43 8.345 0.8428

Kilogram/m3 0.001 0.001 1 3.6128 × 10−5 0.06243 0.008345 8.428 × 10−4

Lb/inch3 27.67788 27.67788 27677.83 1 1728.0 230.9718 23.32687

Lb/feet3 0.01602 0.01602 16.02 5.787 × 10−4 1 0.1337 0.01349

Lb/gallon (US) 0.11983 0.11983 119.83 0.004329 7.481126 1 0.10099

Ton/yard3 1.18652 1.18652 1186.52 0.042869 74.07451 9.9015 1
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1 lb/in3 = 27.67990 g/cm3

1 g/cm3 = 0.03612730 lb/in3

1 lb/ft3 = 16.01846 kg/m3

1 kg/m3 =0.06242797 lb/ft3

Table 33a. Pounds per Cubic Inch to Grams per Cubic Centimeter Conversion 

lb/in3 g/cm3 lb/in3 g/cm3 lb/in3 g/cm3 lb/in3 g/cm3 lb/in3 g/cm3

100 2,767.99 10 276.80 1 27.68 0.1 2.77 0.01 0.28
200 5,535.98 20 553.60 2 55.36 0.2 5.54 0.02 0.55
300 8,303.97 30 830.40 3 83.04 0.3 8.30 0.03 0.83
400 11,071.96 40 1,107.20 4 110.72 0.4 11.07 0.04 1.11
500 13,839.95 50 1,384.00 5 138.40 0.5 13.84 0.05 1.38
600 16,607.94 60 1,660.79 6 166.08 0.6 16.61 0.06 1.66
700 19,375.93 70 1,937.59 7 193.76 0.7 19.38 0.07 1.94
800 22,143.92 80 2,214.39 8 221.44 0.8 22.14 0.08 2.21
900 24,911.91 90 2,491.19 9 249.12 0.9 24.91 0.09 2.49

1,000 27,679.90 100 2,767.99 10 276.80 1.0 27.68 0.10 2.77

Table 33b. Grams per Cubic Centimeter to Pounds per Cubic Inch Conversion

g/cm3 lb/in3 g/cm3 lb/in3 g/cm3 lb/in3 g/cm3 lb/in3 g/cm3 lb/in3

1,000 36.127 100 3.613 10 0.361 1 0.036 0.1 0.004
2,000 72.255 200 7.225 20 0.723 2 0.072 0.2 0.007
3,000 108.382 300 10.838 30 1.084 3 0.108 0.3 0.011
4,000 144.509 400 14.451 40 1.445 4 0.145 0.4 0.014
5,000 180.636 500 18.064 50 1.806 5 0.181 0.5 0.018
6,000 216.764 600 21.676 60 2.168 6 0.217 0.6 0.022
7,000 252.891 700 25.289 70 2.529 7 0.253 0.7 0.025
8,000 289.018 800 28.902 80 2.890 8 0.289 0.8 0.029
9,000 325.146 900 32.515 90 3.251 9 0.325 0.9 0.033

10,000 361.273 1,000 36.127 100 3.613 10 0.361 1.0 0.036

Table 34a. Pounds per Cubic Foot to Kilograms per Cubic Meter Conversion

lb/ft3 kg/m3 lb/ft3 kg/m3 lb/ft3 kg/m3 lb/ft3 kg/m3 lb/ft3 kg/m3

100 1,601.85 10 160.18 1 16.02 0.1 1.60 0.01 0.16
200 3,203.69 20 320.37 2 32.04 0.2 3.20 0.02 0.32
300 4,805.54 30 480.55 3 48.06 0.3 4.81 0.03 0.48
400 6,407.38 40 640.74 4 64.07 0.4 6.41 0.04 0.64
500 8,009.23 50 800.92 5 80.09 0.5 8.01 0.05 0.80
600 9,611.08 60 961.11 6 96.11 0.6 9.61 0.06 0.96
700 11,212.92 70 1,121.29 7 112.13 0.7 11.21 0.07 1.12
800 12,814.77 80 1,281.48 8 128.15 0.8 12.81 0.08 1.28
900 14,416.61 90 1,441.66 9 144.17 0.9 14.42 0.09 1.44

1,000 16,018.46 100 1,601.85 10 160.18 1.0 16.02 0.10 1.60

Table 34b. Kilograms per Cubic Meter to Pounds per Cubic Foot Conversion

kg/m3 lb/ft3 kg/m3 lb/ft3 kg/m3 lb/ft3 kg/m3 lb/ft3 kg/m3 lb/ft3

1,000 62.428 100 6.243 10 0.624 1 0.062 0.1 0.006
2,000 124.856 200 12.486 20 1.249 2 0.125 0.2 0.012
3,000 187.284 300 18.728 30 1.873 3 0.187 0.3 0.019
4,000 249.712 400 24.971 40 2.497 4 0.250 0.4 0.025
5,000 312.140 500 31.214 50 3.121 5 0.312 0.5 0.031
6,000 374.568 600 37.457 60 3.746 6 0.375 0.6 0.037
7,000 436.996 700 43.700 70 4.370 7 0.437 0.7 0.044
8,000 499.424 800 49.942 80 4.994 8 0.499 0.8 0.050
9,000 561.852 900 56.185 90 5.619 9 0.562 0.9 0.056

10,000 624.280 1,000 62.428 100 6.243 10 0.624 1.0 0.062
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Units of Pressure and Stress 

1 lb/in2 = 0.07030697 kg/cm2

1 kg/cm2 = 14.22334 lb/in2

Table 35. Pressure and Stress Conversion Factors

1 kilogram per sq. millimeter  (kgf ⁄mm2) =
1422.32 pounds per square inch

1 kilogram per sq. centimeter  (kgf ⁄cm2) =
14.223 pounds per square inch

1 bar =
1,000,000 dynes per square centimeter
1000 millibars
100 kilopascals
750.06168 torr
1.0197162 kilogram force per sq. centime-
ter
14.50377 pounds per square inch
29.529983 inches of mercury at 0°C
10,197.162 mm water at 4°C
33.455256 feet of water at 4°C

1 millibar =
100,000 dynes per square centimeter
100 pascal

1 torr =
760 millimeters mercury
1⁄760 atmosphere
133.224 pascal
1.333224 millibar

1 pound per square inch =
144 pounds per square foot
0.068 atmosphere
2.042 inches of mercury at 62°F
27.7 inches of water at 62°F
2.31 feet of water at 62°F
0.0703 kilogram per square centimeter
6.894757 kilopascals
6894.757 pascal

1 atmosphere =
30 inches of mercury at 62°F
14.7 pounds per square inch
2116.3 pounds per square foot
33.95 feet of water at 62°F

1 foot of water at 62°F =
62.355 pounds per square foot
0.433 pound per square inch

1 inch of mercury at 62°F =
1.132 foot of water
13.58 inches of water
0.491 pound per square inch

1 inch of water =
0.0735559 inch mercury at 0°C
1.8683205 torr
0.5780367 ounce force per square inch
0.0024583 atmosphere

Table 36a. Pounds per Square Inch to Kilograms per Square Centimeter Conversion 

lb/in2 kg/cm2 lb/in2 kg/cm2 lb/in2 kg/cm2 lb/in2 kg/cm2 lb/in2 kg/cm2

1,000 70.307 100 7.031 10 0.703 1 0.070 0.1 0.007
2,000 140.614 200 14.061 20 1.406 2 0.141 0.2 0.014
3,000 210.921 300 21.092 30 2.109 3 0.211 0.3 0.021
4,000 281.228 400 28.123 40 2.812 4 0.281 0.4 0.028
5,000 351.535 500 35.153 50 3.515 5 0.352 0.5 0.035
6,000 421.842 600 42.184 60 4.218 6 0.422 0.6 0.042
7,000 492.149 700 49.215 70 4.921 7 0.492 0.7 0.049
8,000 562.456 800 56.246 80 5.625 8 0.562 0.8 0.056
9,000 632.763 900 63.276 90 6.328 9 0.633 0.9 0.063

10,000 703.070 1,000 70.307 100 7.031 10 0.703 1.0 0.070

Table 36b. Kilogram per Square Centimeter to Pounds per Square Inch Conversion

kg/cm2 lb/in2 kg/cm2 lb/in2 kg/cm2 lb/in2 kg/cm2 lb/in2 kg/cm2 lb/in2

100 1,422.33 10 142.23 1 14.22 0.1 1.42 0.01 0.14
200 2,844.67 20 284.47 2 28.45 0.2 2.84 0.02 0.28
300 4,267.00 30 426.70 3 42.67 0.3 4.27 0.03 0.43
400 5,689.34 40 568.93 4 56.89 0.4 5.69 0.04 0.57
500 7,111.67 50 711.17 5 71.12 0.5 7.11 0.05 0.71
600 8,534.00 60 853.40 6 85.34 0.6 8.53 0.06 0.85
700 9,956.34 70 995.63 7 99.56 0.7 9.96 0.07 1.00
800 11,378.67 80 1,137.87 8 113.79 0.8 11.38 0.08 1.14
900 12,801.01 90 1,280.10 9 128.01 0.9 12.80 0.09 1.28

1,000 14,223.34 100 1,422.33 10 142.23 1.0 14.22 0.10 1.42
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1 lb/ft2 = 4.882429 kg/m2

1 kg/m2 = 0.2048161 lb/ft2

1 lb/in2 = 6.894757 kPa. Note: 1 kilopascal = 1 kilonewton/meter2.

 1 kPa = 0.1450377 lb/in2. Note: 1 kilopascal = 1 kilonewton/meter2.

Table 37a. Pounds per Square Foot to Kilograms per Square Meter Conversion 

lb/ft2 kg/m2 lb/ft2 kg/m2 lb/ft2 kg/m2 lb/ft2 kg/m2 lb/ft2 kg/m2

1,000 4,882.43 100 488.24 10 48.82 1 4.88 0.1 0.49
2,000 9,764.86 200 976.49 20 97.65 2 9.76 0.2 0.98
3,000 14,647.29 300 1,464.73 30 146.47 3 14.65 0.3 1.46
4,000 19,529.72 400 1,952.97 40 195.30 4 19.53 0.4 1.95
5,000 24,412.14 500 2,441.21 50 244.12 5 24.41 0.5 2.44
6,000 29,294.57 600 2,929.46 60 292.95 6 29.29 0.6 2.93
7,000 34,177.00 700 3,417.70 70 341.77 7 34.18 0.7 3.42
8,000 39,059.43 800 3,905.94 80 390.59 8 39.06 0.8 3.91
9,000 43,941.86 900 4,394.19 90 439.42 9 43.94 0.9 4.39

10,000 48,824.28 1,000 4,882.43 100 488.24 10 48.82 1.0 4.88

Table 37b. Kilograms per Square Meter to Pounds per Square Foot Conversion

kg/m2 lb/ft2 kg/m2 lb/ft2 kg/m2 lb/ft2 kg/m2 lb/ft2 kg/m2 lb/ft2

1,000 204.82 100 20.48 10 2.05 1 0.20 0.1 0.02
2,000 409.63 200 40.96 20 4.10 2 0.41 0.2 0.04
3,000 614.45 300 61.44 30 6.14 3 0.61 0.3 0.06
4,000 819.26 400 81.93 40 8.19 4 0.82 0.4 0.08
5,000 1,024.08 500 102.41 50 10.24 5 1.02 0.5 0.10
6,000 1,228.90 600 122.89 60 12.29 6 1.23 0.6 0.12
7,000 1,433.71 700 143.37 70 14.34 7 1.43 0.7 0.14
8,000 1,638.53 800 163.85 80 16.39 8 1.64 0.8 0.16
9,000 1,843.34 900 184.33 90 18.43 9 1.84 0.9 0.18

10,000 2,048.16 1,000 204.82 100 20.48 10 2.05 1.0 0.20

Table 38a. Pounds Per Square Inch to Kilopascals Conversion

→
lb/in2 ↓

0 1 2 3 4 5 6 7 8 9
kilopascals

0 … 6.895 13.790 20.684 27.579 34.474 41.369 48.263 55.158 62.053
10 68.948 75.842 82.737 89.632 96.527 103.421 110.316 117.211 124.106 131.000
20 137.895 144.790 151.685 158.579 165.474 172.369 179.264 186.158 193.053 199.948
30 206.843 213.737 220.632 227.527 234.422 241.316 248.211 255.106 262.001 268.896
40 275.790 282.685 289.580 296.475 303.369 310.264 317.159 324.054 330.948 337.843
50 344.738 351.633 358.527 365.422 372.317 379.212 386.106 393.001 399.896 406.791
60 413.685 420.580 427.475 434.370 441.264 448.159 455.054 461.949 468.843 475.738
70 482.633 489.528 496.423 503.317 510.212 517.107 524.002 530.896 537.791 544.686
80 551.581 558.475 565.370 572.265 579.160 586.054 592.949 599.844 606.739 613.633
90 620.528 627.423 634.318 641.212 648.107 655.002 661.897 668.791 675.686 682.581

100 689.476 696.370 703.265 710.160 717.055 723.949 730.844 737.739 744.634 751.529

Table 38b. Kilopascals to Pounds Per Square Inch Conversion

→
kPa ↓

0 1 2 3 4 5 6 7 8 9
lb/in2

0 … 0.145 0.290 0.435 0.580 0.725 0.870 1.015 1.160 1.305
10 1.450 1.595 1.740 1.885 2.031 2.176 2.321 2.466 2.611 2.756
20 2.901 3.046 3.191 3.336 3.481 3.626 3.771 3.916 4.061 4.206
30 4.351 4.496 4.641 4.786 4.931 5.076 5.221 5.366 5.511 5.656
40 5.802 5.947 6.092 6.237 6.382 6.527 6.672 6.817 6.962 7.107
50 7.252 7.397 7.542 7.687 7.832 7.977 8.122 8.267 8.412 8.557
60 8.702 8.847 8.992 9.137 9.282 9.427 9.572 9.718 9.863 10.008
70 10.153 10.298 10.443 10.588 10.733 10.878 11.023 11.168 11.313 11.458
80 11.603 11.748 11.893 12.038 12.183 12.328 12.473 12.618 12.763 12.908
90 13.053 13.198 13.343 13.489 13.634 13.779 13.924 14.069 14.214 14.359

100 14.504 14.649 14.794 14.939 15.084 15.229 15.374 15.519 15.664 15.809
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Units of Force

Table 40. Force Conversion Factors

Figures in bold face indicate the conversion is exact

Table 39. Pressure and Stress Conversion Factors

To Convert 
↓
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↓ Atmosphere
Pascal 
(N/m2) Dyne/cm2 Bar Kg/cm2 Kg/m2

Psi
(lb/inch2) Pound/ft2

Inch of 
Water

Inch of 
Mercury

Millimeter
of Mercury

Ton/ft2
(Short)

Atmosphere 1 101325 1.0133 × 106 1.01325 1.03319076 10,331.9076 14.6959488 2,116.216 407.1893 29.9212 760 0.9597354

Pascal (N/m2) 9.8692 × 10−6 1 10 1 × 10−5 1.01968 × 10−5 0.101968 0.00014504 0.02088 0.004019 0.0002953 0.0075 9.472 × 10−6

Dyne/cm2 9.8692 × 10−7 0.1 1 1 × 10−6 1.01968 × 10−6 0.0101968 1.4504 × 10−5 0.002088 0.000402 2.95 × 10−5 0.00075 9.472 × 10−7

Bar 0.98692327 1 × 105 1 × 106 1 1.01968 10194.8 14.5037256 2088.5434 401.8646 29.5299 750.06168 0.9471852

Kilogram/cm2 0.96784111 98,069.982 980,699.83 0.9807 1 10000 14.2232691 2048.6123 394.0945 28.9653 735.58536 0.9289043

Kilogram/meter2 9.6787 × 10−5 9.80699 98.06998 9.807 × 10−5 0.0001 1 0.001422 0.204823 0.039409 0.002896 0.0735585 9.289 × 10−5

Psi (lb/inch2) 0.06804596 6,894.7572 68,947.573 0.068947 0.07029148 703.0446 1 144 27.70768 2.03602 51.71493 0.0653061

Pound/ft2 4.7254 × 10−4 47.88025 478.80258 0.000478 0.00048813 4.88225 0.006944 1 0.19241 0.014139 0.3591314 0.0004535

Inch of Water 0.00245586 248.8400 2488.4003 0.002488 0.00253690 25.3737 0.036091 5.19713 1 0.073482 1.866453 0.002356
Inch of Mercury 0.03342112 3386.3949 33,863.949 0.033863 0.03452401 345.3039 0.491153 70.72632 13.6087 1 25.4 0.0320754
Mm of Mercury 0.00131579 133.32236 1333.22368 0.001333 0.00135921 13.594615 0.019336 2.784495 0.53577 0.03937 1 0.0012628

Ton/ft2 (Short) 0.94508279 95760.514 957605.14 0.957605 0.9764854 9764.854 13.88888 2000 384.8277 28.27801 718.2616 1

To Convert 
↓
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↓ Dyne Gram-force Joule/cm Newton Kgf Lbf Kip Poundal Ounce-force

Dyne 1 0.00101968 0.001 0.00001 1.01968 × 10−6 2.24809 × 10−6 2.2481 × 10−9 7.233013 × 10−5 3.59694 × 10−5

Gram-force 980.7 1 0.9807 0.009807 0.001 0.0022047 2.2047 × 10−6 0.0709341 0.03527521

Joule/cm 1000 1.0196798 1 0.01 0.00101968 0.002248 2.2481 × 10−6 0.0723301 0.03596942

Newton 1 × 105 101.96798 100 1 0.101967982 0.2248089 2.2481 × 10−4 7.23301 3.596942

Kg-force 9.807 × 105 1000 980.7 9.807 1 2.2047 0.0022047 70.934129 35.2752102

Lbf 4.4482 × 105 453.57627 444.822 4.44822 0.45357626 1 0.001 32.174038 16 

Kip 4.4482 × 108 4.5357 × 105 4.4482 × 105 4448.2224 453.5762688 1000 1 32174.038 16000

Poundal 13825.50 14.097586 13.8255 0.1382555 0.014097586 0.0310809 3.1081 × 10−5 1 0.497296

Ounce-force 27801.39 28.348519 27.8013 0.278013 0.02834852 0.06250 6.25 × 10−5 2.010877 1

Machinery's Handbook 29th Edition

Copyright 2012, Industrial Press Inc., New York, NY http://industrialpress.com
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1 pound-force = 4.448222 newtons

1 newton = 0.2248089 pound-force

Units of Moment and Torque

Table 42. Bending Moment or Torque Conversion Factors

Figures in bold face indicate the conversion is exact

1 pound-inch = 0.1129848 newton-meter

Table 41a. Pounds-Force to Newtons Conversion

lbf→
↓

0 1 2 3 4 5 6 7 8 9
newtons

0 … 4.448 8.896 13.345 17.793 22.241 26.689 31.138 35.586 40.034
10 44.482 48.930 53.379 57.827 62.275 66.723 71.172 75.620 80.068 84.516
20 88.964 93.413 97.861 102.309 106.757 111.206 115.654 120.102 124.550 128.998
30 133.447 137.895 142.343 146.791 151.240 155.688 160.136 164.584 169.032 173.481
40 177.929 182.377 186.825 191.274 195.722 200.170 204.618 209.066 213.515 217.963
50 222.411 226.859 231.308 235.756 240.204 244.652 249.100 253.549 257.997 262.445
60 266.893 271.342 275.790 280.238 284.686 289.134 293.583 298.031 302.479 306.927
70 311.376 315.824 320.272 324.720 329.168 333.617 338.065 342.513 346.961 351.410
80 355.858 360.306 364.754 369.202 373.651 378.099 382.547 386.995 391.444 395.892
90 400.340 404.788 409.236 413.685 418.133 422.581 427.029 431.478 435.926 440.374

100 444.822 449.270 453.719 458.167 462.615 467.063 471.512 475.960 480.408 484.856

Table 41b. Newtons to Pounds-Force Conversion

N→
↓

0 1 2 3 4 5 6 7 8 9
pounds-force

0 … 0.22481 0.44962 0.67443 0.89924 1.12404 1.34885 1.57366 1.79847 2.02328
10 2.24809 2.47290 2.69771 2.92252 3.14732 3.37213 3.59694 3.82175 4.04656 4.27137
20 4.49618 4.72099 4.94580 5.17060 5.39541 5.62022 5.84503 6.06984 6.29465 6.51946
30 6.74427 6.96908 7.19388 7.41869 7.64350 7.86831 8.09312 8.31793 8.54274 8.76755
40 8.99236 9.21716 9.44197 9.66678 9.89159 10.1164 10.3412 10.5660 10.7908 11.0156
50 11.2404 11.4653 11.6901 11.9149 12.1397 12.3645 12.5893 12.8141 13.0389 13.2637
60 13.4885 13.7133 13.9382 14.1630 14.3878 14.6126 14.8374 15.0622 15.2870 15.5118
70 15.7366 15.9614 16.1862 16.4110 16.6359 16.8607 17.0855 17.3103 17.5351 17.7599
80 17.9847 18.2095 18.4343 18.6591 18.8839 19.1088 19.3336 19.5584 19.7832 20.0080
90 20.2328 20.4576 20.6824 20.9072 21.1320 21.3568 21.5817 21.8065 22.0313 22.2561

100 22.4809 22.7057 22.9305 23.1553 23.3801 23.6049 23.8297 24.0546 24.2794 24.5042

To Convert 
↓
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↓

Dyne-
centimeter

Kilogram-
meter

Newton-
millimeter

Newton-
meter

Ounce-
inch

Pound-
foot

Dyne-centimeter 1 1 × 10−7 0.0001 1 × 10 −7 1.416 × 10−5 7.375 × 10 −8

Kilogram-meter 9.80665 × 107 1 9806.65 9.80665 1388.78818707 7.233271722

Newton-millimeter 10,000 0.000101968 1 0.001 0.14161193 0.000737562

Newton-meter 1 × 107 0.101967982 1000 1 141.61192894 0.737562121

Ounce-inch 70615.52 0.000720052 7.061552 0.007061552 1 0.005208333
Pound-feet 13,558,180 0.138250025 1355.818 1.355818 192 1

Table 43a. Pound-Inches to Newton-Meters Conversion

lbf-in N•m lbf-in N•m lbf-in N•m lbf-in N•m lbf-in N•m

100 11.298 10 1.130 1 0.113 0.1 0.011 0.01 0.001
200 22.597 20 2.260 2 0.226 0.2 0.023 0.02 0.002
300 33.895 30 3.390 3 0.339 0.3 0.034 0.03 0.003
400 45.194 40 4.519 4 0.452 0.4 0.045 0.04 0.005
500 56.492 50 5.649 5 0.565 0.5 0.056 0.05 0.006
600 67.791 60 6.779 6 0.678 0.6 0.068 0.06 0.007
700 79.089 70 7.909 7 0.791 0.7 0.079 0.07 0.008
800 90.388 80 9.039 8 0.904 0.8 0.090 0.08 0.009
900 101.686 90 10.169 9 1.017 0.9 0.102 0.09 0.010

1000 112.985 100 11.298 10 1.130 1.0 0.113 0.10 0.011
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1 newton meter = 8.850748 pound-inches

Poundal.—The expression “poundal” is sometimes used in connection with calculations
in mechanics. Many mechanical handbooks, however, do not define it, because of its lim-
ited use. A poundal is a unit of force, and is defined as that force which, acting on a mass of
one pound for one second, produces a velocity of one foot per second. A foot-poundal is a
unit of energy equal to the energy resulting when a force of one poundal acts through a dis-
tance of one foot. In order to reduce foot-poundals to foot-pounds, multiply the number of
foot-poundals by 0.03108. Dividing the number of foot-poundals by 32.16 (acceleration
due to gravity) will also give foot-pounds.

Units of Energy, Power, and Heat 

Table 43b. Newton-Meters to Pound-Inches Conversion

N•m lbf-in N•m lbf-in N•m lbf-in N•m lbf-in N•m lbf-in

100 885.07 10 88.51 1 8.85 0.1 0.89 0.01 0.09
200 1770.15 20 177.01 2 17.70 0.2 1.77 0.02 0.18
300 2655.22 30 265.52 3 26.55 0.3 2.66 0.03 0.27
400 3540.30 40 354.03 4 35.40 0.4 3.54 0.04 0.35
500 4425.37 50 442.54 5 44.25 0.5 4.43 0.05 0.44
600 5310.45 60 531.04 6 53.10 0.6 5.31 0.06 0.53
700 6195.52 40 619.55 7 61.96 0.7 6.20 0.07 0.62
800 7080.60 80 708.06 8 70.81 0.8 7.08 0.08 0.71
900 7965.67 90 796.57 9 79.66 0.9 7.97 0.09 0.80

1000 8850.75 100 885.07 10 88.51 1.0 8.85 0.10 0.89

Table 44a. Energy Conversion Factors

1 horsepower-hour =
0.746 kilowatt-hour
1,980,000 foot-pounds
2545 Btu (British thermal units)
2.64 pounds of water evaporated at 212°F
17 pounds of water raised from 62° to 212°F

1 kilowatt-hour =
1000 watt-hours
1.34 horsepower-hour
2,655,200 foot-pounds
3,600,000 joules
3415 Btu
3.54 pounds of water evaporated at 212°F
22.8 pounds of water raised from 62° to 212°F

Table 44b. Power Conversion Factors

1 horsepower =
746 watts
0.746 kilowatt
33,000 foot-pounds/minute
550 foot-pounds/second
2545 Btu/hour
42.4 Btu/minute
0.71 Btu/second
2.64 pounds of water evapo-

rated per hour at 212°F

1 kilowatt =
1000 watts
1.34 horsepower
2,654,200 foot-pounds/hour
44,200 foot-pounds/minute
737 foot-pounds/second
3415 Btu/hour
57 Btu/minute
0.95 Btu/second
3.54 pounds of water evapo-

rated per hour at 212°F

1 watt =
1 joule/second
0.00134 horsepower
0.001 kilowatt
3.42 Btu/hour
44.22 foot-pounds/minute
0.74 foot-pounds/second
0.0035 pound of water evapo-

rated per hour at 212°F

Table 44c. Heat Conversion Factors

1 Btu (British thermal unit) =
1052 watt-seconds
778 foot-pounds
0.252 kilogram-calorie
0.000292 kilowatt-hour
0.000393, horsepower-hour
0.00104 pound of water evap-

orated at 212°F
1 kilogram calorie = 3.968 Btu

1 foot-pound =
1.36 joules
0.000000377 kilowatt-hour
0.00129 Btu
0.0000005 horsepower-hour

1 kilogram-meter =
7.233 foot-pounds

1 joule =
1 watt-second
0.00000078 kilowatt-hour
0.00095 Btu
0.74 foot-pound

1 therm =
100,000 Btu (US)
29.3 kilowatt-hour
105.5 megajoule
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1 Btu = 778.26 ft•lb, conversion factor defined by International Steam Table Conference, 1929.

1 ft•lb = 0.00128492 Btu, conversion factor defined by International Steam Table Conference,
1929.

1 Btu = 1055.056 joules

Table 45a. British Thermal Units to Foot-Pounds

Btu Ft•lb Btu Ft•lb Btu Ft•lb Btu Ft•lb Btu Ft•lb

100 77,826 10 7,783 1 778 0.1 78 0.01 8
200 155,652 20 15,565 2 1,557 0.2 156 0.02 16
300 233,478 30 23,348 3 2,335 0.3 233 0.03 23
400 311,304 40 31,130 4 3,113 0.4 311 0.04 31
500 389,130 50 38,913 5 3,891 0.5 389 0.05 39
600 466,956 60 46,696 6 4,670 0.6 467 0.06 47
700 544,782 70 54,478 7 5,448 0.7 545 0.07 54
800 622,608 80 62,261 8 6,226 0.8 623 0.08 62
900 700,434 90 70,043 9 7,004 0.9 700 0.09 70

1,000 778,260 100 77,826 10 7,783 1.0 778 0.10 78

Table 45b. Foot-Pounds to British Thermal Units

Ft•lb Btu Ft•lb Btu Ft•lb Btu Ft•lb Btu Ft•lb Btu

10,000 12.849 1,000 1.285 100 0.128 10 0.013 1 0.001
20,000 25.698 2,000 2.570 200 0.257 20 0.026 2 0.003
30,000 38.548 3,000 3.855 300 0.385 30 0.039 3 0.004
40,000 51.397 4,000 5.140 400 0.514 40 0.051 4 0.005
50,000 64.246 5,000 6.425 500 0.642 50 0.064 5 0.006
60,000 77.095 6,000 7.710 600 0.771 60 0.077 6 0.008
70,000 89.944 7,000 8.994 700 0.899 70 0.090 7 0.009
80,000 102.794 8,000 10.279 800 1.028 80 0.103 8 0.010
90,000 115.643 9,000 11.564 900 1.156 90 0.116 9 0.012

100,000 128.492 10,000 12.849 1,000 1.285 100 0.128 10 0.013

Table 46a. British Thermal Units to Kilojoules

Btu→
↓

0 100 200 300 400 500 600 700 800 900
kilojoules

0 … 105.51 211.01 316.52 422.02 527.53 633.03 738.54 844.04 949.55
1000 1055.06 1160.56 1266.07 1371.57 1477.08 1582.58 1688.09 1793.60 1899.10 2004.61
2000 2110.11 2215.62 2321.12 2426.63 2532.13 2637.64 2743.15 2848.65 2954.16 3059.66
3000 3165.17 3270.67 3376.18 3481.68 3587.19 3692.70 3798.20 3903.71 4009.21 4114.72
4000 4220.22 4325.73 4431.24 4536.74 4642.25 4747.75 4853.26 4958.76 5064.27 5169.77
5000 5275.28 5380.79 5486.29 5591.80 5697.30 5802.81 5908.31 6013.82 6119.32 6224.83
6000 6330.34 6435.84 6541.35 6646.85 6752.36 6857.86 6963.37 7068.88 7174.38 7279.89
7000 7385.39 7490.90 7596.40 7701.91 7807.41 7912.92 8018.43 8123.93 8229.44 8334.94
8000 8440.45 8545.95 8651.46 8756.96 8862.47 8967.98 9073.48 9178.99 9284.49 9390.00
9000 9495.50 9601.01 9706.52 9812.02 9917.53 10023.0 10128.5 10234.0 10339.5 10445.1

10000 10550.6 … … … … … … … … …

Table 46b. Kilojoules to British Thermal Units

kJ→
↓

0 100 200 300 400 500 600 700 800 900
British Thermal Units

0 … 94.78 189.56 284.35 379.13 473.91 568.69 663.47 758.25 853.04
1000 947.82 1042.60 1137.38 1232.16 1326.94 1421.73 1516.51 1611.29 1706.07 1800.85
2000 1895.63 1990.42 2085.20 2179.98 2274.76 2369.54 2464.32 2559.11 2653.89 2748.67
3000 2843.45 2938.23 3033.01 3127.80 3222.58 3317.36 3412.14 3506.92 3601.70 3696.49
4000 3791.27 3886.05 3980.83 4075.61 4170.39 4265.18 4359.96 4454.74 4549.52 4644.30
5000 4739.08 4833.87 4928.65 5023.43 5118.21 5212.99 5307.78 5402.56 5497.34 5592.12
6000 5686.90 5781.68 5876.47 5971.25 6066.03 6160.81 6255.59 6350.37 6445.16 6539.94
7000 6634.72 6729.50 6824.28 6919.06 7013.85 7108.63 7203.41 7298.19 7392.97 7487.75
8000 7582.54 7677.32 7772.10 7866.88 7961.66 8056.44 8151.23 8246.01 8340.79 8435.57
9000 8530.35 8625.13 8719.92 8814.70 8909.48 9004.26 9099.04 9193.82 9288.61 9383.39

10000 9478.17 … … … … … … … … …
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1 joule = 0.0009478170 Btu

1 hp = 0.7456999 kW, based on 1 horsepower = 550 foot-pounds per second.

1 kW = 1.341022 hp, based on 1 horsepower = 550 foot-pounds per second.

1 foot-pound = 1.355818 joules

1 joule = 0.7375621 foot-pound

Table 47a. Horsepower to Kilowatts Conversion

hp kW hp kW hp kW hp kW hp kW

1,000 745.7 100 74.6 10 7.5 1 0.7 0.1 0.07
2,000 1,491.4 200 149.1 20 14.9 2 1.5 0.2 0.15
3,000 2,237.1 300 223.7 30 22.4 3 2.2 0.3 0.22
4,000 2,982.8 400 298.3 40 29.8 4 3.0 0.4 0.30
5,000 3,728.5 500 372.8 50 37.3 5 3.7 0.5 0.37
6,000 4,474.2 600 447.4 60 44.7 6 4.5 0.6 0.45
7,000 5,219.9 700 522.0 70 52.2 7 5.2 0.7 0.52
8,000 5,965.6 800 596.6 80 59.7 8 6.0 0.8 0.60
9,000 6,711.3 900 671.1 90 67.1 9 6.7 0.9 0.67

10,000 7,457.0 1,000 745.7 100 74.6 10 7.5 1.0 0.75

Table 47b. Kilowatts to Horsepower Conversion

kW hp kW hp kW hp kW hp kW hp

1,000 1,341.0 100 134.1 10 13.4 1 1.3 0.1 0.13
2,000 2,682.0 200 268.2 20 26.8 2 2.7 0.2 0.27
3,000 4,023.1 300 402.3 30 40.2 3 4.0 0.3 0.40
4,000 5,364.1 400 536.4 40 53.6 4 5.4 0.4 0.54
5,000 6,705.1 500 670.5 50 67.1 5 6.7 0.5 0.67
7,000 9,387.2 700 938.7 70 93.9 7 9.4 0.7 0.94
8,000 10,728.2 800 1,072.8 80 107.3 8 10.7 0.8 1.07
9,000 12,069.2 900 1,206.9 90 120.7 9 12.1 0.9 1.21

10,000 13,410.2 1,000 1,341.0 100 134.1 10 13.4 1.0 1.34

Table 48a. Foot-Pounds to Joules Conversion

ft•lb→
↓

0 1 2 3 4 5 6 7 8 9
joules

0 … 1.356 2.712 4.067 5.423 6.779 8.135 9.491 10.847 12.202
10 13.558 14.914 16.270 17.626 18.981 20.337 21.693 23.049 24.405 25.761
20 27.116 28.472 29.828 31.184 32.540 33.895 35.251 36.607 37.963 39.319
30 40.675 42.030 43.386 44.742 46.098 47.454 48.809 50.165 51.521 52.877
40 54.233 55.589 56.944 58.300 59.656 61.012 62.368 63.723 65.079 66.435
50 67.791 69.147 70.503 71.858 73.214 74.570 75.926 77.282 78.637 79.993
60 81.349 82.705 84.061 85.417 86.772 88.128 89.484 90.840 92.196 93.551
70 94.907 96.263 97.619 98.975 100.331 101.686 103.042 104.398 105.754 107.110
80 108.465 109.821 111.177 112.533 113.889 115.245 116.600 117.956 119.312 120.668
90 122.024 123.379 124.735 126.091 127.447 128.803 130.159 131.514 132.870 134.226

100 135.582 136.938 138.293 139.649 141.005 142.361 143.717 145.073 146.428 147.784

Table 48b. Joules to Foot-Pounds Conversion

J→
↓

0 1 2 3 4 5 6 7 8 9
foot-pounds

0 … 0.7376 1.4751 2.2127 2.9502 3.6878 4.4254 5.1629 5.9005 6.6381
10 7.3756 8.1132 8.8507 9.5883 10.3259 11.0634 11.8010 12.5386 13.2761 14.0137
20 14.7512 15.4888 16.2264 16.9639 17.7015 18.4391 19.1766 19.4142 20.6517 21.3893
30 22.1269 22.8644 23.6020 24.3395 25.0771 25.8147 26.5522 27.2898 28.0274 28.7649
40 29.5025 30.2400 30.9776 31.7152 32.4527 33.1903 33.9279 34.6654 35.4030 36.1405
50 36.8781 37.6157 38.3532 39.0908 39.8284 40.5659 41.3035 42.0410 42.7786 43.5162
60 44.2537 44.9913 45.7289 46.4664 47.2040 47.9415 48.6791 49.4167 50.1542 50.8918
70 51.6293 52.3669 53.1045 53.8420 54.5796 55.3172 56.0547 56.7923 57.5298 58.2674
80 59.0050 59.7425 60.4801 61.2177 61.9552 62.6928 63.4303 64.1679 64.9055 65.6430
90 66.3806 67.1182 67.8557 68.5933 69.3308 70.0684 70.8060 71.5435 72.2811 73.0186

100 73.7562 74.4938 75.2313 75.9689 76.7065 77.4440 78.1816 78.9191 79.6567 80.3943
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Table 49. Power Conversion Factors

Figures in bold face indicate the conversion is exact

Table 50. Energy and Work Conversion Factors

Figures in bold face indicate the conversion is exact

To Convert 
↓

M
ul

tip
ly

 B
y 

T
hi

s 
Fa

ct
or

, T
o 

O
bt

ai
n 

↓ Horsepower Watts Kilowatts HP (metric) Kgf•m/s Ft•Lbf/s Ft•Lbf/min Calories/sec Btu/sec Btu/hr
Horsepower 1 745.699 0.745699 1.0138681 76.04 550 33000 178.1 0.7068 2544.48
Watts 0.00134024 1 0.001 0.0013596 0.1019714 0.7375630 44.253727 0.2388363 0.0009478 3.4122
Kilowatts 1.34102365 1000 1 1.3596196 101.9713158 737.563011 44253.727270 238.836025 0.9478344 3412.20
HP (metric) 0.9863215 735.499 0.735499 1 75 542.476857 32548.61114 175.663869 0.6971321 2509.6754
Kgf-m/s 0.01315097 9.8066 0.0098067 0.0133334 1 7.2330352 433.982114 2.3421883 0.0092951 33.4623

Ft•lbf/s 0.00181818 1.35581 0.0013558 0.0018434 0.1382545 1 60 0.3238181 0.0012851 4.6263

Ft•lbf/min 3.0303 × 10−5 0.02259 2.2596 × 10−5 3.07233 × 10−5 0.0023042 0.0166667 1 0.0053969 2.1418 × 10−5 0.077105

Calories/sec 0.00561482 4.18696 0.0041869 0.0056927 0.4269512 3.0881527 185.288916 1 0.0039686 14.2868
Btu/sec 1.41482739 1055.035 1.0550353 1.4344484 107.5834748 778.155065 46689.3039 252 1 3600

Btu/hr 0.0003930 0.29306 0.0002931 0.0003985 0.0298843 0.2161542 12.969251 0.069994 0.0002778 1

To Convert 
↓

M
ul

tip
ly

 B
y 

T
hi

s 
Fa

ct
or

, T
o 

O
bt

ai
n 

↓ Joules Ft•lbf Ft-Poundal Btu Kg-m Calories Watt-hour Erg Therm HP-hours HP-hours (m)

Joules 1 0.73756 23.7303 0.0009478 0.101972 0.2388458 0.00027778 1 × 107 9.478 × 10−9 3.725 × 10−7 3.7764 × 10−7

Ft•lbf 1.355818 1 32.1740 0.00128506 0.138255 0.3238316 0.00037661 1.356 × 107 1.285 × 10−8 5.0505 × 10−7 5.1201 × 10−7

Ft-Poundal 0.04214 0.03108 1 3.994 × 10−5 0.0042971 0.010065 1.1705 × 10−5 4.214 × 105 3.994 × 10−10 1.5697 × 10−8 1.5914 × 10−8

Btu 1055.055 778.1692 25036.8174 1 107.5875 252 0.29307071 1.055 × 1010 1 × 10−5 0.0003930 0.0003984

Kg-m 9.80665 7.233013 232.714987 0.00929524 1 2.342278 0.00272416 9.807 × 107 9.294 × 10−8 3.653 × 10−6 3.703 × 10−6

Calories 4.1868 3.088025 99.35427 0.00396832 0.42691934 1 0.001163 4.187 × 107 3.968 × 10−8 1.5596 × 10−6 1.5811 × 10−6

Watt-Hour 3600 2655.2237 85429.168 3.4121416 367.09783 859.845227 1 3.6 × 1010 3.412 × 10−5 0.001341 0.0013595

Erg 1 × 10−7 7.375 × 10−8 2.373 × 10−6 9.478 × 10−11 1.0197 × 10−8 2.3884 × 10−8 2.778 × 10−11 1 9.478 × 10−16 3.725 × 10−14 3.776 × 10−14

Therm 1.055 × 108 7.781 × 107 2.503 × 107 1 × 105 1.0758 × 107 2.5196 × 107 29307.222 1.055 × 1015 1 39.3020 39.843655

HP-hours 2.6845 × 106 1.9799 × 106 6.3704 × 107 2544.4150 2.7374 × 105 6.4118 × 105 745.6944 2.685 × 1013 0.025444 1 1.0137839

HP-hours (m) 2.648 × 106 1.953 × 106 6.2837 × 107 2509.8197 2.70 × 105 6.3246 × 105 735.555 2.648 × 1013 0.025098 0.9864034 1
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Table 51. Thermal Conductance Conversion Factors

Figures in bold face indicate the conversion is exact

Conduction.—Whenever the molecules of a working substance, whether liquid, solid, or vapor, are restrained so that no appreciable relative trans-
latory motion occurs among them, the kinetic energies of the various molecules will be largely due to vibration. If a temperature difference exists in
the working substance, some adjacent molecules will necessarily be at different temperatures hence will possess different degrees of vibratory
motion. In this case the molecule which is vibrating most rapidly will transfer some of its motion to the slower-moving molecule next to it, the one
then undergoing a decrease in temperature and the other an increase. In this way, thermal energy will be transferred by the mechanism of conduction
from the region of higher to the region of lower temperature. The process will continue spontaneously until the entire system has reached a uniform
equilibrium temperature.

In contrast to radiation, conduction only occurs when a working substance is present and when the molecules of that working substance retain
practically fixed positions with respect to one another. Thus, conductive heat flow would always occur through solids, but would take place in liquids
and vapors only if special conditions prevented or greatly reduced the normal translatory motion of the molecules within these materials.

Fuel Oil, Coal and Gas Equivalents.—One gallon of fuel oil equals 13.1 pounds of coal, equals 160 cubic feet of natural gas. One barrel of fuel oil
equals 0.278 ton of coal, equals 6806 cubic feet of natural gas. One pound of fuel oil equals 1.75 pounds of coal, equals 21.3 cubic feet of natural gas.
One pound of coal equals 0.763 gallon of oil, equals 12.2 cubic feet of natural gas. One ton of coal equals 3.6 barrels of oil, equals 24,500 cubic feet
of natural gas. The heating value of the average mid-continent fuel oil having a Baume gravity of 26.9 is 19,376 British thermal units per pound of
oil, and 143,950 British thermal units per gallon of oil. The specific gravity and the heat value may be expressed approximately by means of a simple
formula, as follows: BTU per pound = 18,650 + 40 × (Degrees Baume − 10).

To Convert 
↓
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↓ Btu•ft/(h•ft2•°F) Btu•in/(h•ft2•°F) Btu•in/(sec•ft2•°F) Cal/(cm•s•°C) Kcal/(cm•s•°C) Kcal/(m•h•°C) Erg/(cm•s•°C) Joules/(m•h•°C) Watt/(ft•°C) Watt/(m•°K)

Btu•ft/(h•ft2•°F) 1 12 0.00333333 0.00413385 4.13386 × 10−6 1.488188976 173076.378 6230.0055 0.5274738 1.73056

Btu•in/(h•ft2•°F) 0.083333 1 0.000277778 0.00034448 3.44448 × 10−7 0.124015748 14423.0315 519.25573 0.04395615 0.14421

Btu•in/(sec•ft2•°F) 300 3600 1 1.24001574 0.001240157 446.4566929 5.1925 × 107 1.8693 × 106 158.24214 519.167

Cal/(cm•s•°C) 241.9047 2902.8571 0.806349 1 0.001 360 4.1868 × 107 1.507 × 106 127.598424 418.63

Kcal/(cm•s•°C) 2.419 × 105 2.902 × 106 806.3492 1000 1 360000 4.1868 × 1010 1.507 × 109 1.276 × 105 4.1863 × 105

Kcal/(m•h•°C) 0.671957 8.063349 0.00223985 0.00277778 2.77778 × 10−6 1 116300 4186.8 0.35444 1.16286

Erg/(cm• s•°C) 5.7778 × 10−6 6.933 × 10−5 1.92593 × 10−8 2.3884 × 10−8 2.3884 × 10−11 8.5984 × 10−6 1 0.036 3.0476 × 10−6 1 × 10−5

Joules/(m•h•°C) 1.6051 × 10−4 0.00192616 5.35045 × 10−7 6.6354 × 10−7 6.6354 × 10−10 0.000238874 27.781095 1 8.4666 × 10−5 2.7777 × 10−4

Watt/(ft•°C) 1.895828 22.75 0.006319429 0.00783708 7.83709 × 10−6 2.821351461 328123.1749 11811.024 1 3.28

Watt/(m•°K) 0.5778486 6.934183 0.001926162 0.002388744 2.38874 × 10−6 0.859947925 1 × 105 3600 0.304878 1
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Units of Temperature

There are two thermometer scales in general use: the Fahrenheit (F), which is used in the
United States and in other countries still using the English system of units, and the Celsius
(C) or Centigrade used throughout the rest of the world.

In the Fahrenheit thermometer, the freezing point of water is marked at 32 degrees on the
scale and the boiling point, at atmospheric pressure, at 212 degrees. The distance between
these two points is divided into 180 degrees. On the Celsius scale, the freezing point of
water is at 0 degrees and the boiling point at 100 degrees. The following formulas may be
used for converting temperatures given on any one of the scales to the other scale:

Tables on the pages that follow can be used to convert degrees Celsius into degrees Fahr-
enheit or vice versa. In the event that the conversions are not covered in the tables, use
those applicable portions of the formulas given above for converting.

Table 52. Temperature Conversion Fomulas

Absolute Temperature and Absolute Zero.—A point has been determined on the ther-
mometer scale, by theoretical considerations, that is called the absolute zero and beyond
which a further decrease in temperature is inconceivable. This point is located at −273.15
degrees Celsius or −459.67 degrees F. A temperature reckoned from this point, instead of
from the zero on the ordinary thermometers, is called absolute temperature. Absolute tem-
perature in degrees C is known as “degrees Kelvin” or the “Kelvin scale” (K) and absolute
temperature in degrees F is known as “degrees Rankine” or the “Rankine scale” (R).

Measures of the Quantity of Thermal Energy.—The unit of quantity of thermal energy
used in the United States is the British thermal unit, which is the quantity of heat or thermal
energy required to raise the temperature of one pound of pure water one degree F. (Ameri-
can National Standard abbreviation, Btu; conventional British symbol, B.Th.U.) The
French thermal unit, or kilogram calorie, is the quantity of heat or thermal energy required
to raise the temperature of one kilogram of pure water one degree C. One kilogram calorie
= 3.968 British thermal units = 1000 gram calories. The number of foot-pounds of mechan-
ical energy equivalent to one British thermal unit is called the mechanical equivalent of
heat, and equals 778 foot-pounds.

In the modern metric or SI system of units, the unit for thermal energy is the joule (J); a
commonly used multiple being the kilojoule (kJ), or 1000 joules. See page 2656 for an
explanation of the SI System. One kilojoule = 0.9478 Btu. Also in the SI System, the watt
(W), equal to joule per second (J/s), is used for power, where one watt = 3.412 Btu per hour.

To Convert To Use Formula To Convert To Use Formula

Celsius, tC

°K, tK tK = tC + 273.15

Kelvin, tK

°C, tC tC = tK − 273.15

°F, tF tF = 1.8 tC + 32 °F, tF tF = 1.8 tK − 459.67

°R, tR tR = 9(tC + 273.15)/5 °R, tR tR = 9/5 × tK

Fahrenheit, tF

°K, tK tK = (tF + 459.67)/1.8

Rankine, tR

°K, tK tK = 5/9 × tR

°C, tC tC = (tF − 32)/1.8 °C, tC tC = 5/9 × tR − 273.15

°R, tR tR = tF + 459.67 °F, tF tF = tR − 459.67

 Degrees Fahrenheit 9 degrees C×
5

--------------------------------- 32+=

 Degrees Celsius 5 degrees F 32–( )×
9

-------------------------------------------------=

 Degrees Kelvin degrees C 273.15+=

Degrees Rankine degrees F 459.67+=
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Table 53.  °C → °F and °R Temperature Conversion °F → °C and °K

°K °C °F °R °K °C °F °R °K °C °F °R

0.0 −273.2 −459.7 … … 261.5 −11.7 11 51.8 511.5 293.7 20.6 69 156.2 615.9
5.4 −267.8 −450 … … 262.0 −11.1 12 53.6 513.3 294.3 21.1 70 158.0 617.7
10.9 −262.2 −440 … … 262.6 −10.6 13 55.4 515.1 294.8 21.7 71 159.8 619.5
16.5 −256.7 −430 … … 263.2 −10.0 14 57.2 516.9 295.4 22.2 72 161.6 621.3
22.0 −251.1 −420 … … 263.7 −9.4 15 59.0 518.7 295.9 22.8 73 163.4 623.1
27.6 −245.6 −410 … … 264.3 −8.9 16 60.8 520.5 296.5 23.3 74 165.2 624.9
33.2 −240.0 −400 … … 264.8 −8.3 17 62.6 522.3 297.0 23.9 75 167.0 626.7
38.7 −234.4 −390 … … 265.4 −7.8 18 64.4 524.1 297.6 24.4 76 168.8 628.5
44.3 −228.9 −380 … … 265.9 −7.2 19 66.2 525.9 298.2 25.0 77 170.6 630.3
49.8 −223.3 −370 … … 266.5 −6.7 20 68.0 527.7 298.7 25.6 78 172.4 632.1
55.4 −217.8 −360 … … 267.0 −6.1 21 69.8 529.5 299.3 26.1 79 174.2 633.9
60.9 −212.2 −350 … … 267.6 −5.6 22 71.6 531.3 299.8 26.7 80 176.0 635.7
66.5 −206.7 −340 … … 268.2 −5.0 23 73.4 533.1 300.4 27.2 81 177.8 637.5
72.0 −201.1 −330 … … 268.7 −4.4 24 75.2 534.9 300.9 27.8 82 179.6 639.3
77.6 −195.6 −320 … … 269.3 −3.9 25 77.0 536.7 301.5 28.3 83 181.4 641.1
83.2 −190.0 −310 … … 269.8 −3.3 26 78.8 538.5 302.0 28.9 84 183.2 642.9
88.7 −184.4 −300 … … 270.4 −2.8 27 80.6 540.3 302.6 29.4 85 185.0 644.7
94.3 −178.9 −290 … … 270.9 −2.2 28 82.4 542.1 303.2 30.0 86 186.8 646.5
99.8 −173.3 −280 … … 271.5 −1.7 29 84.2 543.9 303.7 30.6 87 188.6 648.3

103.6 −169.5 −273.2 −459.7 0.0 272.0 −1.1 30 86.0 545.7 304.3 31.1 88 190.4 650.1
105.4 −167.8 −270 −454.0 5.7 272.6 −0.6 31 87.8 547.5 304.8 31.7 89 192.2 651.9
110.9 −162.2 −260 −436.0 23.7 273.2 0.0 32 89.6 549.3 305.4 32.2 90 194.0 653.7
116.5 −156.7 −250 −418.0 41.7 273.7 0.6 33 91.4 551.1 305.9 32.8 91 195.8 655.5
122.0 −151.1 −240 −400.0 59.7 274.3 1.1 34 93.2 552.9 306.5 33.3 92 197.6 657.3
127.6 −145.6 −230 −382.0 77.7 274.8 1.7 35 95.0 554.7 307.0 33.9 93 199.4 659.1
133.2 −140.0 −220 −364.0 95.7 275.4 2.2 36 96.8 556.5 307.6 34.4 94 201.2 660.9
138.7 −134.4 −210 −346.0 113.7 275.9 2.8 37 98.6 558.3 308.2 35.0 95 203.0 662.7
144.3 −128.9 −200 −328.0 131.7 276.5 3.3 38 100.4 560.1 308.7 35.6 96 204.8 664.5
149.8 −123.3 −190 −310.0 149.7 277.0 3.9 39 102.2 561.9 309.3 36.1 97 206.6 666.3
155.4 −117.8 −180 −292.0 167.7 277.6 4.4 40 104.0 563.7 309.8 36.7 98 208.4 668.1
160.9 −112.2 −170 −274.0 185.7 278.2 5.0 41 105.8 565.5 310.4 37.2 99 210.2 669.9
166.5 −106.7 −160 −256.0 203.7 278.7 5.6 42 107.6 567.3 310.9 37.8 100 212.0 671.7
172.0 −101.1 −150 −238.0 221.7 279.3 6.1 43 109.4 569.1 311.5 38.3 101 213.8 673.5
177.6 −95.6 −140 −220.0 239.7 279.8 6.7 44 111.2 570.9 312.0 38.9 102 215.6 675.3
183.2 −90.0 −130 −202.0 257.7 280.4 7.2 45 113.0 572.7 312.6 39.4 103 217.4 677.1
188.7 −84.4 −120 −184.0 275.7 280.9 7.8 46 114.8 574.5 313.2 40.0 104 219.2 678.9
194.3 −78.9 −110 −166.0 293.7 281.5 8.3 47 116.6 576.3 313.7 40.6 105 221.0 680.7
199.8 −73.3 −100 −148.0 311.7 282.0 8.9 48 118.4 578.1 314.3 41.1 106 222.8 682.5
205.4 −67.8 −90 −130.0 329.7 282.6 9.4 49 120.2 579.9 314.8 41.7 107 224.6 684.3
210.9 −62.2 −80 −112.0 347.7 283.2 10.0 50 122.0 581.7 315.4 42.2 108 226.4 686.1
216.5 −56.7 −70 −94.0 365.7 283.7 10.6 51 123.8 583.5 315.9 42.8 109 228.2 687.9
222.0 −51.1 −60 −76.0 383.7 284.3 11.1 52 125.6 585.3 316.5 43.3 110 230.0 689.7
227.6 −45.6 −50 −58.0 401.7 284.8 11.7 53 127.4 587.1 317.0 43.9 111 231.8 691.5
233.2 −40.0 −40 −40.0 419.7 285.4 12.2 54 129.2 588.9 317.6 44.4 112 233.6 693.3
238.7 −34.4 −30 −22.0 437.7 285.9 12.8 55 131.0 590.7 318.2 45.0 113 235.4 695.1
244.3 −28.9 −20 −4.0 455.7 286.5 13.3 56 132.8 592.5 318.7 45.6 114 237.2 696.9
249.8 −23.3 −10 14.0 473.7 287.0 13.9 57 134.6 594.3 319.3 46.1 115 239.0 698.7
255.4 −17.8 0 32.0 491.7 287.6 14.4 58 136.4 596.1 319.8 46.7 116 240.8 700.5
255.9 −17.2 1 33.8 493.5 288.2 15.0 59 138.2 597.9 320.4 47.2 117 242.6 702.3
256.5 −16.7 2 35.6 495.3 288.7 15.6 60 140.0 599.7 320.9 47.8 118 244.4 704.1
257.0 −16.1 3 37.4 497.1 289.3 16.1 61 141.8 601.5 321.5 48.3 119 246.2 705.9
257.6 −15.6 4 39.2 498.9 289.8 16.7 62 143.6 603.3 322.0 48.9 120 248.0 707.7
258.2 −15.0 5 41.0 500.7 290.4 17.2 63 145.4 605.1 322.6 49.4 121 249.8 709.5
258.7 −14.4 6 42.8 502.5 290.9 17.8 64 147.2 606.9 323.2 50.0 122 251.6 711.3
259.3 −13.9 7 44.6 504.3 291.5 18.3 65 149.0 608.7 323.7 50.6 123 253.4 713.1
259.8 −13.3 8 46.4 506.1 292.0 18.9 66 150.8 610.5 324.3 51.1 124 255.2 714.9
260.4 −12.8 9 48.2 507.9 292.6 19.4 67 152.6 612.3 324.8 51.7 125 257.0 716.7
260.9 −12.2 10 50.0 509.7 293.2 20.0 68 154.4 614.1 325.4 52.2 126 258.8 718.5



TEMPERATURE 2697

325.9 52.8 127 260.6 720.3 357.6 84.4 184 363.2 822.9 741.5 468.3 875 1607.0 2066.7
326.5 53.3 128 262.4 722.1 358.2 85.0 185 365.0 824.7 755.4 482.2 900 1652.0 2111.7
327.0 53.9 129 264.2 723.9 358.7 85.6 186 366.8 826.5 769.3 496.1 925 1697.0 2156.7
327.6 54.4 130 266.0 725.7 359.3 86.1 187 368.6 828.3 783.2 510.0 950 1742.0 2201.7
328.2 55.0 131 267.8 727.5 359.8 86.7 188 370.4 830.1 797.0 523.9 975 1787.0 2246.7
328.7 55.6 132 269.6 729.3 360.4 87.2 189 372.2 831.9 810.9 537.8 1000 1832.0 2291.7
329.3 56.1 133 271.4 731.1 360.9 87.8 190 374.0 833.7 838.7 565.6 1050 1922.0 2381.7
329.8 56.7 134 273.2 732.9 361.5 88.3 191 375.8 835.5 866.5 593.3 1100 2012.0 2471.7
330.4 57.2 135 275.0 734.7 362.0 88.9 192 377.6 837.3 894.3 621.1 1150 2102.0 2561.7
330.9 57.8 136 276.8 736.5 362.6 89.4 193 379.4 839.1 922.0 648.9 1200 2192.0 2651.7
331.5 58.3 137 278.6 738.3 363.2 90.0 194 381.2 840.9 949.8 676.7 1250 2282.0 2741.7
332.0 58.9 138 280.4 740.1 363.7 90.6 195 383.0 842.7 977.6 704.4 1300 2372.0 2831.7
332.6 59.4 139 282.2 741.9 364.3 91.1 196 384.8 844.5 1005.4 732.2 1350 2462.0 2921.7
333.2 60.0 140 284.0 743.7 364.8 91.7 197 386.6 846.3 1033.2 760.0 1400 2552.0 3011.7
333.7 60.6 141 285.8 745.5 365.4 92.2 198 388.4 848.1 1060.9 787.8 1450 2642.0 3101.7
334.3 61.1 142 287.6 747.3 365.9 92.8 199 390.2 849.9 1088.7 815.6 1500 2732.0 3191.7
334.8 61.7 143 289.4 749.1 366.5 93.3 200 392.0 851.7 1116.5 843.3 1550 2822.0 3281.7
335.4 62.2 144 291.2 750.9 367.0 93.9 201 393.8 853.5 1144.3 871.1 1600 2912.0 3371.7
335.9 62.8 145 293.0 752.7 367.6 94.4 202 395.6 855.3 1172.0 898.9 1650 3002.0 3461.7
336.5 63.3 146 294.8 754.5 368.2 95.0 203 397.4 857.1 1199.8 926.7 1700 3092.0 3551.7
337.0 63.9 147 296.6 756.3 368.7 95.6 204 399.2 858.9 1227.6 954.4 1750 3182.0 3641.7
337.6 64.4 148 298.4 758.1 369.3 96.1 205 401.0 860.7 1255.4 982.2 1800 3272.0 3731.7
338.2 65.0 149 300.2 759.9 369.8 96.7 206 402.8 862.5 1283.2 1010.0 1850 3362.0 3821.7
338.7 65.6 150 302.0 761.7 370.4 97.2 207 404.6 864.3 1310.9 1037.8 1900 3452.0 3911.7
339.3 66.1 151 303.8 763.5 370.9 97.8 208 406.4 866.1 1338.7 1065.6 1950 3542.0 4001.7
339.8 66.7 152 305.6 765.3 371.5 98.3 209 408.2 867.9 1366.5 1093.3 2000 3632.0 4091.7
340.4 67.2 153 307.4 767.1 372.0 98.9 210 410.0 869.7 1394.3 1121.1 2050 3722.0 4181.7
340.9 67.8 154 309.2 768.9 372.6 99.4 211 411.8 871.5 1422.0 1148.9 2100 3812.0 4271.7
341.5 68.3 155 311.0 770.7 373.2 100.0 212 413.6 873.3 1449.8 1176.7 2150 3902.0 4361.7
342.0 68.9 156 312.8 772.5 377.6 104.4 220 428.0 887.7 1477.6 1204.4 2200 3992.0 4451.7
342.6 69.4 157 314.6 774.3 383.2 110.0 230 446.0 905.7 1505.4 1232.2 2250 4082.0 4541.7
343.2 70.0 158 316.4 776.1 388.7 115.6 240 464.0 923.7 1533.2 1260.0 2300 4172.0 4631.7
343.7 70.6 159 318.2 777.9 394.3 121.1 250 482.0 941.7 1560.9 1287.8 2350 4262.0 4721.7
344.3 71.1 160 320.0 779.7 408.2 135.0 275 527.0 986.7 1588.7 1315.6 2400 4352.0 4811.7
344.8 71.7 161 321.8 781.5 422.0 148.9 300 572.0 1031.7 1616.5 1343.3 2450 4442.0 4901.7
345.4 72.2 162 323.6 783.3 435.9 162.8 325 617.0 1076.7 1644.3 1371.1 2500 4532.0 4991.7
345.9 72.8 163 325.4 785.1 449.8 176.7 350 662.0 1121.7 1672.0 1398.9 2550 4622.0 5081.7
346.5 73.3 164 327.2 786.9 463.7 190.6 375 707.0 1166.7 1699.8 1426.7 2600 4712.0 5171.7
347.0 73.9 165 329.0 788.7 477.6 204.4 400 752.0 1211.7 1727.6 1454.4 2650 4802.0 5261.7
347.6 74.4 166 330.8 790.5 491.5 218.3 425 797.0 1256.7 1755.4 1482.2 2700 4892.0 5351.7
348.2 75.0 167 332.6 792.3 505.4 232.2 450 842.0 1301.7 1783.2 1510.0 2750 4982.0 5441.7
348.7 75.6 168 334.4 794.1 519.3 246.1 475 887.0 1346.7 1810.9 1537.8 2800 5072.0 5531.7
349.3 76.1 169 336.2 795.9 533.2 260.0 500 932.0 1391.7 1838.7 1565.6 2850 5162.0 5621.7
349.8 76.7 170 338.0 797.7 547.0 273.9 525 977.0 1436.7 1866.5 1593.3 2900 5252.0 5711.7
350.4 77.2 171 339.8 799.5 560.9 287.8 550 1022.0 1481.7 1894.3 1621.1 2950 5342.0 5801.7
350.9 77.8 172 341.6 801.3 574.8 301.7 575 1067.0 1526.7 1922.0 1648.9 3000 5432.0 5891.7
351.5 78.3 173 343.4 803.1 588.7 315.6 600 1112.0 1571.7 2033.2 1760.0 3200 5792.0 6251.7
352.0 78.9 174 345.2 804.9 602.6 329.4 625 1157.0 1616.7 2144.3 1871.1 3400 6152.0 6611.7
352.6 79.4 175 347.0 806.7 616.5 343.3 650 1202.0 1661.7 2255.4 1982.2 3600 6512.0 6971.7
353.2 80.0 176 348.8 808.5 630.4 357.2 675 1247.0 1706.7 2366.5 2093.3 3800 6872.0 7331.7
353.7 80.6 177 350.6 810.3 644.3 371.1 700 1292.0 1751.7 2477.6 2204.4 4000 7232.0 7691.7
354.3 81.1 178 352.4 812.1 658.2 385.0 725 1337.0 1796.7 2588.7 2315.6 4200 7592.0 8051.7
354.8 81.7 179 354.2 813.9 672.0 398.9 750 1382.0 1841.7 2699.8 2426.7 4400 7952.0 8411.7
355.4 82.2 180 356.0 815.7 685.9 412.8 775 1427.0 1886.7 2810.9 2537.8 4600 8312.0 8771.7
355.9 82.8 181 357.8 817.5 699.8 426.7 800 1472.0 1931.7 2922.0 2648.9 4800 8672.0 9131.7
356.5 83.3 182 359.6 819.3 713.7 440.6 825 1517.0 1976.7 3033.2 2760.0 5000 9032.0 9491.7
357.0 83.9 183 361.4 821.1 727.6 454.4 850 1562.0 2021.7 … … … … …

Table converts °C → °F and °R, or °F → °C and °K. Find “convert from” temperature in bold column and read result from °F
and °R or °C and °K columns. Example 1: 183 °C = 361.4 °F and 821.1 °R. Example 2: 183 °F = 83.9 °C and 357.0 °K.

Table 53. (Continued) °C → °F and °R Temperature Conversion °F → °C and °K

°K °C °F °R °K °C °F °R °K °C °F °R
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Units of Velocity and Acceleration

Table 54. Velocity Conversion Factors

Figures in bold face indicate the conversion is exact

Table 55. Acceleration Conversion Factors

Figures in bold face indicate the conversion is exact. 

Units of Viscosity

Table 56a. Oil Viscosity Conversion Factors

ρ = Specific gravity of the oil.

Figures in bold face indicate the conversion is exact

To 
Convert ↓

M
ul

tip
ly
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y 

Fa
ct
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o 
O

bt
ai

n 
↓

cm/sec m/sec km/hr ft/sec ft/min ft/hr knota

a Knot means nautical miles per hour 

mile/hr

cm/sec 1 0.01 0.036 0.032808 1.9685 118.110236 0.01944 0.02237

m/sec 100 1 3.6 3.2808 196.8504 11811.0236 1.94384 2.236936

km/hr 27.77778 0.27778 1 0.911344 54.6806 3280.8399 0.53995 0.621371

ft/sec 30.48 0.3048 1.09728 1 60 3600 0.59248 0.681818

ft/min 0.5080 0.00508 0.018288 0.016667 1 60 9.8 × 10−3 0.011364

ft/hr 0.008467 8.47 × 10−5 3.05 × 10−4 2.78 × 10−4 0.01666 1 1.6 × 10−4 1.89 × 10−4

knot 51.444 0.51444 1.852 1.687808 101.2686 6076.11549 1 1.15167

mile/hr 44.704 0.447040 1.609344 1.466667 88 5280 0.8689 1

To Convert 
↓
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ly
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y
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ct

or
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n 
↓

cm/sec2 m/sec2 km/hr2 feet/sec2 ft/hr2 Knot/sec miles/hr2

cm/sec2 1 0.01 129.6 0.0328 4.252 × 105 0.0194384 80.529

m/sec2 100 1 12960 3.280 4.252 × 107 1.943844 8052.970

km/hr2 0.007716 7.72 × 10−5 1 2.532 × 10−4 3280.84 0.0001499 0.6213

ft/sec2 30.48 0.3048 3950.20 1 1.296 × 107 0.592483 2454.545

ft/hr2 2.35 × 10−6 2.35 × 10−5 3.048 × 10−4 7.716 × 10−8 1 4.571 × 10−8 1.893 × 10−4

Knot/sec 51.44444 0.514444 6667.2 1.687809 2.187 × 107 1 4142.8060

mile/hr2 0.0124 0.000124 1.609 4.074 × 10−4 5280 0.00024138 1

To Convert 
↓
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Poise
(P)

Centi-
poise
(Z)

Reyn
(µ)

Stoke
(S)

Centistoke
(v)

Poise (P) 1 100 1.45 × 10−5

Centipoise (Z) 0.01 1 1.45 × 10−7

Reyn (µ) 6.9 × 104 6.9 × 106 1

Stoke (S) ρ 100 ρ 1.45 × 10−5 ρ 1 100

Centistoke (v) 0.01 ρ ρ 1.45 × 10−7 ρ 0.01 1

Table 56b. Additional Viscosity Conversion Factors

Multiply By To Obtain Multiply By To Obtain

centipoise 0.001 pascal-second (Pa • s) pascal-second 1000 centipoise
centistoke 0.000001 meter2/second (m2/s) pascal-second 10 poise

stoke 0.0001 meter2/second (m2/s) poise 0.1 pascal-second (Pa•s)

dyne-s
cm2

----------------  =  
gram mass

cm-s
------------------------- 1

ρ
--- 100

ρ
---------

dyne-s
100 cm2
-------------------- gram mass

100 cm-s
-------------------------= 0.01

ρ
---------- 1

ρ
---

lb force-s
in2

---------------------- 6.9 104×
ρ

---------------------- 6.9 106×
ρ

----------------------

cm2

s
---------

cm2

100 s
-------------
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Units of Moment of Inertia and Momentum

Miscellaneous Measuring Units

Ohm’s Law.—The following figure represents basic electrical relationships. This chart
has been formatted in such a way that each variable has been related to the other three vari-
ables. This figure is simply for reference.

Table 57. Moment of Inertia Conversion Factors

Multiply By To Obtain

Moment of Inertia and Section Modulus

moment of inertia [kg • m2] 23.73036 pound-foot2

moment of inertia [kg • m2] 3417.171 pound-inch2

moment of inertia [lb • ft2] 0.04214011 kilogram-meter2 (kg • m2)
moment of inertia [lb • inch2] 0.0002926397 kilogram-meter2 (kg • m2)
moment of section [foot4] 0.008630975 meter4 (m4)
moment of section [inch4] 41.62314 centimeter4

moment of section [meter4] 115.8618 foot4

moment of section [centimeter4] 0.02402510 inch4

section modulus [foot3] 0.02831685 meter3 (m3)
section modulus [inch3] 0.00001638706 meter3 (m3)
section modulus [meter3] 35.31466 foot3

section modulus [meter3] 61,023.76 inch3

Table 58.  Momentum Conversion Factors

Multiply By To Obtain
Momentum

kilogram-meter/second 7.233011 pound-foot/second
kilogram-meter/second 86.79614 pound-inch/second
pound-foot/second 0.1382550 kilogram-meter/second (kg • m/s)
pound-inch/second 0.01152125 kilogram-meter/second (kg • m/s)

1 great gross = 12 gross = 144 dozen
1 gross = 12 dozen = 144 units
1 dozen = 12 units

1 quire = 24 sheets
1 ream = 20 quires = 480 sheets
1 ream printing paper = 500 sheets
1 score = 20 units

Circular Model of Electrical Relations

Key to variables:

V =Voltage (Volts)
R =Resistance (Ohms)
I =Current (Amps)

W =Power (Watts)

I

Amps

V

Volts Ohms

R

W

Watts W

R
-----

V
2

R
------

V

R
---

W

V
-----

V
2

W
------

V

I
---

W

I
2

-----I R×

W

I
-----

W R×

V I×

I
2

R×
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Wind Chill Temperature.—Windchill temperature is a measure of the combined cool-
ing effect of wind and temperature. The formula below is used for calculating wind chill by
the National Weather Service (NWS) in the United States:

where T =air temperature in °F

V =wind speed in miles per hour (mph) measured at NWS standard height, 33 feet

The formula caluclates the chilling effect of wind on the human body at 5 feet above the
ground and assumes no influence caused by sunlight (that is, as if the temperature and wind
speed measurements were made at night in clear sky conditions.) Windchill temperature is
only defined for temperatures at or below 50 degrees F and wind speeds above 3 mph.
Bright sunshine may increase the windchill temperature by 10 to 18 degrees F.

Wind Velocity to Pressure

The formula is P = 0.004V2 where V = wind velocity, mph; P = pressure, lbs/sq ft.

Phonetic Alphabet

Daylight Savings Time.—The Congress of the United States of America extended Day-
light Savings Time (DST) by about a month, effective from 2007. Before 2007, DST began
at 2:00 AM on the first Sunday in April and ended at 2:00 AM on the last Sunday in Octo-
ber.

Beginning 2007, DST begins at 2:00 AM on the second Sunday in March and ends at
2:00 AM on the first Sunday in November.

Bel.—The bel is the fundamental division of a logarithmic scale for expressing the ratio of
two amounts of power. The number of bels denoting such a ratio is the logarithm to the
base 10 of this ratio. Thus, if P1 and P2 are two amounts of power, and N the number of bels

denoting their ratio, then .

The decibel is one-tenth of a bel and is commonly abbreviated as db. This unit is used
extensively in the measurement of sound volume in telephone and radio transmission and
reception, and in noise measurements of various kinds.

V P V P V P

5 0.1 35 4.9 65 16.9

10 0.4 40 6.4 70 19.6

15 0.9 45 8.1 75 22.5

20 1.6 50 10.0 80 25.6

25 2.5 55 12.1 100 40.0

30 3.6 60 14.4

A Alfa J Juliett S Sierra 1 One
B Bravo K Kilo T Tango 2 Two
C Charlie L Lima U Uniform 3 Three
D Delta M Mike V Victor 4 Four
E Echo N November W Whiskey 5 Five
F Foxtrot O Oscar X X-Ray 6 Six
G Golf P Pappa Y Yankee 7 Seven
H Hotel Q Quebec Z Zulu 8 Eight
I India R Romeo 0 Zero 9 Nine

Wind Chill Temperature °F 35.74 0.6215T 35.75 V
0.16( ) 0.4275T V

0.16( )+–+=

N
p1

p2
-----   belslog=
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MATHEMATICS

↓ 0° or 180°  Trigonometric and Involute Functions  179° or 359° ↓

↑ 90° or 270° 89° or 269° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
0°–1°

Read
Up

Min-
utes

0 0.000000 1.000000 0.000000 Infinite 1.000000 Infinite 0.0000000 Infinite 60
1 0.000291 1.000000 0.000291 3437.75 1.000000 3437.75 0.0000000 3436.176 59
2 0.000582 1.000000 0.000582 1718.87 1.000000 1718.87 0.0000000 1717.303 58
3 0.000873 1.000000 0.000873 1145.92 1.000000 1145.92 0.0000000 1144.345 57
4 0.001164 0.999999 0.001164 859.436 1.000001 859.437 0.0000000 857.8667 56
5 0.001454 0.999999 0.001454 687.549 1.000001 687.550 0.0000000 685.9795 55
6 0.001745 0.999998 0.001745 572.957 1.000002 572.958 0.0000000 571.3882 54
7 0.002036 0.999998 0.002036 491.106 1.000002 491.107 0.0000000 489.5372 53
8 0.002327 0.999997 0.002327 429.718 1.000003 429.719 0.0000000 428.1491 52
9 0.002618 0.999997 0.002618 381.971 1.000003 381.972 0.0000000 380.4028 51
10 0.002909 0.999996 0.002909 343.774 1.000004 343.775 0.0000000 342.2058 50
11 0.003200 0.999995 0.003200 312.521 1.000005 312.523 0.0000000 310.9538 49
12 0.003491 0.999994 0.003491 286.478 1.000006 286.479 0.0000000 284.9104 48
13 0.003782 0.999993 0.003782 264.441 1.000007 264.443 0.0000000 262.8738 47
14 0.004072 0.999992 0.004072 245.552 1.000008 245.554 0.0000000 243.9853 46
15 0.004363 0.999990 0.004363 229.182 1.000010 229.184 0.0000000 227.6152 45
16 0.004654 0.999989 0.004654 214.858 1.000011 214.860 0.0000000 213.2915 44
17 0.004945 0.999988 0.004945 202.219 1.000012 202.221 0.0000000 200.6529 43
18 0.005236 0.999986 0.005236 190.984 1.000014 190.987 0.0000000 189.4186 42
19 0.005527 0.999985 0.005527 180.932 1.000015 180.935 0.0000001 179.3669 41
20 0.005818 0.999983 0.005818 171.885 1.000017 171.888 0.0000001 170.3204 40
21 0.006109 0.999981 0.006109 163.700 1.000019 163.703 0.0000001 162.1355 39
22 0.006399 0.999980 0.006400 156.259 1.000020 156.262 0.0000001 154.6947 38
23 0.006690 0.999978 0.006691 149.465 1.000022 149.468 0.0000001 147.9009 37
24 0.006981 0.999976 0.006981 143.237 1.000024 143.241 0.0000001 141.6733 36
25 0.007272 0.999974 0.007272 137.507 1.000026 137.511 0.0000001 135.9439 35
26 0.007563 0.999971 0.007563 132.219 1.000029 132.222 0.0000001 130.6553 34
27 0.007854 0.999969 0.007854 127.321 1.000031 127.325 0.0000002 125.7584 33
28 0.008145 0.999967 0.008145 122.774 1.000033 122.778 0.0000002 121.2113 32
29 0.008436 0.999964 0.008436 118.540 1.000036 118.544 0.0000002 116.9778 31
30 0.008727 0.999962 0.008727 114.589 1.000038 114.593 0.0000002 113.0266 30
31 0.009017 0.999959 0.009018 110.892 1.000041 110.897 0.0000002 109.3303 29
32 0.009308 0.999957 0.009309 107.426 1.000043 107.431 0.0000003 105.8650 28
33 0.009599 0.999954 0.009600 104.171 1.000046 104.176 0.0000003 102.6097 27
34 0.009890 0.999951 0.009891 101.107 1.000049 101.112 0.0000003 99.54600 26
35 0.010181 0.999948 0.010181 98.2179 1.000052 98.2230 0.0000004 96.65733 25
36 0.010472 0.999945 0.010472 95.4895 1.000055 95.4947 0.0000004 93.92915 24
37 0.010763 0.999942 0.010763 92.9085 1.000058 92.9139 0.0000004 91.34845 23
38 0.011054 0.999939 0.011054 90.4633 1.000061 90.4689 0.0000005 88.90359 22
39 0.011344 0.999936 0.011345 88.1436 1.000064 88.1492 0.0000005 86.58412 21
40 0.011635 0.999932 0.011636 85.9398 1.000068 85.9456 0.0000005 84.38063 20
41 0.011926 0.999929 0.011927 83.8435 1.000071 83.8495 0.0000006 82.28464 19
42 0.012217 0.999925 0.012218 81.8470 1.000075 81.8531 0.0000006 80.28846 18
43 0.012508 0.999922 0.012509 79.9434 1.000078 79.9497 0.0000007 78.38514 17
44 0.012799 0.999918 0.012800 78.1263 1.000082 78.1327 0.0000007 76.56834 16
45 0.013090 0.999914 0.013091 76.3900 1.000086 76.3966 0.0000007 74.83230 15
46 0.013380 0.999910 0.013382 74.7292 1.000090 74.7359 0.0000008 73.17175 14
47 0.013671 0.999907 0.013673 73.1390 1.000093 73.1458 0.0000009 71.58187 13
48 0.013962 0.999903 0.013964 71.6151 1.000097 71.6221 0.0000009 70.05824 12
49 0.014253 0.999898 0.014254 70.1533 1.000102 70.1605 0.0000010 68.59680 11
50 0.014544 0.999894 0.014545 68.7501 1.000106 68.7574 0.0000010 67.19384 10
51 0.014835 0.999890 0.014836 67.4019 1.000110 67.4093 0.0000011 65.84589 9
52 0.015126 0.999886 0.015127 66.1055 1.000114 66.1130 0.0000012 64.54980 8
53 0.015416 0.999881 0.015418 64.8580 1.000119 64.8657 0.0000012 63.30263 7
54 0.015707 0.999877 0.015709 63.6567 1.000123 63.6646 0.0000013 62.10165 6
55 0.015998 0.999872 0.016000 62.4992 1.000128 62.5072 0.0000014 60.94436 5
56 0.016289 0.999867 0.016291 61.3829 1.000133 61.3911 0.0000014 59.82840 4
57 0.016580 0.999863 0.016582 60.3058 1.000137 60.3141 0.0000015 58.75160 3
58 0.016871 0.999858 0.016873 59.2659 1.000142 59.2743 0.0000016 57.71195 2
59 0.017162 0.999853 0.017164 58.2612 1.000147 58.2698 0.0000017 56.70754 1
60 0.017452 0.999848 0.017455 57.2900 1.000152 57.2987 0.0000018 55.73662 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
89°–90°
Involute

Min-
utes
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↓ 1° or 181°  Trigonometric and Involute Functions  178° or 358° ↓

↑ 91° or 271° 88° or 268° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
1°–2°

Read
Up

Min-
utes

0 0.017452 0.999848 0.017455 57.2900 1.000152 57.2987 0.0000018 55.73662 60
1 0.017743 0.999843 0.017746 56.3506 1.000157 56.3595 0.0000019 54.79754 59
2 0.018034 0.999837 0.018037 55.4415 1.000163 55.4505 0.0000020 53.88876 58
3 0.018325 0.999832 0.018328 54.5613 1.000168 54.5705 0.0000021 53.00883 57
4 0.018616 0.999827 0.018619 53.7086 1.000173 53.7179 0.0000022 52.15641 56
5 0.018907 0.999821 0.018910 52.8821 1.000179 52.8916 0.0000023 51.33022 55
6 0.019197 0.999816 0.019201 52.0807 1.000184 52.0903 0.0000024 50.52907 54
7 0.019488 0.999810 0.019492 51.3032 1.000190 51.3129 0.0000025 49.75185 53
8 0.019779 0.999804 0.019783 50.5485 1.000196 50.5584 0.0000026 48.99749 52
9 0.020070 0.999799 0.020074 49.8157 1.000201 49.8258 0.0000027 48.26500 51
10 0.020361 0.999793 0.020365 49.1039 1.000207 49.1141 0.0000028 47.55345 50
11 0.020652 0.999787 0.020656 48.4121 1.000213 48.4224 0.0000029 46.86194 49
12 0.020942 0.999781 0.020947 47.7395 1.000219 47.7500 0.0000031 46.18965 48
13 0.021233 0.999775 0.021238 47.0853 1.000226 47.0960 0.0000032 45.53578 47
14 0.021524 0.999768 0.021529 46.4489 1.000232 46.4596 0.0000033 44.89959 46
15 0.021815 0.999762 0.021820 45.8294 1.000238 45.8403 0.0000035 44.28037 45
16 0.022106 0.999756 0.022111 45.2261 1.000244 45.2372 0.0000036 43.67745 44
17 0.022397 0.999749 0.022402 44.6386 1.000251 44.6498 0.0000037 43.09020 43
18 0.022687 0.999743 0.022693 44.0661 1.000257 44.0775 0.0000039 42.51801 42
19 0.022978 0.999736 0.022984 43.5081 1.000264 43.5196 0.0000040 41.96031 41
20 0.023269 0.999729 0.023275 42.9641 1.000271 42.9757 0.0000042 41.41655 40
21 0.023560 0.999722 0.023566 42.4335 1.000278 42.4452 0.0000044 40.88623 39
22 0.023851 0.999716 0.023857 41.9158 1.000285 41.9277 0.0000045 40.36885 38
23 0.024141 0.999709 0.024148 41.4106 1.000292 41.4227 0.0000047 39.86393 37
24 0.024432 0.999701 0.024439 40.9174 1.000299 40.9296 0.0000049 39.37105 36
25 0.024723 0.999694 0.024731 40.4358 1.000306 40.4482 0.0000050 38.88977 35
26 0.025014 0.999687 0.025022 39.9655 1.000313 39.9780 0.0000052 38.41968 34
27 0.025305 0.999680 0.025313 39.5059 1.000320 39.5185 0.0000054 37.96041 33
28 0.025595 0.999672 0.025604 39.0568 1.000328 39.0696 0.0000056 37.51157 32
29 0.025886 0.999665 0.025895 38.6177 1.000335 38.6307 0.0000058 37.07283 31
30 0.026177 0.999657 0.026186 38.1885 1.000343 38.2016 0.0000060 36.64384 30
31 0.026468 0.999650 0.026477 37.7686 1.000350 37.7818 0.0000062 36.22429 29
32 0.026759 0.999642 0.026768 37.3579 1.000358 37.3713 0.0000064 35.81386 28
33 0.027049 0.999634 0.027059 36.9560 1.000366 36.9695 0.0000066 35.41226 27
34 0.027340 0.999626 0.027350 36.5627 1.000374 36.5763 0.0000068 35.01921 26
35 0.027631 0.999618 0.027641 36.1776 1.000382 36.1914 0.0000070 34.63443 25
36 0.027922 0.999610 0.027933 35.8006 1.000390 35.8145 0.0000073 34.25768 24
37 0.028212 0.999602 0.028224 35.4313 1.000398 35.4454 0.0000075 33.88870 23
38 0.028503 0.999594 0.028515 35.0695 1.000406 35.0838 0.0000077 33.52726 22
39 0.028794 0.999585 0.028806 34.7151 1.000415 34.7295 0.0000080 33.17312 21
40 0.029085 0.999577 0.029097 34.3678 1.000423 34.3823 0.0000082 32.82606 20
41 0.029375 0.999568 0.029388 34.0273 1.000432 34.0420 0.0000085 32.48589 19
42 0.029666 0.999560 0.029679 33.6935 1.000440 33.7083 0.0000087 32.15238 18
43 0.029957 0.999551 0.029970 33.3662 1.000449 33.3812 0.0000090 31.82536 17
44 0.030248 0.999542 0.030262 33.0452 1.000458 33.0603 0.0000092 31.50463 16
45 0.030539 0.999534 0.030553 32.7303 1.000467 32.7455 0.0000095 31.19001 15
46 0.030829 0.999525 0.030844 32.4213 1.000476 32.4367 0.0000098 30.88133 14
47 0.031120 0.999516 0.031135 32.1181 1.000485 32.1337 0.0000101 30.57843 13
48 0.031411 0.999507 0.031426 31.8205 1.000494 31.8362 0.0000103 30.28114 12
49 0.031702 0.999497 0.031717 31.5284 1.000503 31.5442 0.0000106 29.98930 11
50 0.031992 0.999488 0.032009 31.2416 1.000512 31.2576 0.0000109 29.70278 10
51 0.032283 0.999479 0.032300 30.9599 1.000522 30.9761 0.0000112 29.42142 9
52 0.032574 0.999469 0.032591 30.6833 1.000531 30.6996 0.0000115 29.14509 8
53 0.032864 0.999460 0.032882 30.4116 1.000540 30.4280 0.0000118 28.87365 7
54 0.033155 0.999450 0.033173 30.1446 1.000550 30.1612 0.0000122 28.60698 6
55 0.033446 0.999441 0.033465 29.8823 1.000560 29.8990 0.0000125 28.34495 5
56 0.033737 0.999431 0.033756 29.6245 1.000570 29.6414 0.0000128 28.08745 4
57 0.034027 0.999421 0.034047 29.3711 1.000579 29.3881 0.0000131 27.83434 3
58 0.034318 0.999411 0.034338 29.1220 1.000589 29.1392 0.0000135 27.58553 2
59 0.034609 0.999401 0.034630 28.8771 1.000599 28.8944 0.0000138 27.34091 1
60 0.034899 0.999391 0.034921 28.6363 1.000610 28.6537 0.0000142 27.10036 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
88°–89°
Involute

Min-
utes
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↓ 2° or 182°  Trigonometric and Involute Functions  177° or 357° ↓

↑ 92° or 272° 87° or 267° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
2°–3°

Read
Up

Min-
utes

0 0.034899 0.999391 0.034921 28.6363 1.000610 28.6537 0.0000142 27.10036 60
1 0.035190 0.999381 0.035212 28.3994 1.000620 28.4170 0.0000145 26.86380 59
2 0.035481 0.999370 0.035503 28.1664 1.000630 28.1842 0.0000149 26.63111 58
3 0.035772 0.999360 0.035795 27.9372 1.000640 27.9551 0.0000153 26.40222 57
4 0.036062 0.999350 0.036086 27.7117 1.000651 27.7298 0.0000157 26.17701 56
5 0.036353 0.999339 0.036377 27.4899 1.000661 27.5080 0.0000160 25.95542 55
6 0.036644 0.999328 0.036668 27.2715 1.000672 27.2898 0.0000164 25.73734 54
7 0.036934 0.999318 0.036960 27.0566 1.000683 27.0750 0.0000168 25.52270 53
8 0.037225 0.999307 0.037251 26.8450 1.000694 26.8636 0.0000172 25.31142 52
9 0.037516 0.999296 0.037542 26.6367 1.000704 26.6555 0.0000176 25.10342 51
10 0.037806 0.999285 0.037834 26.4316 1.000715 26.4505 0.0000180 24.89862 50
11 0.038097 0.999274 0.038125 26.2296 1.000726 26.2487 0.0000185 24.69695 49
12 0.038388 0.999263 0.038416 26.0307 1.000738 26.0499 0.0000189 24.49834 48
13 0.038678 0.999252 0.038707 25.8348 1.000749 25.8542 0.0000193 24.30271 47
14 0.038969 0.999240 0.038999 25.6418 1.000760 25.6613 0.0000198 24.11002 46
15 0.039260 0.999229 0.039290 25.4517 1.000772 25.4713 0.0000202 23.92017 45
16 0.039550 0.999218 0.039581 25.2644 1.000783 25.2841 0.0000207 23.73313 44
17 0.039841 0.999206 0.039873 25.0798 1.000795 25.0997 0.0000211 23.54881 43
18 0.040132 0.999194 0.040164 24.8978 1.000806 24.9179 0.0000216 23.36717 42
19 0.040422 0.999183 0.040456 24.7185 1.000818 24.7387 0.0000220 23.18815 41
20 0.040713 0.999171 0.040747 24.5418 1.000830 24.5621 0.0000225 23.01169 40
21 0.041004 0.999159 0.041038 24.3675 1.000842 24.3880 0.0000230 22.83773 39
22 0.041294 0.999147 0.041330 24.1957 1.000854 24.2164 0.0000235 22.66622 38
23 0.041585 0.999135 0.041621 24.0263 1.000866 24.0471 0.0000240 22.49712 37
24 0.041876 0.999123 0.041912 23.8593 1.000878 23.8802 0.0000245 22.33037 36
25 0.042166 0.999111 0.042204 23.6945 1.000890 23.7156 0.0000250 22.16592 35
26 0.042457 0.999098 0.042495 23.5321 1.000903 23.5533 0.0000256 22.00373 34
27 0.042748 0.999086 0.042787 23.3718 1.000915 23.3932 0.0000261 21.84374 33
28 0.043038 0.999073 0.043078 23.2137 1.000927 23.2352 0.0000266 21.68592 32
29 0.043329 0.999061 0.043370 23.0577 1.000940 23.0794 0.0000272 21.53022 31
30 0.043619 0.999048 0.043661 22.9038 1.000953 22.9256 0.0000277 21.37660 30
31 0.043910 0.999035 0.043952 22.7519 1.000965 22.7739 0.0000283 21.22502 29
32 0.044201 0.999023 0.044244 22.6020 1.000978 22.6241 0.0000288 21.07543 28
33 0.044491 0.999010 0.044535 22.4541 1.000991 22.4764 0.0000294 20.92781 27
34 0.044782 0.998997 0.044827 22.3081 1.001004 22.3305 0.0000300 20.78210 26
35 0.045072 0.998984 0.045118 22.1640 1.001017 22.1865 0.0000306 20.63827 25
36 0.045363 0.998971 0.045410 22.0217 1.001030 22.0444 0.0000312 20.49629 24
37 0.045654 0.998957 0.045701 21.8813 1.001044 21.9041 0.0000318 20.35612 23
38 0.045944 0.998944 0.045993 21.7426 1.001057 21.7656 0.0000324 20.21773 22
39 0.046235 0.998931 0.046284 21.6056 1.001071 21.6288 0.0000330 20.08108 21
40 0.046525 0.998917 0.046576 21.4704 1.001084 21.4937 0.0000336 19.94615 20
41 0.046816 0.998904 0.046867 21.3369 1.001098 21.3603 0.0000343 19.81289 19
42 0.047106 0.998890 0.047159 21.2049 1.001111 21.2285 0.0000349 19.68128 18
43 0.047397 0.998876 0.047450 21.0747 1.001125 21.0984 0.0000356 19.55128 17
44 0.047688 0.998862 0.047742 20.9460 1.001139 20.9698 0.0000362 19.42288 16
45 0.047978 0.998848 0.048033 20.8188 1.001153 20.8428 0.0000369 19.29603 15
46 0.048269 0.998834 0.048325 20.6932 1.001167 20.7174 0.0000376 19.17071 14
47 0.048559 0.998820 0.048617 20.5691 1.001181 20.5934 0.0000382 19.04690 13
48 0.048850 0.998806 0.048908 20.4465 1.001195 20.4709 0.0000389 18.92456 12
49 0.049140 0.998792 0.049200 20.3253 1.001210 20.3499 0.0000396 18.80367 11
50 0.049431 0.998778 0.049491 20.2056 1.001224 20.2303 0.0000403 18.68421 10
51 0.049721 0.998763 0.049783 20.0872 1.001238 20.1121 0.0000411 18.56614 9
52 0.050012 0.998749 0.050075 19.9702 1.001253 19.9952 0.0000418 18.44946 8
53 0.050302 0.998734 0.050366 19.8546 1.001268 19.8798 0.0000425 18.33412 7
54 0.050593 0.998719 0.050658 19.7403 1.001282 19.7656 0.0000433 18.22011 6
55 0.050883 0.998705 0.050949 19.6273 1.001297 19.6528 0.0000440 18.10740 5
56 0.051174 0.998690 0.051241 19.5156 1.001312 19.5412 0.0000448 17.99598 4
57 0.051464 0.998675 0.051533 19.4051 1.001327 19.4309 0.0000455 17.88582 3
58 0.051755 0.998660 0.051824 19.2959 1.001342 19.3218 0.0000463 17.77690 2
59 0.052045 0.998645 0.052116 19.1879 1.001357 19.2140 0.0000471 17.66920 1
60 0.052336 0.998630 0.052408 19.0811 1.001372 19.1073 0.0000479 17.56270 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
87°–88°
Involute

Min-
utes



TRIGONOMETRY TABLES 2877

↓ 3° or 183°  Trigonometric and Involute Functions  176° or 356° ↓

↑ 93° or 273° 86° or 266° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
3°–4°

Read
Up

Min-
utes

0 0.052336 0.998630 0.052408 19.0811 1.001372 19.1073 0.0000479 17.56270 60
1 0.052626 0.998614 0.052699 18.9755 1.001388 19.0019 0.0000487 17.45738 59
2 0.052917 0.998599 0.052991 18.8711 1.001403 18.8975 0.0000495 17.35321 58
3 0.053207 0.998583 0.053283 18.7678 1.001419 18.7944 0.0000503 17.25019 57
4 0.053498 0.998568 0.053575 18.6656 1.001434 18.6923 0.0000512 17.14829 56
5 0.053788 0.998552 0.053866 18.5645 1.001450 18.5914 0.0000520 17.04749 55
6 0.054079 0.998537 0.054158 18.4645 1.001465 18.4915 0.0000529 16.94778 54
7 0.054369 0.998521 0.054450 18.3655 1.001481 18.3927 0.0000537 16.84914 53
8 0.054660 0.998505 0.054742 18.2677 1.001497 18.2950 0.0000546 16.75155 52
9 0.054950 0.998489 0.055033 18.1708 1.001513 18.1983 0.0000555 16.65499 51
10 0.055241 0.998473 0.055325 18.0750 1.001529 18.1026 0.0000563 16.55945 50
11 0.055531 0.998457 0.055617 17.9802 1.001545 18.0079 0.0000572 16.46491 49
12 0.055822 0.998441 0.055909 17.8863 1.001562 17.9142 0.0000581 16.37136 48
13 0.056112 0.998424 0.056200 17.7934 1.001578 17.8215 0.0000591 16.27879 47
14 0.056402 0.998408 0.056492 17.7015 1.001594 17.7298 0.0000600 16.18717 46
15 0.056693 0.998392 0.056784 17.6106 1.001611 17.6389 0.0000609 16.09649 45
16 0.056983 0.998375 0.057076 17.5205 1.001628 17.5490 0.0000619 16.00673 44
17 0.057274 0.998359 0.057368 17.4314 1.001644 17.4600 0.0000628 15.91789 43
18 0.057564 0.998342 0.057660 17.3432 1.001661 17.3720 0.0000638 15.82995 42
19 0.057854 0.998325 0.057951 17.2558 1.001678 17.2848 0.0000647 15.74290 41
20 0.058145 0.998308 0.058243 17.1693 1.001695 17.1984 0.0000657 15.65672 40
21 0.058435 0.998291 0.058535 17.0837 1.001712 17.1130 0.0000667 15.57140 39
22 0.058726 0.998274 0.058827 16.9990 1.001729 17.0283 0.0000677 15.48692 38
23 0.059016 0.998257 0.059119 16.9150 1.001746 16.9446 0.0000687 15.40328 37
24 0.059306 0.998240 0.059411 16.8319 1.001763 16.8616 0.0000698 15.32046 36
25 0.059597 0.998223 0.059703 16.7496 1.001781 16.7794 0.0000708 15.23845 35
26 0.059887 0.998205 0.059995 16.6681 1.001798 16.6981 0.0000718 15.15724 34
27 0.060177 0.998188 0.060287 16.5874 1.001816 16.6175 0.0000729 15.07681 33
28 0.060468 0.998170 0.060579 16.5075 1.001833 16.5377 0.0000739 14.99716 32
29 0.060758 0.998153 0.060871 16.4283 1.001851 16.4587 0.0000750 14.91828 31
30 0.061049 0.998135 0.061163 16.3499 1.001869 16.3804 0.0000761 14.84015 30
31 0.061339 0.998117 0.061455 16.2722 1.001887 16.3029 0.0000772 14.76276 29
32 0.061629 0.998099 0.061747 16.1952 1.001905 16.2261 0.0000783 14.68610 28
33 0.061920 0.998081 0.062039 16.1190 1.001923 16.1500 0.0000794 14.61016 27
34 0.062210 0.998063 0.062331 16.0435 1.001941 16.0746 0.0000805 14.53494 26
35 0.062500 0.998045 0.062623 15.9687 1.001959 15.9999 0.0000817 14.46041 25
36 0.062791 0.998027 0.062915 15.8945 1.001977 15.9260 0.0000828 14.38658 24
37 0.063081 0.998008 0.063207 15.8211 1.001996 15.8527 0.0000840 14.31343 23
38 0.063371 0.997990 0.063499 15.7483 1.002014 15.7801 0.0000851 14.24095 22
39 0.063661 0.997972 0.063791 15.6762 1.002033 15.7081 0.0000863 14.16914 21
40 0.063952 0.997953 0.064083 15.6048 1.002051 15.6368 0.0000875 14.09798 20
41 0.064242 0.997934 0.064375 15.5340 1.002070 15.5661 0.0000887 14.02747 19
42 0.064532 0.997916 0.064667 15.4638 1.002089 15.4961 0.0000899 13.95759 18
43 0.064823 0.997897 0.064959 15.3943 1.002108 15.4267 0.0000911 13.88835 17
44 0.065113 0.997878 0.065251 15.3254 1.002127 15.3579 0.0000924 13.81972 16
45 0.065403 0.997859 0.065543 15.2571 1.002146 15.2898 0.0000936 13.75171 15
46 0.065693 0.997840 0.065836 15.1893 1.002165 15.2222 0.0000949 13.68429 14
47 0.065984 0.997821 0.066128 15.1222 1.002184 15.1553 0.0000961 13.61748 13
48 0.066274 0.997801 0.066420 15.0557 1.002203 15.0889 0.0000974 13.55125 12
49 0.066564 0.997782 0.066712 14.9898 1.002223 15.0231 0.0000987 13.48560 11
50 0.066854 0.997763 0.067004 14.9244 1.002242 14.9579 0.0001000 13.42052 10
51 0.067145 0.997743 0.067296 14.8596 1.002262 14.8932 0.0001013 13.35601 9
52 0.067435 0.997724 0.067589 14.7954 1.002282 14.8291 0.0001026 13.29206 8
53 0.067725 0.997704 0.067881 14.7317 1.002301 14.7656 0.0001040 13.22866 7
54 0.068015 0.997684 0.068173 14.6685 1.002321 14.7026 0.0001053 13.16580 6
55 0.068306 0.997664 0.068465 14.6059 1.002341 14.6401 0.0001067 13.10348 5
56 0.068596 0.997645 0.068758 14.5438 1.002361 14.5782 0.0001080 13.04169 4
57 0.068886 0.997625 0.069050 14.4823 1.002381 14.5168 0.0001094 12.98042 3
58 0.069176 0.997604 0.069342 14.4212 1.002401 14.4559 0.0001108 12.91966 2
59 0.069466 0.997584 0.069635 14.3607 1.002422 14.3955 0.0001122 12.85942 1
60 0.069756 0.997564 0.069927 14.3007 1.002442 14.3356 0.0001136 12.79968 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
86°–87°
Involute

Min-
utes



2878 TRIGONOMETRY TABLES

↓ 4° or 184°  Trigonometric and Involute Functions  175° or 355° ↓

↑ 94° or 274° 85° or 265° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
4°–5°

Read
Up

Min-
utes

0 0.069756 0.997564 0.069927 14.3007 1.002442 14.3356 0.0001136 12.79968 60
1 0.070047 0.997544 0.070219 14.2411 1.002462 14.2762 0.0001151 12.74044 59
2 0.070337 0.997523 0.070511 14.1821 1.002483 14.2173 0.0001165 12.68169 58
3 0.070627 0.997503 0.070804 14.1235 1.002503 14.1589 0.0001180 12.62343 57
4 0.070917 0.997482 0.071096 14.0655 1.002524 14.1010 0.0001194 12.56564 56
5 0.071207 0.997462 0.071389 14.0079 1.002545 14.0435 0.0001209 12.50833 55
6 0.071497 0.997441 0.071681 13.9507 1.002566 13.9865 0.0001224 12.45148 54
7 0.071788 0.997420 0.071973 13.8940 1.002587 13.9300 0.0001239 12.39510 53
8 0.072078 0.997399 0.072266 13.8378 1.002608 13.8739 0.0001254 12.33917 52
9 0.072368 0.997378 0.072558 13.7821 1.002629 13.8183 0.0001269 12.28369 51
10 0.072658 0.997357 0.072851 13.7267 1.002650 13.7631 0.0001285 12.22866 50
11 0.072948 0.997336 0.073143 13.6719 1.002671 13.7084 0.0001300 12.17407 49
12 0.073238 0.997314 0.073435 13.6174 1.002693 13.6541 0.0001316 12.11992 48
13 0.073528 0.997293 0.073728 13.5634 1.002714 13.6002 0.0001332 12.06619 47
14 0.073818 0.997272 0.074020 13.5098 1.002736 13.5468 0.0001347 12.01289 46
15 0.074108 0.997250 0.074313 13.4566 1.002757 13.4937 0.0001363 11.96001 45
16 0.074399 0.997229 0.074605 13.4039 1.002779 13.4411 0.0001380 11.90754 44
17 0.074689 0.997207 0.074898 13.3515 1.002801 13.3889 0.0001396 11.85548 43
18 0.074979 0.997185 0.075190 13.2996 1.002823 13.3371 0.0001412 11.80383 42
19 0.075269 0.997163 0.075483 13.2480 1.002845 13.2857 0.0001429 11.75257 41
20 0.075559 0.997141 0.075775 13.1969 1.002867 13.2347 0.0001445 11.70172 40
21 0.075849 0.997119 0.076068 13.1461 1.002889 13.1841 0.0001462 11.65125 39
22 0.076139 0.997097 0.076361 13.0958 1.002911 13.1339 0.0001479 11.60117 38
23 0.076429 0.997075 0.076653 13.0458 1.002934 13.0840 0.0001496 11.55148 37
24 0.076719 0.997053 0.076946 12.9962 1.002956 13.0346 0.0001513 11.50216 36
25 0.077009 0.997030 0.077238 12.9469 1.002978 12.9855 0.0001530 11.45321 35
26 0.077299 0.997008 0.077531 12.8981 1.003001 12.9368 0.0001548 11.40464 34
27 0.077589 0.996985 0.077824 12.8496 1.003024 12.8884 0.0001565 11.35643 33
28 0.077879 0.996963 0.078116 12.8014 1.003046 12.8404 0.0001583 11.30858 32
29 0.078169 0.996940 0.078409 12.7536 1.003069 12.7928 0.0001601 11.26109 31
30 0.078459 0.996917 0.078702 12.7062 1.003092 12.7455 0.0001619 11.21395 30
31 0.078749 0.996894 0.078994 12.6591 1.003115 12.6986 0.0001637 11.16716 29
32 0.079039 0.996872 0.079287 12.6124 1.003138 12.6520 0.0001655 11.12072 28
33 0.079329 0.996848 0.079580 12.5660 1.003161 12.6057 0.0001674 11.07461 27
34 0.079619 0.996825 0.079873 12.5199 1.003185 12.5598 0.0001692 11.02885 26
35 0.079909 0.996802 0.080165 12.4742 1.003208 12.5142 0.0001711 10.98342 25
36 0.080199 0.996779 0.080458 12.4288 1.003232 12.4690 0.0001729 10.93832 24
37 0.080489 0.996756 0.080751 12.3838 1.003255 12.4241 0.0001748 10.89355 23
38 0.080779 0.996732 0.081044 12.3390 1.003279 12.3795 0.0001767 10.84910 22
39 0.081069 0.996709 0.081336 12.2946 1.003302 12.3352 0.0001787 10.80497 21
40 0.081359 0.996685 0.081629 12.2505 1.003326 12.2913 0.0001806 10.76116 20
41 0.081649 0.996661 0.081922 12.2067 1.003350 12.2476 0.0001825 10.71766 19
42 0.081939 0.996637 0.082215 12.1632 1.003374 12.2043 0.0001845 10.67447 18
43 0.082228 0.996614 0.082508 12.1201 1.003398 12.1612 0.0001865 10.63159 17
44 0.082518 0.996590 0.082801 12.0772 1.003422 12.1185 0.0001885 10.58901 16
45 0.082808 0.996566 0.083094 12.0346 1.003446 12.0761 0.0001905 10.54673 15
46 0.083098 0.996541 0.083386 11.9923 1.003471 12.0340 0.0001925 10.50475 14
47 0.083388 0.996517 0.083679 11.9504 1.003495 11.9921 0.0001945 10.46306 13
48 0.083678 0.996493 0.083972 11.9087 1.003519 11.9506 0.0001965 10.42166 12
49 0.083968 0.996468 0.084265 11.8673 1.003544 11.9093 0.0001986 10.38055 11
50 0.084258 0.996444 0.084558 11.8262 1.003569 11.8684 0.0002007 10.33973 10
51 0.084547 0.996419 0.084851 11.7853 1.003593 11.8277 0.0002028 10.29919 9
52 0.084837 0.996395 0.085144 11.7448 1.003618 11.7873 0.0002049 10.25892 8
53 0.085127 0.996370 0.085437 11.7045 1.003643 11.7471 0.0002070 10.21893 7
54 0.085417 0.996345 0.085730 11.6645 1.003668 11.7073 0.0002091 10.17922 6
55 0.085707 0.996320 0.086023 11.6248 1.003693 11.6677 0.0002113 10.13978 5
56 0.085997 0.996295 0.086316 11.5853 1.003718 11.6284 0.0002134 10.10060 4
57 0.086286 0.996270 0.086609 11.5461 1.003744 11.5893 0.0002156 10.06169 3
58 0.086576 0.996245 0.086902 11.5072 1.003769 11.5505 0.0002178 10.02304 2
59 0.086866 0.996220 0.087196 11.4685 1.003794 11.5120 0.0002200 9.9846536 1
60 0.087156 0.996195 0.087489 11.4301 1.003820 11.4737 0.0002222 9.9465224 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
85°–86°
Involute

Min-
utes



TRIGONOMETRY TABLES 2879

↓ 5° or 185°  Trigonometric and Involute Functions  174° or 354° ↓

↑ 95° or 275° 84° or 264° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
5°–6°

Read
Up

Min-
utes

0 0.087156 0.996195 0.087489 11.4301 1.003820 11.4737 0.0002222 9.9465224 60
1 0.087446 0.996169 0.087782 11.3919 1.003845 11.4357 0.0002244 9.9086459 59
2 0.087735 0.996144 0.088075 11.3540 1.003871 11.3979 0.0002267 9.8710215 58
3 0.088025 0.996118 0.088368 11.3163 1.003897 11.3604 0.0002289 9.8336468 57
4 0.088315 0.996093 0.088661 11.2789 1.003923 11.3231 0.0002312 9.7965192 56
5 0.088605 0.996067 0.088954 11.2417 1.003949 11.2861 0.0002335 9.7596363 55
6 0.088894 0.996041 0.089248 11.2048 1.003975 11.2493 0.0002358 9.7229958 54
7 0.089184 0.996015 0.089541 11.1681 1.004001 11.2128 0.0002382 9.6865952 53
8 0.089474 0.995989 0.089834 11.1316 1.004027 11.1765 0.0002405 9.6504322 52
9 0.089763 0.995963 0.090127 11.0954 1.004053 11.1404 0.0002429 9.6145046 51
10 0.090053 0.995937 0.090421 11.0594 1.004080 11.1045 0.0002452 9.5788100 50
11 0.090343 0.995911 0.090714 11.0237 1.004106 11.0689 0.0002476 9.5433462 49
12 0.090633 0.995884 0.091007 10.9882 1.004133 11.0336 0.0002500 9.5081109 48
13 0.090922 0.995858 0.091300 10.9529 1.004159 10.9984 0.0002524 9.4731021 47
14 0.091212 0.995832 0.091594 10.9178 1.004186 10.9635 0.0002549 9.4383174 46
15 0.091502 0.995805 0.091887 10.8829 1.004213 10.9288 0.0002573 9.4037549 45
16 0.091791 0.995778 0.092180 10.8483 1.004240 10.8943 0.0002598 9.3694123 44
17 0.092081 0.995752 0.092474 10.8139 1.004267 10.8600 0.0002622 9.3352876 43
18 0.092371 0.995725 0.092767 10.7797 1.004294 10.8260 0.0002647 9.3013788 42
19 0.092660 0.995698 0.093061 10.7457 1.004321 10.7921 0.0002673 9.2676838 41
20 0.092950 0.995671 0.093354 10.7119 1.004348 10.7585 0.0002698 9.2342005 40
21 0.093239 0.995644 0.093647 10.6783 1.004375 10.7251 0.0002723 9.2009271 39
22 0.093529 0.995617 0.093941 10.6450 1.004403 10.6919 0.0002749 9.1678616 38
23 0.093819 0.995589 0.094234 10.6118 1.004430 10.6589 0.0002775 9.1350020 37
24 0.094108 0.995562 0.094528 10.5789 1.004458 10.6261 0.0002801 9.1023464 36
25 0.094398 0.995535 0.094821 10.5462 1.004485 10.5935 0.0002827 9.0698930 35
26 0.094687 0.995507 0.095115 10.5136 1.004513 10.5611 0.0002853 9.0376399 34
27 0.094977 0.995479 0.095408 10.4813 1.004541 10.5289 0.0002879 9.0055852 33
28 0.095267 0.995452 0.095702 10.4491 1.004569 10.4969 0.0002906 8.9737272 32
29 0.095556 0.995424 0.095995 10.4172 1.004597 10.4650 0.0002933 8.9420640 31
30 0.095846 0.995396 0.096289 10.3854 1.004625 10.4334 0.0002959 8.9105939 30
31 0.096135 0.995368 0.096583 10.3538 1.004653 10.4020 0.0002986 8.8793151 29
32 0.096425 0.995340 0.096876 10.3224 1.004682 10.3708 0.0003014 8.8482258 28
33 0.096714 0.995312 0.097170 10.2913 1.004710 10.3397 0.0003041 8.8173245 27
34 0.097004 0.995284 0.097464 10.2602 1.004738 10.3089 0.0003069 8.7866094 26
35 0.097293 0.995256 0.097757 10.2294 1.004767 10.2782 0.0003096 8.7560788 25
36 0.097583 0.995227 0.098051 10.1988 1.004795 10.2477 0.0003124 8.7257311 24
37 0.097872 0.995199 0.098345 10.1683 1.004824 10.2174 0.0003152 8.6955646 23
38 0.098162 0.995170 0.098638 10.1381 1.004853 10.1873 0.0003180 8.6655778 22
39 0.098451 0.995142 0.098932 10.1080 1.004882 10.1573 0.0003209 8.6357690 21
40 0.098741 0.995113 0.099226 10.0780 1.004911 10.1275 0.0003237 8.6061367 20
41 0.099030 0.995084 0.099519 10.0483 1.004940 10.0979 0.0003266 8.5766794 19
42 0.099320 0.995056 0.099813 10.0187 1.004969 10.0685 0.0003295 8.5473954 18
43 0.099609 0.995027 0.100107 9.989305 1.004998 10.0392 0.0003324 8.5182834 17
44 0.099899 0.994998 0.100401 9.960072 1.005028 10.0101 0.0003353 8.4893417 16
45 0.100188 0.994969 0.100695 9.931009 1.005057 9.981229 0.0003383 8.4605689 15
46 0.100477 0.994939 0.100989 9.902113 1.005086 9.952479 0.0003412 8.4319635 14
47 0.100767 0.994910 0.101282 9.873382 1.005116 9.923894 0.0003442 8.4035241 13
48 0.101056 0.994881 0.101576 9.844817 1.005146 9.895474 0.0003472 8.3752493 12
49 0.101346 0.994851 0.101870 9.816414 1.005175 9.867218 0.0003502 8.3471377 11
50 0.101635 0.994822 0.102164 9.788173 1.005205 9.839123 0.0003532 8.3191877 10
51 0.101924 0.994792 0.102458 9.760093 1.005235 9.811188 0.0003563 8.2913982 9
52 0.102214 0.994762 0.102752 9.732171 1.005265 9.783412 0.0003593 8.2637676 8
53 0.102503 0.994733 0.103046 9.704407 1.005295 9.755794 0.0003624 8.2362947 7
54 0.102793 0.994703 0.103340 9.676800 1.005325 9.728333 0.0003655 8.2089781 6
55 0.103082 0.994673 0.103634 9.649347 1.005356 9.701026 0.0003686 8.1818164 5
56 0.103371 0.994643 0.103928 9.622049 1.005386 9.673873 0.0003718 8.1548085 4
57 0.103661 0.994613 0.104222 9.594902 1.005416 9.646872 0.0003749 8.1279529 3
58 0.103950 0.994583 0.104516 9.567907 1.005447 9.620023 0.0003781 8.1012485 2
59 0.104239 0.994552 0.104810 9.541061 1.005478 9.593323 0.0003813 8.0746939 1
60 0.104528 0.994522 0.105104 9.514364 1.005508 9.566772 0.0003845 8.0482879 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
84°–85°
Involute

Min-
utes



2880 TRIGONOMETRY TABLES

↓ 6° or 186°  Trigonometric and Involute Functions  173° or 353° ↓

↑ 96° or 276° 83° or 263° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
6°–7°

Read
Up

Min-
utes

0 0.104528 0.994522 0.105104 9.514364 1.005508 9.566772 0.0003845 8.0482879 60
1 0.104818 0.994491 0.105398 9.487815 1.005539 9.540369 0.0003877 8.0220292 59
2 0.105107 0.994461 0.105692 9.461412 1.005570 9.514111 0.0003909 7.9959168 58
3 0.105396 0.994430 0.105987 9.435153 1.005601 9.487998 0.0003942 7.9699492 57
4 0.105686 0.994400 0.106281 9.409038 1.005632 9.462030 0.0003975 7.9441254 56
5 0.105975 0.994369 0.106575 9.383066 1.005663 9.436203 0.0004008 7.9184441 55
6 0.106264 0.994338 0.106869 9.357236 1.005694 9.410518 0.0004041 7.8929043 54
7 0.106553 0.994307 0.107163 9.331545 1.005726 9.384974 0.0004074 7.8675047 53
8 0.106843 0.994276 0.107458 9.305994 1.005757 9.359568 0.0004108 7.8422441 52
9 0.107132 0.994245 0.107752 9.280580 1.005788 9.334301 0.0004141 7.8171216 51
10 0.107421 0.994214 0.108046 9.255304 1.005820 9.309170 0.0004175 7.7921359 50
11 0.107710 0.994182 0.108340 9.230163 1.005852 9.284175 0.0004209 7.7672859 49
12 0.107999 0.994151 0.108635 9.205156 1.005883 9.259314 0.0004244 7.7425705 48
13 0.108289 0.994120 0.108929 9.180284 1.005915 9.234588 0.0004278 7.7179887 47
14 0.108578 0.994088 0.109223 9.155544 1.005947 9.209993 0.0004313 7.6935394 46
15 0.108867 0.994056 0.109518 9.130935 1.005979 9.185531 0.0004347 7.6692216 45
16 0.109156 0.994025 0.109812 9.106456 1.006011 9.161198 0.0004382 7.6450341 44
17 0.109445 0.993993 0.110107 9.082107 1.006043 9.136995 0.0004417 7.6209759 43
18 0.109734 0.993961 0.110401 9.057887 1.006076 9.112920 0.0004453 7.5970461 42
19 0.110023 0.993929 0.110695 9.033793 1.006108 9.088972 0.0004488 7.5732436 41
20 0.110313 0.993897 0.110990 9.009826 1.006141 9.065151 0.0004524 7.5495673 40
21 0.110602 0.993865 0.111284 8.985984 1.006173 9.041455 0.0004560 7.5260164 39
22 0.110891 0.993833 0.111579 8.962267 1.006206 9.017884 0.0004596 7.5025898 38
23 0.111180 0.993800 0.111873 8.938673 1.006238 8.994435 0.0004632 7.4792865 37
24 0.111469 0.993768 0.112168 8.915201 1.006271 8.971110 0.0004669 7.4561056 36
25 0.111758 0.993735 0.112463 8.891850 1.006304 8.947905 0.0004706 7.4330461 35
26 0.112047 0.993703 0.112757 8.868621 1.006337 8.924821 0.0004743 7.4101071 34
27 0.112336 0.993670 0.113052 8.845510 1.006370 8.901857 0.0004780 7.3872877 33
28 0.112625 0.993638 0.113346 8.822519 1.006403 8.879011 0.0004817 7.3645869 32
29 0.112914 0.993605 0.113641 8.799645 1.006436 8.856283 0.0004854 7.3420037 31
30 0.113203 0.993572 0.113936 8.776887 1.006470 8.833671 0.0004892 7.3195374 30
31 0.113492 0.993539 0.114230 8.754246 1.006503 8.811176 0.0004930 7.2971870 29
32 0.113781 0.993506 0.114525 8.731720 1.006537 8.788796 0.0004968 7.2749516 28
33 0.114070 0.993473 0.114820 8.709308 1.006570 8.766530 0.0005006 7.2528304 27
34 0.114359 0.993439 0.115114 8.687009 1.006604 8.744377 0.0005045 7.2308224 26
35 0.114648 0.993406 0.115409 8.664822 1.006638 8.722336 0.0005083 7.2089269 25
36 0.114937 0.993373 0.115704 8.642747 1.006671 8.700407 0.0005122 7.1871429 24
37 0.115226 0.993339 0.115999 8.620783 1.006705 8.678589 0.0005161 7.1654696 23
38 0.115515 0.993306 0.116294 8.598929 1.006739 8.656881 0.0005200 7.1439062 22
39 0.115804 0.993272 0.116588 8.577184 1.006773 8.635281 0.0005240 7.1224518 21
40 0.116093 0.993238 0.116883 8.555547 1.006808 8.613790 0.0005280 7.1011057 20
41 0.116382 0.993205 0.117178 8.534017 1.006842 8.592407 0.0005319 7.0798671 19
42 0.116671 0.993171 0.117473 8.512594 1.006876 8.571130 0.0005359 7.0587350 18
43 0.116960 0.993137 0.117768 8.491277 1.006911 8.549958 0.0005400 7.0377088 17
44 0.117249 0.993103 0.118063 8.470065 1.006945 8.528892 0.0005440 7.0167876 16
45 0.117537 0.993068 0.118358 8.448957 1.006980 8.507930 0.0005481 6.9959707 15
46 0.117826 0.993034 0.118653 8.427953 1.007015 8.487072 0.0005522 6.9752573 14
47 0.118115 0.993000 0.118948 8.407052 1.007049 8.466316 0.0005563 6.9546467 13
48 0.118404 0.992966 0.119243 8.386252 1.007084 8.445663 0.0005604 6.9341380 12
49 0.118693 0.992931 0.119538 8.365554 1.007119 8.425111 0.0005645 6.9137305 11
50 0.118982 0.992896 0.119833 8.344956 1.007154 8.404659 0.0005687 6.8934236 10
51 0.119270 0.992862 0.120128 8.324458 1.007190 8.384306 0.0005729 6.8732164 9
52 0.119559 0.992827 0.120423 8.304059 1.007225 8.364053 0.0005771 6.8531082 8
53 0.119848 0.992792 0.120718 8.283758 1.007260 8.343899 0.0005813 6.8330984 7
54 0.120137 0.992757 0.121013 8.263555 1.007295 8.323841 0.0005856 6.8131861 6
55 0.120426 0.992722 0.121308 8.243448 1.007331 8.303881 0.0005898 6.7933708 5
56 0.120714 0.992687 0.121604 8.223438 1.007367 8.284017 0.0005941 6.7736516 4
57 0.121003 0.992652 0.121899 8.203524 1.007402 8.264249 0.0005985 6.7540279 3
58 0.121292 0.992617 0.122194 8.183704 1.007438 8.244575 0.0006028 6.7344991 2
59 0.121581 0.992582 0.122489 8.163979 1.007474 8.224995 0.0006071 6.7150644 1
60 0.121869 0.992546 0.122785 8.144346 1.007510 8.205509 0.0006115 6.6957231 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
83°–84°
Involute

Min-
utes



TRIGONOMETRY TABLES 2881

↓ 7° or 187°  Trigonometric and Involute Functions  172° or 352° ↓

↑ 97° or 277° 82° or 262° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
7°–8°

Read
Up

Min-
utes

0 0.121869 0.992546 0.122785 8.144346 1.007510 8.205509 0.0006115 6.6957231 60
1 0.122158 0.992511 0.123080 8.124807 1.007546 8.186116 0.0006159 6.6764747 59
2 0.122447 0.992475 0.123375 8.105360 1.007582 8.166815 0.0006203 6.6573184 58
3 0.122735 0.992439 0.123670 8.086004 1.007618 8.147605 0.0006248 6.6382536 57
4 0.123024 0.992404 0.123966 8.066739 1.007654 8.128486 0.0006292 6.6192796 56
5 0.123313 0.992368 0.124261 8.047565 1.007691 8.109457 0.0006337 6.6003959 55
6 0.123601 0.992332 0.124557 8.028480 1.007727 8.090518 0.0006382 6.5816017 54
7 0.123890 0.992296 0.124852 8.009483 1.007764 8.071668 0.0006427 6.5628964 53
8 0.124179 0.992260 0.125147 7.990576 1.007801 8.052906 0.0006473 6.5442795 52
9 0.124467 0.992224 0.125443 7.971755 1.007837 8.034232 0.0006518 6.5257502 51
10 0.124756 0.992187 0.125738 7.953022 1.007874 8.015645 0.0006564 6.5073080 50
11 0.125045 0.992151 0.126034 7.934376 1.007911 7.997144 0.0006610 6.4889523 49
12 0.125333 0.992115 0.126329 7.915815 1.007948 7.978730 0.0006657 6.4706825 48
13 0.125622 0.992078 0.126625 7.897340 1.007985 7.960400 0.0006703 6.4524979 47
14 0.125910 0.992042 0.126920 7.878949 1.008022 7.942156 0.0006750 6.4343981 46
15 0.126199 0.992005 0.127216 7.860642 1.008059 7.923995 0.0006797 6.4163823 45
16 0.126488 0.991968 0.127512 7.842419 1.008097 7.905918 0.0006844 6.3984501 44
17 0.126776 0.991931 0.127807 7.824279 1.008134 7.887924 0.0006892 6.3806008 43
18 0.127065 0.991894 0.128103 7.806221 1.008172 7.870012 0.0006939 6.3628339 42
19 0.127353 0.991857 0.128399 7.788245 1.008209 7.852182 0.0006987 6.3451489 41
20 0.127642 0.991820 0.128694 7.770351 1.008247 7.834433 0.0007035 6.3275451 40
21 0.127930 0.991783 0.128990 7.752537 1.008285 7.816766 0.0007083 6.3100220 39
22 0.128219 0.991746 0.129286 7.734803 1.008323 7.799178 0.0007132 6.2925791 38
23 0.128507 0.991709 0.129582 7.717149 1.008361 7.781670 0.0007181 6.2752158 37
24 0.128796 0.991671 0.129877 7.699574 1.008399 7.764241 0.0007230 6.2579315 36
25 0.129084 0.991634 0.130173 7.682077 1.008437 7.746890 0.0007279 6.2407259 35
26 0.129373 0.991596 0.130469 7.664658 1.008475 7.729618 0.0007328 6.2235982 34
27 0.129661 0.991558 0.130765 7.647317 1.008513 7.712423 0.0007378 6.2065481 33
28 0.129949 0.991521 0.131061 7.630053 1.008552 7.695305 0.0007428 6.1895749 32
29 0.130238 0.991483 0.131357 7.612866 1.008590 7.678263 0.0007478 6.1726782 31
30 0.130526 0.991445 0.131652 7.595754 1.008629 7.661298 0.0007528 6.1558575 30
31 0.130815 0.991407 0.131948 7.578718 1.008668 7.644407 0.0007579 6.1391122 29
32 0.131103 0.991369 0.132244 7.561757 1.008706 7.627592 0.0007629 6.1224418 28
33 0.131391 0.991331 0.132540 7.544870 1.008745 7.610852 0.0007680 6.1058460 27
34 0.131680 0.991292 0.132836 7.528057 1.008784 7.594185 0.0007732 6.0893240 26
35 0.131968 0.991254 0.133132 7.511318 1.008823 7.577592 0.0007783 6.0728756 25
36 0.132256 0.991216 0.133428 7.494651 1.008862 7.561071 0.0007835 6.0565001 24
37 0.132545 0.991177 0.133725 7.478058 1.008902 7.544624 0.0007887 6.0401971 23
38 0.132833 0.991138 0.134021 7.461536 1.008941 7.528248 0.0007939 6.0239662 22
39 0.133121 0.991100 0.134317 7.445086 1.008980 7.511944 0.0007991 6.0078069 21
40 0.133410 0.991061 0.134613 7.428706 1.009020 7.495711 0.0008044 5.9917186 20
41 0.133698 0.991022 0.134909 7.412398 1.009059 7.479548 0.0008096 5.9757010 19
42 0.133986 0.990983 0.135205 7.396160 1.009099 7.463456 0.0008150 5.9597535 18
43 0.134274 0.990944 0.135502 7.379991 1.009139 7.447433 0.0008203 5.9438758 17
44 0.134563 0.990905 0.135798 7.363892 1.009178 7.431480 0.0008256 5.9280674 16
45 0.134851 0.990866 0.136094 7.347861 1.009218 7.415596 0.0008310 5.9123277 15
46 0.135139 0.990827 0.136390 7.331899 1.009258 7.399780 0.0008364 5.8966565 14
47 0.135427 0.990787 0.136687 7.316005 1.009298 7.384032 0.0008418 5.8810532 13
48 0.135716 0.990748 0.136983 7.300178 1.009339 7.368351 0.0008473 5.8655174 12
49 0.136004 0.990708 0.137279 7.284418 1.009379 7.352738 0.0008527 5.8500487 11
50 0.136292 0.990669 0.137576 7.268725 1.009419 7.337191 0.0008582 5.8346466 10
51 0.136580 0.990629 0.137872 7.253099 1.009460 7.321710 0.0008638 5.8193107 9
52 0.136868 0.990589 0.138169 7.237538 1.009500 7.306295 0.0008693 5.8040407 8
53 0.137156 0.990549 0.138465 7.222042 1.009541 7.290946 0.0008749 5.7888360 7
54 0.137445 0.990509 0.138761 7.206612 1.009581 7.275662 0.0008805 5.7736963 6
55 0.137733 0.990469 0.139058 7.191246 1.009622 7.260442 0.0008861 5.7586212 5
56 0.138021 0.990429 0.139354 7.175944 1.009663 7.245286 0.0008917 5.7436102 4
57 0.138309 0.990389 0.139651 7.160706 1.009704 7.230194 0.0008974 5.7286629 3
58 0.138597 0.990349 0.139948 7.145531 1.009745 7.215165 0.0009031 5.7137791 2
59 0.138885 0.990309 0.140244 7.130419 1.009786 7.200200 0.0009088 5.6989581 1
60 0.139173 0.990268 0.140541 7.115370 1.009828 7.185297 0.0009145 5.6841997 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
82°–83°
Involute

Min-
utes



2882 TRIGONOMETRY TABLES

↓ 8° or 188°  Trigonometric and Involute Functions  171° or 351° ↓

↑ 98° or 278° 81° or 261° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
8°–9°

Read
Up

Min-
utes

0 0.139173 0.990268 0.140541 7.115370 1.009828 7.185297 0.0009145 5.6841997 60
1 0.139461 0.990228 0.140837 7.100383 1.009869 7.170456 0.0009203 5.6695035 59
2 0.139749 0.990187 0.141134 7.085457 1.009910 7.155676 0.0009260 5.6548691 58
3 0.140037 0.990146 0.141431 7.070593 1.009952 7.140959 0.0009318 5.6402961 57
4 0.140325 0.990105 0.141728 7.055790 1.009993 7.126302 0.0009377 5.6257841 56
5 0.140613 0.990065 0.142024 7.041048 1.010035 7.111706 0.0009435 5.6113327 55
6 0.140901 0.990024 0.142321 7.026366 1.010077 7.097170 0.0009494 5.5969416 54
7 0.141189 0.989983 0.142618 7.011744 1.010119 7.082694 0.0009553 5.5826104 53
8 0.141477 0.989942 0.142915 6.997182 1.010161 7.068278 0.0009612 5.5683387 52
9 0.141765 0.989900 0.143212 6.982678 1.010203 7.053920 0.0009672 5.5541261 51
10 0.142053 0.989859 0.143508 6.968234 1.010245 7.039622 0.0009732 5.5399724 50
11 0.142341 0.989818 0.143805 6.953847 1.010287 7.025382 0.0009792 5.5258771 49
12 0.142629 0.989776 0.144102 6.939519 1.010329 7.011200 0.0009852 5.5118399 48
13 0.142917 0.989735 0.144399 6.925249 1.010372 6.997076 0.0009913 5.4978604 47
14 0.143205 0.989693 0.144696 6.911036 1.010414 6.983009 0.0009973 5.4839383 46
15 0.143493 0.989651 0.144993 6.896880 1.010457 6.968999 0.0010034 5.4700733 45
16 0.143780 0.989610 0.145290 6.882781 1.010499 6.955046 0.0010096 5.4562649 44
17 0.144068 0.989568 0.145587 6.868738 1.010542 6.941150 0.0010157 5.4425129 43
18 0.144356 0.989526 0.145884 6.854751 1.010585 6.927309 0.0010219 5.4288168 42
19 0.144644 0.989484 0.146181 6.840820 1.010628 6.913524 0.0010281 5.4151765 41
20 0.144932 0.989442 0.146478 6.826944 1.010671 6.899794 0.0010343 5.4015914 40
21 0.145220 0.989399 0.146776 6.813123 1.010714 6.886119 0.0010406 5.3880614 39
22 0.145507 0.989357 0.147073 6.799357 1.010757 6.872499 0.0010469 5.3745861 38
23 0.145795 0.989315 0.147370 6.785645 1.010801 6.858934 0.0010532 5.3611651 37
24 0.146083 0.989272 0.147667 6.771987 1.010844 6.845422 0.0010595 5.3477981 36
25 0.146371 0.989230 0.147964 6.758383 1.010887 6.831964 0.0010659 5.3344848 35
26 0.146659 0.989187 0.148262 6.744832 1.010931 6.818560 0.0010722 5.3212249 34
27 0.146946 0.989144 0.148559 6.731334 1.010975 6.805208 0.0010786 5.3080181 33
28 0.147234 0.989102 0.148856 6.717889 1.011018 6.791909 0.0010851 5.2948640 32
29 0.147522 0.989059 0.149154 6.704497 1.011062 6.778663 0.0010915 5.2817624 31
30 0.147809 0.989016 0.149451 6.691156 1.011106 6.765469 0.0010980 5.2687129 30
31 0.148097 0.988973 0.149748 6.677868 1.011150 6.752327 0.0011045 5.2557152 29
32 0.148385 0.988930 0.150046 6.664631 1.011194 6.739236 0.0011111 5.2427691 28
33 0.148672 0.988886 0.150343 6.651445 1.011238 6.726196 0.0011176 5.2298742 27
34 0.148960 0.988843 0.150641 6.638310 1.011283 6.713208 0.0011242 5.2170302 26
35 0.149248 0.988800 0.150938 6.625226 1.011327 6.700270 0.0011308 5.2042369 25
36 0.149535 0.988756 0.151236 6.612192 1.011371 6.687382 0.0011375 5.1914939 24
37 0.149823 0.988713 0.151533 6.599208 1.011416 6.674545 0.0011441 5.1788009 23
38 0.150111 0.988669 0.151831 6.586274 1.011461 6.661757 0.0011508 5.1661577 22
39 0.150398 0.988626 0.152129 6.573389 1.011505 6.649018 0.0011575 5.1535639 21
40 0.150686 0.988582 0.152426 6.560554 1.011550 6.636329 0.0011643 5.1410193 20
41 0.150973 0.988538 0.152724 6.547767 1.011595 6.623689 0.0011711 5.1285236 19
42 0.151261 0.988494 0.153022 6.535029 1.011640 6.611097 0.0011779 5.1160766 18
43 0.151548 0.988450 0.153319 6.522340 1.011685 6.598554 0.0011847 5.1036779 17
44 0.151836 0.988406 0.153617 6.509698 1.011730 6.586059 0.0011915 5.0913272 16
45 0.152123 0.988362 0.153915 6.497104 1.011776 6.573611 0.0011984 5.0790243 15
46 0.152411 0.988317 0.154213 6.484558 1.011821 6.561211 0.0012053 5.0667689 14
47 0.152698 0.988273 0.154510 6.472059 1.011866 6.548859 0.0012122 5.0545608 13
48 0.152986 0.988228 0.154808 6.459607 1.011912 6.536553 0.0012192 5.0423997 12
49 0.153273 0.988184 0.155106 6.447202 1.011957 6.524294 0.0012262 5.0302852 11
50 0.153561 0.988139 0.155404 6.434843 1.012003 6.512081 0.0012332 5.0182172 10
51 0.153848 0.988094 0.155702 6.422530 1.012049 6.499915 0.0012402 5.0061954 9
52 0.154136 0.988050 0.156000 6.410263 1.012095 6.487794 0.0012473 4.9942195 8
53 0.154423 0.988005 0.156298 6.398042 1.012141 6.475720 0.0012544 4.9822893 7
54 0.154710 0.987960 0.156596 6.385866 1.012187 6.463690 0.0012615 4.9704044 6
55 0.154998 0.987915 0.156894 6.373736 1.012233 6.451706 0.0012687 4.9585647 5
56 0.155285 0.987870 0.157192 6.361650 1.012279 6.439767 0.0012758 4.9467700 4
57 0.155572 0.987824 0.157490 6.349609 1.012326 6.427872 0.0012830 4.9350198 3
58 0.155860 0.987779 0.157788 6.337613 1.012372 6.416022 0.0012903 4.9233141 2
59 0.156147 0.987734 0.158086 6.325660 1.012419 6.404215 0.0012975 4.9116525 1
60 0.156434 0.987688 0.158384 6.313752 1.012465 6.392453 0.0013048 4.9000348 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
81°–82°
Involute

Min-
utes



TRIGONOMETRY TABLES 2883

↓ 9° or 189°  Trigonometric and Involute Functions  170° or 350° ↓

↑ 99° or 279° 80° or 260° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
9°–10°

Read
Up

Min-
utes

0 0.156434 0.987688 0.158384 6.313752 1.012465 6.392453 0.0013048 4.9000348 60
1 0.156722 0.987643 0.158683 6.301887 1.012512 6.380735 0.0013121 4.8884608 59
2 0.157009 0.987597 0.158981 6.290065 1.012559 6.369060 0.0013195 4.8769302 58
3 0.157296 0.987551 0.159279 6.278287 1.012605 6.357428 0.0013268 4.8654428 57
4 0.157584 0.987506 0.159577 6.266551 1.012652 6.345839 0.0013342 4.8539983 56
5 0.157871 0.987460 0.159876 6.254859 1.012699 6.334292 0.0013416 4.8425965 55
6 0.158158 0.987414 0.160174 6.243209 1.012747 6.322788 0.0013491 4.8312372 54
7 0.158445 0.987368 0.160472 6.231601 1.012794 6.311327 0.0013566 4.8199202 53
8 0.158732 0.987322 0.160771 6.220035 1.012841 6.299907 0.0013641 4.8086451 52
9 0.159020 0.987275 0.161069 6.208511 1.012889 6.288530 0.0013716 4.7974119 51
10 0.159307 0.987229 0.161368 6.197028 1.012936 6.277193 0.0013792 4.7862201 50
11 0.159594 0.987183 0.161666 6.185587 1.012984 6.265898 0.0013868 4.7750697 49
12 0.159881 0.987136 0.161965 6.174186 1.013031 6.254645 0.0013944 4.7639604 48
13 0.160168 0.987090 0.162263 6.162827 1.013079 6.243432 0.0014020 4.7528920 47
14 0.160455 0.987043 0.162562 6.151508 1.013127 6.232259 0.0014097 4.7418642 46
15 0.160743 0.986996 0.162860 6.140230 1.013175 6.221128 0.0014174 4.7308769 45
16 0.161030 0.986950 0.163159 6.128992 1.013223 6.210036 0.0014251 4.7199298 44
17 0.161317 0.986903 0.163458 6.117794 1.013271 6.198984 0.0014329 4.7090227 43
18 0.161604 0.986856 0.163756 6.106636 1.013319 6.187972 0.0014407 4.6981553 42
19 0.161891 0.986809 0.164055 6.095517 1.013368 6.177000 0.0014485 4.6873276 41
20 0.162178 0.986762 0.164354 6.084438 1.013416 6.166067 0.0014563 4.6765392 40
21 0.162465 0.986714 0.164652 6.073398 1.013465 6.155174 0.0014642 4.6657899 39
22 0.162752 0.986667 0.164951 6.062397 1.013513 6.144319 0.0014721 4.6550796 38
23 0.163039 0.986620 0.165250 6.051434 1.013562 6.133503 0.0014800 4.6444080 37
24 0.163326 0.986572 0.165549 6.040510 1.013611 6.122725 0.0014880 4.6337750 36
25 0.163613 0.986525 0.165848 6.029625 1.013659 6.111986 0.0014960 4.6231802 35
26 0.163900 0.986477 0.166147 6.018777 1.013708 6.101285 0.0015040 4.6126236 34
27 0.164187 0.986429 0.166446 6.007968 1.013757 6.090622 0.0015120 4.6021049 33
28 0.164474 0.986381 0.166745 5.997196 1.013807 6.079996 0.0015201 4.5916239 32
29 0.164761 0.986334 0.167044 5.986461 1.013856 6.069409 0.0015282 4.5811805 31
30 0.165048 0.986286 0.167343 5.975764 1.013905 6.058858 0.0015363 4.5707743 30
31 0.165334 0.986238 0.167642 5.965104 1.013954 6.048345 0.0015445 4.5604053 29
32 0.165621 0.986189 0.167941 5.954481 1.014004 6.037868 0.0015527 4.5500732 28
33 0.165908 0.986141 0.168240 5.943895 1.014054 6.027428 0.0015609 4.5397779 27
34 0.166195 0.986093 0.168539 5.933346 1.014103 6.017025 0.0015691 4.5295190 26
35 0.166482 0.986045 0.168838 5.922832 1.014153 6.006658 0.0015774 4.5192966 25
36 0.166769 0.985996 0.169137 5.912355 1.014203 5.996327 0.0015857 4.5091103 24
37 0.167056 0.985947 0.169437 5.901914 1.014253 5.986033 0.0015941 4.4989600 23
38 0.167342 0.985899 0.169736 5.891508 1.014303 5.975774 0.0016024 4.4888455 22
39 0.167629 0.985850 0.170035 5.881139 1.014353 5.965550 0.0016108 4.4787665 21
40 0.167916 0.985801 0.170334 5.870804 1.014403 5.955362 0.0016193 4.4687230 20
41 0.168203 0.985752 0.170634 5.860505 1.014453 5.945210 0.0016277 4.4587148 19
42 0.168489 0.985703 0.170933 5.850241 1.014504 5.935092 0.0016362 4.4487416 18
43 0.168776 0.985654 0.171233 5.840012 1.014554 5.925009 0.0016447 4.4388032 17
44 0.169063 0.985605 0.171532 5.829817 1.014605 5.914961 0.0016533 4.4288996 16
45 0.169350 0.985556 0.171831 5.819657 1.014656 5.904948 0.0016618 4.4190305 15
46 0.169636 0.985507 0.172131 5.809532 1.014706 5.894969 0.0016704 4.4091957 14
47 0.169923 0.985457 0.172430 5.799440 1.014757 5.885024 0.0016791 4.3993951 13
48 0.170209 0.985408 0.172730 5.789383 1.014808 5.875113 0.0016877 4.3896285 12
49 0.170496 0.985358 0.173030 5.779359 1.014859 5.865236 0.0016964 4.3798957 11
50 0.170783 0.985309 0.173329 5.769369 1.014910 5.855392 0.0017051 4.3701965 10
51 0.171069 0.985259 0.173629 5.759412 1.014962 5.845582 0.0017139 4.3605308 9
52 0.171356 0.985209 0.173929 5.749489 1.015013 5.835805 0.0017227 4.3508984 8
53 0.171643 0.985159 0.174228 5.739599 1.015064 5.826062 0.0017315 4.3412992 7
54 0.171929 0.985109 0.174528 5.729742 1.015116 5.816351 0.0017403 4.3317329 6
55 0.172216 0.985059 0.174828 5.719917 1.015167 5.806673 0.0017492 4.3221994 5
56 0.172502 0.985009 0.175127 5.710126 1.015219 5.797028 0.0017581 4.3126986 4
57 0.172789 0.984959 0.175427 5.700366 1.015271 5.787415 0.0017671 4.3032303 3
58 0.173075 0.984909 0.175727 5.690639 1.015323 5.777835 0.0017760 4.2937942 2
59 0.173362 0.984858 0.176027 5.680945 1.015375 5.768287 0.0017850 4.2843903 1
60 0.173648 0.984808 0.176327 5.671282 1.015427 5.758770 0.0017941 4.2750184 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
80°–81°
Involute

Min-
utes



2884 TRIGONOMETRY TABLES

↓ 10° or 190°  Trigonometric and Involute Functions  169° or 349° ↓

↑ 100° or 280° 79° or 259° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
10°–11°

Read
Up

Min-
utes

0 0.173648 0.984808 0.176327 5.671282 1.015427 5.758770 0.0017941 4.2750184 60
1 0.173935 0.984757 0.176627 5.661651 1.015479 5.749286 0.0018031 4.2656783 59
2 0.174221 0.984707 0.176927 5.652052 1.015531 5.739833 0.0018122 4.2563699 58
3 0.174508 0.984656 0.177227 5.642484 1.015583 5.730412 0.0018213 4.2470930 57
4 0.174794 0.984605 0.177527 5.632947 1.015636 5.721022 0.0018305 4.2378475 56
5 0.175080 0.984554 0.177827 5.623442 1.015688 5.711664 0.0018397 4.2286332 55
6 0.175367 0.984503 0.178127 5.613968 1.015741 5.702336 0.0018489 4.2194499 54
7 0.175653 0.984452 0.178427 5.604525 1.015793 5.693039 0.0018581 4.2102975 53
8 0.175939 0.984401 0.178727 5.595112 1.015846 5.683773 0.0018674 4.2011758 52
9 0.176226 0.984350 0.179028 5.585730 1.015899 5.674538 0.0018767 4.1920848 51
10 0.176512 0.984298 0.179328 5.576379 1.015952 5.665333 0.0018860 4.1830241 50
11 0.176798 0.984247 0.179628 5.567057 1.016005 5.656158 0.0018954 4.1739938 49
12 0.177085 0.984196 0.179928 5.557766 1.016058 5.647014 0.0019048 4.1649936 48
13 0.177371 0.984144 0.180229 5.548505 1.016111 5.637899 0.0019142 4.1560234 47
14 0.177657 0.984092 0.180529 5.539274 1.016165 5.628815 0.0019237 4.1470830 46
15 0.177944 0.984041 0.180829 5.530072 1.016218 5.619760 0.0019332 4.1381724 45
16 0.178230 0.983989 0.181130 5.520900 1.016272 5.610735 0.0019427 4.1292913 44
17 0.178516 0.983937 0.181430 5.511758 1.016325 5.601739 0.0019523 4.1204396 43
18 0.178802 0.983885 0.181731 5.502645 1.016379 5.592772 0.0019619 4.1116172 42
19 0.179088 0.983833 0.182031 5.493560 1.016433 5.583834 0.0019715 4.1028239 41
20 0.179375 0.983781 0.182332 5.484505 1.016487 5.574926 0.0019812 4.0940596 40
21 0.179661 0.983729 0.182632 5.475479 1.016541 5.566046 0.0019909 4.0853241 39
22 0.179947 0.983676 0.182933 5.466481 1.016595 5.557195 0.0020006 4.0766173 38
23 0.180233 0.983624 0.183234 5.457512 1.016649 5.548373 0.0020103 4.0679392 37
24 0.180519 0.983571 0.183534 5.448572 1.016703 5.539579 0.0020201 4.0592894 36
25 0.180805 0.983519 0.183835 5.439659 1.016757 5.530813 0.0020299 4.0506680 35
26 0.181091 0.983466 0.184136 5.430775 1.016812 5.522075 0.0020398 4.0420747 34
27 0.181377 0.983414 0.184437 5.421919 1.016866 5.513366 0.0020496 4.0335094 33
28 0.181663 0.983361 0.184737 5.413091 1.016921 5.504684 0.0020596 4.0249720 32
29 0.181950 0.983308 0.185038 5.404290 1.016975 5.496030 0.0020695 4.0164624 31
30 0.182236 0.983255 0.185339 5.395517 1.017030 5.487404 0.0020795 4.0079804 30
31 0.182522 0.983202 0.185640 5.386772 1.017085 5.478806 0.0020895 3.9995259 29
32 0.182808 0.983149 0.185941 5.378054 1.017140 5.470234 0.0020995 3.9910988 28
33 0.183094 0.983096 0.186242 5.369363 1.017195 5.461690 0.0021096 3.9826989 27
34 0.183379 0.983042 0.186543 5.360699 1.017250 5.453173 0.0021197 3.9743261 26
35 0.183665 0.982989 0.186844 5.352063 1.017306 5.444683 0.0021298 3.9659803 25
36 0.183951 0.982935 0.187145 5.343453 1.017361 5.436220 0.0021400 3.9576613 24
37 0.184237 0.982882 0.187446 5.334870 1.017416 5.427784 0.0021502 3.9493691 23
38 0.184523 0.982828 0.187747 5.326313 1.017472 5.419374 0.0021605 3.9411034 22
39 0.184809 0.982774 0.188048 5.317783 1.017527 5.410990 0.0021707 3.9328643 21
40 0.185095 0.982721 0.188349 5.309279 1.017583 5.402633 0.0021810 3.9246514 20
41 0.185381 0.982667 0.188651 5.300802 1.017639 5.394303 0.0021914 3.9164648 19
42 0.185667 0.982613 0.188952 5.292350 1.017695 5.385998 0.0022017 3.9083044 18
43 0.185952 0.982559 0.189253 5.283925 1.017751 5.377719 0.0022121 3.9001698 17
44 0.186238 0.982505 0.189555 5.275526 1.017807 5.369466 0.0022226 3.8920612 16
45 0.186524 0.982450 0.189856 5.267152 1.017863 5.361239 0.0022330 3.8839783 15
46 0.186810 0.982396 0.190157 5.258804 1.017919 5.353038 0.0022435 3.8759210 14
47 0.187096 0.982342 0.190459 5.250481 1.017976 5.344862 0.0022541 3.8678892 13
48 0.187381 0.982287 0.190760 5.242184 1.018032 5.336711 0.0022646 3.8598828 12
49 0.187667 0.982233 0.191062 5.233912 1.018089 5.328586 0.0022752 3.8519017 11
50 0.187953 0.982178 0.191363 5.225665 1.018145 5.320486 0.0022859 3.8439457 10
51 0.188238 0.982123 0.191665 5.217443 1.018202 5.312411 0.0022965 3.8360147 9
52 0.188524 0.982069 0.191966 5.209246 1.018259 5.304361 0.0023073 3.8281087 8
53 0.188810 0.982014 0.192268 5.201074 1.018316 5.296335 0.0023180 3.8202275 7
54 0.189095 0.981959 0.192570 5.192926 1.018373 5.288335 0.0023288 3.8123709 6
55 0.189381 0.981904 0.192871 5.184804 1.018430 5.280359 0.0023396 3.8045390 5
56 0.189667 0.981849 0.193173 5.176705 1.018487 5.272407 0.0023504 3.7967315 4
57 0.189952 0.981793 0.193475 5.168631 1.018544 5.264480 0.0023613 3.7889483 3
58 0.190238 0.981738 0.193777 5.160581 1.018602 5.256577 0.0023722 3.7811894 2
59 0.190523 0.981683 0.194078 5.152556 1.018659 5.248698 0.0023831 3.7734547 1
60 0.190809 0.981627 0.194380 5.144554 1.018717 5.240843 0.0023941 3.7657439 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
79°–80°
Involute

Min-
utes



TRIGONOMETRY TABLES 2885

↓ 11° or 191°  Trigonometric and Involute Functions  168° or 348° ↓

↑ 101° or 281° 78° or 258° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
11°–12°

Read
Up

Min-
utes

0 0.190809 0.981627 0.194380 5.144554 1.018717 5.240843 0.0023941 3.7657439 60
1 0.191095 0.981572 0.194682 5.136576 1.018774 5.233012 0.0024051 3.7580571 59
2 0.191380 0.981516 0.194984 5.128622 1.018832 5.225205 0.0024161 3.7503940 58
3 0.191666 0.981460 0.195286 5.120692 1.018890 5.217422 0.0024272 3.7427547 57
4 0.191951 0.981405 0.195588 5.112786 1.018948 5.209662 0.0024383 3.7351390 56
5 0.192237 0.981349 0.195890 5.104902 1.019006 5.201925 0.0024495 3.7275467 55
6 0.192522 0.981293 0.196192 5.097043 1.019064 5.194212 0.0024607 3.7199778 54
7 0.192807 0.981237 0.196494 5.089206 1.019122 5.186523 0.0024719 3.7124322 53
8 0.193093 0.981180 0.196796 5.081393 1.019180 5.178856 0.0024831 3.7049098 52
9 0.193378 0.981124 0.197099 5.073602 1.019239 5.171213 0.0024944 3.6974104 51
10 0.193664 0.981068 0.197401 5.065835 1.019297 5.163592 0.0025057 3.6899340 50
11 0.193949 0.981012 0.197703 5.058091 1.019356 5.155995 0.0025171 3.6824804 49
12 0.194234 0.980955 0.198005 5.050369 1.019415 5.148420 0.0025285 3.6750496 48
13 0.194520 0.980899 0.198308 5.042670 1.019473 5.140868 0.0025399 3.6676414 47
14 0.194805 0.980842 0.198610 5.034994 1.019532 5.133338 0.0025513 3.6602558 46
15 0.195090 0.980785 0.198912 5.027339 1.019591 5.125831 0.0025628 3.6528927 45
16 0.195376 0.980728 0.199215 5.019708 1.019650 5.118346 0.0025744 3.6455519 44
17 0.195661 0.980672 0.199517 5.012098 1.019709 5.110884 0.0025859 3.6382334 43
18 0.195946 0.980615 0.199820 5.004511 1.019769 5.103443 0.0025975 3.6309370 42
19 0.196231 0.980558 0.200122 4.996946 1.019828 5.096025 0.0026091 3.6236627 41
20 0.196517 0.980500 0.200425 4.989403 1.019887 5.088628 0.0026208 3.6164103 40
21 0.196802 0.980443 0.200727 4.981881 1.019947 5.081254 0.0026325 3.6091798 39
22 0.197087 0.980386 0.201030 4.974382 1.020006 5.073901 0.0026443 3.6019711 38
23 0.197372 0.980329 0.201333 4.966904 1.020066 5.066570 0.0026560 3.5947840 37
24 0.197657 0.980271 0.201635 4.959447 1.020126 5.059261 0.0026678 3.5876186 36
25 0.197942 0.980214 0.201938 4.952012 1.020186 5.051973 0.0026797 3.5804746 35
26 0.198228 0.980156 0.202241 4.944599 1.020246 5.044706 0.0026916 3.5733520 34
27 0.198513 0.980098 0.202544 4.937207 1.020306 5.037461 0.0027035 3.5662507 33
28 0.198798 0.980041 0.202847 4.929836 1.020366 5.030237 0.0027154 3.5591705 32
29 0.199083 0.979983 0.203149 4.922486 1.020426 5.023034 0.0027274 3.5521115 31
30 0.199368 0.979925 0.203452 4.915157 1.020487 5.015852 0.0027394 3.5450736 30
31 0.199653 0.979867 0.203755 4.907849 1.020547 5.008691 0.0027515 3.5380565 29
32 0.199938 0.979809 0.204058 4.900562 1.020608 5.001551 0.0027636 3.5310603 28
33 0.200223 0.979750 0.204361 4.893296 1.020668 4.994431 0.0027757 3.5240848 27
34 0.200508 0.979692 0.204664 4.886050 1.020729 4.987332 0.0027879 3.5171300 26
35 0.200793 0.979634 0.204967 4.878825 1.020790 4.980254 0.0028001 3.5101958 25
36 0.201078 0.979575 0.205271 4.871620 1.020851 4.973196 0.0028123 3.5032820 24
37 0.201363 0.979517 0.205574 4.864436 1.020912 4.966159 0.0028246 3.4963886 23
38 0.201648 0.979458 0.205877 4.857272 1.020973 4.959142 0.0028369 3.4895156 22
39 0.201933 0.979399 0.206180 4.850128 1.021034 4.952145 0.0028493 3.4826627 21
40 0.202218 0.979341 0.206483 4.843005 1.021095 4.945169 0.0028616 3.4758300 20
41 0.202502 0.979282 0.206787 4.835901 1.021157 4.938212 0.0028741 3.4690173 19
42 0.202787 0.979223 0.207090 4.828817 1.021218 4.931275 0.0028865 3.4622245 18
43 0.203072 0.979164 0.207393 4.821754 1.021280 4.924359 0.0028990 3.4554517 17
44 0.203357 0.979105 0.207697 4.814710 1.021341 4.917462 0.0029115 3.4486986 16
45 0.203642 0.979045 0.208000 4.807685 1.021403 4.910584 0.0029241 3.4419653 15
46 0.203927 0.978986 0.208304 4.800681 1.021465 4.903727 0.0029367 3.4352515 14
47 0.204211 0.978927 0.208607 4.793696 1.021527 4.896889 0.0029494 3.4285573 13
48 0.204496 0.978867 0.208911 4.786730 1.021589 4.890070 0.0029620 3.4218825 12
49 0.204781 0.978808 0.209214 4.779784 1.021651 4.883271 0.0029747 3.4152272 11
50 0.205065 0.978748 0.209518 4.772857 1.021713 4.876491 0.0029875 3.4085911 10
51 0.205350 0.978689 0.209822 4.765949 1.021776 4.869730 0.0030003 3.4019742 9
52 0.205635 0.978629 0.210126 4.759060 1.021838 4.862988 0.0030131 3.3953764 8
53 0.205920 0.978569 0.210429 4.752191 1.021900 4.856266 0.0030260 3.3887977 7
54 0.206204 0.978509 0.210733 4.745340 1.021963 4.849562 0.0030389 3.3822379 6
55 0.206489 0.978449 0.211037 4.738508 1.022026 4.842877 0.0030518 3.3756971 5
56 0.206773 0.978389 0.211341 4.731695 1.022089 4.836211 0.0030648 3.3691750 4
57 0.207058 0.978329 0.211645 4.724901 1.022151 4.829564 0.0030778 3.3626717 3
58 0.207343 0.978268 0.211949 4.718126 1.022214 4.822936 0.0030908 3.3561870 2
59 0.207627 0.978208 0.212253 4.711369 1.022277 4.816326 0.0031039 3.3497209 1
60 0.207912 0.978148 0.212557 4.704630 1.022341 4.809734 0.0031171 3.3432733 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
78°–79°
Involute

Min-
utes



2886 TRIGONOMETRY TABLES

↓ 12° or 192°  Trigonometric and Involute Functions  167° or 347° ↓

↑ 102° or 282° 77° or 257° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
12°–13°

Read
Up

Min-
utes

0 0.207912 0.978148 0.212557 4.704630 1.022341 4.809734 0.0031171 3.3432733 60
1 0.208196 0.978087 0.212861 4.697910 1.022404 4.803161 0.0031302 3.3368441 59
2 0.208481 0.978026 0.213165 4.691208 1.022467 4.796607 0.0031434 3.3304333 58
3 0.208765 0.977966 0.213469 4.684525 1.022531 4.790070 0.0031566 3.3240407 57
4 0.209050 0.977905 0.213773 4.677860 1.022594 4.783552 0.0031699 3.3176663 56
5 0.209334 0.977844 0.214077 4.671212 1.022658 4.777052 0.0031832 3.3113100 55
6 0.209619 0.977783 0.214381 4.664583 1.022722 4.770570 0.0031966 3.3049718 54
7 0.209903 0.977722 0.214686 4.657972 1.022785 4.764106 0.0032100 3.2986515 53
8 0.210187 0.977661 0.214990 4.651379 1.022849 4.757660 0.0032234 3.2923491 52
9 0.210472 0.977600 0.215294 4.644803 1.022913 4.751231 0.0032369 3.2860645 51
10 0.210756 0.977539 0.215599 4.638246 1.022977 4.744821 0.0032504 3.2797977 50
11 0.211040 0.977477 0.215903 4.631706 1.023042 4.738428 0.0032639 3.2735486 49
12 0.211325 0.977416 0.216208 4.625183 1.023106 4.732052 0.0032775 3.2673170 48
13 0.211609 0.977354 0.216512 4.618678 1.023170 4.725695 0.0032911 3.2611030 47
14 0.211893 0.977293 0.216817 4.612191 1.023235 4.719354 0.0033048 3.2549064 46
15 0.212178 0.977231 0.217121 4.605721 1.023299 4.713031 0.0033185 3.2487273 45
16 0.212462 0.977169 0.217426 4.599268 1.023364 4.706726 0.0033322 3.2425654 44
17 0.212746 0.977108 0.217731 4.592832 1.023429 4.700437 0.0033460 3.2364208 43
18 0.213030 0.977046 0.218035 4.586414 1.023494 4.694166 0.0033598 3.2302933 42
19 0.213315 0.976984 0.218340 4.580013 1.023559 4.687912 0.0033736 3.2241830 41
20 0.213599 0.976921 0.218645 4.573629 1.023624 4.681675 0.0033875 3.2180896 40
21 0.213883 0.976859 0.218950 4.567261 1.023689 4.675455 0.0034014 3.2120133 39
22 0.214167 0.976797 0.219254 4.560911 1.023754 4.669252 0.0034154 3.2059538 38
23 0.214451 0.976735 0.219559 4.554578 1.023819 4.663065 0.0034294 3.1999112 37
24 0.214735 0.976672 0.219864 4.548261 1.023885 4.656896 0.0034434 3.1938853 36
25 0.215019 0.976610 0.220169 4.541961 1.023950 4.650743 0.0034575 3.1878762 35
26 0.215303 0.976547 0.220474 4.535677 1.024016 4.644606 0.0034716 3.1818836 34
27 0.215588 0.976485 0.220779 4.529410 1.024082 4.638487 0.0034858 3.1759076 33
28 0.215872 0.976422 0.221084 4.523160 1.024148 4.632384 0.0035000 3.1699481 32
29 0.216156 0.976359 0.221389 4.516926 1.024214 4.626297 0.0035142 3.1640050 31
30 0.216440 0.976296 0.221695 4.510709 1.024280 4.620226 0.0035285 3.1580783 30
31 0.216724 0.976233 0.222000 4.504507 1.024346 4.614172 0.0035428 3.1521679 29
32 0.217008 0.976170 0.222305 4.498322 1.024412 4.608134 0.0035572 3.1462737 28
33 0.217292 0.976107 0.222610 4.492153 1.024478 4.602113 0.0035716 3.1403957 27
34 0.217575 0.976044 0.222916 4.486000 1.024544 4.596107 0.0035860 3.1345338 26
35 0.217859 0.975980 0.223221 4.479864 1.024611 4.590117 0.0036005 3.1286879 25
36 0.218143 0.975917 0.223526 4.473743 1.024678 4.584144 0.0036150 3.1228580 24
37 0.218427 0.975853 0.223832 4.467638 1.024744 4.578186 0.0036296 3.1170440 23
38 0.218711 0.975790 0.224137 4.461549 1.024811 4.572244 0.0036441 3.1112458 22
39 0.218995 0.975726 0.224443 4.455476 1.024878 4.566318 0.0036588 3.1054635 21
40 0.219279 0.975662 0.224748 4.449418 1.024945 4.560408 0.0036735 3.0996968 20
41 0.219562 0.975598 0.225054 4.443376 1.025012 4.554513 0.0036882 3.0939458 19
42 0.219846 0.975535 0.225360 4.437350 1.025079 4.548634 0.0037029 3.0882104 18
43 0.220130 0.975471 0.225665 4.431339 1.025146 4.542771 0.0037177 3.0824906 17
44 0.220414 0.975406 0.225971 4.425344 1.025214 4.536923 0.0037325 3.0767862 16
45 0.220697 0.975342 0.226277 4.419364 1.025281 4.531090 0.0037474 3.0710972 15
46 0.220981 0.975278 0.226583 4.413400 1.025349 4.525273 0.0037623 3.0654236 14
47 0.221265 0.975214 0.226889 4.407450 1.025416 4.519471 0.0037773 3.0597653 13
48 0.221548 0.975149 0.227194 4.401516 1.025484 4.513684 0.0037923 3.0541223 12
49 0.221832 0.975085 0.227500 4.395598 1.025552 4.507913 0.0038073 3.0484944 11
50 0.222116 0.975020 0.227806 4.389694 1.025620 4.502157 0.0038224 3.0428816 10
51 0.222399 0.974956 0.228112 4.383805 1.025688 4.496415 0.0038375 3.0372838 9
52 0.222683 0.974891 0.228418 4.377932 1.025756 4.490689 0.0038527 3.0317011 8
53 0.222967 0.974826 0.228724 4.372073 1.025824 4.484977 0.0038679 3.0261333 7
54 0.223250 0.974761 0.229031 4.366229 1.025892 4.479281 0.0038831 3.0205804 6
55 0.223534 0.974696 0.229337 4.360400 1.025961 4.473599 0.0038984 3.0150424 5
56 0.223817 0.974631 0.229643 4.354586 1.026029 4.467932 0.0039137 3.0095190 4
57 0.224101 0.974566 0.229949 4.348787 1.026098 4.462280 0.0039291 3.0040104 3
58 0.224384 0.974501 0.230255 4.343002 1.026166 4.456643 0.0039445 2.9985165 2
59 0.224668 0.974435 0.230562 4.337232 1.026235 4.451020 0.0039599 2.9930372 1
60 0.224951 0.974370 0.230868 4.331476 1.026304 4.445411 0.0039754 2.9875724 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
77°–78°
Involute

Min-
utes



TRIGONOMETRY TABLES 2887

↓ 13° or 193°  Trigonometric and Involute Functions  166° or 346° ↓

↑ 103° or 283° 76° or 256° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
13°–14°

Read
Up

Min-
utes

0 0.224951 0.974370 0.230868 4.331476 1.026304 4.445411 0.0039754 2.9875724 60
1 0.225234 0.974305 0.231175 4.325735 1.026373 4.439818 0.0039909 2.9821220 59
2 0.225518 0.974239 0.231481 4.320008 1.026442 4.434238 0.0040065 2.9766861 58
3 0.225801 0.974173 0.231788 4.314295 1.026511 4.428673 0.0040221 2.9712646 57
4 0.226085 0.974108 0.232094 4.308597 1.026581 4.423122 0.0040377 2.9658574 56
5 0.226368 0.974042 0.232401 4.302914 1.026650 4.417586 0.0040534 2.9604645 55
6 0.226651 0.973976 0.232707 4.297244 1.026719 4.412064 0.0040692 2.9550858 54
7 0.226935 0.973910 0.233014 4.291589 1.026789 4.406556 0.0040849 2.9497212 53
8 0.227218 0.973844 0.233321 4.285947 1.026859 4.401062 0.0041007 2.9443708 52
9 0.227501 0.973778 0.233627 4.280320 1.026928 4.395582 0.0041166 2.9390344 51
10 0.227784 0.973712 0.233934 4.274707 1.026998 4.390116 0.0041325 2.9337119 50
11 0.228068 0.973645 0.234241 4.269107 1.027068 4.384664 0.0041484 2.9284035 49
12 0.228351 0.973579 0.234548 4.263522 1.027138 4.379226 0.0041644 2.9231089 48
13 0.228634 0.973512 0.234855 4.257950 1.027208 4.373801 0.0041804 2.9178281 47
14 0.228917 0.973446 0.235162 4.252392 1.027278 4.368391 0.0041965 2.9125612 46
15 0.229200 0.973379 0.235469 4.246848 1.027349 4.362994 0.0042126 2.9073080 45
16 0.229484 0.973313 0.235776 4.241318 1.027419 4.357611 0.0042288 2.9020684 44
17 0.229767 0.973246 0.236083 4.235801 1.027490 4.352242 0.0042450 2.8968425 43
18 0.230050 0.973179 0.236390 4.230298 1.027560 4.346886 0.0042612 2.8916302 42
19 0.230333 0.973112 0.236697 4.224808 1.027631 4.341544 0.0042775 2.8864313 41
20 0.230616 0.973045 0.237004 4.219332 1.027702 4.336215 0.0042938 2.8812460 40
21 0.230899 0.972978 0.237312 4.213869 1.027773 4.330900 0.0043101 2.8760741 39
22 0.231182 0.972911 0.237619 4.208420 1.027844 4.325598 0.0043266 2.8709156 38
23 0.231465 0.972843 0.237926 4.202983 1.027915 4.320309 0.0043430 2.8657704 37
24 0.231748 0.972776 0.238234 4.197561 1.027986 4.315034 0.0043595 2.8606384 36
25 0.232031 0.972708 0.238541 4.192151 1.028057 4.309772 0.0043760 2.8555197 35
26 0.232314 0.972641 0.238848 4.186755 1.028129 4.304523 0.0043926 2.8504142 34
27 0.232597 0.972573 0.239156 4.181371 1.028200 4.299287 0.0044092 2.8453218 33
28 0.232880 0.972506 0.239464 4.176001 1.028272 4.294064 0.0044259 2.8402425 32
29 0.233163 0.972438 0.239771 4.170644 1.028343 4.288854 0.0044426 2.8351762 31
30 0.233445 0.972370 0.240079 4.165300 1.028415 4.283658 0.0044593 2.8301229 30
31 0.233728 0.972302 0.240386 4.159969 1.028487 4.278474 0.0044761 2.8250825 29
32 0.234011 0.972234 0.240694 4.154650 1.028559 4.273303 0.0044929 2.8200550 28
33 0.234294 0.972166 0.241002 4.149345 1.028631 4.268145 0.0045098 2.8150404 27
34 0.234577 0.972098 0.241310 4.144052 1.028703 4.263000 0.0045267 2.8100385 26
35 0.234859 0.972029 0.241618 4.138772 1.028776 4.257867 0.0045437 2.8050494 25
36 0.235142 0.971961 0.241925 4.133505 1.028848 4.252747 0.0045607 2.8000730 24
37 0.235425 0.971893 0.242233 4.128250 1.028920 4.247640 0.0045777 2.7951093 23
38 0.235708 0.971824 0.242541 4.123008 1.028993 4.242546 0.0045948 2.7901581 22
39 0.235990 0.971755 0.242849 4.117778 1.029066 4.237464 0.0046120 2.7852195 21
40 0.236273 0.971687 0.243157 4.112561 1.029138 4.232394 0.0046291 2.7802934 20
41 0.236556 0.971618 0.243466 4.107357 1.029211 4.227337 0.0046464 2.7753798 19
42 0.236838 0.971549 0.243774 4.102165 1.029284 4.222293 0.0046636 2.7704786 18
43 0.237121 0.971480 0.244082 4.096985 1.029357 4.217261 0.0046809 2.7655898 17
44 0.237403 0.971411 0.244390 4.091818 1.029430 4.212241 0.0046983 2.7607133 16
45 0.237686 0.971342 0.244698 4.086663 1.029503 4.207233 0.0047157 2.7558491 15
46 0.237968 0.971273 0.245007 4.081520 1.029577 4.202238 0.0047331 2.7509972 14
47 0.238251 0.971204 0.245315 4.076389 1.029650 4.197255 0.0047506 2.7461574 13
48 0.238533 0.971134 0.245624 4.071271 1.029724 4.192284 0.0047681 2.7413298 12
49 0.238816 0.971065 0.245932 4.066164 1.029797 4.187325 0.0047857 2.7365143 11
50 0.239098 0.970995 0.246241 4.061070 1.029871 4.182378 0.0048033 2.7317109 10
51 0.239381 0.970926 0.246549 4.055988 1.029945 4.177444 0.0048210 2.7269195 9
52 0.239663 0.970856 0.246858 4.050917 1.030019 4.172521 0.0048387 2.7221401 8
53 0.239946 0.970786 0.247166 4.045859 1.030093 4.167610 0.0048564 2.7173726 7
54 0.240228 0.970716 0.247475 4.040813 1.030167 4.162711 0.0048742 2.7126170 6
55 0.240510 0.970647 0.247784 4.035778 1.030241 4.157824 0.0048921 2.7078732 5
56 0.240793 0.970577 0.248092 4.030755 1.030315 4.152949 0.0049099 2.7031413 4
57 0.241075 0.970506 0.248401 4.025744 1.030390 4.148086 0.0049279 2.6984211 3
58 0.241357 0.970436 0.248710 4.020745 1.030464 4.143234 0.0049458 2.6937126 2
59 0.241640 0.970366 0.249019 4.015757 1.030539 4.138394 0.0049638 2.6890158 1
60 0.241922 0.970296 0.249328 4.010781 1.030614 4.133565 0.0049819 2.6843307 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
76°–77°
Involute

Min-
utes



2888 TRIGONOMETRY TABLES

↓ 14° or 194°  Trigonometric and Involute Functions  165° or 345° ↓

↑ 104° or 284° 75° or 255° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
14°–15°

Read
Up

Min-
utes

0 0.241922 0.970296 0.249328 4.010781 1.030614 4.133565 0.0049819 2.6843307 60
1 0.242204 0.970225 0.249637 4.005817 1.030688 4.128749 0.0050000 2.6796572 59
2 0.242486 0.970155 0.249946 4.000864 1.030763 4.123943 0.0050182 2.6749952 58
3 0.242769 0.970084 0.250255 3.995922 1.030838 4.119150 0.0050364 2.6703447 57
4 0.243051 0.970014 0.250564 3.990992 1.030913 4.114368 0.0050546 2.6657057 56
5 0.243333 0.969943 0.250873 3.986074 1.030989 4.109597 0.0050729 2.6610781 55
6 0.243615 0.969872 0.251183 3.981167 1.031064 4.104837 0.0050912 2.6564620 54
7 0.243897 0.969801 0.251492 3.976271 1.031139 4.100089 0.0051096 2.6518572 53
8 0.244179 0.969730 0.251801 3.971387 1.031215 4.095353 0.0051280 2.6472636 52
9 0.244461 0.969659 0.252111 3.966514 1.031290 4.090627 0.0051465 2.6426814 51
10 0.244743 0.969588 0.252420 3.961652 1.031366 4.085913 0.0051650 2.6381104 50
11 0.245025 0.969517 0.252729 3.956801 1.031442 4.081210 0.0051835 2.6335506 49
12 0.245307 0.969445 0.253039 3.951962 1.031518 4.076518 0.0052021 2.6290019 48
13 0.245589 0.969374 0.253348 3.947133 1.031594 4.071837 0.0052208 2.6244644 47
14 0.245871 0.969302 0.253658 3.942316 1.031670 4.067168 0.0052395 2.6199379 46
15 0.246153 0.969231 0.253968 3.937509 1.031746 4.062509 0.0052582 2.6154225 45
16 0.246435 0.969159 0.254277 3.932714 1.031822 4.057862 0.0052770 2.6109181 44
17 0.246717 0.969088 0.254587 3.927930 1.031899 4.053225 0.0052958 2.6064246 43
18 0.246999 0.969016 0.254897 3.923156 1.031975 4.048599 0.0053147 2.6019421 42
19 0.247281 0.968944 0.255207 3.918394 1.032052 4.043984 0.0053336 2.5974704 41
20 0.247563 0.968872 0.255516 3.913642 1.032128 4.039380 0.0053526 2.5930096 40
21 0.247845 0.968800 0.255826 3.908901 1.032205 4.034787 0.0053716 2.5885595 39
22 0.248126 0.968728 0.256136 3.904171 1.032282 4.030205 0.0053907 2.5841203 38
23 0.248408 0.968655 0.256446 3.899452 1.032359 4.025633 0.0054098 2.5796918 37
24 0.248690 0.968583 0.256756 3.894743 1.032436 4.021072 0.0054289 2.5752739 36
25 0.248972 0.968511 0.257066 3.890045 1.032513 4.016522 0.0054481 2.5708668 35
26 0.249253 0.968438 0.257377 3.885357 1.032590 4.011982 0.0054674 2.5664702 34
27 0.249535 0.968366 0.257687 3.880681 1.032668 4.007453 0.0054867 2.5620843 33
28 0.249817 0.968293 0.257997 3.876014 1.032745 4.002935 0.0055060 2.5577088 32
29 0.250098 0.968220 0.258307 3.871358 1.032823 3.998427 0.0055254 2.5533439 31
30 0.250380 0.968148 0.258618 3.866713 1.032900 3.993929 0.0055448 2.5489895 30
31 0.250662 0.968075 0.258928 3.862078 1.032978 3.989442 0.0055643 2.5446455 29
32 0.250943 0.968002 0.259238 3.857454 1.033056 3.984965 0.0055838 2.5403119 28
33 0.251225 0.967929 0.259549 3.852840 1.033134 3.980499 0.0056034 2.5359887 27
34 0.251506 0.967856 0.259859 3.848236 1.033212 3.976043 0.0056230 2.5316758 26
35 0.251788 0.967782 0.260170 3.843642 1.033290 3.971597 0.0056427 2.5273732 25
36 0.252069 0.967709 0.260480 3.839059 1.033368 3.967162 0.0056624 2.5230809 24
37 0.252351 0.967636 0.260791 3.834486 1.033447 3.962737 0.0056822 2.5187988 23
38 0.252632 0.967562 0.261102 3.829923 1.033525 3.958322 0.0057020 2.5145268 22
39 0.252914 0.967489 0.261413 3.825371 1.033604 3.953917 0.0057218 2.5102651 21
40 0.253195 0.967415 0.261723 3.820828 1.033682 3.949522 0.0057417 2.5060134 20
41 0.253477 0.967342 0.262034 3.816296 1.033761 3.945138 0.0057617 2.5017719 19
42 0.253758 0.967268 0.262345 3.811773 1.033840 3.940763 0.0057817 2.4975404 18
43 0.254039 0.967194 0.262656 3.807261 1.033919 3.936399 0.0058017 2.4933189 17
44 0.254321 0.967120 0.262967 3.802759 1.033998 3.932044 0.0058218 2.4891074 16
45 0.254602 0.967046 0.263278 3.798266 1.034077 3.927700 0.0058420 2.4849058 15
46 0.254883 0.966972 0.263589 3.793784 1.034156 3.923365 0.0058622 2.4807142 14
47 0.255165 0.966898 0.263900 3.789311 1.034236 3.919040 0.0058824 2.4765324 13
48 0.255446 0.966823 0.264211 3.784848 1.034315 3.914725 0.0059027 2.4723605 12
49 0.255727 0.966749 0.264523 3.780395 1.034395 3.910420 0.0059230 2.4681984 11
50 0.256008 0.966675 0.264834 3.775952 1.034474 3.906125 0.0059434 2.4640461 10
51 0.256289 0.966600 0.265145 3.771518 1.034554 3.901840 0.0059638 2.4599035 9
52 0.256571 0.966526 0.265457 3.767095 1.034634 3.897564 0.0059843 2.4557707 8
53 0.256852 0.966451 0.265768 3.762681 1.034714 3.893298 0.0060048 2.4516475 7
54 0.257133 0.966376 0.266079 3.758276 1.034794 3.889041 0.0060254 2.4475340 6
55 0.257414 0.966301 0.266391 3.753882 1.034874 3.884794 0.0060460 2.4434301 5
56 0.257695 0.966226 0.266702 3.749496 1.034954 3.880557 0.0060667 2.4393358 4
57 0.257976 0.966151 0.267014 3.745121 1.035035 3.876329 0.0060874 2.4352511 3
58 0.258257 0.966076 0.267326 3.740755 1.035115 3.872111 0.0061081 2.4311759 2
59 0.258538 0.966001 0.267637 3.736398 1.035196 3.867903 0.0061289 2.4271101 1
60 0.258819 0.965926 0.267949 3.732051 1.035276 3.863703 0.0061498 2.4230539 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
75°–76°
Involute

Min-
utes



TRIGONOMETRY TABLES 2889

↓ 15° or 195°  Trigonometric and Involute Functions  164° or 344° ↓

↑ 105° or 285° 74° or 254° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
15°–16°

Read
Up

Min-
utes

0 0.258819 0.965926 0.267949 3.732051 1.035276 3.863703 0.0061498 2.4230539 60
1 0.259100 0.965850 0.268261 3.727713 1.035357 3.859514 0.0061707 2.4190070 59
2 0.259381 0.965775 0.268573 3.723385 1.035438 3.855333 0.0061917 2.4149696 58
3 0.259662 0.965700 0.268885 3.719066 1.035519 3.851162 0.0062127 2.4109415 57
4 0.259943 0.965624 0.269197 3.714756 1.035600 3.847001 0.0062337 2.4069228 56
5 0.260224 0.965548 0.269509 3.710456 1.035681 3.842848 0.0062548 2.4029133 55
6 0.260505 0.965473 0.269821 3.706165 1.035762 3.838705 0.0062760 2.3989132 54
7 0.260785 0.965397 0.270133 3.701883 1.035843 3.834571 0.0062972 2.3949222 53
8 0.261066 0.965321 0.270445 3.697610 1.035925 3.830447 0.0063184 2.3909405 52
9 0.261347 0.965245 0.270757 3.693347 1.036006 3.826331 0.0063397 2.3869680 51
10 0.261628 0.965169 0.271069 3.689093 1.036088 3.822225 0.0063611 2.3830046 50
11 0.261908 0.965093 0.271382 3.684848 1.036170 3.818128 0.0063825 2.3790503 49
12 0.262189 0.965016 0.271694 3.680611 1.036252 3.814040 0.0064039 2.3751052 48
13 0.262470 0.964940 0.272006 3.676384 1.036334 3.809961 0.0064254 2.3711691 47
14 0.262751 0.964864 0.272319 3.672166 1.036416 3.805891 0.0064470 2.3672420 46
15 0.263031 0.964787 0.272631 3.667958 1.036498 3.801830 0.0064686 2.3633239 45
16 0.263312 0.964711 0.272944 3.663758 1.036580 3.797778 0.0064902 2.3594148 44
17 0.263592 0.964634 0.273256 3.659566 1.036662 3.793735 0.0065119 2.3555147 43
18 0.263873 0.964557 0.273569 3.655384 1.036745 3.789701 0.0065337 2.3516234 42
19 0.264154 0.964481 0.273882 3.651211 1.036827 3.785676 0.0065555 2.3477410 41
20 0.264434 0.964404 0.274194 3.647047 1.036910 3.781660 0.0065773 2.3438675 40
21 0.264715 0.964327 0.274507 3.642891 1.036993 3.777652 0.0065992 2.3400029 39
22 0.264995 0.964250 0.274820 3.638744 1.037076 3.773653 0.0066211 2.3361470 38
23 0.265276 0.964173 0.275133 3.634606 1.037159 3.769664 0.0066431 2.3322999 37
24 0.265556 0.964095 0.275446 3.630477 1.037242 3.765682 0.0066652 2.3284615 36
25 0.265837 0.964018 0.275759 3.626357 1.037325 3.761710 0.0066873 2.3246318 35
26 0.266117 0.963941 0.276072 3.622245 1.037408 3.757746 0.0067094 2.3208108 34
27 0.266397 0.963863 0.276385 3.618141 1.037492 3.753791 0.0067316 2.3169985 33
28 0.266678 0.963786 0.276698 3.614047 1.037575 3.749845 0.0067539 2.3131948 32
29 0.266958 0.963708 0.277011 3.609961 1.037659 3.745907 0.0067762 2.3093997 31
30 0.267238 0.963630 0.277325 3.605884 1.037742 3.741978 0.0067985 2.3056132 30
31 0.267519 0.963553 0.277638 3.601815 1.037826 3.738057 0.0068209 2.3018352 29
32 0.267799 0.963475 0.277951 3.597754 1.037910 3.734145 0.0068434 2.2980658 28
33 0.268079 0.963397 0.278265 3.593702 1.037994 3.730241 0.0068659 2.2943048 27
34 0.268359 0.963319 0.278578 3.589659 1.038078 3.726346 0.0068884 2.2905523 26
35 0.268640 0.963241 0.278891 3.585624 1.038162 3.722459 0.0069110 2.2868082 25
36 0.268920 0.963163 0.279205 3.581598 1.038246 3.718580 0.0069337 2.2830726 24
37 0.269200 0.963084 0.279519 3.577579 1.038331 3.714711 0.0069564 2.2793453 23
38 0.269480 0.963006 0.279832 3.573570 1.038415 3.710849 0.0069791 2.2756264 22
39 0.269760 0.962928 0.280146 3.569568 1.038500 3.706996 0.0070019 2.2719158 21
40 0.270040 0.962849 0.280460 3.565575 1.038584 3.703151 0.0070248 2.2682135 20
41 0.270320 0.962770 0.280773 3.561590 1.038669 3.699314 0.0070477 2.2645194 19
42 0.270600 0.962692 0.281087 3.557613 1.038754 3.695485 0.0070706 2.2608337 18
43 0.270880 0.962613 0.281401 3.553645 1.038839 3.691665 0.0070936 2.2571561 17
44 0.271160 0.962534 0.281715 3.549685 1.038924 3.687853 0.0071167 2.2534868 16
45 0.271440 0.962455 0.282029 3.545733 1.039009 3.684049 0.0071398 2.2498256 15
46 0.271720 0.962376 0.282343 3.541789 1.039095 3.680254 0.0071630 2.2461725 14
47 0.272000 0.962297 0.282657 3.537853 1.039180 3.676466 0.0071862 2.2425276 13
48 0.272280 0.962218 0.282971 3.533925 1.039266 3.672687 0.0072095 2.2388908 12
49 0.272560 0.962139 0.283286 3.530005 1.039351 3.668915 0.0072328 2.2352620 11
50 0.272840 0.962059 0.283600 3.526094 1.039437 3.665152 0.0072561 2.2316413 10
51 0.273120 0.961980 0.283914 3.522190 1.039523 3.661396 0.0072796 2.2280286 9
52 0.273400 0.961901 0.284229 3.518295 1.039609 3.657649 0.0073030 2.2244239 8
53 0.273679 0.961821 0.284543 3.514407 1.039695 3.653910 0.0073266 2.2208271 7
54 0.273959 0.961741 0.284857 3.510527 1.039781 3.650178 0.0073501 2.2172383 6
55 0.274239 0.961662 0.285172 3.506655 1.039867 3.646455 0.0073738 2.2136574 5
56 0.274519 0.961582 0.285487 3.502792 1.039953 3.642739 0.0073975 2.2100844 4
57 0.274798 0.961502 0.285801 3.498936 1.040040 3.639031 0.0074212 2.2065193 3
58 0.275078 0.961422 0.286116 3.495087 1.040126 3.635332 0.0074450 2.2029620 2
59 0.275358 0.961342 0.286431 3.491247 1.040213 3.631640 0.0074688 2.1994125 1
60 0.275637 0.961262 0.286745 3.487414 1.040299 3.627955 0.0074927 2.1958708 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
74°–75°
Involute

Min-
utes



2890 TRIGONOMETRY TABLES

↓ 16° or 196°  Trigonometric and Involute Functions  163° or 343° ↓

↑ 106° or 286° 73° or 253° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
16°–17°

Read
Up

Min-
utes

0 0.275637 0.961262 0.286745 3.487414 1.040299 3.627955 0.0074927 2.1958708 60
1 0.275917 0.961181 0.287060 3.483590 1.040386 3.624279 0.0075166 2.1923369 59
2 0.276197 0.961101 0.287375 3.479773 1.040473 3.620610 0.0075406 2.1888107 58
3 0.276476 0.961021 0.287690 3.475963 1.040560 3.616949 0.0075647 2.1852922 57
4 0.276756 0.960940 0.288005 3.472162 1.040647 3.613296 0.0075888 2.1817815 56
5 0.277035 0.960860 0.288320 3.468368 1.040735 3.609650 0.0076130 2.1782784 55
6 0.277315 0.960779 0.288635 3.464581 1.040822 3.606012 0.0076372 2.1747830 54
7 0.277594 0.960698 0.288950 3.460803 1.040909 3.602382 0.0076614 2.1712951 53
8 0.277874 0.960618 0.289266 3.457031 1.040997 3.598759 0.0076857 2.1678149 52
9 0.278153 0.960537 0.289581 3.453268 1.041085 3.595144 0.0077101 2.1643423 51
10 0.278432 0.960456 0.289896 3.449512 1.041172 3.591536 0.0077345 2.1608772 50
11 0.278712 0.960375 0.290211 3.445764 1.041260 3.587936 0.0077590 2.1574196 49
12 0.278991 0.960294 0.290527 3.442023 1.041348 3.584344 0.0077835 2.1539696 48
13 0.279270 0.960212 0.290842 3.438289 1.041436 3.580759 0.0078081 2.1505270 47
14 0.279550 0.960131 0.291158 3.434563 1.041524 3.577181 0.0078327 2.1470919 46
15 0.279829 0.960050 0.291473 3.430845 1.041613 3.573611 0.0078574 2.1436643 45
16 0.280108 0.959968 0.291789 3.427133 1.041701 3.570048 0.0078822 2.1402440 44
17 0.280388 0.959887 0.292105 3.423430 1.041789 3.566493 0.0079069 2.1368311 43
18 0.280667 0.959805 0.292420 3.419733 1.041878 3.562945 0.0079318 2.1334256 42
19 0.280946 0.959724 0.292736 3.416044 1.041967 3.559404 0.0079567 2.1300275 41
20 0.281225 0.959642 0.293052 3.412363 1.042055 3.555871 0.0079817 2.1266367 40
21 0.281504 0.959560 0.293368 3.408688 1.042144 3.552345 0.0080067 2.1232532 39
22 0.281783 0.959478 0.293684 3.405021 1.042233 3.548826 0.0080317 2.1198769 38
23 0.282062 0.959396 0.294000 3.401361 1.042322 3.545315 0.0080568 2.1165079 37
24 0.282341 0.959314 0.294316 3.397709 1.042412 3.541811 0.0080820 2.1131462 36
25 0.282620 0.959232 0.294632 3.394063 1.042501 3.538314 0.0081072 2.1097917 35
26 0.282900 0.959150 0.294948 3.390425 1.042590 3.534824 0.0081325 2.1064443 34
27 0.283179 0.959067 0.295265 3.386794 1.042680 3.531341 0.0081578 2.1031041 33
28 0.283457 0.958985 0.295581 3.383170 1.042769 3.527866 0.0081832 2.0997711 32
29 0.283736 0.958902 0.295897 3.379553 1.042859 3.524398 0.0082087 2.0964452 31
30 0.284015 0.958820 0.296213 3.375943 1.042949 3.520937 0.0082342 2.0931264 30
31 0.284294 0.958737 0.296530 3.372341 1.043039 3.517482 0.0082597 2.0898147 29
32 0.284573 0.958654 0.296846 3.368745 1.043129 3.514035 0.0082853 2.0865101 28
33 0.284852 0.958572 0.297163 3.365157 1.043219 3.510595 0.0083110 2.0832124 27
34 0.285131 0.958489 0.297480 3.361575 1.043309 3.507162 0.0083367 2.0799219 26
35 0.285410 0.958406 0.297796 3.358001 1.043400 3.503737 0.0083625 2.0766383 25
36 0.285688 0.958323 0.298113 3.354433 1.043490 3.500318 0.0083883 2.0733616 24
37 0.285967 0.958239 0.298430 3.350873 1.043581 3.496906 0.0084142 2.0700920 23
38 0.286246 0.958156 0.298747 3.347319 1.043671 3.493500 0.0084401 2.0668292 22
39 0.286525 0.958073 0.299063 3.343772 1.043762 3.490102 0.0084661 2.0635734 21
40 0.286803 0.957990 0.299380 3.340233 1.043853 3.486711 0.0084921 2.0603245 20
41 0.287082 0.957906 0.299697 3.336700 1.043944 3.483327 0.0085182 2.0570824 19
42 0.287361 0.957822 0.300014 3.333174 1.044035 3.479949 0.0085444 2.0538472 18
43 0.287639 0.957739 0.300331 3.329654 1.044126 3.476578 0.0085706 2.0506189 17
44 0.287918 0.957655 0.300649 3.326142 1.044217 3.473215 0.0085969 2.0473973 16
45 0.288196 0.957571 0.300966 3.322636 1.044309 3.469858 0.0086232 2.0441825 15
46 0.288475 0.957487 0.301283 3.319137 1.044400 3.466507 0.0086496 2.0409746 14
47 0.288753 0.957404 0.301600 3.315645 1.044492 3.463164 0.0086760 2.0377733 13
48 0.289032 0.957319 0.301918 3.312160 1.044583 3.459827 0.0087025 2.0345788 12
49 0.289310 0.957235 0.302235 3.308681 1.044675 3.456497 0.0087290 2.0313910 11
50 0.289589 0.957151 0.302553 3.305209 1.044767 3.453173 0.0087556 2.0282099 10
51 0.289867 0.957067 0.302870 3.301744 1.044859 3.449857 0.0087823 2.0250354 9
52 0.290145 0.956983 0.303188 3.298285 1.044951 3.446547 0.0088090 2.0218676 8
53 0.290424 0.956898 0.303506 3.294833 1.045043 3.443243 0.0088358 2.0187064 7
54 0.290702 0.956814 0.303823 3.291388 1.045136 3.439947 0.0088626 2.0155519 6
55 0.290981 0.956729 0.304141 3.287949 1.045228 3.436656 0.0088895 2.0124039 5
56 0.291259 0.956644 0.304459 3.284516 1.045321 3.433373 0.0089164 2.0092625 4
57 0.291537 0.956560 0.304777 3.281091 1.045413 3.430096 0.0089434 2.0061277 3
58 0.291815 0.956475 0.305095 3.277671 1.045506 3.426825 0.0089704 2.0029994 2
59 0.292094 0.956390 0.305413 3.274259 1.045599 3.423561 0.0089975 1.9998776 1
60 0.292372 0.956305 0.305731 3.270853 1.045692 3.420304 0.0090247 1.9967623 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
73°–74°
Involute

Min-
utes



TRIGONOMETRY TABLES 2891

↓ 17° or 197°  Trigonometric and Involute Functions  162° or 342° ↓

↑ 107° or 287° 72° or 252° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
17°–18°

Read
Up

Min-
utes

0 0.292372 0.956305 0.305731 3.270853 1.045692 3.420304 0.0090247 1.9967623 60
1 0.292650 0.956220 0.306049 3.267453 1.045785 3.417053 0.0090519 1.9936534 59
2 0.292928 0.956134 0.306367 3.264060 1.045878 3.413808 0.0090792 1.9905511 58
3 0.293206 0.956049 0.306685 3.260673 1.045971 3.410570 0.0091065 1.9874551 57
4 0.293484 0.955964 0.307003 3.257292 1.046065 3.407338 0.0091339 1.9843656 56
5 0.293762 0.955879 0.307322 3.253918 1.046158 3.404113 0.0091614 1.9812825 55
6 0.294040 0.955793 0.307640 3.250551 1.046252 3.400894 0.0091889 1.9782058 54
7 0.294318 0.955707 0.307959 3.247190 1.046345 3.397682 0.0092164 1.9751354 53
8 0.294596 0.955622 0.308277 3.243835 1.046439 3.394475 0.0092440 1.9720714 52
9 0.294874 0.955536 0.308596 3.240486 1.046533 3.391276 0.0092717 1.9690137 51
10 0.295152 0.955450 0.308914 3.237144 1.046627 3.388082 0.0092994 1.9659623 50
11 0.295430 0.955364 0.309233 3.233808 1.046721 3.384895 0.0093272 1.9629172 49
12 0.295708 0.955278 0.309552 3.230478 1.046815 3.381714 0.0093551 1.9598783 48
13 0.295986 0.955192 0.309870 3.227155 1.046910 3.378539 0.0093830 1.9568458 47
14 0.296264 0.955106 0.310189 3.223837 1.047004 3.375371 0.0094109 1.9538194 46
15 0.296542 0.955020 0.310508 3.220526 1.047099 3.372208 0.0094390 1.9507993 45
16 0.296819 0.954934 0.310827 3.217221 1.047193 3.369052 0.0094670 1.9477853 44
17 0.297097 0.954847 0.311146 3.213923 1.047288 3.365903 0.0094952 1.9447776 43
18 0.297375 0.954761 0.311465 3.210630 1.047383 3.362759 0.0095234 1.9417760 42
19 0.297653 0.954674 0.311784 3.207344 1.047478 3.359621 0.0095516 1.9387805 41
20 0.297930 0.954588 0.312104 3.204064 1.047573 3.356490 0.0095799 1.9357912 40
21 0.298208 0.954501 0.312423 3.200790 1.047668 3.353365 0.0096083 1.9328080 39
22 0.298486 0.954414 0.312742 3.197522 1.047763 3.350246 0.0096367 1.9298309 38
23 0.298763 0.954327 0.313062 3.194260 1.047859 3.347132 0.0096652 1.9268598 37
24 0.299041 0.954240 0.313381 3.191004 1.047954 3.344025 0.0096937 1.9238948 36
25 0.299318 0.954153 0.313700 3.187754 1.048050 3.340924 0.0097223 1.9209359 35
26 0.299596 0.954066 0.314020 3.184510 1.048145 3.337829 0.0097510 1.9179830 34
27 0.299873 0.953979 0.314340 3.181272 1.048241 3.334740 0.0097797 1.9150360 33
28 0.300151 0.953892 0.314659 3.178041 1.048337 3.331658 0.0098085 1.9120951 32
29 0.300428 0.953804 0.314979 3.174815 1.048433 3.328581 0.0098373 1.9091601 31
30 0.300706 0.953717 0.315299 3.171595 1.048529 3.325510 0.0098662 1.9062311 30
31 0.300983 0.953629 0.315619 3.168381 1.048625 3.322444 0.0098951 1.9033080 29
32 0.301261 0.953542 0.315939 3.165173 1.048722 3.319385 0.0099241 1.9003908 28
33 0.301538 0.953454 0.316258 3.161971 1.048818 3.316332 0.0099532 1.8974796 27
34 0.301815 0.953366 0.316578 3.158774 1.048915 3.313285 0.0099823 1.8945742 26
35 0.302093 0.953279 0.316899 3.155584 1.049011 3.310243 0.0100115 1.8916747 25
36 0.302370 0.953191 0.317219 3.152399 1.049108 3.307208 0.0100407 1.8887810 24
37 0.302647 0.953103 0.317539 3.149221 1.049205 3.304178 0.0100700 1.8858932 23
38 0.302924 0.953015 0.317859 3.146048 1.049302 3.301154 0.0100994 1.8830112 22
39 0.303202 0.952926 0.318179 3.142881 1.049399 3.298136 0.0101288 1.8801350 21
40 0.303479 0.952838 0.318500 3.139719 1.049496 3.295123 0.0101583 1.8772646 20
41 0.303756 0.952750 0.318820 3.136564 1.049593 3.292117 0.0101878 1.8743999 19
42 0.304033 0.952661 0.319141 3.133414 1.049691 3.289116 0.0102174 1.8715411 18
43 0.304310 0.952573 0.319461 3.130270 1.049788 3.286121 0.0102471 1.8686879 17
44 0.304587 0.952484 0.319782 3.127132 1.049886 3.283132 0.0102768 1.8658405 16
45 0.304864 0.952396 0.320103 3.123999 1.049984 3.280148 0.0103066 1.8629987 15
46 0.305141 0.952307 0.320423 3.120872 1.050081 3.277170 0.0103364 1.8601627 14
47 0.305418 0.952218 0.320744 3.117751 1.050179 3.274198 0.0103663 1.8573323 13
48 0.305695 0.952129 0.321065 3.114635 1.050277 3.271231 0.0103963 1.8545076 12
49 0.305972 0.952040 0.321386 3.111525 1.050376 3.268270 0.0104263 1.8516885 11
50 0.306249 0.951951 0.321707 3.108421 1.050474 3.265315 0.0104564 1.8488751 10
51 0.306526 0.951862 0.322028 3.105322 1.050572 3.262365 0.0104865 1.8460672 9
52 0.306803 0.951773 0.322349 3.102229 1.050671 3.259421 0.0105167 1.8432650 8
53 0.307080 0.951684 0.322670 3.099142 1.050769 3.256483 0.0105469 1.8404683 7
54 0.307357 0.951594 0.322991 3.096060 1.050868 3.253550 0.0105773 1.8376772 6
55 0.307633 0.951505 0.323312 3.092983 1.050967 3.250622 0.0106076 1.8348916 5
56 0.307910 0.951415 0.323634 3.089912 1.051066 3.247700 0.0106381 1.8321116 4
57 0.308187 0.951326 0.323955 3.086847 1.051165 3.244784 0.0106686 1.8293371 3
58 0.308464 0.951236 0.324277 3.083787 1.051264 3.241873 0.0106991 1.8265681 2
59 0.308740 0.951146 0.324598 3.080732 1.051363 3.238968 0.0107298 1.8238045 1
60 0.309017 0.951057 0.324920 3.077684 1.051462 3.236068 0.0107604 1.8210465 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
72°–73°
Involute

Min-
utes
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↓ 18° or 198°  Trigonometric and Involute Functions  161° or 341° ↓

↑ 108° or 288° 71° or 251° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
18°–19°

Read
Up

Min-
utes

0 0.309017 0.951057 0.324920 3.077684 1.051462 3.236068 0.0107604 1.8210465 60
1 0.309294 0.950967 0.325241 3.074640 1.051562 3.233174 0.0107912 1.8182939 59
2 0.309570 0.950877 0.325563 3.071602 1.051661 3.230285 0.0108220 1.8155467 58
3 0.309847 0.950786 0.325885 3.068569 1.051761 3.227401 0.0108528 1.8128050 57
4 0.310123 0.950696 0.326207 3.065542 1.051861 3.224523 0.0108838 1.8100686 56
5 0.310400 0.950606 0.326528 3.062520 1.051960 3.221650 0.0109147 1.8073377 55
6 0.310676 0.950516 0.326850 3.059504 1.052060 3.218783 0.0109458 1.8046121 54
7 0.310953 0.950425 0.327172 3.056493 1.052161 3.215921 0.0109769 1.8018919 53
8 0.311229 0.950335 0.327494 3.053487 1.052261 3.213064 0.0110081 1.7991771 52
9 0.311506 0.950244 0.327817 3.050487 1.052361 3.210213 0.0110393 1.7964676 51
10 0.311782 0.950154 0.328139 3.047492 1.052461 3.207367 0.0110706 1.7937634 50
11 0.312059 0.950063 0.328461 3.044502 1.052562 3.204527 0.0111019 1.7910645 49
12 0.312335 0.949972 0.328783 3.041517 1.052663 3.201691 0.0111333 1.7883709 48
13 0.312611 0.949881 0.329106 3.038538 1.052763 3.198861 0.0111648 1.7856826 47
14 0.312888 0.949790 0.329428 3.035564 1.052864 3.196037 0.0111964 1.7829995 46
15 0.313164 0.949699 0.329751 3.032595 1.052965 3.193217 0.0112280 1.7803217 45
16 0.313440 0.949608 0.330073 3.029632 1.053066 3.190403 0.0112596 1.7776491 44
17 0.313716 0.949517 0.330396 3.026674 1.053167 3.187594 0.0112913 1.7749817 43
18 0.313992 0.949425 0.330718 3.023721 1.053269 3.184790 0.0113231 1.7723196 42
19 0.314269 0.949334 0.331041 3.020773 1.053370 3.181991 0.0113550 1.7696626 41
20 0.314545 0.949243 0.331364 3.017830 1.053471 3.179198 0.0113869 1.7670108 40
21 0.314821 0.949151 0.331687 3.014893 1.053573 3.176410 0.0114189 1.7643642 39
22 0.315097 0.949059 0.332010 3.011960 1.053675 3.173626 0.0114509 1.7617227 38
23 0.315373 0.948968 0.332333 3.009033 1.053777 3.170848 0.0114830 1.7590864 37
24 0.315649 0.948876 0.332656 3.006111 1.053878 3.168076 0.0115151 1.7564552 36
25 0.315925 0.948784 0.332979 3.003194 1.053981 3.165308 0.0115474 1.7538290 35
26 0.316201 0.948692 0.333302 3.000282 1.054083 3.162545 0.0115796 1.7512080 34
27 0.316477 0.948600 0.333625 2.997375 1.054185 3.159788 0.0116120 1.7485921 33
28 0.316753 0.948508 0.333949 2.994473 1.054287 3.157035 0.0116444 1.7459812 32
29 0.317029 0.948416 0.334272 2.991577 1.054390 3.154288 0.0116769 1.7433753 31
30 0.317305 0.948324 0.334595 2.988685 1.054492 3.151545 0.0117094 1.7407745 30
31 0.317580 0.948231 0.334919 2.985798 1.054595 3.148808 0.0117420 1.7381788 29
32 0.317856 0.948139 0.335242 2.982917 1.054698 3.146076 0.0117747 1.7355880 28
33 0.318132 0.948046 0.335566 2.980040 1.054801 3.143348 0.0118074 1.7330022 27
34 0.318408 0.947954 0.335890 2.977168 1.054904 3.140626 0.0118402 1.7304215 26
35 0.318684 0.947861 0.336213 2.974302 1.055007 3.137909 0.0118730 1.7278456 25
36 0.318959 0.947768 0.336537 2.971440 1.055110 3.135196 0.0119059 1.7252748 24
37 0.319235 0.947676 0.336861 2.968583 1.055213 3.132489 0.0119389 1.7227089 23
38 0.319511 0.947583 0.337185 2.965731 1.055317 3.129786 0.0119720 1.7201479 22
39 0.319786 0.947490 0.337509 2.962884 1.055420 3.127089 0.0120051 1.7175918 21
40 0.320062 0.947397 0.337833 2.960042 1.055524 3.124396 0.0120382 1.7150407 20
41 0.320337 0.947304 0.338157 2.957205 1.055628 3.121708 0.0120715 1.7124944 19
42 0.320613 0.947210 0.338481 2.954373 1.055732 3.119025 0.0121048 1.7099530 18
43 0.320889 0.947117 0.338806 2.951545 1.055836 3.116347 0.0121381 1.7074164 17
44 0.321164 0.947024 0.339130 2.948723 1.055940 3.113674 0.0121715 1.7048848 16
45 0.321439 0.946930 0.339454 2.945905 1.056044 3.111006 0.0122050 1.7023579 15
46 0.321715 0.946837 0.339779 2.943092 1.056148 3.108342 0.0122386 1.6998359 14
47 0.321990 0.946743 0.340103 2.940284 1.056253 3.105683 0.0122722 1.6973187 13
48 0.322266 0.946649 0.340428 2.937481 1.056357 3.103030 0.0123059 1.6948063 12
49 0.322541 0.946555 0.340752 2.934682 1.056462 3.100381 0.0123396 1.6922986 11
50 0.322816 0.946462 0.341077 2.931888 1.056567 3.097736 0.0123734 1.6897958 10
51 0.323092 0.946368 0.341402 2.929099 1.056672 3.095097 0.0124073 1.6872977 9
52 0.323367 0.946274 0.341727 2.926315 1.056777 3.092462 0.0124412 1.6848044 8
53 0.323642 0.946180 0.342052 2.923536 1.056882 3.089832 0.0124752 1.6823158 7
54 0.323917 0.946085 0.342377 2.920761 1.056987 3.087207 0.0125093 1.6798319 6
55 0.324193 0.945991 0.342702 2.917991 1.057092 3.084586 0.0125434 1.6773527 5
56 0.324468 0.945897 0.343027 2.915226 1.057198 3.081970 0.0125776 1.6748783 4
57 0.324743 0.945802 0.343352 2.912465 1.057303 3.079359 0.0126119 1.6724085 3
58 0.325018 0.945708 0.343677 2.909709 1.057409 3.076752 0.0126462 1.6699434 2
59 0.325293 0.945613 0.344002 2.906958 1.057515 3.074151 0.0126806 1.6674829 1
60 0.325568 0.945519 0.344328 2.904211 1.057621 3.071553 0.0127151 1.6650271 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
71°–72°
Involute

Min-
utes



TRIGONOMETRY TABLES 2893

↓ 19° or 199°  Trigonometric and Involute Functions  160° or 340° ↓

↑ 109° or 289° 70° or 250° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
19°–20°

Read
Up

Min-
utes

0 0.325568 0.945519 0.344328 2.904211 1.057621 3.071553 0.0127151 1.6650271 60
1 0.325843 0.945424 0.344653 2.901469 1.057727 3.068961 0.0127496 1.6625759 59
2 0.326118 0.945329 0.344978 2.898731 1.057833 3.066373 0.0127842 1.6601294 58
3 0.326393 0.945234 0.345304 2.895999 1.057939 3.063790 0.0128188 1.6576875 57
4 0.326668 0.945139 0.345630 2.893270 1.058045 3.061211 0.0128535 1.6552502 56
5 0.326943 0.945044 0.345955 2.890547 1.058152 3.058637 0.0128883 1.6528174 55
6 0.327218 0.944949 0.346281 2.887828 1.058258 3.056068 0.0129232 1.6503893 54
7 0.327493 0.944854 0.346607 2.885113 1.058365 3.053503 0.0129581 1.6479657 53
8 0.327768 0.944758 0.346933 2.882403 1.058472 3.050942 0.0129931 1.6455466 52
9 0.328042 0.944663 0.347259 2.879698 1.058579 3.048386 0.0130281 1.6431321 51
10 0.328317 0.944568 0.347585 2.876997 1.058686 3.045835 0.0130632 1.6407221 50
11 0.328592 0.944472 0.347911 2.874301 1.058793 3.043288 0.0130984 1.6383167 49
12 0.328867 0.944376 0.348237 2.871609 1.058900 3.040746 0.0131336 1.6359157 48
13 0.329141 0.944281 0.348563 2.868921 1.059007 3.038208 0.0131689 1.6335193 47
14 0.329416 0.944185 0.348889 2.866239 1.059115 3.035675 0.0132043 1.6311273 46
15 0.329691 0.944089 0.349216 2.863560 1.059222 3.033146 0.0132398 1.6287398 45
16 0.329965 0.943993 0.349542 2.860886 1.059330 3.030622 0.0132753 1.6263567 44
17 0.330240 0.943897 0.349868 2.858217 1.059438 3.028102 0.0133108 1.6239781 43
18 0.330514 0.943801 0.350195 2.855552 1.059545 3.025587 0.0133465 1.6216040 42
19 0.330789 0.943705 0.350522 2.852891 1.059653 3.023076 0.0133822 1.6192342 41
20 0.331063 0.943609 0.350848 2.850235 1.059762 3.020569 0.0134180 1.6168689 40
21 0.331338 0.943512 0.351175 2.847583 1.059870 3.018067 0.0134538 1.6145080 39
22 0.331612 0.943416 0.351502 2.844936 1.059978 3.015569 0.0134897 1.6121514 38
23 0.331887 0.943319 0.351829 2.842293 1.060087 3.013076 0.0135257 1.6097993 37
24 0.332161 0.943223 0.352156 2.839654 1.060195 3.010587 0.0135617 1.6074515 36
25 0.332435 0.943126 0.352483 2.837020 1.060304 3.008102 0.0135978 1.6051080 35
26 0.332710 0.943029 0.352810 2.834390 1.060412 3.005622 0.0136340 1.6027689 34
27 0.332984 0.942932 0.353137 2.831764 1.060521 3.003146 0.0136702 1.6004342 33
28 0.333258 0.942836 0.353464 2.829143 1.060630 3.000675 0.0137065 1.5981037 32
29 0.333533 0.942739 0.353791 2.826526 1.060739 2.998207 0.0137429 1.5957776 31
30 0.333807 0.942641 0.354119 2.823913 1.060849 2.995744 0.0137794 1.5934558 30
31 0.334081 0.942544 0.354446 2.821304 1.060958 2.993286 0.0138159 1.5911382 29
32 0.334355 0.942447 0.354773 2.818700 1.061067 2.990831 0.0138525 1.5888250 28
33 0.334629 0.942350 0.355101 2.816100 1.061177 2.988381 0.0138891 1.5865160 27
34 0.334903 0.942252 0.355429 2.813505 1.061287 2.985935 0.0139258 1.5842112 26
35 0.335178 0.942155 0.355756 2.810913 1.061396 2.983494 0.0139626 1.5819107 25
36 0.335452 0.942057 0.356084 2.808326 1.061506 2.981056 0.0139994 1.5796145 24
37 0.335726 0.941960 0.356412 2.805743 1.061616 2.978623 0.0140364 1.5773224 23
38 0.336000 0.941862 0.356740 2.803165 1.061727 2.976194 0.0140734 1.5750346 22
39 0.336274 0.941764 0.357068 2.800590 1.061837 2.973769 0.0141104 1.5727510 21
40 0.336547 0.941666 0.357396 2.798020 1.061947 2.971349 0.0141475 1.5704716 20
41 0.336821 0.941569 0.357724 2.795454 1.062058 2.968933 0.0141847 1.5681963 19
42 0.337095 0.941471 0.358052 2.792892 1.062168 2.966521 0.0142220 1.5659252 18
43 0.337369 0.941372 0.358380 2.790334 1.062279 2.964113 0.0142593 1.5636583 17
44 0.337643 0.941274 0.358708 2.787780 1.062390 2.961709 0.0142967 1.5613955 16
45 0.337917 0.941176 0.359037 2.785231 1.062501 2.959309 0.0143342 1.5591369 15
46 0.338190 0.941078 0.359365 2.782685 1.062612 2.956914 0.0143717 1.5568824 14
47 0.338464 0.940979 0.359694 2.780144 1.062723 2.954522 0.0144093 1.5546320 13
48 0.338738 0.940881 0.360022 2.777607 1.062834 2.952135 0.0144470 1.5523857 12
49 0.339012 0.940782 0.360351 2.775074 1.062945 2.949752 0.0144847 1.5501435 11
50 0.339285 0.940684 0.360679 2.772545 1.063057 2.947372 0.0145225 1.5479054 10
51 0.339559 0.940585 0.361008 2.770020 1.063168 2.944997 0.0145604 1.5456714 9
52 0.339832 0.940486 0.361337 2.767499 1.063280 2.942627 0.0145983 1.5434415 8
53 0.340106 0.940387 0.361666 2.764982 1.063392 2.940260 0.0146363 1.5412156 7
54 0.340380 0.940288 0.361995 2.762470 1.063504 2.937897 0.0146744 1.5389937 6
55 0.340653 0.940189 0.362324 2.759961 1.063616 2.935538 0.0147126 1.5367759 5
56 0.340927 0.940090 0.362653 2.757456 1.063728 2.933183 0.0147508 1.5345621 4
57 0.341200 0.939991 0.362982 2.754955 1.063840 2.930833 0.0147891 1.5323523 3
58 0.341473 0.939891 0.363312 2.752459 1.063953 2.928486 0.0148275 1.5301465 2
59 0.341747 0.939792 0.363641 2.749966 1.064065 2.926143 0.0148659 1.5279447 1
60 0.342020 0.939693 0.363970 2.747477 1.064178 2.923804 0.0149044 1.5257469 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
70°–71°
Involute

Min-
utes



2894 TRIGONOMETRY TABLES

↓ 20° or 200°  Trigonometric and Involute Functions  159° or 339° ↓

↑ 110° or 290° 69° or 249° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
20°–21°

Read
Up

Min-
utes

0 0.342020 0.939693 0.363970 2.747477 1.064178 2.923804 0.0149044 1.5257469 60
1 0.342293 0.939593 0.364300 2.744993 1.064290 2.921470 0.0149430 1.5235531 59
2 0.342567 0.939493 0.364629 2.742512 1.064403 2.919139 0.0149816 1.5213633 58
3 0.342840 0.939394 0.364959 2.740035 1.064516 2.916812 0.0150203 1.5191774 57
4 0.343113 0.939294 0.365288 2.737562 1.064629 2.914489 0.0150591 1.5169954 56
5 0.343387 0.939194 0.365618 2.735093 1.064743 2.912170 0.0150979 1.5148174 55
6 0.343660 0.939094 0.365948 2.732628 1.064856 2.909855 0.0151369 1.5126433 54
7 0.343933 0.938994 0.366278 2.730167 1.064969 2.907544 0.0151758 1.5104731 53
8 0.344206 0.938894 0.366608 2.727710 1.065083 2.905237 0.0152149 1.5083068 52
9 0.344479 0.938794 0.366938 2.725257 1.065196 2.902934 0.0152540 1.5061444 51
10 0.344752 0.938694 0.367268 2.722808 1.065310 2.900635 0.0152932 1.5039860 50
11 0.345025 0.938593 0.367598 2.720362 1.065424 2.898339 0.0153325 1.5018313 49
12 0.345298 0.938493 0.367928 2.717920 1.065538 2.896048 0.0153719 1.4996806 48
13 0.345571 0.938393 0.368259 2.715483 1.065652 2.893760 0.0154113 1.4975337 47
14 0.345844 0.938292 0.368589 2.713049 1.065766 2.891476 0.0154507 1.4953907 46
15 0.346117 0.938191 0.368919 2.710619 1.065881 2.889196 0.0154903 1.4932515 45
16 0.346390 0.938091 0.369250 2.708192 1.065995 2.886920 0.0155299 1.4911161 44
17 0.346663 0.937990 0.369581 2.705770 1.066110 2.884647 0.0155696 1.4889845 43
18 0.346936 0.937889 0.369911 2.703351 1.066224 2.882379 0.0156094 1.4868568 42
19 0.347208 0.937788 0.370242 2.700936 1.066339 2.880114 0.0156492 1.4847328 41
20 0.347481 0.937687 0.370573 2.698525 1.066454 2.877853 0.0156891 1.4826127 40
21 0.347754 0.937586 0.370904 2.696118 1.066569 2.875596 0.0157291 1.4804963 39
22 0.348027 0.937485 0.371235 2.693715 1.066684 2.873343 0.0157692 1.4783837 38
23 0.348299 0.937383 0.371566 2.691315 1.066799 2.871093 0.0158093 1.4762749 37
24 0.348572 0.937282 0.371897 2.688919 1.066915 2.868847 0.0158495 1.4741698 36
25 0.348845 0.937181 0.372228 2.686527 1.067030 2.866605 0.0158898 1.4720685 35
26 0.349117 0.937079 0.372559 2.684138 1.067146 2.864367 0.0159301 1.4699709 34
27 0.349390 0.936977 0.372890 2.681754 1.067262 2.862132 0.0159705 1.4678770 33
28 0.349662 0.936876 0.373222 2.679372 1.067377 2.859902 0.0160110 1.4657869 32
29 0.349935 0.936774 0.373553 2.676995 1.067493 2.857674 0.0160516 1.4637004 31
30 0.350207 0.936672 0.373885 2.674621 1.067609 2.855451 0.0160922 1.4616177 30
31 0.350480 0.936570 0.374216 2.672252 1.067726 2.853231 0.0161329 1.4595386 29
32 0.350752 0.936468 0.374548 2.669885 1.067842 2.851015 0.0161737 1.4574632 28
33 0.351025 0.936366 0.374880 2.667523 1.067958 2.848803 0.0162145 1.4553915 27
34 0.351297 0.936264 0.375211 2.665164 1.068075 2.846594 0.0162554 1.4533235 26
35 0.351569 0.936162 0.375543 2.662809 1.068191 2.844389 0.0162964 1.4512591 25
36 0.351842 0.936060 0.375875 2.660457 1.068308 2.842188 0.0163375 1.4491984 24
37 0.352114 0.935957 0.376207 2.658109 1.068425 2.839990 0.0163786 1.4471413 23
38 0.352386 0.935855 0.376539 2.655765 1.068542 2.837796 0.0164198 1.4450878 22
39 0.352658 0.935752 0.376872 2.653424 1.068659 2.835605 0.0164611 1.4430380 21
40 0.352931 0.935650 0.377204 2.651087 1.068776 2.833419 0.0165024 1.4409917 20
41 0.353203 0.935547 0.377536 2.648753 1.068894 2.831235 0.0165439 1.4389491 19
42 0.353475 0.935444 0.377869 2.646423 1.069011 2.829056 0.0165854 1.4369100 18
43 0.353747 0.935341 0.378201 2.644097 1.069129 2.826880 0.0166269 1.4348746 17
44 0.354019 0.935238 0.378534 2.641774 1.069246 2.824707 0.0166686 1.4328427 16
45 0.354291 0.935135 0.378866 2.639455 1.069364 2.822538 0.0167103 1.4308144 15
46 0.354563 0.935032 0.379199 2.637139 1.069482 2.820373 0.0167521 1.4287896 14
47 0.354835 0.934929 0.379532 2.634827 1.069600 2.818211 0.0167939 1.4267684 13
48 0.355107 0.934826 0.379864 2.632519 1.069718 2.816053 0.0168359 1.4247507 12
49 0.355379 0.934722 0.380197 2.630214 1.069836 2.813898 0.0168779 1.4227366 11
50 0.355651 0.934619 0.380530 2.627912 1.069955 2.811747 0.0169200 1.4207260 10
51 0.355923 0.934515 0.380863 2.625614 1.070073 2.809599 0.0169621 1.4187189 9
52 0.356194 0.934412 0.381196 2.623320 1.070192 2.807455 0.0170044 1.4167153 8
53 0.356466 0.934308 0.381530 2.621029 1.070311 2.805315 0.0170467 1.4147152 7
54 0.356738 0.934204 0.381863 2.618741 1.070429 2.803178 0.0170891 1.4127186 6
55 0.357010 0.934101 0.382196 2.616457 1.070548 2.801044 0.0171315 1.4107255 5
56 0.357281 0.933997 0.382530 2.614177 1.070668 2.798914 0.0171740 1.4087359 4
57 0.357553 0.933893 0.382863 2.611900 1.070787 2.796787 0.0172166 1.4067497 3
58 0.357825 0.933789 0.383197 2.609626 1.070906 2.794664 0.0172593 1.4047670 2
59 0.358096 0.933685 0.383530 2.607356 1.071025 2.792544 0.0173021 1.4027877 1
60 0.358368 0.933580 0.383864 2.605089 1.071145 2.790428 0.0173449 1.4008119 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
69°–70°
Involute

Min-
utes



TRIGONOMETRY TABLES 2895

↓ 21° or 201°  Trigonometric and Involute Functions  158° or 338° ↓

↑ 111° or 291° 68° or 248° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
21°–22°

Read
Up

Min-
utes

0 0.358368 0.933580 0.383864 2.605089 1.071145 2.790428 0.0173449 1.4008119 60
1 0.358640 0.933476 0.384198 2.602826 1.071265 2.788315 0.0173878 1.3988395 59
2 0.358911 0.933372 0.384532 2.600566 1.071384 2.786206 0.0174308 1.3968705 58
3 0.359183 0.933267 0.384866 2.598309 1.071504 2.784100 0.0174738 1.3949050 57
4 0.359454 0.933163 0.385200 2.596056 1.071624 2.781997 0.0175169 1.3929428 56
5 0.359725 0.933058 0.385534 2.593807 1.071744 2.779898 0.0175601 1.3909841 55
6 0.359997 0.932954 0.385868 2.591561 1.071865 2.777802 0.0176034 1.3890287 54
7 0.360268 0.932849 0.386202 2.589318 1.071985 2.775710 0.0176468 1.3870768 53
8 0.360540 0.932744 0.386536 2.587078 1.072106 2.773621 0.0176902 1.3851282 52
9 0.360811 0.932639 0.386871 2.584842 1.072226 2.771535 0.0177337 1.3831829 51
10 0.361082 0.932534 0.387205 2.582609 1.072347 2.769453 0.0177773 1.3812411 50
11 0.361353 0.932429 0.387540 2.580380 1.072468 2.767374 0.0178209 1.3793026 49
12 0.361625 0.932324 0.387874 2.578154 1.072589 2.765299 0.0178646 1.3773674 48
13 0.361896 0.932219 0.388209 2.575931 1.072710 2.763227 0.0179084 1.3754356 47
14 0.362167 0.932113 0.388544 2.573712 1.072831 2.761158 0.0179523 1.3735071 46
15 0.362438 0.932008 0.388879 2.571496 1.072952 2.759092 0.0179963 1.3715819 45
16 0.362709 0.931902 0.389214 2.569283 1.073074 2.757030 0.0180403 1.3696600 44
17 0.362980 0.931797 0.389549 2.567074 1.073195 2.754971 0.0180844 1.3677414 43
18 0.363251 0.931691 0.389884 2.564867 1.073317 2.752916 0.0181286 1.3658262 42
19 0.363522 0.931586 0.390219 2.562665 1.073439 2.750863 0.0181728 1.3639142 41
20 0.363793 0.931480 0.390554 2.560465 1.073561 2.748814 0.0182172 1.3620055 40
21 0.364064 0.931374 0.390889 2.558269 1.073683 2.746769 0.0182616 1.3601001 39
22 0.364335 0.931268 0.391225 2.556076 1.073805 2.744726 0.0183061 1.3581979 38
23 0.364606 0.931162 0.391560 2.553886 1.073927 2.742687 0.0183506 1.3562990 37
24 0.364877 0.931056 0.391896 2.551699 1.074049 2.740651 0.0183953 1.3544034 36
25 0.365148 0.930950 0.392231 2.549516 1.074172 2.738619 0.0184400 1.3525110 35
26 0.365418 0.930843 0.392567 2.547336 1.074295 2.736589 0.0184848 1.3506218 34
27 0.365689 0.930737 0.392903 2.545159 1.074417 2.734563 0.0185296 1.3487359 33
28 0.365960 0.930631 0.393239 2.542985 1.074540 2.732540 0.0185746 1.3468532 32
29 0.366231 0.930524 0.393574 2.540815 1.074663 2.730520 0.0186196 1.3449737 31
30 0.366501 0.930418 0.393910 2.538648 1.074786 2.728504 0.0186647 1.3430974 30
31 0.366772 0.930311 0.394247 2.536484 1.074909 2.726491 0.0187099 1.3412243 29
32 0.367042 0.930204 0.394583 2.534323 1.075033 2.724480 0.0187551 1.3393544 28
33 0.367313 0.930097 0.394919 2.532165 1.075156 2.722474 0.0188004 1.3374876 27
34 0.367584 0.929990 0.395255 2.530011 1.075280 2.720470 0.0188458 1.3356241 26
35 0.367854 0.929884 0.395592 2.527860 1.075403 2.718469 0.0188913 1.3337637 25
36 0.368125 0.929776 0.395928 2.525712 1.075527 2.716472 0.0189369 1.3319065 24
37 0.368395 0.929669 0.396265 2.523567 1.075651 2.714478 0.0189825 1.3300524 23
38 0.368665 0.929562 0.396601 2.521425 1.075775 2.712487 0.0190282 1.3282015 22
39 0.368936 0.929455 0.396938 2.519286 1.075899 2.710499 0.0190740 1.3263537 21
40 0.369206 0.929348 0.397275 2.517151 1.076024 2.708514 0.0191199 1.3245091 20
41 0.369476 0.929240 0.397611 2.515018 1.076148 2.706532 0.0191659 1.3226676 19
42 0.369747 0.929133 0.397948 2.512889 1.076273 2.704554 0.0192119 1.3208292 18
43 0.370017 0.929025 0.398285 2.510763 1.076397 2.702578 0.0192580 1.3189939 17
44 0.370287 0.928917 0.398622 2.508640 1.076522 2.700606 0.0193042 1.3171617 16
45 0.370557 0.928810 0.398960 2.506520 1.076647 2.698637 0.0193504 1.3153326 15
46 0.370828 0.928702 0.399297 2.504403 1.076772 2.696671 0.0193968 1.3135066 14
47 0.371098 0.928594 0.399634 2.502289 1.076897 2.694708 0.0194432 1.3116837 13
48 0.371368 0.928486 0.399971 2.500178 1.077022 2.692748 0.0194897 1.3098638 12
49 0.371638 0.928378 0.400309 2.498071 1.077148 2.690791 0.0195363 1.3080470 11
50 0.371908 0.928270 0.400646 2.495966 1.077273 2.688837 0.0195829 1.3062333 10
51 0.372178 0.928161 0.400984 2.493865 1.077399 2.686887 0.0196296 1.3044227 9
52 0.372448 0.928053 0.401322 2.491766 1.077525 2.684939 0.0196765 1.3026150 8
53 0.372718 0.927945 0.401660 2.489671 1.077650 2.682995 0.0197233 1.3008105 7
54 0.372988 0.927836 0.401997 2.487578 1.077776 2.681053 0.0197703 1.2990089 6
55 0.373258 0.927728 0.402335 2.485489 1.077902 2.679114 0.0198174 1.2972104 5
56 0.373528 0.927619 0.402673 2.483402 1.078029 2.677179 0.0198645 1.2954149 4
57 0.373797 0.927510 0.403011 2.481319 1.078155 2.675247 0.0199117 1.2936224 3
58 0.374067 0.927402 0.403350 2.479239 1.078281 2.673317 0.0199590 1.2918329 2
59 0.374337 0.927293 0.403688 2.477161 1.078408 2.671391 0.0200063 1.2900465 1
60 0.374607 0.927184 0.404026 2.475087 1.078535 2.669467 0.0200538 1.2882630 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
68°–69°
Involute

Min-
utes



2896 TRIGONOMETRY TABLES

↓ 22° or 202°  Trigonometric and Involute Functions  157° or 337° ↓

↑ 112° or 292° 67° or 247° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
22°–23°

Read
Up

Min-
utes

0 0.374607 0.927184 0.404026 2.475087 1.078535 2.669467 0.0200538 1.2882630 60
1 0.374876 0.927075 0.404365 2.473015 1.078662 2.667547 0.0201013 1.2864825 59
2 0.375146 0.926966 0.404703 2.470947 1.078788 2.665629 0.0201489 1.2847049 58
3 0.375416 0.926857 0.405042 2.468882 1.078916 2.663715 0.0201966 1.2829304 57
4 0.375685 0.926747 0.405380 2.466819 1.079043 2.661803 0.0202444 1.2811588 56
5 0.375955 0.926638 0.405719 2.464760 1.079170 2.659895 0.0202922 1.2793901 55
6 0.376224 0.926529 0.406058 2.462703 1.079297 2.657989 0.0203401 1.2776245 54
7 0.376494 0.926419 0.406397 2.460649 1.079425 2.656086 0.0203881 1.2758617 53
8 0.376763 0.926310 0.406736 2.458599 1.079553 2.654187 0.0204362 1.2741019 52
9 0.377033 0.926200 0.407075 2.456551 1.079680 2.652290 0.0204844 1.2723451 51
10 0.377302 0.926090 0.407414 2.454506 1.079808 2.650396 0.0205326 1.2705911 50
11 0.377571 0.925980 0.407753 2.452464 1.079936 2.648505 0.0205809 1.2688401 49
12 0.377841 0.925871 0.408092 2.450425 1.080065 2.646617 0.0206293 1.2670920 48
13 0.378110 0.925761 0.408432 2.448389 1.080193 2.644732 0.0206778 1.2653468 47
14 0.378379 0.925651 0.408771 2.446356 1.080321 2.642850 0.0207264 1.2636044 46
15 0.378649 0.925541 0.409111 2.444326 1.080450 2.640971 0.0207750 1.2618650 45
16 0.378918 0.925430 0.409450 2.442298 1.080578 2.639095 0.0208238 1.2601285 44
17 0.379187 0.925320 0.409790 2.440274 1.080707 2.637221 0.0208726 1.2583948 43
18 0.379456 0.925210 0.410130 2.438252 1.080836 2.635351 0.0209215 1.2566640 42
19 0.379725 0.925099 0.410470 2.436233 1.080965 2.633483 0.0209704 1.2549361 41
20 0.379994 0.924989 0.410810 2.434217 1.081094 2.631618 0.0210195 1.2532111 40
21 0.380263 0.924878 0.411150 2.432204 1.081223 2.629756 0.0210686 1.2514889 39
22 0.380532 0.924768 0.411490 2.430194 1.081353 2.627897 0.0211178 1.2497695 38
23 0.380801 0.924657 0.411830 2.428186 1.081482 2.626041 0.0211671 1.2480530 37
24 0.381070 0.924546 0.412170 2.426182 1.081612 2.624187 0.0212165 1.2463393 36
25 0.381339 0.924435 0.412511 2.424180 1.081742 2.622337 0.0212660 1.2446284 35
26 0.381608 0.924324 0.412851 2.422181 1.081872 2.620489 0.0213155 1.2429204 34
27 0.381877 0.924213 0.413192 2.420185 1.082002 2.618644 0.0213651 1.2412152 33
28 0.382146 0.924102 0.413532 2.418192 1.082132 2.616802 0.0214148 1.2395127 32
29 0.382415 0.923991 0.413873 2.416201 1.082262 2.614962 0.0214646 1.2378131 31
30 0.382683 0.923880 0.414214 2.414214 1.082392 2.613126 0.0215145 1.2361163 30
31 0.382952 0.923768 0.414554 2.412229 1.082523 2.611292 0.0215644 1.2344223 29
32 0.383221 0.923657 0.414895 2.410247 1.082653 2.609461 0.0216145 1.2327310 28
33 0.383490 0.923545 0.415236 2.408267 1.082784 2.607633 0.0216646 1.2310426 27
34 0.383758 0.923434 0.415577 2.406291 1.082915 2.605808 0.0217148 1.2293569 26
35 0.384027 0.923322 0.415919 2.404317 1.083046 2.603985 0.0217651 1.2276740 25
36 0.384295 0.923210 0.416260 2.402346 1.083177 2.602165 0.0218154 1.2259938 24
37 0.384564 0.923098 0.416601 2.400377 1.083308 2.600348 0.0218659 1.2243164 23
38 0.384832 0.922986 0.416943 2.398412 1.083439 2.598534 0.0219164 1.2226417 22
39 0.385101 0.922875 0.417284 2.396449 1.083571 2.596723 0.0219670 1.2209698 21
40 0.385369 0.922762 0.417626 2.394489 1.083703 2.594914 0.0220177 1.2193006 20
41 0.385638 0.922650 0.417967 2.392532 1.083834 2.593108 0.0220685 1.2176341 19
42 0.385906 0.922538 0.418309 2.390577 1.083966 2.591304 0.0221193 1.2159704 18
43 0.386174 0.922426 0.418651 2.388625 1.084098 2.589504 0.0221703 1.2143093 17
44 0.386443 0.922313 0.418993 2.386676 1.084230 2.587706 0.0222213 1.2126510 16
45 0.386711 0.922201 0.419335 2.384729 1.084362 2.585911 0.0222724 1.2109954 15
46 0.386979 0.922088 0.419677 2.382786 1.084495 2.584118 0.0223236 1.2093425 14
47 0.387247 0.921976 0.420019 2.380844 1.084627 2.582328 0.0223749 1.2076923 13
48 0.387516 0.921863 0.420361 2.378906 1.084760 2.580541 0.0224262 1.2060447 12
49 0.387784 0.921750 0.420704 2.376970 1.084892 2.578757 0.0224777 1.2043999 11
50 0.388052 0.921638 0.421046 2.375037 1.085025 2.576975 0.0225292 1.2027577 10
51 0.388320 0.921525 0.421389 2.373107 1.085158 2.575196 0.0225808 1.2011182 9
52 0.388588 0.921412 0.421731 2.371179 1.085291 2.573420 0.0226325 1.1994814 8
53 0.388856 0.921299 0.422074 2.369254 1.085424 2.571646 0.0226843 1.1978472 7
54 0.389124 0.921185 0.422417 2.367332 1.085558 2.569875 0.0227361 1.1962156 6
55 0.389392 0.921072 0.422759 2.365412 1.085691 2.568107 0.0227881 1.1945867 5
56 0.389660 0.920959 0.423102 2.363495 1.085825 2.566341 0.0228401 1.1929605 4
57 0.389928 0.920845 0.423445 2.361580 1.085959 2.564578 0.0228922 1.1913369 3
58 0.390196 0.920732 0.423788 2.359668 1.086092 2.562818 0.0229444 1.1897159 2
59 0.390463 0.920618 0.424132 2.357759 1.086226 2.561060 0.0229967 1.1880975 1
60 0.390731 0.920505 0.424475 2.355852 1.086360 2.559305 0.0230491 1.1864818 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
67°–68°
Involute

Min-
utes



TRIGONOMETRY TABLES 2897

↓ 23° or 203°  Trigonometric and Involute Functions  156° or 336° ↓

↑ 113° or 293° 66° or 246° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
23°–24°

Read
Up

Min-
utes

0 0.390731 0.920505 0.424475 2.355852 1.086360 2.559305 0.0230491 1.1864818 60
1 0.390999 0.920391 0.424818 2.353948 1.086495 2.557552 0.0231015 1.1848686 59
2 0.391267 0.920277 0.425162 2.352047 1.086629 2.555802 0.0231541 1.1832581 58
3 0.391534 0.920164 0.425505 2.350148 1.086763 2.554055 0.0232067 1.1816502 57
4 0.391802 0.920050 0.425849 2.348252 1.086898 2.552310 0.0232594 1.1800448 56
5 0.392070 0.919936 0.426192 2.346358 1.087033 2.550568 0.0233122 1.1784421 55
6 0.392337 0.919821 0.426536 2.344467 1.087167 2.548828 0.0233651 1.1768419 54
7 0.392605 0.919707 0.426880 2.342579 1.087302 2.547091 0.0234181 1.1752443 53
8 0.392872 0.919593 0.427224 2.340693 1.087437 2.545357 0.0234711 1.1736493 52
9 0.393140 0.919479 0.427568 2.338809 1.087573 2.543625 0.0235242 1.1720569 51
10 0.393407 0.919364 0.427912 2.336929 1.087708 2.541896 0.0235775 1.1704670 50
11 0.393675 0.919250 0.428256 2.335050 1.087843 2.540169 0.0236308 1.1688797 49
12 0.393942 0.919135 0.428601 2.333175 1.087979 2.538445 0.0236842 1.1672949 48
13 0.394209 0.919021 0.428945 2.331302 1.088115 2.536724 0.0237376 1.1657126 47
14 0.394477 0.918906 0.429289 2.329431 1.088251 2.535005 0.0237912 1.1641329 46
15 0.394744 0.918791 0.429634 2.327563 1.088387 2.533288 0.0238449 1.1625558 45
16 0.395011 0.918676 0.429979 2.325698 1.088523 2.531574 0.0238986 1.1609811 44
17 0.395278 0.918561 0.430323 2.323835 1.088659 2.529863 0.0239524 1.1594090 43
18 0.395546 0.918446 0.430668 2.321974 1.088795 2.528154 0.0240063 1.1578394 42
19 0.395813 0.918331 0.431013 2.320116 1.088932 2.526448 0.0240603 1.1562723 41
20 0.396080 0.918216 0.431358 2.318261 1.089068 2.524744 0.0241144 1.1547077 40
21 0.396347 0.918101 0.431703 2.316408 1.089205 2.523043 0.0241686 1.1531457 39
22 0.396614 0.917986 0.432048 2.314557 1.089342 2.521344 0.0242228 1.1515861 38
23 0.396881 0.917870 0.432393 2.312709 1.089479 2.519648 0.0242772 1.1500290 37
24 0.397148 0.917755 0.432739 2.310864 1.089616 2.517954 0.0243316 1.1484744 36
25 0.397415 0.917639 0.433084 2.309021 1.089753 2.516262 0.0243861 1.1469222 35
26 0.397682 0.917523 0.433430 2.307180 1.089890 2.514574 0.0244407 1.1453726 34
27 0.397949 0.917408 0.433775 2.305342 1.090028 2.512887 0.0244954 1.1438254 33
28 0.398215 0.917292 0.434121 2.303506 1.090166 2.511203 0.0245502 1.1422807 32
29 0.398482 0.917176 0.434467 2.301673 1.090303 2.509522 0.0246050 1.1407384 31
30 0.398749 0.917060 0.434812 2.299843 1.090441 2.507843 0.0246600 1.1391986 30
31 0.399016 0.916944 0.435158 2.298014 1.090579 2.506166 0.0247150 1.1376612 29
32 0.399283 0.916828 0.435504 2.296188 1.090717 2.504492 0.0247702 1.1361263 28
33 0.399549 0.916712 0.435850 2.294365 1.090855 2.502821 0.0248254 1.1345938 27
34 0.399816 0.916595 0.436197 2.292544 1.090994 2.501151 0.0248807 1.1330638 26
35 0.400082 0.916479 0.436543 2.290726 1.091132 2.499485 0.0249361 1.1315361 25
36 0.400349 0.916363 0.436889 2.288910 1.091271 2.497820 0.0249916 1.1300109 24
37 0.400616 0.916246 0.437236 2.287096 1.091410 2.496159 0.0250471 1.1284882 23
38 0.400882 0.916130 0.437582 2.285285 1.091549 2.494499 0.0251028 1.1269678 22
39 0.401149 0.916013 0.437929 2.283476 1.091688 2.492842 0.0251585 1.1254498 21
40 0.401415 0.915896 0.438276 2.281669 1.091827 2.491187 0.0252143 1.1239342 20
41 0.401681 0.915779 0.438622 2.279865 1.091966 2.489535 0.0252703 1.1224211 19
42 0.401948 0.915663 0.438969 2.278064 1.092105 2.487885 0.0253263 1.1209103 18
43 0.402214 0.915546 0.439316 2.276264 1.092245 2.486238 0.0253824 1.1194019 17
44 0.402480 0.915429 0.439663 2.274467 1.092384 2.484593 0.0254386 1.1178959 16
45 0.402747 0.915311 0.440011 2.272673 1.092524 2.482950 0.0254948 1.1163922 15
46 0.403013 0.915194 0.440358 2.270881 1.092664 2.481310 0.0255512 1.1148910 14
47 0.403279 0.915077 0.440705 2.269091 1.092804 2.479672 0.0256076 1.1133921 13
48 0.403545 0.914960 0.441053 2.267304 1.092944 2.478037 0.0256642 1.1118955 12
49 0.403811 0.914842 0.441400 2.265518 1.093085 2.476403 0.0257208 1.1104014 11
50 0.404078 0.914725 0.441748 2.263736 1.093225 2.474773 0.0257775 1.1089095 10
51 0.404344 0.914607 0.442095 2.261955 1.093366 2.473144 0.0258343 1.1074201 9
52 0.404610 0.914490 0.442443 2.260177 1.093506 2.471518 0.0258912 1.1059329 8
53 0.404876 0.914372 0.442791 2.258402 1.093647 2.469894 0.0259482 1.1044481 7
54 0.405142 0.914254 0.443139 2.256628 1.093788 2.468273 0.0260053 1.1029656 6
55 0.405408 0.914136 0.443487 2.254857 1.093929 2.466654 0.0260625 1.1014855 5
56 0.405673 0.914018 0.443835 2.253089 1.094070 2.465037 0.0261197 1.1000077 4
57 0.405939 0.913900 0.444183 2.251322 1.094212 2.463423 0.0261771 1.0985321 3
58 0.406205 0.913782 0.444532 2.249558 1.094353 2.461811 0.0262345 1.0970589 2
59 0.406471 0.913664 0.444880 2.247796 1.094495 2.460201 0.0262920 1.0955881 1
60 0.406737 0.913545 0.445229 2.246037 1.094636 2.458593 0.0263497 1.0941195 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
66°–67°
Involute

Min-
utes



2898 TRIGONOMETRY TABLES

↓ 24° or 204°  Trigonometric and Involute Functions  155° or 335° ↓

↑ 114° or 294° 65° or 245° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
24°–25°

Read
Up

Min-
utes

0 0.406737 0.913545 0.445229 2.246037 1.094636 2.458593 0.0263497 1.0941195 60
1 0.407002 0.913427 0.445577 2.244280 1.094778 2.456988 0.0264074 1.0926532 59
2 0.407268 0.913309 0.445926 2.242525 1.094920 2.455385 0.0264652 1.0911892 58
3 0.407534 0.913190 0.446275 2.240772 1.095062 2.453785 0.0265231 1.0897275 57
4 0.407799 0.913072 0.446624 2.239022 1.095204 2.452186 0.0265810 1.0882680 56
5 0.408065 0.912953 0.446973 2.237274 1.095347 2.450591 0.0266391 1.0868109 55
6 0.408330 0.912834 0.447322 2.235528 1.095489 2.448997 0.0266973 1.0853560 54
7 0.408596 0.912715 0.447671 2.233785 1.095632 2.447405 0.0267555 1.0839034 53
8 0.408861 0.912596 0.448020 2.232043 1.095775 2.445816 0.0268139 1.0824531 52
9 0.409127 0.912477 0.448369 2.230304 1.095917 2.444229 0.0268723 1.0810050 51
10 0.409392 0.912358 0.448719 2.228568 1.096060 2.442645 0.0269308 1.0795592 50
11 0.409658 0.912239 0.449068 2.226833 1.096204 2.441062 0.0269894 1.0781156 49
12 0.409923 0.912120 0.449418 2.225101 1.096347 2.439482 0.0270481 1.0766743 48
13 0.410188 0.912001 0.449768 2.223371 1.096490 2.437904 0.0271069 1.0752352 47
14 0.410454 0.911881 0.450117 2.221643 1.096634 2.436329 0.0271658 1.0737983 46
15 0.410719 0.911762 0.450467 2.219918 1.096777 2.434756 0.0272248 1.0723637 45
16 0.410984 0.911643 0.450817 2.218194 1.096921 2.433184 0.0272839 1.0709313 44
17 0.411249 0.911523 0.451167 2.216473 1.097065 2.431616 0.0273430 1.0695011 43
18 0.411514 0.911403 0.451517 2.214754 1.097209 2.430049 0.0274023 1.0680732 42
19 0.411779 0.911284 0.451868 2.213038 1.097353 2.428484 0.0274617 1.0666474 41
20 0.412045 0.911164 0.452218 2.211323 1.097498 2.426922 0.0275211 1.0652239 40
21 0.412310 0.911044 0.452568 2.209611 1.097642 2.425362 0.0275806 1.0638026 39
22 0.412575 0.910924 0.452919 2.207901 1.097787 2.423804 0.0276403 1.0623835 38
23 0.412840 0.910804 0.453269 2.206193 1.097931 2.422249 0.0277000 1.0609665 37
24 0.413104 0.910684 0.453620 2.204488 1.098076 2.420695 0.0277598 1.0595518 36
25 0.413369 0.910563 0.453971 2.202784 1.098221 2.419144 0.0278197 1.0581392 35
26 0.413634 0.910443 0.454322 2.201083 1.098366 2.417595 0.0278797 1.0567288 34
27 0.413899 0.910323 0.454673 2.199384 1.098511 2.416048 0.0279398 1.0553206 33
28 0.414164 0.910202 0.455024 2.197687 1.098657 2.414504 0.0279999 1.0539146 32
29 0.414429 0.910082 0.455375 2.195992 1.098802 2.412961 0.0280602 1.0525108 31
30 0.414693 0.909961 0.455726 2.194300 1.098948 2.411421 0.0281206 1.0511091 30
31 0.414958 0.909841 0.456078 2.192609 1.099094 2.409883 0.0281810 1.0497095 29
32 0.415223 0.909720 0.456429 2.190921 1.099239 2.408347 0.0282416 1.0483122 28
33 0.415487 0.909599 0.456781 2.189235 1.099386 2.406813 0.0283022 1.0469169 27
34 0.415752 0.909478 0.457132 2.187551 1.099532 2.405282 0.0283630 1.0455238 26
35 0.416016 0.909357 0.457484 2.185869 1.099678 2.403752 0.0284238 1.0441329 25
36 0.416281 0.909236 0.457836 2.184189 1.099824 2.402225 0.0284847 1.0427441 24
37 0.416545 0.909115 0.458188 2.182512 1.099971 2.400700 0.0285458 1.0413574 23
38 0.416810 0.908994 0.458540 2.180836 1.100118 2.399176 0.0286069 1.0399729 22
39 0.417074 0.908872 0.458892 2.179163 1.100264 2.397656 0.0286681 1.0385905 21
40 0.417338 0.908751 0.459244 2.177492 1.100411 2.396137 0.0287294 1.0372102 20
41 0.417603 0.908630 0.459596 2.175823 1.100558 2.394620 0.0287908 1.0358320 19
42 0.417867 0.908508 0.459949 2.174156 1.100706 2.393106 0.0288523 1.0344559 18
43 0.418131 0.908387 0.460301 2.172491 1.100853 2.391593 0.0289139 1.0330820 17
44 0.418396 0.908265 0.460654 2.170828 1.101000 2.390083 0.0289756 1.0317101 16
45 0.418660 0.908143 0.461006 2.169168 1.101148 2.388575 0.0290373 1.0303403 15
46 0.418924 0.908021 0.461359 2.167509 1.101296 2.387068 0.0290992 1.0289727 14
47 0.419188 0.907899 0.461712 2.165853 1.101444 2.385564 0.0291612 1.0276071 13
48 0.419452 0.907777 0.462065 2.164198 1.101592 2.384063 0.0292232 1.0262436 12
49 0.419716 0.907655 0.462418 2.162546 1.101740 2.382563 0.0292854 1.0248822 11
50 0.419980 0.907533 0.462771 2.160896 1.101888 2.381065 0.0293476 1.0235229 10
51 0.420244 0.907411 0.463124 2.159248 1.102036 2.379569 0.0294100 1.0221656 9
52 0.420508 0.907289 0.463478 2.157602 1.102185 2.378076 0.0294724 1.0208104 8
53 0.420772 0.907166 0.463831 2.155958 1.102334 2.376584 0.0295349 1.0194573 7
54 0.421036 0.907044 0.464185 2.154316 1.102482 2.375095 0.0295976 1.0181062 6
55 0.421300 0.906922 0.464538 2.152676 1.102631 2.373608 0.0296603 1.0167572 5
56 0.421563 0.906799 0.464892 2.151038 1.102780 2.372122 0.0297231 1.0154103 4
57 0.421827 0.906676 0.465246 2.149402 1.102930 2.370639 0.0297860 1.0140654 3
58 0.422091 0.906554 0.465600 2.147768 1.103079 2.369158 0.0298490 1.0127225 2
59 0.422355 0.906431 0.465954 2.146137 1.103228 2.367679 0.0299121 1.0113817 1
60 0.422618 0.906308 0.466308 2.144507 1.103378 2.366202 0.0299753 1.0100429 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
65°–66°
Involute

Min-
utes



TRIGONOMETRY TABLES 2899

↓ 25° or 205°  Trigonometric and Involute Functions  154° or 334° ↓

↑ 115° or 295° 64° or 244° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
25°–26°

Read
Up

Min-
utes

0 0.422618 0.906308 0.466308 2.144507 1.103378 2.366202 0.0299753 1.0100429 60
1 0.422882 0.906185 0.466662 2.142879 1.103528 2.364727 0.0300386 1.0087062 59
2 0.423145 0.906062 0.467016 2.141254 1.103678 2.363254 0.0301020 1.0073714 58
3 0.423409 0.905939 0.467371 2.139630 1.103828 2.361783 0.0301655 1.0060387 57
4 0.423673 0.905815 0.467725 2.138009 1.103978 2.360314 0.0302291 1.0047080 56
5 0.423936 0.905692 0.468080 2.136389 1.104128 2.358847 0.0302928 1.0033794 55
6 0.424199 0.905569 0.468434 2.134771 1.104278 2.357382 0.0303566 1.0020527 54
7 0.424463 0.905445 0.468789 2.133156 1.104429 2.355919 0.0304205 1.0007281 53
8 0.424726 0.905322 0.469144 2.131542 1.104580 2.354458 0.0304844 0.9994054 52
9 0.424990 0.905198 0.469499 2.129931 1.104730 2.352999 0.0305485 0.9980848 51
10 0.425253 0.905075 0.469854 2.128321 1.104881 2.351542 0.0306127 0.9967661 50
11 0.425516 0.904951 0.470209 2.126714 1.105032 2.350088 0.0306769 0.9954495 49
12 0.425779 0.904827 0.470564 2.125108 1.105184 2.348635 0.0307413 0.9941348 48
13 0.426042 0.904703 0.470920 2.123505 1.105335 2.347184 0.0308058 0.9928221 47
14 0.426306 0.904579 0.471275 2.121903 1.105486 2.345735 0.0308703 0.9915114 46
15 0.426569 0.904455 0.471631 2.120303 1.105638 2.344288 0.0309350 0.9902027 45
16 0.426832 0.904331 0.471986 2.118706 1.105790 2.342843 0.0309997 0.9888959 44
17 0.427095 0.904207 0.472342 2.117110 1.105942 2.341400 0.0310646 0.9875912 43
18 0.427358 0.904083 0.472698 2.115516 1.106094 2.339959 0.0311295 0.9862883 42
19 0.427621 0.903958 0.473054 2.113925 1.106246 2.338520 0.0311946 0.9849875 41
20 0.427884 0.903834 0.473410 2.112335 1.106398 2.337083 0.0312597 0.9836886 40
21 0.428147 0.903709 0.473766 2.110747 1.106551 2.335648 0.0313250 0.9823916 39
22 0.428410 0.903585 0.474122 2.109161 1.106703 2.334215 0.0313903 0.9810966 38
23 0.428672 0.903460 0.474478 2.107577 1.106856 2.332784 0.0314557 0.9798035 37
24 0.428935 0.903335 0.474835 2.105995 1.107009 2.331355 0.0315213 0.9785124 36
25 0.429198 0.903210 0.475191 2.104415 1.107162 2.329928 0.0315869 0.9772232 35
26 0.429461 0.903086 0.475548 2.102837 1.107315 2.328502 0.0316527 0.9759360 34
27 0.429723 0.902961 0.475905 2.101261 1.107468 2.327079 0.0317185 0.9746507 33
28 0.429986 0.902836 0.476262 2.099686 1.107621 2.325658 0.0317844 0.9733673 32
29 0.430249 0.902710 0.476619 2.098114 1.107775 2.324238 0.0318504 0.9720858 31
30 0.430511 0.902585 0.476976 2.096544 1.107929 2.322820 0.0319166 0.9708062 30
31 0.430774 0.902460 0.477333 2.094975 1.108082 2.321405 0.0319828 0.9695286 29
32 0.431036 0.902335 0.477690 2.093408 1.108236 2.319991 0.0320491 0.9682529 28
33 0.431299 0.902209 0.478047 2.091844 1.108390 2.318579 0.0321156 0.9669790 27
34 0.431561 0.902084 0.478405 2.090281 1.108545 2.317169 0.0321821 0.9657071 26
35 0.431823 0.901958 0.478762 2.088720 1.108699 2.315761 0.0322487 0.9644371 25
36 0.432086 0.901833 0.479120 2.087161 1.108853 2.314355 0.0323154 0.9631690 24
37 0.432348 0.901707 0.479477 2.085604 1.109008 2.312951 0.0323823 0.9619027 23
38 0.432610 0.901581 0.479835 2.084049 1.109163 2.311549 0.0324492 0.9606384 22
39 0.432873 0.901455 0.480193 2.082495 1.109318 2.310149 0.0325162 0.9593759 21
40 0.433135 0.901329 0.480551 2.080944 1.109473 2.308750 0.0325833 0.9581153 20
41 0.433397 0.901203 0.480909 2.079394 1.109628 2.307354 0.0326506 0.9568566 19
42 0.433659 0.901077 0.481267 2.077847 1.109783 2.305959 0.0327179 0.9555998 18
43 0.433921 0.900951 0.481626 2.076301 1.109938 2.304566 0.0327853 0.9543449 17
44 0.434183 0.900825 0.481984 2.074757 1.110094 2.303175 0.0328528 0.9530918 16
45 0.434445 0.900698 0.482343 2.073215 1.110250 2.301786 0.0329205 0.9518405 15
46 0.434707 0.900572 0.482701 2.071674 1.110406 2.300399 0.0329882 0.9505912 14
47 0.434969 0.900445 0.483060 2.070136 1.110562 2.299013 0.0330560 0.9493436 13
48 0.435231 0.900319 0.483419 2.068599 1.110718 2.297630 0.0331239 0.9480980 12
49 0.435493 0.900192 0.483778 2.067065 1.110874 2.296248 0.0331920 0.9468542 11
50 0.435755 0.900065 0.484137 2.065532 1.111030 2.294869 0.0332601 0.9456122 10
51 0.436017 0.899939 0.484496 2.064001 1.111187 2.293491 0.0333283 0.9443721 9
52 0.436278 0.899812 0.484855 2.062472 1.111344 2.292115 0.0333967 0.9431338 8
53 0.436540 0.899685 0.485214 2.060944 1.111500 2.290740 0.0334651 0.9418973 7
54 0.436802 0.899558 0.485574 2.059419 1.111657 2.289368 0.0335336 0.9406627 6
55 0.437063 0.899431 0.485933 2.057895 1.111814 2.287997 0.0336023 0.9394299 5
56 0.437325 0.899304 0.486293 2.056373 1.111972 2.286629 0.0336710 0.9381989 4
57 0.437587 0.899176 0.486653 2.054853 1.112129 2.285262 0.0337399 0.9369697 3
58 0.437848 0.899049 0.487013 2.053335 1.112287 2.283897 0.0338088 0.9357424 2
59 0.438110 0.898922 0.487373 2.051818 1.112444 2.282533 0.0338778 0.9345168 1
60 0.438371 0.898794 0.487733 2.050304 1.112602 2.281172 0.0339470 0.9332931 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
64°–65°
Involute

Min-
utes



2900 TRIGONOMETRY TABLES

↓ 26° or 206°  Trigonometric and Involute Functions  153° or 333° ↓

↑ 116° or 296° 63° or 243° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
26°–27°

Read
Up

Min-
utes

0 0.438371 0.898794 0.487733 2.050304 1.112602 2.281172 0.0339470 0.9332931 60
1 0.438633 0.898666 0.488093 2.048791 1.112760 2.279812 0.0340162 0.9320712 59
2 0.438894 0.898539 0.488453 2.047280 1.112918 2.278455 0.0340856 0.9308511 58
3 0.439155 0.898411 0.488813 2.045771 1.113076 2.277099 0.0341550 0.9296328 57
4 0.439417 0.898283 0.489174 2.044263 1.113234 2.275744 0.0342246 0.9284162 56
5 0.439678 0.898156 0.489534 2.042758 1.113393 2.274392 0.0342942 0.9272015 55
6 0.439939 0.898028 0.489895 2.041254 1.113552 2.273042 0.0343640 0.9259886 54
7 0.440200 0.897900 0.490256 2.039752 1.113710 2.271693 0.0344339 0.9247774 53
8 0.440462 0.897771 0.490617 2.038252 1.113869 2.270346 0.0345038 0.9235680 52
9 0.440723 0.897643 0.490978 2.036753 1.114028 2.269001 0.0345739 0.9223604 51
10 0.440984 0.897515 0.491339 2.035256 1.114187 2.267657 0.0346441 0.9211546 50
11 0.441245 0.897387 0.491700 2.033762 1.114347 2.266315 0.0347144 0.9199506 49
12 0.441506 0.897258 0.492061 2.032268 1.114506 2.264976 0.0347847 0.9187483 48
13 0.441767 0.897130 0.492422 2.030777 1.114666 2.263638 0.0348552 0.9175478 47
14 0.442028 0.897001 0.492784 2.029287 1.114826 2.262301 0.0349258 0.9163490 46
15 0.442289 0.896873 0.493145 2.027799 1.114985 2.260967 0.0349965 0.9151520 45
16 0.442550 0.896744 0.493507 2.026313 1.115145 2.259634 0.0350673 0.9139568 44
17 0.442810 0.896615 0.493869 2.024829 1.115306 2.258303 0.0351382 0.9127633 43
18 0.443071 0.896486 0.494231 2.023346 1.115466 2.256974 0.0352092 0.9115715 42
19 0.443332 0.896358 0.494593 2.021865 1.115626 2.255646 0.0352803 0.9103815 41
20 0.443593 0.896229 0.494955 2.020386 1.115787 2.254320 0.0353515 0.9091932 40
21 0.443853 0.896099 0.495317 2.018909 1.115948 2.252996 0.0354228 0.9080067 39
22 0.444114 0.895970 0.495679 2.017433 1.116108 2.251674 0.0354942 0.9068219 38
23 0.444375 0.895841 0.496042 2.015959 1.116269 2.250354 0.0355658 0.9056389 37
24 0.444635 0.895712 0.496404 2.014487 1.116431 2.249035 0.0356374 0.9044575 36
25 0.444896 0.895582 0.496767 2.013016 1.116592 2.247718 0.0357091 0.9032779 35
26 0.445156 0.895453 0.497130 2.011548 1.116753 2.246402 0.0357810 0.9021000 34
27 0.445417 0.895323 0.497492 2.010081 1.116915 2.245089 0.0358529 0.9009239 33
28 0.445677 0.895194 0.497855 2.008615 1.117077 2.243777 0.0359249 0.8997494 32
29 0.445937 0.895064 0.498218 2.007152 1.117238 2.242467 0.0359971 0.8985767 31
30 0.446198 0.894934 0.498582 2.005690 1.117400 2.241158 0.0360694 0.8974056 30
31 0.446458 0.894805 0.498945 2.004229 1.117563 2.239852 0.0361417 0.8962363 29
32 0.446718 0.894675 0.499308 2.002771 1.117725 2.238547 0.0362142 0.8950687 28
33 0.446979 0.894545 0.499672 2.001314 1.117887 2.237243 0.0362868 0.8939027 27
34 0.447239 0.894415 0.500035 1.999859 1.118050 2.235942 0.0363594 0.8927385 26
35 0.447499 0.894284 0.500399 1.998406 1.118212 2.234642 0.0364322 0.8915760 25
36 0.447759 0.894154 0.500763 1.996954 1.118375 2.233344 0.0365051 0.8904151 24
37 0.448019 0.894024 0.501127 1.995504 1.118538 2.232047 0.0365781 0.8892559 23
38 0.448279 0.893894 0.501491 1.994055 1.118701 2.230753 0.0366512 0.8880985 22
39 0.448539 0.893763 0.501855 1.992609 1.118865 2.229459 0.0367244 0.8869426 21
40 0.448799 0.893633 0.502219 1.991164 1.119028 2.228168 0.0367977 0.8857885 20
41 0.449059 0.893502 0.502583 1.989720 1.119192 2.226878 0.0368712 0.8846361 19
42 0.449319 0.893371 0.502948 1.988279 1.119355 2.225590 0.0369447 0.8834853 18
43 0.449579 0.893241 0.503312 1.986839 1.119519 2.224304 0.0370183 0.8823361 17
44 0.449839 0.893110 0.503677 1.985400 1.119683 2.223019 0.0370921 0.8811887 16
45 0.450098 0.892979 0.504041 1.983964 1.119847 2.221736 0.0371659 0.8800429 15
46 0.450358 0.892848 0.504406 1.982529 1.120011 2.220455 0.0372399 0.8788988 14
47 0.450618 0.892717 0.504771 1.981095 1.120176 2.219175 0.0373139 0.8777563 13
48 0.450878 0.892586 0.505136 1.979664 1.120340 2.217897 0.0373881 0.8766154 12
49 0.451137 0.892455 0.505502 1.978233 1.120505 2.216621 0.0374624 0.8754762 11
50 0.451397 0.892323 0.505867 1.976805 1.120670 2.215346 0.0375368 0.8743387 10
51 0.451656 0.892192 0.506232 1.975378 1.120835 2.214073 0.0376113 0.8732028 9
52 0.451916 0.892061 0.506598 1.973953 1.121000 2.212802 0.0376859 0.8720685 8
53 0.452175 0.891929 0.506963 1.972530 1.121165 2.211532 0.0377606 0.8709359 7
54 0.452435 0.891798 0.507329 1.971108 1.121331 2.210264 0.0378354 0.8698049 6
55 0.452694 0.891666 0.507695 1.969687 1.121496 2.208997 0.0379103 0.8686756 5
56 0.452953 0.891534 0.508061 1.968269 1.121662 2.207732 0.0379853 0.8675478 4
57 0.453213 0.891402 0.508427 1.966852 1.121828 2.206469 0.0380605 0.8664217 3
58 0.453472 0.891270 0.508793 1.965436 1.121994 2.205208 0.0381357 0.8652972 2
59 0.453731 0.891139 0.509159 1.964023 1.122160 2.203948 0.0382111 0.8641743 1
60 0.453990 0.891007 0.509525 1.962611 1.122326 2.202689 0.0382866 0.8630531 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
63°–64°
Involute

Min-
utes



TRIGONOMETRY TABLES 2901

↓ 27° or 207°  Trigonometric and Involute Functions  152° or 332° ↓

↑ 117° or 297° 62° or 242° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
27°–28°

Read
Up

Min-
utes

0 0.453990 0.891007 0.509525 1.962611 1.122326 2.202689 0.0382866 0.8630531 60
1 0.454250 0.890874 0.509892 1.961200 1.122493 2.201433 0.0383621 0.8619334 59
2 0.454509 0.890742 0.510258 1.959791 1.122659 2.200177 0.0384378 0.8608154 58
3 0.454768 0.890610 0.510625 1.958384 1.122826 2.198924 0.0385136 0.8596990 57
4 0.455027 0.890478 0.510992 1.956978 1.122993 2.197672 0.0385895 0.8585841 56
5 0.455286 0.890345 0.511359 1.955574 1.123160 2.196422 0.0386655 0.8574709 55
6 0.455545 0.890213 0.511726 1.954171 1.123327 2.195173 0.0387416 0.8563592 54
7 0.455804 0.890080 0.512093 1.952770 1.123494 2.193926 0.0388179 0.8552492 53
8 0.456063 0.889948 0.512460 1.951371 1.123662 2.192681 0.0388942 0.8541408 52
9 0.456322 0.889815 0.512828 1.949973 1.123829 2.191437 0.0389706 0.8530339 51
10 0.456580 0.889682 0.513195 1.948577 1.123997 2.190195 0.0390472 0.8519286 50
11 0.456839 0.889549 0.513563 1.947183 1.124165 2.188954 0.0391239 0.8508249 49
12 0.457098 0.889416 0.513930 1.945790 1.124333 2.187715 0.0392006 0.8497228 48
13 0.457357 0.889283 0.514298 1.944398 1.124501 2.186478 0.0392775 0.8486222 47
14 0.457615 0.889150 0.514666 1.943008 1.124669 2.185242 0.0393545 0.8475233 46
15 0.457874 0.889017 0.515034 1.941620 1.124838 2.184007 0.0394316 0.8464259 45
16 0.458133 0.888884 0.515402 1.940233 1.125006 2.182775 0.0395088 0.8453300 44
17 0.458391 0.888751 0.515770 1.938848 1.125175 2.181543 0.0395862 0.8442358 43
18 0.458650 0.888617 0.516138 1.937465 1.125344 2.180314 0.0396636 0.8431431 42
19 0.458908 0.888484 0.516507 1.936082 1.125513 2.179086 0.0397411 0.8420519 41
20 0.459166 0.888350 0.516875 1.934702 1.125682 2.177859 0.0398188 0.8409623 40
21 0.459425 0.888217 0.517244 1.933323 1.125851 2.176635 0.0398966 0.8398743 39
22 0.459683 0.888083 0.517613 1.931946 1.126021 2.175411 0.0399745 0.8387878 38
23 0.459942 0.887949 0.517982 1.930570 1.126191 2.174189 0.0400524 0.8377029 37
24 0.460200 0.887815 0.518351 1.929196 1.126360 2.172969 0.0401306 0.8366195 36
25 0.460458 0.887681 0.518720 1.927823 1.126530 2.171751 0.0402088 0.8355376 35
26 0.460716 0.887548 0.519089 1.926452 1.126700 2.170534 0.0402871 0.8344573 34
27 0.460974 0.887413 0.519458 1.925082 1.126870 2.169318 0.0403655 0.8333785 33
28 0.461232 0.887279 0.519828 1.923714 1.127041 2.168104 0.0404441 0.8323013 32
29 0.461491 0.887145 0.520197 1.922347 1.127211 2.166892 0.0405227 0.8312255 31
30 0.461749 0.887011 0.520567 1.920982 1.127382 2.165681 0.0406015 0.8301513 30
31 0.462007 0.886876 0.520937 1.919619 1.127553 2.164471 0.0406804 0.8290787 29
32 0.462265 0.886742 0.521307 1.918257 1.127724 2.163263 0.0407594 0.8280075 28
33 0.462523 0.886608 0.521677 1.916896 1.127895 2.162057 0.0408385 0.8269379 27
34 0.462780 0.886473 0.522047 1.915537 1.128066 2.160852 0.0409177 0.8258698 26
35 0.463038 0.886338 0.522417 1.914180 1.128237 2.159649 0.0409970 0.8248032 25
36 0.463296 0.886204 0.522787 1.912824 1.128409 2.158447 0.0410765 0.8237381 24
37 0.463554 0.886069 0.523158 1.911469 1.128581 2.157247 0.0411561 0.8226745 23
38 0.463812 0.885934 0.523528 1.910116 1.128752 2.156048 0.0412357 0.8216125 22
39 0.464069 0.885799 0.523899 1.908765 1.128924 2.154851 0.0413155 0.8205519 21
40 0.464327 0.885664 0.524270 1.907415 1.129096 2.153655 0.0413954 0.8194928 20
41 0.464584 0.885529 0.524641 1.906066 1.129269 2.152461 0.0414754 0.8184353 19
42 0.464842 0.885394 0.525012 1.904719 1.129441 2.151268 0.0415555 0.8173792 18
43 0.465100 0.885258 0.525383 1.903374 1.129614 2.150077 0.0416358 0.8163246 17
44 0.465357 0.885123 0.525754 1.902030 1.129786 2.148888 0.0417161 0.8152715 16
45 0.465615 0.884988 0.526125 1.900687 1.129959 2.147699 0.0417966 0.8142199 15
46 0.465872 0.884852 0.526497 1.899346 1.130132 2.146513 0.0418772 0.8131698 14
47 0.466129 0.884717 0.526868 1.898007 1.130305 2.145327 0.0419579 0.8121211 13
48 0.466387 0.884581 0.527240 1.896669 1.130479 2.144144 0.0420387 0.8110740 12
49 0.466644 0.884445 0.527612 1.895332 1.130652 2.142962 0.0421196 0.8100283 11
50 0.466901 0.884309 0.527984 1.893997 1.130826 2.141781 0.0422006 0.8089841 10
51 0.467158 0.884174 0.528356 1.892663 1.131000 2.140602 0.0422818 0.8079413 9
52 0.467416 0.884038 0.528728 1.891331 1.131173 2.139424 0.0423630 0.8069000 8
53 0.467673 0.883902 0.529100 1.890001 1.131348 2.138247 0.0424444 0.8058602 7
54 0.467930 0.883766 0.529473 1.888671 1.131522 2.137073 0.0425259 0.8048219 6
55 0.468187 0.883629 0.529845 1.887344 1.131696 2.135899 0.0426075 0.8037850 5
56 0.468444 0.883493 0.530218 1.886017 1.131871 2.134727 0.0426892 0.8027495 4
57 0.468701 0.883357 0.530591 1.884692 1.132045 2.133557 0.0427710 0.8017156 3
58 0.468958 0.883221 0.530963 1.883369 1.132220 2.132388 0.0428530 0.8006830 2
59 0.469215 0.883084 0.531336 1.882047 1.132395 2.131221 0.0429351 0.7996520 1
60 0.469472 0.882948 0.531709 1.880726 1.132570 2.130054 0.0430172 0.7986223 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
62°–63°
Involute

Min-
utes



2902 TRIGONOMETRY TABLES

↓ 28° or 208°  Trigonometric and Involute Functions  151° or 331° ↓

↑ 118° or 298° 61° or 241° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
28°–29°

Read
Up

Min-
utes

0 0.469472 0.882948 0.531709 1.880726 1.132570 2.130054 0.0430172 0.7986223 60
1 0.469728 0.882811 0.532083 1.879407 1.132745 2.128890 0.0430995 0.7975941 59
2 0.469985 0.882674 0.532456 1.878090 1.132921 2.127727 0.0431819 0.7965674 58
3 0.470242 0.882538 0.532829 1.876774 1.133096 2.126565 0.0432645 0.7955421 57
4 0.470499 0.882401 0.533203 1.875459 1.133272 2.125405 0.0433471 0.7945182 56
5 0.470755 0.882264 0.533577 1.874145 1.133448 2.124246 0.0434299 0.7934958 55
6 0.471012 0.882127 0.533950 1.872834 1.133624 2.123089 0.0435128 0.7924748 54
7 0.471268 0.881990 0.534324 1.871523 1.133800 2.121933 0.0435957 0.7914552 53
8 0.471525 0.881853 0.534698 1.870214 1.133976 2.120778 0.0436789 0.7904370 52
9 0.471782 0.881715 0.535072 1.868906 1.134153 2.119625 0.0437621 0.7894203 51
10 0.472038 0.881578 0.535446 1.867600 1.134329 2.118474 0.0438454 0.7884050 50
11 0.472294 0.881441 0.535821 1.866295 1.134506 2.117324 0.0439289 0.7873911 49
12 0.472551 0.881303 0.536195 1.864992 1.134683 2.116175 0.0440124 0.7863786 48
13 0.472807 0.881166 0.536570 1.863690 1.134860 2.115027 0.0440961 0.7853676 47
14 0.473063 0.881028 0.536945 1.862390 1.135037 2.113882 0.0441799 0.7843579 46
15 0.473320 0.880891 0.537319 1.861091 1.135215 2.112737 0.0442639 0.7833497 45
16 0.473576 0.880753 0.537694 1.859793 1.135392 2.111594 0.0443479 0.7823429 44
17 0.473832 0.880615 0.538069 1.858496 1.135570 2.110452 0.0444321 0.7813374 43
18 0.474088 0.880477 0.538445 1.857202 1.135748 2.109312 0.0445163 0.7803334 42
19 0.474344 0.880339 0.538820 1.855908 1.135926 2.108173 0.0446007 0.7793308 41
20 0.474600 0.880201 0.539195 1.854616 1.136104 2.107036 0.0446853 0.7783295 40
21 0.474856 0.880063 0.539571 1.853325 1.136282 2.105900 0.0447699 0.7773297 39
22 0.475112 0.879925 0.539946 1.852036 1.136460 2.104765 0.0448546 0.7763312 38
23 0.475368 0.879787 0.540322 1.850748 1.136639 2.103632 0.0449395 0.7753342 37
24 0.475624 0.879649 0.540698 1.849461 1.136818 2.102500 0.0450245 0.7743385 36
25 0.475880 0.879510 0.541074 1.848176 1.136997 2.101370 0.0451096 0.7733442 35
26 0.476136 0.879372 0.541450 1.846892 1.137176 2.100241 0.0451948 0.7723513 34
27 0.476392 0.879233 0.541826 1.845610 1.137355 2.099113 0.0452801 0.7713598 33
28 0.476647 0.879095 0.542203 1.844329 1.137534 2.097987 0.0453656 0.7703696 32
29 0.476903 0.878956 0.542579 1.843049 1.137714 2.096862 0.0454512 0.7693808 31
30 0.477159 0.878817 0.542956 1.841771 1.137893 2.095739 0.0455369 0.7683934 30
31 0.477414 0.878678 0.543332 1.840494 1.138073 2.094616 0.0456227 0.7674074 29
32 0.477670 0.878539 0.543709 1.839218 1.138253 2.093496 0.0457086 0.7664227 28
33 0.477925 0.878400 0.544086 1.837944 1.138433 2.092376 0.0457947 0.7654394 27
34 0.478181 0.878261 0.544463 1.836671 1.138613 2.091258 0.0458808 0.7644574 26
35 0.478436 0.878122 0.544840 1.835400 1.138794 2.090142 0.0459671 0.7634768 25
36 0.478692 0.877983 0.545218 1.834130 1.138974 2.089027 0.0460535 0.7624976 24
37 0.478947 0.877844 0.545595 1.832861 1.139155 2.087913 0.0461401 0.7615197 23
38 0.479203 0.877704 0.545973 1.831594 1.139336 2.086800 0.0462267 0.7605432 22
39 0.479458 0.877565 0.546350 1.830327 1.139517 2.085689 0.0463135 0.7595680 21
40 0.479713 0.877425 0.546728 1.829063 1.139698 2.084579 0.0464004 0.7585942 20
41 0.479968 0.877286 0.547106 1.827799 1.139879 2.083471 0.0464874 0.7576217 19
42 0.480223 0.877146 0.547484 1.826537 1.140061 2.082364 0.0465745 0.7566505 18
43 0.480479 0.877006 0.547862 1.825277 1.140242 2.081258 0.0466618 0.7556807 17
44 0.480734 0.876867 0.548240 1.824017 1.140424 2.080154 0.0467491 0.7547123 16
45 0.480989 0.876727 0.548619 1.822759 1.140606 2.079051 0.0468366 0.7537451 15
46 0.481244 0.876587 0.548997 1.821503 1.140788 2.077949 0.0469242 0.7527793 14
47 0.481499 0.876447 0.549376 1.820247 1.140971 2.076849 0.0470120 0.7518149 13
48 0.481754 0.876307 0.549755 1.818993 1.141153 2.075750 0.0470998 0.7508517 12
49 0.482009 0.876167 0.550134 1.817741 1.141336 2.074652 0.0471878 0.7498899 11
50 0.482263 0.876026 0.550513 1.816489 1.141518 2.073556 0.0472759 0.7489294 10
51 0.482518 0.875886 0.550892 1.815239 1.141701 2.072461 0.0473641 0.7479703 9
52 0.482773 0.875746 0.551271 1.813990 1.141884 2.071367 0.0474525 0.7470124 8
53 0.483028 0.875605 0.551650 1.812743 1.142067 2.070275 0.0475409 0.7460559 7
54 0.483282 0.875465 0.552030 1.811497 1.142251 2.069184 0.0476295 0.7451007 6
55 0.483537 0.875324 0.552409 1.810252 1.142434 2.068094 0.0477182 0.7441468 5
56 0.483792 0.875183 0.552789 1.809009 1.142618 2.067006 0.0478070 0.7431942 4
57 0.484046 0.875042 0.553169 1.807766 1.142802 2.065919 0.0478960 0.7422429 3
58 0.484301 0.874902 0.553549 1.806526 1.142986 2.064833 0.0479851 0.7412930 2
59 0.484555 0.874761 0.553929 1.805286 1.143170 2.063748 0.0480743 0.7403443 1
60 0.484810 0.874620 0.554309 1.804048 1.143354 2.062665 0.0481636 0.7393969 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
61°–62°
Involute

Min-
utes



TRIGONOMETRY TABLES 2903

↓ 29° or 209°  Trigonometric and Involute Functions  150° or 330° ↓

↑ 119° or 299° 60° or 240° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
29°–30°

Read
Up

Min-
utes

0 0.484810 0.874620 0.554309 1.804048 1.143354 2.062665 0.0481636 0.7393969 60
1 0.485064 0.874479 0.554689 1.802811 1.143539 2.061584 0.0482530 0.7384508 59
2 0.485318 0.874338 0.555070 1.801575 1.143723 2.060503 0.0483426 0.7375061 58
3 0.485573 0.874196 0.555450 1.800341 1.143908 2.059424 0.0484323 0.7365626 57
4 0.485827 0.874055 0.555831 1.799108 1.144093 2.058346 0.0485221 0.7356204 56
5 0.486081 0.873914 0.556212 1.797876 1.144278 2.057269 0.0486120 0.7346795 55
6 0.486335 0.873772 0.556593 1.796645 1.144463 2.056194 0.0487020 0.7337399 54
7 0.486590 0.873631 0.556974 1.795416 1.144648 2.055120 0.0487922 0.7328016 53
8 0.486844 0.873489 0.557355 1.794188 1.144834 2.054048 0.0488825 0.7318645 52
9 0.487098 0.873347 0.557736 1.792962 1.145020 2.052976 0.0489730 0.7309288 51
10 0.487352 0.873206 0.558118 1.791736 1.145205 2.051906 0.0490635 0.7299943 50
11 0.487606 0.873064 0.558499 1.790512 1.145391 2.050837 0.0491542 0.7290611 49
12 0.487860 0.872922 0.558881 1.789289 1.145578 2.049770 0.0492450 0.7281291 48
13 0.488114 0.872780 0.559263 1.788068 1.145764 2.048704 0.0493359 0.7271985 47
14 0.488367 0.872638 0.559645 1.786847 1.145950 2.047639 0.0494269 0.7262691 46
15 0.488621 0.872496 0.560027 1.785628 1.146137 2.046575 0.0495181 0.7253410 45
16 0.488875 0.872354 0.560409 1.784411 1.146324 2.045513 0.0496094 0.7244141 44
17 0.489129 0.872212 0.560791 1.783194 1.146511 2.044451 0.0497008 0.7234885 43
18 0.489382 0.872069 0.561174 1.781979 1.146698 2.043392 0.0497924 0.7225642 42
19 0.489636 0.871927 0.561556 1.780765 1.146885 2.042333 0.0498840 0.7216411 41
20 0.489890 0.871784 0.561939 1.779552 1.147073 2.041276 0.0499758 0.7207193 40
21 0.490143 0.871642 0.562322 1.778341 1.147260 2.040220 0.0500677 0.7197987 39
22 0.490397 0.871499 0.562705 1.777131 1.147448 2.039165 0.0501598 0.7188794 38
23 0.490650 0.871357 0.563088 1.775922 1.147636 2.038111 0.0502519 0.7179614 37
24 0.490904 0.871214 0.563471 1.774714 1.147824 2.037059 0.0503442 0.7170446 36
25 0.491157 0.871071 0.563854 1.773508 1.148012 2.036008 0.0504367 0.7161290 35
26 0.491411 0.870928 0.564238 1.772302 1.148200 2.034958 0.0505292 0.7152147 34
27 0.491664 0.870785 0.564621 1.771098 1.148389 2.033910 0.0506219 0.7143016 33
28 0.491917 0.870642 0.565005 1.769896 1.148578 2.032863 0.0507147 0.7133898 32
29 0.492170 0.870499 0.565389 1.768694 1.148767 2.031817 0.0508076 0.7124792 31
30 0.492424 0.870356 0.565773 1.767494 1.148956 2.030772 0.0509006 0.7115698 30
31 0.492677 0.870212 0.566157 1.766295 1.149145 2.029729 0.0509938 0.7106617 29
32 0.492930 0.870069 0.566541 1.765097 1.149334 2.028686 0.0510871 0.7097548 28
33 0.493183 0.869926 0.566925 1.763901 1.149524 2.027645 0.0511806 0.7088491 27
34 0.493436 0.869782 0.567310 1.762705 1.149713 2.026606 0.0512741 0.7079447 26
35 0.493689 0.869639 0.567694 1.761511 1.149903 2.025567 0.0513678 0.7070415 25
36 0.493942 0.869495 0.568079 1.760318 1.150093 2.024530 0.0514616 0.7061395 24
37 0.494195 0.869351 0.568464 1.759127 1.150283 2.023494 0.0515555 0.7052387 23
38 0.494448 0.869207 0.568849 1.757936 1.150473 2.022459 0.0516496 0.7043392 22
39 0.494700 0.869064 0.569234 1.756747 1.150664 2.021425 0.0517438 0.7034408 21
40 0.494953 0.868920 0.569619 1.755559 1.150854 2.020393 0.0518381 0.7025437 20
41 0.495206 0.868776 0.570004 1.754372 1.151045 2.019362 0.0519326 0.7016478 19
42 0.495459 0.868632 0.570390 1.753187 1.151236 2.018332 0.0520271 0.7007531 18
43 0.495711 0.868487 0.570776 1.752002 1.151427 2.017303 0.0521218 0.6998596 17
44 0.495964 0.868343 0.571161 1.750819 1.151618 2.016276 0.0522167 0.6989673 16
45 0.496217 0.868199 0.571547 1.749637 1.151810 2.015249 0.0523116 0.6980762 15
46 0.496469 0.868054 0.571933 1.748456 1.152001 2.014224 0.0524067 0.6971864 14
47 0.496722 0.867910 0.572319 1.747277 1.152193 2.013200 0.0525019 0.6962977 13
48 0.496974 0.867765 0.572705 1.746098 1.152385 2.012178 0.0525973 0.6954102 12
49 0.497226 0.867621 0.573092 1.744921 1.152577 2.011156 0.0526928 0.6945239 11
50 0.497479 0.867476 0.573478 1.743745 1.152769 2.010136 0.0527884 0.6936389 10
51 0.497731 0.867331 0.573865 1.742571 1.152962 2.009117 0.0528841 0.6927550 9
52 0.497983 0.867187 0.574252 1.741397 1.153154 2.008099 0.0529799 0.6918723 8
53 0.498236 0.867042 0.574638 1.740225 1.153347 2.007083 0.0530759 0.6909907 7
54 0.498488 0.866897 0.575026 1.739053 1.153540 2.006067 0.0531721 0.6901104 6
55 0.498740 0.866752 0.575413 1.737883 1.153733 2.005053 0.0532683 0.6892313 5
56 0.498992 0.866607 0.575800 1.736714 1.153926 2.004040 0.0533647 0.6883533 4
57 0.499244 0.866461 0.576187 1.735547 1.154119 2.003028 0.0534612 0.6874765 3
58 0.499496 0.866316 0.576575 1.734380 1.154313 2.002018 0.0535578 0.6866009 2
59 0.499748 0.866171 0.576962 1.733215 1.154507 2.001008 0.0536546 0.6857265 1
60 0.500000 0.866025 0.577350 1.732051 1.154701 2.000000 0.0537515 0.6848533 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
60°–61°
Involute

Min-
utes



2904 TRIGONOMETRY TABLES

↓ 30° or 210°  Trigonometric and Involute Functions  149° or 329° ↓

↑ 120° or 300° 59° or 239° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
30°–31°

Read
Up

Min-
utes

0 0.500000 0.866025 0.577350 1.732051 1.154701 2.000000 0.0537515 0.6848533 60
1 0.500252 0.865880 0.577738 1.730888 1.154895 1.998993 0.0538485 0.6839812 59
2 0.500504 0.865734 0.578126 1.729726 1.155089 1.997987 0.0539457 0.6831103 58
3 0.500756 0.865589 0.578514 1.728565 1.155283 1.996982 0.0540430 0.6822405 57
4 0.501007 0.865443 0.578903 1.727406 1.155478 1.995979 0.0541404 0.6813720 56
5 0.501259 0.865297 0.579291 1.726248 1.155672 1.994976 0.0542379 0.6805045 55
6 0.501511 0.865151 0.579680 1.725091 1.155867 1.993975 0.0543356 0.6796383 54
7 0.501762 0.865006 0.580068 1.723935 1.156062 1.992975 0.0544334 0.6787732 53
8 0.502014 0.864860 0.580457 1.722780 1.156257 1.991976 0.0545314 0.6779093 52
9 0.502266 0.864713 0.580846 1.721626 1.156452 1.990979 0.0546295 0.6770465 51
10 0.502517 0.864567 0.581235 1.720474 1.156648 1.989982 0.0547277 0.6761849 50
11 0.502769 0.864421 0.581625 1.719322 1.156844 1.988987 0.0548260 0.6753244 49
12 0.503020 0.864275 0.582014 1.718172 1.157039 1.987993 0.0549245 0.6744651 48
13 0.503271 0.864128 0.582403 1.717023 1.157235 1.987000 0.0550231 0.6736070 47
14 0.503523 0.863982 0.582793 1.715875 1.157432 1.986008 0.0551218 0.6727500 46
15 0.503774 0.863836 0.583183 1.714728 1.157628 1.985017 0.0552207 0.6718941 45
16 0.504025 0.863689 0.583573 1.713583 1.157824 1.984028 0.0553197 0.6710394 44
17 0.504276 0.863542 0.583963 1.712438 1.158021 1.983039 0.0554188 0.6701858 43
18 0.504528 0.863396 0.584353 1.711295 1.158218 1.982052 0.0555181 0.6693333 42
19 0.504779 0.863249 0.584743 1.710153 1.158415 1.981066 0.0556175 0.6684820 41
20 0.505030 0.863102 0.585134 1.709012 1.158612 1.980081 0.0557170 0.6676319 40
21 0.505281 0.862955 0.585524 1.707872 1.158809 1.979097 0.0558166 0.6667828 39
22 0.505532 0.862808 0.585915 1.706733 1.159007 1.978115 0.0559164 0.6659349 38
23 0.505783 0.862661 0.586306 1.705595 1.159204 1.977133 0.0560164 0.6650881 37
24 0.506034 0.862514 0.586697 1.704459 1.159402 1.976153 0.0561164 0.6642425 36
25 0.506285 0.862366 0.587088 1.703323 1.159600 1.975174 0.0562166 0.6633980 35
26 0.506535 0.862219 0.587479 1.702189 1.159798 1.974195 0.0563169 0.6625546 34
27 0.506786 0.862072 0.587870 1.701056 1.159996 1.973218 0.0564174 0.6617123 33
28 0.507037 0.861924 0.588262 1.699924 1.160195 1.972243 0.0565180 0.6608712 32
29 0.507288 0.861777 0.588653 1.698793 1.160393 1.971268 0.0566187 0.6600311 31
30 0.507538 0.861629 0.589045 1.697663 1.160592 1.970294 0.0567196 0.6591922 30
31 0.507789 0.861481 0.589437 1.696534 1.160791 1.969322 0.0568206 0.6583544 29
32 0.508040 0.861334 0.589829 1.695407 1.160990 1.968351 0.0569217 0.6575177 28
33 0.508290 0.861186 0.590221 1.694280 1.161189 1.967381 0.0570230 0.6566822 27
34 0.508541 0.861038 0.590613 1.693155 1.161389 1.966411 0.0571244 0.6558477 26
35 0.508791 0.860890 0.591006 1.692031 1.161589 1.965444 0.0572259 0.6550143 25
36 0.509041 0.860742 0.591398 1.690908 1.161788 1.964477 0.0573276 0.6541821 24
37 0.509292 0.860594 0.591791 1.689786 1.161988 1.963511 0.0574294 0.6533509 23
38 0.509542 0.860446 0.592184 1.688665 1.162188 1.962546 0.0575313 0.6525209 22
39 0.509792 0.860297 0.592577 1.687545 1.162389 1.961583 0.0576334 0.6516919 21
40 0.510043 0.860149 0.592970 1.686426 1.162589 1.960621 0.0577356 0.6508641 20
41 0.510293 0.860001 0.593363 1.685308 1.162790 1.959659 0.0578380 0.6500374 19
42 0.510543 0.859852 0.593757 1.684192 1.162990 1.958699 0.0579405 0.6492117 18
43 0.510793 0.859704 0.594150 1.683077 1.163191 1.957740 0.0580431 0.6483871 17
44 0.511043 0.859555 0.594544 1.681962 1.163393 1.956782 0.0581458 0.6475637 16
45 0.511293 0.859406 0.594937 1.680849 1.163594 1.955825 0.0582487 0.6467413 15
46 0.511543 0.859258 0.595331 1.679737 1.163795 1.954870 0.0583518 0.6459200 14
47 0.511793 0.859109 0.595725 1.678626 1.163997 1.953915 0.0584549 0.6450998 13
48 0.512043 0.858960 0.596120 1.677516 1.164199 1.952961 0.0585582 0.6442807 12
49 0.512293 0.858811 0.596514 1.676407 1.164401 1.952009 0.0586617 0.6434627 11
50 0.512543 0.858662 0.596908 1.675299 1.164603 1.951058 0.0587652 0.6426457 10
51 0.512792 0.858513 0.597303 1.674192 1.164805 1.950107 0.0588690 0.6418298 9
52 0.513042 0.858364 0.597698 1.673086 1.165008 1.949158 0.0589728 0.6410150 8
53 0.513292 0.858214 0.598093 1.671982 1.165210 1.948210 0.0590768 0.6402013 7
54 0.513541 0.858065 0.598488 1.670878 1.165413 1.947263 0.0591809 0.6393887 6
55 0.513791 0.857915 0.598883 1.669776 1.165616 1.946317 0.0592852 0.6385771 5
56 0.514040 0.857766 0.599278 1.668674 1.165819 1.945373 0.0593896 0.6377666 4
57 0.514290 0.857616 0.599674 1.667574 1.166022 1.944429 0.0594941 0.6369571 3
58 0.514539 0.857467 0.600069 1.666475 1.166226 1.943486 0.0595988 0.6361488 2
59 0.514789 0.857317 0.600465 1.665377 1.166430 1.942545 0.0597036 0.6353415 1
60 0.515038 0.857167 0.600861 1.664279 1.166633 1.941604 0.0598086 0.6345352 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
59°–60°
Involute

Min-
utes



TRIGONOMETRY TABLES 2905

↓ 31° or 211°  Trigonometric and Involute Functions  148° or 328° ↓

↑ 121° or 301° 58° or 238° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
31°–32°

Read
Up

Min-
utes

0 0.515038 0.857167 0.600861 1.664279 1.166633 1.941604 0.0598086 0.6345352 60
1 0.515287 0.857017 0.601257 1.663183 1.166837 1.940665 0.0599136 0.6337300 59
2 0.515537 0.856868 0.601653 1.662088 1.167042 1.939726 0.0600189 0.6329259 58
3 0.515786 0.856718 0.602049 1.660994 1.167246 1.938789 0.0601242 0.6321229 57
4 0.516035 0.856567 0.602445 1.659902 1.167450 1.937853 0.0602297 0.6313209 56
5 0.516284 0.856417 0.602842 1.658810 1.167655 1.936918 0.0603354 0.6305199 55
6 0.516533 0.856267 0.603239 1.657719 1.167860 1.935983 0.0604412 0.6297200 54
7 0.516782 0.856117 0.603635 1.656629 1.168065 1.935050 0.0605471 0.6289212 53
8 0.517031 0.855966 0.604032 1.655541 1.168270 1.934119 0.0606532 0.6281234 52
9 0.517280 0.855816 0.604429 1.654453 1.168475 1.933188 0.0607594 0.6273266 51
10 0.517529 0.855665 0.604827 1.653366 1.168681 1.932258 0.0608657 0.6265309 50
11 0.517778 0.855515 0.605224 1.652281 1.168887 1.931329 0.0609722 0.6257363 49
12 0.518027 0.855364 0.605622 1.651196 1.169093 1.930401 0.0610788 0.6249427 48
13 0.518276 0.855214 0.606019 1.650113 1.169299 1.929475 0.0611856 0.6241501 47
14 0.518525 0.855063 0.606417 1.649030 1.169505 1.928549 0.0612925 0.6233586 46
15 0.518773 0.854912 0.606815 1.647949 1.169711 1.927624 0.0613995 0.6225681 45
16 0.519022 0.854761 0.607213 1.646869 1.169918 1.926701 0.0615067 0.6217786 44
17 0.519271 0.854610 0.607611 1.645789 1.170124 1.925778 0.0616140 0.6209902 43
18 0.519519 0.854459 0.608010 1.644711 1.170331 1.924857 0.0617215 0.6202028 42
19 0.519768 0.854308 0.608408 1.643634 1.170538 1.923937 0.0618291 0.6194164 41
20 0.520016 0.854156 0.608807 1.642558 1.170746 1.923017 0.0619368 0.6186311 40
21 0.520265 0.854005 0.609205 1.641482 1.170953 1.922099 0.0620447 0.6178468 39
22 0.520513 0.853854 0.609604 1.640408 1.171161 1.921182 0.0621527 0.6170635 38
23 0.520761 0.853702 0.610003 1.639335 1.171368 1.920265 0.0622609 0.6162813 37
24 0.521010 0.853551 0.610403 1.638263 1.171576 1.919350 0.0623692 0.6155000 36
25 0.521258 0.853399 0.610802 1.637192 1.171785 1.918436 0.0624777 0.6147198 35
26 0.521506 0.853248 0.611201 1.636122 1.171993 1.917523 0.0625863 0.6139407 34
27 0.521754 0.853096 0.611601 1.635053 1.172201 1.916611 0.0626950 0.6131625 33
28 0.522002 0.852944 0.612001 1.633985 1.172410 1.915700 0.0628039 0.6123853 32
29 0.522251 0.852792 0.612401 1.632918 1.172619 1.914790 0.0629129 0.6116092 31
30 0.522499 0.852640 0.612801 1.631852 1.172828 1.913881 0.0630221 0.6108341 30
31 0.522747 0.852488 0.613201 1.630787 1.173037 1.912973 0.0631314 0.6100600 29
32 0.522995 0.852336 0.613601 1.629723 1.173246 1.912066 0.0632408 0.6092869 28
33 0.523242 0.852184 0.614002 1.628660 1.173456 1.911160 0.0633504 0.6085148 27
34 0.523490 0.852032 0.614402 1.627598 1.173665 1.910255 0.0634602 0.6077437 26
35 0.523738 0.851879 0.614803 1.626537 1.173875 1.909351 0.0635700 0.6069736 25
36 0.523986 0.851727 0.615204 1.625477 1.174085 1.908448 0.0636801 0.6062045 24
37 0.524234 0.851574 0.615605 1.624418 1.174295 1.907546 0.0637902 0.6054364 23
38 0.524481 0.851422 0.616006 1.623360 1.174506 1.906646 0.0639005 0.6046694 22
39 0.524729 0.851269 0.616408 1.622303 1.174716 1.905746 0.0640110 0.6039033 21
40 0.524977 0.851117 0.616809 1.621247 1.174927 1.904847 0.0641216 0.6031382 20
41 0.525224 0.850964 0.617211 1.620192 1.175138 1.903949 0.0642323 0.6023741 19
42 0.525472 0.850811 0.617613 1.619138 1.175349 1.903052 0.0643432 0.6016110 18
43 0.525719 0.850658 0.618015 1.618085 1.175560 1.902156 0.0644542 0.6008489 17
44 0.525967 0.850505 0.618417 1.617033 1.175772 1.901262 0.0645654 0.6000878 16
45 0.526214 0.850352 0.618819 1.615982 1.175983 1.900368 0.0646767 0.5993277 15
46 0.526461 0.850199 0.619221 1.614932 1.176195 1.899475 0.0647882 0.5985686 14
47 0.526709 0.850046 0.619624 1.613883 1.176407 1.898583 0.0648998 0.5978104 13
48 0.526956 0.849893 0.620026 1.612835 1.176619 1.897692 0.0650116 0.5970533 12
49 0.527203 0.849739 0.620429 1.611788 1.176831 1.896803 0.0651235 0.5962971 11
50 0.527450 0.849586 0.620832 1.610742 1.177044 1.895914 0.0652355 0.5955419 10
51 0.527697 0.849433 0.621235 1.609697 1.177257 1.895026 0.0653477 0.5947877 9
52 0.527944 0.849279 0.621638 1.608653 1.177469 1.894139 0.0654600 0.5940344 8
53 0.528191 0.849125 0.622042 1.607609 1.177682 1.893253 0.0655725 0.5932822 7
54 0.528438 0.848972 0.622445 1.606567 1.177896 1.892368 0.0656851 0.5925309 6
55 0.528685 0.848818 0.622849 1.605526 1.178109 1.891485 0.0657979 0.5917806 5
56 0.528932 0.848664 0.623253 1.604486 1.178322 1.890602 0.0659108 0.5910312 4
57 0.529179 0.848510 0.623657 1.603446 1.178536 1.889720 0.0660239 0.5902829 3
58 0.529426 0.848356 0.624061 1.602408 1.178750 1.888839 0.0661371 0.5895355 2
59 0.529673 0.848202 0.624465 1.601371 1.178964 1.887959 0.0662505 0.5887890 1
60 0.529919 0.848048 0.624869 1.600335 1.179178 1.887080 0.0663640 0.5880436 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
58°–59°
Involute

Min-
utes



2906 TRIGONOMETRY TABLES

↓ 32° or 212°  Trigonometric and Involute Functions  147° or 327° ↓

↑ 122° or 302° 57° or 237° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
32°–33°

Read
Up

Min-
utes

0 0.529919 0.848048 0.624869 1.600335 1.179178 1.887080 0.0663640 0.5880436 60
1 0.530166 0.847894 0.625274 1.599299 1.179393 1.886202 0.0664776 0.5872991 59
2 0.530413 0.847740 0.625679 1.598265 1.179607 1.885325 0.0665914 0.5865555 58
3 0.530659 0.847585 0.626083 1.597231 1.179822 1.884449 0.0667054 0.5858129 57
4 0.530906 0.847431 0.626488 1.596199 1.180037 1.883574 0.0668195 0.5850713 56
5 0.531152 0.847276 0.626894 1.595167 1.180252 1.882700 0.0669337 0.5843307 55
6 0.531399 0.847122 0.627299 1.594137 1.180468 1.881827 0.0670481 0.5835910 54
7 0.531645 0.846967 0.627704 1.593107 1.180683 1.880954 0.0671627 0.5828522 53
8 0.531891 0.846813 0.628110 1.592078 1.180899 1.880083 0.0672774 0.5821144 52
9 0.532138 0.846658 0.628516 1.591051 1.181115 1.879213 0.0673922 0.5813776 51
10 0.532384 0.846503 0.628921 1.590024 1.181331 1.878344 0.0675072 0.5806417 50
11 0.532630 0.846348 0.629327 1.588998 1.181547 1.877476 0.0676223 0.5799067 49
12 0.532876 0.846193 0.629734 1.587973 1.181763 1.876608 0.0677376 0.5791727 48
13 0.533122 0.846038 0.630140 1.586949 1.181980 1.875742 0.0678530 0.5784397 47
14 0.533368 0.845883 0.630546 1.585926 1.182197 1.874876 0.0679686 0.5777076 46
15 0.533615 0.845728 0.630953 1.584904 1.182414 1.874012 0.0680843 0.5769764 45
16 0.533861 0.845573 0.631360 1.583883 1.182631 1.873148 0.0682002 0.5762462 44
17 0.534106 0.845417 0.631767 1.582863 1.182848 1.872286 0.0683162 0.5755169 43
18 0.534352 0.845262 0.632174 1.581844 1.183065 1.871424 0.0684324 0.5747886 42
19 0.534598 0.845106 0.632581 1.580825 1.183283 1.870564 0.0685487 0.5740612 41
20 0.534844 0.844951 0.632988 1.579808 1.183501 1.869704 0.0686652 0.5733347 40
21 0.535090 0.844795 0.633396 1.578792 1.183719 1.868845 0.0687818 0.5726092 39
22 0.535335 0.844640 0.633804 1.577776 1.183937 1.867987 0.0688986 0.5718846 38
23 0.535581 0.844484 0.634211 1.576761 1.184155 1.867131 0.0690155 0.5711609 37
24 0.535827 0.844328 0.634619 1.575748 1.184374 1.866275 0.0691326 0.5704382 36
25 0.536072 0.844172 0.635027 1.574735 1.184593 1.865420 0.0692498 0.5697164 35
26 0.536318 0.844016 0.635436 1.573723 1.184812 1.864566 0.0693672 0.5689955 34
27 0.536563 0.843860 0.635844 1.572713 1.185031 1.863713 0.0694848 0.5682756 33
28 0.536809 0.843704 0.636253 1.571703 1.185250 1.862860 0.0696024 0.5675565 32
29 0.537054 0.843548 0.636661 1.570694 1.185469 1.862009 0.0697203 0.5668384 31
30 0.537300 0.843391 0.637070 1.569686 1.185689 1.861159 0.0698383 0.5661213 30
31 0.537545 0.843235 0.637479 1.568678 1.185909 1.860310 0.0699564 0.5654050 29
32 0.537790 0.843079 0.637888 1.567672 1.186129 1.859461 0.0700747 0.5646896 28
33 0.538035 0.842922 0.638298 1.566667 1.186349 1.858614 0.0701931 0.5639752 27
34 0.538281 0.842766 0.638707 1.565662 1.186569 1.857767 0.0703117 0.5632617 26
35 0.538526 0.842609 0.639117 1.564659 1.186790 1.856922 0.0704304 0.5625491 25
36 0.538771 0.842452 0.639527 1.563656 1.187011 1.856077 0.0705493 0.5618374 24
37 0.539016 0.842296 0.639937 1.562655 1.187232 1.855233 0.0706684 0.5611267 23
38 0.539261 0.842139 0.640347 1.561654 1.187453 1.854390 0.0707876 0.5604168 22
39 0.539506 0.841982 0.640757 1.560654 1.187674 1.853548 0.0709069 0.5597078 21
40 0.539751 0.841825 0.641167 1.559655 1.187895 1.852707 0.0710265 0.5589998 20
41 0.539996 0.841668 0.641578 1.558657 1.188117 1.851867 0.0711461 0.5582927 19
42 0.540240 0.841511 0.641989 1.557660 1.188339 1.851028 0.0712659 0.5575864 18
43 0.540485 0.841354 0.642399 1.556664 1.188561 1.850190 0.0713859 0.5568811 17
44 0.540730 0.841196 0.642810 1.555669 1.188783 1.849352 0.0715060 0.5561767 16
45 0.540974 0.841039 0.643222 1.554674 1.189005 1.848516 0.0716263 0.5554731 15
46 0.541219 0.840882 0.643633 1.553681 1.189228 1.847681 0.0717467 0.5547705 14
47 0.541464 0.840724 0.644044 1.552688 1.189451 1.846846 0.0718673 0.5540688 13
48 0.541708 0.840567 0.644456 1.551696 1.189674 1.846012 0.0719880 0.5533679 12
49 0.541953 0.840409 0.644868 1.550705 1.189897 1.845179 0.0721089 0.5526680 11
50 0.542197 0.840251 0.645280 1.549715 1.190120 1.844348 0.0722300 0.5519689 10
51 0.542442 0.840094 0.645692 1.548726 1.190344 1.843517 0.0723512 0.5512708 9
52 0.542686 0.839936 0.646104 1.547738 1.190567 1.842687 0.0724725 0.5505735 8
53 0.542930 0.839778 0.646516 1.546751 1.190791 1.841857 0.0725940 0.5498771 7
54 0.543174 0.839620 0.646929 1.545765 1.191015 1.841029 0.0727157 0.5491816 6
55 0.543419 0.839462 0.647342 1.544779 1.191239 1.840202 0.0728375 0.5484870 5
56 0.543663 0.839304 0.647755 1.543795 1.191464 1.839375 0.0729595 0.5477933 4
57 0.543907 0.839146 0.648168 1.542811 1.191688 1.838550 0.0730816 0.5471005 3
58 0.544151 0.838987 0.648581 1.541828 1.191913 1.837725 0.0732039 0.5464085 2
59 0.544395 0.838829 0.648994 1.540846 1.192138 1.836901 0.0733263 0.5457175 1
60 0.544639 0.838671 0.649408 1.539865 1.192363 1.836078 0.0734489 0.5450273 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
57°–58°
Involute

Min-
utes



TRIGONOMETRY TABLES 2907

↓ 33° or 213°  Trigonometric and Involute Functions  146° or 326° ↓

↑ 123° or 303° 56° or 236° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
33°–34°

Read
Up

Min-
utes

0 0.544639 0.838671 0.649408 1.539865 1.192363 1.836078 0.0734489 0.5450273 60
1 0.544883 0.838512 0.649821 1.538885 1.192589 1.835256 0.0735717 0.5443380 59
2 0.545127 0.838354 0.650235 1.537905 1.192814 1.834435 0.0736946 0.5436495 58
3 0.545371 0.838195 0.650649 1.536927 1.193040 1.833615 0.0738177 0.5429620 57
4 0.545615 0.838036 0.651063 1.535949 1.193266 1.832796 0.0739409 0.5422753 56
5 0.545858 0.837878 0.651477 1.534973 1.193492 1.831977 0.0740643 0.5415895 55
6 0.546102 0.837719 0.651892 1.533997 1.193718 1.831160 0.0741878 0.5409046 54
7 0.546346 0.837560 0.652306 1.533022 1.193945 1.830343 0.0743115 0.5402205 53
8 0.546589 0.837401 0.652721 1.532048 1.194171 1.829527 0.0744354 0.5395373 52
9 0.546833 0.837242 0.653136 1.531075 1.194398 1.828713 0.0745594 0.5388550 51
10 0.547076 0.837083 0.653551 1.530102 1.194625 1.827899 0.0746835 0.5381735 50
11 0.547320 0.836924 0.653966 1.529131 1.194852 1.827085 0.0748079 0.5374929 49
12 0.547563 0.836764 0.654382 1.528160 1.195080 1.826273 0.0749324 0.5368132 48
13 0.547807 0.836605 0.654797 1.527190 1.195307 1.825462 0.0750570 0.5361343 47
14 0.548050 0.836446 0.655213 1.526222 1.195535 1.824651 0.0751818 0.5354563 46
15 0.548293 0.836286 0.655629 1.525253 1.195763 1.823842 0.0753068 0.5347791 45
16 0.548536 0.836127 0.656045 1.524286 1.195991 1.823033 0.0754319 0.5341028 44
17 0.548780 0.835967 0.656461 1.523320 1.196219 1.822225 0.0755571 0.5334274 43
18 0.549023 0.835807 0.656877 1.522355 1.196448 1.821418 0.0756826 0.5327528 42
19 0.549266 0.835648 0.657294 1.521390 1.196677 1.820612 0.0758082 0.5320791 41
20 0.549509 0.835488 0.657710 1.520426 1.196906 1.819806 0.0759339 0.5314062 40
21 0.549752 0.835328 0.658127 1.519463 1.197135 1.819002 0.0760598 0.5307342 39
22 0.549995 0.835168 0.658544 1.518501 1.197364 1.818199 0.0761859 0.5300630 38
23 0.550238 0.835008 0.658961 1.517540 1.197593 1.817396 0.0763121 0.5293927 37
24 0.550481 0.834848 0.659379 1.516580 1.197823 1.816594 0.0764385 0.5287232 36
25 0.550724 0.834688 0.659796 1.515620 1.198053 1.815793 0.0765651 0.5280546 35
26 0.550966 0.834527 0.660214 1.514661 1.198283 1.814993 0.0766918 0.5273868 34
27 0.551209 0.834367 0.660631 1.513704 1.198513 1.814194 0.0768187 0.5267199 33
28 0.551452 0.834207 0.661049 1.512747 1.198744 1.813395 0.0769457 0.5260538 32
29 0.551694 0.834046 0.661467 1.511790 1.198974 1.812598 0.0770729 0.5253886 31
30 0.551937 0.833886 0.661886 1.510835 1.199205 1.811801 0.0772003 0.5247242 30
31 0.552180 0.833725 0.662304 1.509881 1.199436 1.811005 0.0773278 0.5240606 29
32 0.552422 0.833565 0.662723 1.508927 1.199667 1.810210 0.0774555 0.5233979 28
33 0.552664 0.833404 0.663141 1.507974 1.199898 1.809416 0.0775833 0.5227360 27
34 0.552907 0.833243 0.663560 1.507022 1.200130 1.808623 0.0777113 0.5220749 26
35 0.553149 0.833082 0.663979 1.506071 1.200362 1.807830 0.0778395 0.5214147 25
36 0.553392 0.832921 0.664398 1.505121 1.200594 1.807039 0.0779678 0.5207553 24
37 0.553634 0.832760 0.664818 1.504172 1.200826 1.806248 0.0780963 0.5200967 23
38 0.553876 0.832599 0.665237 1.503223 1.201058 1.805458 0.0782249 0.5194390 22
39 0.554118 0.832438 0.665657 1.502275 1.201291 1.804669 0.0783537 0.5187821 21
40 0.554360 0.832277 0.666077 1.501328 1.201523 1.803881 0.0784827 0.5181260 20
41 0.554602 0.832115 0.666497 1.500382 1.201756 1.803094 0.0786118 0.5174708 19
42 0.554844 0.831954 0.666917 1.499437 1.201989 1.802307 0.0787411 0.5168164 18
43 0.555086 0.831793 0.667337 1.498492 1.202223 1.801521 0.0788706 0.5161628 17
44 0.555328 0.831631 0.667758 1.497549 1.202456 1.800736 0.0790002 0.5155100 16
45 0.555570 0.831470 0.668179 1.496606 1.202690 1.799952 0.0791300 0.5148581 15
46 0.555812 0.831308 0.668599 1.495664 1.202924 1.799169 0.0792600 0.5142069 14
47 0.556054 0.831146 0.669020 1.494723 1.203158 1.798387 0.0793901 0.5135566 13
48 0.556296 0.830984 0.669442 1.493782 1.203392 1.797605 0.0795204 0.5129071 12
49 0.556537 0.830823 0.669863 1.492843 1.203626 1.796825 0.0796508 0.5122585 11
50 0.556779 0.830661 0.670284 1.491904 1.203861 1.796045 0.0797814 0.5116106 10
51 0.557021 0.830499 0.670706 1.490966 1.204096 1.795266 0.0799122 0.5109635 9
52 0.557262 0.830337 0.671128 1.490029 1.204331 1.794488 0.0800431 0.5103173 8
53 0.557504 0.830174 0.671550 1.489092 1.204566 1.793710 0.0801742 0.5096719 7
54 0.557745 0.830012 0.671972 1.488157 1.204801 1.792934 0.0803055 0.5090273 6
55 0.557987 0.829850 0.672394 1.487222 1.205037 1.792158 0.0804369 0.5083835 5
56 0.558228 0.829688 0.672817 1.486288 1.205273 1.791383 0.0805685 0.5077405 4
57 0.558469 0.829525 0.673240 1.485355 1.205509 1.790609 0.0807003 0.5070983 3
58 0.558710 0.829363 0.673662 1.484423 1.205745 1.789836 0.0808322 0.5064569 2
59 0.558952 0.829200 0.674085 1.483492 1.205981 1.789063 0.0809643 0.5058164 1
60 0.559193 0.829038 0.674509 1.482561 1.206218 1.788292 0.0810966 0.5051766 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
56°–57°
Involute

Min-
utes



2908 TRIGONOMETRY TABLES

↓ 34° or 214°  Trigonometric and Involute Functions  145° or 325° ↓

↑ 124° or 304° 55° or 235° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
34°–35°

Read
Up

Min-
utes

0 0.559193 0.829038 0.674509 1.482561 1.206218 1.788292 0.0810966 0.5051766 60
1 0.559434 0.828875 0.674932 1.481631 1.206455 1.787521 0.0812290 0.5045376 59
2 0.559675 0.828712 0.675355 1.480702 1.206692 1.786751 0.0813616 0.5038995 58
3 0.559916 0.828549 0.675779 1.479774 1.206929 1.785982 0.0814943 0.5032621 57
4 0.560157 0.828386 0.676203 1.478846 1.207166 1.785213 0.0816273 0.5026255 56
5 0.560398 0.828223 0.676627 1.477920 1.207404 1.784446 0.0817604 0.5019897 55
6 0.560639 0.828060 0.677051 1.476994 1.207641 1.783679 0.0818936 0.5013548 54
7 0.560880 0.827897 0.677475 1.476069 1.207879 1.782913 0.0820271 0.5007206 53
8 0.561121 0.827734 0.677900 1.475144 1.208118 1.782148 0.0821606 0.5000872 52
9 0.561361 0.827571 0.678324 1.474221 1.208356 1.781384 0.0822944 0.4994546 51
10 0.561602 0.827407 0.678749 1.473298 1.208594 1.780620 0.0824283 0.4988228 50
11 0.561843 0.827244 0.679174 1.472376 1.208833 1.779857 0.0825624 0.4981918 49
12 0.562083 0.827081 0.679599 1.471455 1.209072 1.779095 0.0826967 0.4975616 48
13 0.562324 0.826917 0.680025 1.470535 1.209311 1.778334 0.0828311 0.4969322 47
14 0.562564 0.826753 0.680450 1.469615 1.209550 1.777574 0.0829657 0.4963035 46
15 0.562805 0.826590 0.680876 1.468697 1.209790 1.776815 0.0831005 0.4956757 45
16 0.563045 0.826426 0.681302 1.467779 1.210030 1.776056 0.0832354 0.4950486 44
17 0.563286 0.826262 0.681728 1.466862 1.210270 1.775298 0.0833705 0.4944223 43
18 0.563526 0.826098 0.682154 1.465945 1.210510 1.774541 0.0835058 0.4937968 42
19 0.563766 0.825934 0.682580 1.465030 1.210750 1.773785 0.0836413 0.4931721 41
20 0.564007 0.825770 0.683007 1.464115 1.210991 1.773029 0.0837769 0.4925481 40
21 0.564247 0.825606 0.683433 1.463201 1.211231 1.772274 0.0839127 0.4919249 39
22 0.564487 0.825442 0.683860 1.462287 1.211472 1.771520 0.0840486 0.4913026 38
23 0.564727 0.825278 0.684287 1.461375 1.211713 1.770767 0.0841847 0.4906809 37
24 0.564967 0.825113 0.684714 1.460463 1.211954 1.770015 0.0843210 0.4900601 36
25 0.565207 0.824949 0.685142 1.459552 1.212196 1.769263 0.0844575 0.4894400 35
26 0.565447 0.824785 0.685569 1.458642 1.212438 1.768513 0.0845941 0.4888207 34
27 0.565687 0.824620 0.685997 1.457733 1.212680 1.767763 0.0847309 0.4882022 33
28 0.565927 0.824456 0.686425 1.456824 1.212922 1.767013 0.0848679 0.4875845 32
29 0.566166 0.824291 0.686853 1.455916 1.213164 1.766265 0.0850050 0.4869675 31
30 0.566406 0.824126 0.687281 1.455009 1.213406 1.765517 0.0851424 0.4863513 30
31 0.566646 0.823961 0.687709 1.454103 1.213649 1.764770 0.0852799 0.4857359 29
32 0.566886 0.823797 0.688138 1.453197 1.213892 1.764024 0.0854175 0.4851212 28
33 0.567125 0.823632 0.688567 1.452292 1.214135 1.763279 0.0855553 0.4845073 27
34 0.567365 0.823467 0.688995 1.451388 1.214378 1.762535 0.0856933 0.4838941 26
35 0.567604 0.823302 0.689425 1.450485 1.214622 1.761791 0.0858315 0.4832817 25
36 0.567844 0.823136 0.689854 1.449583 1.214866 1.761048 0.0859699 0.4826701 24
37 0.568083 0.822971 0.690283 1.448681 1.215109 1.760306 0.0861084 0.4820593 23
38 0.568323 0.822806 0.690713 1.447780 1.215354 1.759564 0.0862471 0.4814492 22
39 0.568562 0.822641 0.691143 1.446880 1.215598 1.758824 0.0863859 0.4808398 21
40 0.568801 0.822475 0.691572 1.445980 1.215842 1.758084 0.0865250 0.4802312 20
41 0.569040 0.822310 0.692003 1.445081 1.216087 1.757345 0.0866642 0.4796234 19
42 0.569280 0.822144 0.692433 1.444183 1.216332 1.756606 0.0868036 0.4790163 18
43 0.569519 0.821978 0.692863 1.443286 1.216577 1.755869 0.0869431 0.4784100 17
44 0.569758 0.821813 0.693294 1.442390 1.216822 1.755132 0.0870829 0.4778044 16
45 0.569997 0.821647 0.693725 1.441494 1.217068 1.754396 0.0872228 0.4771996 15
46 0.570236 0.821481 0.694156 1.440599 1.217313 1.753661 0.0873628 0.4765956 14
47 0.570475 0.821315 0.694587 1.439705 1.217559 1.752926 0.0875031 0.4759923 13
48 0.570714 0.821149 0.695018 1.438811 1.217805 1.752192 0.0876435 0.4753897 12
49 0.570952 0.820983 0.695450 1.437919 1.218052 1.751459 0.0877841 0.4747879 11
50 0.571191 0.820817 0.695881 1.437027 1.218298 1.750727 0.0879249 0.4741868 10
51 0.571430 0.820651 0.696313 1.436136 1.218545 1.749996 0.0880659 0.4735865 9
52 0.571669 0.820485 0.696745 1.435245 1.218792 1.749265 0.0882070 0.4729869 8
53 0.571907 0.820318 0.697177 1.434355 1.219039 1.748535 0.0883483 0.4723881 7
54 0.572146 0.820152 0.697610 1.433466 1.219286 1.747806 0.0884898 0.4717900 6
55 0.572384 0.819985 0.698042 1.432578 1.219534 1.747078 0.0886314 0.4711926 5
56 0.572623 0.819819 0.698475 1.431691 1.219782 1.746350 0.0887732 0.4705960 4
57 0.572861 0.819652 0.698908 1.430804 1.220030 1.745623 0.0889152 0.4700001 3
58 0.573100 0.819486 0.699341 1.429918 1.220278 1.744897 0.0890574 0.4694050 2
59 0.573338 0.819319 0.699774 1.429033 1.220526 1.744171 0.0891998 0.4688106 1
60 0.573576 0.819152 0.700208 1.428148 1.220775 1.743447 0.0893423 0.4682169 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
55°–56°
Involute

Min-
utes



TRIGONOMETRY TABLES 2909

↓ 35° or 215°  Trigonometric and Involute Functions  144° or 324° ↓

↑ 125° or 305° 54° or 234° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
35°–36°

Read
Up

Min-
utes

0 0.573576 0.819152 0.700208 1.428148 1.220775 1.743447 0.0893423 0.4682169 60
1 0.573815 0.818985 0.700641 1.427264 1.221023 1.742723 0.0894850 0.4676240 59
2 0.574053 0.818818 0.701075 1.426381 1.221272 1.742000 0.0896279 0.4670318 58
3 0.574291 0.818651 0.701509 1.425499 1.221521 1.741277 0.0897710 0.4664403 57
4 0.574529 0.818484 0.701943 1.424617 1.221771 1.740556 0.0899142 0.4658496 56
5 0.574767 0.818317 0.702377 1.423736 1.222020 1.739835 0.0900576 0.4652596 55
6 0.575005 0.818150 0.702812 1.422856 1.222270 1.739115 0.0902012 0.4646703 54
7 0.575243 0.817982 0.703246 1.421977 1.222520 1.738395 0.0903450 0.4640818 53
8 0.575481 0.817815 0.703681 1.421098 1.222770 1.737676 0.0904889 0.4634940 52
9 0.575719 0.817648 0.704116 1.420220 1.223021 1.736958 0.0906331 0.4629069 51
10 0.575957 0.817480 0.704551 1.419343 1.223271 1.736241 0.0907774 0.4623205 50
11 0.576195 0.817313 0.704987 1.418466 1.223522 1.735525 0.0909218 0.4617349 49
12 0.576432 0.817145 0.705422 1.417590 1.223773 1.734809 0.0910665 0.4611499 48
13 0.576670 0.816977 0.705858 1.416715 1.224024 1.734094 0.0912113 0.4605657 47
14 0.576908 0.816809 0.706294 1.415841 1.224276 1.733380 0.0913564 0.4599823 46
15 0.577145 0.816642 0.706730 1.414967 1.224527 1.732666 0.0915016 0.4593995 45
16 0.577383 0.816474 0.707166 1.414094 1.224779 1.731953 0.0916469 0.4588175 44
17 0.577620 0.816306 0.707603 1.413222 1.225031 1.731241 0.0917925 0.4582361 43
18 0.577858 0.816138 0.708039 1.412351 1.225284 1.730530 0.0919382 0.4576555 42
19 0.578095 0.815969 0.708476 1.411480 1.225536 1.729819 0.0920842 0.4570757 41
20 0.578332 0.815801 0.708913 1.410610 1.225789 1.729110 0.0922303 0.4564965 40
21 0.578570 0.815633 0.709350 1.409740 1.226042 1.728400 0.0923765 0.4559180 39
22 0.578807 0.815465 0.709788 1.408872 1.226295 1.727692 0.0925230 0.4553403 38
23 0.579044 0.815296 0.710225 1.408004 1.226548 1.726984 0.0926696 0.4547632 37
24 0.579281 0.815128 0.710663 1.407137 1.226801 1.726277 0.0928165 0.4541869 36
25 0.579518 0.814959 0.711101 1.406270 1.227055 1.725571 0.0929635 0.4536113 35
26 0.579755 0.814791 0.711539 1.405404 1.227309 1.724866 0.0931106 0.4530364 34
27 0.579992 0.814622 0.711977 1.404539 1.227563 1.724161 0.0932580 0.4524622 33
28 0.580229 0.814453 0.712416 1.403675 1.227818 1.723457 0.0934055 0.4518887 32
29 0.580466 0.814284 0.712854 1.402811 1.228072 1.722753 0.0935533 0.4513159 31
30 0.580703 0.814116 0.713293 1.401948 1.228327 1.722051 0.0937012 0.4507439 30
31 0.580940 0.813947 0.713732 1.401086 1.228582 1.721349 0.0938493 0.4501725 29
32 0.581176 0.813778 0.714171 1.400224 1.228837 1.720648 0.0939975 0.4496018 28
33 0.581413 0.813608 0.714611 1.399364 1.229092 1.719947 0.0941460 0.4490318 27
34 0.581650 0.813439 0.715050 1.398503 1.229348 1.719247 0.0942946 0.4484626 26
35 0.581886 0.813270 0.715490 1.397644 1.229604 1.718548 0.0944435 0.4478940 25
36 0.582123 0.813101 0.715930 1.396785 1.229860 1.717850 0.0945925 0.4473261 24
37 0.582359 0.812931 0.716370 1.395927 1.230116 1.717152 0.0947417 0.4467589 23
38 0.582596 0.812762 0.716810 1.395070 1.230373 1.716456 0.0948910 0.4461924 22
39 0.582832 0.812592 0.717250 1.394213 1.230629 1.715759 0.0950406 0.4456267 21
40 0.583069 0.812423 0.717691 1.393357 1.230886 1.715064 0.0951903 0.4450616 20
41 0.583305 0.812253 0.718132 1.392502 1.231143 1.714369 0.0953402 0.4444972 19
42 0.583541 0.812084 0.718573 1.391647 1.231400 1.713675 0.0954904 0.4439335 18
43 0.583777 0.811914 0.719014 1.390793 1.231658 1.712982 0.0956406 0.4433705 17
44 0.584014 0.811744 0.719455 1.389940 1.231916 1.712289 0.0957911 0.4428081 16
45 0.584250 0.811574 0.719897 1.389088 1.232174 1.711597 0.0959418 0.4422465 15
46 0.584486 0.811404 0.720339 1.388236 1.232432 1.710906 0.0960926 0.4416856 14
47 0.584722 0.811234 0.720781 1.387385 1.232690 1.710215 0.0962437 0.4411253 13
48 0.584958 0.811064 0.721223 1.386534 1.232949 1.709525 0.0963949 0.4405657 12
49 0.585194 0.810894 0.721665 1.385684 1.233207 1.708836 0.0965463 0.4400069 11
50 0.585429 0.810723 0.722108 1.384835 1.233466 1.708148 0.0966979 0.4394487 10
51 0.585665 0.810553 0.722550 1.383987 1.233726 1.707460 0.0968496 0.4388911 9
52 0.585901 0.810383 0.722993 1.383139 1.233985 1.706773 0.0970016 0.4383343 8
53 0.586137 0.810212 0.723436 1.382292 1.234245 1.706087 0.0971537 0.4377782 7
54 0.586372 0.810042 0.723879 1.381446 1.234504 1.705401 0.0973061 0.4372227 6
55 0.586608 0.809871 0.724323 1.380600 1.234764 1.704716 0.0974586 0.4366679 5
56 0.586844 0.809700 0.724766 1.379755 1.235025 1.704032 0.0976113 0.4361138 4
57 0.587079 0.809530 0.725210 1.378911 1.235285 1.703348 0.0977642 0.4355604 3
58 0.587314 0.809359 0.725654 1.378067 1.235546 1.702665 0.0979173 0.4350076 2
59 0.587550 0.809188 0.726098 1.377224 1.235807 1.701983 0.0980705 0.4344555 1
60 0.587785 0.809017 0.726543 1.376382 1.236068 1.701302 0.0982240 0.4339041 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
54°–55°
Involute

Min-
utes



2910 TRIGONOMETRY TABLES

↓ 36° or 216°  Trigonometric and Involute Functions  143° or 323° ↓

↑ 126° or 306° 53° or 233° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
36°–37°

Read
Up

Min-
utes

0 0.587785 0.809017 0.726543 1.376382 1.236068 1.701302 0.0982240 0.4339041 60
1 0.588021 0.808846 0.726987 1.375540 1.236329 1.700621 0.0983776 0.4333534 59
2 0.588256 0.808675 0.727432 1.374699 1.236591 1.699941 0.0985315 0.4328033 58
3 0.588491 0.808504 0.727877 1.373859 1.236853 1.699261 0.0986855 0.4322540 57
4 0.588726 0.808333 0.728322 1.373019 1.237115 1.698582 0.0988397 0.4317052 56
5 0.588961 0.808161 0.728767 1.372181 1.237377 1.697904 0.0989941 0.4311572 55
6 0.589196 0.807990 0.729213 1.371342 1.237639 1.697227 0.0991487 0.4306098 54
7 0.589431 0.807818 0.729658 1.370505 1.237902 1.696550 0.0993035 0.4300631 53
8 0.589666 0.807647 0.730104 1.369668 1.238165 1.695874 0.0994584 0.4295171 52
9 0.589901 0.807475 0.730550 1.368832 1.238428 1.695199 0.0996136 0.4289717 51
10 0.590136 0.807304 0.730996 1.367996 1.238691 1.694524 0.0997689 0.4284270 50
11 0.590371 0.807132 0.731443 1.367161 1.238955 1.693850 0.0999244 0.4278830 49
12 0.590606 0.806960 0.731889 1.366327 1.239218 1.693177 0.1000802 0.4273396 48
13 0.590840 0.806788 0.732336 1.365493 1.239482 1.692505 0.1002361 0.4267969 47
14 0.591075 0.806617 0.732783 1.364660 1.239746 1.691833 0.1003922 0.4262548 46
15 0.591310 0.806445 0.733230 1.363828 1.240011 1.691161 0.1005485 0.4257134 45
16 0.591544 0.806273 0.733678 1.362996 1.240275 1.690491 0.1007050 0.4251727 44
17 0.591779 0.806100 0.734125 1.362165 1.240540 1.689821 0.1008616 0.4246326 43
18 0.592013 0.805928 0.734573 1.361335 1.240805 1.689152 0.1010185 0.4240932 42
19 0.592248 0.805756 0.735021 1.360505 1.241070 1.688483 0.1011756 0.4235545 41
20 0.592482 0.805584 0.735469 1.359676 1.241336 1.687815 0.1013328 0.4230164 40
21 0.592716 0.805411 0.735917 1.358848 1.241602 1.687148 0.1014903 0.4224789 39
22 0.592951 0.805239 0.736366 1.358020 1.241867 1.686481 0.1016479 0.4219421 38
23 0.593185 0.805066 0.736815 1.357193 1.242134 1.685815 0.1018057 0.4214060 37
24 0.593419 0.804894 0.737264 1.356367 1.242400 1.685150 0.1019637 0.4208705 36
25 0.593653 0.804721 0.737713 1.355541 1.242666 1.684486 0.1021219 0.4203357 35
26 0.593887 0.804548 0.738162 1.354716 1.242933 1.683822 0.1022804 0.4198015 34
27 0.594121 0.804376 0.738611 1.353892 1.243200 1.683159 0.1024389 0.4192680 33
28 0.594355 0.804203 0.739061 1.353068 1.243467 1.682496 0.1025977 0.4187351 32
29 0.594589 0.804030 0.739511 1.352245 1.243735 1.681834 0.1027567 0.4182029 31
30 0.594823 0.803857 0.739961 1.351422 1.244003 1.681173 0.1029159 0.4176713 30
31 0.595057 0.803684 0.740411 1.350601 1.244270 1.680512 0.1030753 0.4171403 29
32 0.595290 0.803511 0.740862 1.349779 1.244539 1.679853 0.1032348 0.4166101 28
33 0.595524 0.803337 0.741312 1.348959 1.244807 1.679193 0.1033946 0.4160804 27
34 0.595758 0.803164 0.741763 1.348139 1.245075 1.678535 0.1035545 0.4155514 26
35 0.595991 0.802991 0.742214 1.347320 1.245344 1.677877 0.1037147 0.4150230 25
36 0.596225 0.802817 0.742666 1.346501 1.245613 1.677220 0.1038750 0.4144953 24
37 0.596458 0.802644 0.743117 1.345683 1.245882 1.676563 0.1040356 0.4139682 23
38 0.596692 0.802470 0.743569 1.344866 1.246152 1.675907 0.1041963 0.4134418 22
39 0.596925 0.802297 0.744020 1.344049 1.246421 1.675252 0.1043572 0.4129160 21
40 0.597159 0.802123 0.744472 1.343233 1.246691 1.674597 0.1045184 0.4123908 20
41 0.597392 0.801949 0.744925 1.342418 1.246961 1.673943 0.1046797 0.4118663 19
42 0.597625 0.801776 0.745377 1.341603 1.247232 1.673290 0.1048412 0.4113424 18
43 0.597858 0.801602 0.745830 1.340789 1.247502 1.672637 0.1050029 0.4108192 17
44 0.598091 0.801428 0.746282 1.339975 1.247773 1.671985 0.1051648 0.4102966 16
45 0.598325 0.801254 0.746735 1.339162 1.248044 1.671334 0.1053269 0.4097746 15
46 0.598558 0.801080 0.747189 1.338350 1.248315 1.670683 0.1054892 0.4092532 14
47 0.598791 0.800906 0.747642 1.337539 1.248587 1.670033 0.1056517 0.4087325 13
48 0.599024 0.800731 0.748096 1.336728 1.248858 1.669383 0.1058144 0.4082124 12
49 0.599256 0.800557 0.748549 1.335917 1.249130 1.668735 0.1059773 0.4076930 11
50 0.599489 0.800383 0.749003 1.335108 1.249402 1.668086 0.1061404 0.4071741 10
51 0.599722 0.800208 0.749458 1.334298 1.249675 1.667439 0.1063037 0.4066559 9
52 0.599955 0.800034 0.749912 1.333490 1.249947 1.666792 0.1064672 0.4061384 8
53 0.600188 0.799859 0.750366 1.332682 1.250220 1.666146 0.1066309 0.4056214 7
54 0.600420 0.799685 0.750821 1.331875 1.250493 1.665500 0.1067947 0.4051051 6
55 0.600653 0.799510 0.751276 1.331068 1.250766 1.664855 0.1069588 0.4045894 5
56 0.600885 0.799335 0.751731 1.330262 1.251040 1.664211 0.1071231 0.4040744 4
57 0.601118 0.799160 0.752187 1.329457 1.251313 1.663567 0.1072876 0.4035599 3
58 0.601350 0.798985 0.752642 1.328652 1.251587 1.662924 0.1074523 0.4030461 2
59 0.601583 0.798811 0.753098 1.327848 1.251861 1.662282 0.1076171 0.4025329 1
60 0.601815 0.798636 0.753554 1.327045 1.252136 1.661640 0.1077822 0.4020203 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
53°–54°
Involute

Min-
utes



TRIGONOMETRY TABLES 2911

↓ 37° or 217°  Trigonometric and Involute Functions  142° or 322° ↓

↑ 127° or 307° 52° or 232° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
37°–38°

Read
Up

Min-
utes

0 0.601815 0.798636 0.753554 1.327045 1.252136 1.661640 0.1077822 0.4020203 60
1 0.602047 0.798460 0.754010 1.326242 1.252410 1.660999 0.1079475 0.4015084 59
2 0.602280 0.798285 0.754467 1.325440 1.252685 1.660359 0.1081130 0.4009970 58
3 0.602512 0.798110 0.754923 1.324638 1.252960 1.659719 0.1082787 0.4004863 57
4 0.602744 0.797935 0.755380 1.323837 1.253235 1.659080 0.1084445 0.3999762 56
5 0.602976 0.797759 0.755837 1.323037 1.253511 1.658441 0.1086106 0.3994667 55
6 0.603208 0.797584 0.756294 1.322237 1.253787 1.657803 0.1087769 0.3989578 54
7 0.603440 0.797408 0.756751 1.321438 1.254062 1.657166 0.1089434 0.3984496 53
8 0.603672 0.797233 0.757209 1.320639 1.254339 1.656529 0.1091101 0.3979419 52
9 0.603904 0.797057 0.757667 1.319841 1.254615 1.655893 0.1092770 0.3974349 51
10 0.604136 0.796882 0.758125 1.319044 1.254892 1.655258 0.1094440 0.3969285 50
11 0.604367 0.796706 0.758583 1.318247 1.255169 1.654623 0.1096113 0.3964227 49
12 0.604599 0.796530 0.759041 1.317451 1.255446 1.653989 0.1097788 0.3959175 48
13 0.604831 0.796354 0.759500 1.316656 1.255723 1.653355 0.1099465 0.3954129 47
14 0.605062 0.796178 0.759959 1.315861 1.256000 1.652722 0.1101144 0.3949089 46
15 0.605294 0.796002 0.760418 1.315067 1.256278 1.652090 0.1102825 0.3944056 45
16 0.605526 0.795826 0.760877 1.314273 1.256556 1.651458 0.1104508 0.3939028 44
17 0.605757 0.795650 0.761336 1.313480 1.256834 1.650827 0.1106193 0.3934007 43
18 0.605988 0.795473 0.761796 1.312688 1.257113 1.650197 0.1107880 0.3928991 42
19 0.606220 0.795297 0.762256 1.311896 1.257392 1.649567 0.1109570 0.3923982 41
20 0.606451 0.795121 0.762716 1.311105 1.257671 1.648938 0.1111261 0.3918978 40
21 0.606682 0.794944 0.763176 1.310314 1.257950 1.648309 0.1112954 0.3913981 39
22 0.606914 0.794768 0.763636 1.309524 1.258229 1.647681 0.1114649 0.3908990 38
23 0.607145 0.794591 0.764097 1.308735 1.258509 1.647054 0.1116347 0.3904004 37
24 0.607376 0.794415 0.764558 1.307946 1.258789 1.646427 0.1118046 0.3899025 36
25 0.607607 0.794238 0.765019 1.307157 1.259069 1.645801 0.1119747 0.3894052 35
26 0.607838 0.794061 0.765480 1.306370 1.259349 1.645175 0.1121451 0.3889085 34
27 0.608069 0.793884 0.765941 1.305583 1.259629 1.644551 0.1123156 0.3884123 33
28 0.608300 0.793707 0.766403 1.304796 1.259910 1.643926 0.1124864 0.3879168 32
29 0.608531 0.793530 0.766865 1.304011 1.260191 1.643303 0.1126573 0.3874219 31
30 0.608761 0.793353 0.767327 1.303225 1.260472 1.642680 0.1128285 0.3869275 30
31 0.608992 0.793176 0.767789 1.302441 1.260754 1.642057 0.1129999 0.3864338 29
32 0.609223 0.792999 0.768252 1.301657 1.261036 1.641435 0.1131715 0.3859406 28
33 0.609454 0.792822 0.768714 1.300873 1.261317 1.640814 0.1133433 0.3854481 27
34 0.609684 0.792644 0.769177 1.300090 1.261600 1.640194 0.1135153 0.3849561 26
35 0.609915 0.792467 0.769640 1.299308 1.261882 1.639574 0.1136875 0.3844647 25
36 0.610145 0.792290 0.770104 1.298526 1.262165 1.638954 0.1138599 0.3839739 24
37 0.610376 0.792112 0.770567 1.297745 1.262448 1.638335 0.1140325 0.3834837 23
38 0.610606 0.791935 0.771031 1.296965 1.262731 1.637717 0.1142053 0.3829941 22
39 0.610836 0.791757 0.771495 1.296185 1.263014 1.637100 0.1143784 0.3825051 21
40 0.611067 0.791579 0.771959 1.295406 1.263298 1.636483 0.1145516 0.3820167 20
41 0.611297 0.791401 0.772423 1.294627 1.263581 1.635866 0.1147250 0.3815289 19
42 0.611527 0.791224 0.772888 1.293849 1.263865 1.635251 0.1148987 0.3810416 18
43 0.611757 0.791046 0.773353 1.293071 1.264150 1.634636 0.1150726 0.3805549 17
44 0.611987 0.790868 0.773818 1.292294 1.264434 1.634021 0.1152466 0.3800689 16
45 0.612217 0.790690 0.774283 1.291518 1.264719 1.633407 0.1154209 0.3795834 15
46 0.612447 0.790511 0.774748 1.290742 1.265004 1.632794 0.1155954 0.3790984 14
47 0.612677 0.790333 0.775214 1.289967 1.265289 1.632181 0.1157701 0.3786141 13
48 0.612907 0.790155 0.775680 1.289192 1.265574 1.631569 0.1159451 0.3781304 12
49 0.613137 0.789977 0.776146 1.288418 1.265860 1.630957 0.1161202 0.3776472 11
50 0.613367 0.789798 0.776612 1.287645 1.266146 1.630346 0.1162955 0.3771646 10
51 0.613596 0.789620 0.777078 1.286872 1.266432 1.629736 0.1164711 0.3766826 9
52 0.613826 0.789441 0.777545 1.286099 1.266719 1.629126 0.1166468 0.3762012 8
53 0.614056 0.789263 0.778012 1.285328 1.267005 1.628517 0.1168228 0.3757203 7
54 0.614285 0.789084 0.778479 1.284557 1.267292 1.627908 0.1169990 0.3752400 6
55 0.614515 0.788905 0.778946 1.283786 1.267579 1.627300 0.1171754 0.3747603 5
56 0.614744 0.788727 0.779414 1.283016 1.267866 1.626693 0.1173520 0.3742812 4
57 0.614974 0.788548 0.779881 1.282247 1.268154 1.626086 0.1175288 0.3738026 3
58 0.615203 0.788369 0.780349 1.281478 1.268442 1.625480 0.1177058 0.3733247 2
59 0.615432 0.788190 0.780817 1.280709 1.268730 1.624874 0.1178831 0.3728473 1
60 0.615661 0.788011 0.781286 1.279942 1.269018 1.624269 0.1180605 0.3723704 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
52°–53°
Involute

Min-
utes



2912 TRIGONOMETRY TABLES

↓ 38° or 218°  Trigonometric and Involute Functions  141° or 321° ↓

↑ 128° or 308° 51° or 231° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
38°–39°

Read
Up

Min-
utes

0 0.615661 0.788011 0.781286 1.279942 1.269018 1.624269 0.1180605 0.3723704 60
1 0.615891 0.787832 0.781754 1.279174 1.269307 1.623665 0.1182382 0.3718942 59
2 0.616120 0.787652 0.782223 1.278408 1.269596 1.623061 0.1184161 0.3714185 58
3 0.616349 0.787473 0.782692 1.277642 1.269885 1.622458 0.1185942 0.3709433 57
4 0.616578 0.787294 0.783161 1.276876 1.270174 1.621855 0.1187725 0.3704688 56
5 0.616807 0.787114 0.783631 1.276112 1.270463 1.621253 0.1189510 0.3699948 55
6 0.617036 0.786935 0.784100 1.275347 1.270753 1.620651 0.1191297 0.3695214 54
7 0.617265 0.786756 0.784570 1.274584 1.271043 1.620050 0.1193087 0.3690485 53
8 0.617494 0.786576 0.785040 1.273820 1.271333 1.619450 0.1194878 0.3685763 52
9 0.617722 0.786396 0.785510 1.273058 1.271624 1.618850 0.1196672 0.3681045 51
10 0.617951 0.786217 0.785981 1.272296 1.271914 1.618251 0.1198468 0.3676334 50
11 0.618180 0.786037 0.786451 1.271534 1.272205 1.617652 0.1200266 0.3671628 49
12 0.618408 0.785857 0.786922 1.270773 1.272496 1.617054 0.1202066 0.3666928 48
13 0.618637 0.785677 0.787394 1.270013 1.272788 1.616457 0.1203869 0.3662233 47
14 0.618865 0.785497 0.787865 1.269253 1.273079 1.615860 0.1205673 0.3657544 46
15 0.619094 0.785317 0.788336 1.268494 1.273371 1.615264 0.1207480 0.3652861 45
16 0.619322 0.785137 0.788808 1.267735 1.273663 1.614668 0.1209289 0.3648183 44
17 0.619551 0.784957 0.789280 1.266977 1.273956 1.614073 0.1211100 0.3643511 43
18 0.619779 0.784776 0.789752 1.266220 1.274248 1.613478 0.1212913 0.3638844 42
19 0.620007 0.784596 0.790225 1.265463 1.274541 1.612884 0.1214728 0.3634183 41
20 0.620235 0.784416 0.790697 1.264706 1.274834 1.612291 0.1216546 0.3629527 40
21 0.620464 0.784235 0.791170 1.263950 1.275128 1.611698 0.1218366 0.3624878 39
22 0.620692 0.784055 0.791643 1.263195 1.275421 1.611106 0.1220188 0.3620233 38
23 0.620920 0.783874 0.792117 1.262440 1.275715 1.610514 0.1222012 0.3615594 37
24 0.621148 0.783693 0.792590 1.261686 1.276009 1.609923 0.1223838 0.3610961 36
25 0.621376 0.783513 0.793064 1.260932 1.276303 1.609332 0.1225666 0.3606333 35
26 0.621604 0.783332 0.793538 1.260179 1.276598 1.608742 0.1227497 0.3601711 34
27 0.621831 0.783151 0.794012 1.259427 1.276893 1.608153 0.1229330 0.3597094 33
28 0.622059 0.782970 0.794486 1.258675 1.277188 1.607564 0.1231165 0.3592483 32
29 0.622287 0.782789 0.794961 1.257923 1.277483 1.606976 0.1233002 0.3587878 31
30 0.622515 0.782608 0.795436 1.257172 1.277779 1.606388 0.1234842 0.3583277 30
31 0.622742 0.782427 0.795911 1.256422 1.278074 1.605801 0.1236683 0.3578683 29
32 0.622970 0.782246 0.796386 1.255672 1.278370 1.605214 0.1238527 0.3574093 28
33 0.623197 0.782065 0.796862 1.254923 1.278667 1.604628 0.1240373 0.3569510 27
34 0.623425 0.781883 0.797337 1.254174 1.278963 1.604043 0.1242221 0.3564931 26
35 0.623652 0.781702 0.797813 1.253426 1.279260 1.603458 0.1244072 0.3560359 25
36 0.623880 0.781520 0.798290 1.252678 1.279557 1.602873 0.1245924 0.3555791 24
37 0.624107 0.781339 0.798766 1.251931 1.279854 1.602290 0.1247779 0.3551229 23
38 0.624334 0.781157 0.799242 1.251185 1.280152 1.601706 0.1249636 0.3546673 22
39 0.624561 0.780976 0.799719 1.250439 1.280450 1.601124 0.1251495 0.3542122 21
40 0.624789 0.780794 0.800196 1.249693 1.280748 1.600542 0.1253357 0.3537576 20
41 0.625016 0.780612 0.800674 1.248948 1.281046 1.599960 0.1255221 0.3533036 19
42 0.625243 0.780430 0.801151 1.248204 1.281344 1.599379 0.1257087 0.3528501 18
43 0.625470 0.780248 0.801629 1.247460 1.281643 1.598799 0.1258955 0.3523972 17
44 0.625697 0.780067 0.802107 1.246717 1.281942 1.598219 0.1260825 0.3519448 16
45 0.625923 0.779884 0.802585 1.245974 1.282241 1.597639 0.1262698 0.3514929 15
46 0.626150 0.779702 0.803063 1.245232 1.282541 1.597061 0.1264573 0.3510416 14
47 0.626377 0.779520 0.803542 1.244490 1.282840 1.596482 0.1266450 0.3505908 13
48 0.626604 0.779338 0.804021 1.243749 1.283140 1.595905 0.1268329 0.3501406 12
49 0.626830 0.779156 0.804500 1.243009 1.283441 1.595328 0.1270210 0.3496909 11
50 0.627057 0.778973 0.804979 1.242268 1.283741 1.594751 0.1272094 0.3492417 10
51 0.627284 0.778791 0.805458 1.241529 1.284042 1.594175 0.1273980 0.3487931 9
52 0.627510 0.778608 0.805938 1.240790 1.284343 1.593600 0.1275869 0.3483450 8
53 0.627737 0.778426 0.806418 1.240052 1.284644 1.593025 0.1277759 0.3478974 7
54 0.627963 0.778243 0.806898 1.239314 1.284945 1.592450 0.1279652 0.3474503 6
55 0.628189 0.778060 0.807379 1.238576 1.285247 1.591877 0.1281547 0.3470038 5
56 0.628416 0.777878 0.807859 1.237839 1.285549 1.591303 0.1283444 0.3465579 4
57 0.628642 0.777695 0.808340 1.237103 1.285851 1.590731 0.1285344 0.3461124 3
58 0.628868 0.777512 0.808821 1.236367 1.286154 1.590158 0.1287246 0.3456675 2
59 0.629094 0.777329 0.809303 1.235632 1.286457 1.589587 0.1289150 0.3452231 1
60 0.629320 0.777146 0.809784 1.234897 1.286760 1.589016 0.1291056 0.3447792 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
51°–52°
Involute

Min-
utes



TRIGONOMETRY TABLES 2913

↓ 39° or 219°  Trigonometric and Involute Functions  140° or 320° ↓

↑ 129° or 309° 50° or 230° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
39°–40°

Read
Up

Min-
utes

0 0.629320 0.777146 0.809784 1.234897 1.286760 1.589016 0.1291056 0.3447792 60
1 0.629546 0.776963 0.810266 1.234163 1.287063 1.588445 0.1292965 0.3443359 59
2 0.629772 0.776780 0.810748 1.233429 1.287366 1.587875 0.1294876 0.3438931 58
3 0.629998 0.776596 0.811230 1.232696 1.287670 1.587306 0.1296789 0.3434508 57
4 0.630224 0.776413 0.811712 1.231963 1.287974 1.586737 0.1298704 0.3430091 56
5 0.630450 0.776230 0.812195 1.231231 1.288278 1.586169 0.1300622 0.3425678 55
6 0.630676 0.776046 0.812678 1.230500 1.288583 1.585601 0.1302542 0.3421271 54
7 0.630902 0.775863 0.813161 1.229769 1.288887 1.585033 0.1304464 0.3416870 53
8 0.631127 0.775679 0.813644 1.229038 1.289192 1.584467 0.1306389 0.3412473 52
9 0.631353 0.775496 0.814128 1.228308 1.289498 1.583900 0.1308316 0.3408082 51
10 0.631578 0.775312 0.814612 1.227579 1.289803 1.583335 0.1310245 0.3403695 50
11 0.631804 0.775128 0.815096 1.226850 1.290109 1.582770 0.1312177 0.3399315 49
12 0.632029 0.774944 0.815580 1.226121 1.290415 1.582205 0.1314110 0.3394939 48
13 0.632255 0.774761 0.816065 1.225393 1.290721 1.581641 0.1316046 0.3390568 47
14 0.632480 0.774577 0.816549 1.224666 1.291028 1.581078 0.1317985 0.3386203 46
15 0.632705 0.774393 0.817034 1.223939 1.291335 1.580515 0.1319925 0.3381843 45
16 0.632931 0.774209 0.817519 1.223212 1.291642 1.579952 0.1321868 0.3377488 44
17 0.633156 0.774024 0.818005 1.222487 1.291949 1.579390 0.1323814 0.3373138 43
18 0.633381 0.773840 0.818491 1.221761 1.292256 1.578829 0.1325761 0.3368793 42
19 0.633606 0.773656 0.818976 1.221036 1.292564 1.578268 0.1327711 0.3364454 41
20 0.633831 0.773472 0.819463 1.220312 1.292872 1.577708 0.1329663 0.3360119 40
21 0.634056 0.773287 0.819949 1.219588 1.293181 1.577148 0.1331618 0.3355790 39
22 0.634281 0.773103 0.820435 1.218865 1.293489 1.576589 0.1333575 0.3351466 38
23 0.634506 0.772918 0.820922 1.218142 1.293798 1.576030 0.1335534 0.3347147 37
24 0.634731 0.772734 0.821409 1.217420 1.294107 1.575472 0.1337495 0.3342833 36
25 0.634955 0.772549 0.821897 1.216698 1.294416 1.574914 0.1339459 0.3338524 35
26 0.635180 0.772364 0.822384 1.215977 1.294726 1.574357 0.1341425 0.3334221 34
27 0.635405 0.772179 0.822872 1.215256 1.295036 1.573800 0.1343394 0.3329922 33
28 0.635629 0.771995 0.823360 1.214536 1.295346 1.573244 0.1345365 0.3325629 32
29 0.635854 0.771810 0.823848 1.213816 1.295656 1.572689 0.1347338 0.3321341 31
30 0.636078 0.771625 0.824336 1.213097 1.295967 1.572134 0.1349313 0.3317057 30
31 0.636303 0.771440 0.824825 1.212378 1.296278 1.571579 0.1351291 0.3312779 29
32 0.636527 0.771254 0.825314 1.211660 1.296589 1.571025 0.1353271 0.3308506 28
33 0.636751 0.771069 0.825803 1.210942 1.296900 1.570472 0.1355254 0.3304238 27
34 0.636976 0.770884 0.826292 1.210225 1.297212 1.569919 0.1357239 0.3299975 26
35 0.637200 0.770699 0.826782 1.209509 1.297524 1.569366 0.1359226 0.3295717 25
36 0.637424 0.770513 0.827272 1.208792 1.297836 1.568815 0.1361216 0.3291464 24
37 0.637648 0.770328 0.827762 1.208077 1.298149 1.568263 0.1363208 0.3287216 23
38 0.637872 0.770142 0.828252 1.207362 1.298461 1.567712 0.1365202 0.3282973 22
39 0.638096 0.769957 0.828743 1.206647 1.298774 1.567162 0.1367199 0.3278736 21
40 0.638320 0.769771 0.829234 1.205933 1.299088 1.566612 0.1369198 0.3274503 20
41 0.638544 0.769585 0.829725 1.205219 1.299401 1.566063 0.1371199 0.3270275 19
42 0.638768 0.769400 0.830216 1.204506 1.299715 1.565514 0.1373203 0.3266052 18
43 0.638992 0.769214 0.830707 1.203793 1.300029 1.564966 0.1375209 0.3261834 17
44 0.639215 0.769028 0.831199 1.203081 1.300343 1.564418 0.1377218 0.3257621 16
45 0.639439 0.768842 0.831691 1.202369 1.300658 1.563871 0.1379228 0.3253414 15
46 0.639663 0.768656 0.832183 1.201658 1.300972 1.563324 0.1381242 0.3249211 14
47 0.639886 0.768470 0.832676 1.200947 1.301287 1.562778 0.1383257 0.3245013 13
48 0.640110 0.768284 0.833169 1.200237 1.301603 1.562232 0.1385275 0.3240820 12
49 0.640333 0.768097 0.833662 1.199528 1.301918 1.561687 0.1387296 0.3236632 11
50 0.640557 0.767911 0.834155 1.198818 1.302234 1.561142 0.1389319 0.3232449 10
51 0.640780 0.767725 0.834648 1.198110 1.302550 1.560598 0.1391344 0.3228271 9
52 0.641003 0.767538 0.835142 1.197402 1.302867 1.560055 0.1393372 0.3224098 8
53 0.641226 0.767352 0.835636 1.196694 1.303183 1.559511 0.1395402 0.3219930 7
54 0.641450 0.767165 0.836130 1.195987 1.303500 1.558969 0.1397434 0.3215766 6
55 0.641673 0.766979 0.836624 1.195280 1.303817 1.558427 0.1399469 0.3211608 5
56 0.641896 0.766792 0.837119 1.194574 1.304135 1.557885 0.1401506 0.3207454 4
57 0.642119 0.766605 0.837614 1.193868 1.304453 1.557344 0.1403546 0.3203306 3
58 0.642342 0.766418 0.838109 1.193163 1.304771 1.556803 0.1405588 0.3199162 2
59 0.642565 0.766231 0.838604 1.192458 1.305089 1.556263 0.1407632 0.3195024 1
60 0.642788 0.766044 0.839100 1.191754 1.305407 1.555724 0.1409679 0.3190890 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
50°–51°
Involute

Min-
utes



2914 TRIGONOMETRY TABLES

↓ 40° or 220°  Trigonometric and Involute Functions  139° or 319° ↓

↑ 130° or 310° 49° or 229° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
40°–41°

Read
Up

Min-
utes

0 0.642788 0.766044 0.839100 1.191754 1.305407 1.555724 0.1409679 0.3190890 60
1 0.643010 0.765857 0.839595 1.191050 1.305726 1.555185 0.1411729 0.3186761 59
2 0.643233 0.765670 0.840092 1.190347 1.306045 1.554646 0.1413780 0.3182637 58
3 0.643456 0.765483 0.840588 1.189644 1.306364 1.554108 0.1415835 0.3178517 57
4 0.643679 0.765296 0.841084 1.188941 1.306684 1.553571 0.1417891 0.3174403 56
5 0.643901 0.765109 0.841581 1.188240 1.307004 1.553034 0.1419950 0.3170293 55
6 0.644124 0.764921 0.842078 1.187538 1.307324 1.552497 0.1422012 0.3166189 54
7 0.644346 0.764734 0.842575 1.186837 1.307644 1.551961 0.1424076 0.3162089 53
8 0.644569 0.764547 0.843073 1.186137 1.307965 1.551425 0.1426142 0.3157994 52
9 0.644791 0.764359 0.843571 1.185437 1.308286 1.550890 0.1428211 0.3153904 51
10 0.645013 0.764171 0.844069 1.184738 1.308607 1.550356 0.1430282 0.3149819 50
11 0.645235 0.763984 0.844567 1.184039 1.308928 1.549822 0.1432355 0.3145738 49
12 0.645458 0.763796 0.845066 1.183340 1.309250 1.549288 0.1434432 0.3141662 48
13 0.645680 0.763608 0.845564 1.182642 1.309572 1.548755 0.1436510 0.3137591 47
14 0.645902 0.763420 0.846063 1.181945 1.309894 1.548223 0.1438591 0.3133525 46
15 0.646124 0.763232 0.846562 1.181248 1.310217 1.547691 0.1440675 0.3129464 45
16 0.646346 0.763044 0.847062 1.180551 1.310540 1.547159 0.1442761 0.3125408 44
17 0.646568 0.762856 0.847562 1.179855 1.310863 1.546628 0.1444849 0.3121356 43
18 0.646790 0.762668 0.848062 1.179160 1.311186 1.546097 0.1446940 0.3117309 42
19 0.647012 0.762480 0.848562 1.178464 1.311510 1.545567 0.1449033 0.3113267 41
20 0.647233 0.762292 0.849062 1.177770 1.311833 1.545038 0.1451129 0.3109229 40
21 0.647455 0.762104 0.849563 1.177076 1.312158 1.544509 0.1453227 0.3105197 39
22 0.647677 0.761915 0.850064 1.176382 1.312482 1.543980 0.1455328 0.3101169 38
23 0.647898 0.761727 0.850565 1.175689 1.312807 1.543452 0.1457431 0.3097146 37
24 0.648120 0.761538 0.851067 1.174996 1.313132 1.542924 0.1459537 0.3093127 36
25 0.648341 0.761350 0.851568 1.174304 1.313457 1.542397 0.1461645 0.3089113 35
26 0.648563 0.761161 0.852070 1.173612 1.313782 1.541871 0.1463756 0.3085105 34
27 0.648784 0.760972 0.852573 1.172921 1.314108 1.541345 0.1465869 0.3081100 33
28 0.649006 0.760784 0.853075 1.172230 1.314434 1.540819 0.1467985 0.3077101 32
29 0.649227 0.760595 0.853578 1.171539 1.314760 1.540294 0.1470103 0.3073106 31
30 0.649448 0.760406 0.854081 1.170850 1.315087 1.539769 0.1472223 0.3069116 30
31 0.649669 0.760217 0.854584 1.170160 1.315414 1.539245 0.1474347 0.3065130 29
32 0.649890 0.760028 0.855087 1.169471 1.315741 1.538721 0.1476472 0.3061150 28
33 0.650111 0.759839 0.855591 1.168783 1.316068 1.538198 0.1478600 0.3057174 27
34 0.650332 0.759650 0.856095 1.168095 1.316396 1.537675 0.1480731 0.3053202 26
35 0.650553 0.759461 0.856599 1.167407 1.316724 1.537153 0.1482864 0.3049236 25
36 0.650774 0.759271 0.857104 1.166720 1.317052 1.536631 0.1485000 0.3045274 24
37 0.650995 0.759082 0.857608 1.166033 1.317381 1.536110 0.1487138 0.3041316 23
38 0.651216 0.758893 0.858113 1.165347 1.317710 1.535589 0.1489279 0.3037364 22
39 0.651437 0.758703 0.858619 1.164662 1.318039 1.535069 0.1491422 0.3033416 21
40 0.651657 0.758514 0.859124 1.163976 1.318368 1.534549 0.1493568 0.3029472 20
41 0.651878 0.758324 0.859630 1.163292 1.318698 1.534030 0.1495716 0.3025533 19
42 0.652098 0.758134 0.860136 1.162607 1.319027 1.533511 0.1497867 0.3021599 18
43 0.652319 0.757945 0.860642 1.161923 1.319358 1.532993 0.1500020 0.3017670 17
44 0.652539 0.757755 0.861148 1.161240 1.319688 1.532475 0.1502176 0.3013745 16
45 0.652760 0.757565 0.861655 1.160557 1.320019 1.531957 0.1504335 0.3009825 15
46 0.652980 0.757375 0.862162 1.159875 1.320350 1.531440 0.1506496 0.3005909 14
47 0.653200 0.757185 0.862669 1.159193 1.320681 1.530924 0.1508659 0.3001998 13
48 0.653421 0.756995 0.863177 1.158511 1.321013 1.530408 0.1510825 0.2998092 12
49 0.653641 0.756805 0.863685 1.157830 1.321344 1.529892 0.1512994 0.2994190 11
50 0.653861 0.756615 0.864193 1.157149 1.321677 1.529377 0.1515165 0.2990292 10
51 0.654081 0.756425 0.864701 1.156469 1.322009 1.528863 0.1517339 0.2986400 9
52 0.654301 0.756234 0.865209 1.155790 1.322342 1.528349 0.1519515 0.2982512 8
53 0.654521 0.756044 0.865718 1.155110 1.322675 1.527835 0.1521694 0.2978628 7
54 0.654741 0.755853 0.866227 1.154432 1.323008 1.527322 0.1523875 0.2974749 6
55 0.654961 0.755663 0.866736 1.153753 1.323341 1.526809 0.1526059 0.2970875 5
56 0.655180 0.755472 0.867246 1.153075 1.323675 1.526297 0.1528246 0.2967005 4
57 0.655400 0.755282 0.867756 1.152398 1.324009 1.525785 0.1530435 0.2963140 3
58 0.655620 0.755091 0.868266 1.151721 1.324343 1.525274 0.1532626 0.2959279 2
59 0.655839 0.754900 0.868776 1.151044 1.324678 1.524763 0.1534821 0.2955422 1
60 0.656059 0.754710 0.869287 1.150368 1.325013 1.524253 0.1537017 0.2951571 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
49°–50°
Involute

Min-
utes



TRIGONOMETRY TABLES 2915

↓ 41° or 221°  Trigonometric and Involute Functions  138° or 318° ↓

↑ 131° or 311° 48° or 228° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
41°–42°

Read
Up

Min-
utes

0 0.656059 0.754710 0.869287 1.150368 1.325013 1.524253 0.1537017 0.2951571 60
1 0.656279 0.754519 0.869798 1.149693 1.325348 1.523743 0.1539217 0.2947724 59
2 0.656498 0.754328 0.870309 1.149018 1.325684 1.523234 0.1541419 0.2943881 58
3 0.656717 0.754137 0.870820 1.148343 1.326019 1.522725 0.1543623 0.2940043 57
4 0.656937 0.753946 0.871332 1.147669 1.326355 1.522217 0.1545831 0.2936209 56
5 0.657156 0.753755 0.871843 1.146995 1.326692 1.521709 0.1548040 0.2932380 55
6 0.657375 0.753563 0.872356 1.146322 1.327028 1.521201 0.1550253 0.2928555 54
7 0.657594 0.753372 0.872868 1.145649 1.327365 1.520694 0.1552468 0.2924735 53
8 0.657814 0.753181 0.873381 1.144976 1.327702 1.520188 0.1554685 0.2920919 52
9 0.658033 0.752989 0.873894 1.144304 1.328040 1.519682 0.1556906 0.2917108 51
10 0.658252 0.752798 0.874407 1.143633 1.328378 1.519176 0.1559128 0.2913301 50
11 0.658471 0.752606 0.874920 1.142961 1.328716 1.518671 0.1561354 0.2909499 49
12 0.658689 0.752415 0.875434 1.142291 1.329054 1.518166 0.1563582 0.2905701 48
13 0.658908 0.752223 0.875948 1.141621 1.329393 1.517662 0.1565812 0.2901908 47
14 0.659127 0.752032 0.876462 1.140951 1.329731 1.517158 0.1568046 0.2898119 46
15 0.659346 0.751840 0.876976 1.140281 1.330071 1.516655 0.1570281 0.2894334 45
16 0.659564 0.751648 0.877491 1.139613 1.330410 1.516152 0.1572520 0.2890554 44
17 0.659783 0.751456 0.878006 1.138944 1.330750 1.515650 0.1574761 0.2886779 43
18 0.660002 0.751264 0.878521 1.138276 1.331090 1.515148 0.1577005 0.2883008 42
19 0.660220 0.751072 0.879037 1.137609 1.331430 1.514646 0.1579251 0.2879241 41
20 0.660439 0.750880 0.879553 1.136941 1.331771 1.514145 0.1581500 0.2875479 40
21 0.660657 0.750688 0.880069 1.136275 1.332112 1.513645 0.1583752 0.2871721 39
22 0.660875 0.750496 0.880585 1.135609 1.332453 1.513145 0.1586006 0.2867967 38
23 0.661094 0.750303 0.881102 1.134943 1.332794 1.512645 0.1588263 0.2864218 37
24 0.661312 0.750111 0.881619 1.134277 1.333136 1.512146 0.1590523 0.2860473 36
25 0.661530 0.749919 0.882136 1.133612 1.333478 1.511647 0.1592785 0.2856733 35
26 0.661748 0.749726 0.882653 1.132948 1.333820 1.511149 0.1595050 0.2852997 34
27 0.661966 0.749534 0.883171 1.132284 1.334163 1.510651 0.1597318 0.2849265 33
28 0.662184 0.749341 0.883689 1.131620 1.334506 1.510154 0.1599588 0.2845538 32
29 0.662402 0.749148 0.884207 1.130957 1.334849 1.509657 0.1601861 0.2841815 31
30 0.662620 0.748956 0.884725 1.130294 1.335192 1.509160 0.1604136 0.2838097 30
31 0.662838 0.748763 0.885244 1.129632 1.335536 1.508665 0.1606414 0.2834383 29
32 0.663056 0.748570 0.885763 1.128970 1.335880 1.508169 0.1608695 0.2830673 28
33 0.663273 0.748377 0.886282 1.128309 1.336225 1.507674 0.1610979 0.2826968 27
34 0.663491 0.748184 0.886802 1.127648 1.336569 1.507179 0.1613265 0.2823267 26
35 0.663709 0.747991 0.887321 1.126987 1.336914 1.506685 0.1615554 0.2819570 25
36 0.663926 0.747798 0.887842 1.126327 1.337259 1.506191 0.1617846 0.2815877 24
37 0.664144 0.747605 0.888362 1.125667 1.337605 1.505698 0.1620140 0.2812189 23
38 0.664361 0.747412 0.888882 1.125008 1.337951 1.505205 0.1622437 0.2808506 22
39 0.664579 0.747218 0.889403 1.124349 1.338297 1.504713 0.1624737 0.2804826 21
40 0.664796 0.747025 0.889924 1.123691 1.338643 1.504221 0.1627039 0.2801151 20
41 0.665013 0.746832 0.890446 1.123033 1.338990 1.503730 0.1629344 0.2797480 19
42 0.665230 0.746638 0.890967 1.122375 1.339337 1.503239 0.1631652 0.2793814 18
43 0.665448 0.746445 0.891489 1.121718 1.339684 1.502748 0.1633963 0.2790151 17
44 0.665665 0.746251 0.892012 1.121062 1.340032 1.502258 0.1636276 0.2786493 16
45 0.665882 0.746057 0.892534 1.120405 1.340379 1.501768 0.1638592 0.2782840 15
46 0.666099 0.745864 0.893057 1.119750 1.340728 1.501279 0.1640910 0.2779190 14
47 0.666316 0.745670 0.893580 1.119094 1.341076 1.500790 0.1643232 0.2775545 13
48 0.666532 0.745476 0.894103 1.118439 1.341425 1.500302 0.1645556 0.2771904 12
49 0.666749 0.745282 0.894627 1.117785 1.341774 1.499814 0.1647882 0.2768268 11
50 0.666966 0.745088 0.895151 1.117130 1.342123 1.499327 0.1650212 0.2764635 10
51 0.667183 0.744894 0.895675 1.116477 1.342473 1.498840 0.1652544 0.2761007 9
52 0.667399 0.744700 0.896199 1.115823 1.342823 1.498353 0.1654879 0.2757383 8
53 0.667616 0.744506 0.896724 1.115171 1.343173 1.497867 0.1657217 0.2753764 7
54 0.667833 0.744312 0.897249 1.114518 1.343523 1.497381 0.1659557 0.2750148 6
55 0.668049 0.744117 0.897774 1.113866 1.343874 1.496896 0.1661900 0.2746537 5
56 0.668265 0.743923 0.898299 1.113215 1.344225 1.496411 0.1664246 0.2742930 4
57 0.668482 0.743728 0.898825 1.112563 1.344577 1.495927 0.1666595 0.2739328 3
58 0.668698 0.743534 0.899351 1.111913 1.344928 1.495443 0.1668946 0.2735729 2
59 0.668914 0.743339 0.899877 1.111262 1.345280 1.494960 0.1671301 0.2732135 1
60 0.669131 0.743145 0.900404 1.110613 1.345633 1.494477 0.1673658 0.2728545 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
48°–49°
Involute

Min-
utes



2916 TRIGONOMETRY TABLES

↓ 42° or 222°  Trigonometric and Involute Functions  137° or 317° ↓

↑ 132° or 312° 47° or 227° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
42°–43°

Read
Up

Min-
utes

0 0.669131 0.743145 0.900404 1.110613 1.345633 1.494477 0.1673658 0.2728545 60
1 0.669347 0.742950 0.900931 1.109963 1.345985 1.493994 0.1676017 0.2724959 59
2 0.669563 0.742755 0.901458 1.109314 1.346338 1.493512 0.1678380 0.2721377 58
3 0.669779 0.742561 0.901985 1.108665 1.346691 1.493030 0.1680745 0.2717800 57
4 0.669995 0.742366 0.902513 1.108017 1.347045 1.492549 0.1683113 0.2714226 56
5 0.670211 0.742171 0.903041 1.107369 1.347399 1.492068 0.1685484 0.2710657 55
6 0.670427 0.741976 0.903569 1.106722 1.347753 1.491588 0.1687857 0.2707092 54
7 0.670642 0.741781 0.904098 1.106075 1.348107 1.491108 0.1690234 0.2703531 53
8 0.670858 0.741586 0.904627 1.105428 1.348462 1.490628 0.1692613 0.2699975 52
9 0.671074 0.741391 0.905156 1.104782 1.348817 1.490149 0.1694994 0.2696422 51
10 0.671289 0.741195 0.905685 1.104137 1.349172 1.489670 0.1697379 0.2692874 50
11 0.671505 0.741000 0.906215 1.103491 1.349528 1.489192 0.1699767 0.2689330 49
12 0.671721 0.740805 0.906745 1.102846 1.349884 1.488714 0.1702157 0.2685790 48
13 0.671936 0.740609 0.907275 1.102202 1.350240 1.488237 0.1704550 0.2682254 47
14 0.672151 0.740414 0.907805 1.101558 1.350596 1.487760 0.1706946 0.2678722 46
15 0.672367 0.740218 0.908336 1.100914 1.350953 1.487283 0.1709344 0.2675194 45
16 0.672582 0.740023 0.908867 1.100271 1.351310 1.486807 0.1711746 0.2671671 44
17 0.672797 0.739827 0.909398 1.099628 1.351668 1.486332 0.1714150 0.2668151 43
18 0.673013 0.739631 0.909930 1.098986 1.352025 1.485856 0.1716557 0.2664636 42
19 0.673228 0.739435 0.910462 1.098344 1.352383 1.485382 0.1718967 0.2661125 41
20 0.673443 0.739239 0.910994 1.097702 1.352742 1.484907 0.1721380 0.2657618 40
21 0.673658 0.739043 0.911526 1.097061 1.353100 1.484433 0.1723795 0.2654115 39
22 0.673873 0.738848 0.912059 1.096420 1.353459 1.483960 0.1726214 0.2650616 38
23 0.674088 0.738651 0.912592 1.095780 1.353818 1.483487 0.1728635 0.2647121 37
24 0.674302 0.738455 0.913125 1.095140 1.354178 1.483014 0.1731059 0.2643630 36
25 0.674517 0.738259 0.913659 1.094500 1.354538 1.482542 0.1733486 0.2640143 35
26 0.674732 0.738063 0.914193 1.093861 1.354898 1.482070 0.1735915 0.2636661 34
27 0.674947 0.737867 0.914727 1.093222 1.355258 1.481599 0.1738348 0.2633182 33
28 0.675161 0.737670 0.915261 1.092584 1.355619 1.481128 0.1740783 0.2629708 32
29 0.675376 0.737474 0.915796 1.091946 1.355980 1.480657 0.1743221 0.2626237 31
30 0.675590 0.737277 0.916331 1.091309 1.356342 1.480187 0.1745662 0.2622771 30
31 0.675805 0.737081 0.916866 1.090671 1.356703 1.479718 0.1748106 0.2619309 29
32 0.676019 0.736884 0.917402 1.090035 1.357065 1.479248 0.1750553 0.2615850 28
33 0.676233 0.736687 0.917938 1.089398 1.357428 1.478779 0.1753003 0.2612396 27
34 0.676448 0.736491 0.918474 1.088762 1.357790 1.478311 0.1755455 0.2608946 26
35 0.676662 0.736294 0.919010 1.088127 1.358153 1.477843 0.1757911 0.2605500 25
36 0.676876 0.736097 0.919547 1.087492 1.358516 1.477376 0.1760369 0.2602058 24
37 0.677090 0.735900 0.920084 1.086857 1.358880 1.476908 0.1762830 0.2598619 23
38 0.677304 0.735703 0.920621 1.086223 1.359244 1.476442 0.1765294 0.2595185 22
39 0.677518 0.735506 0.921159 1.085589 1.359608 1.475975 0.1767761 0.2591755 21
40 0.677732 0.735309 0.921697 1.084955 1.359972 1.475509 0.1770230 0.2588329 20
41 0.677946 0.735112 0.922235 1.084322 1.360337 1.475044 0.1772703 0.2584907 19
42 0.678160 0.734915 0.922773 1.083690 1.360702 1.474579 0.1775179 0.2581489 18
43 0.678373 0.734717 0.923312 1.083057 1.361068 1.474114 0.1777657 0.2578075 17
44 0.678587 0.734520 0.923851 1.082425 1.361433 1.473650 0.1780138 0.2574665 16
45 0.678801 0.734323 0.924390 1.081794 1.361799 1.473186 0.1782622 0.2571258 15
46 0.679014 0.734125 0.924930 1.081163 1.362166 1.472723 0.1785109 0.2567856 14
47 0.679228 0.733927 0.925470 1.080532 1.362532 1.472260 0.1787599 0.2564458 13
48 0.679441 0.733730 0.926010 1.079902 1.362899 1.471797 0.1790092 0.2561064 12
49 0.679655 0.733532 0.926551 1.079272 1.363267 1.471335 0.1792588 0.2557673 11
50 0.679868 0.733334 0.927091 1.078642 1.363634 1.470874 0.1795087 0.2554287 10
51 0.680081 0.733137 0.927632 1.078013 1.364002 1.470412 0.1797589 0.2550904 9
52 0.680295 0.732939 0.928174 1.077384 1.364370 1.469951 0.1800093 0.2547526 8
53 0.680508 0.732741 0.928715 1.076756 1.364739 1.469491 0.1802601 0.2544151 7
54 0.680721 0.732543 0.929257 1.076128 1.365108 1.469031 0.1805111 0.2540781 6
55 0.680934 0.732345 0.929800 1.075501 1.365477 1.468571 0.1807624 0.2537414 5
56 0.681147 0.732147 0.930342 1.074873 1.365846 1.468112 0.1810141 0.2534051 4
57 0.681360 0.731949 0.930885 1.074247 1.366216 1.467653 0.1812660 0.2530693 3
58 0.681573 0.731750 0.931428 1.073620 1.366586 1.467195 0.1815182 0.2527338 2
59 0.681786 0.731552 0.931971 1.072994 1.366957 1.466737 0.1817707 0.2523987 1
60 0.681998 0.731354 0.932515 1.072369 1.367327 1.466279 0.1820235 0.2520640 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
47°–48°
Involute

Min-
utes



TRIGONOMETRY TABLES 2917

↓ 43° or 223°  Trigonometric and Involute Functions  136° or 316° ↓

↑ 133° or 313° 46° or 226° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
43°–44°

Read
Up

Min-
utes

0 0.681998 0.731354 0.932515 1.072369 1.367327 1.466279 0.1820235 0.2520640 60
1 0.682211 0.731155 0.933059 1.071744 1.367699 1.465822 0.1822766 0.2517296 59
2 0.682424 0.730957 0.933603 1.071119 1.368070 1.465365 0.1825300 0.2513957 58
3 0.682636 0.730758 0.934148 1.070494 1.368442 1.464909 0.1827837 0.2510622 57
4 0.682849 0.730560 0.934693 1.069870 1.368814 1.464453 0.1830377 0.2507290 56
5 0.683061 0.730361 0.935238 1.069247 1.369186 1.463997 0.1832920 0.2503963 55
6 0.683274 0.730162 0.935783 1.068623 1.369559 1.463542 0.1835465 0.2500639 54
7 0.683486 0.729963 0.936329 1.068000 1.369932 1.463087 0.1838014 0.2497319 53
8 0.683698 0.729765 0.936875 1.067378 1.370305 1.462633 0.1840566 0.2494003 52
9 0.683911 0.729566 0.937422 1.066756 1.370678 1.462179 0.1843121 0.2490691 51
10 0.684123 0.729367 0.937968 1.066134 1.371052 1.461726 0.1845678 0.2487383 50
11 0.684335 0.729168 0.938515 1.065513 1.371427 1.461273 0.1848239 0.2484078 49
12 0.684547 0.728969 0.939063 1.064892 1.371801 1.460820 0.1850803 0.2480778 48
13 0.684759 0.728769 0.939610 1.064271 1.372176 1.460368 0.1853369 0.2477481 47
14 0.684971 0.728570 0.940158 1.063651 1.372551 1.459916 0.1855939 0.2474188 46
15 0.685183 0.728371 0.940706 1.063031 1.372927 1.459464 0.1858512 0.2470899 45
16 0.685395 0.728172 0.941255 1.062412 1.373303 1.459013 0.1861087 0.2467614 44
17 0.685607 0.727972 0.941803 1.061793 1.373679 1.458562 0.1863666 0.2464332 43
18 0.685818 0.727773 0.942352 1.061174 1.374055 1.458112 0.1866248 0.2461055 42
19 0.686030 0.727573 0.942902 1.060556 1.374432 1.457662 0.1868832 0.2457781 41
20 0.686242 0.727374 0.943451 1.059938 1.374809 1.457213 0.1871420 0.2454511 40
21 0.686453 0.727174 0.944001 1.059321 1.375187 1.456764 0.1874011 0.2451245 39
22 0.686665 0.726974 0.944552 1.058703 1.375564 1.456315 0.1876604 0.2447982 38
23 0.686876 0.726775 0.945102 1.058087 1.375943 1.455867 0.1879201 0.2444724 37
24 0.687088 0.726575 0.945653 1.057470 1.376321 1.455419 0.1881801 0.2441469 36
25 0.687299 0.726375 0.946204 1.056854 1.376700 1.454971 0.1884404 0.2438218 35
26 0.687510 0.726175 0.946756 1.056239 1.377079 1.454524 0.1887010 0.2434971 34
27 0.687721 0.725975 0.947307 1.055624 1.377458 1.454077 0.1889619 0.2431728 33
28 0.687932 0.725775 0.947859 1.055009 1.377838 1.453631 0.1892230 0.2428488 32
29 0.688144 0.725575 0.948412 1.054394 1.378218 1.453185 0.1894845 0.2425252 31
30 0.688355 0.725374 0.948965 1.053780 1.378598 1.452740 0.1897463 0.2422020 30
31 0.688566 0.725174 0.949518 1.053166 1.378979 1.452295 0.1900084 0.2418792 29
32 0.688776 0.724974 0.950071 1.052553 1.379360 1.451850 0.1902709 0.2415567 28
33 0.688987 0.724773 0.950624 1.051940 1.379742 1.451406 0.1905336 0.2412347 27
34 0.689198 0.724573 0.951178 1.051328 1.380123 1.450962 0.1907966 0.2409130 26
35 0.689409 0.724372 0.951733 1.050715 1.380505 1.450518 0.1910599 0.2405916 25
36 0.689620 0.724172 0.952287 1.050103 1.380888 1.450075 0.1913236 0.2402707 24
37 0.689830 0.723971 0.952842 1.049492 1.381270 1.449632 0.1915875 0.2399501 23
38 0.690041 0.723771 0.953397 1.048881 1.381653 1.449190 0.1918518 0.2396299 22
39 0.690251 0.723570 0.953953 1.048270 1.382037 1.448748 0.1921163 0.2393101 21
40 0.690462 0.723369 0.954508 1.047660 1.382420 1.448306 0.1923812 0.2389906 20
41 0.690672 0.723168 0.955064 1.047050 1.382804 1.447865 0.1926464 0.2386715 19
42 0.690882 0.722967 0.955621 1.046440 1.383189 1.447424 0.1929119 0.2383528 18
43 0.691093 0.722766 0.956177 1.045831 1.383573 1.446984 0.1931777 0.2380344 17
44 0.691303 0.722565 0.956734 1.045222 1.383958 1.446544 0.1934438 0.2377165 16
45 0.691513 0.722364 0.957292 1.044614 1.384344 1.446104 0.1937102 0.2373988 15
46 0.691723 0.722163 0.957849 1.044006 1.384729 1.445665 0.1939769 0.2370816 14
47 0.691933 0.721962 0.958407 1.043398 1.385115 1.445226 0.1942440 0.2367647 13
48 0.692143 0.721760 0.958966 1.042790 1.385502 1.444788 0.1945113 0.2364482 12
49 0.692353 0.721559 0.959524 1.042183 1.385888 1.444350 0.1947790 0.2361321 11
50 0.692563 0.721357 0.960083 1.041577 1.386275 1.443912 0.1950469 0.2358163 10
51 0.692773 0.721156 0.960642 1.040970 1.386663 1.443475 0.1953152 0.2355010 9
52 0.692983 0.720954 0.961202 1.040364 1.387050 1.443038 0.1955838 0.2351859 8
53 0.693192 0.720753 0.961761 1.039759 1.387438 1.442601 0.1958527 0.2348713 7
54 0.693402 0.720551 0.962322 1.039154 1.387827 1.442165 0.1961220 0.2345570 6
55 0.693611 0.720349 0.962882 1.038549 1.388215 1.441729 0.1963915 0.2342430 5
56 0.693821 0.720148 0.963443 1.037944 1.388604 1.441294 0.1966613 0.2339295 4
57 0.694030 0.719946 0.964004 1.037340 1.388994 1.440859 0.1969315 0.2336163 3
58 0.694240 0.719744 0.964565 1.036737 1.389383 1.440425 0.1972020 0.2333034 2
59 0.694449 0.719542 0.965127 1.036133 1.389773 1.439990 0.1974728 0.2329910 1
60 0.694658 0.719340 0.965689 1.035530 1.390164 1.439557 0.1977439 0.2326789 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
46°–47°
Involute

Min-
utes



2918 TRIGONOMETRY TABLES

↓ 44° or 224°  Trigonometric and Involute Functions  135° or 315° ↓

↑ 134° or 314° 45° or 225° ↑

Min-
utes Sine Cosine Tangent Cotangent Secant Cosecant

Involute
44°–45°

Read
Up

Min-
utes

0 0.694658 0.719340 0.965689 1.035530 1.390164 1.439557 0.1977439 0.2326789 60
1 0.694868 0.719138 0.966251 1.034928 1.390554 1.439123 0.1980153 0.2323671 59
2 0.695077 0.718936 0.966814 1.034325 1.390945 1.438690 0.1982871 0.2320557 58
3 0.695286 0.718733 0.967377 1.033724 1.391337 1.438257 0.1985591 0.2317447 57
4 0.695495 0.718531 0.967940 1.033122 1.391728 1.437825 0.1988315 0.2314341 56
5 0.695704 0.718329 0.968504 1.032521 1.392120 1.437393 0.1991042 0.2311238 55
6 0.695913 0.718126 0.969067 1.031920 1.392513 1.436962 0.1993772 0.2308138 54
7 0.696122 0.717924 0.969632 1.031319 1.392905 1.436531 0.1996505 0.2305042 53
8 0.696330 0.717721 0.970196 1.030719 1.393298 1.436100 0.1999242 0.2301950 52
9 0.696539 0.717519 0.970761 1.030120 1.393692 1.435669 0.2001982 0.2298862 51
10 0.696748 0.717316 0.971326 1.029520 1.394086 1.435239 0.2004724 0.2295777 50
11 0.696957 0.717113 0.971892 1.028921 1.394480 1.434810 0.2007471 0.2292695 49
12 0.697165 0.716911 0.972458 1.028323 1.394874 1.434380 0.2010220 0.2289618 48
13 0.697374 0.716708 0.973024 1.027724 1.395269 1.433952 0.2012972 0.2286543 47
14 0.697582 0.716505 0.973590 1.027126 1.395664 1.433523 0.2015728 0.2283473 46
15 0.697790 0.716302 0.974157 1.026529 1.396059 1.433095 0.2018487 0.2280406 45
16 0.697999 0.716099 0.974724 1.025931 1.396455 1.432667 0.2021249 0.2277342 44
17 0.698207 0.715896 0.975291 1.025335 1.396851 1.432240 0.2024014 0.2274282 43
18 0.698415 0.715693 0.975859 1.024738 1.397248 1.431813 0.2026783 0.2271226 42
19 0.698623 0.715490 0.976427 1.024142 1.397644 1.431386 0.2029554 0.2268173 41
20 0.698832 0.715286 0.976996 1.023546 1.398042 1.430960 0.2032329 0.2265124 40
21 0.699040 0.715083 0.977564 1.022951 1.398439 1.430534 0.2035108 0.2262078 39
22 0.699248 0.714880 0.978133 1.022356 1.398837 1.430109 0.2037889 0.2259036 38
23 0.699455 0.714676 0.978703 1.021761 1.399235 1.429684 0.2040674 0.2255997 37
24 0.699663 0.714473 0.979272 1.021166 1.399634 1.429259 0.2043462 0.2252962 36
25 0.699871 0.714269 0.979842 1.020572 1.400033 1.428834 0.2046253 0.2249931 35
26 0.700079 0.714066 0.980413 1.019979 1.400432 1.428410 0.2049047 0.2246903 34
27 0.700287 0.713862 0.980983 1.019385 1.400831 1.427987 0.2051845 0.2243878 33
28 0.700494 0.713658 0.981554 1.018792 1.401231 1.427564 0.2054646 0.2240857 32
29 0.700702 0.713454 0.982126 1.018200 1.401631 1.427141 0.2057450 0.2237840 31
30 0.700909 0.713250 0.982697 1.017607 1.402032 1.426718 0.2060257 0.2234826 30
31 0.701117 0.713047 0.983269 1.017015 1.402433 1.426296 0.2063068 0.2231815 29
32 0.701324 0.712843 0.983842 1.016424 1.402834 1.425874 0.2065882 0.2228808 28
33 0.701531 0.712639 0.984414 1.015833 1.403236 1.425453 0.2068699 0.2225805 27
34 0.701739 0.712434 0.984987 1.015242 1.403638 1.425032 0.2071520 0.2222805 26
35 0.701946 0.712230 0.985560 1.014651 1.404040 1.424611 0.2074344 0.2219808 25
36 0.702153 0.712026 0.986134 1.014061 1.404443 1.424191 0.2077171 0.2216815 24
37 0.702360 0.711822 0.986708 1.013471 1.404846 1.423771 0.2080001 0.2213826 23
38 0.702567 0.711617 0.987282 1.012882 1.405249 1.423351 0.2082835 0.2210840 22
39 0.702774 0.711413 0.987857 1.012293 1.405653 1.422932 0.2085672 0.2207857 21
40 0.702981 0.711209 0.988432 1.011704 1.406057 1.422513 0.2088512 0.2204878 20
41 0.703188 0.711004 0.989007 1.011115 1.406462 1.422095 0.2091356 0.2201903 19
42 0.703395 0.710799 0.989582 1.010527 1.406867 1.421677 0.2094203 0.2198930 18
43 0.703601 0.710595 0.990158 1.009939 1.407272 1.421259 0.2097053 0.2195962 17
44 0.703808 0.710390 0.990735 1.009352 1.407677 1.420842 0.2099907 0.2192996 16
45 0.704015 0.710185 0.991311 1.008765 1.408083 1.420425 0.2102764 0.2190035 15
46 0.704221 0.709981 0.991888 1.008178 1.408489 1.420008 0.2105624 0.2187076 14
47 0.704428 0.709776 0.992465 1.007592 1.408896 1.419592 0.2108487 0.2184121 13
48 0.704634 0.709571 0.993043 1.007006 1.409303 1.419176 0.2111354 0.2181170 12
49 0.704841 0.709366 0.993621 1.006420 1.409710 1.418761 0.2114225 0.2178222 11
50 0.705047 0.709161 0.994199 1.005835 1.410118 1.418345 0.2117098 0.2175277 10
51 0.705253 0.708956 0.994778 1.005250 1.410526 1.417931 0.2119975 0.2172336 9
52 0.705459 0.708750 0.995357 1.004665 1.410934 1.417516 0.2122855 0.2169398 8
53 0.705665 0.708545 0.995936 1.004081 1.411343 1.417102 0.2125739 0.2166464 7
54 0.705872 0.708340 0.996515 1.003497 1.411752 1.416688 0.2128626 0.2163533 6
55 0.706078 0.708134 0.997095 1.002913 1.412161 1.416275 0.2131516 0.2160605 5
56 0.706284 0.707929 0.997676 1.002330 1.412571 1.415862 0.2134410 0.2157681 4
57 0.706489 0.707724 0.998256 1.001747 1.412981 1.415449 0.2137307 0.2154760 3
58 0.706695 0.707518 0.998837 1.001164 1.413392 1.415037 0.2140207 0.2151843 2
59 0.706901 0.707312 0.999418 1.000582 1.413802 1.414625 0.2143111 0.2148929 1
60 0.707107 0.707107 1.000000 1.000000 1.414214 1.414214 0.2146018 0.2146018 0

Min-
utes Cosine Sine Cotangent Tangent Cosecant Secant Read

Down
45°–46°
Involute

Min-
utes



MULTIPLICATION OF FRACTIONS 2919

Multiplication of Fractions 

Multiplication Table for Common Fractions and Whole Numbers From 1 to 9
1 2 3 4 5 6 7 8 9

1⁄64 0.0156 0.0313 0.0469 0.0625 0.0781 0.0938 0.1094 0.1250 0.1406
1⁄32 0.0313 0.0625 0.0938 0.1250 0.1563 0.1875 0.2188 0.2500 0.2813
3⁄64 0.0469 0.0938 0.1406 0.1875 0.2344 0.2813 0.3281 0.3750 0.4219
1⁄16 0.0625 0.1250 0.1875 0.2500 0.3125 0.3750 0.4375 0.5000 0.5625
5⁄64 0.0781 0.1563 0.2344 0.3125 0.3906 0.4688 0.5469 0.6250 0.7031
3⁄32 0.0938 0.1875 0.2813 0.3750 0.4688 0.5625 0.6563 0.7500 0.8438
7⁄64 0.1094 0.2188 0.3281 0.4375 0.5469 0.6563 0.7656 0.8750 0.9844
1⁄8 0.1250 0.2500 0.3750 0.5000 0.6250 0.7500 0.8750 1.0000 1.1250
9⁄64 0.1406 0.2813 0.4219 0.5625 0.7031 0.8438 0.9844 1.1250 1.2656
5⁄32 0.1563 0.3125 0.4688 0.6250 0.7813 0.9375 1.0938 1.2500 1.4063
11⁄64 0.1719 0.3438 0.5156 0.6875 0.8594 1.0313 1.2031 1.3750 1.5469
3⁄16 0.1875 0.3750 0.5625 0.7500 0.9375 1.1250 1.3125 1.5000 1.6875
13⁄64 0.2031 0.4063 0.6094 0.8125 1.0156 1.2188 1.4219 1.6250 1.8281
7⁄32 0.2188 0.4375 0.6563 0.8750 1.0938 1.3125 1.5313 1.7500 1.9688
15⁄64 0.2344 0.4688 0.7031 0.9375 1.1719 1.4063 1.6406 1.8750 2.1094
1⁄4 0.2500 0.5000 0.7500 1.0000 1.2500 1.5000 1.7500 2.0000 2.2500

17⁄64 0.2656 0.5313 0.7969 1.0625 1.3281 1.5938 1.8594 2.1250 2.3906
9⁄32 0.2813 0.5625 0.8438 1.1250 1.4063 1.6875 1.9688 2.2500 2.5313
19⁄64 0.2969 0.5938 0.8906 1.1875 1.4844 1.7813 2.0781 2.3750 2.6719
5⁄16 0.3125 0.6250 0.9375 1.2500 1.5625 1.8750 2.1875 2.5000 2.8125
21⁄64 0.3281 0.6563 0.9844 1.3125 1.6406 1.9688 2.2969 2.6250 2.9531
11⁄32 0.3438 0.6875 1.0313 1.3750 1.7188 2.0625 2.4063 2.7500 3.0938
23⁄64 0.3594 0.7188 1.0781 1.4375 1.7969 2.1563 2.5156 2.8750 3.2344
3⁄8 0.3750 0.7500 1.1250 1.5000 1.8750 2.2500 2.6250 3.0000 3.3750

25⁄64 0.3906 0.7813 1.1719 1.5625 1.9531 2.3438 2.7344 3.1250 3.5156
13⁄32 0.4063 0.8125 1.2188 1.6250 2.0313 2.4375 2.8438 3.2500 3.6563
27⁄64 0.4219 0.8438 1.2656 1.6875 2.1094 2.5313 2.9531 3.3750 3.7969
7⁄16 0.4375 0.8750 1.3125 1.7500 2.1875 2.6250 3.0625 3.5000 3.9375
29⁄64 0.4531 0.9063 1.3594 1.8125 2.2656 2.7188 3.1719 3.6250 4.0781
15⁄32 0.4688 0.9375 1.4063 1.8750 2.3438 2.8125 3.2813 3.7500 4.2188
31⁄64 0.4844 0.9688 1.4531 1.9375 2.4219 2.9063 3.3906 3.8750 4.3594
1⁄2 0.5000 1.0000 1.5000 2.0000 2.5000 3.0000 3.5000 4.0000 4.5000

33⁄64 0.5156 1.0313 1.5469 2.0625 2.5781 3.0938 3.6094 4.1250 4.6406
17⁄32 0.5313 1.0625 1.5938 2.1250 2.6563 3.1875 3.7188 4.2500 4.7813
35⁄64 0.5469 1.0938 1.6406 2.1875 2.7344 3.2813 3.8281 4.3750 4.9219
9⁄16 0.5625 1.1250 1.6875 2.2500 2.8125 3.3750 3.9375 4.5000 5.0625
37⁄64 0.5781 1.1563 1.7344 2.3125 2.8906 3.4688 4.0469 4.6250 5.2031
19⁄32 0.5938 1.1875 1.7813 2.3750 2.9688 3.5625 4.1563 4.7500 5.3438
39⁄64 0.6094 1.2188 1.8281 2.4375 3.0469 3.6563 4.2656 4.8750 5.4844
5⁄8 0.6250 1.2500 1.8750 2.5000 3.1250 3.7500 4.3750 5.0000 5.6250

41⁄64 0.6406 1.2813 1.9219 2.5625 3.2031 3.8438 4.4844 5.1250 5.7656
21⁄32 0.6563 1.3125 1.9688 2.6250 3.2813 3.9375 4.5938 5.2500 5.9063
43⁄64 0.6719 1.3438 2.0156 2.6875 3.3594 4.0313 4.7031 5.3750 6.0469
11⁄16 0.6875 1.3750 2.0625 2.7500 3.4375 4.1250 4.8125 5.5000 6.1875
45⁄64 0.7031 1.4063 2.1094 2.8125 3.5156 4.2188 4.9219 5.6250 6.3281
23⁄32 0.7188 1.4375 2.1563 2.8750 3.5938 4.3125 5.0313 5.7500 6.4688
47⁄64 0.7344 1.4688 2.2031 2.9375 3.6719 4.4063 5.1406 5.8750 6.6094
3⁄4 0.7500 1.5000 2.2500 3.0000 3.7500 4.5000 5.2500 6.0000 6.7500

49⁄64 0.7656 1.5313 2.2969 3.0625 3.8281 4.5938 5.3594 6.1250 6.8906
25⁄32 0.7813 1.5625 2.3438 3.1250 3.9063 4.6875 5.4688 6.2500 7.0313
51⁄64 0.7969 1.5938 2.3906 3.1875 3.9844 4.7813 5.5781 6.3750 7.1719
13⁄16 0.8125 1.6250 2.4375 3.2500 4.0625 4.8750 5.6875 6.5000 7.3125
53⁄64 0.8281 1.6563 2.4844 3.3125 4.1406 4.9688 5.7969 6.6250 7.4531
27⁄32 0.8438 1.6875 2.5313 3.3750 4.2188 5.0625 5.9063 6.7500 7.5938
55⁄64 0.8594 1.7188 2.5781 3.4375 4.2969 5.1563 6.0156 6.8750 7.7344
7⁄8 0.8750 1.7500 2.6250 3.5000 4.3750 5.2500 6.1250 7.0000 7.8750

57⁄64 0.8906 1.7813 2.6719 3.5625 4.4531 5.3438 6.2344 7.1250 8.0156
29⁄32 0.9063 1.8125 2.7188 3.6250 4.5313 5.4375 6.3438 7.2500 8.1563
59⁄64 0.9219 1.8438 2.7656 3.6875 4.6094 5.5313 6.4531 7.3750 8.2969
15⁄16 0.9375 1.8750 2.8125 3.7500 4.6875 5.6250 6.5625 7.5000 8.4375
61⁄64 0.9531 1.9063 2.8594 3.8125 4.7656 5.7188 6.6719 7.6250 8.5781
31⁄32 0.9688 1.9375 2.9063 3.8750 4.8438 5.8125 6.7813 7.7500 8.7188
63⁄64 0.9844 1.9688 2.9531 3.9375 4.9219 5.9063 6.8906 7.8750 8.8594
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Multiplication Table for Common Fractions From 1⁄32 to 1⁄2
1⁄32

1⁄16
3⁄32

1⁄8 5⁄32
3⁄16

7⁄32
1⁄4 9⁄32

5⁄16
11⁄32

3⁄8 13⁄32
7⁄16

15⁄32
1⁄2

1⁄32 0.00098 0.00195 0.00293 0.00391 0.00488 0.00586 0.00684 0.00781 0.00879 0.00977 0.01074 0.01172 0.01270 0.01367 0.01465 0.01563
1⁄16 0.00195 0.00391 0.00586 0.00781 0.00977 0.01172 0.01367 0.01563 0.01758 0.01953 0.02148 0.02344 0.02539 0.02734 0.02930 0.03125
3⁄32 0.00293 0.00586 0.00879 0.01172 0.01465 0.01758 0.02051 0.02344 0.02637 0.02930 0.03223 0.03516 0.03809 0.04102 0.04395 0.04688
1⁄8 0.00391 0.00781 0.01172 0.01563 0.01953 0.02344 0.02734 0.03125 0.03516 0.03906 0.04297 0.04688 0.05078 0.05469 0.05859 0.06250
5⁄32 0.00488 0.00977 0.01465 0.01953 0.02441 0.02930 0.03418 0.03906 0.04395 0.04883 0.05371 0.05859 0.06348 0.06836 0.07324 0.07813
3⁄16 0.00586 0.01172 0.01758 0.02344 0.02930 0.03516 0.04102 0.04688 0.05273 0.05859 0.06445 0.07031 0.07617 0.08203 0.08789 0.09375
7⁄32 0.00684 0.01367 0.02051 0.02734 0.03418 0.04102 0.04785 0.05469 0.06152 0.06836 0.07520 0.08203 0.08887 0.09570 0.10254 0.10938
1⁄4 0.00781 0.01563 0.02344 0.03125 0.03906 0.04688 0.05469 0.06250 0.07031 0.07813 0.08594 0.09375 0.10156 0.10938 0.11719 0.12500
9⁄32 0.00879 0.01758 0.02637 0.03516 0.04395 0.05273 0.06152 0.07031 0.07910 0.08789 0.09668 0.10547 0.11426 0.12305 0.13184 0.14063
5⁄16 0.00977 0.01953 0.02930 0.03906 0.04883 0.05859 0.06836 0.07813 0.08789 0.09766 0.10742 0.11719 0.12695 0.13672 0.14648 0.15625
11⁄32 0.01074 0.02148 0.03223 0.04297 0.05371 0.06445 0.07520 0.08594 0.09668 0.10742 0.11816 0.12891 0.13965 0.15039 0.16113 0.17188
3⁄8 0.01172 0.02344 0.03516 0.04688 0.05859 0.07031 0.08203 0.09375 0.10547 0.11719 0.12891 0.14063 0.15234 0.16406 0.17578 0.18750

13⁄32 0.01270 0.02539 0.03809 0.05078 0.06348 0.07617 0.08887 0.10156 0.11426 0.12695 0.13965 0.15234 0.16504 0.17773 0.19043 0.20313
7⁄16 0.01367 0.02734 0.04102 0.05469 0.06836 0.08203 0.09570 0.10938 0.12305 0.13672 0.15039 0.16406 0.17773 0.19141 0.20508 0.21875
15⁄32 0.01465 0.02930 0.04395 0.05859 0.07324 0.08789 0.10254 0.11719 0.13184 0.14648 0.16113 0.17578 0.19043 0.20508 0.21973 0.23438
1⁄2 0.01563 0.03125 0.04688 0.06250 0.07813 0.09375 0.10938 0.12500 0.14063 0.15625 0.17188 0.18750 0.20313 0.21875 0.23438 0.25000

17⁄32 0.01660 0.03320 0.04980 0.06641 0.08301 0.09961 0.11621 0.13281 0.14941 0.16602 0.18262 0.19922 0.21582 0.23242 0.24902 0.26563
9⁄16 0.01758 0.03516 0.05273 0.07031 0.08789 0.10547 0.12305 0.14063 0.15820 0.17578 0.19336 0.21094 0.22852 0.24609 0.26367 0.28125
19⁄32 0.01855 0.03711 0.05566 0.07422 0.09277 0.11133 0.12988 0.14844 0.16699 0.18555 0.20410 0.22266 0.24121 0.25977 0.27832 0.29688
5⁄8 0.01953 0.03906 0.05859 0.07813 0.09766 0.11719 0.13672 0.15625 0.17578 0.19531 0.21484 0.23438 0.25391 0.27344 0.29297 0.31250

21⁄32 0.02051 0.04102 0.06152 0.08203 0.10254 0.12305 0.14355 0.16406 0.18457 0.20508 0.22559 0.24609 0.26660 0.28711 0.30762 0.32813
11⁄16 0.02148 0.04297 0.06445 0.08594 0.10742 0.12891 0.15039 0.17188 0.19336 0.21484 0.23633 0.25781 0.27930 0.30078 0.32227 0.34375
23⁄32 0.02246 0.04492 0.06738 0.08984 0.11230 0.13477 0.15723 0.17969 0.20215 0.22461 0.24707 0.26953 0.29199 0.31445 0.33691 0.35938
3⁄4 0.02344 0.04688 0.07031 0.09375 0.11719 0.14063 0.16406 0.18750 0.21094 0.23438 0.25781 0.28125 0.30469 0.32813 0.35156 0.37500

25⁄32 0.02441 0.04883 0.07324 0.09766 0.12207 0.14648 0.17090 0.19531 0.21973 0.24414 0.26855 0.29297 0.31738 0.34180 0.36621 0.39063
13⁄16 0.02539 0.05078 0.07617 0.10156 0.12695 0.15234 0.17773 0.20313 0.22852 0.25391 0.27930 0.30469 0.33008 0.35547 0.38086 0.40625
27⁄32 0.02637 0.05273 0.07910 0.10547 0.13184 0.15820 0.18457 0.21094 0.23730 0.26367 0.29004 0.31641 0.34277 0.36914 0.39551 0.42188
7⁄8 0.02734 0.05469 0.08203 0.10938 0.13672 0.16406 0.19141 0.21875 0.24609 0.27344 0.30078 0.32813 0.35547 0.38281 0.41016 0.43750

29⁄32 0.02832 0.05664 0.08496 0.11328 0.14160 0.16992 0.19824 0.22656 0.25488 0.28320 0.31152 0.33984 0.36816 0.39648 0.42480 0.45313
15⁄16 0.02930 0.05859 0.08789 0.11719 0.14648 0.17578 0.20508 0.23438 0.26367 0.29297 0.32227 0.35156 0.38086 0.41016 0.43945 0.46875
31⁄32 0.03027 0.06055 0.09082 0.12109 0.15137 0.18164 0.21191 0.24219 0.27246 0.30273 0.33301 0.36328 0.39355 0.42383 0.45410 0.48438
1 0.03125 0.06250 0.09375 0.12500 0.15625 0.18750 0.21875 0.25000 0.28125 0.31250 0.34375 0.37500 0.40625 0.43750 0.46875 0.50000
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Multiplication Table for Common Fractions From 17⁄32 to 1

17⁄32
9⁄16

19⁄32
5⁄8 21⁄32

11⁄16
23⁄32

3⁄4 25⁄32
13⁄16

27⁄32
7⁄8 29⁄32

15⁄16
31⁄32 1

1⁄32 0.01660 0.01758 0.01855 0.01953 0.02051 0.02148 0.02246 0.02344 0.02441 0.02539 0.02637 0.02734 0.02832 0.02930 0.03027 0.03125
1⁄16 0.03320 0.03516 0.03711 0.03906 0.04102 0.04297 0.04492 0.04688 0.04883 0.05078 0.05273 0.05469 0.05664 0.05859 0.06055 0.06250
3⁄32 0.04980 0.05273 0.05566 0.05859 0.06152 0.06445 0.06738 0.07031 0.07324 0.07617 0.07910 0.08203 0.08496 0.08789 0.09082 0.09375
1⁄8 0.06641 0.07031 0.07422 0.07813 0.08203 0.08594 0.08984 0.09375 0.09766 0.10156 0.10547 0.10938 0.11328 0.11719 0.12109 0.12500
5⁄32 0.08301 0.08789 0.09277 0.09766 0.10254 0.10742 0.11230 0.11719 0.12207 0.12695 0.13184 0.13672 0.14160 0.14648 0.15137 0.15625
3⁄16 0.09961 0.10547 0.11133 0.11719 0.12305 0.12891 0.13477 0.14063 0.14648 0.15234 0.15820 0.16406 0.16992 0.17578 0.18164 0.18750
7⁄32 0.11621 0.12305 0.12988 0.13672 0.14355 0.15039 0.15723 0.16406 0.17090 0.17773 0.18457 0.19141 0.19824 0.20508 0.21191 0.21875
1⁄4 0.13281 0.14063 0.14844 0.15625 0.16406 0.17188 0.17969 0.18750 0.19531 0.20313 0.21094 0.21875 0.22656 0.23438 0.24219 0.25000
9⁄32 0.14941 0.15820 0.16699 0.17578 0.18457 0.19336 0.20215 0.21094 0.21973 0.22852 0.23730 0.24609 0.25488 0.26367 0.27246 0.28125
5⁄16 0.16602 0.17578 0.18555 0.19531 0.20508 0.21484 0.22461 0.23438 0.24414 0.25391 0.26367 0.27344 0.28320 0.29297 0.30273 0.31250
11⁄32 0.18262 0.19336 0.20410 0.21484 0.22559 0.23633 0.24707 0.25781 0.26855 0.27930 0.29004 0.30078 0.31152 0.32227 0.33301 0.34375
3⁄8 0.19922 0.21094 0.22266 0.23438 0.24609 0.25781 0.26953 0.28125 0.29297 0.30469 0.31641 0.32813 0.33984 0.35156 0.36328 0.37500

13⁄32 0.21582 0.22852 0.24121 0.25391 0.26660 0.27930 0.29199 0.30469 0.31738 0.33008 0.34277 0.35547 0.36816 0.38086 0.39355 0.40625
7⁄16 0.23242 0.24609 0.25977 0.27344 0.28711 0.30078 0.31445 0.32813 0.34180 0.35547 0.36914 0.38281 0.39648 0.41016 0.42383 0.43750
15⁄32 0.24902 0.26367 0.27832 0.29297 0.30762 0.32227 0.33691 0.35156 0.36621 0.38086 0.39551 0.41016 0.42480 0.43945 0.45410 0.46875
1⁄2 0.26563 0.28125 0.29688 0.31250 0.32813 0.34375 0.35938 0.37500 0.39063 0.40625 0.42188 0.43750 0.45313 0.46875 0.48438 0.50000

17⁄32 0.28223 0.29883 0.31543 0.33203 0.34863 0.36523 0.38184 0.39844 0.41504 0.43164 0.44824 0.46484 0.48145 0.49805 0.51465 0.53125
9⁄16 0.29883 0.31641 0.33398 0.35156 0.36914 0.38672 0.40430 0.42188 0.43945 0.45703 0.47461 0.49219 0.50977 0.52734 0.54492 0.56250
19⁄32 0.31543 0.33398 0.35254 0.37109 0.38965 0.40820 0.42676 0.44531 0.46387 0.48242 0.50098 0.51953 0.53809 0.55664 0.57520 0.59375
5⁄8 0.33203 0.35156 0.37109 0.39063 0.41016 0.42969 0.44922 0.46875 0.48828 0.50781 0.52734 0.54688 0.56641 0.58594 0.60547 0.62500

21⁄32 0.34863 0.36914 0.38965 0.41016 0.43066 0.45117 0.47168 0.49219 0.51270 0.53320 0.55371 0.57422 0.59473 0.61523 0.63574 0.65625
11⁄16 0.36523 0.38672 0.40820 0.42969 0.45117 0.47266 0.49414 0.51563 0.53711 0.55859 0.58008 0.60156 0.62305 0.64453 0.66602 0.68750
23⁄32 0.38184 0.40430 0.42676 0.44922 0.47168 0.49414 0.51660 0.53906 0.56152 0.58398 0.60645 0.62891 0.65137 0.67383 0.69629 0.71875
3⁄4 0.39844 0.42188 0.44531 0.46875 0.49219 0.51563 0.53906 0.56250 0.58594 0.60938 0.63281 0.65625 0.67969 0.70313 0.72656 0.75000

25⁄32 0.41504 0.43945 0.46387 0.48828 0.51270 0.53711 0.56152 0.58594 0.61035 0.63477 0.65918 0.68359 0.70801 0.73242 0.75684 0.78125
13⁄16 0.43164 0.45703 0.48242 0.50781 0.53320 0.55859 0.58398 0.60938 0.63477 0.66016 0.68555 0.71094 0.73633 0.76172 0.78711 0.81250
27⁄32 0.44824 0.47461 0.50098 0.52734 0.55371 0.58008 0.60645 0.63281 0.65918 0.68555 0.71191 0.73828 0.76465 0.79102 0.81738 0.84375
7⁄8 0.46484 0.49219 0.51953 0.54688 0.57422 0.60156 0.62891 0.65625 0.68359 0.71094 0.73828 0.76563 0.79297 0.82031 0.84766 0.87500

29⁄32 0.48145 0.50977 0.53809 0.56641 0.59473 0.62305 0.65137 0.67969 0.70801 0.73633 0.76465 0.79297 0.82129 0.84961 0.87793 0.90625
15⁄16 0.49805 0.52734 0.55664 0.58594 0.61523 0.64453 0.67383 0.70313 0.73242 0.76172 0.79102 0.82031 0.84961 0.87891 0.90820 0.93750
31⁄32 0.51465 0.54492 0.57520 0.60547 0.63574 0.66602 0.69629 0.72656 0.75684 0.78711 0.81738 0.84766 0.87793 0.90820 0.93848 0.96875
1 0.53125 0.56250 0.59375 0.62500 0.65625 0.68750 0.71875 0.75000 0.78125 0.81250 0.84375 0.87500 0.90625 0.93750 0.96875 1.00000
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2922 SQUARES OF NUMBERS

Squares of Numbers

Squares of Numbers from 1 to 999

0 1 2 3 4 5 6 7 8 9

0 0 1 4 9 16 25 36 49 64 81
1 100 121 144 169 196 225 256 289 324 361
2 400 441 484 529 576 625 676 729 784 841
3 900 961 1024 1089 1156 1225 1296 1369 1444 1521
4 1600 1681 1764 1849 1936 2025 2116 2209 2304 2401
5 2500 2601 2704 2809 2916 3025 3136 3249 3364 3481
6 3600 3721 3844 3969 4096 4225 4356 4489 4624 4761
7 4900 5041 5184 5329 5476 5625 5776 5929 6084 6241
8 6400 6561 6724 6889 7056 7225 7396 7569 7744 7921
9 8100 8281 8464 8649 8836 9025 9216 9409 9604 9801

10 10000 10201 10404 10609 10816 11025 11236 11449 11664 11881
11 12100 12321 12544 12769 12996 13225 13456 13689 13924 14161
12 14400 14641 14884 15129 15376 15625 15876 16129 16384 16641
13 16900 17161 17424 17689 17956 18225 18496 18769 19044 19321
14 19600 19881 20164 20449 20736 21025 21316 21609 21904 22201
15 22500 22801 23104 23409 23716 24025 24336 24649 24964 25281
16 25600 25921 26244 26569 26896 27225 27556 27889 28224 28561
17 28900 29241 29584 29929 30276 30625 30976 31329 31684 32041
18 32400 32761 33124 33489 33856 34225 34596 34969 35344 35721
19 36100 36481 36864 37249 37636 38025 38416 38809 39204 39601
20 40000 40401 40804 41209 41616 42025 42436 42849 43264 43681
21 44100 44521 44944 45369 45796 46225 46656 47089 47524 47961
22 48400 48841 49284 49729 50176 50625 51076 51529 51984 52441
23 52900 53361 53824 54289 54756 55225 55696 56169 56644 57121
24 57600 58081 58564 59049 59536 60025 60516 61009 61504 62001
25 62500 63001 63504 64009 64516 65025 65536 66049 66564 67081
26 67600 68121 68644 69169 69696 70225 70756 71289 71824 72361
27 72900 73441 73984 74529 75076 75625 76176 76729 77284 77841
28 78400 78961 79524 80089 80656 81225 81796 82369 82944 83521
29 84100 84681 85264 85849 86436 87025 87616 88209 88804 89401
30 90000 90601 91204 91809 92416 93025 93636 94249 94864 95481
31 96100 96721 97344 97969 98596 99225 99856 100489 101124 101761
32 102400 103041 103684 104329 104976 105625 106276 106929 107584 108241
33 108900 109561 110224 110889 111556 112225 112896 113569 114244 114921
34 115600 116281 116964 117649 118336 119025 119716 120409 121104 121801
35 122500 123201 123904 124609 125316 126025 126736 127449 128164 128881
36 129600 130321 131044 131769 132496 133225 133956 134689 135424 136161
37 136900 137641 138384 139129 139876 140625 141376 142129 142884 143641
38 144400 145161 145924 146689 147456 148225 148996 149769 150544 151321
39 152100 152881 153664 154449 155236 156025 156816 157609 158404 159201
40 160000 160801 161604 162409 163216 164025 164836 165649 166464 167281
41 168100 168921 169744 170569 171396 172225 173056 173889 174724 175561
42 176400 177241 178084 178929 179776 180625 181476 182329 183184 184041
43 184900 185761 186624 187489 188356 189225 190096 190969 191844 192721
44 193600 194481 195364 196249 197136 198025 198916 199809 200704 201601
45 202500 203401 204304 205209 206116 207025 207936 208849 209764 210681
46 211600 212521 213444 214369 215296 216225 217156 218089 219024 219961
47 220900 221841 222784 223729 224676 225625 226576 227529 228484 229441
48 230400 231361 232324 233289 234256 235225 236196 237169 238144 239121
49 240100 241081 242064 243049 244036 245025 246016 247009 248004 249001
50 250000 251001 252004 253009 254016 255025 256036 257049 258064 259081
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To find the square of a given whole number, divide the number by 10 and find the row in the first 
column that contains the whole number portion of the result. The selected row contains the square of 
given number under the column corresponding to the last digit in the number. 

Example: The square of 673, found in row labeled 67, under column labeled 3, is given as 452,929.

51 260100 261121 262144 263169 264196 265225 266256 267289 268324 269361
52 270400 271441 272484 273529 274576 275625 276676 277729 278784 279841
53 280900 281961 283024 284089 285156 286225 287296 288369 289444 290521
54 291600 292681 293764 294849 295936 297025 298116 299209 300304 301401
55 302500 303601 304704 305809 306916 308025 309136 310249 311364 312481
56 313600 314721 315844 316969 318096 319225 320356 321489 322624 323761
57 324900 326041 327184 328329 329476 330625 331776 332929 334084 335241
58 336400 337561 338724 339889 341056 342225 343396 344569 345744 346921
59 348100 349281 350464 351649 352836 354025 355216 356409 357604 358801
60 360000 361201 362404 363609 364816 366025 367236 368449 369664 370881
61 372100 373321 374544 375769 376996 378225 379456 380689 381924 383161
62 384400 385641 386884 388129 389376 390625 391876 393129 394384 395641
63 396900 398161 399424 400689 401956 403225 404496 405769 407044 408321
64 409600 410881 412164 413449 414736 416025 417316 418609 419904 421201
65 422500 423801 425104 426409 427716 429025 430336 431649 432964 434281
66 435600 436921 438244 439569 440896 442225 443556 444889 446224 447561
67 448900 450241 451584 452929 454276 455625 456976 458329 459684 461041
68 462400 463761 465124 466489 467856 469225 470596 471969 473344 474721
69 476100 477481 478864 480249 481636 483025 484416 485809 487204 488601
70 490000 491401 492804 494209 495616 497025 498436 499849 501264 502681
71 504100 505521 506944 508369 509796 511225 512656 514089 515524 516961
72 518400 519841 521284 522729 524176 525625 527076 528529 529984 531441
73 532900 534361 535824 537289 538756 540225 541696 543169 544644 546121
74 547600 549081 550564 552049 553536 555025 556516 558009 559504 561001
75 562500 564001 565504 567009 568516 570025 571536 573049 574564 576081
76 577600 579121 580644 582169 583696 585225 586756 588289 589824 591361
77 592900 594441 595984 597529 599076 600625 602176 603729 605284 606841
78 608400 609961 611524 613089 614656 616225 617796 619369 620944 622521
79 624100 625681 627264 628849 630436 632025 633616 635209 636804 638401
80 640000 641601 643204 644809 646416 648025 649636 651249 652864 654481
81 656100 657721 659344 660969 662596 664225 665856 667489 669124 670761
82 672400 674041 675684 677329 678976 680625 682276 683929 685584 687241
83 688900 690561 692224 693889 695556 697225 698896 700569 702244 703921
84 705600 707281 708964 710649 712336 714025 715716 717409 719104 720801
85 722500 724201 725904 727609 729316 731025 732736 734449 736164 737881
86 739600 741321 743044 744769 746496 748225 749956 751689 753424 755161
87 756900 758641 760384 762129 763876 765625 767376 769129 770884 772641
88 774400 776161 777924 779689 781456 783225 784996 786769 788544 790321
89 792100 793881 795664 797449 799236 801025 802816 804609 806404 808201
90 810000 811801 813604 815409 817216 819025 820836 822649 824464 826281
91 828100 829921 831744 833569 835396 837225 839056 840889 842724 844561
92 846400 848241 850084 851929 853776 855625 857476 859329 861184 863041
93 864900 866761 868624 870489 872356 874225 876096 877969 879844 881721
94 883600 885481 887364 889249 891136 893025 894916 896809 898704 900601
95 902500 904401 906304 908209 910116 912025 913936 915849 917764 919681
96 921600 923521 925444 927369 929296 931225 933156 935089 937024 938961
97 940900 942841 944784 946729 948676 950625 952576 954529 956484 958441
98 960400 962361 964324 966289 968256 970225 972196 974169 976144 978121
99 980100 982081 984064 986049 988036 990025 992016 994009 996004 998001

Squares of Numbers from 1 to 999

0 1 2 3 4 5 6 7 8 9
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Squares of Mixed Numbers from 1⁄64 to 6, by 64ths

No. 0 1 2 3 4 5
1⁄64 0.00024 1.03149 4.06274 9.09399 16.12524 25.15649
1⁄32 0.00098 1.06348 4.12598 9.18848 16.25098 25.31348
3⁄64 0.00220 1.09595 4.18970 9.28345 16.37720 25.47095
1⁄16 0.00391 1.12891 4.25391 9.37891 16.50391 25.62891
5⁄64 0.00610 1.16235 4.31860 9.47485 16.63110 25.78735
3⁄32 0.00879 1.19629 4.38379 9.57129 16.75879 25.94629
7⁄64 0.01196 1.23071 4.44946 9.66821 16.88696 26.10571
1⁄8 0.01563 1.26563 4.51563 9.76563 17.01563 26.26563
9⁄64 0.01978 1.30103 4.58228 9.86353 17.14478 26.42603
5⁄32 0.02441 1.33691 4.64941 9.96191 17.27441 26.58691
11⁄64 0.02954 1.37329 4.71704 10.06079 17.40454 26.74829
3⁄16 0.03516 1.41016 4.78516 10.16016 17.53516 26.91016
13⁄64 0.04126 1.44751 4.85376 10.26001 17.66626 27.07251
7⁄32 0.04785 1.48535 4.92285 10.36035 17.79785 27.23535
15⁄64 0.05493 1.52368 4.99243 10.46118 17.92993 27.39868
1⁄4 0.06250 1.56250 5.06250 10.56250 18.06250 27.56250

17⁄64 0.07056 1.60181 5.13306 10.66431 18.19556 27.72681
9⁄32 0.07910 1.64160 5.20410 10.76660 18.32910 27.89160
19⁄64 0.08813 1.68188 5.27563 10.86938 18.46313 28.05688
5⁄16 0.09766 1.72266 5.34766 10.97266 18.59766 28.22266
21⁄64 0.10767 1.76392 5.42017 11.07642 18.73267 28.38892
11⁄32 0.11816 1.80566 5.49316 11.18066 18.86816 28.55566
23⁄64 0.12915 1.84790 5.56665 11.28540 19.00415 28.72290
3⁄8 0.14063 1.89063 5.64063 11.39063 19.14063 28.89063

25⁄64 0.15259 1.93384 5.71509 11.49634 19.27759 29.05884
13⁄32 0.16504 1.97754 5.79004 11.60254 19.41504 29.22754
27⁄64 0.17798 2.02173 5.86548 11.70923 19.55298 29.39673
7⁄16 0.19141 2.06641 5.94141 11.81641 19.69141 29.56641
29⁄64 0.20532 2.11157 6.01782 11.92407 19.83032 29.73657
15⁄32 0.21973 2.15723 6.09473 12.03223 19.96973 29.90723
31⁄64 0.23462 2.20337 6.17212 12.14087 20.10962 30.07837
1⁄2 0.25000 2.25000 6.25000 12.25000 20.25000 30.25000

33⁄64 0.26587 2.29712 6.32837 12.35962 20.39087 30.42212
17⁄32 0.28223 2.34473 6.40723 12.46973 20.53223 30.59473
35⁄64 0.29907 2.39282 6.48657 12.58032 20.67407 30.76782
9⁄16 0.31641 2.44141 6.56641 12.69141 20.81641 30.94141
37⁄64 0.33423 2.49048 6.64673 12.80298 20.95923 31.11548
19⁄32 0.35254 2.54004 6.72754 12.91504 21.10254 31.29004
39⁄64 0.37134 2.59009 6.80884 13.02759 21.24634 31.46509
5⁄8 0.39063 2.64063 6.89063 13.14063 21.39063 31.64063

41⁄64 0.41040 2.69165 6.97290 13.25415 21.53540 31.81665
21⁄32 0.43066 2.74316 7.05566 13.36816 21.68066 31.99316
43⁄64 0.45142 2.79517 7.13892 13.48267 21.82642 32.17017
11⁄16 0.47266 2.84766 7.22266 13.59766 21.97266 32.34766
45⁄64 0.49438 2.90063 7.30688 13.71313 22.11938 32.52563
23⁄32 0.51660 2.95410 7.39160 13.82910 22.26660 32.70410
47⁄64 0.53931 3.00806 7.47681 13.94556 22.41431 32.88306
3⁄4 0.56250 3.06250 7.56250 14.06250 22.56250 33.06250

49⁄64 0.58618 3.11743 7.64868 14.17993 22.71118 33.24243
25⁄32 0.61035 3.17285 7.73535 14.29785 22.86035 33.42285
51⁄64 0.63501 3.22876 7.82251 14.41626 23.01001 33.60376
13⁄16 0.66016 3.28516 7.91016 14.53516 23.16016 33.78516
53⁄64 0.68579 3.34204 7.99829 14.65454 23.31079 33.96704
27⁄32 0.71191 3.39941 8.08691 14.77441 23.46191 34.14941
55⁄64 0.73853 3.45728 8.17603 14.89478 23.61353 34.33228
7⁄8 0.76563 3.51563 8.26563 15.01563 23.76563 34.51563

57⁄64 0.79321 3.57446 8.35571 15.13696 23.91821 34.69946
29⁄32 0.82129 3.63379 8.44629 15.25879 24.07129 34.88379
59⁄64 0.84985 3.69360 8.53735 15.38110 24.22485 35.06860
15⁄16 0.87891 3.75391 8.62891 15.50391 24.37891 35.25391
61⁄64 0.90845 3.81470 8.72095 15.62720 24.53345 35.43970
31⁄32 0.93848 3.87598 8.81348 15.75098 24.68848 35.62598
63⁄64 0.96899 3.93774 8.90649 15.87524 24.84399 35.81274
1 1.00000 4.00000 9.00000 16.00000 25.00000 36.00000



SQUARES OF MIXED NUMBERS 2925

Squares of Mixed Numbers from 6 1⁄64 to 12, by 64ths

No. 6 7 8 9 10 11
1⁄64 36.18774 49.21899 64.25024 81.28149 100.31274 121.34399
1⁄32 36.37598 49.43848 64.50098 81.56348 100.62598 121.68848
3⁄64 36.56470 49.65845 64.75220 81.84595 100.93970 122.03345
1⁄16 36.75391 49.87891 65.00391 82.12891 101.25391 122.37891
5⁄64 36.94360 50.09985 65.25610 82.41235 101.56860 122.72485
3⁄32 37.13379 50.32129 65.50879 82.69629 101.88379 123.07129
7⁄64 37.32446 50.54321 65.76196 82.98071 102.19946 123.41821
1⁄8 37.51563 50.76563 66.01563 83.26563 102.51563 123.76563
9⁄64 37.70728 50.98853 66.26978 83.55103 102.83228 124.11353
5⁄32 37.89941 51.21191 66.52441 83.83691 103.14941 124.46191
11⁄64 38.09204 51.43579 66.77954 84.12329 103.46704 124.81079
3⁄16 38.28516 51.66016 67.03516 84.41016 103.78516 125.16016
13⁄64 38.47876 51.88501 67.29126 84.69751 104.10376 125.51001
7⁄32 38.67285 52.11035 67.54785 84.98535 104.42285 125.86035
15⁄64 38.86743 52.33618 67.80493 85.27368 104.74243 126.21118
1⁄4 39.06250 52.56250 68.06250 85.56250 105.06250 126.56250

17⁄64 39.25806 52.78931 68.32056 85.85181 105.38306 126.91431
9⁄32 39.45410 53.01660 68.57910 86.14160 105.70410 127.26660
19⁄64 39.65063 53.24438 68.83813 86.43188 106.02563 127.61938
5⁄16 39.84766 53.47266 69.09766 86.72266 106.34766 127.97266
21⁄64 40.04517 53.70142 69.35767 87.01392 106.67017 128.32642
11⁄32 40.24316 53.93066 69.61816 87.30566 106.99316 128.68066
23⁄64 40.44165 54.16040 69.87915 87.59790 107.31665 129.03540
3⁄8 40.64063 54.39063 70.14063 87.89063 107.64063 129.39063

25⁄64 40.84009 54.62134 70.40259 88.18384 107.96509 129.74634
13⁄32 41.04004 54.85254 70.66504 88.47754 108.29004 130.10254
27⁄64 41.24048 55.08423 70.92798 88.77173 108.61548 130.45923
7⁄16 41.44141 55.31641 71.19141 89.06641 108.94141 130.81641
29⁄64 41.64282 55.54907 71.45532 89.36157 109.26782 131.17407
15⁄32 41.84473 55.78223 71.71973 89.65723 109.59473 131.53223
31⁄64 42.04712 56.01587 71.98462 89.95337 109.92212 131.89087
1⁄2 42.25000 56.25000 72.25000 90.25000 110.25000 132.25000

33⁄64 42.45337 56.48462 72.51587 90.54712 110.57837 132.60962
17⁄32 42.65723 56.71973 72.78223 90.84473 110.90723 132.96973
35⁄64 42.86157 56.95532 73.04907 91.14282 111.23657 133.33032
9⁄16 43.06641 57.19141 73.31641 91.44141 111.56641 133.69141
37⁄64 43.27173 57.42798 73.58423 91.74048 111.89673 134.05298
19⁄32 43.47754 57.66504 73.85254 92.04004 112.22754 134.41504
39⁄64 43.68384 57.90259 74.12134 92.34009 112.55884 134.77759
5⁄8 43.89063 58.14063 74.39063 92.64063 112.89063 135.14063

41⁄64 44.09790 58.37915 74.66040 92.94165 113.22290 135.50415
21⁄32 44.30566 58.61816 74.93066 93.24316 113.55566 135.86816
43⁄64 44.51392 58.85767 75.20142 93.54517 113.88892 136.23267
11⁄16 44.72266 59.09766 75.47266 93.84766 114.22266 136.59766
45⁄64 44.93188 59.33813 75.74438 94.15063 114.55688 136.96313
23⁄32 45.14160 59.57910 76.01660 94.45410 114.89160 137.32910
47⁄64 45.35181 59.82056 76.28931 94.75806 115.22681 137.69556
3⁄4 45.56250 60.06250 76.56250 95.06250 115.56250 138.06250

49⁄64 45.77368 60.30493 76.83618 95.36743 115.89868 138.42993
25⁄32 45.98535 60.54785 77.11035 95.67285 116.23535 138.79785
51⁄64 46.19751 60.79126 77.38501 95.97876 116.57251 139.16626
13⁄16 46.41016 61.03516 77.66016 96.28516 116.91016 139.53516
53⁄64 46.62329 61.27954 77.93579 96.59204 117.24829 139.90454
27⁄32 46.83691 61.52441 78.21191 96.89941 117.58691 140.27441
55⁄64 47.05103 61.76978 78.48853 97.20728 117.92603 140.64478
7⁄8 47.26563 62.01563 78.76563 97.51563 118.26563 141.01563

57⁄64 47.48071 62.26196 79.04321 97.82446 118.60571 141.38696
29⁄32 47.69629 62.50879 79.32129 98.13379 118.94629 141.75879
59⁄64 47.91235 62.75610 79.59985 98.44360 119.28735 142.13110
15⁄16 48.12891 63.00391 79.87891 98.75391 119.62891 142.50391
61⁄64 48.34595 63.25220 80.15845 99.06470 119.97095 142.87720
31⁄32 48.56348 63.50098 80.43848 99.37598 120.31348 143.25098
63⁄64 48.78149 63.75024 80.71899 99.68774 120.65649 143.62524
1 49.00000 64.00000 81.00000 100.00000 121.00000 144.00000
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Squares and Cubes of Fractions

Squares and Cubes of Numbers from 1⁄32 to 6 15⁄16

No. Square Cube No. Square Cube No. Square Cube
1⁄32 0.00098 0.00003 1 17⁄32 2.34473 3.59036 4 16.00000 64.00000
1⁄16 0.00391 0.00024 1 9⁄16 2.44141 3.81470 4 1⁄16 16.50391 67.04712
3⁄32 0.00879 0.00082 1 19⁄32 2.54004 4.04819 4 1⁄8 17.01563 70.18945
1⁄8 0.01563 0.00195 1 5⁄8 2.64063 4.29102 4 3⁄16 17.53516 73.42847
5⁄32 0.02441 0.00381 1 21⁄32 2.74316 4.54337 4 1⁄4 18.06250 76.76563
3⁄16 0.03516 0.00659 1 11⁄16 2.84766 4.80542 4 5⁄16 18.59766 80.20239
7⁄32 0.04785 0.01047 1 23⁄32 2.95410 5.07736 4 3⁄8 19.14063 83.74023
1⁄4 0.06250 0.01563 1 3⁄4 3.06250 5.35938 4 7⁄16 19.69141 87.38062
9⁄32 0.07910 0.02225 1 25⁄32 3.17285 5.65164 4 1⁄2 20.25000 91.12500
5⁄16 0.09766 0.03052 1 13⁄16 3.28516 5.95435 4 9⁄16 20.81641 94.97485
11⁄32 0.11816 0.04062 1 27⁄32 3.39941 6.26767 4 5⁄8 21.39063 98.93164
3⁄8 0.14063 0.05273 1 7⁄8 3.51563 6.59180 4 11⁄16 21.97266 102.99683

13⁄32 0.16504 0.06705 1 29⁄32 3.63379 6.92691 4 3⁄4 22.56250 107.17188
7⁄16 0.19141 0.08374 1 15⁄16 3.75391 7.27319 4 13⁄16 23.16016 111.45825
15⁄32 0.21973 0.10300 1 31⁄32 3.87598 7.63083 4 7⁄8 23.76563 115.85742
1⁄2 0.25000 0.12500 2 4.00000 8.00000 4 15⁄16 24.37891 120.37085

17⁄32 0.28223 0.14993 2 1⁄32 4.12598 8.38089 5 25.00000 125.00000
9⁄16 0.31641 0.17798 2 1⁄16 4.25391 8.77368 5 1⁄16 25.62891 129.74634
19⁄32 0.35254 0.20932 2 1⁄8 4.51563 9.59570 5 1⁄8 26.26563 134.61133
5⁄8 0.39063 0.24414 2 3⁄16 4.78516 10.46753 5 3⁄16 26.91016 139.59644

21⁄32 0.43066 0.28262 2 1⁄4 5.06250 11.39063 5 1⁄4 27.56250 144.70313
11⁄16 0.47266 0.32495 2 5⁄16 5.34766 12.36646 5 5⁄16 28.22266 149.93286
23⁄32 0.51660 0.37131 2 3⁄8 5.64063 13.39648 5 3⁄8 28.89063 155.28711
3⁄4 0.56250 0.42188 2 7⁄16 5.94141 14.48218 5 7⁄16 29.56641 160.76733

25⁄32 0.61035 0.47684 2 1⁄2 6.25000 15.62500 5 1⁄2 30.25000 166.37500
13⁄16 0.66016 0.53638 2 9⁄16 6.56641 16.82642 5 9⁄16 30.94141 172.11157
27⁄32 0.71191 0.60068 2 5⁄8 6.89063 18.08789 5 5⁄8 31.64063 177.97852
7⁄8 0.76563 0.66992 2 11⁄16 7.22266 19.41089 5 11⁄16 32.34766 183.97729

29⁄32 0.82129 0.74429 2 3⁄4 7.56250 20.79688 5 3⁄4 33.06250 190.10938
15⁄16 0.87891 0.82397 2 13⁄16 7.91016 22.24731 5 13⁄16 33.78516 196.37622
31⁄32 0.93848 0.90915 2 7⁄8 8.26563 23.76367 5 7⁄8 34.51563 202.77930

1 1.00000 1.00000 2 15⁄16 8.62891 25.34741 5 15⁄16 35.25391 209.32007

1 1⁄32 1.06348 1.09671 3 9.00000 27.00000 6 36.00000 216.00000

1 1⁄16 1.12891 1.19946 3 1⁄16 9.37891 28.72290 6 1⁄16 36.75391 222.82056

1 3⁄32 1.19629 1.30844 3 1⁄8 9.76563 30.51758 6 1⁄8 37.51563 229.78320

1 1⁄8 1.26563 1.42383 3 3⁄16 10.16016 32.38550 6 3⁄16 38.28516 236.88940

1 5⁄32 1.33691 1.54581 3 1⁄4 10.56250 34.32813 6 1⁄4 39.06250 244.14063

1 3⁄16 1.41016 1.67456 3 5⁄16 10.97266 36.34692 6 5⁄16 39.84766 251.53833

1 7⁄32 1.48535 1.81027 3 3⁄8 11.39063 38.44336 6 3⁄8 40.64063 259.08398

1 1⁄4 1.56250 1.95313 3 7⁄16 11.81641 40.61890 6 7⁄16 41.44141 266.77905

1 9⁄32 1.64160 2.10330 3 1⁄2 12.25000 42.87500 6 1⁄2 42.25000 274.62500

1 5⁄16 1.72266 2.26099 3 9⁄16 12.69141 45.21313 6 9⁄16 43.06641 282.62329

1 11⁄32 1.80566 2.42636 3 5⁄8 13.14063 47.63477 6 5⁄8 43.89063 290.77539

1 3⁄8 1.89063 2.59961 3 11⁄16 13.59766 50.14136 6 11⁄16 44.72266 299.08276

1 13⁄32 1.97754 2.78091 3 3⁄4 14.06250 52.73438 6 3⁄4 45.56250 307.54688

1 7⁄16 2.06641 2.97046 3 13⁄16 14.53516 55.41528 6 13⁄16 46.41016 316.16919

1 15⁄32 2.15723 3.16843 3 7⁄8 15.01563 58.18555 6 7⁄8 47.26563 324.95117

1 1⁄2 2.25000 3.37500 3 15⁄16 15.50391 61.04663 6 15⁄16 48.12891 333.89429
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Squares and Cubes of Numbers from 7 to 21 7⁄8
No. Square Cube No. Square Cube No. Square Cube

7 49.00000 343.00000 10 100.00000 1000.00000 16 256.00000 4096.00000
1⁄16 49.87891 352.26978 1⁄8 102.51563 1037.97070 1⁄8 260.01563 4192.75195
1⁄8 50.76563 361.70508 1⁄4 105.06250 1076.89063 1⁄4 264.06250 4291.01563
3⁄16 51.66016 371.30737 3⁄8 107.64063 1116.77148 3⁄8 268.14063 4390.80273
1⁄4 52.56250 381.07813 1⁄2 110.25000 1157.62500 1⁄2 272.25000 4492.12500
5⁄16 53.47266 391.01880 5⁄8 112.89063 1199.46289 5⁄8 276.39063 4594.99414
3⁄8 54.39063 401.13086 3⁄4 115.56250 1242.29688 3⁄4 280.56250 4699.42188
7⁄16 55.31641 411.41577 7⁄8 118.26563 1286.13867 7⁄8 284.76563 4805.41992
1⁄2 56.25000 421.87500 11 121.00000 1331.00000 17 289.00000 4913.00000
9⁄16 57.19141 432.51001 1⁄8 123.76563 1376.89258 1⁄8 293.26563 5022.17383
5⁄8 58.14063 443.32227 1⁄4 126.56250 1423.82813 1⁄4 297.56250 5132.95313

11⁄16 59.09766 454.31323 3⁄8 129.39063 1471.81836 3⁄8 301.89063 5245.34961
3⁄4 60.06250 465.48438 1⁄2 132.25000 1520.87500 1⁄2 306.25000 5359.37500

13⁄16 61.03516 476.83716 5⁄8 135.14063 1571.00977 5⁄8 310.64063 5475.04102
7⁄8 62.01563 488.37305 3⁄4 138.06250 1622.23438 3⁄4 315.06250 5592.35938

15⁄16 63.00391 500.09351 7⁄8 141.01563 1674.56055 7⁄8 319.51563 5711.34180

8 64.00000 512.00000 12 144.00000 1728.00000 18 324.00000 5832.00000
1⁄16 65.00391 524.09399 1⁄8 147.01563 1782.56445 1⁄8 328.51563 5954.34570
1⁄8 66.01563 536.37695 1⁄4 150.06250 1838.26563 1⁄4 333.06250 6078.39063
3⁄16 67.03516 548.85034 3⁄8 153.14063 1895.11523 3⁄8 337.64063 6204.14648
1⁄4 68.06250 561.51563 1⁄2 156.25000 1953.12500 1⁄2 342.25000 6331.62500
5⁄16 69.09766 574.37427 5⁄8 159.39063 2012.30664 5⁄8 346.89063 6460.83789
3⁄8 70.14063 587.42773 3⁄4 162.56250 2072.67188 3⁄4 351.56250 6591.79688
7⁄16 71.19141 600.67749 7⁄8 165.76563 2134.23242 7⁄8 356.26563 6724.51367
1⁄2 72.25000 614.12500 13 169.00000 2197.00000 19 361.00000 6859.00000
9⁄16 73.31641 627.77173 1⁄8 172.26563 2260.98633 1⁄8 365.76563 6995.26758
5⁄8 74.39063 641.61914 1⁄4 175.56250 2326.20313 1⁄4 370.56250 7133.32813

11⁄16 75.47266 655.66870 3⁄8 178.89063 2392.66211 3⁄8 375.39063 7273.19336
3⁄4 76.56250 669.92188 1⁄2 182.25000 2460.37500 1⁄2 380.25000 7414.87500

13⁄16 77.66016 684.38013 5⁄8 185.64063 2529.35352 5⁄8 385.14063 7558.38477
7⁄8 78.76563 699.04492 3⁄4 189.06250 2599.60938 3⁄4 390.06250 7703.73438

15⁄16 79.87891 713.91772 7⁄8 192.51563 2671.15430 7⁄8 395.01563 7850.93555

9 81.00000 729.00000 14 196.00000 2744.00000 20 400.00000 8000.00000
1⁄16 82.12891 744.29321 1⁄8 199.51563 2818.15820 1⁄8 405.01563 8150.93945
1⁄8 83.26563 759.79883 1⁄4 203.06250 2893.64063 1⁄4 410.06250 8303.76563
3⁄16 84.41016 775.51831 3⁄8 206.64063 2970.45898 3⁄8 415.14063 8458.49023
1⁄4 85.56250 791.45313 1⁄2 210.25000 3048.62500 1⁄2 420.25000 8615.12500
5⁄16 86.72266 807.60474 5⁄8 213.89063 3128.15039 5⁄8 425.39063 8773.68164
3⁄8 87.89063 823.97461 3⁄4 217.56250 3209.04688 3⁄4 430.56250 8934.17188
7⁄16 89.06641 840.56421 7⁄8 221.26563 3291.32617 7⁄8 435.76563 9096.60742
1⁄2 90.25000 857.37500 15 225.00000 3375.00000 21 441.00000 9261.00000
9⁄16 91.44141 874.40845 1⁄8 228.76563 3460.08008 1⁄8 446.26563 9427.36133
5⁄8 92.64063 891.66602 1⁄4 232.56250 3546.57813 1⁄4 451.56250 9595.70313

11⁄16 93.84766 909.14917 3⁄8 236.39063 3634.50586 3⁄8 456.89063 9766.03711
3⁄4 95.06250 926.85938 1⁄2 240.25000 3723.87500 1⁄2 462.25000 9938.37500

13⁄16 96.28516 944.79810 5⁄8 244.14063 3814.69727 5⁄8 467.64063 10112.72852
7⁄8 97.51563 962.96680 3⁄4 248.06250 3906.98438 3⁄4 473.06250 10289.10938

15⁄16 98.75391 981.36694 7⁄8 252.01563 4000.74805 7⁄8 478.51563 10467.52930
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Squares and Cubes of Numbers from 22 to 39 7⁄8
No. Square Cube No. Square Cube No. Square Cube

22 484.00000 10648.00000 28 784.00000 21952.00000 34 1156.00000 39304.00000
1⁄8 489.51563 10830.53320 1⁄8 791.01563 22247.31445 1⁄8 1164.51563 39739.09570
1⁄4 495.06250 11015.14063 1⁄4 798.06250 22545.26563 1⁄4 1173.06250 40177.39063
3⁄8 500.64063 11201.83398 3⁄8 805.14063 22845.86523 3⁄8 1181.64063 40618.89648
1⁄2 506.25000 11390.62500 1⁄2 812.25000 23149.12500 1⁄2 1190.25000 41063.62500
5⁄8 511.89063 11581.52539 5⁄8 819.39063 23455.05664 5⁄8 1198.89063 41511.58789
3⁄4 517.56250 11774.54688 3⁄4 826.56250 23763.67188 3⁄4 1207.56250 41962.79688
7⁄8 523.26563 11969.70117 7⁄8 833.76563 24074.98242 7⁄8 1216.26563 42417.26367

23 529.00000 12167.00000 29 841.00000 24389.00000 35 1225.00000 42875.00000
1⁄8 534.76563 12366.45508 1⁄8 848.26563 24705.73633 1⁄8 1233.76563 43336.01758
1⁄4 540.56250 12568.07813 1⁄4 855.56250 25025.20313 1⁄4 1242.56250 43800.32813
3⁄8 546.39063 12771.88086 3⁄8 862.89063 25347.41211 3⁄8 1251.39063 44267.94336
1⁄2 552.25000 12977.87500 1⁄2 870.25000 25672.37500 1⁄2 1260.25000 44738.87500
5⁄8 558.14063 13186.07227 5⁄8 877.64063 26000.10352 5⁄8 1269.14063 45213.13477
3⁄4 564.06250 13396.48438 3⁄4 885.06250 26330.60938 3⁄4 1278.06250 45690.73438
7⁄8 570.01563 13609.12305 7⁄8 892.51563 26663.90430 7⁄8 1287.01563 46171.68555

24 576.00000 13824.00000 30 900.00000 27000.00000 36 1296.00000 46656.00000
1⁄8 582.01563 14041.12695 1⁄8 907.51563 27338.90820 1⁄8 1305.01563 47143.68945
1⁄4 588.06250 14260.51563 1⁄4 915.06250 27680.64063 1⁄4 1314.06250 47634.76563
3⁄8 594.14063 14482.17773 3⁄8 922.64063 28025.20898 3⁄8 1323.14063 48129.24023
1⁄2 600.25000 14706.12500 1⁄2 930.25000 28372.62500 1⁄2 1332.25000 48627.12500
5⁄8 606.39063 14932.36914 5⁄8 937.89063 28722.90039 5⁄8 1341.39063 49128.43164
3⁄4 612.56250 15160.92188 3⁄4 945.56250 29076.04688 3⁄4 1350.56250 49633.17188
7⁄8 618.76563 15391.79492 7⁄8 953.26563 29432.07617 7⁄8 1359.76563 50141.35742

25 625.00000 15625.00000 31 961.00000 29791.00000 37 1369.00000 50653.00000
1⁄8 631.26563 15860.54883 1⁄8 968.76563 30152.83008 1⁄8 1378.26563 51168.11133
1⁄4 637.56250 16098.45313 1⁄4 976.56250 30517.57813 1⁄4 1387.56250 51686.70313
3⁄8 643.89063 16338.72461 3⁄8 984.39063 30885.25586 3⁄8 1396.89063 52208.78711
1⁄2 650.25000 16581.37500 1⁄2 992.25000 31255.87500 1⁄2 1406.25000 52734.37500
5⁄8 656.64063 16826.41602 5⁄8 1000.14063 31629.44727 5⁄8 1415.64063 53263.47852
3⁄4 663.06250 17073.85938 3⁄4 1008.06250 32005.98438 3⁄4 1425.06250 53796.10938
7⁄8 669.51563 17323.71680 7⁄8 1016.01563 32385.49805 7⁄8 1434.51563 54332.27930

26 676.00000 17576.00000 32 1024.00000 32768.00000 38 1444.00000 54872.00000
1⁄8 682.51563 17830.72070 1⁄8 1032.01563 33153.50195 1⁄8 1453.51563 55415.28320
1⁄4 689.06250 18087.89063 1⁄4 1040.06250 33542.01563 1⁄4 1463.06250 55962.14063
3⁄8 695.64063 18347.52148 3⁄8 1048.14063 33933.55273 3⁄8 1472.64063 56512.58398
1⁄2 702.25000 18609.62500 1⁄2 1056.25000 34328.12500 1⁄2 1482.25000 57066.62500
5⁄8 708.89063 18874.21289 5⁄8 1064.39063 34725.74414 5⁄8 1491.89063 57624.27539
3⁄4 715.56250 19141.29688 3⁄4 1072.56250 35126.42188 3⁄4 1501.56250 58185.54688
7⁄8 722.26563 19410.88867 7⁄8 1080.76563 35530.16992 7⁄8 1511.26563 58750.45117

27 729.00000 19683.00000 33 1089.00000 35937.00000 39 1521.00000 59319.00000
1⁄8 735.76563 19957.64258 1⁄8 1097.26563 36346.92383 1⁄8 1530.76563 59891.20508
1⁄4 742.56250 20234.82813 1⁄4 1105.56250 36759.95313 1⁄4 1540.56250 60467.07813
3⁄8 749.39063 20514.56836 3⁄8 1113.89063 37176.09961 3⁄8 1550.39063 61046.63086
1⁄2 756.25000 20796.87500 1⁄2 1122.25000 37595.37500 1⁄2 1560.25000 61629.87500
5⁄8 763.14063 21081.75977 5⁄8 1130.64063 38017.79102 5⁄8 1570.14063 62216.82227
3⁄4 770.06250 21369.23438 3⁄4 1139.06250 38443.35938 3⁄4 1580.06250 62807.48438
7⁄8 777.01563 21659.31055 7⁄8 1147.51563 38872.09180 7⁄8 1590.01563 63401.87305
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Squares and Cubes of Numbers from 40 to 57 7⁄8
No. Square Cube No. Square Cube No. Square Cube

40 1600.00000 64000.00000 46 2116.00000 97336.00000 52 2704.00000 140608.00000
1⁄8 1610.01563 64601.87695 1⁄8 2127.51563 98131.65820 1⁄8 2717.01563 141624.43945
1⁄4 1620.06250 65207.51563 1⁄4 2139.06250 98931.64063 1⁄4 2730.06250 142645.76563
3⁄8 1630.14063 65816.92773 3⁄8 2150.64063 99735.95898 3⁄8 2743.14063 143671.99023
1⁄2 1640.25000 66430.12500 1⁄2 2162.25000 100544.62500 1⁄2 2756.25000 144703.12500
5⁄8 1650.39063 67047.11914 5⁄8 2173.89063 101357.65039 5⁄8 2769.39063 145739.18164
3⁄4 1660.56250 67667.92188 3⁄4 2185.56250 102175.04688 3⁄4 2782.56250 146780.17188
7⁄8 1670.76563 68292.54492 7⁄8 2197.26563 102996.82617 7⁄8 2795.76563 147826.10742

41 1681.00000 68921.00000 47 2209.00000 103823.00000 53 2809.00000 148877.00000
1⁄8 1691.26563 69553.29883 1⁄8 2220.76563 104653.58008 1⁄8 2822.26563 149932.86133
1⁄4 1701.56250 70189.45313 1⁄4 2232.56250 105488.57813 1⁄4 2835.56250 150993.70313
3⁄8 1711.89063 70829.47461 3⁄8 2244.39063 106328.00586 3⁄8 2848.89063 152059.53711
1⁄2 1722.25000 71473.37500 1⁄2 2256.25000 107171.87500 1⁄2 2862.25000 153130.37500
5⁄8 1732.64063 72121.16602 5⁄8 2268.14063 108020.19727 5⁄8 2875.64063 154206.22852
3⁄4 1743.06250 72772.85938 3⁄4 2280.06250 108872.98438 3⁄4 2889.06250 155287.10938
7⁄8 1753.51563 73428.46680 7⁄8 2292.01563 109730.24805 7⁄8 2902.51563 156373.02930

42 1764.00000 74088.00000 48 2304.00000 110592.00000 54 2916.00000 157464.00000
1⁄8 1774.51563 74751.47070 1⁄8 2316.01563 111458.25195 1⁄8 2929.51563 158560.03320
1⁄4 1785.06250 75418.89063 1⁄4 2328.06250 112329.01563 1⁄4 2943.06250 159661.14063
3⁄8 1795.64063 76090.27148 3⁄8 2340.14063 113204.30273 3⁄8 2956.64063 160767.33398
1⁄2 1806.25000 76765.62500 1⁄2 2352.25000 114084.12500 1⁄2 2970.25000 161878.62500
5⁄8 1816.89063 77444.96289 5⁄8 2364.39063 114968.49414 5⁄8 2983.89063 162995.02539
3⁄4 1827.56250 78128.29688 3⁄4 2376.56250 115857.42188 3⁄4 2997.56250 164116.54688
7⁄8 1838.26563 78815.63867 7⁄8 2388.76563 116750.91992 7⁄8 3011.26563 165243.20117

43 1849.00000 79507.00000 49 2401.00000 117649.00000 55 3025.00000 166375.00000
1⁄8 1859.76563 80202.39258 1⁄8 2413.26563 118551.67383 1⁄8 3038.76563 167511.95508
1⁄4 1870.56250 80901.82813 1⁄4 2425.56250 119458.95313 1⁄4 3052.56250 168654.07813
3⁄8 1881.39063 81605.31836 3⁄8 2437.89063 120370.84961 3⁄8 3066.39063 169801.38086
1⁄2 1892.25000 82312.87500 1⁄2 2450.25000 121287.37500 1⁄2 3080.25000 170953.87500
5⁄8 1903.14063 83024.50977 5⁄8 2462.64063 122208.54102 5⁄8 3094.14063 172111.57227
3⁄4 1914.06250 83740.23438 3⁄4 2475.06250 123134.35938 3⁄4 3108.06250 173274.48438
7⁄8 1925.01563 84460.06055 7⁄8 2487.51563 124064.84180 7⁄8 3122.01563 174442.62305

44 1936.00000 85184.00000 50 2500.00000 125000.00000 56 3136.00000 175616.00000
1⁄8 1947.01563 85912.06445 1⁄8 2512.51563 125939.84570 1⁄8 3150.01563 176794.62695
1⁄4 1958.06250 86644.26563 1⁄4 2525.06250 126884.39063 1⁄4 3164.06250 177978.51563
3⁄8 1969.14063 87380.61523 3⁄8 2537.64063 127833.64648 3⁄8 3178.14063 179167.67773
1⁄2 1980.25000 88121.12500 1⁄2 2550.25000 128787.62500 1⁄2 3192.25000 180362.12500
5⁄8 1991.39063 88865.80664 5⁄8 2562.89063 129746.33789 5⁄8 3206.39063 181561.86914
3⁄4 2002.56250 89614.67188 3⁄4 2575.56250 130709.79688 3⁄4 3220.56250 182766.92188
7⁄8 2013.76563 90367.73242 7⁄8 2588.26563 131678.01367 7⁄8 3234.76563 183977.29492

45 2025.00000 91125.00000 51 2601.00000 132651.00000 57 3249.00000 185193.00000
1⁄8 2036.26563 91886.48633 1⁄8 2613.76563 133628.76758 1⁄8 3263.26563 186414.04883
1⁄4 2047.56250 92652.20313 1⁄4 2626.56250 134611.32813 1⁄4 3277.56250 187640.45313
3⁄8 2058.89063 93422.16211 3⁄8 2639.39063 135598.69336 3⁄8 3291.89063 188872.22461
1⁄2 2070.25000 94196.37500 1⁄2 2652.25000 136590.87500 1⁄2 3306.25000 190109.37500
5⁄8 2081.64063 94974.85352 5⁄8 2665.14063 137587.88477 5⁄8 3320.64063 191351.91602
3⁄4 2093.06250 95757.60938 3⁄4 2678.06250 138589.73438 3⁄4 3335.06250 192599.85938
7⁄8 2104.51563 96544.65430 7⁄8 2691.01563 139596.43555 7⁄8 3349.51563 193853.21680
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Squares and Cubes of Numbers from 58 to 757⁄8
No. Square Cube No. Square Cube No. Square Cube

58 3364.00000 195112.00000 64 4096.00000 262144.00000 70 4900.00000 343000.00000
1⁄8 3378.51563 196376.22070 1⁄8 4112.01563 263683.00195 1⁄8 4917.51563 344840.78320
1⁄4 3393.06250 197645.89063 1⁄4 4128.06250 265228.01563 1⁄4 4935.06250 346688.14063
3⁄8 3407.64063 198921.02148 3⁄8 4144.14063 266779.05273 3⁄8 4952.64063 348542.08398
1⁄2 3422.25000 200201.62500 1⁄2 4160.25000 268336.12500 1⁄2 4970.25000 350402.62500
5⁄8 3436.89063 201487.71289 5⁄8 4176.39063 269899.24414 5⁄8 4987.89063 352269.77539
3⁄4 3451.56250 202779.29688 3⁄4 4192.56250 271468.42188 3⁄4 5005.56250 354143.54688
7⁄8 3466.26563 204076.38867 7⁄8 4208.76563 273043.66992 7⁄8 5023.26563 356023.95117

59 3481.00000 205379.00000 65 4225.00000 274625.00000 71 5041.00000 357911.00000
1⁄8 3495.76563 206687.14258 1⁄8 4241.26563 276212.42383 1⁄8 5058.76563 359804.70508
1⁄4 3510.56250 208000.82813 1⁄4 4257.56250 277805.95313 1⁄4 5076.56250 361705.07813
3⁄8 3525.39063 209320.06836 3⁄8 4273.89063 279405.59961 3⁄8 5094.39063 363612.13086
1⁄2 3540.25000 210644.87500 1⁄2 4290.25000 281011.37500 1⁄2 5112.25000 365525.87500
5⁄8 3555.14063 211975.25977 5⁄8 4306.64063 282623.29102 5⁄8 5130.14063 367446.32227
3⁄4 3570.06250 213311.23438 3⁄4 4323.06250 284241.35938 3⁄4 5148.06250 369373.48438
7⁄8 3585.01563 214652.81055 7⁄8 4339.51563 285865.59180 7⁄8 5166.01563 371307.37305

60 3600.00000 216000.00000 66 4356.00000 287496.00000 72 5184.00000 373248.00000
1⁄8 3615.01563 217352.81445 1⁄8 4372.51563 289132.59570 1⁄8 5202.01563 375195.37695
1⁄4 3630.06250 218711.26563 1⁄4 4389.06250 290775.39063 1⁄4 5220.06250 377149.51563
3⁄8 3645.14063 220075.36523 3⁄8 4405.64063 292424.39648 3⁄8 5238.14063 379110.42773
1⁄2 3660.25000 221445.12500 1⁄2 4422.25000 294079.62500 1⁄2 5256.25000 381078.12500
5⁄8 3675.39063 222820.55664 5⁄8 4438.89063 295741.08789 5⁄8 5274.39063 383052.61914
3⁄4 3690.56250 224201.67188 3⁄4 4455.56250 297408.79688 3⁄4 5292.56250 385033.92188
7⁄8 3705.76563 225588.48242 7⁄8 4472.26563 299082.76367 7⁄8 5310.76563 387022.04492

61 3721.00000 226981.00000 67 4489.00000 300763.00000 73 5329.00000 389017.00000
1⁄8 3736.26563 228379.23633 1⁄8 4505.76563 302449.51758 1⁄8 5347.26563 391018.79883
1⁄4 3751.56250 229783.20313 1⁄4 4522.56250 304142.32813 1⁄4 5365.56250 393027.45313
3⁄8 3766.89063 231192.91211 3⁄8 4539.39063 305841.44336 3⁄8 5383.89063 395042.97461
1⁄2 3782.25000 232608.37500 1⁄2 4556.25000 307546.87500 1⁄2 5402.25000 397065.37500
5⁄8 3797.64063 234029.60352 5⁄8 4573.14063 309258.63477 5⁄8 5420.64063 399094.66602
3⁄4 3813.06250 235456.60938 3⁄4 4590.06250 310976.73438 3⁄4 5439.06250 401130.85938
7⁄8 3828.51563 236889.40430 7⁄8 4607.01563 312701.18555 7⁄8 5457.51563 403173.96680

62 3844.00000 238328.00000 68 4624.00000 314432.00000 74 5476.00000 405224.00000
1⁄8 3859.51563 239772.40820 1⁄8 4641.01563 316169.18945 1⁄8 5494.51563 407280.97070
1⁄4 3875.06250 241222.64063 1⁄4 4658.06250 317912.76563 1⁄4 5513.06250 409344.89063
3⁄8 3890.64063 242678.70898 3⁄8 4675.14063 319662.74023 3⁄8 5531.64063 411415.77148
1⁄2 3906.25000 244140.62500 1⁄2 4692.25000 321419.12500 1⁄2 5550.25000 413493.62500
5⁄8 3921.89063 245608.40039 5⁄8 4709.39063 323181.93164 5⁄8 5568.89063 415578.46289
3⁄4 3937.56250 247082.04688 3⁄4 4726.56250 324951.17188 3⁄4 5587.56250 417670.29688
7⁄8 3953.26563 248561.57617 7⁄8 4743.76563 326726.85742 7⁄8 5606.26563 419769.13867

63 3969.00000 250047.00000 69 4761.00000 328509.00000 75 5625.00000 421875.00000
1⁄8 3984.76563 251538.33008 1⁄8 4778.26563 330297.61133 1⁄8 5643.76563 423987.89258
1⁄4 4000.56250 253035.57813 1⁄4 4795.56250 332092.70313 1⁄4 5662.56250 426107.82813
3⁄8 4016.39063 254538.75586 3⁄8 4812.89063 333894.28711 3⁄8 5681.39063 428234.81836
1⁄2 4032.25000 256047.87500 1⁄2 4830.25000 335702.37500 1⁄2 5700.25000 430368.87500
5⁄8 4048.14063 257562.94727 5⁄8 4847.64063 337516.97852 5⁄8 5719.14063 432510.00977
3⁄4 4064.06250 259083.98438 3⁄4 4865.06250 339338.10938 3⁄4 5738.06250 434658.23438
7⁄8 4080.01563 260610.99805 7⁄8 4882.51563 341165.77930 7⁄8 5757.01563 436813.56055
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Squares and Cubes of Numbers from 76 to 937⁄8
No. Square Cube No. Square Cube No. Square Cube

76 5776.00000 438976.00000 82 6724.00000 551368.00000 88 7744.00000 681472.00000
1⁄8 5795.01563 441145.56445 1⁄8 6744.51563 553893.34570 1⁄8 7766.01563 684380.12695
1⁄4 5814.06250 443322.26563 1⁄4 6765.06250 556426.39063 1⁄4 7788.06250 687296.51563
3⁄8 5833.14063 445506.11523 3⁄8 6785.64063 558967.14648 3⁄8 7810.14063 690221.17773
1⁄2 5852.25000 447697.12500 1⁄2 6806.25000 561515.62500 1⁄2 7832.25000 693154.12500
5⁄8 5871.39063 449895.30664 5⁄8 6826.89063 564071.83789 5⁄8 7854.39063 696095.36914
3⁄4 5890.56250 452100.67188 3⁄4 6847.56250 566635.79688 3⁄4 7876.56250 699044.92188
7⁄8 5909.76563 454313.23242 7⁄8 6868.26563 569207.51367 7⁄8 7898.76563 702002.79492

77 5929.00000 456533.00000 83 6889.00000 571787.00000 89 7921.00000 704969.00000
1⁄8 5948.26563 458759.98633 1⁄8 6909.76563 574374.26758 1⁄8 7943.26563 707943.54883
1⁄4 5967.56250 460994.20313 1⁄4 6930.56250 576969.32813 1⁄4 7965.56250 710926.45313
3⁄8 5986.89063 463235.66211 3⁄8 6951.39063 579572.19336 3⁄8 7987.89063 713917.72461
1⁄2 6006.25000 465484.37500 1⁄2 6972.25000 582182.87500 1⁄2 8010.25000 716917.37500
5⁄8 6025.64063 467740.35352 5⁄8 6993.14063 584801.38477 5⁄8 8032.64063 719925.41602
3⁄4 6045.06250 470003.60938 3⁄4 7014.06250 587427.73438 3⁄4 8055.06250 722941.85938
7⁄8 6064.51563 472274.15430 7⁄8 7035.01563 590061.93555 7⁄8 8077.51563 725966.71680

78 6084.00000 474552.00000 84 7056.00000 592704.00000 90 8100.00000 729000.00000
1⁄8 6103.51563 476837.15820 1⁄8 7077.01563 595353.93945 1⁄8 8122.51563 732041.72070
1⁄4 6123.06250 479129.64063 1⁄4 7098.06250 598011.76563 1⁄4 8145.06250 735091.89063
3⁄8 6142.64063 481429.45898 3⁄8 7119.14063 600677.49023 3⁄8 8167.64063 738150.52148
1⁄2 6162.25000 483736.62500 1⁄2 7140.25000 603351.12500 1⁄2 8190.25000 741217.62500
5⁄8 6181.89063 486051.15039 5⁄8 7161.39063 606032.68164 5⁄8 8212.89063 744293.21289
3⁄4 6201.56250 488373.04688 3⁄4 7182.56250 608722.17188 3⁄4 8235.56250 747377.29688
7⁄8 6221.26563 490702.32617 7⁄8 7203.76563 611419.60742 7⁄8 8258.26563 750469.88867

79 6241.00000 493039.00000 85 7225.00000 614125.00000 91 8281.00000 753571.00000
1⁄8 6260.76563 495383.08008 1⁄8 7246.26563 616838.36133 1⁄8 8303.76563 756680.64258
1⁄4 6280.56250 497734.57813 1⁄4 7267.56250 619559.70313 1⁄4 8326.56250 759798.82813
3⁄8 6300.39063 500093.50586 3⁄8 7288.89063 622289.03711 3⁄8 8349.39063 762925.56836
1⁄2 6320.25000 502459.87500 1⁄2 7310.25000 625026.37500 1⁄2 8372.25000 766060.87500
5⁄8 6340.14063 504833.69727 5⁄8 7331.64063 627771.72852 5⁄8 8395.14063 769204.75977
3⁄4 6360.06250 507214.98438 3⁄4 7353.06250 630525.10938 3⁄4 8418.06250 772357.23438
7⁄8 6380.01563 509603.74805 7⁄8 7374.51563 633286.52930 7⁄8 8441.01563 775518.31055

80 6400.00000 512000.00000 86 7396.00000 636056.00000 92 8464.00000 778688.00000
1⁄8 6420.01563 514403.75195 1⁄8 7417.51563 638833.53320 1⁄8 8487.01563 781866.31445
1⁄4 6440.06250 516815.01563 1⁄4 7439.06250 641619.14063 1⁄4 8510.06250 785053.26563
3⁄8 6460.14063 519233.80273 3⁄8 7460.64063 644412.83398 3⁄8 8533.14063 788248.86523
1⁄2 6480.25000 521660.12500 1⁄2 7482.25000 647214.62500 1⁄2 8556.25000 791453.12500
5⁄8 6500.39063 524093.99414 5⁄8 7503.89063 650024.52539 5⁄8 8579.39063 794666.05664
3⁄4 6520.56250 526535.42188 3⁄4 7525.56250 652842.54688 3⁄4 8602.56250 797887.67188
7⁄8 6540.76563 528984.41992 7⁄8 7547.26563 655668.70117 7⁄8 8625.76563 801117.98242

81 6561.00000 531441.00000 87 7569.00000 658503.00000 93 8649.00000 804357.00000
1⁄8 6581.26563 533905.17383 1⁄8 7590.76563 661345.45508 1⁄8 8672.26563 807604.73633
1⁄4 6601.56250 536376.95313 1⁄4 7612.56250 664196.07813 1⁄4 8695.56250 810861.20313
3⁄8 6621.89063 538856.34961 3⁄8 7634.39063 667054.88086 3⁄8 8718.89063 814126.41211
1⁄2 6642.25000 541343.37500 1⁄2 7656.25000 669921.87500 1⁄2 8742.25000 817400.37500
5⁄8 6662.64063 543838.04102 5⁄8 7678.14063 672797.07227 5⁄8 8765.64063 820683.10352
3⁄4 6683.06250 546340.35938 3⁄4 7700.06250 675680.48438 3⁄4 8789.06250 823974.60938
7⁄8 6703.51563 548850.34180 7⁄8 7722.01563 678572.12305 7⁄8 8812.51563 827274.90430



2932 FRACTIONS OF PI

Squares and Cubes of Numbers from 94 to 100

Fractions of Pi (π)

Table of Fractions of π = 3.14159265

No. Square Cube No. Square Cube No. Square Cube

94 8836.00000 830584.00000 96 9216.00000 884736.00000 98 9604.00000 941192.00000

1⁄8 8859.51563 833901.90820 1⁄8 9240.01563 888196.50195 1⁄8 9628.51563 944798.09570

1⁄4 8883.06250 837228.64063 1⁄4 9264.06250 891666.01563 1⁄4 9653.06250 948413.39063

3⁄8 8906.64063 840564.20898 3⁄8 9288.14063 895144.55273 3⁄8 9677.64063 952037.89648

1⁄2 8930.25000 843908.62500 1⁄2 9312.25000 898632.12500 1⁄2 9702.25000 955671.62500

5⁄8 8953.89063 847261.90039 5⁄8 9336.39063 902128.74414 5⁄8 9726.89063 959314.58789

3⁄4 8977.56250 850624.04688 3⁄4 9360.56250 905634.42188 3⁄4 9751.56250 962966.79688

7⁄8 9001.26563 853995.07617 7⁄8 9384.76563 909149.16992 7⁄8 9776.26563 966628.26367

95 9025.00000 857375.00000 97 9409.00000 912673.00000 99 9801.00000 970299.00000

1⁄8 9048.76563 860763.83008 1⁄8 9433.26563 916205.92383 1⁄8 9825.76563 973979.01758

1⁄4 9072.56250 864161.57813 1⁄4 9457.56250 919747.95313 1⁄4 9850.56250 977668.32813

3⁄8 9096.39063 867568.25586 3⁄8 9481.89063 923299.09961 3⁄8 9875.39063 981366.94336

1⁄2 9120.25000 870983.87500 1⁄2 9506.25000 926859.37500 1⁄2 9900.25000 985074.87500

5⁄8 9144.14063 874408.44727 5⁄8 9530.64063 930428.79102 5⁄8 9925.14063 988792.13477

3⁄4 9168.06250 877841.98438 3⁄4 9555.06250 934007.35938 3⁄4 9950.06250 992518.73438

7⁄8 9192.01563 881284.49805 7⁄8 9579.51563 937595.09180 7⁄8 9975.01563 996254.68555

100 10,000.00 1,000,000

a π/a a π/a a π/a a π/a a π/a
1 3.14159 21 0.14960 41 0.07662 61 0.05150 81 0.03879
2 1.57080 22 0.14280 42 0.07480 62 0.05067 82 0.03831
3 1.04720 23 0.13659 43 0.07306 63 0.04987 83 0.03785
4 0.78540 24 0.13090 44 0.07140 64 0.04909 84 0.03740
5 0.62832 25 0.12566 45 0.06981 65 0.04833 85 0.03696
6 0.52360 26 0.12083 46 0.06830 66 0.04760 86 0.03653
7 0.44880 27 0.11636 47 0.06684 67 0.04689 87 0.03611
8 0.39270 28 0.11220 48 0.06545 68 0.04620 88 0.03570
9 0.34907 29 0.10833 49 0.06411 69 0.04553 89 0.03530
10 0.31416 30 0.10472 50 0.06283 70 0.04488 90 0.03491
11 0.28560 31 0.10134 51 0.06160 71 0.04425 91 0.03452
12 0.26180 32 0.09817 52 0.06042 72 0.04363 92 0.03415
13 0.24166 33 0.09520 53 0.05928 73 0.04304 93 0.03378
14 0.22440 34 0.09240 54 0.05818 74 0.04245 94 0.03342
15 0.20944 35 0.08976 55 0.05712 75 0.04189 95 0.03307
16 0.19635 36 0.08727 56 0.05610 76 0.04134 96 0.03272
17 0.18480 37 0.08491 57 0.05512 77 0.04080 97 0.03239
18 0.17453 38 0.08267 58 0.05417 78 0.04028 98 0.03206
19 0.16535 39 0.08055 59 0.05325 79 0.03977 99 0.03173
20 0.15708 40 0.07854 60 0.05236 80 0.03927 100 0.03142



DECIMALS, POWERS, ROOTS, AND LOGS OF FRACTIONS 2933

 Decimal Equivalents, Squares, Cubes, Square Roots, Cube Roots,
and Logarithms of Fractions from 1⁄64 to 1, by 64ths

Fraction Decimal Log Square Log Cube Log Sq. Root Log Cube Root Log
1⁄64 0.015625 -1.80618 0.00024 -3.61236 0.00000 -5.41854 0.12500 -0.90309 0.25000 -0.60206
1⁄32 0.031250 -1.50515 0.00098 -3.01030 0.00003 -4.51545 0.17678 -0.75257 0.31498 -0.50172
3⁄64 0.046875 -1.32906 0.00220 -2.65812 0.00010 -3.98718 0.21651 -0.66453 0.36056 -0.44302
1⁄16 0.062500 -1.20412 0.00391 -2.40824 0.00024 -3.61236 0.25000 -0.60206 0.39685 -0.40137
5⁄64 0.078125 -1.10721 0.00610 -2.21442 0.00048 -3.32163 0.27951 -0.55361 0.42749 -0.36907
3⁄32 0.093750 -1.02803 0.00879 -2.05606 0.00082 -3.08409 0.30619 -0.51402 0.45428 -0.34268
7⁄64 0.109375 -0.96108 0.01196 -1.92216 0.00131 -2.88325 0.33072 -0.48054 0.47823 -0.32036
1⁄8 0.125000 -0.90309 0.01563 -1.80618 0.00195 -2.70927 0.35355 -0.45155 0.50000 -0.30103
9⁄64 0.140625 -0.85194 0.01978 -1.70388 0.00278 -2.55581 0.37500 -0.42597 0.52002 -0.28398
5⁄32 0.156250 -0.80618 0.02441 -1.61236 0.00381 -2.41854 0.39529 -0.40309 0.53861 -0.26873
11⁄64 0.171875 -0.76479 0.02954 -1.52958 0.00508 -2.29436 0.41458 -0.38239 0.55600 -0.25493
3⁄16 0.187500 -0.72700 0.03516 -1.45400 0.00659 -2.18100 0.43301 -0.36350 0.57236 -0.24233
13⁄64 0.203125 -0.69224 0.04126 -1.38447 0.00838 -2.07671 0.45069 -0.34612 0.58783 -0.23075
7⁄32 0.218750 -0.66005 0.04785 -1.32010 0.01047 -1.98016 0.46771 -0.33003 0.60254 -0.22002
15⁄64 0.234375 -0.63009 0.05493 -1.26018 0.01287 -1.89027 0.48412 -0.31504 0.61655 -0.21003
1⁄4 0.250000 -0.60206 0.06250 -1.20412 0.01563 -1.80618 0.50000 -0.30103 0.62996 -0.20069

17⁄64 0.265625 -0.57573 0.07056 -1.15146 0.01874 -1.72719 0.51539 -0.28787 0.64282 -0.19191
9⁄32 0.281250 -0.55091 0.07910 -1.10182 0.02225 -1.65272 0.53033 -0.27545 0.65519 -0.18364
19⁄64 0.296875 -0.52743 0.08813 -1.05485 0.02617 -1.58228 0.54486 -0.26371 0.66710 -0.17581
5⁄16 0.312500 -0.50515 0.09766 -1.01030 0.03052 -1.51545 0.55902 -0.25258 0.67860 -0.16838
21⁄64 0.328125 -0.48396 0.10767 -0.96792 0.03533 -1.45188 0.57282 -0.24198 0.68973 -0.16132
11⁄32 0.343750 -0.46376 0.11816 -0.92752 0.04062 -1.39127 0.58630 -0.23188 0.70051 -0.15459
23⁄64 0.359375 -0.44445 0.12915 -0.88890 0.04641 -1.33336 0.59948 -0.22223 0.71097 -0.14815
3⁄8 0.375000 -0.42597 0.14063 -0.85194 0.05273 -1.27791 0.61237 -0.21299 0.72113 -0.14199

25⁄64 0.390625 -0.40824 0.15259 -0.81648 0.05960 -1.22472 0.62500 -0.20412 0.73100 -0.13608
13⁄32 0.406250 -0.39121 0.16504 -0.78241 0.06705 -1.17362 0.63738 -0.19560 0.74062 -0.13040
27⁄64 0.421875 -0.37482 0.17798 -0.74963 0.07508 -1.12445 0.64952 -0.18741 0.75000 -0.12494
7⁄16 0.437500 -0.35902 0.19141 -0.71804 0.08374 -1.07707 0.66144 -0.17951 0.75915 -0.11967
29⁄64 0.453125 -0.34378 0.20532 -0.68756 0.09304 -1.03135 0.67315 -0.17189 0.76808 -0.11459
15⁄32 0.468750 -0.32906 0.21973 -0.65812 0.10300 -0.98718 0.68465 -0.16453 0.77681 -0.10969
31⁄64 0.484375 -0.31482 0.23462 -0.62964 0.11364 -0.94446 0.69597 -0.15741 0.78535 -0.10494
1⁄2 0.500000 -0.30103 0.25000 -0.60206 0.12500 -0.90309 0.70711 -0.15052 0.79370 -0.10034

33⁄64 0.515625 -0.28767 0.26587 -0.57533 0.13709 -0.86300 0.71807 -0.14383 0.80188 -0.09589
17⁄32 0.531250 -0.27470 0.28223 -0.54940 0.14993 -0.82410 0.72887 -0.13735 0.80990 -0.09157
35⁄64 0.546875 -0.26211 0.29907 -0.52422 0.16356 -0.78634 0.73951 -0.13106 0.81777 -0.08737
9⁄16 0.562500 -0.24988 0.31641 -0.49976 0.17798 -0.74963 0.75000 -0.12494 0.82548 -0.08329
37⁄64 0.578125 -0.23798 0.33423 -0.47596 0.19323 -0.71394 0.76035 -0.11899 0.83306 -0.07933
19⁄32 0.593750 -0.22640 0.35254 -0.45279 0.20932 -0.67919 0.77055 -0.11320 0.84049 -0.07547
39⁄64 0.609375 -0.21512 0.37134 -0.43023 0.22628 -0.64535 0.78063 -0.10756 0.84780 -0.07171
5⁄8 0.625000 -0.20412 0.39063 -0.40824 0.24414 -0.61236 0.79057 -0.10206 0.85499 -0.06804

41⁄64 0.640625 -0.19340 0.41040 -0.38679 0.26291 -0.58019 0.80039 -0.09670 0.86205 -0.06447
21⁄32 0.656250 -0.18293 0.43066 -0.36586 0.28262 -0.54879 0.81009 -0.09147 0.86901 -0.06098
43⁄64 0.671875 -0.17271 0.45142 -0.34542 0.30330 -0.51814 0.81968 -0.08636 0.87585 -0.05757
11⁄16 0.687500 -0.16273 0.47266 -0.32546 0.32495 -0.48818 0.82916 -0.08136 0.88259 -0.05424
45⁄64 0.703125 -0.15297 0.49438 -0.30594 0.34761 -0.45890 0.83853 -0.07648 0.88922 -0.05099
23⁄32 0.718750 -0.14342 0.51660 -0.28684 0.37131 -0.43027 0.84779 -0.07171 0.89576 -0.04781
47⁄64 0.734375 -0.13408 0.53931 -0.26816 0.39605 -0.40225 0.85696 -0.06704 0.90221 -0.04469
3⁄4 0.750000 -0.12494 0.56250 -0.24988 0.42188 -0.37482 0.86603 -0.06247 0.90856 -0.04165

49⁄64 0.765625 -0.11598 0.58618 -0.23197 0.44880 -0.34795 0.87500 -0.05799 0.91483 -0.03866
25⁄32 0.781250 -0.10721 0.61035 -0.21442 0.47684 -0.32163 0.88388 -0.05361 0.92101 -0.03574
51⁄64 0.796875 -0.09861 0.63501 -0.19722 0.50602 -0.29583 0.89268 -0.04931 0.92711 -0.03287
13⁄16 0.812500 -0.09018 0.66016 -0.18035 0.53638 -0.27053 0.90139 -0.04509 0.93313 -0.03006
53⁄64 0.828125 -0.08190 0.68579 -0.16381 0.56792 -0.24571 0.91001 -0.04095 0.93907 -0.02730
27⁄32 0.843750 -0.07379 0.71191 -0.14757 0.60068 -0.22136 0.91856 -0.03689 0.94494 -0.02460
55⁄64 0.859375 -0.06582 0.73853 -0.13164 0.63467 -0.19745 0.92703 -0.03291 0.95074 -0.02194
7⁄8 0.875000 -0.05799 0.76563 -0.11598 0.66992 -0.17398 0.93541 -0.02900 0.95647 -0.01933

57⁄64 0.890625 -0.05031 0.79321 -0.10061 0.70646 -0.15092 0.94373 -0.02515 0.96213 -0.01677
29⁄32 0.906250 -0.04275 0.82129 -0.08550 0.74429 -0.12826 0.95197 -0.02138 0.96772 -0.01425
59⁄64 0.921875 -0.03533 0.84985 -0.07066 0.78346 -0.10598 0.96014 -0.01766 0.97325 -0.01178
15⁄16 0.937500 -0.02803 0.87891 -0.05606 0.82397 -0.08409 0.96825 -0.01401 0.97872 -0.00934
61⁄64 0.953125 -0.02085 0.90845 -0.04170 0.86586 -0.06255 0.97628 -0.01043 0.98412 -0.00695
31⁄32 0.968750 -0.01379 0.93848 -0.02758 0.90915 -0.04137 0.98425 -0.00689 0.98947 -0.00460
63⁄64 0.984375 -0.00684 0.96899 -0.01368 0.95385 -0.02052 0.99216 -0.00342 0.99476 -0.00228
1 1.000000 0.00000 1.00000 0.00000 1.00000 0.00000 1.00000 0.00000 1.00000 0.00000



2934 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals 

Powers, Roots, and Reciprocals From 1 to 50

No. Square Cube Sq. Root Cube Root Reciprocal No.

1 1 1 1.00000 1.00000 1.0000000 1
2 4 8 1.41421 1.25992 0.5000000 2
3 9 27 1.73205 1.44225 0.3333333 3
4 16 64 2.00000 1.58740 0.2500000 4
5 25 125 2.23607 1.70998 0.2000000 5
6 36 216 2.44949 1.81712 0.1666667 6
7 49 343 2.64575 1.91293 0.1428571 7
8 64 512 2.82843 2.00000 0.1250000 8
9 81 729 3.00000 2.08008 0.1111111 9
10 100 1000 3.16228 2.15443 0.1000000 10
11 121 1331 3.31662 2.22398 0.0909091 11
12 144 1728 3.46410 2.28943 0.0833333 12
13 169 2197 3.60555 2.35133 0.0769231 13
14 196 2744 3.74166 2.41014 0.0714286 14
15 225 3375 3.87298 2.46621 0.0666667 15
16 256 4096 4.00000 2.51984 0.0625000 16
17 289 4913 4.12311 2.57128 0.0588235 17
18 324 5832 4.24264 2.62074 0.0555556 18
19 361 6859 4.35890 2.66840 0.0526316 19
20 400 8000 4.47214 2.71442 0.0500000 20
21 441 9261 4.58258 2.75892 0.0476190 21
22 484 10648 4.69042 2.80204 0.0454545 22
23 529 12167 4.79583 2.84387 0.0434783 23
24 576 13824 4.89898 2.88450 0.0416667 24
25 625 15625 5.00000 2.92402 0.0400000 25
26 676 17576 5.09902 2.96250 0.0384615 26
27 729 19683 5.19615 3.00000 0.0370370 27
28 784 21952 5.29150 3.03659 0.0357143 28
29 841 24389 5.38516 3.07232 0.0344828 29
30 900 27000 5.47723 3.10723 0.0333333 30
31 961 29791 5.56776 3.14138 0.0322581 31
32 1024 32768 5.65685 3.17480 0.0312500 32
33 1089 35937 5.74456 3.20753 0.0303030 33
34 1156 39304 5.83095 3.23961 0.0294118 34
35 1225 42875 5.91608 3.27107 0.0285714 35
36 1296 46656 6.00000 3.30193 0.0277778 36
37 1369 50653 6.08276 3.33222 0.0270270 37
38 1444 54872 6.16441 3.36198 0.0263158 38
39 1521 59319 6.24500 3.39121 0.0256410 39
40 1600 64000 6.32456 3.41995 0.0250000 40
41 1681 68921 6.40312 3.44822 0.0243902 41
42 1764 74088 6.48074 3.47603 0.0238095 42
43 1849 79507 6.55744 3.50340 0.0232558 43
44 1936 85184 6.63325 3.53035 0.0227273 44
45 2025 91125 6.70820 3.55689 0.0222222 45
46 2116 97336 6.78233 3.58305 0.0217391 46
47 2209 103823 6.85565 3.60883 0.0212766 47
48 2304 110592 6.92820 3.63424 0.0208333 48
49 2401 117649 7.00000 3.65931 0.0204082 49
50 2500 125000 7.07107 3.68403 0.0200000 50



POWERS, ROOTS, AND RECIPROCALS 2935

Powers, Roots, and Reciprocals From 51 to 100

No. Square Cube Sq. Root Cube Root Reciprocal No.

51 2601 132651 7.14143 3.70843 0.0196078 51
52 2704 140608 7.21110 3.73251 0.0192308 52
53 2809 148877 7.28011 3.75629 0.0188679 53
54 2916 157464 7.34847 3.77976 0.0185185 54
55 3025 166375 7.41620 3.80295 0.0181818 55
56 3136 175616 7.48331 3.82586 0.0178571 56
57 3249 185193 7.54983 3.84850 0.0175439 57
58 3364 195112 7.61577 3.87088 0.0172414 58
59 3481 205379 7.68115 3.89300 0.0169492 59
60 3600 216000 7.74597 3.91487 0.0166667 60
61 3721 226981 7.81025 3.93650 0.0163934 61
62 3844 238328 7.87401 3.95789 0.0161290 62
63 3969 250047 7.93725 3.97906 0.0158730 63
64 4096 262144 8.00000 4.00000 0.0156250 64
65 4225 274625 8.06226 4.02073 0.0153846 65
66 4356 287496 8.12404 4.04124 0.0151515 66
67 4489 300763 8.18535 4.06155 0.0149254 67
68 4624 314432 8.24621 4.08166 0.0147059 68
69 4761 328509 8.30662 4.10157 0.0144928 69
70 4900 343000 8.36660 4.12129 0.0142857 70
71 5041 357911 8.42615 4.14082 0.0140845 71
72 5184 373248 8.48528 4.16017 0.0138889 72
73 5329 389017 8.54400 4.17934 0.0136986 73
74 5476 405224 8.60233 4.19834 0.0135135 74
75 5625 421875 8.66025 4.21716 0.0133333 75
76 5776 438976 8.71780 4.23582 0.0131579 76
77 5929 456533 8.77496 4.25432 0.0129870 77
78 6084 474552 8.83176 4.27266 0.0128205 78
79 6241 493039 8.88819 4.29084 0.0126582 79
80 6400 512000 8.94427 4.30887 0.0125000 80
81 6561 531441 9.00000 4.32675 0.0123457 81
82 6724 551368 9.05539 4.34448 0.0121951 82
83 6889 571787 9.11043 4.36207 0.0120482 83
84 7056 592704 9.16515 4.37952 0.0119048 84
85 7225 614125 9.21954 4.39683 0.0117647 85
86 7396 636056 9.27362 4.41400 0.0116279 86
87 7569 658503 9.32738 4.43105 0.0114943 87
88 7744 681472 9.38083 4.44796 0.0113636 88
89 7921 704969 9.43398 4.46475 0.0112360 89
90 8100 729000 9.48683 4.48140 0.0111111 90
91 8281 753571 9.53939 4.49794 0.0109890 91
92 8464 778688 9.59166 4.51436 0.0108696 92
93 8649 804357 9.64365 4.53065 0.0107527 93
94 8836 830584 9.69536 4.54684 0.0106383 94
95 9025 857375 9.74679 4.56290 0.0105263 95
96 9216 884736 9.79796 4.57886 0.0104167 96
97 9409 912673 9.84886 4.59470 0.0103093 97
98 9604 941192 9.89949 4.61044 0.0102041 98
99 9801 970299 9.94987 4.62607 0.0101010 99

100 10000 1000000 10.00000 4.64159 0.0100000 100



2936 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 101 to 150

No. Square Cube Sq. Root Cube Root Reciprocal No.

101 10201 1030301 10.04988 4.65701 0.0099010 101
102 10404 1061208 10.09950 4.67233 0.0098039 102
103 10609 1092727 10.14889 4.68755 0.0097087 103
104 10816 1124864 10.19804 4.70267 0.0096154 104
105 11025 1157625 10.24695 4.71769 0.0095238 105
106 11236 1191016 10.29563 4.73262 0.0094340 106
107 11449 1225043 10.34408 4.74746 0.0093458 107
108 11664 1259712 10.39230 4.76220 0.0092593 108
109 11881 1295029 10.44031 4.77686 0.0091743 109
110 12100 1331000 10.48809 4.79142 0.0090909 110
111 12321 1367631 10.53565 4.80590 0.0090090 111
112 12544 1404928 10.58301 4.82028 0.0089286 112
113 12769 1442897 10.63015 4.83459 0.0088496 113
114 12996 1481544 10.67708 4.84881 0.0087719 114
115 13225 1520875 10.72381 4.86294 0.0086957 115
116 13456 1560896 10.77033 4.87700 0.0086207 116
117 13689 1601613 10.81665 4.89097 0.0085470 117
118 13924 1643032 10.86278 4.90487 0.0084746 118
119 14161 1685159 10.90871 4.91868 0.0084034 119
120 14400 1728000 10.95445 4.93242 0.0083333 120
121 14641 1771561 11.00000 4.94609 0.0082645 121
122 14884 1815848 11.04536 4.95968 0.0081967 122
123 15129 1860867 11.09054 4.97319 0.0081301 123
124 15376 1906624 11.13553 4.98663 0.0080645 124
125 15625 1953125 11.18034 5.00000 0.0080000 125
126 15876 2000376 11.22497 5.01330 0.0079365 126
127 16129 2048383 11.26943 5.02653 0.0078740 127
128 16384 2097152 11.31371 5.03968 0.0078125 128
129 16641 2146689 11.35782 5.05277 0.0077519 129
130 16900 2197000 11.40175 5.06580 0.0076923 130
131 17161 2248091 11.44552 5.07875 0.0076336 131
132 17424 2299968 11.48913 5.09164 0.0075758 132
133 17689 2352637 11.53256 5.10447 0.0075188 133
134 17956 2406104 11.57584 5.11723 0.0074627 134
135 18225 2460375 11.61895 5.12993 0.0074074 135
136 18496 2515456 11.66190 5.14256 0.0073529 136
137 18769 2571353 11.70470 5.15514 0.0072993 137
138 19044 2628072 11.74734 5.16765 0.0072464 138
139 19321 2685619 11.78983 5.18010 0.0071942 139
140 19600 2744000 11.83216 5.19249 0.0071429 140
141 19881 2803221 11.87434 5.20483 0.0070922 141
142 20164 2863288 11.91638 5.21710 0.0070423 142
143 20449 2924207 11.95826 5.22932 0.0069930 143
144 20736 2985984 12.00000 5.24148 0.0069444 144
145 21025 3048625 12.04159 5.25359 0.0068966 145
146 21316 3112136 12.08305 5.26564 0.0068493 146
147 21609 3176523 12.12436 5.27763 0.0068027 147
148 21904 3241792 12.16553 5.28957 0.0067568 148
149 22201 3307949 12.20656 5.30146 0.0067114 149
150 22500 3375000 12.24745 5.31329 0.0066667 150



POWERS, ROOTS, AND RECIPROCALS 2937

Powers, Roots, and Reciprocals From 151 to 200

No. Square Cube Sq. Root Cube Root Reciprocal No.

151 22801 3442951 12.28821 5.32507 0.0066225 151
152 23104 3511808 12.32883 5.33680 0.0065789 152
153 23409 3581577 12.36932 5.34848 0.0065359 153
154 23716 3652264 12.40967 5.36011 0.0064935 154
155 24025 3723875 12.44990 5.37169 0.0064516 155
156 24336 3796416 12.49000 5.38321 0.0064103 156
157 24649 3869893 12.52996 5.39469 0.0063694 157
158 24964 3944312 12.56981 5.40612 0.0063291 158
159 25281 4019679 12.60952 5.41750 0.0062893 159
160 25600 4096000 12.64911 5.42884 0.0062500 160
161 25921 4173281 12.68858 5.44012 0.0062112 161
162 26244 4251528 12.72792 5.45136 0.0061728 162
163 26569 4330747 12.76715 5.46256 0.0061350 163
164 26896 4410944 12.80625 5.47370 0.0060976 164
165 27225 4492125 12.84523 5.48481 0.0060606 165
166 27556 4574296 12.88410 5.49586 0.0060241 166
167 27889 4657463 12.92285 5.50688 0.0059880 167
168 28224 4741632 12.96148 5.51785 0.0059524 168
169 28561 4826809 13.00000 5.52877 0.0059172 169
170 28900 4913000 13.03840 5.53966 0.0058824 170
171 29241 5000211 13.07670 5.55050 0.0058480 171
172 29584 5088448 13.11488 5.56130 0.0058140 172
173 29929 5177717 13.15295 5.57205 0.0057803 173
174 30276 5268024 13.19091 5.58277 0.0057471 174
175 30625 5359375 13.22876 5.59344 0.0057143 175
176 30976 5451776 13.26650 5.60408 0.0056818 176
177 31329 5545233 13.30413 5.61467 0.0056497 177
178 31684 5639752 13.34166 5.62523 0.0056180 178
179 32041 5735339 13.37909 5.63574 0.0055866 179
180 32400 5832000 13.41641 5.64622 0.0055556 180
181 32761 5929741 13.45362 5.65665 0.0055249 181
182 33124 6028568 13.49074 5.66705 0.0054945 182
183 33489 6128487 13.52775 5.67741 0.0054645 183
184 33856 6229504 13.56466 5.68773 0.0054348 184
185 34225 6331625 13.60147 5.69802 0.0054054 185
186 34596 6434856 13.63818 5.70827 0.0053763 186
187 34969 6539203 13.67479 5.71848 0.0053476 187
188 35344 6644672 13.71131 5.72865 0.0053191 188
189 35721 6751269 13.74773 5.73879 0.0052910 189
190 36100 6859000 13.78405 5.74890 0.0052632 190
191 36481 6967871 13.82027 5.75897 0.0052356 191
192 36864 7077888 13.85641 5.76900 0.0052083 192
193 37249 7189057 13.89244 5.77900 0.0051813 193
194 37636 7301384 13.92839 5.78896 0.0051546 194
195 38025 7414875 13.96424 5.79889 0.0051282 195
196 38416 7529536 14.00000 5.80879 0.0051020 196
197 38809 7645373 14.03567 5.81865 0.0050761 197
198 39204 7762392 14.07125 5.82848 0.0050505 198
199 39601 7880599 14.10674 5.83827 0.0050251 199
200 40000 8000000 14.14214 5.84804 0.0050000 200



2938 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 201 to 250

No. Square Cube Sq. Root Cube Root Reciprocal No.

201 40401 8120601 14.17745 5.85777 0.0049751 201
202 40804 8242408 14.21267 5.86746 0.0049505 202
203 41209 8365427 14.24781 5.87713 0.0049261 203
204 41616 8489664 14.28286 5.88677 0.0049020 204
205 42025 8615125 14.31782 5.89637 0.0048780 205
206 42436 8741816 14.35270 5.90594 0.0048544 206
207 42849 8869743 14.38749 5.91548 0.0048309 207
208 43264 8998912 14.42221 5.92499 0.0048077 208
209 43681 9129329 14.45683 5.93447 0.0047847 209
210 44100 9261000 14.49138 5.94392 0.0047619 210
211 44521 9393931 14.52584 5.95334 0.0047393 211
212 44944 9528128 14.56022 5.96273 0.0047170 212
213 45369 9663597 14.59452 5.97209 0.0046948 213
214 45796 9800344 14.62874 5.98142 0.0046729 214
215 46225 9938375 14.66288 5.99073 0.0046512 215
216 46656 10077696 14.69694 6.00000 0.0046296 216
217 47089 10218313 14.73092 6.00925 0.0046083 217
218 47524 10360232 14.76482 6.01846 0.0045872 218
219 47961 10503459 14.79865 6.02765 0.0045662 219
220 48400 10648000 14.83240 6.03681 0.0045455 220
221 48841 10793861 14.86607 6.04594 0.0045249 221
222 49284 10941048 14.89966 6.05505 0.0045045 222
223 49729 11089567 14.93318 6.06413 0.0044843 223
224 50176 11239424 14.96663 6.07318 0.0044643 224
225 50625 11390625 15.00000 6.08220 0.0044444 225
226 51076 11543176 15.03330 6.09120 0.0044248 226
227 51529 11697083 15.06652 6.10017 0.0044053 227
228 51984 11852352 15.09967 6.10911 0.0043860 228
229 52441 12008989 15.13275 6.11803 0.0043668 229
230 52900 12167000 15.16575 6.12693 0.0043478 230
231 53361 12326391 15.19868 6.13579 0.0043290 231
232 53824 12487168 15.23155 6.14463 0.0043103 232
233 54289 12649337 15.26434 6.15345 0.0042918 233
234 54756 12812904 15.29706 6.16224 0.0042735 234
235 55225 12977875 15.32971 6.17101 0.0042553 235
236 55696 13144256 15.36229 6.17975 0.0042373 236
237 56169 13312053 15.39480 6.18846 0.0042194 237
238 56644 13481272 15.42725 6.19715 0.0042017 238
239 57121 13651919 15.45962 6.20582 0.0041841 239
240 57600 13824000 15.49193 6.21447 0.0041667 240
241 58081 13997521 15.52417 6.22308 0.0041494 241
242 58564 14172488 15.55635 6.23168 0.0041322 242
243 59049 14348907 15.58846 6.24025 0.0041152 243
244 59536 14526784 15.62050 6.24880 0.0040984 244
245 60025 14706125 15.65248 6.25732 0.0040816 245
246 60516 14886936 15.68439 6.26583 0.0040650 246
247 61009 15069223 15.71623 6.27431 0.0040486 247
248 61504 15252992 15.74802 6.28276 0.0040323 248
249 62001 15438249 15.77973 6.29119 0.0040161 249
250 62500 15625000 15.81139 6.29961 0.0040000 250
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Powers, Roots, and Reciprocals From 251 to 300

No. Square Cube Sq. Root Cube Root Reciprocal No.

251 63001 15813251 15.84298 6.30799 0.0039841 251
252 63504 16003008 15.87451 6.31636 0.0039683 252
253 64009 16194277 15.90597 6.32470 0.0039526 253
254 64516 16387064 15.93738 6.33303 0.0039370 254
255 65025 16581375 15.96872 6.34133 0.0039216 255
256 65536 16777216 16.00000 6.34960 0.0039063 256
257 66049 16974593 16.03122 6.35786 0.0038911 257
258 66564 17173512 16.06238 6.36610 0.0038760 258
259 67081 17373979 16.09348 6.37431 0.0038610 259
260 67600 17576000 16.12452 6.38250 0.0038462 260
261 68121 17779581 16.15549 6.39068 0.0038314 261
262 68644 17984728 16.18641 6.39883 0.0038168 262
263 69169 18191447 16.21727 6.40696 0.0038023 263
264 69696 18399744 16.24808 6.41507 0.0037879 264
265 70225 18609625 16.27882 6.42316 0.0037736 265
266 70756 18821096 16.30951 6.43123 0.0037594 266
267 71289 19034163 16.34013 6.43928 0.0037453 267
268 71824 19248832 16.37071 6.44731 0.0037313 268
269 72361 19465109 16.40122 6.45531 0.0037175 269
270 72900 19683000 16.43168 6.46330 0.0037037 270
271 73441 19902511 16.46208 6.47127 0.0036900 271
272 73984 20123648 16.49242 6.47922 0.0036765 272
273 74529 20346417 16.52271 6.48715 0.0036630 273
274 75076 20570824 16.55295 6.49507 0.0036496 274
275 75625 20796875 16.58312 6.50296 0.0036364 275
276 76176 21024576 16.61325 6.51083 0.0036232 276
277 76729 21253933 16.64332 6.51868 0.0036101 277
278 77284 21484952 16.67333 6.52652 0.0035971 278
279 77841 21717639 16.70329 6.53434 0.0035842 279
280 78400 21952000 16.73320 6.54213 0.0035714 280
281 78961 22188041 16.76305 6.54991 0.0035587 281
282 79524 22425768 16.79286 6.55767 0.0035461 282
283 80089 22665187 16.82260 6.56541 0.0035336 283
284 80656 22906304 16.85230 6.57314 0.0035211 284
285 81225 23149125 16.88194 6.58084 0.0035088 285
286 81796 23393656 16.91153 6.58853 0.0034965 286
287 82369 23639903 16.94107 6.59620 0.0034843 287
288 82944 23887872 16.97056 6.60385 0.0034722 288
289 83521 24137569 17.00000 6.61149 0.0034602 289
290 84100 24389000 17.02939 6.61911 0.0034483 290
291 84681 24642171 17.05872 6.62671 0.0034364 291
292 85264 24897088 17.08801 6.63429 0.0034247 292
293 85849 25153757 17.11724 6.64185 0.0034130 293
294 86436 25412184 17.14643 6.64940 0.0034014 294
295 87025 25672375 17.17556 6.65693 0.0033898 295
296 87616 25934336 17.20465 6.66444 0.0033784 296
297 88209 26198073 17.23369 6.67194 0.0033670 297
298 88804 26463592 17.26268 6.67942 0.0033557 298
299 89401 26730899 17.29162 6.68688 0.0033445 299
300 90000 27000000 17.32051 6.69433 0.0033333 300



2940 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 301 to 350

No. Square Cube Sq. Root Cube Root Reciprocal No.

301 90601 27270901 17.34935 6.70176 0.0033223 301
302 91204 27543608 17.37815 6.70917 0.0033113 302
303 91809 27818127 17.40690 6.71657 0.0033003 303
304 92416 28094464 17.43560 6.72395 0.0032895 304
305 93025 28372625 17.46425 6.73132 0.0032787 305
306 93636 28652616 17.49286 6.73866 0.0032680 306
307 94249 28934443 17.52142 6.74600 0.0032573 307
308 94864 29218112 17.54993 6.75331 0.0032468 308
309 95481 29503629 17.57840 6.76061 0.0032362 309
310 96100 29791000 17.60682 6.76790 0.0032258 310
311 96721 30080231 17.63519 6.77517 0.0032154 311
312 97344 30371328 17.66352 6.78242 0.0032051 312
313 97969 30664297 17.69181 6.78966 0.0031949 313
314 98596 30959144 17.72005 6.79688 0.0031847 314
315 99225 31255875 17.74824 6.80409 0.0031746 315
316 99856 31554496 17.77639 6.81128 0.0031646 316
317 100489 31855013 17.80449 6.81846 0.0031546 317
318 101124 32157432 17.83255 6.82562 0.0031447 318
319 101761 32461759 17.86057 6.83277 0.0031348 319
320 102400 32768000 17.88854 6.83990 0.0031250 320
321 103041 33076161 17.91647 6.84702 0.0031153 321
322 103684 33386248 17.94436 6.85412 0.0031056 322
323 104329 33698267 17.97220 6.86121 0.0030960 323
324 104976 34012224 18.00000 6.86829 0.0030864 324
325 105625 34328125 18.02776 6.87534 0.0030769 325
326 106276 34645976 18.05547 6.88239 0.0030675 326
327 106929 34965783 18.08314 6.88942 0.0030581 327
328 107584 35287552 18.11077 6.89643 0.0030488 328
329 108241 35611289 18.13836 6.90344 0.0030395 329
330 108900 35937000 18.16590 6.91042 0.0030303 330
331 109561 36264691 18.19341 6.91740 0.0030211 331
332 110224 36594368 18.22087 6.92436 0.0030120 332
333 110889 36926037 18.24829 6.93130 0.0030030 333
334 111556 37259704 18.27567 6.93823 0.0029940 334
335 112225 37595375 18.30301 6.94515 0.0029851 335
336 112896 37933056 18.33030 6.95205 0.0029762 336
337 113569 38272753 18.35756 6.95894 0.0029674 337
338 114244 38614472 18.38478 6.96582 0.0029586 338
339 114921 38958219 18.41195 6.97268 0.0029499 339
340 115600 39304000 18.43909 6.97953 0.0029412 340
341 116281 39651821 18.46619 6.98637 0.0029326 341
342 116964 40001688 18.49324 6.99319 0.0029240 342
343 117649 40353607 18.52026 7.00000 0.0029155 343
344 118336 40707584 18.54724 7.00680 0.0029070 344
345 119025 41063625 18.57418 7.01358 0.0028986 345
346 119716 41421736 18.60108 7.02035 0.0028902 346
347 120409 41781923 18.62794 7.02711 0.0028818 347
348 121104 42144192 18.65476 7.03385 0.0028736 348
349 121801 42508549 18.68154 7.04058 0.0028653 349
350 122500 42875000 18.70829 7.04730 0.0028571 350
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Powers, Roots, and Reciprocals From 351 to 400

No. Square Cube Sq. Root Cube Root Reciprocal No.

351 123201 43243551 18.73499 7.05400 0.0028490 351
352 123904 43614208 18.76166 7.06070 0.0028409 352
353 124609 43986977 18.78829 7.06738 0.0028329 353
354 125316 44361864 18.81489 7.07404 0.0028249 354
355 126025 44738875 18.84144 7.08070 0.0028169 355
356 126736 45118016 18.86796 7.08734 0.0028090 356
357 127449 45499293 18.89444 7.09397 0.0028011 357
358 128164 45882712 18.92089 7.10059 0.0027933 358
359 128881 46268279 18.94730 7.10719 0.0027855 359
360 129600 46656000 18.97367 7.11379 0.0027778 360
361 130321 47045881 19.00000 7.12037 0.0027701 361
362 131044 47437928 19.02630 7.12694 0.0027624 362
363 131769 47832147 19.05256 7.13349 0.0027548 363
364 132496 48228544 19.07878 7.14004 0.0027473 364
365 133225 48627125 19.10497 7.14657 0.0027397 365
366 133956 49027896 19.13113 7.15309 0.0027322 366
367 134689 49430863 19.15724 7.15960 0.0027248 367
368 135424 49836032 19.18333 7.16610 0.0027174 368
369 136161 50243409 19.20937 7.17258 0.0027100 369
370 136900 50653000 19.23538 7.17905 0.0027027 370
371 137641 51064811 19.26136 7.18552 0.0026954 371
372 138384 51478848 19.28730 7.19197 0.0026882 372
373 139129 51895117 19.31321 7.19840 0.0026810 373
374 139876 52313624 19.33908 7.20483 0.0026738 374
375 140625 52734375 19.36492 7.21125 0.0026667 375
376 141376 53157376 19.39072 7.21765 0.0026596 376
377 142129 53582633 19.41649 7.22405 0.0026525 377
378 142884 54010152 19.44222 7.23043 0.0026455 378
379 143641 54439939 19.46792 7.23680 0.0026385 379
380 144400 54872000 19.49359 7.24316 0.0026316 380
381 145161 55306341 19.51922 7.24950 0.0026247 381
382 145924 55742968 19.54482 7.25584 0.0026178 382
383 146689 56181887 19.57039 7.26217 0.0026110 383
384 147456 56623104 19.59592 7.26848 0.0026042 384
385 148225 57066625 19.62142 7.27479 0.0025974 385
386 148996 57512456 19.64688 7.28108 0.0025907 386
387 149769 57960603 19.67232 7.28736 0.0025840 387
388 150544 58411072 19.69772 7.29363 0.0025773 388
389 151321 58863869 19.72308 7.29989 0.0025707 389
390 152100 59319000 19.74842 7.30614 0.0025641 390
391 152881 59776471 19.77372 7.31238 0.0025575 391
392 153664 60236288 19.79899 7.31861 0.0025510 392
393 154449 60698457 19.82423 7.32483 0.0025445 393
394 155236 61162984 19.84943 7.33104 0.0025381 394
395 156025 61629875 19.87461 7.33723 0.0025316 395
396 156816 62099136 19.89975 7.34342 0.0025253 396
397 157609 62570773 19.92486 7.34960 0.0025189 397
398 158404 63044792 19.94994 7.35576 0.0025126 398
399 159201 63521199 19.97498 7.36192 0.0025063 399
400 160000 64000000 20.00000 7.36806 0.0025000 400



2942 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 401 to 450

No. Square Cube Sq. Root Cube Root Reciprocal No.

401 160801 64481201 20.02498 7.37420 0.0024938 401
402 161604 64964808 20.04994 7.38032 0.0024876 402
403 162409 65450827 20.07486 7.38644 0.0024814 403
404 163216 65939264 20.09975 7.39254 0.0024752 404
405 164025 66430125 20.12461 7.39864 0.0024691 405
406 164836 66923416 20.14944 7.40472 0.0024631 406
407 165649 67419143 20.17424 7.41080 0.0024570 407
408 166464 67917312 20.19901 7.41686 0.0024510 408
409 167281 68417929 20.22375 7.42291 0.0024450 409
410 168100 68921000 20.24846 7.42896 0.0024390 410
411 168921 69426531 20.27313 7.43499 0.0024331 411
412 169744 69934528 20.29778 7.44102 0.0024272 412
413 170569 70444997 20.32240 7.44703 0.0024213 413
414 171396 70957944 20.34699 7.45304 0.0024155 414
415 172225 71473375 20.37155 7.45904 0.0024096 415
416 173056 71991296 20.39608 7.46502 0.0024038 416
417 173889 72511713 20.42058 7.47100 0.0023981 417
418 174724 73034632 20.44505 7.47697 0.0023923 418
419 175561 73560059 20.46949 7.48292 0.0023866 419
420 176400 74088000 20.49390 7.48887 0.0023810 420
421 177241 74618461 20.51828 7.49481 0.0023753 421
422 178084 75151448 20.54264 7.50074 0.0023697 422
423 178929 75686967 20.56696 7.50666 0.0023641 423
424 179776 76225024 20.59126 7.51257 0.0023585 424
425 180625 76765625 20.61553 7.51847 0.0023529 425
426 181476 77308776 20.63977 7.52437 0.0023474 426
427 182329 77854483 20.66398 7.53025 0.0023419 427
428 183184 78402752 20.68816 7.53612 0.0023364 428
429 184041 78953589 20.71232 7.54199 0.0023310 429
430 184900 79507000 20.73644 7.54784 0.0023256 430
431 185761 80062991 20.76054 7.55369 0.0023202 431
432 186624 80621568 20.78461 7.55953 0.0023148 432
433 187489 81182737 20.80865 7.56535 0.0023095 433
434 188356 81746504 20.83267 7.57117 0.0023041 434
435 189225 82312875 20.85665 7.57698 0.0022989 435
436 190096 82881856 20.88061 7.58279 0.0022936 436
437 190969 83453453 20.90454 7.58858 0.0022883 437
438 191844 84027672 20.92845 7.59436 0.0022831 438
439 192721 84604519 20.95233 7.60014 0.0022779 439
440 193600 85184000 20.97618 7.60590 0.0022727 440
441 194481 85766121 21.00000 7.61166 0.0022676 441
442 195364 86350888 21.02380 7.61741 0.0022624 442
443 196249 86938307 21.04757 7.62315 0.0022573 443
444 197136 87528384 21.07131 7.62888 0.0022523 444
445 198025 88121125 21.09502 7.63461 0.0022472 445
446 198916 88716536 21.11871 7.64032 0.0022422 446
447 199809 89314623 21.14237 7.64603 0.0022371 447
448 200704 89915392 21.16601 7.65172 0.0022321 448
449 201601 90518849 21.18962 7.65741 0.0022272 449
450 202500 91125000 21.21320 7.66309 0.0022222 450



POWERS, ROOTS, AND RECIPROCALS 2943

Powers, Roots, and Reciprocals From 451 to 500

No. Square Cube Sq. Root Cube Root Reciprocal No.

451 203401 91733851 21.23676 7.66877 0.0022173 451
452 204304 92345408 21.26029 7.67443 0.0022124 452
453 205209 92959677 21.28380 7.68009 0.0022075 453
454 206116 93576664 21.30728 7.68573 0.0022026 454
455 207025 94196375 21.33073 7.69137 0.0021978 455
456 207936 94818816 21.35416 7.69700 0.0021930 456
457 208849 95443993 21.37756 7.70262 0.0021882 457
458 209764 96071912 21.40093 7.70824 0.0021834 458
459 210681 96702579 21.42429 7.71384 0.0021786 459
460 211600 97336000 21.44761 7.71944 0.0021739 460
461 212521 97972181 21.47091 7.72503 0.0021692 461
462 213444 98611128 21.49419 7.73061 0.0021645 462
463 214369 99252847 21.51743 7.73619 0.0021598 463
464 215296 99897344 21.54066 7.74175 0.0021552 464
465 216225 100544625 21.56386 7.74731 0.0021505 465
466 217156 101194696 21.58703 7.75286 0.0021459 466
467 218089 101847563 21.61018 7.75840 0.0021413 467
468 219024 102503232 21.63331 7.76394 0.0021368 468
469 219961 103161709 21.65641 7.76946 0.0021322 469
470 220900 103823000 21.67948 7.77498 0.0021277 470
471 221841 104487111 21.70253 7.78049 0.0021231 471
472 222784 105154048 21.72556 7.78599 0.0021186 472
473 223729 105823817 21.74856 7.79149 0.0021142 473
474 224676 106496424 21.77154 7.79697 0.0021097 474
475 225625 107171875 21.79449 7.80245 0.0021053 475
476 226576 107850176 21.81742 7.80793 0.0021008 476
477 227529 108531333 21.84033 7.81339 0.0020964 477
478 228484 109215352 21.86321 7.81885 0.0020921 478
479 229441 109902239 21.88607 7.82429 0.0020877 479
480 230400 110592000 21.90890 7.82974 0.0020833 480
481 231361 111284641 21.93171 7.83517 0.0020790 481
482 232324 111980168 21.95450 7.84059 0.0020747 482
483 233289 112678587 21.97726 7.84601 0.0020704 483
484 234256 113379904 22.00000 7.85142 0.0020661 484
485 235225 114084125 22.02272 7.85683 0.0020619 485
486 236196 114791256 22.04541 7.86222 0.0020576 486
487 237169 115501303 22.06808 7.86761 0.0020534 487
488 238144 116214272 22.09072 7.87299 0.0020492 488
489 239121 116930169 22.11334 7.87837 0.0020450 489
490 240100 117649000 22.13594 7.88374 0.0020408 490
491 241081 118370771 22.15852 7.88909 0.0020367 491
492 242064 119095488 22.18107 7.89445 0.0020325 492
493 243049 119823157 22.20360 7.89979 0.0020284 493
494 244036 120553784 22.22611 7.90513 0.0020243 494
495 245025 121287375 22.24860 7.91046 0.0020202 495
496 246016 122023936 22.27106 7.91578 0.0020161 496
497 247009 122763473 22.29350 7.92110 0.0020121 497
498 248004 123505992 22.31591 7.92641 0.0020080 498
499 249001 124251499 22.33831 7.93171 0.0020040 499
500 250000 125000000 22.36068 7.93701 0.0020000 500



2944 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 501 to 550

No. Square Cube Sq. Root Cube Root Reciprocal No.

501 251001 125751501 22.38303 7.94229 0.0019960 501
502 252004 126506008 22.40536 7.94757 0.0019920 502
503 253009 127263527 22.42766 7.95285 0.0019881 503
504 254016 128024064 22.44994 7.95811 0.0019841 504
505 255025 128787625 22.47221 7.96337 0.0019802 505
506 256036 129554216 22.49444 7.96863 0.0019763 506
507 257049 130323843 22.51666 7.97387 0.0019724 507
508 258064 131096512 22.53886 7.97911 0.0019685 508
509 259081 131872229 22.56103 7.98434 0.0019646 509
510 260100 132651000 22.58318 7.98957 0.0019608 510
511 261121 133432831 22.60531 7.99479 0.0019569 511
512 262144 134217728 22.62742 8.00000 0.0019531 512
513 263169 135005697 22.64950 8.00520 0.0019493 513
514 264196 135796744 22.67157 8.01040 0.0019455 514
515 265225 136590875 22.69361 8.01559 0.0019417 515
516 266256 137388096 22.71563 8.02078 0.0019380 516
517 267289 138188413 22.73763 8.02596 0.0019342 517
518 268324 138991832 22.75961 8.03113 0.0019305 518
519 269361 139798359 22.78157 8.03629 0.0019268 519
520 270400 140608000 22.80351 8.04145 0.0019231 520
521 271441 141420761 22.82542 8.04660 0.0019194 521
522 272484 142236648 22.84732 8.05175 0.0019157 522
523 273529 143055667 22.86919 8.05689 0.0019120 523
524 274576 143877824 22.89105 8.06202 0.0019084 524
525 275625 144703125 22.91288 8.06714 0.0019048 525
526 276676 145531576 22.93469 8.07226 0.0019011 526
527 277729 146363183 22.95648 8.07737 0.0018975 527
528 278784 147197952 22.97825 8.08248 0.0018939 528
529 279841 148035889 23.00000 8.08758 0.0018904 529
530 280900 148877000 23.02173 8.09267 0.0018868 530
531 281961 149721291 23.04344 8.09776 0.0018832 531
532 283024 150568768 23.06513 8.10284 0.0018797 532
533 284089 151419437 23.08679 8.10791 0.0018762 533
534 285156 152273304 23.10844 8.11298 0.0018727 534
535 286225 153130375 23.13007 8.11804 0.0018692 535
536 287296 153990656 23.15167 8.12310 0.0018657 536
537 288369 154854153 23.17326 8.12814 0.0018622 537
538 289444 155720872 23.19483 8.13319 0.0018587 538
539 290521 156590819 23.21637 8.13822 0.0018553 539
540 291600 157464000 23.23790 8.14325 0.0018519 540
541 292681 158340421 23.25941 8.14828 0.0018484 541
542 293764 159220088 23.28089 8.15329 0.0018450 542
543 294849 160103007 23.30236 8.15831 0.0018416 543
544 295936 160989184 23.32381 8.16331 0.0018382 544
545 297025 161878625 23.34524 8.16831 0.0018349 545
546 298116 162771336 23.36664 8.17330 0.0018315 546
547 299209 163667323 23.38803 8.17829 0.0018282 547
548 300304 164566592 23.40940 8.18327 0.0018248 548
549 301401 165469149 23.43075 8.18824 0.0018215 549
550 302500 166375000 23.45208 8.19321 0.0018182 550



POWERS, ROOTS, AND RECIPROCALS 2945

Powers, Roots, and Reciprocals From 551 to 600

No. Square Cube Sq. Root Cube Root Reciprocal No.

551 303601 167284151 23.47339 8.19818 0.0018149 551
552 304704 168196608 23.49468 8.20313 0.0018116 552
553 305809 169112377 23.51595 8.20808 0.0018083 553
554 306916 170031464 23.53720 8.21303 0.0018051 554
555 308025 170953875 23.55844 8.21797 0.0018018 555
556 309136 171879616 23.57965 8.22290 0.0017986 556
557 310249 172808693 23.60085 8.22783 0.0017953 557
558 311364 173741112 23.62202 8.23275 0.0017921 558
559 312481 174676879 23.64318 8.23766 0.0017889 559
560 313600 175616000 23.66432 8.24257 0.0017857 560
561 314721 176558481 23.68544 8.24747 0.0017825 561
562 315844 177504328 23.70654 8.25237 0.0017794 562
563 316969 178453547 23.72762 8.25726 0.0017762 563
564 318096 179406144 23.74868 8.26215 0.0017730 564
565 319225 180362125 23.76973 8.26703 0.0017699 565
566 320356 181321496 23.79075 8.27190 0.0017668 566
567 321489 182284263 23.81176 8.27677 0.0017637 567
568 322624 183250432 23.83275 8.28164 0.0017606 568
569 323761 184220009 23.85372 8.28649 0.0017575 569
570 324900 185193000 23.87467 8.29134 0.0017544 570
571 326041 186169411 23.89561 8.29619 0.0017513 571
572 327184 187149248 23.91652 8.30103 0.0017483 572
573 328329 188132517 23.93742 8.30587 0.0017452 573
574 329476 189119224 23.95830 8.31069 0.0017422 574
575 330625 190109375 23.97916 8.31552 0.0017391 575
576 331776 191102976 24.00000 8.32034 0.0017361 576
577 332929 192100033 24.02082 8.32515 0.0017331 577
578 334084 193100552 24.04163 8.32995 0.0017301 578
579 335241 194104539 24.06242 8.33476 0.0017271 579
580 336400 195112000 24.08319 8.33955 0.0017241 580
581 337561 196122941 24.10394 8.34434 0.0017212 581
582 338724 197137368 24.12468 8.34913 0.0017182 582
583 339889 198155287 24.14539 8.35390 0.0017153 583
584 341056 199176704 24.16609 8.35868 0.0017123 584
585 342225 200201625 24.18677 8.36345 0.0017094 585
586 343396 201230056 24.20744 8.36821 0.0017065 586
587 344569 202262003 24.22808 8.37297 0.0017036 587
588 345744 203297472 24.24871 8.37772 0.0017007 588
589 346921 204336469 24.26932 8.38247 0.0016978 589
590 348100 205379000 24.28992 8.38721 0.0016949 590
591 349281 206425071 24.31049 8.39194 0.0016920 591
592 350464 207474688 24.33105 8.39667 0.0016892 592
593 351649 208527857 24.35159 8.40140 0.0016863 593
594 352836 209584584 24.37212 8.40612 0.0016835 594
595 354025 210644875 24.39262 8.41083 0.0016807 595
596 355216 211708736 24.41311 8.41554 0.0016779 596
597 356409 212776173 24.43358 8.42025 0.0016750 597
598 357604 213847192 24.45404 8.42494 0.0016722 598
599 358801 214921799 24.47448 8.42964 0.0016694 599
600 360000 216000000 24.49490 8.43433 0.0016667 600



2946 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 601 to 650

No. Square Cube Sq. Root Cube Root Reciprocal No.

601 361201 217081801 24.51530 8.43901 0.0016639 601
602 362404 218167208 24.53569 8.44369 0.0016611 602
603 363609 219256227 24.55606 8.44836 0.0016584 603
604 364816 220348864 24.57641 8.45303 0.0016556 604
605 366025 221445125 24.59675 8.45769 0.0016529 605
606 367236 222545016 24.61707 8.46235 0.0016502 606
607 368449 223648543 24.63737 8.46700 0.0016474 607
608 369664 224755712 24.65766 8.47165 0.0016447 608
609 370881 225866529 24.67793 8.47629 0.0016420 609
610 372100 226981000 24.69818 8.48093 0.0016393 610
611 373321 228099131 24.71841 8.48556 0.0016367 611
612 374544 229220928 24.73863 8.49018 0.0016340 612
613 375769 230346397 24.75884 8.49481 0.0016313 613
614 376996 231475544 24.77902 8.49942 0.0016287 614
615 378225 232608375 24.79919 8.50403 0.0016260 615
616 379456 233744896 24.81935 8.50864 0.0016234 616
617 380689 234885113 24.83948 8.51324 0.0016207 617
618 381924 236029032 24.85961 8.51784 0.0016181 618
619 383161 237176659 24.87971 8.52243 0.0016155 619
620 384400 238328000 24.89980 8.52702 0.0016129 620
621 385641 239483061 24.91987 8.53160 0.0016103 621
622 386884 240641848 24.93993 8.53618 0.0016077 622
623 388129 241804367 24.95997 8.54075 0.0016051 623
624 389376 242970624 24.97999 8.54532 0.0016026 624
625 390625 244140625 25.00000 8.54988 0.0016000 625
626 391876 245314376 25.01999 8.55444 0.0015974 626
627 393129 246491883 25.03997 8.55899 0.0015949 627
628 394384 247673152 25.05993 8.56354 0.0015924 628
629 395641 248858189 25.07987 8.56808 0.0015898 629
630 396900 250047000 25.09980 8.57262 0.0015873 630
631 398161 251239591 25.11971 8.57715 0.0015848 631
632 399424 252435968 25.13961 8.58168 0.0015823 632
633 400689 253636137 25.15949 8.58620 0.0015798 633
634 401956 254840104 25.17936 8.59072 0.0015773 634
635 403225 256047875 25.19921 8.59524 0.0015748 635
636 404496 257259456 25.21904 8.59975 0.0015723 636
637 405769 258474853 25.23886 8.60425 0.0015699 637
638 407044 259694072 25.25866 8.60875 0.0015674 638
639 408321 260917119 25.27845 8.61325 0.0015649 639
640 409600 262144000 25.29822 8.61774 0.0015625 640
641 410881 263374721 25.31798 8.62222 0.0015601 641
642 412164 264609288 25.33772 8.62671 0.0015576 642
643 413449 265847707 25.35744 8.63118 0.0015552 643
644 414736 267089984 25.37716 8.63566 0.0015528 644
645 416025 268336125 25.39685 8.64012 0.0015504 645
646 417316 269586136 25.41653 8.64459 0.0015480 646
647 418609 270840023 25.43619 8.64904 0.0015456 647
648 419904 272097792 25.45584 8.65350 0.0015432 648
649 421201 273359449 25.47548 8.65795 0.0015408 649
650 422500 274625000 25.49510 8.66239 0.0015385 650



POWERS, ROOTS, AND RECIPROCALS 2947

Powers, Roots, and Reciprocals From 651 to 700

No. Square Cube Sq. Root Cube Root Reciprocal No.

651 423801 275894451 25.51470 8.66683 0.0015361 651
652 425104 277167808 25.53429 8.67127 0.0015337 652
653 426409 278445077 25.55386 8.67570 0.0015314 653
654 427716 279726264 25.57342 8.68012 0.0015291 654
655 429025 281011375 25.59297 8.68455 0.0015267 655
656 430336 282300416 25.61250 8.68896 0.0015244 656
657 431649 283593393 25.63201 8.69338 0.0015221 657
658 432964 284890312 25.65151 8.69778 0.0015198 658
659 434281 286191179 25.67100 8.70219 0.0015175 659
660 435600 287496000 25.69047 8.70659 0.0015152 660
661 436921 288804781 25.70992 8.71098 0.0015129 661
662 438244 290117528 25.72936 8.71537 0.0015106 662
663 439569 291434247 25.74879 8.71976 0.0015083 663
664 440896 292754944 25.76820 8.72414 0.0015060 664
665 442225 294079625 25.78759 8.72852 0.0015038 665
666 443556 295408296 25.80698 8.73289 0.0015015 666
667 444889 296740963 25.82634 8.73726 0.0014993 667
668 446224 298077632 25.84570 8.74162 0.0014970 668
669 447561 299418309 25.86503 8.74598 0.0014948 669
670 448900 300763000 25.88436 8.75034 0.0014925 670
671 450241 302111711 25.90367 8.75469 0.0014903 671
672 451584 303464448 25.92296 8.75904 0.0014881 672
673 452929 304821217 25.94224 8.76338 0.0014859 673
674 454276 306182024 25.96151 8.76772 0.0014837 674
675 455625 307546875 25.98076 8.77205 0.0014815 675
676 456976 308915776 26.00000 8.77638 0.0014793 676
677 458329 310288733 26.01922 8.78071 0.0014771 677
678 459684 311665752 26.03843 8.78503 0.0014749 678
679 461041 313046839 26.05763 8.78935 0.0014728 679
680 462400 314432000 26.07681 8.79366 0.0014706 680
681 463761 315821241 26.09598 8.79797 0.0014684 681
682 465124 317214568 26.11513 8.80227 0.0014663 682
683 466489 318611987 26.13427 8.80657 0.0014641 683
684 467856 320013504 26.15339 8.81087 0.0014620 684
685 469225 321419125 26.17250 8.81516 0.0014599 685
686 470596 322828856 26.19160 8.81945 0.0014577 686
687 471969 324242703 26.21068 8.82373 0.0014556 687
688 473344 325660672 26.22975 8.82801 0.0014535 688
689 474721 327082769 26.24881 8.83228 0.0014514 689
690 476100 328509000 26.26785 8.83656 0.0014493 690
691 477481 329939371 26.28688 8.84082 0.0014472 691
692 478864 331373888 26.30589 8.84509 0.0014451 692
693 480249 332812557 26.32489 8.84934 0.0014430 693
694 481636 334255384 26.34388 8.85360 0.0014409 694
695 483025 335702375 26.36285 8.85785 0.0014388 695
696 484416 337153536 26.38181 8.86210 0.0014368 696
697 485809 338608873 26.40076 8.86634 0.0014347 697
698 487204 340068392 26.41969 8.87058 0.0014327 698
699 488601 341532099 26.43861 8.87481 0.0014306 699
700 490000 343000000 26.45751 8.87904 0.0014286 700



2948 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 701 to 750

No. Square Cube Sq. Root Cube Root Reciprocal No.

701 491401 344472101 26.47640 8.88327 0.0014265 701
702 492804 345948408 26.49528 8.88749 0.0014245 702
703 494209 347428927 26.51415 8.89171 0.0014225 703
704 495616 348913664 26.53300 8.89592 0.0014205 704
705 497025 350402625 26.55184 8.90013 0.0014184 705
706 498436 351895816 26.57066 8.90434 0.0014164 706
707 499849 353393243 26.58947 8.90854 0.0014144 707
708 501264 354894912 26.60827 8.91274 0.0014124 708
709 502681 356400829 26.62705 8.91693 0.0014104 709
710 504100 357911000 26.64583 8.92112 0.0014085 710
711 505521 359425431 26.66458 8.92531 0.0014065 711
712 506944 360944128 26.68333 8.92949 0.0014045 712
713 508369 362467097 26.70206 8.93367 0.0014025 713
714 509796 363994344 26.72078 8.93784 0.0014006 714
715 511225 365525875 26.73948 8.94201 0.0013986 715
716 512656 367061696 26.75818 8.94618 0.0013966 716
717 514089 368601813 26.77686 8.95034 0.0013947 717
718 515524 370146232 26.79552 8.95450 0.0013928 718
719 516961 371694959 26.81418 8.95866 0.0013908 719
720 518400 373248000 26.83282 8.96281 0.0013889 720
721 519841 374805361 26.85144 8.96696 0.0013870 721
722 521284 376367048 26.87006 8.97110 0.0013850 722
723 522729 377933067 26.88866 8.97524 0.0013831 723
724 524176 379503424 26.90725 8.97938 0.0013812 724
725 525625 381078125 26.92582 8.98351 0.0013793 725
726 527076 382657176 26.94439 8.98764 0.0013774 726
727 528529 384240583 26.96294 8.99176 0.0013755 727
728 529984 385828352 26.98148 8.99588 0.0013736 728
729 531441 387420489 27.00000 9.00000 0.0013717 729
730 532900 389017000 27.01851 9.00411 0.0013699 730
731 534361 390617891 27.03701 9.00822 0.0013680 731
732 535824 392223168 27.05550 9.01233 0.0013661 732
733 537289 393832837 27.07397 9.01643 0.0013643 733
734 538756 395446904 27.09243 9.02053 0.0013624 734
735 540225 397065375 27.11088 9.02462 0.0013605 735
736 541696 398688256 27.12932 9.02871 0.0013587 736
737 543169 400315553 27.14774 9.03280 0.0013569 737
738 544644 401947272 27.16616 9.03689 0.0013550 738
739 546121 403583419 27.18455 9.04097 0.0013532 739
740 547600 405224000 27.20294 9.04504 0.0013514 740
741 549081 406869021 27.22132 9.04911 0.0013495 741
742 550564 408518488 27.23968 9.05318 0.0013477 742
743 552049 410172407 27.25803 9.05725 0.0013459 743
744 553536 411830784 27.27636 9.06131 0.0013441 744
745 555025 413493625 27.29469 9.06537 0.0013423 745
746 556516 415160936 27.31300 9.06942 0.0013405 746
747 558009 416832723 27.33130 9.07347 0.0013387 747
748 559504 418508992 27.34959 9.07752 0.0013369 748
749 561001 420189749 27.36786 9.08156 0.0013351 749
750 562500 421875000 27.38613 9.08560 0.0013333 750



POWERS, ROOTS, AND RECIPROCALS 2949

Powers, Roots, and Reciprocals From 751 to 800

No. Square Cube Sq. Root Cube Root Reciprocal No.

751 564001 423564751 27.40438 9.08964 0.0013316 751
752 565504 425259008 27.42262 9.09367 0.0013298 752
753 567009 426957777 27.44085 9.09770 0.0013280 753
754 568516 428661064 27.45906 9.10173 0.0013263 754
755 570025 430368875 27.47726 9.10575 0.0013245 755
756 571536 432081216 27.49545 9.10977 0.0013228 756
757 573049 433798093 27.51363 9.11378 0.0013210 757
758 574564 435519512 27.53180 9.11779 0.0013193 758
759 576081 437245479 27.54995 9.12180 0.0013175 759
760 577600 438976000 27.56810 9.12581 0.0013158 760
761 579121 440711081 27.58623 9.12981 0.0013141 761
762 580644 442450728 27.60435 9.13380 0.0013123 762
763 582169 444194947 27.62245 9.13780 0.0013106 763
764 583696 445943744 27.64055 9.14179 0.0013089 764
765 585225 447697125 27.65863 9.14577 0.0013072 765
766 586756 449455096 27.67671 9.14976 0.0013055 766
767 588289 451217663 27.69476 9.15374 0.0013038 767
768 589824 452984832 27.71281 9.15771 0.0013021 768
769 591361 454756609 27.73085 9.16169 0.0013004 769
770 592900 456533000 27.74887 9.16566 0.0012987 770
771 594441 458314011 27.76689 9.16962 0.0012970 771
772 595984 460099648 27.78489 9.17359 0.0012953 772
773 597529 461889917 27.80288 9.17754 0.0012937 773
774 599076 463684824 27.82086 9.18150 0.0012920 774
775 600625 465484375 27.83882 9.18545 0.0012903 775
776 602176 467288576 27.85678 9.18940 0.0012887 776
777 603729 469097433 27.87472 9.19335 0.0012870 777
778 605284 470910952 27.89265 9.19729 0.0012853 778
779 606841 472729139 27.91057 9.20123 0.0012837 779
780 608400 474552000 27.92848 9.20516 0.0012821 780
781 609961 476379541 27.94638 9.20910 0.0012804 781
782 611524 478211768 27.96426 9.21303 0.0012788 782
783 613089 480048687 27.98214 9.21695 0.0012771 783
784 614656 481890304 28.00000 9.22087 0.0012755 784
785 616225 483736625 28.01785 9.22479 0.0012739 785
786 617796 485587656 28.03569 9.22871 0.0012723 786
787 619369 487443403 28.05352 9.23262 0.0012706 787
788 620944 489303872 28.07134 9.23653 0.0012690 788
789 622521 491169069 28.08914 9.24043 0.0012674 789
790 624100 493039000 28.10694 9.24434 0.0012658 790
791 625681 494913671 28.12472 9.24823 0.0012642 791
792 627264 496793088 28.14249 9.25213 0.0012626 792
793 628849 498677257 28.16026 9.25602 0.0012610 793
794 630436 500566184 28.17801 9.25991 0.0012594 794
795 632025 502459875 28.19574 9.26380 0.0012579 795
796 633616 504358336 28.21347 9.26768 0.0012563 796
797 635209 506261573 28.23119 9.27156 0.0012547 797
798 636804 508169592 28.24889 9.27544 0.0012531 798
799 638401 510082399 28.26659 9.27931 0.0012516 799
800 640000 512000000 28.28427 9.28318 0.0012500 800



2950 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 801 to 850

No. Square Cube Sq. Root Cube Root Reciprocal No.

801 641601 513922401 28.30194 9.28704 0.0012484 801
802 643204 515849608 28.31960 9.29091 0.0012469 802
803 644809 517781627 28.33725 9.29477 0.0012453 803
804 646416 519718464 28.35489 9.29862 0.0012438 804
805 648025 521660125 28.37252 9.30248 0.0012422 805
806 649636 523606616 28.39014 9.30633 0.0012407 806
807 651249 525557943 28.40775 9.31018 0.0012392 807
808 652864 527514112 28.42534 9.31402 0.0012376 808
809 654481 529475129 28.44293 9.31786 0.0012361 809
810 656100 531441000 28.46050 9.32170 0.0012346 810
811 657721 533411731 28.47806 9.32553 0.0012330 811
812 659344 535387328 28.49561 9.32936 0.0012315 812
813 660969 537367797 28.51315 9.33319 0.0012300 813
814 662596 539353144 28.53069 9.33702 0.0012285 814
815 664225 541343375 28.54820 9.34084 0.0012270 815
816 665856 543338496 28.56571 9.34466 0.0012255 816
817 667489 545338513 28.58321 9.34847 0.0012240 817
818 669124 547343432 28.60070 9.35229 0.0012225 818
819 670761 549353259 28.61818 9.35610 0.0012210 819
820 672400 551368000 28.63564 9.35990 0.0012195 820
821 674041 553387661 28.65310 9.36370 0.0012180 821
822 675684 555412248 28.67054 9.36751 0.0012165 822
823 677329 557441767 28.68798 9.37130 0.0012151 823
824 678976 559476224 28.70540 9.37510 0.0012136 824
825 680625 561515625 28.72281 9.37889 0.0012121 825
826 682276 563559976 28.74022 9.38268 0.0012107 826
827 683929 565609283 28.75761 9.38646 0.0012092 827
828 685584 567663552 28.77499 9.39024 0.0012077 828
829 687241 569722789 28.79236 9.39402 0.0012063 829
830 688900 571787000 28.80972 9.39780 0.0012048 830
831 690561 573856191 28.82707 9.40157 0.0012034 831
832 692224 575930368 28.84441 9.40534 0.0012019 832
833 693889 578009537 28.86174 9.40911 0.0012005 833
834 695556 580093704 28.87906 9.41287 0.0011990 834
835 697225 582182875 28.89637 9.41663 0.0011976 835
836 698896 584277056 28.91366 9.42039 0.0011962 836
837 700569 586376253 28.93095 9.42414 0.0011947 837
838 702244 588480472 28.94823 9.42789 0.0011933 838
839 703921 590589719 28.96550 9.43164 0.0011919 839
840 705600 592704000 28.98275 9.43539 0.0011905 840
841 707281 594823321 29.00000 9.43913 0.0011891 841
842 708964 596947688 29.01724 9.44287 0.0011876 842
843 710649 599077107 29.03446 9.44661 0.0011862 843
844 712336 601211584 29.05168 9.45034 0.0011848 844
845 714025 603351125 29.06888 9.45407 0.0011834 845
846 715716 605495736 29.08608 9.45780 0.0011820 846
847 717409 607645423 29.10326 9.46152 0.0011806 847
848 719104 609800192 29.12044 9.46525 0.0011792 848
849 720801 611960049 29.13760 9.46897 0.0011779 849
850 722500 614125000 29.15476 9.47268 0.0011765 850



POWERS, ROOTS, AND RECIPROCALS 2951

Powers, Roots, and Reciprocals From 851 to 900

No. Square Cube Sq. Root Cube Root Reciprocal No.

851 724201 616295051 29.17190 9.47640 0.0011751 851
852 725904 618470208 29.18904 9.48011 0.0011737 852
853 727609 620650477 29.20616 9.48381 0.0011723 853
854 729316 622835864 29.22328 9.48752 0.0011710 854
855 731025 625026375 29.24038 9.49122 0.0011696 855
856 732736 627222016 29.25748 9.49492 0.0011682 856
857 734449 629422793 29.27456 9.49861 0.0011669 857
858 736164 631628712 29.29164 9.50231 0.0011655 858
859 737881 633839779 29.30870 9.50600 0.0011641 859
860 739600 636056000 29.32576 9.50969 0.0011628 860
861 741321 638277381 29.34280 9.51337 0.0011614 861
862 743044 640503928 29.35984 9.51705 0.0011601 862
863 744769 642735647 29.37686 9.52073 0.0011587 863
864 746496 644972544 29.39388 9.52441 0.0011574 864
865 748225 647214625 29.41088 9.52808 0.0011561 865
866 749956 649461896 29.42788 9.53175 0.0011547 866
867 751689 651714363 29.44486 9.53542 0.0011534 867
868 753424 653972032 29.46184 9.53908 0.0011521 868
869 755161 656234909 29.47881 9.54274 0.0011507 869
870 756900 658503000 29.49576 9.54640 0.0011494 870
871 758641 660776311 29.51271 9.55006 0.0011481 871
872 760384 663054848 29.52965 9.55371 0.0011468 872
873 762129 665338617 29.54657 9.55736 0.0011455 873
874 763876 667627624 29.56349 9.56101 0.0011442 874
875 765625 669921875 29.58040 9.56466 0.0011429 875
876 767376 672221376 29.59730 9.56830 0.0011416 876
877 769129 674526133 29.61419 9.57194 0.0011403 877
878 770884 676836152 29.63106 9.57557 0.0011390 878
879 772641 679151439 29.64793 9.57921 0.0011377 879
880 774400 681472000 29.66479 9.58284 0.0011364 880
881 776161 683797841 29.68164 9.58647 0.0011351 881
882 777924 686128968 29.69848 9.59009 0.0011338 882
883 779689 688465387 29.71532 9.59372 0.0011325 883
884 781456 690807104 29.73214 9.59734 0.0011312 884
885 783225 693154125 29.74895 9.60095 0.0011299 885
886 784996 695506456 29.76575 9.60457 0.0011287 886
887 786769 697864103 29.78255 9.60818 0.0011274 887
888 788544 700227072 29.79933 9.61179 0.0011261 888
889 790321 702595369 29.81610 9.61540 0.0011249 889
890 792100 704969000 29.83287 9.61900 0.0011236 890
891 793881 707347971 29.84962 9.62260 0.0011223 891
892 795664 709732288 29.86637 9.62620 0.0011211 892
893 797449 712121957 29.88311 9.62980 0.0011198 893
894 799236 714516984 29.89983 9.63339 0.0011186 894
895 801025 716917375 29.91655 9.63698 0.0011173 895
896 802816 719323136 29.93326 9.64057 0.0011161 896
897 804609 721734273 29.94996 9.64415 0.0011148 897
898 806404 724150792 29.96665 9.64774 0.0011136 898
899 808201 726572699 29.98333 9.65132 0.0011123 899
900 810000 729000000 30.00000 9.65489 0.0011111 900



2952 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 901 to 950

No. Square Cube Sq. Root Cube Root Reciprocal No.

901 811801 731432701 30.01666 9.65847 0.0011099 901
902 813604 733870808 30.03331 9.66204 0.0011086 902
903 815409 736314327 30.04996 9.66561 0.0011074 903
904 817216 738763264 30.06659 9.66918 0.0011062 904
905 819025 741217625 30.08322 9.67274 0.0011050 905
906 820836 743677416 30.09983 9.67630 0.0011038 906
907 822649 746142643 30.11644 9.67986 0.0011025 907
908 824464 748613312 30.13304 9.68342 0.0011013 908
909 826281 751089429 30.14963 9.68697 0.0011001 909
910 828100 753571000 30.16621 9.69052 0.0010989 910
911 829921 756058031 30.18278 9.69407 0.0010977 911
912 831744 758550528 30.19934 9.69762 0.0010965 912
913 833569 761048497 30.21589 9.70116 0.0010953 913
914 835396 763551944 30.23243 9.70470 0.0010941 914
915 837225 766060875 30.24897 9.70824 0.0010929 915
916 839056 768575296 30.26549 9.71177 0.0010917 916
917 840889 771095213 30.28201 9.71531 0.0010905 917
918 842724 773620632 30.29851 9.71884 0.0010893 918
919 844561 776151559 30.31501 9.72236 0.0010881 919
920 846400 778688000 30.33150 9.72589 0.0010870 920
921 848241 781229961 30.34798 9.72941 0.0010858 921
922 850084 783777448 30.36445 9.73293 0.0010846 922
923 851929 786330467 30.38092 9.73645 0.0010834 923
924 853776 788889024 30.39737 9.73996 0.0010823 924
925 855625 791453125 30.41381 9.74348 0.0010811 925
926 857476 794022776 30.43025 9.74699 0.0010799 926
927 859329 796597983 30.44667 9.75049 0.0010787 927
928 861184 799178752 30.46309 9.75400 0.0010776 928
929 863041 801765089 30.47950 9.75750 0.0010764 929
930 864900 804357000 30.49590 9.76100 0.0010753 930
931 866761 806954491 30.51229 9.76450 0.0010741 931
932 868624 809557568 30.52868 9.76799 0.0010730 932
933 870489 812166237 30.54505 9.77148 0.0010718 933
934 872356 814780504 30.56141 9.77497 0.0010707 934
935 874225 817400375 30.57777 9.77846 0.0010695 935
936 876096 820025856 30.59412 9.78195 0.0010684 936
937 877969 822656953 30.61046 9.78543 0.0010672 937
938 879844 825293672 30.62679 9.78891 0.0010661 938
939 881721 827936019 30.64311 9.79239 0.0010650 939
940 883600 830584000 30.65942 9.79586 0.0010638 940
941 885481 833237621 30.67572 9.79933 0.0010627 941
942 887364 835896888 30.69202 9.80280 0.0010616 942
943 889249 838561807 30.70831 9.80627 0.0010604 943
944 891136 841232384 30.72458 9.80974 0.0010593 944
945 893025 843908625 30.74085 9.81320 0.0010582 945
946 894916 846590536 30.75711 9.81666 0.0010571 946
947 896809 849278123 30.77337 9.82012 0.0010560 947
948 898704 851971392 30.78961 9.82357 0.0010549 948
949 900601 854670349 30.80584 9.82703 0.0010537 949
950 902500 857375000 30.82207 9.83048 0.0010526 950



POWERS, ROOTS, AND RECIPROCALS 2953

Powers, Roots, and Reciprocals From 951 to 1000

No. Square Cube Sq. Root Cube Root Reciprocal No.

951 904401 860085351 30.83829 9.83392 0.0010515 951
952 906304 862801408 30.85450 9.83737 0.0010504 952
953 908209 865523177 30.87070 9.84081 0.0010493 953
954 910116 868250664 30.88689 9.84425 0.0010482 954
955 912025 870983875 30.90307 9.84769 0.0010471 955
956 913936 873722816 30.91925 9.85113 0.0010460 956
957 915849 876467493 30.93542 9.85456 0.0010449 957
958 917764 879217912 30.95158 9.85799 0.0010438 958
959 919681 881974079 30.96773 9.86142 0.0010428 959
960 921600 884736000 30.98387 9.86485 0.0010417 960
961 923521 887503681 31.00000 9.86827 0.0010406 961
962 925444 890277128 31.01612 9.87169 0.0010395 962
963 927369 893056347 31.03224 9.87511 0.0010384 963
964 929296 895841344 31.04835 9.87853 0.0010373 964
965 931225 898632125 31.06445 9.88195 0.0010363 965
966 933156 901428696 31.08054 9.88536 0.0010352 966
967 935089 904231063 31.09662 9.88877 0.0010341 967
968 937024 907039232 31.11270 9.89217 0.0010331 968
969 938961 909853209 31.12876 9.89558 0.0010320 969
970 940900 912673000 31.14482 9.89898 0.0010309 970
971 942841 915498611 31.16087 9.90238 0.0010299 971
972 944784 918330048 31.17691 9.90578 0.0010288 972
973 946729 921167317 31.19295 9.90918 0.0010277 973
974 948676 924010424 31.20897 9.91257 0.0010267 974
975 950625 926859375 31.22499 9.91596 0.0010256 975
976 952576 929714176 31.24100 9.91935 0.0010246 976
977 954529 932574833 31.25700 9.92274 0.0010235 977
978 956484 935441352 31.27299 9.92612 0.0010225 978
979 958441 938313739 31.28898 9.92950 0.0010215 979
980 960400 941192000 31.30495 9.93288 0.0010204 980
981 962361 944076141 31.32092 9.93626 0.0010194 981
982 964324 946966168 31.33688 9.93964 0.0010183 982
983 966289 949862087 31.35283 9.94301 0.0010173 983
984 968256 952763904 31.36877 9.94638 0.0010163 984
985 970225 955671625 31.38471 9.94975 0.0010152 985
986 972196 958585256 31.40064 9.95311 0.0010142 986
987 974169 961504803 31.41656 9.95648 0.0010132 987
988 976144 964430272 31.43247 9.95984 0.0010121 988
989 978121 967361669 31.44837 9.96320 0.0010111 989
990 980100 970299000 31.46427 9.96655 0.0010101 990
991 982081 973242271 31.48015 9.96991 0.0010091 991
992 984064 976191488 31.49603 9.97326 0.0010081 992
993 986049 979146657 31.51190 9.97661 0.0010070 993
994 988036 982107784 31.52777 9.97996 0.0010060 994
995 990025 985074875 31.54362 9.98331 0.0010050 995
996 992016 988047936 31.55947 9.98665 0.0010040 996
997 994009 991026973 31.57531 9.98999 0.0010030 997
998 996004 994011992 31.59114 9.99333 0.0010020 998
999 998001 997002999 31.60696 9.99667 0.0010010 999

1000 1000000 1000000000 31.62278 10.00000 0.0010000 1000



2954 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 1001 to 1050

No. Square Cube Sq. Root Cube Root Reciprocal No.

1001 1002001 1003003001 31.63858 10.00333 0.0009990 1001
1002 1004004 1006012008 31.65438 10.00666 0.0009980 1002
1003 1006009 1009027027 31.67018 10.00999 0.0009970 1003
1004 1008016 1012048064 31.68596 10.01332 0.0009960 1004
1005 1010025 1015075125 31.70173 10.01664 0.0009950 1005
1006 1012036 1018108216 31.71750 10.01996 0.0009940 1006
1007 1014049 1021147343 31.73326 10.02328 0.0009930 1007
1008 1016064 1024192512 31.74902 10.02660 0.0009921 1008
1009 1018081 1027243729 31.76476 10.02991 0.0009911 1009
1010 1020100 1030301000 31.78050 10.03322 0.0009901 1010
1011 1022121 1033364331 31.79623 10.03653 0.0009891 1011
1012 1024144 1036433728 31.81195 10.03984 0.0009881 1012
1013 1026169 1039509197 31.82766 10.04315 0.0009872 1013
1014 1028196 1042590744 31.84337 10.04645 0.0009862 1014
1015 1030225 1045678375 31.85906 10.04975 0.0009852 1015
1016 1032256 1048772096 31.87475 10.05305 0.0009843 1016
1017 1034289 1051871913 31.89044 10.05635 0.0009833 1017
1018 1036324 1054977832 31.90611 10.05964 0.0009823 1018
1019 1038361 1058089859 31.92178 10.06294 0.0009814 1019
1020 1040400 1061208000 31.93744 10.06623 0.0009804 1020
1021 1042441 1064332261 31.95309 10.06952 0.0009794 1021
1022 1044484 1067462648 31.96873 10.07280 0.0009785 1022
1023 1046529 1070599167 31.98437 10.07609 0.0009775 1023
1024 1048576 1073741824 32.00000 10.07937 0.0009766 1024
1025 1050625 1076890625 32.01562 10.08265 0.0009756 1025
1026 1052676 1080045576 32.03123 10.08593 0.0009747 1026
1027 1054729 1083206683 32.04684 10.08920 0.0009737 1027
1028 1056784 1086373952 32.06244 10.09248 0.0009728 1028
1029 1058841 1089547389 32.07803 10.09575 0.0009718 1029
1030 1060900 1092727000 32.09361 10.09902 0.0009709 1030
1031 1062961 1095912791 32.10919 10.10228 0.0009699 1031
1032 1065024 1099104768 32.12476 10.10555 0.0009690 1032
1033 1067089 1102302937 32.14032 10.10881 0.0009681 1033
1034 1069156 1105507304 32.15587 10.11207 0.0009671 1034
1035 1071225 1108717875 32.17142 10.11533 0.0009662 1035
1036 1073296 1111934656 32.18695 10.11859 0.0009653 1036
1037 1075369 1115157653 32.20248 10.12184 0.0009643 1037
1038 1077444 1118386872 32.21801 10.12510 0.0009634 1038
1039 1079521 1121622319 32.23352 10.12835 0.0009625 1039
1040 1081600 1124864000 32.24903 10.13159 0.0009615 1040
1041 1083681 1128111921 32.26453 10.13484 0.0009606 1041
1042 1085764 1131366088 32.28002 10.13808 0.0009597 1042
1043 1087849 1134626507 32.29551 10.14133 0.0009588 1043
1044 1089936 1137893184 32.31099 10.14457 0.0009579 1044
1045 1092025 1141166125 32.32646 10.14780 0.0009569 1045
1046 1094116 1144445336 32.34192 10.15104 0.0009560 1046
1047 1096209 1147730823 32.35738 10.15427 0.0009551 1047
1048 1098304 1151022592 32.37283 10.15751 0.0009542 1048
1049 1100401 1154320649 32.38827 10.16074 0.0009533 1049
1050 1102500 1157625000 32.40370 10.16396 0.0009524 1050



POWERS, ROOTS, AND RECIPROCALS 2955

Powers, Roots, and Reciprocals From 1051 to 1100

No. Square Cube Sq. Root Cube Root Reciprocal No.

1051 1104601 1160935651 32.41913 10.16719 0.0009515 1051
1052 1106704 1164252608 32.43455 10.17041 0.0009506 1052
1053 1108809 1167575877 32.44996 10.17363 0.0009497 1053
1054 1110916 1170905464 32.46537 10.17685 0.0009488 1054
1055 1113025 1174241375 32.48076 10.18007 0.0009479 1055
1056 1115136 1177583616 32.49615 10.18329 0.0009470 1056
1057 1117249 1180932193 32.51154 10.18650 0.0009461 1057
1058 1119364 1184287112 32.52691 10.18971 0.0009452 1058
1059 1121481 1187648379 32.54228 10.19292 0.0009443 1059
1060 1123600 1191016000 32.55764 10.19613 0.0009434 1060
1061 1125721 1194389981 32.57299 10.19933 0.0009425 1061
1062 1127844 1197770328 32.58834 10.20254 0.0009416 1062
1063 1129969 1201157047 32.60368 10.20574 0.0009407 1063
1064 1132096 1204550144 32.61901 10.20894 0.0009398 1064
1065 1134225 1207949625 32.63434 10.21213 0.0009390 1065
1066 1136356 1211355496 32.64966 10.21533 0.0009381 1066
1067 1138489 1214767763 32.66497 10.21852 0.0009372 1067
1068 1140624 1218186432 32.68027 10.22171 0.0009363 1068
1069 1142761 1221611509 32.69557 10.22490 0.0009355 1069
1070 1144900 1225043000 32.71085 10.22809 0.0009346 1070
1071 1147041 1228480911 32.72614 10.23128 0.0009337 1071
1072 1149184 1231925248 32.74141 10.23446 0.0009328 1072
1073 1151329 1235376017 32.75668 10.23764 0.0009320 1073
1074 1153476 1238833224 32.77194 10.24082 0.0009311 1074
1075 1155625 1242296875 32.78719 10.24400 0.0009302 1075
1076 1157776 1245766976 32.80244 10.24717 0.0009294 1076
1077 1159929 1249243533 32.81768 10.25035 0.0009285 1077
1078 1162084 1252726552 32.83291 10.25352 0.0009276 1078
1079 1164241 1256216039 32.84814 10.25669 0.0009268 1079
1080 1166400 1259712000 32.86335 10.25986 0.0009259 1080
1081 1168561 1263214441 32.87856 10.26302 0.0009251 1081
1082 1170724 1266723368 32.89377 10.26619 0.0009242 1082
1083 1172889 1270238787 32.90897 10.26935 0.0009234 1083
1084 1175056 1273760704 32.92416 10.27251 0.0009225 1084
1085 1177225 1277289125 32.93934 10.27566 0.0009217 1085
1086 1179396 1280824056 32.95451 10.27882 0.0009208 1086
1087 1181569 1284365503 32.96968 10.28197 0.0009200 1087
1088 1183744 1287913472 32.98485 10.28513 0.0009191 1088
1089 1185921 1291467969 33.00000 10.28828 0.0009183 1089
1090 1188100 1295029000 33.01515 10.29142 0.0009174 1090
1091 1190281 1298596571 33.03029 10.29457 0.0009166 1091
1092 1192464 1302170688 33.04542 10.29772 0.0009158 1092
1093 1194649 1305751357 33.06055 10.30086 0.0009149 1093
1094 1196836 1309338584 33.07567 10.30400 0.0009141 1094
1095 1199025 1312932375 33.09078 10.30714 0.0009132 1095
1096 1201216 1316532736 33.10589 10.31027 0.0009124 1096
1097 1203409 1320139673 33.12099 10.31341 0.0009116 1097
1098 1205604 1323753192 33.13608 10.31654 0.0009107 1098
1099 1207801 1327373299 33.15117 10.31967 0.0009099 1099
1100 1210000 1331000000 33.16625 10.32280 0.0009091 1100



2956 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 1101 to 1150

No. Square Cube Sq. Root Cube Root Reciprocal No.

1101 1212201 1334633301 33.18132 10.32593 0.0009083 1101
1102 1214404 1338273208 33.19639 10.32905 0.0009074 1102
1103 1216609 1341919727 33.21144 10.33218 0.0009066 1103
1104 1218816 1345572864 33.22650 10.33530 0.0009058 1104
1105 1221025 1349232625 33.24154 10.33842 0.0009050 1105
1106 1223236 1352899016 33.25658 10.34154 0.0009042 1106
1107 1225449 1356572043 33.27161 10.34465 0.0009033 1107
1108 1227664 1360251712 33.28663 10.34777 0.0009025 1108
1109 1229881 1363938029 33.30165 10.35088 0.0009017 1109
1110 1232100 1367631000 33.31666 10.35399 0.0009009 1110
1111 1234321 1371330631 33.33167 10.35710 0.0009001 1111
1112 1236544 1375036928 33.34666 10.36020 0.0008993 1112
1113 1238769 1378749897 33.36165 10.36331 0.0008985 1113
1114 1240996 1382469544 33.37664 10.36641 0.0008977 1114
1115 1243225 1386195875 33.39162 10.36951 0.0008969 1115
1116 1245456 1389928896 33.40659 10.37261 0.0008961 1116
1117 1247689 1393668613 33.42155 10.37571 0.0008953 1117
1118 1249924 1397415032 33.43651 10.37880 0.0008945 1118
1119 1252161 1401168159 33.45146 10.38190 0.0008937 1119
1120 1254400 1404928000 33.46640 10.38499 0.0008929 1120
1121 1256641 1408694561 33.48134 10.38808 0.0008921 1121
1122 1258884 1412467848 33.49627 10.39117 0.0008913 1122
1123 1261129 1416247867 33.51119 10.39425 0.0008905 1123
1124 1263376 1420034624 33.52611 10.39734 0.0008897 1124
1125 1265625 1423828125 33.54102 10.40042 0.0008889 1125
1126 1267876 1427628376 33.55592 10.40350 0.0008881 1126
1127 1270129 1431435383 33.57082 10.40658 0.0008873 1127
1128 1272384 1435249152 33.58571 10.40966 0.0008865 1128
1129 1274641 1439069689 33.60060 10.41273 0.0008857 1129
1130 1276900 1442897000 33.61547 10.41580 0.0008850 1130
1131 1279161 1446731091 33.63034 10.41888 0.0008842 1131
1132 1281424 1450571968 33.64521 10.42195 0.0008834 1132
1133 1283689 1454419637 33.66007 10.42501 0.0008826 1133
1134 1285956 1458274104 33.67492 10.42808 0.0008818 1134
1135 1288225 1462135375 33.68976 10.43114 0.0008811 1135
1136 1290496 1466003456 33.70460 10.43421 0.0008803 1136
1137 1292769 1469878353 33.71943 10.43727 0.0008795 1137
1138 1295044 1473760072 33.73426 10.44033 0.0008787 1138
1139 1297321 1477648619 33.74907 10.44338 0.0008780 1139
1140 1299600 1481544000 33.76389 10.44644 0.0008772 1140
1141 1301881 1485446221 33.77869 10.44949 0.0008764 1141
1142 1304164 1489355288 33.79349 10.45254 0.0008757 1142
1143 1306449 1493271207 33.80828 10.45559 0.0008749 1143
1144 1308736 1497193984 33.82307 10.45864 0.0008741 1144
1145 1311025 1501123625 33.83785 10.46169 0.0008734 1145
1146 1313316 1505060136 33.85262 10.46473 0.0008726 1146
1147 1315609 1509003523 33.86739 10.46778 0.0008718 1147
1148 1317904 1512953792 33.88215 10.47082 0.0008711 1148
1149 1320201 1516910949 33.89690 10.47386 0.0008703 1149
1150 1322500 1520875000 33.91165 10.47690 0.0008696 1150



POWERS, ROOTS, AND RECIPROCALS 2957

Powers, Roots, and Reciprocals From 1151 to 1200

No. Square Cube Sq. Root Cube Root Reciprocal No.

1151 1324801 1524845951 33.92639 10.47993 0.0008688 1151
1152 1327104 1528823808 33.94113 10.48297 0.0008681 1152
1153 1329409 1532808577 33.95585 10.48600 0.0008673 1153
1154 1331716 1536800264 33.97058 10.48903 0.0008666 1154
1155 1334025 1540798875 33.98529 10.49206 0.0008658 1155
1156 1336336 1544804416 34.00000 10.49508 0.0008651 1156
1157 1338649 1548816893 34.01470 10.49811 0.0008643 1157
1158 1340964 1552836312 34.02940 10.50113 0.0008636 1158
1159 1343281 1556862679 34.04409 10.50416 0.0008628 1159
1160 1345600 1560896000 34.05877 10.50718 0.0008621 1160
1161 1347921 1564936281 34.07345 10.51019 0.0008613 1161
1162 1350244 1568983528 34.08812 10.51321 0.0008606 1162
1163 1352569 1573037747 34.10279 10.51623 0.0008598 1163
1164 1354896 1577098944 34.11744 10.51924 0.0008591 1164
1165 1357225 1581167125 34.13210 10.52225 0.0008584 1165
1166 1359556 1585242296 34.14674 10.52526 0.0008576 1166
1167 1361889 1589324463 34.16138 10.52827 0.0008569 1167
1168 1364224 1593413632 34.17601 10.53127 0.0008562 1168
1169 1366561 1597509809 34.19064 10.53428 0.0008554 1169
1170 1368900 1601613000 34.20526 10.53728 0.0008547 1170
1171 1371241 1605723211 34.21988 10.54028 0.0008540 1171
1172 1373584 1609840448 34.23449 10.54328 0.0008532 1172
1173 1375929 1613964717 34.24909 10.54628 0.0008525 1173
1174 1378276 1618096024 34.26368 10.54928 0.0008518 1174
1175 1380625 1622234375 34.27827 10.55227 0.0008511 1175
1176 1382976 1626379776 34.29286 10.55526 0.0008503 1176
1177 1385329 1630532233 34.30743 10.55826 0.0008496 1177
1178 1387684 1634691752 34.32200 10.56124 0.0008489 1178
1179 1390041 1638858339 34.33657 10.56423 0.0008482 1179
1180 1392400 1643032000 34.35113 10.56722 0.0008475 1180
1181 1394761 1647212741 34.36568 10.57020 0.0008467 1181
1182 1397124 1651400568 34.38023 10.57318 0.0008460 1182
1183 1399489 1655595487 34.39477 10.57617 0.0008453 1183
1184 1401856 1659797504 34.40930 10.57914 0.0008446 1184
1185 1404225 1664006625 34.42383 10.58212 0.0008439 1185
1186 1406596 1668222856 34.43835 10.58510 0.0008432 1186
1187 1408969 1672446203 34.45287 10.58807 0.0008425 1187
1188 1411344 1676676672 34.46738 10.59105 0.0008418 1188
1189 1413721 1680914269 34.48188 10.59402 0.0008410 1189
1190 1416100 1685159000 34.49638 10.59699 0.0008403 1190
1191 1418481 1689410871 34.51087 10.59995 0.0008396 1191
1192 1420864 1693669888 34.52535 10.60292 0.0008389 1192
1193 1423249 1697936057 34.53983 10.60588 0.0008382 1193
1194 1425636 1702209384 34.55431 10.60885 0.0008375 1194
1195 1428025 1706489875 34.56877 10.61181 0.0008368 1195
1196 1430416 1710777536 34.58323 10.61477 0.0008361 1196
1197 1432809 1715072373 34.59769 10.61772 0.0008354 1197
1198 1435204 1719374392 34.61214 10.62068 0.0008347 1198
1199 1437601 1723683599 34.62658 10.62363 0.0008340 1199
1200 1440000 1728000000 34.64102 10.62659 0.0008333 1200



2958 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 1201 to 1250

No. Square Cube Sq. Root Cube Root Reciprocal No.

1201 1442401 1732323601 34.65545 10.62954 0.0008326 1201
1202 1444804 1736654408 34.66987 10.63249 0.0008319 1202
1203 1447209 1740992427 34.68429 10.63543 0.0008313 1203
1204 1449616 1745337664 34.69870 10.63838 0.0008306 1204
1205 1452025 1749690125 34.71311 10.64132 0.0008299 1205
1206 1454436 1754049816 34.72751 10.64427 0.0008292 1206
1207 1456849 1758416743 34.74191 10.64721 0.0008285 1207
1208 1459264 1762790912 34.75629 10.65015 0.0008278 1208
1209 1461681 1767172329 34.77068 10.65309 0.0008271 1209
1210 1464100 1771561000 34.78505 10.65602 0.0008264 1210
1211 1466521 1775956931 34.79943 10.65896 0.0008258 1211
1212 1468944 1780360128 34.81379 10.66189 0.0008251 1212
1213 1471369 1784770597 34.82815 10.66482 0.0008244 1213
1214 1473796 1789188344 34.84250 10.66775 0.0008237 1214
1215 1476225 1793613375 34.85685 10.67068 0.0008230 1215
1216 1478656 1798045696 34.87119 10.67361 0.0008224 1216
1217 1481089 1802485313 34.88553 10.67653 0.0008217 1217
1218 1483524 1806932232 34.89986 10.67946 0.0008210 1218
1219 1485961 1811386459 34.91418 10.68238 0.0008203 1219
1220 1488400 1815848000 34.92850 10.68530 0.0008197 1220
1221 1490841 1820316861 34.94281 10.68822 0.0008190 1221
1222 1493284 1824793048 34.95712 10.69113 0.0008183 1222
1223 1495729 1829276567 34.97142 10.69405 0.0008177 1223
1224 1498176 1833767424 34.98571 10.69696 0.0008170 1224
1225 1500625 1838265625 35.00000 10.69987 0.0008163 1225
1226 1503076 1842771176 35.01428 10.70279 0.0008157 1226
1227 1505529 1847284083 35.02856 10.70569 0.0008150 1227
1228 1507984 1851804352 35.04283 10.70860 0.0008143 1228
1229 1510441 1856331989 35.05710 10.71151 0.0008137 1229
1230 1512900 1860867000 35.07136 10.71441 0.0008130 1230
1231 1515361 1865409391 35.08561 10.71732 0.0008123 1231
1232 1517824 1869959168 35.09986 10.72022 0.0008117 1232
1233 1520289 1874516337 35.11410 10.72312 0.0008110 1233
1234 1522756 1879080904 35.12834 10.72601 0.0008104 1234
1235 1525225 1883652875 35.14257 10.72891 0.0008097 1235
1236 1527696 1888232256 35.15679 10.73181 0.0008091 1236
1237 1530169 1892819053 35.17101 10.73470 0.0008084 1237
1238 1532644 1897413272 35.18522 10.73759 0.0008078 1238
1239 1535121 1902014919 35.19943 10.74048 0.0008071 1239
1240 1537600 1906624000 35.21363 10.74337 0.0008065 1240
1241 1540081 1911240521 35.22783 10.74626 0.0008058 1241
1242 1542564 1915864488 35.24202 10.74914 0.0008052 1242
1243 1545049 1920495907 35.25621 10.75203 0.0008045 1243
1244 1547536 1925134784 35.27038 10.75491 0.0008039 1244
1245 1550025 1929781125 35.28456 10.75779 0.0008032 1245
1246 1552516 1934434936 35.29873 10.76067 0.0008026 1246
1247 1555009 1939096223 35.31289 10.76355 0.0008019 1247
1248 1557504 1943764992 35.32704 10.76643 0.0008013 1248
1249 1560001 1948441249 35.34119 10.76930 0.0008006 1249
1250 1562500 1953125000 35.35534 10.77217 0.0008000 1250



POWERS, ROOTS, AND RECIPROCALS 2959

Powers, Roots, and Reciprocals From 1251 to 1300

No. Square Cube Sq. Root Cube Root Reciprocal No.

1251 1565001 1957816251 35.36948 10.77505 0.0007994 1251
1252 1567504 1962515008 35.38361 10.77792 0.0007987 1252
1253 1570009 1967221277 35.39774 10.78078 0.0007981 1253
1254 1572516 1971935064 35.41186 10.78365 0.0007974 1254
1255 1575025 1976656375 35.42598 10.78652 0.0007968 1255
1256 1577536 1981385216 35.44009 10.78938 0.0007962 1256
1257 1580049 1986121593 35.45420 10.79224 0.0007955 1257
1258 1582564 1990865512 35.46830 10.79511 0.0007949 1258
1259 1585081 1995616979 35.48239 10.79796 0.0007943 1259
1260 1587600 2000376000 35.49648 10.80082 0.0007937 1260
1261 1590121 2005142581 35.51056 10.80368 0.0007930 1261
1262 1592644 2009916728 35.52464 10.80653 0.0007924 1262
1263 1595169 2014698447 35.53871 10.80939 0.0007918 1263
1264 1597696 2019487744 35.55278 10.81224 0.0007911 1264
1265 1600225 2024284625 35.56684 10.81509 0.0007905 1265
1266 1602756 2029089096 35.58089 10.81794 0.0007899 1266
1267 1605289 2033901163 35.59494 10.82079 0.0007893 1267
1268 1607824 2038720832 35.60899 10.82363 0.0007886 1268
1269 1610361 2043548109 35.62303 10.82648 0.0007880 1269
1270 1612900 2048383000 35.63706 10.82932 0.0007874 1270
1271 1615441 2053225511 35.65109 10.83216 0.0007868 1271
1272 1617984 2058075648 35.66511 10.83500 0.0007862 1272
1273 1620529 2062933417 35.67913 10.83784 0.0007855 1273
1274 1623076 2067798824 35.69314 10.84068 0.0007849 1274
1275 1625625 2072671875 35.70714 10.84351 0.0007843 1275
1276 1628176 2077552576 35.72114 10.84635 0.0007837 1276
1277 1630729 2082440933 35.73514 10.84918 0.0007831 1277
1278 1633284 2087336952 35.74913 10.85201 0.0007825 1278
1279 1635841 2092240639 35.76311 10.85484 0.0007819 1279
1280 1638400 2097152000 35.77709 10.85767 0.0007813 1280
1281 1640961 2102071041 35.79106 10.86050 0.0007806 1281
1282 1643524 2106997768 35.80503 10.86332 0.0007800 1282
1283 1646089 2111932187 35.81899 10.86615 0.0007794 1283
1284 1648656 2116874304 35.83295 10.86897 0.0007788 1284
1285 1651225 2121824125 35.84690 10.87179 0.0007782 1285
1286 1653796 2126781656 35.86084 10.87461 0.0007776 1286
1287 1656369 2131746903 35.87478 10.87743 0.0007770 1287
1288 1658944 2136719872 35.88872 10.88024 0.0007764 1288
1289 1661521 2141700569 35.90265 10.88306 0.0007758 1289
1290 1664100 2146689000 35.91657 10.88587 0.0007752 1290
1291 1666681 2151685171 35.93049 10.88868 0.0007746 1291
1292 1669264 2156689088 35.94440 10.89150 0.0007740 1292
1293 1671849 2161700757 35.95831 10.89430 0.0007734 1293
1294 1674436 2166720184 35.97221 10.89711 0.0007728 1294
1295 1677025 2171747375 35.98611 10.89992 0.0007722 1295
1296 1679616 2176782336 36.00000 10.90272 0.0007716 1296
1297 1682209 2181825073 36.01389 10.90553 0.0007710 1297
1298 1684804 2186875592 36.02777 10.90833 0.0007704 1298
1299 1687401 2191933899 36.04164 10.91113 0.0007698 1299
1300 1690000 2197000000 36.05551 10.91393 0.0007692 1300



2960 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 1301 to 1350

No. Square Cube Sq. Root Cube Root Reciprocal No.

1301 1692601 2202073901 36.06938 10.91673 0.0007686 1301
1302 1695204 2207155608 36.08324 10.91952 0.0007680 1302
1303 1697809 2212245127 36.09709 10.92232 0.0007675 1303
1304 1700416 2217342464 36.11094 10.92511 0.0007669 1304
1305 1703025 2222447625 36.12478 10.92790 0.0007663 1305
1306 1705636 2227560616 36.13862 10.93069 0.0007657 1306
1307 1708249 2232681443 36.15245 10.93348 0.0007651 1307
1308 1710864 2237810112 36.16628 10.93627 0.0007645 1308
1309 1713481 2242946629 36.18011 10.93906 0.0007639 1309
1310 1716100 2248091000 36.19392 10.94184 0.0007634 1310
1311 1718721 2253243231 36.20773 10.94463 0.0007628 1311
1312 1721344 2258403328 36.22154 10.94741 0.0007622 1312
1313 1723969 2263571297 36.23534 10.95019 0.0007616 1313
1314 1726596 2268747144 36.24914 10.95297 0.0007610 1314
1315 1729225 2273930875 36.26293 10.95575 0.0007605 1315
1316 1731856 2279122496 36.27671 10.95852 0.0007599 1316
1317 1734489 2284322013 36.29049 10.96130 0.0007593 1317
1318 1737124 2289529432 36.30427 10.96407 0.0007587 1318
1319 1739761 2294744759 36.31804 10.96684 0.0007582 1319
1320 1742400 2299968000 36.33180 10.96961 0.0007576 1320
1321 1745041 2305199161 36.34556 10.97238 0.0007570 1321
1322 1747684 2310438248 36.35932 10.97515 0.0007564 1322
1323 1750329 2315685267 36.37307 10.97792 0.0007559 1323
1324 1752976 2320940224 36.38681 10.98068 0.0007553 1324
1325 1755625 2326203125 36.40055 10.98345 0.0007547 1325
1326 1758276 2331473976 36.41428 10.98621 0.0007541 1326
1327 1760929 2336752783 36.42801 10.98897 0.0007536 1327
1328 1763584 2342039552 36.44173 10.99173 0.0007530 1328
1329 1766241 2347334289 36.45545 10.99449 0.0007524 1329
1330 1768900 2352637000 36.46917 10.99724 0.0007519 1330
1331 1771561 2357947691 36.48287 11.00000 0.0007513 1331
1332 1774224 2363266368 36.49658 11.00275 0.0007508 1332
1333 1776889 2368593037 36.51027 11.00551 0.0007502 1333
1334 1779556 2373927704 36.52396 11.00826 0.0007496 1334
1335 1782225 2379270375 36.53765 11.01101 0.0007491 1335
1336 1784896 2384621056 36.55133 11.01376 0.0007485 1336
1337 1787569 2389979753 36.56501 11.01650 0.0007479 1337
1338 1790244 2395346472 36.57868 11.01925 0.0007474 1338
1339 1792921 2400721219 36.59235 11.02199 0.0007468 1339
1340 1795600 2406104000 36.60601 11.02474 0.0007463 1340
1341 1798281 2411494821 36.61967 11.02748 0.0007457 1341
1342 1800964 2416893688 36.63332 11.03022 0.0007452 1342
1343 1803649 2422300607 36.64696 11.03296 0.0007446 1343
1344 1806336 2427715584 36.66061 11.03570 0.0007440 1344
1345 1809025 2433138625 36.67424 11.03843 0.0007435 1345
1346 1811716 2438569736 36.68787 11.04117 0.0007429 1346
1347 1814409 2444008923 36.70150 11.04390 0.0007424 1347
1348 1817104 2449456192 36.71512 11.04663 0.0007418 1348
1349 1819801 2454911549 36.72874 11.04936 0.0007413 1349
1350 1822500 2460375000 36.74235 11.05209 0.0007407 1350



POWERS, ROOTS, AND RECIPROCALS 2961

Powers, Roots, and Reciprocals From 1351 to 1400

No. Square Cube Sq. Root Cube Root Reciprocal No.

1351 1825201 2465846551 36.75595 11.05482 0.0007402 1351
1352 1827904 2471326208 36.76955 11.05755 0.0007396 1352
1353 1830609 2476813977 36.78315 11.06028 0.0007391 1353
1354 1833316 2482309864 36.79674 11.06300 0.0007386 1354
1355 1836025 2487813875 36.81032 11.06572 0.0007380 1355
1356 1838736 2493326016 36.82391 11.06844 0.0007375 1356
1357 1841449 2498846293 36.83748 11.07116 0.0007369 1357
1358 1844164 2504374712 36.85105 11.07388 0.0007364 1358
1359 1846881 2509911279 36.86462 11.07660 0.0007358 1359
1360 1849600 2515456000 36.87818 11.07932 0.0007353 1360
1361 1852321 2521008881 36.89173 11.08203 0.0007348 1361
1362 1855044 2526569928 36.90528 11.08474 0.0007342 1362
1363 1857769 2532139147 36.91883 11.08746 0.0007337 1363
1364 1860496 2537716544 36.93237 11.09017 0.0007331 1364
1365 1863225 2543302125 36.94591 11.09288 0.0007326 1365
1366 1865956 2548895896 36.95944 11.09559 0.0007321 1366
1367 1868689 2554497863 36.97296 11.09829 0.0007315 1367
1368 1871424 2560108032 36.98648 11.10100 0.0007310 1368
1369 1874161 2565726409 37.00000 11.10370 0.0007305 1369
1370 1876900 2571353000 37.01351 11.10641 0.0007299 1370
1371 1879641 2576987811 37.02702 11.10911 0.0007294 1371
1372 1882384 2582630848 37.04052 11.11181 0.0007289 1372
1373 1885129 2588282117 37.05401 11.11451 0.0007283 1373
1374 1887876 2593941624 37.06751 11.11720 0.0007278 1374
1375 1890625 2599609375 37.08099 11.11990 0.0007273 1375
1376 1893376 2605285376 37.09447 11.12260 0.0007267 1376
1377 1896129 2610969633 37.10795 11.12529 0.0007262 1377
1378 1898884 2616662152 37.12142 11.12798 0.0007257 1378
1379 1901641 2622362939 37.13489 11.13067 0.0007252 1379
1380 1904400 2628072000 37.14835 11.13336 0.0007246 1380
1381 1907161 2633789341 37.16181 11.13605 0.0007241 1381
1382 1909924 2639514968 37.17526 11.13874 0.0007236 1382
1383 1912689 2645248887 37.18871 11.14142 0.0007231 1383
1384 1915456 2650991104 37.20215 11.14411 0.0007225 1384
1385 1918225 2656741625 37.21559 11.14679 0.0007220 1385
1386 1920996 2662500456 37.22902 11.14947 0.0007215 1386
1387 1923769 2668267603 37.24245 11.15216 0.0007210 1387
1388 1926544 2674043072 37.25587 11.15484 0.0007205 1388
1389 1929321 2679826869 37.26929 11.15751 0.0007199 1389
1390 1932100 2685619000 37.28270 11.16019 0.0007194 1390
1391 1934881 2691419471 37.29611 11.16287 0.0007189 1391
1392 1937664 2697228288 37.30952 11.16554 0.0007184 1392
1393 1940449 2703045457 37.32292 11.16821 0.0007179 1393
1394 1943236 2708870984 37.33631 11.17089 0.0007174 1394
1395 1946025 2714704875 37.34970 11.17356 0.0007168 1395
1396 1948816 2720547136 37.36308 11.17623 0.0007163 1396
1397 1951609 2726397773 37.37646 11.17889 0.0007158 1397
1398 1954404 2732256792 37.38984 11.18156 0.0007153 1398
1399 1957201 2738124199 37.40321 11.18423 0.0007148 1399
1400 1960000 2744000000 37.41657 11.18689 0.0007143 1400



2962 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 1401 to 1450

No. Square Cube Sq. Root Cube Root Reciprocal No.

1401 1962801 2749884201 37.42993 11.18955 0.0007138 1401
1402 1965604 2755776808 37.44329 11.19221 0.0007133 1402
1403 1968409 2761677827 37.45664 11.19487 0.0007128 1403
1404 1971216 2767587264 37.46999 11.19753 0.0007123 1404
1405 1974025 2773505125 37.48333 11.20019 0.0007117 1405
1406 1976836 2779431416 37.49667 11.20285 0.0007112 1406
1407 1979649 2785366143 37.51000 11.20550 0.0007107 1407
1408 1982464 2791309312 37.52333 11.20816 0.0007102 1408
1409 1985281 2797260929 37.53665 11.21081 0.0007097 1409
1410 1988100 2803221000 37.54997 11.21346 0.0007092 1410
1411 1990921 2809189531 37.56328 11.21611 0.0007087 1411
1412 1993744 2815166528 37.57659 11.21876 0.0007082 1412
1413 1996569 2821151997 37.58989 11.22141 0.0007077 1413
1414 1999396 2827145944 37.60319 11.22406 0.0007072 1414
1415 2002225 2833148375 37.61649 11.22670 0.0007067 1415
1416 2005056 2839159296 37.62978 11.22934 0.0007062 1416
1417 2007889 2845178713 37.64306 11.23199 0.0007057 1417
1418 2010724 2851206632 37.65634 11.23463 0.0007052 1418
1419 2013561 2857243059 37.66962 11.23727 0.0007047 1419
1420 2016400 2863288000 37.68289 11.23991 0.0007042 1420
1421 2019241 2869341461 37.69615 11.24255 0.0007037 1421
1422 2022084 2875403448 37.70942 11.24518 0.0007032 1422
1423 2024929 2881473967 37.72267 11.24782 0.0007027 1423
1424 2027776 2887553024 37.73592 11.25045 0.0007022 1424
1425 2030625 2893640625 37.74917 11.25309 0.0007018 1425
1426 2033476 2899736776 37.76242 11.25572 0.0007013 1426
1427 2036329 2905841483 37.77565 11.25835 0.0007008 1427
1428 2039184 2911954752 37.78889 11.26098 0.0007003 1428
1429 2042041 2918076589 37.80212 11.26360 0.0006998 1429
1430 2044900 2924207000 37.81534 11.26623 0.0006993 1430
1431 2047761 2930345991 37.82856 11.26886 0.0006988 1431
1432 2050624 2936493568 37.84178 11.27148 0.0006983 1432
1433 2053489 2942649737 37.85499 11.27410 0.0006978 1433
1434 2056356 2948814504 37.86819 11.27673 0.0006974 1434
1435 2059225 2954987875 37.88139 11.27935 0.0006969 1435
1436 2062096 2961169856 37.89459 11.28197 0.0006964 1436
1437 2064969 2967360453 37.90778 11.28458 0.0006959 1437
1438 2067844 2973559672 37.92097 11.28720 0.0006954 1438
1439 2070721 2979767519 37.93415 11.28982 0.0006949 1439
1440 2073600 2985984000 37.94733 11.29243 0.0006944 1440
1441 2076481 2992209121 37.96051 11.29505 0.0006940 1441
1442 2079364 2998442888 37.97368 11.29766 0.0006935 1442
1443 2082249 3004685307 37.98684 11.30027 0.0006930 1443
1444 2085136 3010936384 38.00000 11.30288 0.0006925 1444
1445 2088025 3017196125 38.01316 11.30549 0.0006920 1445
1446 2090916 3023464536 38.02631 11.30809 0.0006916 1446
1447 2093809 3029741623 38.03945 11.31070 0.0006911 1447
1448 2096704 3036027392 38.05260 11.31331 0.0006906 1448
1449 2099601 3042321849 38.06573 11.31591 0.0006901 1449
1450 2102500 3048625000 38.07887 11.31851 0.0006897 1450



POWERS, ROOTS, AND RECIPROCALS 2963

Powers, Roots, and Reciprocals From 1451 to 1500

No. Square Cube Sq. Root Cube Root Reciprocal No.

1451 2105401 3054936851 38.09199 11.32111 0.0006892 1451
1452 2108304 3061257408 38.10512 11.32371 0.0006887 1452
1453 2111209 3067586677 38.11824 11.32631 0.0006882 1453
1454 2114116 3073924664 38.13135 11.32891 0.0006878 1454
1455 2117025 3080271375 38.14446 11.33151 0.0006873 1455
1456 2119936 3086626816 38.15757 11.33410 0.0006868 1456
1457 2122849 3092990993 38.17067 11.33670 0.0006863 1457
1458 2125764 3099363912 38.18377 11.33929 0.0006859 1458
1459 2128681 3105745579 38.19686 11.34188 0.0006854 1459
1460 2131600 3112136000 38.20995 11.34447 0.0006849 1460
1461 2134521 3118535181 38.22303 11.34706 0.0006845 1461
1462 2137444 3124943128 38.23611 11.34965 0.0006840 1462
1463 2140369 3131359847 38.24918 11.35224 0.0006835 1463
1464 2143296 3137785344 38.26225 11.35482 0.0006831 1464
1465 2146225 3144219625 38.27532 11.35741 0.0006826 1465
1466 2149156 3150662696 38.28838 11.35999 0.0006821 1466
1467 2152089 3157114563 38.30144 11.36257 0.0006817 1467
1468 2155024 3163575232 38.31449 11.36515 0.0006812 1468
1469 2157961 3170044709 38.32754 11.36773 0.0006807 1469
1470 2160900 3176523000 38.34058 11.37031 0.0006803 1470
1471 2163841 3183010111 38.35362 11.37289 0.0006798 1471
1472 2166784 3189506048 38.36665 11.37547 0.0006793 1472
1473 2169729 3196010817 38.37968 11.37804 0.0006789 1473
1474 2172676 3202524424 38.39271 11.38062 0.0006784 1474
1475 2175625 3209046875 38.40573 11.38319 0.0006780 1475
1476 2178576 3215578176 38.41875 11.38576 0.0006775 1476
1477 2181529 3222118333 38.43176 11.38833 0.0006770 1477
1478 2184484 3228667352 38.44477 11.39090 0.0006766 1478
1479 2187441 3235225239 38.45777 11.39347 0.0006761 1479
1480 2190400 3241792000 38.47077 11.39604 0.0006757 1480
1481 2193361 3248367641 38.48376 11.39860 0.0006752 1481
1482 2196324 3254952168 38.49675 11.40117 0.0006748 1482
1483 2199289 3261545587 38.50974 11.40373 0.0006743 1483
1484 2202256 3268147904 38.52272 11.40630 0.0006739 1484
1485 2205225 3274759125 38.53570 11.40886 0.0006734 1485
1486 2208196 3281379256 38.54867 11.41142 0.0006729 1486
1487 2211169 3288008303 38.56164 11.41398 0.0006725 1487
1488 2214144 3294646272 38.57460 11.41653 0.0006720 1488
1489 2217121 3301293169 38.58756 11.41909 0.0006716 1489
1490 2220100 3307949000 38.60052 11.42165 0.0006711 1490
1491 2223081 3314613771 38.61347 11.42420 0.0006707 1491
1492 2226064 3321287488 38.62642 11.42676 0.0006702 1492
1493 2229049 3327970157 38.63936 11.42931 0.0006698 1493
1494 2232036 3334661784 38.65230 11.43186 0.0006693 1494
1495 2235025 3341362375 38.66523 11.43441 0.0006689 1495
1496 2238016 3348071936 38.67816 11.43696 0.0006684 1496
1497 2241009 3354790473 38.69108 11.43951 0.0006680 1497
1498 2244004 3361517992 38.70400 11.44205 0.0006676 1498
1499 2247001 3368254499 38.71692 11.44460 0.0006671 1499
1500 2250000 3375000000 38.72983 11.44714 0.0006667 1500



2964 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 1501 to 1550

No. Square Cube Sq. Root Cube Root Reciprocal No.

1501 2253001 3381754501 38.74274 11.44969 0.0006662 1501
1502 2256004 3388518008 38.75564 11.45223 0.0006658 1502
1503 2259009 3395290527 38.76854 11.45477 0.0006653 1503
1504 2262016 3402072064 38.78144 11.45731 0.0006649 1504
1505 2265025 3408862625 38.79433 11.45985 0.0006645 1505
1506 2268036 3415662216 38.80722 11.46238 0.0006640 1506
1507 2271049 3422470843 38.82010 11.46492 0.0006636 1507
1508 2274064 3429288512 38.83298 11.46746 0.0006631 1508
1509 2277081 3436115229 38.84585 11.46999 0.0006627 1509
1510 2280100 3442951000 38.85872 11.47252 0.0006623 1510
1511 2283121 3449795831 38.87158 11.47506 0.0006618 1511
1512 2286144 3456649728 38.88444 11.47759 0.0006614 1512
1513 2289169 3463512697 38.89730 11.48012 0.0006609 1513
1514 2292196 3470384744 38.91015 11.48265 0.0006605 1514
1515 2295225 3477265875 38.92300 11.48517 0.0006601 1515
1516 2298256 3484156096 38.93584 11.48770 0.0006596 1516
1517 2301289 3491055413 38.94868 11.49022 0.0006592 1517
1518 2304324 3497963832 38.96152 11.49275 0.0006588 1518
1519 2307361 3504881359 38.97435 11.49527 0.0006583 1519
1520 2310400 3511808000 38.98718 11.49779 0.0006579 1520
1521 2313441 3518743761 39.00000 11.50032 0.0006575 1521
1522 2316484 3525688648 39.01282 11.50283 0.0006570 1522
1523 2319529 3532642667 39.02563 11.50535 0.0006566 1523
1524 2322576 3539605824 39.03844 11.50787 0.0006562 1524
1525 2325625 3546578125 39.05125 11.51039 0.0006557 1525
1526 2328676 3553559576 39.06405 11.51290 0.0006553 1526
1527 2331729 3560550183 39.07685 11.51542 0.0006549 1527
1528 2334784 3567549952 39.08964 11.51793 0.0006545 1528
1529 2337841 3574558889 39.10243 11.52044 0.0006540 1529
1530 2340900 3581577000 39.11521 11.52295 0.0006536 1530
1531 2343961 3588604291 39.12800 11.52546 0.0006532 1531
1532 2347024 3595640768 39.14077 11.52797 0.0006527 1532
1533 2350089 3602686437 39.15354 11.53048 0.0006523 1533
1534 2353156 3609741304 39.16631 11.53299 0.0006519 1534
1535 2356225 3616805375 39.17908 11.53549 0.0006515 1535
1536 2359296 3623878656 39.19184 11.53800 0.0006510 1536
1537 2362369 3630961153 39.20459 11.54050 0.0006506 1537
1538 2365444 3638052872 39.21734 11.54300 0.0006502 1538
1539 2368521 3645153819 39.23009 11.54550 0.0006498 1539
1540 2371600 3652264000 39.24283 11.54800 0.0006494 1540
1541 2374681 3659383421 39.25557 11.55050 0.0006489 1541
1542 2377764 3666512088 39.26831 11.55300 0.0006485 1542
1543 2380849 3673650007 39.28104 11.55550 0.0006481 1543
1544 2383936 3680797184 39.29377 11.55799 0.0006477 1544
1545 2387025 3687953625 39.30649 11.56049 0.0006472 1545
1546 2390116 3695119336 39.31921 11.56298 0.0006468 1546
1547 2393209 3702294323 39.33192 11.56547 0.0006464 1547
1548 2396304 3709478592 39.34463 11.56797 0.0006460 1548
1549 2399401 3716672149 39.35734 11.57046 0.0006456 1549
1550 2402500 3723875000 39.37004 11.57295 0.0006452 1550



POWERS, ROOTS, AND RECIPROCALS 2965

Powers, Roots, and Reciprocals From 1551 to 1600

No. Square Cube Sq. Root Cube Root Reciprocal No.

1551 2405601 3731087151 39.38274 11.57543 0.0006447 1551
1552 2408704 3738308608 39.39543 11.57792 0.0006443 1552
1553 2411809 3745539377 39.40812 11.58041 0.0006439 1553
1554 2414916 3752779464 39.42081 11.58289 0.0006435 1554
1555 2418025 3760028875 39.43349 11.58538 0.0006431 1555
1556 2421136 3767287616 39.44617 11.58786 0.0006427 1556
1557 2424249 3774555693 39.45884 11.59034 0.0006423 1557
1558 2427364 3781833112 39.47151 11.59282 0.0006418 1558
1559 2430481 3789119879 39.48417 11.59530 0.0006414 1559
1560 2433600 3796416000 39.49684 11.59778 0.0006410 1560
1561 2436721 3803721481 39.50949 11.60026 0.0006406 1561
1562 2439844 3811036328 39.52215 11.60273 0.0006402 1562
1563 2442969 3818360547 39.53479 11.60521 0.0006398 1563
1564 2446096 3825694144 39.54744 11.60768 0.0006394 1564
1565 2449225 3833037125 39.56008 11.61016 0.0006390 1565
1566 2452356 3840389496 39.57272 11.61263 0.0006386 1566
1567 2455489 3847751263 39.58535 11.61510 0.0006382 1567
1568 2458624 3855122432 39.59798 11.61757 0.0006378 1568
1569 2461761 3862503009 39.61060 11.62004 0.0006373 1569
1570 2464900 3869893000 39.62323 11.62251 0.0006369 1570
1571 2468041 3877292411 39.63584 11.62498 0.0006365 1571
1572 2471184 3884701248 39.64846 11.62744 0.0006361 1572
1573 2474329 3892119517 39.66106 11.62991 0.0006357 1573
1574 2477476 3899547224 39.67367 11.63237 0.0006353 1574
1575 2480625 3906984375 39.68627 11.63483 0.0006349 1575
1576 2483776 3914430976 39.69887 11.63730 0.0006345 1576
1577 2486929 3921887033 39.71146 11.63976 0.0006341 1577
1578 2490084 3929352552 39.72405 11.64222 0.0006337 1578
1579 2493241 3936827539 39.73663 11.64468 0.0006333 1579
1580 2496400 3944312000 39.74921 11.64713 0.0006329 1580
1581 2499561 3951805941 39.76179 11.64959 0.0006325 1581
1582 2502724 3959309368 39.77436 11.65205 0.0006321 1582
1583 2505889 3966822287 39.78693 11.65450 0.0006317 1583
1584 2509056 3974344704 39.79950 11.65695 0.0006313 1584
1585 2512225 3981876625 39.81206 11.65941 0.0006309 1585
1586 2515396 3989418056 39.82462 11.66186 0.0006305 1586
1587 2518569 3996969003 39.83717 11.66431 0.0006301 1587
1588 2521744 4004529472 39.84972 11.66676 0.0006297 1588
1589 2524921 4012099469 39.86226 11.66921 0.0006293 1589
1590 2528100 4019679000 39.87480 11.67165 0.0006289 1590
1591 2531281 4027268071 39.88734 11.67410 0.0006285 1591
1592 2534464 4034866688 39.89987 11.67654 0.0006281 1592
1593 2537649 4042474857 39.91240 11.67899 0.0006277 1593
1594 2540836 4050092584 39.92493 11.68143 0.0006274 1594
1595 2544025 4057719875 39.93745 11.68387 0.0006270 1595
1596 2547216 4065356736 39.94997 11.68632 0.0006266 1596
1597 2550409 4073003173 39.96248 11.68876 0.0006262 1597
1598 2553604 4080659192 39.97499 11.69120 0.0006258 1598
1599 2556801 4088324799 39.98750 11.69363 0.0006254 1599
1600 2560000 4096000000 40.00000 11.69607 0.0006250 1600



2966 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 1601 to 1650

No. Square Cube Sq. Root Cube Root Reciprocal No.

1601 2563201 4103684801 40.01250 11.69851 0.0006246 1601
1602 2566404 4111379208 40.02499 11.70094 0.0006242 1602
1603 2569609 4119083227 40.03748 11.70338 0.0006238 1603
1604 2572816 4126796864 40.04997 11.70581 0.0006234 1604
1605 2576025 4134520125 40.06245 11.70824 0.0006231 1605
1606 2579236 4142253016 40.07493 11.71067 0.0006227 1606
1607 2582449 4149995543 40.08740 11.71310 0.0006223 1607
1608 2585664 4157747712 40.09988 11.71553 0.0006219 1608
1609 2588881 4165509529 40.11234 11.71796 0.0006215 1609
1610 2592100 4173281000 40.12481 11.72039 0.0006211 1610
1611 2595321 4181062131 40.13726 11.72281 0.0006207 1611
1612 2598544 4188852928 40.14972 11.72524 0.0006203 1612
1613 2601769 4196653397 40.16217 11.72766 0.0006200 1613
1614 2604996 4204463544 40.17462 11.73009 0.0006196 1614
1615 2608225 4212283375 40.18706 11.73251 0.0006192 1615
1616 2611456 4220112896 40.19950 11.73493 0.0006188 1616
1617 2614689 4227952113 40.21194 11.73735 0.0006184 1617
1618 2617924 4235801032 40.22437 11.73977 0.0006180 1618
1619 2621161 4243659659 40.23680 11.74219 0.0006177 1619
1620 2624400 4251528000 40.24922 11.74460 0.0006173 1620
1621 2627641 4259406061 40.26164 11.74702 0.0006169 1621
1622 2630884 4267293848 40.27406 11.74943 0.0006165 1622
1623 2634129 4275191367 40.28647 11.75185 0.0006161 1623
1624 2637376 4283098624 40.29888 11.75426 0.0006158 1624
1625 2640625 4291015625 40.31129 11.75667 0.0006154 1625
1626 2643876 4298942376 40.32369 11.75908 0.0006150 1626
1627 2647129 4306878883 40.33609 11.76149 0.0006146 1627
1628 2650384 4314825152 40.34848 11.76390 0.0006143 1628
1629 2653641 4322781189 40.36087 11.76631 0.0006139 1629
1630 2656900 4330747000 40.37326 11.76872 0.0006135 1630
1631 2660161 4338722591 40.38564 11.77113 0.0006131 1631
1632 2663424 4346707968 40.39802 11.77353 0.0006127 1632
1633 2666689 4354703137 40.41039 11.77593 0.0006124 1633
1634 2669956 4362708104 40.42277 11.77834 0.0006120 1634
1635 2673225 4370722875 40.43513 11.78074 0.0006116 1635
1636 2676496 4378747456 40.44750 11.78314 0.0006112 1636
1637 2679769 4386781853 40.45986 11.78554 0.0006109 1637
1638 2683044 4394826072 40.47221 11.78794 0.0006105 1638
1639 2686321 4402880119 40.48456 11.79034 0.0006101 1639
1640 2689600 4410944000 40.49691 11.79274 0.0006098 1640
1641 2692881 4419017721 40.50926 11.79513 0.0006094 1641
1642 2696164 4427101288 40.52160 11.79753 0.0006090 1642
1643 2699449 4435194707 40.53394 11.79992 0.0006086 1643
1644 2702736 4443297984 40.54627 11.80232 0.0006083 1644
1645 2706025 4451411125 40.55860 11.80471 0.0006079 1645
1646 2709316 4459534136 40.57093 11.80710 0.0006075 1646
1647 2712609 4467667023 40.58325 11.80949 0.0006072 1647
1648 2715904 4475809792 40.59557 11.81188 0.0006068 1648
1649 2719201 4483962449 40.60788 11.81427 0.0006064 1649
1650 2722500 4492125000 40.62019 11.81666 0.0006061 1650



POWERS, ROOTS, AND RECIPROCALS 2967

Powers, Roots, and Reciprocals From 1651 to 1700

No. Square Cube Sq. Root Cube Root Reciprocal No.

1651 2725801 4500297451 40.63250 11.81904 0.0006057 1651
1652 2729104 4508479808 40.64480 11.82143 0.0006053 1652
1653 2732409 4516672077 40.65710 11.82381 0.0006050 1653
1654 2735716 4524874264 40.66940 11.82620 0.0006046 1654
1655 2739025 4533086375 40.68169 11.82858 0.0006042 1655
1656 2742336 4541308416 40.69398 11.83096 0.0006039 1656
1657 2745649 4549540393 40.70626 11.83334 0.0006035 1657
1658 2748964 4557782312 40.71855 11.83572 0.0006031 1658
1659 2752281 4566034179 40.73082 11.83810 0.0006028 1659
1660 2755600 4574296000 40.74310 11.84048 0.0006024 1660
1661 2758921 4582567781 40.75537 11.84286 0.0006020 1661
1662 2762244 4590849528 40.76763 11.84523 0.0006017 1662
1663 2765569 4599141247 40.77990 11.84761 0.0006013 1663
1664 2768896 4607442944 40.79216 11.84998 0.0006010 1664
1665 2772225 4615754625 40.80441 11.85236 0.0006006 1665
1666 2775556 4624076296 40.81666 11.85473 0.0006002 1666
1667 2778889 4632407963 40.82891 11.85710 0.0005999 1667
1668 2782224 4640749632 40.84116 11.85947 0.0005995 1668
1669 2785561 4649101309 40.85340 11.86184 0.0005992 1669
1670 2788900 4657463000 40.86563 11.86421 0.0005988 1670
1671 2792241 4665834711 40.87787 11.86658 0.0005984 1671
1672 2795584 4674216448 40.89010 11.86894 0.0005981 1672
1673 2798929 4682608217 40.90232 11.87131 0.0005977 1673
1674 2802276 4691010024 40.91455 11.87367 0.0005974 1674
1675 2805625 4699421875 40.92676 11.87604 0.0005970 1675
1676 2808976 4707843776 40.93898 11.87840 0.0005967 1676
1677 2812329 4716275733 40.95119 11.88076 0.0005963 1677
1678 2815684 4724717752 40.96340 11.88312 0.0005959 1678
1679 2819041 4733169839 40.97560 11.88548 0.0005956 1679
1680 2822400 4741632000 40.98780 11.88784 0.0005952 1680
1681 2825761 4750104241 41.00000 11.89020 0.0005949 1681
1682 2829124 4758586568 41.01219 11.89256 0.0005945 1682
1683 2832489 4767078987 41.02438 11.89492 0.0005942 1683
1684 2835856 4775581504 41.03657 11.89727 0.0005938 1684
1685 2839225 4784094125 41.04875 11.89963 0.0005935 1685
1686 2842596 4792616856 41.06093 11.90198 0.0005931 1686
1687 2845969 4801149703 41.07311 11.90433 0.0005928 1687
1688 2849344 4809692672 41.08528 11.90668 0.0005924 1688
1689 2852721 4818245769 41.09745 11.90903 0.0005921 1689
1690 2856100 4826809000 41.10961 11.91138 0.0005917 1690
1691 2859481 4835382371 41.12177 11.91373 0.0005914 1691
1692 2862864 4843965888 41.13393 11.91608 0.0005910 1692
1693 2866249 4852559557 41.14608 11.91843 0.0005907 1693
1694 2869636 4861163384 41.15823 11.92077 0.0005903 1694
1695 2873025 4869777375 41.17038 11.92312 0.0005900 1695
1696 2876416 4878401536 41.18252 11.92546 0.0005896 1696
1697 2879809 4887035873 41.19466 11.92781 0.0005893 1697
1698 2883204 4895680392 41.20680 11.93015 0.0005889 1698
1699 2886601 4904335099 41.21893 11.93249 0.0005886 1699
1700 2890000 4913000000 41.23106 11.93483 0.0005882 1700



2968 POWERS, ROOTS, AND RECIPROCALS

Powers, Roots, and Reciprocals From 1701 to 1750

No. Square Cube Sq. Root Cube Root Reciprocal No.

1701 2893401 4921675101 41.24318 11.93717 0.0005879 1701
1702 2896804 4930360408 41.25530 11.93951 0.0005875 1702
1703 2900209 4939055927 41.26742 11.94185 0.0005872 1703
1704 2903616 4947761664 41.27953 11.94419 0.0005869 1704
1705 2907025 4956477625 41.29165 11.94652 0.0005865 1705
1706 2910436 4965203816 41.30375 11.94886 0.0005862 1706
1707 2913849 4973940243 41.31586 11.95119 0.0005858 1707
1708 2917264 4982686912 41.32796 11.95352 0.0005855 1708
1709 2920681 4991443829 41.34005 11.95586 0.0005851 1709
1710 2924100 5000211000 41.35215 11.95819 0.0005848 1710
1711 2927521 5008988431 41.36424 11.96052 0.0005845 1711
1712 2930944 5017776128 41.37632 11.96285 0.0005841 1712
1713 2934369 5026574097 41.38840 11.96518 0.0005838 1713
1714 2937796 5035382344 41.40048 11.96750 0.0005834 1714
1715 2941225 5044200875 41.41256 11.96983 0.0005831 1715
1716 2944656 5053029696 41.42463 11.97216 0.0005828 1716
1717 2948089 5061868813 41.43670 11.97448 0.0005824 1717
1718 2951524 5070718232 41.44876 11.97681 0.0005821 1718
1719 2954961 5079577959 41.46082 11.97913 0.0005817 1719
1720 2958400 5088448000 41.47288 11.98145 0.0005814 1720
1721 2961841 5097328361 41.48494 11.98377 0.0005811 1721
1722 2965284 5106219048 41.49699 11.98610 0.0005807 1722
1723 2968729 5115120067 41.50904 11.98841 0.0005804 1723
1724 2972176 5124031424 41.52108 11.99073 0.0005800 1724
1725 2975625 5132953125 41.53312 11.99305 0.0005797 1725
1726 2979076 5141885176 41.54516 11.99537 0.0005794 1726
1727 2982529 5150827583 41.55719 11.99768 0.0005790 1727
1728 2985984 5159780352 41.56922 12.00000 0.0005787 1728
1729 2989441 5168743489 41.58125 12.00231 0.0005784 1729
1730 2992900 5177717000 41.59327 12.00463 0.0005780 1730
1731 2996361 5186700891 41.60529 12.00694 0.0005777 1731
1732 2999824 5195695168 41.61730 12.00925 0.0005774 1732
1733 3003289 5204699837 41.62932 12.01156 0.0005770 1733
1734 3006756 5213714904 41.64133 12.01387 0.0005767 1734
1735 3010225 5222740375 41.65333 12.01618 0.0005764 1735
1736 3013696 5231776256 41.66533 12.01849 0.0005760 1736
1737 3017169 5240822553 41.67733 12.02080 0.0005757 1737
1738 3020644 5249879272 41.68933 12.02310 0.0005754 1738
1739 3024121 5258946419 41.70132 12.02541 0.0005750 1739
1740 3027600 5268024000 41.71331 12.02771 0.0005747 1740
1741 3031081 5277112021 41.72529 12.03002 0.0005744 1741
1742 3034564 5286210488 41.73727 12.03232 0.0005741 1742
1743 3038049 5295319407 41.74925 12.03462 0.0005737 1743
1744 3041536 5304438784 41.76123 12.03692 0.0005734 1744
1745 3045025 5313568625 41.77320 12.03922 0.0005731 1745
1746 3048516 5322708936 41.78516 12.04152 0.0005727 1746
1747 3052009 5331859723 41.79713 12.04382 0.0005724 1747
1748 3055504 5341020992 41.80909 12.04612 0.0005721 1748
1749 3059001 5350192749 41.82105 12.04842 0.0005718 1749
1750 3062500 5359375000 41.83300 12.05071 0.0005714 1750



POWERS, ROOTS, AND RECIPROCALS 2969

Powers, Roots, and Reciprocals From 1751 to 1800

No. Square Cube Sq. Root Cube Root Reciprocal No.

1751 3066001 5368567751 41.84495 12.05301 0.0005711 1751
1752 3069504 5377771008 41.85690 12.05530 0.0005708 1752
1753 3073009 5386984777 41.86884 12.05759 0.0005705 1753
1754 3076516 5396209064 41.88078 12.05989 0.0005701 1754
1755 3080025 5405443875 41.89272 12.06218 0.0005698 1755
1756 3083536 5414689216 41.90465 12.06447 0.0005695 1756
1757 3087049 5423945093 41.91658 12.06676 0.0005692 1757
1758 3090564 5433211512 41.92851 12.06905 0.0005688 1758
1759 3094081 5442488479 41.94043 12.07133 0.0005685 1759
1760 3097600 5451776000 41.95235 12.07362 0.0005682 1760
1761 3101121 5461074081 41.96427 12.07591 0.0005679 1761
1762 3104644 5470382728 41.97618 12.07819 0.0005675 1762
1763 3108169 5479701947 41.98809 12.08048 0.0005672 1763
1764 3111696 5489031744 42.00000 12.08276 0.0005669 1764
1765 3115225 5498372125 42.01190 12.08504 0.0005666 1765
1766 3118756 5507723096 42.02380 12.08733 0.0005663 1766
1767 3122289 5517084663 42.03570 12.08961 0.0005659 1767
1768 3125824 5526456832 42.04759 12.09189 0.0005656 1768
1769 3129361 5535839609 42.05948 12.09417 0.0005653 1769
1770 3132900 5545233000 42.07137 12.09645 0.0005650 1770
1771 3136441 5554637011 42.08325 12.09872 0.0005647 1771
1772 3139984 5564051648 42.09513 12.10100 0.0005643 1772
1773 3143529 5573476917 42.10701 12.10328 0.0005640 1773
1774 3147076 5582912824 42.11888 12.10555 0.0005637 1774
1775 3150625 5592359375 42.13075 12.10782 0.0005634 1775
1776 3154176 5601816576 42.14262 12.11010 0.0005631 1776
1777 3157729 5611284433 42.15448 12.11237 0.0005627 1777
1778 3161284 5620762952 42.16634 12.11464 0.0005624 1778
1779 3164841 5630252139 42.17819 12.11691 0.0005621 1779
1780 3168400 5639752000 42.19005 12.11918 0.0005618 1780
1781 3171961 5649262541 42.20190 12.12145 0.0005615 1781
1782 3175524 5658783768 42.21374 12.12372 0.0005612 1782
1783 3179089 5668315687 42.22558 12.12599 0.0005609 1783
1784 3182656 5677858304 42.23742 12.12825 0.0005605 1784
1785 3186225 5687411625 42.24926 12.13052 0.0005602 1785
1786 3189796 5696975656 42.26109 12.13278 0.0005599 1786
1787 3193369 5706550403 42.27292 12.13505 0.0005596 1787
1788 3196944 5716135872 42.28475 12.13731 0.0005593 1788
1789 3200521 5725732069 42.29657 12.13957 0.0005590 1789
1790 3204100 5735339000 42.30839 12.14184 0.0005587 1790
1791 3207681 5744956671 42.32021 12.14410 0.0005583 1791
1792 3211264 5754585088 42.33202 12.14636 0.0005580 1792
1793 3214849 5764224257 42.34383 12.14861 0.0005577 1793
1794 3218436 5773874184 42.35564 12.15087 0.0005574 1794
1795 3222025 5783534875 42.36744 12.15313 0.0005571 1795
1796 3225616 5793206336 42.37924 12.15539 0.0005568 1796
1797 3229209 5802888573 42.39104 12.15764 0.0005565 1797
1798 3232804 5812581592 42.40283 12.15990 0.0005562 1798
1799 3236401 5822285399 42.41462 12.16215 0.0005559 1799
1800 3240000 5832000000 42.42641 12.16440 0.0005556 1800
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Powers, Roots, and Reciprocals From 1801 to 1850

No. Square Cube Sq. Root Cube Root Reciprocal No.

1801 3243601 5841725401 42.43819 12.16666 0.0005552 1801
1802 3247204 5851461608 42.44997 12.16891 0.0005549 1802
1803 3250809 5861208627 42.46175 12.17116 0.0005546 1803
1804 3254416 5870966464 42.47352 12.17341 0.0005543 1804
1805 3258025 5880735125 42.48529 12.17566 0.0005540 1805
1806 3261636 5890514616 42.49706 12.17791 0.0005537 1806
1807 3265249 5900304943 42.50882 12.18015 0.0005534 1807
1808 3268864 5910106112 42.52058 12.18240 0.0005531 1808
1809 3272481 5919918129 42.53234 12.18464 0.0005528 1809
1810 3276100 5929741000 42.54409 12.18689 0.0005525 1810
1811 3279721 5939574731 42.55585 12.18913 0.0005522 1811
1812 3283344 5949419328 42.56759 12.19138 0.0005519 1812
1813 3286969 5959274797 42.57934 12.19362 0.0005516 1813
1814 3290596 5969141144 42.59108 12.19586 0.0005513 1814
1815 3294225 5979018375 42.60282 12.19810 0.0005510 1815
1816 3297856 5988906496 42.61455 12.20034 0.0005507 1816
1817 3301489 5998805513 42.62628 12.20258 0.0005504 1817
1818 3305124 6008715432 42.63801 12.20482 0.0005501 1818
1819 3308761 6018636259 42.64974 12.20705 0.0005498 1819
1820 3312400 6028568000 42.66146 12.20929 0.0005495 1820
1821 3316041 6038510661 42.67318 12.21153 0.0005491 1821
1822 3319684 6048464248 42.68489 12.21376 0.0005488 1822
1823 3323329 6058428767 42.69660 12.21600 0.0005485 1823
1824 3326976 6068404224 42.70831 12.21823 0.0005482 1824
1825 3330625 6078390625 42.72002 12.22046 0.0005479 1825
1826 3334276 6088387976 42.73172 12.22269 0.0005476 1826
1827 3337929 6098396283 42.74342 12.22492 0.0005473 1827
1828 3341584 6108415552 42.75512 12.22715 0.0005470 1828
1829 3345241 6118445789 42.76681 12.22938 0.0005467 1829
1830 3348900 6128487000 42.77850 12.23161 0.0005464 1830
1831 3352561 6138539191 42.79019 12.23384 0.0005461 1831
1832 3356224 6148602368 42.80187 12.23607 0.0005459 1832
1833 3359889 6158676537 42.81355 12.23829 0.0005456 1833
1834 3363556 6168761704 42.82523 12.24052 0.0005453 1834
1835 3367225 6178857875 42.83690 12.24274 0.0005450 1835
1836 3370896 6188965056 42.84857 12.24497 0.0005447 1836
1837 3374569 6199083253 42.86024 12.24719 0.0005444 1837
1838 3378244 6209212472 42.87190 12.24941 0.0005441 1838
1839 3381921 6219352719 42.88356 12.25163 0.0005438 1839
1840 3385600 6229504000 42.89522 12.25385 0.0005435 1840
1841 3389281 6239666321 42.90688 12.25607 0.0005432 1841
1842 3392964 6249839688 42.91853 12.25829 0.0005429 1842
1843 3396649 6260024107 42.93018 12.26051 0.0005426 1843
1844 3400336 6270219584 42.94182 12.26272 0.0005423 1844
1845 3404025 6280426125 42.95346 12.26494 0.0005420 1845
1846 3407716 6290643736 42.96510 12.26716 0.0005417 1846
1847 3411409 6300872423 42.97674 12.26937 0.0005414 1847
1848 3415104 6311112192 42.98837 12.27158 0.0005411 1848
1849 3418801 6321363049 43.00000 12.27380 0.0005408 1849
1850 3422500 6331625000 43.01163 12.27601 0.0005405 1850
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Powers, Roots, and Reciprocals From 1851 to 1900

No. Square Cube Sq. Root Cube Root Reciprocal No.

1851 3426201 6341898051 43.02325 12.27822 0.0005402 1851
1852 3429904 6352182208 43.03487 12.28043 0.0005400 1852
1853 3433609 6362477477 43.04649 12.28264 0.0005397 1853
1854 3437316 6372783864 43.05810 12.28485 0.0005394 1854
1855 3441025 6383101375 43.06971 12.28706 0.0005391 1855
1856 3444736 6393430016 43.08132 12.28927 0.0005388 1856
1857 3448449 6403769793 43.09292 12.29147 0.0005385 1857
1858 3452164 6414120712 43.10452 12.29368 0.0005382 1858
1859 3455881 6424482779 43.11612 12.29589 0.0005379 1859
1860 3459600 6434856000 43.12772 12.29809 0.0005376 1860
1861 3463321 6445240381 43.13931 12.30029 0.0005373 1861
1862 3467044 6455635928 43.15090 12.30250 0.0005371 1862
1863 3470769 6466042647 43.16248 12.30470 0.0005368 1863
1864 3474496 6476460544 43.17407 12.30690 0.0005365 1864
1865 3478225 6486889625 43.18565 12.30910 0.0005362 1865
1866 3481956 6497329896 43.19722 12.31130 0.0005359 1866
1867 3485689 6507781363 43.20880 12.31350 0.0005356 1867
1868 3489424 6518244032 43.22037 12.31570 0.0005353 1868
1869 3493161 6528717909 43.23193 12.31789 0.0005350 1869
1870 3496900 6539203000 43.24350 12.32009 0.0005348 1870
1871 3500641 6549699311 43.25506 12.32229 0.0005345 1871
1872 3504384 6560206848 43.26662 12.32448 0.0005342 1872
1873 3508129 6570725617 43.27817 12.32667 0.0005339 1873
1874 3511876 6581255624 43.28972 12.32887 0.0005336 1874
1875 3515625 6591796875 43.30127 12.33106 0.0005333 1875
1876 3519376 6602349376 43.31282 12.33325 0.0005330 1876
1877 3523129 6612913133 43.32436 12.33544 0.0005328 1877
1878 3526884 6623488152 43.33590 12.33763 0.0005325 1878
1879 3530641 6634074439 43.34743 12.33982 0.0005322 1879
1880 3534400 6644672000 43.35897 12.34201 0.0005319 1880
1881 3538161 6655280841 43.37050 12.34420 0.0005316 1881
1882 3541924 6665900968 43.38202 12.34639 0.0005313 1882
1883 3545689 6676532387 43.39355 12.34857 0.0005311 1883
1884 3549456 6687175104 43.40507 12.35076 0.0005308 1884
1885 3553225 6697829125 43.41659 12.35294 0.0005305 1885
1886 3556996 6708494456 43.42810 12.35513 0.0005302 1886
1887 3560769 6719171103 43.43961 12.35731 0.0005299 1887
1888 3564544 6729859072 43.45112 12.35949 0.0005297 1888
1889 3568321 6740558369 43.46263 12.36167 0.0005294 1889
1890 3572100 6751269000 43.47413 12.36386 0.0005291 1890
1891 3575881 6761990971 43.48563 12.36604 0.0005288 1891
1892 3579664 6772724288 43.49713 12.36822 0.0005285 1892
1893 3583449 6783468957 43.50862 12.37039 0.0005283 1893
1894 3587236 6794224984 43.52011 12.37257 0.0005280 1894
1895 3591025 6804992375 43.53160 12.37475 0.0005277 1895
1896 3594816 6815771136 43.54308 12.37693 0.0005274 1896
1897 3598609 6826561273 43.55456 12.37910 0.0005271 1897
1898 3602404 6837362792 43.56604 12.38128 0.0005269 1898
1899 3606201 6848175699 43.57752 12.38345 0.0005266 1899
1900 3610000 6859000000 43.58899 12.38562 0.0005263 1900
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Powers, Roots, and Reciprocals From 1901 to 1950

No. Square Cube Sq. Root Cube Root Reciprocal No.

1901 3613801 6869835701 43.60046 12.38780 0.0005260 1901
1902 3617604 6880682808 43.61192 12.38997 0.0005258 1902
1903 3621409 6891541327 43.62339 12.39214 0.0005255 1903
1904 3625216 6902411264 43.63485 12.39431 0.0005252 1904
1905 3629025 6913292625 43.64631 12.39648 0.0005249 1905
1906 3632836 6924185416 43.65776 12.39865 0.0005247 1906
1907 3636649 6935089643 43.66921 12.40082 0.0005244 1907
1908 3640464 6946005312 43.68066 12.40298 0.0005241 1908
1909 3644281 6956932429 43.69210 12.40515 0.0005238 1909
1910 3648100 6967871000 43.70355 12.40731 0.0005236 1910
1911 3651921 6978821031 43.71499 12.40948 0.0005233 1911
1912 3655744 6989782528 43.72642 12.41164 0.0005230 1912
1913 3659569 7000755497 43.73786 12.41381 0.0005227 1913
1914 3663396 7011739944 43.74929 12.41597 0.0005225 1914
1915 3667225 7022735875 43.76071 12.41813 0.0005222 1915
1916 3671056 7033743296 43.77214 12.42029 0.0005219 1916
1917 3674889 7044762213 43.78356 12.42245 0.0005216 1917
1918 3678724 7055792632 43.79498 12.42461 0.0005214 1918
1919 3682561 7066834559 43.80639 12.42677 0.0005211 1919
1920 3686400 7077888000 43.81780 12.42893 0.0005208 1920
1921 3690241 7088952961 43.82921 12.43109 0.0005206 1921
1922 3694084 7100029448 43.84062 12.43324 0.0005203 1922
1923 3697929 7111117467 43.85202 12.43540 0.0005200 1923
1924 3701776 7122217024 43.86342 12.43756 0.0005198 1924
1925 3705625 7133328125 43.87482 12.43971 0.0005195 1925
1926 3709476 7144450776 43.88622 12.44186 0.0005192 1926
1927 3713329 7155584983 43.89761 12.44402 0.0005189 1927
1928 3717184 7166730752 43.90900 12.44617 0.0005187 1928
1929 3721041 7177888089 43.92038 12.44832 0.0005184 1929
1930 3724900 7189057000 43.93177 12.45047 0.0005181 1930
1931 3728761 7200237491 43.94315 12.45262 0.0005179 1931
1932 3732624 7211429568 43.95452 12.45477 0.0005176 1932
1933 3736489 7222633237 43.96590 12.45692 0.0005173 1933
1934 3740356 7233848504 43.97727 12.45907 0.0005171 1934
1935 3744225 7245075375 43.98863 12.46121 0.0005168 1935
1936 3748096 7256313856 44.00000 12.46336 0.0005165 1936
1937 3751969 7267563953 44.01136 12.46550 0.0005163 1937
1938 3755844 7278825672 44.02272 12.46765 0.0005160 1938
1939 3759721 7290099019 44.03408 12.46979 0.0005157 1939
1940 3763600 7301384000 44.04543 12.47194 0.0005155 1940
1941 3767481 7312680621 44.05678 12.47408 0.0005152 1941
1942 3771364 7323988888 44.06813 12.47622 0.0005149 1942
1943 3775249 7335308807 44.07947 12.47836 0.0005147 1943
1944 3779136 7346640384 44.09082 12.48050 0.0005144 1944
1945 3783025 7357983625 44.10215 12.48264 0.0005141 1945
1946 3786916 7369338536 44.11349 12.48478 0.0005139 1946
1947 3790809 7380705123 44.12482 12.48692 0.0005136 1947
1948 3794704 7392083392 44.13615 12.48906 0.0005133 1948
1949 3798601 7403473349 44.14748 12.49119 0.0005131 1949
1950 3802500 7414875000 44.15880 12.49333 0.0005128 1950
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Powers, Roots, and Reciprocals From 1951 to 2000

No. Square Cube Sq. Root Cube Root Reciprocal No.

1951 3806401 7426288351 44.17013 12.49547 0.0005126 1951
1952 3810304 7437713408 44.18144 12.49760 0.0005123 1952
1953 3814209 7449150177 44.19276 12.49973 0.0005120 1953
1954 3818116 7460598664 44.20407 12.50187 0.0005118 1954
1955 3822025 7472058875 44.21538 12.50400 0.0005115 1955
1956 3825936 7483530816 44.22669 12.50613 0.0005112 1956
1957 3829849 7495014493 44.23799 12.50826 0.0005110 1957
1958 3833764 7506509912 44.24929 12.51039 0.0005107 1958
1959 3837681 7518017079 44.26059 12.51252 0.0005105 1959
1960 3841600 7529536000 44.27189 12.51465 0.0005102 1960
1961 3845521 7541066681 44.28318 12.51678 0.0005099 1961
1962 3849444 7552609128 44.29447 12.51890 0.0005097 1962
1963 3853369 7564163347 44.30576 12.52103 0.0005094 1963
1964 3857296 7575729344 44.31704 12.52316 0.0005092 1964
1965 3861225 7587307125 44.32832 12.52528 0.0005089 1965
1966 3865156 7598896696 44.33960 12.52741 0.0005086 1966
1967 3869089 7610498063 44.35087 12.52953 0.0005084 1967
1968 3873024 7622111232 44.36215 12.53165 0.0005081 1968
1969 3876961 7633736209 44.37342 12.53378 0.0005079 1969
1970 3880900 7645373000 44.38468 12.53590 0.0005076 1970
1971 3884841 7657021611 44.39595 12.53802 0.0005074 1971
1972 3888784 7668682048 44.40721 12.54014 0.0005071 1972
1973 3892729 7680354317 44.41846 12.54226 0.0005068 1973
1974 3896676 7692038424 44.42972 12.54438 0.0005066 1974
1975 3900625 7703734375 44.44097 12.54649 0.0005063 1975
1976 3904576 7715442176 44.45222 12.54861 0.0005061 1976
1977 3908529 7727161833 44.46347 12.55073 0.0005058 1977
1978 3912484 7738893352 44.47471 12.55284 0.0005056 1978
1979 3916441 7750636739 44.48595 12.55496 0.0005053 1979
1980 3920400 7762392000 44.49719 12.55707 0.0005051 1980
1981 3924361 7774159141 44.50843 12.55919 0.0005048 1981
1982 3928324 7785938168 44.51966 12.56130 0.0005045 1982
1983 3932289 7797729087 44.53089 12.56341 0.0005043 1983
1984 3936256 7809531904 44.54211 12.56552 0.0005040 1984
1985 3940225 7821346625 44.55334 12.56763 0.0005038 1985
1986 3944196 7833173256 44.56456 12.56974 0.0005035 1986
1987 3948169 7845011803 44.57578 12.57185 0.0005033 1987
1988 3952144 7856862272 44.58699 12.57396 0.0005030 1988
1989 3956121 7868724669 44.59821 12.57607 0.0005028 1989
1990 3960100 7880599000 44.60942 12.57818 0.0005025 1990
1991 3964081 7892485271 44.62062 12.58028 0.0005023 1991
1992 3968064 7904383488 44.63183 12.58239 0.0005020 1992
1993 3972049 7916293657 44.64303 12.58449 0.0005018 1993
1994 3976036 7928215784 44.65423 12.58660 0.0005015 1994
1995 3980025 7940149875 44.66542 12.58870 0.0005013 1995
1996 3984016 7952095936 44.67662 12.59081 0.0005010 1996
1997 3988009 7964053973 44.68781 12.59291 0.0005008 1997
1998 3992004 7976023992 44.69899 12.59501 0.0005005 1998
1999 3996001 7988005999 44.71018 12.59711 0.0005003 1999
2000 4000000 8000000000 44.72136 12.59921 0.0005000 2000



2974 SURFACE AREA AND VOLUME OF SPHERES

Area and Volume of Spheres*

Surface Area and Volume of Spheres From 1⁄64 to 14 3⁄4

* The figures given in the table can be used for English and Metric (SI) units. 

d = diameter Surface  = πd2 Volume = πd3 ÷ 6
Dia. Surface Volume Dia. Surface Volume Dia. Surface Volume

1⁄64 0.00077 0.000002 2 12.566 4.1888 6 1⁄2 132.73 143.79
1⁄32 0.00307 0.00002 2 1⁄16 13.364 4.5939 6 5⁄8 137.89 152.25
1⁄16 0.01227 0.00013 2 1⁄8 14.186 5.0243 6 3⁄4 143.14 161.03
3⁄32 0.02761 0.00043 2 3⁄16 15.033 5.4808 6 7⁄8 148.49 170.14
1⁄8 0.04909 0.00102 2 1⁄4 15.904 5.9641 7 153.94 179.59
5⁄32 0.07670 0.00200 2 5⁄16 16.800 6.4751 7 1⁄8 159.48 189.39
3⁄16 0.11045 0.00345 2 3⁄8 17.721 7.0144 7 1⁄4 165.13 199.53
7⁄32 0.15033 0.00548 2 7⁄16 18.665 7.5829 7 3⁄8 170.87 210.03
1⁄4 0.19635 0.00818 2 1⁄2 19.635 8.1812 7 1⁄2 176.71 220.89
9⁄32 0.24850 0.01165 2 9⁄16 20.629 8.8103 7 5⁄8 182.65 232.12
5⁄16 0.30680 0.01598 2 5⁄8 21.648 9.4708 7 3⁄4 188.69 243.73
11⁄32 0.37122 0.02127 2 11⁄16 22.691 10.164 7 7⁄8 194.83 255.71
3⁄8 0.44179 0.02761 2 3⁄4 23.758 10.889 8 201.06 268.08

13⁄32 0.51849 0.03511 2 13⁄16 24.850 11.649 8 1⁄8 207.39 280.85
7⁄16 0.60132 0.04385 2 7⁄8 25.967 12.443 8 1⁄4 213.82 294.01
15⁄32 0.69029 0.05393 2 15⁄16 27.109 13.272 8 3⁄8 220.35 307.58
1⁄2 0.78540 0.06545 3 28.274 14.137 8 1⁄2 226.98 321.56

17⁄32 0.88664 0.07850 3 1⁄16 29.465 15.039 8 5⁄8 233.71 335.95
9⁄16 0.99402 0.09319 3 1⁄8 30.680 15.979 8 3⁄4 240.53 350.77
19⁄32 1.1075 0.10960 3 3⁄16 31.919 16.957 8 7⁄8 247.45 366.02
5⁄8 1.2272 0.12783 3 1⁄4 33.183 17.974 9 254.47 381.70

21⁄32 1.3530 0.14798 3 5⁄16 34.472 19.031 9 1⁄8 261.59 397.83
11⁄16 1.4849 0.17014 3 3⁄8 35.785 20.129 9 1⁄4 268.80 414.40
23⁄32 1.6230 0.19442 3 7⁄16 37.122 21.268 9 3⁄8 276.12 431.43
3⁄4 1.7671 0.22089 3 1⁄2 38.485 22.449 9 1⁄2 283.53 448.92

25⁄32 1.9175 0.24967 3 5⁄8 41.282 24.942 9 5⁄8 291.04 466.88
13⁄16 2.0739 0.28085 3 3⁄4 44.179 27.612 9 3⁄4 298.65 485.30
27⁄32 2.2365 0.31451 3 7⁄8 47.173 30.466 9 7⁄8 306.35 504.21
7⁄8 2.4053 0.35077 4 50.265 33.510 10 314.16 523.60

29⁄32 2.5802 0.38971 4 1⁄8 53.456 36.751 10 1⁄4 330.06 563.86
15⁄16 2.7612 0.43143 4 1⁄4 56.745 40.194 10 1⁄2 346.36 606.13
31⁄32 2.9483 0.47603 4 3⁄8 60.132 43.846 10 3⁄4 363.05 650.47

1 3.1416 0.52360 4 1⁄2 63.617 47.713 11 380.13 696.91
1 1⁄16 3.5466 0.62804 4 5⁄8 67.201 51.800 11 1⁄4 397.61 745.51
1 1⁄8 3.9761 0.74551 4 3⁄4 70.882 56.115 11 1⁄2 415.48 796.33
1 3⁄16 4.4301 0.87680 4 7⁄8 74.662 60.663 11 3⁄4 433.74 849.40
1 1⁄4 4.9087 1.0227 5 78.540 65.450 12 452.39 904.78
1 5⁄16 5.4119 1.1838 5 1⁄8 82.516 70.482 12 1⁄4 471.44 962.51
1 3⁄8 5.9396 1.3612 5 1⁄4 86.590 75.766 12 1⁄2 490.87 1022.7
1 7⁄16 6.4918 1.5553 5 3⁄8 90.763 81.308 12 3⁄4 510.71 1085.2
1 1⁄2 7.0686 1.7671 5 1⁄2 95.033 87.114 13 530.93 1150.3
1 9⁄16 7.6699 1.9974 5 5⁄8 99.402 93.189 13 1⁄4 551.55 1218.0
1 5⁄8 8.2958 2.2468 5 3⁄4 103.87 99.541 13 1⁄2 572.56 1288.2

1 11⁄16 8.9462 2.5161 5 7⁄8 108.43 106.17 13 3⁄4 593.96 1361.2
1 3⁄4 9.6211 2.8062 6 113.10 113.10 14 615.75 1436.8

1 13⁄16 10.321 3.1177 6 1⁄8 117.86 120.31 14 1⁄4 637.94 1515.1
1 7⁄8 11.045 3.4515 6 1⁄4 122.72 127.83 14 1⁄2 660.52 1596.3

1 15⁄16 11.793 3.8082 6 3⁄8 127.68 135.66 14 3⁄4 683.49 1680.3
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Surface Area and Volume of Spheres From 15 to 751⁄2
Dia. Surface Volume Dia. Surface Volume Dia. Surface Volume

15 706.86 1767.1 27 1⁄2 2375.8 10,889 51 8171.3 69,456

15 1⁄4 730.62 1857.0 27 3⁄4 2419.2 11,189 51 1⁄2 8332.3 71,519

15 1⁄2 754.77 1949.8 28 2463.0 11,494 52 8494.9 73,622

15 3⁄4 779.31 2045.7 28 1⁄4 2507.2 11,805 52 1⁄2 8659.0 75,766

16 804.25 2144.7 28 1⁄2 2551.8 12,121 53 8824.7 77,952

16 1⁄4 829.58 2246.8 28 3⁄4 2596.7 12,443 53 1⁄2 8992.0 80,179

16 1⁄2 855.30 2352.1 29 2642.1 12,770 54 9160.9 82,448

16 3⁄4 881.41 2460.6 29 1⁄2 2734.0 13,442 54 1⁄2 9331.3 84,759
17 907.92 2572.4 30 2827.4 14,137 55 9503.3 87,114

17 1⁄4 934.82 2687.6 30 1⁄2 2922.5 14,856 55 1⁄2 9676.9 89,511

17 1⁄2 962.11 2806.2 31 3019.1 15,599 56 9852.0 91,952

17 3⁄4 989.80 2928.2 31 1⁄2 3117.2 16,366 56 1⁄2 10,029 94,437
18 1017.9 3053.6 32 3217.0 17,157 57 10,207 96,967

18 1⁄4 1046.3 3182.6 32 1⁄2 3318.3 17,974 57 1⁄2 10,387 99,541

18 1⁄2 1075.2 3315.2 33 3421.2 18,817 58 10,568 102,160

18 3⁄4 1104.5 3451.5 33 1⁄2 3525.7 19,685 58 1⁄2 10,751 104,825
19 1134.1 3591.4 34 3631.7 20,580 59 10,936 107,536

19 1⁄4 1164.2 3735.0 34 1⁄2 3739.3 21,501 59 1⁄2 11,122 110,293

19 1⁄2 1194.6 3882.4 35 3848.5 22,449 60 11,310 113,097

19 3⁄4 1225.4 4033.7 35 1⁄2 3959.2 23,425 60 1⁄2 11,499 115,948
20 1256.6 4188.8 36 4071.5 24,429 61 11,690 118,847

20 1⁄4 1288.2 4347.8 36 1⁄2 4185.4 25,461 61 1⁄2 11,882 121,793

20 1⁄2 1320.3 4510.9 37 4300.8 26,522 62 12,076 124,788

20 3⁄4 1352.7 4677.9 37 1⁄2 4417.9 27,612 62 1⁄2 12,272 127,832
21 1385.4 4849.0 38 4536.5 28,731 63 12,469 130,924

21 1⁄4 1418.6 5024.3 38 1⁄2 4656.6 29,880 63 1⁄2 12,668 134,066

21 1⁄2 1452.2 5203.7 39 4778.4 31,059 64 12,868 137,258

21 3⁄4 1486.2 5387.4 39 1⁄2 4901.7 32,269 64 1⁄2 13,070 140,500
22 1520.5 5575.3 40 5026.5 33,510 65 13,273 143,793

22 1⁄4 1555.3 5767.5 40 1⁄2 5153.0 34,783 65 1⁄2 13,478 147,137

22 1⁄2 1590.4 5964.1 41 5281.0 36,087 66 13,685 150,533

22 3⁄4 1626.0 6165.1 41 1⁄2 5410.6 37,423 66 1⁄2 13,893 153,980
23 1661.9 6370.6 42 5541.8 38,792 67 14,103 157,479

23 1⁄4 1698.2 6580.6 42 1⁄2 5674.5 40,194 67 1⁄2 14,314 161,031

23 1⁄2 1734.9 6795.2 43 5808.8 41,630 68 14,527 164,636

23 3⁄4 1772.1 7014.4 43 1⁄2 5944.7 43,099 68 1⁄2 14,741 168,295
24 1809.6 7238.2 44 6082.1 44,602 69 14,957 172,007

24 1⁄4 1847.5 7466.8 44 1⁄2 6221.1 46,140 69 1⁄2 15,175 175,773

24 1⁄2 1885.7 7700.1 45 6361.7 47,713 70 15,394 179,594

24 3⁄4 1924.4 7938.2 45 1⁄2 6503.9 49,321 70 1⁄2 15,615 183,470
25 1963.5 8181.2 46 6647.6 50,965 71 15,837 187,402

25 1⁄4 2003.0 8429.1 46 1⁄2 6792.9 52,645 71 1⁄2 16,061 191,389

25 1⁄2 2042.8 8682.0 47 6939.8 54,362 72 16,286 195,432

25 3⁄4 2083.1 8939.9 47 1⁄2 7088.2 56,115 72 1⁄2 16,513 199,532
26 2123.7 9202.8 48 7238.2 57,906 73 16,742 203,689

26 1⁄4 2164.8 9470.8 48 1⁄2 7389.8 59,734 73 1⁄2 16,972 207,903

26 1⁄2 2206.2 9744.0 49 7543.0 61,601 74 17,203 212,175

26 3⁄4 2248.0 10,022 49 1⁄2 7697.7 63,506 74 1⁄2 17,437 216,505
27 2290.2 10,306 50 7854.0 65,450 75 17,671 220,893

27 1⁄4 2332.8 10,595 50 1⁄2 8011.8 67,433 75 1⁄2 17,908 225,341
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Surface Area and Volume of Spheres From 76 to 200

Dia. Surface Volume Dia. Surface Volume Dia. Surface Volume

76 18,146 229,847 101 32,047 539,464 151 71,631 1,802,725

76 1⁄2 18,385 234,414 102 32,685 555,647 152 72,583 1,838,778

77 18,627 239,040 103 33,329 572,151 153 73,542 1,875,309

77 1⁄2 18,869 243,727 104 33,979 588,977 154 74,506 1,912,321

78 19,113 248,475 105 34,636 606,131 155 75,477 1,949,816

78 1⁄2 19,359 253,284 106 35,299 623,615 156 76,454 1,987,799

79 19,607 258,155 107 35,968 641,431 157 77,437 2,026,271

79 1⁄2 19,856 263,087 108 36,644 659,584 158 78,427 2,065,237

80 20,106 268,083 109 37,325 678,076 159 79,423 2,104,699

80 1⁄2 20,358 273,141 110 38,013 696,910 160 80,425 2,144,661

81 20,612 278,262 111 38,708 716,090 161 81,433 2,185,125

81 1⁄2 20,867 283,447 112 39,408 735,619 162 82,448 2,226,095

82 21,124 288,696 113 40,115 755,499 163 83,469 2,267,574

82 1⁄2 21,382 294,009 114 40,828 775,735 164 84,496 2,309,565

83 21,642 299,387 115 41,548 796,328 165 85,530 2,352,071

83 1⁄2 21,904 304,830 116 42,273 817,283 166 86,570 2,395,096

84 22,167 310,339 117 43,005 838,603 167 87,616 2,438,642

84 1⁄2 22,432 315,914 118 43,744 860,290 168 88,668 2,482,713

85 22,698 321,555 119 44,488 882,347 169 89,727 2,527,311

85 1⁄2 22,966 327,263 120 45,239 904,779 170 90,792 2,572,441

86 23,235 333,038 121 45,996 927,587 171 91,863 2,618,104

86 1⁄2 23,506 338,881 122 46,759 950,776 172 92,941 2,664,305

87 23,779 344,791 123 47,529 974,348 173 94,025 2,711,046

87 1⁄2 24,053 350,770 124 48,305 998,306 174 95,115 2,758,331

88 24,328 356,818 125 49,087 1,022,654 175 96,211 2,806,162

88 1⁄2 24,606 362,935 126 49,876 1,047,394 176 97,314 2,854,543

89 24,885 369,121 127 50,671 1,072,531 177 98,423 2,903,477

89 1⁄2 25,165 375,377 128 51,472 1,098,066 178 99,538 2,952,967

90 25,447 381,704 129 52,279 1,124,004 179 100,660 3,003,016

90 1⁄2 25,730 388,101 130 53,093 1,150,347 180 101,788 3,053,628

91 26,016 394,569 131 53,913 1,177,098 181 102,922 3,104,805

91 1⁄2 26,302 401,109 132 54,739 1,204,260 182 104,062 3,156,551

92 26,590 407,720 133 55,572 1,231,838 183 105,209 3,208,868

92 1⁄2 26,880 414,404 134 56,410 1,259,833 184 106,362 3,261,761

93 27,172 421,160 135 57,256 1,288,249 185 107,521 3,315,231

93 1⁄2 27,465 427,990 136 58,107 1,317,090 186 108,687 3,369,283

94 27,759 434,893 137 58,965 1,346,357 187 109,858 3,423,919

94 1⁄2 28,055 441,870 138 59,828 1,376,055 188 111,036 3,479,142

95 28,353 448,921 139 60,699 1,406,187 189 112,221 3,534,956

95 1⁄2 28,652 456,046 140 61,575 1,436,755 190 113,411 3,591,364

96 28,953 463,247 141 62,458 1,467,763 191 114,608 3,648,369

96 1⁄2 29,255 470,523 142 63,347 1,499,214 192 115,812 3,705,973

97 29,559 477,874 143 64,242 1,531,111 193 117,021 3,764,181

97 1⁄2 29,865 485,302 144 65,144 1,563,458 194 118,237 3,822,996

98 30,172 492,807 145 66,052 1,596,256 195 119,459 3,882,419

98 1⁄2 30,481 500,388 146 66,966 1,629,511 196 120,687 3,942,456

99 30,791 508,047 147 67,887 1,663,224 197 121,922 4,003,108

99 1⁄2 31,103 515,784 148 68,813 1,697,398 198 123,163 4,064,379

100 31,416 523,599 149 69,746 1,732,038 199 124,410 4,126,272

100 1⁄2 31,731 531,492 150 70,686 1,767,146 200 125,664 4,188,790
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Circumference and Area of Circles

Circumferences and Areas of Circles From 1⁄64 to 97⁄8
Diameter Circumference Area Diameter Circumference Area Diameter Circumference Area

1⁄64 0.0491 0.0002 2 6.2832 3.1416 5 15.7080 19.635
1⁄32 0.0982 0.0008 2 1⁄16 6.4795 3.3410 5 1⁄16 15.9043 20.129
1⁄16 0.1963 0.0031 2 1⁄8 6.6759 3.5466 5 1⁄8 16.1007 20.629
3⁄32 0.2945 0.0069 2 3⁄16 6.8722 3.7583 5 3⁄16 16.2970 21.135
1⁄8 0.3927 0.0123 2 1⁄4 7.0686 3.9761 5 1⁄4 16.4934 21.648
5⁄32 0.4909 0.0192 2 5⁄16 7.2649 4.2000 5 5⁄16 16.6897 22.166
3⁄16 0.5890 0.0276 2 3⁄8 7.4613 4.4301 5 3⁄8 16.8861 22.691
7⁄32 0.6872 0.0376 2 7⁄16 7.6576 4.6664 5 7⁄16 17.0824 23.221
1⁄4 0.7854 0.0491 2 1⁄2 7.8540 4.9087 5 1⁄2 17.2788 23.758
9⁄32 0.8836 0.0621 2 9⁄16 8.0503 5.1572 5 9⁄16 17.4751 24.301
5⁄16 0.9817 0.0767 2 5⁄8 8.2467 5.4119 5 5⁄8 17.6715 24.850
11⁄32 1.0799 0.0928 2 11⁄16 8.4430 5.6727 5 11⁄16 17.8678 25.406
3⁄8 1.1781 0.1104 2 3⁄4 8.6394 5.9396 5 3⁄4 18.0642 25.967

13⁄32 1.2763 0.1296 2 13⁄16 8.8357 6.2126 5 13⁄16 18.2605 26.535
7⁄16 1.3744 0.1503 2 7⁄8 9.0321 6.4918 5 7⁄8 18.4569 27.109
15⁄32 1.4726 0.1726 2 15⁄16 9.2284 6.7771 5 15⁄16 18.6532 27.688
1⁄2 1.5708 0.1963 3 9.4248 7.0686 6 18.8496 28.274

17⁄32 1.6690 0.2217 3 1⁄16 9.6211 7.3662 6 1⁄8 19.2423 29.465
9⁄16 1.7671 0.2485 3 1⁄8 9.8175 7.6699 6 1⁄4 19.6350 30.680
19⁄32 1.8653 0.2769 3 3⁄16 10.0138 7.9798 6 3⁄8 20.0277 31.919
5⁄8 1.9635 0.3068 3 1⁄4 10.2102 8.2958 6 1⁄2 20.4204 33.183

21⁄32 2.0617 0.3382 3 5⁄16 10.4065 8.6179 6 5⁄8 20.8131 34.472
11⁄16 2.1598 0.3712 3 3⁄8 10.6029 8.9462 6 3⁄4 21.2058 35.785
23⁄32 2.2580 0.4057 3 7⁄16 10.7992 9.2806 6 7⁄8 21.5984 37.122
3⁄4 2.3562 0.4418 3 1⁄2 10.9956 9.6211 7 21.9911 38.485

25⁄32 2.4544 0.4794 3 9⁄16 11.1919 9.9678 7 1⁄8 22.3838 39.871
13⁄16 2.5525 0.5185 3 5⁄8 11.388 10.3206 7 1⁄4 22.7765 41.282
27⁄32 2.6507 0.5591 3 11⁄16 11.585 10.6796 7 3⁄8 23.1692 42.718
7⁄8 2.7489 0.6013 3 3⁄4 11.781 11.0447 7 1⁄2 23.5619 44.179

29⁄32 2.8471 0.6450 3 13⁄16 11.977 11.4159 7 5⁄8 23.9546 45.664
15⁄16 2.9452 0.6903 3 7⁄8 12.174 11.7932 7 3⁄4 24.3473 47.173
31⁄32 3.0434 0.7371 3 15⁄16 12.370 12.1767 7 7⁄8 24.7400 48.707

1 3.1416 0.7854 4 12.566 12.5664 8 25.1327 50.265

1 1⁄16 3.3379 0.8866 4 1⁄16 12.763 12.9621 8 1⁄8 25.5254 51.849

1 1⁄8 3.5343 0.9940 4 1⁄8 12.959 13.3640 8 1⁄4 25.9181 53.456

1 3⁄16 3.7306 1.1075 4 3⁄16 13.155 13.7721 8 3⁄8 26.3108 55.088

1 1⁄4 3.9270 1.2272 4 1⁄4 13.352 14.1863 8 1⁄2 26.7035 56.745

1 5⁄16 4.1233 1.3530 4 5⁄16 13.548 14.6066 8 5⁄8 27.0962 58.426

1 3⁄8 4.3197 1.4849 4 3⁄8 13.744 15.0330 8 3⁄4 27.4889 60.132

1 7⁄16 4.5160 1.6230 4 7⁄16 13.941 15.4656 8 7⁄8 27.8816 61.862

1 1⁄2 4.7124 1.7671 4 1⁄2 14.137 15.9043 9 28.2743 63.617

1 9⁄16 4.9087 1.9175 4 9⁄16 14.334 16.3492 9 1⁄8 28.6670 65.397

1 5⁄8 5.1051 2.0739 4 5⁄8 14.530 16.8002 9 1⁄4 29.0597 67.201

1 11⁄16 5.3014 2.2365 4 11⁄16 14.726 17.2573 9 3⁄8 29.4524 69.029

1 3⁄4 5.4978 2.4053 4 3⁄4 14.923 17.7205 9 1⁄2 29.8451 70.882

1 13⁄16 5.6941 2.5802 4 13⁄16 15.119 18.1899 9 5⁄8 30.2378 72.760

1 7⁄8 5.8905 2.7612 4 7⁄8 15.315 18.6655 9 3⁄4 30.6305 74.662

1 15⁄16 6.0868 2.9483 4 15⁄16 15.512 19.1471 9 7⁄8 31.0232 76.589
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Circumferences and Areas of Circles From 10 to 277⁄8
Diameter Circumference Area Diameter Circumference Area Diameter Circumference Area

10 31.41593 78.53983 16 50.26549 201.06195 22 69.11505 380.13275
1⁄8 31.80863 80.51559 1⁄8 50.65819 204.21582 1⁄8 69.50775 384.46472
1⁄4 32.20133 82.51590 1⁄4 51.05089 207.39423 1⁄4 69.90044 388.82122
3⁄8 32.59403 84.54076 3⁄8 51.44359 210.59718 3⁄8 70.29314 393.20227
1⁄2 32.98673 86.59016 1⁄2 51.83628 213.82467 1⁄2 70.68584 397.60786
5⁄8 33.37943 88.66410 5⁄8 52.22898 217.07671 5⁄8 71.07854 402.03800
3⁄4 33.77212 90.76259 3⁄4 52.62168 220.35330 3⁄4 71.47124 406.49268
7⁄8 34.16482 92.88561 7⁄8 53.01438 223.65442 7⁄8 71.86394 410.97191

11 34.55752 95.03319 17 53.40708 226.98009 23 72.25664 415.47567
1⁄8 34.95022 97.20531 1⁄8 53.79978 230.33031 1⁄8 72.64934 420.00399
1⁄4 35.34292 99.40197 1⁄4 54.19248 233.70507 1⁄4 73.04204 424.55684
3⁄8 35.73562 101.62317 3⁄8 54.58518 237.10437 3⁄8 73.43474 429.13424
1⁄2 36.12832 103.86892 1⁄2 54.97788 240.52821 1⁄2 73.82744 433.73618
5⁄8 36.52102 106.13921 5⁄8 55.37058 243.97660 5⁄8 74.22013 438.36267
3⁄4 36.91372 108.43405 3⁄4 55.76328 247.44954 3⁄4 74.61283 443.01370
7⁄8 37.30642 110.75343 7⁄8 56.15597 250.94701 7⁄8 75.00553 447.68927

12 37.69912 113.09735 18 56.54867 254.46903 24 75.39823 452.38939
1⁄8 38.09182 115.46581 1⁄8 56.94137 258.01560 1⁄8 75.79093 457.11405
1⁄4 38.48451 117.85882 1⁄4 57.33407 261.58670 1⁄4 76.18363 461.86326
3⁄8 38.87721 120.27638 3⁄8 57.72677 265.18236 3⁄8 76.57633 466.63701
1⁄2 39.26991 122.71848 1⁄2 58.11947 268.80255 1⁄2 76.96903 471.43530
5⁄8 39.66261 125.18512 5⁄8 58.51217 272.44729 5⁄8 77.36173 476.25814
3⁄4 40.05531 127.67630 3⁄4 58.90487 276.11657 3⁄4 77.75443 481.10552
7⁄8 40.44801 130.19203 7⁄8 59.29757 279.81040 7⁄8 78.14713 485.97744

13 40.84071 132.73230 19 59.69027 283.52877 25 78.53983 490.87391
1⁄8 41.23341 135.29712 1⁄8 60.08297 287.27168 1⁄8 78.93252 495.79492
1⁄4 41.62611 137.88648 1⁄4 60.47567 291.03914 1⁄4 79.32522 500.74047
3⁄8 42.01881 140.50038 3⁄8 60.86836 294.83114 3⁄8 79.71792 505.71057
1⁄2 42.41151 143.13883 1⁄2 61.26106 298.64768 1⁄2 80.11062 510.70521
5⁄8 42.80420 145.80182 5⁄8 61.65376 302.48877 5⁄8 80.50332 515.72440
3⁄4 43.19690 148.48936 3⁄4 62.04646 306.35440 3⁄4 80.89602 520.76813
7⁄8 43.58960 151.20143 7⁄8 62.43916 310.24458 7⁄8 81.28872 525.83640

14 43.98230 153.93806 20 62.83186 314.15930 26 81.68142 530.92922
1⁄8 44.37500 156.69922 1⁄8 63.22456 318.09856 1⁄8 82.07412 536.04658
1⁄4 44.76770 159.48493 1⁄4 63.61726 322.06237 1⁄4 82.46682 541.18848
3⁄8 45.16040 162.29519 3⁄8 64.00996 326.05072 3⁄8 82.85952 546.35493
1⁄2 45.55310 165.12998 1⁄2 64.40266 330.06361 1⁄2 83.25221 551.54592
5⁄8 45.94580 167.98932 5⁄8 64.79536 334.10105 5⁄8 83.64491 556.76146
3⁄4 46.33850 170.87321 3⁄4 65.18805 338.16303 3⁄4 84.03761 562.00154
7⁄8 46.73120 173.78163 7⁄8 65.58075 342.24956 7⁄8 84.43031 567.26616

15 47.12390 176.71461 21 65.97345 346.36063 27 84.82301 572.55532
1⁄8 47.51659 179.67212 1⁄8 66.36615 350.49624 1⁄8 85.21571 577.86903
1⁄4 47.90929 182.65418 1⁄4 66.75885 354.65640 1⁄4 85.60841 583.20729
3⁄8 48.30199 185.66078 3⁄8 67.15155 358.84110 3⁄8 86.00111 588.57009
1⁄2 48.69469 188.69193 1⁄2 67.54425 363.05034 1⁄2 86.39381 593.95743
5⁄8 49.08739 191.74762 5⁄8 67.93695 367.28413 5⁄8 86.78651 599.36931
3⁄4 49.48009 194.82785 3⁄4 68.32965 371.54246 3⁄4 87.17921 604.80574
7⁄8 49.87279 197.93263 7⁄8 68.72235 375.82533 7⁄8 87.57190 610.26671

16 50.26549 201.06195 22 69.11505 380.13275 28 87.96460 615.75223
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Circumferences and Areas of Circles From 28 to 457⁄8
Diameter Circumference Area Diameter Circumference Area Diameter Circumference Area

28 87.96460 615.75223 34 106.81416 907.92038 40 125.66372 1256.63720
1⁄8 88.35730 621.26229 1⁄8 107.20686 914.60853 1⁄8 126.05642 1264.50345
1⁄4 88.75000 626.79689 1⁄4 107.59956 921.32123 1⁄4 126.44912 1272.39425
3⁄8 89.14270 632.35604 3⁄8 107.99226 928.05848 3⁄8 126.84182 1280.30959
1⁄2 89.53540 637.93973 1⁄2 108.38496 934.82027 1⁄2 127.23452 1288.24948
5⁄8 89.92810 643.54796 5⁄8 108.77766 941.60660 5⁄8 127.62722 1296.21391
3⁄4 90.32080 649.18074 3⁄4 109.17036 948.41747 3⁄4 128.01991 1304.20288
7⁄8 90.71350 654.83806 7⁄8 109.56306 955.25289 7⁄8 128.41261 1312.21640

29 91.10620 660.51993 35 109.95576 962.11286 41 128.80531 1320.25446
1⁄8 91.49890 666.22634 1⁄8 110.34845 968.99736 1⁄8 129.19801 1328.31706
1⁄4 91.89160 671.95729 1⁄4 110.74115 975.90641 1⁄4 129.59071 1336.40421
3⁄8 92.28429 677.71279 3⁄8 111.13385 982.84001 3⁄8 129.98341 1344.51590
1⁄2 92.67699 683.49283 1⁄2 111.52655 989.79814 1⁄2 130.37611 1352.65214
5⁄8 93.06969 689.29741 5⁄8 111.91925 996.78083 5⁄8 130.76881 1360.81291
3⁄4 93.46239 695.12654 3⁄4 112.31195 1003.78805 3⁄4 131.16151 1368.99824
7⁄8 93.85509 700.98021 7⁄8 112.70465 1010.81982 7⁄8 131.55421 1377.20810

30 94.24779 706.85843 36 113.09735 1017.87613 42 131.94691 1385.44251
1⁄8 94.64049 712.76118 1⁄8 113.49005 1024.95699 1⁄8 132.33961 1393.70147
1⁄4 95.03319 718.68849 1⁄4 113.88275 1032.06239 1⁄4 132.73230 1401.98496
3⁄8 95.42589 724.64033 3⁄8 114.27545 1039.19233 3⁄8 133.12500 1410.29300
1⁄2 95.81859 730.61672 1⁄2 114.66814 1046.34682 1⁄2 133.51770 1418.62559
5⁄8 96.21129 736.61766 5⁄8 115.06084 1053.52585 5⁄8 133.91040 1426.98272
3⁄4 96.60398 742.64313 3⁄4 115.45354 1060.72942 3⁄4 134.30310 1435.36439
7⁄8 96.99668 748.69315 7⁄8 115.84624 1067.95754 7⁄8 134.69580 1443.77060

31 97.38938 754.76772 37 116.23894 1075.21020 43 135.08850 1452.20136
1⁄8 97.78208 760.86683 1⁄8 116.63164 1082.48741 1⁄8 135.48120 1460.65667
1⁄4 98.17478 766.99048 1⁄4 117.02434 1089.78916 1⁄4 135.87390 1469.13651
3⁄8 98.56748 773.13867 3⁄8 117.41704 1097.11545 3⁄8 136.26660 1477.64090
1⁄2 98.96018 779.31141 1⁄2 117.80974 1104.46629 1⁄2 136.65930 1486.16984
5⁄8 99.35288 785.50870 5⁄8 118.20244 1111.84167 5⁄8 137.05199 1494.72332
3⁄4 99.74558 791.73052 3⁄4 118.59514 1119.24159 3⁄4 137.44469 1503.30134
7⁄8 100.13828 797.97689 7⁄8 118.98783 1126.66606 7⁄8 137.83739 1511.90390

32 100.53098 804.24781 38 119.38053 1134.11507 44 138.23009 1520.53101
1⁄8 100.92368 810.54327 1⁄8 119.77323 1141.58863 1⁄8 138.62279 1529.18266
1⁄4 101.31637 816.86327 1⁄4 120.16593 1149.08673 1⁄4 139.01549 1537.85886
3⁄8 101.70907 823.20781 3⁄8 120.55863 1156.60937 3⁄8 139.40819 1546.55960
1⁄2 102.10177 829.57690 1⁄2 120.95133 1164.15656 1⁄2 139.80089 1555.28488
5⁄8 102.49447 835.97053 5⁄8 121.34403 1171.72829 5⁄8 140.19359 1564.03471
3⁄4 102.88717 842.38871 3⁄4 121.73673 1179.32456 3⁄4 140.58629 1572.80908
7⁄8 103.27987 848.83143 7⁄8 122.12943 1186.94538 7⁄8 140.97899 1581.60800

33 103.67257 855.29869 39 122.52213 1194.59074 45 141.37169 1590.43146
1⁄8 104.06527 861.79050 1⁄8 122.91483 1202.26064 1⁄8 141.76438 1599.27946
1⁄4 104.45797 868.30685 1⁄4 123.30753 1209.95509 1⁄4 142.15708 1608.15200
3⁄8 104.85067 874.84775 3⁄8 123.70022 1217.67408 3⁄8 142.54978 1617.04909
1⁄2 105.24337 881.41319 1⁄2 124.09292 1225.41762 1⁄2 142.94248 1625.97073
5⁄8 105.63606 888.00317 5⁄8 124.48562 1233.18570 5⁄8 143.33518 1634.91690
3⁄4 106.02876 894.61769 3⁄4 124.87832 1240.97832 3⁄4 143.72788 1643.88762
7⁄8 106.42146 901.25676 7⁄8 125.27102 1248.79549 7⁄8 144.12058 1652.88289

34 106.81416 907.92038 40 125.66372 1256.63720 46 144.51328 1661.90270



2980 CIRCUMFERENCE AND AREA OF CIRCLES

Circumferences and Areas of Circles From 46 to 637⁄8
Diameter Circumference Area Diameter Circumference Area Diameter Circumference Area

46 144.51328 1661.90270 52 163.36284 2123.71687 58 182.21239 2642.07971
1⁄8 144.90598 1670.94705 1⁄8 163.75554 2133.93932 1⁄8 182.60509 2653.48026
1⁄4 145.29868 1680.01594 1⁄4 164.14823 2144.18631 1⁄4 182.99779 2664.90535
3⁄8 145.69138 1689.10938 3⁄8 164.54093 2154.45785 3⁄8 183.39049 2676.35498
1⁄2 146.08407 1698.22737 1⁄2 164.93363 2164.75393 1⁄2 183.78319 2687.82916
5⁄8 146.47677 1707.36989 5⁄8 165.32633 2175.07455 5⁄8 184.17589 2699.32788
3⁄4 146.86947 1716.53696 3⁄4 165.71903 2185.41972 3⁄4 184.56859 2710.85115
7⁄8 147.26217 1725.72858 7⁄8 166.11173 2195.78943 7⁄8 184.96129 2722.39896

47 147.65487 1734.94473 53 166.50443 2206.18368 59 185.35399 2733.97131
1⁄8 148.04757 1744.18544 1⁄8 166.89713 2216.60248 1⁄8 185.74669 2745.56820
1⁄4 148.44027 1753.45068 1⁄4 167.28983 2227.04583 1⁄4 186.13939 2757.18964
3⁄8 148.83297 1762.74047 3⁄8 167.68253 2237.51371 3⁄8 186.53208 2768.83563
1⁄2 149.22567 1772.05480 1⁄2 168.07523 2248.00614 1⁄2 186.92478 2780.50615
5⁄8 149.61837 1781.39368 5⁄8 168.46792 2258.52311 5⁄8 187.31748 2792.20123
3⁄4 150.01107 1790.75710 3⁄4 168.86062 2269.06463 3⁄4 187.71018 2803.92084
7⁄8 150.40376 1800.14506 7⁄8 169.25332 2279.63069 7⁄8 188.10288 2815.66500

48 150.79646 1809.55757 54 169.64602 2290.22130 60 188.49558 2827.43370
1⁄8 151.18916 1818.99462 1⁄8 170.03872 2300.83645 1⁄8 188.88828 2839.22695
1⁄4 151.58186 1828.45621 1⁄4 170.43142 2311.47614 1⁄4 189.28098 2851.04473
3⁄8 151.97456 1837.94235 3⁄8 170.82412 2322.14037 3⁄8 189.67368 2862.88707
1⁄2 152.36726 1847.45303 1⁄2 171.21682 2332.82915 1⁄2 190.06638 2874.75394
5⁄8 152.75996 1856.98826 5⁄8 171.60952 2343.54248 5⁄8 190.45908 2886.64536
3⁄4 153.15266 1866.54803 3⁄4 172.00222 2354.28034 3⁄4 190.85177 2898.56133
7⁄8 153.54536 1876.13234 7⁄8 172.39492 2365.04275 7⁄8 191.24447 2910.50184

49 153.93806 1885.74120 55 172.78762 2375.82971 61 191.63717 2922.46689
1⁄8 154.33076 1895.37460 1⁄8 173.18031 2386.64120 1⁄8 192.02987 2934.45648
1⁄4 154.72346 1905.03254 1⁄4 173.57301 2397.47725 1⁄4 192.42257 2946.47062
3⁄8 155.11615 1914.71503 3⁄8 173.96571 2408.33783 3⁄8 192.81527 2958.50930
1⁄2 155.50885 1924.42206 1⁄2 174.35841 2419.22296 1⁄2 193.20797 2970.57253
5⁄8 155.90155 1934.15364 5⁄8 174.75111 2430.13263 5⁄8 193.60067 2982.66030
3⁄4 156.29425 1943.90976 3⁄4 175.14381 2441.06685 3⁄4 193.99337 2994.77261
7⁄8 156.68695 1953.69042 7⁄8 175.53651 2452.02561 7⁄8 194.38607 3006.90947

50 157.07965 1963.49563 56 175.92921 2463.00891 62 194.77877 3019.07087
1⁄8 157.47235 1973.32537 1⁄8 176.32191 2474.01676 1⁄8 195.17147 3031.25682
1⁄4 157.86505 1983.17967 1⁄4 176.71461 2485.04915 1⁄4 195.56416 3043.46731
3⁄8 158.25775 1993.05851 3⁄8 177.10731 2496.10609 3⁄8 195.95686 3055.70234
1⁄2 158.65045 2002.96189 1⁄2 177.50000 2507.18756 1⁄2 196.34956 3067.96191
5⁄8 159.04315 2012.88981 5⁄8 177.89270 2518.29359 5⁄8 196.74226 3080.24603
3⁄4 159.43584 2022.84228 3⁄4 178.28540 2529.42415 3⁄4 197.13496 3092.55470
7⁄8 159.82854 2032.81929 7⁄8 178.67810 2540.57926 7⁄8 197.52766 3104.88790

51 160.22124 2042.82085 57 179.07080 2551.75891 63 197.92036 3117.24565
1⁄8 160.61394 2052.84695 1⁄8 179.46350 2562.96311 1⁄8 198.31306 3129.62795
1⁄4 161.00664 2062.89759 1⁄4 179.85620 2574.19185 1⁄4 198.70576 3142.03479
3⁄8 161.39934 2072.97278 3⁄8 180.24890 2585.44514 3⁄8 199.09846 3154.46617
1⁄2 161.79204 2083.07251 1⁄2 180.64160 2596.72296 1⁄2 199.49116 3166.92209
5⁄8 162.18474 2093.19678 5⁄8 181.03430 2608.02534 5⁄8 199.88385 3179.40256
3⁄4 162.57744 2103.34560 3⁄4 181.42700 2619.35225 3⁄4 200.27655 3191.90758
7⁄8 162.97014 2113.51896 7⁄8 181.81969 2630.70371 7⁄8 200.66925 3204.43713

52 163.36284 2123.71687 58 182.21239 2642.07971 64 201.06195 3216.99123



CIRCUMFERENCE AND AREA OF CIRCLES 2981

Circumferences and Areas of Circles From 64 to 817⁄8
Diameter Circumference Area Diameter Circumference Area Diameter Circumference Area

64 201.06195 3216.99123 70 219.91151 3848.45143 76 238.76107 4536.46029
1⁄8 201.45465 3229.56988 1⁄8 220.30421 3862.20817 1⁄8 239.15377 4551.39513
1⁄4 201.84735 3242.17306 1⁄4 220.69691 3875.98945 1⁄4 239.54647 4566.35451
3⁄8 202.24005 3254.80079 3⁄8 221.08961 3889.79528 3⁄8 239.93917 4581.33844
1⁄2 202.63275 3267.45307 1⁄2 221.48231 3903.62565 1⁄2 240.33186 4596.34691
5⁄8 203.02545 3280.12989 5⁄8 221.87501 3917.48057 5⁄8 240.72456 4611.37992
3⁄4 203.41815 3292.83125 3⁄4 222.26770 3931.36003 3⁄4 241.11726 4626.43748
7⁄8 203.81085 3305.55716 7⁄8 222.66040 3945.26403 7⁄8 241.50996 4641.51958

65 204.20355 3318.30761 71 223.05310 3959.19258 77 241.90266 4656.62622
1⁄8 204.59624 3331.08260 1⁄8 223.44580 3973.14567 1⁄8 242.29536 4671.75741
1⁄4 204.98894 3343.88214 1⁄4 223.83850 3987.12330 1⁄4 242.68806 4686.91314
3⁄8 205.38164 3356.70622 3⁄8 224.23120 4001.12548 3⁄8 243.08076 4702.09342
1⁄2 205.77434 3369.55484 1⁄2 224.62390 4015.15220 1⁄2 243.47346 4717.29824
5⁄8 206.16704 3382.42801 5⁄8 225.01660 4029.20347 5⁄8 243.86616 4732.52760
3⁄4 206.55974 3395.32572 3⁄4 225.40930 4043.27928 3⁄4 244.25886 4747.78151
7⁄8 206.95244 3408.24798 7⁄8 225.80200 4057.37963 7⁄8 244.65155 4763.05996

66 207.34514 3421.19478 72 226.19470 4071.50453 78 245.04425 4778.36295
1⁄8 207.73784 3434.16612 1⁄8 226.58740 4085.65397 1⁄8 245.43695 4793.69049
1⁄4 208.13054 3447.16201 1⁄4 226.98009 4099.82795 1⁄4 245.82965 4809.04257
3⁄8 208.52324 3460.18244 3⁄8 227.37279 4114.02648 3⁄8 246.22235 4824.41920
1⁄2 208.91593 3473.22741 1⁄2 227.76549 4128.24955 1⁄2 246.61505 4839.82037
5⁄8 209.30863 3486.29693 5⁄8 228.15819 4142.49717 5⁄8 247.00775 4855.24608
3⁄4 209.70133 3499.39099 3⁄4 228.55089 4156.76933 3⁄4 247.40045 4870.69633
7⁄8 210.09403 3512.50960 7⁄8 228.94359 4171.06603 7⁄8 247.79315 4886.17113

67 210.48673 3525.65274 73 229.33629 4185.38727 79 248.18585 4901.67048
1⁄8 210.87943 3538.82044 1⁄8 229.72899 4199.73306 1⁄8 248.57855 4917.19437
1⁄4 211.27213 3552.01267 1⁄4 230.12169 4214.10340 1⁄4 248.97125 4932.74280
3⁄8 211.66483 3565.22945 3⁄8 230.51439 4228.49828 3⁄8 249.36394 4948.31577
1⁄2 212.05753 3578.47078 1⁄2 230.90709 4242.91770 1⁄2 249.75664 4963.91329
5⁄8 212.45023 3591.73664 5⁄8 231.29978 4257.36166 5⁄8 250.14934 4979.53535
3⁄4 212.84293 3605.02705 3⁄4 231.69248 4271.83017 3⁄4 250.54204 4995.18196
7⁄8 213.23562 3618.34201 7⁄8 232.08518 4286.32322 7⁄8 250.93474 5010.85311

68 213.62832 3631.68151 74 232.47788 4300.84082 80 251.32744 5026.54880
1⁄8 214.02102 3645.04555 1⁄8 232.87058 4315.38296 1⁄8 251.72014 5042.26904
1⁄4 214.41372 3658.43414 1⁄4 233.26328 4329.94964 1⁄4 252.11284 5058.01382
3⁄8 214.80642 3671.84727 3⁄8 233.65598 4344.54087 3⁄8 252.50554 5073.78314
1⁄2 215.19912 3685.28494 1⁄2 234.04868 4359.15664 1⁄2 252.89824 5089.57701
5⁄8 215.59182 3698.74716 5⁄8 234.44138 4373.79695 5⁄8 253.29094 5105.39542
3⁄4 215.98452 3712.23392 3⁄4 234.83408 4388.46181 3⁄4 253.68363 5121.23838
7⁄8 216.37722 3725.74522 7⁄8 235.22678 4403.15121 7⁄8 254.07633 5137.10588

69 216.76992 3739.28107 75 235.61948 4417.86516 81 254.46903 5152.99792
1⁄8 217.16262 3752.84146 1⁄8 236.01217 4432.60365 1⁄8 254.86173 5168.91450
1⁄4 217.55532 3766.42640 1⁄4 236.40487 4447.36668 1⁄4 255.25443 5184.85563
3⁄8 217.94801 3780.03587 3⁄8 236.79757 4462.15425 3⁄8 255.64713 5200.82131
1⁄2 218.34071 3793.66990 1⁄2 237.19027 4476.96637 1⁄2 256.03983 5216.81153
5⁄8 218.73341 3807.32846 5⁄8 237.58297 4491.80304 5⁄8 256.43253 5232.82629
3⁄4 219.12611 3821.01157 3⁄4 237.97567 4506.66425 3⁄4 256.82523 5248.86559
7⁄8 219.51881 3834.71923 7⁄8 238.36837 4521.55000 7⁄8 257.21793 5264.92944

70 219.91151 3848.45143 76 238.76107 4536.46029 82 257.61063 5281.01783



2982 CIRCUMFERENCE AND AREA OF CIRCLES

Circumferences and Areas of Circles From 82 to 997⁄8
Diameter Circumference Area Diameter Circumference Area Diameter Circumference Area

82 257.61063 5281.01783 88 276.46018 6082.12405 94 295.30974 6939.77894
1⁄8 258.00333 5297.13077 1⁄8 276.85288 6099.41508 1⁄8 295.70244 6958.24807
1⁄4 258.39602 5313.26825 1⁄4 277.24558 6116.73066 1⁄4 296.09514 6976.74174
3⁄8 258.78872 5329.43027 3⁄8 277.63828 6134.07078 3⁄8 296.48784 6995.25996
1⁄2 259.18142 5345.61684 1⁄2 278.03098 6151.43544 1⁄2 296.88054 7013.80272
5⁄8 259.57412 5361.82795 5⁄8 278.42368 6168.82465 5⁄8 297.27324 7032.37003
3⁄4 259.96682 5378.06360 3⁄4 278.81638 6186.23840 3⁄4 297.66594 7050.96188
7⁄8 260.35952 5394.32380 7⁄8 279.20908 6203.67670 7⁄8 298.05864 7069.57827

83 260.75222 5410.60854 89 279.60178 6221.13954 95 298.45134 7088.21921
1⁄8 261.14492 5426.91783 1⁄8 279.99448 6238.62692 1⁄8 298.84403 7106.88469
1⁄4 261.53762 5443.25166 1⁄4 280.38718 6256.13885 1⁄4 299.23673 7125.57471
3⁄8 261.93032 5459.61003 3⁄8 280.77987 6273.67532 3⁄8 299.62943 7144.28928
1⁄2 262.32302 5475.99295 1⁄2 281.17257 6291.23633 1⁄2 300.02213 7163.02839
5⁄8 262.71571 5492.40041 5⁄8 281.56527 6308.82189 5⁄8 300.41483 7181.79204
3⁄4 263.10841 5508.83241 3⁄4 281.95797 6326.43199 3⁄4 300.80753 7200.58024
7⁄8 263.50111 5525.28896 7⁄8 282.35067 6344.06664 7⁄8 301.20023 7219.39299

84 263.89381 5541.77005 90 282.74337 6361.72583 96 301.59293 7238.23027
1⁄8 264.28651 5558.27569 1⁄8 283.13607 6379.40956 1⁄8 301.98563 7257.09210
1⁄4 264.67921 5574.80587 1⁄4 283.52877 6397.11783 1⁄4 302.37833 7275.97848
3⁄8 265.07191 5591.36059 3⁄8 283.92147 6414.85065 3⁄8 302.77103 7294.88939
1⁄2 265.46461 5607.93985 1⁄2 284.31417 6432.60802 1⁄2 303.16372 7313.82485
5⁄8 265.85731 5624.54366 5⁄8 284.70687 6450.38992 5⁄8 303.55642 7332.78486
3⁄4 266.25001 5641.17202 3⁄4 285.09956 6468.19638 3⁄4 303.94912 7351.76941
7⁄8 266.64271 5657.82492 7⁄8 285.49226 6486.02737 7⁄8 304.34182 7370.77850

85 267.03541 5674.50236 91 285.88496 6503.88291 97 304.73452 7389.81213
1⁄8 267.42810 5691.20434 1⁄8 286.27766 6521.76299 1⁄8 305.12722 7408.87031
1⁄4 267.82080 5707.93087 1⁄4 286.67036 6539.66762 1⁄4 305.51992 7427.95304
3⁄8 268.21350 5724.68194 3⁄8 287.06306 6557.59679 3⁄8 305.91262 7447.06030
1⁄2 268.60620 5741.45756 1⁄2 287.45576 6575.55050 1⁄2 306.30532 7466.19211
5⁄8 268.99890 5758.25772 5⁄8 287.84846 6593.52876 5⁄8 306.69802 7485.34847
3⁄4 269.39160 5775.08242 3⁄4 288.24116 6611.53156 3⁄4 307.09072 7504.52937
7⁄8 269.78430 5791.93167 7⁄8 288.63386 6629.55890 7⁄8 307.48341 7523.73481

86 270.17700 5808.80546 92 289.02656 6647.61079 98 307.87611 7542.96479
1⁄8 270.56970 5825.70379 1⁄8 289.41926 6665.68722 1⁄8 308.26881 7562.21932
1⁄4 270.96240 5842.62667 1⁄4 289.81195 6683.78819 1⁄4 308.66151 7581.49839
3⁄8 271.35510 5859.57409 3⁄8 290.20465 6701.91371 3⁄8 309.05421 7600.80201
1⁄2 271.74779 5876.54606 1⁄2 290.59735 6720.06378 1⁄2 309.44691 7620.13017
5⁄8 272.14049 5893.54257 5⁄8 290.99005 6738.23838 5⁄8 309.83961 7639.48287
3⁄4 272.53319 5910.56362 3⁄4 291.38275 6756.43753 3⁄4 310.23231 7658.86012
7⁄8 272.92589 5927.60921 7⁄8 291.77545 6774.66123 7⁄8 310.62501 7678.26191

87 273.31859 5944.67935 93 292.16815 6792.90946 99 311.01771 7697.68825
1⁄8 273.71129 5961.77404 1⁄8 292.56085 6811.18225 1⁄8 311.41041 7717.13913
1⁄4 274.10399 5978.89327 1⁄4 292.95355 6829.47957 1⁄4 311.80311 7736.61455
3⁄8 274.49669 5996.03704 3⁄8 293.34625 6847.80144 3⁄8 312.19580 7756.11451
1⁄2 274.88939 6013.20535 1⁄2 293.73895 6866.14785 1⁄2 312.58850 7775.63902
5⁄8 275.28209 6030.39821 5⁄8 294.13164 6884.51881 5⁄8 312.98120 7795.18808
3⁄4 275.67479 6047.61561 3⁄4 294.52434 6902.91431 3⁄4 313.37390 7814.76167
7⁄8 276.06748 6064.85756 7⁄8 294.91704 6921.33435 7⁄8 313.76660 7834.35982

88 276.46018 6082.12405 94 295.30974 6939.77894 100 314.15930 7853.98250



CIRCUMFERENCE AND AREA OF CIRCLES 2983

Circumferences and Areas of Circles From 100 to 249

Diameter Circumference Area Diameter Circumference Area Diameter Circumference Area

100 314.15930 7853.98250 150 471.23895 17671.46063 200 628.31860 31415.93000

101 317.30089 8011.84755 151 474.38054 17907.86550 201 631.46019 31730.87470

102 320.44249 8171.28339 152 477.52214 18145.84117 202 634.60179 32047.39019

103 323.58408 8332.29003 153 480.66373 18385.38763 203 637.74338 32365.47648

104 326.72567 8494.86747 154 483.80532 18626.50490 204 640.88497 32685.13357

105 329.86727 8659.01571 155 486.94692 18869.19296 205 644.02657 33006.36146

106 333.00886 8824.73474 156 490.08851 19113.45181 206 647.16816 33329.16014

107 336.15045 8992.02456 157 493.23010 19359.28146 207 650.30975 33653.52961

108 339.29204 9160.88519 158 496.37169 19606.68191 208 653.45134 33979.46989

109 342.43364 9331.31661 159 499.51329 19855.65316 209 656.59294 34306.98096

110 345.57523 9503.31883 160 502.65488 20106.19520 210 659.73453 34636.06283

111 348.71682 9676.89184 161 505.79647 20358.30804 211 662.87612 34966.71549

112 351.85842 9852.03565 162 508.93807 20611.99167 212 666.01772 35298.93895

113 355.00001 10028.75025 163 512.07966 20867.24610 213 669.15931 35632.73320

114 358.14160 10207.03566 164 515.22125 21124.07133 214 672.30090 35968.09826

115 361.28320 10386.89186 165 518.36285 21382.46736 215 675.44250 36305.03411

116 364.42479 10568.31885 166 521.50444 21642.43418 216 678.58409 36643.54075

117 367.56638 10751.31664 167 524.64603 21903.97179 217 681.72568 36983.61819

118 370.70797 10935.88523 168 527.78762 22167.08021 218 684.86727 37325.26643

119 373.84957 11122.02462 169 530.92922 22431.75942 219 688.00887 37668.48547

120 376.99116 11309.73480 170 534.07081 22698.00943 220 691.15046 38013.27530

121 380.13275 11499.01578 171 537.21240 22965.83023 221 694.29205 38359.63593

122 383.27435 11689.86755 172 540.35400 23235.22183 222 697.43365 38707.56735

123 386.41594 11882.29012 173 543.49559 23506.18422 223 700.57524 39057.06957

124 389.55753 12076.28349 174 546.63718 23778.71742 224 703.71683 39408.14259

125 392.69913 12271.84766 175 549.77878 24052.82141 225 706.85843 39760.78641

126 395.84072 12468.98262 176 552.92037 24328.49619 226 710.00002 40115.00102

127 398.98231 12667.68837 177 556.06196 24605.74177 227 713.14161 40470.78642

128 402.12390 12867.96493 178 559.20355 24884.55815 228 716.28320 40828.14263

129 405.26550 13069.81228 179 562.34515 25164.94533 229 719.42480 41187.06963

130 408.40709 13273.23043 180 565.48674 25446.90330 230 722.56639 41547.56743

131 411.54868 13478.21937 181 568.62833 25730.43207 231 725.70798 41909.63602

132 414.69028 13684.77911 182 571.76993 26015.53163 232 728.84958 42273.27541

133 417.83187 13892.90964 183 574.91152 26302.20199 233 731.99117 42638.48559

134 420.97346 14102.61098 184 578.05311 26590.44315 234 735.13276 43005.26658

135 424.11506 14313.88311 185 581.19471 26880.25511 235 738.27436 43373.61836

136 427.25665 14526.72603 186 584.33630 27171.63786 236 741.41595 43743.54093

137 430.39824 14741.13975 187 587.47789 27464.59140 237 744.55754 44115.03430

138 433.53983 14957.12427 188 590.61948 27759.11575 238 747.69913 44488.09847

139 436.68143 15174.67959 189 593.76108 28055.21089 239 750.84073 44862.73344

140 439.82302 15393.80570 190 596.90267 28352.87683 240 753.98232 45238.93920

141 442.96461 15614.50261 191 600.04426 28652.11356 241 757.12391 45616.71576

142 446.10621 15836.77031 192 603.18586 28952.92109 242 760.26551 45996.06311

143 449.24780 16060.60881 193 606.32745 29255.29941 243 763.40710 46376.98126

144 452.38939 16286.01811 194 609.46904 29559.24854 244 766.54869 46759.47021

145 455.53099 16512.99821 195 612.61064 29864.76846 245 769.69029 47143.52996

146 458.67258 16741.54910 196 615.75223 30171.85917 246 772.83188 47529.16050

147 461.81417 16971.67078 197 618.89382 30480.52068 247 775.97347 47916.36183

148 464.95576 17203.36327 198 622.03541 30790.75299 248 779.11506 48305.13397

149 468.09736 17436.62655 199 625.17701 31102.55610 249 782.25666 48695.47690



2984 CIRCUMFERENCE AND AREA OF CIRCLES

Circumferences and Areas of Circles From 250 to 399

Diameter Circumference Area Diameter Circumfernce Area Diameter Circumfernce Area

250 785.39825 49087.39063 300 942.47790 70685.84250 350 1099.55755 96211.28563

251 788.53984 49480.87515 301 945.61949 71157.86685 351 1102.69914 96761.84980

252 791.68144 49875.93047 302 948.76109 71631.46199 352 1105.84074 97313.98477

253 794.82303 50272.55658 303 951.90268 72106.62793 353 1108.98233 97867.69053

254 797.96462 50670.75350 304 955.04427 72583.36467 354 1112.12392 98422.96710

255 801.10622 51070.52121 305 958.18587 73061.67221 355 1115.26552 98979.81446

256 804.24781 51471.85971 306 961.32746 73541.55054 356 1118.40711 99538.23261

257 807.38940 51874.76901 307 964.46905 74022.99966 357 1121.54870 100098.22156

258 810.53099 52279.24911 308 967.61064 74506.01959 358 1124.69029 100659.78131

259 813.67259 52685.30001 309 970.75224 74990.61031 359 1127.83189 101222.91186

260 816.81418 53092.92170 310 973.89383 75476.77183 360 1130.97348 101787.61320

261 819.95577 53502.11419 311 977.03542 75964.50414 361 1134.11507 102353.88534

262 823.09737 53912.87747 312 980.17702 76453.80725 362 1137.25667 102921.72827

263 826.23896 54325.21155 313 983.31861 76944.68115 363 1140.39826 103491.14200

264 829.38055 54739.11643 314 986.46020 77437.12586 364 1143.53985 104062.12653

265 832.52215 55154.59211 315 989.60180 77931.14136 365 1146.68145 104634.68186

266 835.66374 55571.63858 316 992.74339 78426.72765 366 1149.82304 105208.80798

267 838.80533 55990.25584 317 995.88498 78923.88474 367 1152.96463 105784.50489

268 841.94692 56410.44391 318 999.02657 79422.61263 368 1156.10622 106361.77261

269 845.08852 56832.20277 319 1002.16817 79922.91132 369 1159.24782 106940.61112

270 848.23011 57255.53243 320 1005.30976 80424.78080 370 1162.38941 107521.02043

271 851.37170 57680.43288 321 1008.45135 80928.22108 371 1165.53100 108103.00053

272 854.51330 58106.90413 322 1011.59295 81433.23215 372 1168.67260 108686.55143

273 857.65489 58534.94617 323 1014.73454 81939.81402 373 1171.81419 109271.67312

274 860.79648 58964.55902 324 1017.87613 82447.96669 374 1174.95578 109858.36562

275 863.93808 59395.74266 325 1021.01773 82957.69016 375 1178.09738 110446.62891

276 867.07967 59828.49709 326 1024.15932 83468.98442 376 1181.23897 111036.46299

277 870.22126 60262.82232 327 1027.30091 83981.84947 377 1184.38056 111627.86787

278 873.36285 60698.71835 328 1030.44250 84496.28533 378 1187.52215 112220.84355

279 876.50445 61136.18518 329 1033.58410 85012.29198 379 1190.66375 112815.39003

280 879.64604 61575.22280 330 1036.72569 85529.86943 380 1193.80534 113411.50730

281 882.78763 62015.83122 331 1039.86728 86049.01767 381 1196.94693 114009.19537

282 885.92923 62458.01043 332 1043.00888 86569.73671 382 1200.08853 114608.45423

283 889.07082 62901.76044 333 1046.15047 87092.02654 383 1203.23012 115209.28389

284 892.21241 63347.08125 334 1049.29206 87615.88718 384 1206.37171 115811.68435

285 895.35401 63793.97286 335 1052.43366 88141.31861 385 1209.51331 116415.65561

286 898.49560 64242.43526 336 1055.57525 88668.32083 386 1212.65490 117021.19766

287 901.63719 64692.46845 337 1058.71684 89196.89385 387 1215.79649 117628.31050

288 904.77878 65144.07245 338 1061.85843 89727.03767 388 1218.93808 118236.99415

289 907.92038 65597.24724 339 1065.00003 90258.75229 389 1222.07968 118847.24859

290 911.06197 66051.99283 340 1068.14162 90792.03770 390 1225.22127 119459.07383

291 914.20356 66508.30921 341 1071.28321 91326.89391 391 1228.36286 120072.46986

292 917.34516 66966.19639 342 1074.42481 91863.32091 392 1231.50446 120687.43669

293 920.48675 67425.65436 343 1077.56640 92401.31871 393 1234.64605 121303.97431

294 923.62834 67886.68314 344 1080.70799 92940.88731 394 1237.78764 121922.08274

295 926.76994 68349.28271 345 1083.84959 93482.02671 395 1240.92924 122541.76196

296 929.91153 68813.45307 346 1086.99118 94024.73690 396 1244.07083 123163.01197

297 933.05312 69279.19423 347 1090.13277 94569.01788 397 1247.21242 123785.83278

298 936.19471 69746.50619 348 1093.27436 95114.86967 398 1250.35401 124410.22439

299 939.33631 70215.38895 349 1096.41596 95662.29225 399 1253.49561 125036.18680



CIRCUMFERENCE AND AREA OF CIRCLES 2985

Circumferences and Areas of Circles From 400 to 549

Dia-
meter

Circum-
ference Area

Dia-
meter

Circum-
ference Area

Dia-
meter

Circum-
ference Area

400 1256.63720 125663.72000 450 1413.71685 159043.14563 500 1570.79650 196349.56250

401 1259.77879 126292.82400 451 1416.85844 159750.78945 501 1573.93809 197135.74615

402 1262.92039 126923.49879 452 1420.00004 160460.00407 502 1577.07969 197923.50059

403 1266.06198 127555.74438 453 1423.14163 161170.78948 503 1580.22128 198712.82583

404 1269.20357 128189.56077 454 1426.28322 161883.14570 504 1583.36287 199503.72187

405 1272.34517 128824.94796 455 1429.42482 162597.07271 505 1586.50447 200296.18871

406 1275.48676 129461.90594 456 1432.56641 163312.57051 506 1589.64606 201090.22634

407 1278.62835 130100.43471 457 1435.70800 164029.63911 507 1592.78765 201885.83476

408 1281.76994 130740.53429 458 1438.84959 164748.27851 508 1595.92924 202683.01399

409 1284.91154 131382.20466 459 1441.99119 165468.48871 509 1599.07084 203481.76401

410 1288.05313 132025.44583 460 1445.13278 166190.26970 510 1602.21243 204282.08483

411 1291.19472 132670.25779 461 1448.27437 166913.62149 511 1605.35402 205083.97644

412 1294.33632 133316.64055 462 1451.41597 167638.54407 512 1608.49562 205887.43885

413 1297.47791 133964.59410 463 1454.55756 168365.03745 513 1611.63721 206692.47205

414 1300.61950 134614.11846 464 1457.69915 169093.10163 514 1614.77880 207499.07606

415 1303.76110 135265.21361 465 1460.84075 169822.73661 515 1617.92040 208307.25086

416 1306.90269 135917.87955 466 1463.98234 170553.94238 516 1621.06199 209116.99645

417 1310.04428 136572.11629 467 1467.12393 171286.71894 517 1624.20358 209928.31284

418 1313.18587 137227.92383 468 1470.26552 172021.06631 518 1627.34517 210741.20003

419 1316.32747 137885.30217 469 1473.40712 172756.98447 519 1630.48677 211555.65802

420 1319.46906 138544.25130 470 1476.54871 173494.47343 520 1633.62836 212371.68680

421 1322.61065 139204.77123 471 1479.69030 174233.53318 521 1636.76995 213189.28638

422 1325.75225 139866.86195 472 1482.83190 174974.16373 522 1639.91155 214008.45675

423 1328.89384 140530.52347 473 1485.97349 175716.36507 523 1643.05314 214829.19792

424 1332.03543 141195.75579 474 1489.11508 176460.13722 524 1646.19473 215651.50989

425 1335.17703 141862.55891 475 1492.25668 177205.48016 525 1649.33633 216475.39266

426 1338.31862 142530.93282 476 1495.39827 177952.39389 526 1652.47792 217300.84622

427 1341.46021 143200.87752 477 1498.53986 178700.87842 527 1655.61951 218127.87057

428 1344.60180 143872.39303 478 1501.68145 179450.93375 528 1658.76110 218956.46573

429 1347.74340 144545.47933 479 1504.82305 180202.55988 529 1661.90270 219786.63168

430 1350.88499 145220.13643 480 1507.96464 180955.75680 530 1665.04429 220618.36843

431 1354.02658 145896.36432 481 1511.10623 181710.52452 531 1668.18588 221451.67597

432 1357.16818 146574.16301 482 1514.24783 182466.86303 532 1671.32748 222286.55431

433 1360.30977 147253.53249 483 1517.38942 183224.77234 533 1674.46907 223123.00344

434 1363.45136 147934.47278 484 1520.53101 183984.25245 534 1677.61066 223961.02338

435 1366.59296 148616.98386 485 1523.67261 184745.30336 535 1680.75226 224800.61411

436 1369.73455 149301.06573 486 1526.81420 185507.92506 536 1683.89385 225641.77563

437 1372.87614 149986.71840 487 1529.95579 186272.11755 537 1687.03544 226484.50795

438 1376.01773 150673.94187 488 1533.09738 187037.88085 538 1690.17703 227328.81107

439 1379.15933 151362.73614 489 1536.23898 187805.21494 539 1693.31863 228174.68499

440 1382.30092 152053.10120 490 1539.38057 188574.11983 540 1696.46022 229022.12970

441 1385.44251 152745.03706 491 1542.52216 189344.59551 541 1699.60181 229871.14521

442 1388.58411 153438.54371 492 1545.66376 190116.64199 542 1702.74341 230721.73151

443 1391.72570 154133.62116 493 1548.80535 190890.25926 543 1705.88500 231573.88861

444 1394.86729 154830.26941 494 1551.94694 191665.44734 544 1709.02659 232427.61651

445 1398.00889 155528.48846 495 1555.08854 192442.20621 545 1712.16819 233282.91521

446 1401.15048 156228.27830 496 1558.23013 193220.53587 546 1715.30978 234139.78470

447 1404.29207 156929.63893 497 1561.37172 194000.43633 547 1718.45137 234998.22498

448 1407.43366 157632.57037 498 1564.51331 194781.90759 548 1721.59296 235858.23607

449 1410.57526 158337.07260 499 1567.65491 195564.94965 549 1724.73456 236719.81795



2986 CIRCUMFERENCE AND AREA OF CIRCLES

Circumferences and Areas of Circles From 550 to 699

Dia-
meter

Circum-
ference Area

Dia-
meter

Circum-
ference Area

Dia-
meter

Circum-
ference Area

550 1727.87615 237582.97063 600 1884.95580 282743.37000 650 2042.03545 331830.76063

551 1731.01774 238447.69410 601 1888.09739 283686.63330 651 2045.17704 332852.56375

552 1734.15934 239313.98837 602 1891.23899 284631.46739 652 2048.31864 333875.93767

553 1737.30093 240181.85343 603 1894.38058 285577.87228 653 2051.46023 334900.88238

554 1740.44252 241051.28930 604 1897.52217 286525.84797 654 2054.60182 335927.39790

555 1743.58412 241922.29596 605 1900.66377 287475.39446 655 2057.74342 336955.48421

556 1746.72571 242794.87341 606 1903.80536 288426.51174 656 2060.88501 337985.14131

557 1749.86730 243669.02166 607 1906.94695 289379.19981 657 2064.02660 339016.36921

558 1753.00889 244544.74071 608 1910.08854 290333.45869 658 2067.16819 340049.16791

559 1756.15049 245422.03056 609 1913.23014 291289.28836 659 2070.30979 341083.53741

560 1759.29208 246300.89120 610 1916.37173 292246.68883 660 2073.45138 342119.47770

561 1762.43367 247181.32264 611 1919.51332 293205.66009 661 2076.59297 343156.98879

562 1765.57527 248063.32487 612 1922.65492 294166.20215 662 2079.73457 344196.07067

563 1768.71686 248946.89790 613 1925.79651 295128.31500 663 2082.87616 345236.72335

564 1771.85845 249832.04173 614 1928.93810 296091.99866 664 2086.01775 346278.94683

565 1775.00005 250718.75636 615 1932.07970 297057.25311 665 2089.15935 347322.74111

566 1778.14164 251607.04178 616 1935.22129 298024.07835 666 2092.30094 348368.10618

567 1781.28323 252496.89799 617 1938.36288 298992.47439 667 2095.44253 349415.04204

568 1784.42482 253388.32501 618 1941.50447 299962.44123 668 2098.58412 350463.54871

569 1787.56642 254281.32282 619 1944.64607 300933.97887 669 2101.72572 351513.62617

570 1790.70801 255175.89143 620 1947.78766 301907.08730 670 2104.86731 352565.27443

571 1793.84960 256072.03083 621 1950.92925 302881.76653 671 2108.00890 353618.49348

572 1796.99120 256969.74103 622 1954.07085 303858.01655 672 2111.15050 354673.28333

573 1800.13279 257869.02202 623 1957.21244 304835.83737 673 2114.29209 355729.64397

574 1803.27438 258769.87382 624 1960.35403 305815.22899 674 2117.43368 356787.57542

575 1806.41598 259672.29641 625 1963.49563 306796.19141 675 2120.57528 357847.07766

576 1809.55757 260576.28979 626 1966.63722 307778.72462 676 2123.71687 358908.15069

577 1812.69916 261481.85397 627 1969.77881 308762.82862 677 2126.85846 359970.79452

578 1815.84075 262388.98895 628 1972.92040 309748.50343 678 2130.00005 361035.00915

579 1818.98235 263297.69473 629 1976.06200 310735.74903 679 2133.14165 362100.79458

580 1822.12394 264207.97130 630 1979.20359 311724.56543 680 2136.28324 363168.15080

581 1825.26553 265119.81867 631 1982.34518 312714.95262 681 2139.42483 364237.07782

582 1828.40713 266033.23683 632 1985.48678 313706.91061 682 2142.56643 365307.57563

583 1831.54872 266948.22579 633 1988.62837 314700.43939 683 2145.70802 366379.64424

584 1834.69031 267864.78555 634 1991.76996 315695.53898 684 2148.84961 367453.28365

585 1837.83191 268782.91611 635 1994.91156 316692.20936 685 2151.99121 368528.49386

586 1840.97350 269702.61746 636 1998.05315 317690.45053 686 2155.13280 369605.27486

587 1844.11509 270623.88960 637 2001.19474 318690.26250 687 2158.27439 370683.62665

588 1847.25668 271546.73255 638 2004.33633 319691.64527 688 2161.41598 371763.54925

589 1850.39828 272471.14629 639 2007.47793 320694.59884 689 2164.55758 372845.04264

590 1853.53987 273397.13083 640 2010.61952 321699.12320 690 2167.69917 373928.10683

591 1856.68146 274324.68616 641 2013.76111 322705.21836 691 2170.84076 375012.74181

592 1859.82306 275253.81229 642 2016.90271 323712.88431 692 2173.98236 376098.94759

593 1862.96465 276184.50921 643 2020.04430 324722.12106 693 2177.12395 377186.72416

594 1866.10624 277116.77694 644 2023.18589 325732.92861 694 2180.26554 378276.07154

595 1869.24784 278050.61546 645 2026.32749 326745.30696 695 2183.40714 379366.98971

596 1872.38943 278986.02477 646 2029.46908 327759.25610 696 2186.54873 380459.47867

597 1875.53102 279923.00488 647 2032.61067 328774.77603 697 2189.69032 381553.53843

598 1878.67261 280861.55579 648 2035.75226 329791.86677 698 2192.83191 382649.16899

599 1881.81421 281801.67750 649 2038.89386 330810.52830 699 2195.97351 383746.37035



CIRCUMFERENCE AND AREA OF CIRCLES 2987

Circumferences and Areas of Circles From 700 to 849

Dia-
meter

Circum-
ference Area

Dia-
meter

Circum-
ference Area

Dia-
meter

Circum-
ference Area

700 2199.11510 384845.14250 750 2356.19475 441786.51563 800 2513.27440 502654.88000

701 2202.25669 385945.48545 751 2359.33634 442965.39840 801 2516.41599 503912.30260

702 2205.39829 387047.39919 752 2362.47794 444145.85197 802 2519.55759 505171.29599

703 2208.53988 388150.88373 753 2365.61953 445327.87633 803 2522.69918 506431.86018

704 2211.68147 389255.93907 754 2368.76112 446511.47150 804 2525.84077 507693.99517

705 2214.82307 390362.56521 755 2371.90272 447696.63746 805 2528.98237 508957.70096

706 2217.96466 391470.76214 756 2375.04431 448883.37421 806 2532.12396 510222.97754

707 2221.10625 392580.52986 757 2378.18590 450071.68176 807 2535.26555 511489.82491

708 2224.24784 393691.86839 758 2381.32749 451261.56011 808 2538.40714 512758.24309

709 2227.38944 394804.77771 759 2384.46909 452453.00926 809 2541.54874 514028.23206

710 2230.53103 395919.25783 760 2387.61068 453646.02920 810 2544.69033 515299.79183

711 2233.67262 397035.30874 761 2390.75227 454840.61994 811 2547.83192 516572.92239

712 2236.81422 398152.93045 762 2393.89387 456036.78147 812 2550.97352 517847.62375

713 2239.95581 399272.12295 763 2397.03546 457234.51380 813 2554.11511 519123.89590

714 2243.09740 400392.88626 764 2400.17705 458433.81693 814 2557.25670 520401.73886

715 2246.23900 401515.22036 765 2403.31865 459634.69086 815 2560.39830 521681.15261

716 2249.38059 402639.12525 766 2406.46024 460837.13558 816 2563.53989 522962.13715

717 2252.52218 403764.60094 767 2409.60183 462041.15109 817 2566.68148 524244.69249

718 2255.66377 404891.64743 768 2412.74342 463246.73741 818 2569.82307 525528.81863

719 2258.80537 406020.26472 769 2415.88502 464453.89452 819 2572.96467 526814.51557

720 2261.94696 407150.45280 770 2419.02661 465662.62243 820 2576.10626 528101.78330

721 2265.08855 408282.21168 771 2422.16820 466872.92113 821 2579.24785 529390.62183

722 2268.23015 409415.54135 772 2425.30980 468084.79063 822 2582.38945 530681.03115

723 2271.37174 410550.44182 773 2428.45139 469298.23092 823 2585.53104 531973.01127

724 2274.51333 411686.91309 774 2431.59298 470513.24202 824 2588.67263 533266.56219

725 2277.65493 412824.95516 775 2434.73458 471729.82391 825 2591.81423 534561.68391

726 2280.79652 413964.56802 776 2437.87617 472947.97659 826 2594.95582 535858.37642

727 2283.93811 415105.75167 777 2441.01776 474167.70007 827 2598.09741 537156.63972

728 2287.07970 416248.50613 778 2444.15935 475388.99435 828 2601.23900 538456.47383

729 2290.22130 417392.83138 779 2447.30095 476611.85943 829 2604.38060 539757.87873

730 2293.36289 418538.72743 780 2450.44254 477836.29530 830 2607.52219 541060.85443

731 2296.50448 419686.19427 781 2453.58413 479062.30197 831 2610.66378 542365.40092

732 2299.64608 420835.23191 782 2456.72573 480289.87943 832 2613.80538 543671.51821

733 2302.78767 421985.84034 783 2459.86732 481519.02769 833 2616.94697 544979.20629

734 2305.92926 423138.01958 784 2463.00891 482749.74675 834 2620.08856 546288.46518

735 2309.07086 424291.76961 785 2466.15051 483982.03661 835 2623.23016 547599.29486

736 2312.21245 425447.09043 786 2469.29210 485215.89726 836 2626.37175 548911.69533

737 2315.35404 426603.98205 787 2472.43369 486451.32870 837 2629.51334 550225.66660

738 2318.49563 427762.44447 788 2475.57528 487688.33095 838 2632.65493 551541.20867

739 2321.63723 428922.47769 789 2478.71688 488926.90399 839 2635.79653 552858.32154

740 2324.77882 430084.08170 790 2481.85847 490167.04783 840 2638.93812 554177.00520

741 2327.92041 431247.25651 791 2485.00006 491408.76246 841 2642.07971 555497.25966

742 2331.06201 432412.00211 792 2488.14166 492652.04789 842 2645.22131 556819.08491

743 2334.20360 433578.31851 793 2491.28325 493896.90411 843 2648.36290 558142.48096

744 2337.34519 434746.20571 794 2494.42484 495143.33114 844 2651.50449 559467.44781

745 2340.48679 435915.66371 795 2497.56644 496391.32896 845 2654.64609 560793.98546

746 2343.62838 437086.69250 796 2500.70803 497640.89757 846 2657.78768 562122.09390

747 2346.76997 438259.29208 797 2503.84962 498892.03698 847 2660.92927 563451.77313

748 2349.91156 439433.46247 798 2506.99121 500144.74719 848 2664.07086 564783.02317

749 2353.05316 440609.20365 799 2510.13281 501399.02820 849 2667.21246 566115.84400
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Circumferences and Areas of Circles From 850-999

Dia-
meter

Circum-
ference Area

Dia-
meter

Circum-
ference Area

Dia-
meter

Circum-
ference Area

850 2670.35405 567450.23563 900 2827.43370 636172.58250 950 2984.51335 708821.92063

851 2673.49564 568786.19805 901 2830.57529 637587.08475 951 2987.65494 710314.96270

852 2676.63724 570123.73127 902 2833.71689 639003.15779 952 2990.79654 711809.57557

853 2679.77883 571462.83528 903 2836.85848 640420.80163 953 2993.93813 713305.75923

854 2682.92042 572803.51010 904 2840.00007 641840.01627 954 2997.07972 714803.51370

855 2686.06202 574145.75571 905 2843.14167 643260.80171 955 3000.22132 716302.83896

856 2689.20361 575489.57211 906 2846.28326 644683.15794 956 3003.36291 717803.73501

857 2692.34520 576834.95931 907 2849.42485 646107.08496 957 3006.50450 719306.20186

858 2695.48679 578181.91731 908 2852.56644 647532.58279 958 3009.64609 720810.23951

859 2698.62839 579530.44611 909 2855.70804 648959.65141 959 3012.78769 722315.84796

860 2701.76998 580880.54570 910 2858.84963 650388.29083 960 3015.92928 723823.02720

861 2704.91157 582232.21609 911 2861.99122 651818.50104 961 3019.07087 725331.77724

862 2708.05317 583585.45727 912 2865.13282 653250.28205 962 3022.21247 726842.09807

863 2711.19476 584940.26925 913 2868.27441 654683.63385 963 3025.35406 728353.98970

864 2714.33635 586296.65203 914 2871.41600 656118.55646 964 3028.49565 729867.45213

865 2717.47795 587654.60561 915 2874.55760 657555.04986 965 3031.63725 731382.48536

866 2720.61954 589014.12998 916 2877.69919 658993.11405 966 3034.77884 732899.08938

867 2723.76113 590375.22514 917 2880.84078 660432.74904 967 3037.92043 734417.26419

868 2726.90272 591737.89111 918 2883.98237 661873.95483 968 3041.06202 735937.00981

869 2730.04432 593102.12787 919 2887.12397 663316.73142 969 3044.20362 737458.32622

870 2733.18591 594467.93543 920 2890.26556 664761.07880 970 3047.34521 738981.21343

871 2736.32750 595835.31378 921 2893.40715 666206.99698 971 3050.48680 740505.67143

872 2739.46910 597204.26293 922 2896.54875 667654.48595 972 3053.62840 742031.70023

873 2742.61069 598574.78287 923 2899.69034 669103.54572 973 3056.76999 743559.29982

874 2745.75228 599946.87362 924 2902.83193 670554.17629 974 3059.91158 745088.47022

875 2748.89388 601320.53516 925 2905.97353 672006.37766 975 3063.05318 746619.21141

876 2752.03547 602695.76749 926 2909.11512 673460.14982 976 3066.19477 748151.52339

877 2755.17706 604072.57062 927 2912.25671 674915.49277 977 3069.33636 749685.40617

878 2758.31865 605450.94455 928 2915.39830 676372.40653 978 3072.47795 751220.85975

879 2761.46025 606830.88928 929 2918.53990 677830.89108 979 3075.61955 752757.88413

880 2764.60184 608212.40480 930 2921.68149 679290.94643 980 3078.76114 754296.47930

881 2767.74343 609595.49112 931 2924.82308 680752.57257 981 3081.90273 755836.64527

882 2770.88503 610980.14823 932 2927.96468 682215.76951 982 3085.04433 757378.38203

883 2774.02662 612366.37614 933 2931.10627 683680.53724 983 3088.18592 758921.68959

884 2777.16821 613754.17485 934 2934.24786 685146.87578 984 3091.32751 760466.56795

885 2780.30981 615143.54436 935 2937.38946 686614.78511 985 3094.46911 762013.01711

886 2783.45140 616534.48466 936 2940.53105 688084.26523 986 3097.61070 763561.03706

887 2786.59299 617926.99575 937 2943.67264 689555.31615 987 3100.75229 765110.62780

888 2789.73458 619321.07765 938 2946.81423 691027.93787 988 3103.89388 766661.78935

889 2792.87618 620716.73034 939 2949.95583 692502.13039 989 3107.03548 768214.52169

890 2796.01777 622113.95383 940 2953.09742 693977.89370 990 3110.17707 769768.82483

891 2799.15936 623512.74811 941 2956.23901 695455.22781 991 3113.31866 771324.69876

892 2802.30096 624913.11319 942 2959.38061 696934.13271 992 3116.46026 772882.14349

893 2805.44255 626315.04906 943 2962.52220 698414.60841 993 3119.60185 774441.15901

894 2808.58414 627718.55574 944 2965.66379 699896.65491 994 3122.74344 776001.74534

895 2811.72574 629123.63321 945 2968.80539 701380.27221 995 3125.88504 777563.90246

896 2814.86733 630530.28147 946 2971.94698 702865.46030 996 3129.02663 779127.63037

897 2818.00892 631938.50053 947 2975.08857 704352.21918 997 3132.16822 780692.92908

898 2821.15051 633348.29039 948 2978.23016 705840.54887 998 3135.30981 782259.79859

899 2824.29211 634759.65105 949 2981.37176 707330.44935 999 3138.45141 783828.23890
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Logarithms

Logarithms have long been used to facilitate and shorten calculations involving multipli-
cation, division, the extraction of roots, and obtaining powers of numbers; however, since 
the advent of hand-held calculators logarithms are rarely used for multiplication and divi-
sion problems. Logarithms still come up in other problems, and the following properties of 
logarithms are useful:

The logarithm of a number is defined as the exponent of a base number raised to a power. 
For example, log10 3.162277 = 0.500 means the logarithm of 3.162277 is equal to 0.500. 
Another way of expressing the same relationship is 100.500 = 3.162277, where 10 is the base 
number and the exponent 0.500 is the logarithm of 3.162277. A common example of a log-
arithmic expression 102 = 100 means that the base 10 logarithm of 100 is 2, that is, log10
100 = 2.00. There are two standard systems of logarithms in use: the “common” system 
(base 10) and the so-called “natural” system (base e = 2.71828…). Logarithms to base e are 
frequently written using “ln” instead of “loge” such as ln 6.1 = 1.808289. Logarithms of a 
number can be converted between the natural- and common-based systems as follows: lne

A = 2.3026 × log10 A and log10 A = 0.43430 × lne A. Additional information on the use of 
“natural logarithms” is given at the end of this section.

A logarithm consists of two parts, a whole number and a decimal. The whole number, 
which may be positive, negative, or zero, is called the characteristic; the decimal is called 
the mantissa. As a rule, only the decimal or mantissa is given in tables of common loga-
rithms; tables of natural logarithms give both the characteristic and mantissa. The tables 
given in this section are abbreviated, but very accurate results can be obtained by using the 
method of interpolation described in Interpolation from the Tables on page 2990. These 
tables are especially useful for finding logarithms and calculating powers and roots of 
numbers on calculators without these functions built in.

Evaluating Logarithms

Common Logarithms.— For common logarithms, the characteristic is prefixed to the 
mantissa according to the following rules: For numbers greater than or equal to 1, the char-
acteristic is one less than the number of places to the left of the decimal point. For example, 
the characteristic of the logarithm of 237 is 2, and of 2536.5 is 3. For numbers smaller than 
1 and greater than 0, the characteristic is negative and its numerical value is one more than 
the number of zeros immediately to the right of the decimal point. For example, the charac-
teristic of the logarithm of 0.036 is −2, and the characteristic of the logarithm of 0.0006 is 
−4. The minus sign is usually written over the figure, as in 2 to indicate that the minus sign 
refers only to the characteristic and not to the mantissa, which is never negative. The loga-
rithm of 0 does not exist.

The table of common logarithms in this section gives the mantissas of the logarithms of 
numbers from 1 to 10 and from 1.00 to 1.01. When finding the mantissa, the decimal point 
in a number is disregarded. The mantissa of the logarithms of 2716, 271.6, 27.16, 2.716, or 
0.02716, for example, is the same. The tables give directly the mantissas of logarithms of 
numbers with three figures or less; the logarithms for numbers with four or more figures 
can be found by interpolation, as described in Interpolation from the Tables on page 2990
and illustrated in the examples. All the mantissas in the common logarithmic tables are 
decimals and the decimal point has been omitted in the table. However, a decimal point 
should always be put before the mantissa as soon as it is taken from the table. Logarithmic 

cclog 1= cp
clog p= 1clog 0=

a b×( )clog aclog bclog+=

ap( )clog p aclog=

a b÷( )clog aclog bclog–=

ap( )clog 1 p⁄ aclog=
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tables are sufficient for many purposes, but electronic calculators and computers are faster, 
simpler, and more accurate than tables.

To find the common logarithm of a number from the tables, find the left-hand column of 
the table and follow down to locate the first two figures of the number. Then look at the top 
row of the table, on the same page, and follow across it to find the third figure of the num-
ber. Follow down the column containing this last figure until opposite the row on which the 
first two figures were found. The number at the intersection of the row and column is the 
mantissa of the logarithm. If the logarithm of a number with less than three figures is being 
obtained, add extra zeros to the right of the number so as to obtain three figures. For exam-
ple, if the mantissa of the logarithm of 6 is required, find the mantissa of 600.

Interpolation from the Tables.— If the logarithm of a number with more than three fig-
ures is needed, linear interpolation is a method of using two values from the table to esti-
mate the value of the logarithm desired. To find the logarithm of a number not listed in the 
tables, find the mantissa corresponding to the first three digits of the given number (disre-
garding the decimal point and leading zeros) and find the mantissa of the first three digits 
of the given number plus one. For example, to find the logarithm of 601.2, 60.12, or 
0.006012, find the mantissa of 601 and find the mantissa of 602 from the tables. Then sub-
tract the mantissa of the smaller number from the mantissa of the larger number and multi-
ply the result by a decimal number made from the remaining (additional greater than 3) 
figures of the original number. Add the result to the mantissa of the smaller number. Find 
the characteristic as described previously.

Example 1: Find the logarithm of 4032. The characteristic portion of the logarithm found 
in the manner described before is 3. Find the mantissa by locating 40 in the left-hand col-
umn of the logarithmic tables and then follow across the top row of the table to the column 
headed 3. Follow down the 3 column to the intersection with the 40 row and read the man-
tissa. The mantissa of the logarithm of 4030 is 0.605305. Because 4032 is between 4030 
and 4040, the logarithm of 4032 is the logarithm of 4030 plus two tenths of the difference 
in the logarithms of 4030 and 4040. Find the mantissa of 4040 and then subtract from it the 
mantissa of 4030. Multiply the difference obtained by 0.2 and add the result to the mantissa 
of the logarithm of 4030. Finally, add the characteristic portion of the logarithm. The result 
is log10 4032 = 3 + 0.605305 + 0.2 × (0.606381 − 0.605305) = 3.60552.

Finding a Number Whose Logarithm Is Given.— When a logarithm is given and it is 
required to find the corresponding number, find the number in the body of the table equal 
to the value of the mantissa. This value may appear in any column 0 to 9. Follow the row on 
which the mantissa is found across to the left to read the first two digits of the number 
sought. Read the third digit of the number from the top row of the table by following up the 
column on which the mantissa is found to the top. If the characteristic of the logarithm is 
positive, the number of figures to the left of the decimal in the number is one greater than 
the value of the characteristic. For example, if the figures corresponding to a given man-
tissa are 376 and the characteristic is 5, then the number sought has six figures to the left of 
the decimal point and is 376,000. If the characteristic had been 3, then the number sought 
would have been 0.00376. If the mantissa is not exactly obtainable in the tables, find the 
mantissa in the table that is nearest to the one given and determine the corresponding num-
ber. This procedure usually gives sufficiently accurate results. If more accuracy is 
required, find the two mantissas in the tables nearest to the mantissa given, one smaller and 
the other larger. For each of the two mantissas, read the three corresponding digits from the 
left column and top row to obtain the first three figures of the number as described before. 
The exact number sought lies between the two numbers found in this manner. 

Next: 1) subtract the smaller mantissa from the given mantissa and;  and  2) subtract the 
smaller mantissa from the larger mantissa.

Divide the result of (1) by the result of (2) and add the quotient to the number correspond-
ing to the smaller mantissa.
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Example 2: Find the number whose logarithm is 2.70053. First, find the number closest 
to the mantissa 70053 in the body of the tables. The closest mantissa listed in the tables is 
700704, so read across the table to the left to find the first two digits of the number sought 
(50) and up the column to find the third digit of the number (2). The characteristic of the 
logarithm given is 2, so the number sought has three digits to the left of the decimal point. 
Therefore, the number sought is slightly less than 502 and greater than 501. If greater accu-
racy is required, find the two mantissas in the table closest to the given mantissa (699838 
and 700704). Subtract the smaller mantissa from the mantissa of the given logarithm and 
divide the result by the smaller mantissa subtracted from the larger mantissa. Add the result 
to the number corresponding to the smaller mantissa. The resulting answer is 501 + 
(700530 − 699838) ÷ (700704 − 699838) = 501 + 0.79 = 501.79.

Natural Logarithms.— In certain formulas and in some branches of mathematical analy-
sis, use is made of logarithms (formerly also called Napierian or hyperbolic logarithms). 
As previously mentioned, the base of this system, e = 2.7182818284…, is the limit of cer-
tain mathematical series. The logarithm of a number A to the base e is usually written loge

A or ln A. Tables of natural logarithms for numbers ranging from 1 to 10 and 1.00 to 1.01 
are given in this Handbook after the table of common logarithms. To obtain natural logs of 
numbers less than 1 or greater than 10, proceed as in the following examples: loge 0.239 = 
loge 2.39 − loge 10; loge 0.0239 = loge 2.39 − 2 loge 10; loge 239 = loge 2.39 + 2 loge 10; loge

2390 = loge 2.39 + 3 loge 10, etc.

Using Calculators to Find Logarithms.— A scientific calculator is usually the quickest 
and most accurate method of finding logarithms and numbers corresponding to given log-
arithms. On most scientific calculators, the key labeled log is used to find common loga-
rithms (base 10) and the key labeled ln is used for finding natural logarithms (base e). The 
keystrokes to find a logarithm will vary slightly from one calculator to another, so specific 
instructions are not given. To find the number corresponding to a given logarithm: use the 
key labeled 10x if a common logarithm is given or use the key labeled ex if a natural loga-
rithm is given; calculators without the 10x or ex keys may have a key labeled xy that can be 
used by substituting 10 or e (2.718281…), as required, for x and substituting the logarithm 
whose corresponding number is sought for y. On some other calculators, the log and ln
keys are used to find common and natural logarithms, and the same keys in combination 
with the INV, or inverse, key are used to find the number corresponding to a given loga-
rithm.

Obtaining the Powers of Numbers.— A number may be raised to any power by simply 
multiplying the logarithm of the number by the exponent of the number. The product gives 
the logarithm of the value of the power.

Example 3: Find the value of 6.513

The logarithm 2.44074 is the logarithm of 6.513. Hence, 6.513 equals the number corre-
sponding to this logarithm, as found from the tables, or 6.513 = 275.9.

Example 4: Find the value of 121.29

Hence, 121.29 = 24.67.
Raising a decimal to a decimal power presents a somewhat more difficult problem 

because of the negative characteristic of the logarithm and the fact that the logarithm must 
be multiplied by a decimal exponent. The method for avoiding the use of negative charac-

6.51log 0.81358=

3 0.81358× 2.44074=

12log 1.07918=

1.29 1.07918× 1.39214=
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teristics, that is adding a number to and subtracting it from the characteristic, as shown 
below, is helpful here.

Example 5: Find the value of 0.08130.46

Subtract and add 0.6 to make the characteristic a whole number:

Hence, 0.08130.46 = 0.3152.

Extracting Roots by Logarithms.— Roots of numbers, for example, , can be 

extracted easily by means of logarithms. The small (5) in the radical ( ) of the root sign is 
called the index of the root. Any root of a number may be found by dividing its logarithm 
by the index of the root; the quotient is the logarithm of the root.

Example 6: Find

Hence,

Example 7: Find

Here it is not possible to divide directly, because there is a negative characteristic and a 
positive mantissa, another instance where the method of avoiding the use of negative char-
acteristics, previously outlined, is helpful. The preferred procedure is to add and subtract 
some number to the characteristic that is evenly divisible by the index of the root. The root 
index is 3, so 9 can be added to and subtracted from the characteristic, and the resulting log-
arithm divided by 3.

Hence,

Example 8: Find

Hence,

   4.09864 − 4.6

−0.6     + 0.6

log 0.08130.46 =  3.49864 − 4 = 1.49864

log 276 = 2.44091
2.44091 ÷ 3 = 0.81364

log 0.67  = 1.82607 = 8.82607 − 9

log 0.2   = 1.30103 = 16.30103 − 17

0.0813log 2.91009 8.91009 10–= =

0.08130.46log 0.46 8.91009 10–( )× 4.09864 4.6–= =

375

2763

2763log 0.81364= and 2763 6.511=

0.673

0.67log 1.82607=

0.673log 8.82607 9–
3

---------------------------- 2.94202 3–= =

0.673log 2.94202 3 1.94202=–=

0.673 0.875=

0.21.7

0.21.7log 16.30103 17–
1.7

---------------------------------- 9.58884 10– 1.58884= = =

0.21.7 0.388=
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Table of Logarithms

Table of Common Logarithms

0 1 2 3 4 5 6 7 8 9

10 000000 004321 008600 012837 017033 021189 025306 029384 033424 037426

11 041393 045323 049218 053078 056905 060698 064458 068186 071882 075547

12 079181 082785 086360 089905 093422 096910 100371 103804 107210 110590

13 113943 117271 120574 123852 127105 130334 133539 136721 139879 143015

14 146128 149219 152288 155336 158362 161368 164353 167317 170262 173186

15 176091 178977 181844 184691 187521 190332 193125 195900 198657 201397

16 204120 206826 209515 212188 214844 217484 220108 222716 225309 227887

17 230449 232996 235528 238046 240549 243038 245513 247973 250420 252853

18 255273 257679 260071 262451 264818 267172 269513 271842 274158 276462

19 278754 281033 283301 285557 287802 290035 292256 294466 296665 298853

20 301030 303196 305351 307496 309630 311754 313867 315970 318063 320146

21 322219 324282 326336 328380 330414 332438 334454 336460 338456 340444

22 342423 344392 346353 348305 350248 352183 354108 356026 357935 359835

23 361728 363612 365488 367356 369216 371068 372912 374748 376577 378398

24 380211 382017 383815 385606 387390 389166 390935 392697 394452 396199

25 397940 399674 401401 403121 404834 406540 408240 409933 411620 413300

26 414973 416641 418301 419956 421604 423246 424882 426511 428135 429752

27 431364 432969 434569 436163 437751 439333 440909 442480 444045 445604

28 447158 448706 450249 451786 453318 454845 456366 457882 459392 460898

29 462398 463893 465383 466868 468347 469822 471292 472756 474216 475671

30 477121 478566 480007 481443 482874 484300 485721 487138 488551 489958

31 491362 492760 494155 495544 496930 498311 499687 501059 502427 503791

32 505150 506505 507856 509203 510545 511883 513218 514548 515874 517196

33 518514 519828 521138 522444 523746 525045 526339 527630 528917 530200

34 531479 532754 534026 535294 536558 537819 539076 540329 541579 542825

35 544068 545307 546543 547775 549003 550228 551450 552668 553883 555094

36 556303 557507 558709 559907 561101 562293 563481 564666 565848 567026

37 568202 569374 570543 571709 572872 574031 575188 576341 577492 578639

38 579784 580925 582063 583199 584331 585461 586587 587711 588832 589950

39 591065 592177 593286 594393 595496 596597 597695 598791 599883 600973

40 602060 603144 604226 605305 606381 607455 608526 609594 610660 611723

41 612784 613842 614897 615950 617000 618048 619093 620136 621176 622214

42 623249 624282 625312 626340 627366 628389 629410 630428 631444 632457

43 633468 634477 635484 636488 637490 638489 639486 640481 641474 642465

44 643453 644439 645422 646404 647383 648360 649335 650308 651278 652246

45 653213 654177 655138 656098 657056 658011 658965 659916 660865 661813

46 662758 663701 664642 665581 666518 667453 668386 669317 670246 671173

47 672098 673021 673942 674861 675778 676694 677607 678518 679428 680336

48 681241 682145 683047 683947 684845 685742 686636 687529 688420 689309

49 690196 691081 691965 692847 693727 694605 695482 696356 697229 698101

50 698970 699838 700704 701568 702431 703291 704151 705008 705864 706718

51 707570 708421 709270 710117 710963 711807 712650 713491 714330 715167

52 716003 716838 717671 718502 719331 720159 720986 721811 722634 723456

53 724276 725095 725912 726727 727541 728354 729165 729974 730782 731589

54 732394 733197 733999 734800 735599 736397 737193 737987 738781 739572

55 740363 741152 741939 742725 743510 744293 745075 745855 746634 747412

56 748188 748963 749736 750508 751279 752048 752816 753583 754348 755112

57 755875 756636 757396 758155 758912 759668 760422 761176 761928 762679

58 763428 764176 764923 765669 766413 767156 767898 768638 769377 770115

59 770852 771587 772322 773055 773786 774517 775246 775974 776701 777427
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Table of Common Logarithms

0 1 2 3 4 5 6 7 8 9

60 778151 778874 779596 780317 781037 781755 782473 783189 783904 784617

61 785330 786041 786751 787460 788168 788875 789581 790285 790988 791691

62 792392 793092 793790 794488 795185 795880 796574 797268 797960 798651

63 799341 800029 800717 801404 802089 802774 803457 804139 804821 805501

64 806180 806858 807535 808211 808886 809560 810233 810904 811575 812245

65 812913 813581 814248 814913 815578 816241 816904 817565 818226 818885

66 819544 820201 820858 821514 822168 822822 823474 824126 824776 825426

67 826075 826723 827369 828015 828660 829304 829947 830589 831230 831870

68 832509 833147 833784 834421 835056 835691 836324 836957 837588 838219

69 838849 839478 840106 840733 841359 841985 842609 843233 843855 844477

70 845098 845718 846337 846955 847573 848189 848805 849419 850033 850646

71 851258 851870 852480 853090 853698 854306 854913 855519 856124 856729

72 857332 857935 858537 859138 859739 860338 860937 861534 862131 862728

73 863323 863917 864511 865104 865696 866287 866878 867467 868056 868644

74 869232 869818 870404 870989 871573 872156 872739 873321 873902 874482

75 875061 875640 876218 876795 877371 877947 878522 879096 879669 880242

76 880814 881385 881955 882525 883093 883661 884229 884795 885361 885926

77 886491 887054 887617 888179 888741 889302 889862 890421 890980 891537

78 892095 892651 893207 893762 894316 894870 895423 895975 896526 897077

79 897627 898176 898725 899273 899821 900367 900913 901458 902003 902547

80 903090 903633 904174 904716 905256 905796 906335 906874 907411 907949

81 908485 909021 909556 910091 910624 911158 911690 912222 912753 913284

82 913814 914343 914872 915400 915927 916454 916980 917506 918030 918555

83 919078 919601 920123 920645 921166 921686 922206 922725 923244 923762

84 924279 924796 925312 925828 926342 926857 927370 927883 928396 928908

85 929419 929930 930440 930949 931458 931966 932474 932981 933487 933993

86 934498 935003 935507 936011 936514 937016 937518 938019 938520 939020

87 939519 940018 940516 941014 941511 942008 942504 943000 943495 943989

88 944483 944976 945469 945961 946452 946943 947434 947924 948413 948902

89 949390 949878 950365 950851 951338 951823 952308 952792 953276 953760

90 954243 954725 955207 955688 956168 956649 957128 957607 958086 958564

91 959041 959518 959995 960471 960946 961421 961895 962369 962843 963316

92 963788 964260 964731 965202 965672 966142 966611 967080 967548 968016

93 968483 968950 969416 969882 970347 970812 971276 971740 972203 972666

94 973128 973590 974051 974512 974972 975432 975891 976350 976808 977266

95 977724 978181 978637 979093 979548 980003 980458 980912 981366 981819

96 982271 982723 983175 983626 984077 984527 984977 985426 985875 986324

97 986772 987219 987666 988113 988559 989005 989450 989895 990339 990783

98 991226 991669 992111 992554 992995 993436 993877 994317 994757 995196

99 995635 996074 996512 996949 997386 997823 998259 998695 999131 999565

100 000000 000434 000868 001301 001734 002166 002598 003029 003461 003891

101 004321 004751 005181 005609 006038 006466 006894 007321 007748 008174

102 008600 009026 009451 009876 010300 010724 011147 011570 011993 012415

103 012837 013259 013680 014100 014521 014940 015360 015779 016197 016616

104 017033 017451 017868 018284 018700 019116 019532 019947 020361 020775

105 021189 021603 022016 022428 022841 023252 023664 024075 024486 024896

106 025306 025715 026125 026533 026942 027350 027757 028164 028571 028978

107 029384 029789 030195 030600 031004 031408 031812 032216 032619 033021

108 033424 033826 034227 034628 035029 035430 035830 036230 036629 037028

109 037426 037825 038223 038620 039017 039414 039811 040207 040602 040998
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Table of Natural Logarithms

0 1 2 3 4 5 6 7 8 9

1.0 0.00000 0.009950 0.019803 0.029559 0.039221 0.048790 0.058269 0.067659 0.076961 0.086178

1.1 0.09531 0.104360 0.113329 0.122218 0.131028 0.139762 0.148420 0.157004 0.165514 0.173953

1.2 0.18232 0.190620 0.198851 0.207014 0.215111 0.223144 0.231112 0.239017 0.246860 0.254642

1.3 0.26236 0.270027 0.277632 0.285179 0.292670 0.300105 0.307485 0.314811 0.322083 0.329304

1.4 0.33647 0.343590 0.350657 0.357674 0.364643 0.371564 0.378436 0.385262 0.392042 0.398776

1.5 0.40546 0.412110 0.418710 0.425268 0.431782 0.438255 0.444686 0.451076 0.457425 0.463734

1.6 0.47000 0.476234 0.482426 0.488580 0.494696 0.500775 0.506818 0.512824 0.518794 0.524729

1.7 0.53062 0.536493 0.542324 0.548121 0.553885 0.559616 0.565314 0.570980 0.576613 0.582216

1.8 0.58778 0.593327 0.598837 0.604316 0.609766 0.615186 0.620576 0.625938 0.631272 0.636577

1.9 0.64185 0.647103 0.652325 0.657520 0.662688 0.667829 0.672944 0.678034 0.683097 0.688135

2.0 0.69314 0.698135 0.703098 0.708036 0.712950 0.717840 0.722706 0.727549 0.732368 0.737164

2.1 0.74193 0.746688 0.751416 0.756122 0.760806 0.765468 0.770108 0.774727 0.779325 0.783902

2.2 0.78845 0.792993 0.797507 0.802002 0.806476 0.810930 0.815365 0.819780 0.824175 0.828552

2.3 0.83290 0.837248 0.841567 0.845868 0.850151 0.854415 0.858662 0.862890 0.867100 0.871293

2.4 0.87546 0.879627 0.883768 0.887891 0.891998 0.896088 0.900161 0.904218 0.908259 0.912283

2.5 0.91629 0.920283 0.924259 0.928219 0.932164 0.936093 0.940007 0.943906 0.947789 0.951658

2.6 0.95551 0.959350 0.963174 0.966984 0.970779 0.974560 0.978326 0.982078 0.985817 0.989541

2.7 0.99325 0.996949 1.000632 1.004302 1.007958 1.011601 1.015231 1.018847 1.022451 1.026042

2.8 1.02961 1.033184 1.036737 1.040277 1.043804 1.047319 1.050822 1.054312 1.057790 1.061257

2.9 1.06471 1.068153 1.071584 1.075002 1.078410 1.081805 1.085189 1.088562 1.091923 1.095273

3.0 1.09861 1.101940 1.105257 1.108563 1.111858 1.115142 1.118415 1.121678 1.124930 1.128171

3.1 1.13140 1.134623 1.137833 1.141033 1.144223 1.147402 1.150572 1.153732 1.156881 1.160021

3.2 1.16315 1.166271 1.169381 1.172482 1.175573 1.178655 1.181727 1.184790 1.187843 1.190888

3.3 1.19392 1.196948 1.199965 1.202972 1.205971 1.208960 1.211941 1.214913 1.217876 1.220830

3.4 1.22377 1.226712 1.229641 1.232560 1.235471 1.238374 1.241269 1.244155 1.247032 1.249902

3.5 1.25276 1.255616 1.258461 1.261298 1.264127 1.266948 1.269761 1.272566 1.275363 1.278152

3.6 1.28093 1.283708 1.286474 1.289233 1.291984 1.294727 1.297463 1.300192 1.302913 1.305626

3.7 1.30833 1.311032 1.313724 1.316408 1.319086 1.321756 1.324419 1.327075 1.329724 1.332366

3.8 1.33500 1.337629 1.340250 1.342865 1.345472 1.348073 1.350667 1.353255 1.355835 1.358409

3.9 1.36097 1.363537 1.366092 1.368639 1.371181 1.373716 1.376244 1.378766 1.381282 1.383791

4.0 1.38629 1.388791 1.391282 1.393766 1.396245 1.398717 1.401183 1.403643 1.406097 1.408545

4.1 1.41098 1.413423 1.415853 1.418277 1.420696 1.423108 1.425515 1.427916 1.430311 1.432701

4.2 1.43508 1.437463 1.439835 1.442202 1.444563 1.446919 1.449269 1.451614 1.453953 1.456287

4.3 1.45861 1.460938 1.463255 1.465568 1.467874 1.470176 1.472472 1.474763 1.477049 1.479329

4.4 1.48160 1.483875 1.486140 1.488400 1.490654 1.492904 1.495149 1.497388 1.499623 1.501853

4.5 1.50407 1.506297 1.508512 1.510722 1.512927 1.515127 1.517323 1.519513 1.521699 1.523880

4.6 1.52605 1.528228 1.530395 1.532557 1.534714 1.536867 1.539015 1.541159 1.543298 1.545433

4.7 1.54756 1.549688 1.551809 1.553925 1.556037 1.558145 1.560248 1.562346 1.564441 1.566530

4.8 1.56861 1.570697 1.572774 1.574846 1.576915 1.578979 1.581038 1.583094 1.585145 1.587192

4.9 1.58923 1.591274 1.593309 1.595339 1.597365 1.599388 1.601406 1.603420 1.605430 1.607436

5.0 1.60943 1.611436 1.613430 1.615420 1.617406 1.619388 1.621366 1.623341 1.625311 1.627278

5.1 1.62924 1.631199 1.633154 1.635106 1.637053 1.638997 1.640937 1.642873 1.644805 1.646734

5.2 1.64865 1.650580 1.652497 1.654411 1.656321 1.658228 1.660131 1.662030 1.663926 1.665818

5.3 1.66770 1.669592 1.671473 1.673351 1.675226 1.677097 1.678964 1.680828 1.682688 1.684545

5.4 1.68639 1.688249 1.690096 1.691939 1.693779 1.695616 1.697449 1.699279 1.701105 1.702928

5.5 1.70474 1.706565 1.708378 1.710188 1.711995 1.713798 1.715598 1.717395 1.719189 1.720979

5.6 1.722767 1.724551 1.726332 1.728109 1.729884 1.731656 1.733424 1.735189 1.736951 1.738710

5.7 1.74046 1.742219 1.743969 1.745716 1.747459 1.749200 1.750937 1.752672 1.754404 1.756132

5.8 1.75785 1.759581 1.761300 1.763017 1.764731 1.766442 1.768150 1.769855 1.771557 1.773256

5.9 1.77495 1.776646 1.778336 1.780024 1.781709 1.783391 1.785070 1.786747 1.788421 1.790091
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Table of Natural Logarithms

0 1 2 3 4 5 6 7 8 9

 6.0 1.791759 1.793425 1.795087 1.796747 1.798404 1.800058 1.801710 1.803359 1.805005 1.806648

 6.1 1.808289 1.809927 1.811562 1.813195 1.814825 1.816452 1.818077 1.819699 1.821318 1.822935

 6.2 1.824549 1.826161 1.827770 1.829376 1.830980 1.832581 1.834180 1.835776 1.837370 1.838961

 6.3 1.840550 1.842136 1.843719 1.845300 1.846879 1.848455 1.850028 1.851599 1.853168 1.854734

 6.4 1.856298 1.857859 1.859418 1.860975 1.862529 1.864080 1.865629 1.867176 1.868721 1.870263

 6.5 1.871802 1.873339 1.874874 1.876407 1.877937 1.879465 1.880991 1.882514 1.884035 1.885553

 6.6 1.887070 1.888584 1.890095 1.891605 1.893112 1.894617 1.896119 1.897620 1.899118 1.900614

 6.7 1.902108 1.903599 1.905088 1.906575 1.908060 1.909543 1.911023 1.912501 1.913977 1.915451

 6.8 1.916923 1.918392 1.919859 1.921325 1.922788 1.924249 1.925707 1.927164 1.928619 1.930071

 6.9 1.931521 1.932970 1.934416 1.935860 1.937302 1.938742 1.940179 1.941615 1.943049 1.944481

 7.0 1.945910 1.947338 1.948763 1.950187 1.951608 1.953028 1.954445 1.955860 1.957274 1.958685

 7.1 1.960095 1.961502 1.962908 1.964311 1.965713 1.967112 1.968510 1.969906 1.971299 1.972691

 7.2 1.974081 1.975469 1.976855 1.978239 1.979621 1.981001 1.982380 1.983756 1.985131 1.986504

 7.3 1.987874 1.989243 1.990610 1.991976 1.993339 1.994700 1.996060 1.997418 1.998774 2.000128

 7.4 2.001480 2.002830 2.004179 2.005526 2.006871 2.008214 2.009555 2.010895 2.012233 2.013569

 7.5 2.014903 2.016235 2.017566 2.018895 2.020222 2.021548 2.022871 2.024193 2.025513 2.026832

 7.6 2.028148 2.029463 2.030776 2.032088 2.033398 2.034706 2.036012 2.037317 2.038620 2.039921

 7.7 2.041220 2.042518 2.043814 2.045109 2.046402 2.047693 2.048982 2.050270 2.051556 2.052841

 7.8 2.054124 2.055405 2.056685 2.057963 2.059239 2.060514 2.061787 2.063058 2.064328 2.065596

 7.9 2.066863 2.068128 2.069391 2.070653 2.071913 2.073172 2.074429 2.075684 2.076938 2.078191

 8.0 2.079442 2.080691 2.081938 2.083185 2.084429 2.085672 2.086914 2.088153 2.089392 2.090629

 8.1 2.091864 2.093098 2.094330 2.095561 2.096790 2.098018 2.099244 2.100469 2.101692 2.102914

 8.2 2.104134 2.105353 2.106570 2.107786 2.109000 2.110213 2.111425 2.112635 2.113843 2.115050

 8.3 2.116256 2.117460 2.118662 2.119863 2.121063 2.122262 2.123458 2.124654 2.125848 2.127041

 8.4 2.128232 2.129421 2.130610 2.131797 2.132982 2.134166 2.135349 2.136531 2.137710 2.138889

 8.5 2.140066 2.141242 2.142416 2.143589 2.144761 2.145931 2.147100 2.148268 2.149434 2.150599

 8.6 2.151762 2.152924 2.154085 2.155245 2.156403 2.157559 2.158715 2.159869 2.161022 2.162173

 8.7 2.163323 2.164472 2.165619 2.166765 2.167910 2.169054 2.170196 2.171337 2.172476 2.173615

 8.8 2.174752 2.175887 2.177022 2.178155 2.179287 2.180417 2.181547 2.182675 2.183802 2.184927

 8.9 2.186051 2.187174 2.188296 2.189416 2.190536 2.191654 2.192770 2.193886 2.195000 2.196113

 9.0 2.197225 2.198335 2.199444 2.200552 2.201659 2.202765 2.203869 2.204972 2.206074 2.207175

 9.1 2.208274 2.209373 2.210470 2.211566 2.212660 2.213754 2.214846 2.215937 2.217027 2.218116

 9.2 2.219203 2.220290 2.221375 2.222459 2.223542 2.224624 2.225704 2.226783 2.227862 2.228939

 9.3 2.230014 2.231089 2.232163 2.233235 2.234306 2.235376 2.236445 2.237513 2.238580 2.239645

 9.4 2.240710 2.241773 2.242835 2.243896 2.244956 2.246015 2.247072 2.248129 2.249184 2.250239

 9.5 2.251292 2.252344 2.253395 2.254445 2.255493 2.256541 2.257588 2.258633 2.259678 2.260721

 9.6 2.261763 2.262804 2.263844 2.264883 2.265921 2.266958 2.267994 2.269028 2.270062 2.271094

 9.7 2.272126 2.273156 2.274186 2.275214 2.276241 2.277267 2.278292 2.279316 2.280339 2.281361

 9.8 2.282382 2.283402 2.284421 2.285439 2.286456 2.287471 2.288486 2.289500 2.290513 2.291524

 9.9 2.292535 2.293544 2.294553 2.295560 2.296567 2.297573 2.298577 2.299581 2.300583 2.301585

1.00 0.000000 0.001000 0.001998 0.002996 0.003992 0.004988 0.005982 0.006976 0.007968 0.008960

1.01 0.009950 0.010940 0.011929 0.012916 0.013903 0.014889 0.015873 0.016857 0.017840 0.018822

1.02 0.019803 0.020783 0.021761 0.022739 0.023717 0.024693 0.025668 0.026642 0.027615 0.028587

1.03 0.029559 0.030529 0.031499 0.032467 0.033435 0.034401 0.035367 0.036332 0.037296 0.038259

1.04 0.039221 0.040182 0.041142 0.042101 0.043059 0.044017 0.044973 0.045929 0.046884 0.047837

1.05 0.048790 0.049742 0.050693 0.051643 0.052592 0.053541 0.054488 0.055435 0.056380 0.057325

1.06 0.058269 0.059212 0.060154 0.061095 0.062035 0.062975 0.063913 0.064851 0.065788 0.066724

1.07 0.067659 0.068593 0.069526 0.070458 0.071390 0.072321 0.073250 0.074179 0.075107 0.076035

1.08 0.076961 0.077887 0.078811 0.079735 0.080658 0.081580 0.082501 0.083422 0.084341 0.085260

1.09 0.086178 0.087095 0.088011 0.088926 0.089841 0.090754 0.091667 0.092579 0.093490 0.094401
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MECHANICS AND STRENGTH OF MATERIALS

Mechanisms

Archimedean Screw.— A device, said to have been invented by Archimedes for raising 
water, consists principally of a cylinder within which is a shaft with a deep helical thread or 
groove. The cylinder is placed in an inclined position with its lower end and the screw 
immersed in water. As the tops of the thread of the screw fit the cylinder closely, water will 
move upward through the helical chambers formed by the groove or thread when the screw 
is revolved. The modern screw conveyer, used for raising other materials, is a form of 
Archimedean screw.

Geneva Stop.— The Geneva stop is a simple form of mechanism applied to watches, etc., 
to prevent winding the main spring too tightiy. The principle of the mechanism is illus-
trated by the diagram. A disk A has one projecting tooth B, and is fixed upon the spindle of 
the barrel or casing containing the main spring. 

Geneva Stop

Another disk C provided with notches that are engaged by tooth B is rotated through part 
of a revolution each time tooth B makes one complete turn and engages one of the notches 
or tooth spaces. As that part of disk C between the notches is curved to the  same radius as 
disk A, disk C is locked and  prevented from rotating during the time that  the tooth B is out 
of engagement. When disk A is turned, the intermittent motion of disk C continues until the 
convex portion D comes around into engagement with disk A, thus preventing any further 
rotation. With this arrangement, the number of revolutions for disk A can be positively reg-
ulated so that over-winding of the spring is avoided. When the winding action has ceased, 
the disks will return to their original positions as the mechanism of the watch is driven by 
the spring and runs down. The principle of the Geneva stop has been applied to various 
classes of machinery in order to obtain the in termittent motion resulting from this form of 
mechanism.

Whitworth Motion.— A quick-return method that has been widely used in slotter con-
struction, and on certain classes of shapers and other tools is illustrated by the diagram. 
This mechanism is known as the “Whitworth motion.” The gear G drives a slotted link L, 
which is pivoted at the same point within the path of the crankpin or Block B, thus permit-
ting the link to rotate through a complete revolution. As the center about which link L 
rotates is offset with relation to the center of the driving gear G, the driving pin B moves 
through an arc a during the cutting stroke, and through a shorter arc b for the return stroke, 
which, therefore, requires less time, in proportion to the respective lengths of arc a and b. 
This mechanism, when incorporated in the driving mechanism of a machine like a slotter, 
serves to return the ram and tool quickly after the cutting stroke, thus reducing the time for 
the idle or non-cutting period.
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Principle of Whitworth Quick-return Motion

Gyroscope.—The gyroscope may be defined, in general, as a mechanism in which a rotat-
ing wheel or disk is mounted in gimbals so that the principal axis of rotation always passes 
through a fixed point. The gyroscope possesses the peculiar quality of resisting any angu-
lar displacement of its axis after it has once been set in motion; hence, it is used for securing 
equilibrium in a great number of devices. Gyroscopes are applied as stabilizers. The gyro-
scope is also used in a special type of gyroscopic compass which has been highly success-
ful.
Dynamometers.—A dynamometer is an apparatus for measuring the power developed, 
absorbed, or transmitted by any piece of machinery.  Absorption dynamometers absorb the 
power generated or transmitted by any mechanism, measuring it during the process of 
absorption. Dynamometers of another type measure the power by transmitting it through 
the mechanism of the dynamometer from the apparatus in which it is generated, or to the 
apparatus in which it is to be utilized. Dynamometers of this class are known as transmis-
sion dynamometers. Dynamometers known as indicators operate by simultaneously mea-
suring the pressure and volume of a confined fluid. Indicators are very seldom used, 
however, except for the measurement of the power generated by steam or gas engines or 
absorbed by refrigerating machinery, air compressors, or pumps.
Prony Brake.— The simplest form of absorption dynamometer is the Prony brake (see 
diagram). This consists of a wooden beam A and a shorter beam B, connected by the two 
tie-rods T; fastened to the beams are the two wooden pieces C. These pieces are sawed so 
that they fit the surface of the pulley P. By tightening the nuts on the tie-rods, the friction 
between the blocks and the pulley surface is increased. A knife-edge fastened to the beam 
A rests upon a support which transmits the pressure to the platform scale S. As the pulley 
revolves in the direction indicated by the arrow, its motion is opposed by the friction of the 
blocks. The brake absorbs the power generated or transmitted by the machine to which the 
pulley is attached.

The Prony Brake

The horizontal distance L between a vertical line through the axis of the pulley, and a ver-
tical line through the knife-edge which supports the brake, is known as the arm of the 
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brake. The weight indicated by the scale when the brake is absorbing power is known as the 
tare of the brake. The weight which would be indicated by the scale, if the pulley were 
absolutely frictionless, is known as the zero reading of the brake. The difference between 
the tare and the zero reading is known as the brake reading. In order to determine the zero 
reading, the nuts are loosened so as to reduce th8 friction as much as possible, and the pul-
ley is then revolved slowly forward and the scale reading taken. The pulley is then revolved 
slowly backward and the scale reading again taken. The average of these two readings is 
the zero reading. If, for any reason, it is not convenient or possible to make these two read-
ings, the nuts on the tie-rods may be loosened until a section of round iron or steel of small 
diameter can be placed between the rim of the pulley and the friction surface of the upper 
block, parallel to and vertically over the axis of the pulley. The weight registered by the 
scale in this case is the zero reading of the brake. The power absorbed by the brake may be 
determined by the formula:

in which H.P. horsepower absorbed by the brake;

L = length of the brake arm in feet;

N = Number of revolutions of the pulley per minute;

W = brake reading in pounds;

Water Brakes.— All the power absorbed by a Prony brake is transformed into heat. When 
the amount of power to be absorbed is considerable, the Prony brake becomes unsatisfac-
tory for the reason that it is impossible to conduct away such enormous quantities of heat, 
and avoid temperatures which will be destructive both to the pulley and to the brake. In 
such cases, some form of water brake is generally used. A water brake usually consists of a 
casting in which disks or paddles revolve and churn or agitate a quantity of water contained 
in the casing. The disks or paddles are fixed to a shaft which delivers the power to be 
absorbed. The casing is free to turn about the shaft, and an arm extending from it rests upon 
some form of weighing apparatus. Vanes or ribs fixed to the casing prevent the water from 
turning with the rotating member. The same formulas are employed in computing the 
power absorbed as are used in the case of a Prony brake. In order to carry off the heat gen-
erated, the water which is agitated is allowed to flow away and is continuously replenished 
by fresh cold water. The power absorbed by a brake of this type depends upon the speed 
and upon the quantity of water which is agitated. Other things being equal, the power 
absorbed is approximately proportional to the cube of the number of revolutions per 
minute.

Catenary Curve.— The catenary is the curve assumed by a string or chain of uniform 
weight hanging freely between two supports. The cables of a suspension bridge, if uni-
formly loaded, assume the form of the catenary curve. It has, therefore, considerable 
importance in structural engineering.

The curve formed by a cable or chain of uniform weight can be described by the follow-
ing formula when a = 1:

where x,y = any point on the curve

a = the y-intercept of the function, i.e., the value of the function at x = 0

cosh = the hyperbolic cosine function

e = the mathematical constant, 2.71828

H.P. 2πLNW

33 000,
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Flywheels

Classification.—Flywheels may be classified as balance wheels or as flywheel pulleys.
The object of all flywheels is to equalize the energy exerted and the work done and thereby 
prevent excessive or sudden changes of speed. The permissible speed variation is an 
important factor in all flywheel designs. The allowable speed change varies considerably 
for different classes of machinery; for instance, it is about 1 or 2 per cent in steam engines, 
while in punching and shearing machinery a speed variation of 20 per cent may be allowed.

The function of a balance wheel is to absorb and equalize energy in case the resistance to 
motion, or driving power, varies throughout the cycle. Therefore, the rim section is gener-
ally quite heavy and is designed with reference to the energy that must be stored in it to pre-
vent excessive speed variations and, with reference to the strength necessary to withstand 
safely the stresses resulting from the required speed. The rims of most balance wheels are 
either square or nearly square in section, but flywheel pulleys are commonly made wide to 
accommodate a belt and relatively thin in a radial direction, although this is not an invari-
able rule.

Flywheels, in general, may either be formed of a solid or one-piece section, or they may 
be of sectional construction. Flywheels in diameters up to about eight feet are usually cast 
solid, the hubs sometimes being divided to relieve cooling stresses. Flywheels ranging 
from, say, eight feet to fifteen feet in diameter, are commonly cast in half sections, and the 
larger sizes in several sections, the number of which may equal the number of arms in the 
wheel. Sectional flywheels may be divided into two general classes. One class includes 
cast wheels which are formed of sections principally because a solid casting would be too 
large to transport readily. The second class includes wheels of sectional construction 
which, by reason of the materials used and the special arrangement of the sections, enables 
much higher peripheral speeds to be obtained safely than would be possible with ordinary 
sectional wheels of the type not designed especially for high speeds. Various designs have 
been built to withstand the extreme stresses encountered in some classes of service. The 
rims in some designs are laminated, being partly or entirely formed of numerous segment-
shaped steel plates. Another type of flywheel, which is superior to an ordinary sectional 
wheel, has a solid cast-iron rim connected to the hub by disk-shaped steel plates instead of 
cast spokes. 

Steel wheels may be divided into three distinct types, including 1) those having the cen-
ter and rim built up entirely of steel plates;  2) those having a cast-iron center and steel 
rim;  and  3) those having a cast-steel center and rim formed of steel plates.

Wheels having wire-wound rims have been used to a limited extent when extremely high 
speeds have been necessary.

When the rim is formed of sections held together by joints it is very important to design 
these joints properly. The ordinary bolted and flanged rim joints located between the arms 
average about 20 per cent of the strength of a solid rim and about 25 per cent is the maxi-
mum strength obtainable for a joint of this kind. However, by placing the joints at the ends 
of the arms instead of between them, an efficiency of 50 per cent of the strength of the rim 
may be obtained, because the joint is not subjected to the outward bending stresses 
between the arms but is directly supported by the arm, the end of which is secured to the rim 
just beneath the joint. When the rim sections of heavy balance wheels are held together by 
steel links shrunk into place, an efficiency of 60 per cent may be obtained; and by using a 
rim of box or I-section, a link type of joint connection may have an efficiency of 100 per-
cent.

Energy Due to Changes of Velocity.— When a flywheel absorbs energy from a variable 
driving force, as in a steam engine, the velocity increases; and when this stored energy is 
given out, the velocity diminishes. When the driven member of a machine encounters a 
variable resistance in performing its work, as when the punch of a punching machine is 
passing through a steel plate, the flywheel gives up energy while the punch is at work, and, 
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consequently, the speed of the flywheel is reduced. The total energy that a flywheel would 
give out if brought to a standstill is given by the formula:

in which E = total energy of flywheel, in foot-pounds
W = weight of flywheel rim, in pounds
v = velocity at mean radius of flywheel rim, in feet per second
g = acceleration due to gravity = 32.16 ft/s2

If the velocity of a flywheel changes, the energy it will absorb or give up is proportional 
to the difference between the squares of its initial and final speeds, and is equal to the dif-
ference between the energy that it would give out if brought to a full stop and the energy 
that is still stored in it at the reduced velocity. Hence:

in which E1 = energy in foot-pounds that a flywheel will give out while the speed is 
reduced from v1 to v2

W = weight of flywheel rim, in pounds
v1 = velocity at mean radius of flywheel rim before any energy has been given 

out, in feet per second
v2 = velocity of flywheel rim at end of period during which the energy has been 

given out, in feet per second
Ordinarily, the effects of the arms and hub do not enter into flywheel calculations, and 

only the weight of the rim is considered. In computing the velocity, the mean radius of the 
rim is commonly used.

Using metric SI units, the formulas are E = 1⁄2 Mv2, and E1 = 1⁄2 M(v1
2 - v2

2), where E

and E1 are in joules; M = the mass of the rim in kilograms; and v, v1, and v2 = velocities 

in meters per second. Note: In the SI, the unit of mass is the kilogram. If the weight of 
the flywheel rim is given in kilograms, the value referred to is the mass, M. Should the 
weight be given in newtons, N, then

where g is approximately 9.81 meters per second squared.

Flywheel Calculations

General Procedure in Flywheel Design.— The general method of designing a flywheel 
is to determine first the value of E1 or the energy the flywheel must either supply or absorb 
for a given change in velocity, which, in turn, varies for different classes of service. The 
mean diameter of the flywheel may be assumed, or it may be fixed within certain limits by 
the general design of the machine. Ordinarily the speed of the flywheel shaft is known, at 
least approximately; the values of v1 and v2 can then be determined, the latter depending 
upon the allowable percentage of speed variation. When these values are known, the 
weight of the rim and the cross-sectional area required to obtain this weight may be com-
puted. The general procedure will be illustrated more in detail by considering the design of 
flywheels for punching and shearing machinery.
Flywheels for Presses, Punches, Shears, Etc.— In these classes of machinery, the work 
that the machine performs is of an intermittent nature and is done during a small part of the 
time required for the driving shaft of the machine to make a complete revolution. To dis-
tribute the work of the machine over the entire period of revolution of the driving shaft, a 

E
Wv2

2g
---------- Wv2

64.32
-------------= =

E1
Wv1

2

2g
----------

Wv2
2

2g
----------–

W v1
2 v2
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M
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heavy-rimmed flywheel is placed on the shaft, giving the belt an opportunity to perform an 
almost uniform amount of work during the whole revolution. During the greater part of the 
revolution of the driving shaft, the belt power is used to accelerate the speed of the fly-
wheel. During the part of the revolution when the work is done, the energy thus stored up 
in the flywheel is given out at the expense of its velocity. The problem is to determine the 
weight and cross-sectional area of the rim when the conditions affecting the design of the 
flywheel are known.

Example:A flywheel is required for a punching machine capable of punching 3⁄4-inch
holes through structural steel plates 3⁄4 inch thick. This machine (see accompanying dia-
gram) is of the general type having a belt-driven shaft at the rear which carries a flywheel 
and a pinion that meshes with a large gear on the main shaft at the top of the machine. It is 
assumed that the relative speeds of the pinion and large gear are 7 to 1, respectively, and 
that the slide is to make 30 working strokes per minute. The preliminary layout shows that 
the flywheel should have a mean diameter (see enlarged detail) of about 30 inches. Find the 
weight of the flywheel and the remaining rim dimensions.

Punch Press and Flywheel Detail

Energy Supplied by Flywheel: The energy that the flywheel must give up for a given 
change in velocity, and the weight of rim necessary to supply that energy, must be deter-
mined. The maximum force for shearing a 3⁄4-inch hole through 3⁄4-inch structural steel 
equals approximately the circumference of the hole multiplied by the thickness of the stock 
multiplied by the tensile strength, which is nearly the same as the shearing resistance of the 
steel. Thus, in this case, 3.1416 × 3⁄4× 3⁄4× 60,000 = 106,000 pounds. The average force will 
be much less than the maximum. Some designers assume that the average force is about 
one-half the maximum, although experiments show that the material is practically sheared 
off when the punch has entered the sheet a distance equal to about one-third the sheet thick-
ness. On this latter basis, the average energy Ea is 2200 foot-pounds for the example given. 
Thus:

If the efficiency of the machine is taken as 85 per cent, the energy required will equal 
2200/0.85 = 2600 foot-pounds nearly. Assume that the energy supplied by the belt while 
the punch is at work is determined by calculation to equal 175 foot-pounds. Then the fly-
wheel must supply 2600 −175 = 2425 foot-pounds = E1.

Ea
106 000, 1⁄3× 3⁄4×

12
----------------------------------------- 106 000,

4 12×
--------------------- 2200 foot-pounds.= = =



FLYWHEELS 3003

Dimensions of Flywheels for Punches and Shears

The maximum number of revolutions per minute given in this table should never be exceeded for 
cast-iron flywheels.

Rim Velocity at Mean Radius: When the mean radius of the flywheel is known, the 
velocity of the rim at the mean radius, in feet per second, is:

in which v = velocity at mean radius of flywheel, in feet per second

R = mean radius of flywheel rim, in feet

n = number of revolutions per minute

According to the preliminary layout the mean diameter in this example should be about 
30 inches and the driving shaft is to make 210 rpm, hence,

A B C D E F G H J
Max.

R.P.M.

24 3 31⁄2 6 11⁄4 13⁄8 23⁄4 31⁄4 31⁄2 955

30 31⁄2 4 7 13⁄8 11⁄2 3 33⁄4 4 796

36 4 41⁄2 8 11⁄2 13⁄4 31⁄4 41⁄4 41⁄2 637

42 41⁄4 43⁄4 9 13⁄4 2 31⁄2 41⁄2 5 557

48 41⁄2 5 10 13⁄4 2 33⁄4 43⁄4 51⁄2 478

54 43⁄4 51⁄2 11 2 21⁄4 4 5 6 430

60 5 6 12 21⁄4 21⁄2 41⁄2 51⁄2 61⁄2 382

72 51⁄2 7 13 21⁄2 23⁄4 5 61⁄2 7 318

84 6 8 14 3 31⁄2 51⁄2 71⁄2 8 273

96 7 9 15 31⁄2 4 6 9 9 239

108 8 10 161⁄2 33⁄4 41⁄2 61⁄2 101⁄2 10 212

120 9 11 18 4 5 71⁄2 12 12 191

v
2 3.1416× R n××

60
---------------------------------------------=

v
2 3.1416× 1.25× 210×

60
--------------------------------------------------------- 27.5 feet per second= =
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Weight of Flywheel Rim: Assuming that the allowable variation in velocity when punch-
ing is about 15 per cent, and values of v1 and v2 are respectively 27.5 and 23.4 feet per sec-
ond (27.5 × 0.85 = 23.4), the weight of a flywheel rim necessary to supply a given amount 
of energy in foot-pounds while the speed is reduced from v1 to v2 would be:

Size of Rim for Given Weight: Since 1 cubic inch of cast iron weighs 0.26 pound, a fly-
wheel rim weighing 750 pounds contains 750/0.26 = 2884 cubic inches. The cross-sec-
tional area of the rim in square inches equals the total number of cubic inches divided by 
the mean circumference, or 2884/94.25 = 31 square inches nearly, which is approximately 
the area of a rim 51⁄8 inches wide and 6 inches deep.

Simplified Flywheel Calculations.— Calculations for designing the flywheels of 
punches and shears are simplified by the following formulas and the accompanying table 
of constants applying to different percentages of speed reduction. In these formulas let:

HP = horsepower required
N = number of strokes per minute
E = total energy required per stroke, in foot-pounds

E1 = energy given up by flywheel, in foot-pounds
T = time in seconds per stroke

T1 = time in seconds of actual cut
W = weight of flywheel rim, in pounds
D = mean diameter of flywheel rim, in feet
R = maximum allowable speed of flywheel in revolutions per minute

C  and C1 = speed reduction values as given in table
a = width of flywheel rim
b = depth of flywheel rim
y = ratio of depth to width of rim

For cast-iron flywheels, with a maximum stress of 1000 pounds per square inch:

Values of C and C1 in the Previous Formulas

Example 1: A hot slab shear is required to cut a slab 4 × 15 inches which, at a shearing 
stress of 6000 pounds per square inch, gives a force between the knives of 360,000 pounds. 
The total energy required for the cut will then be 360,000 × 4⁄12 = 120,000 foot-pounds. The 
shear is to make 20 strokes per minute; the actual cutting time is 0.75 second, and the bal-
ance of the stroke is 2.25 seconds.

Per Cent
Reduction C C1

Per Cent
Reduction C C1

21⁄2 0.00000213 0.1250 10 0.00000810 0.0328

5 0.00000426 0.0625 15 0.00001180 0.0225

71⁄2 0.00000617 0.0432 20 0.00001535 0.0173

W
E1 64.32×

v1
2 v2

2–
-------------------------- 2425 64.32×

27.5
2

23.4
2

–
-------------------------------- 750 pounds= = =

HP
EN

33 000,
------------------ E

T 550×
------------------= = E1 E 1

T1

T
-----– 

 =

W
E1

CD
2
R

2
------------------= a

1.22W

12Dy
---------------= b ay=

W C1E1= R 1940 D÷=
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The flywheel is to have a mean diameter of 6 feet 6 inches and is to run at a speed of 200 
rpm; the reduction in speed to be 10 per cent per stroke when cutting.

Assuming a ratio of 1.22 between depth and width of rim,

or size of rim, say, 9 × 111⁄2 inches.

Example 2: Suppose that the flywheel in Example 1 is to be made with a stress due to cen-
trifugal force of 1000 pounds per square inch of rim section.

Assuming a ratio of 1.22 between depth and width of rim, as before:

or size of rim, say, 61⁄4 × 8 inches.

Centrifugal Stresses in Flywheel Rims.— In general, high speed is desirable for fly-
wheels in order to avoid using wheels that are unnecessarily large and heavy. The centrifu-
gal tension or hoop tension stress, that tends to rupture a flywheel rim of given area, 
depends solely upon the rim velocity and is independent of the rim radius. The bursting 
velocity of a flywheel, based on hoop stress alone (not considering bending stresses), is 
related to the tensile stress in the flywheel rim by the following formula which is based on 
the centrifugal force formula from mechanics.

where V = velocity of outside circumference of rim in feet per second, and s is the tensile 
strength of the rim material in pounds per square inch.

For cast iron having a tensile strength of 19,000 pounds per square inch the bursting 
speed would be:

Built-up Flywheels:  Flywheels built up of solid disks of rolled steel plate stacked and 
bolted together on a through shaft have greater speed capacity than other types. The maxi-
mum hoop stress is at the bore and is given by the formula,

HP
120 000, 20×

33 000,
--------------------------------- 72.7 horsepower= =

E1 120 000, 1 0.75
3

----------– 
 × 90 000 foot-pounds,= =

W
90 000,

0.0000081 6.5
2× 200

2×
----------------------------------------------------------- 6570 pounds= =

a
6570

12 6.5×
------------------- 9.18 inches= =

b 1.22 9.18× 11.2 inches= =

C1  for 10 per cent 0.0328=

W 0.0328 90 000,× 2950 pounds= =

R
1940

D
------------= If D 6 feet,= R

1940
6

------------ 323 rpm= =

a
2950

12 6×
--------------- 6.4 inches= =

b 1.22 6.4× 7.8 inches= =

V 10 s×           or,= s V
2

10÷=

V 10 19 000,× 436 feet per second= =

s 0.0194V
2

4.333 d D⁄( )2
+[ ]=
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In this formula, s and V are the stress and velocity as previously defined and d and D are 
the bore and outside diameters, respectively.

Assuming the plates to be of steel having a tensile strength of 60,000 pounds per square 
inch and a safe working stress of 24,000 pounds per square inch (using a factor of safety of 

2.5 on stress or  on speed) and taking the worst condition (when d approaches D), the 
safe rim speed for this type of flywheel is 500 feet per second or 30,000 feet per minute.

Combined Stresses in Flywheels.— The bending stresses in the rim of a flywheel may 
exceed the centrifugal (hoop tension) stress predicted by the simple formula s = V 2 /10 by 
a considerable amount. By taking into account certain characteristics of flywheels, rela-
tively simple formulas have been developed to determine the stress due to the combined 
effect of hoop tension and bending stress. Some of the factors that influence the magnitude 
of the maximum combined stress acting at the rim of a flywheel are:

1) The number of spokes. Increasing the number of spokes decreases the rim span 
between spokes and hence decreases the bending moment. Thus an eight-spoke wheel can 
be driven to a considerably higher speed before bursting than a six-spoke wheel having the 
same rim.

2) The relative thickness of the spokes. If the spokes were extremely thin, like wires, they 
could offer little constraint to the rim in expanding to its natural diameter under centrifugal 
force, and hence would cause little bending stress. Conversely, if the spokes were 
extremely heavy in proportion to the rim, they would restrain the rim thereby setting up 
heavy bending stresses at the junctions of the rim and spokes.

3) The relative thickness of the rim to the diameter. If the rim is quite thick (i.e., has a 
large section modulus in proportion to span), its resistance to bending will be great and 
bending stress small. Conversely, thin rims with a section modulus small in comparison 
with diameter or span have little resistance to bending, thus are subject to high bending 
stresses.

4) Residual stresses. These include shrinkage stresses, impact stresses, and stresses 
caused by operating torques and imperfections in the material. Residual stresses are taken 
into account by the use of a suitable factor of safety. (See Factors of Safety for Flywheels.)

The formulas that follow give the maximum combined stress at the rim of fly-wheels 
having 6, 8, and 10 spokes. These formulas are for flywheels with rectangular rim sections
and take into account the first three of the four factors listed as influencing the magnitude 
of the combined stress in flywheels.

Thickness of Cast Iron Flywheel Rims.— The mathematical analysis of the stresses in 
flywheel rims is not conclusive owing to the uncertainty of shrinkage stresses in castings or 
the strength of the joint in sectional wheels. When a flywheel of ordinary design is revolv-
ing at high speed, the tendency of the rim is to bend or bow outward between the arms, and 
the bending stresses may be serious, especially if the rim is wide and thin and the spokes 
are rather widely spaced. When the rims are thick, this tendency does not need to be con-
sidered, but in a thin rim running at high speed, the stress in the middle might become suf-

For 6 spokes:
In these formulas, s = maximum 

combined stress in pounds per 
square inch; Q = ratio of mean 
spoke cross-section area to rim 
cross-section area; B = ratio of out-
side diameter of rim to rim thick-
ness; and V = velocity of flywheel 
rim in feet per second.

For 8 spokes:

For 10 spokes:

2.5
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ficiently great to cause the wheel to fail. The proper thickness of a cast-iron rim to resist 
this tendency is given for solid rims by Formula (1) and for a jointed rim by Formula (2).

In these formulas, t = thickness of rim, in inches; d = diameter of flywheel, in inches; n = 
number of arms; v = peripheral speed, in feet per second.

Factors of Safety for Flywheels.— Cast-iron flywheels are commonly designed with a 
factor of safety of 10 to 13. A factor of safety of 10 applied to the tensile strength of a fly-

wheel material is equivalent to a factor of safety of  or 3.16 on the speed of the fly-
wheel because the stress on the rim of a flywheel increases as the square of the speed. Thus, 
a flywheel operating at a speed twice that for which it was designed would undergo rim 
stresses four times as great as at the design speed.

Tables of Safe Speeds for Flywheels.— The accompanying Table 1, prepared by T. C. 
Rathbone of The Fidelity and Casualty Company of New York, gives general recommen-
dations for safe rim speeds for flywheels of various constructions. Table 2 shows the num-
ber of revolutions per minute corresponding to the rim speeds in Table 1.

Table 1. Safe Rim Speeds for Flywheels

To find the safe speed in revolutions per minute, divide the safe rim speed in feet per minute by 3.14 
times the outside diameter of the flywheel rim in feet. For flywheels up to 15 feet in diameter, see 
Table 2.

(1) (2)

Solid Wheel Solid Rim: (a) Solid hub
(b) Split hub

Rim In Halves
Shrink Links

Or Keyed Links

Segment Type
Shrink Links

Rim With Bolted
Flange Joints Midway 

Between Spokes

Rim With Bolted
Flange Joints

Next To Spokes

Wheel In
Halves With

Split Spoke Joint

Segment Type
With Pad

Joints

Type of Wheel

Safe Rim Speed

Feet per Sec. Feet per Min.

Solid cast iron (balance wheels—heavy rims) 110 6,600

Solid cast iron (pulley wheels—thin rims) 85 5,100

Wheels with shrink link joints 77.5 4,650

Wheels with pad type joints 70.7 4,240

Wheels with bolted flange joints 50 3,000

Solid cast steel wheels 200 12,000

Wheels built up of stacked steel plates 500 30,000

t
0.475d

n
2 6000

v
2

------------ 1
10
------– 

 
-----------------------------------= t

0.95d

n
2 6000

v
2

------------ 1
10
------– 

 
-----------------------------------=

10
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Table 2.  Safe Speeds of Rotation for Flywheels

Safe speeds of rotation are based on safe rim speeds shown in Table 1.

Safe Speed Formulas for Flywheels and Pulleys.— No simple formula can accommo-
date all the various types and proportions of flywheels and pulleys and at the same time 
provide a uniform factor of safety for each. Because of considerations of safety, such a for-
mula would penalize the better constructions to accommodate the weaker designs.

One formula that has been used to check the maximum rated operating speed of fly-
wheels and pulleys and which takes into account material properties, construction, rim 
thickness, and joint efficiencies is the following:

In this formula, 
N = maximum rated operating speed in revolutions per minute
C = 1.0 for wheels driven by a constant speed electric motor (i.e., a-c squirrel-cage 

induction motor or a-c synchronous motor, etc.)
0.90 for wheels driven by variable speed motors, engines or turbines where 

overspeed is not over 110 per cent of rated operating speed
A = 0.90 for 4 arms or spokes

1.00 for 6 arms or spokes
1.08 for 8 arms or spokes
1.50 for disc type

M = 1.00 for cast iron of 20,000 psi tensile strength, or unknown
1.12 for cast iron of 25,000 psi tensile strength
1.22 for cast iron of 30,000 psi tensile strength
1.32 for cast iron of 35,000 psi tensile strength
2.20 for nodular iron of 60,000 psi tensile strength
2.45 for cast steel of 60,000 psi tensile strength
2.75 for plate or forged steel of 60,000 psi tensile strength

E = joint efficiency
1.0 for solid rim
0.85 for link or prison joints
0.75 for split rim — bolted joint at arms
0.70 for split rim — bolted joint between arms

Outside
Diameter
of Rim
(feet)

Safe Rim Speed in Feet per Minute (from Table 1)
6,600 5,100 4,650 4,240 3,000 12,000 30,000

Safe Speed of Rotation in Revolutions per Minute

1 2100 1623 1480 1350 955 3820 9549
2 1050 812 740 676 478 1910 4775
3 700 541 493 450 318 1273 3183
4 525 406 370 338 239 955 2387
5 420 325 296 270 191 764 1910
6 350 271 247 225 159 637 1592
7 300 232 211 193 136 546 1364
8 263 203 185 169 119 478 1194
9 233 180 164 150 106 424 1061

10 210 162 148 135 96 382 955
11 191 148 135 123 87 347 868
12 175 135 123 113 80 318 796
13 162 125 114 104 73 294 735
14 150 116 106 97 68 273 682
15 140 108 99 90 64 255 637

N
CAMEK

D
----------------------=
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K = 1355 for rim thickness equal to 1 per cent of outside diameter
1650 for rim thickness equal to 2 per cent of outside diameter
1840 for rim thickness equal to 3 per cent of outside diameter
1960 for rim thickness equal to 4 per cent of outside diameter
2040 for rim thickness equal to 5 per cent of outside diameter
2140 for rim thickness equal to 7 per cent of outside diameter
2225 for rim thickness equal to 10 per cent of outside diameter
2310 for rim thickness equal to 15 per cent of outside diameter
2340 for rim thickness equal to 20 per cent of outside diameter

D = outside diameter of rim in feet
Example:A six-spoke solid cast iron balance wheel 8 feet in diameter has a rectangular 

rim 10 inches thick. What is the safe speed, in revolutions per minute, if driven by a con-
stant speed motor?

In this instance, C = 1; A = 1; M = 1, since tensile strength is unknown; E = 1; K = 2225 
since the rim thickness is approximately 10 per cent of the wheel diameter; and D = 8 feet. 
Thus,

(Note: This safe speed is slightly greater than the value of 263 rpm obtainable directly 
from Tables 1 and 2.)
Tests to Determine Flywheel Bursting Speeds.— Tests made by Prof. C. H. Benjamin, 
to determine the bursting speeds of flywheels, showed the following results:

Cast-iron Wheels with Solid Rims: Cast-iron wheels having solid rims burst at a rim 
speed of 395 feet per second, corresponding to a centrifugal tension of about 15,600 
pounds per square inch.

Wheels with Jointed Rims: Four wheels were tested with joints and bolts inside the rim, 
using the familiar design ordinarily employed for band wheels, but with the joints located 
at points one-fourth of the distance from one arm to the next. These locations represent the 
points of least bending moment, and, consequently, the points at which the deflection due 
to centrifugal force would be expected to have the least effect. The tests, however, did not 
bear out this conclusion. The wheels burst at a rim speed of 194 feet per second, corre-
sponding to a centrifugal tension of about 3750 pounds per square inch. These wheels, 
therefore, were only about one-quarter as strong as the wheels with solid rims, and burst at 
practically the same speed as wheels in a previous series of tests in which the rim joints 
were midway between the arms.

Bursting Speed for Link Joints: Another type of wheel with deep rim, fastened together 
at the joints midway between the arms by links shrunk into recesses, after the manner of 
flywheels for massive engines, gave much superior results. This wheel burst at a speed of 
256 feet per second, indicating a centrifugal tension of about 6600 pounds per square inch.

Wheel having Tie-rods: Tests were made on a band wheel having joints inside the rim, 
midway between the arms, and in all respects like others of this design previously tested, 
except that tie-rods were used to connect the joints with the hub. This wheel burst at a speed 
of 225 feet per second, showing an increase of strength of from 30 to 40 per cent over sim-
ilar wheels without the tie-rods.

Wheel Rim of I-section: Several wheels of special design, not in common use, were also 
tested, the one giving the greatest strength being an English wheel, with solid rim of I-sec-
tion, made of high-grade cast iron and with the rim tied to the hub by steel wire spokes. 
These spokes were adjusted to have a uniform tension. The wheel gave way at a rim speed 
of 424 feet per second, which is slightly higher than the speed of rupture of the solid rim 
wheels with ordinary style of spokes.

N
1 1× 1× 2225×

8
--------------------------------------- 278 rpm= =
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Tests on Flywheel of Special Construction: A test was made on a flywheel 49 inches in 
diameter and weighing about 900 pounds. The rim was 63⁄4 inches wide and 11⁄8 inches 
thick, and was built of ten segments, the material being cast steel. Each joint was secured 
by three “prisoners” of an I-section on the outside face, by link prisoners on each edge, and 
by a dovetailed bronze clamp on the inside, fitting over lugs on the rim. The arms were of 
phosphor-bronze, twenty in number, ten on each side, and were cros-shaped in section. 
These arms came midway between the rim joints and were bolted to plane faces on the 
polygonal hub. The rim was further reinforced by a system of diagonal bracing, each sec-
tion of the rim being supported at five points on each side, in such a way as to relieve it 
almost entirely from bending. The braces, like the arms, were of phosphor-bronze, and all 
bolts and connecting links were of steel. This wheel was designed as a model of a proposed 
30-foot flywheel. On account of the excessive air resistance the wheel was enclosed at the 
sides between sheet-metal disks. This wheel burst at 1775 revolutions per minute or at a 
linear speed of 372 feet per second. The hub and main spokes of the wheel remained nearly 
in place, but parts of the rim were found 200 feet away. This sudden failure of the rim cast-
ing was unexpected, as it was thought the flange bolts would be the parts to give way first. 
The tensile strength of the casting at the point of fracture was about four times the strength 
of the wheel rim at a solid section.
Stresses in Rotating Disks.— When a disk of uniform width is rotated, the maximum 
stress St is tangential and at the bore of the hub, and the tangential stress is always greater 
than the radial stress at the same point on the disk. If St = maximum tangential stress in 
pounds per sq. in.; w = weight of material, lb. per cu. in.; N = rev. per min.; m = Poisson's 
ratio = 0.3 for steel; R = outer radius of disk, inches; r = inner radius of disk or radius of 
bore, inches.

Steam Engine Flywheels.— The variable amount of energy during each stroke and the 
allowable percentage of speed variation are of special importance in designing steam 
engine flywheels. The earlier the point of cut-off, the greater the variation in energy and the 
larger the flywheel that will be required. The weight of the reciprocating parts and the 
length of the connecting-rod also affect the variation. The following formula is used for 
computing the weight of the flywheel rim:
Let W = weight of rim in pounds

D = mean diameter of rim in feet
N = number of revolutions per minute
1⁄n = allowable variation in speed (from 1⁄50 to 1⁄100)
E = excess and deficiency of energy in foot-pounds
c = factor of energy excess, from the accompanying table

HP = indicated horsepower
Then, if the indicated horsepower is given:

(1)

If the work in foot-pounds is given, then:

(2)

In the second formula, E equals the average work in foot-pounds done by the engine in 
one revolution, multiplied by the decimal given in the accompanying table, “Factors for 
Engine Flywheel Calculations,” which covers both condensing and non-condensing 
engines:

St 0.0000071wN
2
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2
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2
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W
387 587 500,, cn× HP×
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W
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Factors for Engine Flywheel Calculations

Example 1: A non-condensing engine of 150 indicated horsepower is to make 200 revo-
lutions per minute, with a speed variation of 2 per cent. The average cut-off is to be at one-
quarter stroke, and the flywheel is to have a mean diameter of 6 feet. Find the necessary 
weight of the rim in pounds.

From the table c = 0.209, and from the data given HP = 150; N = 200; 1/n = 1 ⁄ 50 or n = 50; 
and, D = 6.

Substituting these values in Equation (1):

Example 2: A condensing engine, 24 × 42 inches, cuts off at one-third stroke and has a 
mean effective pressure of 50 pounds per square inch. The flywheel is to be 18 feet in mean 
diameter and make 75 revolutions per minute with a variation of 1 per cent. Find the 
required weight of the rim.

The work done on the piston in one revolution is equal to the pressure on the piston mul-
tiplied by the distance traveled or twice the stroke in feet. The area of the piston is 452.4 
square inches, and twice the stroke is 7 feet. The work done on the piston in one revolution 
is, therefore, 452.4 × 50 × 7 = 158,340 foot-pounds. From the table c = 0.163, and there-
fore:

From the data given: n = 100; D = 18; N = 75. Substituting these values in Equation (2):

Spokes or Arms of Flywheels.— Flywheel arms are usually of elliptical cross-section. 
The major axis of the ellipse is in the plane of rotation to give the arms greater resistance to 
bending stresses and reduce the air resistance which may be considerable at high velocity. 
The stresses in the arms may be severe, due to the inertia of a heavy rim when sudden load 
changes occur. The strength of the arms should equal three-fourths the strength of the shaft 
in torsion.

If W equals the width of the arm at the hub (length of major axis) and D equals the shaft 
diameter, then W equals 1.3 D for a wheel having 6 arms; and for an 8-arm wheel W equals 
1.2 D. The thickness of the arm at the hub (length of minor axis) equals one-half the width. 
The arms usually taper toward the rim. The cross-sectional area at the rim should not be 
less than two-thirds the area at the hub.

Condensing Engines

Fraction of stroke at which 
steam is cut off

1⁄3 1⁄4 1⁄5 1⁄6 1⁄7 1⁄8

Factor of energy excess 0.163 0.173 0.178 0.184 0.189 0.191

Non-condensing Engines

Steam cut off at 1⁄2 1⁄3 1⁄4 1⁄5
Factor of energy excess 0.160 0.186 0.209 0.232

W
387 587 500, , 0.209× 50× 150×

6
2

200
3×

-------------------------------------------------------------------------------- 2110 pounds, nearly= =

E 158 340, 0.163× 25 810 foot-pounds,= =

W
11 745, 100× 25 810,×

18
2

75
2×

--------------------------------------------------------- 16 650 pounds, nearly,= =
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PROPERTIES, TREATMENT, TESTING OF MATERIALS

Thermal Properties

Heat and Heat Transfer, Conduction.— Whenever the molecules of a working sub-
stance, whether liquid, solid, or vapor, are restrained so that no appreciable relative trans-
latory motion occurs among them, the kinetic energies of the various molecules will be 
largely due to vibration. If a temperature difference exists in the working substance, some 
adjacent molecules will necessarily be at different temperatures hence will possess differ-
ent degrees of vibratory motion. In this case the molecule which is vibrating most rapidly 
will transfer some of its motion to the slower-moving molecule next to it, the one then 
undergoing a decrease in temperature and the other an increase. In this way, thermal 
energy will be transferred by the mechanism of conduction from the region of higher to the 
region of lower temperature. The process will continue spontaneously until the entire sys-
tem has reached a uniform equilibrium temperature. If external conditions prevent attain-
ment of a uniform temperature, as, for example, when one end of a copper rod is placed in 
a fire and the other end in an icebox, heat will continue to flow by conduction from the 
region of higher to the region of lower temperature.In contrast to radiation, conduction 
only occurs when a working substance is present and when the molecules of that working 
substance retain practically fixed positions with respect to one another. Thus, conductive 
heat flow would always occur through solids, but would take place in liquids and vapors 
only if special conditions prevented or greatly reduced the normal translatory motion of the 
molecules within these materials.

Fuel Oil Heating Values.— In order to determine the calorific values in British thermal 
units per pound of fuel oils, sixty-four samples of petroleum oils ranging from heavy crude 
oil to gasoline, representing the products of the principal oil fields in the United States, 
have been examined for calorific power. It was found that the oils varied in fuel value from 
about 18,500 to 21,100 BTU per pound. In general, the decrease in calorific power with an 
increase in specific gravity is regular, so that the relation between the specific gravity and 
the heat value may be expressed approximately by means of a simple formula, as follows: 
BTU per pound = 18,650 + 40 × (Number of Degrees Baume −10).

Ignition Temperatures.— The temperature of ignition is the degree of temperature at 
which a substance will combine with oxygen at a rate sufficiently rapid to produce a flame. 
The temperature of ignition has often been regarded as the temperature at which chemical 
combination begins, but this is not correct, because chemical combination has begun 
before a flame appears. The following temperatures are required to ignite the different sub-
stances specified: Phosphorus, transparent, 120 degrees F.; bisulphide of carbon, 300 
degrees F.; guncotton, 430 degrees F.; nitroglycerin, 490 degrees F.; phosphorus, amor-
phous, 500 degrees F.; rifle powder, 550 degrees F.; charcoal, 660 degrees F.; dry pine 
wood, 300 degrees F.; dry oak wood, 900 degrees F.; illuminating gas, 1110 degrees F.; 
benzine, 780 degrees F.; petroleum, 715 degrees F.; gas oil, 660 degrees F.; machine oil, 
715 degrees F; coal tars, 930 degrees F.; and benzol, 970 degrees F.

Firebrick Properties.— Brick intended for use in furnaces, flues, and cupolas, where the 
brickwork is subjected to very high temperatures, is generally known as "firebrick." There 
are several classes of firebrick, such as fireclay brick, silica brick, bauxite brick, chrome 
brick, and magnesia brick. 

Ordinary firebricks are made from fireclay; that is, clays which will stand a high temper-
ature without fusion, excessive shrinkage, or warping. There is no fixed standard of refrac-
toriness for fireclay, but, as a general rule, no clay is classed as a fireclay that fuses below 
2900 degrees F. 

Fireclays vary in composition, but they all contain high percentages of alumina and sil-
ica, and only small percentages of such constituents as oxide of iron, magnesia, lime, soda, 
and potash. A great number of different kinds of firebrick are manufactured to meet the 
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various conditions to which firebricks are subjected. Different classes of bricks are 
required to withstand different temperatures, as well as the corrosive action of gases, the 
chemical action of furnace charges, etc. 

The most common firebrick will melt at a temperature ranging from 2830 to 3140 
degrees F.; bauxite brick, from 2950 to 3245 degrees F.; silica brick, from 3090 to 3100 
degrees F.; chromite brick, at 3720 degrees F.; and magnesia brick, at 4950 degrees F. 

Non-metallic Materials

Carbon.—In nature, carbon is found free in two forms, as the diamond and as graphite; in 
combination with other elements carbon enters as a constituent of practically all animal 
and vegetable compounds, and of coal and petroleum. The specific gravity of carbon in the 
form of diamond is 3.5. When found as graphite, the specific gravity is about 2. Charcoal is 
also a porous form of nearly pure carbon. The properties of carbon vary according to the 
form in which it is found; thus, for example, the specific heat of diamond at 10 degrees C. 
(50 degrees F.) is about 0.11; of graphite at the same temperature it is about 0.16; and of 
wood-charcoal, 0.17. Besides the industrial uses of carbon in the form of graphite and char-
coal, it is the chief constituent of all combustible materials, and is one of the most important 
of the chemical elements in its combination with other elements. The carbon content of 
steel, for example, determines to a very large extent its characteristics. In fact, the distinc-
tion between wrought iron, mild steel, tool steel, and cast iron is due mainly to the different 
percentages of carbon contained in the metal.

Charcoal.—Charcoal is the residue consisting of impure carbon which is obtained by 
expelling the volatile matter from animal or vegetable substances. The most abundant 
source of charcoal is wood. Under average conditions, 100 parts of wood yield about 60 
parts, by volume, or 25 parts, by weight, of charcoal. The modern methods of producing 
charcoal from wood consist in using a cast-iron retort in which the wood is heated in order 
to remove the volatile constituents. Valuable by-products are also obtained in this manner 
(wood alcohol, wood tar, etc.). The uses of charcoal in the industries are many. It is an 
important fuel, especially in many metallurgical processes; it is also important as a constit-
uent of gun powder; it is used as a filtering medium; and it has the power of removing col-
oring matters from solutions, and is, therefore, used to some extent in laboratory practice. 
The specific gravity of wood charcoal is 0.4. Its density is 25 pounds per cubic foot.

Lodestone.—The most highly magnetic substances are iron and steel. Nickel and cobalt 
are also magnetic, but in a less degree. The name "magnet" has been derived from that of 
Magnesia, a town in Asia Minor, where an iron ore was found in early days which had the 
power of attracting iron. 

This ore is known as magnetite and consists of about 72 per cent, by weight, of iron and 
28 per cent of oxygen, the chemical formula being Fe3O4. The ore possessing this magnetic 
property is also known as lodestone. If a bar of hardened steel is rubbed with a piece of 
lodestone, it will acquire magnetic properties similar to those of the lodestone itself. 

Micarta.—Micarta is a non-metallic laminated product of specially treated woven fabric. 
By means of the various processes through which it is passed, it becomes a homogenous 
structure with physical properties which make it especially adapted for use as gears and 
pinions. Micarta can be supplied either in plate form or cut into blanks. It may also be 
molded into rings or on metal hubs for applications such as timing gears, where quantity 
production is attained. Micarta may be machined in the ordinary manner with standard 
tools and equipment.

Micarta gears do not require shrouds or end plates except where it is desired to provide 
additional strength for keyway support or to protect the keyway and bore against rough 
usage in mounting drive fits and the like. When end plates for hub support are employed 
they should extend only to the root of the tooth or slightly less.
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Properties: The physical and mechanical properties of Micarta are as follows: weight per 
cubic inch, 0.05 pound; specific gravity, 1.4; oil absorption, practically none; shrinkage, 
swelling or warping, practically none up to 100 degrees C.; coefficient of expansion per 
inch per degree Centigrade, 0.00002 inch in the direction parallel to the laminations (edge-
wise), 0.00009 inch in the direction perpendicular to the laminations (flat wise); tensile 
strength, edgewise, 10,000 pounds per square inch; compressive strength, flat wise, 
40,000 pounds per square inch; compressive strength, edgewise, 20,000 pounds per square 
inch; bending strength, flatwise, 22,000 pounds per square inch; bending strength, edge-
wise, 20,000 pounds per square inch. 

Metals and Alloys

Copper-Clad Steel.— A material generally used in the form of wire, in which a steel wire 
is covered with a coating of copper. It is produced either by alloying the copper with the 
surface of the metal or by welding it onto the surface. When the copper is alloyed with the 
surface, it is brought to a molten state before being applied, while, when welded to the sur-
face, it is merely in a plastic state. 

Truflex.—Thermostatic bimetal made in different types for automatically controlling 
temperature ranges of from —50 degrees F. to 1000 degrees F. Used for automatically con-
trolling the operation of devices either heated or cooled by electricity, oil, or gas, as, for 
example: electric refrigerators, irons, toasters, gas ranges, water heaters, and domestic oil 
burners. Available in helical and spiral coils, rings, flat pieces, U-shapes, and in sheets up 
to 8 inches wide.

Inconel.—This heat resistant alloy retains its strength at high heats, resists oxidation and 
corrosion, has a high creep strength and is non-magnetic. It is used for high temperature 
applications (up to 2000 degrees F.) such as engine exhaust manifolds and furnace and heat 
treating equipment. Springs operating at temperatures up to 700 degrees F. are also made 
from it.

Approximate Composition: Nickel, 76; copper, 0.20; iron, 7.5; chromium, 15.5; silicon, 
0.25; manganese, 0.25; carbon, 0.08; and sulphur, 0.007.

Physical Properties: Wrought Inconel in the annealed, hot-rolled, cold-drawn, and hard 
temper cold-rolled conditions exhibits yield strengths (0.2 per cent offset) of 35,000, 
60,000, 90,000, and 110,000 pounds per square inch, respectively; tensile strengths of 
85,000, 100,000, 115,000, and 135,000 pounds per square inch, respectively; elongations 
in 2 inches of 45, 35, 20, and 5 per cent, respectively; and Brinell hardnesses of 150, 180, 
200, and 260, respectively.

Inconel “X”.— This alloy has a low creep rate, is age-hardenable and non-magnetic, 
resists oxidation and exhibits a high strength at elevated temperatures. Uses include the 
making of bolts and turbine rotors used at temperatures up to 1500 degrees F., aviation 
brake drum springs and relief valve and turbine springs with low load loss or relaxation for 
temperatures up to 1000 degrees F.

Approximate Composition: Nickel, 73; copper, 0.2 maximum; iron, 7; chromium, 15; 
aluminum, 0.7; silicon, 0.4; manganese, 0.5; carbon, 0.04; sulphur, 0.007; columbium, 1; 
and titanium, 2.5.

Average Physical Properties: Wrought Inconel “X” in the annealed and age-hardened 
hot-rolled conditions exhibits yield strengths (0.2 per cent offset) of 50,000 and 120,000 
pounds per square inch, respectively; tensile strengths of 115,000 and 180,000 pounds per 
square inch, respectively; elongations in 2 inches of 50 and 25 per cent, respectively; and 
Brinell hardnesses of 200 and 360, respectively.

Monel.—This general purpose alloy is corrosion-resistant, strong, tough and has a sil-
very-white color. It is used for making abrasion- and heat-resistant valves and pump parts, 
propeller shafts, laundry machines, chemical processing equipment, etc.
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Approximate Composition: Nickel, 67; copper, 30; iron, 1.4; silicon, 0.1; manganese, 1; 
carbon, 0.15; and sulphur 0.01.

Average Physical Properties: Wrought Monel in the annealed, hot-rolled, cold-drawn, 
and hard temper cold-rolled conditions exhibits yield strengths (0.2 per cent offset) of 
35,000, 50,000, 80,000, and 100,000 pounds per square inch, respectively; tensile 
strengths of 75,000, 90,000, 100,000, and 110,000 pounds per square inch, respectively; 
elongations in 2 inches of 40, 35, 25, and 5 per cent, respectively; and Brinell hardnesses of 
125, 150, 190, and 240, respectively.
“R” Monel.— This free-cutting, corrosion resistant alloy is used for automatic screw 
machine products such as bolts, screws and precision parts.

Approximate Composition: Nickel, 67; copper, 30; iron, 1.4; silicon, 0.05; manganese, 
1; carbon, 0.15; and sulphur, 0.035.

Average Physical Properties: In the hot-rolled and cold-drawn conditions this alloy 
exhibits yield strengths (0.2 per cent offset) of 45,000 and 75,000 pounds per square inch, 
respectively; tensile strengths of 85,000 and 90,000 pounds per square inch, respectively; 
elongations in 2 inches of 35, and 25 per cent, respectively; and Brinell hardnesses of 145 
and 180, respectively.
“K” Monel.— This strong and hard alloy, comparable to heat-treated alloy steel, is age-
hardenable, non-magnetic and has low-sparking properties. It is used for corrosive appli-
cations where the material is to be machined or formed, then age hardened. Pump and 
valve parts, scrapers, and instrument parts are made from this alloy.

Approximate Composition: Nickel, 66; copper, 29; iron, 0.9; aluminum, 2.75; silicon, 
0.5; manganese, 0.75; carbon, 0.15; and sulphur, 0.005.

Average Physical Properties: In the hot-rolled, hot-rolled and age-hardened, cold-
drawn, and cold-drawn and age-hardened conditions the alloy exhibits yield strengths (0.2 
per cent offset) of 45,000, 110,000, 85,000, and 115,000 pounds per square inch, respec-
tively; tensile strengths of 100,000, 150,000, 115,000, and 155,000 pounds per square 
inch, respectively; elongations in 2 inches of 40, 25, 25, and 20 per cent, respectively; and 
Brinell hardnesses of 160, 280, 210, and 290, respectively.
“KR” Monel.— This strong, hard, age-hardenable and non-magnetic alloy is more readily 
machinable than “K” Monel. It is used for making valve stems, small parts for pumps, and 
screw machine products requiring an age-hardening material that is corrosion-resistant.

Approximate Composition: Nickel, 66; copper, 29; iron, 0.9; aluminum, 2.75; silicon, 
0.5; manganese, 0.75; carbon, 0.28; and sulphur, 0.005.

Average Physical Properties: Essentially the same as “K” Monel.
“S” Monel.— This extra hard casting alloy is non-galling, corrosion-resisting, non-mag-
netic, age-hardenable and has low-sparking properties. It is used for gall-resistant pump 
and valve parts which have to withstand high temperatures, corrosive chemicals and 
severe abrasion.

Approximate Composition: Nickel, 63; copper, 30; iron, 2; silicon, 4; manganese, 0.75; 
carbon, 0.1; and sulphur, 0.015.

Average Physical Properties: In the annealed sand-cast, as-cast sand-cast, and age-hard-
ened sand-cast conditions it exhibits yield strengths (0.2 per cent offset) of 70,000, 
100,000, and 100,000 pounds per square inch, respectively; tensile strengths of 90,000, 
130,000, and 130,000 pounds per square inch, respectively; elongations in 2 inches of and 
3, 2, and 2 per cent, respectively; and Brinell hardnesses of 275, 320, and 350, respectively.
“H” Monel.— An extra hard casting alloy with good ductility, intermediate strength and 
hardness that is used for pumps, impellers and steam nozzles.

Approximate Composition: Nickel, 63; copper, 31; iron, 2; silicon, 3; manganese, 0.75; 
carbon, 0.1; and sulphur, 0.015.
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Average Physical Properties: In the as-cast sand-cast condition this alloy exhibits a 
yield strength (0.2 per cent offset) of 60,000 pounds per square inch, a tensile strength of 
100,000 pounds per square inch, an elongation in 2 inches of 15 per cent and a Brinell hard-
ness of 210.

Nichrome.—“Nichrome” is the trade name of an alloy composed of nickel and chromium, 
which is practically non-corrosive and far superior to nickel in its ability to withstand high 
temperatures. Its melting point is about 1550 degrees C. (about 2800 degrees F.). 
Nichrome shows a remarkable resistance to sulphuric and lactic acids. In general, 
nichrome is adapted for annealing and carburizing boxes, heating retorts of various kinds, 
conveyor chains subjected to high temperatures, valves and valve seats of internal com-
bustion engines, molds, plungers and conveyors for use in the working of glass, wire bas-
kets or receptacles of other form that must resist the action of acids, etc. Nichrome may be 
used as a substitute for other materials, especially where there is difficulty from oxidation, 
pitting of surfaces, corrosion, change of form, or lack of strength at high temperatures. It 
can be used in electrically-heated appliances and resistance elements. Large plates of this 
alloy are used by some manufacturers for containers and furnace parts, and when perfo-
rated, as screens for use in chemical sifting and ore roasting apparatus, for services where 
temperatures between 1700 degrees F. and 2200 degrees F. are encountered.

Strength of Nichrome: The strength of a nichrome casting, when cold, varies from 
45,000 to 50,000 pounds per square inch. The ultimate strength at 200 degrees F. is 94,000 
pounds per square inch; at 400 degrees F., 91,000 pounds per square inch; at 600 degrees 
F., 59,000 pounds per square inch; and at 800 degrees F., 32,000 pounds per square inch. 
At a temperature of 1800 degrees F., nichrome has a tensile strength of about 30,000 
pounds per square inch, and it is tough and will bend considerably before breaking, even 
when heated red or white hot.

Nichrome in Cast Iron: Because of the irregularity of the castings, the numerous cores 
required, and the necessity for sound castings, gray iron with a high silicon content has 
been the best cast iron available to the automotive industry. Attempts have been made to 
alloy this metal in such a way that the strength and hardness would be increased, but con-
siderable difficulty has been experienced in obtaining uniform results. Nickel has been 
added to the cupola with success, but in the case of automotive castings, where a large 
quantity of silicon is present, the nickel has combined with the silicon in forming large 
flakes of graphite, which, of course, softens the product. To offset this, chromium has also 
been added, but it has been uncertain just what the chromium content of the poured mixture 
should be, as a considerable amount of the chromium oxidizes.

Nichrome (Grade B) may be added to the ladle to obtain chromium and nickel in definite 
controllable amounts. The analysis of this nichrome is, approximately: Nickel, 60 per cent; 
chromium, 12 per cent; and iron, 24 per cent. It is claimed that the process produces cast-
ings of closer grain, greater hardness, greater resistance to abrasion, increased durability, 
improved machinability, and decreased brittleness. Nichrome-processed iron is suitable 
for casting internal-combustion engine cylinders; electrical equipment, where a control of 
the magnetic properties is desired; cast-iron cams; iron castings of thin sections where 
machinability and durability are factors; electrical resistance grids; pistons; piston-rings; 
and water, steam, gas, and other valves.

Nickel Alloy for Resisting Acids.— The resistance of nickel to acids is considerably 
increased by an addition of tantalum. Ordinarily from 5 to 10 per cent may be added, but 
the resistance increases with an increasing percentage of tantalum. An alloy of nickel with 
30 per cent tantalum, for example, can be boiled in aquaregia or any other acid without 
being affected. The alloy is claimed to be tough, easily rolled, capable of being hammered 
or drawn into wire. The nickel loses its magnetic quality when alloyed with tantalum. The 
alloy can be heated in the open air at a high temperature without oxidizing. The method of 
producing the alloy consists in mixing the two metals in a powdered form, compressing 
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them at high pressure, and bringing them to a high heat in a crucible or quartz tube in a vac-
uum. For general purposes, the alloy is too expensive.

Wood's Metal.— The composition of Wood's metal, which is a so-called "fusible metal," 
is as follows: 50 parts of bismuth, 25 parts of lead, 12.5 parts of tin and 12.5 parts of cad-
mium. The melting point of this alloy is from 66 to 71 degrees centigrade (151 to 160 
degrees F. approximately). 

Washed Metal.— Washed metal is a name used for cast iron from which most of the sili-
con and phosphorus have been removed, by the so-called “Bell-Krupp process,” without 
removing much of the carbon contents, so that the metal still contains enough carbon (over 
2.2 per cent) to be classified as cast iron.

Seasoning Steel and Cast Iron.— It is a well-known fact that hardened pieces of steel 
will undergo minute but measurable changes in form during a long period of time after the 
hardening has taken place. These changes are due to the internal stresses produced by the 
hardening process, which are slowly and gradually relieved. In order to eliminate slight 
inaccuracies which might result from these changes, steel used for gages and other tools 
requiring a high degree of accuracy is allowed to season before is finaly ground and lapped 
to the finished dimensions. The time allowed for this seasoning varies considerably among 
different toolmakers and also depends upon the form of the work and the degree of accu-
racy which is necessary in the finished product. Some toolmakers rough-grind the hard-
ened part quite close to the finished size and then allow it to season or "age" for three or four 
months, and, in some cases, a year or more. Castings will often change their shape slightly 
after being planed, especially if the planed surface represents a large proportion of the total 
surface. To prevent errors from such changes, castings are sometimes allowed to season 
for several weeks or months, after taking the roughing cuts and before finishing. A com-
mon method of avoiding the long seasoning period is to anneal the castings. Artificial sea-
soning is also applied to steel parts by subjecting them repeatedly to alternate heating and 
cooling.

Duronze.—An alloy of high resistance to wear and corrosion, composed of aluminum, 
copper, and silicon, with a tensile strength of 90,000 pounds per square inch. Developed 
for the manufacture of valve bushings for valves that must operate satisfactorily at high 
pressures and high temperatures without lubrication.

Aluminum Alloys, Wrought, Sheet.— Physical Properties: In the form of sheets, the 
tensile strength varies from 35,000 for soft temper to 62,000 pounds per square inch for 
heat-treated sheets, and the elongation in 2 inches from 12 to 18 per cent. The yield strength 
of a heat-treated sheet is about 40,000 pounds per square inch minimum.

Plow-steel Wire Rope.— The name “plow” steel originated in England and was applied 
to a strong grade of steel wire used in the construction of very strong ropes employed in the 
mechanical operation of plows. The name “plow” steel, however, has become a commer-
cial trade name, and, applied to wire, simply means a high-grade open-hearth steel of a ten-
sile strength in wire of from 200,000 to 260,000 pounds per square inch of sectional area. 
A strength of 200,000 pounds per square inch is obtained in wire about 0.200 inch in diam-
eter. Plow steel when used for wire ropes has the advantage of combining lightness and 
great strength. It is a tough material, but not as pliable as crucible steel. The very highest 
grade of steel wire used for wire rope is made from special steels ranging in tensile strength 
in wire from 220,000 to 280,000 pounds per square inch of sectional area. This steel is 
especially useful when great strength, lightness, and abrasive resisting qualities are 
required.

Type Metal.— Antimony gives to metals the property of expansion on solidification, and 
hence, is used in type metal for casting type for the printing trades to insure completely fill-
ing the molds. Type metals are generally made with from 5 to 25 per cent of antimony, and 
with lead, tin and sometimes a small percentage of copper as the other alloying metals. 
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The compositions of a number of type metal alloys are as follows (figures given are per-
centages):  lead 77.5, tin 6.5, antimony 16; lead 70, tin, 10, antimony 18, copper, 2;  l e ad  
63.2, tin 12, antimony 24, copper 0.8 ;  lead 60.5, tin 14.5, antimony 24-25, copper 0.75; 
lead 60, tin 35, antimony 5;  and  lead 55.5, tin 40, antimony 4.5.

A high grade of type metal is composed of the following percentages: lead 50;  t i n  25 ;  
and  antimony 25.

Vanadium Steel.—  The two most marked characteristics of vanadium steel are its high 
tensile strength and its high elastic limit. Another equally important characteristic is its 
great resistance to shocks; vanadium steel is essentially a non-fatigue metal, and, there-
fore, does not become crystallized and break under repeated shocks like other steels. Tests 
of the various spring steels show that, when subjected to successive shocks for a consider-
able length of time, a crucible carbon-steel spring was broken by 125,000 alternations of 
the testing machine, while a chrome-vanadium steel spring withstood 5,000,000 alterna-
tions, remaining unbroken. Another characteristic of vanadium steel is its great ductility. 
Highly-tempered vanadium-steel springs may be bent sharply, in the cold state, to an angle 
of 90 degrees or more, and even straightened again, cold, without a sign of fracture; vana-
dium-steel shafts and axles may be twisted around several complete turns, in the cold state, 
without fracture. This property, combined with its great tensile strength, makes vanadium 
steel highly desirable for this class of work, as well as for gears which are subjected to 
heavy strains or shocks upon the teeth. Chromium gives to steel a brittle hardness which 
makes it very difficult to forge, machine, or work, but vanadium, when added to chrome-
steel, reduces this brittle hardness to such an extent that it can be machined as readily as an 
0.40-per-cent carbon steel, and it s much more easily. Vanadium steels ordinarily contain 
from 0.16 to 0.25 per cent of vanadium. Steels of this composition are especially adapted 
for springs, car axles, gears subjected to severe service, and for all parts which must with-
stand constant vibration and varying stresses. Vanadium steels containing chromium are 
used for many automobile parts, particularly springs, axles, driving-shafts, and gears. 

Brass Forging, Advantages of.— Brass forgings average 50,000 pounds per square inch 
tensile strength, as compared with 20,000 to 30,000 pounds per square inch for brass cast-
ings. Forgings are made of virgin metal. It is impossible to make a porous forging; while 
with castings it is difficult to know whether they will leak or not. Forgings are never 
scrapped or tested for leaks. Forgings contain no sand to dull and wear out tools, and con-
sequently, the life of tools used on forgings is many times longer than that of tools used on 
sand castings. Forgings are clean, and alike as to strength, shape or size. When chucked, 
they run true, and for this reason, less allowance for finish is required on a forging. Consid-
erable saving can be shown on screw machine parts, where 30 per cent or more of the stock 
is turned into chips. If a part has a flange on it, or a hub on each side, it will be economical 
to forge it. Take the case of piano caster rollers made of bar stock; the bar stock costs $150 
for a thousand parts; if forged, the material costs approximately $70 per thousand parts. 

Wood

Lumber.—Lumber is the product of the saw and planing mill not further manufactured 
than by sawing, resawing, and passing lengthwise through a standard planing machine, 
cross-cutting to length and working. When not in excess of one-quarter inch thickness and 
intended for use as veneering it is classified as veneer. According to the Simplified Practice 
Recommendations promulgated by the National Bureau of Standards, lumber is classified 
by its principal use as: yard lumber, factory and shop lumber, and structural lumber.

Yard lumber is defined as lumber of all sizes and patterns which is intended for general 
building purposes. Its grading is based on intended use and is applied to each piece without 
reference to size and length when graded and without consideration to further manufac-
ture. As classified by size it includes: strips, which are yard lumber less than 2 inches thick 
and less than 8 inches wide; boards, which are yard lumber less than 2 inches thick but 8 
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inches or more wide; dimension, which includes all yard lumber except strips, boards and 
timbers; and timbers, which are yard lumber of 5 or more inches in the least dimension.

Factory and shop lumber  is defined as lumber intended to be cut up for use in further 
manufacture. It is graded on the basis of the percentage of the area which will produce a 
limited number of cuttings of a specified, or of a given minimum, size and quality.

Structural lumber is defined as lumber that is 2 or more inches thick and 4 or more inches 
wide, intended for use where working stresses are required. The grading of structural lum-
ber is based on the strength of the piece and the use of the entire piece. As classified by size 
and use it includes joists and planks—lumber from 2 inches to but not including 5 inches 
thick, and 4 or more inches wide, of rectangular cross section and graded with respect to its 
strength in bending, when loaded either on the narrow face as joist or on the wide face as 
plank; beams and stringers—lumber of rectangular cross section 5 or more inches thick 
and 8 or more inches wide and graded with respect to its strength in bending when loaded 
on the narrow face; and posts and timbers—pieces of square or approximately square cross 
section 5 by 5 inches and larger and graded primarily for use as posts or columns carrying 
longitudinal load, but adapted to miscellaneous uses in which strength in bending is not 
especially important.

Lumber, Manufactured.— According to the Simplified Practice Recommendations pro-
mulgated by the National Bureau of Standards, lumber may be classified according to the 
extent which it is manufactured as:

Rough lumber which is lumber that is undressed as it comes from the saw.

Surfaced lumber which is lumber that is dressed by running it through a planer and may 
be surfaced on one or more sizes and edges.

Worked lumber which is lumber that has been run through a matching machine, sticker or 
molder and includes: matched lumber which has been worked to provide a close tongue-
and-groove joint at the edges or, in the case of end-matched lumber, at the ends also; ship-
lapped lumber which has been worked to provide a close rabbetted or lapped joint at the 
edges; and patterned lumber which has been shaped to a patterned or molded form.

Lumber Water Content.— The origin of lumber has a noticeable effect on its water con-
tent. Lumber or veneer (thin lumber produced usually by rotary cutting or flat slicing, 
sometimes by sawing), when produced from the log, contains a large proportion of water, 
ranging from 25 to 75 per cent of the total weight. One square foot (board measure, one 
inch thick) of gum lumber, weighing approximately five pounds when sawed, will be 
reduced to about three pounds when its water content of approximately one quart has been 
evaporated. Oak grown on a hillside may contain only a pint (approximately 1 lb.) and 
swamp gum may have from 2 to 4 pints of water per square foot, board measure. This water 
content of wood exists in two forms—free moisture and cell moisture. The former is 
readily evaporable in ordinary air drying, but the latter requires extensive air drying (sev-
eral years) or artificial treatment in kilns. It is possible to use artificial means to remove the 
free moisture, but a simple air exposure is usually more economical.

Wood Seasoning Processes.— There have been differences of opinion as to whether kiln-
dried wood is as strong as wood that has been air-dried. In order to determine the relative 
properties. the Forest Products Laboratory of the United States Forest Service at Madison, 
Wis., made some 150,000 comparative strength tests on specimens from twenty-eight dif-
ferent common species of wood. The results of these experiments showed conclusively 
that good kiln-drying and good air-drying have the same effect upon the strength of wood. 
The belief that kiln-drying produces stronger wood than air-drying is usually the result of 
failure to consider differences in moisture content. The moisture content of wood, on leav-
ing the kiln, is usually from 2 to 6 per cent lower than that of thoroughly air-dried stock. 
Since wood increases in strength with loss of moisture, higher strength values may be 
obtained from kiln-dried than from air-dried wood; but this difference in strength has no 
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practical significance, since eventually a piece of wood will come to approximately the 
same moisture condition, whether it is kiln-dried or air-dried.

Wood Life.— The life of wooden poles for transmission lines varies according to the kind 
of wood, rapidity of growth, amount of sap at time of cutting, and seasoning after cutting. 
The following figures, based on a large number of observations, indicate the average life of 
untreated poles: Cedar, 13 to 14 years; chestnut, 11 to 12 years; cypress, 9 to 10 years; juni-
per, 8 to 9 years; pine, 6 to 7 years. Poles cut during the winter months when the sap is low 
always have a longer life than those cut in summer when the sap is up. The proper season-
ing of poles also has a great influence on their life. They should be trimmed and peeled 
immediately after being cut, and should be supported on skids in separate layers for a 
period of from six months to a year, so that they will be thoroughly air-dried. It is now 
almost universal practice to give the butts of the poles and sometimes the cross-arms and 
tops a preservative treatment. Often the entire pole is treated. There are a number of differ-
ent preservative materials that may be used. The principal of these is dead oil of coal tar or 
so-called “coal-tar creosote.” This is a distillate obtained from coal tar at temperatures 
ranging from 400 to 750 degrees F. Coal tar itself is a distillate by-product obtained in the 
manufacture of coal gas and coke at temperatures of from 1500 to 3000 degrees F. Coal tar 
is of little use as a wood preservative, but the creosotes are of great value.

Creosoting Processes: Different methods are used for applying creosotes or other pre-
servatives to wood poles. In the closed-tank method, the poles are placed in a large tank and 
steamed for from five to eight hours; a partial vacuum is then applied, after which the cre-
osote is run in at a temperature of from 140 to 175 degrees F. under sufficient pressure to 
obtain the amount of absorption desired. In the open-tank creosoting process, usually 
applied to the butts of poles only, the poles are placed in an inclined or vertical position 
with the butts immersed in the creosote, which is kept at a temperature of about 220 
degrees F., for about six hours. The bath is then allowed to cool, and after it has fallen to 
110 degrees F., the poles may be removed; or the poles may be changed to a cold bath (110 
to 150 degrees F.) and allowed to remain for several hours. During the period of the warm 
bath, the air and moisture in the cells of the wood are driven out, and during the period of 
cooling off, the creosote enters the cells and remains there. By the open-tank method it is 
not possible to impregnate the wood to the same depth as with the closed-tank or pressure 
method. The treatment is, however, worth while, and the United States Forest Service esti-
mates the useful life to be approximately twenty years for chestnut and western cedar, 
twenty-two years for northern white cedar, and twenty years for pine in the dry climate of 
western United States. In this connection, it should be mentioned that in poles with treated 
butts, it is the upper part of the poles that will decay first and govern the life of the pole. In 
the so-called “brush treatment,” the preservative is applied with a brush. This practice is 
sometimes modified by pouring or spraying the preservative on the poles.

Kyanizing: Kyanizing is a treatment applied to wood to render it proof against decay, by 
saturating it with a solution of corrosive sublimate (mercuric chloride, HgCl2). The satu-
rating is done either in open tanks or under pressure in closed tanks.

Balsa.— Balsa, one of the commonest trees in the forests of Costa Rica, is said to be the 
lightest of all known woods, weighing but 7.3 pounds per cubic foot. Ordinary cork is three 
times as heavy as Balsa wood. This wood is very soft, and can be readily indented with the 
finger nail. It absorbs water readily, but it may be treated with paraffin, and then used in 
making floats for life preservers and in the construction of life rafts. It is also used for 
buoys and floating attachments to light signals.

Cork.—Cork is obtained from the outer layer of the bark of an evergreen species of oak, 
growing in the south of Europe and on the north coast of Africa. Water and many liquids 
have no deteriorating effect upon cork, and it may be compressed many thousand times 
without changing its molecular structure. An important application of cork is for cork 
inserts in friction clutches, owing to the fact that cork has a high coefficient of friction, 
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probably double that of wood or leather on iron. As a rule, the cork, which has previously 
been boiled and softened, is forced into holes formed in one of the metallic friction surfaces 
so that it slightly protrudes above the surface. When the clutch is engaged, the cork will 
engage the opposing friction surface first, but if sufficient pressure is applied to the clutch, 
the cork is pressed down flush with the metal surface and acts with it in carrying the load. 
The coefficient of friction with cork-insert surfaces has been found to average about 0.34, 
while the average coefficient of friction of cast iron on cast iron is about 0.16, and of bronze 
on cast iron, about 0.14.

Pressure and Flow of Water

Water Pressure.— Water is composed of two elements, hydrogen and oxygen, in the ratio 
of two volumes of hydrogen to one of oxygen. In the common system of measure, water 
boils under atmospheric pressure at 212 degrees F and freezes at 32 degrees F. Water’s 
greatest density is 62.425 pounds per cubic foot, at 39.1 degrees F. In metric (SI) measure, 
water boils under atmospheric pressure at 100°C (Celsius) and freezes at 0°C. Its density is 
equal to 1 kilogram per liter, where 1 liter is 1 cubic decimeter. Also in metric SI, pressure 
is given in pascals (Pa) or the equivalent newtons per square meter. See page 2656 for 
additional information on the metric (SI) system of units.

For higher temperatures, the pressure slightly decreases in the proportion indicated by 
the table Density of Water at Different Temperatures. The pressure per square inch is equal 
in all directions, downwards, upwards, and sideways. Water can be compressed only to a 
very slight degree, the compressibility being so slight that even at the depth of a mile, a 
cubic foot of water weighs only about one-half pound more than at the surface.

Pressure in Pounds per Square Inch for Different Heads of Water

Heads of Water in Feet Corresponding to Certain
Pressures in Pounds per Square Inch

Head, ft 0 1 2 3 4 5 6 7 8 9

0 … 0.43 0.87 1.30 1.73 2.16 2.60 3.03 3.46 3.90

10 4.33 4.76 5.20 5.63 6.06 6.49 6.93 7.36 7.79 8.23

20 8.66 9.09 9.53 9.96 10.39 10.82 11.26 11.69 12.12 12.56

30 12.99 13.42 13.86 14.29 14.72 15.15 15.59 16.02 16.45 16.89

40 17.32 17.75 18.19 18.62 19.05 19.48 19.92 20.35 20.78 21.22

50 21.65 22.08 22.52 22.95 23.38 23.81 24.25 24.68 25.11 25.55

60 25.98 26.41 26.85 27.28 27.71 28.14 28.58 29.01 29.44 29.88

70 30.31 30.74 31.18 31.61 32.04 32.47 32.91 33.34 33.77 34.21

80 34.64 35.07 35.51 35.94 36.37 36.80 37.24 37.67 38.10 38.54

90 38.97 39.40 39.84 40.27 40.70 41.13 41.57 42.00 42.43 42.87

Pressure,
lb/in2 0 1 2 3 4 5 6 7 8 9

0 … 2.3 4.6 6.9 9.2 11.5 13.9 16.2 18.5 20.8

10 23.1 25.4 27.7 30.0 32.3 34.6 36.9 39.3 41.6 43.9

20 46.2 48.5 50.8 53.1 55.4 57.7 60.0 62.4 64.7 67.0

30 69.3 71.6 73.9 76.2 78.5 80.8 83.1 85.4 87.8 90.1

40 92.4 94.7 97.0 99.3 101.6 103.9 106.2 108.5 110.8 113.2

50 115.5 117.8 120.1 122.4 124.7 127.0 129.3 131.6 133.9 136.3

60 138.6 140.9 143.2 145.5 147.8 150.1 152.4 154.7 157.0 159.3

70 161.7 164.0 166.3 168.6 170.9 173.2 175.5 177.8 180.1 182.4

80 184.8 187.1 189.4 191.7 194.0 196.3 198.6 200.9 203.2 205.5

90 207.9 210.2 212.5 214.8 217.1 219.4 221.7 224.0 226.3 228.6
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Volumes of Water at Different Temperatures

Density of Water at Different Temperatures

Table of Horsepower due to Certain Head of Water

The table gives the horsepower of 1 cubic foot of water per minute, and is based on an efficiency of 
85 per cent.

Flow of Water in Pipes.— The quantity of water that will flow through a pipe depends 
primarily on the head but also on the diameter of the pipe, the character of the interior sur-
face, and the number and shape of the bends. The head may be either the distance between 
the levels of the surface of water in a reservoir and the point of discharge, or it may be 
caused by mechanically applied pressure, as by pumping, when the head is calculated as 
the vertical distance corresponding to the pressure.

Degrees
F Volume

Degrees
F Volume

Degrees
F Volume

Degrees
F Volume

39.1 1.00000 86 1.00425 131 1.01423 176 1.02872
50 1.00025 95 1.00586 140 1.01678 185 1.03213
59 1.00083 104 1.00767 149 1.01951 194 1.03570
68 1.00171 113 1.00967 158 1.02241 203 1.03943
77 1.00286 122 1.01186 167 1.02548 212 1.04332

Temp.
(°F)

Wt. per
Cu Ft
(lb/ft3)

Temp.
(°F)

Wt. per
Cu Ft
(lb/ft3)

Temp.
(°F)

Wt. per
Cu Ft
(lb/ft3)

Temp.
(°F)

Wt. per
Cu Ft
(lb/ft3)

Temp.
(°F)

Wt. per
Cu Ft
(lb/ft3)

Temp.
(°F)

Wt. per
Cu Ft
(lb/ft3)

32 62.42 130 61.56 220 59.63 320 56.66 420 52.6 520 47.6

40 62.42 140 61.37 230 59.37 330 56.30 430 52.2 530 47.0

50 62.41 150 61.18 240 59.11 340 55.94 440 51.7 540 46.3

60 62.37 160 60.98 250 58.83 350 55.57 450 51.2 550 45.6

70 62.31 170 60.77 260 58.55 360 55.18 460 50.7 560 44.9

80 62.23 180 60.55 270 58.26 370 54.78 470 50.2 570 44.1

90 62.13 190 60.32 280 57.96 380 54.36 480 49.7 580 43.3

100 62.02 200 60.12 290 57.65 390 53.94 490 49.2 590 42.6

110 61.89 210 59.88 300 57.33 400 53.50 500 48.7 600 41.8

120 61.74 212 59.83 310 57.00 410 53.00 510 48.1 … …

Head
in

Feet
Horse-
power

Head
in

Feet
Horse-
power

Head
in

Feet
Horse-
power

Head
in

Feet
Horse-
power

Head
in

Feet
Horse-
power

1 0.0016 170 0.274 340 0.547 520 0.837 1250 2.012

10 0.0161 180 0.290 350 0.563 540 0.869 1300 2.093

20 0.0322 190 0.306 360 0.580 560 0.901 1350 2.173

30 0.0483 200 0.322 370 0.596 580 0.934 1400 2.254

40 0.0644 210 0.338 380 0.612 600 0.966 1450 2.334

50 0.0805 220 0.354 390 0.628 650 1.046 1500 2.415

60 0.0966 230 0.370 400 0.644 700 1.127 1550 2.495

70 0.1127 240 0.386 410 0.660 750 1.207 1600 2.576

80 0.1288 250 0.402 420 0.676 800 1.288 1650 2.656

90 0.1449 260 0.418 430 0.692 850 1.368 1700 2.737

100 0.1610 270 0.435 440 0.708 900 1.449 1750 2.818

110 0.1771 280 0.451 450 0.724 950 1.529 1800 2.898

120 0.1932 290 0.467 460 0.740 1000 1.610 1850 2.978

130 0.2093 300 0.483 470 0.757 1050 1.690 1900 3.059

140 0.2254 310 0.499 480 0.773 1100 1.771 1950 3.139

150 0.2415 320 0.515 490 0.789 1150 1.851 2000 3.220

160 0.2576 330 0.531 500 0.805 1200 1.932 2100 3.381
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One pound per square inch is equal to 2.309 feet head, and a 1-foot head is equal to a pres-
sure of 0.433 pound per square inch.

All formulas for finding the amount of water that will flow through a pipe in a given time 
are approximate. The formula that follows will give results within 5 or 10 per cent of actual 
flows, if applied to pipe lines carefully laid and in fair condition.

where V = approximate mean velocity in feet per second; C = coe f f i c i en t  f r om the  
accompanying table; D = diameter of pipe in feet; h = total head in feet; and, L = t o t a l
length of pipe line in feet.

Values of Coefficient C

Example:A pipe line, 1 mile long, 12 inches in diameter, discharges water under a head 
of 100 feet. Find the velocity and quantity of discharge.

From the table, the coefficient C is found to be 48 for a pipe 1 foot in diameter, hence:

To find the discharge in cubic feet per second, multiply the velocity found by the area of 
cross-section of the pipe in square feet:

The loss of head due to a bend in the pipe is most frequently given as the equivalent length 
of straight pipe, which would cause the same loss in head as the bend. Experiments show 
that a right-angle bend should have a radius of about three times the diameter of the pipe. 
Assuming this curvature, then, if d is the diameter of the pipe in inches and L is the length 
of straight pipe in feet that causes the same loss of head as the bend in the pipe, the follow-
ing formula gives the equivalent length of straight pipe that should be added to simulate a 
right-angle bend:

Thus, the loss of head due to a right-angle bend in a 6-inch pipe would be equal to that in 
8 feet of straight pipe. Experiments undertaken to determine the losses due to valves in pipe 
lines indicate that a fully open gate valve in a pipe causes a loss of head corresponding to 
the loss in a length of pipe equal to six diameters.

Pipe Expansion Due to Temperature Changes.— The expansion for any length of pipe 
caused by a given temperature change can be determined from the following table. Find the 
expansion factor corresponding to the expected difference in the minimum and maximum 
pipe temperatures and divide by 100 to obtain the increase in length per foot of pipe. Mul-
tiply the increase per foot result by the length of the pipe run to get the total change in pipe 
length.

Dia. of Pipe

C

Dia. of Pipe

C

Dia. of Pipe

CFeet Inches Feet Inches Feet Inches

0.1 1.2 23 0.8 9.6 46 3.5 42 64
0.2 2.4 30 0.9 10.8 47 4.0 48 66
0.3 3.6 34 1.0 12.0 48 5.0 60 68
0.4 4.8 37 1.5 18.0 53 6.0 72 70
0.5 6.0 39 2.0 24.0 57 7.0 84 72
0.6 7.2 42 2.5 30.0 60 8.0 96 74
0.7 8.4 44 3.0 36.0 62 10.0 120 77

V C
hD

L 54D+
--------------------=

V 48 100 1×
5280 54+ 1×
--------------------------------- 6.57 feet per second= =

6.57 0.7854× 5.16 cubic feet per second=

L 4d 3÷=
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Linear Expansion and Contraction Factors per 100 Feet of Pipe

Multiply the length of pipe by the table factor and divide by 100 for the increase or decrease in 
length.

Gallons of Water per Foot of Pipe

Multiply the length of pipe in feet by the factor from the table to find the volume contained in gal-
lons.

Friction Loss in Fittings—Equivalent Length of Pipe in Feet

Temperature
Change, °F

Pipe Material

Steel Copper PVC FRP PP & PVDF

0 0 0 0 0 0
20 0.15 0.25 0.62 0.26 2.00
40 0.30 0.45 1.30 0.52 4.00
60 0.46 0.65 2.20 0.78 6.00
80 0.61 0.87 2.80 1.05 8.00

100 0.77 1.10 3.50 1.31 10.00
120 0.92 1.35 4.25 1.57 12.00
140 1.08 1.57 4.80 1.83 14.00
160 1.24 1.77 5.50 2.09 16.00
180 1.40 2.00 6.30 2.35 18.00
200 1.57 2.25 7.12 2.62 20.00

Nominal
Pipe Size

(in.)

Iron or Steel Copper

Sched. 40 Sched. 80 Type K Type L Type M

1⁄8 0.0030 0.0019 0.0014 0.0016 0.0016
1⁄4 0.0054 0.0037 0.0039 0.0040 0.0043
3⁄8 0.0099 0.0073 0.0066 0.0075 0.0083
1⁄2 0.0158 0.0122 0.0113 0.0121 0.0132
5⁄8 … … 0.0173 0.0181 0.0194
3⁄4 0.0277 0.0225 0.0226 0.0251 0.0268

1 0.0449 0.0374 0.0404 0.0429 0.0454

Nominal
Pipe Size

(in.)

Elbows Standard Tee

90° Std. 45° Std.
90° Long
Radius

90°
Street 45° Street Square

Corner
Flow thru

Run
Flow thru

Branch
1⁄4 0.9 0.5 0.6 1.5 0.8 1.7 0.6 1.8
1⁄2 1.6 0.8 1.0 2.6 1.3 3.0 1.0 4.0
3⁄4 2.1 1.1 1.4 3.4 1.8 3.9 1.4 5.1

1 2.6 1.4 1.7 4.4 2.3 5.0 1.7 6.0
11⁄4 3.5 1.8 2.3 5.8 3.0 6.5 2.3 6.9

11⁄2 4.0 2.1 2.7 6.7 3.5 7.6 2.7 8.1

2 5.5 2.8 4.3 8.6 4.5 9.8 4.3 12.0
21⁄2 6.2 3.3 5.1 10.3 5.4 11.7 5.1 14.3

3 7.7 4.1 6.3 12.8 6.6 14.6 6.3 16.3
4 10.1 5.4 8.3 16.8 8.7 19.1 8.3 22.1
6 15.2 8.1 12.5 25.3 13.1 28.8 12.5 32.2
8 20.0 10.6 16.5 33.3 17.3 37.9 16.5 39.9

10 25.1 13.4 20.7 41.8 21.7 47.6 20.7 50.1
12 29.8 15.9 24.7 49.7 25.9 56.7 24.7 59.7
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Flow of Water Through Nozzles in Cubic Feet per Second

Head in
Feet, at
Nozzle

Pressure,
lb/in2

Theoretical
Velocity,

ft/s

Diameter of Nozzle, Inches

1 1.5 2 2.5 3 3.5 4 4.5

5 2.17 17.93 0.10 0.22 0.39 0.61 0.88 1.20 1.56 1.98

10 4.33 25.36 0.14 0.31 0.55 0.86 1.24 1.69 2.21 2.80

20 8.66 35.87 0.20 0.44 0.78 1.22 1.76 2.40 3.13 3.96

30 12.99 43.93 0.24 0.54 0.96 1.50 2.16 2.93 3.83 4.85

40 17.32 50.72 0.28 0.62 1.11 1.73 2.49 3.39 4.43 5.60

50 21.65 56.71 0.31 0.70 1.24 1.93 2.78 3.79 4.95 6.26

60 25.99 62.12 0.34 0.76 1.36 2.12 3.05 4.15 5.42 6.86

70 30.32 67.10 0.37 0.82 1.46 2.29 3.29 4.48 5.86 7.41

80 34.65 71.73 0.39 0.88 1.56 2.45 3.52 4.79 6.26 7.92

90 38.98 76.08 0.41 0.93 1.66 2.59 3.73 5.08 6.64 8.40

100 43.31 80.20 0.44 0.98 1.75 2.73 3.94 5.36 7.00 8.86

120 51.97 87.85 0.48 1.08 1.92 2.99 4.31 5.87 7.67 9.70

140 60.63 94.89 0.52 1.16 2.07 3.23 4.66 6.34 8.28 10.48

160 69.29 101.45 0.55 1.24 2.21 3.46 4.98 6.78 8.85 11.20

180 77.96 107.60 0.59 1.32 2.35 3.67 5.28 7.19 9.39 11.88

200 86.62 113.42 0.62 1.39 2.47 3.87 5.57 7.58 9.90 12.53

250 108.27 126.81 0.69 1.56 2.77 4.32 6.22 8.47 11.07 14.01

300 129.93 138.91 0.76 1.70 3.03 4.74 6.82 9.28 12.12 15.34

350 151.58 150.04 0.82 1.84 3.27 5.11 7.37 10.02 13.09 16.57

400 173.24 160.40 0.87 1.97 3.50 5.47 7.87 10.72 14.00 17.72

450 194.89 170.13 0.93 2.09 3.71 5.80 8.35 11.37 14.85 18.79

500 216.54 179.33 0.98 2.20 3.91 6.11 8.80 11.98 15.65 19.81

Head in
Feet, at
Nozzle

Pressure,
lb/in2

Theoretical
Velocity,

ft/s

Diameter of Nozzle, Inches

5 6 7 8 9 10 11 12

5 2.17 17.93 2.45 3.52 4.79 6.3 7.9 9.8 11.8 14.1

10 4.33 25.36 3.46 4.98 6.78 8.9 11.2 13.8 16.7 19.9

20 8.66 35.87 4.89 7.04 9.59 12.5 15.8 19.6 23.7 28.2

30 12.99 43.93 5.99 8.63 11.74 15.3 19.4 24.0 29.0 34.5

40 17.32 50.72 6.92 9.96 13.56 17.7 22.4 27.7 33.5 39.8

50 21.65 56.71 7.73 11.13 15.16 19.8 25.1 30.9 37.4 44.5

60 25.99 62.12 8.47 12.20 16.60 21.7 27.4 33.9 41.0 48.8

70 30.32 67.10 9.15 13.18 17.93 23.4 29.6 36.6 44.3 52.7

80 34.65 71.73 9.78 14.08 19.17 25.0 31.7 39.1 47.3 56.3

90 38.98 76.08 10.37 14.94 20.33 26.6 33.6 41.5 50.2 59.8

100 43.31 80.20 10.94 15.75 21.43 28.0 35.4 43.7 52.9 63.0

120 51.97 87.85 11.98 17.25 23.48 30.7 38.8 47.9 58.0 69.0

140 60.63 94.89 12.94 18.63 25.36 33.1 41.9 51.8 62.6 74.5

160 69.29 101.45 13.83 19.92 27.11 35.4 44.8 55.3 66.9 79.7

180 77.96 107.60 14.67 21.13 28.76 37.6 47.5 58.7 71.0 84.5

200 86.62 113.42 15.47 22.27 30.31 39.6 50.1 61.9 74.9 89.1

250 108.27 126.81 17.29 24.90 33.89 44.3 56.0 69.2 83.7 99.6

300 129.93 138.91 18.94 27.27 37.12 48.5 61.4 75.8 91.7 109.1

350 151.58 150.04 20.46 29.46 40.10 52.4 66.3 81.8 99.0 117.8

400 173.24 160.40 21.87 31.49 42.87 56.0 70.9 87.5 105.9 126.0

450 194.89 170.13 23.20 33.40 45.47 59.4 75.2 92.8 112.3 133.6

500 216.54 179.33 24.45 35.21 47.93 62.6 79.2 97.8 118.4 140.8
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Theoretical Velocity of Water Due to Head in Feet

Head in
Feet

Theoretical Velocity Head in
Feet

Theoretical Velocity Head in
Feet

Theoretical Velocity

ft/s ft/min ft/s ft/min ft/s ft/min

1 8.01 481 48 55.56 3334 95 78.16 4690

2 11.34 681 49 56.13 3368 96 78.57 4715

3 13.89 833 50 56.70 3403 97 78.98 4739

4 16.04 962 51 57.27 3436 98 79.39 4764

5 17.93 1076 52 57.83 3470 99 79.79 4788

6 19.64 1179 53 58.38 3503 100 80.19 4812

7 21.21 1273 54 58.93 3536 105 82.18 4931

8 22.68 1361 55 59.47 3569 110 84.11 5047

9 24.05 1444 56 60.01 3601 115 86.00 5160

10 25.36 1522 57 60.54 3633 120 87.85 5271

11 26.59 1596 58 61.07 3665 125 89.66 5380

12 27.78 1667 59 61.60 3696 130 91.44 5487

13 28.91 1735 60 62.12 3727 135 93.18 5591

14 30.00 1800 61 62.63 3758 140 94.89 5694

15 31.06 1864 62 63.14 3789 145 96.57 5794

16 32.07 1925 63 63.65 3819 150 98.22 5893

17 33.06 1984 64 64.15 3850 155 99.84 5991

18 34.02 2042 65 64.65 3880 160 101.44 6087

19 34.95 2097 66 65.15 3909 165 103.01 6181

20 35.86 2152 67 65.64 3939 170 104.56 6274

21 36.75 2205 68 66.13 3968 175 106.09 6366

22 37.61 2257 69 66.61 3997 180 107.59 6456

23 38.46 2308 70 67.09 4026 185 109.08 6545

24 39.28 2357 71 67.57 4055 190 110.54 6633

25 40.09 2406 72 68.05 4083 195 111.99 6720

26 40.89 2454 73 68.52 4111 200 113.42 6805

27 41.67 2500 74 68.99 4139 205 114.82 6890

28 42.43 2546 75 69.45 4167 210 116.22 6973

29 43.18 2591 76 69.91 4195 215 117.59 7056

30 43.92 2636 77 70.37 4222 220 118.95 7137

31 44.65 2679 78 70.83 4250 225 120.30 7218

32 45.36 2722 79 71.28 4277 230 121.62 7298

33 46.07 2764 80 71.73 4304 235 122.94 7377

34 46.76 2806 81 72.17 4331 240 124.24 7455

35 47.44 2847 82 72.62 4357 245 125.53 7532

36 48.11 2887 83 73.06 4384 250 126.80 7608

37 48.78 2927 84 73.50 4410 255 128.06 7684

38 49.43 2966 85 73.94 4436 260 129.31 7759

39 50.08 3005 86 74.37 4462 270 131.78 7907

40 50.72 3043 87 74.80 4488 280 134.20 8052

41 51.35 3081 88 75.23 4514 290 136.57 8195

42 51.97 3119 89 75.66 4540 300 138.91 8335

43 52.59 3155 90 76.08 4565 310 141.20 8472

44 53.19 3192 91 76.50 4590 320 143.46 8608

45 53.79 3228 92 76.92 4615 330 145.69 8741

46 54.39 3264 93 77.34 4641 340 147.88 8873

47 54.98 3299 94 77.75 4665 350 150.04 9002
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Buoyancy.—A body submerged in water or other fluid will lose in weight an amount 
equal to the weight of the fluid displaced by the body. This is known as the principle of 
Archimedes.

Example, Weight of a Submerged Body: To illustrate, suppose the upper surface of a 10-
inch cube is 20 inches below the surface of the water. The total downward pressure on the 
upper side of this cube will equal the area of the top surface of the cube, in square inches, 
multiplied by the product of the depth, in inches, to which the surface is submerged and the 
weight of 1 cubic inch of water. 

Thus, the 
weight of 1 cubic inch of water: 0.03617 pounds
downward pressure: 10  10  20  0.03617 = 72.34 pounds 
upward pressure on the under side:  10  10  30  0.03617 = 108.51 pounds 
weight of the water displaced by the body:  10  10 10  0.03617 = 36.17 pounds
upward pressure − downward pressure: 108.51 −72.34 = 36.17 pounds 
This excess of upward pressure explains why it is comparatively easy to lift a submerged 

stone or other body. 

Water-Wheel.—A water-wheel or water turbine may be defined as a prime mover in 
which the potential energy of a body of water is transformed into mechanical work. The 
water-wheel, also commonly called a hydraulic motor, is in its various forms one of the 
simplest devices for the development of power.

Hydraulic motors may be divided into three general classes:
1) Current and gravity wheels, which utilize either the impact of the current or the weight 

of the water. 
2) Impulse wheels and turbines, which utilize the kinetic energy of a jet at high velocity. 

These are commonly employed in connection with a limited volume of water under a high 
head, which, in practice, may vary from 300 to 3000 feet. 

3) Reaction turbines, which utilize both the kinetic energy and the pressure of the water. 
These are employed for conditions the reverse of those under (2), that is, with a large vol-
ume of water under a low or medium head. In practice, reaction turbines are used under 
heads ranging from 5 to 500 feet.

The available power in any given case depends upon the fall or head, and the volume of 
water. In case the water is utilized for the development of power by passing through a water 
motor, the efficiency of the latter must be taken into consideration. For approximate work, 
it is customary to assume an efficiency of 80 per cent, in which case the delivered or brake 
horsepower may be determined as follows: Multiply the cubic feet of water passing 
through the motor per minute, by the head, in feet; then divide the product by 661.

Properties, Compression, and Flow of Air

Properties of Air.— Air is a mechanical mixture composed of 78 per cent of nitrogen, 21 
per cent of oxygen, and 1 per cent of argon, by volume. The density of dry air at 32 degrees 
F and atmospheric pressure (29.92 inches of mercury or 14.70 pounds per square inch) is 
0.08073 pound per cubic foot. The density of air at any other temperature or pressure is

in which ρ = density in pounds per cubic foot; B = height of barometric pressure in inches 
of mercury; T = absolute temperature in degrees Rankine. (When using pounds as a unit, 
here and elsewhere, care must be exercised to differentiate between pounds mass and 
pounds force. See Acceleration of Gravity g Used in Mechanics Formulas on page 150 and 
The Use of the Metric SI System in Mechanics Calculations on page 150.)

ρ 1.325 B×
T

-----------------------=
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Volumes and Weights of Air at Different Temperatures, at Atmospheric Pressure

The absolute zero from which all temperatures must be counted when dealing with the 
weight and volume of gases is assumed to be −459.7 degrees F. Hence, to obtain the abso-
lute temperature T used in preceding formula, add the value 459.7 to the temperature 
observed on a regular Fahrenheit thermometer.

In obtaining the value of B, 1 inch of mercury at 32 degrees F may be taken as equal to a 
pressure of 0.491 pound per square inch.

Example 1: What would be the weight of a cubic foot of air at atmospheric pressure 
(29.92 inches of mercury) at 100 degrees F? The weight, W, is given by W = ρV.

Wind Pressures.— Wind pressures per square foot for different wind velocities in miles 
per hour are as follows: Fresh breeze of 10 miles per hour, pressure 0.4 pound; stiff breeze 
of 20 miles per hour, pressure 1.6 pounds; strong wind of 30 miles per hour, pressure 3.6 
pounds; high wind of 40 miles per hour, pressure 6.4 pounds; storm with velocity of 50 
miles per hour, pressure 10 pounds; violent storm with velocity of 60 miles per hour, pres-
sure 14.4 pounds; hurricane with velocity of 80 miles per hour, pressure 25.6 pounds; vio-
lent hurricane with velocity of 100 miles per hour, pressure 40 pounds per square foot. The 
foregoing figures are based on data obtained by the U. S. Signal Service at Mt. Washing-
ton, N. H.

Tempera-
ture,
°F

Volume
of

1 lb of
Air in
Cubic
Feet

Density,
Pounds

per
Cubic
Foot

Tempera-
ture,
°F

Volume
of

1 lb of
Air in
Cubic
Feet

Density,
Pounds

per
Cubic
Foot

Tempera-
ture,
°F

Volume
of

1 lb of
Air in
Cubic
Feet

Density,
Pounds

per
Cubic
Foot

0 11.57 0.0864 172 15.92 0.0628 800 31.75 0.0315
12 11.88 0.0842 182 16.18 0.0618 900 34.25 0.0292
22 12.14 0.0824 192 16.42 0.0609 1000 37.31 0.0268
32 12.39 0.0807 202 16.67 0.0600 1100 39.37 0.0254
42 12.64 0.0791 212 16.92 0.0591 1200 41.84 0.0239
52 12.89 0.0776 230 17.39 0.0575 1300 44.44 0.0225
62 13.14 0.0761 250 17.89 0.0559 1400 46.95 0.0213
72 13.39 0.0747 275 18.52 0.0540 1500 49.51 0.0202
82 13.64 0.0733 300 19.16 0.0522 1600 52.08 0.0192
92 13.89 0.0720 325 19.76 0.0506 1700 54.64 0.0183

102 14.14 0.0707 350 20.41 0.0490 1800 57.14 0.0175
112 14.41 0.0694 375 20.96 0.0477 2000 62.11 0.0161
122 14.66 0.0682 400 21.69 0.0461 2200 67.11 0.0149
132 14.90 0.0671 450 22.94 0.0436 2400 72.46 0.0138
142 15.17 0.0659 500 24.21 0.0413 2600 76.92 0.0130
152 15.41 0.0649 600 26.60 0.0376 2800 82.64 0.0121
162 15.67 0.0638 700 29.59 0.0338 3000 87.72 0.0114

W ρV
1.325 29.92×
100 459.7+

--------------------------------- 1× 0.0708 pound= = =
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Density of Air at Different Pressures and Temperatures

Temp.
of Air,

°F

Gage Pressure, Pounds

0 5 10 20 30 40 50 60 80 100 120 150 200 250 300

Density in Pounds per Cubic Foot

-20 0.0900 0.1205 0.1515 0.2125 0.274 0.336 0.397 0.458 0.580 0.702 0.825 1.010 1.318 1.625 1.930

-10 0.0882 0.1184 0.1485 0.2090 0.268 0.328 0.388 0.448 0.567 0.687 0.807 0.989 1.288 1.588 1.890

0 0.0864 0.1160 0.1455 0.2040 0.263 0.321 0.380 0.438 0.555 0.672 0.790 0.968 1.260 1.553 1.850

10 0.0846 0.1136 0.1425 0.1995 0.257 0.314 0.372 0.429 0.543 0.658 0.774 0.947 1.233 1.520 1.810

20 0.0828 0.1112 0.1395 0.1955 0.252 0.307 0.364 0.420 0.533 0.645 0.757 0.927 1.208 1.489 1.770

30 0.0811 0.1088 0.1366 0.1916 0.246 0.301 0.357 0.412 0.522 0.632 0.742 0.908 1.184 1.460 1.735

40 0.0795 0.1067 0.1338 0.1876 0.241 0.295 0.350 0.404 0.511 0.619 0.727 0.890 1.161 1.431 1.701

50 0.0780 0.1045 0.1310 0.1839 0.237 0.290 0.343 0.396 0.501 0.607 0.713 0.873 1.139 1.403 1.668

60 0.0764 0.1025 0.1283 0.1803 0.232 0.284 0.336 0.388 0.493 0.596 0.700 0.856 1.116 1.376 1.636

80 0.0736 0.0988 0.1239 0.1738 0.224 0.274 0.324 0.374 0.473 0.572 0.673 0.824 1.074 1.325 1.573

100 0.0710 0.0954 0.1197 0.1676 0.215 0.264 0.312 0.360 0.455 0.551 0.648 0.794 1.035 1.276 1.517

120 0.0680 0.0921 0.1155 0.1618 0.208 0.255 0.302 0.348 0.440 0.533 0.626 0.767 1.001 1.234 1.465

140 0.0663 0.0889 0.1115 0.1565 0.201 0.246 0.291 0.336 0.426 0.516 0.606 0.742 0.968 1.194 1.416

150 0.0652 0.0874 0.1096 0.1541 0.198 0.242 0.286 0.331 0.419 0.508 0.596 0.730 0.953 1.175 1.392

175 0.0626 0.0840 0.1054 0.1482 0.191 0.233 0.275 0.318 0.403 0.488 0.573 0.701 0.914 1.128 1.337

200 0.0603 0.0809 0.1014 0.1427 0.184 0.225 0.265 0.305 0.388 0.470 0.552 0.674 0.879 1.084 1.287

225 0.0581 0.0779 0.0976 0.1373 0.177 0.216 0.255 0.295 0.374 0.452 0.531 0.649 0.846 1.043 1.240

250 0.0560 0.0751 0.0941 0.1323 0.170 0.208 0.247 0.284 0.360 0.436 0.513 0.627 0.817 1.007 1.197

275 0.0541 0.0726 0.0910 0.1278 0.164 0.201 0.238 0.274 0.348 0.421 0.494 0.605 0.789 0.972 1.155

300 0.0523 0.0707 0.0881 0.1237 0.159 0.194 0.230 0.265 0.336 0.407 0.478 0.585 0.762 0.940 1.118

350 0.0491 0.0658 0.0825 0.1160 0.149 0.183 0.216 0.249 0.316 0.382 0.449 0.549 0.715 0.883 1.048

400 0.0463 0.0621 0.0779 0.1090 0.140 0.172 0.203 0.235 0.297 0.360 0.423 0.517 0.674 0.831 0.987

450 0.0437 0.0586 0.0735 0.1033 0.133 0.163 0.192 0.222 0.281 0.340 0.399 0.488 0.637 0.786 0.934

500 0.0414 0.0555 0.0696 0.978 0.126 0.154 0.182 0.210 0.266 0.322 0.379 0.463 0.604 0.746 0.885

550 0.0394 0.0528 0.0661 0.930 0.120 0.146 0.173 0.200 0.253 0.306 0.359 0.440 0.573 0.749 0.841

600 0.0376 0.0504 0.0631 0.885 0.114 0.139 0.165 0.190 0.241 0.292 0.343 0.419 0.547 0.675 0.801

Machinery's Handbook 29th Edition
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Relation Between Pressure, Temperature, and Volume of Air.— This relationship is 
expressed by the following formulas:

in which P = absolute pressure in pounds per square foot or Pa (N/m2); V = volume in cubic 
feet or cubic meter; T = absolute temperature in degrees R or degrees K; m = the mass of 
substance; and n = number of pound moles or kg moles. A mole is the mass of substance, in 
appropriate units, divided by its molecular weight. The first equation above is for air only; 
the second and third are general forms that apply to any gas that behaves the ideal gas law.

Example 2: What is the volume of one pound of air at a pressure of 24.7 pounds per 
square inch and at a temperature of 210 degrees F?

Relation Between Barometric Pressure, and Pressures
in Pounds per Square Inch and Square Foot

Expansion and Compression of Air.— The formula for the relationship between pres-
sure, temperature, and volume of air just given indicates that when the pressure remains 
constant the volume is directly proportional to the absolute temperature. If the temperature 
remains constant, the volume is inversely proportional to the absolute pressure. Theoreti-
cally, air (as well as other gases) can be expanded or compressed according to different 
laws.

Adiabatic Expansion or Compression takes place when the air is expanded or com-
pressed without transmission of heat to or from it, as, for example, if the air could be 
expanded or compressed in a cylinder of an absolutely nonconducting material.
Let: P1 = initial absolute pressure in pounds per square foot

V1 = initial volume in cubic feet
T1 = initial absolute temperature in degrees R
P2 = absolute pressure in pounds per square foot, after compression
V2 = volume in cubic feet, after compression
T2 = absolute temperature in degrees R, after compression

Then:

Baro-
meter,
Inches

Pressure
in

Psia

a Psi is pounds per square inch; Psf is pounds per square foot 

Pressure
in

Psfa

Baro-
meter,
Inches

Pressure
in

Psia

Pressure
in

Psfa

Baro-
meter,
Inches

Pressure
in

Psia

Pressure
in

Psfa

28.00 13.75 1980 29.25 14.36 2068 30.50 14.98 2156
28.25 13.87 1997 29.50 14.48 2086 30.75 15.10 2174
28.50 13.99 2015 29.75 14.61 2103 31.00 15.22 2192
28.75 14.12 2033 30.00 14.73 2121 31.25 15.34 2210
29.00 14.24 2050 30.25 14.85 2139 … … …

PV 53.3mT=    For fps units 

PV 1545.3nT= For fps units

PV 8314nT=    For SI units

PV 53.3mT= V
53.3mT

P
-------------------=

V
53.3 1× 210 459.6+( )×

24.7 144×
-----------------------------------------------------------=

10.04   cubic ft=

V2

V1
------

P1

P2
------
 
 

0.71
=

P2

P1
------

V1

V2
------
 
 

1.41
=

T2

T1
-----

V1

V2
------
 
 

0.41
=

V2

V1
------

T1

T2
-----
 
 

2.46
=

P2

P1
------

T2

T1
-----
 
 

3.46
=

T2

T1
-----

P2

P1
------
 
 

0.29
=
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These formulas are also applicable if all pressures are in pounds per square inch; if all 
volumes are in cubic inches; or if any other consistent set of units is used for pressure or 
volume.

Example 3: A volume of 165 cubic feet of air, at a pressure of 15 pounds per square inch, 
is compressed adiabatically to a pressure of 80 pounds per square inch. What will be the 
volume at this pressure?

Isothermal Expansion or Compression takes place when a gas is expanded or com-
pressed with an addition or transmission of sufficient heat to maintain a constant tempera-
ture.
Let: P1 = initial absolute pressure in pounds per square foot

V1 = initial volume in cubic feet
P2 = absolute pressure in pounds per square foot, after compression
V2 = volume in cubic feet, after compression
R = 53.3
T = temperature in degrees Rankine maintained during isothermal expansion or 

contraction
Then:

Example 4: The same volume of air as in Example 3 is compressed isothermally from 15 
to 80 pounds per square inch. What will be the volume after compression?

Foot-pounds of Work Required in Compression of Air
Initial Pressure = 1 atmosphere = 14.7 pounds per square inch

Work Required in Compression of Air.— The total work required for compression and 
expulsion of air, adiabatically compressed, is:

P1 = initial absolute pressure in pounds per square foot; P2 = absolute pressure in pounds 
per square foot, after compression; and, V1 = initial volume in cubic feet.

Gage
Pressure

in Pounds
per Square

Inch

Isothermal
Compres-

sion

Adiabatic
Compres-

sion

Actual
Compres-

sion
Gage

Pressure
in Pounds
per Square

Inch

Isothermal
Compres-

sion

Adiabatic
Compres-

sion

Actual
Compres-

sion

Foot-pounds Required
per Cubic Foot of Air at

Initial Pressure

Foot-pounds Required
per Cubic Foot of Air at

Initial Pressure

5 619.6 649.5 637.5 55 3393.7 4188.9 3870.8
10 1098.2 1192.0 1154.6 60 3440.4 4422.8 4029.8
15 1488.3 1661.2 1592.0 65 3577.6 4645.4 4218.2
20 1817.7 2074.0 1971.4 70 3706.3 4859.6 4398.1
25 2102.6 2451.6 2312.0 75 3828.0 5063.9 4569.5
30 2353.6 2794.0 2617.8 80 3942.9 5259.7 4732.9
35 2578.0 3111.0 2897.8 85 4051.5 5450.0 4890.1
40 2780.8 3405.5 3155.6 90 4155.7 5633.1 5042.1
45 2966.0 3681.7 3395.4 95 4254.3 5819.3 5187.3
50 3136.2 3942.3 3619.8 100 4348.1 5981.2 5327.9

V2 V1

P1

P2
------
 
 

0.71
165

15
80
------
 
 

0.71
50 cubic feet, approx.= = =

P1 V1× P2 V2× RT= =

V2
P1 V1×

P2
------------------ 15 165×

80
--------------------- 31 cubic feet= = =

Total work in foot-pounds 2.44P1V1

P2

P1
------
 
 

0.29
1–=



3032 COMPRESSION OF AIR

The total work required for isothermal compression is:

in which P1, P2, and V1 denote the same quantities as in the previous equation, and V2 = 
volume of air in cubic feet, after compression.

The work required to compress air isothermally, that is, when the heat of compression is 
removed as rapidly as produced, is considerably less than the work required for compress-
ing air adiabatically, or when all the heat is retained. In practice, neither of these two theo-
retical extremes is obtainable, but the power required for air compression is about the 
median between the powers that would be required for each. The accompanying table 
gives the average number of foot-pounds of work required to compress air.

Horsepower Required to Compress Air.— In the accompanying tables is given the 
horsepower required to compress one cubic foot of free air per minute (isothermally and 
adiabatically) from atmospheric pressure (14.7 pounds per square inch) to various gage 
pressures, for one-, two-, and three-stage compression. The formula for calculating the 
horsepower required to compress, adiabatically, a given volume of free air to a given pres-
sure is:

where N = number of stages in which compression is accomplished
P = atmospheric pressure in pounds per square inch

P2 = absolute terminal pressure in pounds per square inch
V = volume of air, in cubic feet, compressed per minute, at atmospheric pressure
n = exponent of the compression curve = 1.41 for adiabatic compression

For different methods of compression and for one cubic foot of air per minute, this for-
mula may be simplified as follows:

For one-stage compression: HP = 0.015P(R0.29 − 1)
For two-stage compression: HP = 0.030 P(R0.145 − 1)
For three-stage compression: HP = 0.045 P(R0.0975 − 1)
For four-stage compression: HP = 0.060 P(R0.0725 − 1)

In these latter formulas 

The formula for calculating the horsepower required to compress isothermally a given 
volume of free air to a given pressure is:

Natural logarithms are obtained by multiplying common logarithms by 2.30259 or by 
using a handheld calculator.

Continuity Equation.— The net rate of mass inflow to the control volume is equal to the 
rate of increase of mass within the control volume.

For steady flow,   where ρ = density, A = area, V = velocity, 

and M = mass flow rate.

If the flow is steady and incompressible, then   where Q is flow.

Total work in foot-pounds P1V1 e

V1

V2
------log=

HP
144NPVn

33 000 n 1–( ),
----------------------------------

P2

P
------
 
 

n 1–
Nn

------------
1–=

R
P2

P
------ number of atmospheres to be compressed= =

HP
144PV

33000
-----------------

P2

P
------

e
log 
 =

ρ1A1V1 ρ2A2V2 M= =

A1V1 A2V2 Q= =
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Horsepower Required to Compress Air, Single-Stage Compression

Horsepower required to compress one cubic foot of free air per minute (isothermally and adiabatically) from atmo-
spheric pressure (14.7 pounds per square inch) to various gage pressures. 

Single-Stage Compression, initial temperature of air, 60°F, jacket cooling not considered.

Gage Pres-
sure,

Pounds

Absolute
Pressure,
Pounds

Number of
Atmo-
spheres

Isothermal
Compression Adiabatic Compression

Mean
Effective
Pressurea

a Mean Effective Pressure (MEP) is defined as that single pressure rise, above atmospheric, which 
would require the same horsepower as the actual varying pressures during compression. 

Horse-
power

Mean
Effective
Pressure,a

Theoretical

Mean Eff.
Pressure
plus 15%
Friction

Horse-
power,

Theoreti-
cal

Horse-
power

plus 15% 
Friction

5 19.7 1.34 4.13 0.018 4.46 5.12 0.019 0.022

10 24.7 1.68 7.57 0.033 8.21 9.44 0.036 0.041

15 29.7 2.02 11.02 0.048 11.46 13.17 0.050 0.057

20 34.7 2.36 12.62 0.055 14.30 16.44 0.062 0.071

25 39.7 2.70 14.68 0.064 16.94 19.47 0.074 0.085

30 44.7 3.04 16.30 0.071 19.32 22.21 0.084 0.096

35 49.7 3.38 17.90 0.078 21.50 24.72 0.094 0.108

40 54.7 3.72 19.28 0.084 25.53 27.05 0.103 0.118

45 59.7 4.06 20.65 0.090 25.40 29.21 0.111 0.127

50 64.7 4.40 21.80 0.095 27.23 31.31 0.119 0.136

55 69.7 4.74 22.95 0.100 28.90 33.23 0.126 0.145

60 74.7 5.08 23.90 0.104 30.53 35.10 0.133 0.153

65 79.7 5.42 24.80 0.108 32.10 36.91 0.140 0.161

70 84.7 5.76 25.70 0.112 33.57 38.59 0.146 0.168

75 89.7 6.10 26.62 0.116 35.00 40.25 0.153 0.175

80 94.7 6.44 27.52 0.120 36.36 41.80 0.159 0.182

85 99.7 6.78 28.21 0.123 37.63 43.27 0.164 0.189

90 104.7 7.12 28.93 0.126 38.89 44.71 0.169 0.195

95 109.7 7.46 29.60 0.129 40.11 46.12 0.175 0.201

100 114.7 7.80 30.30 0.132 41.28 47.46 0.180 0.207

110 124.7 8.48 31.42 0.137 43.56 50.09 0.190 0.218

120 134.7 9.16 32.60 0.142 45.69 52.53 0.199 0.229

130 144.7 9.84 33.75 0.147 47.72 54.87 0.208 0.239

140 154.7 10.52 34.67 0.151 49.64 57.08 0.216 0.249

150 164.7 11.20 35.59 0.155 51.47 59.18 0.224 0.258

160 174.7 11.88 36.30 0.158 53.70 61.80 0.234 0.269

170 184.7 12.56 37.20 0.162 55.60 64.00 0.242 0.278

180 194.7 13.24 38.10 0.166 57.20 65.80 0.249 0.286

190 204.7 13.92 38.80 0.169 58.80 67.70 0.256 0.294

200 214.7 14.60 39.50 0.172 60.40 69.50 0.263 0.303
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Horsepower Required to Compress Air, Two-Stage Compression

Horsepower required to compress one cubic foot of free air per minute (isothermally and adiabatically) from atmo-
spheric pressure (14.7 pounds per square inch) to various gage pressures.

Two-Stage Compression, initial temperature of air, 60°F, jacket cooling not considered.
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a Mean Effective Pressure (MEP) is defined as that single pressure rise, above atmospheric, which 
would require the same horsepower as the actual varying pressures during compression. 
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50 64.7 4.40 2.10 16.2 21.80 0.095 24.30 27.90 0.106 0.123 10.9

60 74.7 5.08 2.25 18.4 23.90 0.104 27.20 31.30 0.118 0.136 11.3

70 84.7 5.76 2.40 20.6 25.70 0.112 29.31 33.71 0.128 0.147 12.3

80 94.7 6.44 2.54 22.7 27.52 0.120 31.44 36.15 0.137 0.158 13.8

90 104.7 7.12 2.67 24.5 28.93 0.126 33.37 38.36 0.145 0.167 14.2

100 114.7 7.80 2.79 26.3 30.30 0.132 35.20 40.48 0.153 0.176 15.0

110 124.7 8.48 2.91 28.1 31.42 0.137 36.82 42.34 0.161 0.185 15.2

120 134.7 9.16 3.03 29.8 32.60 0.142 38.44 44.20 0.168 0.193 15.6

130 144.7 9.84 3.14 31.5 33.75 0.147 39.86 45.83 0.174 0.200 16.3

140 154.7 10.52 3.24 32.9 34.67 0.151 41.28 47.47 0.180 0.207 16.7

150 164.7 11.20 3.35 34.5 35.59 0.155 42.60 48.99 0.186 0.214 16.9

160 174.7 11.88 3.45 36.1 36.30 0.158 43.82 50.39 0.191 0.219 18.4

170 184.7 12.56 3.54 37.3 37.20 0.162 44.93 51.66 0.196 0.225 19.0

180 194.7 13.24 3.64 38.8 38.10 0.166 46.05 52.95 0.201 0.231 19.3

190 204.7 13.92 3.73 40.1 38.80 0.169 47.16 54.22 0.206 0.236 19.5

200 214.7 14.60 3.82 41.4 39.50 0.172 48.18 55.39 0.210 0.241 20.1

210 224.7 15.28 3.91 42.8 40.10 0.174 49.35 56.70 0.216 0.247 …

220 234.7 15.96 3.99 44.0 40.70 0.177 50.30 57.70 0.220 0.252 …

230 244.7 16.64 4.08 45.3 41.30 0.180 51.30 59.10 0.224 0.257 …

240 254.7 17.32 4.17 46.6 41.90 0.183 52.25 60.10 0.228 0.262 …

250 264.7 18.00 4.24 47.6 42.70 0.186 52.84 60.76 0.230 0.264 …

260 274.7 18.68 4.32 48.8 43.00 0.188 53.85 62.05 0.235 0.270 …

270 284.7 19.36 4.40 50.0 43.50 0.190 54.60 62.90 0.238 0.274 …

280 294.7 20.04 4.48 51.1 44.00 0.192 55.50 63.85 0.242 0.278 …

290 304.7 20.72 4.55 52.2 44.50 0.194 56.20 64.75 0.246 0.282 …

300 314.7 21.40 4.63 53.4 45.80 0.197 56.70 65.20 0.247 0.283 …

350 364.7 24.80 4.98 58.5 47.30 0.206 60.15 69.16 0.262 0.301 …

400 414.7 28.20 5.31 63.3 49.20 0.214 63.19 72.65 0.276 0.317 …

450 464.7 31.60 5.61 67.8 51.20 0.223 65.93 75.81 0.287 0.329 …

500 514.7 35.01 5.91 72.1 52.70 0.229 68.46 78.72 0.298 0.342 …
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Horsepower Required to Compress Air, Three-stage Compression

Horsepower required for compressing one cubic foot of free air per minute (isothermally and adiabatically) from atmospheric 
pressure (14.7 pounds per square inch) to various gage pressures.

Three-stage Compression, initial temperature of air, 60°F, jacket-cooling not considered.
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a Mean Effective Pressure (MEP) is defined as that single pressure rise, above atmospheric, which 
would require the same horsepower as the actual varying pressures during compression. 
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100 114.7 7.8 1.98 14.4-42.9 30.30 0.132 33.30 38.30 0.145 0.167 5.23

150 164.7 11.2 2.24 18.2-59.0 35.59 0.155 40.30 46.50 0.175 0.202 5.92

200 214.7 14.6 2.44 21.2-73.0 39.50 0.172 45.20 52.00 0.196 0.226 6.67

250 264.7 18.0 2.62 23.8-86.1 42.70 0.186 49.20 56.60 0.214 0.246 6.96

300 314.7 21.4 2.78 26.1-98.7 45.30 0.197 52.70 60.70 0.229 0.264 7.28

350 364.7 24.8 2.92 28.2-110.5 47.30 0.206 55.45 63.80 0.242 0.277 7.64

400 414.7 28.2 3.04 30.0-121.0 49.20 0.214 58.25 66.90 0.253 0.292 8.33

450 464.7 31.6 3.16 31.8-132.3 51.20 0.223 60.40 69.40 0.263 0.302 8.36

500 514.7 35.0 3.27 33.4-142.4 52.70 0.229 62.30 71.70 0.273 0.314 8.38

550 564.7 38.4 3.38 35.0-153.1 53.75 0.234 65.00 74.75 0.283 0.326 8.80

600 614.7 41.8 3.47 36.3-162.3 54.85 0.239 66.85 76.90 0.291 0.334 8.86

650 664.7 45.2 3.56 37.6-171.5 56.00 0.244 67.90 78.15 0.296 0.340 9.02

700 714.7 48.6 3.65 38.9-180.8 57.15 0.249 69.40 79.85 0.303 0.348 9.18

750 764.7 52.0 3.73 40.1-189.8 58.10 0.253 70.75 81.40 0.309 0.355 …

800 814.7 55.4 3.82 41.4-199.5 59.00 0.257 72.45 83.25 0.315 0.362 …

850 864.7 58.8 3.89 42.5-207.8 60.20 0.262 73.75 84.90 0.321 0.369 …

900 914.7 62.2 3.95 43.4-214.6 60.80 0.265 74.80 86.00 0.326 0.375 …

950 964.7 65.6 4.03 44.6-224.5 61.72 0.269 76.10 87.50 0.331 0.381 …

1000 1014.7 69.0 4.11 45.7-233.3 62.40 0.272 77.20 88.80 0.336 0.383 …

1050 1064.7 72.4 4.15 46.3-238.3 63.10 0.275 78.10 90.10 0.340 0.391 …

1100 1114.7 75.8 4.23 47.5-248.3 63.80 0.278 79.10 91.10 0.344 0.396 …

1150 1164.7 79.2 4.30 48.5-256.8 64.40 0.281 80.15 92.20 0.349 0.401 …

1200 1214.7 82.6 4.33 49.0-261.3 65.00 0.283 81.00 93.15 0.353 0.405 …

1250 1264.7 86.0 4.42 50.3-272.3 65.60 0.286 82.00 94.30 0.357 0.411 …

1300 1314.7 89.4 4.48 51.3-280.8 66.30 0.289 82.90 95.30 0.362 0.416 …

1350 1364.7 92.8 4.53 52.0-287.3 66.70 0.291 84.00 96.60 0.366 0.421 …

1400 1414.7 96.2 4.58 52.6-293.5 67.00 0.292 84.60 97.30 0.368 0.423 …

1450 1464.7 99.6 4.64 53.5-301.5 67.70 0.295 85.30 98.20 0.371 0.426 …

1500 1514.7 103.0 4.69 54.3-309.3 68.30 0.298 85.80 98.80 0.374 0.430 …

1550 1564.7 106.4 4.74 55.0-317.3 68.80 0.300 86.80 99.85 0.378 0.434 …

1600 1614.7 109.8 4.79 55.8-323.3 69.10 0.302 87.60 100.80 0.382 0.438 …
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Flow of Air in Pipes.— The following formulas are used:

where v = velocity of air in feet per second
p = loss of pressure due to flow through the pipes in ounces per square inch
d = inside diameter of pipe in inches
L = length of pipe in feet

The quantity of air discharged in cubic feet per second is the product of the velocity as 
obtained from the preceding formula and the area of the pipe in square feet. The horse-
power required to drive air through a pipe equals the volume of air in cubic feet per second 
multiplied by the pressure in pounds per square foot, and this product divided by 550.

Volume of Air Transmitted Through Pipes, in Cubic Feet per Minute

Flow of Compressed Air in Pipes.— When there is a comparatively small difference of 
pressure at the two ends of the pipe, the volume of flow in cubic feet per minute is found by 
the formula:

where V = volume of air in cubic feet per minute
p = difference in pressure at the two ends of the pipe in pounds per square inch
d = inside diameter of pipe in inches

W = weight in pounds of one cubic foot of entering air
L = length of pipe in feet

Velocity of
Air in Feet
per Second

Actual Inside Diameter of Pipe, Inches

1 2 3 4 6 8 10 12 16 24

1 0.33 1.31 2.95 5.2 11.8 20.9 32.7 47.1 83.8 188

2 0.65 2.62 5.89 10.5 23.6 41.9 65.4 94.2 167.5 377

3 0.98 3.93 8.84 15.7 35.3 62.8 98.2 141.4 251.3 565

4 1.31 5.24 11.78 20.9 47.1 83.8 131.0 188.0 335.0 754

5 1.64 6.55 14.7 26.2 59.0 104.0 163.0 235.0 419.0 942

6 1.96 7.85 17.7 31.4 70.7 125.0 196.0 283.0 502.0 1131

7 2.29 9.16 20.6 36.6 82.4 146.0 229.0 330.0 586.0 1319

8 2.62 10.50 23.5 41.9 94.0 167.0 262.0 377.0 670.0 1508

9 2.95 11.78 26.5 47.0 106.0 188.0 294.0 424.0 754.0 1696

10 3.27 13.1 29.4 52.0 118.0 209.0 327.0 471.0 838.0 1885

12 3.93 15.7 35.3 63.0 141.0 251.0 393.0 565.0 1005.0 2262

15 4.91 19.6 44.2 78.0 177.0 314.0 491.0 707.0 1256.0 2827

18 5.89 23.5 53.0 94.0 212.0 377.0 589.0 848.0 1508.0 3393

20 6.55 26.2 59.0 105.0 235.0 419.0 654.0 942.0 1675.0 3770

24 7.86 31.4 71.0 125.0 283.0 502.0 785.0 1131.0 2010.0 4524

25 8.18 32.7 73.0 131.0 294.0 523.0 818.0 1178.0 2094.0 4712

28 9.16 36.6 82.0 146.0 330.0 586.0 916.0 1319.0 2346.0 5278

30 9.80 39.3 88.0 157.0 353.0 628.0 982.0 1414.0 2513.0 5655

v
25 000 dp,

L
--------------------------= p

Lv2

25 000 d,
-----------------------=

V 58 pd5

WL
---------=
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Velocity of Escaping Compressed Air.— If air, or gas, flows from one chamber to 
another, as from a chamber or tank through an orifice or nozzle into the open air, large 
changes in velocity may take place owing to the difference in pressures. Since the change 
takes place almost instantly, little heat can escape from the fluid and the flow may be 
assumed to be adiabatic.

For a large container with a small orifice or hole from which the air escapes, the velocity 
of escape (theoretical) may be calculated from the formula:

In this formula, v2 = velocity of escaping air in feet per second; g = acceleration due to 
gravity, 32.16 feet per second squared; k = 1.41 for adiabatic expansion or compression of 
air; F = temperature, degrees F; p2 = atmospheric pressure = 14.7 pounds per square inch; 
and p1 = pressure of air in container, pounds per square inch. In applying the preceding for-
mula, when the ratio p2/p1 approximately equals 0.53, under normal temperature condi-
tions at sea level, the escape velocity v2 will be equal to the velocity of sound. Increasing 
the pressure p1 will not increase the velocity of escaping air beyond this limiting velocity 
unless a special converging diverging nozzle design is used rather than an orifice.

The accompanying table provides velocity of escaping air for various values of p1. These 
values were calculated from the preceding formula simplified by substituting the appropri-
ate constants:

Velocity of Escaping Air at 70-Degrees F

The theoretical velocities in the preceding table must be reduced by multiplying by a 
“coefficient of discharge,” which varies with the orifice and the pressure. The following 
coefficients are used for orifices in thin plates and short tubes.

Pressure Above
Atmospheric Pressure Theoretical

Velocity,
Feet per
Second

Pressure Above
Atmospheric Pressure Theoretical

Velocity,
Feet per
Second

In
Atmo-
spheres

In
Inches

Mercury

In
lbs per
sq. in.

In
Atmo-
spheres

In
Inches

Mercury

In
lbs per
sq. in.

0.010 0.30 0.147 134 0.408 12.24 6.00 769

0.068 2.04 1.00 344 0.500 15.00 7.35 833

0.100 3.00 1.47 413 0.544 16.33 8.00 861

0.136 4.08 2.00 477 0.612 18.37 9.00 900

0.204 6.12 3.00 573 0.680 20.41 10.0 935

0.272 8.16 4.00 650 0.816 24.49 12.0 997

0.340 10.20 5.00 714 0.884 26.53 13.0 1025

Type of Orifice

Pressures in Atmospheres Above Atmospheric Pressure

0.01 0.1 0.5 1

Orifice in thin plate 0.65 0.64 0.57 0.54

Orifice in short tube 0.83 0.82 0.71 0.67

v2 2g
k

k 1–
----------- 53.3 459.7 F+( ) 1

p2

p1
-----
 
 

k 1–
k

-----------
–⋅ ⋅=

v2 108.58 459.7 F+( ) 1
14.7
p1

----------
 
  0.29

–=
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DIMENSIONING, GAGING, MEASURING, INSPECTION

Symbols For Drafting

Table 1.  Standard Graphical Symbols for Air Conditioning

Capillary tube Filter line

Compressor Filter and strainer, line

Compressor, rotary 
(Enclosed crankcase, 
belted)

Float, high side

Compressor, reciprocating 
(open crankcase, belted) Float, low side

Compressor, reciprocating 
(open crankcase, direct-
drive)

Gage

Motor compressor, recipro-
cating (direct connected, 
enclosed crankcase)

Pressurestat

Motor compressor, rotary 
(direct connected, 
enclosed crankcase)

Pressure switch

Motor compressor, recipro-
cating (sealed crankcase)

Pressure switch (with high 
pressure cut-out)

Motor compressor, rotary 
(sealed crankcase) Receiver, horizontal

Condensing Unit  
(air cooled) Receiver, vertical

Condensing Unit  
(water-cooled) Scale trap

Condenser air cooled 
(finned, forced air) Spray pond

Condenser air cooled 
(finned, static) Thermal bulb

Condenser water cooled 
(concentric tube in a tube) Thermostat (remote bulb)

Condenser water cooled 
(shell and coil) Valve, expansion, automatic

Condenser water cooled 
(shell and tube) Valve, expansion, hand

Condenser evaporative

Valve, expansion,  
thermostatic

Valve, compressor suction 
pressure limiting (throt-
tling type, compressor 
side)

Cooling unit, finned (natural 
convection)

Valve, constant pressure, 
suction

Cooling unit  
(forced convection)

Valve, evaporator pressure 
regulating (snap action)
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Cooling unit, immersion
Valve, evaporator pressure 

regulating (thermostatic 
throttling type)

Cooling tower
Valve, evaporator pressure 

regulating (throttling type, 
evaporator side)

Dryer Valve, magnetic stop

Evaporator, circular  
(Ceiling type, finned) Valve, snap action

Evaporator, manifolded 
(Bare tube, gravity air)

Valve, suction  
vapor regulating

Evaporator, manifolded 
(finned, forced air) Valve suction

Evaporator, manifolded 
(finned, gravity air) Valve water

Evaporator, plate coils 
(headered or manifolded) Vibration absorver, line 

Table 1. (Continued) Standard Graphical Symbols for Air Conditioning
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Table 2.  Standard Graphical Symbols for Heating and Ventilation

Air eliminator Access door

Anchor Adjustable blank off

Expansion joint
Adjustable plaque

Hanger or support

Heat exchanger

Automatic damperHeat transfer surface (plan, 
indicate type, such as con-
vector)

Pump (Indicate type, such as 
vacuum) Canvas connection

Strainer Deflecting damper

Tank (designate type) Direction of flow

Thermometer Duct (first figure is side 
shown)

Thermostat Duct section  
(exhaust or return)

Trap, boiler return Duct section (supply)

Trap, blast thermostatic Exhaust inlet, ceiling  
(indicate type)

Trap, float Exhaust inlet, wall  
(indicate type)

Trap, float and thermostatic Fan and motor  
(with belt guard)Trap, thermostatic

Unit heater  
(centrifugal fan type- plan)

Inclined drop  
(with respect to air flow)

Unit heater  
(propeller fan type- plan)

Inclined rise  
(with respect to air flow)

Unit ventilator, plan
Intake louvers

Valve, check

Valve, diaphragm Louber opening

Valve, gate Supply outlet, ceiling  
(Indicate type)

Valve, glove Supply outlet, wall  
(Indicate type)Valve, lock and shield

Valve, motor operated
Vanes

Valve, pressure reducing

Valve relief  (either pressure 
or vacuum) Volume damper

Vent point
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Table 3.  Standard Graphical Symbols for Valves

Name of Valve Flanged Screwed
Bell & 
Spigot Welded Soldered

Angle valve, check

Angle valve, gate (elevation)

Angle valve, gate (plan)

Angle valve, globe (elevation)

Angle valve, globe (plan)

Automatic by-pass valve

Automatic governor operated valve

Automatic reducing valve

Check valve, straight way

Cock

Diaphragm valve

Float valve

Gate valve also used as Stop valve

Gate valve motor operated

Globe valve

Globe valve motor operated

Hose valve, angle

Hose valve, gate

Hose valve, glove

Lockshield valve

Quick opening valve

Safety valve
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Table 4.  Standard Graphical Symbols for Piping

Air Conditioning

Brine return Brine supply

Chilled or hot water flow 
 (circulating)

Chilled or hot water return 
(circulating)

Condenser water flow Condenser water return

Drain Humidification line

Make-up water Refrigerant discharge

Refrigerant liquid Refrigerant liquid

Heating

Air relief line Boiler blow-off

Compressed air Condensate discharge

Feed water pump discharge Fuel -oil flow

Fuel-oil return Fuel-oil tank vent

High pressure return High pressure steam

Hot water heating return Hot water heating supply

Low pressure return Low pressure steam

Make-up water Medium pressure return

Medium pressure steam

Plumbing

Acid waste Cold water

Compressed air Drinking water flow

Drinking water return Fire line

Gas

Hot water Hot water return

Soil, waste, or leader 
 (above grade)

Soil, waste, or leader 
 (below grade)

Vacuum cleaning Vent

Pneumatic Tubes

Tube runs

Sprinklers

Branch and head Drain

Main supplies
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Table 5.  Standard Graphical Symbols for Pipe Fittings

Name of  Fitting Flanged Screwed Bell & Spigot Welded Soldered

Bushing

Cap

Cross, reducing

Cross, straight size

Cross

Elbow, 45-degree

Elbow,  90-degree

Elbow, turned down

Elbow, turned up

Elbow, base

Elbow,  double branch

Elbow, long branch

Elbow, reducing

Elbow, side outlet  
(outlet down)

Elbow, side outlet  
(outlet up)

Elbow, street

Joint, connecting pipe

Joint, expansion
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Inspection

Transfer Calipers.— Calipers provided with an auxiliary arm which can be located so 
that the calipers may be opened or closed to the original setting, if required. Calipers of this 
type are generally used for inside measurements, and are employed for measuring recesses 
where it is necessary to move the caliper points in order to remove the calipers from the 
place where the measurement is taken.

Metallography.—The science or study of the microstructure of metal is known by most 
metallurgists as “metallography.” The name “crystallography” is also used to some extent. 
The examination of metals and metal alloys by the aid of the microscope has become one 
of the most effective methods of studying their properties, and it is also a valuable means of 
controlling the quality of manufactured metallic articles and of testing the finished prod-
uct. In preparing the specimen to be examined, a flat surface is first formed by filing or 
grinding, and this surface is then given a high polish, which is later subjected to the action 
of a suitable acid or etching reagent, in order to reveal clearly the internal structure of the 
metal when the specimen is examined under the microscope. This process shows clearly to 
an experienced observer the effect of variation in composition, heat-treatment, etc., and in 
many cases it has proved a correct means of determining certain properties of industrial 
products that a chemical analysis has failed to reveal.

Preparing Hardened Steel for Microscopic Study: To cause the constituents of the spec-
imen to contrast with one another as seen through the microscope is the desired end, and a 
reagent is used which acts differently towards these elements; generally this reagent acts 
on one element more than on another so that the one least affected reflects the light from the 
faces of its crystals while the etched part absorbs the light, and, therefore, appears dark 
when photographed.

In etching specimens to develop the constituents of hardened anti tempered steels, very 
good results are obtained with sulphurous acid that is composed of 4 parts of sulphur diox-
ide to 96 parts of distilled water. The specimens are immersed in this, face upward, and 
removed as soon as the polished surface is frosted. This takes from 7 seconds to 1 minute. 
They are then rinsed with water and dried with alcohol. Very thin layers of iron sulphide 
are deposited on the different constituents in different thicknesses, and this gives them dif-
ferent colors. Austenite remains a pale brown; martensite is given a pale blue and deep blue 
and brown color; troostite is made very dark; sorbite is uncolored; cementite exhibits a 
brilliant white; and ferrite is made dark brown. When the etching has proceeded to the 
desired extent, the specimen is at once washed thoroughly in order to remove all trace of 
the etching reagent. Usually it is simply rinsed with water, but frequently the washing is 
done with absolute alcohol, while ether and chloroform are also sometimes used.

The apparatus used for examining the etched surfaces of metals is composed of a micro-
scope and camera combined with an arc lamp or other means of illumination.

Microscopic Study of Steel: Steel, in particular, shows many changes of structure due to 
the mechanical and thermal treatment, so that the microscope has become a very valuable 
instrument with which to inspect steel. To one who understands what the different forma-
tions of crystalline structure denote, the magnified surface reveals the temperature at 
which the steel was hardened, or at which it was drawn, and the depth to which the hardness 
penetrated. It also shows whether the steel was annealed or casehardened, as well as the 
depth to which the carbon penetrated. The carbon content can be closely judged, when the 
steel is annealed, and also how much of it is in the graphitic state in the high carbon steels. 
The quantity of special elements that is added to steel, such as nickel, chromium, tungsten, 
etc., can also be estimated, when the alloy to be examined has been put through its pre-
scribed heat-treatment. Likewise, the impurities that may be present are clearly seen, 
regardless of whether they are of solid or gaseous origin.
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Fits

Basic Dimension.— The basic size of a screw thread or machine part is the theoretical or 
nominal standard size from which variations are made, as in the case of fitted parts which 
must have an allowance for providing a certain class of fit. The use of the hole diameter as 
the basic diameter has practical advantages in obtaining different classes of fits, especially 
when it is economical to finish holes by means of standard tools. For example, assume that 
holes are to be finished by reaming, and that shafts or plugs are to be fitted into them, this 
being a common condition in connection with various machine-building operations. If the 
diameter of the hole is basic, its size, within a small tolerance, may be maintained readily 
by the use of proper reaming equipment, and the diameter of a shaft or plug may be varied 
much more readily than that of the hole, in order to obtain the allowance for whatever class 
of fit is desired; therefore, different kinds of fits in holes finished by the same reamer may 
be obtained merely by grinding the shaft or plug to a diameter which gives the proper fit 
allowance. In the case of threaded holes, the tap is usually solid or non-adjustable, whereas 
dies ordinarily may be adjusted readily to obtain different classes of fits.As both the hole 
and shaft or plug would ordinarily be given a certain tolerance, the basic dimension of a 
hole (except for forced fits) should be the minimum limit or diameter, there being a plus 
tolerance, and the nominal dimension of a shaft or plug should represent the maximum 
limit or diameter, there being a minus tolerance. The advantage of this method is that the 
minimum clearance between hole and shaft, or the “danger zone,” is indicated by a direct 
comparison of the basic hole diameter and the nominal shaft diameter; the direction of the 
tolerances is such as to increase this clearance. For a forced fit, the basic hole size is the 
maximum diameter, the tolerance being minus, and the nominal shaft size is the minimum 
diameter the tolerance being plus; consequently, the minimum fit allowance or interfer-
ence between hole and shaft (or the “danger zone” for a forced fit) is indicated by a compar-
ison of the basic hole diameter and the nominal shaft diameter. In this case the direction of 
the tolerances increases the interference or forced fit allowance.When it is economical to 
use cold-drawn or other commercial stock without machining then the maximum shaft size 
should be basic.

Clearance.—“Clearance” is a term signifying the allowance between working parts to 
admit of motion and lubrication. In other words, the clearance is the space between adja-
cent parts, whether this space is allowed merely to avoid interference, or in order to obtain 
definite classes of free fits. The clearance allowed between different parts is governed by 
the conditions under which the parts are to work.

Allowance.—  The term “allowance,” as applied to the fitting of machine parts, means a 
difference in dimensions prescribed in order to secure classes of fits; in other words, allow-
ance is the amount required either above or below a nominal size, so that a certain class of 
fit is obtained, as, for example, a running fit, a forced or pressed fit, etc. For instance, if the 
hole in a crank disk is 3 inches in diameter and the shaft is made 3.005 inches in diameter in 
order to secure a forced fit, the 0.005 inch would represent the allowance for that part. The 
terms “allowance” and “tolerance” are often-but incorrectly-used interchangeably; 
according to common usage “tolerance” is a difference in dimensions prescribed in order 
to allow unavoidable imperfections of workmanship.

Tolerances.—Tolerance is the amount of variation permitted on dimensions or surfaces 
of machine parts. The tolerance is equal to the difference between the maximum and mini-
mum limits of any specified dimension. For example, if the maximum limit for the diame-
ter of a shaft is 2.000 inches and its minimum limit 1.990 inches, the tolerance for this 
diameter is 0.010 inch. By determining the maximum and minimum clearances required 
on operating surfaces, the extent of these tolerances is established. As applied to the fitting 
of machine parts, the word tolerance means the amount that duplicate parts are allowed to 
vary in size in connection with manufacturing operations, owing to unavoidable imperfec-
tions of workmanship. Tolerance may also be defined as the amount that duplicate parts are 
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permitted to vary in size in order to secure sufficient accuracy without unnecessary refine-
ment. The terms “tolerance” and “allowance” are often used interchangeably, but, accord-
ing to common usage, allowance is a difference in dimensions prescribed in order to secure 
various classes of fits between different parts.

Unilateral and Bilateral Tolerances: The term “unilateral tolerance” means that the 
total tolerance, as related to a basic dimension, is in one direction only. For example, if the 
basic dimension were 1 inch and the tolerance were expressed as 1.00 − 0.002, or as 1.00 
+0.002, these would be unilateral tolerances, since the total tolerance in each case is in one 
direction. On the contrary, if the tolerance were divided, so as to be partly plus and partly 
minus, it would be classed as “bilateral.” Thus, 

is an example of bilateral tolerance, because the total tolerance of 0.002 is given in two 
directions, plus and minus. Unilateral tolerances generally are recommended.

When unilateral tolerances are used, one of the three following methods should be used 
to express them:

1) Specify limiting dimensions only as 
Diameter of hole: 2.250, 2.252 
Diameter of shaft: 2.249, 2.247
2) One limiting size may be specified with its tolerances as 
Diameter of hole: 2.250 + 0.002, −0.000
Diameter of shaft: 2.249 + 0.000, − 0.002
3) The nominal size may be specified for both parts, with a notation showing both allow-

ance and tolerance, as
Diameter of hole: 21⁄4 + 0.002, −0.000

Diameter of shaft: 21⁄4 − 0.001, −0.003
Bilateral tolerances should be specified as such, usually with plus and minus tolerances 

of equal amount. Example of the expression of bilateral tolerances follow:

How to Apply Tolerances: According to practice approved by the Society of Automotive 
Engineers, tolerances should show the permissible amount of variation in the direction that 
is less dangerous. When a variation in either direction is equally dangerous, a bilateral tol-
erance should be given. When a variation in one direction is more dangerous than a varia-
tion in another, a unilateral tolerance should be given in the less dangerous direction. One 
exception to the use of unilateral tolerances on mating surfaces occurs when tapers are 
involved. In such cases either bilateral or unilateral tolerances may prove advisable, 
depending upon conditions.

Where tolerances are required on the distances between holes, usually they should be 
bilateral, as variation in either direction is usually equally dangerous. The variation in the 
distance between shafts carrying gears, however, should always be unilateral and plus; 
otherwise the gears might run too tight. A slight increase in the backlash between gears is 
seldom of much importance.

Basic Dimensions: The minimum hole should be of basic size in all cases where the use 
of standard tools represents the greatest economy. The maximum shaft should be of basic 
size in all cases where the use of standard purchased material, without further machining, 
represents the greatest economy, even though special tools are required to machine the 
mating part.

Standardization in Different Countries: National standard fits have been established in 
the United States, Austria, Germany, Great Britain, Holland, Sweden, and Switzerland. 

1.00 0.001–
+0.001

or 1.00 0.001±

2.00 0.001± or 2.00 0.001–
+0.001
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All national standards, except the British, are based exclusively on the unilateral system of 
tolerances. The British Standard gives both the unilateral and the bilateral systems, recom-
mending the former. The national standards, with the exception of the American, the Brit-
ish, and the Dutch, give both the basic hole and the basic shaft systems. The United States 
and Great Britain have adopted the basic hole system, Holland the basic shaft system 
exclusively. The Dutch system is at one extreme, in affording the maximum freedom of 
choice in the combination of hole and shaft. It specifies limits only, and does not give 
allowances or tolerances. The other extreme is formed by the type of system adopted by the 
Austrians, Germans, Swedes, and Swiss, which gives a number of fits completely defined 
by their allowances and tolerances. The American system lies between these two extremes. 
The standard reference temperature for gages is 20 degrees C., or 68 degrees F., in all the 
countries mentioned, except Great Britain, where it is 62 degrees F., or 16 2⁄3 degrees C.

Tables of Sine-bar Constants

Sine-bar.—The sine-bar, or sine-protractor, as it is sometimes called, is used either for 
measuring angles accurately or for locating work to a given angle in connection with such 
work as surface grinding operations on templets, gages and other angular work requiring 
great accuracy. Sine-bars are commonly used by toolmakers and gage-makers because 
they provide a very precise method of measuring or checking angles. A common form of 
sine-bar is illustrated by the diagram. This particular form is notched at the ends for receiv-
ing cylindrical plugs D. These plugs must be lapped to the same diameter and the distance 
C between their centers usually is either 5 or 10 inches to simplify the use of the sine-bar. 
This center distance should be as accurate as possible and the upper and lower edges of the 
bar should be parallel with a plane intersecting the axes of the plugs. The sine-bar is always 
used in conjunction with some true surface H from which measurements can be taken.

Method of setting Sine-bar to Given Angle A

The angle A to which the sine-bar is set depends upon the height H of one plug above, the 
surface B upon which the other plug rests. The sine-bar frequently is set to the required 
height H by using gage-blocks to obtain great accuracy. If the sine-bar is to be set to a given 
angle, height H for this angle is determined by using the sine of the angle; hence, the name 
“sine-bar.”

Rule: To set a sine-bar to a given angle, find the sine of the angle in a trig table containing 
the sines of angles, and then multiply this sine by the center distance C to obtain height H.
Or, find the angle in a sine-bar table corresponding to length C, and obtain height H
directly from the table.

Constants for 2.5-inch Sine-Bar, page 3048 Constants for 75-mm Sine-Bar, page 3076

Constants for 3-inch Sine-Bar, page 3055 Constants for 100-millimeter Sine-bar, page 3083

Constants for 5-inch Sine-Bar, page 3062 Constants for 125-mm Sine-Bar, page 3090

Constants for 10-inch Sine-Bar, page 3069
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Constants for 2.5-inch Sine-Bar

Constants for Setting a 2.5-inch Sine-Bar for 0° to 7°
Min. 0° 1° 2° 3° 4° 5° 6° 7°

 0  0.000000  0.043631  0.087249  0.130840  0.174391  0.217889  0.261321  0.304673
 1  0.000727  0.044358  0.087976  0.131566  0.175117  0.218614  0.262044  0.305395
 2  0.001454  0.045085  0.088702  0.132292  0.175842  0.219338  0.262768  0.306117
 3  0.002182  0.045812  0.089429  0.133019  0.176567  0.220063  0.263491  0.306839
 4  0.002909  0.046539  0.090156  0.133745  0.177293  0.220787  0.264214  0.307560
 5  0.003636  0.047267  0.090883  0.134471  0.178018  0.221511  0.264937  0.308282
 6  0.004363  0.047994  0.091609  0.135197  0.178744  0.222236  0.265660  0.309004
 7  0.005091  0.048721  0.092336  0.135923  0.179469  0.222960  0.266383  0.309725
 8  0.005818  0.049448  0.093063  0.136649  0.180194  0.223684  0.267106  0.310447
 9  0.006545  0.050175  0.093789  0.137375  0.180920  0.224409  0.267829  0.311169
 10  0.007272  0.050902  0.094516  0.138102  0.181645  0.225133  0.268552  0.311890
 11  0.007999  0.051629  0.095243  0.138828  0.182370  0.225857  0.269275  0.312612
 12  0.008727  0.052356  0.095970  0.139554  0.183095  0.226581  0.269998  0.313333
 13  0.009454  0.053083  0.096696  0.140280  0.183821  0.227306  0.270721  0.314055
 14  0.010181  0.053810  0.097423  0.141006  0.184546  0.228030  0.271444  0.314776
 15  0.010908  0.054537  0.098150  0.141732  0.185271  0.228754  0.272167  0.315497
 16  0.011635  0.055264  0.098876  0.142458  0.185996  0.229478  0.272890  0.316219
 17  0.012363  0.055991  0.099603  0.143184  0.186722  0.230202  0.273613  0.316940
 18  0.013090  0.056718  0.100329  0.143910  0.187447  0.230926  0.274336  0.317662
 19  0.013817  0.057445  0.101056  0.144636  0.188172  0.231651  0.275059  0.318383
 20  0.014544  0.058172  0.101783  0.145362  0.188897  0.232375  0.275781  0.319104
 21  0.015272  0.058899  0.102509  0.146088  0.189622  0.233099  0.276504  0.319825
 22  0.015999  0.059626  0.103236  0.146814  0.190347  0.233823  0.277227  0.320547
 23  0.016726  0.060353  0.103963  0.147540  0.191072  0.234547  0.277950  0.321268
 24  0.017453  0.061080  0.104689  0.148266  0.191798  0.235271  0.278672  0.321989
 25  0.018180  0.061807  0.105416  0.148992  0.192523  0.235995  0.279395  0.322710
 26  0.018908  0.062534  0.106142  0.149718  0.193248  0.236719  0.280118  0.323431
 27  0.019635  0.063261  0.106869  0.150444  0.193973  0.237443  0.280840  0.324152
 28  0.020362  0.063988  0.107595  0.151170  0.194698  0.238167  0.281563  0.324873
 29  0.021089  0.064715  0.108322  0.151895  0.195423  0.238890  0.282285  0.325594
 30  0.021816  0.065442  0.109048  0.152621  0.196148  0.239614  0.283008  0.326315
 31  0.022544  0.066169  0.109775  0.153347  0.196873  0.240338  0.283731  0.327036
 32  0.023271  0.066896  0.110502  0.154073  0.197598  0.241062  0.284453  0.327757
 33  0.023998  0.067623  0.111228  0.154799  0.198323  0.241786  0.285176  0.328478
 34  0.024725  0.068350  0.111955  0.155525  0.199048  0.242510  0.285898  0.329199
 35  0.025452  0.069077  0.112681  0.156251  0.199772  0.243234  0.286620  0.329920
 36  0.026179  0.069804  0.113407  0.156976  0.200497  0.243957  0.287343  0.330641
 37  0.026907  0.070531  0.114134  0.157702  0.201222  0.244681  0.288065  0.331362
 38  0.027634  0.071258  0.114860  0.158428  0.201947  0.245405  0.288788  0.332083
 39  0.028361  0.071985  0.115587  0.159154  0.202672  0.246128  0.289510  0.332803
 40  0.029088  0.072712  0.116313  0.159879  0.203397  0.246852  0.290232  0.333524
 41  0.029815  0.073439  0.117040  0.160605  0.204122  0.247576  0.290955  0.334245
 42  0.030543  0.074166  0.117766  0.161331  0.204846  0.248299  0.291677  0.334965
 43  0.031270  0.074893  0.118493  0.162056  0.205571  0.249023  0.292399  0.335686
 44  0.031997  0.075619  0.119219  0.162782  0.206296  0.249747  0.293121  0.336407
 45  0.032724  0.076346  0.119945  0.163508  0.207021  0.250470  0.293844  0.337127
 46  0.033451  0.077073  0.120672  0.164233  0.207745  0.251194  0.294566  0.337848
 47  0.034178  0.077800  0.121398  0.164959  0.208470  0.251917  0.295288  0.338568
 48  0.034905  0.078527  0.122124  0.165685  0.209195  0.252641  0.296010  0.339289
 49  0.035633  0.079254  0.122851  0.166410  0.209919  0.253364  0.296732  0.340009
 50  0.036360  0.079981  0.123577  0.167136  0.210644  0.254088  0.297454  0.340730
 51  0.037087  0.080707  0.124303  0.167862  0.211369  0.254811  0.298176  0.341450
 52  0.037814  0.081434  0.125030  0.168587  0.212093  0.255535  0.298898  0.342171
 53  0.038541  0.082161  0.125756  0.169313  0.212818  0.256258  0.299620  0.342891
 54  0.039268  0.082888  0.126482  0.170038  0.213542  0.256981  0.300342  0.343611
 55  0.039995  0.083615  0.127209  0.170764  0.214267  0.257705  0.301064  0.344332
 56  0.040723  0.084342  0.127935  0.171489  0.214991  0.258428  0.301786  0.345052
 57  0.041450  0.085068  0.128661  0.172215  0.215716  0.259151  0.302508  0.345772
 58  0.042177  0.085795  0.129387  0.172940  0.216440  0.259875  0.303230  0.346492
 59  0.042904  0.086522  0.130114  0.173666  0.217165  0.260598  0.303952  0.347213
 60  0.043631  0.087249  0.130840  0.174391  0.217889  0.261321  0.304673  0.347933
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Constants for Setting a 2.5-inch Sine-Bar for 8° to 15°
Min. 8° 9° 10° 11° 12° 13° 14° 15°

 0  0.347933  0.391086  0.434120  0.477022  0.519779  0.562378  0.604805  0.647048
 1  0.348653  0.391804  0.434837  0.477736  0.520491  0.563086  0.605510  0.647750
 2  0.349373  0.392523  0.435553  0.478450  0.521202  0.563795  0.606216  0.648452
 3  0.350093  0.393241  0.436269  0.479164  0.521913  0.564503  0.606921  0.649155
 4  0.350813  0.393959  0.436985  0.479878  0.522624  0.565212  0.607627  0.649857
 5  0.351533  0.394677  0.437701  0.480591  0.523335  0.565920  0.608332  0.650559
 6  0.352253  0.395395  0.438417  0.481305  0.524046  0.566628  0.609038  0.651261
 7  0.352973  0.396113  0.439133  0.482019  0.524757  0.567337  0.609743  0.651963
 8  0.353693  0.396831  0.439849  0.482732  0.525468  0.568045  0.610448  0.652665
 9  0.354413  0.397549  0.440564  0.483446  0.526179  0.568753  0.611153  0.653367
 10  0.355133  0.398267  0.441280  0.484159  0.526890  0.569461  0.611858  0.654069
 11  0.355853  0.398985  0.441996  0.484872  0.527601  0.570169  0.612563  0.654771
 12  0.356572  0.399703  0.442712  0.485586  0.528312  0.570877  0.613268  0.655473
 13  0.357292  0.400421  0.443428  0.486299  0.529023  0.571585  0.613973  0.656175
 14  0.358012  0.401139  0.444143  0.487013  0.529734  0.572293  0.614678  0.656876
 15  0.358732  0.401856  0.444859  0.487726  0.530444  0.573001  0.615383  0.657578
 16  0.359451  0.402574  0.445574  0.488439  0.531155  0.573709  0.616088  0.658280
 17  0.360171  0.403292  0.446290  0.489152  0.531865  0.574417  0.616793  0.658981
 18  0.360891  0.404010  0.447006  0.489865  0.532576  0.575124  0.617498  0.659683
 19  0.361610  0.404727  0.447721  0.490578  0.533287  0.575832  0.618202  0.660384
 20  0.362330  0.405445  0.448436  0.491292  0.533997  0.576540  0.618907  0.661085
 21  0.363049  0.406162  0.449152  0.492005  0.534707  0.577247  0.619611  0.661787
 22  0.363769  0.406880  0.449867  0.492718  0.535418  0.577955  0.620316  0.662488
 23  0.364488  0.407597  0.450583  0.493430  0.536128  0.578662  0.621020  0.663189
 24  0.365208  0.408315  0.451298  0.494143  0.536838  0.579370  0.621725  0.663890
 25  0.365927  0.409032  0.452013  0.494856  0.537549  0.580077  0.622429  0.664591
 26  0.366646  0.409750  0.452728  0.495569  0.538259  0.580784  0.623133  0.665292
 27  0.367366  0.410467  0.453444  0.496282  0.538969  0.581492  0.623838  0.665993
 28  0.368085  0.411184  0.454159  0.496994  0.539679  0.582199  0.624542  0.666694
 29  0.368804  0.411902  0.454874  0.497707  0.540389  0.582906  0.625246  0.667395
 30  0.369524  0.412619  0.455589  0.498420  0.541099  0.583613  0.625950  0.668096
 31  0.370243  0.413336  0.456304  0.499132  0.541809  0.584321  0.626654  0.668797
 32  0.370962  0.414053  0.457019  0.499845  0.542519  0.585028  0.627358  0.669497
 33  0.371681  0.414771  0.457734  0.500558  0.543229  0.585735  0.628062  0.670198
 34  0.372400  0.415488  0.458449  0.501270  0.543939  0.586442  0.628766  0.670899
 35  0.373119  0.416205  0.459164  0.501982  0.544648  0.587148  0.629470  0.671599
 36  0.373838  0.416922  0.459878  0.502695  0.545358  0.587855  0.630173  0.672300
 37  0.374557  0.417639  0.460593  0.503407  0.546068  0.588562  0.630877  0.673000
 38  0.375276  0.418356  0.461308  0.504119  0.546777  0.589269  0.631581  0.673700
 39  0.375995  0.419073  0.462023  0.504832  0.547487  0.589976  0.632284  0.674401
 40  0.376714  0.419790  0.462737  0.505544  0.548197  0.590682  0.632988  0.675101
 41  0.377433  0.420507  0.463452  0.506256  0.548906  0.591389  0.633691  0.675801
 42  0.378152  0.421223  0.464167  0.506968  0.549616  0.592095  0.634395  0.676501
 43  0.378871  0.421940  0.464881  0.507680  0.550325  0.592802  0.635098  0.677201
 44  0.379590  0.422657  0.465596  0.508392  0.551034  0.593508  0.635802  0.677901
 45  0.380308  0.423374  0.466310  0.509104  0.551744  0.594215  0.636505  0.678601
 46  0.381027  0.424090  0.467025  0.509816  0.552453  0.594921  0.637208  0.679301
 47  0.381746  0.424807  0.467739  0.510528  0.553162  0.595627  0.637911  0.680001
 48  0.382465  0.425524  0.468453  0.511240  0.553871  0.596334  0.638614  0.680701
 49  0.383183  0.426240  0.469168  0.511952  0.554580  0.597040  0.639317  0.681400
 50  0.383902  0.426957  0.469882  0.512664  0.555289  0.597746  0.640020  0.682100
 51  0.384620  0.427673  0.470596  0.513376  0.555999  0.598452  0.640723  0.682800
 52  0.385339  0.428390  0.471310  0.514087  0.556708  0.599158  0.641426  0.683499
 53  0.386057  0.429106  0.472025  0.514799  0.557416  0.599864  0.642129  0.684199
 54  0.386776  0.429823  0.472739  0.515510  0.558125  0.600570  0.642832  0.684898
 55  0.387494  0.430539  0.473453  0.516222  0.558834  0.601276  0.643535  0.685597
 56  0.388213  0.431255  0.474167  0.516934  0.559543  0.601982  0.644237  0.686297
 57  0.388931  0.431972  0.474881  0.517645  0.560252  0.602688  0.644940  0.686996
 58  0.389650  0.432688  0.475595  0.518357  0.560960  0.603393  0.645643  0.687695
 59  0.390368  0.433404  0.476309  0.519068  0.561669  0.604099  0.646345  0.688394
 60  0.391086  0.434120  0.477022  0.519779  0.562378  0.604805  0.647048  0.689093



3050 2.5-INCH SINE-BARS

Constants for Setting a 2.5-inch Sine-Bar for 16° to 23°
Min. 16° 17° 18° 19° 20° 21° 22° 23°

 0  0.689093  0.730929  0.772543  0.813920  0.855050  0.895920  0.936517  0.976828
 1  0.689792  0.731625  0.773234  0.814608  0.855734  0.896599  0.937191  0.977497
 2  0.690491  0.732320  0.773926  0.815295  0.856417  0.897278  0.937865  0.978166
 3  0.691190  0.733015  0.774617  0.815983  0.857100  0.897956  0.938539  0.978836
 4  0.691889  0.733711  0.775309  0.816670  0.857783  0.898635  0.939213  0.979505
 5  0.692588  0.734406  0.776000  0.817358  0.858466  0.899314  0.939887  0.980174
 6  0.693287  0.735101  0.776691  0.818045  0.859149  0.899992  0.940561  0.980843
 7  0.693985  0.735796  0.777382  0.818732  0.859832  0.900670  0.941234  0.981512
 8  0.694684  0.736491  0.778073  0.819419  0.860515  0.901349  0.941908  0.982180
 9  0.695382  0.737186  0.778764  0.820106  0.861198  0.902027  0.942582  0.982849
 10  0.696081  0.737881  0.779455  0.820793  0.861880  0.902705  0.943255  0.983518
 11  0.696779  0.738575  0.780146  0.821480  0.862563  0.903383  0.943929  0.984186
 12  0.697478  0.739270  0.780837  0.822167  0.863246  0.904061  0.944602  0.984855
 13  0.698176  0.739965  0.781528  0.822853  0.863928  0.904739  0.945275  0.985523
 14  0.698874  0.740659  0.782219  0.823540  0.864610  0.905417  0.945948  0.986191
 15  0.699573  0.741354  0.782910  0.824227  0.865293  0.906095  0.946622  0.986860
 16  0.700271  0.742048  0.783600  0.824913  0.865975  0.906773  0.947295  0.987528
 17  0.700969  0.742743  0.784291  0.825600  0.866657  0.907450  0.947968  0.988196
 18  0.701667  0.743437  0.784981  0.826286  0.867339  0.908128  0.948640  0.988864
 19  0.702365  0.744132  0.785672  0.826972  0.868021  0.908806  0.949313  0.989532
 20  0.703063  0.744826  0.786362  0.827659  0.868703  0.909483  0.949986  0.990199
 21  0.703761  0.745520  0.787052  0.828345  0.869385  0.910160  0.950659  0.990867
 22  0.704458  0.746214  0.787742  0.829031  0.870067  0.910838  0.951331  0.991535
 23  0.705156  0.746908  0.788433  0.829717  0.870748  0.911515  0.952004  0.992202
 24  0.705854  0.747602  0.789123  0.830403  0.871430  0.912192  0.952676  0.992870
 25  0.706551  0.748296  0.789813  0.831089  0.872112  0.912869  0.953348  0.993537
 26  0.707249  0.748990  0.790503  0.831775  0.872793  0.913546  0.954020  0.994204
 27  0.707946  0.749684  0.791192  0.832460  0.873475  0.914223  0.954693  0.994872
 28  0.708644  0.750377  0.791882  0.833146  0.874156  0.914900  0.955365  0.995539
 29  0.709341  0.751071  0.792572  0.833832  0.874837  0.915576  0.956037  0.996206
 30  0.710038  0.751765  0.793262  0.834517  0.875519  0.916253  0.956709  0.996873
 31  0.710736  0.752458  0.793951  0.835203  0.876200  0.916930  0.957380  0.997540
 32  0.711433  0.753151  0.794641  0.835888  0.876881  0.917606  0.958052  0.998206
 33  0.712130  0.753845  0.795330  0.836573  0.877562  0.918283  0.958724  0.998873
 34  0.712827  0.754538  0.796020  0.837259  0.878243  0.918959  0.959395  0.999540
 35  0.713524  0.755232  0.796709  0.837944  0.878923  0.919635  0.960067  1.000206
 36  0.714221  0.755925  0.797398  0.838629  0.879604  0.920311  0.960738  1.000873
 37  0.714918  0.756618  0.798087  0.839314  0.880285  0.920988  0.961410  1.001539
 38  0.715615  0.757311  0.798777  0.839999  0.880965  0.921664  0.962081  1.002205
 39  0.716311  0.758004  0.799466  0.840684  0.881646  0.922339  0.962752  1.002871
 40  0.717008  0.758697  0.800155  0.841369  0.882326  0.923015  0.963423  1.003538
 41  0.717705  0.759390  0.800844  0.842053  0.883007  0.923691  0.964094  1.004204
 42  0.718401  0.760083  0.801533  0.842738  0.883687  0.924367  0.964765  1.004869
 43  0.719098  0.760775  0.802221  0.843423  0.884367  0.925043  0.965436  1.005535
 44  0.719794  0.761468  0.802910  0.844107  0.885048  0.925718  0.966107  1.006201
 45  0.720491  0.762161  0.803599  0.844792  0.885728  0.926394  0.966777  1.006867
 46  0.721187  0.762853  0.804287  0.845476  0.886408  0.927069  0.967448  1.007532
 47  0.721883  0.763546  0.804976  0.846161  0.887088  0.927744  0.968119  1.008198
 48  0.722579  0.764238  0.805664  0.846845  0.887767  0.928420  0.968789  1.008863
 49  0.723276  0.764931  0.806353  0.847529  0.888447  0.929095  0.969459  1.009529
 50  0.723972  0.765623  0.807041  0.848213  0.889127  0.929770  0.970130  1.010194
 51  0.724668  0.766315  0.807729  0.848897  0.889807  0.930445  0.970800  1.010859
 52  0.725364  0.767007  0.808417  0.849581  0.890486  0.931120  0.971470  1.011524
 53  0.726060  0.767699  0.809106  0.850265  0.891166  0.931795  0.972140  1.012189
 54  0.726755  0.768392  0.809794  0.850949  0.891845  0.932469  0.972810  1.012854
 55  0.727451  0.769083  0.810482  0.851633  0.892524  0.933144  0.973480  1.013519
 56  0.728147  0.769775  0.811169  0.852316  0.893204  0.933819  0.974150  1.014184
 57  0.728843  0.770467  0.811857  0.853000  0.893883  0.934493  0.974819  1.014848
 58  0.729538  0.771159  0.812545  0.853684  0.894562  0.935168  0.975489  1.015513
 59  0.730234  0.771851  0.813233  0.854367  0.895241  0.935842  0.976158  1.016177
 60  0.730929  0.772543  0.813920  0.855050  0.895920  0.936517  0.976828  1.016842



2.5-INCH SINE-BARS 3051

Constants for Setting a 2.5-inch Sine-Bar for 24° to 31°
Min. 24° 25° 26° 27° 28° 29° 30° 31°

 0  1.016842  1.056546  1.095928  1.134976  1.173679  1.212024  1.250000  1.287595
 1  1.017506  1.057205  1.096581  1.135624  1.174321  1.212660  1.250630  1.288218
 2  1.018170  1.057864  1.097235  1.136272  1.174963  1.213296  1.251259  1.288842
 3  1.018834  1.058522  1.097888  1.136920  1.175605  1.213932  1.251889  1.289465
 4  1.019498  1.059181  1.098542  1.137567  1.176247  1.214567  1.252518  1.290088
 5  1.020162  1.059840  1.099195  1.138215  1.176888  1.215203  1.253148  1.290711
 6  1.020826  1.060499  1.099848  1.138862  1.177530  1.215839  1.253777  1.291333
 7  1.021490  1.061157  1.100501  1.139510  1.178171  1.216474  1.254406  1.291956
 8  1.022154  1.061816  1.101154  1.140157  1.178813  1.217109  1.255035  1.292579
 9  1.022817  1.062474  1.101807  1.140804  1.179454  1.217744  1.255664  1.293201
 10  1.023481  1.063132  1.102459  1.141451  1.180095  1.218379  1.256293  1.293823
 11  1.024144  1.063790  1.103112  1.142098  1.180736  1.219014  1.256921  1.294445
 12  1.024808  1.064448  1.103765  1.142745  1.181377  1.219649  1.257550  1.295068
 13  1.025471  1.065106  1.104417  1.143392  1.182018  1.220284  1.258178  1.295690
 14  1.026134  1.065764  1.105070  1.144038  1.182659  1.220919  1.258807  1.296311
 15  1.026797  1.066422  1.105722  1.144685  1.183299  1.221553  1.259435  1.296933
 16  1.027460  1.067080  1.106374  1.145331  1.183940  1.222188  1.260063  1.297555
 17  1.028123  1.067737  1.107026  1.145978  1.184580  1.222822  1.260691  1.298176
 18  1.028786  1.068395  1.107678  1.146624  1.185220  1.223456  1.261319  1.298798
 19  1.029449  1.069052  1.108330  1.147270  1.185861  1.224090  1.261947  1.299419
 20  1.030111  1.069709  1.108982  1.147916  1.186501  1.224724  1.262575  1.300040
 21  1.030774  1.070367  1.109633  1.148562  1.187141  1.225358  1.263202  1.300661
 22  1.031436  1.071024  1.110285  1.149208  1.187781  1.225992  1.263830  1.301282
 23  1.032099  1.071681  1.110937  1.149854  1.188421  1.226626  1.264457  1.301903
 24  1.032761  1.072338  1.111588  1.150499  1.189061  1.227259  1.265084  1.302524
 25  1.033423  1.072995  1.112239  1.151145  1.189700  1.227893  1.265712  1.303145
 26  1.034085  1.073652  1.112890  1.151790  1.190340  1.228526  1.266339  1.303765
 27  1.034748  1.074308  1.113542  1.152436  1.190979  1.229160  1.266966  1.304386
 28  1.035409  1.074965  1.114193  1.153081  1.191619  1.229793  1.267593  1.305006
 29  1.036071  1.075621  1.114844  1.153726  1.192258  1.230426  1.268219  1.305626
 30  1.036733  1.076278  1.115495  1.154372  1.192897  1.231059  1.268846  1.306246
 31  1.037395  1.076934  1.116145  1.155017  1.193536  1.231692  1.269472  1.306866
 32  1.038056  1.077590  1.116796  1.155661  1.194175  1.232325  1.270099  1.307486
 33  1.038718  1.078246  1.117447  1.156306  1.194814  1.232957  1.270725  1.308106
 34  1.039379  1.078903  1.118097  1.156951  1.195453  1.233590  1.271351  1.308726
 35  1.040041  1.079558  1.118747  1.157596  1.196091  1.234222  1.271978  1.309345
 36  1.040702  1.080214  1.119398  1.158240  1.196730  1.234855  1.272604  1.309965
 37  1.041363  1.080870  1.120048  1.158885  1.197368  1.235487  1.273229  1.310584
 38  1.042024  1.081526  1.120698  1.159529  1.198006  1.236119  1.273855  1.311203
 39  1.042685  1.082181  1.121348  1.160173  1.198645  1.236751  1.274481  1.311822
 40  1.043346  1.082837  1.121998  1.160817  1.199283  1.237383  1.275106  1.312441
 41  1.044007  1.083492  1.122648  1.161461  1.199921  1.238015  1.275732  1.313060
 42  1.044668  1.084148  1.123298  1.162105  1.200559  1.238647  1.276357  1.313679
 43  1.045328  1.084803  1.123947  1.162749  1.201197  1.239278  1.276983  1.314298
 44  1.045989  1.085458  1.124597  1.163393  1.201834  1.239910  1.277608  1.314916
 45  1.046649  1.086113  1.125246  1.164036  1.202472  1.240541  1.278233  1.315535
 46  1.047310  1.086768  1.125896  1.164680  1.203110  1.241173  1.278858  1.316153
 47  1.047970  1.087423  1.126545  1.165323  1.203747  1.241804  1.279482  1.316771
 48  1.048630  1.088078  1.127194  1.165967  1.204384  1.242435  1.280107  1.317389
 49  1.049290  1.088732  1.127843  1.166610  1.205022  1.243066  1.280732  1.318008
 50  1.049950  1.089387  1.128492  1.167253  1.205659  1.243697  1.281356  1.318625
 51  1.050610  1.090042  1.129141  1.167896  1.206296  1.244328  1.281981  1.319243
 52  1.051270  1.090696  1.129790  1.168539  1.206932  1.244958  1.282605  1.319861
 53  1.051930  1.091350  1.130438  1.169182  1.207569  1.245589  1.283229  1.320478
 54  1.052590  1.092005  1.131087  1.169825  1.208206  1.246219  1.283853  1.321096
 55  1.053249  1.092659  1.131735  1.170467  1.208843  1.246850  1.284477  1.321713
 56  1.053909  1.093313  1.132384  1.171110  1.209479  1.247480  1.285101  1.322330
 57  1.054568  1.093967  1.133032  1.171752  1.210116  1.248110  1.285725  1.322948
 58  1.055227  1.094620  1.133680  1.172395  1.210752  1.248740  1.286348  1.323565
 59  1.055887  1.095274  1.134328  1.173037  1.211388  1.249370  1.286972  1.324181
 60  1.056546  1.095928  1.134976  1.173679  1.212024  1.250000  1.287595  1.324798



3052 2.5-INCH SINE-BARS

Constants for Setting a 2.5-inch Sine-Bar for 32° to 39°
Min. 32° 33° 34° 35° 36° 37° 38° 39°

 0  1.324798  1.361598  1.397982  1.433941  1.469463  1.504538  1.539154  1.573301
 1  1.325415  1.362207  1.398585  1.434537  1.470051  1.505118  1.539727  1.573866
 2  1.326031  1.362817  1.399188  1.435132  1.470640  1.505699  1.540300  1.574431
 3  1.326648  1.363427  1.399790  1.435728  1.471228  1.506279  1.540872  1.574996
 4  1.327264  1.364036  1.400393  1.436323  1.471815  1.506860  1.541445  1.575561
 5  1.327880  1.364646  1.400995  1.436918  1.472403  1.507440  1.542017  1.576125
 6  1.328496  1.365255  1.401597  1.437513  1.472991  1.508020  1.542590  1.576689
 7  1.329112  1.365864  1.402200  1.438108  1.473578  1.508600  1.543162  1.577254
 8  1.329728  1.366473  1.402802  1.438703  1.474166  1.509180  1.543734  1.577818
 9  1.330344  1.367082  1.403404  1.439298  1.474753  1.509760  1.544306  1.578382
 10  1.330960  1.367691  1.404005  1.439892  1.475340  1.510339  1.544878  1.578946
 11  1.331575  1.368300  1.404607  1.440487  1.475927  1.510918  1.545449  1.579510
 12  1.332191  1.368908  1.405208  1.441081  1.476514  1.511498  1.546021  1.580073
 13  1.332806  1.369517  1.405810  1.441675  1.477101  1.512077  1.546592  1.580637
 14  1.333421  1.370125  1.406411  1.442269  1.477688  1.512656  1.547164  1.581200
 15  1.334036  1.370733  1.407012  1.442863  1.478274  1.513235  1.547735  1.581763
 16  1.334651  1.371341  1.407613  1.443457  1.478860  1.513814  1.548306  1.582326
 17  1.335266  1.371949  1.408214  1.444051  1.479447  1.514392  1.548877  1.582889
 18  1.335881  1.372557  1.408815  1.444644  1.480033  1.514971  1.549448  1.583452
 19  1.336496  1.373165  1.409416  1.445238  1.480619  1.515549  1.550018  1.584015
 20  1.337110  1.373772  1.410016  1.445831  1.481205  1.516128  1.550589  1.584577
 21  1.337724  1.374380  1.410617  1.446424  1.481791  1.516706  1.551159  1.585140
 22  1.338339  1.374987  1.411217  1.447017  1.482376  1.517284  1.551729  1.585702
 23  1.338953  1.375595  1.411818  1.447610  1.482962  1.517862  1.552300  1.586264
 24  1.339567  1.376202  1.412418  1.448203  1.483547  1.518440  1.552870  1.586826
 25  1.340181  1.376809  1.413018  1.448796  1.484133  1.519017  1.553439  1.587388
 26  1.340795  1.377416  1.413617  1.449388  1.484718  1.519595  1.554009  1.587950
 27  1.341409  1.378023  1.414217  1.449981  1.485303  1.520172  1.554579  1.588512
 28  1.342022  1.378629  1.414817  1.450573  1.485888  1.520749  1.555148  1.589073
 29  1.342636  1.379236  1.415416  1.451165  1.486472  1.521327  1.555717  1.589634
 30  1.343249  1.379843  1.416016  1.451757  1.487057  1.521904  1.556287  1.590196
 31  1.343862  1.380449  1.416615  1.452349  1.487641  1.522480  1.556856  1.590757
 32  1.344476  1.381055  1.417214  1.452941  1.488226  1.523057  1.557425  1.591318
 33  1.345088  1.381661  1.417813  1.453533  1.488810  1.523634  1.557993  1.591878
 34  1.345701  1.382267  1.418412  1.454125  1.489394  1.524210  1.558562  1.592439
 35  1.346314  1.382873  1.419011  1.454716  1.489978  1.524787  1.559131  1.593000
 36  1.346927  1.383479  1.419609  1.455307  1.490562  1.525363  1.559699  1.593560
 37  1.347540  1.384084  1.420208  1.455899  1.491146  1.525939  1.560267  1.594120
 38  1.348152  1.384690  1.420806  1.456490  1.491730  1.526515  1.560835  1.594680
 39  1.348765  1.385296  1.421405  1.457081  1.492313  1.527091  1.561404  1.595240
 40  1.349377  1.385901  1.422003  1.457672  1.492897  1.527667  1.561971  1.595800
 41  1.349989  1.386506  1.422601  1.458262  1.493480  1.528242  1.562539  1.596360
 42  1.350601  1.387111  1.423199  1.458853  1.494063  1.528818  1.563107  1.596920
 43  1.351213  1.387716  1.423797  1.459444  1.494646  1.529393  1.563674  1.597479
 44  1.351825  1.388321  1.424394  1.460034  1.495229  1.529968  1.564242  1.598038
 45  1.352436  1.388926  1.424992  1.460624  1.495812  1.530543  1.564809  1.598598
 46  1.353048  1.389530  1.425589  1.461214  1.496394  1.531118  1.565376  1.599157
 47  1.353659  1.390135  1.426187  1.461804  1.496977  1.531693  1.565943  1.599715
 48  1.354271  1.390739  1.426784  1.462394  1.497559  1.532268  1.566509  1.600274
 49  1.354882  1.391343  1.427381  1.462984  1.498141  1.532842  1.567076  1.600833
 50  1.355493  1.391947  1.427978  1.463574  1.498723  1.533417  1.567643  1.601391
 51  1.356104  1.392551  1.428575  1.464163  1.499305  1.533991  1.568209  1.601950
 52  1.356715  1.393155  1.429172  1.464752  1.499887  1.534565  1.568775  1.602508
 53  1.357326  1.393759  1.429768  1.465342  1.500469  1.535139  1.569342  1.603066
 54  1.357936  1.394363  1.430365  1.465931  1.501051  1.535713  1.569908  1.603624
 55  1.358547  1.394966  1.430961  1.466520  1.501632  1.536287  1.570474  1.604182
 56  1.359157  1.395570  1.431557  1.467109  1.502213  1.536860  1.571039  1.604740
 57  1.359767  1.396173  1.432153  1.467698  1.502795  1.537434  1.571605  1.605297
 58  1.360378  1.396776  1.432750  1.468286  1.503376  1.538007  1.572170  1.605855
 59  1.360988  1.397379  1.433345  1.468875  1.503957  1.538581  1.572736  1.606412
 60  1.361598  1.397982  1.433941  1.469463  1.504538  1.539154  1.573301  1.606969



2.5-INCH SINE-BARS 3053

Constants for Setting a 2.5-inch Sine-Bar for 40° to 47°
Min. 40° 41° 42° 43° 44° 45° 46° 47°

 0  1.606969  1.640148  1.672827  1.704996  1.736646  1.767767  1.798349  1.828384
 1  1.607526  1.640696  1.673367  1.705528  1.737169  1.768281  1.798855  1.828880
 2  1.608083  1.641245  1.673907  1.706059  1.737692  1.768795  1.799360  1.829376
 3  1.608640  1.641793  1.674447  1.706591  1.738215  1.769309  1.799864  1.829871
 4  1.609196  1.642342  1.674987  1.707122  1.738737  1.769823  1.800369  1.830367
 5  1.609753  1.642890  1.675527  1.707653  1.739260  1.770336  1.800873  1.830862
 6  1.610309  1.643438  1.676067  1.708184  1.739782  1.770850  1.801378  1.831357
 7  1.610865  1.643986  1.676606  1.708715  1.740304  1.771363  1.801882  1.831852
 8  1.611421  1.644534  1.677145  1.709246  1.740826  1.771876  1.802386  1.832347
 9  1.611977  1.645082  1.677685  1.709777  1.741348  1.772389  1.802890  1.832842
 10  1.612533  1.645629  1.678224  1.710307  1.741870  1.772902  1.803394  1.833336
 11  1.613089  1.646176  1.678763  1.710838  1.742391  1.773414  1.803897  1.833831
 12  1.613644  1.646724  1.679302  1.711368  1.742913  1.773927  1.804401  1.834325
 13  1.614200  1.647271  1.679840  1.711898  1.743434  1.774439  1.804904  1.834819
 14  1.614755  1.647818  1.680379  1.712428  1.743955  1.774951  1.805407  1.835313
 15  1.615310  1.648365  1.680917  1.712958  1.744476  1.775463  1.805910  1.835806
 16  1.615865  1.648911  1.681455  1.713487  1.744997  1.775975  1.806413  1.836300
 17  1.616420  1.649458  1.681993  1.714017  1.745518  1.776487  1.806915  1.836793
 18  1.616974  1.650004  1.682531  1.714546  1.746038  1.776999  1.807418  1.837286
 19  1.617529  1.650550  1.683069  1.715075  1.746559  1.777510  1.807920  1.837780
 20  1.618083  1.651097  1.683607  1.715604  1.747079  1.778021  1.808422  1.838273
 21  1.618638  1.651643  1.684144  1.716133  1.747599  1.778533  1.808924  1.838765
 22  1.619192  1.652188  1.684682  1.716662  1.748119  1.779044  1.809426  1.839258
 23  1.619746  1.652734  1.685219  1.717190  1.748639  1.779554  1.809928  1.839751
 24  1.620300  1.653280  1.685756  1.717719  1.749158  1.780065  1.810430  1.840243
 25  1.620854  1.653825  1.686293  1.718247  1.749678  1.780576  1.810931  1.840735
 26  1.621407  1.654370  1.686830  1.718775  1.750197  1.781086  1.811432  1.841227
 27  1.621961  1.654916  1.687366  1.719303  1.750716  1.781596  1.811934  1.841719
 28  1.622514  1.655461  1.687903  1.719831  1.751235  1.782106  1.812435  1.842211
 29  1.623067  1.656005  1.688439  1.720359  1.751754  1.782616  1.812935  1.842702
 30  1.623620  1.656550  1.688976  1.720886  1.752273  1.783126  1.813436  1.843193
 31  1.624173  1.657095  1.689512  1.721414  1.752792  1.783636  1.813936  1.843685
 32  1.624726  1.657639  1.690048  1.721941  1.753310  1.784145  1.814437  1.844176
 33  1.625278  1.658183  1.690583  1.722468  1.753829  1.784655  1.814937  1.844667
 34  1.625831  1.658728  1.691119  1.722995  1.754347  1.785164  1.815437  1.845157
 35  1.626383  1.659272  1.691655  1.723522  1.754865  1.785673  1.815937  1.845648
 36  1.626935  1.659816  1.692190  1.724049  1.755383  1.786182  1.816437  1.846138
 37  1.627488  1.660359  1.692725  1.724575  1.755900  1.786690  1.816936  1.846629
 38  1.628040  1.660903  1.693260  1.725102  1.756418  1.787199  1.817436  1.847119
 39  1.628592  1.661446  1.693795  1.725628  1.756935  1.787708  1.817935  1.847609
 40  1.629143  1.661990  1.694330  1.726154  1.757453  1.788216  1.818434  1.848099
 41  1.629695  1.662533  1.694865  1.726680  1.757970  1.788724  1.818933  1.848588
 42  1.630246  1.663076  1.695399  1.727206  1.758487  1.789232  1.819432  1.849078
 43  1.630797  1.663619  1.695934  1.727732  1.759004  1.789740  1.819931  1.849567
 44  1.631348  1.664162  1.696468  1.728257  1.759520  1.790247  1.820429  1.850056
 45  1.631899  1.664704  1.697002  1.728783  1.760037  1.790755  1.820928  1.850545
 46  1.632450  1.665247  1.697536  1.729308  1.760553  1.791262  1.821426  1.851034
 47  1.633001  1.665789  1.698070  1.729833  1.761069  1.791770  1.821924  1.851523
 48  1.633551  1.666331  1.698603  1.730358  1.761586  1.792277  1.822422  1.852012
 49  1.634102  1.666873  1.699137  1.730883  1.762102  1.792783  1.822919  1.852500
 50  1.634652  1.667415  1.699670  1.731407  1.762617  1.793290  1.823417  1.852988
 51  1.635202  1.667957  1.700203  1.731932  1.763133  1.793797  1.823914  1.853476
 52  1.635752  1.668499  1.700736  1.732456  1.763648  1.794303  1.824412  1.853964
 53  1.636302  1.669040  1.701270  1.732981  1.764164  1.794810  1.824909  1.854452
 54  1.636852  1.669582  1.701802  1.733505  1.764679  1.795316  1.825406  1.854940
 55  1.637402  1.670123  1.702335  1.734029  1.765194  1.795822  1.825903  1.855427
 56  1.637951  1.670664  1.702867  1.734552  1.765709  1.796328  1.826399  1.855914
 57  1.638500  1.671205  1.703400  1.735076  1.766224  1.796833  1.826896  1.856402
 58  1.639050  1.671745  1.703932  1.735599  1.766738  1.797339  1.827392  1.856889
 59  1.639599  1.672286  1.704464  1.736123  1.767253  1.797844  1.827888  1.857375
 60  1.640148  1.672827  1.704996  1.736646  1.767767  1.798349  1.828384  1.857862



3054 2.5-INCH SINE-BARS

Constants for Setting a 2.5-inch Sine-Bar for 48° to 55°
Min. 48° 49° 50° 51° 52° 53° 54° 55°

 0  1.857862  1.886774  1.915111  1.942865  1.970027  1.996589  2.022542  2.047880
 1  1.858349  1.887251  1.915578  1.943323  1.970475  1.997026  2.022970  2.048297
 2  1.858835  1.887728  1.916046  1.943780  1.970922  1.997464  2.023397  2.048714
 3  1.859321  1.888205  1.916513  1.944237  1.971369  1.997901  2.023824  2.049131
 4  1.859807  1.888681  1.916980  1.944694  1.971816  1.998338  2.024251  2.049547
 5  1.860293  1.889157  1.917446  1.945151  1.972263  1.998775  2.024678  2.049963
 6  1.860779  1.889634  1.917913  1.945608  1.972710  1.999212  2.025104  2.050380
 7  1.861264  1.890110  1.918379  1.946064  1.973157  1.999648  2.025530  2.050796
 8  1.861750  1.890586  1.918846  1.946521  1.973603  2.000085  2.025957  2.051212
 9  1.862235  1.891061  1.919312  1.946977  1.974050  2.000521  2.026383  2.051627
 10  1.862720  1.891537  1.919778  1.947433  1.974496  2.000957  2.026809  2.052043
 11  1.863205  1.892012  1.920243  1.947889  1.974942  2.001393  2.027234  2.052458
 12  1.863690  1.892488  1.920709  1.948345  1.975388  2.001828  2.027660  2.052873
 13  1.864175  1.892963  1.921174  1.948801  1.975833  2.002264  2.028085  2.053288
 14  1.864659  1.893438  1.921640  1.949256  1.976279  2.002699  2.028510  2.053703
 15  1.865143  1.893913  1.922105  1.949711  1.976724  2.003134  2.028935  2.054117
 16  1.865628  1.894387  1.922570  1.950166  1.977169  2.003570  2.029360  2.054532
 17  1.866112  1.894862  1.923034  1.950621  1.977614  2.004004  2.029784  2.054946
 18  1.866596  1.895336  1.923499  1.951076  1.978059  2.004439  2.030209  2.055360
 19  1.867079  1.895810  1.923963  1.951531  1.978503  2.004874  2.030633  2.055774
 20  1.867563  1.896284  1.924428  1.951985  1.978948  2.005308  2.031057  2.056188
 21  1.868046  1.896758  1.924892  1.952439  1.979392  2.005742  2.031481  2.056601
 22  1.868529  1.897231  1.925356  1.952893  1.979836  2.006176  2.031905  2.057015
 23  1.869012  1.897705  1.925820  1.953347  1.980280  2.006610  2.032329  2.057428
 24  1.869495  1.898178  1.926283  1.953801  1.980724  2.007044  2.032752  2.057841
 25  1.869978  1.898651  1.926747  1.954255  1.981168  2.007477  2.033175  2.058254
 26  1.870461  1.899125  1.927210  1.954708  1.981611  2.007910  2.033598  2.058666
 27  1.870943  1.899597  1.927673  1.955162  1.982055  2.008344  2.034021  2.059079
 28  1.871425  1.900070  1.928136  1.955615  1.982498  2.008777  2.034444  2.059491
 29  1.871907  1.900543  1.928599  1.956068  1.982941  2.009210  2.034867  2.059904
 30  1.872389  1.901015  1.929062  1.956520  1.983383  2.009642  2.035289  2.060316
 31  1.872871  1.901487  1.929524  1.956973  1.983826  2.010075  2.035711  2.060727
 32  1.873353  1.901959  1.929986  1.957425  1.984268  2.010507  2.036133  2.061139
 33  1.873834  1.902431  1.930448  1.957878  1.984711  2.010939  2.036555  2.061550
 34  1.874316  1.902903  1.930910  1.958330  1.985153  2.011371  2.036977  2.061962
 35  1.874797  1.903374  1.931372  1.958782  1.985595  2.011803  2.037398  2.062373
 36  1.875278  1.903846  1.931834  1.959234  1.986037  2.012234  2.037819  2.062784
 37  1.875759  1.904317  1.932295  1.959685  1.986478  2.012666  2.038241  2.063195
 38  1.876239  1.904788  1.932757  1.960137  1.986920  2.013097  2.038662  2.063605
 39  1.876720  1.905259  1.933218  1.960588  1.987361  2.013528  2.039083  2.064016
 40  1.877200  1.905730  1.933679  1.961039  1.987802  2.013959  2.039503  2.064426
 41  1.877680  1.906200  1.934140  1.961490  1.988243  2.014390  2.039924  2.064836
 42  1.878160  1.906671  1.934601  1.961941  1.988684  2.014821  2.040344  2.065246
 43  1.878640  1.907141  1.935061  1.962392  1.989124  2.015251  2.040764  2.065655
 44  1.879120  1.907611  1.935521  1.962842  1.989565  2.015682  2.041184  2.066065
 45  1.879600  1.908081  1.935982  1.963292  1.990005  2.016112  2.041604  2.066474
 46  1.880079  1.908551  1.936442  1.963742  1.990445  2.016541  2.042024  2.066884
 47  1.880558  1.909021  1.936902  1.964193  1.990885  2.016971  2.042443  2.067293
 48  1.881037  1.909490  1.937361  1.964642  1.991325  2.017401  2.042862  2.067701
 49  1.881516  1.909959  1.937821  1.965092  1.991764  2.017830  2.043281  2.068110
 50  1.881995  1.910429  1.938280  1.965541  1.992204  2.018260  2.043700  2.068519
 51  1.882474  1.910897  1.938739  1.965991  1.992643  2.018688  2.044119  2.068927
 52  1.882952  1.911366  1.939198  1.966440  1.993082  2.019117  2.044538  2.069335
 53  1.883430  1.911835  1.939657  1.966889  1.993521  2.019546  2.044956  2.069743
 54  1.883909  1.912304  1.940116  1.967338  1.993960  2.019975  2.045374  2.070151
 55  1.884387  1.912772  1.940575  1.967786  1.994398  2.020403  2.045792  2.070559
 56  1.884864  1.913240  1.941033  1.968235  1.994837  2.020831  2.046210  2.070966
 57  1.885342  1.913708  1.941491  1.968683  1.995275  2.021259  2.046628  2.071373
 58  1.885819  1.914176  1.941949  1.969131  1.995713  2.021687  2.047045  2.071780
 59  1.886297  1.914644  1.942407  1.969579  1.996151  2.022115  2.047463  2.072187
 60  1.886774  1.915111  1.942865  1.970027  1.996589  2.022542  2.047880  2.072594



3-INCH SINE-BARS 3055

Constants for 3-inch Sine-Bar

Constants for Setting a 3-inch Sine-Bar for 0° to 7°
Min. 0° 1° 2° 3° 4° 5° 6° 7°

 0  0.000000  0.052357  0.104698  0.157008  0.209269  0.261467  0.313585  0.365608
 1  0.000873  0.053230  0.105571  0.157879  0.210140  0.262337  0.314453  0.366474
 2  0.001745  0.054102  0.106443  0.158751  0.211010  0.263206  0.315321  0.367340
 3  0.002618  0.054975  0.107315  0.159622  0.211881  0.264075  0.316189  0.368206
 4  0.003491  0.055847  0.108187  0.160494  0.212751  0.264944  0.317057  0.369072
 5  0.004363  0.056720  0.109059  0.161365  0.213622  0.265814  0.317924  0.369938
 6  0.005236  0.057592  0.109931  0.162236  0.214492  0.266683  0.318792  0.370804
 7  0.006109  0.058465  0.110803  0.163108  0.215363  0.267552  0.319660  0.371670
 8  0.006981  0.059337  0.111675  0.163979  0.216233  0.268421  0.320528  0.372536
 9  0.007854  0.060210  0.112547  0.164851  0.217104  0.269290  0.321395  0.373402
 10  0.008727  0.061082  0.113419  0.165722  0.217974  0.270160  0.322263  0.374268
 11  0.009599  0.061955  0.114291  0.166593  0.218844  0.271029  0.323131  0.375134
 12  0.010472  0.062827  0.115163  0.167465  0.219715  0.271898  0.323998  0.376000
 13  0.011345  0.063700  0.116035  0.168336  0.220585  0.272767  0.324866  0.376865
 14  0.012217  0.064572  0.116907  0.169207  0.221455  0.273636  0.325733  0.377731
 15  0.013090  0.065445  0.117779  0.170078  0.222325  0.274505  0.326601  0.378597
 16  0.013963  0.066317  0.118651  0.170950  0.223196  0.275374  0.327468  0.379463
 17  0.014835  0.067190  0.119523  0.171821  0.224066  0.276243  0.328336  0.380328
 18  0.015708  0.068062  0.120395  0.172692  0.224936  0.277112  0.329203  0.381194
 19  0.016581  0.068934  0.121267  0.173563  0.225806  0.277981  0.330070  0.382059
 20  0.017453  0.069807  0.122139  0.174434  0.226677  0.278850  0.330938  0.382925
 21  0.018326  0.070679  0.123011  0.175306  0.227547  0.279718  0.331805  0.383790
 22  0.019198  0.071552  0.123883  0.176177  0.228417  0.280587  0.332672  0.384656
 23  0.020071  0.072424  0.124755  0.177048  0.229287  0.281456  0.333540  0.385521
 24  0.020944  0.073297  0.125627  0.177919  0.230157  0.282325  0.334407  0.386387
 25  0.021816  0.074169  0.126499  0.178790  0.231027  0.283194  0.335274  0.387252
 26  0.022689  0.075041  0.127371  0.179661  0.231897  0.284062  0.336141  0.388118
 27  0.023562  0.075914  0.128243  0.180532  0.232767  0.284931  0.337008  0.388983
 28  0.024434  0.076786  0.129114  0.181404  0.233637  0.285800  0.337875  0.389848
 29  0.025307  0.077658  0.129986  0.182275  0.234507  0.286669  0.338743  0.390713
 30  0.026180  0.078531  0.130858  0.183146  0.235377  0.287537  0.339610  0.391579
 31  0.027052  0.079403  0.131730  0.184017  0.236247  0.288406  0.340477  0.392444
 32  0.027925  0.080276  0.132602  0.184888  0.237117  0.289275  0.341344  0.393309
 33  0.028797  0.081148  0.133474  0.185759  0.237987  0.290143  0.342211  0.394174
 34  0.029670  0.082020  0.134345  0.186630  0.238857  0.291012  0.343078  0.395039
 35  0.030543  0.082893  0.135217  0.187501  0.239727  0.291880  0.343945  0.395904
 36  0.031415  0.083765  0.136089  0.188372  0.240597  0.292749  0.344811  0.396769
 37  0.032288  0.084637  0.136961  0.189242  0.241467  0.293617  0.345678  0.397634
 38  0.033161  0.085510  0.137832  0.190113  0.242336  0.294486  0.346545  0.398499
 39  0.034033  0.086382  0.138704  0.190984  0.243206  0.295354  0.347412  0.399364
 40  0.034906  0.087254  0.139576  0.191855  0.244076  0.296223  0.348279  0.400229
 41  0.035778  0.088126  0.140448  0.192726  0.244946  0.297091  0.349146  0.401094
 42  0.036651  0.088999  0.141319  0.193597  0.245816  0.297959  0.350012  0.401959
 43  0.037524  0.089871  0.142191  0.194468  0.246685  0.298828  0.350879  0.402823
 44  0.038396  0.090743  0.143063  0.195339  0.247555  0.299696  0.351746  0.403688
 45  0.039269  0.091616  0.143934  0.196209  0.248425  0.300564  0.352612  0.404553
 46  0.040141  0.092488  0.144806  0.197080  0.249294  0.301432  0.353479  0.405418
 47  0.041014  0.093360  0.145678  0.197951  0.250164  0.302301  0.354345  0.406282
 48  0.041887  0.094232  0.146549  0.198822  0.251034  0.303169  0.355212  0.407147
 49  0.042759  0.095105  0.147421  0.199692  0.251903  0.304037  0.356078  0.408011
 50  0.043632  0.095977  0.148293  0.200563  0.252773  0.304905  0.356945  0.408876
 51  0.044504  0.096849  0.149164  0.201434  0.253642  0.305773  0.357811  0.409740
 52  0.045377  0.097721  0.150036  0.202305  0.254512  0.306641  0.358678  0.410605
 53  0.046249  0.098593  0.150907  0.203175  0.255381  0.307510  0.359544  0.411469
 54  0.047122  0.099466  0.151779  0.204046  0.256251  0.308378  0.360411  0.412334
 55  0.047995  0.100338  0.152650  0.204917  0.257120  0.309246  0.361277  0.413198
 56  0.048867  0.101210  0.153522  0.205787  0.257990  0.310114  0.362143  0.414062
 57  0.049740  0.102082  0.154393  0.206658  0.258859  0.310982  0.363009  0.414927
 58  0.050612  0.102954  0.155265  0.207528  0.259728  0.311850  0.363876  0.415791
 59  0.051485  0.103826  0.156136  0.208399  0.260598  0.312717  0.364742  0.416655
 60  0.052357  0.104698  0.157008  0.209269  0.261467  0.313585  0.365608  0.417519



3056 3-INCH SINE-BARS

Constants for Setting a 3-inch Sine-Bar for 8° to 15°
Min. 8° 9° 10° 11° 12° 13° 14° 15°

 0  0.417519  0.469303  0.520945  0.572427  0.623735  0.674853  0.725766  0.776457
 1  0.418383  0.470165  0.521804  0.573284  0.624589  0.675703  0.726612  0.777300
 2  0.419248  0.471027  0.522663  0.574140  0.625442  0.676554  0.727459  0.778143
 3  0.420112  0.471889  0.523523  0.574997  0.626296  0.677404  0.728306  0.778986
 4  0.420976  0.472751  0.524382  0.575853  0.627149  0.678254  0.729152  0.779828
 5  0.421840  0.473612  0.525241  0.576710  0.628002  0.679104  0.729999  0.780671
 6  0.422704  0.474474  0.526100  0.577566  0.628856  0.679954  0.730845  0.781514
 7  0.423568  0.475336  0.526959  0.578422  0.629709  0.680804  0.731691  0.782356
 8  0.424432  0.476197  0.527818  0.579278  0.630562  0.681654  0.732538  0.783198
 9  0.425295  0.477059  0.528677  0.580135  0.631415  0.682504  0.733384  0.784041
 10  0.426159  0.477921  0.529536  0.580991  0.632268  0.683353  0.734230  0.784883
 11  0.427023  0.478782  0.530395  0.581847  0.633121  0.684203  0.735076  0.785725
 12  0.427887  0.479644  0.531254  0.582703  0.633974  0.685053  0.735922  0.786568
 13  0.428751  0.480505  0.532113  0.583559  0.634827  0.685902  0.736768  0.787410
 14  0.429614  0.481366  0.532972  0.584415  0.635680  0.686752  0.737614  0.788252
 15  0.430478  0.482228  0.533831  0.585271  0.636533  0.687601  0.738460  0.789094
 16  0.431341  0.483089  0.534689  0.586127  0.637386  0.688451  0.739306  0.789936
 17  0.432205  0.483950  0.535548  0.586983  0.638239  0.689300  0.740151  0.790777
 18  0.433069  0.484811  0.536407  0.587838  0.639091  0.690149  0.740997  0.791619
 19  0.433932  0.485673  0.537265  0.588694  0.639944  0.690998  0.741843  0.792461
 20  0.434796  0.486534  0.538124  0.589550  0.640796  0.691848  0.742688  0.793302
 21  0.435659  0.487395  0.538982  0.590405  0.641649  0.692697  0.743534  0.794144
 22  0.436522  0.488256  0.539841  0.591261  0.642501  0.693546  0.744379  0.794986
 23  0.437386  0.489117  0.540699  0.592117  0.643354  0.694395  0.745224  0.795827
 24  0.438249  0.489978  0.541557  0.592972  0.644206  0.695244  0.746070  0.796668
 25  0.439112  0.490839  0.542416  0.593827  0.645058  0.696093  0.746915  0.797510
 26  0.439976  0.491700  0.543274  0.594683  0.645911  0.696941  0.747760  0.798351
 27  0.440839  0.492561  0.544132  0.595538  0.646763  0.697790  0.748605  0.799192
 28  0.441702  0.493421  0.544990  0.596393  0.647615  0.698639  0.749450  0.800033
 29  0.442565  0.494282  0.545849  0.597249  0.648467  0.699488  0.750295  0.800874
 30  0.443428  0.495143  0.546707  0.598104  0.649319  0.700336  0.751140  0.801715
 31  0.444291  0.496004  0.547565  0.598959  0.650171  0.701185  0.751985  0.802556
 32  0.445154  0.496864  0.548423  0.599814  0.651023  0.702033  0.752830  0.803397
 33  0.446017  0.497725  0.549281  0.600669  0.651875  0.702882  0.753674  0.804238
 34  0.446880  0.498585  0.550138  0.601524  0.652726  0.703730  0.754519  0.805078
 35  0.447743  0.499446  0.550996  0.602379  0.653578  0.704578  0.755364  0.805919
 36  0.448606  0.500306  0.551854  0.603234  0.654430  0.705426  0.756208  0.806759
 37  0.449469  0.501167  0.552712  0.604089  0.655281  0.706275  0.757053  0.807600
 38  0.450332  0.502027  0.553569  0.604943  0.656133  0.707123  0.757897  0.808440
 39  0.451194  0.502887  0.554427  0.605798  0.656984  0.707971  0.758741  0.809281
 40  0.452057  0.503748  0.555285  0.606653  0.657836  0.708819  0.759586  0.810121
 41  0.452920  0.504608  0.556142  0.607507  0.658687  0.709667  0.760430  0.810961
 42  0.453782  0.505468  0.557000  0.608362  0.659539  0.710514  0.761274  0.811801
 43  0.454645  0.506328  0.557857  0.609216  0.660390  0.711362  0.762118  0.812641
 44  0.455508  0.507188  0.558715  0.610071  0.661241  0.712210  0.762962  0.813481
 45  0.456370  0.508049  0.559572  0.610925  0.662092  0.713058  0.763806  0.814321
 46  0.457233  0.508909  0.560429  0.611780  0.662943  0.713905  0.764650  0.815161
 47  0.458095  0.509769  0.561287  0.612634  0.663795  0.714753  0.765494  0.816001
 48  0.458958  0.510629  0.562144  0.613488  0.664645  0.715600  0.766337  0.816841
 49  0.459820  0.511488  0.563001  0.614342  0.665496  0.716448  0.767181  0.817680
 50  0.460682  0.512348  0.563858  0.615197  0.666347  0.717295  0.768025  0.818520
 51  0.461545  0.513208  0.564715  0.616051  0.667198  0.718143  0.768868  0.819360
 52  0.462407  0.514068  0.565572  0.616905  0.668049  0.718990  0.769712  0.820199
 53  0.463269  0.514928  0.566429  0.617759  0.668900  0.719837  0.770555  0.821038
 54  0.464131  0.515787  0.567286  0.618613  0.669750  0.720684  0.771398  0.821878
 55  0.464993  0.516647  0.568143  0.619466  0.670601  0.721531  0.772242  0.822717
 56  0.465855  0.517507  0.569000  0.620320  0.671452  0.722378  0.773085  0.823556
 57  0.466717  0.518366  0.569857  0.621174  0.672302  0.723225  0.773928  0.824395
 58  0.467579  0.519226  0.570714  0.622028  0.673152  0.724072  0.774771  0.825234
 59  0.468441  0.520085  0.571570  0.622881  0.674003  0.724919  0.775614  0.826073
 60  0.469303  0.520945  0.572427  0.623735  0.674853  0.725766  0.776457  0.826912



3-INCH SINE-BARS 3057

Constants for Setting a 3-inch Sine-Bar for 16° to 23°
Min. 16° 17° 18° 19° 20° 21° 22° 23°

 0  0.826912  0.877115  0.927051  0.976704  1.026060  1.075104  1.123820  1.172193
 1  0.827751  0.877950  0.927881  0.977530  1.026880  1.075919  1.124629  1.172997
 2  0.828590  0.878784  0.928711  0.978355  1.027700  1.076733  1.125438  1.173800
 3  0.829428  0.879618  0.929540  0.979179  1.028520  1.077548  1.126247  1.174603
 4  0.830267  0.880453  0.930370  0.980004  1.029340  1.078362  1.127056  1.175406
 5  0.831106  0.881287  0.931200  0.980829  1.030160  1.079176  1.127864  1.176209
 6  0.831944  0.882121  0.932029  0.981654  1.030979  1.079991  1.128673  1.177011
 7  0.832782  0.882955  0.932859  0.982478  1.031799  1.080805  1.129481  1.177814
 8  0.833621  0.883789  0.933688  0.983303  1.032618  1.081619  1.130290  1.178617
 9  0.834459  0.884623  0.934517  0.984127  1.033437  1.082433  1.131098  1.179419
 10  0.835297  0.885457  0.935347  0.984951  1.034256  1.083246  1.131906  1.180221
 11  0.836135  0.886290  0.936176  0.985776  1.035076  1.084060  1.132714  1.181024
 12  0.836973  0.887124  0.937005  0.986600  1.035895  1.084874  1.133522  1.181826
 13  0.837811  0.887958  0.937834  0.987424  1.036714  1.085687  1.134330  1.182628
 14  0.838649  0.888791  0.938663  0.988248  1.037532  1.086501  1.135138  1.183430
 15  0.839487  0.889625  0.939491  0.989072  1.038351  1.087314  1.135946  1.184232
 16  0.840325  0.890458  0.940320  0.989896  1.039170  1.088127  1.136754  1.185033
 17  0.841163  0.891291  0.941149  0.990719  1.039988  1.088941  1.137561  1.185835
 18  0.842000  0.892125  0.941977  0.991543  1.040807  1.089754  1.138368  1.186636
 19  0.842838  0.892958  0.942806  0.992367  1.041625  1.090567  1.139176  1.187438
 20  0.843675  0.893791  0.943634  0.993190  1.042444  1.091380  1.139983  1.188239
 21  0.844513  0.894624  0.944463  0.994014  1.043262  1.092193  1.140790  1.189041
 22  0.845350  0.895457  0.945291  0.994837  1.044080  1.093005  1.141597  1.189842
 23  0.846187  0.896290  0.946119  0.995660  1.044898  1.093818  1.142404  1.190643
 24  0.847024  0.897122  0.946947  0.996483  1.045716  1.094630  1.143211  1.191444
 25  0.847861  0.897955  0.947775  0.997306  1.046534  1.095443  1.144018  1.192245
 26  0.848698  0.898788  0.948603  0.998129  1.047352  1.096255  1.144825  1.193045
 27  0.849536  0.899620  0.949431  0.998952  1.048170  1.097067  1.145631  1.193846
 28  0.850372  0.900453  0.950259  0.999775  1.048987  1.097880  1.146438  1.194646
 29  0.851209  0.901285  0.951086  1.000598  1.049805  1.098692  1.147244  1.195447
 30  0.852046  0.902117  0.951914  1.001421  1.050622  1.099504  1.148050  1.196247
 31  0.852883  0.902950  0.952742  1.002243  1.051440  1.100316  1.148857  1.197047
 32  0.853719  0.903782  0.953569  1.003066  1.052257  1.101127  1.149663  1.197848
 33  0.854556  0.904614  0.954396  1.003888  1.053074  1.101939  1.150469  1.198648
 34  0.855392  0.905446  0.955224  1.004710  1.053891  1.102751  1.151275  1.199448
 35  0.856229  0.906278  0.956051  1.005533  1.054708  1.103562  1.152080  1.200247
 36  0.857065  0.907110  0.956878  1.006355  1.055525  1.104374  1.152886  1.201047
 37  0.857901  0.907941  0.957705  1.007177  1.056342  1.105185  1.153692  1.201847
 38  0.858738  0.908773  0.958532  1.007999  1.057158  1.105996  1.154497  1.202646
 39  0.859574  0.909605  0.959359  1.008821  1.057975  1.106807  1.155303  1.203446
 40  0.860410  0.910436  0.960186  1.009642  1.058792  1.107618  1.156108  1.204245
 41  0.861246  0.911268  0.961012  1.010464  1.059608  1.108429  1.156913  1.205044
 42  0.862082  0.912099  0.961839  1.011286  1.060425  1.109240  1.157718  1.205843
 43  0.862917  0.912931  0.962666  1.012107  1.061241  1.110051  1.158523  1.206642
 44  0.863753  0.913762  0.963492  1.012929  1.062057  1.110862  1.159328  1.207441
 45  0.864589  0.914593  0.964318  1.013750  1.062873  1.111672  1.160133  1.208240
 46  0.865424  0.915424  0.965145  1.014571  1.063689  1.112483  1.160938  1.209039
 47  0.866260  0.916255  0.965971  1.015393  1.064505  1.113293  1.161742  1.209837
 48  0.867095  0.917086  0.966797  1.016214  1.065321  1.114104  1.162547  1.210636
 49  0.867931  0.917917  0.967623  1.017035  1.066137  1.114914  1.163351  1.211434
 50  0.868766  0.918748  0.968449  1.017856  1.066952  1.115724  1.164156  1.212233
 51  0.869601  0.919578  0.969275  1.018677  1.067768  1.116534  1.164960  1.213031
 52  0.870436  0.920409  0.970101  1.019497  1.068583  1.117344  1.165764  1.213829
 53  0.871272  0.921239  0.970927  1.020318  1.069399  1.118154  1.166568  1.214627
 54  0.872107  0.922070  0.971752  1.021139  1.070214  1.118963  1.167372  1.215425
 55  0.872941  0.922900  0.972578  1.021959  1.071029  1.119773  1.168176  1.216223
 56  0.873776  0.923731  0.973403  1.022780  1.071844  1.120583  1.168979  1.217020
 57  0.874611  0.924561  0.974229  1.023600  1.072659  1.121392  1.169783  1.217818
 58  0.875446  0.925391  0.975054  1.024420  1.073474  1.122201  1.170587  1.218615
 59  0.876281  0.926221  0.975879  1.025240  1.074289  1.123011  1.171390  1.219413
 60  0.877115  0.927051  0.976704  1.026060  1.075104  1.123820  1.172193  1.220210



3058 3-INCH SINE-BARS

Constants for Setting a 3-inch Sine-Bar for 24° to 31°
Min. 24° 25° 26° 27° 28° 29° 30° 31°

 0  1.220210  1.267855  1.315113  1.361971  1.408415  1.454429  1.500000  1.545114
 1  1.221007  1.268646  1.315898  1.362749  1.409185  1.455192  1.500756  1.545862
 2  1.221804  1.269436  1.316682  1.363526  1.409956  1.455955  1.501511  1.546610
 3  1.222601  1.270227  1.317466  1.364304  1.410726  1.456718  1.502267  1.547358
 4  1.223398  1.271018  1.318250  1.365081  1.411496  1.457481  1.503022  1.548105
 5  1.224195  1.271808  1.319034  1.365858  1.412266  1.458244  1.503777  1.548853
 6  1.224991  1.272598  1.319818  1.366635  1.413036  1.459006  1.504532  1.549600
 7  1.225788  1.273389  1.320601  1.367412  1.413805  1.459769  1.505287  1.550347
 8  1.226584  1.274179  1.321385  1.368188  1.414575  1.460531  1.506042  1.551094
 9  1.227381  1.274969  1.322168  1.368965  1.415344  1.461293  1.506797  1.551841
 10  1.228177  1.275758  1.322951  1.369741  1.416114  1.462055  1.507551  1.552588
 11  1.228973  1.276548  1.323735  1.370518  1.416883  1.462817  1.508306  1.553334
 12  1.229769  1.277338  1.324518  1.371294  1.417652  1.463579  1.509060  1.554081
 13  1.230565  1.278127  1.325301  1.372070  1.418421  1.464341  1.509814  1.554827
 14  1.231361  1.278917  1.326083  1.372846  1.419190  1.465102  1.510568  1.555574
 15  1.232157  1.279706  1.326866  1.373622  1.419959  1.465864  1.511322  1.556320
 16  1.232952  1.280496  1.327649  1.374398  1.420728  1.466625  1.512076  1.557066
 17  1.233748  1.281285  1.328431  1.375173  1.421496  1.467386  1.512829  1.557812
 18  1.234543  1.282074  1.329214  1.375949  1.422265  1.468147  1.513583  1.558557
 19  1.235338  1.282863  1.329996  1.376724  1.423033  1.468908  1.514336  1.559303
 20  1.236134  1.283651  1.330778  1.377499  1.423801  1.469669  1.515090  1.560048
 21  1.236929  1.284440  1.331560  1.378275  1.424569  1.470430  1.515843  1.560794
 22  1.237724  1.285229  1.332342  1.379050  1.425337  1.471190  1.516596  1.561539
 23  1.238519  1.286017  1.333124  1.379825  1.426105  1.471951  1.517349  1.562284
 24  1.239313  1.286805  1.333906  1.380599  1.426873  1.472711  1.518101  1.563029
 25  1.240108  1.287594  1.334687  1.381374  1.427640  1.473472  1.518854  1.563774
 26  1.240903  1.288382  1.335469  1.382149  1.428408  1.474232  1.519606  1.564518
 27  1.241697  1.289170  1.336250  1.382923  1.429175  1.474992  1.520359  1.565263
 28  1.242491  1.289958  1.337031  1.383698  1.429942  1.475751  1.521111  1.566007
 29  1.243286  1.290746  1.337812  1.384472  1.430709  1.476511  1.521863  1.566752
 30  1.244080  1.291533  1.338593  1.385246  1.431476  1.477271  1.522615  1.567496
 31  1.244874  1.292321  1.339374  1.386020  1.432243  1.478030  1.523367  1.568240
 32  1.245668  1.293108  1.340155  1.386794  1.433010  1.478789  1.524119  1.568984
 33  1.246462  1.293896  1.340936  1.387568  1.433776  1.479549  1.524870  1.569727
 34  1.247255  1.294683  1.341717  1.388341  1.434543  1.480308  1.525622  1.570471
 35  1.248049  1.295470  1.342497  1.389115  1.435309  1.481067  1.526373  1.571214
 36  1.248842  1.296257  1.343277  1.389888  1.436076  1.481826  1.527124  1.571958
 37  1.249636  1.297044  1.344058  1.390661  1.436842  1.482584  1.527875  1.572701
 38  1.250429  1.297831  1.344838  1.391435  1.437608  1.483343  1.528626  1.573444
 39  1.251222  1.298618  1.345618  1.392208  1.438374  1.484101  1.529377  1.574187
 40  1.252015  1.299404  1.346398  1.392981  1.439139  1.484860  1.530128  1.574930
 41  1.252808  1.300191  1.347177  1.393753  1.439905  1.485618  1.530878  1.575672
 42  1.253601  1.300977  1.347957  1.394526  1.440671  1.486376  1.531629  1.576415
 43  1.254394  1.301764  1.348737  1.395299  1.441436  1.487134  1.532379  1.577157
 44  1.255187  1.302550  1.349516  1.396071  1.442201  1.487892  1.533129  1.577900
 45  1.255979  1.303336  1.350295  1.396844  1.442966  1.488650  1.533879  1.578642
 46  1.256772  1.304122  1.351075  1.397616  1.443731  1.489407  1.534629  1.579384
 47  1.257564  1.304908  1.351854  1.398388  1.444496  1.490165  1.535379  1.580126
 48  1.258356  1.305693  1.352633  1.399160  1.445261  1.490922  1.536129  1.580867
 49  1.259148  1.306479  1.353412  1.399932  1.446026  1.491679  1.536878  1.581609
 50  1.259941  1.307264  1.354190  1.400704  1.446790  1.492436  1.537628  1.582350
 51  1.260732  1.308050  1.354969  1.401475  1.447555  1.493193  1.538377  1.583092
 52  1.261524  1.308835  1.355747  1.402247  1.448319  1.493950  1.539126  1.583833
 53  1.262316  1.309620  1.356526  1.403018  1.449083  1.494707  1.539875  1.584574
 54  1.263107  1.310405  1.357304  1.403790  1.449847  1.495463  1.540624  1.585315
 55  1.263899  1.311190  1.358082  1.404561  1.450611  1.496220  1.541373  1.586056
 56  1.264690  1.311975  1.358860  1.405332  1.451375  1.496976  1.542121  1.586797
 57  1.265482  1.312760  1.359638  1.406103  1.452139  1.497732  1.542870  1.587537
 58  1.266273  1.313545  1.360416  1.406873  1.452902  1.498488  1.543618  1.588277
 59  1.267064  1.314329  1.361194  1.407644  1.453666  1.499244  1.544366  1.589018
 60  1.267855  1.315113  1.361971  1.408415  1.454429  1.500000  1.545114  1.589758



3-INCH SINE-BARS 3059

Constants for Setting a 3-inch Sine-Bar for 32° to 39°
Min. 32° 33° 34° 35° 36° 37° 38° 39°

 0  1.589758  1.633917  1.677579  1.720729  1.763356  1.805445  1.846985  1.887961
 1  1.590498  1.634649  1.678302  1.721444  1.764062  1.806142  1.847672  1.888639
 2  1.591238  1.635381  1.679025  1.722159  1.764768  1.806839  1.848359  1.889317
 3  1.591977  1.636112  1.679749  1.722873  1.765473  1.807535  1.849047  1.889995
 4  1.592717  1.636844  1.680471  1.723588  1.766179  1.808232  1.849734  1.890673
 5  1.593456  1.637575  1.681194  1.724302  1.766884  1.808928  1.850421  1.891350
 6  1.594196  1.638306  1.681917  1.725016  1.767589  1.809624  1.851108  1.892027
 7  1.594935  1.639037  1.682639  1.725730  1.768294  1.810320  1.851794  1.892704
 8  1.595674  1.639768  1.683362  1.726444  1.768999  1.811016  1.852481  1.893382
 9  1.596413  1.640499  1.684084  1.727157  1.769704  1.811711  1.853167  1.894058
 10  1.597152  1.641229  1.684806  1.727871  1.770408  1.812407  1.853853  1.894735
 11  1.597890  1.641959  1.685528  1.728584  1.771113  1.813102  1.854539  1.895412
 12  1.598629  1.642690  1.686250  1.729297  1.771817  1.813797  1.855225  1.896088
 13  1.599367  1.643420  1.686972  1.730010  1.772521  1.814492  1.855911  1.896764
 14  1.600106  1.644150  1.687693  1.730723  1.773225  1.815187  1.856596  1.897440
 15  1.600844  1.644880  1.688415  1.731436  1.773929  1.815882  1.857282  1.898116
 16  1.601582  1.645609  1.689136  1.732148  1.774633  1.816577  1.857967  1.898792
 17  1.602319  1.646339  1.689857  1.732861  1.775336  1.817271  1.858652  1.899467
 18  1.603057  1.647069  1.690578  1.733573  1.776040  1.817965  1.859337  1.900143
 19  1.603795  1.647798  1.691299  1.734285  1.776743  1.818659  1.860022  1.900818
 20  1.604532  1.648527  1.692020  1.734997  1.777446  1.819353  1.860706  1.901493
 21  1.605269  1.649256  1.692740  1.735709  1.778149  1.820047  1.861391  1.902168
 22  1.606007  1.649985  1.693461  1.736421  1.778852  1.820741  1.862075  1.902843
 23  1.606744  1.650714  1.694181  1.737132  1.779554  1.821434  1.862759  1.903517
 24  1.607481  1.651442  1.694901  1.737844  1.780257  1.822128  1.863443  1.904192
 25  1.608217  1.652171  1.695621  1.738555  1.780959  1.822821  1.864127  1.904866
 26  1.608954  1.652899  1.696341  1.739266  1.781661  1.823514  1.864811  1.905540
 27  1.609690  1.653627  1.697061  1.739977  1.782363  1.824207  1.865494  1.906214
 28  1.610427  1.654355  1.697780  1.740688  1.783065  1.824899  1.866178  1.906888
 29  1.611163  1.655083  1.698500  1.741398  1.783767  1.825592  1.866861  1.907561
 30  1.611899  1.655811  1.699219  1.742109  1.784468  1.826284  1.867544  1.908235
 31  1.612635  1.656539  1.699938  1.742819  1.785170  1.826977  1.868227  1.908908
 32  1.613371  1.657266  1.700657  1.743529  1.785871  1.827669  1.868909  1.909581
 33  1.614106  1.657993  1.701376  1.744240  1.786572  1.828361  1.869592  1.910254
 34  1.614842  1.658721  1.702094  1.744949  1.787273  1.829052  1.870274  1.910927
 35  1.615577  1.659448  1.702813  1.745659  1.787974  1.829744  1.870957  1.911600
 36  1.616312  1.660175  1.703531  1.746369  1.788675  1.830436  1.871639  1.912272
 37  1.617047  1.660901  1.704250  1.747078  1.789375  1.831127  1.872321  1.912944
 38  1.617783  1.661628  1.704968  1.747788  1.790076  1.831818  1.873003  1.913617
 39  1.618517  1.662355  1.705686  1.748497  1.790776  1.832509  1.873684  1.914289
 40  1.619252  1.663081  1.706403  1.749206  1.791476  1.833200  1.874366  1.914960
 41  1.619987  1.663807  1.707121  1.749915  1.792176  1.833891  1.875047  1.915632
 42  1.620721  1.664533  1.707839  1.750624  1.792876  1.834581  1.875728  1.916304
 43  1.621455  1.665259  1.708556  1.751332  1.793575  1.835272  1.876409  1.916975
 44  1.622189  1.665985  1.709273  1.752041  1.794275  1.835962  1.877090  1.917646
 45  1.622923  1.666711  1.709990  1.752749  1.794974  1.836652  1.877770  1.918317
 46  1.623657  1.667436  1.710707  1.753457  1.795673  1.837342  1.878451  1.918988
 47  1.624391  1.668162  1.711424  1.754165  1.796372  1.838032  1.879131  1.919659
 48  1.625125  1.668887  1.712141  1.754873  1.797071  1.838721  1.879811  1.920329
 49  1.625858  1.669612  1.712857  1.755581  1.797770  1.839411  1.880491  1.921000
 50  1.626591  1.670337  1.713574  1.756288  1.798468  1.840100  1.881171  1.921670
 51  1.627325  1.671062  1.714290  1.756996  1.799166  1.840789  1.881851  1.922340
 52  1.628058  1.671786  1.715006  1.757703  1.799865  1.841478  1.882531  1.923010
 53  1.628791  1.672511  1.715722  1.758410  1.800563  1.842167  1.883210  1.923679
 54  1.629524  1.673235  1.716438  1.759117  1.801261  1.842856  1.883889  1.924349
 55  1.630256  1.673960  1.717153  1.759824  1.801959  1.843544  1.884568  1.925018
 56  1.630989  1.674684  1.717869  1.760531  1.802656  1.844233  1.885247  1.925688
 57  1.631721  1.675408  1.718584  1.761237  1.803354  1.844921  1.885926  1.926357
 58  1.632453  1.676131  1.719299  1.761944  1.804051  1.845609  1.886605  1.927026
 59  1.633185  1.676855  1.720014  1.762650  1.804748  1.846297  1.887283  1.927694
 60  1.633917  1.677579  1.720729  1.763356  1.805445  1.846985  1.887961  1.928363



3060 3-INCH SINE-BARS

Constants for Setting a 3-inch Sine-Bar for 40° to 47°
Min. 40° 41° 42° 43° 44° 45° 46° 47°

 0  1.928363  1.968177  2.007392  2.045995  2.083975  2.121320  2.158020  2.194061
 1  1.929031  1.968836  2.008040  2.046633  2.084603  2.121937  2.158626  2.194656
 2  1.929700  1.969494  2.008688  2.047271  2.085230  2.122554  2.159231  2.195251
 3  1.930368  1.970152  2.009337  2.047909  2.085858  2.123171  2.159837  2.195846
 4  1.931036  1.970810  2.009984  2.048547  2.086485  2.123787  2.160443  2.196440
 5  1.931703  1.971468  2.010632  2.049184  2.087112  2.124403  2.161048  2.197035
 6  1.932371  1.972126  2.011280  2.049821  2.087738  2.125020  2.161653  2.197629
 7  1.933038  1.972783  2.011927  2.050458  2.088365  2.125635  2.162258  2.198223
 8  1.933706  1.973441  2.012575  2.051095  2.088991  2.126251  2.162863  2.198817
 9  1.934373  1.974098  2.013222  2.051732  2.089618  2.126867  2.163468  2.199410
 10  1.935040  1.974755  2.013869  2.052369  2.090244  2.127482  2.164072  2.200003
 11  1.935706  1.975412  2.014515  2.053005  2.090870  2.128097  2.164677  2.200597
 12  1.936373  1.976068  2.015162  2.053641  2.091495  2.128712  2.165281  2.201190
 13  1.937040  1.976725  2.015808  2.054277  2.092121  2.129327  2.165885  2.201782
 14  1.937706  1.977381  2.016454  2.054913  2.092746  2.129942  2.166488  2.202375
 15  1.938372  1.978037  2.017101  2.055549  2.093371  2.130556  2.167092  2.202968
 16  1.939038  1.978693  2.017746  2.056185  2.093997  2.131171  2.167695  2.203560
 17  1.939704  1.979349  2.018392  2.056820  2.094621  2.131784  2.168298  2.204152
 18  1.940369  1.980005  2.019037  2.057455  2.095246  2.132398  2.168901  2.204744
 19  1.941035  1.980661  2.019683  2.058090  2.095870  2.133012  2.169504  2.205336
 20  1.941700  1.981316  2.020328  2.058725  2.096495  2.133626  2.170107  2.205927
 21  1.942365  1.981971  2.020973  2.059360  2.097119  2.134239  2.170709  2.206518
 22  1.943030  1.982626  2.021618  2.059994  2.097743  2.134852  2.171312  2.207109
 23  1.943695  1.983281  2.022263  2.060628  2.098366  2.135465  2.171914  2.207700
 24  1.944360  1.983936  2.022907  2.061263  2.098990  2.136078  2.172516  2.208291
 25  1.945024  1.984590  2.023552  2.061897  2.099613  2.136691  2.173117  2.208882
 26  1.945689  1.985245  2.024196  2.062530  2.100237  2.137303  2.173719  2.209472
 27  1.946353  1.985899  2.024840  2.063164  2.100860  2.137916  2.174320  2.210063
 28  1.947017  1.986553  2.025484  2.063797  2.101483  2.138528  2.174922  2.210653
 29  1.947681  1.987207  2.026127  2.064431  2.102105  2.139140  2.175522  2.211242
 30  1.948344  1.987860  2.026771  2.065064  2.102728  2.139751  2.176123  2.211832
 31  1.949008  1.988514  2.027414  2.065697  2.103350  2.140363  2.176724  2.212421
 32  1.949671  1.989167  2.028057  2.066329  2.103972  2.140974  2.177324  2.213011
 33  1.950334  1.989820  2.028700  2.066962  2.104594  2.141586  2.177924  2.213600
 34  1.950997  1.990473  2.029343  2.067594  2.105216  2.142197  2.178524  2.214189
 35  1.951660  1.991126  2.029985  2.068227  2.105838  2.142807  2.179124  2.214777
 36  1.952323  1.991779  2.030628  2.068859  2.106459  2.143418  2.179724  2.215366
 37  1.952985  1.992431  2.031270  2.069490  2.107080  2.144028  2.180324  2.215954
 38  1.953648  1.993084  2.031912  2.070122  2.107702  2.144639  2.180923  2.216543
 39  1.954310  1.993736  2.032554  2.070754  2.108323  2.145249  2.181522  2.217131
 40  1.954972  1.994388  2.033196  2.071385  2.108943  2.145859  2.182121  2.217718
 41  1.955634  1.995039  2.033838  2.072016  2.109564  2.146469  2.182720  2.218306
 42  1.956295  1.995691  2.034479  2.072647  2.110184  2.147078  2.183318  2.218893
 43  1.956957  1.996343  2.035120  2.073278  2.110804  2.147688  2.183917  2.219481
 44  1.957618  1.996994  2.035761  2.073909  2.111424  2.148297  2.184515  2.220068
 45  1.958279  1.997645  2.036402  2.074539  2.112044  2.148906  2.185113  2.220654
 46  1.958940  1.998296  2.037043  2.075170  2.112664  2.149515  2.185711  2.221241
 47  1.959601  1.998947  2.037683  2.075800  2.113283  2.150123  2.186308  2.221828
 48  1.960262  1.999597  2.038324  2.076430  2.113903  2.150732  2.186906  2.222414
 49  1.960922  2.000248  2.038964  2.077059  2.114522  2.151340  2.187503  2.223000
 50  1.961583  2.000898  2.039604  2.077689  2.115141  2.151948  2.188100  2.223586
 51  1.962243  2.001548  2.040244  2.078318  2.115759  2.152556  2.188697  2.224171
 52  1.962903  2.002198  2.040884  2.078948  2.116378  2.153164  2.189294  2.224757
 53  1.963563  2.002848  2.041523  2.079577  2.116997  2.153772  2.189891  2.225343
 54  1.964223  2.003498  2.042163  2.080206  2.117615  2.154379  2.190487  2.225928
 55  1.964882  2.004147  2.042802  2.080834  2.118233  2.154986  2.191083  2.226513
 56  1.965541  2.004797  2.043441  2.081463  2.118851  2.155593  2.191679  2.227097
 57  1.966201  2.005445  2.044080  2.082091  2.119468  2.156200  2.192275  2.227682
 58  1.966860  2.006094  2.044718  2.082719  2.120086  2.156807  2.192870  2.228266
 59  1.967518  2.006743  2.045357  2.083347  2.120703  2.157413  2.193466  2.228851
 60  1.968177  2.007392  2.045995  2.083975  2.121320  2.158020  2.194061  2.229434



3-INCH SINE-BARS 3061

Constants for Setting a 3-inch Sine-Bar for 48° to 55°
Min. 48° 49° 50° 51° 52° 53° 54° 55°

 0  2.229434  2.264129  2.298133  2.331438  2.364032  2.395907  2.427051  2.457456
 1  2.230018  2.264701  2.298694  2.331987  2.364569  2.396432  2.427564  2.457957
 2  2.230602  2.265273  2.299255  2.332536  2.365106  2.396956  2.428077  2.458457
 3  2.231185  2.265846  2.299815  2.333085  2.365643  2.397481  2.428589  2.458957
 4  2.231769  2.266417  2.300375  2.333633  2.366180  2.398006  2.429101  2.459457
 5  2.232352  2.266989  2.300936  2.334181  2.366716  2.398530  2.429613  2.459956
 6  2.232935  2.267560  2.301496  2.334729  2.367252  2.399054  2.430125  2.460456
 7  2.233517  2.268132  2.302055  2.335277  2.367788  2.399578  2.430636  2.460955
 8  2.234100  2.268703  2.302615  2.335825  2.368324  2.400102  2.431148  2.461454
 9  2.234682  2.269274  2.303174  2.336373  2.368860  2.400625  2.431659  2.461953
 10  2.235264  2.269845  2.303733  2.336920  2.369395  2.401148  2.432170  2.462451
 11  2.235846  2.270415  2.304292  2.337467  2.369930  2.401671  2.432681  2.462950
 12  2.236428  2.270985  2.304851  2.338014  2.370465  2.402194  2.433192  2.463448
 13  2.237010  2.271555  2.305409  2.338561  2.371000  2.402717  2.433702  2.463946
 14  2.237591  2.272125  2.305967  2.339107  2.371534  2.403239  2.434212  2.464443
 15  2.238172  2.272695  2.306525  2.339653  2.372069  2.403761  2.434722  2.464941
 16  2.238753  2.273265  2.307083  2.340200  2.372603  2.404284  2.435232  2.465438
 17  2.239334  2.273834  2.307641  2.340745  2.373137  2.404805  2.435741  2.465935
 18  2.239915  2.274403  2.308199  2.341291  2.373671  2.405327  2.436251  2.466432
 19  2.240495  2.274972  2.308756  2.341837  2.374204  2.405848  2.436760  2.466929
 20  2.241075  2.275541  2.309313  2.342382  2.374738  2.406370  2.437269  2.467425
 21  2.241655  2.276109  2.309870  2.342927  2.375271  2.406891  2.437777  2.467921
 22  2.242235  2.276678  2.310427  2.343472  2.375804  2.407411  2.438286  2.468418
 23  2.242815  2.277246  2.310983  2.344017  2.376337  2.407932  2.438794  2.468914
 24  2.243394  2.277814  2.311540  2.344562  2.376869  2.408453  2.439302  2.469409
 25  2.243974  2.278382  2.312096  2.345106  2.377401  2.408973  2.439810  2.469905
 26  2.244553  2.278949  2.312652  2.345650  2.377934  2.409493  2.440318  2.470400
 27  2.245132  2.279517  2.313208  2.346194  2.378465  2.410012  2.440825  2.470895
 28  2.245710  2.280084  2.313763  2.346738  2.378997  2.410532  2.441333  2.471390
 29  2.246289  2.280651  2.314319  2.347281  2.379529  2.411052  2.441840  2.471884
 30  2.246867  2.281218  2.314874  2.347825  2.380060  2.411571  2.442347  2.472379
 31  2.247445  2.281785  2.315429  2.348368  2.380591  2.412090  2.442853  2.472873
 32  2.248023  2.282351  2.315984  2.348911  2.381122  2.412608  2.443360  2.473367
 33  2.248601  2.282917  2.316538  2.349453  2.381653  2.413127  2.443866  2.473861
 34  2.249179  2.283483  2.317092  2.349996  2.382183  2.413645  2.444372  2.474354
 35  2.249756  2.284049  2.317647  2.350538  2.382714  2.414163  2.444878  2.474847
 36  2.250333  2.284615  2.318201  2.351080  2.383244  2.414681  2.445383  2.475341
 37  2.250910  2.285180  2.318754  2.351622  2.383774  2.415199  2.445889  2.475833
 38  2.251487  2.285746  2.319308  2.352164  2.384304  2.415717  2.446394  2.476326
 39  2.252064  2.286311  2.319862  2.352706  2.384833  2.416234  2.446899  2.476819
 40  2.252640  2.286876  2.320415  2.353247  2.385362  2.416751  2.447404  2.477311
 41  2.253217  2.287441  2.320968  2.353788  2.385892  2.417268  2.447908  2.477803
 42  2.253793  2.288005  2.321521  2.354329  2.386420  2.417785  2.448413  2.478295
 43  2.254368  2.288569  2.322073  2.354870  2.386949  2.418301  2.448917  2.478787
 44  2.254944  2.289134  2.322626  2.355411  2.387478  2.418818  2.449421  2.479278
 45  2.255519  2.289697  2.323178  2.355951  2.388006  2.419334  2.449925  2.479769
 46  2.256095  2.290261  2.323730  2.356491  2.388534  2.419850  2.450428  2.480260
 47  2.256670  2.290825  2.324282  2.357031  2.389062  2.420366  2.450932  2.480751
 48  2.257245  2.291388  2.324833  2.357571  2.389590  2.420881  2.451435  2.481242
 49  2.257819  2.291951  2.325385  2.358110  2.390117  2.421396  2.451938  2.481732
 50  2.258394  2.292514  2.325936  2.358650  2.390645  2.421911  2.452440  2.482222
 51  2.258968  2.293077  2.326487  2.359189  2.391172  2.422426  2.452943  2.482712
 52  2.259542  2.293640  2.327038  2.359728  2.391699  2.422941  2.453445  2.483202
 53  2.260117  2.294202  2.327589  2.360267  2.392226  2.423455  2.453947  2.483692
 54  2.260690  2.294764  2.328139  2.360805  2.392752  2.423970  2.454449  2.484181
 55  2.261264  2.295326  2.328690  2.361344  2.393278  2.424484  2.454951  2.484670
 56  2.261837  2.295888  2.329240  2.361882  2.393804  2.424998  2.455452  2.485159
 57  2.262410  2.296450  2.329789  2.362420  2.394330  2.425511  2.455954  2.485648
 58  2.262983  2.297011  2.330339  2.362957  2.394856  2.426025  2.456455  2.486136
 59  2.263556  2.297572  2.330889  2.363495  2.395381  2.426538  2.456955  2.486625
 60  2.264129  2.298133  2.331438  2.364032  2.395907  2.427051  2.457456  2.487113



3062 5-INCH SINE-BARS

Constants for 5-inch Sine-Bar

Constants for Setting a  5-inch Sine-Bar for 1° to 7°
Min.  0°  1°  2°  3°  4°  5°  6°  7°

 0 0.00000 0.08726 0.17450 0.26168 0.34878 0.43578 0.52264 0.60935
 1 0.00145 0.08872 0.17595 0.26313 0.35023 0.43723 0.52409 0.61079
 2 0.00291 0.09017 0.17740 0.26458 0.35168 0.43868 0.52554 0.61223
 3 0.00436 0.09162 0.17886 0.26604 0.35313 0.44013 0.52698 0.61368
 4 0.00582 0.09308 0.18031 0.26749 0.35459 0.44157 0.52843 0.61512
 5 0.00727 0.09453 0.18177 0.26894 0.35604 0.44302 0.52987 0.61656
 6 0.00873 0.09599 0.18322 0.27039 0.35749 0.44447 0.53132 0.61801
 7 0.01018 0.09744 0.18467 0.27185 0.35894 0.44592 0.53277 0.61945
 8 0.01164 0.09890 0.18613 0.27330 0.36039 0.44737 0.53421 0.62089
 9 0.01309 0.10035 0.18758 0.27475 0.36184 0.44882 0.53566 0.62234
 10 0.01454 0.10180 0.18903 0.27620 0.36329 0.45027 0.53710 0.62378
 11 0.01600 0.10326 0.19049 0.27766 0.36474 0.45171 0.53855 0.62522
 12 0.01745 0.10471 0.19194 0.27911 0.36619 0.45316 0.54000 0.62667
 13 0.01891 0.10617 0.19339 0.28056 0.36764 0.45461 0.54144 0.62811
 14 0.02036 0.10762 0.19485 0.28201 0.36909 0.45606 0.54289 0.62955
 15 0.02182 0.10907 0.19630 0.28346 0.37054 0.45751 0.54433 0.63099
 16 0.02327 0.11053 0.19775 0.28492 0.37199 0.45896 0.54578 0.63244
 17 0.02473 0.11198 0.19921 0.28637 0.37344 0.46040 0.54723 0.63388
 18 0.02618 0.11344 0.20066 0.28782 0.37489 0.46185 0.54867 0.63532
 19 0.02763 0.11489 0.20211 0.28927 0.37634 0.46330 0.55012 0.63677
 20 0.02909 0.11634 0.20357 0.29072 0.37779 0.46475 0.55156 0.63821
 21 0.03054 0.11780 0.20502 0.29218 0.37924 0.46620 0.55301 0.63965
 22 0.03200 0.11925 0.20647 0.29363 0.38069 0.46765 0.55445 0.64109
 23 0.03345 0.12071 0.20793 0.29508 0.38214 0.46909 0.55590 0.64254
 24 0.03491 0.12216 0.20938 0.29653 0.38360 0.47054 0.55734 0.64398
 25 0.03636 0.12361 0.21083 0.29798 0.38505 0.47199 0.55879 0.64542
 26 0.03782 0.12507 0.21228 0.29944 0.38650 0.47344 0.56024 0.64686
 27 0.03927 0.12652 0.21374 0.30089 0.38795 0.47489 0.56168 0.64830
 28 0.04072 0.12798 0.21519 0.30234 0.38940 0.47633 0.56313 0.64975
 29 0.04218 0.12943 0.21664 0.30379 0.39085 0.47778 0.56457 0.65119
 30 0.04363 0.13088 0.21810 0.30524 0.39230 0.47923 0.56602 0.65263
 31 0.04509 0.13234 0.21955 0.30669 0.39375 0.48068 0.56746 0.65407
 32 0.04654 0.13379 0.22100 0.30815 0.39520 0.48212 0.56891 0.65551
 33 0.04800 0.13525 0.22246 0.30960 0.39665 0.48357 0.57035 0.65696
 34 0.04945 0.13670 0.22391 0.31105 0.39810 0.48502 0.57180 0.65840
 35 0.05090 0.13815 0.22536 0.31250 0.39954 0.48647 0.57324 0.65984
 36 0.05236 0.13961 0.22681 0.31395 0.40099 0.48791 0.57469 0.66128
 37 0.05381 0.14106 0.22827 0.31540 0.40244 0.48936 0.57613 0.66272
 38 0.05527 0.14252 0.22972 0.31686 0.40389 0.49081 0.57758 0.66417
 39 0.05672 0.14397 0.23117 0.31831 0.40534 0.49226 0.57902 0.66561
 40 0.05818 0.14542 0.23263 0.31976 0.40679 0.49370 0.58046 0.66705
 41 0.05963 0.14688 0.23408 0.32121 0.40824 0.49515 0.58191 0.66849
 42 0.06109 0.14833 0.23553 0.32266 0.40969 0.49660 0.58335 0.66993
 43 0.06254 0.14979 0.23699 0.32411 0.41114 0.49805 0.58480 0.67137
 44 0.06399 0.15124 0.23844 0.32556 0.41259 0.49949 0.58624 0.67281
 45 0.06545 0.15269 0.23989 0.32702 0.41404 0.50094 0.58769 0.67425
 46 0.06690 0.15415 0.24134 0.32847 0.41549 0.50239 0.58913 0.67570
 47 0.06836 0.15560 0.24280 0.32992 0.41694 0.50383 0.59058 0.67714
 48 0.06981 0.15705 0.24425 0.33137 0.41839 0.50528 0.59202 0.67858
 49 0.07127 0.15851 0.24570 0.33282 0.41984 0.50673 0.59346 0.68002
 50 0.07272 0.15996 0.24715 0.33427 0.42129 0.50818 0.59491 0.68146
 51 0.07417 0.16141 0.24861 0.33572 0.42274 0.50962 0.59635 0.68290
 52 0.07563 0.16287 0.25006 0.33717 0.42419 0.51107 0.59780 0.68434
 53 0.07708 0.16432 0.25151 0.33863 0.42564 0.51252 0.59924 0.68578
 54 0.07854 0.16578 0.25296 0.34008 0.42708 0.51396 0.60068 0.68722
 55 0.07999 0.16723 0.25442 0.34153 0.42853 0.51541 0.60213 0.68866
 56 0.08145 0.16868 0.25587 0.34298 0.42998 0.51686 0.60357 0.69010
 57 0.08290 0.17014 0.25732 0.34443 0.43143 0.51830 0.60502 0.69154
 58 0.08435 0.17159 0.25877 0.34588 0.43288 0.51975 0.60646 0.69298
 59 0.08581 0.17304 0.26023 0.34733 0.43433 0.52120 0.60790 0.69443
 60 0.08726 0.17450 0.26168 0.34878 0.43578 0.52264 0.60935 0.69587



5-INCH SINE-BARS 3063

Constants for Setting a  5-inch Sine-Bar for 8° to 15°
Min.  8°  9°  10°  11°  12°  13°  14°  15°

 0 0.69587 0.78217 0.86824 0.95404 1.03956 1.12476 1.20961 1.29410
 1 0.69731 0.78361 0.86967 0.95547 1.04098 1.12617 1.21102 1.29550
 2 0.69875 0.78505 0.87111 0.95690 1.04240 1.12759 1.21243 1.29690
 3 0.70019 0.78648 0.87254 0.95833 1.04383 1.12901 1.21384 1.29831
 4 0.70163 0.78792 0.87397 0.95976 1.04525 1.13042 1.21525 1.29971
 5 0.70307 0.78935 0.87540 0.96118 1.04667 1.13184 1.21666 1.30112
 6 0.70451 0.79079 0.87683 0.96261 1.04809 1.13326 1.21808 1.30252
 7 0.70595 0.79223 0.87827 0.96404 1.04951 1.13467 1.21949 1.30393
 8 0.70739 0.79366 0.87970 0.96546 1.05094 1.13609 1.22090 1.30533
 9 0.70883 0.79510 0.88113 0.96689 1.05236 1.13751 1.22231 1.30673
 10 0.71027 0.79653 0.88256 0.96832 1.05378 1.13892 1.22372 1.30814
 11 0.71171 0.79797 0.88399 0.96974 1.05520 1.14034 1.22513 1.30954
 12 0.71314 0.79941 0.88542 0.97117 1.05662 1.14175 1.22654 1.31095
 13 0.71458 0.80084 0.88686 0.97260 1.05805 1.14317 1.22795 1.31235
 14 0.71602 0.80228 0.88829 0.97403 1.05947 1.14459 1.22936 1.31375
 15 0.71746 0.80371 0.88972 0.97545 1.06089 1.14600 1.23077 1.31516
 16 0.71890 0.80515 0.89115 0.97688 1.06231 1.14742 1.23218 1.31656
 17 0.72034 0.80658 0.89258 0.97830 1.06373 1.14883 1.23359 1.31796
 18 0.72178 0.80802 0.89401 0.97973 1.06515 1.15025 1.23500 1.31937
 19 0.72322 0.80945 0.89544 0.98116 1.06657 1.15166 1.23640 1.32077
 20 0.72466 0.81089 0.89687 0.98258 1.06799 1.15308 1.23781 1.32217
 21 0.72610 0.81232 0.89830 0.98401 1.06941 1.15449 1.23922 1.32357
 22 0.72754 0.81376 0.89973 0.98544 1.07084 1.15591 1.24063 1.32498
 23 0.72898 0.81519 0.90117 0.98686 1.07226 1.15732 1.24204 1.32638
 24 0.73042 0.81663 0.90260 0.98829 1.07368 1.15874 1.24345 1.32778
 25 0.73185 0.81806 0.90403 0.98971 1.07510 1.16015 1.24486 1.32918
 26 0.73329 0.81950 0.90546 0.99114 1.07652 1.16157 1.24627 1.33058
 27 0.73473 0.82093 0.90689 0.99256 1.07794 1.16298 1.24768 1.33199
 28 0.73617 0.82237 0.90832 0.99399 1.07936 1.16440 1.24908 1.33339
 29 0.73761 0.82380 0.90975 0.99541 1.08078 1.16581 1.25049 1.33479
 30 0.73905 0.82524 0.91118 0.99684 1.08220 1.16723 1.25190 1.33619
 31 0.74049 0.82667 0.91261 0.99826 1.08362 1.16864 1.25331 1.33759
 32 0.74192 0.82811 0.91404 0.99969 1.08504 1.17006 1.25472 1.33899
 33 0.74336 0.82954 0.91547 1.00112 1.08646 1.17147 1.25612 1.34040
 34 0.74480 0.83098 0.91690 1.00254 1.08788 1.17288 1.25753 1.34180
 35 0.74624 0.83241 0.91833 1.00396 1.08930 1.17430 1.25894 1.34320
 36 0.74768 0.83384 0.91976 1.00539 1.09072 1.17571 1.26035 1.34460
 37 0.74911 0.83528 0.92119 1.00681 1.09214 1.17712 1.26175 1.34600
 38 0.75055 0.83671 0.92262 1.00824 1.09355 1.17854 1.26316 1.34740
 39 0.75199 0.83815 0.92405 1.00966 1.09497 1.17995 1.26457 1.34880
 40 0.75343 0.83958 0.92547 1.01109 1.09639 1.18136 1.26598 1.35020
 41 0.75487 0.84101 0.92690 1.01251 1.09781 1.18278 1.26738 1.35160
 42 0.75630 0.84245 0.92833 1.01394 1.09923 1.18419 1.26879 1.35300
 43 0.75774 0.84388 0.92976 1.01536 1.10065 1.18560 1.27020 1.35440
 44 0.75918 0.84531 0.93119 1.01678 1.10207 1.18702 1.27160 1.35580
 45 0.76062 0.84675 0.93262 1.01821 1.10349 1.18843 1.27301 1.35720
 46 0.76205 0.84818 0.93405 1.01963 1.10491 1.18984 1.27442 1.35860
 47 0.76349 0.84961 0.93548 1.02106 1.10632 1.19125 1.27582 1.36000
 48 0.76493 0.85105 0.93691 1.02248 1.10774 1.19267 1.27723 1.36140
 49 0.76637 0.85248 0.93834 1.02390 1.10916 1.19408 1.27863 1.36280
 50 0.76780 0.85391 0.93976 1.02533 1.11058 1.19549 1.28004 1.36420
 51 0.76924 0.85535 0.94119 1.02675 1.11200 1.19690 1.28145 1.36560
 52 0.77068 0.85678 0.94262 1.02817 1.11342 1.19832 1.28285 1.36700
 53 0.77211 0.85821 0.94405 1.02960 1.11483 1.19973 1.28426 1.36840
 54 0.77355 0.85965 0.94548 1.03102 1.11625 1.20114 1.28566 1.36980
 55 0.77499 0.86108 0.94691 1.03244 1.11767 1.20255 1.28707 1.37119
 56 0.77643 0.86251 0.94833 1.03387 1.11909 1.20396 1.28847 1.37259
 57 0.77786 0.86394 0.94976 1.03529 1.12050 1.20538 1.28988 1.37399
 58 0.77930 0.86538 0.95119 1.03671 1.12192 1.20679 1.29129 1.37539
 59 0.78074 0.86681 0.95262 1.03814 1.12334 1.20820 1.29269 1.37679
 60 0.78217 0.86824 0.95404 1.03956 1.12476 1.20961 1.29410 1.37819



3064 5-INCH SINE-BARS

Constants for Setting a  5-inch Sine-Bar for 16° to 23°
Min.  16°  17°  18°  19°  20°  21°  22°  23°

 0 1.37819 1.46186 1.54509 1.62784 1.71010 1.79184 1.87303 1.95366
 1 1.37958 1.46325 1.54647 1.62922 1.71147 1.79320 1.87438 1.95499
 2 1.38098 1.46464 1.54785 1.63059 1.71283 1.79456 1.87573 1.95633
 3 1.38238 1.46603 1.54923 1.63197 1.71420 1.79591 1.87708 1.95767
 4 1.38378 1.46742 1.55062 1.63334 1.71557 1.79727 1.87843 1.95901
 5 1.38518 1.46881 1.55200 1.63472 1.71693 1.79863 1.87977 1.96035
 6 1.38657 1.47020 1.55338 1.63609 1.71830 1.79998 1.88112 1.96169
 7 1.38797 1.47159 1.55476 1.63746 1.71966 1.80134 1.88247 1.96302
 8 1.38937 1.47298 1.55615 1.63884 1.72103 1.80270 1.88382 1.96436
 9 1.39076 1.47437 1.55753 1.64021 1.72240 1.80405 1.88516 1.96570
 10 1.39216 1.47576 1.55891 1.64159 1.72376 1.80541 1.88651 1.96704
 11 1.39356 1.47715 1.56029 1.64296 1.72513 1.80677 1.88786 1.96837
 12 1.39496 1.47854 1.56167 1.64433 1.72649 1.80812 1.88920 1.96971
 13 1.39635 1.47993 1.56306 1.64571 1.72786 1.80948 1.89055 1.97105
 14 1.39775 1.48132 1.56444 1.64708 1.72922 1.81083 1.89190 1.97238
 15 1.39915 1.48271 1.56582 1.64845 1.73059 1.81219 1.89324 1.97372
 16 1.40054 1.48410 1.56720 1.64983 1.73195 1.81355 1.89459 1.97506
 17 1.40194 1.48549 1.56858 1.65120 1.73331 1.81490 1.89594 1.97639
 18 1.40333 1.48687 1.56996 1.65257 1.73468 1.81626 1.89728 1.97773
 19 1.40473 1.48826 1.57134 1.65394 1.73604 1.81761 1.89863 1.97906
 20 1.40613 1.48965 1.57272 1.65532 1.73741 1.81897 1.89997 1.98040
 21 1.40752 1.49104 1.57410 1.65669 1.73877 1.82032 1.90132 1.98173
 22 1.40892 1.49243 1.57548 1.65806 1.74013 1.82168 1.90266 1.98307
 23 1.41031 1.49382 1.57687 1.65943 1.74150 1.82303 1.90401 1.98440
 24 1.41171 1.49520 1.57825 1.66081 1.74286 1.82438 1.90535 1.98574
 25 1.41310 1.49659 1.57963 1.66218 1.74422 1.82574 1.90670 1.98707
 26 1.41450 1.49798 1.58101 1.66355 1.74559 1.82709 1.90804 1.98841
 27 1.41589 1.49937 1.58238 1.66492 1.74695 1.82845 1.90939 1.98974
 28 1.41729 1.50075 1.58376 1.66629 1.74831 1.82980 1.91073 1.99108
 29 1.41868 1.50214 1.58514 1.66766 1.74967 1.83115 1.91207 1.99241
 30 1.42008 1.50353 1.58652 1.66903 1.75104 1.83251 1.91342 1.99375
 31 1.42147 1.50492 1.58790 1.67041 1.75240 1.83386 1.91476 1.99508
 32 1.42287 1.50630 1.58928 1.67178 1.75376 1.83521 1.91610 1.99641
 33 1.42426 1.50769 1.59066 1.67315 1.75512 1.83657 1.91745 1.99775
 34 1.42565 1.50908 1.59204 1.67452 1.75649 1.83792 1.91879 1.99908
 35 1.42705 1.51046 1.59342 1.67589 1.75785 1.83927 1.92013 2.00041
 36 1.42844 1.51185 1.59480 1.67726 1.75921 1.84062 1.92148 2.00175
 37 1.42984 1.51324 1.59617 1.67863 1.76057 1.84198 1.92282 2.00308
 38 1.43123 1.51462 1.59755 1.68000 1.76193 1.84333 1.92416 2.00441
 39 1.43262 1.51601 1.59893 1.68137 1.76329 1.84468 1.92550 2.00574
 40 1.43402 1.51739 1.60031 1.68274 1.76465 1.84603 1.92685 2.00708
 41 1.43541 1.51878 1.60169 1.68411 1.76601 1.84738 1.92819 2.00841
 42 1.43680 1.52017 1.60307 1.68548 1.76737 1.84873 1.92953 2.00974
 43 1.43820 1.52155 1.60444 1.68685 1.76873 1.85009 1.93087 2.01107
 44 1.43959 1.52294 1.60582 1.68821 1.77010 1.85144 1.93221 2.01240
 45 1.44098 1.52432 1.60720 1.68958 1.77146 1.85279 1.93355 2.01373
 46 1.44237 1.52571 1.60857 1.69095 1.77282 1.85414 1.93490 2.01506
 47 1.44377 1.52709 1.60995 1.69232 1.77418 1.85549 1.93624 2.01640
 48 1.44516 1.52848 1.61133 1.69369 1.77553 1.85684 1.93758 2.01773
 49 1.44655 1.52986 1.61271 1.69506 1.77689 1.85819 1.93892 2.01906
 50 1.44794 1.53125 1.61408 1.69643 1.77825 1.85954 1.94026 2.02039
 51 1.44934 1.53263 1.61546 1.69779 1.77961 1.86089 1.94160 2.02172
 52 1.45073 1.53401 1.61683 1.69916 1.78097 1.86224 1.94294 2.02305
 53 1.45212 1.53540 1.61821 1.70053 1.78233 1.86359 1.94428 2.02438
 54 1.45351 1.53678 1.61959 1.70190 1.78369 1.86494 1.94562 2.02571
 55 1.45490 1.53817 1.62096 1.70327 1.78505 1.86629 1.94696 2.02704
 56 1.45629 1.53955 1.62234 1.70463 1.78641 1.86764 1.94830 2.02837
 57 1.45769 1.54093 1.62371 1.70600 1.78777 1.86899 1.94964 2.02970
 58 1.45908 1.54232 1.62509 1.70737 1.78912 1.87034 1.95098 2.03103
 59 1.46047 1.54370 1.62647 1.70873 1.79048 1.87168 1.95232 2.03235
 60 1.46186 1.54509 1.62784 1.71010 1.79184 1.87303 1.95366 2.03368



5-INCH SINE-BARS 3065

Constants for Setting a  5-inch Sine-Bar for 24° to 31°
Min.  24°  25°  26°  27°  28°  29°  30°  31°

 0 2.03368 2.11309 2.19186 2.26995 2.34736 2.42405 2.50000 2.57519
 1 2.03501 2.11441 2.19316 2.27125 2.34864 2.42532 2.50126 2.57644
 2 2.03634 2.11573 2.19447 2.27254 2.34993 2.42659 2.50252 2.57768
 3 2.03767 2.11704 2.19578 2.27384 2.35121 2.42786 2.50378 2.57893
 4 2.03900 2.11836 2.19708 2.27513 2.35249 2.42913 2.50504 2.58018
 5 2.04032 2.11968 2.19839 2.27643 2.35378 2.43041 2.50630 2.58142
 6 2.04165 2.12100 2.19970 2.27772 2.35506 2.43168 2.50755 2.58267
 7 2.04298 2.12231 2.20100 2.27902 2.35634 2.43295 2.50881 2.58391
 8 2.04431 2.12363 2.20231 2.28031 2.35763 2.43422 2.51007 2.58516
 9 2.04563 2.12495 2.20361 2.28161 2.35891 2.43549 2.51133 2.58640
 10 2.04696 2.12626 2.20492 2.28290 2.36019 2.43676 2.51259 2.58765
 11 2.04829 2.12758 2.20622 2.28420 2.36147 2.43803 2.51384 2.58889
 12 2.04962 2.12890 2.20753 2.28549 2.36275 2.43930 2.51510 2.59014
 13 2.05094 2.13021 2.20883 2.28678 2.36404 2.44057 2.51636 2.59138
 14 2.05227 2.13153 2.21014 2.28808 2.36532 2.44184 2.51761 2.59262
 15 2.05359 2.13284 2.21144 2.28937 2.36660 2.44311 2.51887 2.59387
 16 2.05492 2.13416 2.21275 2.29066 2.36788 2.44438 2.52013 2.59511
 17 2.05625 2.13547 2.21405 2.29196 2.36916 2.44564 2.52138 2.59635
 18 2.05757 2.13679 2.21536 2.29325 2.37044 2.44691 2.52264 2.59760
 19 2.05890 2.13810 2.21666 2.29454 2.37172 2.44818 2.52389 2.59884
 20 2.06022 2.13942 2.21796 2.29583 2.37300 2.44945 2.52515 2.60008
 21 2.06155 2.14073 2.21927 2.29712 2.37428 2.45072 2.52640 2.60132
 22 2.06287 2.14205 2.22057 2.29842 2.37556 2.45198 2.52766 2.60256
 23 2.06420 2.14336 2.22187 2.29971 2.37684 2.45325 2.52891 2.60381
 24 2.06552 2.14468 2.22318 2.30100 2.37812 2.45452 2.53017 2.60505
 25 2.06685 2.14599 2.22448 2.30229 2.37940 2.45579 2.53142 2.60629
 26 2.06817 2.14730 2.22578 2.30358 2.38068 2.45705 2.53268 2.60753
 27 2.06950 2.14862 2.22708 2.30487 2.38196 2.45832 2.53393 2.60877
 28 2.07082 2.14993 2.22839 2.30616 2.38324 2.45959 2.53519 2.61001
 29 2.07214 2.15124 2.22969 2.30745 2.38452 2.46085 2.53644 2.61125
 30 2.07347 2.15256 2.23099 2.30874 2.38579 2.46212 2.53769 2.61249
 31 2.07479 2.15387 2.23229 2.31003 2.38707 2.46338 2.53894 2.61373
 32 2.07611 2.15518 2.23359 2.31132 2.38835 2.46465 2.54020 2.61497
 33 2.07744 2.15649 2.23489 2.31261 2.38963 2.46591 2.54145 2.61621
 34 2.07876 2.15781 2.23619 2.31390 2.39091 2.46718 2.54270 2.61745
 35 2.08008 2.15912 2.23749 2.31519 2.39218 2.46844 2.54396 2.61869
 36 2.08140 2.16043 2.23880 2.31648 2.39346 2.46971 2.54521 2.61993
 37 2.08273 2.16174 2.24010 2.31777 2.39474 2.47097 2.54646 2.62117
 38 2.08405 2.16305 2.24140 2.31906 2.39601 2.47224 2.54771 2.62241
 39 2.08537 2.16436 2.24270 2.32035 2.39729 2.47350 2.54896 2.62364
 40 2.08669 2.16567 2.24400 2.32163 2.39857 2.47477 2.55021 2.62488
 41 2.08801 2.16698 2.24530 2.32292 2.39984 2.47603 2.55146 2.62612
 42 2.08934 2.16830 2.24660 2.32421 2.40112 2.47729 2.55271 2.62736
 43 2.09066 2.16961 2.24789 2.32550 2.40239 2.47856 2.55397 2.62860
 44 2.09198 2.17092 2.24919 2.32679 2.40367 2.47982 2.55522 2.62983
 45 2.09330 2.17223 2.25049 2.32807 2.40494 2.48108 2.55647 2.63107
 46 2.09462 2.17354 2.25179 2.32936 2.40622 2.48235 2.55772 2.63231
 47 2.09594 2.17485 2.25309 2.33065 2.40749 2.48361 2.55896 2.63354
 48 2.09726 2.17616 2.25439 2.33193 2.40877 2.48487 2.56021 2.63478
 49 2.09858 2.17746 2.25569 2.33322 2.41004 2.48613 2.56146 2.63602
 50 2.09990 2.17877 2.25698 2.33451 2.41132 2.48739 2.56271 2.63725
 51 2.10122 2.18008 2.25828 2.33579 2.41259 2.48866 2.56396 2.63849
 52 2.10254 2.18139 2.25958 2.33708 2.41386 2.48992 2.56521 2.63972
 53 2.10386 2.18270 2.26088 2.33836 2.41514 2.49118 2.56646 2.64096
 54 2.10518 2.18401 2.26217 2.33965 2.41641 2.49244 2.56771 2.64219
 55 2.10650 2.18532 2.26347 2.34093 2.41769 2.49370 2.56895 2.64343
 56 2.10782 2.18663 2.26477 2.34222 2.41896 2.49496 2.57020 2.64466
 57 2.10914 2.18793 2.26606 2.34350 2.42023 2.49622 2.57145 2.64590
 58 2.11045 2.18924 2.26736 2.34479 2.42150 2.49748 2.57270 2.64713
 59 2.11177 2.19055 2.26866 2.34607 2.42278 2.49874 2.57394 2.64836
 60 2.11309 2.19186 2.26995 2.34736 2.42405 2.50000 2.57519 2.64960



3066 5-INCH SINE-BARS

Constants for Setting a  5-inch Sine-Bar for 32° to 39°
Min.  32°  33°  34°  35°  36°  37°  38°  39°

 0 2.64960 2.72320 2.79596 2.86788 2.93893 3.00908 3.07831 3.14660
 1 2.65083 2.72441 2.79717 2.86907 2.94010 3.01024 3.07945 3.14773
 2 2.65206 2.72563 2.79838 2.87026 2.94128 3.01140 3.08060 3.14886
 3 2.65330 2.72685 2.79958 2.87146 2.94246 3.01256 3.08174 3.14999
 4 2.65453 2.72807 2.80079 2.87265 2.94363 3.01372 3.08289 3.15112
 5 2.65576 2.72929 2.80199 2.87384 2.94481 3.01488 3.08403 3.15225
 6 2.65699 2.73051 2.80319 2.87503 2.94598 3.01604 3.08518 3.15338
 7 2.65822 2.73173 2.80440 2.87622 2.94716 3.01720 3.08632 3.15451
 8 2.65946 2.73295 2.80560 2.87741 2.94833 3.01836 3.08747 3.15564
 9 2.66069 2.73416 2.80681 2.87860 2.94951 3.01952 3.08861 3.15676
 10 2.66192 2.73538 2.80801 2.87978 2.95068 3.02068 3.08976 3.15789
 11 2.66315 2.73660 2.80921 2.88097 2.95185 3.02184 3.09090 3.15902
 12 2.66438 2.73782 2.81042 2.88216 2.95303 3.02300 3.09204 3.16015
 13 2.66561 2.73903 2.81162 2.88335 2.95420 3.02415 3.09318 3.16127
 14 2.66684 2.74025 2.81282 2.88454 2.95538 3.02531 3.09433 3.16240
 15 2.66807 2.74147 2.81402 2.88573 2.95655 3.02647 3.09547 3.16353
 16 2.66930 2.74268 2.81523 2.88691 2.95772 3.02763 3.09661 3.16465
 17 2.67053 2.74390 2.81643 2.88810 2.95889 3.02878 3.09775 3.16578
 18 2.67176 2.74511 2.81763 2.88929 2.96007 3.02994 3.09890 3.16690
 19 2.67299 2.74633 2.81883 2.89048 2.96124 3.03110 3.10004 3.16803
 20 2.67422 2.74754 2.82003 2.89166 2.96241 3.03226 3.10118 3.16915
 21 2.67545 2.74876 2.82123 2.89285 2.96358 3.03341 3.10232 3.17028
 22 2.67668 2.74997 2.82243 2.89403 2.96475 3.03457 3.10346 3.17140
 23 2.67791 2.75119 2.82364 2.89522 2.96592 3.03572 3.10460 3.17253
 24 2.67913 2.75240 2.82484 2.89641 2.96709 3.03688 3.10574 3.17365
 25 2.68036 2.75362 2.82604 2.89759 2.96827 3.03803 3.10688 3.17478
 26 2.68159 2.75483 2.82723 2.89878 2.96944 3.03919 3.10802 3.17590
 27 2.68282 2.75605 2.82843 2.89996 2.97061 3.04034 3.10916 3.17702
 28 2.68404 2.75726 2.82963 2.90115 2.97178 3.04150 3.11030 3.17815
 29 2.68527 2.75847 2.83083 2.90233 2.97294 3.04265 3.11143 3.17927
 30 2.68650 2.75969 2.83203 2.90351 2.97411 3.04381 3.11257 3.18039
 31 2.68772 2.76090 2.83323 2.90470 2.97528 3.04496 3.11371 3.18151
 32 2.68895 2.76211 2.83443 2.90588 2.97645 3.04611 3.11485 3.18264
 33 2.69018 2.76332 2.83563 2.90707 2.97762 3.04727 3.11599 3.18376
 34 2.69140 2.76453 2.83682 2.90825 2.97879 3.04842 3.11712 3.18488
 35 2.69263 2.76575 2.83802 2.90943 2.97996 3.04957 3.11826 3.18600
 36 2.69385 2.76696 2.83922 2.91061 2.98112 3.05073 3.11940 3.18712
 37 2.69508 2.76817 2.84042 2.91180 2.98229 3.05188 3.12053 3.18824
 38 2.69630 2.76938 2.84161 2.91298 2.98346 3.05303 3.12167 3.18936
 39 2.69753 2.77059 2.84281 2.91416 2.98463 3.05418 3.12281 3.19048
 40 2.69875 2.77180 2.84401 2.91534 2.98579 3.05533 3.12394 3.19160
 41 2.69998 2.77301 2.84520 2.91652 2.98696 3.05648 3.12508 3.19272
 42 2.70120 2.77422 2.84640 2.91771 2.98813 3.05764 3.12621 3.19384
 43 2.70243 2.77543 2.84759 2.91889 2.98929 3.05879 3.12735 3.19496
 44 2.70365 2.77664 2.84879 2.92007 2.99046 3.05994 3.12848 3.19608
 45 2.70487 2.77785 2.84998 2.92125 2.99162 3.06109 3.12962 3.19720
 46 2.70610 2.77906 2.85118 2.92243 2.99279 3.06224 3.13075 3.19831
 47 2.70732 2.78027 2.85237 2.92361 2.99395 3.06339 3.13189 3.19943
 48 2.70854 2.78148 2.85357 2.92479 2.99512 3.06454 3.13302 3.20055
 49 2.70976 2.78269 2.85476 2.92597 2.99628 3.06568 3.13415 3.20167
 50 2.71099 2.78389 2.85596 2.92715 2.99745 3.06683 3.13529 3.20278
 51 2.71221 2.78510 2.85715 2.92833 2.99861 3.06798 3.13642 3.20390
 52 2.71343 2.78631 2.85834 2.92950 2.99977 3.06913 3.13755 3.20502
 53 2.71465 2.78752 2.85954 2.93068 3.00094 3.07028 3.13868 3.20613
 54 2.71587 2.78873 2.86073 2.93186 3.00210 3.07143 3.13982 3.20725
 55 2.71709 2.78993 2.86192 2.93304 3.00326 3.07257 3.14095 3.20836
 56 2.71831 2.79114 2.86311 2.93422 3.00443 3.07372 3.14208 3.20948
 57 2.71953 2.79235 2.86431 2.93540 3.00559 3.07487 3.14321 3.21059
 58 2.72076 2.79355 2.86550 2.93657 3.00675 3.07601 3.14434 3.21171
 59 2.72198 2.79476 2.86669 2.93775 3.00791 3.07716 3.14547 3.21282
 60 2.72320 2.79596 2.86788 2.93893 3.00908 3.07831 3.14660 3.21394



5-INCH SINE-BARS 3067

Constants for Setting a  5-inch Sine-Bar for 40° to 47°
Min.  40°  41°  42°  43°  44°  45°  46°  47°

 0 3.21394 3.28030 3.34565 3.40999 3.47329 3.53553 3.59670 3.65677
 1 3.21505 3.28139 3.34673 3.41106 3.47434 3.53656 3.59771 3.65776
 2 3.21617 3.28249 3.34781 3.41212 3.47538 3.53759 3.59872 3.65875
 3 3.21728 3.28359 3.34889 3.41318 3.47643 3.53862 3.59973 3.65974
 4 3.21839 3.28468 3.34997 3.41424 3.47747 3.53965 3.60074 3.66073
 5 3.21951 3.28578 3.35105 3.41531 3.47852 3.54067 3.60175 3.66172
 6 3.22062 3.28688 3.35213 3.41637 3.47956 3.54170 3.60276 3.66271
 7 3.22173 3.28797 3.35321 3.41743 3.48061 3.54273 3.60376 3.66370
 8 3.22284 3.28907 3.35429 3.41849 3.48165 3.54375 3.60477 3.66469
 9 3.22395 3.29016 3.35537 3.41955 3.48270 3.54478 3.60578 3.66568
 10 3.22507 3.29126 3.35645 3.42061 3.48374 3.54580 3.60679 3.66667
 11 3.22618 3.29235 3.35753 3.42168 3.48478 3.54683 3.60779 3.66766
 12 3.22729 3.29345 3.35860 3.42274 3.48583 3.54785 3.60880 3.66865
 13 3.22840 3.29454 3.35968 3.42380 3.48687 3.54888 3.60981 3.66964
 14 3.22951 3.29564 3.36076 3.42486 3.48791 3.54990 3.61081 3.67063
 15 3.23062 3.29673 3.36183 3.42592 3.48895 3.55093 3.61182 3.67161
 16 3.23173 3.29782 3.36291 3.42697 3.48999 3.55195 3.61283 3.67260
 17 3.23284 3.29892 3.36399 3.42803 3.49104 3.55297 3.61383 3.67359
 18 3.23395 3.30001 3.36506 3.42909 3.49208 3.55400 3.61484 3.67457
 19 3.23506 3.30110 3.36614 3.43015 3.49312 3.55502 3.61584 3.67556
 20 3.23617 3.30219 3.36721 3.43121 3.49416 3.55604 3.61684 3.67655
 21 3.23728 3.30329 3.36829 3.43227 3.49520 3.55707 3.61785 3.67753
 22 3.23838 3.30438 3.36936 3.43332 3.49624 3.55809 3.61885 3.67852
 23 3.23949 3.30547 3.37044 3.43438 3.49728 3.55911 3.61986 3.67950
 24 3.24060 3.30656 3.37151 3.43544 3.49832 3.56013 3.62086 3.68049
 25 3.24171 3.30765 3.37259 3.43649 3.49936 3.56115 3.62186 3.68147
 26 3.24281 3.30874 3.37366 3.43755 3.50039 3.56217 3.62286 3.68245
 27 3.24392 3.30983 3.37473 3.43861 3.50143 3.56319 3.62387 3.68344
 28 3.24503 3.31092 3.37581 3.43966 3.50247 3.56421 3.62487 3.68442
 29 3.24613 3.31201 3.37688 3.44072 3.50351 3.56523 3.62587 3.68540
 30 3.24724 3.31310 3.37795 3.44177 3.50455 3.56625 3.62687 3.68639
 31 3.24835 3.31419 3.37902 3.44283 3.50558 3.56727 3.62787 3.68737
 32 3.24945 3.31528 3.38010 3.44388 3.50662 3.56829 3.62887 3.68835
 33 3.25056 3.31637 3.38117 3.44494 3.50766 3.56931 3.62987 3.68933
 34 3.25166 3.31746 3.38224 3.44599 3.50869 3.57033 3.63087 3.69031
 35 3.25277 3.31854 3.38331 3.44704 3.50973 3.57135 3.63187 3.69130
 36 3.25387 3.31963 3.38438 3.44810 3.51077 3.57236 3.63287 3.69228
 37 3.25498 3.32072 3.38545 3.44915 3.51180 3.57338 3.63387 3.69326
 38 3.25608 3.32181 3.38652 3.45020 3.51284 3.57440 3.63487 3.69424
 39 3.25718 3.32289 3.38759 3.45126 3.51387 3.57542 3.63587 3.69522
 40 3.25829 3.32398 3.38866 3.45231 3.51491 3.57643 3.63687 3.69620
 41 3.25939 3.32507 3.38973 3.45336 3.51594 3.57745 3.63787 3.69718
 42 3.26049 3.32615 3.39080 3.45441 3.51697 3.57846 3.63886 3.69816
 43 3.26159 3.32724 3.39187 3.45546 3.51801 3.57948 3.63986 3.69913
 44 3.26270 3.32832 3.39294 3.45651 3.51904 3.58049 3.64086 3.70011
 45 3.26380 3.32941 3.39400 3.45757 3.52007 3.58151 3.64186 3.70109
 46 3.26490 3.33049 3.39507 3.45862 3.52111 3.58252 3.64285 3.70207
 47 3.26600 3.33158 3.39614 3.45967 3.52214 3.58354 3.64385 3.70305
 48 3.26710 3.33266 3.39721 3.46072 3.52317 3.58455 3.64484 3.70402
 49 3.26820 3.33375 3.39827 3.46177 3.52420 3.58557 3.64584 3.70500
 50 3.26930 3.33483 3.39934 3.46281 3.52523 3.58658 3.64683 3.70598
 51 3.27040 3.33591 3.40041 3.46386 3.52627 3.58759 3.64783 3.70695
 52 3.27150 3.33700 3.40147 3.46491 3.52730 3.58861 3.64882 3.70793
 53 3.27260 3.33808 3.40254 3.46596 3.52833 3.58962 3.64982 3.70890
 54 3.27370 3.33916 3.40360 3.46701 3.52936 3.59063 3.65081 3.70988
 55 3.27480 3.34025 3.40467 3.46806 3.53039 3.59164 3.65181 3.71085
 56 3.27590 3.34133 3.40573 3.46910 3.53142 3.59266 3.65280 3.71183
 57 3.27700 3.34241 3.40680 3.47015 3.53245 3.59367 3.65379 3.71280
 58 3.27810 3.34349 3.40786 3.47120 3.53348 3.59468 3.65478 3.71378
 59 3.27920 3.34457 3.40893 3.47225 3.53451 3.59569 3.65578 3.71475
 60 3.28030 3.34565 3.40999 3.47329 3.53553 3.59670 3.65677 3.71572



3068 5-INCH SINE-BARS

Constants for Setting a  5-inch Sine-Bar for 48° to 55°
Min.  48°  49°  50°  51°  52°  53°  54°  55°

 0 3.71572 3.77355 3.83022 3.88573 3.94005 3.99318 4.04508 4.09576
 1 3.71670 3.77450 3.83116 3.88665 3.94095 3.99405 4.04594 4.09659
 2 3.71767 3.77546 3.83209 3.88756 3.94184 3.99493 4.04679 4.09743
 3 3.71864 3.77641 3.83303 3.88847 3.94274 3.99580 4.04765 4.09826
 4 3.71961 3.77736 3.83396 3.88939 3.94363 3.99668 4.04850 4.09909
 5 3.72059 3.77831 3.83489 3.89030 3.94453 3.99755 4.04936 4.09993
 6 3.72156 3.77927 3.83583 3.89122 3.94542 3.99842 4.05021 4.10076
 7 3.72253 3.78022 3.83676 3.89213 3.94631 3.99930 4.05106 4.10159
 8 3.72350 3.78117 3.83769 3.89304 3.94721 4.00017 4.05191 4.10242
 9 3.72447 3.78212 3.83862 3.89395 3.94810 4.00104 4.05277 4.10325
 10 3.72544 3.78307 3.83956 3.89487 3.94899 4.00191 4.05362 4.10409
 11 3.72641 3.78402 3.84049 3.89578 3.94988 4.00279 4.05447 4.10492
 12 3.72738 3.78498 3.84142 3.89669 3.95078 4.00366 4.05532 4.10575
 13 3.72835 3.78593 3.84235 3.89760 3.95167 4.00453 4.05617 4.10658
 14 3.72932 3.78688 3.84328 3.89851 3.95256 4.00540 4.05702 4.10741
 15 3.73029 3.78783 3.84421 3.89942 3.95345 4.00627 4.05787 4.10823
 16 3.73126 3.78877 3.84514 3.90033 3.95434 4.00714 4.05872 4.10906
 17 3.73222 3.78972 3.84607 3.90124 3.95523 4.00801 4.05957 4.10989
 18 3.73319 3.79067 3.84700 3.90215 3.95612 4.00888 4.06042 4.11072
 19 3.73416 3.79162 3.84793 3.90306 3.95701 4.00975 4.06127 4.11155
 20 3.73513 3.79257 3.84886 3.90397 3.95790 4.01062 4.06211 4.11238
 21 3.73609 3.79352 3.84978 3.90488 3.95878 4.01148 4.06296 4.11320
 22 3.73706 3.79446 3.85071 3.90579 3.95967 4.01235 4.06381 4.11403
 23 3.73802 3.79541 3.85164 3.90669 3.96056 4.01322 4.06466 4.11486
 24 3.73899 3.79636 3.85257 3.90760 3.96145 4.01409 4.06550 4.11568
 25 3.73996 3.79730 3.85349 3.90851 3.96234 4.01495 4.06635 4.11651
 26 3.74092 3.79825 3.85442 3.90942 3.96322 4.01582 4.06720 4.11733
 27 3.74189 3.79919 3.85535 3.91032 3.96411 4.01669 4.06804 4.11816
 28 3.74285 3.80014 3.85627 3.91123 3.96500 4.01755 4.06889 4.11898
 29 3.74381 3.80109 3.85720 3.91214 3.96588 4.01842 4.06973 4.11981
 30 3.74478 3.80203 3.85812 3.91304 3.96677 4.01928 4.07058 4.12063
 31 3.74574 3.80297 3.85905 3.91395 3.96765 4.02015 4.07142 4.12145
 32 3.74671 3.80392 3.85997 3.91485 3.96854 4.02101 4.07227 4.12228
 33 3.74767 3.80486 3.86090 3.91576 3.96942 4.02188 4.07311 4.12310
 34 3.74863 3.80581 3.86182 3.91666 3.97031 4.02274 4.07395 4.12392
 35 3.74959 3.80675 3.86274 3.91756 3.97119 4.02361 4.07480 4.12475
 36 3.75056 3.80769 3.86367 3.91847 3.97207 4.02447 4.07564 4.12557
 37 3.75152 3.80863 3.86459 3.91937 3.97296 4.02533 4.07648 4.12639
 38 3.75248 3.80958 3.86551 3.92027 3.97384 4.02619 4.07732 4.12721
 39 3.75344 3.81052 3.86644 3.92118 3.97472 4.02706 4.07817 4.12803
 40 3.75440 3.81146 3.86736 3.92208 3.97560 4.02792 4.07901 4.12885
 41 3.75536 3.81240 3.86828 3.92298 3.97649 4.02878 4.07985 4.12967
 42 3.75632 3.81334 3.86920 3.92388 3.97737 4.02964 4.08069 4.13049
 43 3.75728 3.81428 3.87012 3.92478 3.97825 4.03050 4.08153 4.13131
 44 3.75824 3.81522 3.87104 3.92568 3.97913 4.03136 4.08237 4.13213
 45 3.75920 3.81616 3.87196 3.92658 3.98001 4.03222 4.08321 4.13295
 46 3.76016 3.81710 3.87288 3.92748 3.98089 4.03308 4.08405 4.13377
 47 3.76112 3.81804 3.87380 3.92839 3.98177 4.03394 4.08489 4.13459
 48 3.76207 3.81898 3.87472 3.92928 3.98265 4.03480 4.08572 4.13540
 49 3.76303 3.81992 3.87564 3.93018 3.98353 4.03566 4.08656 4.13622
 50 3.76399 3.82086 3.87656 3.93108 3.98441 4.03652 4.08740 4.13704
 51 3.76495 3.82179 3.87748 3.93198 3.98529 4.03738 4.08824 4.13785
 52 3.76590 3.82273 3.87840 3.93288 3.98616 4.03823 4.08908 4.13867
 53 3.76686 3.82367 3.87931 3.93378 3.98704 4.03909 4.08991 4.13949
 54 3.76782 3.82461 3.88023 3.93468 3.98792 4.03995 4.09075 4.14030
 55 3.76877 3.82554 3.88115 3.93557 3.98880 4.04081 4.09158 4.14112
 56 3.76973 3.82648 3.88207 3.93647 3.98967 4.04166 4.09242 4.14193
 57 3.77068 3.82742 3.88298 3.93737 3.99055 4.04252 4.09326 4.14275
 58 3.77164 3.82835 3.88390 3.93826 3.99143 4.04337 4.09409 4.14356
 59 3.77259 3.82929 3.88481 3.93916 3.99230 4.04423 4.09493 4.14437
 60 3.77355 3.83022 3.88573 3.94005 3.99318 4.04508 4.09576 4.14519



10-INCH SINE-BARS 3069

Constants for 10-inch Sine-Bar

Constants for Setting a 10-inch Sine-Bar for 0° to 7°
Min. 0° 1° 2° 3° 4° 5° 6° 7°

 0 0.000000 0.17452 0.34899 0.52336 0.69756 0.87156 1.04528 1.218693
 1 0.002909 0.17743 0.35190 0.52626 0.70047 0.87446 1.04818 1.221581
 2 0.005818 0.18034 0.35481 0.52917 0.70337 0.87735 1.05107 1.224468
 3 0.008727 0.18325 0.35772 0.53207 0.70627 0.88025 1.05396 1.227355
 4 0.011636 0.18616 0.36062 0.53498 0.70917 0.88315 1.05686 1.230241
 5 0.014544 0.18907 0.36353 0.53788 0.71207 0.88605 1.05975 1.233128
 6 0.017453 0.19197 0.36644 0.54079 0.71497 0.88894 1.06264 1.236015
 7 0.020362 0.19488 0.36934 0.54369 0.71788 0.89184 1.06553 1.238901
 8 0.023271 0.19779 0.37225 0.54660 0.72078 0.89474 1.06843 1.241788
 9 0.026180 0.20070 0.37516 0.54950 0.72368 0.89763 1.07132 1.244674
 10 0.029089 0.20361 0.37806 0.55241 0.72658 0.90053 1.07421 1.247560
 11 0.031998 0.20652 0.38097 0.55531 0.72948 0.90343 1.07710 1.250446
 12 0.034907 0.20942 0.38388 0.55822 0.73238 0.90633 1.07999 1.253332
 13 0.037815 0.21233 0.38678 0.56112 0.73528 0.90922 1.08289 1.256218
 14 0.040724 0.21524 0.38969 0.56402 0.73818 0.91212 1.08578 1.259104
 15 0.043633 0.21815 0.39260 0.56693 0.74108 0.91502 1.08867 1.261990
 16 0.046542 0.22106 0.39550 0.56983 0.74399 0.91791 1.09156 1.264875
 17 0.049451 0.22397 0.39841 0.57274 0.74689 0.92081 1.09445 1.267761
 18 0.052360 0.22687 0.40132 0.57564 0.74979 0.92371 1.09734 1.270646
 19 0.055268 0.22978 0.40422 0.57854 0.75269 0.92660 1.10023 1.273531
 20 0.058177 0.23269 0.40713 0.58145 0.75559 0.92950 1.10313 1.276417
 21 0.061086 0.23560 0.41004 0.58435 0.75849 0.93239 1.10602 1.279302
 22 0.063995 0.23851 0.41294 0.58726 0.76139 0.93529 1.10891 1.282187
 23 0.066904 0.24141 0.41585 0.59016 0.76429 0.93819 1.11180 1.285071
 24 0.069813 0.24432 0.41876 0.59306 0.76719 0.94108 1.11469 1.287956
 25 0.072721 0.24723 0.42166 0.59597 0.77009 0.94398 1.11758 1.290841
 26 0.075630 0.25014 0.42457 0.59887 0.77299 0.94687 1.12047 1.293725
 27 0.078539 0.25305 0.42748 0.60177 0.77589 0.94977 1.12336 1.296609
 28 0.081448 0.25595 0.43038 0.60468 0.77879 0.95267 1.12625 1.299494
 29 0.084357 0.25886 0.43329 0.60758 0.78169 0.95556 1.12914 1.302378
 30 0.087265 0.26177 0.43619 0.61049 0.78459 0.95846 1.13203 1.305262
 31 0.090174 0.26468 0.43910 0.61339 0.78749 0.96135 1.13492 1.308146
 32 0.093083 0.26759 0.44201 0.61629 0.79039 0.96425 1.13781 1.311030
 33 0.095992 0.27049 0.44491 0.61920 0.79329 0.96714 1.14070 1.313913
 34 0.098900 0.27340 0.44782 0.62210 0.79619 0.97004 1.14359 1.316797
 35 0.101809 0.27631 0.45072 0.62500 0.79909 0.97293 1.14648 1.319681
 36 0.104718 0.27922 0.45363 0.62791 0.80199 0.97583 1.14937 1.322564
 37 0.107627 0.28212 0.45654 0.63081 0.80489 0.97872 1.15226 1.325447
 38 0.110535 0.28503 0.45944 0.63371 0.80779 0.98162 1.15515 1.328330
 39 0.113444 0.28794 0.46235 0.63661 0.81069 0.98451 1.15804 1.331213
 40 0.116353 0.29085 0.46525 0.63952 0.81359 0.98741 1.16093 1.334096
 41 0.119261 0.29375 0.46816 0.64242 0.81649 0.99030 1.16382 1.336979
 42 0.122170 0.29666 0.47106 0.64532 0.81939 0.99320 1.16671 1.339862
 43 0.125079 0.29957 0.47397 0.64823 0.82228 0.99609 1.16960 1.342744
 44 0.127987 0.30248 0.47688 0.65113 0.82518 0.99899 1.17249 1.345627
 45 0.130896 0.30539 0.47978 0.65403 0.82808 1.00188 1.17537 1.348509
 46 0.133805 0.30829 0.48269 0.65693 0.83098 1.00477 1.17826 1.351392
 47 0.136713 0.31120 0.48559 0.65984 0.83388 1.00767 1.18115 1.354274
 48 0.139622 0.31411 0.48850 0.66274 0.83678 1.01056 1.18404 1.357156
 49 0.142530 0.31702 0.49140 0.66564 0.83968 1.01346 1.18693 1.360038
 50 0.145439 0.31992 0.49431 0.66854 0.84258 1.01635 1.18982 1.362919
 51 0.148348 0.32283 0.49721 0.67145 0.84547 1.01924 1.19270 1.365801
 52 0.151256 0.32574 0.50012 0.67435 0.84837 1.02214 1.19559 1.368683
 53 0.154165 0.32864 0.50302 0.67725 0.85127 1.02503 1.19848 1.371564
 54 0.157073 0.33155 0.50593 0.68015 0.85417 1.02793 1.20137 1.374446
 55 0.159982 0.33446 0.50883 0.68306 0.85707 1.03082 1.20426 1.377327
 56 0.162890 0.33737 0.51174 0.68596 0.85997 1.03371 1.20714 1.380208
 57 0.165799 0.34027 0.51464 0.68886 0.86286 1.03661 1.21003 1.383089
 58 0.168707 0.34318 0.51755 0.69176 0.86576 1.03950 1.21292 1.385970
 59 0.171616 0.34609 0.52045 0.69466 0.86866 1.04239 1.21581 1.388850
 60 0.174524 0.34899 0.52336 0.69756 0.87156 1.04528 1.21869 1.391731



3070 10-INCH SINE-BARS

Constants for Setting a 10-inch Sine-Bar for 8° to 15°
Min. 8° 9° 10° 11° 12° 13° 14° 15°

 0 1.391731 1.56434 1.73648 1.90809 2.07912 2.24951 2.41922 2.588191
 1 1.394611 1.56722 1.73935 1.91095 2.08196 2.25234 2.42204 2.591000
 2 1.397492 1.57009 1.74221 1.91380 2.08481 2.25518 2.42486 2.593810
 3 1.400372 1.57296 1.74508 1.91666 2.08765 2.25801 2.42769 2.596619
 4 1.403252 1.57584 1.74794 1.91951 2.09050 2.26085 2.43051 2.599428
 5 1.406132 1.57871 1.75080 1.92237 2.09334 2.26368 2.43333 2.602237
 6 1.409012 1.58158 1.75367 1.92522 2.09619 2.26651 2.43615 2.605045
 7 1.411892 1.58445 1.75653 1.92807 2.09903 2.26935 2.43897 2.607853
 8 1.414772 1.58732 1.75939 1.93093 2.10187 2.27218 2.44179 2.610662
 9 1.417651 1.59020 1.76226 1.93378 2.10472 2.27501 2.44461 2.613469
 10 1.420531 1.59307 1.76512 1.93664 2.10756 2.27784 2.44743 2.616277
 11 1.423410 1.59594 1.76798 1.93949 2.11040 2.28068 2.45025 2.619085
 12 1.426289 1.59881 1.77085 1.94234 2.11325 2.28351 2.45307 2.621892
 13 1.429168 1.60168 1.77371 1.94520 2.11609 2.28634 2.45589 2.624699
 14 1.432047 1.60455 1.77657 1.94805 2.11893 2.28917 2.45871 2.627506
 15 1.434926 1.60743 1.77944 1.95090 2.12178 2.29200 2.46153 2.630312
 16 1.437805 1.61030 1.78230 1.95376 2.12462 2.29484 2.46435 2.633119
 17 1.440684 1.61317 1.78516 1.95661 2.12746 2.29767 2.46717 2.635925
 18 1.443562 1.61604 1.78802 1.95946 2.13030 2.30050 2.46999 2.638731
 19 1.446440 1.61891 1.79088 1.96231 2.13315 2.30333 2.47281 2.641536
 20 1.449319 1.62178 1.79375 1.96517 2.13599 2.30616 2.47563 2.644342
 21 1.452197 1.62465 1.79661 1.96802 2.13883 2.30899 2.47845 2.647147
 22 1.455075 1.62752 1.79947 1.97087 2.14167 2.31182 2.48126 2.649952
 23 1.457953 1.63039 1.80233 1.97372 2.14451 2.31465 2.48408 2.652757
 24 1.460830 1.63326 1.80519 1.97657 2.14735 2.31748 2.48690 2.655561
 25 1.463708 1.63613 1.80805 1.97942 2.15019 2.32031 2.48972 2.658366
 26 1.466585 1.63900 1.81091 1.98228 2.15303 2.32314 2.49253 2.661170
 27 1.469463 1.64187 1.81377 1.98513 2.15588 2.32597 2.49535 2.663974
 28 1.472340 1.64474 1.81663 1.98798 2.15872 2.32880 2.49817 2.666777
 29 1.475217 1.64761 1.81950 1.99083 2.16156 2.33163 2.50098 2.669581
 30 1.478094 1.65048 1.82236 1.99368 2.16440 2.33445 2.50380 2.672384
 31 1.480971 1.65334 1.82522 1.99653 2.16724 2.33728 2.50662 2.675187
 32 1.483848 1.65621 1.82808 1.99938 2.17008 2.34011 2.50943 2.677990
 33 1.486724 1.65908 1.83094 2.00223 2.17292 2.34294 2.51225 2.680792
 34 1.489601 1.66195 1.83379 2.00508 2.17575 2.34577 2.51506 2.683594
 35 1.492477 1.66482 1.83665 2.00793 2.17859 2.34859 2.51788 2.686396
 36 1.495354 1.66769 1.83951 2.01078 2.18143 2.35142 2.52069 2.689198
 37 1.498230 1.67056 1.84237 2.01363 2.18427 2.35425 2.52351 2.692000
 38 1.501106 1.67342 1.84523 2.01648 2.18711 2.35708 2.52632 2.694801
 39 1.503981 1.67629 1.84809 2.01933 2.18995 2.35990 2.52914 2.697602
 40 1.506857 1.67916 1.85095 2.02218 2.19279 2.36273 2.53195 2.700403
 41 1.509733 1.68203 1.85381 2.02502 2.19562 2.36556 2.53477 2.703204
 42 1.512608 1.68489 1.85667 2.02787 2.19846 2.36838 2.53758 2.706005
 43 1.515483 1.68776 1.85952 2.03072 2.20130 2.37121 2.54039 2.708805
 44 1.518359 1.69063 1.86238 2.03357 2.20414 2.37403 2.54321 2.711605
 45 1.521234 1.69350 1.86524 2.03642 2.20697 2.37686 2.54602 2.714405
 46 1.524109 1.69636 1.86810 2.03927 2.20981 2.37968 2.54883 2.717204
 47 1.526984 1.69923 1.87096 2.04211 2.21265 2.38251 2.55165 2.720004
 48 1.529858 1.70210 1.87381 2.04496 2.21549 2.38533 2.55446 2.722803
 49 1.532733 1.70496 1.87667 2.04781 2.21832 2.38816 2.55727 2.725601
 50 1.535607 1.70783 1.87953 2.05065 2.22116 2.39098 2.56008 2.728400
 51 1.538482 1.71069 1.88238 2.05350 2.22399 2.39381 2.56289 2.731199
 52 1.541356 1.71356 1.88524 2.05635 2.22683 2.39663 2.56571 2.733997
 53 1.544230 1.71643 1.88810 2.05920 2.22967 2.39946 2.56852 2.736794
 54 1.547104 1.71929 1.89095 2.06204 2.23250 2.40228 2.57133 2.739592
 55 1.549978 1.72216 1.89381 2.06489 2.23534 2.40510 2.57414 2.742390
 56 1.552851 1.72502 1.89667 2.06773 2.23817 2.40793 2.57695 2.745187
 57 1.555725 1.72789 1.89952 2.07058 2.24101 2.41075 2.57976 2.747984
 58 1.558598 1.73075 1.90238 2.07343 2.24384 2.41357 2.58257 2.750781
 59 1.561472 1.73362 1.90523 2.07627 2.24668 2.41640 2.58538 2.753577
 60 1.564345 1.73648 1.90809 2.07912 2.24951 2.41922 2.58819 2.756374



10-INCH SINE-BARS 3071

Constants for Setting a 10-inch Sine-Bar for 16° to 23°
Min. 16° 17° 18° 19° 20° 21° 22° 23°

 0 2.756374 2.92372 3.09017 3.25568 3.42020 3.58368 3.74607 3.907311
 1 2.759170 2.92650 3.09294 3.25843 3.42293 3.58640 3.74876 3.909989
 2 2.761966 2.92928 3.09570 3.26118 3.42567 3.58911 3.75146 3.912666
 3 2.764761 2.93206 3.09847 3.26393 3.42840 3.59183 3.75416 3.915343
 4 2.767557 2.93484 3.10123 3.26668 3.43113 3.59454 3.75685 3.918020
 5 2.770352 2.93762 3.10400 3.26943 3.43387 3.59725 3.75955 3.920696
 6 2.773147 2.94040 3.10676 3.27218 3.43660 3.59997 3.76224 3.923371
 7 2.775941 2.94318 3.10953 3.27493 3.43933 3.60268 3.76494 3.926047
 8 2.778736 2.94596 3.11229 3.27768 3.44206 3.60540 3.76763 3.928722
 9 2.781530 2.94874 3.11506 3.28042 3.44479 3.60811 3.77033 3.931397
 10 2.784324 2.95152 3.11782 3.28317 3.44752 3.61082 3.77302 3.934071
 11 2.787117 2.95430 3.12059 3.28592 3.45025 3.61353 3.77571 3.936745
 12 2.789911 2.95708 3.12335 3.28867 3.45298 3.61625 3.77841 3.939419
 13 2.792705 2.95986 3.12611 3.29141 3.45571 3.61896 3.78110 3.942093
 14 2.795497 2.96264 3.12888 3.29416 3.45844 3.62167 3.78379 3.944766
 15 2.798290 2.96542 3.13164 3.29691 3.46117 3.62438 3.78649 3.947439
 16 2.801083 2.96819 3.13440 3.29965 3.46390 3.62709 3.78918 3.950111
 17 2.803875 2.97097 3.13716 3.30240 3.46663 3.62980 3.79187 3.952783
 18 2.806667 2.97375 3.13992 3.30514 3.46936 3.63251 3.79456 3.955455
 19 2.809459 2.97653 3.14269 3.30789 3.47208 3.63522 3.79725 3.958127
 20 2.812251 2.97930 3.14545 3.31063 3.47481 3.63793 3.79994 3.960798
 21 2.815042 2.98208 3.14821 3.31338 3.47754 3.64064 3.80263 3.963469
 22 2.817833 2.98486 3.15097 3.31612 3.48027 3.64335 3.80532 3.966139
 23 2.820624 2.98763 3.15373 3.31887 3.48299 3.64606 3.80801 3.968809
 24 2.823415 2.99041 3.15649 3.32161 3.48572 3.64877 3.81070 3.971479
 25 2.826205 2.99318 3.15925 3.32435 3.48845 3.65148 3.81339 3.974148
 26 2.828995 2.99596 3.16201 3.32710 3.49117 3.65418 3.81608 3.976817
 27 2.831785 2.99873 3.16477 3.32984 3.49390 3.65689 3.81877 3.979486
 28 2.834575 3.00151 3.16753 3.33258 3.49662 3.65960 3.82146 3.982155
 29 2.837364 3.00428 3.17029 3.33533 3.49935 3.66231 3.82415 3.984823
 30 2.840153 3.00706 3.17305 3.33807 3.50207 3.66501 3.82683 3.987491
 31 2.842942 3.00983 3.17581 3.34081 3.50480 3.66772 3.82952 3.990158
 32 2.845731 3.01261 3.17856 3.34355 3.50752 3.67042 3.83221 3.992825
 33 2.848520 3.01538 3.18132 3.34629 3.51025 3.67313 3.83490 3.995492
 34 2.851308 3.01815 3.18408 3.34903 3.51297 3.67584 3.83758 3.998159
 35 2.854096 3.02093 3.18684 3.35178 3.51569 3.67854 3.84027 4.000825
 36 2.856884 3.02370 3.18959 3.35452 3.51842 3.68125 3.84295 4.003490
 37 2.859671 3.02647 3.19235 3.35726 3.52114 3.68395 3.84564 4.006156
 38 2.862458 3.02924 3.19511 3.36000 3.52386 3.68665 3.84832 4.008821
 39 2.865246 3.03202 3.19786 3.36274 3.52658 3.68936 3.85101 4.011486
 40 2.868032 3.03479 3.20062 3.36547 3.52931 3.69206 3.85369 4.014150
 41 2.870819 3.03756 3.20337 3.36821 3.53203 3.69476 3.85638 4.016814
 42 2.873605 3.04033 3.20613 3.37095 3.53475 3.69747 3.85906 4.019478
 43 2.876391 3.04310 3.20889 3.37369 3.53747 3.70017 3.86174 4.022141
 44 2.879177 3.04587 3.21164 3.37643 3.54019 3.70287 3.86443 4.024804
 45 2.881963 3.04864 3.21439 3.37917 3.54291 3.70557 3.86711 4.027467
 46 2.884748 3.05141 3.21715 3.38190 3.54563 3.70828 3.86979 4.030129
 47 2.887533 3.05418 3.21990 3.38464 3.54835 3.71098 3.87247 4.032791
 48 2.890318 3.05695 3.22266 3.38738 3.55107 3.71368 3.87516 4.035453
 49 2.893103 3.05972 3.22541 3.39012 3.55379 3.71638 3.87784 4.038115
 50 2.895887 3.06249 3.22816 3.39285 3.55651 3.71908 3.88052 4.040775
 51 2.898671 3.06526 3.23092 3.39559 3.55923 3.72178 3.88320 4.043436
 52 2.901455 3.06803 3.23367 3.39832 3.56194 3.72448 3.88588 4.046096
 53 2.904239 3.07080 3.23642 3.40106 3.56466 3.72718 3.88856 4.048756
 54 2.907022 3.07357 3.23917 3.40380 3.56738 3.72988 3.89124 4.051416
 55 2.909805 3.07633 3.24193 3.40653 3.57010 3.73258 3.89392 4.054075
 56 2.912588 3.07910 3.24468 3.40927 3.57281 3.73528 3.89660 4.056734
 57 2.915371 3.08187 3.24743 3.41200 3.57553 3.73797 3.89928 4.059393
 58 2.918153 3.08464 3.25018 3.41473 3.57825 3.74067 3.90196 4.062051
 59 2.920935 3.08740 3.25293 3.41747 3.58096 3.74337 3.90463 4.064709
 60 2.923717 3.09017 3.25568 3.42020 3.58368 3.74607 3.90731 4.067367



3072 10-INCH SINE-BARS

Constants for Setting a 10-inch Sine-Bar for 24° to 31°
Min. 24° 25° 26° 27° 28° 29° 30° 31°

 0 4.067367 4.22618 4.38371 4.53991 4.69472 4.84810 5.00000 5.150381
 1 4.070024 4.22882 4.38633 4.54250 4.69728 4.85064 5.00252 5.152874
 2 4.072680 4.23145 4.38894 4.54509 4.69985 4.85318 5.00504 5.155367
 3 4.075337 4.23409 4.39155 4.54768 4.70242 4.85573 5.00756 5.157859
 4 4.077993 4.23673 4.39417 4.55027 4.70499 4.85827 5.01007 5.160351
 5 4.080649 4.23936 4.39678 4.55286 4.70755 4.86081 5.01259 5.162843
 6 4.083305 4.24199 4.39939 4.55545 4.71012 4.86335 5.01511 5.165333
 7 4.085960 4.24463 4.40200 4.55804 4.71268 4.86590 5.01762 5.167824
 8 4.088614 4.24726 4.40462 4.56063 4.71525 4.86844 5.02014 5.170314
 9 4.091269 4.24990 4.40723 4.56322 4.71781 4.87098 5.02266 5.172804
 10 4.093923 4.25253 4.40984 4.56580 4.72038 4.87352 5.02517 5.175293
 11 4.096577 4.25516 4.41245 4.56839 4.72294 4.87606 5.02769 5.177782
 12 4.099231 4.25779 4.41506 4.57098 4.72551 4.87860 5.03020 5.180270
 13 4.101883 4.26043 4.41767 4.57357 4.72807 4.88114 5.03271 5.182758
 14 4.104536 4.26306 4.42028 4.57615 4.73063 4.88367 5.03523 5.185246
 15 4.107189 4.26569 4.42289 4.57874 4.73320 4.88621 5.03774 5.187733
 16 4.109840 4.26832 4.42550 4.58133 4.73576 4.88875 5.04025 5.190219
 17 4.112492 4.27095 4.42810 4.58391 4.73832 4.89129 5.04276 5.192706
 18 4.115144 4.27358 4.43071 4.58650 4.74088 4.89382 5.04528 5.195191
 19 4.117795 4.27621 4.43332 4.58908 4.74344 4.89636 5.04779 5.197677
 20 4.120445 4.27884 4.43593 4.59166 4.74600 4.89890 5.05030 5.200161
 21 4.123096 4.28147 4.43853 4.59425 4.74856 4.90143 5.05281 5.202646
 22 4.125746 4.28410 4.44114 4.59683 4.75112 4.90397 5.05532 5.205130
 23 4.128395 4.28672 4.44375 4.59942 4.75368 4.90650 5.05783 5.207613
 24 4.131044 4.28935 4.44635 4.60200 4.75624 4.90904 5.06034 5.210096
 25 4.133693 4.29198 4.44896 4.60458 4.75880 4.91157 5.06285 5.212579
 26 4.136342 4.29461 4.45156 4.60716 4.76136 4.91411 5.06535 5.215061
 27 4.138990 4.29723 4.45417 4.60974 4.76392 4.91664 5.06786 5.217543
 28 4.141638 4.29986 4.45677 4.61233 4.76647 4.91917 5.07037 5.220025
 29 4.144285 4.30249 4.45937 4.61491 4.76903 4.92170 5.07288 5.222506
 30 4.146933 4.30511 4.46198 4.61749 4.77159 4.92424 5.07538 5.224986
 31 4.149580 4.30774 4.46458 4.62007 4.77414 4.92677 5.07789 5.227466
 32 4.152225 4.31036 4.46718 4.62265 4.77670 4.92930 5.08040 5.229945
 33 4.154872 4.31299 4.46979 4.62523 4.77925 4.93183 5.08290 5.232424
 34 4.157518 4.31561 4.47239 4.62780 4.78181 4.93436 5.08541 5.234903
 35 4.160163 4.31823 4.47499 4.63038 4.78436 4.93689 5.08791 5.237381
 36 4.162808 4.32086 4.47759 4.63296 4.78692 4.93942 5.09041 5.239859
 37 4.165453 4.32348 4.48019 4.63554 4.78947 4.94195 5.09292 5.242337
 38 4.168097 4.32610 4.48279 4.63812 4.79203 4.94448 5.09542 5.244813
 39 4.170741 4.32873 4.48539 4.64069 4.79458 4.94700 5.09792 5.247290
 40 4.173385 4.33135 4.48799 4.64327 4.79713 4.94953 5.10043 5.249766
 41 4.176028 4.33397 4.49059 4.64584 4.79968 4.95206 5.10293 5.252242
 42 4.178671 4.33659 4.49319 4.64842 4.80224 4.95459 5.10543 5.254717
 43 4.181314 4.33921 4.49579 4.65100 4.80479 4.95711 5.10793 5.257191
 44 4.183956 4.34183 4.49839 4.65357 4.80734 4.95964 5.11043 5.259665
 45 4.186597 4.34445 4.50098 4.65615 4.80989 4.96217 5.11293 5.262139
 46 4.189239 4.34707 4.50358 4.65872 4.81244 4.96469 5.11543 5.264613
 47 4.191880 4.34969 4.50618 4.66129 4.81499 4.96722 5.11793 5.267086
 48 4.194521 4.35231 4.50878 4.66387 4.81754 4.96974 5.12043 5.269558
 49 4.197162 4.35493 4.51137 4.66644 4.82009 4.97226 5.12293 5.272030
 50 4.199801 4.35755 4.51397 4.66901 4.82263 4.97479 5.12543 5.274502
 51 4.202441 4.36017 4.51656 4.67158 4.82518 4.97731 5.12792 5.276973
 52 4.205081 4.36278 4.51916 4.67416 4.82773 4.97983 5.13042 5.279443
 53 4.207719 4.36540 4.52175 4.67673 4.83028 4.98236 5.13292 5.281914
 54 4.210358 4.36802 4.52435 4.67930 4.83282 4.98488 5.13541 5.284383
 55 4.212996 4.37063 4.52694 4.68187 4.83537 4.98740 5.13791 5.286853
 56 4.215634 4.37325 4.52953 4.68444 4.83792 4.98992 5.14040 5.289321
 57 4.218272 4.37587 4.53213 4.68701 4.84046 4.99244 5.14290 5.291790
 58 4.220910 4.37848 4.53472 4.68958 4.84301 4.99496 5.14539 5.294258
 59 4.223546 4.38110 4.53731 4.69215 4.84555 4.99748 5.14789 5.296726
 60 4.226183 4.38371 4.53991 4.69472 4.84810 5.00000 5.15038 5.299193



10-INCH SINE-BARS 3073

Constants for Setting a 10-inch Sine-Bar for 32° to 39°
Min. 32° 33° 34° 35° 36° 37° 38° 39°

 0 5.299193 5.44639 5.59193 5.73576 5.87785 6.01815 6.15661 6.293204
 1 5.301660 5.44883 5.59434 5.73815 5.88021 6.02047 6.15891 6.295465
 2 5.304125 5.45127 5.59675 5.74053 5.88256 6.02280 6.16120 6.297724
 3 5.306591 5.45371 5.59916 5.74291 5.88491 6.02512 6.16349 6.299984
 4 5.309057 5.45614 5.60157 5.74529 5.88726 6.02744 6.16578 6.302242
 5 5.311522 5.45858 5.60398 5.74767 5.88961 6.02976 6.16807 6.304501
 6 5.313986 5.46102 5.60639 5.75005 5.89196 6.03208 6.17036 6.306758
 7 5.316450 5.46346 5.60880 5.75243 5.89431 6.03440 6.17265 6.309015
 8 5.318913 5.46589 5.61121 5.75481 5.89666 6.03672 6.17494 6.311272
 9 5.321377 5.46833 5.61361 5.75719 5.89901 6.03904 6.17722 6.313529
 10 5.323839 5.47076 5.61602 5.75957 5.90136 6.04136 6.17951 6.315784
 11 5.326302 5.47320 5.61843 5.76195 5.90371 6.04367 6.18180 6.318039
 12 5.328763 5.47563 5.62083 5.76432 5.90606 6.04599 6.18408 6.320293
 13 5.331224 5.47807 5.62324 5.76670 5.90840 6.04831 6.18637 6.322547
 14 5.333685 5.48050 5.62564 5.76908 5.91075 6.05062 6.18865 6.324800
 15 5.336145 5.48293 5.62805 5.77145 5.91310 6.05294 6.19094 6.327054
 16 5.338605 5.48536 5.63045 5.77383 5.91544 6.05526 6.19322 6.329306
 17 5.341064 5.48780 5.63286 5.77620 5.91779 6.05757 6.19551 6.331558
 18 5.343524 5.49023 5.63526 5.77858 5.92013 6.05988 6.19779 6.333809
 19 5.345982 5.49266 5.63766 5.78095 5.92248 6.06220 6.20007 6.336060
 20 5.348440 5.49509 5.64007 5.78332 5.92482 6.06451 6.20235 6.338310
 21 5.350898 5.49752 5.64247 5.78570 5.92716 6.06682 6.20464 6.340559
 22 5.353355 5.49995 5.64487 5.78807 5.92950 6.06914 6.20692 6.342808
 23 5.355812 5.50238 5.64727 5.79044 5.93185 6.07145 6.20920 6.345057
 24 5.358268 5.50481 5.64967 5.79281 5.93419 6.07376 6.21148 6.347305
 25 5.360724 5.50724 5.65207 5.79518 5.93653 6.07607 6.21376 6.349553
 26 5.363179 5.50966 5.65447 5.79755 5.93887 6.07838 6.21604 6.351800
 27 5.365634 5.51209 5.65687 5.79992 5.94121 6.08069 6.21831 6.354046
 28 5.368089 5.51452 5.65927 5.80229 5.94355 6.08300 6.22059 6.356292
 29 5.370543 5.51694 5.66166 5.80466 5.94589 6.08531 6.22287 6.358538
 30 5.372996 5.51937 5.66406 5.80703 5.94823 6.08761 6.22515 6.360782
 31 5.375449 5.52180 5.66646 5.80940 5.95057 6.08992 6.22742 6.363027
 32 5.377902 5.52422 5.66886 5.81177 5.95290 6.09223 6.22970 6.365270
 33 5.380354 5.52664 5.67125 5.81413 5.95524 6.09454 6.23197 6.367514
 34 5.382806 5.52907 5.67365 5.81650 5.95758 6.09684 6.23425 6.369756
 35 5.385257 5.53149 5.67604 5.81886 5.95991 6.09915 6.23652 6.371998
 36 5.387708 5.53392 5.67844 5.82123 5.96225 6.10145 6.23880 6.374240
 37 5.390158 5.53634 5.68083 5.82359 5.96458 6.10376 6.24107 6.376481
 38 5.392609 5.53876 5.68323 5.82596 5.96692 6.10606 6.24334 6.378722
 39 5.395058 5.54118 5.68562 5.82832 5.96925 6.10836 6.24561 6.380962
 40 5.397507 5.54360 5.68801 5.83069 5.97159 6.11067 6.24789 6.383201
 41 5.399955 5.54602 5.69040 5.83305 5.97392 6.11297 6.25016 6.385440
 42 5.402403 5.54844 5.69280 5.83541 5.97625 6.11527 6.25243 6.387679
 43 5.404851 5.55086 5.69519 5.83777 5.97858 6.11757 6.25470 6.389916
 44 5.407298 5.55328 5.69758 5.84014 5.98092 6.11987 6.25697 6.392153
 45 5.409745 5.55570 5.69997 5.84250 5.98325 6.12217 6.25923 6.394390
 46 5.412191 5.55812 5.70236 5.84486 5.98558 6.12447 6.26150 6.396626
 47 5.414637 5.56054 5.70475 5.84722 5.98791 6.12677 6.26377 6.398862
 48 5.417082 5.56296 5.70714 5.84958 5.99024 6.12907 6.26604 6.401097
 49 5.419527 5.56537 5.70952 5.85194 5.99257 6.13137 6.26830 6.403332
 50 5.421971 5.56779 5.71191 5.85429 5.99489 6.13367 6.27057 6.405566
 51 5.424415 5.57021 5.71430 5.85665 5.99722 6.13596 6.27284 6.407799
 52 5.426859 5.57262 5.71669 5.85901 5.99955 6.13826 6.27510 6.410032
 53 5.429302 5.57504 5.71907 5.86137 6.00188 6.14056 6.27737 6.412265
 54 5.431745 5.57745 5.72146 5.86372 6.00420 6.14285 6.27963 6.414497
 55 5.434187 5.57987 5.72384 5.86608 6.00653 6.14515 6.28189 6.416728
 56 5.436628 5.58228 5.72623 5.86844 6.00885 6.14744 6.28416 6.418959
 57 5.439070 5.58469 5.72861 5.87079 6.01118 6.14974 6.28642 6.421189
 58 5.441511 5.58711 5.73100 5.87315 6.01350 6.15203 6.28868 6.423419
 59 5.443951 5.58952 5.73338 5.87550 6.01583 6.15432 6.29094 6.425648
 60 5.446391 5.59193 5.73576 5.87785 6.01815 6.15661 6.29320 6.427876



3074 10-INCH SINE-BARS

Constants for Setting a 10-inch Sine-Bar for 40° to 47°
Min. 40° 41° 42° 43° 44° 45° 46° 47°

 0 6.427876 6.56059 6.69131 6.81998 6.94658 7.07107 7.19340 7.313537
 1 6.430104 6.56279 6.69347 6.82211 6.94868 7.07312 7.19542 7.315521
 2 6.432332 6.56498 6.69563 6.82424 6.95077 7.07518 7.19744 7.317503
 3 6.434559 6.56717 6.69779 6.82636 6.95286 7.07724 7.19946 7.319486
 4 6.436785 6.56937 6.69995 6.82849 6.95495 7.07929 7.20148 7.321467
 5 6.439011 6.57156 6.70211 6.83061 6.95704 7.08134 7.20349 7.323449
 6 6.441236 6.57375 6.70427 6.83274 6.95913 7.08340 7.20551 7.325429
 7 6.443461 6.57594 6.70642 6.83486 6.96122 7.08545 7.20753 7.327409
 8 6.445686 6.57814 6.70858 6.83698 6.96330 7.08750 7.20954 7.329389
 9 6.447909 6.58033 6.71074 6.83911 6.96539 7.08956 7.21156 7.331367
 10 6.450132 6.58252 6.71290 6.84123 6.96748 7.09161 7.21357 7.333345
 11 6.452355 6.58471 6.71505 6.84335 6.96957 7.09366 7.21559 7.335322
 12 6.454577 6.58689 6.71721 6.84547 6.97165 7.09571 7.21760 7.337299
 13 6.456799 6.58908 6.71936 6.84759 6.97374 7.09776 7.21962 7.339275
 14 6.459020 6.59127 6.72151 6.84971 6.97582 7.09981 7.22163 7.341250
 15 6.461240 6.59346 6.72367 6.85183 6.97790 7.10185 7.22364 7.343225
 16 6.463460 6.59564 6.72582 6.85395 6.97999 7.10390 7.22565 7.345200
 17 6.465679 6.59783 6.72797 6.85607 6.98207 7.10595 7.22766 7.347173
 18 6.467898 6.60002 6.73012 6.85818 6.98415 7.10800 7.22967 7.349146
 19 6.470116 6.60220 6.73228 6.86030 6.98623 7.11004 7.23168 7.351119
 20 6.472334 6.60439 6.73443 6.86242 6.98832 7.11209 7.23369 7.353090
 21 6.474551 6.60657 6.73658 6.86453 6.99040 7.11413 7.23570 7.355061
 22 6.476768 6.60875 6.73873 6.86665 6.99248 7.11617 7.23771 7.357032
 23 6.478984 6.61094 6.74088 6.86876 6.99455 7.11822 7.23971 7.359002
 24 6.481199 6.61312 6.74302 6.87088 6.99663 7.12026 7.24172 7.360971
 25 6.483414 6.61530 6.74517 6.87299 6.99871 7.12230 7.24372 7.362940
 26 6.485629 6.61748 6.74732 6.87510 7.00079 7.12434 7.24573 7.364908
 27 6.487843 6.61966 6.74947 6.87721 7.00287 7.12639 7.24773 7.366875
 28 6.490056 6.62184 6.75161 6.87932 7.00494 7.12843 7.24974 7.368842
 29 6.492269 6.62402 6.75376 6.88144 7.00702 7.13047 7.25174 7.370808
 30 6.494481 6.62620 6.75590 6.88355 7.00909 7.13250 7.25374 7.372774
 31 6.496692 6.62838 6.75805 6.88566 7.01117 7.13454 7.25575 7.374738
 32 6.498903 6.63056 6.76019 6.88776 7.01324 7.13658 7.25775 7.376703
 33 6.501114 6.63273 6.76233 6.88987 7.01531 7.13862 7.25975 7.378666
 34 6.503324 6.63491 6.76448 6.89198 7.01739 7.14066 7.26175 7.380629
 35 6.505533 6.63709 6.76662 6.89409 7.01946 7.14269 7.26375 7.382592
 36 6.507742 6.63926 6.76876 6.89620 7.02153 7.14473 7.26575 7.384553
 37 6.509951 6.64144 6.77090 6.89830 7.02360 7.14676 7.26775 7.386515
 38 6.512159 6.64361 6.77304 6.90041 7.02567 7.14880 7.26974 7.388475
 39 6.514366 6.64579 6.77518 6.90251 7.02774 7.15083 7.27174 7.390435
 40 6.516572 6.64796 6.77732 6.90462 7.02981 7.15286 7.27374 7.392395
 41 6.518779 6.65013 6.77946 6.90672 7.03188 7.15490 7.27573 7.394353
 42 6.520984 6.65230 6.78160 6.90882 7.03395 7.15693 7.27773 7.396311
 43 6.523189 6.65448 6.78373 6.91093 7.03601 7.15896 7.27972 7.398269
 44 6.525394 6.65665 6.78587 6.91303 7.03808 7.16099 7.28172 7.400225
 45 6.527598 6.65882 6.78801 6.91513 7.04015 7.16302 7.28371 7.402182
 46 6.529801 6.66099 6.79014 6.91723 7.04221 7.16505 7.28570 7.404137
 47 6.532004 6.66316 6.79228 6.91933 7.04428 7.16708 7.28769 7.406092
 48 6.534206 6.66532 6.79441 6.92143 7.04634 7.16911 7.28969 7.408046
 49 6.536408 6.66749 6.79655 6.92353 7.04841 7.17113 7.29168 7.410000
 50 6.538609 6.66966 6.79868 6.92563 7.05047 7.17316 7.29367 7.411952
 51 6.540810 6.67183 6.80081 6.92773 7.05253 7.17519 7.29566 7.413905
 52 6.543010 6.67399 6.80295 6.92982 7.05459 7.17721 7.29765 7.415857
 53 6.545209 6.67616 6.80508 6.93192 7.05666 7.17924 7.29964 7.417808
 54 6.547409 6.67833 6.80721 6.93402 7.05872 7.18126 7.30162 7.419759
 55 6.549607 6.68049 6.80934 6.93611 7.06078 7.18329 7.30361 7.421709
 56 6.551805 6.68265 6.81147 6.93821 7.06284 7.18531 7.30560 7.423658
 57 6.554002 6.68482 6.81360 6.94030 7.06489 7.18733 7.30758 7.425606
 58 6.556199 6.68698 6.81573 6.94240 7.06695 7.18936 7.30957 7.427554
 59 6.558395 6.68914 6.81786 6.94449 7.06901 7.19138 7.31155 7.429502
 60 6.560590 6.69131 6.81998 6.94658 7.07107 7.19340 7.31354 7.431448



10-INCH SINE-BARS 3075

Constants for Setting a 10-inch Sine-Bar for 48° to 55°
Min. 48° 49° 50° 51° 52° 53° 54° 55°

 0 7.431448 7.54710 7.66044 7.77146 7.88011 7.98636 8.09017 8.191521
 1 7.433394 7.54900 7.66231 7.77329 7.88190 7.98811 8.09188 8.193189
 2 7.435340 7.55091 7.66418 7.77512 7.88369 7.98986 8.09359 8.194856
 3 7.437285 7.55282 7.66605 7.77695 7.88548 7.99160 8.09530 8.196523
 4 7.439229 7.55472 7.66792 7.77878 7.88727 7.99335 8.09700 8.198189
 5 7.441173 7.55663 7.66979 7.78060 7.88905 7.99510 8.09871 8.199854
 6 7.443115 7.55853 7.67165 7.78243 7.89084 7.99685 8.10042 8.201519
 7 7.445058 7.56044 7.67352 7.78426 7.89263 7.99859 8.10212 8.203182
 8 7.447000 7.56234 7.67538 7.78608 7.89441 8.00034 8.10383 8.204846
 9 7.448941 7.56425 7.67725 7.78791 7.89620 8.00208 8.10553 8.206509
 10 7.450881 7.56615 7.67911 7.78973 7.89798 8.00383 8.10723 8.208171
 11 7.452821 7.56805 7.68097 7.79156 7.89977 8.00557 8.10894 8.209832
 12 7.454760 7.56995 7.68284 7.79338 7.90155 8.00731 8.11064 8.211493
 13 7.456699 7.57185 7.68470 7.79520 7.90333 8.00906 8.11234 8.213152
 14 7.458637 7.57375 7.68656 7.79702 7.90511 8.01080 8.11404 8.214811
 15 7.460574 7.57565 7.68842 7.79884 7.90690 8.01254 8.11574 8.216470
 16 7.462511 7.57755 7.69028 7.80067 7.90868 8.01428 8.11744 8.218127
 17 7.464447 7.57945 7.69214 7.80248 7.91046 8.01602 8.11914 8.219784
 18 7.466382 7.58134 7.69400 7.80430 7.91224 8.01776 8.12084 8.221440
 19 7.468317 7.58324 7.69585 7.80612 7.91401 8.01950 8.12253 8.223096
 20 7.470251 7.58514 7.69771 7.80794 7.91579 8.02123 8.12423 8.224751
 21 7.472184 7.58703 7.69957 7.80976 7.91757 8.02297 8.12592 8.226405
 22 7.474117 7.58893 7.70142 7.81157 7.91935 8.02470 8.12762 8.228059
 23 7.476050 7.59082 7.70328 7.81339 7.92112 8.02644 8.12931 8.229712
 24 7.477981 7.59271 7.70513 7.81521 7.92290 8.02818 8.13101 8.231364
 25 7.479912 7.59461 7.70699 7.81702 7.92467 8.02991 8.13270 8.233015
 26 7.481843 7.59650 7.70884 7.81883 7.92645 8.03164 8.13439 8.234666
 27 7.483772 7.59839 7.71069 7.82065 7.92822 8.03337 8.13608 8.236316
 28 7.485701 7.60028 7.71254 7.82246 7.92999 8.03511 8.13778 8.237966
 29 7.487629 7.60217 7.71440 7.82427 7.93176 8.03684 8.13947 8.239614
 30 7.489557 7.60406 7.71625 7.82608 7.93353 8.03857 8.14116 8.241262
 31 7.491485 7.60595 7.71810 7.82789 7.93530 8.04030 8.14284 8.242909
 32 7.493411 7.60784 7.71994 7.82970 7.93707 8.04203 8.14453 8.244555
 33 7.495337 7.60972 7.72179 7.83151 7.93884 8.04376 8.14622 8.246202
 34 7.497262 7.61161 7.72364 7.83332 7.94061 8.04548 8.14791 8.247847
 35 7.499187 7.61350 7.72549 7.83513 7.94238 8.04721 8.14959 8.249492
 36 7.501111 7.61538 7.72734 7.83693 7.94415 8.04894 8.15128 8.251135
 37 7.503034 7.61727 7.72918 7.83874 7.94591 8.05066 8.15296 8.252778
 38 7.504957 7.61915 7.73103 7.84055 7.94768 8.05239 8.15465 8.254421
 39 7.506879 7.62104 7.73287 7.84235 7.94944 8.05411 8.15633 8.256063
 40 7.508801 7.62292 7.73472 7.84416 7.95121 8.05584 8.15801 8.257704
 41 7.510721 7.62480 7.73656 7.84596 7.95297 8.05756 8.15969 8.259343
 42 7.512641 7.62668 7.73840 7.84776 7.95474 8.05928 8.16138 8.260983
 43 7.514561 7.62856 7.74024 7.84957 7.95650 8.06100 8.16306 8.262622
 44 7.516480 7.63045 7.74209 7.85137 7.95826 8.06273 8.16474 8.264260
 45 7.518398 7.63232 7.74393 7.85317 7.96002 8.06445 8.16642 8.265898
 46 7.520316 7.63420 7.74577 7.85497 7.96178 8.06617 8.16809 8.267534
 47 7.522233 7.63608 7.74761 7.85677 7.96354 8.06788 8.16977 8.269171
 48 7.524149 7.63796 7.74944 7.85857 7.96530 8.06960 8.17145 8.270805
 49 7.526065 7.63984 7.75128 7.86037 7.96706 8.07132 8.17313 8.272441
 50 7.527980 7.64171 7.75312 7.86217 7.96882 8.07304 8.17480 8.274075
 51 7.529894 7.64359 7.75496 7.86396 7.97057 8.07475 8.17648 8.275707
 52 7.531808 7.64547 7.75679 7.86576 7.97233 8.07647 8.17815 8.277340
 53 7.533722 7.64734 7.75863 7.86756 7.97408 8.07819 8.17982 8.278973
 54 7.535634 7.64921 7.76046 7.86935 7.97584 8.07990 8.18150 8.280603
 55 7.537546 7.65109 7.76230 7.87115 7.97759 8.08161 8.18317 8.282234
 56 7.539457 7.65296 7.76413 7.87294 7.97935 8.08333 8.18484 8.283864
 57 7.541368 7.65483 7.76596 7.87473 7.98110 8.08504 8.18651 8.285493
 58 7.543278 7.65670 7.76780 7.87652 7.98285 8.08675 8.18818 8.287121
 59 7.545187 7.65857 7.76963 7.87832 7.98460 8.08846 8.18985 8.288749
 60 7.547096 7.66044 7.77146 7.88011 7.98636 8.09017 8.19152 8.290376



3076 75-MM SINE-BARS

Constants for 75-mm Sine-Bar

Constants for Setting a 75-mm Sine-Bar for 0° to 7°
Min. 0° 1° 2° 3° 4° 5° 6° 7°

 0  0.000000  1.308931  2.617462  3.925197  5.231736  6.536681  7.839635  9.140201
 1  0.021817  1.330744  2.639266  3.946983  5.253499  6.558414  7.861332  9.161855
 2  0.043633  1.352557  2.661068  3.968770  5.275262  6.580147  7.883028  9.183507
 3  0.065450  1.374370  2.682871  3.990556  5.297024  6.601880  7.904724  9.205160
 4  0.087266  1.396183  2.704674  4.012341  5.318786  6.623611  7.926418  9.226810
 5  0.109083  1.417996  2.726476  4.034126  5.340548  6.645342  7.948112  9.248462
 6  0.130900  1.439808  2.748278  4.055911  5.362309  6.667072  7.969805  9.270111
 7  0.152716  1.461621  2.770080  4.077695  5.384069  6.688803  7.991498  9.291760
 8  0.174533  1.483433  2.791882  4.099480  5.405829  6.710532  8.013190  9.313408
 9  0.196349  1.505245  2.813683  4.121264  5.427589  6.732261  8.034882  9.335055
 10  0.218166  1.527058  2.835484  4.143047  5.449348  6.753989  8.056572  9.356702
 11  0.239982  1.548870  2.857285  4.164830  5.471107  6.775717  8.078262  9.378348
 12  0.261799  1.570682  2.879086  4.186613  5.492865  6.797443  8.099952  9.399993
 13  0.283615  1.592493  2.900886  4.208395  5.514623  6.819170  8.121640  9.421637
 14  0.305432  1.614305  2.922686  4.230177  5.536380  6.840896  8.143329  9.443280
 15  0.327248  1.636116  2.944486  4.251959  5.558137  6.862622  8.165016  9.464923
 16  0.349065  1.657928  2.966286  4.273740  5.579894  6.884346  8.186703  9.486565
 17  0.370881  1.679739  2.988085  4.295521  5.601649  6.906071  8.208388  9.508205
 18  0.392697  1.701550  3.009884  4.317302  5.623405  6.927794  8.230074  9.529846
 19  0.414514  1.723361  3.031683  4.339082  5.645160  6.949517  8.251758  9.551485
 20  0.436330  1.745172  3.053482  4.360862  5.666914  6.971240  8.273442  9.573124
 21  0.458146  1.766982  3.075280  4.382642  5.688668  6.992961  8.295125  9.594762
 22  0.479962  1.788793  3.097079  4.404421  5.710422  7.014683  8.316808  9.616399
 23  0.501778  1.810603  3.118877  4.426200  5.732174  7.036404  8.338489  9.638035
 24  0.523595  1.832413  3.140674  4.447978  5.753927  7.058124  8.360170  9.659670
 25  0.545411  1.854223  3.162472  4.469756  5.775679  7.079843  8.381850  9.681304
 26  0.567227  1.876033  3.184269  4.491534  5.797431  7.101562  8.403530  9.702938
 27  0.589043  1.897843  3.206065  4.513311  5.819182  7.123280  8.425209  9.724571
 28  0.610859  1.919653  3.227862  4.535088  5.840933  7.144998  8.446887  9.746203
 29  0.632674  1.941462  3.249658  4.556864  5.862682  7.166715  8.468564  9.767834
 30  0.654490  1.963271  3.271454  4.578640  5.884432  7.188432  8.490241  9.789465
 31  0.676306  1.985080  3.293250  4.600416  5.906182  7.210148  8.511917  9.811094
 32  0.698122  2.006889  3.315045  4.622191  5.927930  7.231863  8.533592  9.832723
 33  0.719937  2.028698  3.336840  4.643967  5.949678  7.253578  8.555267  9.854351
 34  0.741753  2.050506  3.358635  4.665741  5.971426  7.275291  8.576941  9.875978
 35  0.763568  2.072315  3.380430  4.687515  5.993173  7.297005  8.598615  9.897604
 36  0.785384  2.094123  3.402224  4.709289  6.014919  7.318717  8.620286  9.919230
 37  0.807199  2.115931  3.424018  4.731062  6.036666  7.340430  8.641958  9.940854
 38  0.829015  2.137739  3.445812  4.752836  6.058411  7.362141  8.663629  9.962478
 39  0.850830  2.159546  3.467606  4.774608  6.080156  7.383852  8.685300  9.984100
 40  0.872645  2.181354  3.489399  4.796380  6.101901  7.405562  8.706968 10.005722
 41  0.894460  2.203161  3.511191  4.818152  6.123645  7.427272  8.728638 10.027344
 42  0.916275  2.224968  3.532984  4.839923  6.145388  7.448981  8.750305 10.048964
 43  0.938090  2.246775  3.554776  4.861694  6.167131  7.470690  8.771973 10.070583
 44  0.959905  2.268582  3.576568  4.883465  6.188873  7.492397  8.793639 10.092202
 45  0.981720  2.290389  3.598360  4.905235  6.210616  7.514105  8.815305 10.113820
 46  1.003534  2.312195  3.620151  4.927004  6.232358  7.535811  8.836970 10.135437
 47  1.025349  2.334001  3.641942  4.948774  6.254098  7.557517  8.858634 10.157053
 48  1.047164  2.355807  3.663733  4.970542  6.275839  7.579223  8.880298 10.178668
 49  1.068978  2.377613  3.685523  4.992311  6.297578  7.600927  8.901960 10.200282
 50  1.090792  2.399418  3.707313  5.014079  6.319318  7.622631  8.923623 10.221896
 51  1.112607  2.421224  3.729103  5.035847  6.341056  7.644334  8.945284 10.243508
 52  1.134421  2.443029  3.750892  5.057614  6.362795  7.666037  8.966945 10.265121
 53  1.156235  2.464834  3.772682  5.079381  6.384532  7.687739  8.988604 10.286731
 54  1.178049  2.486638  3.794471  5.101147  6.406270  7.709441  9.010263 10.308341
 55  1.199863  2.508443  3.816259  5.122913  6.428006  7.731141  9.031921 10.329950
 56  1.221676  2.530247  3.838048  5.144678  6.449742  7.752841  9.053579 10.351559
 57  1.243490  2.552051  3.859835  5.166443  6.471478  7.774540  9.075235 10.373166
 58  1.265304  2.573855  3.881623  5.188208  6.493213  7.796239  9.096891 10.394773
 59  1.287117  2.595659  3.903410  5.209972  6.514947  7.817937  9.118546 10.416378
 60  1.308931  2.617462  3.925197  5.231736  6.536681  7.839635  9.140201 10.437983



75-MM SINE-BARS 3077

Constants for Setting a 75-mm Sine-Bar for 8° to 15°
Min. 8° 9° 10° 11° 12° 13° 14° 15°

 0 10.437983 11.732585 13.023614 14.310675 15.593377 16.871330 18.144142 19.411428
 1 10.459586 11.754132 13.045098 14.332089 15.614717 16.892586 18.165310 19.432501
 2 10.481191 11.775680 13.066583 14.353505 15.636055 16.913841 18.186478 19.453573
 3 10.502792 11.797225 13.088064 14.374917 15.657392 16.935095 18.207642 19.474642
 4 10.524393 11.818769 13.109546 14.396328 15.678726 16.956348 18.228804 19.495708
 5 10.545993 11.840312 13.131025 14.417738 15.700060 16.977598 18.249966 19.516773
 6 10.567594 11.861856 13.152505 14.439148 15.721394 16.998850 18.271128 19.537840
 7 10.589191 11.883397 13.173983 14.460556 15.742724 17.020098 18.292286 19.558901
 8 10.610788 11.904937 13.195459 14.481962 15.764053 17.041344 18.313442 19.579962
 9 10.632385 11.926476 13.216935 14.503367 15.785382 17.062588 18.334597 19.601021
 10 10.653982 11.948016 13.238410 14.524773 15.806710 17.083834 18.355751 19.622080
 11 10.675576 11.969553 13.259884 14.546175 15.828035 17.105076 18.376904 19.643135
 12 10.697170 11.991089 13.281356 14.567576 15.849360 17.126316 18.398054 19.664188
 13 10.718762 12.012625 13.302827 14.588977 15.870683 17.147554 18.419203 19.685242
 14 10.740356 12.034160 13.324298 14.610377 15.892006 17.168793 18.440351 19.706293
 15 10.761947 12.055693 13.345766 14.631775 15.913326 17.190029 18.461498 19.727341
 16 10.783537 12.077225 13.367234 14.653171 15.934645 17.211264 18.482641 19.748388
 17 10.805127 12.098757 13.388701 14.674567 15.955963 17.232500 18.503786 19.769436
 18 10.826715 12.120287 13.410167 14.695961 15.977280 17.253731 18.524927 19.790480
 19 10.848303 12.141816 13.431631 14.717354 15.998594 17.274961 18.546066 19.811522
 20 10.869889 12.163344 13.453094 14.738746 16.019909 17.296190 18.567204 19.832561
 21 10.891476 12.184873 13.474557 14.760138 16.041222 17.317419 18.588343 19.853601
 22 10.913060 12.206398 13.496017 14.781527 16.062532 17.338646 18.609476 19.874640
 23 10.934645 12.227923 13.517477 14.802914 16.083841 17.359869 18.630610 19.895676
 24 10.956227 12.249447 13.538936 14.824301 16.105150 17.381092 18.651741 19.916708
 25 10.977810 12.270971 13.560394 14.845687 16.126457 17.402315 18.672873 19.937742
 26 10.999391 12.292493 13.581850 14.867071 16.147762 17.423536 18.694002 19.958773
 27 11.020970 12.314013 13.603306 14.888453 16.169067 17.444754 18.715128 19.979801
 28 11.042550 12.335533 13.624760 14.909835 16.190369 17.465971 18.736254 20.000828
 29 11.064129 12.357053 13.646214 14.931216 16.211672 17.487188 18.757380 20.021854
 30 11.085706 12.378571 13.667665 14.952596 16.232971 17.508402 18.778502 20.042879
 31 11.107283 12.400087 13.689116 14.973973 16.254271 17.529615 18.799622 20.063900
 32 11.128859 12.421604 13.710566 14.995351 16.275568 17.550829 18.820742 20.084923
 33 11.150434 12.443118 13.732014 15.016726 16.296864 17.572039 18.841860 20.105940
 34 11.172007 12.464632 13.753461 15.038100 16.318159 17.593246 18.862974 20.126957
 35 11.193579 12.486144 13.774906 15.059472 16.339451 17.614452 18.884089 20.147972
 36 11.215152 12.507657 13.796352 15.080845 16.360744 17.635660 18.905203 20.168987
 37 11.236722 12.529167 13.817796 15.102215 16.382034 17.656864 18.926313 20.189999
 38 11.258291 12.550676 13.839238 15.123584 16.403322 17.678066 18.947424 20.211010
 39 11.279860 12.572185 13.860679 15.144951 16.424610 17.699266 18.968531 20.232018
 40 11.301429 12.593693 13.882120 15.166319 16.445898 17.720467 18.989639 20.253025
 41 11.322996 12.615199 13.903559 15.187684 16.467182 17.741665 19.010742 20.274031
 42 11.344562 12.636703 13.924996 15.209047 16.488466 17.762861 19.031847 20.295034
 43 11.366126 12.658208 13.946433 15.230410 16.509747 17.784056 19.052948 20.316034
 44 11.387691 12.679711 13.967869 15.251772 16.531029 17.805250 19.074049 20.337036
 45 11.409254 12.701213 13.989303 15.273131 16.552307 17.826443 19.095146 20.358034
 46 11.430816 12.722713 14.010736 15.294490 16.573586 17.847633 19.116243 20.379030
 47 11.452378 12.744215 14.032168 15.315848 16.594864 17.868822 19.137339 20.400026
 48 11.473938 12.765713 14.053599 15.337205 16.616138 17.890011 19.158432 20.421019
 49 11.495498 12.787210 14.075028 15.358560 16.637411 17.911196 19.179523 20.442011
 50 11.517056 12.808706 14.096457 15.379912 16.658684 17.932381 19.200615 20.462999
 51 11.538613 12.830203 14.117885 15.401266 16.679955 17.953564 19.221704 20.483990
 52 11.560169 12.851697 14.139310 15.422616 16.701225 17.974745 19.242790 20.504974
 53 11.581725 12.873191 14.160735 15.443966 16.722492 17.995926 19.263876 20.525959
 54 11.603279 12.894682 14.182158 15.465314 16.743759 18.017103 19.284960 20.546942
 55 11.624833 12.916175 14.203582 15.486662 16.765024 18.038280 19.306042 20.567923
 56 11.646385 12.937664 14.225002 15.508007 16.786289 18.059456 19.327124 20.588902
 57 11.667936 12.959153 14.246422 15.529351 16.807550 18.080629 19.348202 20.609880
 58 11.689487 12.980640 14.267840 15.550694 16.828812 18.101803 19.369278 20.630856
 59 11.711037 13.002129 14.289259 15.572037 16.850071 18.122974 19.390356 20.651831
 60 11.732585 13.023614 14.310675 15.593377 16.871330 18.144142 19.411428 20.672802



3078 75-MM SINE-BARS

Constants for Setting a 75-mm Sine-Bar for 16° to 23°
Min. 16° 17° 18° 19° 20° 21° 22° 23°

 0 20.672802 21.927879 23.176275 24.417612 25.651512 26.877598 28.095495 29.304836
 1 20.693773 21.948740 23.197023 24.438238 25.672010 26.897963 28.115723 29.324917
 2 20.714741 21.969601 23.217768 24.458864 25.692509 26.918327 28.135946 29.344994
 3 20.735708 21.990459 23.238512 24.479486 25.713003 26.938688 28.156168 29.365070
 4 20.756676 22.011318 23.259256 24.500109 25.733500 26.959049 28.176390 29.385145
 5 20.777639 22.032173 23.279995 24.520727 25.753990 26.979406 28.196606 29.405216
 6 20.798599 22.053026 23.300734 24.541344 25.774479 26.999762 28.216822 29.425285
 7 20.819559 22.073877 23.321468 24.561958 25.794964 27.020115 28.237034 29.445351
 8 20.840517 22.094725 23.342203 24.582569 25.815449 27.040464 28.257242 29.465414
 9 20.861473 22.115572 23.362934 24.603180 25.835932 27.060812 28.277451 29.485476
 10 20.882429 22.136417 23.383665 24.623789 25.856411 27.081158 28.297655 29.505533
 11 20.903381 22.157261 23.404392 24.644394 25.876888 27.101501 28.317858 29.525589
 12 20.924334 22.178104 23.425121 24.665001 25.897367 27.121845 28.338060 29.545645
 13 20.945284 22.198944 23.445845 24.685602 25.917839 27.142183 28.358259 29.565697
 14 20.966230 22.219782 23.466566 24.706202 25.938311 27.162519 28.378454 29.585745
 15 20.987177 22.240620 23.487286 24.726799 25.958780 27.182854 28.398647 29.605789
 16 21.008120 22.261454 23.508003 24.747395 25.979246 27.203186 28.418839 29.625834
 17 21.029062 22.282286 23.528721 24.767988 25.999712 27.223515 28.439026 29.645874
 18 21.050003 22.303116 23.549435 24.788580 26.020174 27.243841 28.459211 29.665913
 19 21.070944 22.323946 23.570148 24.809170 26.040636 27.264170 28.479397 29.685951
 20 21.091881 22.344772 23.590858 24.829758 26.061094 27.284492 28.499578 29.705984
 21 21.112816 22.365597 23.611567 24.850344 26.081551 27.304811 28.519756 29.726015
 22 21.133749 22.386419 23.632273 24.870926 26.102003 27.325130 28.539934 29.746042
 23 21.154680 22.407240 23.652975 24.891506 26.122456 27.345446 28.560106 29.766069
 24 21.175610 22.428059 23.673677 24.912085 26.142904 27.365759 28.580278 29.786093
 25 21.196537 22.448877 23.694378 24.932661 26.163351 27.386070 28.600447 29.806112
 26 21.217463 22.469692 23.715076 24.953236 26.183796 27.406380 28.620613 29.826132
 27 21.238390 22.490507 23.735775 24.973810 26.204241 27.426687 28.640779 29.846149
 28 21.259312 22.511318 23.756468 24.994381 26.224680 27.446991 28.660942 29.866161
 29 21.280233 22.532127 23.777161 25.014950 26.245119 27.467293 28.681101 29.886173
 30 21.301151 22.552935 23.797850 25.035515 26.265554 27.487593 28.701258 29.906181
 31 21.322069 22.573742 23.818539 25.056080 26.285988 27.507891 28.721413 29.926186
 32 21.342983 22.594545 23.839224 25.076641 26.306419 27.528185 28.741564 29.946190
 33 21.363897 22.615347 23.859907 25.097200 26.326849 27.548477 28.761715 29.966190
 34 21.384811 22.636148 23.880592 25.117760 26.347279 27.568769 28.781864 29.986191
 35 21.405720 22.656946 23.901272 25.138315 26.367702 27.589058 28.802008 30.006186
 36 21.426628 22.677742 23.921949 25.158869 26.388124 27.609343 28.822151 30.026178
 37 21.447535 22.698538 23.942625 25.179420 26.408545 27.629625 28.842291 30.046169
 38 21.468439 22.719330 23.963299 25.199968 26.428963 27.649906 28.862427 30.066156
 39 21.489342 22.740120 23.983971 25.220516 26.449379 27.670185 28.882563 30.086142
 40 21.510242 22.760908 24.004641 25.241060 26.469791 27.690460 28.902695 30.106125
 41 21.531141 22.781694 24.025309 25.261602 26.490204 27.710735 28.922825 30.126104
 42 21.552040 22.802481 24.045977 25.282146 26.510614 27.731009 28.942955 30.146086
 43 21.572935 22.823263 24.066639 25.302685 26.531021 27.751278 28.963079 30.166059
 44 21.593828 22.844044 24.087301 25.323221 26.551426 27.771544 28.983202 30.186033
 45 21.614721 22.864822 24.107960 25.343754 26.571829 27.791809 29.003323 30.206003
 46 21.635611 22.885599 24.128618 25.364286 26.592228 27.812071 29.023441 30.225969
 47 21.656498 22.906374 24.149273 25.384815 26.612627 27.832331 29.043556 30.245935
 48 21.677385 22.927147 24.169928 25.405344 26.633022 27.852587 29.063669 30.265898
 49 21.698271 22.947922 24.190580 25.425871 26.653418 27.872845 29.083782 30.285860
 50 21.719154 22.968689 24.211229 25.446394 26.673809 27.893097 29.103889 30.305817
 51 21.740034 22.989456 24.231876 25.466915 26.694197 27.913347 29.123995 30.325771
 52 21.760912 23.010221 24.252522 25.487434 26.714584 27.933596 29.144098 30.345722
 53 21.781790 23.030985 24.273165 25.507952 26.734968 27.953840 29.164198 30.365673
 54 21.802664 23.051746 24.293806 25.528467 26.755350 27.974085 29.184296 30.385620
 55 21.823538 23.072506 24.314445 25.548979 26.775730 27.994326 29.204391 30.405563
 56 21.844410 23.093264 24.335083 25.569489 26.796108 28.014563 29.224485 30.425505
 57 21.865280 23.114021 24.355721 25.590000 26.816484 28.034801 29.244577 30.445446
 58 21.886148 23.134775 24.376352 25.610506 26.836859 28.055035 29.264666 30.465384
 59 21.907015 23.155525 24.396984 25.631010 26.857229 28.075266 29.284752 30.485317
 60 21.927879 23.176275 24.417612 25.651512 26.877598 28.095495 29.304836 30.505249



75-MM SINE-BARS 3079

Constants for Setting a 75-mm Sine-Bar for 24° to 31°
Min. 24° 25° 26° 27° 28° 29° 30° 31°

 0 30.505249 31.696371 32.877838 34.049290 35.210369 36.360722 37.500000 38.627857
 1 30.525177 31.716141 32.897446 34.068726 35.229630 36.379803 37.518894 38.646557
 2 30.545105 31.735910 32.917049 34.088158 35.248886 36.398880 37.537781 38.665249
 3 30.565027 31.755674 32.936649 34.107590 35.268143 36.417950 37.556667 38.683941
 4 30.584951 31.775440 32.956249 34.127022 35.287395 36.437023 37.575550 38.702633
 5 30.604870 31.795200 32.975845 34.146446 35.306644 36.456089 37.594429 38.721317
 6 30.624786 31.814959 32.995438 34.165871 35.325893 36.475155 37.613308 38.740002
 7 30.644699 31.834713 33.015030 34.185287 35.345135 36.494217 37.632179 38.758678
 8 30.664610 31.854465 33.034618 34.204704 35.364376 36.513275 37.651051 38.777355
 9 30.684519 31.874214 33.054203 34.224121 35.383614 36.532330 37.669914 38.796028
 10 30.704424 31.893961 33.073784 34.243530 35.402847 36.551380 37.688778 38.814697
 11 30.724327 31.913706 33.093361 34.262939 35.422077 36.570427 37.707638 38.833363
 12 30.744228 31.933449 33.112942 34.282345 35.441311 36.589478 37.726498 38.852028
 13 30.764128 31.953188 33.132515 34.301750 35.460533 36.608521 37.745350 38.870686
 14 30.784021 31.972923 33.152084 34.321148 35.479755 36.627560 37.764202 38.889343
 15 30.803915 31.992657 33.171654 34.340546 35.498978 36.646595 37.783051 38.907997
 16 30.823805 32.012386 33.191219 34.359940 35.518192 36.665627 37.801895 38.926643
 17 30.843693 32.032116 33.210781 34.379330 35.537407 36.684658 37.820736 38.945290
 18 30.863577 32.051838 33.230339 34.398716 35.556614 36.703686 37.839573 38.963932
 19 30.883461 32.071564 33.249897 34.418102 35.575825 36.722710 37.858410 38.982574
 20 30.903341 32.091286 33.269451 34.437485 35.595028 36.741730 37.877239 39.001213
 21 30.923218 32.111000 33.289001 34.456863 35.614231 36.760750 37.896069 39.019844
 22 30.943092 32.130714 33.308552 34.476242 35.633430 36.779762 37.914894 39.038475
 23 30.962963 32.150425 33.328094 34.495613 35.652622 36.798775 37.933716 39.057098
 24 30.982832 32.170135 33.347637 34.514984 35.671818 36.817783 37.952534 39.075722
 25 31.002699 32.189842 33.367180 34.534351 35.691006 36.836788 37.971348 39.094341
 26 31.022562 32.209545 33.386715 34.553715 35.710190 36.855789 37.990162 39.112961
 27 31.042427 32.229248 33.406250 34.573078 35.729378 36.874790 38.008972 39.131573
 28 31.062284 32.248947 33.425781 34.592438 35.748558 36.893787 38.027775 39.150185
 29 31.082140 32.268642 33.445313 34.611794 35.767735 36.912777 38.046577 39.168789
 30 31.101994 32.288334 33.464836 34.631145 35.786907 36.931767 38.065376 39.187393
 31 31.121845 32.308022 33.484360 34.650497 35.806080 36.950756 38.084175 39.205994
 32 31.141693 32.327709 33.503880 34.669842 35.825249 36.969738 38.102966 39.224590
 33 31.161537 32.347393 33.523396 34.689186 35.844414 36.988716 38.121758 39.243183
 34 31.181383 32.367077 33.542912 34.708530 35.863575 37.007698 38.140545 39.261776
 35 31.201223 32.386757 33.562424 34.727867 35.882736 37.026672 38.159328 39.280361
 36 31.221060 32.406433 33.581932 34.747204 35.901890 37.045643 38.178108 39.298943
 37 31.240896 32.426105 33.601440 34.766537 35.921043 37.064610 38.196884 39.317524
 38 31.260727 32.445778 33.620941 34.785866 35.940193 37.083572 38.215656 39.336102
 39 31.280558 32.465443 33.640442 34.805191 35.959339 37.102535 38.234428 39.354675
 40 31.300385 32.485107 33.659939 34.824516 35.978485 37.121494 38.253193 39.373245
 41 31.320208 32.504772 33.679432 34.843834 35.997623 37.140450 38.271957 39.391811
 42 31.340033 32.524433 33.698925 34.863155 36.016766 37.159401 38.290722 39.410378
 43 31.359852 32.544090 33.718414 34.882469 36.035900 37.178352 38.309479 39.428936
 44 31.379667 32.563744 33.737900 34.901783 36.055031 37.197296 38.328232 39.447491
 45 31.399481 32.583397 33.757385 34.921089 36.074158 37.216240 38.346981 39.466045
 46 31.419292 32.603043 33.776863 34.940395 36.093285 37.235180 38.365730 39.484596
 47 31.439100 32.622688 33.796341 34.959698 36.112408 37.254116 38.384476 39.503143
 48 31.458906 32.642334 33.815815 34.978996 36.131527 37.273048 38.403214 39.521687
 49 31.478712 32.661976 33.835289 34.998299 36.150642 37.291981 38.421955 39.540226
 50 31.498512 32.681614 33.854759 35.017590 36.169758 37.310905 38.440689 39.558762
 51 31.518309 32.701248 33.874222 35.036880 36.188866 37.329830 38.459419 39.577297
 52 31.538105 32.720879 33.893688 35.056171 36.207973 37.348751 38.478149 39.595825
 53 31.557898 32.740509 33.913147 35.075455 36.227077 37.367668 38.496872 39.614353
 54 31.577686 32.760136 33.932602 35.094738 36.246178 37.386581 38.515594 39.632877
 55 31.597473 32.779758 33.952057 35.114014 36.265278 37.405491 38.534313 39.651394
 56 31.617258 32.799377 33.971508 35.133293 36.284370 37.424400 38.553028 39.669910
 57 31.637041 32.819000 33.990959 35.152565 36.303467 37.443306 38.571743 39.688427
 58 31.656820 32.838615 34.010406 35.171837 36.322556 37.462208 38.590450 39.706936
 59 31.676598 32.858227 34.029850 35.191105 36.341640 37.481106 38.609154 39.725441
 60 31.696371 32.877838 34.049290 35.210369 36.360722 37.500000 38.627857 39.743946



3080 75-MM SINE-BARS

Constants for Setting a 75-mm Sine-Bar for 32° to 39°
Min. 32° 33° 34° 35° 36° 37° 38° 39°

 0 39.743946 40.847927 41.939468 43.018234 44.083897 45.136127 46.174610 47.199032
 1 39.762444 40.866222 41.957554 43.036102 44.101543 45.153549 46.191803 47.215984
 2 39.780941 40.884514 41.975636 43.053967 44.119186 45.170967 46.208988 47.232933
 3 39.799435 40.902802 41.993713 43.071831 44.136826 45.188381 46.226170 47.249874
 4 39.817924 40.921089 42.011787 43.089687 44.154465 45.205791 46.243347 47.266815
 5 39.836411 40.939369 42.029858 43.107544 44.172096 45.223198 46.260521 47.283752
 6 39.854893 40.957645 42.047924 43.125393 44.189728 45.240597 46.277691 47.300686
 7 39.873371 40.975922 42.065987 43.143242 44.207352 45.257996 46.294857 47.317612
 8 39.891853 40.994194 42.084053 43.161087 44.224976 45.275394 46.312023 47.334541
 9 39.910324 41.012463 42.102108 43.178928 44.242596 45.292786 46.329182 47.351463
 10 39.928795 41.030727 42.120159 43.196766 44.260208 45.310173 46.346336 47.368378
 11 39.947262 41.048988 42.138210 43.214596 44.277821 45.327557 46.363483 47.385292
 12 39.965721 41.067245 42.156254 43.232426 44.295425 45.344936 46.380630 47.402199
 13 39.984180 41.085499 42.174297 43.250252 44.313030 45.362312 46.397774 47.419106
 14 40.002636 41.103748 42.192337 43.268074 44.330627 45.379681 46.414913 47.436005
 15 40.021091 41.121994 42.210369 43.285889 44.348225 45.397049 46.432049 47.452900
 16 40.039539 41.140236 42.228401 43.303703 44.365818 45.414413 46.449177 47.469791
 17 40.057983 41.158474 42.246429 43.321514 44.383404 45.431774 46.466305 47.486683
 18 40.076427 41.176712 42.264454 43.339321 44.400990 45.449131 46.483429 47.503567
 19 40.094864 41.194942 42.282475 43.357124 44.418568 45.466484 46.500546 47.520447
 20 40.113300 41.213173 42.300491 43.374924 44.436146 45.483829 46.517662 47.537323
 21 40.131733 41.231400 42.318504 43.392719 44.453720 45.501175 46.534771 47.554195
 22 40.150162 41.249622 42.336514 43.410515 44.471287 45.518517 46.551880 47.571064
 23 40.168591 41.267841 42.354527 43.428307 44.488857 45.535858 46.568989 47.587933
 24 40.187012 41.286057 42.372528 43.446091 44.506420 45.553192 46.586086 47.604790
 25 40.205429 41.304268 42.390526 43.463871 44.523975 45.570518 46.603180 47.621647
 26 40.223846 41.322479 42.408524 43.481647 44.541531 45.587845 46.620274 47.638500
 27 40.242256 41.340683 42.426514 43.499424 44.559082 45.605167 46.637360 47.655346
 28 40.260666 41.358883 42.444504 43.517193 44.576630 45.622486 46.654446 47.672192
 29 40.279072 41.377079 42.462486 43.534962 44.594170 45.639797 46.671524 47.689034
 30 40.297470 41.395275 42.480469 43.552723 44.611710 45.657108 46.688599 47.705868
 31 40.315868 41.413464 42.498447 43.570480 44.629246 45.674416 46.705669 47.722698
 32 40.334263 41.431652 42.516418 43.588238 44.646778 45.691715 46.722736 47.739529
 33 40.352654 41.449837 42.534389 43.605988 44.664303 45.709015 46.739803 47.756351
 34 40.371044 41.468018 42.552357 43.623737 44.681828 45.726311 46.756863 47.773170
 35 40.389427 41.486191 42.570320 43.641483 44.699348 45.743599 46.773918 47.789986
 36 40.407806 41.504364 42.588280 43.659222 44.716866 45.760887 46.790970 47.806797
 37 40.426186 41.522533 42.606236 43.676960 44.734379 45.778172 46.808018 47.823608
 38 40.444565 41.540707 42.624191 43.694698 44.751892 45.795452 46.825066 47.840412
 39 40.462936 41.558868 42.642143 43.712425 44.769394 45.812729 46.842106 47.857212
 40 40.481300 41.577026 42.660088 43.730152 44.786896 45.829998 46.859142 47.874008
 41 40.499664 41.595181 42.678028 43.747875 44.804394 45.847267 46.876175 47.890800
 42 40.518024 41.613335 42.695965 43.765594 44.821888 45.864529 46.893200 47.907589
 43 40.536385 41.631481 42.713902 43.783306 44.839378 45.881790 46.910225 47.924370
 44 40.554737 41.649628 42.731831 43.801018 44.856865 45.899044 46.927246 47.941151
 45 40.573086 41.667770 42.749760 43.818726 44.874348 45.916298 46.944260 47.957928
 46 40.591434 41.685905 42.767681 43.836430 44.891823 45.933544 46.961273 47.974697
 47 40.609776 41.704041 42.785603 43.854130 44.909298 45.950790 46.978283 47.991467
 48 40.628117 41.722172 42.803516 43.871826 44.926769 45.968029 46.995285 48.008228
 49 40.646454 41.740299 42.821430 43.889519 44.944237 45.985264 47.012287 48.024986
 50 40.664783 41.758423 42.839340 43.907207 44.961700 46.002499 47.029282 48.041740
 51 40.683113 41.776543 42.857246 43.924892 44.979160 46.019726 47.046276 48.058495
 52 40.701439 41.794659 42.875145 43.942574 44.996616 46.036953 47.063263 48.075241
 53 40.719769 41.812775 42.893047 43.960255 45.014072 46.054176 47.080250 48.091988
 54 40.738087 41.830887 42.910942 43.977928 45.031521 46.071392 47.097233 48.108727
 55 40.756401 41.848991 42.928833 43.995598 45.048965 46.088604 47.114208 48.125462
 56 40.774715 41.867096 42.946720 44.013268 45.066402 46.105816 47.131180 48.142189
 57 40.793022 41.885193 42.964603 44.030930 45.083839 46.123020 47.148148 48.158916
 58 40.811329 41.903290 42.982483 44.048588 45.101273 46.140221 47.165115 48.175640
 59 40.829632 41.921379 43.000362 44.066242 45.118702 46.157417 47.182076 48.192356
 60 40.847927 41.939468 43.018234 44.083897 45.136127 46.174610 47.199032 48.209072



75-MM SINE-BARS 3081

Constants for Setting a 75-mm Sine-Bar for 40° to 47°
Min. 40° 41° 42° 43° 44° 45° 46° 47°

 0 48.209072 49.204430 50.184795 51.149879 52.099380 53.033009 53.950485 54.851528
 1 48.225780 49.220890 50.201008 51.165833 52.115070 53.048435 53.965637 54.866405
 2 48.242489 49.237350 50.217213 51.181782 52.130756 53.063854 53.980785 54.881275
 3 48.259190 49.253803 50.233414 51.197723 52.146439 53.079269 53.995930 54.896145
 4 48.275887 49.270256 50.249615 51.213665 52.162117 53.094681 54.011070 54.911007
 5 48.292583 49.286701 50.265808 51.229603 52.177792 53.110085 54.026203 54.925865
 6 48.309273 49.303143 50.281998 51.245533 52.193459 53.125488 54.041332 54.940716
 7 48.325958 49.319580 50.298180 51.261459 52.209126 53.140884 54.056458 54.955566
 8 48.342644 49.336018 50.314365 51.277386 52.224789 53.156281 54.071583 54.970413
 9 48.359322 49.352448 50.330544 51.293304 52.240444 53.171669 54.086697 54.985252
 10 48.375996 49.368874 50.346714 51.309219 52.256096 53.187054 54.101810 55.000088
 11 48.392662 49.385296 50.362881 51.325130 52.271744 53.202431 54.116917 55.014915
 12 48.409328 49.401711 50.379047 51.341034 52.287384 53.217808 54.132019 55.029743
 13 48.425991 49.418125 50.395206 51.356937 52.303024 53.233177 54.147118 55.044563
 14 48.442646 49.434532 50.411362 51.372833 52.318657 53.248543 54.162209 55.059380
 15 48.459301 49.450935 50.427513 51.388725 52.334286 53.263905 54.177299 55.074188
 16 48.475948 49.467339 50.443657 51.404613 52.349911 53.279263 54.192383 55.088997
 17 48.492592 49.483734 50.459801 51.420498 52.365532 53.294613 54.207462 55.103798
 18 48.509235 49.500126 50.475941 51.436378 52.381145 53.309959 54.222538 55.118595
 19 48.525871 49.516514 50.492073 51.452251 52.396759 53.325306 54.237606 55.133389
 20 48.542503 49.532898 50.508202 51.468124 52.412365 53.340641 54.252674 55.148174
 21 48.559132 49.549274 50.524326 51.483990 52.427967 53.355976 54.267735 55.162960
 22 48.575756 49.565651 50.540447 51.499851 52.443565 53.371307 54.282791 55.177738
 23 48.592381 49.582027 50.556568 51.515713 52.459164 53.386635 54.297844 55.192516
 24 48.608994 49.598392 50.572681 51.531567 52.474754 53.401955 54.312893 55.207283
 25 48.625607 49.614754 50.588791 51.547417 52.490337 53.417271 54.327934 55.222050
 26 48.642216 49.631115 50.604893 51.563259 52.505920 53.432583 54.342972 55.236809
 27 48.658817 49.647469 50.620995 51.579102 52.521496 53.447891 54.358006 55.251564
 28 48.675419 49.663818 50.637089 51.594936 52.537067 53.463192 54.373035 55.266315
 29 48.692013 49.680164 50.653179 51.610767 52.552631 53.478493 54.388058 55.281059
 30 48.708603 49.696507 50.669266 51.626595 52.568195 53.493786 54.403080 55.295803
 31 48.725193 49.712841 50.685349 51.642418 52.583755 53.509075 54.418095 55.310539
 32 48.741776 49.729176 50.701427 51.658234 52.599308 53.524357 54.433105 55.325272
 33 48.758354 49.745502 50.717503 51.674049 52.614857 53.539639 54.448109 55.339996
 34 48.774929 49.761829 50.733570 51.689857 52.630402 53.554913 54.463112 55.354721
 35 48.791500 49.778149 50.749638 51.705666 52.645943 53.570183 54.478107 55.369438
 36 48.808067 49.794464 50.765697 51.721466 52.661480 53.585449 54.493099 55.384151
 37 48.824627 49.810776 50.781754 51.737263 52.677010 53.600712 54.508087 55.398857
 38 48.841190 49.827087 50.797810 51.753059 52.692539 53.615974 54.523075 55.413567
 39 48.857746 49.843391 50.813858 51.768845 52.708065 53.631226 54.538052 55.428265
 40 48.874294 49.859692 50.829903 51.784630 52.723583 53.646473 54.553024 55.442959
 41 48.890839 49.875988 50.845943 51.800407 52.739094 53.661716 54.567993 55.457649
 42 48.907383 49.892277 50.861977 51.816181 52.754604 53.676956 54.582958 55.472336
 43 48.923920 49.908566 50.878010 51.831951 52.770111 53.692192 54.597919 55.487015
 44 48.940453 49.924847 50.894035 51.847717 52.785610 53.707420 54.612873 55.501690
 45 48.956982 49.941128 50.910057 51.863480 52.801105 53.722649 54.627823 55.516361
 46 48.973507 49.957401 50.926075 51.879238 52.816597 53.737869 54.642769 55.531029
 47 48.990028 49.973671 50.942089 51.894989 52.832085 53.753086 54.657711 55.545689
 48 49.006546 49.989937 50.958099 51.910740 52.847565 53.768295 54.672649 55.560345
 49 49.023060 50.006199 50.974102 51.926483 52.863045 53.783504 54.687580 55.574997
 50 49.039566 50.022453 50.990105 51.942223 52.878517 53.798706 54.702507 55.589645
 51 49.056072 50.038708 51.006100 51.957958 52.893986 53.813904 54.717430 55.604286
 52 49.072571 50.054955 51.022091 51.973686 52.909451 53.829098 54.732349 55.618927
 53 49.089073 50.071205 51.038086 51.989418 52.924915 53.844292 54.747265 55.633560
 54 49.105564 50.087444 51.054070 52.005138 52.940369 53.859474 54.762173 55.648190
 55 49.122051 50.103680 51.070045 52.020859 52.955822 53.874657 54.777077 55.662815
 56 49.138535 50.119911 51.086021 52.036572 52.971268 53.889832 54.791977 55.677433
 57 49.155014 50.136139 51.101994 52.052280 52.986710 53.905003 54.806873 55.692047
 58 49.171490 50.152363 51.117958 52.067982 53.002148 53.920166 54.821762 55.706657
 59 49.187962 50.168583 51.133919 52.083683 53.017582 53.935329 54.836647 55.721264
 60 49.204430 50.184795 51.149879 52.099380 53.033009 53.950485 54.851528 55.735863



3082 75-MM SINE-BARS

Constants for Setting a 75-mm Sine-Bar for 48° to 55°
Min. 48° 49° 50° 51° 52° 53° 54° 55°

 0 55.735863 56.603218 57.453335 58.285950 59.100807 59.897663 60.676277 61.436405
 1 55.750458 56.617531 57.467354 58.299675 59.114235 59.910789 60.689098 61.448914
 2 55.765049 56.631836 57.481373 58.313396 59.127659 59.923912 60.701912 61.461422
 3 55.779636 56.646137 57.495380 58.327114 59.141079 59.937031 60.714722 61.473923
 4 55.794216 56.660431 57.509388 58.340828 59.154495 59.950142 60.727528 61.486416
 5 55.808792 56.674725 57.523388 58.354534 59.167904 59.963249 60.740330 61.498905
 6 55.823364 56.689011 57.537388 58.368237 59.181305 59.976349 60.753124 61.511391
 7 55.837933 56.703293 57.551376 58.381935 59.194706 59.989445 60.765911 61.523869
 8 55.852497 56.717571 57.565369 58.395630 59.208103 60.002541 60.778702 61.536346
 9 55.867058 56.731842 57.579350 58.409317 59.221493 60.015625 60.791481 61.548817
 10 55.881611 56.746113 57.593327 58.423000 59.234875 60.028706 60.804256 61.561279
 11 55.896156 56.760372 57.607300 58.436676 59.248253 60.041782 60.817024 61.573738
 12 55.910702 56.774632 57.621265 58.450348 59.261627 60.054855 60.829788 61.586193
 13 55.925240 56.788883 57.635227 58.464016 59.274998 60.067921 60.842548 61.598640
 14 55.939774 56.803131 57.649185 58.477680 59.288361 60.080982 60.855301 61.611084
 15 55.954304 56.817375 57.663139 58.491337 59.301720 60.094036 60.868050 61.623520
 16 55.968830 56.831612 57.677086 58.504990 59.315071 60.107086 60.880795 61.635956
 17 55.983349 56.845848 57.691029 58.518639 59.328423 60.120132 60.893532 61.648380
 18 55.997864 56.860077 57.704967 58.532280 59.341766 60.133175 60.906265 61.660805
 19 56.012375 56.874298 57.718899 58.545918 59.355103 60.146210 60.918995 61.673222
 20 56.026882 56.888519 57.732830 58.559551 59.368439 60.159241 60.931717 61.685631
 21 56.041382 56.902733 57.746754 58.573181 59.381767 60.172264 60.944435 61.698040
 22 56.055878 56.916943 57.760670 58.586803 59.395092 60.185284 60.957146 61.710442
 23 56.070374 56.931152 57.774586 58.600426 59.408413 60.198303 60.969856 61.722839
 24 56.084858 56.945351 57.788494 58.614037 59.421726 60.211311 60.982559 61.735229
 25 56.099342 56.959545 57.802399 58.627647 59.435036 60.224319 60.995258 61.747616
 26 56.113819 56.973736 57.816299 58.641251 59.448338 60.237316 61.007950 61.759995
 27 56.128292 56.987923 57.830193 58.654846 59.461636 60.250313 61.020634 61.772369
 28 56.142757 57.002102 57.844082 58.668442 59.474930 60.263302 61.033318 61.784740
 29 56.157223 57.016277 57.857967 58.682030 59.488216 60.276287 61.045994 61.797108
 30 56.171680 57.030449 57.871845 58.695614 59.501503 60.289265 61.058666 61.809464
 31 56.186134 57.044613 57.885719 58.709190 59.514782 60.302238 61.071331 61.821819
 32 56.200584 57.058777 57.899590 58.722763 59.528053 60.315208 61.083992 61.834167
 33 56.215027 57.072933 57.913452 58.736332 59.541321 60.328175 61.096649 61.846512
 34 56.229465 57.087086 57.927315 58.749897 59.554585 60.341133 61.109299 61.858852
 35 56.243900 57.101231 57.941170 58.763454 59.567844 60.354088 61.121944 61.871185
 36 56.258331 57.115372 57.955017 58.777008 59.581097 60.367035 61.134586 61.883511
 37 56.272755 57.129509 57.968864 58.790558 59.594345 60.379978 61.147221 61.895836
 38 56.287178 57.143646 57.982708 58.804104 59.607590 60.392921 61.159851 61.908157
 39 56.301594 57.157772 57.996540 58.817642 59.620831 60.405853 61.172478 61.920467
 40 56.316006 57.171894 58.010372 58.831177 59.634064 60.418781 61.185097 61.932774
 41 56.330410 57.186012 58.024197 58.844707 59.647289 60.431705 61.197712 61.945076
 42 56.344810 57.200127 58.038017 58.858231 59.660511 60.444622 61.210320 61.957375
 43 56.359207 57.214233 58.051834 58.871750 59.673729 60.457535 61.222923 61.969666
 44 56.373600 57.228336 58.065643 58.885262 59.686943 60.470444 61.235523 61.981953
 45 56.387985 57.242435 58.079449 58.898769 59.700150 60.483345 61.248119 61.994232
 46 56.402370 57.256531 58.093250 58.912273 59.713352 60.496243 61.260708 62.006508
 47 56.416744 57.270618 58.107048 58.925774 59.726551 60.509136 61.273289 62.018780
 48 56.431118 57.284702 58.120838 58.939266 59.739746 60.522022 61.285870 62.031044
 49 56.445488 57.298782 58.134624 58.952755 59.752934 60.534904 61.298443 62.043304
 50 56.459850 57.312855 58.148403 58.966240 59.766113 60.547783 61.311008 62.055557
 51 56.474209 57.326927 58.162182 58.979721 59.779293 60.560654 61.323570 62.067806
 52 56.488560 57.340988 58.175953 58.993195 59.792465 60.573521 61.336128 62.080051
 53 56.502914 57.355053 58.189720 59.006664 59.805634 60.586388 61.348682 62.092293
 54 56.517258 57.369106 58.203484 59.020130 59.818798 60.599243 61.361233 62.104527
 55 56.531597 57.383156 58.217239 59.033588 59.831955 60.612095 61.373772 62.116756
 56 56.545929 57.397202 58.230991 59.047043 59.845108 60.624943 61.386311 62.128979
 57 56.560261 57.411243 58.244740 59.060490 59.858253 60.637783 61.398842 62.141197
 58 56.574585 57.425278 58.258480 59.073936 59.871395 60.650620 61.411369 62.153408
 59 56.588905 57.439308 58.272217 59.087376 59.884533 60.663448 61.423889 62.165615
 60 56.603218 57.453335 58.285950 59.100807 59.897663 60.676277 61.436405 62.177818



100-MM SINE-BARS 3083

Constants for 100-millimeter Sine-bar

Constants for Setting a 100-mm Sine-bar for 0° to 7°
Min. 0° 1° 2° 3° 4° 5° 6° 7°

 0  0.000000  1.745241  3.489950  5.233596  6.975647  8.715574 10.452847 12.186934
 1  0.029089  1.774325  3.519021  5.262644  7.004666  8.744553 10.481776 12.215807
 2  0.058178  1.803409  3.548091  5.291693  7.033682  8.773529 10.510704 12.244677
 3  0.087266  1.832493  3.577162  5.320741  7.062699  8.802505 10.539631 12.273546
 4  0.116355  1.861577  3.606232  5.349788  7.091714  8.831481 10.568558 12.302414
 5  0.145444  1.890661  3.635301  5.378835  7.120730  8.860456 10.597483 12.331282
 6  0.174533  1.919744  3.664371  5.407881  7.149745  8.889430 10.626408 12.360147
 7  0.203622  1.948828  3.693440  5.436927  7.178759  8.918404 10.655332 12.389013
 8  0.232710  1.977911  3.722509  5.465973  7.207772  8.947375 10.684254 12.417877
 9  0.261799  2.006994  3.751578  5.495018  7.236785  8.976348 10.713176 12.446741
 10  0.290888  2.036077  3.780646  5.524063  7.265797  9.005319 10.742096 12.475602
 11  0.319977  2.065159  3.809714  5.553107  7.294809  9.034289 10.771017 12.504464
 12  0.349065  2.094242  3.838781  5.582151  7.323820  9.063258 10.799935 12.533323
 13  0.378154  2.123324  3.867848  5.611194  7.352830  9.092227 10.828855 12.562182
 14  0.407242  2.152407  3.896915  5.640237  7.381840  9.121195 10.857771 12.591040
 15  0.436331  2.181489  3.925982  5.669279  7.410849  9.150162 10.886688 12.619897
 16  0.465420  2.210570  3.955048  5.698321  7.439858  9.179129 10.915604 12.648753
 17  0.494508  2.239652  3.984114  5.727362  7.468865  9.208094 10.944518 12.677608
 18  0.523596  2.268733  4.013179  5.756403  7.497873  9.237060 10.973432 12.706462
 19  0.552685  2.297815  4.042244  5.785443  7.526879  9.266023 11.002344 12.735313
 20  0.581773  2.326896  4.071309  5.814483  7.555886  9.294987 11.031256 12.764166
 21  0.610861  2.355977  4.100374  5.843522  7.584891  9.323949 11.060166 12.793015
 22  0.639950  2.385057  4.129438  5.872561  7.613896  9.352911 11.089077 12.821865
 23  0.669038  2.414138  4.158502  5.901600  7.642900  9.381871 11.117986 12.850713
 24  0.698126  2.443218  4.187566  5.930638  7.671903  9.410831 11.146894 12.879560
 25  0.727214  2.472298  4.216629  5.959675  7.700905  9.439791 11.175800 12.908405
 26  0.756302  2.501378  4.245691  5.988712  7.729908  9.468750 11.204707 12.937251
 27  0.785390  2.530457  4.274754  6.017748  7.758909  9.497706 11.233611 12.966094
 28  0.814478  2.559537  4.303816  6.046784  7.787910  9.526664 11.262516 12.994938
 29  0.843566  2.588616  4.332878  6.075819  7.816910  9.555620 11.291419 13.023779
 30  0.872654  2.617695  4.361939  6.104854  7.845910  9.584576 11.320322 13.052620
 31  0.901741  2.646774  4.391000  6.133888  7.874909  9.613530 11.349223 13.081459
 32  0.930829  2.675852  4.420060  6.162922  7.903907  9.642484 11.378123 13.110297
 33  0.959916  2.704930  4.449121  6.191956  7.932905  9.671437 11.407023 13.139134
 34  0.989004  2.734009  4.478180  6.220988  7.961901  9.700389 11.435922 13.167971
 35  1.018091  2.763086  4.507240  6.250021  7.990898  9.729341 11.464819 13.196806
 36  1.047179  2.792164  4.536299  6.279052  8.019893  9.758290 11.493715 13.225639
 37  1.076266  2.821241  4.565357  6.308083  8.048887  9.787240 11.522612 13.254473
 38  1.105353  2.850318  4.594416  6.337114  8.077881  9.816189 11.551505 13.283303
 39  1.134440  2.879395  4.623474  6.366144  8.106875  9.845137 11.580400 13.312135
 40  1.163527  2.908472  4.652532  6.395174  8.135867  9.874084 11.609291 13.340963
 41  1.192613  2.937548  4.681589  6.424202  8.164860  9.903030 11.638184 13.369792
 42  1.221700  2.966624  4.710645  6.453231  8.193851  9.931975 11.667073 13.398619
 43  1.250787  2.995700  4.739702  6.482259  8.222842  9.960920 11.695964 13.427444
 44  1.279873  3.024776  4.768757  6.511286  8.251831  9.989863 11.724852 13.456269
 45  1.308960  3.053851  4.797813  6.540313  8.280821 10.018806 11.753740 13.485093
 46  1.338046  3.082927  4.826868  6.569339  8.309810 10.047749 11.782627 13.513916
 47  1.367132  3.112001  4.855923  6.598365  8.338798 10.076690 11.811512 13.542737
 48  1.396218  3.141076  4.884977  6.627390  8.367785 10.105630 11.840398 13.571558
 49  1.425304  3.170151  4.914031  6.656415  8.396770 10.134569 11.869281 13.600377
 50  1.454390  3.199224  4.943084  6.685439  8.425757 10.163508 11.898164 13.629195
 51  1.483476  3.228298  4.972137  6.714462  8.454741 10.192446 11.927045 13.658011
 52  1.512561  3.257372  5.001190  6.743485  8.483727 10.221383 11.955926 13.686828
 53  1.541646  3.286445  5.030242  6.772508  8.512710 10.250319 11.984805 13.715641
 54  1.570732  3.315518  5.059294  6.801529  8.541693 10.279254 12.013684 13.744455
 55  1.599817  3.344591  5.088346  6.830551  8.570675 10.308188 12.042562 13.773267
 56  1.628902  3.373663  5.117396  6.859571  8.599656 10.337122 12.071439 13.802078
 57  1.657987  3.402735  5.146447  6.888591  8.628636 10.366054 12.100314 13.830888
 58  1.687072  3.431807  5.175497  6.917611  8.657617 10.394986 12.129189 13.859696
 59  1.716156  3.460879  5.204546  6.946630  8.686596 10.423916 12.158062 13.888504
 60  1.745241  3.489950  5.233596  6.975647  8.715574 10.452847 12.186934 13.917311



3084 100-MM SINE-BARS

Constants for Setting a 100-mm Sine-bar for 8° to 15°
Min. 8° 9° 10° 11° 12° 13° 14° 15°

 0 13.917311 15.643447 17.364819 19.080900 20.791170 22.495106 24.192190 25.881905
 1 13.946115 15.672176 17.393463 19.109453 20.819622 22.523447 24.220413 25.910002
 2 13.974920 15.700907 17.422110 19.138006 20.848074 22.551790 24.248636 25.938097
 3 14.003723 15.729633 17.450752 19.166555 20.876522 22.580128 24.276855 25.966188
 4 14.032524 15.758359 17.479393 19.195105 20.904968 22.608463 24.305073 25.994278
 5 14.061324 15.787084 17.508034 19.223652 20.933413 22.636799 24.333288 26.022366
 6 14.090124 15.815807 17.536674 19.252197 20.961857 22.665133 24.361502 26.050451
 7 14.118922 15.844529 17.565311 19.280741 20.990299 22.693462 24.389713 26.078535
 8 14.147718 15.873250 17.593946 19.309282 21.018738 22.721790 24.417923 26.106615
 9 14.176514 15.901969 17.622580 19.337824 21.047176 22.750118 24.446129 26.134695
 10 14.205309 15.930688 17.651215 19.366364 21.075613 22.778444 24.474335 26.162773
 11 14.234102 15.959404 17.679844 19.394899 21.104048 22.806767 24.502539 26.190845
 12 14.262894 15.988119 17.708475 19.423435 21.132481 22.835087 24.530739 26.218918
 13 14.291684 16.016832 17.737103 19.451969 21.160910 22.863405 24.558937 26.246988
 14 14.320475 16.045546 17.765730 19.480503 21.189341 22.891726 24.587135 26.275057
 15 14.349262 16.074257 17.794355 19.509033 21.217768 22.920040 24.615330 26.303122
 16 14.378049 16.102966 17.822979 19.537561 21.246193 22.948353 24.643522 26.331184
 17 14.406837 16.131676 17.851603 19.566090 21.274618 22.976665 24.671715 26.359247
 18 14.435621 16.160383 17.880222 19.594616 21.303040 23.004974 24.699902 26.387306
 19 14.464404 16.189089 17.908842 19.623138 21.331459 23.033281 24.728088 26.415361
 20 14.493186 16.217793 17.937458 19.651661 21.359877 23.061586 24.756271 26.443417
 21 14.521968 16.246496 17.966076 19.680183 21.388294 23.089891 24.784456 26.471470
 22 14.550748 16.275198 17.994690 19.708702 21.416710 23.118193 24.812635 26.499519
 23 14.579526 16.303898 18.023304 19.737219 21.445122 23.146492 24.840813 26.527567
 24 14.608303 16.332596 18.051914 19.765734 21.473532 23.174789 24.868988 26.555613
 25 14.637080 16.361296 18.080526 19.794249 21.501944 23.203087 24.897163 26.583656
 26 14.665854 16.389990 18.109135 19.822762 21.530350 23.231380 24.925335 26.611696
 27 14.694628 16.418684 18.137741 19.851271 21.558756 23.259672 24.953505 26.639736
 28 14.723400 16.447378 18.166346 19.879780 21.587158 23.287962 24.981672 26.667770
 29 14.752172 16.476070 18.194950 19.908289 21.615562 23.316252 25.009838 26.695807
 30 14.780942 16.504761 18.223553 19.936794 21.643963 23.344538 25.038002 26.723839
 31 14.809710 16.533449 18.252153 19.965298 21.672359 23.372820 25.066162 26.751867
 32 14.838478 16.562140 18.280754 19.993801 21.700758 23.401104 25.094322 26.779896
 33 14.867244 16.590824 18.309351 20.022301 21.729153 23.429384 25.122478 26.807920
 34 14.896008 16.619509 18.337948 20.050800 21.757544 23.457661 25.150633 26.835943
 35 14.924772 16.648193 18.366541 20.079296 21.785934 23.485937 25.178785 26.863964
 36 14.953535 16.676876 18.395136 20.107794 21.814325 23.514212 25.206938 26.891983
 37 14.982296 16.705557 18.423727 20.136286 21.842712 23.542484 25.235085 26.920000
 38 15.011056 16.734236 18.452316 20.164778 21.871098 23.570755 25.263231 26.948013
 39 15.039814 16.762913 18.480906 20.193268 21.899481 23.599022 25.291374 26.976025
 40 15.068572 16.791590 18.509493 20.221758 21.927864 23.627289 25.319517 27.004034
 41 15.097328 16.820265 18.538078 20.250244 21.956244 23.655554 25.347658 27.032042
 42 15.126082 16.848938 18.566662 20.278730 21.984621 23.683815 25.375795 27.060045
 43 15.154835 16.877609 18.595243 20.307213 22.012997 23.712074 25.403931 27.088047
 44 15.183589 16.906282 18.623825 20.335695 22.041372 23.740334 25.432064 27.116049
 45 15.212339 16.934952 18.652405 20.364176 22.069744 23.768589 25.460196 27.144045
 46 15.241088 16.963619 18.680981 20.392654 22.098114 23.796844 25.488325 27.172041
 47 15.269837 16.992287 18.709558 20.421131 22.126484 23.825096 25.516453 27.200035
 48 15.298584 17.020950 18.738132 20.449606 22.154850 23.853346 25.544577 27.228025
 49 15.327330 17.049614 18.766705 20.478079 22.183216 23.881594 25.572699 27.256014
 50 15.356073 17.078276 18.795275 20.506550 22.211578 23.909840 25.600819 27.284000
 51 15.384818 17.106937 18.823847 20.535021 22.239941 23.938086 25.628939 27.311985
 52 15.413560 17.135597 18.852413 20.563488 22.268299 23.966328 25.657055 27.339966
 53 15.442300 17.164253 18.880980 20.591955 22.296656 23.994566 25.685167 27.367945
 54 15.471039 17.192909 18.909544 20.620419 22.325012 24.022804 25.713280 27.395922
 55 15.499778 17.221565 18.938108 20.648882 22.353367 24.051041 25.741390 27.423899
 56 15.528514 17.250219 18.966669 20.677343 22.381718 24.079275 25.769497 27.451870
 57 15.557248 17.278872 18.995230 20.705801 22.410067 24.107506 25.797602 27.479839
 58 15.585982 17.307520 19.023787 20.734259 22.438416 24.135736 25.825705 27.507807
 59 15.614716 17.336170 19.052345 20.762716 22.466763 24.163965 25.853807 27.535774
 60 15.643447 17.364819 19.080900 20.791170 22.495106 24.192190 25.881905 27.563736



100-MM SINE-BARS 3085

Constants for Setting a 100-mm Sine-bar for 16° to 23°
Min. 16° 17° 18° 19° 20° 21° 22° 23°

 0 27.563736 29.237171 30.901701 32.556816 34.202015 35.836796 37.460659 39.073112
 1 27.591696 29.264988 30.929363 32.584320 34.229347 35.863953 37.487629 39.099888
 2 27.619656 29.292801 30.957024 32.611816 34.256680 35.891102 37.514595 39.126659
 3 27.647610 29.320612 30.984682 32.639317 34.284004 35.918251 37.541557 39.153427
 4 27.675568 29.348425 31.012341 32.666813 34.311333 35.945400 37.568520 39.180195
 5 27.703518 29.376230 31.039993 32.694302 34.338654 35.972542 37.595474 39.206955
 6 27.731466 29.404034 31.067644 32.721790 34.365971 35.999683 37.622429 39.233715
 7 27.759413 29.431835 31.095291 32.749275 34.393288 36.026817 37.649376 39.260468
 8 27.787357 29.459635 31.122936 32.776760 34.420597 36.053951 37.676323 39.287220
 9 27.815298 29.487431 31.150579 32.804241 34.447906 36.081081 37.703266 39.313965
 10 27.843239 29.515224 31.178219 32.831718 34.475216 36.108212 37.730206 39.340710
 11 27.871176 29.543015 31.205856 32.859192 34.502518 36.135334 37.757145 39.367451
 12 27.899113 29.570807 31.233494 32.886665 34.529823 36.162460 37.784081 39.394192
 13 27.927044 29.598593 31.261126 32.914135 34.557121 36.189579 37.811012 39.420929
 14 27.954975 29.626377 31.288755 32.941601 34.584415 36.216694 37.837940 39.447659
 15 27.982903 29.654158 31.316381 32.969067 34.611706 36.243805 37.864864 39.474388
 16 28.010828 29.681936 31.344006 32.996525 34.638996 36.270912 37.891785 39.501110
 17 28.038750 29.709713 31.371626 33.023983 34.666283 36.298019 37.918701 39.527832
 18 28.066669 29.737488 31.399244 33.051437 34.693565 36.325123 37.945614 39.554550
 19 28.094591 29.765261 31.426865 33.078896 34.720848 36.352226 37.972530 39.581268
 20 28.122507 29.793030 31.454477 33.106342 34.748127 36.379322 37.999439 39.607979
 21 28.150421 29.820797 31.482088 33.133789 34.775398 36.406418 38.026344 39.634686
 22 28.178331 29.848560 31.509697 33.161236 34.802670 36.433506 38.053246 39.661392
 23 28.206240 29.876320 31.537302 33.188675 34.829941 36.460594 38.080143 39.688091
 24 28.234146 29.904079 31.564903 33.216114 34.857204 36.487679 38.107037 39.714790
 25 28.262049 29.931835 31.592505 33.243549 34.884468 36.514759 38.133930 39.741486
 26 28.289951 29.959589 31.620102 33.270981 34.911728 36.541840 38.160820 39.768173
 27 28.317852 29.987343 31.647699 33.298416 34.938988 36.568916 38.187706 39.794865
 28 28.345749 30.015091 31.675291 33.325840 34.966240 36.595989 38.214588 39.821548
 29 28.373644 30.042837 31.702881 33.353264 34.993492 36.623058 38.241470 39.848232
 30 28.401535 30.070581 31.730467 33.380688 35.020741 36.650124 38.268345 39.874908
 31 28.429424 30.098322 31.758051 33.408104 35.047985 36.677185 38.295216 39.901581
 32 28.457312 30.126060 31.785631 33.435520 35.075226 36.704247 38.322086 39.928253
 33 28.485195 30.153795 31.813210 33.462933 35.102463 36.731304 38.348953 39.954922
 34 28.513081 30.181532 31.840790 33.490349 35.129704 36.758358 38.375816 39.981586
 35 28.540960 30.209263 31.868362 33.517754 35.156937 36.785408 38.402679 40.008247
 36 28.568838 30.236990 31.895933 33.545158 35.184166 36.812458 38.429535 40.034904
 37 28.596712 30.264715 31.923500 33.572559 35.211395 36.839500 38.456387 40.061558
 38 28.624586 30.292439 31.951065 33.599960 35.238617 36.866543 38.483238 40.088207
 39 28.652456 30.320160 31.978628 33.627354 35.265839 36.893581 38.510082 40.114857
 40 28.680323 30.347878 32.006187 33.654747 35.293056 36.920616 38.536926 40.141499
 41 28.708189 30.375593 32.033745 33.682137 35.320271 36.947647 38.563766 40.168140
 42 28.736053 30.403309 32.061302 33.709530 35.347488 36.974678 38.590607 40.194778
 43 28.763914 30.431019 32.088852 33.736912 35.374695 37.001705 38.617439 40.221413
 44 28.791773 30.458725 32.116402 33.764294 35.401901 37.028725 38.644272 40.248043
 45 28.819628 30.486431 32.143948 33.791672 35.429104 37.055744 38.671097 40.274670
 46 28.847481 30.514133 32.171490 33.819050 35.456306 37.082760 38.697922 40.301292
 47 28.875332 30.541832 32.199032 33.846420 35.483501 37.109772 38.724743 40.327911
 48 28.903179 30.569530 32.226570 33.873791 35.510696 37.136784 38.751560 40.354530
 49 28.931028 30.597227 32.254108 33.901161 35.537891 37.163792 38.778374 40.381145
 50 28.958872 30.624920 32.281639 33.928528 35.565079 37.190796 38.805187 40.407757
 51 28.986712 30.652609 32.309170 33.955887 35.592262 37.217796 38.831993 40.434361
 52 29.014551 30.680296 32.336697 33.983246 35.619446 37.244793 38.858799 40.460964
 53 29.042387 30.707981 32.364220 34.010601 35.646626 37.271790 38.885597 40.487564
 54 29.070219 30.735662 32.391743 34.037956 35.673801 37.298779 38.912395 40.514160
 55 29.098051 30.763342 32.419262 34.065304 35.700974 37.325768 38.939190 40.540752
 56 29.125879 30.791018 32.446777 34.092651 35.728142 37.352753 38.965981 40.567341
 57 29.153708 30.818695 32.474293 34.119999 35.755314 37.379734 38.992771 40.593929
 58 29.181532 30.846365 32.501804 34.147343 35.782478 37.406712 39.019554 40.620510
 59 29.209352 30.874035 32.529312 34.174679 35.809639 37.433689 39.046337 40.647091
 60 29.237171 30.901701 32.556816 34.202015 35.836796 37.460659 39.073112 40.673664



3086 100-MM SINE-BARS

Constants for Setting a 100-mm Sine-bar for 24° to 31°
Min. 24° 25° 26° 27° 28° 29° 30° 31°

 0 40.673664 42.261826 43.837116 45.399052 46.947159 48.480965 50.000000 51.503807
 1 40.700237 42.288189 43.863258 45.424969 46.972839 48.506401 50.025192 51.528740
 2 40.726807 42.314545 43.889397 45.450878 46.998516 48.531837 50.050377 51.553669
 3 40.753372 42.340900 43.915531 45.476788 47.024189 48.557270 50.075558 51.578590
 4 40.779934 42.367252 43.941666 45.502697 47.049862 48.582699 50.100735 51.603512
 5 40.806492 42.393600 43.967796 45.528595 47.075527 48.608120 50.125908 51.628426
 6 40.833046 42.419945 43.993919 45.554493 47.101189 48.633541 50.151077 51.653336
 7 40.859600 42.446285 44.020039 45.580387 47.126846 48.658955 50.176239 51.678242
 8 40.886147 42.472618 44.046154 45.606274 47.152500 48.684364 50.201397 51.703140
 9 40.912689 42.498951 44.072269 45.632160 47.178150 48.709770 50.226555 51.728039
 10 40.939232 42.525280 44.098377 45.658043 47.203796 48.735172 50.251705 51.752930
 11 40.965767 42.551605 44.124481 45.683918 47.229439 48.760571 50.276852 51.777817
 12 40.992306 42.577930 44.150589 45.709797 47.255077 48.785969 50.301998 51.802704
 13 41.018837 42.604248 44.176685 45.735664 47.280712 48.811359 50.327137 51.827583
 14 41.045364 42.630566 44.202778 45.761532 47.306343 48.836742 50.352268 51.852455
 15 41.071888 42.656876 44.228870 45.787392 47.331966 48.862125 50.377399 51.877327
 16 41.098408 42.683182 44.254955 45.813251 47.357590 48.887505 50.402523 51.902191
 17 41.124924 42.709488 44.281040 45.839104 47.383205 48.912876 50.427647 51.927055
 18 41.151436 42.735786 44.307117 45.864956 47.408821 48.938244 50.452763 51.951912
 19 41.177948 42.762085 44.333199 45.890804 47.434433 48.963612 50.477879 51.976768
 20 41.204453 42.788380 44.359268 45.916649 47.460041 48.988976 50.502987 52.001614
 21 41.230957 42.814667 44.385338 45.942486 47.485641 49.014332 50.528091 52.026459
 22 41.257458 42.840954 44.411400 45.968323 47.511238 49.039684 50.553192 52.051300
 23 41.283951 42.867237 44.437462 45.994152 47.536831 49.065033 50.578285 52.076134
 24 41.310444 42.893513 44.463520 46.019978 47.562420 49.090378 50.603378 52.100964
 25 41.336933 42.919788 44.489571 46.045803 47.588009 49.115715 50.628464 52.125790
 26 41.363419 42.946060 44.515621 46.071621 47.613590 49.141052 50.653545 52.150612
 27 41.389900 42.972332 44.541668 46.097439 47.639168 49.166386 50.678627 52.175430
 28 41.416378 42.998592 44.567711 46.123253 47.664742 49.191715 50.703701 52.200245
 29 41.442856 43.024853 44.593750 46.149059 47.690311 49.217037 50.728771 52.225052
 30 41.469326 43.051109 44.619781 46.174862 47.715878 49.242359 50.753838 52.249859
 31 41.495792 43.077362 44.645813 46.200661 47.741440 49.267673 50.778900 52.274658
 32 41.522259 43.103615 44.671841 46.226460 47.766994 49.292984 50.803955 52.299454
 33 41.548717 43.129860 44.697861 46.252251 47.792549 49.318291 50.829010 52.324245
 34 41.575176 43.156105 44.723885 46.278042 47.818100 49.343597 50.854061 52.349033
 35 41.601631 43.182343 44.749901 46.303825 47.843647 49.368893 50.879105 52.373814
 36 41.628082 43.208576 44.775909 46.329605 47.869186 49.394188 50.904144 52.398594
 37 41.654526 43.234806 44.801918 46.355381 47.894726 49.419479 50.929180 52.423367
 38 41.680969 43.261036 44.827923 46.381153 47.920258 49.444763 50.954208 52.448135
 39 41.707409 43.287258 44.853924 46.406921 47.945786 49.470047 50.979237 52.472900
 40 41.733845 43.313480 44.879917 46.432686 47.971313 49.495323 51.004261 52.497658
 41 41.760277 43.339695 44.905910 46.458447 47.996834 49.520596 51.029278 52.522415
 42 41.786709 43.365910 44.931904 46.484207 48.022350 49.545868 51.054295 52.547169
 43 41.813133 43.392120 44.957886 46.509960 48.047863 49.571133 51.079304 52.571915
 44 41.839558 43.418324 44.983868 46.535709 48.073372 49.596394 51.104309 52.596657
 45 41.865974 43.444527 45.009846 46.561455 48.098877 49.621651 51.129311 52.621395
 46 41.892391 43.470726 45.035820 46.587193 48.124378 49.646904 51.154308 52.646126
 47 41.918800 43.496918 45.061787 46.612930 48.149876 49.672153 51.179298 52.670856
 48 41.945210 43.523109 45.087753 46.638664 48.175369 49.697395 51.204288 52.695580
 49 41.971615 43.549301 45.113720 46.664394 48.200859 49.722637 51.229275 52.720303
 50 41.998016 43.575481 45.139679 46.690121 48.226341 49.747875 51.254253 52.745018
 51 42.024414 43.601662 45.165630 46.715843 48.251823 49.773106 51.279228 52.769730
 52 42.050804 43.627838 45.191582 46.741558 48.277298 49.798332 51.304199 52.794434
 53 42.077194 43.654011 45.217529 46.767273 48.302773 49.823555 51.329163 52.819138
 54 42.103580 43.680180 45.243473 46.792980 48.328239 49.848774 51.354126 52.843834
 55 42.129963 43.706345 45.269409 46.818687 48.353703 49.873989 51.379082 52.868526
 56 42.156345 43.732506 45.295345 46.844387 48.379162 49.899200 51.404037 52.893215
 57 42.182724 43.758667 45.321281 46.870090 48.404621 49.924408 51.428989 52.917904
 58 42.209095 43.784821 45.347206 46.895782 48.430073 49.949612 51.453934 52.942581
 59 42.235462 43.810970 45.373131 46.921471 48.455521 49.974808 51.478874 52.967258
 60 42.261826 43.837116 45.399052 46.947159 48.480965 50.000000 51.503807 52.991928



100-MM SINE-BARS 3087

Constants for Setting a 100-mm Sine-bar for 32° to 39°
Min. 32° 33° 34° 35° 36° 37° 38° 39°

 0 52.991928 54.463905 55.919292 57.357643 58.778526 60.181503 61.566151 62.932041
 1 53.016594 54.488297 55.943405 57.381470 58.802055 60.204731 61.589069 62.954643
 2 53.041256 54.512688 55.967514 57.405293 58.825584 60.227955 61.611984 62.977242
 3 53.065914 54.537071 55.991615 57.429108 58.849102 60.251175 61.634892 62.999836
 4 53.090565 54.561451 56.015717 57.452919 58.872620 60.274387 61.657795 63.022423
 5 53.115211 54.585827 56.039810 57.476723 58.896130 60.297596 61.680695 63.045002
 6 53.139858 54.610195 56.063900 57.500523 58.919636 60.320797 61.703587 63.067581
 7 53.164497 54.634560 56.087982 57.524323 58.943134 60.343994 61.726475 63.090153
 8 53.189137 54.658928 56.112068 57.548119 58.966637 60.367195 61.749363 63.112724
 9 53.213768 54.683285 56.136143 57.571903 58.990128 60.390381 61.772240 63.135284
 10 53.238392 54.707634 56.160213 57.595684 59.013615 60.413563 61.795113 63.157837
 11 53.263012 54.731983 56.184280 57.619461 59.037094 60.436741 61.817982 63.180389
 12 53.287628 54.756325 56.208340 57.643234 59.060570 60.459915 61.840843 63.202934
 13 53.312241 54.780663 56.232395 57.667000 59.084042 60.483082 61.863697 63.225471
 14 53.336849 54.804996 56.256447 57.690762 59.107506 60.506245 61.886551 63.248005
 15 53.361454 54.829323 56.280495 57.714520 59.130966 60.529400 61.909397 63.270535
 16 53.386051 54.853649 56.304535 57.738274 59.154423 60.552551 61.932236 63.293056
 17 53.410645 54.877968 56.328571 57.762020 59.177872 60.575699 61.955074 63.315575
 18 53.435234 54.902283 56.352604 57.785763 59.201317 60.598839 61.977905 63.338089
 19 53.459820 54.926594 56.376633 57.809502 59.224758 60.621979 62.000729 63.360596
 20 53.484402 54.950897 56.400654 57.833233 59.248196 60.645107 62.023548 63.383095
 21 53.508976 54.975197 56.424675 57.856960 59.271626 60.668236 62.046364 63.405594
 22 53.533546 54.999493 56.448685 57.880684 59.295052 60.691357 62.069172 63.428085
 23 53.558121 55.023792 56.472702 57.904408 59.318478 60.714478 62.091984 63.450573
 24 53.582684 55.048077 56.496704 57.928120 59.341892 60.737587 62.114780 63.473053
 25 53.607243 55.072361 56.520702 57.951828 59.365303 60.760693 62.137577 63.495529
 26 53.631794 55.096638 56.544697 57.975533 59.388710 60.783794 62.160362 63.517998
 27 53.656342 55.120911 56.568687 57.999229 59.412109 60.806889 62.183147 63.540462
 28 53.680889 55.145176 56.592670 58.022926 59.435505 60.829979 62.205925 63.562923
 29 53.705425 55.169441 56.616650 58.046612 59.458893 60.853065 62.228699 63.585377
 30 53.729961 55.193699 56.640625 58.070297 59.482281 60.876144 62.251465 63.607822
 31 53.754494 55.217953 56.664597 58.093975 59.505661 60.899220 62.274227 63.630264
 32 53.779018 55.242203 56.688560 58.117649 59.529037 60.922287 62.296986 63.652702
 33 53.803539 55.266449 56.712521 58.141319 59.552406 60.945354 62.319736 63.675137
 34 53.828056 55.290688 56.736477 58.164982 59.575771 60.968414 62.342484 63.697563
 35 53.852570 55.314922 56.760429 58.188641 59.599133 60.991467 62.365223 63.719982
 36 53.877079 55.339153 56.784374 58.212296 59.622486 61.014515 62.387959 63.742397
 37 53.901581 55.363380 56.808315 58.235947 59.645836 61.037560 62.410690 63.764809
 38 53.926086 55.387608 56.832256 58.259594 59.669186 61.060604 62.433418 63.787220
 39 53.950581 55.411823 56.856190 58.283234 59.692528 61.083637 62.456139 63.809620
 40 53.975067 55.436035 56.880116 58.306870 59.715862 61.106667 62.478855 63.832012
 41 53.999554 55.460243 56.904037 58.330498 59.739193 61.129688 62.501564 63.854401
 42 54.024036 55.484444 56.927956 58.354122 59.762516 61.152706 62.524269 63.876785
 43 54.048512 55.508644 56.951866 58.377743 59.785835 61.175720 62.546967 63.899162
 44 54.072983 55.532837 56.975777 58.401360 59.809151 61.198727 62.569660 63.921535
 45 54.097450 55.557026 56.999676 58.424969 59.832462 61.221729 62.592350 63.943901
 46 54.121910 55.581207 57.023575 58.448574 59.855766 61.244728 62.615032 63.966263
 47 54.146370 55.605389 57.047470 58.472172 59.879066 61.267719 62.637711 63.988621
 48 54.170822 55.629562 57.071358 58.495770 59.902359 61.290707 62.660381 64.010971
 49 54.195271 55.653732 57.095242 58.519360 59.925652 61.313686 62.683048 64.033318
 50 54.219715 55.677895 57.119118 58.542942 59.948933 61.336662 62.705711 64.055656
 51 54.244152 55.702057 57.142994 58.566525 59.972214 61.359634 62.728367 64.077988
 52 54.268589 55.726212 57.166862 58.590099 59.995487 61.382603 62.751019 64.100319
 53 54.293022 55.750370 57.190731 58.613674 60.018761 61.405567 62.773670 64.122650
 54 54.317448 55.774513 57.214592 58.637238 60.042027 61.428524 62.796310 64.144966
 55 54.341869 55.798656 57.238445 58.660801 60.065285 61.451473 62.818943 64.167282
 56 54.366287 55.822792 57.262295 58.684357 60.088539 61.474419 62.841576 64.189590
 57 54.390697 55.846924 57.286140 58.707905 60.111790 61.497360 62.864201 64.211891
 58 54.415104 55.871052 57.309978 58.731449 60.135033 61.520294 62.886818 64.234184
 59 54.439507 55.895172 57.333817 58.754990 60.158272 61.543224 62.909431 64.256477
 60 54.463905 55.919292 57.357643 58.778526 60.181503 61.566151 62.932041 64.278763



3088 100-MM SINE-BARS

Constants for Setting a 100-mm Sine-bar for 40° to 47°
Min. 40° 41° 42° 43° 44° 45° 46° 47°

 0 64.278763 65.605904 66.913063 68.199837 69.465836 70.710678 71.933983 73.135368
 1 64.301041 65.627853 66.934677 68.221107 69.486763 70.731247 71.954185 73.155205
 2 64.323318 65.649803 66.956284 68.242371 69.507675 70.751808 71.974380 73.175034
 3 64.345589 65.671738 66.977890 68.263634 69.528587 70.772362 71.994576 73.194855
 4 64.367851 65.693672 66.999481 68.284889 69.549492 70.792908 72.014755 73.214676
 5 64.390106 65.715599 67.021072 68.306137 69.570389 70.813446 72.034935 73.234482
 6 64.412361 65.737526 67.042664 68.327377 69.591278 70.833984 72.055107 73.254288
 7 64.434608 65.759438 67.064240 68.348610 69.612167 70.854515 72.075279 73.274086
 8 64.456856 65.781357 67.085823 68.369850 69.633049 70.875038 72.095444 73.293884
 9 64.479095 65.803261 67.107391 68.391075 69.653923 70.895561 72.115601 73.313667
 10 64.501328 65.825165 67.128952 68.412292 69.674797 70.916069 72.135750 73.333450
 11 64.523552 65.847061 67.150513 68.433502 69.695656 70.936577 72.155891 73.353226
 12 64.545769 65.868950 67.172058 68.454712 69.716515 70.957077 72.176025 73.372986
 13 64.567986 65.890831 67.193611 68.475914 69.737366 70.977570 72.196159 73.392746
 14 64.590195 65.912712 67.215149 68.497108 69.758209 70.998055 72.216278 73.412506
 15 64.612396 65.934586 67.236679 68.518303 69.779045 71.018539 72.236397 73.432251
 16 64.634598 65.956451 67.258209 68.539482 69.799881 71.039017 72.256508 73.451996
 17 64.656792 65.978310 67.279732 68.560661 69.820709 71.059486 72.276619 73.471733
 18 64.678978 66.000168 67.301254 68.581833 69.841530 71.079948 72.296715 73.491463
 19 64.701164 66.022018 67.322762 68.603004 69.862343 71.100403 72.316811 73.511185
 20 64.723335 66.043861 67.344269 68.624161 69.883156 71.120857 72.336899 73.530899
 21 64.745506 66.065704 67.365768 68.645317 69.903961 71.141304 72.356979 73.550613
 22 64.767677 66.087532 67.387268 68.666466 69.924759 71.161743 72.377052 73.570320
 23 64.789841 66.109367 67.408760 68.687614 69.945549 71.182182 72.397125 73.590019
 24 64.811996 66.131187 67.430244 68.708755 69.966339 71.202606 72.417191 73.609711
 25 64.834145 66.153008 67.451721 68.729889 69.987114 71.223030 72.437248 73.629395
 26 64.856285 66.174820 67.473190 68.751015 70.007889 71.243446 72.457298 73.649078
 27 64.878426 66.196625 67.494659 68.772133 70.028656 71.263855 72.477341 73.668755
 28 64.900558 66.218422 67.516121 68.793251 70.049423 71.284256 72.497383 73.688416
 29 64.922684 66.240219 67.537575 68.814354 70.070175 71.304657 72.517410 73.708084
 30 64.944809 66.262009 67.559021 68.835457 70.090927 71.325043 72.537437 73.727737
 31 64.966919 66.283791 67.580467 68.856560 70.111671 71.345428 72.557457 73.747383
 32 64.989037 66.305565 67.601906 68.877647 70.132408 71.365814 72.577469 73.767029
 33 65.011139 66.327339 67.623337 68.898735 70.153145 71.386185 72.597481 73.786659
 34 65.033241 66.349106 67.644760 68.919815 70.173866 71.406555 72.617485 73.806290
 35 65.055336 66.370865 67.666183 68.940887 70.194588 71.426910 72.637474 73.825920
 36 65.077423 66.392624 67.687599 68.961952 70.215302 71.447266 72.657463 73.845535
 37 65.099503 66.414368 67.709007 68.983017 70.236015 71.467613 72.677452 73.865143
 38 65.121590 66.436119 67.730415 69.004074 70.256721 71.487961 72.697433 73.884758
 39 65.143661 66.457855 67.751808 69.025131 70.277420 71.508301 72.717400 73.904350
 40 65.165726 66.479591 67.773201 69.046173 70.298111 71.528633 72.737366 73.923943
 41 65.187790 66.501320 67.794586 69.067207 70.318794 71.548958 72.757324 73.943535
 42 65.209846 66.523041 67.815971 69.088242 70.339470 71.569275 72.777275 73.963112
 43 65.231895 66.544754 67.837341 69.109268 70.360146 71.589592 72.797226 73.982689
 44 65.253937 66.566467 67.858711 69.130295 70.380814 71.609894 72.817162 74.002251
 45 65.275978 66.588165 67.880074 69.151306 70.401474 71.630196 72.837097 74.021812
 46 65.298012 66.609863 67.901436 69.172318 70.422127 71.650490 72.857025 74.041367
 47 65.320038 66.631561 67.922783 69.193321 70.442780 71.670776 72.876945 74.060921
 48 65.342064 66.653244 67.944130 69.214317 70.463425 71.691063 72.896866 74.080460
 49 65.364075 66.674927 67.965469 69.235313 70.484062 71.711334 72.916771 74.099998
 50 65.386093 66.696602 67.986809 69.256294 70.504692 71.731606 72.936676 74.119530
 51 65.408096 66.718277 68.008133 69.277275 70.525314 71.751869 72.956573 74.139053
 52 65.430099 66.739944 68.029457 69.298248 70.545937 71.772133 72.976463 74.158569
 53 65.452095 66.761604 68.050781 69.319221 70.566551 71.792389 72.996353 74.178085
 54 65.474083 66.783257 68.072090 69.340187 70.587158 71.812630 73.016228 74.197586
 55 65.496071 66.804909 68.093399 69.361145 70.607765 71.832870 73.036102 74.217087
 56 65.518044 66.826546 68.114693 69.382095 70.628357 71.853104 73.055969 74.236580
 57 65.540016 66.848183 68.135986 69.403038 70.648949 71.873337 73.075829 74.256065
 58 65.561989 66.869820 68.157280 69.423981 70.669533 71.893555 73.095680 74.275543
 59 65.583946 66.891441 68.178558 69.444908 70.690109 71.913773 73.115532 74.295013
 60 65.605904 66.913063 68.199837 69.465836 70.710678 71.933983 73.135368 74.314484



100-MM SINE-BARS 3089

Constants for Setting a 100-mm Sine-bar for 48° to 55°
Min. 48° 49° 50° 51° 52° 53° 54° 55°

 0 74.314484 75.470963 76.604446 77.714600 78.801079 79.863556 80.901703 81.915207
 1 74.333946 75.490044 76.623138 77.732903 78.818985 79.881058 80.918793 81.931885
 2 74.353401 75.509117 76.641830 77.751198 78.836884 79.898552 80.935883 81.948563
 3 74.372849 75.528183 76.660507 77.769485 78.854774 79.916039 80.952965 81.965225
 4 74.392288 75.547241 76.679184 77.787766 78.872658 79.933525 80.970039 81.981888
 5 74.411728 75.566299 76.697853 77.806046 78.890533 79.950996 80.987106 81.998543
 6 74.431152 75.585350 76.716515 77.824318 78.908409 79.968468 81.004166 82.015190
 7 74.450577 75.604385 76.735168 77.842575 78.926277 79.985931 81.021217 82.031830
 8 74.470001 75.623428 76.753822 77.860840 78.944138 80.003387 81.038269 82.048462
 9 74.489410 75.642456 76.772469 77.879089 78.961990 80.020836 81.055305 82.065086
 10 74.508812 75.661484 76.791100 77.897331 78.979836 80.038277 81.072342 82.081711
 11 74.528214 75.680496 76.809731 77.915565 78.997673 80.055710 81.089363 82.098320
 12 74.547600 75.699509 76.828354 77.933800 79.015503 80.073143 81.106384 82.114922
 13 74.566986 75.718513 76.846970 77.952019 79.033325 80.090561 81.123398 82.131523
 14 74.586365 75.737511 76.865578 77.970238 79.051147 80.107979 81.140404 82.148109
 15 74.605736 75.756500 76.884186 77.988449 79.068962 80.125381 81.157402 82.164696
 16 74.625107 75.775482 76.902779 78.006653 79.086761 80.142784 81.174393 82.181274
 17 74.644463 75.794464 76.921371 78.024849 79.104561 80.160179 81.191376 82.197845
 18 74.663818 75.813431 76.939957 78.043045 79.122353 80.177567 81.208351 82.214401
 19 74.683167 75.832397 76.958534 78.061226 79.140137 80.194946 81.225327 82.230957
 20 74.702507 75.851357 76.977104 78.079399 79.157921 80.212318 81.242287 82.247513
 21 74.721840 75.870308 76.995667 78.097572 79.175690 80.229683 81.259247 82.264053
 22 74.741173 75.889259 77.014229 78.115738 79.193451 80.247047 81.276199 82.280586
 23 74.760498 75.908203 77.032784 78.133896 79.211220 80.264404 81.293144 82.297119
 24 74.779816 75.927132 77.051331 78.152054 79.228966 80.281754 81.310081 82.313637
 25 74.799118 75.946060 77.069862 78.170197 79.246712 80.299088 81.327011 82.330154
 26 74.818428 75.964981 77.088394 78.188332 79.264450 80.316422 81.343933 82.346664
 27 74.837723 75.983894 77.106926 78.206467 79.282181 80.333748 81.360847 82.363159
 28 74.857010 76.002800 77.125443 78.224586 79.299904 80.351067 81.377754 82.379654
 29 74.876297 76.021706 77.143951 78.242706 79.317627 80.368385 81.394661 82.396141
 30 74.895576 76.040596 77.162460 78.260818 79.335335 80.385689 81.411552 82.412621
 31 74.914848 76.059486 77.180962 78.278923 79.353043 80.402985 81.428444 82.429092
 32 74.934113 76.078369 77.199455 78.297020 79.370735 80.420280 81.445320 82.445557
 33 74.953369 76.097244 77.217941 78.315109 79.388428 80.437561 81.462196 82.462013
 34 74.972618 76.116112 77.236420 78.333199 79.406113 80.454842 81.479065 82.478470
 35 74.991867 76.134972 77.254890 78.351273 79.423790 80.472115 81.495926 82.494911
 36 75.011108 76.153831 77.273354 78.369347 79.441460 80.489380 81.512779 82.511353
 37 75.030342 76.172684 77.291817 78.387413 79.459129 80.506638 81.529625 82.527779
 38 75.049568 76.191528 77.310272 78.405472 79.476791 80.523895 81.546471 82.544205
 39 75.068794 76.210365 77.328720 78.423523 79.494438 80.541138 81.563301 82.560623
 40 75.088005 76.229195 77.347160 78.441566 79.512085 80.558372 81.580132 82.577034
 41 75.107216 76.248016 77.365593 78.459610 79.529716 80.575607 81.596947 82.593437
 42 75.126419 76.266838 77.384026 78.477638 79.547348 80.592827 81.613762 82.609833
 43 75.145615 76.285645 77.402443 78.495667 79.564972 80.610046 81.630569 82.626221
 44 75.164803 76.304451 77.420860 78.513680 79.582588 80.627258 81.647362 82.642601
 45 75.183983 76.323250 77.439262 78.531693 79.600204 80.644463 81.664154 82.658974
 46 75.203156 76.342041 77.457664 78.549698 79.617805 80.661659 81.680939 82.675346
 47 75.222328 76.360825 77.476059 78.567696 79.635399 80.678848 81.697723 82.691704
 48 75.241493 76.379601 77.494446 78.585693 79.652992 80.696030 81.714493 82.708061
 49 75.260651 76.398376 77.512833 78.603676 79.670578 80.713211 81.731255 82.724403
 50 75.279800 76.417145 77.531204 78.621651 79.688156 80.730377 81.748009 82.740746
 51 75.298943 76.435898 77.549576 78.639626 79.705719 80.747543 81.764763 82.757080
 52 75.318085 76.454651 77.567932 78.657593 79.723289 80.764694 81.781502 82.773399
 53 75.337219 76.473404 77.586296 78.675552 79.740845 80.781853 81.798248 82.789726
 54 75.356346 76.492142 77.604645 78.693504 79.758392 80.798988 81.814972 82.806038
 55 75.375458 76.510880 77.622986 78.711449 79.775940 80.816124 81.831696 82.822342
 56 75.394577 76.529602 77.641319 78.729393 79.793472 80.833252 81.848412 82.838638
 57 75.413681 76.548325 77.659653 78.747322 79.811005 80.850380 81.865120 82.854927
 58 75.432777 76.567039 77.677971 78.765244 79.828529 80.867493 81.881821 82.871216
 59 75.451874 76.585747 77.696289 78.783165 79.846046 80.884598 81.898521 82.887489
 60 75.470963 76.604446 77.714600 78.801079 79.863556 80.901703 81.915207 82.903755



3090 125-MM SINE-BARS

Constants for 125-mm Sine-Bar

Constants for Setting a 125-mm Sine-Bar for 0° to 7°
Min. 0° 1° 2° 3° 4° 5° 6° 7°

 0  0.000000  2.181551  4.362437  6.541995  8.719560 10.894468 13.066058 15.233668
 1  0.036361  2.217906  4.398776  6.578306  8.755832 10.930691 13.102220 15.269758
 2  0.072722  2.254261  4.435114  6.614616  8.792103 10.966911 13.138380 15.305845
 3  0.109083  2.290616  4.471452  6.650926  8.828374 11.003133 13.174540 15.341933
 4  0.145444  2.326972  4.507790  6.687235  8.864643 11.039351 13.210696 15.378017
 5  0.181805  2.363326  4.544127  6.723544  8.900913 11.075570 13.246854 15.414103
 6  0.218166  2.399680  4.580463  6.759851  8.937181 11.111787 13.283010 15.450185
 7  0.254527  2.436035  4.616800  6.796159  8.973449 11.148005 13.319164 15.486267
 8  0.290888  2.472389  4.653136  6.832467  9.009715 11.184219 13.355317 15.522346
 9  0.327249  2.508742  4.689472  6.868773  9.045981 11.220434 13.391470 15.558426

 10  0.363610  2.545096  4.725807  6.905079  9.082246 11.256648 13.427621 15.594503
 11  0.399971  2.581449  4.762142  6.941384  9.118511 11.292861 13.463771 15.630580
 12  0.436331  2.617803  4.798476  6.977688  9.154775 11.329072 13.499920 15.666655
 13  0.472692  2.654155  4.834810  7.013992  9.191038 11.365284 13.536068 15.702728
 14  0.509053  2.690508  4.871144  7.050296  9.227300 11.401493 13.572214 15.738800
 15  0.545414  2.726861  4.907477  7.086599  9.263561 11.437702 13.608359 15.774872
 16  0.581774  2.763213  4.943810  7.122901  9.299823 11.473911 13.644505 15.810942
 17  0.618135  2.799565  4.980142  7.159203  9.336082 11.510118 13.680647 15.847010
 18  0.654496  2.835917  5.016474  7.195503  9.372341 11.546324 13.716789 15.883077
 19  0.690856  2.872268  5.052805  7.231804  9.408599 11.582529 13.752930 15.919142
 20  0.727216  2.908620  5.089137  7.268104  9.444858 11.618733 13.789070 15.955207
 21  0.763577  2.944971  5.125467  7.304403  9.481113 11.654936 13.825208 15.991269
 22  0.799937  2.981322  5.161798  7.340702  9.517369 11.691138 13.861346 16.027330
 23  0.836297  3.017672  5.198128  7.377000  9.553624 11.727339 13.897482 16.063391
 24  0.872658  3.054022  5.234457  7.413297  9.589879 11.763539 13.933618 16.099451
 25  0.909018  3.090372  5.270786  7.449594  9.626132 11.799738 13.969750 16.135508
 26  0.945378  3.126722  5.307115  7.485890  9.662385 11.835937 14.005883 16.171564
 27  0.981738  3.163072  5.343442  7.522185  9.698636 11.872133 14.042014 16.207619
 28  1.018098  3.199421  5.379770  7.558480  9.734888 11.908330 14.078145 16.243671
 29  1.054457  3.235770  5.416097  7.594774  9.771137 11.944525 14.114274 16.279724
 30  1.090817  3.272119  5.452424  7.631068  9.807387 11.980720 14.150402 16.315775
 31  1.127177  3.308467  5.488750  7.667360  9.843637 12.016913 14.186529 16.351824
 32  1.163536  3.344815  5.525075  7.703653  9.879884 12.053104 14.222654 16.387871
 33  1.199896  3.381163  5.561400  7.739944  9.916131 12.089296 14.258779 16.423918
 34  1.236255  3.417511  5.597725  7.776235  9.952376 12.125485 14.294902 16.459963
 35  1.272614  3.453858  5.634050  7.812525  9.988622 12.161675 14.331024 16.496008
 36  1.308973  3.490205  5.670373  7.848815 10.024865 12.197863 14.367144 16.532049
 37  1.345332  3.526552  5.706697  7.885104 10.061110 12.234050 14.403264 16.568090
 38  1.381691  3.562898  5.743020  7.921392 10.097352 12.270235 14.439382 16.604130
 39  1.418050  3.599244  5.779343  7.957680 10.133594 12.306421 14.475499 16.640167
 40  1.454408  3.635590  5.815664  7.993967 10.169834 12.342604 14.511615 16.676205
 41  1.490767  3.671935  5.851986  8.030253 10.206075 12.378787 14.547729 16.712240
 42  1.527125  3.708281  5.888307  8.066539 10.242313 12.414968 14.583842 16.748274
 43  1.563483  3.744626  5.924627  8.102823 10.278552 12.451150 14.619955 16.784306
 44  1.599842  3.780970  5.960947  8.139108 10.314789 12.487329 14.656065 16.820337
 45  1.636199  3.817314  5.997266  8.175391 10.351027 12.523508 14.692175 16.856367
 46  1.672557  3.853658  6.033585  8.211674 10.387262 12.559686 14.728284 16.892395
 47  1.708915  3.890002  6.069903  8.247956 10.423496 12.595862 14.764391 16.928421
 48  1.745273  3.926345  6.106221  8.284238 10.459731 12.632038 14.800497 16.964447
 49  1.781630  3.962688  6.142539  8.320518 10.495964 12.668212 14.836601 17.000471
 50  1.817987  3.999031  6.178855  8.356798 10.532196 12.704386 14.872705 17.036493
 51  1.854344  4.035373  6.215172  8.393078 10.568427 12.740557 14.908807 17.072514
 52  1.890701  4.071715  6.251487  8.429357 10.604658 12.776729 14.944907 17.108534
 53  1.927058  4.108056  6.287803  8.465634 10.640887 12.812899 14.981007 17.144552
 54  1.963415  4.144397  6.324118  8.501912 10.677115 12.849068 15.017105 17.180569
 55  1.999771  4.180738  6.360432  8.538188 10.713343 12.885235 15.053202 17.216583
 56  2.036128  4.217079  6.396746  8.574464 10.749570 12.921402 15.089298 17.252598
 57  2.072484  4.253419  6.433059  8.610739 10.785795 12.957567 15.125392 17.288610
 58  2.108840  4.289759  6.469371  8.647013 10.822021 12.993732 15.161486 17.324621
 59  2.145195  4.326098  6.505683  8.683287 10.858245 13.029896 15.197577 17.360630
 60  2.181551  4.362437  6.541995  8.719560 10.894468 13.066058 15.233668 17.396639



125-MM SINE-BARS 3091

Constants for Setting a 125-mm Sine-Bar for 8° to 15°
Min. 8° 9° 10° 11° 12° 13° 14° 15°

 0 17.396639 19.554308 21.706022 23.851126 25.988962 28.118883 30.240238 32.352383
 1 17.432644 19.590221 21.741831 23.886816 26.024527 28.154310 30.275517 32.387501
 2 17.468651 19.626133 21.777637 23.922508 26.060091 28.189737 30.310795 32.422623
 3 17.504654 19.662043 21.813440 23.958195 26.095652 28.225159 30.346069 32.457737
 4 17.540655 19.697948 21.849243 23.993881 26.131210 28.260580 30.381340 32.492847
 5 17.576654 19.733854 21.885042 24.029564 26.166765 28.295998 30.416611 32.527958
 6 17.612656 19.769760 21.920843 24.065247 26.202322 28.331415 30.451878 32.563065
 7 17.648653 19.805662 21.956638 24.100927 26.237873 28.366829 30.487143 32.598167
 8 17.684649 19.841562 21.992432 24.136604 26.273422 28.402239 30.522404 32.633270
 9 17.720642 19.877460 22.028225 24.172279 26.308969 28.437647 30.557661 32.668369
 10 17.756636 19.913361 22.064018 24.207954 26.344517 28.473055 30.592920 32.703465
 11 17.792627 19.949255 22.099806 24.243626 26.380060 28.508459 30.628174 32.738560
 12 17.828617 19.985149 22.135593 24.279295 26.415600 28.543859 30.663424 32.773647
 13 17.864605 20.021040 22.171377 24.314960 26.451138 28.579258 30.698671 32.808735
 14 17.900593 20.056932 22.207163 24.350628 26.486675 28.614656 30.733919 32.843822
 15 17.936579 20.092821 22.242945 24.386292 26.522209 28.650049 30.769163 32.878902
 16 17.972561 20.128708 22.278723 24.421951 26.557741 28.685440 30.804403 32.913982
 17 18.008545 20.164595 22.314503 24.457613 26.593273 28.720833 30.839643 32.949059
 18 18.044525 20.200480 22.350279 24.493269 26.628799 28.756218 30.874878 32.984131
 19 18.080505 20.236361 22.386051 24.528923 26.664324 28.791603 30.910110 33.019203
 20 18.116482 20.272240 22.421824 24.564577 26.699846 28.826984 30.945341 33.054272
 21 18.152460 20.308121 22.457596 24.600229 26.735369 28.862366 30.980570 33.089336
 22 18.188435 20.343998 22.493362 24.635878 26.770887 28.897741 31.015795 33.124401
 23 18.224407 20.379871 22.529129 24.671524 26.806402 28.933117 31.051016 33.159458
 24 18.260378 20.415745 22.564894 24.707167 26.841915 28.968489 31.086235 33.194515
 25 18.296350 20.451618 22.600657 24.742811 26.877428 29.003859 31.121454 33.229568
 26 18.332317 20.487488 22.636417 24.778452 26.912937 29.039227 31.156670 33.264622
 27 18.368284 20.523355 22.672176 24.814089 26.948444 29.074591 31.191881 33.299667
 28 18.404249 20.559221 22.707932 24.849726 26.983950 29.109953 31.227089 33.334713
 29 18.440214 20.595089 22.743689 24.885361 27.019453 29.145313 31.262299 33.369759
 30 18.476177 20.630951 22.779442 24.920992 27.054953 29.180672 31.297501 33.404797
 31 18.512136 20.666813 22.815191 24.956621 27.090450 29.216026 31.332703 33.439835
 32 18.548098 20.702673 22.850943 24.992250 27.125948 29.251381 31.367903 33.474869
 33 18.584055 20.738531 22.886690 25.027876 27.161440 29.286730 31.403099 33.509903
 34 18.620010 20.774387 22.922434 25.063499 27.196930 29.322077 31.438292 33.544930
 35 18.655964 20.810240 22.958178 25.099121 27.232418 29.357422 31.473482 33.579956
 36 18.691919 20.846094 22.993919 25.134741 27.267906 29.392765 31.508671 33.614979
 37 18.727871 20.881945 23.029659 25.170359 27.303391 29.428106 31.543856 33.649998
 38 18.763819 20.917793 23.065397 25.205973 27.338871 29.463442 31.579039 33.685017
 39 18.799767 20.953640 23.101131 25.241585 27.374352 29.498777 31.614218 33.720028
 40 18.835714 20.989489 23.136868 25.277199 27.409830 29.534111 31.649397 33.755043
 41 18.871660 21.025331 23.172598 25.312807 27.445303 29.569441 31.684572 33.790051
 42 18.907602 21.061172 23.208326 25.348412 27.480776 29.604769 31.719744 33.825058
 43 18.943544 21.097012 23.244055 25.384016 27.516245 29.640093 31.754913 33.860058
 44 18.979486 21.132853 23.279781 25.419621 27.551716 29.675417 31.790081 33.895061
 45 19.015425 21.168688 23.315506 25.455219 27.587179 29.710737 31.825245 33.930058
 46 19.051361 21.204523 23.351227 25.490816 27.622643 29.746054 31.860405 33.965050
 47 19.087297 21.240358 23.386948 25.526415 27.658106 29.781372 31.895565 34.000046
 48 19.123230 21.276188 23.422665 25.562008 27.693563 29.816683 31.930721 34.035030
 49 19.159163 21.312017 23.458382 25.597599 27.729019 29.851994 31.965874 34.070019
 50 19.195091 21.347845 23.494095 25.633188 27.764473 29.887300 32.001022 34.105000
 51 19.231022 21.383673 23.529808 25.668776 27.799925 29.922607 32.036175 34.139980
 52 19.266949 21.419497 23.565517 25.704361 27.835375 29.957909 32.071320 34.174957
 53 19.302874 21.455317 23.601225 25.739943 27.870821 29.993208 32.106461 34.209930
 54 19.338799 21.491137 23.636930 25.775522 27.906265 30.028505 32.141598 34.244904
 55 19.374722 21.526957 23.672636 25.811104 27.941708 30.063803 32.176739 34.279873
 56 19.410643 21.562775 23.708338 25.846680 27.977148 30.099094 32.211872 34.314838
 57 19.446560 21.598589 23.744038 25.882252 28.012585 30.134382 32.247002 34.349800
 58 19.482477 21.634401 23.779734 25.917824 28.048019 30.169670 32.282131 34.384758
 59 19.518394 21.670214 23.815432 25.953396 28.083452 30.204956 32.317257 34.419716
 60 19.554308 21.706022 23.851126 25.988962 28.118883 30.240238 32.352383 34.454670



3092 125-MM SINE-BARS

Constants for Setting a 125-mm Sine-Bar for 16° to 23°
Min. 16° 17° 18° 19° 20° 21° 22° 23°

 0 34.454670 36.546463 38.627125 40.696022 42.752518 44.795994 46.825825 48.841393
 1 34.489620 36.581234 38.661705 40.730396 42.786686 44.829937 46.859535 48.874859
 2 34.524567 36.616001 38.696281 40.764774 42.820847 44.863876 46.893242 48.908325
 3 34.559513 36.650764 38.730854 40.799145 42.855007 44.897816 46.926945 48.941784
 4 34.594460 36.685532 38.765427 40.833515 42.889164 44.931751 46.960648 48.975243
 5 34.629398 36.720287 38.799992 40.867878 42.923317 44.965679 46.994343 49.008694
 6 34.664333 36.755043 38.834557 40.902241 42.957462 44.999603 47.028034 49.042141
 7 34.699265 36.789795 38.869114 40.936596 42.991608 45.033524 47.061722 49.075584
 8 34.734196 36.824543 38.903671 40.970951 43.025749 45.067440 47.095406 49.109024
 9 34.769123 36.859287 38.938225 41.005299 43.059887 45.101353 47.129086 49.142460
 10 34.804047 36.894032 38.972775 41.039646 43.094017 45.135262 47.162758 49.175888
 11 34.838970 36.928768 39.007320 41.073990 43.128147 45.169170 47.196430 49.209316
 12 34.873890 36.963509 39.041866 41.108334 43.162277 45.203075 47.230103 49.242741
 13 34.908806 36.998241 39.076408 41.142670 43.196400 45.236973 47.263763 49.276161
 14 34.943718 37.032970 39.110943 41.177002 43.230518 45.270866 47.297424 49.309574
 15 34.978626 37.067699 39.145477 41.211330 43.264633 45.304756 47.331078 49.342983
 16 35.013535 37.102421 39.180008 41.245659 43.298744 45.338642 47.364731 49.376389
 17 35.048439 37.137142 39.214535 41.279980 43.332851 45.372524 47.398376 49.409790
 18 35.083340 37.171860 39.249058 41.314297 43.366955 45.406403 47.432018 49.443188
 19 35.118240 37.206577 39.283581 41.348618 43.401062 45.440281 47.465664 49.476585
 20 35.153133 37.241287 39.318096 41.382931 43.435158 45.474152 47.499298 49.509972
 21 35.188026 37.275993 39.352612 41.417236 43.469250 45.508018 47.532928 49.543358
 22 35.222916 37.310699 39.387119 41.451542 43.503338 45.541885 47.566555 49.576740
 23 35.257801 37.345402 39.421627 41.485844 43.537426 45.575745 47.600178 49.610115
 24 35.292683 37.380100 39.456131 41.520142 43.571507 45.609600 47.633797 49.643486
 25 35.327560 37.414795 39.490631 41.554436 43.605583 45.643452 47.667412 49.676853
 26 35.362438 37.449486 39.525127 41.588726 43.639660 45.677299 47.701023 49.710220
 27 35.397316 37.484180 39.559624 41.623016 43.673733 45.711147 47.734634 49.743580
 28 35.432186 37.518864 39.594112 41.657303 43.707802 45.744987 47.768238 49.776936
 29 35.467056 37.553547 39.628601 41.691582 43.741863 45.778824 47.801834 49.810287
 30 35.501919 37.588226 39.663082 41.725857 43.775925 45.812656 47.835430 49.843636
 31 35.536781 37.622902 39.697563 41.760132 43.809978 45.846481 47.869022 49.876976
 32 35.571640 37.657574 39.732040 41.794403 43.844032 45.880306 47.902607 49.910316
 33 35.606495 37.692245 39.766514 41.828667 43.878082 45.914127 47.936192 49.943649
 34 35.641350 37.726913 39.800987 41.862934 43.912128 45.947948 47.969772 49.976982
 35 35.676201 37.761578 39.835453 41.897194 43.946171 45.981762 48.003345 50.010311
 36 35.711048 37.796238 39.869915 41.931450 43.980209 46.015572 48.036919 50.043633
 37 35.745892 37.830894 39.904377 41.965698 44.014240 46.049377 48.070484 50.076950
 38 35.780731 37.865547 39.938831 41.999947 44.048271 46.083176 48.104046 50.110260
 39 35.815571 37.900200 39.973286 42.034195 44.082298 46.116974 48.137604 50.143570
 40 35.850403 37.934845 40.007732 42.068436 44.116322 46.150768 48.171158 50.176876
 41 35.885235 37.969490 40.042179 42.102673 44.150341 46.184559 48.204708 50.210175
 42 35.920067 38.004135 40.076626 42.136909 44.184357 46.218346 48.238258 50.243473
 43 35.954891 38.038773 40.111065 42.171139 44.218369 46.252129 48.271801 50.276768
 44 35.989716 38.073406 40.145500 42.205368 44.252377 46.285908 48.305336 50.310055
 45 36.024536 38.108040 40.179935 42.239590 44.286381 46.319679 48.338871 50.343338
 46 36.059349 38.142666 40.214363 42.273811 44.320381 46.353451 48.372402 50.376617
 47 36.094162 38.177292 40.248791 42.308025 44.354378 46.387218 48.405926 50.409893
 48 36.128975 38.211914 40.283211 42.342239 44.388371 46.420979 48.439449 50.443161
 49 36.163784 38.246536 40.317635 42.376453 44.422363 46.454742 48.472969 50.476433
 50 36.198589 38.281151 40.352051 42.410660 44.456348 46.488495 48.506481 50.509693
 51 36.233391 38.315762 40.386463 42.444859 44.490330 46.522247 48.539993 50.542950
 52 36.268188 38.350368 40.420872 42.479057 44.524307 46.555992 48.573498 50.576206
 53 36.302982 38.384975 40.455276 42.513252 44.558281 46.589733 48.606998 50.609455
 54 36.337776 38.419579 40.489677 42.547443 44.592251 46.623474 48.640495 50.642700
 55 36.372562 38.454178 40.524075 42.581631 44.626217 46.657207 48.673988 50.675938
 56 36.407349 38.488773 40.558472 42.615814 44.660179 46.690937 48.707474 50.709175
 57 36.442135 38.523369 40.592865 42.650002 44.694141 46.724670 48.740963 50.742413
 58 36.476913 38.557957 40.627254 42.684177 44.728096 46.758392 48.774445 50.775639
 59 36.511692 38.592545 40.661640 42.718349 44.762047 46.792110 48.807919 50.808861
 60 36.546463 38.627125 40.696022 42.752518 44.795994 46.825825 48.841393 50.842083



125-MM SINE-BARS 3093

Constants for Setting a 125-mm Sine-Bar for 24° to 31°
Min. 24° 25° 26° 27° 28° 29° 30° 31°

 0 50.842083 52.827286 54.796394 56.748814 58.683949 60.601204 62.500000 64.379761
 1 50.875298 52.860237 54.829075 56.781208 58.716049 60.633003 62.531487 64.410927
 2 50.908508 52.893181 54.861748 56.813599 58.748146 60.664799 62.562969 64.442085
 3 50.941711 52.926125 54.894417 56.845985 58.780239 60.696587 62.594444 64.473236
 4 50.974918 52.959068 54.927082 56.878368 58.812328 60.728374 62.625919 64.504387
 5 51.008118 52.992001 54.959743 56.910744 58.844410 60.760151 62.657383 64.535530
 6 51.041309 53.024929 54.992397 56.943115 58.876488 60.791924 62.688843 64.566666
 7 51.074497 53.057854 55.025047 56.975483 58.908558 60.823692 62.720299 64.597801
 8 51.107681 53.090775 55.057693 57.007843 58.940628 60.855457 62.751747 64.628929
 9 51.140865 53.123692 55.090336 57.040199 58.972687 60.887215 62.783192 64.660049
 10 51.174038 53.156601 55.122971 57.072552 59.004745 60.918968 62.814632 64.691162
 11 51.207211 53.189507 55.155605 57.104897 59.036797 60.950714 62.846066 64.722275
 12 51.240383 53.222416 55.188236 57.137245 59.068848 60.982460 62.877495 64.753380
 13 51.273544 53.255314 55.220856 57.169582 59.100891 61.014198 62.908920 64.784477
 14 51.306705 53.288204 55.253475 57.201912 59.132927 61.045929 62.940338 64.815575
 15 51.339859 53.321095 55.286087 57.234241 59.164959 61.077656 62.971748 64.846657
 16 51.373009 53.353977 55.318695 57.266563 59.196987 61.109379 63.003155 64.877739
 17 51.406155 53.386856 55.351299 57.298882 59.229008 61.141094 63.034557 64.908821
 18 51.439293 53.419731 55.383900 57.331196 59.261024 61.172806 63.065952 64.939888
 19 51.472435 53.452606 55.416496 57.363506 59.293041 61.204517 63.097347 64.970955
 20 51.505569 53.485474 55.449085 57.395809 59.325050 61.236217 63.128735 65.002022
 21 51.538696 53.518333 55.481670 57.428108 59.357052 61.267914 63.160114 65.033073
 22 51.571819 53.551193 55.514252 57.460400 59.389050 61.299603 63.191486 65.064125
 23 51.604939 53.584045 55.546825 57.492691 59.421040 61.331291 63.222858 65.095169
 24 51.638054 53.616894 55.579399 57.524975 59.453026 61.362968 63.254223 65.126205
 25 51.671165 53.649734 55.611965 57.557251 59.485008 61.394646 63.285580 65.157234
 26 51.704273 53.682575 55.644527 57.589527 59.516987 61.426315 63.316933 65.188263
 27 51.737377 53.715412 55.677086 57.621799 59.548962 61.457985 63.348286 65.219292
 28 51.770473 53.748241 55.709637 57.654064 59.580929 61.489643 63.379627 65.250305
 29 51.803566 53.781067 55.742184 57.686325 59.612888 61.521297 63.410965 65.281319
 30 51.836658 53.813889 55.774727 57.718578 59.644848 61.552948 63.442295 65.312325
 31 51.869740 53.846706 55.807266 57.750828 59.676800 61.584591 63.473625 65.343323
 32 51.902821 53.879517 55.839798 57.783073 59.708744 61.616230 63.504944 65.374313
 33 51.935898 53.912323 55.872326 57.815311 59.740688 61.647861 63.536259 65.405304
 34 51.968971 53.945129 55.904854 57.847549 59.772625 61.679493 63.567574 65.436295
 35 52.002037 53.977928 55.937374 57.879780 59.804558 61.711117 63.598881 65.467270
 36 52.035103 54.010719 55.969887 57.912006 59.836483 61.742737 63.630180 65.498238
 37 52.068161 54.043510 56.002399 57.944225 59.868404 61.774349 63.661472 65.529205
 38 52.101212 54.076294 56.034901 57.976444 59.900322 61.805954 63.692764 65.560165
 39 52.134262 54.109074 56.067402 58.008652 59.932232 61.837559 63.724045 65.591125
 40 52.167309 54.141850 56.099899 58.040859 59.964138 61.869156 63.755325 65.622070
 41 52.200348 54.174618 56.132389 58.073059 59.996040 61.900745 63.786598 65.653015
 42 52.233387 54.207390 56.164879 58.105259 60.027939 61.932335 63.817867 65.683960
 43 52.266418 54.240150 56.197357 58.137451 60.059830 61.963917 63.849129 65.714890
 44 52.299446 54.272907 56.229836 58.169636 60.091717 61.995495 63.880386 65.745819
 45 52.332470 54.305660 56.262306 58.201817 60.123596 62.027065 63.911636 65.776741
 46 52.365486 54.338406 56.294773 58.233994 60.155472 62.058632 63.942883 65.807655
 47 52.398502 54.371147 56.327236 58.266163 60.187344 62.090191 63.974125 65.838570
 48 52.431511 54.403889 56.359692 58.298328 60.219208 62.121746 64.005356 65.869476
 49 52.464520 54.436626 56.392147 58.330494 60.251072 62.153297 64.036591 65.900375
 50 52.497520 54.469353 56.424595 58.362652 60.282928 62.184845 64.067818 65.931274
 51 52.530514 54.502079 56.457039 58.394802 60.314777 62.216381 64.099037 65.962158
 52 52.563507 54.534798 56.489479 58.426949 60.346622 62.247917 64.130249 65.993042
 53 52.596493 54.567513 56.521912 58.459091 60.378464 62.279446 64.161453 66.023918
 54 52.629478 54.600224 56.554340 58.491226 60.410297 62.310966 64.192657 66.054794
 55 52.662457 54.632931 56.586761 58.523357 60.442127 62.342487 64.223854 66.085655
 56 52.695431 54.665630 56.619183 58.555485 60.473953 62.374001 64.255043 66.116516
 57 52.728401 54.698334 56.651600 58.587612 60.505775 62.405510 64.286232 66.147377
 58 52.761368 54.731026 56.684010 58.619728 60.537590 62.437012 64.317413 66.178230
 59 52.794327 54.763710 56.716415 58.651840 60.569401 62.468510 64.348595 66.209068
 60 52.827286 54.796394 56.748814 58.683949 60.601204 62.500000 64.379761 66.239906



3094 125-MM SINE-BARS

Constants for Setting a 125-mm Sine-Bar for 32° to 39°
Min. 32° 33° 34° 35° 36° 37° 38° 39°

 0 66.239906 68.079880 69.899117 71.697060 73.473160 75.226883 76.957687 78.665054
 1 66.270744 68.110374 69.929253 71.726837 73.502571 75.255913 76.986336 78.693306
 2 66.301567 68.140862 69.959389 71.756615 73.531975 75.284943 77.014977 78.721550
 3 66.332390 68.171341 69.989517 71.786385 73.561378 75.313965 77.043617 78.749794
 4 66.363205 68.201813 70.019646 71.816147 73.590775 75.342987 77.072243 78.778030
 5 66.394020 68.232285 70.049759 71.845901 73.620163 75.371994 77.100868 78.806252
 6 66.424820 68.262741 70.079872 71.875656 73.649544 75.401001 77.129486 78.834473
 7 66.455620 68.293198 70.109978 71.905403 73.678917 75.429993 77.158096 78.862686
 8 66.486420 68.323662 70.140083 71.935150 73.708298 75.458992 77.186707 78.890900
 9 66.517212 68.354103 70.170181 71.964882 73.737656 75.487976 77.215302 78.919106
 10 66.547989 68.384544 70.200264 71.994606 73.767014 75.516953 77.243889 78.947296
 11 66.578766 68.414978 70.230347 72.024330 73.796364 75.545929 77.272476 78.975487
 12 66.609535 68.445404 70.260422 72.054039 73.825714 75.574890 77.301056 79.003670
 13 66.640305 68.475830 70.290497 72.083748 73.855049 75.603851 77.329620 79.031837
 14 66.671059 68.506248 70.320557 72.113457 73.884384 75.632805 77.358185 79.060005
 15 66.701813 68.536652 70.350616 72.143150 73.913712 75.661751 77.386749 79.088165
 16 66.732567 68.567062 70.380669 72.172844 73.943024 75.690689 77.415298 79.116325
 17 66.763306 68.597458 70.410713 72.202522 73.972343 75.719620 77.443840 79.144470
 18 66.794044 68.627853 70.440758 72.232201 74.001648 75.748550 77.472382 79.172607
 19 66.824776 68.658241 70.470787 72.261879 74.030945 75.777473 77.500908 79.200745
 20 66.855499 68.688622 70.500816 72.291542 74.060242 75.806389 77.529434 79.228874
 21 66.886223 68.718994 70.530838 72.321205 74.089531 75.835297 77.557953 79.256989
 22 66.916939 68.749367 70.560860 72.350853 74.118813 75.864197 77.586464 79.285103
 23 66.947647 68.779739 70.590874 72.380508 74.148094 75.893097 77.614975 79.313217
 24 66.978355 68.810097 70.620880 72.410149 74.177368 75.921982 77.643478 79.341316
 25 67.009048 68.840446 70.650879 72.439789 74.206627 75.950867 77.671967 79.369415
 26 67.039742 68.870796 70.680870 72.469414 74.235886 75.979744 77.700455 79.397499
 27 67.070427 68.901138 70.710861 72.499039 74.265137 76.008614 77.728935 79.425583
 28 67.101112 68.931473 70.740837 72.528656 74.294380 76.037476 77.757408 79.453651
 29 67.131783 68.961800 70.770813 72.558266 74.323616 76.066330 77.785873 79.481720
 30 67.162453 68.992126 70.800781 72.587868 74.352852 76.095177 77.814331 79.509781
 31 67.193115 69.022446 70.830742 72.617470 74.382072 76.124023 77.842781 79.537834
 32 67.223770 69.052757 70.860703 72.647064 74.411293 76.152863 77.871231 79.565880
 33 67.254425 69.083061 70.890648 72.676651 74.440506 76.181694 77.899673 79.593918
 34 67.285072 69.113358 70.920593 72.706230 74.469711 76.210518 77.928101 79.621956
 35 67.315712 69.143654 70.950531 72.735802 74.498917 76.239334 77.956528 79.649979
 36 67.346344 69.173943 70.980469 72.765373 74.528107 76.268143 77.984947 79.678001
 37 67.376976 69.204224 71.010391 72.794930 74.557297 76.296951 78.013359 79.706009
 38 67.407608 69.234512 71.040321 72.824493 74.586487 76.325752 78.041779 79.734024
 39 67.438225 69.264778 71.070236 72.854042 74.615662 76.354546 78.070175 79.762024
 40 67.468834 69.295044 71.100143 72.883583 74.644829 76.383331 78.098572 79.790016
 41 67.499443 69.325302 71.130051 72.913124 74.673988 76.412109 78.126953 79.818001
 42 67.530045 69.355560 71.159943 72.942657 74.703148 76.440880 78.155334 79.845978
 43 67.560638 69.385803 71.189835 72.972176 74.732300 76.469650 78.183708 79.873955
 44 67.591225 69.416046 71.219719 73.001701 74.761436 76.498405 78.212074 79.901917
 45 67.621811 69.446281 71.249596 73.031212 74.790573 76.527161 78.240433 79.929878
 46 67.652390 69.476509 71.279472 73.060715 74.819710 76.555908 78.268791 79.957832
 47 67.682961 69.506737 71.309334 73.090218 74.848831 76.584648 78.297134 79.985771
 48 67.713524 69.536949 71.339195 73.119713 74.877953 76.613380 78.325478 80.013710
 49 67.744087 69.567162 71.369049 73.149200 74.907059 76.642113 78.353813 80.041641
 50 67.774643 69.597374 71.398895 73.178680 74.936165 76.670830 78.382141 80.069572
 51 67.805191 69.627571 71.428741 73.208153 74.965263 76.699547 78.410461 80.097488
 52 67.835732 69.657768 71.458580 73.237625 74.994362 76.728249 78.438774 80.125397
 53 67.866280 69.687958 71.488411 73.267090 75.023453 76.756958 78.467087 80.153313
 54 67.896812 69.718140 71.518242 73.296547 75.052536 76.785652 78.495384 80.181206
 55 67.927338 69.748322 71.548058 73.325996 75.081604 76.814346 78.523682 80.209099
 56 67.957855 69.778488 71.577866 73.355446 75.110672 76.843025 78.551971 80.236984
 57 67.988373 69.808655 71.607674 73.384880 75.139732 76.871696 78.580246 80.264862
 58 68.018883 69.838814 71.637474 73.414314 75.168793 76.900368 78.608521 80.292732
 59 68.049385 69.868965 71.667267 73.443741 75.197838 76.929031 78.636787 80.320595
 60 68.079880 69.899117 71.697060 73.473160 75.226883 76.957687 78.665054 80.348450



125-MM SINE-BARS 3095

Constants for Setting a 125-mm Sine-Bar for 40° to 47°
Min. 40° 41° 42° 43° 44° 45° 46° 47°

 0 80.348450 82.007378 83.641327 85.249794 86.832298 88.388351 89.917480 91.419212
 1 80.376305 82.034821 83.668343 85.276382 86.858452 88.414055 89.942734 91.444008
 2 80.404144 82.062248 83.695358 85.302971 86.884598 88.439758 89.967979 91.468796
 3 80.431984 82.089676 83.722359 85.329544 86.910728 88.465446 89.993217 91.493576
 4 80.459816 82.117088 83.749359 85.356110 86.936859 88.491135 90.018448 91.518341
 5 80.487640 82.144501 83.776344 85.382668 86.962982 88.516808 90.043671 91.543106
 6 80.515450 82.171906 83.803329 85.409218 86.989098 88.542480 90.068886 91.567863
 7 80.543266 82.199303 83.830299 85.435768 87.015205 88.568138 90.094101 91.592613
 8 80.571068 82.226700 83.857277 85.462311 87.041313 88.593803 90.119301 91.617355
 9 80.598869 82.254082 83.884239 85.488838 87.067406 88.619446 90.144501 91.642090
 10 80.626656 82.281456 83.911194 85.515366 87.093491 88.645088 90.169685 91.666809
 11 80.654442 82.308823 83.938141 85.541885 87.119568 88.670723 90.194862 91.691528
 12 80.682213 82.336189 83.965080 85.568390 87.145638 88.696342 90.220032 91.716240
 13 80.709984 82.363541 83.992012 85.594894 87.171707 88.721962 90.245193 91.740936
 14 80.737747 82.390884 84.018936 85.621391 87.197762 88.747574 90.270348 91.765633
 15 80.765503 82.418228 84.045853 85.647873 87.223808 88.773170 90.295494 91.790314
 16 80.793251 82.445564 84.072762 85.674355 87.249847 88.798767 90.320641 91.814995
 17 80.820992 82.472893 84.099670 85.700829 87.275887 88.824356 90.345772 91.839661
 18 80.848724 82.500206 84.126564 85.727295 87.301910 88.849937 90.370895 91.864326
 19 80.876450 82.527519 84.153458 85.753754 87.327934 88.875504 90.396011 91.888977
 20 80.904175 82.554825 84.180336 85.780205 87.353943 88.901070 90.421120 91.913628
 21 80.931885 82.582130 84.207214 85.806648 87.379944 88.926628 90.446220 91.938263
 22 80.959595 82.609421 84.234077 85.833084 87.405945 88.952179 90.471313 91.962898
 23 80.987297 82.636711 84.260948 85.859520 87.431938 88.977722 90.496407 91.987526
 24 81.014992 82.663986 84.287804 85.885941 87.457924 89.003258 90.521484 92.012138
 25 81.042679 82.691261 84.314651 85.912361 87.483894 89.028786 90.546555 92.036751
 26 81.070358 82.718521 84.341492 85.938766 87.509865 89.054306 90.571625 92.061348
 27 81.098030 82.745781 84.368324 85.965164 87.535828 89.079819 90.596680 92.085938
 28 81.125694 82.773026 84.395149 85.991562 87.561775 89.105324 90.621727 92.110527
 29 81.153358 82.800270 84.421967 86.017944 87.587723 89.130821 90.646767 92.135101
 30 81.181007 82.827507 84.448776 86.044327 87.613663 89.156311 90.671799 92.159668
 31 81.208656 82.854736 84.475578 86.070694 87.639587 89.181793 90.696823 92.184227
 32 81.236290 82.881958 84.502380 86.097061 87.665512 89.207260 90.721840 92.208786
 33 81.263924 82.909172 84.529167 86.123413 87.691429 89.232727 90.746849 92.233330
 34 81.291550 82.936378 84.555954 86.149765 87.717339 89.258186 90.771851 92.257866
 35 81.319168 82.963585 84.582726 86.176109 87.743240 89.283638 90.796844 92.282394
 36 81.346779 82.990776 84.609497 86.202446 87.769135 89.309082 90.821831 92.306915
 37 81.374382 83.017960 84.636253 86.228767 87.795013 89.334518 90.846809 92.331429
 38 81.401985 83.045151 84.663017 86.255096 87.820900 89.359955 90.871788 92.355942
 39 81.429573 83.072319 84.689766 86.281410 87.846771 89.385376 90.896751 92.380440
 40 81.457161 83.099487 84.716507 86.307716 87.872635 89.410789 90.921707 92.404930
 41 81.484734 83.126648 84.743233 86.334015 87.898491 89.436195 90.946655 92.429413
 42 81.512306 83.153801 84.769958 86.360306 87.924339 89.461594 90.971596 92.453888
 43 81.539864 83.180939 84.796677 86.386589 87.950180 89.486984 90.996529 92.478355
 44 81.567421 83.208076 84.823395 86.412865 87.976013 89.512367 91.021454 92.502815
 45 81.594971 83.235207 84.850098 86.439133 88.001839 89.537743 91.046371 92.527267
 46 81.622513 83.262337 84.876793 86.465393 88.027664 89.563110 91.071281 92.551712
 47 81.650047 83.289452 84.903481 86.491653 88.053474 89.588470 91.096184 92.576149
 48 81.677574 83.316559 84.930161 86.517899 88.079277 89.613823 91.121078 92.600578
 49 81.705101 83.343658 84.956841 86.544136 88.105072 89.639175 91.145966 92.624992
 50 81.732613 83.370758 84.983505 86.570374 88.130859 89.664513 91.170845 92.649406
 51 81.760117 83.397842 85.010170 86.596596 88.156647 89.689842 91.195717 92.673813
 52 81.787621 83.424927 85.036819 86.622810 88.182419 89.715164 91.220581 92.698212
 53 81.815117 83.452003 85.063477 86.649033 88.208191 89.740486 91.245438 92.722603
 54 81.842606 83.479073 85.090111 86.675232 88.233948 89.765793 91.270287 92.746986
 55 81.870087 83.506134 85.116745 86.701431 88.259705 89.791092 91.295128 92.771355
 56 81.897560 83.533188 85.143372 86.727615 88.285446 89.816383 91.319962 92.795723
 57 81.925026 83.560234 85.169991 86.753799 88.311180 89.841667 91.344788 92.820084
 58 81.952484 83.587273 85.196594 86.779976 88.336914 89.866943 91.369606 92.844429
 59 81.979935 83.614304 85.223198 86.806137 88.362633 89.892212 91.394417 92.868774
 60 82.007378 83.641327 85.249794 86.832298 88.388351 89.917480 91.419212 92.893105



3096 125-MM SINE-BARS

Constants for Setting a 125-mm Sine-Bar for 48° to 55°
Min. 48° 49° 50° 51° 52° 53° 54° 55°

 0  92.893105  94.338699  95.755554  97.143250  98.501343  99.829437 101.127129 102.394005
 1  92.917435  94.362549  95.778923  97.166122  98.523727  99.851318 101.148491 102.414856
 2  92.941750  94.386391  95.802284  97.188995  98.546104  99.873192 101.169853 102.435699
 3  92.966057  94.410225  95.825638  97.211861  98.568466  99.895050 101.191208 102.456535
 4  92.990364  94.434052  95.848984  97.234711  98.590820  99.916901 101.212547 102.477364
 5  93.014656  94.457870  95.872314  97.257553  98.613174  99.938744 101.233879 102.498177
 6  93.038940  94.481682  95.895645  97.280396  98.635513  99.960579 101.255203 102.518982
 7  93.063225  94.505486  95.918961  97.303223  98.657845  99.982407 101.276520 102.539787
 8  93.087502  94.529289  95.942276  97.326050  98.680168 100.004234 101.297836 102.560577
 9  93.111763  94.553070  95.965584  97.348862  98.702484 100.026047 101.319130 102.581360
 10  93.136017  94.576851  95.988876  97.371666  98.724792 100.047844 101.340424 102.602135
 11  93.160263  94.600624  96.012161  97.394463  98.747093 100.069641 101.361710 102.622902
 12  93.184502  94.624382  96.035446  97.417252  98.769379 100.091423 101.382980 102.643654
 13  93.208733  94.648140  96.058716  97.440025  98.791664 100.113197 101.404243 102.664398
 14  93.232956  94.671883  96.081978  97.462799  98.813934 100.134972 101.425499 102.685143
 15  93.257172  94.695625  96.105232  97.485565  98.836197 100.156731 101.446747 102.705872
 16  93.281380  94.719353  96.128479  97.508316  98.858452 100.178482 101.467987 102.726593
 17  93.305580  94.743080  96.151718  97.531067  98.880699 100.200226 101.489220 102.747299
 18  93.329773  94.766792  96.174942  97.553802  98.902939 100.221954 101.510445 102.768005
 19  93.353958  94.790497  96.198166  97.576530  98.925171 100.243683 101.531654 102.788704
 20  93.378136  94.814201  96.221382  97.599251  98.947395 100.265396 101.552864 102.809387
 21  93.402306  94.837891  96.244583  97.621964  98.969612 100.287109 101.574059 102.830063
 22  93.426460  94.861572  96.267784  97.644669  98.991814 100.308807 101.595245 102.850731
 23  93.450623  94.885254  96.290977  97.667374  99.014023 100.330505 101.616432 102.871399
 24  93.474762  94.908920  96.314163  97.690063  99.036209 100.352188 101.637596 102.892052
 25  93.498901  94.932579  96.337334  97.712746  99.058388 100.373863 101.658760 102.912689
 26  93.523033  94.956230  96.360497  97.735413  99.080566 100.395531 101.679916 102.933327
 27  93.547150  94.979866  96.383652  97.758080  99.102730 100.417191 101.701057 102.953949
 28  93.571266  95.003502  96.406799  97.780739  99.124886 100.438835 101.722198 102.974571
 29  93.595367  95.027130  96.429939  97.803383  99.147034 100.460480 101.743324 102.995178
 30  93.619469  95.050751  96.453072  97.826019  99.169167 100.482109 101.764442 103.015778
 31  93.643555  95.074356  96.476196  97.848656  99.191299 100.503731 101.785553 103.036369
 32  93.667641  95.097961  96.499313  97.871277  99.213425 100.525345 101.806656 103.056946
 33  93.691711  95.121552  96.522423  97.893890  99.235535 100.546959 101.827744 103.077522
 34  93.715775  95.145142  96.545525  97.916496  99.257645 100.568550 101.848831 103.098083
 35  93.739838  95.168716  96.568611  97.939095  99.279739 100.590141 101.869904 103.118637
 36  93.763885  95.192291  96.591698  97.961685  99.301826 100.611725 101.890976 103.139191
 37  93.787926  95.215851  96.614769  97.984261  99.323906 100.633301 101.912033 103.159729
 38  93.811966  95.239410  96.637840  98.006844  99.345985 100.654869 101.933090 103.180260
 39  93.835991  95.262955  96.660904  98.029404  99.368050 100.676422 101.954132 103.200783
 40  93.860008  95.286491  96.683952  98.051964  99.390106 100.697968 101.975159 103.221291
 41  93.884018  95.310020  96.706993  98.074509  99.412148 100.719505 101.996185 103.241798
 42  93.908020  95.333542  96.730026  98.097046  99.434189 100.741035 102.017204 103.262291
 43  93.932014  95.357056  96.753052  98.119583  99.456215 100.762558 102.038208 103.282776
 44  93.956001  95.380562  96.776070  98.142105  99.478241 100.784073 102.059204 103.303253
 45  93.979980  95.404060  96.799080  98.164619  99.500252 100.805580 102.080193 103.323723
 46  94.003944  95.427551  96.822083  98.187126  99.522255 100.827072 102.101181 103.344177
 47  94.027908  95.451035  96.845078  98.209625  99.544250 100.848564 102.122147 103.364632
 48  94.051865  95.474503  96.868065  98.232109  99.566238 100.870041 102.143112 103.385071
 49  94.075813  95.497971  96.891037  98.254593  99.588219 100.891510 102.164070 103.405502
 50  94.099747  95.521423  96.914009  98.277069  99.610191 100.912971 102.185013 103.425934
 51  94.123680  95.544876  96.936966  98.299530  99.632156 100.934425 102.205956 103.446342
 52  94.147598  95.568314  96.959923  98.321991  99.654106 100.955872 102.226883 103.466751
 53  94.171524  95.591751  96.982872  98.344444  99.676056 100.977310 102.247810 103.487160
 54  94.195427  95.615181  97.005806  98.366882  99.697998 100.998741 102.268715 103.507545
 55  94.219330  95.638596  97.028732  98.389313  99.719925 101.020157 102.289619 103.527924
 56  94.243217  95.662003  97.051651  98.411736  99.741844 101.041573 102.310516 103.548302
 57  94.267097  95.685402  97.074562  98.434151  99.763756 101.062973 102.331406 103.568665
 58  94.290977  95.708794  97.097466  98.456558  99.785660 101.084366 102.352280 103.589012
 59  94.314842  95.732178  97.120361  98.478958  99.807556 101.105751 102.373146 103.609360
 60  94.338699  95.755554  97.143250  98.501343  99.829437 101.127129 102.394005 103.629700
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Determining Hole Coordinates

 On the following pages are given tables of the lengths of chords for spacing off the cir-
cumferences of circles. The object of these tables is to make possible the division of the 
periphery into a number of equal parts without trials with the dividers. The first table, 
Table 6, is calculated for circles having a diameter equal to 1. For circles of other diame-
ters, the length of chord given in the table should be multiplied by the diameter of the circle. 
Table 6 may be used by toolmakers when setting “buttons” in circular formation. Assume 
that it is required to divide the periphery of a circle of 20 inches diameter into thirty-two 
equal parts. From the table the length of the chord is found to be 0.098017 inch, if the diam-
eter of the circle were 1 inch. With a diameter of 20 inches the length of the chord for one 
division would be 20 × 0.098017 = 1.9603 inches. Another example in metric units: For a 
100 millimeter diameter requiring 5 equal divisions, the length of the chord for one divi-
sion would be 100 × 0.587785 = 58.7785 millimeters.

Tables 7a and 7b starting on page 3099 are additional tables for the spacing off of circles; 
the tables, in this case, being worked out for diameters from 1⁄16 inch to 14 inches. As an 
example, assume that it is required to divide a circle having a diameter of 61⁄2 inches into 
seven equal parts. Find first, in the column headed “6” and in line with 7 divisions, the 
length of the chord for a 6-inch circle, which is 2.603 inches. Then find the length of the 
chord for a 1⁄2-inch diameter circle, 7 divisions, which is 0.217. The sum of these two val-
ues, 2.603 + 0.217 = 2.820 inches, is the length of the chord required for spacing off the 
circumference of a 61⁄2-inch circle into seven equal divisions.

As another example, assume that it is required to divide a circle having a diameter of 923⁄32

inches into 15 equal divisions. First find the length of the chord for a 9-inch circle, which is 
1.871 inch. The length of the chord for a 23⁄32-inch circle can easily be estimated from the 
table by taking the value that is exactly between those given for 11⁄16 and 3⁄4 inch. The value 
for 11⁄16 inch is 0.143, and for 3⁄4 inch, 0.156. For 23⁄32, the value would be 0.150. Then, 1.871 
+ 0.150 = 2.021 inches.

Hole Coordinate Dimension Factors for Jig Boring.— Tables of  hole coordinate 
dimension factors for use in jig boring are given in Tables 8 through 11 starting on 
page 3101. The coordinate axes shown in the figure accompanying each table are used to 
reference the tool path; the values listed in each table are for the end points of the tool path. 
In this machine coordinate system, a positive Y value indicates that the effective motion of 
the tool with reference to the work is toward the front of the jig borer (the actual motion of 
the jig borer table is toward the column). Similarly, a positive X value indicates that the 
effective motion of the tool with respect to the work is toward the right (the actual motion 
of the jig borer table is toward the left). When entering data into most computer-controlled 
jig borers, current practice is to use the more familiar Cartesian coordinate axis system in 
which the positive Y direction is “up” (i.e., pointing toward the column of the jig borer). 
The computer will automatically change the signs of the entered Y values to the signs that 
they would have in the machine coordinate system. Therefore, before applying the coordi-
nate dimension factors given in the tables, it is important to determine the coordinate sys-
tem to be used. If a Cartesian coordinate system is to be used for the tool path, then the sign 
of the Y values in the tables must be changed, from positive to negative and from negative 
to positive. For example, when programming for a three-hole type A circle using Cartesian 
coordinates, the Y values from Table 10 would be y1 = + 0.50000, y2 = −0.25000, and y3 =−
0.25000.
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Table 6. Lengths of Chords for Spacing Off the Circumferences of Circles
with a  Diameter Equal to 1 (English or Metric units)

For circles of other diameters, multiply length given in table by diameter of circle.

Example: In a drill jig, 8 holes, each 1⁄2 inch diameter, were spaced evenly on a 6-inch diameter circle. 
To test the accuracy of the jig, plugs were placed in adjacent holes, and the distance over the plugs was 
measured with a micrometer. What should be the micrometer reading?

Solution: The micrometer reading equals the diameter of one plug plus 6 times the chordal distance 
between adjacent hole centers given in the table above. Thus, the reading should be 1⁄2 + (6 × 0382683) = 
2.796098 inches.

No. of
Spaces

Length of
Chord

No. of
Spaces

Length of
Chord

No. of
Spaces

Length of
Chord

No. of
Spaces

Length of
Chord

3 0.866025 41 0.076549 79 0.039757 117 0.026848
4 0.707107 42 0.074730 80 0.039260 118 0.026621
5 0.587785 43 0.072995 81 0.038775 119 0.026397
6 0.500000 44 0.071339 82 0.038303 120 0.026177
7 0.433884 45 0.069756 83 0.037841 121 0.025961
8 0.382683 46 0.068242 84 0.037391 122 0.025748
9 0.342020 47 0.066793 85 0.036951 123 0.025539

10 0.309017 48 0.065403 86 0.036522 124 0.025333
11 0.281733 49 0.064070 87 0.036102 125 0.025130
12 0.258819 50 0.062791 88 0.035692 126 0.024931
13 0.239316 51 0.061561 89 0.035291 127 0.024734
14 0.222521 52 0.060378 90 0.034899 128 0.024541
15 0.207912 53 0.059241 91 0.034516 129 0.024351
16 0.195090 54 0.058145 92 0.034141 130 0.024164
17 0.183750 55 0.057089 93 0.033774 131 0.023979
18 0.173648 56 0.056070 94 0.033415 132 0.023798
19 0.164595 57 0.055088 95 0.033063 133 0.023619
20 0.156434 58 0.054139 96 0.032719 134 0.023443
21 0.149042 59 0.053222 97 0.032382 135 0.023269
22 0.142315 60 0.052336 98 0.032052 136 0.023098
23 0.136167 61 0.051479 99 0.031728 137 0.022929
24 0.130526 62 0.050649 100 0.031411 138 0.022763
25 0.125333 63 0.049846 101 0.031100 139 0.022599
26 0.120537 64 0.049068 102 0.030795 140 0.022438
27 0.116093 65 0.048313 103 0.030496 141 0.022279
28 0.111964 66 0.047582 104 0.030203 142 0.022122
29 0.108119 67 0.046872 105 0.029915 143 0.021967
30 0.104528 68 0.046183 106 0.029633 144 0.021815
31 0.101168 69 0.045515 107 0.029356 145 0.021664
32 0.098017 70 0.044865 108 0.029085 146 0.021516
33 0.095056 71 0.044233 109 0.028818 147 0.021370
34 0.092268 72 0.043619 110 0.028556 148 0.021225
35 0.089639 73 0.043022 111 0.028299 149 0.021083
36 0.087156 74 0.042441 112 0.028046 150 0.020942
37 0.084806 75 0.041876 113 0.027798 151 0.020804
38 0.082579 76 0.041325 114 0.027554 152 0.020667
39 0.080467 77 0.040789 115 0.027315 153 0.020532
40 0.078459 78 0.040266 116 0.027079 154 0.020399
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Table 7a. Table for Spacing Off the Circumferences of Circles

No. of
Divisions

Degrees
in Arc

Diameter of Circle to be Spaced Off
1⁄16

1⁄8 3⁄16
1⁄4 5⁄16

3⁄8 7⁄16
1⁄2 9⁄16

5⁄8 11⁄16
3⁄4 13⁄16

7⁄8 15⁄16

Length of Chord

3 120 0.054 0.108 0.162 0.217 0.271 0.325 0.379 0.433 0.487 0.541 0.595 0.650 0.704 0.758 0.812
4 90 0.044 0.088 0.133 0.177 0.221 0.265 0.309 0.354 0.398 0.442 0.486 0.530 0.575 0.619 0.663
5 72 0.037 0.073 0.110 0.147 0.184 0.220 0.257 0.294 0.331 0.367 0.404 0.441 0.478 0.514 0.551
6 60 0.031 0.063 0.094 0.125 0.156 0.188 0.219 0.250 0.281 0.313 0.344 0.375 0.406 0.438 0.469
7 51 3⁄7 0.027 0.054 0.081 0.108 0.136 0.163 0.190 0.217 0.244 0.271 0.298 0.325 0.353 0.380 0.407

8 45 0.024 0.048 0.072 0.096 0.120 0.144 0.167 0.191 0.215 0.239 0.263 0.287 0.311 0.335 0.359
9 40 0.021 0.043 0.064 0.086 0.107 0.128 0.150 0.171 0.192 0.214 0.235 0.257 0.278 0.299 0.321

10 36 0.019 0.039 0.058 0.077 0.097 0.116 0.135 0.155 0.174 0.193 0.212 0.232 0.251 0.270 0.290
11 32 8⁄11 0.018 0.035 0.053 0.070 0.088 0.106 0.123 0.141 0.158 0.176 0.194 0.211 0.229 0.247 0.264

12 30 0.016 0.032 0.049 0.065 0.081 0.097 0.113 0.129 0.146 0.162 0.178 0.194 0.210 0.226 0.243
13 27 9⁄13 0.015 0.030 0.045 0.060 0.075 0.090 0.105 0.120 0.135 0.150 0.165 0.179 0.194 0.209 0.224

14 25 5⁄7 0.014 0.028 0.042 0.056 0.069 0.083 0.097 0.111 0.125 0.139 0.153 0.167 0.181 0.195 0.209

15 24 0.013 0.026 0.039 0.052 0.065 0.078 0.091 0.104 0.117 0.130 0.143 0.156 0.169 0.182 0.195
16 22 1⁄2 0.012 0.024 0.037 0.049 0.061 0.073 0.085 0.098 0.110 0.122 0.134 0.146 0.159 0.171 0.183

17 21 3⁄17 0.011 0.023 0.034 0.046 0.057 0.069 0.080 0.092 0.103 0.115 0.126 0.138 0.149 0.161 0.172

18 20 0.011 0.022 0.033 0.043 0.054 0.065 0.076 0.087 0.098 0.109 0.119 0.130 0.141 0.152 0.163
19 18 18⁄19 0.010 0.021 0.031 0.041 0.051 0.062 0.072 0.082 0.093 0.103 0.113 0.123 0.134 0.144 0.154

20 18 0.010 0.020 0.029 0.039 0.049 0.059 0.068 0.078 0.088 0.098 0.108 0.117 0.127 0.137 0.147
21 17 1⁄7 0.009 0.019 0.028 0.037 0.047 0.056 0.065 0.075 0.084 0.093 0.102 0.112 0.121 0.130 0.140

22 16 4⁄11 0.009 0.018 0.027 0.036 0.044 0.053 0.062 0.071 0.080 0.089 0.098 0.107 0.116 0.125 0.133

23 15 15⁄23 0.009 0.017 0.026 0.034 0.043 0.051 0.060 0.068 0.077 0.085 0.094 0.102 0.111 0.119 0.128

24 15 0.008 0.016 0.024 0.033 0.041 0.049 0.057 0.065 0.073 0.082 0.090 0.098 0.106 0.114 0.122
25 14 2⁄5 0.008 0.016 0.023 0.031 0.039 0.047 0.055 0.063 0.070 0.078 0.086 0.094 0.102 0.110 0.117

26 13 11⁄13 0.008 0.015 0.023 0.030 0.038 0.045 0.053 0.060 0.068 0.075 0.083 0.090 0.098 0.105 0.113

28 12 6⁄7 0.007 0.014 0.021 0.028 0.035 0.042 0.049 0.056 0.063 0.070 0.077 0.084 0.091 0.098 0.105

30 12 0.007 0.013 0.020 0.026 0.033 0.039 0.046 0.052 0.059 0.065 0.072 0.078 0.085 0.091 0.098
32 11 1⁄4 0.006 0.012 0.018 0.025 0.031 0.037 0.043 0.049 0.055 0.061 0.067 0.074 0.080 0.086 0.092
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See Determining Hole Coordinates on page 3097 for explanatory matter.

Table 7b. Table for Spacing Off the Circumferences of Circles

No. of
Divisions

Degrees
in Arc

Diameter of Circle to be Spaced Off

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Length of Chord

3 120 0.866 1.732 2.598 3.464 4.330 5.196 6.062 6.928 7.794 8.660 9.526 10.392 11.258 12.124
4 90 0.707 1.414 2.121 2.828 3.536 4.243 4.950 5.657 6.364 7.071 7.778 8.485 9.192 9.899
5 72 0.588 1.176 1.763 2.351 2.939 3.527 4.114 4.702 5.290 5.878 6.466 7.053 7.641 8.229
6 60 0.500 1.000 1.500 2.000 2.500 3.000 3.500 4.000 4.500 5.000 5.500 6.000 6.500 7.000
7 513⁄7 0.434 0.868 1.302 1.736 2.169 2.603 3.037 3.471 3.905 4.339 4.773 5.207 5.640 6.074

8 45 0.383 0.765 1.148 1.531 1.913 2.296 2.679 3.061 3.444 3.827 4.210 4.592 4.975 5.358
9 40 0.342 0.684 1.026 1.368 1.710 2.052 2.394 2.736 3.078 3.420 3.762 4.104 4.446 4.788

10 36 0.309 0.618 0.927 1.236 1.545 1.854 2.163 2.472 2.781 3.090 3.399 3.708 4.017 4.326
11 328⁄11 0.282 0.563 0.845 1.127 1.409 1.690 1.972 2.254 2.536 2.817 3.099 3.381 3.663 3.944

12 30 0.259 0.518 0.776 1.035 1.294 1.553 1.812 2.071 2.329 2.588 2.847 3.106 3.365 3.623
13 279⁄13 0.239 0.479 0.718 0.957 1.197 1.436 1.675 1.915 2.154 2.393 2.632 2.872 3.111 3.350

14 255⁄7 0.223 0.445 0.668 0.890 1.113 1.335 1.558 1.780 2.003 2.225 2.448 2.670 2.893 3.115

15 24 0.208 0.416 0.624 0.832 1.040 1.247 1.455 1.663 1.871 2.079 2.287 2.495 2.703 2.911
16 221⁄2 0.195 0.390 0.585 0.780 0.975 1.171 1.366 1.561 1.756 1.951 2.146 2.341 2.536 2.731

17 213⁄17 0.184 0.367 0.551 0.735 0.919 1.102 1.286 1.470 1.654 1.837 2.021 2.205 2.389 2.572

18 20 0.174 0.347 0.521 0.695 0.868 1.042 1.216 1.389 1.563 1.736 1.910 2.084 2.257 2.431
19 1818⁄19 0.165 0.329 0.494 0.658 0.823 0.988 1.152 1.317 1.481 1.646 1.811 1.975 2.140 2.304

20 18 0.156 0.313 0.469 0.626 0.782 0.939 1.095 1.251 1.408 1.564 1.721 1.877 2.034 2.190
21 171⁄7 0.149 0.298 0.447 0.596 0.745 0.894 1.043 1.192 1.341 1.490 1.639 1.789 1.938 2.087

22 164⁄11 0.142 0.285 0.427 0.569 0.712 0.854 0.996 1.139 1.281 1.423 1.565 1.708 1.850 1.992

23 1515⁄23 0.136 0.272 0.408 0.545 0.681 0.817 0.953 1.089 1.225 1.362 1.498 1.634 1.770 1.906

24 15 0.131 0.261 0.392 0.522 0.653 0.783 0.914 1.044 1.175 1.305 1.436 1.566 1.697 1.827
25 142⁄5 0.125 0.251 0.376 0.501 0.627 0.752 0.877 1.003 1.128 1.253 1.379 1.504 1.629 1.755

26 1311⁄13 0.121 0.241 0.362 0.482 0.603 0.723 0.844 0.964 1.085 1.205 1.326 1.446 1.567 1.688

28 126⁄7 0.112 0.224 0.336 0.448 0.560 0.672 0.784 0.896 1.008 1.120 1.232 1.344 1.456 1.568

30 12 0.105 0.209 0.314 0.418 0.523 0.627 0.732 0.836 0.941 1.045 1.150 1.254 1.359 1.463
32 111⁄4 0.098 0.196 0.294 0.392 0.490 0.588 0.686 0.784 0.882 0.980 1.078 1.176 1.274 1.372
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Table 8.  Hole Coordinate Dimension Factors for Jig Boring — 
Type “A” Hole Circles (English or Metric Units)

The diagram shows a type “A” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a hole 
circle of, say, 3-inch or 3-centimeter diameter, multiply table values by 3.

3 Holes 4 Holes 5 Holes 6 Holes 7 Holes 8 Holes 9 Holes

x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000
y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000
x2 0.06699 x2 0.00000 x2 0.02447 x2 0.06699 x2 0.10908 x2 0.14645 x2 0.17861
y2 0.75000 y2 0.50000 y2 0.34549 y2 0.25000 y2 0.18826 y2 0.14645 y2 0.11698
x3 0.93301 x3 0.50000 x3 0.20611 x3 0.06699 x3 0.01254 x3 0.00000 x3 0.00760
y3 0.75000 y3 1.00000 y3 0.90451 y3 0.75000 y3 0.61126 y3 0.50000 y3 0.41318

x4 1.00000 x4 0.79389 x4 0.50000 x4 0.28306 x4 0.14645 x4 0.06699
y4 0.50000 y4 0.90451 y4 1.00000 y4 0.95048 y4 0.85355 y4 0.75000

x5 0.97553 x5 0.93301 x5 0.71694 x5 0.50000 x5 0.32899
y5 0.34549 y5 0.75000 y5 0.95048 y5 1.00000 y5 0.96985

x6 0.93301 x6 0.98746 x6 0.85355 x6 0.67101
y6 0.25000 y6 0.61126 y6 0.85355 y6 0.96985

x7 0.89092 x7 1.00000 x7 0.93301
y7 0.18826 y7 0.50000 y7 0.75000

x8 0.85355 x8 0.99240
y8 0.14645 y8 0.41318

x9 0.82139
y9 0.11698

10 Holes 11 Holes 12 Holes 13 Holes 14 Holes 15 Holes 16 Holes

x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000
y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000
x2 0.20611 x2 0.22968 x2 0.25000 x2 0.26764 x2 0.28306 x2 0.29663 x2 0.30866
y2 0.09549 y2 0.07937 y2 0.06699 y2 0.05727 y2 0.04952 y2 0.04323 y2 0.03806
x3 0.02447 x3 0.04518 x3 0.06699 x3 0.08851 x3 0.10908 x3 0.12843 x3 0.14645
y3 0.34549 y3 0.29229 y3 0.25000 y3 0.21597 y3 0.18826 y3 0.16543 y3 0.14645
x4 0.02447 x4 0.00509 x4 0.00000 x4 0.00365 x4 0.01254 x4 0.02447 x4 0.03806
y4 0.65451 y4 0.57116 y4 0.50000 y4 0.43973 y4 0.38874 y4 0.34549 y4 0.30866
x5 0.20611 x5 0.12213 x5 0.06699 x5 0.03249 x5 0.01254 x5 0.00274 x5 0.00000
y5 0.90451 y5 0.82743 y5 0.75000 y5 0.67730 y5 0.61126 y5 0.55226 y5 0.50000
x6 0.50000 x6 0.35913 x6 0.25000 x6 0.16844 x6 0.10908 x6 0.06699 x6 0.03806
y6 1.00000 y6 0.97975 y6 0.93301 y6 0.87426 y6 0.81174 y6 0.75000 y6 0.69134
x7 0.79389 x7 0.64087 x7 0.50000 x7 0.38034 x7 0.28306 x7 0.20611 x7 0.14645
y7 0.90451 y7 0.97975 y7 1.00000 y7 0.98547 y7 0.95048 y7 0.90451 y7 0.85355
x8 0.97553 x8 0.87787 x8 0.75000 x8 0.61966 x8 0.50000 x8 0.39604 x8 0.30866
y8 0.65451 y8 0.82743 y8 0.93301 y8 0.98547 y8 1.00000 y8 0.98907 y8 0.96194
x9 0.97553 x9 0.99491 x9 0.93301 x9 0.83156 x9 0.71694 x9 0.60396 x9 0.50000
y9 0.34549 y9 0.57116 y9 0.75000 y9 0.87426 y9 0.95048 y9 0.98907 y9 1.00000
x10 0.79389 x10 0.95482 x10 1.00000 x10 0.96751 x10 0.89092 x10 0.79389 x10 0.69134
y10 0.09549 y10 0.29229 y10 0.50000 y10 0.67730 y10 0.81174 y10 0.90451 y10 0.96194

x11 0.77032 x11 0.93801 x11 0.99635 x11 0.98746 x11 0.93301 x11 0.85355
y11 0.07937 y11 0.25000 y11 0.43973 y11 0.61126 y11 0.75000 y11 0.85355

x12 0.75000 x12 0.91149 x12 0.98746 x12 0.99726 x12 0.96194
y12 0.06699 y12 0.21597 y12 0.38874 y12 0.55226 y12 0.69134

x13 0.73236 x13 0.89092 x13 0.97553 x13 1.00000
y13 0.05727 y13 0.18826 y13 0.34549 y13 0.50000

x14 0.71694 x14 0.87157 x14 0.96194
y14 0.04952 y14 0.16543 y14 0.30866

x15 0.70337 x15 0.85355
y15 0.04323 y15 0.14645

x16 0.69134
y16 0.03806
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17 Holes 18 Holes 19 Holes 20 Holes 21 Holes 22 Holes 23 Holes

x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000
y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000
x2 0.31938 x2 0.32899 x2 0.33765 x2 0.34549 x2 0.35262 x2 0.35913 x2 0.36510
y2 0.03376 y2 0.03015 y2 0.02709 y2 0.02447 y2 0.02221 y2 0.02025 y2 0.01854
x3 0.16315 x3 0.17861 x3 0.19289 x3 0.20611 x3 0.21834 x3 0.22968 x3 0.24021
y3 0.13050 y3 0.11698 y3 0.10543 y3 0.09549 y3 0.08688 y3 0.07937 y3 0.07279
x4 0.05242 x4 0.06699 x4 0.08142 x4 0.09549 x4 0.10908 x4 0.12213 x4 0.13458
y4 0.27713 y4 0.25000 y4 0.22653 y4 0.20611 y4 0.18826 y4 0.17257 y4 0.15872
x5 0.00213 x5 0.00760 x5 0.01530 x5 0.02447 x5 0.03456 x5 0.04518 x5 0.05606
y5 0.45387 y5 0.41318 y5 0.37726 y5 0.34549 y5 0.31733 y5 0.29229 y5 0.26997
x6 0.01909 x6 0.00760 x6 0.00171 x6 0.00000 x6 0.00140 x6 0.00509 x6 0.01046
y6 0.63683 y6 0.58682 y6 0.54129 y6 0.50000 y6 0.46263 y6 0.42884 y6 0.39827
x7 0.10099 x7 0.06699 x7 0.04211 x7 0.02447 x7 0.01254 x7 0.00509 x7 0.00117
y7 0.80132 y7 0.75000 y7 0.70085 y7 0.65451 y7 0.61126 y7 0.57116 y7 0.53412
x8 0.23678 x8 0.17861 x8 0.13214 x8 0.09549 x8 0.06699 x8 0.04518 x8 0.02887
y8 0.92511 y8 0.88302 y8 0.83864 y8 0.79389 y8 0.75000 y8 0.70771 y8 0.66744
x9 0.40813 x9 0.32899 x9 0.26203 x9 0.20611 x9 0.15991 x9 0.12213 x9 0.09152
y9 0.99149 y9 0.96985 y9 0.93974 y9 0.90451 y9 0.86653 y9 0.82743 y9 0.78834
x10 0.59187 x10 0.50000 x10 0.41770 x10 0.34549 x10 0.28306 x10 0.22968 x10 0.18446
y10 0.99149 y10 1.00000 y10 0.99318 y10 0.97553 y10 0.95048 y10 0.92063 y10 0.88786
x11 0.76322 x11 0.67101 x11 0.58230 x11 0.50000 x11 0.42548 x11 0.35913 x11 0.30080
y11 0.92511 y11 0.96985 y11 0.99318 y11 1.00000 y11 0.99442 y11 0.97975 y11 0.95861
x12 0.89901 x12 0.82139 x12 0.73797 x12 0.65451 x12 0.57452 x12 0.50000 x12 0.43192
y12 0.80132 y12 0.88302 y12 0.93974 y12 0.97553 y12 0.99442 y12 1.00000 y12 0.99534
x13 0.98091 x13 0.93301 x13 0.86786 x13 0.79389 x13 0.71694 x13 0.64087 x13 0.56808
y13 0.63683 y13 0.75000 y13 0.83864 y13 0.90451 y13 0.95048 y13 0.97975 y13 0.99534
x14 0.99787 x14 0.99240 x14 0.95789 x14 0.90451 x14 0.84009 x14 0.77032 x14 0.69920
y14 0.45387 y14 0.58682 y14 0.70085 y14 0.79389 y14 0.86653 y14 0.92063 y14 0.95861
x15 0.94758 x15 0.99240 x15 0.99829 x15 0.97553 x15 0.93301 x15 0.87787 x15 0.81554
y15 0.27713 y15 0.41318 y15 0.54129 y15 0.65451 y15 0.75000 y15 0.82743 y15 0.88786
x16 0.83685 x16 0.93301 x16 0.98470 x16 1.00000 x16 0.98746 x16 0.95482 x16 0.90848
y16 0.13050 y16 0.25000 y16 0.37726 y16 0.50000 y16 0.61126 y16 0.70771 y16 0.78834
x17 0.68062 x17 0.82139 x17 0.91858 x17 0.97553 x17 0.99860 x17 0.99491 x17 0.97113
y17 0.03376 y17 0.11698 y17 0.22658 y17 0.34549 y17 0.46263 y17 0.57116 y17 0.66744

x18 0.67101 x18 0.80711 x18 0.90451 x18 0.96544 x18 0.99491 x18 0.99883
y18 0.03015 y18 0.10543 y18 0.20611 y18 0.31733 y18 0.42884 y18 0.53412

x19 0.66235 x19 0.79389 x19 0.89092 x19 0.95482 x19 0.98954
y19 0.02709 y19 0.09549 y19 0.18826 y19 0.29229 y19 0.39827

x20 0.65451 x20 0.78166 x20 0.87787 x20 0.94394
y20 0.02447 y20 0.08688 y20 0.17257 y20 0.26997

x21 0.64738 x21 0.77032 x21 0.86542
y21 0.02221 y21 0.07937 y21 0.15872

x22 0.64087 x22 0.75979
y22 0.02025 y22 0.07279

x23 0.63490
y23 0.01854

24Holes 25 Holes 26 Holes 27 Holes 28 Holes

x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000 x1 0.50000
y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000 y1 0.00000
x2 0.37059 x2 0.37566 x2 0.38034 x2 0.38469 x2 0.38874
y2 0.01704 y2 0.01571 y2 0.01453 y2 0.01348 y2 0.01254
x3 0.25000 x3 0.25912 x3 0.26764 x3 0.27560 x3 0.28306

Table 8. (Continued) Hole Coordinate Dimension Factors for Jig Boring — 
Type “A” Hole Circles (English or Metric Units)

The diagram shows a type “A” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a hole 
circle of, say, 3-inch or 3-centimeter diameter, multiply table values by 3.



HOLE COORDINATES 3103

24Holes 25 Holes 26 Holes 27 Holes 28 Holes

y3 0.06699 y3 0.06185 y3 0.05727 y3 0.05318 y3 0.04952
x4 0.14645 x4 0.15773 x4 0.16844 x4 0.17861 x4 0.18826
y4 0.14645 y4 0.13552 y4 0.12574 y4 0.11698 y4 0.10908
x5 0.06699 x5 0.07784 x5 0.08851 x5 0.09894 x5 0.10908
y5 0.25000 y5 0.23209 y5 0.21597 y5 0.20142 y5 0.18826
x6 0.01704 x6 0.02447 x6 0.03249 x6 0.04089 x6 0.04952
y6 0.37059 y6 0.34549 y6 0.32270 y6 0.30196 y6 0.28306
x7 0.00000 x7 0.00099 x7 0.00365 x7 0.00760 x7 0.01254
y7 0.50000 y7 0.46860 y7 0.43973 y7 0.41318 y7 0.38874
x8 0.01704 x8 0.00886 x8 0.00365 x8 0.00085 x8 0.00000
y8 0.62941 y8 0.59369 y8 0.56027 y8 0.52907 y8 0.50000
x9 0.06699 x9 0.04759 x9 0.03249 x9 0.02101 x9 0.01254
y9 0.75000 y9 0.71289 y9 0.67730 y9 0.64340 y9 0.61126
x10 0.14645 x10 0.11474 x10 0.08851 x10 0.06699 x10 0.04952
y10 0.85355 y10 0.81871 y10 0.78403 y10 0.75000 y10 0.71694
x11 0.25000 x11 0.20611 x11 0.16844 x11 0.13631 x11 0.10908
y11 0.93301 y11 0.90451 y11 0.87426 y11 0.84312 y11 0.81174
x12 0.37059 x12 0.31594 x12 0.26764 x12 0.22525 x12 0.18826
y12 0.98296 y12 0.96489 y12 0.94273 y12 0.91774 y12 0.89092
x13 0.50000 x13 0.43733 x13 0.38034 x13 0.32899 x13 0.28306
y13 1.00000 y13 0.99606 y13 0.98547 y13 0.96985 y13 0.95048
x14 0.62941 x14 0.56267 x14 0.50000 x14 0.44195 x14 0.38874
y14 0.98296 y14 0.99606 y14 1.00000 y14 0.99662 y14 0.98746
x15 0.75000 x15 0.68406 x15 0.61966 x15 0.55805 x15 0.50000
y15 0.93301 y15 0.96489 y15 0.98547 y15 0.99662 y15 1.00000
x16 0.85355 x16 0.79389 x16 0.73236 x16 0.67101 x16 0.61126
y16 0.85355 y16 0.90451 y16 0.94273 y16 0.96985 y16 0.98746
x17 0.93301 x17 0.88526 x17 0.83156 x17 0.77475 x17 0.71694
y17 0.75000 y17 0.81871 y17 0.87426 y17 0.91774 y17 0.95048
x18 0.98296 x18 0.95241 x18 0.91149 x18 0.86369 x18 0.81174
y18 0.62941 y18 0.71289 y18 0.78403 y18 0.84312 y18 0.89092
x19 1.00000 x19 0.99114 x19 0.96751 x19 0.93301 x19 0.89092
y19 0.50000 y19 0.59369 y19 0.67730 y19 0.75000 y19 0.81174
x20 0.98296 x20 0.99901 x20 0.99635 x20 0.97899 x20 0.95048
y20 0.37059 y20 0.46860 y20 0.56027 y20 0.64340 y20 0.71694
x21 0.93301 x21 0.97553 x21 0.99635 x21 0.99915 x21 0.98746
y21 0.25000 y21 0.34549 y21 0.43973 y21 0.52907 y21 0.61126
x22 0.85355 x22 0.92216 x22 0.96751 x22 0.99240 x22 1.00000
y22 0.14645 y22 0.23209 y22 0.32270 y22 0.41318 y22 0.50000
x23 0.75000 x23 0.84227 x23 0.91149 x23 0.95911 x23 0.98746
y23 0.6699 y23 0.13552 y23 0.21597 y23 0.30196 y23 0.38874
x24 0.62941 x24 0.74088 x24 0.83156 x24 0.90106 x24 0.95048
y24 0.01704 y24 0.06185 y24 0.12574 y24 0.20142 y24 0.28306

x25 0.62434 x25 0.73236 x25 0.82139 x25 0.89092
y25 0.01571 y25 0.05727 y25 0.11698 y25 0.18826

x26 0.61966 x26 0.72440 x26 0.81174
y26 0.01453 y26 0.05318 y26 0.10908

x27 0.61531 x27 0.71694
y27 0.01348 y27 0.04952

x28 0.61126
y28 0.01254

Table 8. (Continued) Hole Coordinate Dimension Factors for Jig Boring — 
Type “A” Hole Circles (English or Metric Units)

The diagram shows a type “A” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a hole 
circle of, say, 3-inch or 3-centimeter diameter, multiply table values by 3.
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Table 9.  Hole Coordinate Dimension Factors for Jig Boring — 
Type “B” Hole Circles (English or Metric Units)

The diagram shows a type “B” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a hole 
circle of, say, 3-inch or 3-centimeter diameter, multiply table values by 3.

3 Holes 4 Holes 5 Holes 6 Holes 7 Holes 8 Holes 9 Holes

x1 0.06699 x1 0.14645 x1 0.20611 x1 0.25000 x1 0.28306 x1 0.30866 x1 0.32899
y1 0.25000 y1 0.14645 y1 0.09549 y1 0.06699 y1 0.04952 y1 0.03806 y1 0.03015
x2 0.50000 x2 0.14645 x2 0.02447 x2 0.00000 x2 0.01254 x2 0.03806 x2 0.06699
y2 1.00000 y2 0.85355 y2 0.65451 y2 0.50000 y2 0.38874 y2 0.30866 y2 0.25000
x3 0.93301 x3 0.85355 x3 0.50000 x3 0.25000 x3 0.10908 x3 0.03806 x3 0.00760
y3 0.25000 y3 0.85355 y3 1.00000 y3 0.93301 y3 0.81174 y3 0.69134 y3 0.58682

x4 0.85355 x4 0.97553 x4 0.75000 x4 0.50000 x4 0.30866 x4 0.17861
y4 0.14645 y4 0.65451 y4 0.93301 y4 1.00000 y4 0.96194 y4 0.88302

x5 0.79389 x5 1.00000 x5 0.89092 x5 0.69134 x5 0.50000
y5 0.09549 y5 0.50000 y5 0.81174 y5 0.96194 y5 1.00000

x6 0.75000 x6 0.98746 x6 0.96194 x6 0.82139
y6 0.06699 y6 0.38874 y6 0.69134 y6 0.88302

x7 0.71694 x7 0.96194 x7 0.99240
y7 0.04952 y7 0.30866 y7 0.58682

x8 0.69134 x8 0.93301
y8 0.03806 y8 0.25000

x9 0.67101
y9 0.03015

10 Holes 11 Holes 12 Holes 13 Holes 14 Holes 15 Holes 16 Holes

x1 0.34549 x1 0.35913 x1 0.37059 x1 0.38034 x1 0.38874 x1 0.39604 x1 0.40245
y1 0.02447 y1 0.02025 y1 0.01704 y1 0.01453 y1 0.01254 y1 0.01093 y1 0.00961
x2 0.09549 x2 0.12213 x2 0.14645 x2 0.16844 x2 0.18826 x2 0.20611 x2 0.22221
y2 0.20611 y2 0.17257 y2 0.14645 y2 0.12574 y2 0.10908 y2 0.09549 y2 0.08427
x3 0.00000 x3 0.00509 x3 0.01704 x3 0.03249 x3 0.04952 x3 0.06699 x3 0.08427
y3 0.50000 y3 0.42884 y3 0.37059 y3 0.32270 y3 0.28306 y3 0.25000 y3 0.22221
x4 0.09549 x4 0.04518 x4 0.01704 x4 0.00365 x4 0.00000 x4 0.00274 x4 0.00961
y4 0.79389 y4 0.70771 y4 0.62941 y4 0.56027 y4 0.50000 y4 0.44774 y4 0.40245
x5 0.34549 x5 0.22968 x5 0.14645 x5 0.08851 x5 0.04952 x5 0.02447 x5 0.00961
y5 0.97553 y5 0.92063 y5 0.85355 y5 0.78403 y5 0.71694 y5 0.65451 y5 0.59755
x6 0.65451 x6 0.50000 x6 0.37059 x6 0.26764 x6 0.18826 x6 0.12843 x6 0.08427
y6 0.97553 y6 1.00000 y6 0.98296 y6 0.94273 y6 0.89092 y6 0.83457 y6 0.77779
x7 0.90451 x7 0.77032 x7 0.62941 x7 0.50000 x7 0.38874 x7 0.29663 x7 0.22221
y7 0.79389 y7 0.92063 y7 0.98296 y7 1.00000 y7 0.98746 y7 0.95677 y7 0.91573
x8 1.00000 x8 0.95482 x8 0.85355 x8 0.73236 x8 0.61126 x8 0.50000 x8 0.40245
y8 0.50000 y8 0.70771 y8 0.85355 y8 0.94273 y8 0.98746 y8 1.00000 y8 0.99039
x9 0.90451 x9 0.99491 x9 0.98296 x9 0.91149 x9 0.81174 x9 0.70337 x9 0.59755
y9 0.20611 y9 0.42884 y9 0.62941 y9 0.78403 y9 0.89092 y9 0.95677 y9 0.99039
x10 0.65451 x10 0.87787 x10 0.98296 x10 0.99635 x10 0.95048 x10 0.87157 x10 0.77779
y10 0.02447 y10 0.17257 y10 0.37059 y10 0.56027 y10 0.71694 y10 0.83457 y10 0.91573

x11 0.64087 x11 0.85355 x11 0.96751 x11 1.00000 x11 0.97553 x11 0.91573
y11 0.02025 y11 0.14645 y11 0.32270 y11 0.50000 y11 0.65451 y11 0.77779

x12 0.62941 x12 0.83156 x12 0.95048 x12 0.99726 x12 0.99039
y12 0.01704 y12 0.12574 y12 0.28306 y12 0.44774 y12 0.59755

x13 0.61966 x13 0.81174 x13 0.93301 x13 0.99039
y13 0.01453 y13 0.10908 y13 0.25000 y13 0.40245

x14 0.61126 x14 0.79389 x14 0.91573
y14 0.01254 y14 0.09549 y14 0.22221

x15 0.60396 x15 0.77779
y15 0.01093 y15 0.08427

x16 0.59755
y16 0.00961
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17 Holes 18 Holes 19 Holes 20 Holes 21 Holes 22 Holes 23 Holes

x1 0.40813 x1 0.41318 x1 0.41770 x1 0.42178 x1 0.42548 x1 0.42884 x1 0.43192
y1 0.00851 y1 0.00760 y1 0.00682 y1 0.00616 y1 0.00558 y1 0.00509 y1 0.00466
x2 0.23678 x2 0.25000 x2 0.26203 x2 0.27300 x2 0.28306 x2 0.29229 x2 0.30080
y2 0.07489 y2 0.06699 y2 0.06026 y2 0.05450 y2 0.04952 y2 0.04518 y2 0.04139
x3 0.10099 x3 0.11698 x3 0.13214 x3 0.14645 x3 0.15991 x3 0.17257 x3 0.18446
y3 0.19868 y3 0.17861 y3 0.16136 y3 0.14645 y3 0.13347 y3 0.12213 y3 0.11214
x4 0.01909 x4 0.03015 x4 0.04211 x4 0.05450 x4 0.06699 x4 0.07937 x4 0.09152
y4 0.36317 y4 0.32899 y4 0.29915 y4 0.27300 y4 0.25000 y4 0.22968 y4 0.21166
x5 0.00213 x5 0.00000 x5 0.00171 x5 0.00616 x5 0.01254 x5 0.02025 x5 0.02887
y5 0.54613 y5 0.50000 y5 0.45871 y5 0.42178 y5 0.38874 y5 0.35913 y5 0.33256
x6 0.05242 x6 0.03015 x6 0.01530 x6 0.00616 x6 0.00140 x6 0.00000 x6 0.00117
y6 0.72287 y6 0.67101 y6 0.62274 y6 0.57822 y6 0.53737 y6 0.50000 y6 0.46588
x7 0.16315 x7 0.11698 x7 0.08142 x7 0.05450 x7 0.03456 x7 0.02025 x7 0.01046
y7 0.86950 y7 0.82139 y7 0.77347 y7 0.72700 y7 0.68267 y7 0.64087 y7 0.60173
x8 0.31938 x8 0.25000 x8 0.19289 x8 0.14645 x8 0.10908 x8 0.07937 x8 0.05606
y8 0.96624 y8 0.93301 y8 0.89457 y8 0.85355 y8 0.81174 y8 0.77032 y8 0.73003
x9 0.50000 x9 0.41318 x9 0.33765 x9 0.27300 x9 0.21834 x9 0.17257 x9 0.13458
y9 1.00000 y9 0.99240 y9 0.97291 y9 0.94550 y9 0.91312 y9 0.87787 y9 0.84128
x10 0.68062 x10 0.58682 x10 0.50000 x10 0.42178 x10 0.35262 x10 0.29229 x10 0.24021
y10 0.96624 y10 0.99240 y10 1.00000 y10 0.99384 y10 0.97779 y10 0.95482 y10 0.92721
x11 0.83685 x11 0.75000 x11 0.66235 x11 0.57822 x11 0.50000 x11 0.42884 x11 0.36510
y11 0.86950 y11 0.93301 y11 0.97291 y11 0.99384 y11 1.00000 y11 0.99491 y11 0.98146
x12 0.94758 x12 0.88302 x12 0.80711 x12 0.72700 x12 0.64738 x12 0.57116 x12 0.50000
y12 0.72287 y12 0.82139 y12 0.89457 y12 0.94550 y12 0.97779 y12 0.99491 y12 1.00000
x13 0.99787 x13 0.96985 x13 0.91858 x13 0.85355 x13 0.78166 x13 0.70771 x13 0.63490
y13 0.54613 y13 0.67101 y13 0.77347 y13 0.85355 y13 0.91312 y13 0.95482 y13 0.98146
x14 0.98091 x14 1.00000 x14 0.98470 x14 0.94550 x14 0.89092 x14 0.82743 x14 0.75979
y14 0.36317 y14 0.50000 y14 0.62274 y14 0.72700 y14 0.81174 y14 0.87787 y14 0.92721
x15 0.89901 x15 0.96985 x15 0.99829 x15 0.99384 x15 0.96544 x15 0.92063 x15 0.86542
y15 0.19868 y15 0.32899 y15 0.45871 y15 0.57822 y15 0.68267 y15 0.77032 y15 0.84128
x16 0.76322 x16 0.88302 x16 0.95789 x16 0.99384 x16 0.99860 x16 0.97975 x16 0.94394
y16 0.07489 y16 0.17861 y16 0.29915 y16 0.42178 y16 0.53737 y16 0.64087 y16 0.73003
x17 0.59187 x17 0.75000 x17 0.86786 x17 0.94550 x17 0.98746 x17 1.00000 x17 0.98954
y17 0.00851 y17 0.06699 y17 0.16136 y17 0.27300 y17 0.38874 y17 0.50000 y17 0.60173

x18 0.58682 x18 0.73797 x18 0.85355 x18 0.93301 x18 0.97975 x18 0.99883
y18 0.00760 y18 0.06026 y18 0.14645 y18 0.25000 y18 0.35913 y18 0.46588

x19 0.58230 x19 0.72700 x19 0.84009 x19 0.92063 x19 0.97113
y19 0.00682 y19 0.05450 y19 0.13347 y19 0.22968 y19 0.33256

x20 0.57822 x20 0.71694 x20 0.82743 x20 0.90848
y20 0.00616 y20 0.04952 y20 0.12213 y20 0.21166

x21 0.57452 x21 0.70771 x21 0.81554
y21 0.00558 y21 0.04518 y21 0.11214

x22 0.57116 x22 0.69920
y22 0.00509 y22 0.04139

x23 0.56808
y23 0.00466

24 Holes 25 Holes 26 Holes 27 Holes 28 Holes

x1 0.43474 x1 0.43733 x1 0.43973 x1 0.44195 x1 0.44402
y1 0.00428 y1 0.00394 y1 0.00365 y1 0.00338 y1 0.00314
x2 0.30866 x2 0.31594 x2 0.32270 x2 0.32899 x2 0.33486
y2 0.03806 y2 0.03511 y2 0.03249 y2 0.03015 y2 0.02806
x3 0.19562 x3 0.20611 x3 0.21597 x3 0.22525 x3 0.23398

y3 0.10332 y3 0.09549 y3 0.08851 y3 0.08226 y3 0.07664

Table 9. (Continued) Hole Coordinate Dimension Factors for Jig Boring — 
Type “B” Hole Circles (English or Metric Units)

The diagram shows a type “B” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a hole 
circle of, say, 3-inch or 3-centimeter diameter, multiply table values by 3.
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24 Holes 25 Holes 26 Holes 27 Holes 28 Holes

x4 0.10332 x4 0.11474 x4 0.12574 x4 0.13631 x4 0.14645
y4 0.19562 y4 0.18129 y4 0.16844 y4 0.15688 y4 0.14645
x5 0.03806 x5 0.04759 x5 0.05727 x5 0.06699 x5 0.07664
y5 0.30866 y5 0.28711 y5 0.26764 y5 0.25000 y5 0.23398
x6 0.00428 x6 0.00886 x6 0.01453 x6 0.02101 x6 0.02806
y6 0.43474 y6 0.40631 y6 0.38034 y6 0.35660 y6 0.33486
x7 0.00428 x7 0.00099 x7 0.00000 x7 0.00085 x7 0.00314
y7 0.56526 y7 0.53140 y7 0.50000 y7 0.47093 y7 0.44402
x8 0.03806 x8 0.02447 x8 0.01453 x8 0.00760 x8 0.00314
y8 0.69134 y8 0.65451 y8 0.61966 y8 0.58682 y8 0.55598
x9 0.10332 x9 0.07784 x9 0.05727 x9 0.04089 x9 0.02806
y9 0.80438 y9 0.76791 y9 0.73236 y9 0.69804 y9 0.66514
x10 0.19562 x10 0.15773 x10 0.12574 x10 0.09894 x10 0.07664
y10 0.89668 y10 0.86448 y10 0.83156 y10 0.79858 y10 0.76602
x11 0.30866 x11 0.25912 x11 0.21597 x11 0.17861 x11 0.14645
y11 0.96194 y11 0.93815 y11 0.91149 y11 0.88302 y11 0.85355
x12 0.43474 x12 0.37566 x12 0.32270 x12 0.27560 x12 0.23398
y12 0.99572 y12 0.98429 y12 0.96751 y12 0.94682 y12 0.92336
x13 0.56526 x13 0.50000 x13 0.43973 x13 0.38469 x13 0.33486
y13 0.99572 y13 1.00000 y13 0.99635 y13 0.98652 y13 0.97194
x14 0.69134 x14 0.62434 x14 0.56027 x14 0.50000 x14 0.44402
y14 0.96194 y14 0.98429 y14 0.99635 y14 1.00000 y14 0.99686
x15 0.80438 x15 0.74088 x15 0.67730 x15 0.61531 x15 0.55598
y15 0.89668 y15 0.93815 y15 0.96751 y15 0.98652 y15 0.99686
x16 0.89668 x16 0.84227 x16 0.78403 x16 0.72440 x16 0.66514
y16 0.80438 y16 0.86448 y16 0.91149 y16 0.94682 y16 0.97194
x17 0.96194 x17 0.92216 x17 0.87426 x17 0.82139 x17 0.76602
y17 0.69134 y17 0.76791 y17 0.83156 y17 0.88302 y17 0.92336
x18 0.99572 x18 0.97553 x18 0.94273 x18 0.90106 x18 0.85355
y18 0.56526 y18 0.65451 y18 0.73236 y18 0.79858 y18 0.85355
x19 0.99572 x19 0.99901 x19 0.98547 x19 0.95911 x19 0.92336
y19 0.43474 y19 0.53140 y19 0.61966 y19 0.69804 y19 0.76602
x20 0.96194 x20 0.99114 x20 1.00000 x20 0.99240 x20 0.97194
y20 0.30866 y20 0.40631 y20 0.50000 y20 0.58682 y20 0.66514
x21 0.89668 x21 0.95241 x21 0.98547 x21 0.99915 x21 0.99686
y21 0.19562 y21 0.28711 y21 0.38034 y21 0.47093 y21 0.55598
x22 0.80438 x22 0.88526 x22 0.94273 x22 0.97899 x22 0.99686
y22 0.10332 y22 0.18129 y22 0.26764 y22 0.35660 y22 0.44402
x23 0.69134 x23 0.79389 x23 0.87426 x23 0.93301 x23 0.97194
y23 0.03806 y23 0.09549 y23 0.16844 y23 0.25000 y23 0.33486
x24 0.56526 x24 0.68406 x24 0.78403 x24 0.86369 x24 0.92336
y24 0.00428 y24 0.03511 y24 0.08851 y24 0.15688 y24 0.23398

x25 0.56267 x25 0.67730 x25 0.77475 x25 0.85355
y25 0.00394 y25 0.03249 y25 0.08226 y25 0.14645

x26 0.56027 x26 0.67101 x26 0.76602
y26 0.00365 y26 0.03015 y26 0.07664

x27 0.55805 x27 0.66514
y27 0.00338 y27 0.02806

x28 0.55598
y28 0.00314

Table 9. (Continued) Hole Coordinate Dimension Factors for Jig Boring — 
Type “B” Hole Circles (English or Metric Units)

The diagram shows a type “B” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a hole 
circle of, say, 3-inch or 3-centimeter diameter, multiply table values by 3.
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Table 10.  Hole Coordinate Dimension Factors for Jig Boring — 
Type “A” Hole Circles, Central Coordinates (English or Metric Units)

The diagram shows a type “A” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a 
hole circle of, say, 3-inch or 3-centimeter diameter, multiply table values 
by 3.

3 Holes 4 Holes 5 Holes 6 Holes 7 Holes 8 Holes 9 Holes

x1 0.00000 x1 0.00000 x1 0.00000 x1 0.00000 x1 0.00000 x1 0.00000 x1 0.00000
y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000
x2 −0.43301 x2 −0.50000 x2 −0.47553 x2 −0.43301 x2 −0.39092 x2 −0.35355 x2 −0.32139
y2 +0.25000 y2 0.00000 y2 −0.15451 y2 −0.25000 y2 −0.31174 y2 −0.35355 y2 −0.38302
x3 +0.43301 x3 0.00000 x3 −0.29389 x3 −0.43301 x3 −0.48746 x3 −0.50000 x3 −0.49240
y3 +0.25000 y3 +0.50000 y3 +0.40451 y3 +0.25000 y3 +0.11126 y3 0.00000 y3 −0.08682

x4 +0.50000 x4 +0.29389 x4 0.00000 x4 −0.21694 x4 −0.35355 x4 −0.43301
y4 0.00000 y4 +0.40451 y4 +0.50000 y4 +0.45048 y4 +0.35355 y4 +0.25000

x5 +0.47553 x5 +0.43301 x5 +0.21694 x5 0.00000 x5 −0.17101
y5 −0.15451 y5 +0.25000 y5 +0.45048 y5 +0.50000 y5 +0.46985

x6 +0.43301 x6 +0.48746 x6 +0.35355 x6 +0.17101
y6 −0.25000 y6 +0.11126 y6 +0.35355 y6 +0.46985

x7 +0.39092 x7 +0.50000 x7 +0.43301
y7 −0.31174 y7 0.00000 y7 +0.25000

x8 +0.35355 x8 +0.49240
y8 −0.35355 y8 −0.08682

x9 +0.32139
y9 −0.38302

10 Holes 11 Holes 12 Holes 13 Holes 14 Holes 15 Holes 16 Holes

x1 0.00000 x1 0.00000 x1 0.00000 x1 0.00000 x1 0.00000 x1 0.00000 x1 0.00000
y1 −0.50000 y1 −0.5000 y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000
x2 −0.29389 x2 −0.27032 x2 −0.25000 x2 −0.23236 x2 −0.21694 x2 −0.20337 x2 −0.19134
y2 −0.40451 y2 −0.42063 y2 −0.43301 y2 −0.44273 y2 −0.45048 y2 −0.45677 y2 −0.46194
x3 −0.47553 x3 −0.45482 x3 −0.43301 x3 −0.41149 x3 −0.39092 x3 −0.37157 x3 −0.35355
y3 −0.15451 y3 −0.20771 y3 −0.25000 y3 −2.28403 y3 −0.31174 y3 −0.33457 y3 −0.35355
x4 −0.47553 x4 −0.49491 x4 −0.50000 x4 −0.49635 x4 −0.48746 x4 −0.47553 x4 −0.46194
y4 +0.15451 y4 +0.07116 y4 0.00000 y4 −0.06027 y4 −0.11126 y4 −0.15451 y4 −0.19134
x5 −0.29389 x5 −0.37787 x5 −0.43301 x5 −0.46751 x5 −0.48746 x5 −0.49726 x5 −0.50000
y5 +0.40451 y5 +0.32743 y5 +0.25000 y5 +0.17730 y5 +0.11126 y5 +0.05226 y5 0.00000
x6 0.00000 x6 −0.14087 x6 −0.25000 x6 − 0.33156 x6 −0.39092 x6 −0.43301 x6 −0.46194
y6 +0.50000 y6 +0.47975 y6 +0.43301 y6 +0.37426 y6 +0.31174 y6 +0.25000 y6 +0.19134
x7 +0.29389 x7 +0.14087 x7 0.00000 x7 −0.11966 x7 −0.21694 x7 −0.29389 x7 −0.35355
y7 +0.40451 y7 +0.47975 y7 +0.50000 y7 +0.48547 y7 +0.45048 y7 +0.40451 y7 +0.35355
x8 +0.47553 x8 +0.37787 x8 +0.25000 x8 +0.11966 x8 0.00000 x8 −0.10396 x8 −0.19134
y8 +0.15451 y8 +0.32743 y8 +0.43301 y8 +0.48547 y8 +0.50000 y8 +0.48907 y8 +0.46194
x9 +0.47553 x9 +0.49491 x9 +0.43301 x9 +0.33156 x9 +0.21694 x9 +0.10396 x9 0.00000
y9 −0.15451 y9 +0.07116 y9 +0.25000 y9 +0.37426 y9 +0.45048 y9 +0.48907 y9 +0.50000
x10 +0.29389 x10 +0.45482 x10 +0.50000 x10 +0.46751 x10 +0.39092 x10 +0.29389 x10 +0.19134
y10 −0.40451 y10 −0.20771 y10 0.00000 y10 +0.17730 y10 +0.31174 y10 +0.40451 y10 +0.46194

x11 +0.27032 x11 +0.43301 x11 +0.49635 x11 +0.48746 x11 +0.43301 x11 +0.35355
y11 −0.42063 y11 −0.25000 y11 −0.06027 y11 +0.11126 y11 +0.25000 y11 +0.35355

x12 +0.25000 x12 +0.41149 x12 +0.48746 x12 +0.49726 x12 +0.46194
y12 −0.43301 y12 −0.28403 y12 −0.11126 y12 +0.05226 y12 +0.19134

x13 +0.23236 x13 +0.39092 x13 +0.47553 x13 +0.50000
y13 −0.44273 y13 −0.31174 y13 −0.15451 y13 0.00000

x14 +0.21694 x14 +0.37157 x14 +0.46194
y14 −0.45048 y14 −0.33457 y14 −0.19134

x15 +0.20337 x15 +0.35355
y15 −0.45677 y15 −0.35355

x16 +0.19134
y16 −0.46194
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17 Holes 18 Holes 19 Holes 20 Holes 21 Holes 22 Holes 23 Holes

x1 0.00000 x1 0.00000 x1 0.00000 x1 0.000000 x1 0.00000 x1 0.00000 x1 0.00000
y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000
x2 −0.18062 x2 −0.17101 x2 −0.16235 x2 −0.15451 x2 −0.14738 x2 −0.14087 x2 −0.13490
y2 −0.46624 y2 −0.46985 y2 −0.47291 y2 −0.47553 y2 −0.47779 y2 −0.47975 y2 −0.48146
x3 −0.33685 x3 +0.32139 x3 −0.30711 x3 −0.29389 x3 −0.28166 x3 −0.27032 x3 −0.25979
y3 −0.36950 y3 −0.38302 y3 −0.39457 y3 −0.40451 y3 −0.41312 y3 −0.42063 y3 −0.42721
x4 −0.44758 x4 −0.43301 x4 −0.41858 x4 −0.40451 x4 −0.39092 x4 −0.37787 x4 −0.36542
y4 −0.22287 y4 −0.25000 y4 −0.27347 y4 −0.29389 y4 −0.31174 y4 −0.32743 y4 −0.34128
x5 −0.49787 x5 −0.49240 x5 −0.48470 x5 −0.47553 x5 −.046544 x5 −0.45482 x5 −0.44394
y5 −0.04613 y5 −0.08682 y5 −0.12274 y5 −0.15451 y5 −0.18267 y5 −0.20771 y5 −0.23003
x6 −0.48091 x6 −0.49420 x6 −0.49829 x6 −0.50000 x6 −0.49860 x6 −0.49491 x6 −0.48954
y6 +0.13683 y6 +0.08682 y6 +0.04129 y6 0.00000 y6 −0.03737 y6 −0.07116 y6 −0.10173
x7 −0.39901 x7 −0.43301 x7 −0.45789 x7 −0.47553 x7 −0.48746 x7 −0.49491 x7 −0.49883
y7 +0.30132 y7 +0.25000 y7 +0.20085 y7 +0.15451 y7 +0.11126 y7 +0.07116 y7 +0.03412
x8 −0.26322 x8 −0.32139 x8 −0.36786 x8 −0.40451 x8 −0.43301 x8 −0.45482 x8 −0.47113
y8 +0.42511 y8 +0.38302 y8 +0.33864 y8 +0.29389 y8 +0.25000 y8 +0.20771 y8 +0.16744
x9 −0.09187 x9 −0.17101 x9 −0.23797 x9 −0.29389 x9 −0.34009 x9 −0.37787 x9 −0.40848
y9 +0.49149 y9 +0.46985 y9 +0.43974 y9 +0.40451 y9 +0.36653 y9 +0.32743 y9 +0.28834
x10 +0.09187 x10 0.00000 x10 −0.08230 x10 −0.15451 x10 −0.21694 x10 −0.27032 x10 −0.31554
y10 +0.49149 y10 +0.50000 y10 +0.49318 y10 +0.47553 y10 +0.45048 y10 +0.42063 y10 +0.38786
x11 +0.26322 x11 +0.17101 x11 +0.08230 x11 0.00000 x11 −0.07452 x11 −0.14087 x11 −0.19920
y11 +0.42511 y11 +0.46985 y11 +0.49318 y11 +0.50000 y11 +0.49442 y11 +0.47975 y11 +0.45861
x12 +0.39901 x12 +0.32139 x12 +0.23797 x12 +0.15451 x12 +0.07452 x12 0.00000 x12 −0.06808
y12 +0.30132 y12 +0.38302 y12 +0.43974 y12 +0.47553 y12 +0.49442 y12 +0.50000 y12 +0.49534
x13 +0.48091 x13 +0.43301 x13 +0.36786 x13 +0.29389 x13 +0.21694 x13 +0.14087 x13 +0.06808
y13 +0.13683 y13 +0.25000 y13 +0.33864 y13 +0.40451 y13 +0.45048 y13 +0.47975 y13 +0.49534
x14 +0.49787 x14 +0.49240 x14 +0.45789 x14 +0.40451 x14 +0.34009 x14 +0.27032 x14 +0.19920
y14 −0.04613 y14 +0.08682 y14 +0.20085 y14 +0.29389 y14 +0.36653 y14 +0.42063 y14 +0.45861
x15 +0.44758 x15 +0.49240 x15 +0.49829 x15 +0.47553 x15 +0.43301 x15 +0.37787 x15 +0.31554
y15 −0.22287 y15 −0.08682 y15 +0.04129 y15 +0.15451 y15 +0.25000 y15 +0.32743 y15 +0.38786
x16 +0.33685 x16 +0.43301 x16 +0.48470 x16 +0.50000 x16 +0.48746 x16 +0.45482 x16 +0.40848
y16 −0.36950 y16 −0.25000 y16 −0.12274 y16 0.00000 y16 +0.11126 y16 +0.20771 y16 +0.28834
x17 +0.18062 x17 +0.32139 x17 +0.41858 x17 +0.47553 x17 +0.49860 x17 +0.49491 x17 +0.47113
y17 −0.46624 y17 −0.38302 y17 −0.27347 y17 −0.15451 y17 −0.03737 y17 +0.07116 y17 +0.16744

x18 +0.17101 x18 +0.30711 x18 +0.40451 x18 +0.46544 x18 +0.49491 x18 +0.49883
y18 −0.46985 y18 −0.39457 y18 −0.29389 y18 −0.18267 y18 −0.07116 y18 +0.03412

x19 + 0.16235 x19 +0.29389 x19 +0.39092 x19 +0.45482 x19 +0.48954
y19 −0.47291 y19 −0.40451 y19 −0.31174 y19 −0.20771 y19 −0.10173

x20 +0.15451 x20 +0.28166 x20 +0.37787 x20 +0.44394
y20 −0.47553 y20 −0.41312 y20 −0.32743 y20 −0.23003

x21 +0.14738 x21 +0.27032 x21 +0.36542
y21 −0.47779 y21 −0.42063 y21 −0.34128

x22 +0.14087 x22 +0.25979
y22 −0.47975 y22 −0.42721

x23 +0.13490
y23 −0.48146

24 Holes 25 Holes 26 Holes 27 Holes 28 Holes

x1 0.00000 x1 0.00000 x1 0.00000 x1 0.00000 x1 0.00000
y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000 y1 −0.50000

x2 −0.12941 x2 −0.12434 x2 −0.11966 x2 −0.11531 x2 −0.11126

y2 −0.48296 y2 −0.48429 y2 −0.48547 y2 −0.48652 y2 −0.48746

x3 −0.25000 x3 −0.24088 x3 −0.23236 x3 −0.22440 x3 −0.21694

y3 − 0.43301 y3 −0.43815 y3 −0.44273 y3 −0.44682 y3 −0.45048

Table 10. (Continued) Hole Coordinate Dimension Factors for Jig Boring — 
Type “A” Hole Circles, Central Coordinates (English or Metric Units)

The diagram shows a type “A” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a 
hole circle of, say, 3-inch or 3-centimeter diameter, multiply table values 
by 3.
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24 Holes 25 Holes 26 Holes 27 Holes 28 Holes

x4 −0.35355 x4 −0.34227 x4 −0.33156 x4 −0.32139 x4 −0.31174
y4 −0.35355 y4 −0.36448 y4 −0.37426 y4 −0.38302 y4 −0.39092
x5 −0.43301 x5 −0.42216 x5 −0.41149 x5 −0.40106 x5 −0.39092
y5 −0.25000 y5 −0.26791 y5 −0.28403 y5 −0.29858 y5 −0.31174
x6 −0.48296 x6 −0.47553 x6 −0.46751 x6 −0.45911 x6 −0.45048
y6 −0.12941 y6 −0.15451 y6 −0.17730 y6 −0.19804 y6 −0.21694
x7 −0.50000 x7 −0.49901 x7 −0.49635 x7 −0.49240 x7 −0.48746
y7 0.00000 y7 −0.03140 y7 −0.06027 y7 −0.08682 y7 −0.11126
x8 −0.48296 x8 −0.49114 x8 −0.49635 x8 −0.49915 x8 −0.50000
y8 +0.12941 y8 +0.09369 y8 +0.06027 y8 +0.02907 y8 0.00000
x9 −0.43301 x9 −0.45241 x9 −0.46751 x9 −0.47899 x9 −0.48746
y9 +0.25000 y9 +0.21289 y9 +0.17730 y9 +0.14340 y9 +0.11126
x10 −0.35355 x10 −0.38526 x10 −0.41149 x10 −0.43301 x10 −0.45048
y10 +0.35355 y10 +0.31871 y10 +0.28403 y10 +0.25000 y10 +0.21694
x11 −0.25000 x11 −0.29389 x11 −0.33156 x11 −0.36369 x11 −0.39092
y11 +0.43301 y11 +0.40451 y11 +0.37426 y11 +0.34312 y11 +0.31174
x12 −0.12941 x12 −0.18406 x12 −0.23236 x12 −0.27475 x12 −0.31174
y12 +0.48296 y12 +0.46489 y12 +0.44273 y12 +0.41774 y12 +0.39092
x13 0.00000 x13 −0.06267 x13 −0.11966 x13 −0.17101 x13 −0.21694
y13 +0.50000 y13 +0.49606 y13 +0.48547 y13 +0.46985 y13 +0.45048
x14 +0.12941 x14 +0.06267 x14 0.00000 x14 −0.05805 x14 −0.11126
y14 +0.48296 y14 +0.49606 y14 +0.50000 y14 +0.49662 y14 +0.48746
x15 +0.25000 x15 +0.18406 x15 +0.11966 x15 +0.05805 x15 0.00000
y15 +0.43301 y15 +0.46489 y15 +0.48547 y15 +0.49662 y15 +0.50000
x16 +0.35355 x16 +0.29389 x16 +0.23236 x16 +0.17101 x16 +0.11126
y16 +0.35355 y16 +0.40451 y16 +0.44273 y16 +0.46985 y16 +0.48746
x17 +0.43301 x17 + 0.38526 x17 +0.33156 x17 +0.27475 x17 +0.21694
y17 +0.25000 y17 +0.31871 y17 +0.37426 y17 +0.41774 y17 +0.45048
x18 +0.48296 x18 +0.45241 x18 +0.41149 x18 +0.36369 x18 +0.31174
y18 +0.12941 y18 +0.21289 y18 +0.28403 y18 +0.34312 y18 +0.39092
x19 +0.50000 x19 +0.49114 x19 +0.46751 x19 +0.43301 x19 +0.39092
y19 0.00000 y19 +0.09369 y19 +0.17730 y19 +0.25000 y19 +0.31174
x20 +0.48296 x20 +0.49901 x20 +0.49635 x20 +0.47899 x20 +0.45048
y20 −0.12941 y20 −0.03140 y20 +0.06027 y20 +0.14340 y20 +0.21694
x21 +0.43301 x21 +0.47553 x21 +0.49635 x21 +0.49915 x21 +0.48746
y21 −0.25000 y21 −0.15451 y21 −0.06027 y21 +0.02907 y21 +0.11126
x22 +0.35355 x22 +0.42216 x22 +0.46751 x22 +0.49240 x22 +0.50000
y22 −0.35355 y22 −0.26791 y22 −0.17730 y22 −0.08682 y22 0.00000
x23 +0.25000 x23 +0.34227 x23 +0.41149 x23 +0.45911 x23 +0.48746
y23 −0.43301 y23 −0.36448 y23 −0.28403 y23 −0.19804 y23 −0.11126
x24 +0.12941 x24 +0.24088 x24 +0.33156 x24 +0.40106 x24 +0.45048
y24 −0.48296 y24 −0.43815 y24 −0.37426 y24 −0.29858 y24 −0.21694

x25 +0.12434 x25 +0.23236 x25 +0.32139 x25 +0.39092
y25 −0.48429 y25 −0.44273 y25 −0.38302 y25 −0.31174

x26 +0.11966 x26 +0.22440 x26 +0.31174
y26 −0.48547 y26 −0.44682 y26 −0.39092

x27 +0.11531 x27 +0.21694
y27 −0.48652 y27 −0.45048

x28 +0.11126
y28 −0.48746

Table 10. (Continued) Hole Coordinate Dimension Factors for Jig Boring — 
Type “A” Hole Circles, Central Coordinates (English or Metric Units)

The diagram shows a type “A” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a 
hole circle of, say, 3-inch or 3-centimeter diameter, multiply table values 
by 3.
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Table 11.  Hole Coordinate Dimension Factors for Jig Boring  —
Type “B” Hole Circles Central Coordinates (English or Metric units)

The diagram shows a type “B” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a 
hole circle of, say, 3-inch or 3-centimeter diameter, multiply table values 
by 3.

3 Holes 4 Holes 5 Holes 6 Holes 7 Holes 8 Holes 9 Holes

x1 −0.43301 x1 −0.35355 x1 −0.29389 x1 −0.25000 x1 −0.21694 x1 −0.19134 x1 −0.17101
y1 −0.25000 y1 −0.35355 y1 −0.40451 y1 −0.43301 y1 −0.45048 y1 −0.46194 y1 −0.46985
x2  0.00000 x2 −0.35355 x2 −0.47553 x2 −0.50000 x2 −0.48746 x2 −0.46194 x2 −0.43301
y2 +0.50000 y2 +0.35355 y2 +0.15451 y2  0.00000 y2 −0.11126 y2 −0.19134 y2 −0.25000
x3 +0.43301 x3 +0.35355 x3  0.00000 x3 −0.25000 x3 −0.39092 x3 −0.46194 x3 −0.49240
y3 −0.25000 y3 +0.35355 y3 +0.50000 y3 +0.43301 y3 +0.31174 y3 +0.19134 y3  +0.08682

x4 +0.35355 x4 +0.47553 x4 +0.25000 x4  0.00000 x4 −0.19134 x4 −0.32139
y4 −0.35355 y4 +0.15451 y4 +0.43301 y4 +0.50000 y4 +0.46194 y4 +0.38302

x5 +0.29389 x5 +0.50000 x5 +0.39092 x5 +0.19134 x5  0.00000
y5 −0.40451 y5  0.00000 y5 +0.31174 y5 +0.46194 y5 +0.50000

x6 +0.25000 x6 +0.48746 x6 +0.46194 x6 +0.32139
y6 −0.43301 y6 −0.11126 y6 +0.19134 y6 +0.38302

x7 +0.21694 x7 +0.46194 x7 +0.49240
y7 −0.45048 y7 −0.19134 y7 +0.08682

x8 +0.19134 x8 +0.43301
y8 −0.46194 y8 −0.25000

x9 +0.17101
y9 −0.46985

10 Holes 11 Holes 12 Holes 13 Holes 14 Holes 15 Holes 16 Holes

x1 −0.15451 x1 −0.14087 x1 −0.12941 x1 −0.11966 x1 −0.11126 x1 −0.10396 x1 −0.09755
y1 −0.47553 y1 −0.47975 y1 −0.48296 y1 −0.48547 y1 −0.48746 y1 −0.48907 y1 −0.49039
x2 −0.40451 x2 −0.37787 x2 −0.35355 x2 −0.33156 x2 −0.31174 x2 −0.29389 x2 −0.27779
y2 −0.29389 y2 −0.32743 y2 −0.35355 y2 −0.37426 y2 −0.39092 y2 −0.40451 y2 −0.41573
x3 −0.50000 x3 −0.49491 x3 −0.48296 x3 −0.46751 x3 −0.45048 x3 −0.43301 x3 −0.41573
y3  0.00000 y3 −0.07116 y3 −0.12941 y3 −0.17730 y3 −0.21694 y3 −0.25000 y3 −0.27779
x4 −0.40451 x4 −0.45482 x4 −0.48296 x4 −0.49635 x4 −0.50000 x4 −0.49726 x4 −0.49039
y4 +0.29389 y4 +0.20771 y4 +0.12941 y4 +0.06027 y4  0.00000 y4 −0.05226 y4 −0.09755
x5 −0.15451 x5 −0.27032 x5 −0.35355 x5 −0.41149 x5 −0.45048 x5 −0.47553 x5 −0.49039
y5 +0.47553 y5 +0.42063 y5 +0.35355 y5 +0.28403 y5 +0.21694 y5 +0.15451 y5 +0.09755
x6 +0.15451 x6  0.00000 x6 −0.12941 x6 −0.23236 x6 −0.31174 x6 −0.37157 x6 −0.41573
y6 +0.47553 y6 +0.50000 y6 +0.48296 y6 +0.44273 y6 +0.39092 y6 +0.33457 y6 +0.27779
x7 +0.40451 x7 +0.27032 x7 +0.12941 x7  0.00000 x7 −0.11126 x7 −0.20337 x7 −0.27779
y7 +0.29389 y7 +0.42063 y7 +0.48296 y7 + 0.50000 y7 +0.48746 y7 +0.45677 y7 +0.41573
x8 +0.50000 x8 +0.45482 x8 +0.35355 x8 +0.23236 x8 +0.11126 x8  0.00000 x8 −0.09755
y8  0.00000 y8 +0.20771 y8 +0.35355 y8 +0.44273 y8 +0.48746 y8 +0.50000 y8 +0.49039
x9 +0.40451 x9 +0.49491 x9 +0.48296 x9 +0.41149 x9 +0.31174 x9 +0.20337 x9 +0.09755
y9 −0.29389 y9 −0.07116 y9 +0.12941 y9 +0.28403 y9 +0.39092 y9 +0.45677 y9 +0.49039
x10 +0.15451 x10 +0.37787 x10 +0.48296 x10 +0.49635 x10 +0.45048 x10 +0.37157 x10 +0.27779
y10 −0.47553 y10 −0.32743 y10 −0.12941 y10 +0.06027 y10 +0.21694 y10 +0.33457 y10 +0.41573

x11 +0.14087 x11 +0.35355 x11 +0.46751 x11 +0.50000 x11 +0.47553 x11 +0.41573
y11 −0.47975 y11 −0.35355 y11 −0.17730 y11 0.00000 y11 +0.15451 y11 +0.27779

x12 +0.12941 x12 +0.33156 x12 +0.45048 x12 +0.49726 x12 +0.49039
y12 −0.48296 y12 −0.37426 y12 −0.21694 y12 −0.05226 y12 +0.09755

x13 +0.11966 x13 +0.31174 x13 +0.43301 x13 +0.49039
y13 −0.48547 y13 −0.39092 y13 −0.25000 y13 −0.09755

x14 +0.11126 x14 +0.29389 x14 +0.41573
y14 − 0.48746 y14 −0.40451 y14 −0.27779

x15 +0.10396 x15 +0.27779
y15 −0.48907 y15 −0.41573

x16 +0.09755
y16 −0.49039
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17 Holes 18 Holes 19 Holes 20 Holes 21 Holes 22 Holes 23 Holes

x1 −0.09187 x1 −0.08682 x1 −0.08230 x1 −0.07822 x1 −0.07452 x1 −0.07116 x1 −0.06808
y1 − 0.49149 y1 −0.49240 y1 −0.49318 y1 −0.49384 y1 −0.49442 y1 −0.49491 y1 −0.49534
x2 −0.26322 x2 −0.25000 x2 −0.23797 x2 −0.22700 x2 −0.21694 x2 −0.20771 x2 −0.19920
y2 −0.42511 y2 −0.43301 y2 −0.43974 y2 −0.44550 y2 −0.45048 y2 −0.45482 y2 −0.45861
x3 − 0.39901 x3 −0.38302 x3 −0.36786 x3 −0.35355 x3 −0.34009 x3 −0.32743 x3 −0.31554
y3 −0.30132 y3 −0.32139 y3 −0.33864 y3 −0.35355 y3 −0.36653 y3 −0.37787 y3 −0.38786
x4 −0.48091 x4 −0.46985 x4 −0.45789 x4 −0.44550 x4 −0.43301 x4 −0.42063 x4 −0.40848
y4 −0.13683 y4 −0.17101 y4 −0.20085 y4 −0.22700 y4 −0.25000 y4 −0.27032 y4 −0.28834
x5 −0.49787 x5 −0.50000 x5 −0.49829 x5 −0.49384 x5 −0.48746 x5 −0.47975 x5 −0.47113
y5 +0.04613 y5  0.00000 y5 −0.04129 y5 −0.07822 y5 −0.11126 y5 −0.14087 y5 −0.16744
x6 −0.44758 x6 −0.46985 x6 −0.48470 x6 −0.49384 x6 −0.49860 x6 −0.50000 x6 −0.49883
y6 +0.22287 y6 +0.17101 y6 +0.12274 y6 +0.07822 y6 +0.03737 y6  0.00000 y6 −0.03412
x7 −0.33685 x7 −0.38302 x7 −0.41858 x7 −0.44550 x7 −0.46544 x7 −0.47975 x7 −0.48954
y7 +0.36950 y7 +0.32139 y7 +0.27347 y7 +0.22700 y7 +0.18267 y7 +0.14087 y7 +0.10173
x8 −0.18062 x8 −0.25000 x8 −0.30711 x8 −0.35355 x8 −0.39092 x8 −0.42063 x8 −0.44394
y8 +0.46624 y8 +0.43301 y8 +0.39457 y8 +0.35355 y8 +0.31174 y8 +0.27032 y8 +0.23003
x9  0.00000 x9 −0.08682 x9 −0.16235 x9 −0.22700 x9 −0.28166 x9 −0.32743 x9 −0.36542
y9 +0.50000 y9 +0.49240 y9 +0.47291 y9 +0.44550 y9 +0.41312 y9 +0.37787 y9 +0.34128
x10 +0.18062 x10 +0.08682 x10  0.00000 x10 −0.07822 x10 −0.14738 x10 −0.20771 x10 −0.25979
y10 +0.46624 y10 +0.49240 y10 +0.50000 y10 +0.49384 y10 +0.47779 y10 +0.45482 y10 +0.42721
x11 +0.33685 x11 +0.25000 x11 +0.16235 x11 +0.07822 x11 0.00000 x11 −0.07116 x11 −0.13490
y11 +0.36950 y11 +0.43301 y11 +0.47291 y11 +0.49384 y11 +0.50000 y11 +0.49491 y11 +0.48146
x12 +0.44758 x12 +0.38302 x12 +0.30711 x12 +0.22700 x12 +0.14738 x12 + 0.07116 x12 0.00000
y12 +0.22287 y12 +0.32139 y12 +0.39457 y12 +0.44550 y12 +0.47779 y12 +0.49491 y12 +0.50000
x13 +0.49787 x13 +0.46985 x13 +0.41858 x13 +0.35355 x13 +0.28166 x13 +0.20771 x13 +0.13490
y13 +0.04613 y13 +0.17101 y13 +0.27347 y13 +0.35355 y13 +0.41312 y13 +0.45482 y13 +0.48146
x14 +0.48091 x14 +0.50000 x14 +0.48470 x14 +0.44550 x14 +0.39092 x14 +0.32743 x14 +0.25979
y14 −0.13683 y14 0.00000 y14 +0.12274 y14 +0.22700 y14 +0.31174 y14 +0.37787 y14 +0.42721
x15 +0.39901 x15 +0.46985 x15 +0.49829 x15 +0.49384 x15 +0.46544 x15 +0.42063 x15 +0.36542
y15 −0.30132 y15 −0.17101 y15 −0.04129 y15 +0.07822 y15 +0.18267 y15 +0.27032 y15 +0.34128
x16 +0.26322 x16 +0.38302 x16 +0.45789 x16 +0.49384 x16 +0.49860 x16 +0.47975 x16 +0.44394
y16 −0.42511 y16 −0.32139 y16 −0.20085 y16 −0.07822 y16 +0.03737 y16 +0.14087 y16 +0.23003
x17 +0.09187 x17 +0.25000 x17 +0.36786 x17 +0.44550 x17 +0.48746 x17 +0.50000 x17 +0.48954
y17 − 0.49149 y17 −0.43301 y17 −0.33864 y17 −0.22700 y17 −0.11126 y17 0.00000 y17 +0.10173

x18 +0.08682 x18 +0.23797 x18 +0.35355 x18 +0.43301 x18 +0.47975 x18 +0.49883
y18 −0.49240 y18 −0.43974 y18 −0.35355 y18 −0.25000 y18 −0.14087 y18 −0.03412

x19 +0.08230 x19 +0.22700 x19 +0.34009 x19 +0.42063 x19 +0.47113
y19 −0.49318 y19 −0.44550 y19 −0.36653 y19 −0.27032 y19 −0.16744

x20 +0.07822 x20 +0.21694 x20 +0.32743 x20 +0.40848
y20 −0.49384 y20 −0.45048 y20 −0.37787 y20 −0.28834

x21 +0.07452 x21 +0.20771 x21 +0.31554
y21 −0.49442 y21 −0.45482 y21 −0.38786

x22 +0.07116 x22 +0.19920
y22 −0.49491 y22 −0.45861

x23 +0.06808
y23 −0.49534

24 Holes 25 Holes 26 Holes 27 Holes 28 Holes

x1 −0.06526 x1 −0.06267 x1 −0.06027 x1 −0.05805 x1 −0.05598
y1 −0.49572 y1 −0.49606 y1 −0.49635 y1 −0.49662 y1 −0.49686
x2 −0.19134 x2 −0.18406 x2 −0.17730 x2 −0.17101 x2 −0.16514
y2 −0.46194 y2 −0.46489 y2 −0.46751 y2 −0.46985 y2 −0.47194
x3 −0.30438 x3 −0.29389 x3 −0.28403 x3 −0.27475 x3 −0.26602

y3 −0.39668 y3 −0.40451 y3 −0.41149 y3 −0.41774 y3 −0.42336

Table 11. (Continued) Hole Coordinate Dimension Factors for Jig Boring  —
Type “B” Hole Circles Central Coordinates (English or Metric units)

The diagram shows a type “B” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a 
hole circle of, say, 3-inch or 3-centimeter diameter, multiply table values 
by 3.
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24 Holes 25 Holes 26 Holes 27 Holes 28 Holes

x4 −0.39668 x4 −0.38526 x4 −0.37426 x4 −0.36369 x4 −0.35355
y4 −0.30438 y4 −0.31871 y4 −0.33156 y4 −0.34312 y4 −0.35355
x5 −0.46194 x5 −0.45241 x5 −0.44273 x5 −0.43301 x5 −0.42336
y5 −0.19134 y5 −0.21289 y5 −0.23236 y5 − 0.25000 y5 −0.26602
x6 −0.49572 x6 −0.49114 x6 −0.48547 x6 −0.47899 x6 −0.47194
y6 −0.06526 y6 −0.09369 y6 −0.11966 y6 −0.14340 y6 −0.16514
x7 −0.49572 x7 −0.49901 x7 −0.50000 x7 −0.49915 x7 −0.49686
y7 +0.06526 y7 +0.03140 y7  0.00000 y7 − 0.02907 y7 −0.05598
x8 −0.46194 x8 −0.47553 x8 −0.48547 x8 −0.49240 x8 −0.49686
y8 +0.19134 y8 +0.15451 y8 +0.11966 y8 +0.08682 y8 +0.05598
x9 −0.39668 x9 −0.42216 x9 −0.44273 x9 −0.45911 x9 −0.47194
y9 +0.30438 y9 +0.26791 y9 +0.23236 y9 +0.19804 y9 +0.16514
x10 −0.30438 x10 −0.34227 x10 −0.37426 x10 −0.40106 x10 −0.42336
y10 +0.39668 y10 + 0.36448 y10 +0.33156 y10 +0.29858 y10 +0.26602
x11 −0.19134 x11 −0.24088 x11 −0.28403 x11 −0.32139 x11 −0.35355
y11 +0.46194 y11 +0.43815 y11 +0.41149 y11 +0.38302 y11 +0.35355
x12 −0.06526 x12 −0.12434 x12 −0.17730 x12 −0.22440 x12 −0.26602
y12 +0.49572 y12 +0.48429 y12 +0.46751 y12 +0.44682 y12 +0.42336
x13 +0.06526 x13 0.00000 x13 −0.06027 x13 −0.11531 x13 −0.16514
y13 +0.49572 y13 +0.50000 y13 +0.49635 y13 +0.48652 y13 +0.47194
x14 +0.19134 x14 +0.12434 x14 +0.06027 x14 0.00000 x14 −0.05598
y14 +0.46194 y14 +0.48429 y14 +0.49635 y14 +0.50000 y14 +0.49686
x15 +0.30438 x15 +0.24088 x15 +0.17730 x15 +0.11531 x15 +0.05598
y15 +0.39668 y15 +0.43815 y15 +0.46751 y15 +0.48652 y15 +0.49686
x16 +0.39668 x16 +0.34227 x16 +0.28403 x16 +0.22440 x16 +0.16514
y16 +0.30438 y16 +0.36448 y16 +0.41149 y16 +0.44682 y16 +0.47194
x17 +0.46194 x17 +0.42216 x17 +0.37426 x17 +0.32139 x17 +0.26602
y17 +0.19134 y17 +0.26791 y17 +0.33156 y17 +0.38302 y17 +0.42336
x18 +0.49572 x18 +0.47553 x18 +0.44273 x18 +0.40106 x18 +0.35355
y18 +0.06526 y18 +0.15451 y18 +0.23236 y18 + 0.29858 y18 +0.35355
x19 +0.49572 x19 +0.49901 x19 +0.48547 x19 +0.45911 x19 +0.42336
y19 −0.06526 y19 +0.03140 y19 +0.11966 y19 +0.19804 y19 +0.26602
x20 +0.46194 x20 +0.49114 x20 +0.50000 x20 +0.49240 x20 +0.47194
y20 −0.19134 y20 −0.09369 y20 0.00000 y20 +0.08682 y20 +0.16514
x21 +0.39668 x21 +0.45241 x21 + 0.48547 x21 +0.49915 x21 +0.49686
y21 −0.30438 y21 −0.21289 y21 −0.11966 y21 −0.02907 y21 +0.05598
x22 +0.30438 x22 +0.38526 x22 +0.44273 x22 +0.47899 x22 +0.49686
y22 −0.39668 y22 −0.31871 y22 −0.23236 y22 − 0.14340 y22 −0.05598
x23 +0.19134 x23 +0.29389 x23 +0.37426 x23 +0.43301 x23 +0.47194
y23 −0.46194 y23 −0.40451 y23 −0.33156 y23 −0.25000 y23 −0.16514
x24 +0.06526 x24 +0.18406 x24 +0.28403 x24 +0.36369 x24 +0.42336
y24 −0.49572 y24 −0.46489 y24 −0.41149 y24 −0.34312 y24 −0.26602

x25 +0.06267 x25 +0.17730 x25 +0.27475 x25 +0.35355
y25 −0.49606 y25 −0.46751 y25 −0.41774 y25 −0.35355

x26 +0.06027 x26 +0.17101 x26 +0.26602
y26 −0.49635 y26 −0.46985 y26 −0.42336

x27 +0.05805 x27 +0.16514
y27 −0.49662 y27 −0.47194

x28 +0.05598
y28 −0.49686

Table 11. (Continued) Hole Coordinate Dimension Factors for Jig Boring  —
Type “B” Hole Circles Central Coordinates (English or Metric units)

The diagram shows a type “B” circle for a 5-hole circle. Coordinates x,
y are given in the table for hole circles of from 3 to 28 holes. Dimensions 
are for holes numbered in a counterclockwise direction (as shown). 
Dimensions given are based upon a hole circle of unit diameter. For a 
hole circle of, say, 3-inch or 3-centimeter diameter, multiply table values 
by 3.
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Gage Blocks

Precision Gage Blocks.— Precision gage blocks are usually purchased in sets comprising 
a specific number of blocks of different sizes. The nominal gage lengths of individual 
blocks in a set are determined mathematically so that particular desired lengths can be 
obtained by combining selected blocks. They are made to several different tolerance 
grades which categorize them as master blocks, calibration blocks, inspection blocks, and 
workshop blocks. Master blocks are employed as basic reference standards; calibration
blocks are used for high precision gaging work and calibrating inspection blocks; inspec-
tion blocks are used as toolroom standards and for checking and setting limit and compar-
ator gages, for example. The workshop blocks are working gages used as shop standards 
for a variety of direct precision measurements and gaging applications, including sine-bar 
settings.

Federal Specification GGG-G-15C, Gage Blocks (see below), lists typical sets, and gives 
details of materials, design, and manufacturing requirements, and tolerance grades. When 
there is in a set no single block of the exact size that is wanted, two or more blocks are com-
bined by “wringing” them together. Wringing is achieved by first placing one block cross-
wise on the other and applying some pressure. Then a swiveling motion is used to twist the 
blocks to a parallel position, causing them to adhere firmly to one another.

When combining blocks for a given dimension, the object is to use as few blocks as pos-
sible to obtain the dimension. The procedure for selecting blocks is based on successively 
eliminating the right-hand figure of the desired dimension.

Example:Referring to gage block set number 1 in Table 1, determine the blocks required 
to obtain 3.6742 inches. Step 1: Eliminate 0.0002 by selecting a 0.1002 block. Subtract 
0.1002 from 3.6743 = 3.5740. Step 2: Eliminate 0.004 by selecting a 0.124 block. Subtract 
0.124 from 3.5740 = 3.450. Step 3: Eliminate 0.450 with a block this size. Subtract 0.450 
from 3.450 = 3.000. Step 4: Select a 3.000 inch block. The combined blocks are 0.1002 + 
0.124 + 0.450 + 3.000 = 3.6742 inches.

Federal Specification for Gage Blocks, Inch and Metric Sizes.— This Specification, 
GGG-G-15C, March 20, 1975, which supersedes GGG-G-15B, November 6, 1970, covers 
design, manufacturing, and purchasing details for precision gage blocks in inch and metric 
sizes up to and including 20 inches and 500 millimeters gage lengths. The shapes of blocks 
are designated Style 1, which is rectangular; Style 2, which is square with a center acces-
sory hole, and Style 3, which defines other shapes as may be specified by the purchaser. 
Blocks may be made from steel, chromium-plated steel, chromium carbide, or tungsten 
carbide. There are four tolerance grades, which are designated Grade 0.5 (formerly Grade 
AAA in the GGG-G-15A issue of the Specification); Grade 1 (formerly Grade AA); Grade 
2 (formerly Grade A +); and Grade 3 (a compromise between former Grades A and B). 
Grade 0.5 blocks are special reference gages used for extremely high precision gaging 
work, and are not recommended for general use. Grade 1 blocks are laboratory reference 
standards used for calibrating inspection gage blocks and high precision gaging work. 
Grade 2 blocks are used as inspection and toolroom standards, and Grade 3 blocks are used 
as shop standards.

Inch and metric sizes of blocks in specific sets are given in Tables 1 and 2, which is not a 
complete list of available sizes. It should be noted that some gage blocks must be ordered 
as specials, some may not be available in all materials, and some may not be available from 
all manufacturers. Gage block set number 4 (88 blocks), listed in the Specification, is not 
given in Table 1. It is the same as set number 1 (81 blocks) but contains seven additional 
blocks measuring 0.0625, 0.078125, 0.093750, 0.100025, 0.100050, 0.100075, and 
0.109375 inch. In Table 2, gage block set number 3M (112 blocks) is not given. It is similar 
to set number 2M (88 blocks), and the chief difference is the inclusion of a larger number 
of blocks in the 0.5 millimeter increment series up to 24.5 mm. Set numbers 5M (88 
blocks), 6M (112 blocks), and 7M (17 blocks) also are not listed.
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Table 1. Gage Block Sets—Inch Sizes  Federal Specification GGG-G-15C

Set number 4 is not shown, and the Specification does not list a set 2 or 3.
Arranged here in incremental series for convenience of use.

Set Number 1 (81 Blocks)

First Series: 0.0001 Inch Increments (9 Blocks)
.1001 .1002 .1003 .1004 .1005 .1006 .1007 .1008 .1009

Second Series: 0.001 Inch Increments (49 Blocks)
.101 .102 .103 .104 .105 .106 .107 .108 .109 .110
.111 .112 .113 .114 .115 .116 .117 .118 .119 .120
.121 .122 .123 .124 .125 .126 .127 .128 .129 .130
.131 .132 .133 .134 .135 .136 .137 .138 .139 .140
.141 .142 .143 .144 .145 .146 .147 .148 .149

Third Series: 0.050 Inch Increments (19 Blocks)
.050 .100 .150 .200 .250 .300 .350 .400 .450 .500
.550 .600 .650 .700 .750 .800 .850 .900 .950

Fourth Series: 1.000 Inch Increments (4 Blocks)
1.000 2.000 3.000 4.000

Set Number 5 (21 Blocks)

First Series: 0.0001 Inch Increments (9 Blocks)
.0101 .0102 .0103 .0104 .0105 .0106 .0107 .0108 .0109

Second Series: 0.001 Inch Increments (11 Blocks)
.010 .011 .012 .013 .014 .015 .016 .017 .018 .019 .020

One Block 0.01005 Inch

Set Number 6 (28 Blocks)

First Series: 0.0001 Inch Increments (9 Blocks)
.0201 .0202 .0203 .0204 .0205 .0206 .0207 .0208 .0209

Second Series: 0.001 Inch Increments (9 Blocks)
.021 .022 .023 .024 .025 .026 .027 .028 .029

Third Series: 0.010 Inch Increments (9 Blocks)
.010 .020 .030 .040 .050 .060 .070 .080 .090

One Block 0.02005 Inch

Long Gage Block Set Number 7 (8 Blocks)

Whole Inch Series (8 Blocks)
5 6 7 8 10 12 16 20

Set Number 8 (36 Blocks)

First Series: 0.0001 Inch Increments (9 Blocks)
.1001 .1002 .1003 .1004 .1005 .1006 .1007 .1008 .1009

Second Series: 0.001 Inch Increments (11 Blocks)
.100 .101 .102 .103 .104 .105 .106 .107 .108 .109 .110

Third Series: 0.010 Inch Increments (8 Blocks)
.120 .130 .140 .150 .160 .170 .180 .190

Fourth Series: 0.100 Inch Increments (4 Blocks)
.200 .300 .400 .500

Whole Inch Series (3 Blocks)
1 2 4

One Block 0.050 Inch

Set Number 9 (20 Blocks)

First Series: 0.0001 Inch Increments (9 Blocks)
.0501 .0502 .0503 .0504 .0505 .0506 .0507 .0508 .0509

Second Series: 0.001 Inch Increments (10 Blocks)
.050 .051 .052 .053 .054 .055 .056 .057 .058 .059

One Block 0.05005 Inch
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Table 2. Gage Block Sets—Metric Sizes  Federal Specification GGG-G-15C

Set numbers 3M, 5M, 6M, and 7M are not listed.

Arranged here in incremental series for convenience of use.

Note: Gage blocks measuring 1.09 millimeters and under in set number 1M, blocks measuring 1.5 
millimeters and under in set number 2M, and block measuring 1.0 millimeter in set number 4M are 
not available in tolerance grade 0.5.

Set Number 1M (45 Blocks)

First Series: 0.001 Millimeter Increments (9 Blocks)

1.001 1.002 1.003 1.004 1.005 1.006 1.007 1.008 1.009

Second Series: 0.01 Millimeter Increments (9 Blocks)

1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09

Third Series: 0.10 Millimeter Increments (9 Blocks)

1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90

Fourth Series: 1.0 Millimeter Increments (9 Blocks)

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Fifth Series: 10 Millimeter Increments (9 Blocks)

10 20 30 40 50 60 70 80 90

Set Number 2M (88 Blocks)

First Series: 0.001 Millimeter Increments (9 Blocks)

1.001 1.002 1.003 1.004 1.005 1.006 1.007 1.008 1.009

Second Series: 0.01 Millimeter Increments (49 Blocks)

1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 1.10

1.11 1.12 1.13 1.14 1.15 1.16 1.17 1.18 1.19 1.20

1.21 1.22 1.23 1.24 1.25 1.26 1.27 1.28 1.29 1.30

1.31 1.32 1.33 1.34 1.35 1.36 1.37 1.38 1.39 1.40

1.41 1.42 1.43 1.44 1.45 1.46 1.47 1.48 1.49

Third Series: 0.50 Millimeter Increments (19 Blocks)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5

Fourth Series: 10 Millimeter Increments (10 Blocks)

10 20 30 40 50 60 70 80 90 100

One Block 1.0005 mm

Set Number 4M (45 Blocks)

First Series: 0.001 Millimeter Increments (9 Blocks)

2.001 2.002 2.003 2.004 2.005 2.006 2.007 2.008 2.009

Second Series: 0.01 Millimeter Increments (9 Blocks)

2.01 2.02 2.03 2.04 2.05 2.06 2.07 2.08 2.09

Third Series: 0.10 Millimeter Increments (9 Blocks)

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Fourth Series: 1 Millimeter Increments (9 Blocks)

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Fifth Series: 10 Millimeter Increments (9 Blocks)

10 20 30 40 50 60 70 80 90

Long Gage Block Set Number 8M (8 Blocks)

Whole Millimeter Series (8 Blocks)

125 150 175 200 250 300 400 500
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Pyrometers

Radiation Pyrometer.— This type measures radiated heat and is adapted for very high 
temperatures. The Féry radiation pyrometer is practically a reflecting telescope having a 
concave mirror which focuses the radiant heat of the object upon the “hot” junction of a 
small thermo-couple. There is a diaphragm for reducing the aperture when the instrument 
is pointed at a very hot object, in order to prevent over-heating the thermo-couple. With the 
Brown radiation pyrometer, the rays of heat from the furnace or molten metal which enter 
the pyrometer tube are reflected from a concave mirror onto a sensitive thermo-couple, and 
the temperature is indicated on a milli-voltmeter, graduated in temperature degrees, the 
same as a thermo-electric pyrometer. No part of the instrument is inserted in the high heat 
to be measured. If the temperature of a furnace is being measured, the tube is either held on 
a tripod or in the hand, and is pointed toward the door of the furnace. The temperature can 
then be read off on the indicator.

Optical Pyrometers.— There are several classes of optical pyrometers. The Morse
thermo-gage indicates the temperature by heating the filament of an electric lamp to the 
same color as that of the incandescent body, the temperature of which is required. The 
small low-voltage lamp is placed inside a tube through which the heated object is observed. 
To determine the temperature, the current for the lamp is so regulated (by means of a rheo-
stat) that the color of the lamp filament corresponds to that of the heated object which is 
observed through the instrument. The current then being consumed is indicated by a milli-
ammeter, and the corresponding temperature is determined. This instrument is accurate to 
within 2 or 3 degrees C. When absorbent glasses are used to reduce the brilliancy of the 
heated part, the highest temperatures required for industrial work can be gaged. The Mea-
sure and Novel optical pyrometer is a very simple type, which, by means of prisms and 
reflectors, enables temperatures to be determined by utilizing the colored field produced 
by the polarization and refraction of light from the heated part. The accuracy of a reading 
depends upon the observer's judgment of relative colors and may vary 50 degrees C. (90 
degrees F.) or more, at temperatures above 1000 degrees C. (1832 degrees F.). This type is 
adapted to the taking of frequent readings. With the photometric type (including the Wan-
ner and Le Chatelier optical and Féry absorption pyrometers) there is an illuminated field, 
one-half of which receives light from the heated object, and the other half, from a standard 
source of light forming part of the instrument. With the Le Chatelier instrument, the 
amount of light admitted from the heated part is regulated by an adjustable diaphragm. 
When both halves are of the same intensity or brightness, the temperature is indicated by a 
scale on the diaphragm.

Judging Temperatures by Color.— The U. S. Bureau of Standards states that skilled 
observers may vary as much as 100 degrees F. in their estimation of relatively low temper-
atures by color; beyond 2200 degrees F. it is practically impossible to make estimations 
with any certainty.

Seger Temperature Cones.— The “sentinel” pyrometer or Seger temperature cones are 
in the form of triangular pyramids (about 3 inches high), composed of metallic and mineral 
substances which fuse at certain temperatures. They are made in series, each successive 
cone having a fusing temperature that differs slightly from the one above or below in the 
scale; that is, if the series were placed in a furnace and the temperature gradually raised, 
one cone after another would melt as its melting point was reached. These cones are some-
times used in pairs to determine the minimum and maximum temperatures for a given pro-
cess, one cone being selected for the lowest and another for the highest temperature 
required. Tests have shown that this method for determining temperatures is very trustwor-
thy within 35 degrees F.
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Melting Temperatures of Seger Cones

Calibration of Pyrometers.— Pyrometers should occasionally be compared with a stan-
dard pyrometer or be calibrated in some other way. The following general instructions are 
given by the Hoskins Mfg. Co. The accuracy of both meter and thermo-couple should be 
checked. When checking the meter see that all connections are tight and that the protection 
tubes are sound. Set the zero of the check meter and the service meter to the same tempera-
ture and then take readings of both meters when they are alternately connected to any cou-
ple. If the instruments are both calibrated for the same external resistance, then only one set 
of leads is necessary, this set being connected first to one and then the other meter. If the 
meters are calibrated for different external resistances, then the individual leads of proper 
resistance must be used with each. In this method of checking, the check meter and the one 
being tested must be of the same kind; that is, both must be high or low resistance. When 
checking the thermo-couple, if only one thermo-couple is being used with the meter, see 
that the zero setting of the meter corresponds to the temperature of the “cold end” of the 
couple. If several couples are used with one meter, the zero setting should be in agreement 
with the average temperature of the cold ends of the several couples. Set the zero of the 
check meter in agreement with the cold-end temperature of the check couple; place check 
couple and service couple in same protection tube and compare the readings of the two 
meters.

If the meter operates with only one couple, then the indicated error is the actual error of 
the thermo-couple, assuming that the zero settings of both the check and the service meter 
are correct. If the service meter proved to be accurate, and it is serving more than one cou-
ple, then the difference between the readings of the two meters in this test is the combined 
error of the thermo-couple and the error due to the cold-end setting of the meter. To deter-
mine the portion of this due to the thermo-couple, note the difference in temperature 
between the zero setting of the service meter and the actual cold-end temperature of the 
particular couple being tested. Subtract this difference from the indicated error, as shown 
by the meter readings and the result is the error in the thermo-couple.

Calibrating by the Melting Point of Copper.— For calibrating pyrometers for tempera-
tures above a red heat, the welded or “hot end” of the thermo-couple should be covered 
with a tight winding of No. 14 or 16 B. & S. gage, standard melting-point wire. The couple 
should then be inserted in a tube furnace with the welded end approximately in the center. 
The furnace should be of the required heat before inserting the couple, and should be kept 
at a temperature approximately 100 degrees F. higher than the melting point of the calibrat-
ing wire. The pointer of the meter will then move up the scale with a gradually decreasing 
speed until the calibrating wire begins to melt, when the pointer will come to rest. After the 
wire has melted, the pointer will again move upward. Pure copper wire, under oxidizing 
conditions, melts at 1083 degrees C. (1981 degrees F.), and pure zinc wire, at 419 degrees 
C. (786 degrees F.). In order to have a strictly oxidizing atmosphere, an open-end electric 
furnace should be used for calibrating. With this method of calibrating, care should be 
taken not to have the furnace temperature too far above the melting point of the calibrating 
wire, because the pointer will move so rapidly and the melting will be of such short dura-
tion that the temporary pause of the pointer may not be observed.

No. of
Cone

Melting
Temp.,
Deg. F.

No. of
Cone

Melting
Temp.,
Deg. F.

No. of
Cone

Melting
Temp.,
Deg. F.

No. of
Cone

Melting
Temp.,
Deg. F.

No. of
Cone

Melting
Temp.,
Deg. F.

010 1743 01 2066 9 2390 18 2714 27 3038
09 1778 1 2102 10 2426 19 2750 28 3074
08 1814 2 2138 11 2462 20 2786 29 3110
07 1850 3 2174 12 2498 21 2822 30 3146
06 1886 4 2210 13 2534 22 2858 31 3182
05 1922 5 2246 14 2570 23 2894 32 3218
04 1958 6 2282 15 2606 24 2930 33 3254
03 1994 7 2318 16 2642 25 2966 .... ....
02 2030 8 2354 17 2678 26 3002 .... ....
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Calibrating by the Freezing Point of Melted Salts.— A very satisfactory way of cali-
brating pyrometers is by using the “freezing points” of melted salts. Pure common salt 
(NaCl) is melted in a pure graphite crucible. When the salt has been raised to a temperature 
of 100 to 200 degrees F. above its melting point, the bare welded end of the thermo-couple 
is inserted to a depth of 2 or 3 inches. The crucible is then removed from the furnace and 
allowed to cool. The pointer on the meter will drop gradually until the salt begins to freeze 
or solidify; then the pointer will stop until the salt is frozen. The freezing point of pure salt 
is taken at 800 degrees C. (1472 deg. F.). After calibrating and before being further used, 
the couple end should be washed in hot water to remove all traces of the salt, as otherwise 
the couple will deteriorate rapidly, especially when heated considerably above the melting 
point of salt in an open furnace. When calibrating pyrometers, care should be taken that the 
zero setting of the meter agrees with the cold end of the couple, which is always kept away 
from the heat and generally at the temperature of the outside air. The following table gives 
the latest available data by the Bureau of Standards on certain substances which may be 
used for calibrating pyrometers.

Water boils at 100 °C (212 °F)
Tin freezes at 231.9 °C (449.4 °F)
Zinc freezes at 419.4 °C (786.9 °F)
Common salt freezes at 800 °C (1472 °F)
Copper freezes at 1083 °C (1981.4 °F)
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TOOLING AND TOOL MAKING

Machine Tools

Machine Tool History.— The development of simple tools into more complex designs to 
replace manual labor is comparatively recent, and may generally be considered as having 
begun near the end of the eighteenth century. The history of civilization since that time has 
been so profoundly affected by the work of the engineer and the mechanic that the past and 
the present century may well be called the "age of machinery." The facilities for cutting 
metal in 1780 were little better than those of the middle ages. The mechanics or millwrights 
of that day worked almost wholly with the hammer, chisel, and file. Without doubt, the 
best mechanics during the eighteenth century were the French, and their work contained 
suggestions of a number of the modern machine tools; but their tendency was toward 
refined handicraft and ingenious novelties, and they showed little inclination toward com-
mercial production on a large scale. The real development of the modern machine tool has 
taken place almost wholly in England and in the United States. The general machine tools, 
such as the lathe, planer, shaper, drill press, and steam hammer, and the small tools, such as 
taps and dies, were developed in England from about 1800 to 1850. In America, partially 
overlapping this period, but in the main in the latter part of the nineteenth century, were 
developed the automatic lathe, the universal milling machine, drop-hammers, special 
machine tools of various kinds, and the interchangeable system of manufacture, the last 
involving the use of jigs, fixtures, and limit-gages.

Milling Machine Origin.— The first practical machine for plain milling operations is said 
to have been built by Eli Whitney, well-known inventor of the cotton gin, about 1818. This 
machine, now in the possession of Yale University, is a small bench type. A solid wooden 
block forms the base of the Whitney milling machine and the supporting legs are made of 
wrought iron. The main spindle is driven directly by a belt pulley, and between the two 
main spindle bearings there is a double-grooved wooden pulley connecting with a smaller 
pulley on a worm-gear shaft of the feed mechanism. The worm of this shaft engages a 
worm wheel mounted upon the table feed-screw. This worm is held in engagement by a 
spring latch which permits disengagement for hand feeding. The worm shaft is pivoted at 
one end so that the worm could readily drop out of engagement.

Milling Machines, Lincoln Type.— The well-known Lincoln type of milling machine is 
named after George S. Lincoln of the firm then known as George S. Lincoln & Co., Hart-
ford, Conn. Mr. Lincoln, however, did not originate this type but he introduced an 
improved design. Milling machines constructed along the same general lines had previ-
ously been built by the Phoenix Iron Works of Hartford, Conn., and also by Robbins & 
Lawrence Co., of Windsor, Vt. Milling machines of this class are intended especially for 
manufacturing and are not adapted to a great variety of milling operations, but are designed 
for machining large numbers of duplicate parts. Some milling machines which are 
designed along the same lines as the Lincoln type are referred to as the manufacturing type.
The distinguishing features of the Lincoln type are as follows: The work table, instead of 
being carried by an adjustable knee, is mounted on the solid bed of the machine and the 
outer arbor support is also attached directly to the bed. This construction gives a very rigid 
support both for the work and the cutter. The work is usually held in a fixture or vise 
attached to the table, and the milling is done as the table feeds longitudinally. The table is 
not adjustable vertically but the spindle head and spindles can be raised or lowered as may 
be required.

Saddle.—A machine tool saddle is a slide which is mounted upon the ways of a bed, cross-
rail, arm, or other guiding surfaces, and the saddle metal-cutting tools or a work-holding 
table. On holding either metal-cutting tools or a work-holding table. On a knee-type mill-
ing machine the saddle is that part which slides upon the knee and which supports the 
work-holding table. The saddle of a planer or boring mill is mounted upon the cross-rail 
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and supports the tool-holding slide. The saddle of a lathe is that part of a carriage which 
slide. The saddle of a lathe is that part of a carriage which slides directly upon the lathe bed 
and supports the cross-slide.

Transfer Machines.— These specialized machine tools are used to perform various 
machining operations on parts or parts in fixtures as the parts are moved along on an auto-
matic conveyor which is part of the machine tool set-up. In a set-up, the parts can move in 
a straight line from their entry point to their exit point, or the setup may be constructed in a 
U-shape so that the parts are expelled near where they start.

Boring Machines, Origin.— The first boring machine was built by John Wilkinson, in 
1775. Smeaton had built one in 1769 which had a large rotary head, with inserted cutters, 
carried on the end of a light, overhanging shaft. The cylinder to be bored was fed forward 
against the cutter on a rude carriage, running on a track laid in the floor. The cutter head 
followed the inaccuracies of the bore, doing little more than to smooth out local roughness 
of the surface. Watt's first steam cylinders were bored on this machine and he complained 
that one, 18 inches in diameter, was 3/8 inch out of true. Wilkinson thought of the expedi-
ent, which had escaped both Smeaton and Watt, of extending the boring-bar completely 
through the cylinder and giving it an out-board bearing, at the same time making it much 
larger and stiffer. With this machine cylinders 57 inches in diameter were bored which 
were within 1/16 inch of true. Its importance can hardly be overestimated as it insured the 
commercial success of Watt's steam engine which, up to that time, had not passed the 
experimental stage. 

Graduating.—The dividing of circular and straight scales into a given number of equal 
spaces or divisions is known as graduating. The type of machine or tool used for graduating 
and the method of producing the graduation marks or lines varies with different classes of 
work, depending upon the degree of accuracy necessary and the form of the parts to be 
graduated. The work of graduating may be divided into two branches, which include, first, 
the method of spacing, and second, the means for making suitable marks or lines upon the 
parts to be graduated.

The machines used in laboratories and by tool and instrument manufacturers, for gradu-
ating various kinds of straight scales, may be classified as the precision screw type and the 
pantograph type. The former is equipped with a very accurate lead-screw, which, by means 
of a suitable indexing or spacing mechanism, is rotated an amount depending upon the 
spacing required, and as this screw actuates the work-holding table, a tool that is given a 
cross-movement makes graduation lines either in a "resist" or directly upon the work. The 
pantograph machines have a pantograph mechanism which serves to reproduce, on a 
smaller scale, the graduation lines or figures which have been previously cut in a pattern or 
master scale. 

The marks or lines which represent divisions or spaces on graduated scales, etc., may be 
formed by the etching process, by the direct-cutting action of a tool, or, for some grades of 
work, by the stamping or impression process. With the etching process, the part to be grad-
uated is first covered with some acid-resisting material or "resist," as it is called, and then 
the lines or figures are cut into this resist by a mechanically-guided graduating tool, thus 
exposing the metal wherever these lines or figures are made. An etching acid is then 
applied, and, wherever the metal is exposed, the acid eats into the surface and forms the 
division lines. When very fine graduation lines are needed the general practice is to employ 
the direct-cutting method, since the marks obtained by a very sharp-pointed tool are finer 
and more accurate than is possible to obtain by the etching process. See Etching Resists.
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Jig Bushings

Material for Jig Bushings.— Bushings are generally made of a good grade of tool steel to 
ensure hardening at a fairly low temperature and to lessen the danger of fire cracking. They 
can also be made from machine steel, which will answer all practical purposes, provided 
the bushings are properly casehardened to a depth of about 1⁄16 inch. Sometimes, bushings 
for guiding tools may be made of cast iron, but only when the cutting tool is of such a 
design that no cutting edges come within the bushing itself. For example, bushings used 
simply to support the smooth surface of a boring-bar or the shank of a reamer might, in 
some instances, be made of cast iron, but hardened steel bushings should always be used 
for guiding drills, reamers, taps, etc., when the cutting edges come in direct contact with 
the guiding surfaces. If the outside diameter of the bushing is very large, as compared with 
the diameter of the cutting tool, the cost of the bushing can sometimes be reduced by using 
an outer cast-iron body and inserting a hardened tool steel bushing.

When tool steel bushings are made and hardened, it is recommended that A-2 steel be 
used. The furnace should be set to 1750°F and the bushing placed in the furnace and held 
there approximately 20 minutes after the furnace reaches temperature. Remove the bush-
ing and cool in still air. After the part cools to 100-150°F, immediately place in a tempering 
furnace that has been heated to 300°F. Remove the bushing after one hour and cool in still 
air. If an atmospherically controlled furnace is unavailable, the part should be wrapped in 
stainless foil to prevent scaling and oxidation at the 1750°F temperature.

American National Standard Jig Bushings.— Specifications for the following types of 
jig bushings are given in American National Standard B94.33-1974 (R1986). Head Type 
Press Fit Wearing Bushings, Type H (Fig. 1 and Tables 1 and 3); Headless Type Press Fit 
Wearing Bushings, Type P (Fig. 2 and Tables 1 and 3); Slip Type Renewable Wearing 
Bushings, Type S (Fig. 3 and Tables 4 and 5); Fixed Type Renewable Wearing Bushings, 
Type F (Fig. 4 and Tables 5 and 6); Headless Type Liner Bushings, Type L (Fig. 5 and 
Table 7); and Head Type Liner Bushings, Type HL (Fig. 6 and Table 8). Specifications for 
locking mechanisms are also given in Table 9.

Fig. 1. Head Type Press Fit-
Wearing Bushings — Type H 

Fig. 2. Headless Type Press Fit 
Wearing Bushings — Type P 

Fig. 3. Slip Type Renewable 
Wearing Bushings—Type S 

Fig. 4.  Fixed Type Renewable 
Wearing Bushings — Type F

Fig. 5. Headless Type Liner 
Bushings — Type L 

Fig. 6. Head Type Liner 
Bushings — Type HL
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Table 1.  American National Standard Head Type Press Fit
Wearing Bushings — Type H  ANSI B94.33-1974 (R1986)

Range
of Hole
Sizes

A

Body Diameter B
Body

Length
C

Radius
D

Head
Diam.

E
Max

Head
Thickness

F
Max NumberNom

Unfinished Finished

Max Min Max Min

0.0135
up to and
including

0.0625

0.156 0.166 0.161 0.1578 0.1575

0.250

0.016 0.250 0.094

H-10-4
0.312 H-10-5
0.375 H-10-6
0.500 H-10-8

0.0630
to

0.0995
0.203 0.213 0.208 0.2046 0.2043

0.250

0.016 0.312 0.094

H-13-4
0.312 H-13-5
0.375 H-13-6
0.500 H-13-8
0.750 H-13-12

0.1015
to

0.1405
0.250 0.260 0.255 0.2516 0.2513

0.250

0.016 0.375 0.094

H-16-4
0.312 H-16-5
0.375 H-16-6
0.500 H-16-8
0.750 H-16-12

0.1406
to

0.1875
0.312 0.327 0.322 0.3141 0.3138

0.250

0.031 0.438 0.125

H-20-4
0.312 H-20-5
0.375 H-20-6
0.500 H-20-8
0.750 H-20-12
1.000 H-20-16

0.189
to

0.2500
0.406 0.421 0.416 0.4078 0.4075

0.250

0.031 0.531 0.156

H-26-4
0.312 H-26-5
0.375 H-26-6
0.500 H-26-8
0.750 H-26-12
1.000 H-26-16
1.375 H-26-22
1.750 H-26-28

0.2570
to

0.3125
0.500 0.520 0.515 0.5017 0.5014

0.312

0.047 0.625 0.219

H-32-5
0.375 H-32-6
0.500 H-32-8
0.750 H-32-12
1.000 H-32-16
1.375 H-32-22
1.750 H-32-28

0.3160
to

0.4219
0.625 0.645 0.640 0.6267 0.6264

0.312

0.047 0.812 0.219

H-40-5
0.375 H-40-6
0.500 H-40-8
0.750 H-40-12
1.000 H-40-16
1.375 H-40-22
1.750 H-40-28
2.125 H-40-34

0.4375
to

0.5000
0.750 0.770 0.765 0.7518 0.7515

0.500

0.062 0.938 0.219

H-48-8
0.750 H-48-12
1.000 H-48-16
1.375 H-48-22
1.750 H-29-28
2.125 H-48-34

0.5156
to

0.6250
0.875 0.895 0.890 0.8768 0.8765

0.500

0.062 0.125 0.250

H-56-8
0.750 H-56-12
1.000 H-56-16
1.375 H-56-22
1.750 H-56-28
2.125 H-56-34
2.500 H-56-40
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All dimensions are in inches.
See also Table 3 for additional specifications.

0.6406
to

0.7500
1.000 1.020 1.015 1.0018 1.0015

0.500

0.094 1.250 0.312

H-64-8
0.750 H-64-12
1.000 H-64-16
1.375 H-64-22
1.750 H-64-28
2.125 H-64-34
2.500 H-64-40

0.7656
to

1.0000
1.375 1.395 1.390 1.3772 1.3768

0.750

0.094 1.625 0.375

H-88-12
1.000 H-88-16
1.375 H-88-22
1.750 H-88-28
2.125 H-88-34
2.500 H-88-40

1.0156
to

1.3750
1.750 1.770 1.765 1.7523 1.7519

1.000

0.094 2.000 0.375

H-112-16
1.375 H-112-22
1.750 H-112-28
2.125 H-112-34
2.500 H-112-40
3.000 H-112-48

1.3906
to

1.7500
2.250 2.270 2.265 2.2525 2.2521

1.000

0.094 2.500 0.375

H-144-16
1.375 H-144-22
1.750 H-144-28
2.125 H-144-34
2.500 H-144-40
3.000 H-144-48

Table 2.  American National Standard Headless Type Press Fit 
Wearing Bushings — Type P  ANSI B94.33-1974 (R1986)

Range of Hole
Sizes

A

Body Diameter B
Body

Length
C

Radius
D NumberNom

Unfinished Finished

Max Min Max Min

0.0135
up to and
including

0.0625

0.156 0.166 0.161 0.1578 0.1575

0.250

0.016

P-10-4
0.312 P-10-5
0.375 P-10-6
0.500 P-10-8

0.0630
to

0.0995
0.203 0.213 0.208 0.2046 0.2043

0.250

0.016

P-13-4
0.312 P-13-5
0.375 P-13-6
0.500 P-13-8
0.750 P-13-12

0.1015
to

0.1405
0.250 0.260 0.255 0.2516 0.2513

0.250

0.016

P-16-4
0.312 P-16-5
0.375 P-16-6
0.500 P-16-8
0.750 P-16-12

0.1406
to

0.1875
0.312 0.327 0.322 0.3141 0.3138

0.250

0.031

P-20-4
0.312 P-20-5
0.375 P-20-6
0.500 P-20-8
0.750 P-20-12
1.000 P-20-16

Table 1. (Continued) American National Standard Head Type Press Fit
Wearing Bushings — Type H  ANSI B94.33-1974 (R1986)

Range
of Hole
Sizes

A

Body Diameter B
Body

Length
C

Radius
D

Head
Diam.

E
Max

Head
Thickness

F
Max NumberNom

Unfinished Finished

Max Min Max Min
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All dimensions are in inches. See Table 3 for additional specifications.

0.1890
to

0.2500
0.406 0.421 0.416 0.4078 0.4075

0.250

0.031

P-26-4
0.312 P-26-5
0.375 P-26-6
0.500 P-26-8
0.750 P-26-12
1.000 P-26-16
1.375 P-26-22
1.750 P-26-28

0.2570
to

0.3125
0.500 0.520 0.515 0.5017 0.5014

0.312

0.047

P-32-5
0.375 P-32-6
0.500 P-32-8
0.750 P-32-12
1.000 P-32-16
1.375 P-32-22
1.750 P-32-28

0.3160
to

0.4219
0.625 0.645 0.640 0.6267 0.6264

0.312

0.047

P-40-5
0.375 P-40-6
0.500 P-40-8
0.750 P-40-12
1.000 P-40-16
1.375 P-40-22
1.750 P-40-28
2.125 P-40-34

0.4375 to 0.5000 0.750 0.770 0.765 0.7518 0.7515

0.500

0.062

P-48-8
0.750 P-48-12
1.000 P-48-16
1.375 P-48-22
1.750 P-48-28
2.125 P-48-34

0.5156
to

0.6250
0.875 0.895 0.890 0.8768 0.8765

0.500

0.062

P-56-8
0.750 P-56-12
1.000 P-56-16
1.375 P-56-22
1.750 P-56-28
2.125 P-56-34
2.500 P-56-40

0.6406
to

0.7500
1.000 1.020 1.015 1.0018 1.0015

0.500

0.062

P-64-8
0.750 P-64-12
1.000 P-64-16
1.375 P-64-22
1.750 P-64-28
2.125 P-64-34
2.500 P-64-40

0.7656
to

1.0000
1.375 1.395 1.390 1.3772 1.3768

0.750

0.094

P-88-12
1.000 P-88-16
1.375 P-88-22
1.750 P-88-28
2.125 P-88-34
2.500 P-88-40

1.0156
to

1.3750
1.750 1.770 1.765 1.7523 1.7519

1.000

0.094

P-112-16
1.375 P-112-22
1.750 P-112-28
2.125 P-112-34
2.500 P-112-40
3.000 P-112-48

1.3906
to

1.7500
2.250 2.270 2.265 2.2525 2.2521

1.000

0.094

P-144-16
1.375 P-144-22
1.750 P-144-28
2.125 P-144-34
2.500 P-144-40
3.000 P-144-48

Table 2. (Continued) American National Standard Headless Type Press Fit 
Wearing Bushings — Type P  ANSI B94.33-1974 (R1986)

Range of Hole
Sizes

A

Body Diameter B
Body

Length
C

Radius
D NumberNom

Unfinished Finished

Max Min Max Min
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Table 3. Specifications for Head Type H and Headless Type P
 Press Fit Wearing Bushings  ANSI B94.33-1974 (R1986)

All dimensions are in inches.
X indicates no counterbore.
+ indicates not American National Standard

All dimensions given in inches. Tolerance on dimensions where not otherwise specified shall be ±0.010 inch.
Size and type of chamfer on lead end to be manufacturer's option.
The length, C, is the overall length for the headless type and length underhead for the head type.
The head design shall be in accordance with the manufacturer's practice.
Diameter A must be concentric to diameter B within 0.0005 T.I.V. on finish ground bushings.
The body diameter, B, for unfinished bushings is larger than the nominal diameter in order to provide grinding stock for fitting to 

jig plate holes. The grinding allowance is:
0.005 to 0.010 in. for sizes 0.156, 0.203 and 0.250 in.
0.010 to 0.015 in. for sizes 0.312 and 0.406 in.
0.015 to 0.020 in. for sizes 0.500 in. and up.

Hole sizes are in accordance with American National Standard Twist Drill Sizes.
The maximum and minimum values of the hole size, A, shall be as follows:

Nominal Size of Hole Maximum Minimum
Above 0.0135 to 0.2500 in., incl. Nominal + 0.0004 in. Nominal + 0.0001 in.
Above 0.2500 to 0.7500 in., incl. Nominal + 0.0005 in. Nominal + 0.0001 in.
Above 0.7500 to 1.5000 in., incl. Nominal + 0.0006 in. Nominal + 0.0002 in.
Above 1.5000 in. Nominal + 0.0007 in. Nominal + 0.0003 in.

Bushings in the size range from 0.0135 through 0.3125 will be counterbored to provide for lubrication and chip clearance.
Bushings without counterbore are optional and will be furnished upon request.
The size of the counterbore shall be inside diameter of the  bushing + 0.031 inch.
The included angle at the bottom of the counterbore shall be 118 deg, ± 2 deg.
The depth of the counterbore shall be in accordance with the table below to provide adequate drill bearing.

Body
Length

Drill Bushing Hole Size
0.0135 to

0.0625
0.0630 to

0.0995
0.1015 to

0.1405
0.1406 to

0.1875
0.1890 to

0.2500
0.2570 to

0.3125
P H P H P H P H P H P H

Minimum Drill Bearing Length—Inch

0.250 X 0.250 X X X X X X X X X X
0.312 X 0.250 X X X X X X X X X X
0.375 0.250 0.250 X X X X X X X X X X
0.500 0.250 0.250 X 0.312 X 0.312 X 0.375 X X X X
0.750 + + 0.375 0.375 0.375 0.375 X 0.375 X X X X
1.000 + + + + + + 0.625 0.625 0.625 0.625 0.625 0.625
1.375 + + + + + + + + 0.625 0.625 0.625 0.625
1.750 + + + + + + + + 0.625 0.625 0.625 0.625

Table 4.  American National Standard Slip Type Renewable 
Wearing Bushings — Type S  ANSI B94.33-1974 (R1986)

Range of Hole
Sizes

A

Body Diameter B Length
UnderHead

C
Radius

D

Head Diam.
E

Max

Head Thickness
F

Max NumberNom Max Min

0.0135
up to and
including

0.0469

0.188 0.1875 0.1873

0.250

0.031 0.312 0.188

S-12-4
0.312 S-12-5
0.375 S-12-6
0.500 S-12-8

0.0492
to

0.1562
0.312 0.3125 0.3123

0.312

0.047 0.562 0.375

S-20-5
0.500 S-20-8
0.750 S-20-12
1.000 S-20-16

0.1570
to

0.3125
0.500 0.5000 0.4998

0.312

0.047 0.812 0.438

S-32-5
0.500 S-32-8
0.750 S-32-12
1.000 S-32-16
1.375 S-32-22
1.750 S-32-28

0.3160
to

0.5000
0.750 0.7500 0.7498

0.500

0.094 1.062 0.438

S-48-8
0.750 S-48-12
1.000 S-48-16
1.375 S-48-22
1.750 S-48-28
2.125 S-48-34
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All dimensions are in inches. See also Table 5 for additional specifications.

Table 5. Specifications for Slip Type S and Fixed Type F Renewable 
Wearing Bushings  ANSI B94.33-1974 (R1986)

All dimensions are in inches.
X indicates no counterbore, + indicates not American National Standard length.

0.5156
to

0.7500
1.000 1.0000 0.9998

0.500

0.094 1.438 0.438

S-64-8
0.750 S-64-12
1.000 S-64-16
1.375 S-64-22
1.750 S-64-28
2.125 S-64-34
2.500 S-64-40

0.7656
to

1.0000
1.375 1.3750 1.3747

0.750

0.094 1.812 0.438

S-88-12
1.000 S-88-16
1.375 S-88-22
1.750 S-88-28
2.125 S-88-34
2.500 S-88-40

1.0156
to

1.3750
1.750 1.7500 1.7497

1.000

0.125 2.312 0.625

S-112-16
1.375 S-112-22
1.750 S-112-28
2.125 S-112-34
2.500 S-112-40
3.000 S-112-48

1.3906
to

1.7500
2.250 2.2500 2.2496

1.000

0.125 2.812 0.625

S-144-16
1.375 S-144-22
1.750 S-144-28
2.125 S-144-34
2.500 S-144-40
3.000 S-144-48

Tolerance on dimensions where not otherwise specified shall be plus or minus 0.010 inch.
Hole sizes are in accordance with the American Standard Twist Drill Sizes.
The maximum and minimum values of hole size, A, shall be as follows:

Nominal Size of Hole Maximum Minimum
Above 0.0135 to 0.2500 in. incl. Nominal + 0.0004 in. Nominal + 0.0001 in.
Above 0.2500 to 0.7500 in. incl. Nominal + 0.0005 in. Nominal + 0.0001 in.
Above 0.7500 to 1.5000 in. incl. Nominal + 0.0006 in. Nominal + 0.0002 in.
Above 1.5000 Nominal + 0.0007 in. Nominal + 0.0003 in.

The head design shall be in accordance with the manufacturer's practice.
Head of slip type is usually knurled.
When renewable wearing bushings are used with liner bushings of the head type, the length under the head will still be equal to

the thickness of the jig plate, because the head of the liner bushing will be countersunk into the jig plate.
Diameter A must be concentric to diameter B within 0.0005 T.I.R. on finish ground bushings.
Size and type of chamfer on lead end to be manufacturer's option.
Bushings in the size range from 0.0135 through 0.3125 will be counterbored to provide for lubrication and chip clearance.
Bushings without counterbore are optional and will be furnished upon request.
The size of the counterbore shall be inside diameter of the bushings plus 0.031 inch.
The included angle at the bottom of the counterbore shall be 118 deg., plus or minus 2 deg.
The depth of the counterbore shall be in accordance with the table below to provide adequate drill bearing.

Body
Length

Drill Bearing Hole Size

0.0135 to 0.0625 0.0630 to 0.0995 0.1015 to 0.1405 0.1406 to 0.1875 0.1890 to 0.2500 0.2500 to 0.3125
S F S F S F S F S F S F

Minimum Drill Bearing Length

0.250 0.250 0.250 0.375 0.375 X X X X X X X X
0.312 0.250 0.250 0.375 0.375 0.375 0.375 0.375 0.375 0.375 0.375 X X
0.375 0.250 0.250 0.375 0.375 0.375 0.375 0.375 0.375 0.375 0.375 X X
0.500 0.250 0.250 0.375 0.375 0.375 0.375 0.375 0.375 0.375 0.375 X X
0.750 0.250 0.250 0.375 0.375 0.375 0.375 0.375 0.375 0.625 0.625 0.625 0.625
1.000 0.312 0.312 0.375 0.375 0.375 0.375 0.625 0.625 0.625 0.625 0.625 0.625
1.375 + + + + + + 0.625 0.625 0.625 0.625 0.625 0.625
1.750 + + + + + + 0.625 0.625 0.625 0.625 0.625 0.625

Table 4. (Continued) American National Standard Slip Type Renewable 
Wearing Bushings — Type S  ANSI B94.33-1974 (R1986)

Range of Hole
Sizes

A

Body Diameter B Length
UnderHead

C
Radius

D

Head Diam.
E

Max

Head Thickness
F

Max NumberNom Max Min
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Table 6. American National Standard Fixed Type Renewable
 Wearing Bushings — Type F  ANSI B94.33-1974 (R1986)

All dimensions are in inches. See also Table 5 for additional specifications.

Range of
Hole
Sizes

A

Body Diameter B Length
Under
Head

C
Radius

D

Head
Diam.

E
Max

Head
Thickness

F
Max NumberNom Max Min

0.0135
up to and
including

0.0469

0.188 0.1875 0.1873

0.250

0.031 0.312 0.188

F-12-4

0.312 F-12-5

0.375 F-12-6

0.500 F-12-8

0.0492
to

0.1562
0.312 0.3125 0.3123

0.312

0.047 0.562 0.250

F-20-5

0.500 F-20-8

0.750 F-20-12

1.000 F-20-16

0.1570
to

0.3125
0.500 0.5000 0.4998

0.312

0.047 0.812 0.250

F-32-5

0.500 F-32-8

0.750 F-32-12

1.000 F-32-16

1.375 F-32-22

1.750 F-32-28

0.3160
to

0.5000
0.750 0.7500 0.7498

0.500

0.094 1.062 0.250

F-48-8

0.750 F-48-12

1.000 F-48-16

1.375 F-48-22

1.750 F-48-28

2.125 F-48-34

0.5156
to

0.7500
1.000 1.0000 0.9998

0.500

0.094 1.438 0.375

F-64-8

0.750 F-64-12

1.000 F-64-16

1.375 F-64-22

1.750 F-64-28

2.125 F-64-34

2.500 F-64-40

0.7656
to

1.0000
1.375 1.3750 1.3747

0.750

0.094 1.812 0.375

F-88-12

1.000 F-88-16

1.375 F-88-22

1.750 F-88-28

2.125 F-88-34

2.500 F-88-40

1.0156
to

1.3750
1.750 1.7500 1.7497

1.000

0.125 2.312 0.375

F-112-16

1.375 F-112-22

1.750 F-112-28

2.125 F-112-34

2.500 F-112-40

3.000 F-112-48

1.3906
to

1.7500
2.250 2.2500 2.2496

1.000

0.125 2.812 0.375

F-144-16

1.375 F-144-22

1.750 F-144-28

2.125 F-144-34

2.500 F-144-40

3.000 F-144-48
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Table 7. American National Standard Headless Type Liner Bushings — 
Type L  ANSI B94.33-1974 (R1986)

All dimensions are in inches.

Tolerances on dimensions where otherwise not specified are ± 0.010 in.

The body diameter, B, for unfinished bushings is 0.015 to 0.020 in. larger than the nominal diame-
ter in order to provide grinding stock for fitting to jig plate holes.

Diameter A must be concentric to diameter B within 0.0005 T.I.R. on finish ground bushings.

Range of
Hole Sizes

in
Renewable
Bushings

Inside Diameter A

Body Diameter B
Over-

all
Length

C
Radius

D NumberNom

Unfinished Finished

Nom Max Min Max Min Max Min

0.0135
up to and
including

0.0469

0.188 0.1879 0.1876 0.312 0.3341 0.3288 0.3141 0.3138

0.250

0.031

L-20-4
0.312 L-20-5
0.375 L-20-6
0.500 L-20-8

0.0492
to

0.1562
0.312 0.3129 0.3126 0.500 0.520 0.515 0.5017 0.5014

0.312

0.047

L-32-5
0.500 L-32-8
0.750 L-32-12
1.000 L-32-16

0.1570
to

0.3125
0.500 0.5005 0.5002 0.750 0.770 0.765 0.7518 0.7515

0.312

0.062

L-48-5
0.500 L-48-8
0.750 L-48-12
1.000 L-48-16
1.375 L-48-22
1.750 L-48-28

0.3160
to

0.5000
0.750 0.7506 0.7503 1.000 1.020 1.015 1.0018 1.0015

0.500

0.062

L-64-8
0.750 L-64-12
1.000 L-64-16
1.375 L-64-22
1.750 L-64-28
2.125 L-64-34

0.5156
to

0.7500
1.000 1.0007 1.0004 1.375 1.395 1.390 1.3772 1.3768

0.500

0.094

L-88-8
1.750 L-88-12
1.000 L-88-16
1.375 L-88-22
1.750 L-88-28
2.125 L-88-34
2.500 L-88-40

0.7656
to

1.0000
1.375 1.3760 1.3756 1.750 1.770 1.765 1.7523 1.7519

0.750

0.094

L-112-12
1.000 L-112-16
1.375 L-112-22
1.750 L-112-28
2.125 L-112-34
2.500 L-112-40

1.0156
to

1.3750
1.750 1.7512 1.7508 2.250 2.270 2.265 2.2525 2.2521

1.000

0.094

L-144-16
1.375 L-144-22
1.750 L-144-28
2.125 L-144-34
2.500 L-144-40
3.000 L-144-48

1.3906
to

1.7500
2.250 2.2515 2.2510 2.750 2.770 2.765 2.7526 2.7522

1.000

0.125

L-176-16
1.375 L-176-22
1.750 L-176-28
2.125 L-176-34
2.500 L-176-40
3.000 L-176-48



JIGS AND FIXTURES 3129

Table 8. American National Standard Head Type Liner Bushing — 
Type HL  ANSI B94.33-1974 (R1986)

All dimensions are in inches.

See also footnotes to Table 7.

R
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Si
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ng

s

Inside
Diameter A

Body
Diameter B

Overall
Length

C R
ad

iu
s

D Head
Dia.

E H
ea

d 
T

hi
ck

ne
ss

 
F

 M
ax

NumberNom

Unfinished Finished

Nom Max Min Max Min Max Min

0.0135
to

0.1562
0.312 0.3129 0.3126 0.500 0.520 0.515 0.5017 0.5014

0.312

0.047 0.625 0.094

HL-32-5

0.500 HL-32-8

0.750 HL-32-12

1.000 HL-32-16

0.1570
to

0.3125
0.500 0.5005 0.5002 0.750 0.770 0.765 0.7518 0.7515

0.312

0.062 0.875 0.094

HL-48-5

0.500 HL-48-8

0.750 HL-48-12

1.000 HL-48-16

1.375 HL-48-22

1.750 HL-48-28

0.3160
to

0.5000
0.750 0.7506 0.7503 1.000 1.020 1.015 1.0018 1.0015

0.500

0.062 1.125 0.125

HL-64-8

0.750 HL-64-12

1.000 HL-64-16

1.375 HL-64-22

1.750 HL-64-28

2.125 HL-64-34

0.5156
to

0.7500
1.000 1.0007 1.0004 1.375 1.395 1.390 1.3772 1.3768

0.500

0.094 1.500 0.125

HL-88-8

0.750 HL-88-12

1.000 HL-88-16

1.375 HL-88-22

1.750 HL-88-28

2.125 HL-88-34

2.500 HL-88-40

0.7656
to

1.0000
1.375 1.3760 1.3756 1.750 1.770 1.765 1.7523 1.7519

0.750

0.094 1.875 0.188

HL-112-12

1.000 HL-112-16

1.375 HL-112-22

1.750 HL-112-28

2.125 HL-112-34

2.500 HL-112-40

1.0156
to

1.3750
1.750 1.7512 1.7508 2.250 2.27 2.265 2.2525 2.2521

1.000

0.094 2.375 0.188

HL-144-16

1.375 HL-144-22

1.750 HL-144-28

2.125 HL-144-34

2.500 HL-144-40

3.000 HL-144-48

1.3906
to

1.7500
2.250 2.2515 2.2510 2.750 2.770 2.765 2.7526 2.7522

1.000

0.125 2.875 0.188

HL-176-16

1.375 HL-176-22

1.750 HL-176-28

2.125 HL-176-34

2.500 HL-176-40

3.000 HL-176-48
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Table 9. American National Standard Locking Mechanisms for Jig Bushings 
 ANSI B94.33-1974 (R1986)

All dimensions are in inches.

Lock Screw for Use with Slip or Fixed Renewable Bushings

No. A B C D E F
UNC

Thread

LS-0 0.438 0.188 0.312 Per
Manufacturer's

Standard

0.188 0.105-0.100 8-32
LS-1 0.625 0.375 0.625 0.250 0.138-0.132 5⁄16-18

LS-2 0.875 0.375 0.625 0.375 0.200-0.194 5⁄16-18

LS-3 1.000 0.438 0.750 0.375 0.200-0.194 3⁄8-16

Round Clamp Optional Only for Use with Fixed Renewable Bushing

Number A B C D E F G H
Use With Socket

Head Screw

RC-1 0.625 0.312 0.484 0.150 0.203 0.125 0.531 0.328 5⁄16-18

RC-2 0.625 0.438 0.484 0.219 0.187 0.188 0.906 0.328 5⁄16-18

RC-3 0.750 0.500 0.578 0.281 0.219 0.188 1.406 0.391 3⁄8-16

Locking Mechanism Dimensions of Slip and Fixed Renewable Bushings

Body
OD

Max
Diam. F
When 
Used
With

Locking
Device

G
Head

Thickness

H
± 0.005 J

L
Ma
x R

Locking
Dim. of

Lock Screw
(Slip or
Fixed)

Locking
Dim. of
Clamp
(Fixed
Only)

Max Head 
Diam.

of Mating 
Liner

Used to 
Clear

Locking
Device

Clam
p or 

Screw
LS or 
RCSlip Fixed

0.188 0.312 0.188 0.188 0.094 0.094 55° 0.266 0.105-0.100 … … 0
0.312 0.562 0.375 0.250 0.125 0.172 65° 0.500 0.138-0.132 0.125-0.115 0.625 1
0.500 0.812 0.438 0.250 0.125 0.297 65° 0.625 0.138-0.132 0.125-0.115 0.875 1
0.750 1.062 0.438 0.250 0.125 0.422 50° 0.750 0.138-0.132 0.125-0.115 1.125 1
1.000 1.438 0.438 0.375 0.188 0.594 35° 0.922 0.200-0.194 0.187-0.177 1.500 2
1.375 1.812 0.438 0.375 0.188 0.781 30° 1.109 0.200-0.194 0.187-0.177 1.875 2
1.750 2.312 0.625 0.375 0.188 1.000 30° 1.391 0.200-0.194 0.187-0.177 2.375 3
2.250 2.812 0.625 0.375 0.188 1.250 25° 1.641 0.200-0.194 0.187-0.177 2.875 3
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Jig Bushing Definitions.—  Renewable Bushings: Renewable wearing bushings to guide 
the tool are for use in liners which in turn are installed in the jig. They are used where the 
bushing will wear out or become obsolete before the jig or where several bushings are to be 
interchangeable in one hole. Renewable wearing bushings are divided into two classes, 
“Fixed” and “Slip.” Fixed renewable bushings are installed in the liner with the intention 
of leaving them in place until worn out. Slip renewable bushings are interchangeable in a 
given size of liner and, to facilitate removal, they are usually made with a knurled head. 
They are most frequently used where two or more operations requiring different inside 
diameters are performed in a single jig, such as where drilling is followed by reaming, tap-
ping, spot facing, counterboring, or some other secondary operation.

 Press Fit Bushings: Press fit wearing bushings to guide the tool are for installation 
directly in the jig without the use of a liner and are employed principally where the bush-
ings are used for short production runs and will not require replacement. They are intended 
also for short center distances.

 Liner Bushings: Liner bushings are provided with and without heads and are perma-
nently installed in a jig to receive the renewable wearing bushings. They are sometimes 
called master bushings.
Jig Plate Thickness.— The standard length of the press fit portion of jig bushings as estab-
lished are based on standardized uniform jig plate thicknesses of 5⁄16, 3⁄8, 1⁄2, 3⁄4, 1, 13⁄8, 13⁄4, 21⁄8,
21⁄2, and 3 inches.

Jig Bushing Designation System.— Inside Diameter: The inside diameter of the hole is 
specified by a decimal dimension.

Type Bushing: The type of bushing is specified by a letter: S for Slip Renewable, F for 
Fixed Renewable, L for Headless Liner, HL for Head Liner, P for Headless Press Fit, and 
H for Head Press Fit.

Body Diameter: The body diameter is specified in multiples of 0.0156 inch. For exam-
ple, a 0.500-inch body diameter = 0.500/0.0156 = 32.

Body Length: The effective or body length is specified in multiples of 0.0625 inch. For 
example, a 0.500-inch length = 0.500/0.0625 = 8.

Unfinished Bushings: All bushings with grinding stock on the body diameter are desig-
nated by the letter U following the number.

Example:A slip renewable bushing having a hole diameter of 0.5000 inch, a body diam-
eter of 0.750 inch, and a body length of 1.000 inch would be designated as .5000-S-48-16.

Jig Boring

Definition of Jig and Fixture.— The distinction between a jig and fixture is not easy to 
define, but, as a general rule, it is as follows: A jig either holds or is held on the work, and, 
at the same time, contains guides for the various cutting tools, whereas a fixture holds the 
work while the cutting tools are in operation, but does not contain any special arrange-
ments for guiding the tools. A fixture, therefore, must be securely held or fixed to the 
machine on which the operation is performed—hence the name. A fixture is sometimes 
provided with a number of gages and stops, but not with bushings or other devices for guid-
ing and supporting the cutting tools.
Jig Borers.— Jig borers are used for precision hole-location work. For this reason, the 
coordinate measuring systems on these machines are designed to provide longitudinal and 
transverse movements that are accurate to 0.0001 in. One widely used method of obtaining 
this accuracy utilizes ultraprecision lead screws. Another measuring system employs pre-
cision end measuring rods and a micrometer head that are placed in a trough which is par-
allel to the table movement. However, the purpose of all coordinate measuring systems 
used is the same: to provide a method of aligning the spindle at the precise location where 
a hole is to be produced. Since the work table of a jig borer moves in two directions, the 
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coordinate system of dimensioning is used, where dimensions are given from two perpen-
dicular reference axes, usually the sides of the workpiece, frequently its upper left-hand 
corner. See Fig. 1C.
Jig-Boring Practice.— The four basic steps to follow to locate and machine a hole on a jig 
borer are:

Align and Clamp the Workpiece: The first consideration in placing the workpiece on the 
jig-borer table should be the relation of the coordinate measuring system of the jig borer to 
the coordinate dimensions on the drawing. Therefore, the coordinate measuring system is 
designed so that the readings of the coordinate measurements are direct when the table is 
moved toward the left and when it is moved toward the column of the jig borer. The result 
would be the same if the spindle were moved toward the right and away from the column, 
with the workpiece situated in such a position that one reference axis is located at the left 
and the other axis at the back, toward the column.

If the holes to be bored are to pass through the bottom of the workpiece, then the work-
piece must be placed on precision parallel bars. In order to prevent the force exerted by the 
clamps from bending the workpiece the parallel bars are placed directly under the clamps, 
which hold the workpiece on the table. The reference axes of the workpiece must also be 
aligned with respect to the transverse and longitudinal table movements before it is firmly 
clamped. This alignment can be done with a dial-test indicator held in the spindle of the jig 
borer and bearing against the longitudinal reference edge. As the table is traversed in the 
longitudinal direction, the workpiece is adjusted until the dial-test indicator readings are 
the same for all positions.

Locate the Two Reference Axes of the Workpiece with Respect to the Spindle: The  j ig -
borer table is now moved to position the workpiece in a precise and known location from 
where it can be moved again to the location of the holes to be machined. Since all the holes 
are dimensioned from the two reference axes, the most convenient position to start from is 
where the axis of the jig-borer spindle and the intersection of the two workpiece reference 
axes are aligned. This is called the starting position, which is similar to a zero reference 
position. When so positioned, the longitudinal and transverse measuring systems of the jig 
borer are set to read zero. Occasionally, the reference axes are located outside the body of 
the workpiece: a convenient edge or hole on the workpiece is picked up as the starting posi-
tion, and the dimensions from this point to the reference axes are set on the positioning 
measuring system.

Locate the Hole: Precise coordinate table movements are used to position the workpiece 
so that the spindle axis is located exactly where the hole is to be machined. When the mea-
suring system has been set to zero at the starting position, the coordinate readings at the 
hole location will be the same as the coordinate dimensions of the hole center.

The movements to each hole must be made in one direction for both the transverse and 
longitudinal directions, to eliminate the effect of any backlash in the lead screw. The usual 
table movements are toward the left and toward the column.

The most convenient sequence on machines using micrometer dials as position indica-
tors (machines with lead screws) is to machine the hole closest to the starting position first 
and then the next closest, and so on. On jig borers using end measuring rods, the opposite 
sequence is followed: The farthest hole is machined first and then the next farthest, and so 
on, since it is easier to remove end rods and replace them with shorter rods.

Drill and Bore Hole to Size: The sequence of operations used to produce a hole on a jig 
borer is as follows: 1) a short, stiff drill, such as a center drill, that will not deflect when cut-
ting should be used to spot a hole when the work and the axis of the machine tool spindle 
are located at the exact position where the hole is wanted;  2) the initial hole is made by a 
twist drill;  and  3) a single-point boring tool that is set to rotate about the axis of the 
machine tool spindle is then used to generate a cut surface that is concentric to the axis of 
rotation.
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Heat will be generated by the drilling operation, so it is good practice to drill all the holes 
first, and then allow the workpiece to cool before the holes are bored to size.
Transfer of Tolerances.— All of the dimensions that must be accurately held on preci-
sion machines and engine parts are usually given a tolerance. And when such dimensions 
are changed from the conventional to the coordinate system of dimensioning, the toler-
ances must also be included. Because of their importance, the transfer of the tolerances 
must be done with great care, keeping in mind that the sum of the tolerances of any pair of 
dimensions in the coordinate system must not be larger than the tolerance of the dimension 
that they replaced in the conventional system. An example is given in Fig. 1.

The first step in the procedure is to change the tolerances given in Fig. 1A to equal, bilat-

eral tolerances given in Fig. 1B. For example, the dimension  has a total toler-

ance of 0.004. The equal, bilateral tolerance would be plus or minus one-half of this value, 
or ±.002. Then to keep the limiting dimensions the same, the basic dimension must be 
changed to 2.126, in order to give the required values of 2.128 and 2.124. When changing 
to equal, bilateral tolerances, if the upper tolerance is decreased (as in this example), the 
basic dimension must be increased by a like amount. The upper tolerance was decreased by 
0.003 − 0.002 = 0.001; therefore, the basic dimension was increased by 0.001 to 2.126. 
Conversely, if the upper tolerance is increased, the basic dimension is decreased.

The next step is to transfer the revised basic dimension to the coordinate dimensioning 
system. To transfer the 2.126 dimension, the distance of the applicable holes from the left 
reference axis must be determined. The first holes to the right are 0.8750 from the refer-
ence axis. The second hole is 2.126 to the right of the first holes. Therefore, the second hole 
is 0.8750 + 2.126 = 3.0010 to the right of the reference axis. This value is then the coordi-
nate dimension for the second hole, while the 0.8750 value is the coordinate dimension of 
the first two, vertically aligned holes. This procedure is followed for all the holes to find 
their distances from the two reference axes. These values are given in Fig. 1C.

The final step is to transfer the tolerances. The 2.126 value in Fig. 1B has been replaced 
by the 0.8750 and 3.0010 values in Fig. 1C. The 2.126 value has an available tolerance of 
±0.002. Dividing this amount equally between the two replacement values gives 0.8750 ±
0.001 and 3.0010 ± 0.001. The sum of these tolerances is .002, and as required, does not 
exceed the tolerance that was replaced. Next transfer the tolerance of the 0.502 dimension. 
Divide the available tolerance, ±0.002, equally between the two replacement values to 
yield 3.0010 ±0.001 and 3.5030 ±0.001. The sum of these two tolerances equals the 
replaced tolerance, as required. However, the 1.125 value of the last hole to the right (coor-
dinate dimension 4.6280 in.) has a tolerance of only ±0.001. Therefore, the sum of the tol-
erances on the 3.5030 and 4.6280 values cannot be larger than 0.001. Dividing this 
tolerance equally would give 3.5030 ± .0005 and 4.6280 ±0.0005. This new, smaller toler-
ance replaces the ± 0.001 tolerance on the 3.5030 value in order to satisfy all tolerance sum 
requirements. This example shows how the tolerance of a coordinate value is affected by 
more than one other dimensional requirement.

The following discussion will summarize the various tolerances listed in Fig. 1C. For the 
0.8750 ± 0.0010 dimension, the ± 0.0010 tolerance together with the ± 0.0010 tolerance on 
the 3.0010 dimension is required to maintain the ± 0.002 tolerance of the 2.126 dimension. 
The ± .0005 tolerances on the 3.5030 and 4.2680 dimensions are required to maintain the ±
0.001 tolerance of the 1.125 dimension, at the same time as the sum of the ± .0005 tolerance 
on the 3.5030 dimension and the ± 0.001 tolerance on the 3.0010 dimension does not 
exceed the ± 0.002 tolerance on the replaced 0.503 dimension. The ± 0.0005 tolerances on 
the 1.0000 and 2.0000 values maintain the ± 0.001 tolerance on the 1.0000 value given at 
the right in Fig. 1A. The ± 0.0045 tolerance on the 3.0000 dimension together with the ±
0.0005 tolerance on the 1.0000 value maintains the ± .005 tolerance on the 2.0000 dimen-
sion of Fig. 1A. It should be noted that the 2.000 ± .005 dimension in Fig. 1A was replaced 
by the 1.0000 and 3.0000 dimensions in Fig. 1C. Each of these values could have had a tol-

2.125 0.001–
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Fig. 1. (A) Conventional Dimensions, Mixed Tolerances; (B) Conventional Dimensions, All Equal, 
Bilateral Tolerances; and (C) Coordinate Dimensions
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erance of ± 0.0025, except that the tolerance on the 1.0000 dimension on the left in Fig. 1A
is also bound by the ± 0.001 tolerance on the 1.0000 dimension on the right, thus the ±
0.0005 tolerance value is used. This procedure requires the tolerance on the 3.0000 value 
to be increased to ± 0.0045.

Files

File History.— One of the earliest implements for filing, to which reference can be found, 
appears to have been made from the skins of certain fish, and even today in Great Britain 
old-fashioned wood carvers use the skins of the dog fish to smooth their work. Bronze files
were in use when this metal was the general material for tools and implements, and there is 
evidence in the Bible that different shapes of files were in use about three thousand years 
ago. Several specimens of ancient bronze files are still in existence. One of these, believed 
to be about 3500 years old, was dug up in Crete. This file has a rounded back, as well as a 
fiat surface, bearing an astonishing resemblance to the half-round file of today. It is about 
35⁄8 inches long, 5⁄8inch wide, and 1⁄4 inch thick.

One of the earliest examples of iron files was found on the site of the Swiss lake dwell-
ings, and dates from the time when Europe was the home of a race far more ancient than 
any of which we have any permanent records. This file has coarse teeth running across the 
blade at right angles to the sides and has a well developed tang, much like that of modern 
files. Another ancient iron file forms part of the collection of tools left at The best in Egypt 
by Assyrian invaders. This file is believed to date from about the seventh century B. C. 
Files have been found on the sites of the old Roman camps in England.

Specific references to files were made by Daimachus, a Greek writer in the time of Alex-
ander the Great, about 300 years B. C. This writer enumerates four kinds of steel, describ-
ing their uses. From one kind were made files, augers, chisels, and implements for cutting 
stone. Steel files have been used for several centuries, and in an eighteenth century French 
encyclopedia there are a number of illustrations of files which differ in few respects from 
the modern tool. Formerly all files were cut by hand, but now practically all files are 
machine-cut. Although the machine-cutting of files is a comparatively recent develop-
ment, the idea of machine-cutting is by no means new. Raoul, a Frenchman, cut files by 
machinery in the eighteenth century, and in 1836 a file-cutting machine patented by Cap-
tain John Ericsson was used in England. Machine-cut files are made with as many as 180 
teeth to the inch, the cuts being scarcely discernible to the eye.
Files, Types.— The following types conform to the simplified practice recommendation 
of the National Bureau of Standards.

Band-saw, Blunt: Equilaterally triangular in section. Parallel throughout. Corners 
rounded. For sharpening saws with rounded gullets.

Band-saw, Taper: Same as band-saw, blunt, but tapered on all sides.
Cabinet: Flat on one side, convex on the other. Width tapered. Edges slightly blunted and 

cut.
Cant-saw: Section is an isosceles triangle, with an obtuse angle between the equal sides. 

For filing cross-cut saws having M-shaped teeth.
Cross-cut (Great American): Knife-shaped section; that is, thicker at one edge than at 

the other. Width uniform. Thick edge rounded. Used to file two-man saws having Great 
American style teeth.

Double-ender: Has no tang. Reversible. Tapered from center to each end.
Flat: Width and thickness uniform from heel to middle of cut, and tapered from middle 

of cut to point.
Half-round: One side flat, the other convex. Width and thickness tapered.
Hand: Width uniform, thickness tapered.
Hand-finishing: Section of regular hand files, up-cut at a short angle, and over-cut at a 

very long angle to produce a very smooth finish.
Hand-saw, Blunt: Equilaterally triangular in section. Edges parallel throughout.
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Knife: Of knife-shaped section; that is, thicker at one edge than at the other. Width 
tapered.

Lead-float: Open single-cut type having teeth at proper angle for use on lead.
Mill: Width and thickness tapered.
Mill Blunt: Sides and faces parallel.
Pillar: Width uniform, thickness tapered. In general, the thickness is greater, relative to 

the width, than in other types.
Planer-knife: Parallel in width and thickness. One half of each side single cut, the other 

half double cut.
Round: Round in section and tapered.
Special Cross-cut: Sides and face parallel, same as mill blunt.
Square: Square in section! Tapered on all sides.
Taper: Equilaterally triangular in section. Tapered on all sides.
Three-square: Equilaterally triangular in section. Tapered on all sides.
Warding: Width greatly tapered, thickness very slightly tapered.
Wood: Open double-cut type having teeth at proper angle for use on wood.

File Teeth.— A single-cut file or “float,” as the coarser cuts are sometimes called, has sin-
gle rows of parallel teeth extending across the face at an angle of from 65 to 85 degrees with 
the axis of the file. This angle depends upon the form of the file and the nature of the work 
it is intended for. A double-cut file has two rows of teeth crossing each other. The angle of 
the first row is, for general work, from 40 to 45 degrees, and the second row, from 70 to 80 
degrees. Rasp teeth are round on top and disconnected, being formed by raising, with a 
punch, small portions of stock from the surface of the blank.

Single- and double-cut files are further classified according to the spacing of the teeth. 
The names commonly used to designate the different grades of cut are “rough,” “coarse,” 
“bastard,” “second-cut,” “smooth,” “dead - smooth,” or “super - smooth.” “Rough” files 
are usually single-cut, and the “dead-smooth,” double-cut. The other grades are made in 
both double- and single-cuts. Degrees of coarseness are only comparable when files of the 
same length are considered, the number of teeth per inch of length decreasing as the length 
or size of the file increases. Some makers use a series of numbers to designate the cut or 
coarseness instead of names.
File Teeth, Cutting.— There are three general methods of cutting the teeth of files: 1. By 
hand (using a hammer and chisel). 2. By means of special file-cutting machines of the 
mechanically-operated chisel type. 3. By etching with a mechanically guided tool. While 
the hand method is comparatively slow and expensive, skillful workmen are able to pro-
duce excellent files, although practically all files now used are cut by machines. These 
machines have been developed so that they not only enable the work to be done efficiently 
but produce files which are more accurate and effective than those cut by hand.

The hand method to be described has been practiced by the hand file-cutters in Sheffield 
and Lancashire for a century. The large file blanks are ground, and the smaller ones filed to 
shape, and slightly greased before cutting. The cutter sits before a square stake on which 
the blank is laid with the tang toward him and the two ends held down by two leather loops 
which are pressed down by the right foot. Cutting is begun at the point and is done by a very 
short chisel, the edge of which is slightly blunted to indent rather than cut the steel. To cut 
opposite faces of a file the face first cut is laid upon a plate of pewter; triangular and round 
files are laid in corresponding grooves in blocks of lead.

A file-cutting machine is designed to strike a series of rapid blows with a suitably formed 
chisel, for producing tooth grooves of any desired depth in a file blank which is fed auto-
matically past the chisel at such a rate as to give the desired spacing of the teeth. The chisel 
head or hammer of a file-cutting machine weighs, complete, from 8 to 12 pounds, and ordi-
narily makes from 2000 to 8000 strokes per minutes, although the number of strokes may 
vary from 500 to 3500 per minute, the speed of cutting depending upon the weight of the 
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file being cut. The first known record of a file-cutting machine is a design made by 
Leonardo da Vinci, the well-known Italian genius, about 1500.

Large quantities of files are not cut by means of a mechanically-operated chisel but by a 
grooving process that is known as etching. This process is entirely different from that of 
cutting by means of a chisel and produces a higher grade of file. When forming the teeth by 
etching, the file is laid in a holder where it is steadied and guided by the workman’s left 
hand. With his right hand he operates the etching tool, which is attached to a swinging 
framework. The etching tool is simply swept back and forth across the work at the proper 
angle and with the proper degree of pressure, the latter being controlled by the foot of the 
operator which bears down upon a stirrup which hangs from the handle of the etching tool. 
This pressure must be varied to suit conditions, such as hard spots in the blanks or the 
necessity of cutting deeper at one point than at another. The shape of the file is what deter-
mines whether a blank should be etched or cut with a chisel. A fiat surface should not be 
etched nor is there any need for it. On round surfaces, however, particularly where it is nec-
essary to preserve accurately the outline of the blank, etching is preferable to cutting. A sat-
isfactory machine has been developed for etching the first teeth of a double-cut file.

File Teeth, Resharpening.— There are several processes for resharpening files by the use 
of acid solutions. The acid must not be permitted to attack the files unduly. To prevent this, 
it is advisable to make a few tests or trials to determine the length of time the files should be 
immersed in order to obtain the desired results, before proceeding with the work on a quan-
tity basis.

Cleaning Solution: First clean the files by immersing them in a solution of caustic coda 
and boiling water for a period of from ten to fifteen minutes. This solution is made by dis-
solving 100 grains of caustic soda in one gallon of water. The same proportions should be 
.used if a larger quantity of the solution is required. Two gallons will ordinarily be suffi-
cient for cleaning 100 files of the sizes generally employed in the shop.

Use of Nitric and Sulphuric Acids: After the cleansing treatment, the files are placed in 
an acid bath. This bath is made by adding twelve parts of water (by volume) to a solution 
consisting of one part nitric acid, one part fuming (Nordhausen) sulphuric acid, and one-
third part concentrated sulphuric acid. These parts are measured by volume and not by 
weight. The files, when placed in the acid solution, should not overlap and should be 
arranged so that the solution will reach all surfaces. It is preferable first to suspend the files 
in the tank and then add the acid solution. The files should be allowed to remain in the solu-
tion from five to ten minutes, the exact time being determined by experiment.

Sulphuric-acid Process: Experience in sharpening between 2000 and 3000 files in acid 
solutions indicates that the following method gives good results. The first step is to remove 
all grease and dirt from the files. This may be done by soaking the files a few hours in gas-
oline and then brushing them with a wire brush, or by boiling them a few minutes in a 10 or 
15 per cent water solution of caustic soda, and then drying and brushing them. It is essential 
that the files be thoroughly cleaned, as the acid cannot reach the steel through grease or oil. 
The clean files are placed in an enamel basin, a lead-lined box, or a “Pyrex” glass baking 
dish. Short pieces of wire or nails are placed between the files to separate them sufficiently 
to permit the acid to reach all the surfaces that are to be sharpened.

After covering the files with water, sulphuric acid is slowly poured into the tank until a 
solution that is about 25 per cent acid is obtained. As the acid combines with the water, a 
considerable amount of heat is generated which causes the acid to act more rapidly. Files 
having fine teeth may be sharpened in from three to five minutes, while files with coarse 
teeth generally require from five to twenty minutes. A second batch of files can be treated 
in the same solution by adding a little sulphuric acid. After two or three batches of files 
have been treated, however, it is usually necessary either to heat the solution or make a new 
one.

Nitric and Hydrochloric Acids: Another process consists of immersing the files in a 
warm aqueous solution of nitric acid and hydrochloric acid, consisting preferably of about 
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equal parts of the acids and of water. This solution should be kept at a constant temperature. 
After the files have been treated with the acid solution, they should be washed in lime water 
or some other alkaline solution, and then wiped with oil.

Adding Acid to Water: Caution must be exercised in mixing sulphuric acid and water. 
Always pour the acid into the water slowly; never pour water on the acid, as an explosion 
may result, the same as when babbitt is poured into a wet box or mold. In both cases the 
explosion is caused by the sudden generation of steam. Commercial hydrochloric acid 
diluted with about 10 per cent water and heated to near the boiling point can be used instead 
of sulphuric-acid solution. The diluted hydrochloric acid has the advantage of being safer 
to handle.

As soon as the files are removed from the acid solution, they are washed in running water 
and dried rapidly by heating. After drying, they may be dipped in gasoline containing 
about 5 per cent paraffin or engine oil. The gasoline evaporates, leaving a thin coat of oil on 
the files.
File Terms.— The length of a file means the distance from the point to the heel and does 
not include the tang. The heel is that end of the file body adjacent to the handle. A blunt file 
is one having the same sectional shape from the point to the tang. The coarse grades of sin-
gle-cut files are sometimes called floats. Safe-edge means that the edge or side is smooth 
and without teeth, and may be presented to a surface that does not require filing. Over-cut 
is a term used to describe the first series of teeth on a double-cut file. Up-cut means the 
series of teeth superimposed on the over-cut series of a double-cut file. Re-cut means the 
working over of old worn-out files by annealing, grinding out the old teeth, re-cutting, 
hardening, etc. Re-cutting is seldom practiced at the present time. The term superfine (or 
super) cut is used by Lancashire file-makers to designate the grade of cut known in the 
United States as “dead-smooth.” Taper is used to distinguish a file having tapering sides 
from one that is blunt or straight. A file is tapered when it is thinner at the point than at the 
middle, and is full-tapered when thinner at the point and the heel than at the middle. Cus-
tom has also established the use of the term “taper” as a short name for “three-square” or 
triangular handsaw files.
File Testing.— The quality of files can be tested by a special machine which records the 
endurance and capacity for removing metal, by producing a curve or diagram on sectioned 
paper wound about a cylindrical drum connected with the file reciprocating mechanism, so 
as to make one revolution to 120,000 strokes of the file. On these diagrams, the horizontal 
distances represent the number of strokes made by the file being tested and the vertical dis-
tances, the number of cubic inches of metal removed. Tests show a remarkable difference 
in the quality of files, some being worn out after removing less than one cubic inch of iron, 
and cutting at the rate of only one cubic inch per 10,000 strokes; whereas, files of good 
quality remove 12½ cubic inches and cut at the rate of 5 cubic inches per 10,000 strokes.

It has been estimated that the useful life of a file is, on an average, 25,000 strokes, which 
is equivalent to two full working days of ten hours each.
Rotary Files and Burs.— Rotary files and burs are used with power-operated tools, such 
as flexible- or stationary-shaft machines, drilling machines, lathes, and portable electric or 
pneumatic tools, for abrading or smoothing metals and other materials. Corners can be bro-
ken and chamfered, burs and fins removed, holes and slots enlarged or elongated, and scale 
removed in die-sinking, metal patternmaking, mold finishing, toolmaking and casting 
operations.

The difference between rotary files and rotary burs, as defined by most companies, is that 
the former have teeth cut by hand with hammer and chisel, whereas the latter have teeth or 
flutes ground from the solid blank after hardening, or milled from the solid blank before 
hardening. (At least one company, however prefers to differentiate the two by use and size: 
The larger-sized general purpose tools with 1⁄4 -inch shanks, whether hand cut or ground, 
are referred to as rotary files; the smaller shanked - 1⁄8-inch - and correspondingly smaller-
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headed tools used by diesinkers and jewelers are referred to as burs.) Rotary files are made 
from high-speed steel and rotary burs from high-speed steel or cemented carbide in various 
cuts such as double extra coarse, extra coarse or rough, coarse or standard, medium, fine, 
and smooth. Standard shanks are 1⁄4 inch in diameter.

There is very little difference in the efficiency of rotary files or burs when used in electric 
tools and when used in air tools, provided speeds have been reasonably well selected. Flex-
ible-shaft and other machines used as a power source for these tools have a limited number 
of speeds which govern the revolutions per minute at which the tools can be operated.

The carbide bur may be used on hard or soft materials with equally good results. The 
principal difference in construction of the carbide bur is that its teeth or flutes are provided 
with negative rather than a radial rake. Carbide burs are relatively brittle and must be 
treated more carefully than ordinary burs. They should be kept cutting freely, in order to 
prevent too much pressure, which might result in crumbling of the cutting edges.

At the same speeds, both high-speed steel and carbide burs remove approximately the 
same amount of metal. However, when carbide burs are used at their most efficient speeds, 
the rate of stock removal may be as much as four times that of ordinary burs. It has been 
demonstrated that a carbide bur will last up to 100 times as long as a high-speed steel bur of 
corresponding size and shape.

Scraping Machine Parts

In metal working, slight errors in plane or curved surfaces are often corrected by the use 
of hand scrapers; scraping is also employed to produce ornamental effects on exposed sur-
faces. For correcting errors, the part to be scraped is ordinarily applied to whatever surface 
it is being fitted; the bearing marks or “high spots” are then noted and removed by scraping. 
By repeatedly obtaining these bearing marks and then removing them, a more evenly dis-
tributed bearing is secured. In this way, bearing boxes are often fitted to their shafts after 
having been bored. Small flat surfaces are scraped to make them more accurate, the 
method being to first apply the work to a standard surface plate, note the bearing marks 
and, if there is unevenness, correct the error by scraping. In fitting two fiat parts together, it 
is common practice to first scrape one member to secure as true a surface as possible, and 
then use it as a standard while fitting the other part. In order to make the bearing marks 
show clearly, some kind of red or black marking material is generally used. A thin coating 
is applied to the bearing shaft, surface plate, or whatever surface the work is to be scraped 
to fit. The work is then rubbed over this surface and the marking material shows just where 
the high spots are. It is important to keep the marking material in a covered box in order to 
exclude all grit or chips. The scraper should be made “glass hard” and be given a fine edge 
by the use of an oilstone. The materials commonly used to show the bearing marks are oil 
mixed with lampblack, Prussian blue, or red lead.

Scrapers.—The different forms of scrapers commonly used in fitting machine parts, etc., 
are shown by the accompanying illustrations. 

The flat scraper Fig. 1a is almost invariably used for plane surfaces. For ordinary pur-
poses, the scraper blade is about 3⁄16 inch thick, from 1 to 11⁄4 inches wide, and is drawn out 
at the point to a thickness of about 1⁄16 inch. The cutting end is as hard as possible and is 
rounded slightly, in grinding, so that the outer corners will not score the surface being 
scraped. The grinding should be done, preferably, on a wet grindstone, the edge being fin-
ished with an oilstone. 

The hook scraper Fig. 1b is also used on flat surfaces. It is preferred by some workmen 
for obtaining a fine, smooth surface and can be used, occasionally, in narrow spaces where 
there would not be room enough for a straight, flat scraper. 

Straight and curved scrapers of the “half round” type are shown at Fig. 1c and Fig. 1d.
These are used for scraping bearings, etc., the sides forming the cutting edges. The curved 
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type Fig. 1d is more convenient to use on large half-bearings, as it is held at an angle and the 
scraping is done by the curved edge. 

The three-cornered or three-square scraper shown at Fig. 1e is also used to some extent 
on curved surfaces. When the end is beveled, as shown in the detail view to the left, this 
form of scraper is convenient for producing sharp corners or for “relieving” them slightly. 

The two-handled scraper shown at Fig. 1f is an excellent form for scraping bearing boxes 
and all curved surfaces which are so located that this type can be used. This style of scraper 
is much superior to the form shown at Fig. 1c and Fig. 1d, especially for large work. The 
straight or curved half-round type works very well on soft bearing metals such as babbitt 
metal, but on brass or bronze, it cuts slowly and, as soon as the edge is slightly dulled, con-
siderable downward pressure is necessary. 

The type Fig. 1f  requires very much less effort on the part of the workman, and it will cut 
rapidly. As there are two handles instead of a single handle at one end, the blade can be 
pressed against the work with little exertion. This form of scraper is largely used for the 
heavy scraping required in fitting large connecting-rod brasses, etc. The sides are some-
times ground slightly concave (to give the cutting edges “rake”) by holding them against 
the face of the grinding wheel.

Fig. 1a. Flat Scraper

Fig. 1b. Hook Scraper

Fig. 1c. Half-round Scrapers

Fig. 1d. Half-round Scrapers

Fig. 1e. Three-corner or Three-square Scraper

Fig. 1f. Two-handled Scrapers

Spotter.—Flat finished surfaces on the ways of machine tools, etc., are often finished by 
spotting, frosting or flaking, partly to obtain an ornamental appearance and also because 
the spotted surface holds lubricant more effectively. One type of spotter placed on the mar-
ket is so arranged that the scraper, as it is pushed across a guide placed upon the work, 
receives a rocking motion so that the blade produces a uniform half-moon effect without 
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skill or experience on the part of the workman. By adjusting a small thumb screw, different 
shaped spots may be obtained.

Taps

Blacksmiths’ Taps.— A class of taps known as “blacksmiths’ taps” has a long taper 
thread and a very short shank, the shank being only long enough for a square and a collar to 
prevent the tap wrench from slipping from the square down upon the body of the tap. The 
taper of the thread is 3⁄4 inch per foot; the size by which the tap is known is measured 5⁄8 inch 
from the large end of the thread. These taps are generally made with the standard number 
of V-threads per inch corresponding to their nominal diameter.

Stub Machine Screw Taps.— A machine screw tap having three flutes for all sizes and 
with a thread considerably shorter than a regular (standard) machine screw tap. For use in 
tapping thin metal, and to overcome breakage.

Wash-Out Taps.— Mud and wash-out taps are used in boiler work, the same as taper 
boiler taps and patch-bolt taps. These taps are sometimes referred to as arch pipe taps, but
the former name is the more common. They taper 11⁄4 inch per foot, and have 12 threads per 
inch. The thread form may be either the American Standard or the sharp V-thread.

Reamers

Reamer Teeth Spacing.— There are three methods of spacing reamer teeth. First, they 
may be spaced evenly around the entire surface; second, the spacing may be irregular but 
with one half of the circumference corresponding to the other half, so that the cutting edges 
are diametrically opposite; and third, the spacing may be irregular around the entire cir-
cumference. The object of uneven spacing is to eliminate chatter and produce smoother 
holes than are obtained with uniformly spaced teeth. Some contend that a reamer spaced 
according to the second method is liable to chatter and that no two cutting edges should be 
diametrically opposite.

It is undoubtedly true that an odd number of teeth in a reamer favors smoother work than 
an even number of equally spaced teeth. The reason for this is as follows: In a reamer hav-
ing an even number of teeth, any ridge or hard spot in the work tends to push the tooth away 
at that point and the action is transmitted diametrically across the reamer to the opposite 
side of the hole. If the reamer has an odd number of teeth, the effect is transmitted across 
the hole to two teeth instead of one and is, therefore, less than if concentrated on one tooth. 
In other words, the irregularities are not see-sawed back and forth across the hole by the 
action of the teeth as much with an uneven number of teeth as with an even number. The 
average manufacturer, however, prefers reamers with an even number of teeth because of 
the difficulty of measuring those with an odd number of teeth. Reamers that have an even 
number of teeth, but with the spacing broken up so that it is irregular, can be made to ream 
a hole as true as an odd-toothed reamer.

Bridge Reamers.— Taper reamers used in bridge and structural iron work are generally 
known as bridge reamers or taper bridge reamers; they are employed for reaming the rivet 
holes in structural work, and are made either with a Morse taper or straight squared shank. 
The fluted part is tapered for part of its length and the remaining part is straight. The taper 
is 1 inch per foot for the1⁄2 inch size, and increases to 11⁄2 inch per foot for the 11⁄4 inch size. 
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MACHINING OPERATIONS

Machining Topics

Climb-Cut Milling.— In milling, the feeding movement and cutting movement are in 
opposite directions, as a general rule. This is sometimes known as the “normal” or “con-
ventional” method of milling to distinguish it from the climb-cut method. The term climb-
cut or climb milling means that the feeding movement of the work and the cutting move-
ment are in the same direction. Several advantages are claimed for climb-cut milling, 
assuming that conditions are favorable to its application. One important advantage cited is 
that the cutter life is increased and at the same time higher speeds and feeds may be 
employed. When the cutter rotation is against the feeding movement (as in the conven-
tional method) the cutting edge of each tooth rubs against the work or rides upon it momen-
tarily before beginning to cut, which results in greater dulling of the cutter than when each 
cutting edge enters the metal at the top of the cut or at the point of greatest chip thickness. 
The advantage of the climb-cut method is said to be even greater for the harder materials, 
although there may be an exception when castings have a hard sandy scale.

Climb-cut milling has another important advantage in that it enables pieces that are diffi-
cult to clamp securely in a fixture or on the machine table to be milled efficiently. The 
downward action of the cutter teeth in climb milling such pieces tends to seat them firmly 
in the holding devices. Cutters used in the conventional manner would tend to lift the 
pieces from their seats and might make the operation impractical. It is evident that a 
machine used for climb-cut milling must be in good condition and be so constructed that 
the machine table will resist the cutting forces in either direction. Any play or lost motion 
which would permit the cutter to climb into the work faster than intended would, of course, 
be objectionable.
Chip Breaker.— The term “chip breaker” indicates a method of grinding turning tools, 
that will break up the chips into short pieces, thus preventing the formation of long or con-
tinuous chips which would occupy considerable space and be difficult to handle. The chip-
breaking form of cutting end is especially useful in turning with carbide-tipped steel turn-
ing tools because the cutting speeds are high and the chip formation rapid. The chip breaker 
consists of a shoulder back of the cutting edge. As the chip encounters this shoulder it is 
bent and broken repeatedly into small pieces. Some tools have attached or “mechanical” 
chip breakers which serve the same purpose as the shoulder.
Chipless Machining.— Chipless machining is the term being increasingly applied to the 
newer methods of cold forming metals to the required finished part shape (or nearly fin-
ished shape) without the production of chips (or with a minimum of subsequent machining 
required). Cold forming of steel is not new-having long been performed in such operations 
as wire-, bar-, and tube-drawing; cold-heading; coining; and conventional stamping and 
drawing. However, newer methods of plastic deformation with greatly increased degrees 
of metal displacement have been developed. Among these processes are: the rolling of ser-
rations, splines, and gears; power spinning; internal swaging; radial forging; the cold 
forming of multiple-diametershafts; cold extrusion; and high-energy-rate forming, which 
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includes explosive forming. Also, the not-so-new processes of cold heading, thread rolling 
and rotary swaging are also considered chipless machining processes.

Machinability and Hardness.—  In cutting steels, the allowable cutting speed for a given 
tool life between grindings is, as a general rule, inversely proportional to the hardness of a 
given steel. To illustrate, tests in turning an alloy steel with a high-speed steel tool showed 
a cutting speed of 70 feet per minute when the hardness of the steel was 180 Brinell; the 
cutting speed had to be reduced to about 35 feet per minute when the hardness was 
increased to 360 Brinell, the life between tool grindings for these tests being 20 minutes in 
each case. The machinability of other steels of the same hardness might vary. For example, 
the tests just referred to showed more or less variation in the cutting speeds for steels of the 
same hardness, but having different compositions or properties. Thus, while there is a con-
stant relationship between the hardness of a steel and its tensile strength, there is not the 
same constant relationship between steel hardness and machinability as applied to differ-
ent steels.

Feed Rate on Machine Tools.—  The rate of feed as applied to machine tools in general, 
usually indicates (1) the movement of a tool per work revolution, (2) the movement of a 
tool per tool revolution, (3) or the movement of the work per tool revolution. 

Rate of Feed in Turning: The term "feed" as applied to a lathe indicates the distance that 
the tool moves during each revolution of the work. There are two ways of expressing the 
rate of feed. One is to give the actual tool movement per work revolution in thousandths of 
an inch. For example, the range of feeds may be given as 0.002 to 0.125 inch. This is the 
usual method. Another way of indicating a feed range is to give the number of cuts per inch 
or the number of ridges that would be left by a pointed tool after turning a length of one 
inch. For example, the feed range might be given as 8 to 400. In connection with turning 
and other lathe operations, the feed is regulated to suit the kind of material, depth of cut, 
and in some cases the finish desired. 

Rate of Feed in Milling:  The feed rate of milling indicates the movement of the work per 
cutter revolution.

Rate of Feed in Drilling: The rate of feed on drilling machines ordinarily indicates the 
feeding movement of the drill per drill revolution.

Rate of Feed in Planing: On planers, the rate of feed represents the tool movement per 
cutting stroke. On shapers, which are also machines of the planing type, the rate of feed 
represents the work movement per cutting stroke.

Rate of Feed on Gear Hobb: The feed rate of a gear hobbing machine represents the 
feeding movement of the hob per revolution of the gear being hobbed.

Feed on Grinding Machines:  The traversing movement in grinding is equivalent to the 
feeding movement on other types of machine tools and represents either the axial move-
ment of the work per work revolution or the traversing movement of the wheel per work 
revolution, depending upon the design of the machine. 

Auger Speeds in Wood.— Auger speeds depend largely upon the condition of the wood 
in regard to seasoning. For example, with the same wood, say pine, speeds could vary by as 
much as one-third for samples that were very resinous or not properly seasoned. A hard 
wood, say mahogany, can be satisfactorily cut at a heavier feed and quicker speed than a 
soft wood badly seasoned or spongy. With spongy woods, there is often difficulty in clear-
ing the chip or core, and this limits the speed. Again, many woodworking machines have 
an insufficient range of speeds, and small augers have to be underspeeded to avoid over-
speeding the large ones. The following speeds for average woods may be taken as a guide 
for use with a good quality machine and auger: 1⁄2-inch augers, 200 revolutions per minute; 
3⁄4-inch augers, 1600; 1-inch augers, 1300; 11⁄4-inch augers, 1200; 11⁄2-inch, 1100; and 2-
inch, 1000.
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Formica Machining.— Blanks can be cut from sheets of "Formica" either by a band saw 
or by trepanning tools in a boring mill or a drill press. To saw blanks, first describe a circle 
as a guide line, then use a 21-gage 31/2-point saw running at a speed of 5000 feet per 
minute. The saw should be sharp, with a 1/64-inch set on both sides.In drilling, use an ordi-
nary high-speed drill whose point is ground to an included angle of 55 to 60 degrees. 
Another method is to grind the drill point slightly off center. The feed must be rapid and 
caution used to prevent the drill from lagging in its work, and the speed must be 1200 rev-
olutions per minute. For all machine operations on "Formica" gear material, provision 
must be made in grinding for the tools to clear themselves. For reaming, the entry of the 
reamer and the reaming process must be rapid. There must be no lag between the end of the 
reaming operation and the withdrawal of the reamer.In turning the outside diameter and 
sides of blanks, the tools must be sharp and have 3 to 5 degrees more rake than is common 
practice for metal. A cutting speed of 750 feet per minute, which is equal to 720 revolutions 
per minute on a 4-inch diameter blank, is recommended. The depth of the cut can be 1/16 
to 1/8 inch, but the feed should be 0.010 inch, regardless of the depth of the cut.Teeth may 
be cut on a hobbing machine, shaper, or milling machine. The speed of the cutter should be 
150 feet per minute. and the feed from 0.023 to 0.040 inch per revolution. It is advisable to 
back up the blank to prevent fraying or breaking out of the material as the cutter comes 
through. The backing plates can be economically made from hard wood.

Planing Speeds and Feeds

Planing Speeds.— The speeds for planing usually vary from 30 to 50 feet per minute on 
the cutting stroke, with a return speed three to four times as great. A general idea of planer 
speeds may be obtained from the following figures, given by the Cincinnati Planer Co., and 
representing the practice in some of the best machine shops: Cast iron, roughing, 40 to 50 
feet per minute; cast iron, finishing, 20 to 25 feet per minute; steel castings, roughing, 30 to 
35 feet per minute; wrought iron, roughing, 30 to 45 feet per minute; steel castings, finish-
ing, 20 feet per minute; wrought iron, finishing, 20 feet per minute; bronze and brass, 50 to 
6o feet per minute; machinery steel, 30 to 35 feet per minute. When high-speed steel tools 
are used, a speed of 35 feet per minute is given as about the maximum that can ordinarily be 
used to advantage. The net or actual cutting speeds for various combinations of forward 
and return speeds are given in the table, “Actual Cutting Speeds of Planers.” The upper half 
of this table shows how many feet per minute the planer actually cuts, and the lower half 
gives the same data in feet per hour. A slight increase in the forward speed has a much 
greater effect on the net cutting speed and rate of production than a comparatively high 
increase of the return speed. To illustrate, when the cutting speed is 30 feet per minute and 
the return speed, 90 feet per minute, a planer tool actually cuts 22.5 feet per minute. If the 
return speed is increased to 150 feet per minute, the net cutting speed is increased to 25feet 
— a gain of 2.5 feet for a return-speed increase of approximately 66 per cent. If the cutting 
speed is increased to 35 feet (the return speed remaining at 90), the net cutting speed is 
increased to approximately 25 feet per minute, as before, but with a cutting speed increase 
of only about 16 per cent. Hence, it is important to have the cutting speed as high as condi-
tions will permit.

Feeds for Planing.— The feed of a planing tool varies widely for different kinds of mate-
rial and classes of work; it is also governed by the depth of cut, the nature of the cut 
(whether roughing or finishing), and by the rigidity of the work when damped in position 
for planing. Feeds. ordinarily vary from 1⁄10 to 1⁄2 inch for rough-planing steel, and from 1/8 
to3⁄4 inch for roughing cast iron. Whentaking light finishing cuts in cast iron, a broad tool 
having a flat edge is commonly used and the feed ordinarily varies from 1⁄4 to 1⁄2 inch per 
stroke. When planing large rigid castings, a feed as coarse as 3⁄4 or 1 inch per stroke is often 
employed.
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Actual Cutting Speeds of Planers

Cutting
Speed,

Feet per 
Minute

Return Speed, Feet per Minute

50 60 70 80 90 100 120 150

Actual Number of Feet Traversed on Cutting Strokes per Minute

20 14.3 15.0 15.5 16.0 16.4 16.7 17.1 17.6

25 16.7 17.0 18.4 19.0 19.6 20.0 20.7 21.4

30 18.7 20.0 21.0 21.8 22.5 23.1 24.0 25.0

35 20.6 22.0 23.3 24.3 25.2 25.9 27.1 28.4

40 22.2 24.0 25.4 26.7 27.7 28.6 30.0 31.6

45 23.7 25.7 27.4 28.8 30.0 31.0 32.7 34.6

50 25.0 27.3 29.2 30.8 32.1 33.3 35.3 37.5

Actual Number of Feet Traversed on Cutting Strokes per Hour

20 857 900 933 960 981 1000 1028 1058

25 1000 1058 1105 1142 1173 1200 1241 1285

30 1125 1200 1260 1309 1350 1384 1440 1500

35 1235 1321 1400 1460 1512 1555 1625 1702

40 1333 1440 1527 1600 1661 1714 1800 1894

45 1421 1542 1643 1728 1800 1862 1964 2076

50 1500 1636 1750 1846 1928 2000 2117 2250

  Speeds and Feeds for Milling

Milled Surface Indicated by 
Heavy Line

Material Milled, Width and Depth of Cut,
Feed of Table and Speed of Cutters

Material, cast iron. Total width of cut, 15 inches. Maximum 
depth, 3⁄16 inch. Feed, 43⁄4 inches per minute. Largest cutter of 
gang, 6 inches diameter, 93⁄8-inch face. Speed, 32 revolutions per 
minute.

Material, cast iron. Total width of milled surface, 163⁄8 inches. 
Depth of cut, 3⁄16 inch. Feed, 6.3 inches per minute. Diameter of 
side mills for finishing sides of casting, 101⁄2 inches. Speed of 
cutter, 21 revolutions per minute.

Material, cast iron. Total width of milled surface, 2.3 inches. 
Depth of cut, 1⁄2 inch. Feed of table, 43⁄4 inches per minute. Diam-
eter of side mills, 131⁄2inches. Diameter of intermediate cutters 
for top surfaces, 3 inches. Speed, 14 revolutions per minute.

Material, cast iron. Total width of cut, 75⁄8 inches. Size of milled 
groove, 19⁄32 inch wide,1⁄8 inch deep. Feed of table, 9.9 inches per 
minute. Depth of cut, 1⁄8 inch.

Material, cast iron. Total width of cut, 13 5⁄8 inches. Size of slot 
milled from solid, 15⁄16 by 19⁄32 inch. Depth of cut on top and sides, 
8,46 inch. Feed, 4 inches per minute. Cutter diameters, 8, 31⁄2 and 
3⁄16 inches. Speed, 36 revolutions per minute.
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Material, close-grained cast iron. Operation, roughing two cast-
ings simultaneously, removing 3⁄16 inch stock and milling from 
solid, two 3⁄16-inch slots. Feed, 4 inches per minute. Speed of 
gang cutter, 36 revolutions per minute.

Material, 50-point carbon steel bars. Operation, milling two bars 
simultaneously. Travel of table, 1 1⁄16 inch per minute. Depth of 
cut,1⁄4 inch. Highspeed steel cutters, 4 inches and 53⁄4 inches in 
diameter. Peripheral speed of large cutter, 30 feet per minute.

Material, cast iron. Total width of finished surface, 43⁄4 inches. 
Depth of cut, 1⁄8 inch. Feed per minute, 17⁄8 inch. Cutter diameters, 
4 1⁄2 and 3 inches, respectively. Limit of accuracy, 0.001 inch.

Material, cast iron. Total width of surface finished, 5 inches. 
Depth of cut, 3⁄32 inch. Feed of table, 2.9 inches per minute. Larg-
est cutters in gang, 51⁄2 inches; smallest, 2 inches. Speed, 53 revo-
lutions per minute.

Operation, milling slots in cast-iron bars 1 inch thick, with a sin-
gle cut, using a 3⁄4-inch, 3-fluted, high-speed steel end mill. Feed 
of table, 35⁄8 inches per minute. Speed of cutter, 365 revolutions 
per minute, giving a surface speed of 72 feet.

Material, close-grained cast iron. Operation, milling both sides 
of a slot. Diameter of cutter, 23⁄4 inches. Width of cut, 23⁄4 inches. 
Depth of cut at top and bottom, 1⁄16 inch. Feed, 3 inches per 
minute.

Material, close-grained cast iron. Operation, roughing dovetail 
bearings. Depth of cut, 3⁄16 inch. Feed, 73⁄4 inches per minute. 
Width of surfacemilled by side mill, 11⁄2 inch; by angular cutter, 1 
1⁄4 inch. Speed, 36 revolutions per minute. Machine, vertical type.

Material, steel castings. First operation, roughing out channel 
and top surface. Depth of cut, 1⁄8 inch; 1⁄4 inch on the sides of 
channel. Feed, 73⁄4 inches per minute. Cutters, high-speed steel. 
(Succeeding operation follows.)

Second operation, in vertical machine. Cutters, 6-inch side mill, 
3-inch angular mill, mounted as a gang, but used independently. 
First cut, truing top surface. Feed, 21⁄4 inches per minute. Dove-
tailed sides finished in two cuts. Feed, 11⁄16 inch per minute, feed 
being slow to insure accuracy.

Material, gray iron. Total width of cut, 9.4 inches. Average 
depth, 3⁄16 inch. Feed, 61⁄8 inches per minute. Diameter of angular 
cutters for sloping sides, 71⁄2 inches. Diameter of cutters for top 
surfaces, 31⁄2 and 31⁄8 inches. Speed, 33 revolutions per minute.

(Continued)  Speeds and Feeds for Milling

Milled Surface Indicated by 
Heavy Line

Material Milled, Width and Depth of Cut,
Feed of Table and Speed of Cutters
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Operation, undercutting T-slots in cast iron. Cutter, high-speed 
steel, 1 inch in diameter, 1⁄2 inch wide. Speed, 286 revolutions per 
minute. Feed of table, 153⁄4 inches per minute.

Material, cast-iron plates. First operation,milling full width of 
plate. Depth of cut, 1⁄8 inch. Feed of table, inches per minute. Cut-
ter, inches in diameter. Speed, 66 revolutions per minute. (Suc-
ceeding operation follows.)

Second operation, finishing slots and sides. Width of slots, 3⁄4
inch. Feed of table, 13⁄4 inch per minute. Cutter diameters, 4 and 8 
inches, respectively. Speed, 66 revolutions per minute. Limit of 
accuracy, 0.001 inch.
Material, steel. Operation, finishing simultaneously the four 
sides of two connecting-rod straps. -Width of each milled sur-
face, 21⁄4 inches. Depth of cut, 1⁄2 to 3⁄16 inch. Feed of table, 1 inch 
per minute. Cutters, high-speed steel, 81⁄2 inches in diameter. Cut-
ting speed, 50 feet per minute.

Material, gray iron. Diameter of face mill, 125⁄8 inches. Surface is 
rough milled by one passage of cutter, then feed is reversed and a 
finishing cut 0.010 inch deep is taken. Rate of feed, 20 inches per 
minute. Machine, vertical type.

Material, steel castings. Operation, facing flat surface with a 91⁄2-
inch face mill. Depth of roughing cut, 3⁄16 inch. Feed, 311⁄16 inches 
per minute. Speed, 21 revolutions per minute. Depth of finishing 
cut, 0.010 inch. Machine, vertical type.

Material, machine steel bars. Operation, milling flat surface 
inches wide, with 12 2-inch inserted-tooth cutter. Depth of cut, 1⁄8
inch. Feed, 16 inches per minute. Speed, 17 revolutions per 
minute. Machine, vertical type.

Material, cast iron. Maximum width of cut, 8 inches. First opera-
tion, roughing cut 3⁄16 inch deep; feed, 73⁄4 inches per minute. Sec-
ond operation, finishing cut; feed, 20 inches per minute. 
Machine, vertical type.

Material, cast iron. Roughing cut, 3⁄16 inchIdeep; feed, 20 inches 
per minute. Cutter, 10-inch face mill. Rectangular surface is cov-
ered by using longitudinal and cross feeds. Machine; vertical 
type.

(Continued)  Speeds and Feeds for Milling

Milled Surface Indicated by 
Heavy Line

Material Milled, Width and Depth of Cut,
Feed of Table and Speed of Cutters
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Speeds for Tapping Nuts

Grinding

Tooth-rest for Cutter Grinding.— A tooth-rest is used to support a cutter while grinding 
the teeth. For grinding a cylindrical cutter having helical or "spiral" teeth, the tooth-rest 
must remain in a fixed position relative to the grinding wheel. The tooth being ground will 
then slide over the tooth-rest, thus causing the cutter to turn as it moves longitudinally, so 
that the edge of the helical tooth is ground to a uniform distance from the center, through-
out its length. For grinding a straight-fluted cutter, it is also preferable to have the tooth-
rest in a fixed position relative to the wheel, unless the cutter is quite narrow, because any 
warping of the cutter in hardening will result in inaccurate grinding, if the tooth rest moves 
with the work. The tooth-rest should be placed as close to the cutting edge of the cutter as 
is practicable, and bear against the face of the tooth being ground. 

Steadyrests for Grinding.— Practically all parts that are ground on centers should be 
supported by suitable steadyrests or back-rests, as their use will not only obviate chatter-
ing, when properly applied, but permit taking deeper cuts with coarser feeds and also 
increase the "sizing power" of the wheel. In grinding long and slender parts, such supports 
are indispensable, and, even for work which is short and rigid, steadyrests are desirable to 
prevent vibration, which increases wheel wear and affects the quality of the ground sur-
face. These supports are fastened to the table of the machine and are equipped with shoes 
of hardwood or metal which bear against the piece being ground. The number of 
steadyrests used depends upon the form and diameter of the work. According to a com-
monly accepted rule, the distance between the steadyrests should be from six to ten times 
the diameter of the part being ground. Some recommend the use of as many rests as can 
conveniently be fixed in position. 

Silicate Bonding Process.— Silicate grinding wheels derive their name from the fact that 
silicate of soda or water glass is the principal ingredient used in the bond. These wheels are 
also sometimes referred to as semi-vitrified wheels. Ordinarily, they cut smoothly and 
with comparatively little heat, and for grinding operations requiring the lowest wheel 
wear, compatible with cool cutting, silicate wheels are often used. Their grade is also 
dependable and much larger wheels can be made by this bonding process than by the vitri-
fied process. Some of the grinding operations for which silicate wheels have been found to 
be especially adapted are as follows: For grinding high-speed steel machine shop tools, 
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such as reamers, milling cutters, etc.; for hand-grinding lathe and planer tools; for surface 
grinding with machines of the vertical ring-wheel type; and for operations requiring dish-
shaped wheels and cool cutting. These wheels are unequaled for wet grinding on hardened 
steel and for wet tool grinding. They are easily recognized by their light gray color. 

Vitrified Grinding Wheels.— : The term "vitrified" denotes the type of bond used in 
these grinding wheels. The bond in a grinding wheel is the material which holds the abra-
sive grains together and supports them while they cut. With a given type of bond, it is the 
amount of bond that determines the "hardness" or softness" of wheels. The abrasive itself 
is extremely hard in all wheels, and the terms "hard" and "soft" refer to the strength of 
bonding; the greater the percentage of bond with respect to the abrasive, the heavier the 
coating of bond around the abrasive grains and the stronger the bond posts, the "harder" the 
wheel.Most wheels are made with a vitrified bond composed of clays and feldspar selected 
for their fusibility. During the "burning" process in grinding wheel manufacture, the clays 
are fused into a molten glass condition. Upon cooling, a span or post of this glass connects 
each abrasive grain to its neighbors to make a rigid, strong, grinding wheel. These wheels 
are porous, free cutting and unaffected by water, acids, oils, heat, or cold. Vitrified wheels 
are extensively used for cylindrical grinding, surface grinding, internal grinding and cutter 
grinding.

Bort.—Bort is an inferior variety of diamond which is used in the industries for truing soft 
grinding wheels and for making diamond dies for wire drawing and similar purposes. It is 
not as hard as the variety of diamond known as the carbon or black diamond, and is consid-
erably lower in price; but it is not as economical to use as the black diamond for truing hard 
grinding wheels. While the bort is a semi-transparent stone known as an "imperfect bril-
liant," and, therefore, useless as a precious stone, it is very useful as an abrasive agent. It 
generally occurs in small spherical masses of grayish color. In its commercial usage, the 
term "bort" is often extended to all small and impure diamonds and crystalline fragments 
of diamonds which cannot be used as gems. A large proportion of these stones come from 
South Africa. All classes of diamonds are invariably weighed in carats and in the subdivi-
sion 1/2, 1/4, 1/8, 1/16, 1/32 and 1/64 of a carat. 1 carat (International system) = 3.086 
grains = 0.200 gram; 1 ounce troy = 155.5 carats. 

Numerical Control
Introduction.—The Electronic Industries Association (EIA) defines numerical control as 
“a system in which actions are controlled by the direct insertion of numerical data at some 
point.” More specifically, numerical control, or NC as it will be called here, involves 
machines controlled by electronic systems designed to accept numerical data and other 
instructions, usually in a coded form. These instructions may come directly from some 
source such as a punched tape, a floppy disk, directly from a computer, or from an operator.

The key to the success of numerical control lies in its flexibility. To machine a different 
part, it is only necessary to “play” a different tape. NC machines are more productive than 
conventional equipment and consequently produce parts at less cost even when the higher 
investment is considered. NC machines also are more accurate and produce far less scrap 
than their conventional counterparts. By 1985, over 110,000 NC machine tools were oper-
ating in the United States. Over 80 per cent of the dollars being spent on the most common 
types of machine tools, namely, drilling, milling, boring, and turning machines, are going 
into NC equipment.

NC is a generic term for the whole field of numerical control and encompasses a com-
plete field of endeavor. Sometimes CNC, which stands for Computer Numerical Control 
and applies only to the control system, is used erroneously as a replacement term for NC. 
Albeit a monumental development, use of the term CNC should be confined to installa-
tions where the older hardware control systems have been replaced.

Metal cutting is the most popular application, but NC is being applied successfully to 
other equipment, including punch presses, EDM wire cutting machines, inspection 
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machines, laser and other cutting and torching machines, tube bending machines, and 
sheet metal cutting and forming machines.
State of the CNC Technology Today.— Early numerical control machines were ordi-
nary machines retrofitted with controls and motors to drive tools and tables. The opera-
tions performed were the same as the operations were on the machines replaced. Over the 
years, NC machines began to combine additional operations such as automatically chang-
ing tools and workpieces. The structure of the machines has been strengthened to provide 
more rigid platforms. These changes have resulted in a class of machine that can outper-
form its predecessors in both speed and accuracy. Typical capabilities of a modern 
machining center are accuracy better than ±0.00035 inch; spindle speeds in the range up to 
25,000 rpm or more, and increasing; feed rates up to 400 inches per minute and increasing; 
tool change times hovering between 2 and 4 seconds and decreasing. Specialized machines 
have been built that can achieve accuracy better than one millionth (0.000001) of an inch.

Computer numerical control of machines has undergone a great deal of change in the last 
decade, largely as a result of rapid increases in computer capability. Development of new 
and improved materials for tooling and bearings, improvements in tool geometry, and the 
added structural stiffness of the new machines have made it possible to perform cutting 
operations at speeds and feeds that were formerly impossible to attain.
Numerical Control vs. Manual Operations.— The initial cost of a CNC machine is gen-
erally much higher than a manual machine of the same nominal capacity, and the higher 
initial cost leads to a higher overall cost of the machine per hour of its useful life. However, 
the additional cost of a CNC machine has to be considered against potential savings that 
the machine may make possible. Some of the individual factors that make NC and CNC 
machining attractive are considered below.

Labor is usually one of the highest costs in the production of a part, but the labor rate paid 
to a CNC machine operator may be lower than the rate paid to the operator of conventional 
machines. This statement is particularly true when there is a shortage of operators with spe-
cialized skills necessary for setting up and operating a manual machine. However, it 
should not be assumed that skilled CNC machine operators are not needed because most 
CNCs have manual overrides that allow the operator to adjust feeds and speeds and to man-
ually edit or enter programs as necessary. Also, skilled setup personnel and operators are 
likely to promote better production rates and higher efficiency in the shop. In addition, the 
labor rate for setting up and operating a CNC machine can sometimes be divided between 
two or more machines, further reducing the labor costs and cost per part produced.

The quantity and quality requirements for an order of parts often determines what manu-
facturing process will be used to produce them. CNC machines are probably most effective 
when the jobs call for a small to medium number of components that require a wide range 
of operations to be performed. For example, if a large number of parts are to be machined 
and the allowable tolerances are large, then manual or automatic fixed-cycle machines 
may be the most viable process. But, if a large quantity of high quality parts with strict tol-
erances are required, then a CNC machine will probably be able to produce the parts for the 
lowest cost per piece because of the speed and accuracy of CNC machines. Moreover, if 
the production run requires designing and making a lot of specialized form tools, cams, fix-
tures, or jigs, then the economics of CNC machining improves even more because much of 
the preproduction work is not required by the nature of the CNC process.

CNC machines can be effective for producing one-of-a-kind jobs if the part is compli-
cated and requires a lot of different operations that, if done manually, would require spe-
cialized setups, jigs, fixtures, etc. On the other hand, a single component requiring only one 
or two setups might be more practical to produce on a manual machine, depending on the 
tolerances required. When a job calls for a small to medium number of components that 
require a wide range of operations, CNC is usually preferable. CNC machines are also 
especially well suited for batch jobs where small numbers of components are produced 
from an existing part program, as inventory is needed. Once the part program has been 
tested, a batch of the parts can be run whenever necessary. Design changes can be incorpo-
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rated by changing the part program as required. The ability to process batches also has an 
additional benefit of eliminating large inventories of finished components.

CNC machining can help reduce machine idle time. Surveys have indicated that when 
machining on manual machines, the average time spent on material removal is only about 
40 per cent of the time required to complete a part. On particularly complicated pieces, this 
ratio can drop to as low as 10 per cent or even less. The balance of the time is spent on posi-
tioning the tool or work, changing tools, and similar activities. On numerically controlled 
machines, the metal removal time frequently has been found to be in excess of 70 per cent 
of the total time spent on the part. CNC nonmachining time is lower because CNC 
machines perform quicker tool changes and tool or work positioning than manual 
machines. CNC part programs require a skilled programmer and cost additional prepro-
duction time, but specialized jigs and fixtures that are frequently required with manual 
machines are not usually required with CNC machines, thereby reducing setup time and 
cost considerably.

Additional advantages of CNC machining are reduced lead time; improved cutting effi-
ciency and longer tool life, as a result of better control over the feeds and speeds; improved 
quality and consistently accurate parts, reduced scrap, and less rework; lower inspection 
costs after the first part is produced and proven correct; reduced handling of parts because 
more operations can be performed per setup; and faster response to design changes 
because most part changes can be made by editing the CNC program.
Numerical Control Standards.— Standards for NC hardware and software have been 
developed by many organizations, and copies of the latest standards may be obtained from 
the following: Electronic Industries Association (EIA), 2001 Pennsylvania Avenue NW, 
Washington, DC 20006 (EIA and ANSI/EIA); American Society of Mechanical Engi-
neers (ASME), 345 East 47th Street, New York, NY 10017 (ANSI/ASME); American 
National Standards Institute (ANSI), 25 West 43rd Street, New York, NY 10036 (ANSI, 
ANSI/EIA, ANSI/ASME, and ISO); National Standards Association, Inc. (NSA), 1200 
Quince Orchard Boulevard, Gaithersburg, MD 20878; NMTBA The Association for Man-
ufacturing Technology, 7901 Westpark Drive, McLean, VA 22102. Some of the standards 
and their contents are listed briefly in the accompanying table.
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Numerical Control Standards 

Standard Title Description

ANSI/CAM-I  
101-1990

Dimensional Measuring Interface Specification

ANSI/ASME B5.50 V-Flange Tool Shanks for Machining Centers with Automatic Tool Changers

ANSI/ASME
B5.54-1992

Methods for Performance Evaluation of Computer Numerically Controlled 
Machining Centers

ANSI/ASME
B89.1.12M

Methods for Performance Evaluation of Coordinate Measuring Machines

ANSI/EIA 227-A 1-inch Perforated Tape

ANSI/EIA 232-D Interface Between Data Terminal Equipment and Data Circuit-Terminating 
Equipment Employing Serial Binary Data Interchange

ANSI/EIA 267-B Axis and Motion Nomenclature for Numerically Controlled Machines

ANSI/EIA 274-D Interchangeable Variable Block Data Format for Positioning, Contouring 
and Contouring/Positioning Numerically Controlled Machines

ANSI/EIA 358-B Subset of American National Standarde Code for Information Interchange 
for Numerical Machine Control Perforated Tape

ANSI/EIA 408 Interface Between NC Equipment and Data Terminal Equipment Employing 
Parallel Binary Data Interchange

ANSI/EIA 423-A Electrical Characteristics of Unbalanced Voltage Digital Interface Circuits

ANSI/EIA 431 Electrical Interface Between Numerical Control and Machine Tools

ANSI/EIA 441 Operator Interface Function of Numerical Controls

ANSI/EIA 449 General Purpose 37-position and 9-position Interface for Data Terminal 
Equipment and Data Circuit-Terminating Equipment Employing Serial 
Binary Data Interchange

ANSI/EIA 484 Electrical and Mechanical Interface Characteristics and Line Control Proto-
col Using Communication Control Characters for Serial Data Link 
between a Direct Numerical Control System and Numerical Control 
Equipment Employing Asynchronous Full Duplex Transmission

ANSI/EIA 491-A 
-1990

Interface between a Numerical Control Unit and Peripheral Equipment 
Employing Asynchronous Binary Data Interchange over Circuits having 
EIA-423-A Electrical Characteristics

ANSI/EIA 494 32-bit Binary CL Interchange (BCL) Input Format for Numerically  
Controlled Machines

EIA AB3-D Glossary of Terms for Numerically Controlled Machines

EIA Bulletin 12 Application Notes on Interconnection between Interface Circuits Using RS-
449 and RS-232-C

ANSI X 3.94 Programming Aid for Numerically Controlled Manufacturing

ANSI X 3.37 Programming Language APT

ANSI X 3.20 1-inch Perforated Tape Take-up Reels for Information Interchange

ANSI X 3.82 One-sided Single Density Unformatted 5.25 inch Flexible Disc Cartridges
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ISO 841 Numerical Control of Machines—Axis and Motion Nomenclature

ISO 2806 Numerical Control of Machines—Bilingual Vocabulary

ISO 2972 Numerical Control of Machines—Symbols

ISO 3592 Numerical Control of Machines—Numerical Control Processor Output, 
Logical Structure and Major Words

ISO 4336 Numerical Control of Machines—Specification of Interface Signals between 
the Numerical Control Unit and the Electrical Equipment of a Numerically 
Controlled Machine

ISO 4343 Numerical Control of Machines—NC Processor Output— Minor Elements 
of 2000-type Records (Post Processor Commands)

ISO TR 6132 Numerical Control of Machines—Program Format and Definition of 
Address Words—Part 1: Data Format for Positioning, Line Motion and 
Contouring Control Systems

ISO 230-1 Geometric Accuracy of Machines Operating Under No-Load or Finishing 
Conditions

ISO 230-2 Determination of Accuracy and Repeatability of Positioning of Numerically 
Controlled Machine Tools

NAS 911 Numerically Controlled Skin/Profile Milling Machines

NAS 912 Numerically Controlled Spar Milling Machines

NAS 913 Numerically Controlled Profiling and Contouring Milling Machines

NAS 914 Numerically Controlled Horizontal Boring, Drilling and Milling Machines

NAS 960 Numerically Controlled Drilling Machines

NAS 963 Computer Numerically Controlled Vertical and Horizontal Jig Boring 
Machines

NAS 970 Basic Tool Holders for Numerically Controlled Machine Tools

NAS 971 Precision Numerically Controlled Measuring/Inspection Machines

NAS 978 Numerically Controlled Machining Centers

NAS 990 Numerically Controlled Composite Filament Tape Laying Machines

NAS 993 Direct Numerical Control System

NAS 994 Adaptive Control System for Numerically Controlled Milling Machines

NAS 995 Specification for Computerized Numerical Control (CNC)

NMTBA Common Words as They Relate to Numerical Control Software

NMTBA Definition and Evaluation of Accuracy and Repeatability of Numerically 
Controlled Machine Tools

NMTBA Numerical Control Character Code Cross Reference Chart

NMTBA Selecting an Appropriate Numerical Control Programming Method

NEMA 1A1 Industrial Cell Controller Classification Concepts and Selection Guide

Numerical Control Standards 

Standard Title Description
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Programmable Controller.— Frequently referred to as a PC or PLC (the latter term 
meaning Programmable Logic Controller), a programmable controller is an electronic unit 
or small computer. PLCs are used to control machinery, equipment, and complete pro-
cesses, and to assist CNC systems in the control of complex NC machine tools and flexible 
manufacturing modules and cells. In effect, PLCs are the technological replacements for 
electrical relay systems.

Fig. 1. Programmable Controllers' Four Basic Elements

As shown in Fig. 1, a PLC is composed of four basic elements: the equipment for han-
dling input and output (I/O) signals, the central processing unit (CPU), the power supply, 
and the memory. Generally, the CPU is a microprocessor and the brain of the PLC. Early 
PLCs used hardwired special-purpose electronic logic circuits, but most PLCs now being 
offered are based on microprocessors and have far more logic and control capabilities than 
was possible with hardwired systems. The CPU scans the status of the input devices con-
tinuously, correlates these inputs with the control logic in the memory, and produces the 
appropriate output responses needed to control the machine or equipment.

Input to a PLC is either discrete or continuous. Discrete inputs may come from push but-
tons, micro switches, limit switches, photocells, proximity switches or pressure switches, 
for instance. Continuous inputs may come from sources such as thermocouples, potenti-
ometers, or voltmeters. Outputs from a PLC normally are directed to actuating hardware 
such as solenoids, solenoid valves, and motor starters. The function of a PLC is to examine 
the status of an input or set of inputs and, based on this status, actuate or regulate an output 
or set of outputs.

Digital control logic and sensor input signals are stored in the memory as a series of 
binary numbers (zeros and ones). Each memory location holds only one “bit” (either 0 or 
1) of binary information; however, most of the data in a PLC are used in groups of 8 bits, or 
bytes. A word is a group of bytes that is operated on at one time by the PLC. The word size 
in modern PLCs ranges from 8 to 32 bits (1 to 4 bytes), depending on the design of the PLC. 
In general, the larger the word size that a system is able to operate on (that is, to work on at 
one time), the faster the system is going to perform. New systems are now beginning to 
appear that can operate on 64 bits of information at a time.

There are two basic categories of memory: volatile and nonvolatile. Volatile memory 
loses the stored information when the power is turned off, but nonvolatile memory retains 
its logic even when power is cut off. A backup battery must be used if the information 
stored in volatile memory is to be retained. There are six commonly used types of memory. 
Of these six, random-access memory (RAM) is the most common type because it is the 
easiest to program and edit. RAM is also the only one of the six common types that is vola-
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tile memory. The five nonvolatile memory types are: core memory, read-only memory 
(ROM), programmable read-only memory (PROM), electronically alterable programma-
ble read-only memory (EAPROM), and electronically erasable programmable read-only 
memory (EEPROM). EEPROMs are becoming more popular due to their relative ease of 
programming and their nonvolatile characteristic. ROM is often used as a generic term to 
refer to the general class of read-only memory types and to indicate that this type of mem-
ory is not usually reprogrammed.

More than 90 per cent of the microprocessor PLCs now in the field use RAM memory. 
RAM is primarily used to store data, which are collected or generated by a process, and to 
store programs that are likely to change frequently. For example, a part program for 
machining a workpiece on a CNC machining center is loaded into and stored in RAM. 
When a different part is to be made, a different program can be loaded in its place. The non-
volatile memory types are usually used to store programs and data that are not expected to 
be changed. Programs that directly control a specific piece of equipment and contain spe-
cific instructions that allow other programs (such as a part program stored in RAM) to 
access and operate the hardware are usually stored in nonvolatile memory or ROM. The 
benefit of ROM is that stored programs and data do not have to be reloaded into the mem-
ory after the power has been turned off.

PLCs are used primarily with handling systems such as conveyors, automatic retrieval 
and storage systems, robots, and automatic guided vehicles (AGV), such as are used in 
flexible manufacturing cells, modules, and systems (see Flexible Manufacturing Systems 
(FMS), Flexible Manufacturing Cell, and Flexible Manufacturing Module). PLCs are also 
to be found in applications as diverse as combustion chamber control, chemical process 
control, and printed-circuit-board manufacturing.

Types of Programmable Controllers

Types of PLCs may be divided into five groups consisting of micro, mini, small, 
medium, and large according to the number of I/Os, functional capabilities, and memory 
capacity. The smaller the number of I/Os and memory capacity, and the fewer the func-
tions, the simpler the PLC. Micro and mini PLCs are usually little more than replacements 
for relay systems, but larger units may have the functional capabilities of a small computer 
and be able to handle mathematical functions, generate reports, and maintain high-level 
communications.

Type No. of I/Os General Applications
Math

Capability

Mini 32 Replaces relays, timers, and counters. Yes

Micro 32–64 Replaces relays, timers, and counters. Yes

Small 64–128 Replaces relays, timers, and counters. Used for 
materials handling, and some process control. Yes

Medium 128–512
Replaces relays, timers, and counters. Used for 
materials handling, process control, and data col-
lection.

Yes

Large 512+
Replaces relays, timers, and counters. Master 
control for other PLCs and cells and for genera-
tion of reports. High-level network capability

Yes
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The preceding guidelines have some gray areas because mini, micro, and small PLCs are 
now available with large memory sizes and functional capacities normally reserved for 
medium and large PLCs. The accompanying table compares the various types of PLCs and 
their applications.

Instructions that are input to a PLC are called programs. Four major programming lan-
guages are used with PLCs, comprising ladder diagrams, Boolean mnemonics, functional 
blocks, and English statements. Some PLC systems even support high-level programming 
languages such as BASIC and PASCAL. Ladder diagrams and Boolean mnemonics are 
the basic control-level languages. Functional blocks and English statements are consid-
ered high-level languages. Ladder diagrams were used with electrical relay systems before 
these systems were replaced by PLCs and are still the most popular programming method, 
so they will be discussed further.

Fig. 2. One Rung on a Ladder Diagram

A ladder diagram consists of symbols, or ladder logic elements, that represent relay con-
tacts or switches and other elements in the control system. One of the more basic symbols 
represents a normally open switch and is described by the symbol � �. Another symbol is 
the normally closed switch, described by the symbol �\�. When the normally open switch 
is activated, it will close, and when the normally closed switch is activated, it will open. 
Fig. 2 shows one rung (line) on a ladder diagram. Switch 1001 is normally open and switch 
1002 is closed. A symbol for a coil (0001) is shown at the right. If switch 1001 is actuated, 
it will close. If switch 1002 is not activated, it will stay closed. With the two switches 
closed, current will flow through the line and energize coil 0001. The coil will activate 
some mechanism such as an electric motor, a robot, or an NC machine tool, for instance.

As an example, Fig. 3 shows a flexible manufacturing module (FMM), consisting of a 
turning center (NC lathe), an infeed conveyor, an outfeed conveyor, a robot that moves 
workpieces between the infeed conveyor, the turning center, and the outfeed conveyor, 
and a PLC. The arrowed lines show the signals going to and coming from the PLC.

Fig. 4 shows a ladder diagram for a PLC that would control the operations of the FMM 
by:

1) Activating the infeed conveyor to move the workpiece to a position where the robot 
can pick it up

2) Activating the robot to pick up the workpiece and load it into the chuck on the NC lathe

3) Activating the robot to remove the finished workpiece and place it on the outfeed con-
veyor

4) Activating the outfeed conveyor to move the workpiece to the next operation
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Fig. 3. Layout of a Flexible Manufacturing Module

Fig. 4. Portion of a Typical Ladder Diagram for Control of a Flexible Manufacturing Module
Including a Turning Center, Conveyors, a Robot, and a Programmable Controller

In Rung 1 of Fig. 4, a request signal for a workpiece from the NC lathe closes the nor-
mally open switch 1001. Switch 1002 will remain closed if photocell 1 is not activated, i.e., 
if it does not detect a workpiece. The signal therefore closes the circuit, energizes the coil, 
and starts the conveyor motor to bring the next workpiece into position for the robot to 
grasp.
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In Rung 2, switch 1002 (which has been changed in the program of the PLC from a nor-
mally closed to a normally open switch) closes when it is activated as photocell 1 detects 
the workpiece. The signal thus produced, together with the closing of the now normally 
open switch 1001, energizes the coil, causing the robot to pick up the workpiece from the 
infeed conveyor.

In Rung 3, switch 1004 on the lathe closes when processing of the part is completed and 
it is ready to be removed by the robot. Photocell 2 checks to see if there is a space on the 
conveyor to accept the completed part. If no part is seen by photocell 2, switch 1003 will 
remain closed, and with switch 1004 closed, the coil will be energized, activating the robot 
to transfer the completed part to the outfeed conveyor.

Rung 4 shows activation of the output conveyor when a part is to be transferred. Nor-
mally open switch 1004 was closed when processing of the part was completed. Switch 
1003 (which also was changed from a normally closed to a normally open switch by the 
program) closes if photocell 2 detects a workpiece. The circuit is then closed and the coil is 
energized, starting the conveyor motor to move the workpiece clear to make way for the 
succeeding workpiece.

Closed-Loop System.— Also referred to as a servo or feedback system, a closed-loop sys-
tem is a control system that issues commands to the drive motors of an NC machine. The 
system then compares the results of these commands as measured by the movement or 
location of the machine component, such as the table or spindlehead. The feedback devices 
normally used for measuring movement or location of the component are called resolvers, 
encoders, Inductosyns, or optical scales. The resolver, which is a rotary analog mecha-
nism, is the least expensive, and has been the most popular since the first NC machines 
were developed. Resolvers are normally connected to the lead-screws of NC machines. 
Linear measurement is derived from monitoring the angle of rotation of the leadscrew and 
is quite accurate.

Encoders also are normally connected to the leadscrew of the NC machine, and measure-
ments are in digital form. Pulses, or a binary code in digital form, are generated by rotation 
of the encoder, and represent turns or partial turns of the leadscrew. These pulses are well 
suited to the digital NC system, and encoders have therefore become very popular with 
such systems. Encoders generally are somewhat more expensive than resolvers.

The Inductosyn (a trade name of Farrand Controls, Inc.) also produces analog signals, 
but is attached to the slide or fixed part of a machine to measure the position of the table, 
spindlehead, or other component. The Inductosyn provides almost twice the measurement 
accuracy of the resolver, but is considerably more expensive, depending on the length of 
travel to be measured.

Optical scales generally produce information in digital form and, like the Inductosyn, are 
attached to the slide or fixed part of the machine. Optical scale measurements are more 
accurate than either resolvers or encoders and, because of their digital nature, are well 
suited to the digital computer in a CNC system. Like the Inductosyn, optical scales are 
more costly than either resolvers or encoders.

Open-Loop System.— A control system that issues commands to the drive motors of an 
NC machine and has no means of assessing the results of these commands is known as an 
open-loop system. In such a system, no provision is made for feedback of information con-
cerning movement of the slide(s), or rotation of the leadscrew(s). Stepping motors are pop-
ular as drives for open-loop systems.

Adaptive Control.— Measuring performance of a process and then adjusting the process 
to obtain optimum performance is called adaptive control. In the machine tool field, adap-
tive control is a means of adjusting the feed and/or speed of the cutting tool, based on sen-
sor feedback information, to maintain optimum cutting conditions. A typical arrangement 
is seen in Fig. 5. Adaptive control is used primarily for cutting higher-strength materials 
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such as titanium, although the concept is applicable to the cutting of any material. The 
costs of the sensors and software have restricted wider use of the feature.

Fig. 5. 

The sensors used for adaptive control are generally mounted on the machine drive shafts, 
tools, or even built into the drive motor. Typically, sensors are used to provide information 
such as the temperature at the tip of the cutting tool and the cutting force exerted by the tool. 
The information measured by the sensors is used by the control system computer to ana-
lyze the cutting process and adjust the feeds and speeds of the machine to maximize the 
material removal rate or to optimize another process variable such as surface finish. For the 
computer to effectively evaluate the process in real time (i.e., while cutting is in progress), 
details such as maximum allowable tool temperature, maximum allowable cutting force, 
and information about the drive system need to be integrated into the computer program 
monitoring the cutting process.

Adaptive control can be used to detect worn, broken, or dull tooling. Ordinarily, the 
adaptive control system monitors the cutting process to keep the process variables (cutting 
speed and feed rate, for example) within the proper range. Because the force required to 
machine a workpiece is lowest when the tool is new or recently resharpened, a steady 
increase in cutting force during a machining operation, assuming that the feed remains the 
same, is an indication that the tool is becoming dull (temperature may increase as well). 
Upon detecting cutting forces that are greater than a predetermined maximum allowable 
force, the control system causes the feed rate, the cutting speed, or both to be adjusted to 
maintain the cutting force within allowable limits. If the cutting force cannot be main-
tained without causing the speed and/or feed rate to be adjusted outside its allowable limits, 
the machine will be stopped, indicating that the tool is too dull and must be resharpened or 
replaced.

On some systems, the process monitoring equipment can interface directly with the 
machine control system, as discussed above. On other systems, the adaptive control is 
implemented by a separate monitoring system that is independent of the machine control 
system. These systems include instrumentation to monitor the operations of the machine 
tool, but do not have the capability to directly change operating parameters, such as feeds 
and speeds. In addition, this type of control does not require any modification of the exist-
ing part programs for control of the machine.

Flexible Manufacturing Systems (FMS).— A flexible manufacturing system (FMS) is a 
computer-controlled machining arrangement that can perform a variety of continuous 
metal-cutting operations on a range of components without manual intervention. The 
objective of such a system is to produce components at the lowest possible cost, especially 
components of which only small quantities are required. Flexibility, or the ability to switch 
from manufacture of one type of component to another, or from one type of machining to 
another, without interrupting production, is the prime requirement of such a system. In 
general, FMS are used for production of numbers of similar parts between 200 and 2000, 
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although larger quantities are not uncommon. An FMS involves almost all the departments 
in a company, including engineering, methods, tooling and part programming, planning 
and scheduling, purchasing, sales and customer service, accounting, maintenance, and 
quality control. Initial costs of an FMS are estimated as being borne (percentages in paren-
theses) by machine tools (46.2), materials handling systems (7.7), tooling and fixtures 
(5.9), pallets (1.9), computer hardware (3.7), computer software (2.2), wash stations (2.8), 
automatic storage and retrieval systems (6.8), coolant and chip systems (2.4), spares (2), 
and others (18.4).

FMS are claimed to bring reductions in direct labor (80–90), production planning and 
control (65), and inspection (70). Materials handling and shop supervision are reduced, 
and individual productivity is raised. In the materials field, savings are made in tooling 
(35), scrap and rework (65), and floor space (50). Inventory is reduced and many other 
costs are avoided. Intangible savings claimed to result from FMS include reduced tooling 
changeover time, ability to produce complex parts, to incorporate engineering changes 
more quickly and efficiently than with other approaches, and to make special designs, so 
that a company can adapt quickly to changing market conditions. Requirements for spare 
parts with good fit are easily met, and the lower costs combine with higher quality to 
improve market share. FMS also are claimed to improve morale among workers, leading to 
higher productivity, with less paper work and more orderly shop operations. Better control 
of costs and improved cost data help to produce more accurate forecasts of sales and man-
power requirements. Response to surges in demand and more economical materials order-
ing are other advantages claimed with FMS.

Completion of an FMS project is said to average 57 months, including 20 months from 
the time of starting investigations to the placing of the purchase order. A further 13 months 
are needed for delivery and a similar period for installation. Debugging and building of 
production takes about another 11 months before production is running smoothly. FMS are 
expensive, requiring large capital outlays and investments in management time, software, 
engineering, and shop support. Efficient operation of FMS also require constant workflow 
because gaps in the production cycle are very costly.

Flexible Manufacturing Cell.— A flexible manufacturing cell usually consists of two or 
three NC machines with some form of pallet-changing equipment or an industrial robot. 
Prismatic-type parts, such as would be processed on a machining center, are usually han-
dled on pallets. Cylindrical parts, such as would be machined on an NC lathe, usually are 
handled with an overhead type of robot. The cell may be controlled by a computer, but is 
often run by programmable controllers. The systems can be operated without attendants, 
but the mixture of parts usually must be less than with a flexible manufacturing system 
(FMS).

Flexible Manufacturing Module.— A flexible manufacturing module is defined as a sin-
gle machining center (or turning center) with some type of automatic materials handling 
equipment such as multiple pallets for machining centers, or robots for manipulating cylin-
drical parts and chucks for turning centers. The entire module is usually controlled by one 
or more programmable logic controllers.

Numerical Control Programming

Programming.— A numerical control (NC) program is a list of instructions (commands) 
that completely describes, in sequence, every operation to be carried out by a machine. 
When a program is run, each instruction is interpreted by the machine controller, which 
causes an action such as starting or stopping of a spindle or coolant, changing of spindle 
speed or rotation, or moving a table or slide a specified direction, distance, or speed. The 
form that program instructions can take, and how programs are stored and/or loaded into 
the machine, depends on the individual machine/control system. However, program 
instructions must be in a form (language) that the machine controller can understand.
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A programming language is a system of symbols, codes, and rules that describes the 
manner in which program instructions can be written. One of the earliest and most widely 
recognized numerical control programming languages is based on the Standard ANSI/EIA 
RS-274-D-1980. The standard defines a recommended data format and codes for sending 
instructions to machine controllers. Although adherence to the standard is not mandatory, 
most controller manufacturers support it and most NC machine controllers (especially 
controllers on older NC machines using tape input) can accept data in a format that con-
forms, at least in part, with the recommended codes described in the RS-274-D standard. 
Most newer controllers also accept instructions written in proprietary formats offered 
(specified) by the controller's manufacturer.

One of the primary benefits of a standardized programming format is easy transfer of 
programs from one machine to another, but even standardized code formats such as RS-
274-D are implemented differently on different machines. Consequently, a program writ-
ten for one machine may not operate correctly on another machine without some modifica-
tion of the program. On the other hand, proprietary formats are attractive because of 
features that are not available using the standardized code formats. For example, a propri-
etary format may make available certain codes that allow a programmer, with only a few 
lines of code, to program complex motions that would be difficult or even impossible to do 
in the standard language. The disadvantage of proprietary formats is that transferring pro-
grams to another machine may require a great deal of program modification or even com-
plete rewriting. Generally, with programs written in a standardized format, the 
modifications required to get a program written for one machine to work on another 
machine are not extensive.

In programming, before describing the movement of any machine part, it is necessary to 
establish a coordinate system(s) as a reference frame for identifying the type and direction 
of the motion. A description of accepted terminology used worldwide to indicate the types 
of motion and the orientation of machine axes is contained in a separate section (Axis 
Nomenclature). Part geometry is programmed with reference to the same axes as are used 
to describe motion.

Manual data input (MDI) permits the machine operator to insert machining instructions 
directly into the NC machine control system via push buttons, pressure pads, knobs, or 
other arrangements. MDI has been available since the earliest NC machines were 
designed, but the method was less efficient than tape for machining operations and was 
used primarily for setting up the NC machine. Computer numerical control (CNC) sys-
tems, with their canned cycles and other computing capabilities, have now made the MDI 
concept more feasible and for some work MDI may be more practical than preparing a pro-
gram. The choice depends very much on the complexity of the machining work to be done 
and, to a lesser degree, on the skill of the person who prepares the program.

Conversational part programming is a form of MDI that requires the operator or pro-
grammer to answer a series of questions displayed on the control panel of the CNC. The 
operator replies to questions that describe the part, material, tool and machine settings, and 
machining operations by entering numbers that identify the material, blank size and thick-
ness or diameter, tool definitions, and other required data. Depending on capability, some 
controls can select the required spindle speed and feed rate automatically by using a mate-
rials look-up table; other systems request the appropriate feed and speed data. Tool 
motions needed to machine a part are described by selecting a linear or circular motion pro-
gramming mode and entering endpoint and intersection coordinates of lines and radius, 
diameter, tangent points, and directions of arcs and circles (with some controllers, inter-
section and tangent points are calculated automatically). Machined elements such as holes, 
slots, and bolt circles are entered by selecting the appropriate tool and describing its action, 
or with “canned routines” built into the CNC to perform specific machining operations. On 
some systems, if a feature is once described, it can be copied and/or moved by: translation 
(copy and/or move), rotation about a point, mirror image (copy and rotate about an axis), 
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and scaling (copy and change size). On many systems, as each command is entered, a 
graphic image of the part or operation gives a visual check that the program is producing 
the intended results. When all the necessary data have been entered, the program is con-
structed and can be run immediately or saved on tape, floppy disk, or other storage media 
for later use.

Conversational programming gives complete control of machine operations to the shop 
personnel, taking advantage of the experience and practical skills of the machine opera-
tor/programmer. Control systems that provide conversational programming usually 
include many built-in routines (fixed or canned cycles) for commonly used machining 
operations and may also have routines for specialized operations. Built-in routines speed 
programming because one command may replace many lines of program code that would 
take considerable time to write. Some built-in cycles allow complex machining operations 
to be programmed simply by specifying the final component profile and the starting stock 
size, handling such details as developing tool paths, depth of cut, number of roughing 
passes, and cutter speed automatically. On turning machines, built-in cycles for reducing 
diameters, chamfer and radius turning, and cutting threads automatically are common. 
Although many CNC machines have a conversational programming mode, the program-
ming methods used and the features available are not standardized. Some control systems 
cannot be programmed from the control panel while another program is running (i.e., 
while a part is being machined), but those systems that can be thus programmed are more 
productive because programming does not require the machine to be idle. Conversational 
programming is especially beneficial In reducing programming time in shops that do most 
of their part programming from the control panel of the machine.

Manual part programming describes the preparation of a part program by manually 
writing the part program in word addressed format. In the past, this method implied pro-
gramming without using a computer to determine tool paths, speeds and feeds, or any of 
the calculations normally required to describe the geometry of a part. Today, however, 
computers are frequently used for writing and storing the program on disk, as well as for 
calculations required to program the part. Manual part programming consists of writing 
codes, in a format appropriate to the machine controller, that instruct the controller to per-
form a specific action. The most widely accepted form of coding the instructions for 
numerically controlled machines uses the codes and formats suggested in the ANSI/EIA 
RS-274-D-1980, standard. This type of programming is sometimes called G-code pro-
gramming, referring to a commonly used word address used in the RS-274-D standard. 
Basic details of programming in this format, using the various codes available, are dis-
cussed in the next section (G-Code Programming).

Computer-assisted part programming (CAPP) uses a computer to help in the prepara-
tion of the detailed instructions for operating an NC machine. In the past, defining a curve 
or complicated surface profile required a series of complex calculationsto describe the fea-
tures in intimate detail. However, with the introduction of the microprocessor as an inte-
gral part of the CNC machine, the process of defining many complex shapes has been 
reduced to the simple task of calling up a canned cycle to calculate the path of the cutter. 
Most new CNC systems have some graphic programming capability, and many use 
graphic images of the part “drawn” on a computer screen. The part programmer moves a 
cutter about the part to generate the part program or the detailed block format instructions 
required by the control system. Machining instructions, such as the speed and feed rate, are 
entered via the keyboard. Using the computer as an assistant is faster and far more accurate 
than the manual part programming method.

Computer-assisted part programming methods generally can be characterized as either 
language-based or graphics-based, the distinction between the two methods being prima-
rily in the manner by which the tool paths are developed. Some modern-language-based 
programming systems, such as Compact II, use interactive alphanumeric input so that pro-
gramming errors are detected as soon as they are entered. Many of these programming sys-
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tems are completely integrated with computer graphics and display an image of the part or 
operation as soon as an instruction is entered. The language-based programming systems 
are usually based on, or are a variation of, the APT programming language, which is dis-
cussed separately within this section (APT Programming).

The choice between computer-assisted part programming and manual part programming 
depends on the complexity of the part (particularly its geometry) and how many parts need 
to be programmed. The more complicated the part, the more benefit to be gained by CAPP, 
and if many parts are to be programmed, even if they are simple ones, the benefits of a com-
puter-aided system are substantial. If the parts are not difficult to program but involve 
much repetition, computer-assisted part programming may also be preferred. If parts are to 
be programmed for several different control systems, a high-level part programming lan-
guage such as APT will make writing the part programs easier. Because almost all 
machines have some deviations from standard practices, and few control systems use 
exactly the same programming format, a higher-level language allows the programmer to 
concentrate primarily on part geometry and machining considerations. The postprocessors 
(see Postprocessors below) for the individual control systems accommodate most of the 
variations in the programming required. The programmer only needs to write the program; 
the postprocessor deals with the machine specifics.

Graphical programming involves building a two- or three-dimensional model of a part 
on a computer screen by graphically defining the geometric shapes and surfaces of the part 
using the facilities of a CAD program. In many cases, depending on features of the CAD 
software package, the same computer drawing used in the design and drafting stage of a 
project can also be used to generate the program to produce the part. The graphical entities, 
such as holes, slots, and surfaces, are linked with additional information required for the 
specific machining operations needed. Most of the cutter movements (path of the cutter), 
such as those needed for the generation of pockets and lathe roughing cuts, are handled 
automatically by the computer. The program may then sort the various machining opera-
tions into an efficient sequence so that all operations that can be performed with a particu-
lar tool are done together, if possible. The output of graphical part programming is 
generally an alphanumeric part programming language output file, in a format such as an 
APT or Compact II file.

The part programming language file can be manually checked, and modified, as neces-
sary before being run, and to help detect errors, many graphics programming systems also 
include some form of part verification software that simulates machining the part on the 
computer screen. Nongraphic data, such as feed rates, spindle speeds and coolant on/off, 
must be typed in by the part programmer or entered from acomputer data base at the appro-
priate points in the program, although some programs prompt for this information when 
needed. When the part program language file is run or compiled, the result is a center line 
data (CL data) file describing the part. With most computer-aided part programming out-
put files, the CL data file needs to be processed through a postprocessor (see Postproces-
sors below) to tailor the final code produced to the actual machine being used. 
Postprocessor output is in a form that can be sent directly to the control system, or can be 
saved on tape or magnetic media and transferred to the machine tool when necessary. The 
graphic image of the part and the alphanumeric output files are saved in separate files so 
that either can be edited in the future if changes in the part become necessary. Revised files 
must be run and processed again for the part modifications to be included in the part pro-
gram. Software for producing part programs is discussed further in the CAD/CAM sec-
tion.

Postprocessors.—A postprocessor is computer software that contains a set of computer 
instructions designed to tailor the cutter center line location data (CL data), developed by a 
computerized part programming language, to meet the requirements of a particular 
machine tool/system combination. Generally, when a machine tool is programmed in a 
graphical programming environment or any high-level language such as APT, a file is cre-
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ated that describes all movements required of a cutting tool to make the part. The file thus 
created is run, or compiled, and the result is a list of coordinates (CL data) that describes the 
successive positions of the cutter relative to the origin of the machine's coordinate system. 
The output of the program must be customized to fit the input requirements of the machine 
controller that will receive the instructions. Cutter location data must be converted into a 
format recognized by the control system, such as G codes and M codes, or into another lan-
guage or proprietary format recognized by the controller. Generally, some instructions are 
also added or changed by the programmer at this point.

The lack of standardization among machine tool control systems means that almost all 
computerized part programming languages require a postprocessor to translate the com-
puter-generated language instructions into a form that the machine controller recognizes. 
Postprocessors are software and are generally prepared for a fee by the machine tool 
builder, the control system builder, a third party vendor, or by the user.

G-Code Programming

Programs written to operate numerical control (NC) machines with control systems that 
comply with the ANSI/EIA RS-274-D-1980, Standard consist of a series of data blocks, 
each of which is treated as a unit by the controller and contains enough information for a 
complete command to be carried out by the machine. Each block is made up of one or more 
words that indicate to the control system how its corresponding action is to be performed. 
A word is an ordered set of characters, consisting of a letter plus some numerical digits, that 
triggers a specific action of a machine tool. The first letter of the word is called the letter 
address of the word, and is used to identify the word to the control system. For example, X 
is the letter address of a dimension word that requires a move in the direction of the X-axis, 
Y is the letter address of another dimension word; and F is the letter address of the feed rate. 
The assigned letter addresses and their meanings, as listed in ANSI/EIA RS-274-D, are 
shown in Table 1.
Format Classification.— The format classification sheet completely describes the format 
requirements of a control system and gives other important information required to pro-
gram a particular control including: the type of machine, the format classification short-
hand and format detail, a listing of specific letter address codes recognized by the system 
(for example, G-codes: G01, G02, G17, etc.) and the range of values the available codes 
may take (S range: 10 to 1800 rpm, for example), an explanation of any codes not specifi-
cally assigned by the Standard, and any other unique features of the system.

The format classification shorthand is a nine- or ten-digit code that gives the type of sys-
tem, the number of motion and other words available, the type and format of dimensional 
data required by the system, the number of motion control channels, and the number of 
numerically controlled axes of the system. The format detail verysuccinctly summarizes 
details of the machine and control system. This NC shorthand gives the letter address 
words and word lengths that can be used to make up a block. The format detail defines the 
basic features of the control system and the type of machine tool to which it refers. For 
example, the format detail

N4G2X + 24Y + 24Z + 24B24I24J24F31T4M2
specifies that the NC machine is a machining center (has X-, Y-, and Z-axes) and a tool 
changer with a four-digit tool selection code (T4); the three linear axes are programmed 
with two digits before the decimal point and four after the decimal point (X + 24Y + 24Z + 
24) and can be positive or negative; probably has a horizontal spindle and rotary table (B24 
= rotary motion about the Y-axis); has circular interpolation (I24J24); has a feed rate range 
in which there are three digits before and one after the decimal point (F31); and can handle 
a four-digit sequence number (N4), two-digit G-words (G2), and two-digit miscellaneous 
words (M2). The sequence of letter addresses in the format detail is also the sequence in 
which words with those addresses should appear when used in a block.
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Table 1. Letter Addresses Used in Numerical Control

Letter
Address Description Refers to

A Angular dimension about the X-axis. Measured 
in decimal parts of a degree Axis nomenclature

B Angular dimension about the Y-axis. Measured 
in decimal parts of a degree Axis nomenclature

C Angular dimension about the Z-axis. Measured 
in decimal parts of a degree Axis nomenclature

D
Angular dimension about a special axis, or 

third feed function, or tool function for selec-
tion of tool compensation

Axis nomenclature

E Angular dimension about a special axis or sec-
ond feed function Axis nomenclature

F Feed word (code) Feed words

G Preparatory word (code) Preparatory words

H Unassigned

I Interpolation parameter or thread lead parallel 
to the X-axis

Circular interpolation 
and threading

J Interpolation parameter or thread lead parallel 
to the Y-axis

Circular interpolation 
and threading

K Interpolation parameter or thread lead parallel 
to the Z-axis

Circular interpolation 
and threading

L Unassigned

M Miscellaneous or auxilliary function Miscellaneous func-
tions

N Sequence number Sequence number

O Sequence number for secondary head only Sequence number

P Third rapid-traverse dimension or tertiary-
motion dimension parallel to X Axis nomenclature

Q Second rapid-traverse dimension or tertiary-
motion dimension parallel to Y Axis nomenclature

R
First rapid-traverse dimension or tertiary-

motion dimension parallel to Z or radius for 
constant surface-speed calculation

Axis nomenclature

S Spindle-speed function Spindle speed

T Tool function Tool function

U Secondary-motion dimension parallel to X Axis nomenclature

V Secondary-motion dimension parallel to Y Axis nomenclature

W Secondary-motion dimension parallel to Z Axis nomenclature

X Primary X-motion dimension Axis nomenclature

Y Primary Y-motion dimension Axis nomenclature

Z Primary Z-motion dimension Axis nomenclature
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The information given in the format shorthand and format detail is especially useful 
when programs written for one machine are to be used on different machines. Programs 
that use the variable block data format described in RS-274-D can be used interchangeably 
on systems that have the same format classification, but for complete program compatibil-
ity between machines, other features of the machine and control system must also be com-
patible, such as the relationships of the axes and the availability of features and control 
functions.

Control systems differ in the way that the numbers may be written. Most newer CNC 
machines accept numbers written in a decimal-point format, however, some systems 
require numbers to be in a fixed-length format that does not use an explicit decimal point. 
In the latter case, the control system evaluates a number based on the number of digits it 
has, including zeros. Zero suppression in a control system is an arrangement that allows 
zeros before the first significant figure to be dropped (leading zero suppression) or allows 
zeros after the last significant figure to be dropped (trailing zero suppression). An X-axis
movement of 05.3400, for example, could be expressed as 053400 if represented in the full 
field format, 53400 (leading zero suppression), or 0534 (trailing zero suppression). With 
decimal-point programming, the above number is expressed simply as 5.34. To ensure 
program compatibility between machines, all leading and trailing zeros should be included 
in numbers unless decimal-point programming is used.

Sequence Number (N-Word).— A block normally starts with a sequence number that 
identifies the block within the part program. Most control systems use a four-digit 
sequence number allowing step numbers up to N9999. The numbers are usually advanced 
by fives or tens in order to leave spaces for additional blocks to be inserted later if required. 
For example, the first block in a program would be N0000, the next block N0005; the next 
N0010; and so on. The slash character, /, placed in a block, before the sequence number, is 
called an optional stop and causes the block to be skipped over when actuated by the oper-
ator. The block that is being worked on by the machine is often displayed on a digital read-
out so that the operator may know the precise operation being performed.

Preparatory Word (G-Word).— A preparatory word (also referred to as a preparatory 
function or G-code) consists of the letter address G and usually two digits. The preparatory 
word is placed at the beginning of a block, normally following the sequence number. Most 
newer CNC machines allow more than one G-code to be used in a single block, although 
many of the older systems do not. To ensure compatability with older machines and with 
the RS-274-D Standard, only one G-code per block should be used.

The G-word indicates to the control system how to interpret the remainder of theblock. 
For example, G01 refers to linear interpolation and indicates that the words following in 
the block will move the cutter in a straight line. The G02 code indicates that the words fol-
lowing in the block will move the cutter in a clockwise circular path. A G-word can com-
pletely change the normal meaning of other words in a block. For example, X is normally a 
dimension word that describes a distance or position in the X-direction. However, if a 
block contains the G04 word, which is the code for a dwell, the X word represents the time, 
in seconds, that the machine is to dwell.

The majority of G-codes are designated as modal, which means that once used, the code 
remains in effect for succeeding blocks unless it is specifically changed or canceled. 
Therefore, it is not necessary to include modal G-codes in succeeding blocks except to 
change or cancel them. Unless a G-code is modal, it is only effective within its designated 
block for the operation it defines. Table 2, G-Code Addresses, lists standardized G-code 
addresses and modality.
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Table 2.   G-Code Addresses 

Code Description Code Description

G00 ab* Rapid traverse, point to point 
(M,L)

G34 ab* Thread cutting, increasing 
lead (L)

G01 abc Linear interpolation (M,L) G35 abc Thread cutting, decreasing lead (L)

G02 abc Circular interpolation — 
clockwise movement (M,L)

G36-G39 ab Permanently unassigned

G36 c Used for automatic 
acceleration and deceleration 
when the blocks are 
short (M,L)

G03 abc Circular interpolation—counter- 
clockwise movement (M,L)

G04 ab Dwell—a programmed time 
delay (M,L)

G37, G37.1, 
G37.2, G37.3

Used for tool gaging (M,L)

G05 ab Unassigned G37.4

G06 abc Parabolic interpolation (M,L) G38 Used for probing to measure the diame-
ter and center of a hole (M)

G07 c Used for programming with 
cylindrical diameter values (L)

G38.1 Used with a probe to measure 
the parallelness of a part with 
respect to an axis (M)G08 ab Programmed acceleration 

(M,L). d Also for lathe 
programming with cylindrical 
diameter values

 
G39, G39.1

 
Generates a nonprogrammed 
block to improve cycle time and 
corner cutting quality when used 
with cutter compensation (M)

G09 ab Programmed deceleration 
(M,L). d Used to stop the axis 
movement at a precise location 
(M,L)

G39 Tool tip radius compensation used 
with linear generated block (L)

G10-G12 ab Unassigned. dSometimes used 
for machine lock and unlock 
devices

G39.1 Tool tip radius compensation used 
used with circular generated block (L)

G13-G16 ac Axis selection (M,L) G40 abc Cancel cutter compensation/ 
offset (M)

G13-G16 b Unassigned G41 abc Cutter compensation, left (M)

G13 Used for computing lines and 
circle intersections (M,L)

G42 abc Cutter compensation, right (M)

G14, G14.1 c Used for scaling (M,L) G43 abc Cutter offset, inside corner (M,L)

G15-G16 c Polar coordinate programming 
(M)

G44 abc Cutter offset, outside corner 
(M,L)

G15, G16.1 c Cylindrical interpolation—C 
axis (L)

G45-G49 ab Unassigned

G16.2 c End face milling—C axis (L) G50-G59 a Reserved for adaptive control 
(M,L)

G17-G19 abc X-Y, X-Z, Y-Z plane 
selection, respectively (M,L)

G50 bb Unassigned

G20 Unassigned G50.1 c Cancel mirror image (M,L)

G22-G32 ab Unassigned G51.1 c Program mirror image (M,L)

G22-G23 c Defines safety zones in which 
the machine axis may not enter 
(M,L)

G52 b Unassigned

G22.1,
G233.1

c Defines safety zones in which 
the cutting tool may not exit 
(M,L)

G52 Used to offset the axes with 
respect to the coordinate zero 
point (see G92) (M,L)

G24 c Single-pass rough-facing cycle 
(L)

G53 bc Datum shift cancel

G27-G29 Used for automatically moving 
to and returning from home 
position (M,L)

G53 c Call for motion in the machine 
coordinate system (M,L)

G54-G59 bc Datum shifts (M,L)

G30 Return to an alternate home 
position (M,L)

G54-G59.3 c Allows for presetting of work 
coordinate systems (M,L)

G31, G31.1, 
G31.2, G31.3, 
G31.4

External skip function, moves 
an axis on a linear path until 
an external signal aborts the 
move (M,L)

G60-G62 abc Unassigned

G33 abc Thread cutting, constant lead (L)
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G61 c Modal equivalent of G09 except 
that rapid moves are not taken 
to a complete stop before the 
next motion block is executed 
(M,L)

G80 abc Cancel fixed cycles

G81 abc Drill cycle, no dwell and rapid out 
(M,L)

G62 c Automatic corner override, 
reduces the feed rate on an 
inside corner cut (M,L)

G82 abc Drill cycle, dwell and rapid out 
(M,L)

G63 a Unassigned G83 abc Deep hole peck drilling cycle 
(M,L)

G63 bc Tapping mode (M,L) G84 abc Right-hand tapping cycle (M,L)
G64-G69 abc Unassigned G84.1 c Left-hand tapping cycle (M,L)
G64 c Cutting mode, usually set by 

the system installer (M,L)
G85 abc Boring cycle, no dwell, feed out 

(M,L)
G65 c Calls for a parametric macro 

(M,L)
G86 abc Boring cycle, spindle stop, 

rapid out (M,L)
G66 c Calls for a parametric macro. 

Applies to motion blocks only 
(M,L)

G87 abc Boring cycle, manual retraction 
(M,L)

G88 abc Boring cycle, spindle stop, manual 
retraction (M,L)

G66.1 c Same as G66 but applies to 
all blocks (M,L)

G88.1 Pocket milling (rectangular and 
circular), roughing cycle (M)

G67 c Stop the modal parametric 
macro (see G65, G66, G66.1) 
(M,L)

G88.2 Pocket milling (rectangular and 
circular), finish cycle (M)

G68 c Rotates the coordinate system 
(i.e., the axes) (M)

G88.3 Post milling, roughs out 
material around a specified area 
(M)

G69 c Cancel axes rotation (M) G88.4 Post milling, finish cuts material 
around a post (M)

G70 abc Inch programming (M,L) G88.5 Hemisphere milling, roughing 
cycle (M)G71 abc Metric programming (M,L)

G72 ac Circular interpolation CW 
(three-dimensional) (M)

G88.6 Hemisphere milling, finishing 
cycle (M)

G72 b Unassigned
G72 c Used to perform the finish cut 

on a turned part along the 
Z-axis after the roughing cuts 
initiated under G73, G74, or 
G75 codes (L)

G89 abc Boring cycle, dwell and feed out 
(M,L)

G89.1 Irregular pocket milling, 
roughing cycle (M)

G73 b Unassigned
G73 c Deep hole peck drilling cycle 

(M); OD and ID roughing 
 cycle, running parallel to the 
Z-axis (L)

G89.2 Irregular pocket milling, 
finishing cycle (M)

G74 ac Cancel multiquadrant circular 
interpolation (M,L)

G90 abc Absolute dimension input (M,L)

G74 bc Move to home position (M,L) G91 abc Incremental dimension input 
(M,L)

G74 c Left-hand tapping cycle (M) G92 abc Preload registers, used to shift 
the coordinate axes relative to 
the current tool position (M,L)

G74 Rough facing cycle (L) G93 abc Inverse time feed rate 
(velocity/distance) (M,L)

G75 ac Multiquadrant circular 
interpolation (M,L)

G94 c Feed rate in inches or millimeters 
per minute (ipm or mpm) (M,L)

G75 b Unassigned G95 abc Feed rate given directly in inches or 
millimeters per revolution (ipr 
or mpr) (M,L)

G75 Roughing routine for castings or 
forgings (L)

G76-G79 ab Unassigned G96 abc Maintains a constant surface speed,  
feet (meters) per minute (L)

G97 abc Spindle speed programmed 
in rpm (M,L)

G98-99 ab Unassigned

Table 2. (Continued)  G-Code Addresses 

Code Description Code Description
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Symbols following a description: (M) indicates that the code applies to a mill or machining center; 
(L) indicates that the code applies to turning machines; (M,L) indicates that the code applies to both 
milling and turning machines.

Codes that appear more than once in the table are codes that are in common use, but are not defined 
by the Standard or are used in a manner that is different than that designated by the Standard (e.g., see 
G61).

Most systems that support the RS-274-D Standard codes do not use all the codes avail-
able in the Standard. Unassigned G-words in the Standard are often used by builders of 
machine tool control systems for a variety of special purposes, sometimes leading to con-
fusion as to the meanings of unassigned codes. Even more confusing, some builders of sys-
tems and machine tools use the less popular standardized codes for other than the meaning 
listed in the Standard. For these reasons, machine code written specifically for one 
machine/controller will not necessarily work correctly on another machine controller 
without modification.

Dimension words contain numerical data that indicate either a distance or a position. The 
dimension units are selected by using G70 (inch programming) or G71 (metric program-
ming) code. G71 is canceled by a G70 command, by miscellaneous functions M02 (end of 
program), or by M30 (end of data). The dimension words immediately follow the G-word 
in a block and on multiaxis machines should be placed in the following order: X, Y, Z, U, 
V, W, P, Q, R, A, B, C, D, and E.

Absolute programming (G90) is a method of defining the coordinate locations of points 
to which the cutter (or workpiece) is to move based on the fixed machine zero point. In Fig.
1, the X − Y coordinates of P1 are X = 1.0, Y = 0.5 and the coordinates of P2 are X = 2.0, Y = 
1.1. To indicate the movement of the cutter from one point to another when using the abso-
lute coordinate system, only the coordinates of the destination point P2 are needed.

Incremental programming (G91) is a method of identifying the coordinates of a particu-
lar location in terms of the distance of the new location from the current location. In the 
example shown in Fig. 2, a move from P1 to P2 is written as X + 1.0, Y + 0.6. If there is no 
movement along the Z-axis, Z is zero and normally is not noted. An X − Y incremental 
move from P2 to P3 in Fig. 2 is written as X + 1.0, Y − 0.7.

Most CNC systems offer both absolute and incremental part programming. The choice is 
handled by G-code G90 for absolute programming and G91 for incremental programming. 
G90 and G91 are both modal, so they remain in effect until canceled.

a Adheres to ANSI/EIA RS-274-D; 
b Adheres to ISO 6983/1,2,3 Standards; where both symbols appear together, the ANSI/EIA and 

ISO standard codes are comparable; 
c This code is modal. All codes that are not identified as modal are nonmodal, when used according 

to the corresponding definition. 
d Indicates a use of the code that does not conform with the Standard. 

Fig. 1. Fig. 2. 
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The G92 word is used to preload the registers in the control system with desired values. A 
common example is the loading of the axis-position registers in the control system for a 
lathe. Fig. 3 shows a typical home position of the tool tip with respect to the zero point on 
the machine. The tool tip here is registered as being 15.0000 inches in the Z-direction and 
4.5000 inches in the X-direction from machine zero. No movement of the tool is required. 
Although it will vary with different control system manufacturers, the block to accomplish 
the registration shown in Fig. 3 will be approximately:

N0050 G92 X4.5 Z15.0

Miscellaneous Functions (M-Words).— Miscellaneous functions, or M-codes, also 
referred to as auxiliary functions, constitute on-off type commands. M functions are used 
to control actions such as starting and stopping of motors, turning coolant on and off, 
changing tools, and clamping and unclamping parts. M functions are made up of the letter 
M followed by a two-digit code. Table 3 lists the standardized M-codes, however, the func-
tions available will vary from one control system to another. Most systems provide fewer 
M functions than the complete list and may use some of the unassigned codes to provide 
additional functions that are not covered by the Standard. If an M-code is used in a block, it 
follows the T-word and is normally the last word in the block.

Table 3.   Miscellaneous Function Words from  ANSI/EIA RS-274-D

Code Description

M00 Automatically stops the machine. The operator must push a button to continue 
with the remainder of the program.

M01 An optional stop acted upon only when the operator has previously signaled for 
this command by pushing a button. The machine will automatically stop when the 
control system senses the M01 code.

M02 This end-of-program code stops the machine when all commands in the block are 
completed. May include rewinding of tape.

M03 Start spindle rotation in a clockwise direction—looking out from the spindle face.

M04 Start spindle rotation in a counterclockwise direction—looking out from the spin-
dle face.

M05 Stop the spindle in a normal and efficient manner.

M06 Command to change a tool (or tools) manually or automatically. Does not cover 
tool selection, as is possible with the T-words.

M07 to M08 M07 (coolant 2) and M08 (coolant 1) are codes to turn on coolant. M07 may con-
trol flood coolant and M08 mist coolant.

M09 Shuts off the coolant.

M10 to M11 M10 applies to automatic clamping of the  machine slides, workpiece, fixture spin-
dle, etc. M11 is an unclamping code.

M12 An inhibiting code used to synchronize multiple sets of axes, such as a four-axis 
lathe having two independently operated heads (turrets).

M13 Starts CW spindle motion and coolant on in the same command.

M14 Starts CCW spindle motion and coolant on in the same command.

M15 to M16 Rapid traverse of feed motion in either the +(M15) or −(M16) direction.

M17 to M18 Unassigned.

M19 Oriented spindle stop. Causes the spindle to stop at a predetermined angular posi-
tion.

M20 to M29 Permanently unassigned.

M30 An end-of-tape code similar to M02, but M30 will also rewind the tape; also may 
switch automatically to a second tape reader.

M31 A command known as interlock bypass for temporarily circumventing a 
 normally provided interlock.
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Feed Function (F-Word).— F-word stands for feed-rate word or feed rate. The meaning 
of the feed word depends on the system of units in use and the feed mode. For example, F15 
could indicate a feed rate of 0.15 inch (or millimeter) per revolution or 15 inches (or milli-
meters) per minute, depending on whether G70 or G71 is used to indicate inch or metric 
programming and whether G94 or G95 is used to specify feed rate expressed as inches (or 
mm) per minute or revolution. The G94 word is used to indicate inches/minute (ipm) or 
millimeters/minute (mmpm) and G95 is used for inches/revolution (ipr) or millime-
ters/revolution (mmpr). The default system of units is selected by G70 (inch program-
ming) or G71 (metric programming) prior to using the feed function. The feed function is 
modal, so it stays in effect until it is changed by setting a new feed rate. In a block, the feed 
function is placed immediately following the dimension word of the axis to which it 
applies or immediately following the last dimension word to which it applies if it is used for 
more than one axis.

Fig. 3. 

In turning operations, when G95 is used to set a constant feed rate per revolution, the 
spindle speed is varied to compensate for the changing diameter of the work — the spindle 
speed increases as the working diameter decreases. To prevent the spindle speed from 
increasing beyond a maximum value, the S-word, see Spindle Function (S-Word), is used 
to specify the maximum allowable spindle speed before issuing the G95 command. If the 
spindle speed is changed after the G95 is used, the feed rate is also changed accordingly. If 
G94 is used to set a constant feed per unit of time (inches or millimeters per minute), 
changes in the spindle speed do not affect the feed rate.

Feed rates expressed in inches or millimeters per revolution can be converted to feed 
rates in inches or millimeters per minute by multiplying the feed rate by the spindle speed 
in revolutions per minute: feed/minute = feed/revolution × spindle speed in rpm. Feed rates 
for milling cutters are sometimes given in inches or millimeters per tooth. To convert feed 

M32 to M35 Unassigned.

M36 to M39 Permanently unassigned.

M40 to M46 Used to signal gear changes if required at the machine; otherwise, unassigned.

M47 Continues program execution from the start of the program unless inhibited by an 
interlock signal.

M48 to M49 M49 deactivates a manual spindle or feed override and returns the parameter to the 
programmed value; M48 cancels M49.

M50 to M57 Unassigned.

M58 to M59 Holds the rpm constant at the value in use when M59 is initiated; M58 cancels 
M59.

M60 to M89 Unassigned.

M90 to M99 Reserved for use by the machine user.

Table 3. (Continued)  Miscellaneous Function Words from  ANSI/EIA RS-274-D

Code Description
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per tooth to feed per revolution, multiply the feed rate per tooth by the number of cutter 
teeth: feed/revolution = feed/tooth × number of teeth.

For certain types of cuts, some systems require an inverse-time feed command that is the 
reciprocal of the time in minutes required to complete the block of instructions. The feed 
command is indicated by a G93 code followed by an F-word value found by dividing the 
feed rate, in inches (millimeters) or degrees per minute, by the distance moved in the block: 
feed command = feed rate/distance = (distance/time)/distance = 1/time.

Feed-rate override refers to a control, usually a rotary dial on the control system panel, 
that allows the programmer or operator to override the programmed feed rate. Feed-rate 
override does not change the program; permanent changes can only be made by modifying 
the program. The range of override typically extends from 0 to 150 per cent of the pro-
grammed feed rate on CNC machines; older hardwired systems are more restrictive and 
most cannot be set to exceed 100 per cent of the preset rate.
Spindle Function (S-Word).— An S-word specifies the speed of rotation of the spindle. 
The spindle function is programmed by the address S followed by the number of digits 
specified in the format detail (usually a four-digit number). Two G-codes control the selec-
tion of spindle speed input: G96 selects a constant cutting speed in surface feet per minute 
(sfm) or meters per minute (mpm) and G97 selects a constant spindle speed in revolutions 
per minute (rpm).

In turning, a constant spindle speed (G97) is applied for threading cycles and for machin-
ing parts in which the diameter remains constant. Feed rate can be programmed with either 
G94 (inches or millimeters per minute) or G95 (inches or millimeters per revolution) 
because each will result in a constant cutting speed to feed relationship.

G96 is used to select a constant cutting speed (i.e., a constant surface speed) for facing 
and other cutting operations in which the diameter of the workpiece changes. The spindle 
speed is set to an initial value specified by the S-word and then automatically adjusted as 
the diameter changes so that a constant surface speed is maintained. The control system 
adjusts spindle speed automatically, as the working diameter of the cutting tool changes, 
decreasing spindle speed as the working diameter increasesor increasing spindle speed as 
the working diameter decreases. When G96 is used for a constant cutting speed, G95 in a 
succeeding block maintains a constant feed rate per revolution.

Speeds given in surface feet or meters per minute can be converted to speeds in revolu-
tions per minute (rpm) by the formulas:

where d is the diameter, in inches or millimeters, of the part on a lathe or of the cutter on a 
milling machine; and π is equal to 3.14159.

Tool Function (T-Word).— The T-word calls out the tool that is to be selected on a 
machining center or lathe having an automatic tool changer or indexing turret. On 
machines without a tool changer, this word causes the machine to stop and request a tool 
change. This word also specifies the proper turret face on a lathe. The word usually is 
accompanied by several numbers, as in T0101, where the first pair of numbers refers to the 
tool number (and carrier or turret if more than one) and the second pair of numbers refers to 
the tool offset number. Therefore, T0101 refers to tool 1, offset 1.

Information about the tools and the tool setups is input to the CNC system in the form of 
a tool data table. Details of specific tools are transferred from the table to the part program 
via the T-word. The tool nose radius of a lathe tool, for example, is recorded in the tool data 
table so that the necessary tool path calculations can be made by the CNC system. The mis-
cellaneous code M06 can also be used to signal a tool change, either manually or automat-
ically.

rpm sfm 12×
π d×

---------------------= rpm mpm 1000×
π d×

------------------------------=
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Compensation for variations in the tool nose radius, particularly on turning machines, 
allows the programmer to program the part geometry from the drawing and have the tool 
follow the correct path in spite of variations in the tool nose shape. Typical of the data 
required, as shown in Fig. 4, are the nose radius of the cutter, the X and Z distances from the 
gage point to some fixed reference point on the turret, and the orientation of the cutter (tool 
tip orientation code), as shown in Fig. 5. Details of nose radius compensation for numerical 
control is given in a separate section (Indexable Insert Holders for NC).

Tool offset, also called cutter offset, is the amount of cutter adjustment in a direction par-
allel to the axis of a tool. Tool offset allows the programmer to accommodate the varying 
dimensions of different tooling by assuming (for the sake of the programming) that all the 
tools are identical. The actual size of the tool is totally ignored by the programmer who pro-
grams the movement of the tools to exactly follow the profile of theworkpiece shape. Once 
tool geometry is loaded into the tool data table and the cutter compensation controls of the 
machine activated, the machine automatically compensates for the size of the tools in the 
programmed movements of the slide. In gage length programming, the tool length and tool 
radius or diameter are included in the program calculations. Compensation is then used 
only to account for minor variations in the setup dimensions and tool size.

Fig. 6. 
Customarily, the tool offset is used in the beginning of a program to initialize each indi-

vidual tool. Tool offset also allows the machinist to correct for conditions, such as tool 
wear, that would cause the location of the cutting edge to be different from the pro-
grammed location. For example, owing to wear, the tool tip in Fig. 6 is positioned a dis-
tance of 0.0065 inch from the location required for the work to be done. To compensate for 
this wear, the operator (or part programmer), by means of the CNC control panel, adjusts 
the tool tip with reference to the X- and Z-axes, moving the tool closer to the work by 

Fig. 4. Fig. 5. 
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0.0065 inch throughout its traverse. The tool offset number causes the position of the cutter 
to be displaced by the value assigned to that offset number.

Changes to the programmed positions of cutting tool tip(s) can be made by tool length 
offset programs included in the control system. A dial or other means is generally provided 
on milling, drilling, and boring machines, and machining centers, allowing the operator or 
part programmer to override the programmed axial, or Z-axis, position. This feature is par-
ticularly helpful when setting the lengths of tools in their holders or setting a tool in a turret, 
as shown in Fig. 7, because an exact setting is not necessary. The tool can be set to an 
approximate length and the discrepancy eliminated by the control system.

The amount of offset may be determined by noting the amount by which the cutter is 
moved manually to a fixed point on the fixture or on the part, from the programmed Z-axis
location. For example, in Fig. 7, the programmed Z-axis motion results in the cutter being 
moved to position A, whereas the required location for the tool is at B. Rather than resetting 
the tool or changing the part program, the tool length offset amount of 0.0500 inch is keyed 
into the control system. The 0.0500-inch amount is measured by moving the cutter tip 
manually to position B and reading the distance moved on the readout panel. Thereafter, 
every time that cutter is brought into the machining position, the programmed Z-axis loca-
tion will be overridden by 0.0500 inch.

Manual adjustment of the cutter center path to correct for any variance between nominal 
and actual cutter radius is called cutter compensation. The net effect is to move the path of 
the center of the cutter closer to, or away from, the edge of the workpiece, as shown in Fig.
8. The compensation may also be handled via a tool data table.When cutter compensation 
is used, it is necessary to include in the program a G41 code if the cutter is to be to the left 
of the part and a G42 code if to the right of the part, as shown in Fig. 8. A G40 code cancels 
cutter compensation. Cutter compensation with earlier hardwire systems was expensive, 
very limited, and usually held to ±0.0999 inch. The range for cutter compensation with 
CNC control systems can go as high as ±999.9999 inches, although adjustments of this 
magnitude are unlikely to be required.

Fig. 9. 

Linear Interpolation.— The ability of the control system to guide the workpiece along a 
straight-line path at an angle to the slide movements is called linear interpolation. Move-

Fig. 7. Fig. 8. 



CNC 3175

ments of the slides are controlled through simultaneous monitoring of pulses by the control 
system. For example, if monitoring of the pulses for the X-axis of a milling machine is at 
the same rate as for the Y-axis, the cutting tool will move at a 45-degree angle relative to the 
X-axis. However, if the pulses are monitored at twice the rate for the X-axis as for the Y-
axis, the angle that the line of travel will make with the X-axis will be 26.57 degrees (tan-
gent of 26.57 degrees = 1⁄2), as shown in Fig. 9. The data required are the distances traveled 
in the X- and Y-directions, and from these data, the control system will generate the straight 
line automatically. This monitoring concept also holds for linear motions along three axes. 
The required G-code for linear interpolation blocks is G01. The code is modal, which 
means that it will hold for succeeding blocks until it is changed.
Circular Interpolation.— A simplified means of programming circular arcs in one plane, 
using one block of data, is called circular interpolation. This procedure eliminates the need 
to break the arc into straight-line segments. Circular interpolation is usually handled in one 
plane, or two dimensions, although three-dimensional circular interpolation is described in 
the Standards. The plane to be used is selected by a G or preparatory code. In Fig. 10, G17 
is used if the circle is to be formed in the X−Y plane,

 

G18 if in the X−Z plane, and G19 if in the Y−Z plane. Often the control system is preset for 
the circular interpolation feature to operate in only one plane (e.g., the X−Y plane for mill-
ing machines or machining centers or the X−Z plane for lathes), and for these machines, the 
G-codes are not necessary.

A circular arc may be described in several ways. Originally, the RS-274 Standard speci-
fied that, with incremental programming, the block should contain:

1) A G-code describing the direction of the arc, G02 for clockwise (CW), and G03 for 
counterclockwise (CCW).

2) Directions for the component movements around the arc parallel to the axes. In the 
example shown in Fig. 11, the directions are X = +1.1 inches and Y = +1.0 inch. The signs 
are determined by the direction in which the arc is being generated. Here, both X and Y are 
positive.

3) The I dimension, which is parallel to the X-axis with a value of 1.3 inches, and the J 
dimension, which is parallel to the Y-axis with a value of 0.3 inch. These values, which 
locate point A with reference to the center of the arc, are called offset dimensions. The 
block for this work would appear as follows:

N0025 G02 X011000 Y010000 I013000 J003000
(The sequence number, N0025, is arbitrary.)

The block would also contain the plane selection (i.e., G17, G18, or G19), if this selection 
is not preset in the system. Most of the newer control systems allow duplicate words in the 

Fig. 10. Fig. 11. 
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same block, but most of the older systems do not. In these older systems, it is necessary to 
insert the plane selection code in a separate and prior block, for example, N0020 G17.

Another stipulation in the Standard is that the arc is limited to one quadrant. Therefore, 
four blocks would be required to complete a circle. Four blocks would also be required to 
complete the arc shown in Fig. 12, which extends into all four quadrants.

When utilizing absolute programming, the coordinates of the end point are described. 
Again from Fig. 11, the block, expressed in absolute coordinates, appears as:

N0055 G02 X01800 Y019000 I013000 J003000
where the arc is continued from a previous block; the starting point for the arc in this block 
would be the end point of the previous block.

The Standard still contains the format discussed, but simpler alternatives have been 
developed. The latest version of the Standard (RS-274-D) allows multiple quadrant pro-
gramming in one block, by inclusion of a G75 word. In the absolute-dimension mode 
(G90), the coordinates of the arc center are specified. In the incremental-dimension mode 
(G91), the signed (plus or minus) incremental distances from the beginning point of the arc 
to the arc center are given. Most system builders have introduced some variations on this 
format. One system builder utilizes the center and the end point of the arc when in an abso-
lute mode, and might describe the block for going from A to B in Fig. 13 as:

N0065 G75 G02 X2.5 Y0.7 I2.2 J1.6
The I and the J words are used to describe the coordinates of the arc center. Decimal-point 

programming is also used here. A block for the same motion when programmed incremen-
tally might appear as:

N0075 G75 G02 X1.1 Y − 1.6 I0.7 J0.7
This approach is more in conformance with the RS-274-D Standard in that the X and Y

values describe the displacement between the starting and ending points (points A and B), 
and the I and J indicate the offsets of the starting point from the center. Another and even 
more convenient way of formulating a circular motion block is to note the coordinates of 
the ending point and the radius of the arc. Using absolute programming, the block for the 
motion in Fig. 13 might appear as:

N0085 G75 G02 X2.5 Y0.7 R10.0
The starting point is derived from the previous motion block. Multiquadrant circular 

interpolation is canceled by a G74 code.
Helical and Parabolic Interpolation.— Helical interpolation is used primarily for mill-
ing large threads and lubrication grooves, as shown in Fig. 14. Generally, helical interpo-
lation involves motion in all three axes (X, Y, Z) and is accomplished by using circular 

Fig. 12. Fig. 13. 
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interpolation (G02 or G03) while changing the third dimension. Parabolic interpolation 
(G06) is simultaneous and coordinated control of motion-such that the resulting cutter path 
describes part of a parabola. The RS-274-D Standard provides further details.

Subroutine.—A subroutine is a set of instructions or blocks that can be inserted into a pro-
gram and repeated whenever required. Parametric subroutines permit letters or symbols to 
be inserted into the program in place of numerical values (see Parametric Expressions and 
Macros). Parametric subroutines can be called during part programming and values 
assigned to the letters or symbols. This facility is particularly helpful when dealing with 
families of parts.

A subprogram is similar to a subroutine except that a subprogram is not wholly contained 
within another program, as is a subroutine. Subprograms are used when it is necessary to 
perform the same task frequently, in different programs. The advantage of subprograms 
over subroutines is that subprograms may be called by any other program, whereas the sub-
routine can only be called by the program that contains the subroutine.

There is no standard subroutine format; however, the example below is typical of a pro-
gram that might be used for milling the three pockets shown in Fig. 15. In the example, the 
beginning and end of the subroutine are indicated by the codes M92 and M93, respectively, 
and M94 is the code that is used to call the subroutine. The codes M92, M93, and M94 are 
not standardized (M-codes M90 through M99 are reserved for the user) and may be differ-
ent from control system to control system. The subroutine functions may use different 
codes or may not be available at all on other systems.
N0010 G00 X.6 Y.85 Cutter is moved at a rapid traverse rate to a position 

over the corner of the first pocket to be cut.

N0020 M92 Tells the system that the subroutine is to start in the 
next block.

N0030 G01 Z−.25 F2.0 Cutter is moved axially into the workpiece 0.25 inch 
at 2.0 ipm.

N0040 X.8 Cutter is moved to the right 0.8 inch.

N0050 Y.2 Cutter is moved laterally up 0.2 inch.

N0060 X−.8 Cutter is moved to the left 0.8 inch.

N0070 Y.2 Cutter is moved laterally up 0.2 inch.

Fig. 14. Fig. 15. 
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Parametric Expressions and Macros.— Parametric programming is a method whereby 
a variable or replaceable parameter representing a value is placed in the machining code 
instead of using the actual value. In this manner, a section of code can be used several or 
many times with different numerical values, thereby simplifying the programming and 
reducing the size of the program. For example, if the values of X and Y in lines N0040 to 
N0080 of the previous example are replaced as follows:

N0040 X#1

N0050 Y#2

N0060 X#3

N0070 Y#4

then the subroutine starting at line N0030 is a parametric subroutine. That is, the numbers 
following the # signs are the variables or parameters that will be replaced with actual val-
ues when the program is run. In this example, the effect of the program changes is to allow 
the same group of code to be used for milling pockets of different sizes. If on the other 
hand, lines N0010, N0100, and N0120 of the original example were changed in a similar 
manner, the effect would be to move the starting location of each of the slots to the location 
specified by the replaceable parameters.

Before the program is run, the values that are to be assigned to each of the parameters or 
variables are entered as a list at the start of the part program in this manner:

#1 = .8

#2 = .2

#3 = .8

#4 = .2

All that is required to repeat the same milling process again, but this time creating a differ-
ent size pocket, is to change the values assigned to each of the parameters #1, #2, #3, and #4 
as necessary. Techniques for using parametric programming are not standardized and are 
not recognized by all control systems. For this reason, consult the programming manual of 
the particular system for specific details.

N0080 X.8 Cutter is moved to the right 0.8 inch.

N0090 G00 Z.25 M93 Cutter is moved axially out of pocket at rapid traverse 
rate. Last block of subroutine is signaled by word 
M93.

N0100 X.75 Y.5 Cutter is moved to bottom left-hand corner of second 
pocket at rapid traverse rate.

N0110 M94 N0030 Word M94 calls for repetition of the subroutine that 
starts at sequence number N0030 and ends at 
sequence number N0090.

N0120 G00 X.2 Y−I.3 After the second pocket is cut by repetition of 
sequence numbers N0030 through N0090, the cutter 
is moved to start the third pocket.

N0130 M94 N0030 Repetition of subroutine is called for by word M94 
and the third pocket is cut.
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As with a parametric subroutine, macro describes a type of program that can be recalled 
to allow insertion of finite values for letter variables. The difference between a macro and 
a parametric subroutine is minor. The term macro normally applies toa source program 
that is used with computer-assisted part programming; the parametric subroutine is a fea-
ture of the CNC system and can be input directly into that system.
Conditional Expressions.— It is often useful for a program to make a choice between two 
or more options, depending on whether or not a certain condition exists. A program can 
contain one or more blocks of code that are not needed every time the program is run, but 
are needed some of the time. For example, refer to the previous program for milling three 
slots. An occasion arises that requires that the first and third slots be milled, but not the sec-
ond one. If the program contained the following block of code, the machine could be easily 
instructed to skip the milling of the second slot:

N0095 IF [#5 EQ 0] GO TO N0120
In this block, #5 is the name of a variable; EQ is a conditional expression meaning equals;
and GO TO is a branch statement meaning resume execution of the program at the follow-
ing line number. The block causes steps N0100 and N0110 of the program to be skipped if 
the value of #5 (a dummy variable) is set equal to zero. If the value assigned to #5 is any 
number other than zero, the expression (#5 EQ 0) is not true and the remaining instructions 
in block N0095 are not executed. Program execution continues with the next step, N0100, 
and the second pocket is milled. For the second pocket to be milled, parameter #5 is initial-
ized at the beginning of the program with a statement such as #5 = 1 or #5 = 2. Initializing 
#5 = 0 guarantees that the pocket is not machined. On control systems that automatically 
initialize all variables to zero whenever the system is reset or a program is loaded, the sec-
ond slot will not be machined unless the #5 is assigned a nonzero value each time the pro-
gram is run.

Other conditional expressions are: NE = not equal to; GT = greater than; LT = less than; 
GE = greater than or equal to; and LE = less than or equal to. As with parametric expres-
sions, conditional expressions may not be featured on all machines and techniques and 
implementation will vary. Therefore, consult the control system programming manual for 
the specific command syntax.

Fixed (Canned) Cycles.— Fixed (canned) cycles comprise sets of instructions providing 
for a preset sequence of events initiated by a single command or a block of data. Fixed 
cycles generally are offered by the builder of the control system or machine tool as part of 
the software package that accompanies the CNC system. Limited numbers of canned 
cycles began to appear on hardwire control systems shortly before their demise. The 
canned cycles offered generally consist of the standard G-codes covering driling, boring, 
and tapping operations, plus options that have been developed by the system builder such 
as thread cutting and turning cycles. (See Thread Cutting and Turning Cycles.) Some stan-
dard canned cycles included in RS-274-D are shown herewith. A block of data that might 
be used to generate the cycle functions is also shown above each illustration. Although the 
G-codes for the functions are standardized, the other words in the block and the block for-
mat are not, and different control system builders have different arrangements. The blocks 
shown are reasonable examples of fixed cycles and do not represent those of any particular 
system builder.
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The G81 block for a simple drilling cycle is:

N_____ G81 X_____Y_____C_____D_____F_____EOB

N_____X_____Y_____EOB

This G81 drilling cycle will move the drill point from position A to position B and then 
down to C at a rapid traverse rate; the drill point will next be fed from C to D at the pro-
grammed feed rate, then returned to C at the rapid traverse rate. If the cycle is to be repeated 
at a subsequent point, such as point E in the illustration, it is necessary Only to give the 
required X and Y coordinates. This repetition capability is typical of canned cycles.

The G82 block for a spotfacing or drilling cycle with a dwell is:
N_____G82 X_____Y_____C_____D_____T_____F_____EOB

This G82 code produces a cycle that is very similar to the cycle of the G81 code except for 
the dwell period at point D. The dwell period allows the tool to smooth out the bottom of 
the counterbore or spotface. The time for the dwell, in seconds, is noted as a T-word.

The G83 block for a peck-drilling cyle is:
N_____G83 X_____Y_____C_____D_____K_____F_____EOB

In the G83 peck-drilling cycle, the drill is moved from point A to point B and then to point 
C at the rapid traverse rate; the drill is then fed the incremental distance K, followed by 
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rapid return to C. Down feed again at the rapid traverse rate through the distance K is next, 
after which the drill is fed another distance K. The drill is thenrapid traversed back to C, 
followed by rapid traverse for a distance of K + K; down feed to D follows before the drill 
is rapid traversed back to C, to end the cycle.

The G84 block for a tapping cycle is:
N_____G84 X_____Y_____C_____D_____F_____EOB

The G84 canned tapping cycle starts with the end of the tap being moved from point A to 
point B and then to point C at the rapid traverse rate. The tap is then fed to point D, reversed, 
and moved back to point C.

The G85 block for a boring cycle with tool retraction at the feed rate is:
N_____G85 X_____Y_____C_____D_____F_____EOB

In the G85 boring cycle, the tool is moved from point A to point B and then to point C at 
the rapid traverse rate. The tool is next fed to point D and then, while still rotating, is moved 
back to point C at the same feed rate.

The G86 block for a boring cycle with rapid traverse retraction is:
N_____G86 X_____Y_____C_____D_____F_____EOB

The G86 boring cycle is similar to the G85 cycle except that the tool is withdrawn at the 
rapid traverse rate.
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The G87 block for a boring cycle with manual withdrawal of the tool is:

N_____G87 X_____Y_____C_____D_____F_____EOB

In the G87 canned boring cycle, the cutting tool is moved from A to B and then to C at the 
rapid traverse rate. The tool is then fed to D. The cycle is identical to the other boring cycles 
except that the tool is withdrawn manually.

The G88 block for a boring cycle with dwell and manual withdrawal is:

N_____G88 X_____Y_____C_____D_____T_____F_____EOB

In the G88 dwell cycle, the tool is moved from A to B to C at the rapid traverse rate and 
then fed at the prescribed feed rate to D. The tool dwells at D, then stops rotating and is 
withdrawn manually.

The G89 block for a boring cycle with dwell and withdrawal at the feed rate is:

N_____G89 X_____Y_____C_____D_____T_____F_____EOB
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Fig. 16. 

Turning Cycles.— Canned turning cycles are available from most system builders and are 
designed to allow the programmer to describe a complete turning operation in one or a few 
blocks. There is no standard for this type of operation, so a wide variety of programs have 
developed. Fig. 16 shows a hypothetical sequence in which the cutter is moved from the 
start point to depth for the first pass. If incremental programming is in effect, this distance 
is specified as D1. The depths of the other cuts will also be programmed as D2, D3, and so 
on. The length of the cut will be set by the W-word, and will remain the same with each 
pass. The preparatory word that calls for the roughing cycle is G77. The roughing feed rate 
is 0.03 ipr (inch per revolution), and the finishing feed rate (last pass) is 0.005 ipr. The 
block appears as follows:

N0054 G77 W = 3.1 D1 = .4 D2 = .3 D3 = .3 D4 = .1 F1 = .03 F2 = .005

Thread Cutting.— Most NC lathes can produce a variety of thread types including con-
stant-lead threads, variable-lead threads (increasing), variable-lead threads (decreasing), 
multiple threads, taper threads, threads running parallel to the spindle axis, threads (spiral 
groove) perpendicular to the spindle axis, and threads containing a combination of the pre-
ceding. Instead of the feed rate, the lead is specified in the threading instruction block, so 
that the feed rate is made consistent with, and dependent upon, the selected speed (rpm) of 
the spindle.

The thread lead is generally noted by either an I- or a K-word. The I-word is used if the 
thread is parallel to the X-axis and the K-word if the thread is parallel to the Z-axis, the latter 
being by far the most common. The G-word for a constant-lead thread is G33, for an 
increasing variable-lead thread is G34, and for a decreasing variable-lead thread is G35. 
Taper threads are obtained by noting the X- and Z-coordinates of the beginning and end 
points of the thread if the G90 code is in effect (absolute programming), or the incremental 
movement from the beginning point to the end point of the thread if the G91 code (incre-
mental programming) is in effect.

N0001 G91 (Incremental programming)
N0002 G00 X−.1000 (Rapid traverse to depth)
N0003 G33 Z−1.0000 K.0625 (Produce a thread with a constant lead of 

0.625 inch)
N0004 G00 X.1000 (Withdraw at rapid traverse)
N0005 Z1.0000 (Move back to start point)
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Multiple threads are specified by a code in the block that spaces the start of the threads 
equally around the cylinder being threaded. For example, if a triple thread is to be cut, the 
threads will start 120 degrees apart. Typical single-block thread cutting utilizing a plunge 
cut is illustrated in Fig. 17 and shows two passes. The passes areidentical except for the dis-
tance of the plunge cut. Builders of control systems and machine tools use different code-
words for threading, but those shown below can be considered typical. For clarity, both 
zeros and decimal points are shown.

The only changes in the second pass are the depth of the plunge cut and the withdrawal. 
The blocks will appear as follows:

N0006 X − .1050
N0007 G33 Z − 1.0000 K.0625
N0008 G00 X.1050
N0009 Z1.000
Compound thread cutting, rather than straight plunge thread cutting, is possible also, and 

is usually used on harder materials. As illustrated in Fig. 18, the starting point for the thread 
is moved laterally in the -Z direction by an amount equal to the depth of the cut times the 
tangent of an angle that is slightly less than 30 degrees. The program for the second pass of 
the example shown in Fig. 18 is as follows:

N0006 X − .1050 Z − .0028
N0007 G33 Z − 1.0000 K.0625
N0008 G00 X.1050
N0009 Z1.0000
Fixed (canned), one-block cycles also have been developed for CNC systems to produce 

the passes needed to complete a thread. These cycles may be offered by the builder of the 
control system or machine tool as standard or optional features. Subroutines also can gen-
erally be prepared by the user to accomplish the same purpose (see Subroutine). A one-
block fixed threading cycle might look something like:

N0048 G98 X − .2000 Z − 1.0000 D.0050 F.0010
where G 98 = preparatory code for the threading cycle

X− .2000 = total distance from the starting point to the bottom of the thread
Z− 1.0000 = length of the thread

D.0050 = depths of successive cuts
F.0010 = depth(s) of the finish cut(s)

APT Programming

APT.—APT stands for Automatically Programmed Tool and is one of many computer 
languages designed for use with NC machine tools. The selection of a computer-assisted 
part-programming language depends on the type and complexity of the parts being 
machined more than on any other factor. Although some of the other languages may be 
easier to use, APT has been chosen to be covered in this book because it is a nonproprietary 

Fig. 17. Fig. 18. 
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language in the public domain, has the broadest range of capability, and is one of the most 
advanced and universally accepted NC programming languages available. APT (or a vari-
ation thereof) is also one of the languages that is output by many computer programs that 
produce CNC part programs directly from drawings produced with CAD systems.

APT is suitable for use in programming part geometry from simple to exceptionally com-
plex shapes. APT was originally designed and used on mainframe computers, however, it 
is now available, in many forms, on mini- and microcomputers as well. APT has also been 
adopted as ANSI Standard X3.37and by the International Organization for Standardiza-
tion (ISO) as a standardized language for NC programming. APT is a very dynamic pro-
gram and is continually being updated. APT is being used as a processor for part-
programming graphic systems, some of which have the capability of producing an APT 
program from a graphic screen display or CAD drawing and of producing a graphic display 
on the CAD system from an APT program.

APT is a high-level programming language. One difference between APT and the 
ANSI/EIA RS-274-D (G-codes) programming format discussed in the last section is that 
APT uses English like words and expressions to describe the motion of the tool or work-
piece. APT has the capability of programming the machining of parts in up to five axes, and 
also allows computations and variables to be included in the programming statements so 
that a whole family of similar parts can be programmed easily. This section describes the 
general capabilities of the APT language and includes a ready reference guide to the basic 
geometry and motion statements of APT, which is suitable for use in programming the 
machining of the majority of cubic type parts involving two-dimensional movements. 
Some of the three-dimensional geometry capability of APT and a description of its five-
dimensional capability are also included.

As shown above, the APT system can be thought of comprising the input program, the 
five sections 0 through IV, and the output program. The input program shown on the left 
progresses through the first four sections and all four are controlled by the fifth, section 0. 
Section IV, the postprocessor, is the software package that is added to sections II and III to 
customize the output and produce the necessary program format (including the G-words, 
M-words, etc.) so that the coded instructions will be recognizable by the control system. 
The postprocessor is software that is separate from the main body of the APT program, but 
for purposes of discussion, it may be easier to consider it as a unit within the APT program.

Section 0
Controls the information flow

PARTNO XXXX Section 1 Section 2 Section 3 Section 4

MACHIN/XXXX Converts 
English-like 
part program 
into computer 
language. Also 
checks for syn-
tax errors in the 
part program.

Heart of APT 
system. Performs 
geometry calcu-
lations. Output is 
center-line path 
of cutter or cutter 
location (CLC), 
described as 
coordinate
points.

Handles
redundant
operations and 
axis shifts.

Converts to the 
block data and 
format required 
by the machine 
tool/system 
combination.
Referred to as a 
postprocessor.

CUTTER/ .25
FROM/P1
 ((  ))
 ))  ((
FINI

Tape output or 
direct to machine 
control system via 
DNC
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APT Computational Statements.— Algebraic and trigonometric functions and compu-
tations can be performed with the APT system as follows:

Computations may be used in the APT system in two ways. One way is to let a factor 
equal the computation and then substitute the factor in a statement; the other is to put the 
computation directly into the statement. The following is a series of APT statements illus-
trating the first approach.

P1 = POINT/0,0,1
T = (25*2 ⁄ 3 + (3**2 − 1))

P2 = POINT/T,0,0
The second way would be as follows;

P1 = POINT/0,0,1
P2 = POINT/(25*2 ⁄ 3 + (3**2 − 1)),0,0

Note: The parentheses have been used as they would be in an algebraic formula so that 
the calculations will be carried out in proper sequence. The operations within the inner 
parentheses would be carried out first. It is important for the total number of left-hand 
parentheses to equal the total number of right-hand parentheses; otherwise, the program 
will fail.

APT Geometry Statements.— Before movements around the geometry of a part can be 
described, the geometry must be defined. For example, in the statement GOTO/P1, the 
computer must know where P1 is located before the statement can be effective. P1 there-
fore must be described in a geometry statement, prior to its use in the motion statement 
GOTO/P1. The simplest and most direct geometry statement for a point is

P1 = POINT/X ordinate, Y ordinate, Z ordinate
If the Z ordinate is zero and the point lies on the X−Y plane, the Z location need not be 

noted. There are other ways of defining the position of a point, such as at the intersection of 
two lines or where a line is tangent to a circular arc. These alternatives are described below, 
together with ways to define lines and circles. Referring to the preceding statement, P1 is 
known as a symbol. Any combination of letters and numbers may be used as a symbol pro-
viding the total does not exceed six characters and at least one of them is a letter. MOUSE2 
would be an acceptable symbol, as would CAT3 or FRISBE. However, it is sensible to use 
symbols that help define the geometry. For example, C1 or CIR3 would be good symbols 
for a circle. A good symbol for a vertical line would be VL5.

Next, and after the equal sign, the particular geometry is noted. Here, it is a POINT. This 
word is a vocabulary word and must be spelled exactly as prescribed. Throughout, the 
designers of APT have tried to use words that are as close to English as possible. A slash 
follows the vocabulary word and is followed by a specific description of the particular 
geometry, such as the coordinates of the point P1. A usable statement for P1 might appear 
as P1 = POINT/1,5,4. The 1 would be the X ordinate; the 5, the Y ordinate; and the 4, the Z
ordinate.

Lines as calculated by the computer are infinitely long, and circles consist of 360 
degrees. As the cutter is moved about the geometry under control of the motion statements, 
the lengths of the lines and the amounts of the arcs are “cut” to their proper size. (Some of 
the geometry statements shown in the accompanying illustrations for defining POINTS, 
LINES, CIRCLES, TABULATED CYLINDERS, CYLINDERS, CONES, and 
SPHERES, in the APT language, may not be included in some two-dimensional [ADAPT] 
systems.)

Arithmetic Form APT Form Arithmetic Form APT Form Arithmetic Form APT Form
25 × 25 25*25 252 25**2 cos θ COSF(θ)
25 ÷ 25 25 ⁄ 25 25n 25**n tan θ TANF(θ)
25 + 25 25 + 25 √25 SQRTF (25) arctan .5000 ATANF(.5)
25 − 25 25 − 25 sin θ SINF(θ)



CNC 3187

Points
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Lines
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P2 and P3 are points close to the tangent points 
of L1 and the intersection point of L2, therefore 
cannot be end points of the tabulated cylinder

Lines
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Circles
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Circles

APT Motion Statements.— APT is based on the concept that a milling cutter is guided by 
two surfaces when in a contouring mode. Examples of these surfaces are shown in Fig. 1,
and they are called the “part” and the “drive” surfaces. Usually, the partsurface guides the 
bottom of the cutter and the drive surface guides the side of the cutter. These surfaces may 
or may not be actual surfaces on the part, and although they may be imaginary to the part 
programmer, they are very real to the computer. The cutter is either stopped or redirected 
by a third surface called a check surface. If one were to look directly down on these sur-
faces, they would appear as lines, as shown in Figs. 2a through  2c.

Fig. 1. Contouring Mode Surfaces

When the cutter is moving toward the check surface, it may move to it, onto it, or past it, 
as illustrated in Fig. 2a. When the cutter meets the check surface, it may go right, denoted 
by the APT command GORGT, or go left, denoted by the command GOLFT, in Fig. 2b.
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Alternatively, the cutter may go forward, instructed by the command GOFWD, as in Fig.
2c. The command GOFWD is used when the cutter is moving either onto or off a tangent 
circular arc. These code instructions are part of what are called motion commands. Fig. 3
shows a cutter moving along a drive surface, L1, toward a check surface, L2. When it 
arrives at L2, the cutter will make a right turn and move along L2 and past the new check 
surface L3. Note that L2 changes from a check surface to a drive surface the moment the 
cutter begins to move along it. The APT motion statement for this move is:

GORGT/L2,PAST,L3

Contouring Cutter Movements

Fig. 3. Motion Statements for Movements Around a Workpiece

Still referring to Fig. 3, the cutter moves along L3 until it comes to L4. L3 now becomes 
the drive surface and L4 the check surface. The APT statement is:

GORGT/L3,TO,L4
The next statement is:

GOLFT/L4,TANTO,C1
Even though the cutter is moving to the right, it makes a left turn if one is looking in the 

direction of travel of the cutter. In writing the motion statements, the part programmers 
must imagine they are steering the cutter. The drive surface now becomes L4 and the check 
surface, C1. The next statement will therefore be:

GOFWD/C1,TANTO,L5
This movement could continue indefinitely, with the cutter being guided by the drive, 

part, and check surfaces.
Start-Up Statements: For the cutter to move along them, it must first be brought into con-

tact with the three guiding surfaces by means of a start-up statement. There are three differ-
ent start-up statements, depending on how many surfaces are involved.

A three-surface start-up statement is one in which the cutter is moved to the drive, part, 
and check surfaces, as seen in Fig. 4a. A two-surface start-up is one in which the cutter is 

Fig. 2a. Fig. 2b. Fig. 2c. 
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moved to the drive and part surfaces, as in Fig. 4b. A one-surface start-up is one in which 
the cutter is moved to the drive surface and the X−Y plane, where Z = 0, as in Fig. 4c. With 
the two- and one-surface start-up statements, the cutter moves in the most direct path, or 
perpendicular to the surfaces. Referring to Fig. 4a(three-surface start-up), the move is ini-
tiated from a point P1. The two statements that will move the cutter from P1 to the three 
surfaces are:

FROM/P1
 GO/TO,DS,TO,PS,TO,CS

Circles
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DS is used as the symbol for the Drive Surface; PS as the symbol for the Part Surface; and 
CS as the symbol for the Check Surface. The surfaces must be denoted in this sequence. 
The drive surface is the surface that the cutter will move along after coming in contact with 
the three surfaces. The two statements applicable to the two-surface start-up (Fig. 4b) are:

FROM/P1
GO/TO,DS,TO,PS

The one-surface start-up (Fig. 4c) is:

FROM/P1
GO/TO,DS

Planes

Cutter Movement Surfaces

Fig. 4a. Fig. 4b. Fig. 4c. 
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Tabulated Cylinder

3-D Geometry

A cone is defined by its vertex, its axis as a unit 
vector, and the half angle (refer to cylinder for an 
example of a vector statement)

CON1 = CONE/P1,V1,45

A sphere is defined by the center and the radius
SP1 = SPHERE/P1, RADIUS, 2.5
or
SP1 = SPHERE/5, 5, 3, 2.5 (where 5, 5, and 3 

are the X, Y, and Z coordinates or P1, and 2.5 is 
the radius)
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Fig. 5. A Completed Two-Surface Start-Up

Note that, in all three motion statements, the slash mark (/) lies between the GO and the 
TO. When the cutter is moving to a point rather than to surfaces, such as in a start-up, the 
statement is GOTO/ rather than GO/TO. A two-surface start-up, Fig. 3, when completed, 
might appear as shown in Fig. 5, which includes the motion statements needed. The motion 
statements, as they would appear in a part program, are shown at the left, below:

GOTO statements can move the cutter throughout the range of the machine, as shown in 
Fig. 6. APT statements for such movements are shown at the right in the preceding exam-
ple. The cutter may also be moved incrementally, as shown in Fig. 7. Here, the cutter is to 
move 2 inches in the + X direction, 1 inch in the + Y direction, and 1.5 inches in the + Z
direction. The incremental move statement (indicated by DLTA) is:

GODLTA/2,1,1.5
The first position after the slash is the X movement; the second the Y movement, and the 

third, the Z movement.
Five-Axis Machining: Machining on five axes is achieved by causing the APT program 

to generate automatically a unit vector that is normal to the surface being machined, as 
shown in Fig. 8. The vector would be described by its X, Y, and Z components. These com-
ponents, along with the X, Y, and Z coordinate positions of the tool tip, are fed into the post-
processor, which determines the locations and angles for the machine tool head and/or 
table.
APT Postprocessor Statements.— Statements that refer to the operation of the machine 
rather than to the geometry of the part or the motion of the cutter about the part are called 
postprocessor statements. APT postprocessor statements have been standardized interna-
tionally. Some common statements and an explanation of their meaning follow:

FROM/P1 FROM/P1
GO/TO,L1,TO,PS GOTO/P2
GORGT/L1,TO,L2 GOTO/P3
GORGT/L2,PAST,L3 GOTO/P4
GORGT/L3,TO,L4 GOTO/P5
GOLFT/L4,TANTO,C1 GOTO/P6
GOFWD/C1,TANTO,L5 GOTO/P7
GOFWD/L5,PAST,L1
GOTO/P2
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MACHIN/ Specifies the postprocessor that is to be used. Every postprocessor has an 
identity code, and this code must follow the slash mark (/).  For example: 
MACHIN/LATH,82

FEDRATE/ Denotes the feed rate. If in inches per minute (ipm), only the number

need be shown. If in inches per revolution (ipr), IPR must be shown, for example: FED-
RAT/.005,IPR
RAPID Means rapid traverse and applies only to the statement that immediately follows it
SPINDL/ Refers to spindle speed. If in revolutions per minute (rpm), only the number need 
be shown. If in surface feet per minute (sfm), the letters SFM need to be shown, for exam-
ple: SPINDL/ 100SFM
COOLNT/ Means cutt ing fluid and can be subdivided into:  COOLNT/ON, 
COOLNT/MIST, COOLNT/FLOOD, COOLNT/OFF
TURRET/ Used to call for a selected tool or turret position
CYCLE/ Specifies a cycle operation such as a drilling or boring cycle. An example of a 
drilling cycle is: CYCLE/DRILL,RAPTO,.45,FEDTO,0,IPR,.004. The next statement 
might be GOTO/PI and the drill will then move to P1 and perform the cycle operation. The 
cycle will repeat until the CYCLE/OFF statement is read

Fig. 6. A Series of GOTO Statements Fig. 7. Incremental Cutter Movements

Fig. 8. Five-Axis Machining
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END Stops the machine but does not turn off the control system

APT Example Program.— A dimensioned drawing of a part and a drawing with the sym-
bols for the geometry elements are shown in Fig. 9. A complete APT program for this part, 
starting with the statement PARTNO 47F36542 and ending with FINI, is shown at the left 
below.

The numbers at the left of the statements are for reference purposes only, and are not part 
of the program. The cutter is set initially at a point represented by the symbol SP, having 
coordinates X = −0.5, Y = −0.5, Z = 0.75, and moves to L1 (extended) with a one-surface 
start-up so that the bottom of the cutter rests on the X−Y plane. The cutter then moves coun-
terclockwise around the part, past L1 (extended), and returns to SP. The coordinates of P1 
are X = 0, Y = 0, and Z = 1.

Fig. 9. Symbols for Geometrical Elements

(1) PARTNO (1) PARTNO
(2) CUTTER/.25 (2) CUTTER/.25
(3) FEDRAT/5 (3) FEDRAT/5
(4) SP = POINT/−.5, −.5, .75 (4) SP = POINT/−.5, −.5, .75
(5) P1 = POINT/0, 0, 1 (5) P1 = POINT/0, 0, 1
(6) L1 = LINE/P1, ATANGL, 0 (6) L1 = LINE/P1, ATANGL, 0
(7) C1 = CIRCLE/(1.700 + 1.250), 

.250, .250
(7) C1 = CIRCLE/(1.700 + 1.250), .250, .250

(8) C2 = CIRCLE/1.700, 1.950, .5 (8) C2 = CIRCLE/1.700, 1.950, .5
(9) L2 = LINE/RIGHT, TANTO, C1, 

RIGHT, TANTO, C2
(9) L2 = LINE/RIGHT, TANTO, C1, RIGHT, 

TANTO, C2
(10) L3 = LINE/P1, LEFT, TANTO, C2 (10) L3 = LINE/P1, LEFT, TANTO, C2
(11) FROM/SP (11) FROM/SP
(12) GO/TO, L1 (12) FRO

M
−.500 −.5000 .7500

(13) GORGT/L1, TANTO, C1 (13) GO/TO/, L1
(14) GOFWD/C1, TANTO, L2 (14) GT −.5000 −.1250 .0000
(15) GOFWD/L2, TANTO, C2 (15) GORGT/L1, TANTO, C1
(16) GOFWD/C2, TANTO, L3 (16) GT 2.9500 −.1250 .0000
(17) GOFWD/L3, PAST, L1 (17) GOFWD/C1, TANTO, L2
(18) GOTO/SP (18) CIR 2.9500 .2500 .3750 CCLW
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Referring to the numbers at the left of the program:

(1) PARTNO must begin every program. Any identification can follow.

(2) The diameter of the cutter is specified. Here it is 0.25 inch.

(3) The feed rate is given as 5 inches per minute, which is contained in a postprocessor 
statement.

(4)-(10) Geometry statements.

(11)-(18) Motion statements.

(19) All APT programs end with FINI.

A computer printout from section II of the APT program is shown at the right, above. 
This program was run on a desktop personal computer. Lines (1) through (10) repeat the 
geometry statements from the original program. The motion statements are also repeated, 
and below each motion statement are shown the X, Y, and Z coordinates of the end points of 
the center-line (CL) movements for the cutter. Two lines of data follow those for the circu-
l a r  movemen t s .  Fo r  example ,  L ine  (18 ) ,  wh ich  fo l l ows  L ine  (17 ) ,  
GOFWD/C1,TANTO,L2, describes the X coordinate of the center of the arc, 2.9500, the Y
coordinate of the center of the arc, 0.2500, and the radius of the arc required to be traversed 
by the cutter.

This radius is that of the arc shown on the part print, plus the radius of the cutter (0.2500 
+ 0.1250 = 0.3750). Line (18) also shows that the cutter is traveling in a counterclockwise 
(CCLW) motion. A circular motion is described in Lines (22), (23), and (24). Finally, the 
cutter is directed to return to the starting point, SP, and this command is noted in Line (27). 
The X, Y, and Z coordinates of SP are shown in Line (28).

APT for Turning.— In its basic form, APT is not a good program for turning. Although 
APT is probably the most suitable program for three-, four-, and five-axis machining, it is 
awkward for the simple two-axis geometry required for lathe operations. To overcome this 
problem, preprocessors have been developed especially for lathe part programming. The 
statements in the lathe program are automatically converted to basic APT statements in the 
computer and processed by the regular APT processor. An example of a lathe program, 
based on the APT processor and made available by the McDonnell Douglas Automation 
Co., is shown below. The numbers in parentheses are not part of the program, but are used 
only for reference. Fig. 10 shows the general set-up for the part, and Fig. 11 shows an 
enlarged view of the part profile with dimensions expressed along what would be the X-
and Y-axes on the part print.

(19) FINI (19) 3.2763 .4348 .0000
(20) GOFWD/L2, TANTO, C2
(21) GT 2.2439 2.2580 .0000
(22) GOFWD/C2, TANTO, L3
(23) CIR 1.700 1.9500 .6250 CCLW
(24) 1.1584 2.2619 .0000
(25) GOFWD/L3, PAST, L1
(26) GT −.2162 −.1250 .0000
(27) GOTO/SP
(28) GT −.5000 −.5000 .7500
(29) FINI
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Fig. 10. Setup for APT Turning

Fig. 11. 

(1) PARTNO LATHE EXAMPLE
(2) MACHIN/MODEL LATHE
(3) T1 = TOOL/FACE, 1, XOFF, −1, YOFF, −6, RADIUS, .031
(4) BLANK1 = SHAPE/FACE, 3.5, TURN, 2
(5) PART1 = SHAPE/FACE, 3.5, TAPER, 3.5, .5, ATANGL, − 45, TURN, 1,$

FILLET, .25 FACE, 1.5 TURN, 2
(6) FROM/(20-1), (15-6)
(7) LATHE/ROUGH, BLANK1, PART1, STEP, .1, STOCK, .05,$

SFM, 300, IPR, .01, T1
(8) LATHE/FINISH, PART1, SFM, 400, IPR, .005, T1
(9) END
(10) FINI

Next Page
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party Licensors pursuant to this limited warranty shall be limited to replacement of the
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incidental or consequential damages, including but not limited to loss of use, loss of profits,
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Industrial Press or third party Licensors have been advised of the possibility of such
damages. Industrial Press makes no representation or warranty that the results obtained
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      calculating dimensions of 162 

      specifying on drawings 162 

J 

Jarno taper, determining  
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Machine tool spindle tapers 94 

Machinery’s Handbook Guide 1 
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Mathematical signs  
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Mechanical efficiency 131 
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Negative values in solution  
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Pipe threads 116 

Pitch of a gear 176 

Pitch of hob for helical gears 186 
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 examples involving 175 

Point-to-point programming 209 

Poise 264 
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Power transmission 153 
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Questions, answers to  

 general review 223 
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 cutter tooth for grinding 63 
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Rearrangement of formulas 12 

      fundamental laws 13 
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Rules for dimensioning 105 
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Screw and pipe threads 116 

Screw thread tools, checking  
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Sines, law of 83 
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Soft conversion of inch  
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Solution 

      oblique triangles 81 

      right-angle triangles 61 

Solving equations 16 

Specifying spline data  

 on drawings 169 

Speeds, calculating gearing 173 

Spheres 7 
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Standard screw and pipe threads 116 

Standardization technique 113 

Standards data and  

 information 111 
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Stoke 264 

Strength calculations, gear 195 
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Table for converting taper  

 per foot to degrees 93 

Table of segments of circles 6 

Tables of functions used  

 in conjunction  

 with formulas 59 

Tangent of an angle 54 

Taper hole, checking  

 by means  

 of ball or sphere 72 

Taper plug, checking  

 diameter of small end 69 

Tapers 

      examples showing  

 methods of figuring 91 

      figuring 91 
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Tolerances and allowances 97 

      dimensioning drawings  

 to ensure specified 104 
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Tolerances and allowances  

 for machine parts 97 
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Tolerances, dimensioning  

 drawings 104 
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Torsional deflection 155 

Transmitted torque, keys  

 proportioned 157 

Transmitting capacity  
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Trial-and-error solution  

 of formulas 16 

Triangle, radius of circle  

 inscribed in 67 

Triangles 

      oblique, formulas for 83 

      right-angle 61 

      solution when values  

 are negative 86 

      solved by right-angle  

 method 82 

Triangles 

      two solutions possible 88 
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      for given horsepower 151 

      how determined 125 
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Unified threads 116 

United States Standard  
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Use of 
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      functions for  

 laying out angles 58 

      table of segments of circles 6 
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Weights and measures 258 
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 screw-thread  

 and American Standard 

      Acme screw-thread tools 121 
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AGMA Standard 

      AGMA 370.01 3325 
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      absolute pressure 3033 

      adiabatic expansion and  
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      compression and flow 3027 

      density 3029 

      expansion and compression 

 adiabatic 3030 

 compression 3030 

 expansion 3030 

 horsepower to compress 3032 

 isothermal 3031 

 work to compress 3031 
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ANSI B6.9 3322 

ANSI Standard 

      B6.9 3321 

      fine-pitch 

 worm gearing 3321 

      fine-pitch worm gearing 

ANSI Standard 

      fine-pitch worm gearing 

 ANSI B6.9 3321 

      jig bushings 3121 

      numerical control 3151 

      pipe and pipe fittings 3392 

      welded and seamless wrought steel  

 pipe 3393 

      worm gearing, fine pitch 3321 

Anvil 

      blacksmiths’ 3230 

      setting 3230 

APT (automatically programmed tool) 3184 

      circles 3186 3193 
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      program 3198 

      programming 3184 

      tabulated cylinder 3195 

Archimedean screw 2997 

ASCII, American Standard Code for  

    Information Interchange 3210 

Atmospheric pressure 3027 

Auger speeds in wood 3143 

B 

Balance wheels 3000 

Balls, standard 

      grades 3357 

      hardness corrections for curvatures 3360 

      hardness ranges 3358 

      materials 3357 

      number per kilogram 3362 

      number per pound 3361 

      ordering specifications 3355 

      preferred gages 3355 

      preferred sizes 3356 3359 

      tolerances 3357 

Barometer reading and equivalent  

    pressure 3030 

Basic dimension 3045 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Bearings 

      ball 

 lubrication 3352 

Bearings 

      knife-edge 3354 

      oilless 3353 

      percentage of radial and thrust loads 3352 

      roller 3352 

Billet  3222 

Blacksmiths’ 

      anvil 3230 

      hammer 3216 

      steel for tools 3218 

      tap 3141 

      tongs 

 flat jaw 3231 

 goose neck 3232 

Block 

      NC 3162 3164 3166 

Bolt hole circles 

      coordinates for 3097 

Bolts and nuts 

      eye bolts and nuts 3448 

Bort  3149 

Brazing and soldering 3256 

British Standard 

      keys and keyways 3377 3387 

      metric 

 keys and keyways 3377 3387 

Buoyancy 3027 

Burnishing 3269 

Burs  3138 

Bushel, Winchester 3481 
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      jig, materials for 3121 

      standard, for jigs 3121 

Byte, PLC 3154 

C 

Cables, wire, breaking strength 3426 

CAD/CAM 3201 

      drawing exchange standards 3209 

      projections 3204 

      rapid prototyping 3210 

      standard lettering sizes 3208 

      tips 3205 

Calipers, transfer 3044 

Canned (fixed) cycles, NC 3179 

Carat  3149 

Carbide tools 3219 

      tungsten carbide 3219 

      tungsten-titanium carbide 3219 

Carbon 3013 

Cast iron 

      alloy 3217 

      nickel chromium 3217 

 drawing dies 3218 

      seasoning 3017 

Cast steel 

      crankshafts 3218 

Catenary curve 2999 

Cell, flexible manufacturing, NC 3160 

Cement 3363 

Chain 

      close-link 3444 

      crane and hoisting 3440 

      safe working load 3441 
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      strength 3440 

      wrought iron 3440 

Charcoal 3013 

Chip breaker 3142 

Chipless machining 3142 

Chord 

      length for given number of  

 divisions 3097 

Circle, circumference and area 2977 

Circles 

      chords for dividing circumference 

 of 3097 

      dividing, on jig boring machine 3101 

      lengths of chords for dividing 3097 

      programming in APT (NC) 3188 

Circular 

      interpolation, NC 3175 

      sector segment 3097 

Circumference 

      chords for dividing 3097 

      of a circle, spacing 3099 

CL data, NC 3163 

Clearance 3045 3225 

      angles 

 for dies 3225 

 punch and die 3224 

      die 3225 

      effects on working pressure 3225 

      punch and die 3224 3227 

Climb-cut milling 3142 

Closed-loop system 3158 3409 

CNC  3149 

      programming 3160 
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Cold swaging 3233 

Coloring metal 3262 

Compound 

      thread cutting, NC 3184 

Compressive properties 

      of air 3030 3037 

Computer numerical control, CNC 3149 

      programming 3160 

Computer-aided (or-assisted) 

      design (CAD) 3201 

      manufacturing (CAM) 3201 

Concrete 3365 

Conditional expressions, NC 3179 

Continuity equation 3032 

Control, adaptive, NC 3158 

Conversational part programming,  

    NC  3161 

Coordinates, for jig boring 3132 

Copper-clad steel 3014 

CPVC plastics 3399 

Crane 

      chain 

 hoisting 3440 

 safe loads 3441 3444 

 slings 3441 

 strength 3440 

      hooks, eyes, shackles 3440 

 capacity of 3447 

 dimensions 3447 

Crosby Group 3446 

Cubes 

      mixed numbers 2926 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Cutter 

      compensation, NC 3172 

      location data (CL data) 3163 

Cutting 

      wire rope 3434 

D 

Data input, manual, NC 3161 

Decimal 

      point programming, NC 3166 

Density 

      air  3029 

      of air at different temperature 3027 

      water 3022 

Dies 

      bulldozer 3234 

Dies, sheet metal 

      clearance between punch and die 3224 

      lubricants 3226 

      rectangular drawing 3226 

Direct (or distributed) NC 3211 

Distributed numerical control (DNC) 3211 

Dividing 

      circles 3101 

Drawing dies 

      annealing drawn shells 3226 

      brass 3226 

      depth drawn in one operation 3227 

      diameter reduction in one operation 3227 

      rectangular 3226 

Drop forging dies 3239 

      amount of flash 3240 

      break-down 3240 

      cooling 3240 
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Drop forging dies (Cont.) 

      draft allowance 3239 

      for bronze and copper 3241 

      hardening 3240 

      heating 3240 

      locating impression 3239 

      obtaining weight of forging 3239 

      shrinkage allowance 3239 

      steel for 3239 

      tempering 3241 

      tolerances 3242 3244 

      trimming 3241 

Drums, chain  

      and wire rope 3432 3445 

Duronze 3017 

Dynamometer 2998 

E 

Electric cord 

      minimum  

 gage rating 3482 

Energy 

      of flywheels 3000 3002 

Etching and  

      etching fluids 3267 

Expansion 

      air  3030 

      pipe 3023 

Extrusion, cold 3221 

Eye bolts and nuts 3448 

      engineering capacity 3450 

      rigger’s capacity 3450 

      specifying capacity 3450 
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Factors of safety 

      wire rope 3430 

Fastener 

      bolt 

 expansion 3275 

 North 3275 

      nut 

 width across flats 

 standard 3275 

      rivet 

 cold formed 3274 

 explosive 3275 

 flattening test 3274 

      screw 

 wood 3276 

      stove bolt 3274 

      wood screw 

 holding power 3277 

Fasteners 

      distinguishing bolts from screws 3272 

Federal specification 

      gage blocks, inch and metric sizes 3113 

Feed 

      function, NC 3170 

      rate override, NC 3172 

Feed rate 

      drilling 3143 

      gear hobb 3143 

      grinding machines 3143 

      milling 3143 

      planing 3143 

      turning 3143 
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File  3135 

      history 3135 

      rotary 3138 

      teeth 3136 

 cutting 3136 

File 

      teeth 

 resharpening 3137 

 testing 3138 

      types 3135 

Firebrick 3012 

Fits  3045 

Fittings 

      pipe 3392 

      pipe,friction loss in 3024 

Fixed (canned) cycles, NC 3179 

Fixtures and jigs 3121 

Flexible 

      manufacturing 

 cell 3160 

 module 3160 

 systems, (FMS) 3159 

Floors,machinery and forge 3237 

Flow of air in pipes 3036 3233 

Flow of water through nozzles 3025 

      in pipes 3022 3397 

Flywheels 3000 

      bursting speed tests 3009 

      calculations 3001 

      centrifugal stresses in 3005 

      classification 3000 

      design, general procedure 3001 

      energy of 3000 3002 
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Flywheels (Cont.) 

      for presses, punches, shears 3001 

 dimensions of 3003 

 rim velocity 3003 

 simplified calculations 3004 

 weight of rim 3004 

      pulley 3000 

      spokes or arms of 3011 

      stream engine 3010 

      stresses 3010 

 centrifugal in rim 3005 

 combined bending and centrifugal 3006 

 in rotating disks 3010 

      types of 3000 

Forge 

      air pressure and pipe size 3233 

      shop equipment 3230 

      welding 3244 

 fluxes 3245 

 fuel 3245 

 resistance 3245 

 weld types 3246 

Forging 

      brass, advantages 3018 

Forging press 3232 

Format 

      classification 3164 

      detail, NC 3164 

      word address, NC 3164 

Formica machining 3144 

Formulas 

      proportions of ANSI fine-pitch worms  

 and wormgears 3322 

Fractions 
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Fractions (Cont.) 

      decimal equivalent 2933 

      multiplication table 2919 

      pi  2932 

      squares and cubes, mixed numbers 2926 

      squares, cubes, roots, logs of 2933 

Friction loss 

      elbow 

 45 degree 3024 

 90 degree 3024 

      standard tee 

 flow thru branch 3024 

 flow thru run 3024 

Fuel oil heating value 3012 

G 

Gage block sets 

      inch sizes 3114 

      metric sizes 3115 

Gage blocks, precision 3113 

      federal specifications for 3113 

      inch sizes 3114 

      metric sizes 3115 

G-code programming, NC 3164 

Gearing 3325 

      materials for 

      worm 3321 3325 

      worm gearing 3321 

Gears and gearing 3285 

      criteria for gear tooth capacity 3303 3320 

      gear shaving 3347 

      geometry factors  

 for gear teeth 3285 
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Gears and gearing (Cont.) 

      hobs 3345 

 helical fluted 3345 

 worm gearing 3345 

      Maag gearing 3351 

      motion control 3414 

      power transmitting capacity, gear teeth 3301 

      speeds and feeds 3347 

      worm gearing 3321 

 hobs 3345 

Geneva stop 2997 

Govenors 3453 

      engine 3453 

      fly-ball 3454 

      sensitivity and stability 3454 

      shaft 3455 

Grinding 

      cutter 

 tooth-rest 3148 

      steadyrest 3148 

Grinding wheel 

      bort 3149 

      silicate bonding process 3148 

      vitrified 3149 

G-word, NC 3166 

Gyroscope 2998 

H 

Hammer 

      drop 3230 

      power 

 efficiency 3234 

 helve 3234 

 vertical 3234 
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Hammer (Cont.) 

      steam 3230 

Haynes stellite 3218 2400 3219 

Heat transfer 

      conduction 3012 

Helical interpolation, NC 3176 

Helix angle 3279 

Hobs, worm gear 3321 

Hoisting chain  

      and wire rope 3423 3440 

Holes 

      coordinate dimension factors for jig  

 boring 3101 

      spacing of, on a jig borer 3101 

Hooks, dimensions of crane 3447 

Horsepower 

      air compression 3035 

      to compress air 3032 

      water at a given head 3022 

Hydraulic press 3223 

      calculations 3223 

      capacity 3223 

I 

IGES (initial graphics exchange  

    specification) 3209 

Ignition temperatures 3012 

Inch 

      Miner’s 3481 

Inconel 3014 

      X  3014 

Incremental 

      programming, NC 3169 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Initial graphics exchange  

      specification 

 (IGES), NC 3209 

Interpolation 2990 

      circular, NC 3175 

      helical and parabolic, NC 3176 

      linear, NC 3174 

Iron 

      wrought 3214 

 chain 3440 

 strength 3227 

Iron and steel manufacture 3212 

      Bessemer process 3215 

      classes of steel 3214 

      electric furnace process 3213 

Iron and steel manufacture 

      iron ore 3212 

      making of iron 3212 

      making of steel 3212 

 open hearth process 3212 

      malleable-iron castings 3215 

      melting and degassing process 3213 

      oxygen process 3213 

      pig iron 3214 

      puddling process 3214 

Isothermal 

      expansion, compression of air 3031 

J 

Jig 

      boring 3132 

 hole coordinate dimension factors 

 for 3101 

 lengths of chords 3098 
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Jig 

      boring (Cont.) 

 transfer of tolerances 3133 

      bushings 3121 

 definitions 3121 

 designation system for 3131 

 fixed type wearing bushings 3127 

 head type liner bushings 3125 3129 

 headless type liner bushings 3125 3128 

 headless type press fit 3123 

 locking mechanisms for 3130 

 materials 3121 

 plate thickness 3131 

 press fit wearing bushings 3122 3125 

 slip type 3126 

      fixture 3121 

      fixture definition 3131 

J-Metal 3219 

Joints 

      plastics pipe 3398 

K 

Kerosene Lubrication 3354 

Keys and keyseats 

      British Standards 3377 3387 

 keyways and keybars 3383 

 rectangular parallel keys 3383 

 woodruff keys and keyways 3388 

      dimensions and tolerances 3382 

      flat key 3390 

      gib-head keys 3381 3385 

      Kennedy key 3390 

      metric 3377 

      metric keys length 3378 3381 
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Keys and keyseats (Cont.) 

      Nordberg key 3390 

      parallel and taper 3382 

      parallel keys 3378 

      plain 3385 

      preferred length 3381 

Keys and keyseats 

      rectangular parallel keys 3378 

      rectangular taper keys 3380 

      saddle key 3390 

      square parallel keys 3378 

      square taper keys 3380 

      taper key tolerances 3382 

      taper keys 3381 

      woodruff keys and keyseats 3388 

Knife-edge bearings 3354 

L 

Letter 

      addresses, NC 3164 

Linear 

      coefficient of expansion 

 pipe material 

 copper 3024 

 FRP 3024 

 PP & PVDF 3024 

 PVC 3024 

 steel 3024 

      interpolation, NC 3174 

Lines, points,  

 circles (APT) NC 3186 

Locomotive development 3480 

Lodestone 3013 
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Logarithms 2989 

      common 2989 2993 

      extracting roots by 2992 

      mantissa 2989 

      natural 2989 2991 2995 

      obtaining powers by 2991 

      tables 2993 

 common 2993 

 natural 2995 

      using calculator to find 2991 

Lubricants 

      kerosene 3354 

      presswork 3226 

Lumber 3018 

M 

Machinability and hardness 3143 

Machine tools 

      boring machine origin 3120 

      feed rate 3143 

      graduating 3120 

      history 3119 

      milling machine 

 Lincoln type 3119 

 origin 3119 

      nut forging 

 tools and dies for 3234 

      saddle 3119 

      transfer machine 3120 

Machinery and forge  

      shop floors 3237 

Machinery and forge shop floors 

      concrete and wood 3237 

      to prevent dust on concrete 3238 
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Machinery and hammer 

      foundations 3236 

      concrete 3236 

      drop hammer 3237 

      steam hammer 3237 

Machining 

      formica 3144 

      noise 3455 

Macro, NC 3178 

Magnet 3013 

Malleable iron 

      castings 3215 

      physical properties 3215 

Manganese steel castings 3216 

Manila rope, strength 3441 3445 

Mannesmann process 3229 

Mantissa, logarithm 2989 

Manual data input, NC 3161 

Manufacturing cell,  

 flexible, NC 3160 

      module 3160 

      system 3160 

Materials for worm gearing 3331 

M-codes (M-words), NC 3170 

Mechanics of materials 

      flywheels 3000 3011 

Mechanisms 2997 

Meehanite 

      castings 3216 

      physical properties 3216 

Metal 

      balls, standard 3355 

      coloring 3262 
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Metal balls 

      ordering specification 3355 

      preferred gages 3356 

      tolerances 3356 

Metallography 3044 

Metric 

      keys and keyways, British  

 Standard 3377 

Micarta 3013 

Microprocessor 3154 

Milling 

      climb-cut 3142 

Miner’s inch 3481 

Miscellaneous functions, NC 3170 

Module 

      flexible manufacturing, NC 3160 

Monel  3014 

      H  3015 

      K  3015 

      KR 3015 

      R  3015 

      S  3015 

Motion control 3408 

      analog transducers 3416 

      closed loop system 3409 

      control function 3411 

Motion control 

      control function 

 features of controllers 3411 

      damping system response 3411 

      driving power 3411 

      electric motors 3413 

      electromechanical system 3412 

      electronic control 3421 
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Motion control (Cont.) 

      feedback transducers 3415 

      gearing 3414 

      hydraulic fluids 3417 

      hydraulic pumps 3417 

      hydraulic systems 3418 

 control systems 3417 

 electronic controls 3421 

 proportional control 3420 

 pumps and fluids 3416 

      mechanical stiffness and vibration 3412 

      motor types 3409 

      open loop systems 3408 

      pneumatic systems 3417 3421 

      proportional system 3420 

      synchros and resolvers 3416 

      system application factors 3408 

      torsional vibration 3412 

Motors, electric 3413 

      control 3409 3413 

      hydraulic, NC 3416 

      stepper, NC 3414 

      type, dc and ac 3413 

      types and characteristics for different  

 applications 3413 

M-words, NC 3170 

N 

NC programming 3160 

Nichrome 3016 

Nickel 

      acid resistant 3016 

Noise, machinery 3455 

Nozzles, flow of water through 3025 
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Numbers 

      powers, roots, reciprocals 2934 

Numerical control 3149 

      absolute programming 3169 

      adaptive control 3158 

      addresses, letter 3164 

      APT programming 3184 

 circles 3190 3193 

 computational statements 3186 

 example program 3198 

 for turning 3199 

 geometry statements 3186 

 lines 3188 

 motion statements 3191 

 planes 3194 

 points 3187 

 postprocessor statements 3196 

Numerical control 

      APT programming 

 tabulated cylinder 3195 

      automatically programmed tool  

 (APT) 3184 

      bit  3154 

      block 3164 

      byte 3154 

      CAD/CAM 3211 

      central processing unit 3154 

      circular interpolation 3175 

      closed-loop system 3158 

      computer-aided part programming 3162 

      control, adaptive 3158 

      cutter compensation 3172 

      cutter location data 3163 

      decimal point programming 3164 
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Numerical control (Cont.) 

      direct (or distributed) NC 3211 

      feed rate override 3172 

      fixed (canned) cycles 3179 

      flexible manufacturing 

 cell 3160 

 module 3160 

 system 3159 

      format detail 3164 

      F-word 3171 

      G-code addresses 3166 

      helical interpolation 3176 

      incremental programming 3169 

      initial graphics exchange specification 

 (IGES) 3209 

      interpolation 

 circular 3175 

 helical and parabolic 3176 

 linear 3174 

      letter addresses 3164 

      macro 3178 

      manual data input 3161 

      microprocessor 3154 

      miscellaneous functions 3170 

      parabolic interpolation 3176 

      parametric 

 expressions and macros 3178 

 programming, NC 3178 

 subroutine 3178 

      part programming 3160 

      points, lines, circles (APT) 3187 

      postprocessor 3163 3186 

      preload registers (G92) 3170 

      preparatory word 3166 
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Numerical control (Cont.) 

      programmable controllers 3154 

      programming 

 absolute 3169 

 incremental 3169 

 NC 3160 

      sequence number 3166 

      standards 3151 

      steeper motors 3414 

      subroutine 3177 

      S-word 3172 

      thread cutting 3183 

Numerical control 

      tool 

 data table 3172 

 length offset 3174 

 nose radius compensation 3174 

 offset 3173 

      turning cycles 3183 

      T-word 3172 

      word address format 3164 

      zero suppression 3166 

Nuts 

      eye nuts 3449 

      forging machines 3234 

      speeds for tapping 3148 

Nylon 

      rope, strength of 3443 

O 

Open-loop system 3158 3408 
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P 

Parabolic interpolation, NC 3176 

Parametric subroutine, NC 3178 

Pi, fractions of 2932 

Pipe and pipe fittings 3392 

      ANSI Standard wrought steel 3395 

      bending pipe and tubes 3401 

      cross-sectional area of metal 3395 

      cubic contents for given length 3024 3395 

      definitions 3392 3398 

      definitions of pipe fittings 3402 

      flow in 3397 

      gallons per foot 3024 3395 

      grades of 3393 

      length per cubic foot 3395 

      metric weights and mass 3392 

      moment of inertia 3395 

      plastics 3398 

 joining 3398 

 pressure ratings 3400 

 properties and use of 3399 

 temperature correction factors 3400 

 weights and dimensions 3398 

      radius of gyration 3395 

      schedule numbers 3393 

      seamless drawn 3229 

      section modulus 3395 

      steel, welded and seamless 3393 

      wall thickness 3392 

      weight per foot 3393 

      wrought steel 3392 

Pitch 

      worms 3321 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Plastics 

      pipe and fittings 3398 

PLC (programmable logic control) 3154 

Plow steel 

      wire rope 3017 

Plow steel haulage  

      rope, strength of 3426 3441 

Points, lines, circles, (APT) NC 3186 

Polypropylene plastics 3399 

Postprocessor, NC 3163 3186 

Precision 

      gage blocks 3113 

Preload registers, (G-114 word) NC 3170 

Preparatory word, (G-word) NC 3166 

Press 

      forging 3232 

Pressure 

      and flow of water 3021 

      head in foot to psia relation 3021 

      radial on sheave or drum 3433 

      unit conversion 3030 

      wind 3028 

Programmable  

      logic controller, NC 3154 

Programming 

      absolute, NC 3169 

      APT 3184 

      G-code 3164 

      incremental, NC 3169 

      numerical control 3160 

Prony brake 2998 

Properties 

      of materials 

 air 3027 
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Properties (Cont.) 

 water 3021 

Pulleys and belts 

      flywheel pulley 3000 

Pump 

      head and horsepower relation 3022 

      horsepower at different head 3022 

Punch presses speeds and pressures 3226 

Punches and dies 

      pressures required 3227 

PVC plastics 3399 

Pyrometers 3116 

R 

Radius 

      of gyration 

 pipe 3395 

Reamers 3141 

      bridge 3141 

      teeth spacing 3141 

Rope 

      manila, safe loads and strength 3441 3445 

      nylon, safe loads and strength 3443 

      safe loads for 3441 

      slings, strength 3441 3443 

      weight per 100 feet 3445 

Rope 

      wire 3423 

 definitions of terms 3423 

 strength and properties 3426 

 winding drum, grooves for 3432 

Rope splicing 3451 
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S 

SAE Standards 

      taper shaft ends 3391 

Safe loads for wire rope 3426 

Safety 

      for wire rope 3430 

Screw threads and thread systems 

      worm threads 3321 3325 

Seamless drawn pipe 3229 

Section modulus 

      pipe 3395 

Seizing and cutting wire rope 3434 

Semi-steel castings 3216 

Sequence number, NC 3166 

Shackle and end-link chain 3446 

Shafts 

      taper ends, SAE Standard 3391 

Sheaves 

      for wire rope 3424 

Shut height, power press 3227 

Sine-bar constants 3048 

      inch 3048 

      mm 3076 

Slings 

      and fittings for wire rope 3435 

      strength of rope and chain 3441 

Soldering and brazing 3256 

Sound level  

      specifications 3455 

Spacing holes on jig borer 3097 

Speeds and feeds 

      gear cutting 3347 

      milling 3145 
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Speeds and feeds (Cont.) 

      planing 3144 

Sphere, area and volume 2974 

Spindle 

      function, NC 3172 

      noses 3172 

Splicing rope 3451 

Squares 

      mixed numbers 2924 

      numbers 2922 

Stamping 

      die clearances 3224 

      lubricants for 3226 

      pressures required 3227 

Standard 

      NC 3151 

Steam hammer 

      power 3230 

      rating 3230 

Steel 

Steel 

      castings 3215 

      copper-clad 3014 

      for punches, dies, on hot work 3220 

      graphitic 

 for punches and dies 3219 

 life 3220 

      hot work 3220 

      manganese 

 castings 3216 

      pipe 

 ANSI standard 3393 

      seasoning 3017 
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Steel (Cont.) 

      semi 

 castings 3216 

      temper 3216 

      vanadium 3018 

      wrought pipe 3392 

Stellite 3218 

Stepper motors 3414 

Strength 

      wire rope 3424 

Stress 

      bending in flywheels 3006 

      centrifugal in  

 flywheels 3005 

      hoop in flywheels 3005 

      in flywheels 3010 

      in rotating disks 3010 

Subprogram, NC 3177 

Subroutine, NC 3177 

Swaging, cold 3233 

S-word, NC 3172 

Symbols 

      air conditioning 3038 

      air conditioning piping 3042 

      fittings 3043 

      heating and ventilation 3040 

      heating piping 3042 

      piping 3042 

      plumbing piping 3042 

      pneumatic tubes 3042 

      sprinklers 3042 

      valves, pipe fitting 3041 
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T 

Taper 

      keys 3381 

      shaft ends, SAE Standard 3391 

Taps  3141 3282 

      blacksmiths’ 3141 

      stub machine screw 3141 

      tap drill diameter 3284 

      tapping lubricants 3283 

      wash-out 3141 

Tempering 

      color method 3241 

Thermit welding 3246 

Thermoil-Granodine 3354 

Threads and threading 

      Briggs pipe thread (NPT) history 3278 

      cutting 

 numerically controlled 3183 

      hand chaser 3281 

      lock-nut pipe thread 3279 

      milling 

 on numerically controlled  

 machines 3183 

      National pipe thread (Briggs)  

 history 3278 

      taper thread cutting 3282 

      thread cutting methods 3281 

      thread grinding 3280 

      Whitworth thread origin 3279 

Tolerances 3045 

Tongs 

      flat jaw 3231 

      goose necked 3232 
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Tool 

      data table 3172 

      function, NC 3172 

      length offset, NC 3174 

      nose radius compensation, NC 3174 

      offset, NC 3173 

      steel 3218 

 open-hearth 3218 

Trigonometry tables 2874 

Truflex 3014 

Tube  3392 

      flattening test 3274 

Turning cycles, NC 3183 

T-word, NC 3172 

Type metal 3017 

V 

Vanadium steel 3018 

Volume 

      air at different temperatures 3027 

      flow in pipes and tubes 3022 3024 3397 

      nozzles 3025 

      water at different temperature 3022 

W 

Washed metal 3017 

Water 

      boiling point 3021 

      brake 2999 

      density 3022 

      flow in pipes 3022 3397 

      flow through nozzles 3025 

      pressure 3021 
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Water (Cont.) 

      pressure, head  

 or depth known 3021 

      velocity due to head 3026 

      volume of flow in pipes and tubes 3024 3397 

      wheel 3027 

Wax impression 3481 

Weight 

      air  3027 

      pipe, per foot 3393 

      water 3021 

Welding 

      fluxes 3245 

      forge 3244 

 fuel 3245 

 weld types 3246 

      gas or autogenous 3249 

      hardfacing 3255 

      resistance forge 3245 

      thermit 3246 

Wheatstone bridge 3480 

Wheels 

      flywheel 

 balance wheels 3000 

 flywheel pulley 3000 

Whitworth motion 2997 

Winchester bushel 3481 

Wind pressure 3028 

Winding drums, wire rope and chain 3432 3445 

Wire 

      electric, minimum gage 3482 

Wire rope 3423 

      bending stresses 3434 

      breaking strengths 3424 
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Wire rope (Cont.) 

      classes 3425 

      construction 3423 

      cutting and seizing 3434 

      definitions of terms 3423 

      drum or reel capacity 3432 

      drum score for winding 3445 

      factors of safety 3430 

      installation 3430 

      life 3435 

      lubrication 3435 

      maintenance 3435 

      plow steel 3017 

      plow steel, strength of 3426 

      properties 3424 

      rated capacities of 3436 

      replacement 3435 

      rope loads due  

 to bending 3434 

      safe loads for 3430 

      sheave and drum dimensions 3432 

      simplified practice  

 recommendations 3428 

      sizes 3426 

      slings and fittings 3435 

      specification 3424 

      strength 3426 

      weight 3426 

Wood  3018 

      auger speeds 3143 

      balsa 3020 

      cork 3020 

      life 3020 

      lumber 3018 
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Wood 

      preservative 

 creosoting process 3020 

 Kyanizing 3020 

      seasoning 3019 

      water content 3019 

Wood's Metal 3017 

Woodruff keys and keyseats 

      British Standard 3388 

Word address format, NC 3164 

Word, NC 3164 

Working stress, flywheels 3006 

Worm gearing 3321 3325 

      addendum 3322 

      ANSI Standard, fine-pitch 3321 

      center distance 3322 

      effect of cutting method on profile 3323 

      effect of production method  

 on profile and pressure angle 3325 

      fine-pitch 3321 

      formulas for dimensions 3322 

      hobs for 3321 

      lead angles 3321 

      material for 3331 

      materials for 3325 

      multithread 3325 

      multi-thread worms 3332 

      number of threads or “starts” 3332 

      outside diameter 3322 

      pitch diameter 3322 

 range 3323 

      pitch diameter range 3323 

      pitches 3321 

      pitches, standard 3321 
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Worm gearing (Cont.) 

      pressure angle 3321 3323 

      pressure angles 3321 

      proportions 3322 

      ratios 3325 

      single-thread 3325 

      single-thread worms 3331 

      tooth form 3323 

      tooth form of worm and wormgear 3323 

Wrought 

      aluminum 3017 

      iron 3214 

 anvil 3230 

 strength 3227 

      iron chain 3440 

      steel pipe 3392 

Z 

Zero suppression, NC 3166 
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A 

Abbreviations 

      accuracy 1324 

      mathematical signs and 2654 

      scientific and engineering terms 2652 

      symbols for mechanics 2655 

      welding 1479 

Abrasive 

      belt 

 applications 1269 

 cutting off difficulties 1272 

 grinding 1269 

 rotative speeds 1273 

 selection 1269 

      contact wheel selecting 1271 

      cubic boron nitride (CBN) 794 1217 1234 1243 

      cutting 1269 

      diamond 1216 

      grains and materials 1216 

      grinding 1216 

      honing 1272 

      lapping 1274 

      polishing 1504 

      stones for honing 1274 

Absolute 

      system of measurement 150 

      temperature 2695 

      viscosity 2425 

      zero 2695 
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Acceleration 150 175 

      angular 177 

      constant 175 

      linear, of point on rotating body 177 

      of gravity, g 150 

Accuracy 

      effect of, on part tolerances 1323 

      of NC machine tools 1321 

      positioning 1319 

      repeatability, and resolution, NC 1319 

      significance of 1321 

Acme leadscrews 2561 

Acme threads 

      abbreviations 1922 

      angle of thread 1921 

      ANSI Standard 1921 

      centralizing 1928 

      checking 2004 

      diameter allowances 1921 

      diameter tolerances 1921 

      drill sizes for 944 

      form 1921 

      general purpose 1921 

      length of engagement 1921 

      multiple start 1922 

      stub 1939 

 alternative 1942 

 60-degree 1942 

      thread profile form 1921 

      tolerances application 1933 

      types of 1921 1930 1933 

      wire sizes for checking 2004 

Active face width 2125 

Acute-angle triangles solution 71 101 
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Addendum 2125 

      chordal 2144 

      modification 2173 

 involute spur and helical gears 2173 

Addition 

      decimal fractions 10 

      fractions and mixed numbers 9 

      matrix 122 

Additives 

      lubricant properties 2429 

      oil  2427 

      plastics 553 

Adhesives 

      acrylic 2581 

      bonding 2580 

      moisture cured polyurethane 2583 

      one-component 2582 

      retaining compounds 2583 

      rubber cements 2583 

      sealants 2584 

      threadlocking 2584 

      two-component 2580 

      types 2580 

Adjoint of a matrix 124 

Adjustable-bed press 1388 

Adjusting gear blanks for milling 2188 

Aerospace screws, bolts and nuts 1901 

Aero-thread 1986 

Aging of metal 461 

Air  384 

Air bending 1346 

Air, weight 381 

Airdry wood, weight per cubic foot 387 

Airy points 720 
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AISI-SAE 

      alloy steels 404 

      carbon steels 402 

Algebra and equations 30 

Algebraic 

      expressions and formulas 31 

      rearrangement and transposition of  

 terms 30 

Alignment of shafts 2622 

Alligation 384 

Allowances and tolerances 

      allowance defined 628 634 

      allowance for forced fits 630 

      application 629 

      bending sheet metal 1347 1351 1358 

 formulas 1347 1351 

      cylindrical fits, ANSI Standard for 634 

      fits 628 

 metric ISO, British Standard for 662 

 preferred series 635 

      tolerance defined 628 634 

      unilateral and bilateral tolerances 628 

Alloy 

      low melting point used as filler 1386 

Alloy cast iron 1404 

Alloy steels 397 

      AISI-SAE designations 400 

      basic numbering system 398 400 

      carburizing grades 413 

      casting 1407 

      compositions 404 1408 2242 

      directly hardenable grades 414 

      drilling and reaming 1060 

      effects of alloying elements 2243 
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Alloy steels (Cont.) 

      electrodes (welding) 

 current to use with 1457 

      elongation 1408 

      forged and rolled 2241 

      gears 2241 

      hardness of heat-treated 424 

      heat treatments 491 

      mechanical properties 424 1408 

      milling 1044 

      numbering system 398 400 

      strength of heat-treated 424 

      tensile strength 1408 

      turning 1026 

Alloys 

      aluminum 530 

      antimony 544 

      bearing 1417 2357 

      binary 399 

      brazing 1426 

      cast steels 1406 

      copper 514 

      copper-beryllium 528 

      copper-silicon 528 

      die casting 1415 

      magnesium 545 547 

      nickel 548 

      nonferrous 513 

      numbering systems for 398 

      quaternary 399 

      soldering 1424 

      ternary 399 

      titanium 548 550 

Alphabet, phonetic 2700 
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Alternating current motors 2569 

Alternating stress 202 

Aluminum 

      alloys 530 

 anodizing 1507 

 characteristics 543 

 chemical composition 534 537 

 electrical conductivity 543 

 elongation 534 

 high corrosion resistance 543 

 mechanical properties 543 

 temper 534 

 ultimate tensile strength 534 

 workability 543 

 yield strength 534 

      Association 531 534 

      bearing material 2360 

      bending 1351 

      cast composition 534 

      characteristics of 530 

      clad alloys 542 

      coefficient of expansion 376 

      density 376 

      designations 534 

      die casting 1415 

      elongation 391 

      heat treatability of wrought 542 

      machining 1192 

      melting point 376 

      soldering 1424 

      specific heat 376 

      structural shapes 2603 

      temper designation 531 

      tensile strength 391 
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Aluminum (Cont.) 

      thermal conductivity 376 

      welding 1460 

      wrought 542 

      yield strength 391 

American 

      Boiler Makers Association 288 

      Brass Company 528 

      Foundrymen’s Association 461 

      Gear Manufacturers Association  

 (AGMA) 2128 2131 2164 

      Institute of Steel Construction 287 

 column formulas 285 

      Iron and Steel Institute (AISI) 398 400 

      National Standards Institute ix 2175 

 (see also ANSI Standard) 

      Society for Metals (ASM) 429 

      Society for Testing and Materials  

 (ASTM) 461 508 545 1404 

 copper alloys 513 

      Society of Mechanical Engineers  

 (ASME) ix 2175 

 (see Index of Standards) 

      wire gage 2605 

AMO thread 1982 

      design dimensions 1984 

      design requirements 1983 

      formulas 1984 

      gage testing 1983 

      lengths of engagement 1983 

      limit of size 1985 

      swiss screw thread 1985 

      symbols 1984 

      tolerances and allowances 1983 1985 
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Analysis, break-even 143 

Analytical geometry 40 

Angle 

      between lines tangent to two circles 684 

      between two lines 43 

      compound 119 

      cutting tool 758 

      degrees into radians 103 105 

      functions of 95 

      helix 2061 

      indexing 2086 

      involute functions of 110 

      lead 2061 

      length of arc of given radius 73 77 

      length of chord 73 77 

      measuring by disc method 682 

      minutes, seconds into decimal degrees 104 

      minutes, seconds into radian 103 

      radian into degrees 103 

      sine bar for measuring 678 

      structural 2600 

 bent to circular shape, lengths of 2593 

 moment of inertia 2600 

 radius of gyration 2600 

 section modulus 2600 

 weight per foot 2600 

      taper per foot  

 corresponding to 683 

      thread, tolerances on gages 2013 

      to find, given taper per foot 682 

      tolerance, single point tool 775 

      trigonometric functions of 106 

      useful relationships among 106 
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Angular 

      acceleration 177 

 torque, relation to 180 

      backlash in gears 2169 

      indexing 2086 

      velocity 175 

 of rotating bodies 176 

Annealing 408 461 

      constant temperature, transformation 483 

      temperatures 

 carbon steel 483 

 stainless 494 

      tungsten 499 

Annuities (calculation of) 136 

Anode  1393 

Anodizing 1508 

      hard 1512 

ANSI Standard 

      abbreviations 2652 2655 

      Acme threads 1921 

      bolts, nuts, screws, washers 

      bolts, nuts, screws, washers 

 inch 1538 

 metric 1581 

      boring tools 899 903 

 carbide 899 

      buttress inch screw thread 1946 

      cap screws 

 inch hex 1542 

 inch slotted head 1680 

 inch socket head 1682 

 metric 1581 

 socket head 1594 

      chain, transmission 2537 
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ANSI Standard (Cont.) 

      clearance fits 652 657 

      core drills 888 

      cutting tools 764 

      cylindrical fits 628 

      diamond wheels 1240 

      dowel pins, hardened and ground 1749 

      drawing and drafting practices 609 

 symbols 

 accuracy 1324 

 between 612 

 comparison to ISO 612 

 concentricity 1326 

 controlled radius 612 

 diameter 612 

 parallelism 612 

 part tolerance 612 650 

 perpendicularity 612 

 position 612 1324 

 roundness 612 

 runout 612 

 section lining 611 

 statical tolerance 612 

 total runout 612 1327 

 welding 1476 

      drill drivers 887 890 

 collet type 887 

      drive screws 1716 

      drive studs 1757 

      electric socket and lamp base threads 1980 

      engineering drawings 610 

      fine-pitch 

 helical gears 2204 

 standard gear tooth parts 2136 
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ANSI Standard (Cont.) 

 worm gearing 2191 

      fire hose connection threads 1970 

      fits 635 

 hole basis 653 

 shaft basis 657 

      flat metal products 

 inch sizes 2608 

 metric sizes 2610 

      gagemakers tolerances 661 

      gages 2006 

 for self-holding tapers 956 

 for Unified screw threads 2007 

 usage, recommended 661 

      gear tooth forms 2131 

      geometric characteristic symbols 612 

      geometric dimensioning and  

 tolerancing 613 

      grinding wheel safety 1246 

      grinding wheels 1218 1234 1243 

      grooved pins 1756 

      hexagon socket head shoulder screws 1686 

      hexagon spline socket set screws 1689 

      hose coupling screw threads 1969 

      interference fits 652 655 1973 

      involute splines 2252 2256 

 metric module 2272 

      key drive 953 

      keys and keyseats 2460 

      keys and keyways 831 

      knurls and knurling 991 

      letter symbols for mechanics 2655 

      limits and fits 634 

      lock washers 1565 
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ANSI Standard (Cont.) 

      M profile thread 

 design profile 1882 

 designations 1899 

 limits of size 1892 

 tolerances of internal threads 1889 

      machine screws 1643 

 binding head 1651 

 fillister head 1649 

 flat, countersunk head 1644 

 hexagon washer head 1646 

 metric 1659 

 oval head 1649 

 pan head 1648 

 round head 1652 

 slotted hexagon 1647 

 truss head 1647 

      manufacturers’ standard gage for sheet  

 steel 2608 

      metric 

 cap screws 1581 

 clearance fits 653 657 

 hex flange nuts 1601 

 hex flange screws 1589 

 interference fits 655 

 nut thread series 1603 

 nut tops 1601 

 nuts 1599 1605 

 retaining rings 1763 

 screw 1593 

 screw threads, M profile 1878 

 screw threads, MJ profile 1900 

 screws, bolts, nuts, and washers 1581 

 slotted hex nuts 1601 
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ANSI Standard (Cont.) 

 square neck bolts 1589 

 transition fits 655 659 

      microscope threads 1980 

      milling cutters 809 

      miniature threads 1858 

      nuts 1538 

      pins 1746 

      pipe thread 1956 

      plain washers 1562 1608 

      preferred 

 basic sizes 673 

 fits 652 

 metric limits and fits 639 

 metric sizes 648 673 

 thicknesses, thin, flat metals 2608 

      reamers 851 

      retaining rings 1763 

      rivets 1734 

      roundness symbols 1325 

      runout symbols 1327 

      screw thread symbols 1921 1933 1942 1974 

 metric 1880 

      screw threads 1806 1813 1878 1946

  1977 

 metric MJ profile 1900 

      screws and bolts 

 hex structural bolts 1591 

 hexagon socket 1599 

 metric 1581 1585 

 metric hex bolts 1592 

 metric neck bolts 1589 

 square neck bolts 1590 

      section lining symbols 611 
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ANSI Standard (Cont.) 

      self-tapping thread inserts 1716 

      self-threading screws 

 inch 1701 

 metric head types 1718 

      serrations, involute 2252 

      set-screws 

 heads and points 1687 

 socket type 1688 1693 

      shoulder screws 1686 

      slotted headless set screws 1687 

      spindles and drives for portable tools 972 

      spline socket set screws 1688 1693 

      splines, involute 

 metric module 2272 

      spring pin 1761 

      spur gear tooth forms 2131 

      square head set screws 1690 

      straight pins 1752 

      surface finish 747 

      surface texture 733 

      symbols 661 

 accuracy symbols 1327 

 concentricity 612 

 diameter 1325 

 for section lining 611 

      tang drives 951 

      tapers 948 

      thread dimension 1975 

      threads for electric sockets 1980 

      thumb screws 1791 

      T-nuts, T-bolts, T-slots 1726 

      tolerances 635 

 allowances for cylindrical fits 628 
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ANSI Standard (Cont.) 

 gagemakers 661 

 symbols 612 

      tooth proportions 2135 

      transition fits 652 655 

      twist drills 866 

      Unified threads 1806 1813 

      washers 

 inch 1562 

 metric 1604 1607 

      wing nuts and screws 1791 

      wood screws 1801 

      woodruff keys 2478 

      worm gearing, fine pitch 2191 

      wrench openings 1556 

Antifriction bearings 2365 

Apothecaries measure 

      fluid 2679 

      weight 2683 

Applications nickel alloys 548 

APT (automatically programmed tool) 

      axis nomenclature 1315 

Arbors 

      circular saw 972 

      diameters for spring-winding 349 

      dimensions of centers 851 

      keys and keyways for 831 

      milling cutters 827 

      shell reamer 862 

      standard milling machine 962 

Arc 

      checking radius of 687 

      cutting 1462 

      electric, cutting of metals 1462 
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Arc (Cont.) 

      length of given angle and radius 73 77 

      plasma precision cutting 1462 

      plasma welding 1458 

      welding 1433 

Area 

      circle 46 73 

      circular 

 ring 74 

 ring sector 46 74 

 sector 73 

 segments 46 73 78 

      cycloid 73 

      donut 46 

      ellipse 49 75 

      elliptical section 49 

      enclosed by cycloidal curve 68 

      fillet 74 

      finding by Simpson’s rule 67 

      geometrical figures 70 

      hexagon 72 

      hyperbola 75 

      irregular outline 67 

      octagon 72 

      parabola 74 

 segment of 75 

      parallelogram 70 

      plane figures 70 

      plane surface of irregular outline 67 

      polygon 72 

      rectangle 70 

      spandrel 74 

      square 70 

      surface of revolution 66 
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Area (Cont.) 

      trapezium 72 

      trapezoid 71 

      triangle 71 

      units 2675 

      units and conversion of 2675 

      various sections 234 

      volume 66 

Argon, welding gas 1437 1445 1458 

Arithmetical 

      operations, sequence of 5 

      progressions 37 

ASA Code for transmission shafting 299 

ASME Standard surface finish 747 

Asperities 2420 

ASTM Plastics 554 

Atmospheric pressure 2686 

Atomic 

      symbol 371 

      weight 371 

Austempering 461 478 

Austenite 465 469 

Autocollimation 1322 

Automatic screw machines 1170 

      knurling on 1170 

Avoirdupois or commercial weight 2683 

Azimuth reading displacements 1322 

B 

B & S automatic screw machines 1170 

Babbitt metals 2357 

      properties of 2359 

      SAE general information 2357 
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Backlash 2126 

      allowance in checking gears by the pin  

 method 2235 

      bevel gears 2165 

      calculation 2163 

      control of allowances in production 2166 

      control of in assemblies 2168 

      determining proper amount of 2163 

      excess depth of cut 2166 

      fine-pitch gears 2167 

      gearing 2163 

      hypoid gears 2165 

      recommended for gears 2165 

Balancing 

      calculations 191 

      counterbalancing masses 

 located in single plane 192 

 located in two or more planes 194 

      dynamic 191 

      lathe fixtures 195 

      machines 191 

      rotating parts 191 

      running or dynamic 191 

      static 191 

Ball bearing (see Bearings: ball) 

Ball screw assemblies 2561 

Balls, standard 2419 

      package markings 2411 

Band brakes 2455 

      coefficient of friction 2457 

      simple and differential 2456 

Band saw 

      blade selection 1177 

      blade types 1178 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Band saw (Cont.) 

      break-in 1181 

      speed and feed 1179 

      speed for cutting materials 1180 

      speeds and feeds, metal cutting 1179 

      tooth forms 1178 

Barrel 

      effect 1394 

      liquid capacity 2679 

      volume 87 

Base 

      circle 2126 2253 

      diameter 2253 

      helix angle 2126 

      oils for metal cutting 1185 

      pitch 2126 

      spur gear, diameter 2131 

      tooth thickness 2126 

Basic 

      endurance limit 2173 

      gear dimensions 2137 

      rack profiles 2276 

      size 628 

      space width 2253 

Baumé’s hydrometer 382 

      conversion 381 

Beams 256 2593 

      channel 2599 2603 

      combined stresses in 211 

      curved 275 

      deflections 256 273 

 designing for 273 

      fixed at one end 268 

      I-beams 2593 2603 
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Beams (Cont.) 

      rectangular solid 268 

      stresses in 209 256 

      stresses produced by shocks 279 

      supported at both ends 256 

Bearing capacity, soil and rocks 384 

Bearings 2314 

      ball bearing 2365 2390 

 ABEC tolerances 2375 

 alignment and squareness 2391 

 allowance for axial displacement in 2382 

 angular contact 2367 

 cage materials 2373 

 clamping and retaining methods 2393 

 clearances, running 2400 

 closures 2393 2398 

 deficiencies 2403 

 design and installation 2382 

 designation 2373 2385 

 double row bearing 2367 

 equivalent thrust load 2409 

      ball bearing 

 failures 2403 

 fatigue life 2403 

 fits 2393 2398 

 flanged housing 2373 

 friction losses 2398 

 handling precautions 2402 

 housing bore tolerances 2385 

 housings, soft metal 2392 

 life 2403 

 adjustment factor application 2414 

 adjustment factor for material 2414 

 adjustment factors 2414 
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Bearings (Cont.) 

 criterion 2403 

 limitations 2404 

 load ratings 2403 

 locknuts and shafts for 2395 

 lockwashers for 2394 

 lubrication method 2400 

 materials for 2373 

 mounting 2390 

 precautions 2393 

 types 2401 

 pillow block 2373 

 plastics 2372 

 quiet or vibration-free mountings 2393 

 radial and angular contact 2405 

 radial and axial clearance 2401 

 radial, deep groove and angular  

 contact 2404 

 rating life 2405 2412 

 reliability 2414 

 seating fits 2393 

 selection 2399 

 shaft 

 and housing fits for metric radial 2384 

 bore limits 2385 

 housing fits 2382 

 tolerance 

 classifications, metric 2383 

 limits, metric 2384 

 single row radial, filling slot 2366 

 single row radial, non filling slot 2366 

 soft metal and resilient housings 2392 

 special or unconventional types of 2372 

 squareness and alignment 2391 
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Bearings (Cont.) 

 starting torque 2399 

 static 

 equivalent load 2417 

 load criterion 2404 

 load ratings 2415 

 symbols 2365 2367 

 thrust 2370 2408 

 thrust load 2409 

 tolerances 2374 2380 

 types 2366 2404 

      grease packing guidlines 2436 

      guide 2317 2356 

      hydrostatic 2317 

      journal 2325 

 allowable pressure 2330 

 bearing pressure 2329 

      journal 

 capacity number 2332 

 classes 2330 

 clearance modulus 2330 

 diameter of bearing 2329 

 diametral clearance 2330 

 eccentricity ratio 2331 

 factor 2332 

 film thickness 2335 

 flow factor 2334 

 flow of lubricant 2332 

 friction horsepower 2332 

 friction torque 2332 

 hydrodynamic flow of lubricant 2334 

 length of bearing 2329 

 length to diameter ratio 2330 

 lubrication analysis 2335 
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Bearings (Cont.) 

 operating temperature 2330 

 pressure 2330 

 pressure flow of lubricant 2334 

 temperature of mineral oils 2332 

 temperature rise 2335 

 torque parameter 2332 

 total flow of lubricant 2335 

 viscosity of lubricant 2330 

      keying 2319 

      laminated phenolic 2361 

      life adjustment factors 2414 

      lubricants and lubrication 

 grease 2323 

 journal bearings 2326 2329 2335 

 plain bearings 2322 

      materials, plain 2356 

 aluminum 2357 2360 

 babbitt metals 2357 

 bronze 2359 

 cadmium alloys 2359 

 carbon-graphite 2360 

 cast iron 2360 

 compatibility 2356 

 conformability 2356 

 copper-lead 2357 2359 

 corrosion resistance 2358 

 embeddability 2356 

 fatigue resistance 2356 

 graphitic 2362 

 laminated phenolics 2361 

 load capacity 2358 

 nylon 2361 

 plastics laminates 2361 
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Bearings (Cont.) 

 porous 2361 

 properties 2356 

 rubber 2362 

 SAE compositions 2357 

 silver 2360 

 strength 2358 

 teflon (TFE) 2361 

 thermal conductivity 2358 

 tin-bronze 2357 

 white metal 2357 

 wood 2362 

      needle 2370 

 loose roller 2371 

 symbols 2370 

 types of 2370 

      needle roller 

 designations of 2385 

 fitting and mounting practice 2387 

 roller and cage assemblies 2387 

 shaft and housing tolerances 2388 

 tolerances 2380 

      pillow block 2373 

      plain 2314 

 allowable pressures 2329 

 boundary lubrication 2318 

 circumferential-groove 2314 

 classes of 2314 

 clearances 2329 

 controlled clearence noncontact  

 seals 2320 

 cylindrical-overshot 2316 

 cylindrical-undershot 2316 

 design 2317 
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Bearings (Cont.) 

 design notation 2327 

 die casting in place 1417 

 displaced elliptical 2316 

 elliptical-overshot 2316 

 full film lubrication 2318 

 full film operational mode 2318 

 greases 2325 

 grooving feeding 2326 

 hardness and surface finish 2321 

 heat radiating capacity 2325 

 hydrostatic 2317 

 journal 2326 

 journal bearing oil grooving 2326 

 journal bearing types 2327 

 journal or sleeve 2314 

 keying methods 2319 

 length-to-diameter ratio 2329 

 lubricants 2323 

 lubrication analysis 2329 

 lubrication methods 2322 

 machining 2321 

 materials 2356 

 mixed-film lubrication mode 2318 

 modes of operation 2317 2319 

 multiple-groove 2316 

 nutcracker 2316 

 oil bath lubrication 2323 

 oil feeding 2326 

 oil grooves 2325 2329 

 oil ring lubrication 2323 

 operating temperatures 2330 

 pivot-shoe 2316 

 positive contact 2320 
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Bearings (Cont.) 

 press or shrink fit 2319 

 pressure 2316 

 pressure lubrication 2322 

 pressure profile 2327 

 retaining methods 2319 

 rubbing seals 2320 

 sealing methods 2319 

      plain 

 sleeve 2326 

 solid lubricants 2325 

 splash lubrication 2322 

 static seals 2321 

 surface finish and hardness 2321 

 three-lobe 2316 

 types 2314 

 viscosity temperature chart 2324 

 waste pack lubrication 2323 

      porous 2361 

      retention 

 dowel pin 2320 

 housing cap 2320 

 set screws 2319 

 woodruff key 2320 

      roller 2365 

 ABEC and RBEC tolerances 2385 

 alignment and squareness 2391 

 allowance for axial displacement 2382 

 barrel roller 2368 

 barrel type 2372 

 bearing closures 2398 

 cage materials 2373 

 clamping and retaining methods 2393 

 closures 2398 
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Bearings (Cont.) 

 cylindrical type 2368 2372 

 deficiencies 2403 

 design and installation  

 considerations 2382 

 designation of 2373 2385 

 failures 2403 

 fatigue life 2403 

 fits 2393 2398 

 flanged housing 2373 

 friction losses in 2398 

 handling precautions 2402 

 high speed effects 2409 

 housing bore tolerances 2385 

 housings, soft metal and resilient 2392 

 internal clearance 2409 

 life 2403 

 adjustment factors 2414 

 for application 2414 

 for material 2414 

 criterion 2403 

 life adjustment factors 2414 

 load ratings 2403 

 location and seating 2390 

 locknuts and shafts 2395 

 lockwashers 2394 

 lubrication 2400 2409 

 materials for 2373 2409 

 method of designation 2384 

 mounting 2390 

 precautions 2393 

 type 2401 

 needle type 2387 

 pillow block 2373 
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Bearings (Cont.) 

 plastics 2372 

 quiet or vibration-free mountings 2393 

      roller 

 radial 2411 2419 

 radial and axial clearance 2401 

 radial load 2411 

 rating life 2410 2412 

 reliability 2414 

 seating fits for 2393 

 selection 2399 

 self-aligning 2370 

 shaft and housing fits for 2393 2398 

 metric radial 2382 

 soft metal and resilient housings 2392 

 special or unconventional types of 2372 

 spherical roller 2368 

 spherical type 2372 

 squareness and alignment 2391 

 static equivalent loads 2418 

 static load criterion 2404 

 stress concentrations 2409 

 symbols 2365 

 tapered 2369 

 tapered roller thrust type 2369 

 thrust 2369 2380 2412 

 tolerances for 2374 

 torque, starting 2399 

 types of 2368 2409 

      roller thrust 

 spherical roller 2370 

      sleeve 2325 

      spacing and  

 shaft stiffness 2180 
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Bearings (Cont.) 

      tapered 

 land thrust bearing 2338 2347 2352 

 roller bearings 2369 

 roller thrust bearings 2369 

      thrust bearing 2338 2370 

 ball 2370 

 symbols 2368 

 design notation 2339 

 flat plate design 2338 2340 

 depth of chamber 2342 

 film flow 2341 

 flow per chamber 2341 

 friction power loss 2341 

 kinetic energy correction 2342 

 length of pad 2341 

 number of pad 2341 

 pitch line velocity 2341 

 radial pad width 2340 

 required oil flow 2341 

 flat plate type 2344 

 friction power loss 2342 

 leakage factor 2349 

 load 2339 

 parallel flat plate 2338 

 plain 2338 

 rated life 2408 

 roller 2369 2412 

 symbols 2369 

 static equivalent load 2418 

 step design 2338 2344 

 depth of step 2346 

 film thickness 2346 
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Bearings (Cont.) 

      thrust bearing 

 friction power loss 2346 

 hydrodynamic oil flow 2346 

 length of pad 2346 

 number of pads 2346 

 pad step length 2346 

 pitch line circumference 2346 

 pitch line velocity 2346 

 radial pad width 2345 

 temperature rise 2346 

 tapered land design 2338 2347 2352 

 film thickness 2348 

 friction power loss 2349 

 length of pad 2348 

 number of pads 2348 

 oil film flow 2349 

 oil flow factor 2349 

 oil leakage factor 2348 

 pitch line circumference 2348 

 pitch line velocity 2348 

 radial pad width 2348 

 shape factor 2349 

 taper values 2348 

 tilting pad design 2338 2352 

 bearing unit load 2353 

 dimensionless film thickness 2355 

 film thickness 2354 

 friction coefficient 2354 

 length of pad 2353 

 number of pads 2353 

 operating number 2353 2355 

 pitch line velocity 2353 

 radial pad width 2353 
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Bearings (Cont.) 

 temperature rise 2354 

 tolerances 2380 

      tolerances 2374 

 metric ball and roller 2375 

 needle roller 2374 

 thrust 2374 

Bel  2700 

Belleville disc springs or washers 344 350 

        (see also Springs: disc) 

Belts and pulleys 2484 

      flat belts 2487 

 length formula 2484 

 rules for diameters and speeds of  

 pulleys 2484 

 speed limitations 2487 

      speed in compound drive 2486 

      synchronous belts 2528 2532 

 cross section 2534 

 designation 2528 2534 

 horsepower rating 2535 

 length determination 2532 

 pitch lengths 2531 

 pulley 

 and flange dimension 2530 

 diameter 2532 

 size 2533 2536 

 tolerances 2534 

 section dimension 2530 

      synchronous belts 

 service factors 2528 

 storage and handling 2525 

 timing 2528 

 tolerances 2531 
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Belts and pulleys (Cont.) 

 tooth dimensions 2529 

 torque ratings 2534 

 width factor 2536 

 width, finding 2535 

 widths and tolerances 2532 

      variable speed belts 2518 

 arc of contact 2525 

 cross section selection 2522 

 degree 2523 2525 

 designation 2521 

 dimension 2518 

 drive design 2521 

 groove dimension 2520 

 horsepower rating 2522 

 length correction 2524 

 lengths 2519 

 sheave dimension 2520 

 sheave groove data 2521 

 speed ratio 2522 

      V-belts 2489 

 belt lengths and center distances 2494 

 classical V-belts 2495 

 arc of contact correction 2502 

 cross section correction factors 2494 

 datum length 2496 

 groove dimension 2497 

 horsepower ratings 2499 

 length correction 2501 

 sheave dimensions 2496 

 speed ratio correction 2501 

 double V-belts 2502 

 arc of contact 2510 

 design method 2506 
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Belts and pulleys (Cont.) 

 effective diameter 2505 

 effective length 2502 

 groove dimension 2503 

 length determination 2505 

 length-flex correction 2509 

 number of belts 2506 

 sheave dimension 2502 

 tension 2510 

 tension ratings 2509 

 tight side tension 2507 

 effective length 2487 

 horsepower ratings 2484 

 light duty V-belts 2510 

 arc of contact 2510 

 designation 2510 

 dimensions 2511 

 groove dimension 2512 

 horsepower rating 2512 

 sheave dimension 2512 

 narrow V-belts 2489 2494 

 arc of contact correction 2495 

 cross section selection 2493 

 groove dimension 2491 

 horsepower ratings 2493 

      V-belts 

 length correction factors 2495 

 number of belts 2495 

 sheave 

 dimensions 2489 2491 

 outside diameter 2493 

 size 2493 

 speed ratio correction factors 2494 

 ratio 2484 
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Belts and pulleys (Cont.) 

 SAE belts and belting 2525 

 belt dimensions 2526 

 pulley dimensions 2526 

 service factors 2527 

 sheaves 2484 

 sixty (60)-degree 2525 

 storage and handling 2526 

 V-ribbed belts 2513 

 arc of contact correction 2517 

 cross-sections 2513 

 designation 2515 

 dimensions 2513 

 effective length 2516 

 grooved dimension 2514 

 horsepower rating 2515 

 length correction 2517 

 sheave dimension 2514 

 speed ratio correction 2518 

 60 degree 2525 

 speed ratio correction 2523 

Bending 

      formulas 

 for beams 267 

      formulas for beams 256 

      formulas for shafts 295 

      pipe and tube 1382 

 press 1383 

 roll 1385 

 rotary draw 1384 

 use of filling material 1385 

      roll 1385 

      rotary draw 1384 

      sheet metal 1346 
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Bending (Cont.) 

 allowances 1347 1351 1358 

 aluminum 1347 

 angle other than 90° 1351 

 brass 1347 1351 

 bronze 1347 1351 

 force 1352 

 formulas 1347 1351 

 radius 1346 

 inside bend 1346 

 maximum 1347 

 minimum 1346 

 steel 1347 

 three-roll 1353 

      stress in beams 256 

      structural angles 2600 

Bending load, wood 385 

Bending moments units conversion 2689 

Beryllium and copper alloys 529 

Bevel gearing 2177 

      ANSI/AGMA Standard 2181 

      applications of 2179 

      bearing spacing 2180 

      blanks 2179 

      bronze and brass gears 2243 

      chordal addendum 2189 

      chordal thickness 2188 

      circular pitch 2184 

      circular thickness 2189 

      cutting angle 2184 

      cutting teeth 2180 

      design 2179 

      dimensions 2183 

      face angle 2184 
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Bevel gearing (Cont.) 

      factors for offset of cutter 2188 

      formed cutters for 2185 

      German standard tooth form 2217 

      hypoid gears 2178 

      materials for 2190 

      milled 2181 2188 

      milling cutters for 829 

      milling setup 2188 

      mountings 2180 

      nomenclature 2181 

      offset of cutter 2188 

      pitch cone 2183 

      pitch diameter 2183 

      planetary 2211 

      replacement gear dimensions 2250 

      selecting formed cutters for 2187 

      shaft stiffness 2180 

      spiral 2178 

      straight 2125 2177 2179 

      thickness of tooth 2184 

      types of 2177 

      typical steels used for 2190 

      Zerol 2125 2178 

BHRA - British Hydromechanics  

 Research Association 2439 

Bilateral and unilateral tolerances 628 

Binary multiples 2658 

Binding head miniature screw 1654 

Birmingham wire gage 2605 

Birnie’s equation 291 

Blank diameters, drawing dies 1355 1357 

Blanking and punching 1339 

      clearance 1340 
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Blanking and punching (Cont.) 

      stripper force 

 elastic stripper 1343 

Blanks, sintered carbide 772 

Blast cleaning of castings 1412 

Block 

      brakes 2458 

      or multiple indexing 2117 

Block and spacer torque test 1618 

Blow molding 581 

Blow, force of 183 

Boilers, strength of flat stayed surfaces 288 

Boiling temperature, various substances 372 

Bolt hole circles 

      adapting equations for geometry 694 

      chordal distance 76 

      coordinates for 692 

      Type “A” 692 696 698 

      Type “B” 693 700 702 

Bolts and nuts 

      angularity and eccentricity 1635 

      ANSI Standard 1540 

      ANSI, inch dimensions 

 cap or acorn nuts 1549 

 countersunk bolts 1554 

 flat jam nuts 1546 

 hex 

 flat nuts 1546 

 nuts 1545 

 slotted nuts 1546 1548 

 thick slotted nuts 1547 

 jam nuts 1545 

 ribbed neck bolts 1553 

 round head bolts 1551 
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Bolts and nuts (Cont.) 

 round head fin neck bolts 1552 

 slotted countersunk bolts 1555 

 square 

 neck bolts 1551 1554 

 nuts 1538 1548 

 step bolts 1554 

 T-bolts 1727 

 T-nuts 1728 

 Unified 1538 1545 1548 

 wing nuts 1791 

      ANSI, metric dimensions 

 diameters 1584 

 heavy hex bolts 1591 

 heavy hex flange screws 1588 

 heavy hex nuts 1605 

 hex jam nuts 1605 

 hex nuts 1601 

 prevailing torque hex 

 flange nuts 1604 

 nuts 1606 

 reduced diameter bolts 1585 

 slotted hex nuts 1601 

 thread series 1603 

      bolt designation 1539 1592 1604 1626

  1635 1644 1658 1680

  1691 1694 1702 1718

  1794 1797 

      British Standard 1676 

 fine thread 1700 1955 

 hexagon bolts, screws, and nuts 1634 

 hexagon slotted and castle nuts 1629 

 metric hexagon 1630 

 precision hexagon nuts 1628 
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Bolts and nuts (Cont.) 

 slotted and castle nuts 1628 

 Unified 1678 

 Whitworth 1627 1672 1679 1700 

      chamfering 1635 

      combination 1636 

      counterbore sizes 899 1612 

      countersinking 1635 

      deflection 1521 

      designation 1636 

      diameter-length combinations 1594 

      drill sizes 1612 

      elongation and tightening tension 1530 

      elongation measurements 1526 

      finish 1634 

      friction coefficient 1530 

      friction coefficients 1524 

      grade markings for steel 1534 

      head markings 

 inch 1534 

 metric 1592 1601 1604 

      heavy hex structural 1540 

      heavy hex structural bolts 1591 

      hex structural 1539 

      hexagon bolts, screws, and nuts 1634 

      hexagon sockets 1599 

      identification symbols 1593 

      length of thread 1635 

      load allowable on bolts 1535 

      loaded joints 1522 

      marking 1636 

      materials properties 1592 

      metric hex bolts 1592 

      metric hex cap screws 1595 
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Bolts and nuts (Cont.) 

      metric hex flange nuts 1601 

      metric hex lag screws 1594 

      metric round head bolts 1593 

      metric screw 1593 

      nominal lengths 1634 

      preload 1521 

 adjustments 1524 

 application methods 1526 

 applications 1523 

 loaded joints 1522 

 shear 1522 

      proof strength 1521 

      relaxation of preloads 1525 

      round head neck bolts 1552 

      socket head cap screws 1594 1599 

      spacing for wrench clearances 1555 

      spline sockets 1599 

      square 1539 

      steel nuts 1636 

      strength grade designations 1534 1592 1601 1604

  1635 

      tightening 1521 

      torque 1521 

      torque prevailing types 1603 

      torque required to tighten 1521 

      Unified square 1540 

      Unified Standard 1540 

      washer facing 1635 

      working strength of bolts 1535 

      wrench and socket clearances 1555 

      wrench clearances for nuts 1556 

      wrench openings 1556 

      yield strength 1521 
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Bonding plastics 593 

Bonding, adhesives 2580 

Boring 

      carbide tools for 899 

      cutting time for 1081 

      insert holder 770 

      wood 388 

Boring machine, origin 903 

Boring tools 

      carbide carbide tipped round 901 

      carbide sizes 899 

      carbide style 899 

      sintered carbide 899 

      solid carbide 903 

Boring-bar, cutters, carbide 899 

Boron nitride 

      cubic (CBN) abrasive 1012 1217 1234 1243 

 cutting tool materials 1012 

 speeds and feeds for 1032 1038 

Bottom bending 1346 

Boundry film lubrication 2421 

Box wrench clearances 1561 

Box wrench clearances, US-Metric 1561 

Brakes 

      band 2455 

      block type 2458 

      coefficient of friction 2455 

Brass and bronze 

      alloys 514 

 cast 515 

 speeds and feeds 

 drilling and reaming 1071 

 wrought 519 

      bending 1347 1351 
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Brass and bronze (Cont.) 

      speeds and feeds 

 turning 1036 

      strength data 513 

Brass files 989 

Brazing 1426 

      blowpipe 1431 

      dip 1431 

      filler metals for 1426 

      fluxes for 1426 

      furnace 1431 

      heating for 1431 

      induction 1431 

      methods 1431 

      resistance 1431 

      supplying heat blowpipe 1431 

      supplying heat torch 1431 

      symbols 1431 

      vacuum furnace 1431 

      work 1431 

Breakaway torque 1623 

Break-even analysis 143 

Breaking load, bolts 1537 

Breaking load, screws 1537 

Bricks strength 394 

Briggs (now ANSI) standard pipe  

    thread 1957 1986 1988 

      drills for 2037 

Brinell hardness 505 

      aluminum alloys 534 

      heat-treated steels 424 

      Rockwell conversion tables 508 

      test 505 
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British Association 

      basic dimensions 1982 

      instrument makers threads 1982 

      standard screw threads 1981 

      tolerance formulas 1982 

      tolerances and allowances 1982 

British Standard 

      button head screws 1694 

      buttress threads 1945 

      cap screws 1695 

      cheese head screw 1677 

      clearance holes for metric bolts and  

 screws 2034 

      combined drills and countersinks 886 

      core drills 892 

      countersunk head screws 1672 1676 1679 

      deviations for holes 670 

      deviations for shafts 668 

      dowel pins, metric 1747 

      drills and countersinks 890 

      drills, metric 890 892 

      fasteners, mechanical properties 1634 1694 

      fine threads (BSF) 

 basic dimensions 1955 

 tolerance formulas 1953 

      fits 666 

      hexagon and thin nuts 1632 

      hexagon bolts 1626 

      hexagon bolts and screws 1631 

      hexagon head screws 1676 

      hexagon nuts 1629 

      hexagon slotted and castle nuts 1628 1633 

      hexagon socket countersunk 1694 
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British Standard (Cont.) 

      hexagon socket screws, metric 1694 1696 1699 

 button head 1698 

 cap 1695 

 set 1697 1699 

      imperial wire gauge 2605 

      interference fits 1637 

      ISO metric 

 grade markings 1634 

 limits and fits 662 

 tapping drill sizes for 2033 

 threads 1901 1919 

      ISO metric nuts 1632 

      ISO profile dimensions 1910 

      limits and fits 667 

      limits of tolerance for shafts 665 

      machine screw nuts 1667 1672 

      machine screws 1666 

 countersunk head 1670 

 material 1667 

 metric series 1669 

 slotted countersunk head 1669 

      machine screws and nuts 1676 

      machine screws, cheese head 1674 

      machine screws, metric series 1675 

      metric 

 and inch pipe threads 1966 

 basic sizes, preferred 674 

 bolts, clearance holes 2034 

      metric 

 bright metal washers 1641 

 comparison of British, French, German  

 and Swiss 1920 

 dowel pins 1747 
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British Standard (Cont.) 

 drills 890 

 gauge and letter sizes 891 

 hexagon socket screws 1694 1699 

 limits and fits 662 

 machine screws and nuts 1666 

 metal washers 1640 

 series 1667 

 series plain washers 1640 

 series spring washers 1638 

 spring washers 1639 

 threads 1920 

      morse taper 893 

      mushroom head screw 1677 

      nuts 1627 1632 1666 

      pan head screw 1677 

      pipe threads 

 jointing threads 1966 

 longscrew threads 1966 

 non pressure tight joints 1965 

 pressure tight joints 1966 

      precision metric nuts 1633 

      preferred metric basic sizes 674 

      preferred numbers 674 

      preferred sizes 674 

      recessed head screws 1676 

      rivets 1736 1745 

      RMS thread 1982 

      round head screw 1676 

      screws 1626 1666 1679 1694 

 thread dimensions 1967 1982 

 thread profiles 1863 1953 

      slotted head screws 1676 

      socket head 1695 
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British Standard (Cont.) 

      spark plug threads 1979 

      spur and helical gears 2172 

      straight splines 2278 

      studs 1626 1637 

      tolerance for holes and shafts 663 665 

      twist drills 892 

      Unified 

 machine screws and nuts 1678 

 screws and nuts 1678 

 thread system 

 UNJ profile threads 1863 

      washers, plain, metric 1640 

      Whitworth and fine machine screws 1667 

      Whitworth threads (BSW) 1953 

 basic dimensions 1954 

 formulas 1954 

 instrument threads 1982 

 machine screws 1679 

 measuring 1992 1995 1998 

 pipe threads 1965 

 set-screws 1679 1700 

 thread form 1953 

 tolerance formulas 1953 

British thermal units, (BTU) 2695 

      converted into foot-pounds 2691 

      power and heat equivalents 2690 

Broaches 

      chip breakers 983 

      clearance angles for teeth 983 

      depth of cut per tooth 982 

      depth of teeth 983 

      face angle or rake 983 

      land width 983 
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Broaches (Cont.) 

      pitch of teeth 980 

      radius of tooth fillet 983 

      shear angle 983 

      surface 981 

      total length of 983 

      types 979 

Broaching 979 

      cutting oils for 1185 

      cutting speeds for 1073 

      difficulties 985 

      pressure 981 

      types of machines 983 

Broken tap, removal of 2037 

Bronze bearing material 2359 

Bronze bending 1347 1351 

Brown & Sharpe 

      automatic screw machines 1170 

      forming tool formula 799 

      indexing plates 2079 2107 

      milling machine indexing 2079 2081 2107 

      taper 948 957 

      taper reamers for sockets 864 

      wire gage 2605 

Brush finishing, power 1500 

Buckling, columns 282 

Buffing and polishing 1501 

Buffing wheels 1504 

Bulk modulus of various material 394 

Burs and files, rotary 989 

Bushings gear 2245 

Butt joint, riveted 1729 

Button head screw 1694 
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Buttress threads 1945 

      allowances and tolerances 1951 

      ANSI Standard inch type 1946 

      basic dimensions 1945 

      British Standard 1945 

      designations 1952 

      diameter equivalents 1948 

      diameter-pitch combinations 1945 

      dimensions 1951 

      formula 1952 

      height of thread engagement 1946 

      lead and flank angles 1948 

      pitch-diameter tolerances 1947 

      symbols and formulas 1946 

      thread form 1946 

      tolerances 1947 1950 

      wire method of measuring 2006 

Byte  2658 

C 

Cables, wire, breaking strength 2616 

Cadmium 

      bearing alloys 2359 

      plating 1509 

      vacuum coating 1515 

Cage materials, anti-friction bearings 2373 

Caliper 

      gear tooth 2147 

      measurement of gear teeth 2147 

      vernier 675 

Calorie, kilogram 2690 2695 

Cams and cam design 1174 2284 

      accelerating forces 2301 
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Cams and cam design (Cont.) 

      acceleration, velocity, and displacement  

 formulas 2286 

      classes of cams 2284 

      constant velocity with parabolic  

 matching 2291 

      contact stresses 2306 

      cylinder cams shape 2307 

      displacement 

 constant velocity 2286 

 curves 2285 

 cycloidal 2288 

 diagrams 2285 

 harmonic 2287 

 parabolic 2286 

 synthesis of 2288 

      follower systems 2284 

      forces 2301 

      friction forces 2302 

      harmonic motion 2300 

      layout of a cylinder cams 2307 

      materials 2301 2306 

 compressive stress 2306 

      milling 2308 

      offset translating follower 2294 

      pressure angle 2293 2302 

 formula 2297 

 harmonic motion 2298 

 parabolic motion 2298 

 uniform velocity motion 2298 

      profile determination 2290 2292 

      radius of curvature 2299 

 cycloidal motion 2300 

 parabolic motion 2300 
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Cams and cam design (Cont.) 

      rise for threading 1173 

      size determination 2293 

      stresses, contact 2301 2305 

      swinging roller follower 2292 2296 

      symbols 2285 

      torque 2303 

      translating roller follower 2292 

Cams and tool design 1174 

Cap screws 1542 1680 

      button head 1685 

      drill and counterbore sizes for 1683 

      finished, hexagonal 1542 

      flat head 1684 

      hexagon socket head 1694 

      hexagon socket type 1682 

      hexagonal 1542 

      metric 1582 

      round head 1681 

      slotted fillister head 1681 

      slotted flat head 1680 

      slotted head 1680 

 designation 1680 

 length of thread 1680 

      spline socket type 1682 

Capitalized cost 141 

Carat  2683 

Carbide blank 

      designations 772 

      sizes 772 

Carbide tools 779 785 

      application of cutting fluids to 1187 

      boring 899 1074 

      coated 1010 
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Carbide tools (Cont.) 

      cutting 772 

      grinding 1000 

      insert holders 760 782 

      insert type 760 764 

      materials for 785 1009 

      nose angle 777 

      nose radius 774 778 

      rectangular shank 775 

      sharpening 1000 

      side cutting edge angle 776 

      single point 772 

      sintered 772 

      square shank 775 

      standard blanks for 772 

      style A 775 

      style B 776 

      style C 777 

      style E 778 

      style EL 778 

      style ER 778 

      tips for boring tools 899 

Carbides and carbonitrides 785 

Carbon steel 396 

      AISI-SAE designations 400 

      chemical compositions 402 2241 

      classification 410 

      cold drawn 422 

      electrodes 1457 

      forged and rolled 2241 

      free cutting 412 

      gears 2241 

      heat treatments 490 

      mechanical properties 424 
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Carbon steel (Cont.) 

      milling 1044 

      numbering system 398 400 

      structure of 465 

      tool steel as a cutting tool material 1009 

      turning 1026 

      unified numbering system 398 400 

Carbonaceous mixtures 484 

Carbon-graphite bearings 2362 

Carbonitrides and carbides 785 

Carbonitriding 468 

Carburizing 461 467 484 

      gas 486 

      liquid 486 

      solid materials 484 

      steels for 413 

      temperatures 

 alloy steel 491 

 carbon steel 490 

      vacuum 486 

Cartesian coordinate system 1279 

Cartesian coordinates 43 

Case hardening 461 484 

      steel 484 

Cash flow conversion 136 

      annuity to future value 138 

      annuity to gradient value 138 

      annuity to present value 138 

      diagrams 137 

      future value to annuity 138 

      future value to gradient 138 

      future value to present value 138 

      present value to annuity 138 

      present value to future value 138 
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Cash flow conversion (Cont.) 

      present value to gradient 138 

Casing thread 1986 

Cast copper alloys 514 

Cast iron 

      bearings 2360 

      coefficient of expansion 377 

      cutting, flame 1463 

      density 377 

      ductile 1405 

      malleable 1405 

      melting points 377 

      nodular 1405 

      specific heat 377 

      speeds and feeds for 

 drilling, reaming, and threading 1067 

 milling 1051 

 turning 1032 

      strength 432 

      thermal conductivity 377 

Cast metals, power constant 1083 

Cast roller chains 2537 

Cast steel 1406 

      austenitic manganese 1408 

      chemical composition 1408 2242 

      corrosion resistant alloy 1408 

      elongation 1408 

      mechanical properties 1407 

      strength 432 1407 

      tensile strength 1408 

      yield point 1408 

Casting processes 

      accuracy 1420 

      aluminum alloys 1415 
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Casting processes (Cont.) 

      ductile iron 1405 

      extrusion 1421 

      gravity die casting 1410 

      gray iron 1410 

      green-sand molding 1409 

      investment casting 1418 1420 

      investment removal 1420 

      low pressure casting 1411 

      permanent mold 1410 

      shell-molding 1410 

      squeeze casting 1411 

      V-process 1410 

      weights and sizes 1420 

Castings 

      alloy steel 1406 

      blast cleaning 1412 

      brass and bronze 513 

      bronze and brass for gears 2243 

      centrifugal 188 

      cleaning 1412 

      cleaning methods 1412 

      die design 1415 

      dimensions 1419 

      ductile (nodular) iron 1405 

      finishing operations 1411 

      heat treatment 1411 

      investment 1418 

      malleable iron 432 1405 

      metal 1409 

      milling cutters 1421 

      nodular cast iron 1405 

      removal of gates and risers 1411 

      shrinkage of 1413 
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Castings (Cont.) 

      steel, for gears 2190 2242 

      surface texture of 744 

      tolerances 1419 

      weight 1412 1414 

Castle and slotted nuts 1539 1627 1629 

Cathode 1394 

Cement, strength of 394 

Cementation 461 

Cemented carbide tools 785 

      coated 790 

      drilling with 1060 

      grinding 1000 

      materials for 1009 

      milling with 1043 

      turning with 1026 

Cementite 465 

Cements, pipe joints 2584 

Center 

      distance, gear set 2137 2139 2207 

      drills reamers and machine  

 countersinks 851 

      of oscillation 231 

      of percussion 231 

Center distance, gearing 2126 

Center of gravity 221 231 

      any four-sided figure 222 

      circle sector 223 

      circular arc 222 

      cone 225 

      cone, frustum 225 

      cylinder 224 

      cylinder, portion of 224 

      ellipse segment 223 
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Center of gravity (Cont.) 

      ellipsoid, segment of 226 

      fillet 223 

      of two bodies 225 

      parabola, area of 224 

      paraboloid 226 

      part of circle ring 223 

      perimeter or area of parallelogram 221 

      pyramid 225 

      pyramid, frustum 225 

      spandrel 223 

      sphere, hollow 226 

      spherical 

 sector 226 

 segment 226 

 surface 223 

      spheroid, segment of 226 

      trapezoid 222 

      triangle 221 

      wedge 226 

Centering tools, length of point 889 

Centerless grinding 1259 

      troubles 1260 

Centers, for arbors and reamers 851 

Centimeter-gram-second system of  

    measurement 2656 

Centimeter-inch conversion tables 2665 

Centipoise (cP) 2425 

Centipoises 2698 

Centistokes 2698 

Centistokes (cSt) 2425 

Centralizing Acme threads 1928 1939 

      alternative series 1939 1942 

      basic dimensions 1930 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Centralizing Acme threads (Cont.) 

      designation 1933 

      diameter allowance 1932 

      diameter tolerance 1933 

      formulas for determining diameters 1930 1932 

      limiting dimensions 1930 

      major and minor diameter allowances and  

 tolerances 1932 

      pitch diameter allowances 1932 

      pitch diameter tolerance 1933 

      single start screw thread 1932 

      thread data 1931 

      thread form 1930 

Centrifugal 

      casting 188 

      clutches 2450 

      force 187 

 calculation 188 

Ceramic 

      coefficient of expansion 389 792 

      compressive properties 389 

      compressive strength 389 792 

      cutting tool materials 790 1011 

      density 389 792 

      dielectric strength 389 

      fracture toughness 792 

      hardness 389 792 

      mechanical properties 389 

      modulus of elasticity 792 

      modulus of rigidity 792 

      poission’s ratio 792 

      properties 792 

      tensile strength 389 

      thermal conductivity 389 792 
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Ceramic (Cont.) 

      whisker reinforced 793 

Cermets 785 

Cgs system of measurement 2656 

Chain 

      cast roller 2537 

      detachable 2537 

      pintle 2537 

      saw files 989 

Chamfering insert holder 770 

Chamfers and corner clearance, gearing 2260 

Change gears 

      compound 2042 2105 

      finding accurate ratios 2046 

      finding ratios 2046 

      helical gear hobbing 2208 

      helical milling 2061 

      idler gears 2105 

      lathe 2042 

      leads and angles for helical milling 2076 

      odd inch pitch threads 2045 

      output, quick change 2044 

      relieving helical-fluted hobs 2046 

      thread cutting, lathe 2042 

 fractional ratios 2043 

 fractional threads 2042 

 metric pitches 2042 

 modifying the gearbox output 2043 

 threads per inch with given  

 combination 2042 

      trains, for fractional ratios 2043 

Channels 

      aluminum 2603 

      moment of inertia 2599 2603 
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Channels (Cont.) 

      radius of gyration 2599 2603 

      section modulus 2599 2603 

      steel 2599 

      structural 2599 2603 

      weight per foot 2599 2603 

Checking 

      Acme threads by three-wire method 2002 

      enlarged spur pinion 2239 

      gear size 2221 

      gears 2230 

      measurements over pins or wires 2239 

      radius of arc 687 

      rake angles 

 indicator drop method 841 

 indicator drops on milling cutter face 842 

      relief angles 

 indicator drop method 841 

 indicator drops on end teeth 841 

 indicator drops on side teeth 841 

      screw thread dimensions 1997 

      shaft conditions 688 

      spur gear by wires 2222 

      spur gear size 2222 

      Whitworth threads 1997 

Cheese head screws 1672 1677 

Chemical composition 1617 

Chemical compositions 

      alloy steels 404 1408 

      aluminum alloys 537 

      carbon steels 402 1408 

      cast steels 2242 

      copper 528 

      copper alloys 515 
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Chemical compositions (Cont.) 

      forged and rolled alloy steels 2242 

      forged and rolled carbon steels 2241 

      HSLA steels 421 

      magnesium alloys 546 

      molybdenum 499 

      nickel alloys 548 

      shock-resisting tool steels 455 

      stainless steels 406 

      tool steels 441 

      treatment of metals 1505 

      vapor deposition (CVD) 788 

Chemical elements 371 

      atomic number 371 

      atomic weight 371 

      melting temperature 371 

      symbol 371 

Chemical surface treatment of metals 1506 

Chilled cast iron 1404 

Chip flow angle 1139 

Chip thickness 1132 1197 

Chipbreakers 763 

      angular shoulder type 763 

      grinding 1002 

      groove type 763 

      light cuts 764 

      parallel shoulder type 763 

Chord 

      length for given number of divisions 695 

      length given angle and radius 73 77 79 

Chordal addendum 2126 2145 

      milled bevel gear teeth 2189 

      milled, full-depth gear teeth 2143 

Chordal distance of bolt circle 76 695 
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Chordal thickness 2126 

      gear teeth 2142 2144 2188 

      milled bevel gear teeth 2189 

      milled, full-depth gear teeth 2143 

Chrome 1509 

Chromium 

      gearing material 2242 

      plating 1467 

      tool steels 449 

Chucking reamers 845 

      expansion 854 

      rose 846 

Chucks 

      drill, tapers and threads for 961 

      hexagonal, for portable tools 975 

      spindle, for portable tool grinders 972 

Cincinnati milling machines, indexing  

    movements 2113 

Circles 46 

      center 46 

      chords for dividing circumference of 695 

      enclosed within a circle 88 

      enclosed within a rectangle 93 

      general equation 46 

      geometry of 60 

      lengths of chords for dividing 695 

      moment of inertia 237 

      packing 

 in circles 88 

 in circles and rectangles 88 

 in rectangles 93 

      radius 46 

      radius of gyration 237 

      section modulus 237 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Circles (Cont.) 

      segments 73 77 

      squares of equivalent areas 80 

Circular 

      arc center of gravity 222 

      disk, radius of gyration 229 

      gear teeth 2135 

      measure 2662 

      mil gage for wires 2675 

      pitch 2126 2253 

 given center distance and ratio 2141 

      pitch gears, diameters of 2148 

      pitch in gears 2148 

      ring 

 moment of inertia 238 

 radius of gyration 238 

 section modulus 238 

 sector area 46 74 

      saws, arbors for 972 

      sector segment 695 

      sector, area 46 73 

      segment 

 area 73 77 

 formulas 77 

 table of dimensions 78 

      thickness 2126 

 milled bevel gear teeth 2189 

 outside diameter 

 has been enlarged 2142 

 has been reduced 2142 

      tools 806 

Circumference 

      chords for dividing 695 

Clad aluminum alloys 543 
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Cladding with lasers 1498 

Classical belts and pulleys 

      V-belts 2495 

 datum length 2496 

 groove dimension 2497 

 horsepower rating 2499 

 length correction 2501 

 sheave dimension 2496 

Classification of carbon steels 410 

Clavarino’s equation 291 

Clearance 2126 

      angles 

      angles 

 boring tools 899 

 milling cutters 837 

 reamers, tooth rest position 847 

      box wrenches 1561 

      drill sizes, machine screw 2030 

      for wrench 1555 

      holes 628 635 638 653 

 hex-head bolt and nut 899 

 inch machine screws 2030 

 metric 

 bolts and screws 2034 

 machine screws 1665 

 socket head cap screws 1612 

 square neck bolts 1611 

 tapping screws 1721 

Clearance holes 1609 

      inch fasteners 1609 

      metric fasteners 1610 

      substitute drills for 1610 

Cleveland forming tool formula 799 

Clevis pins 1747 
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Clutches 2446 

      angle of cone 2449 

      angle of dividing head for milling 2453 

      centrifugal and free-wheeling 2450 

      cone 2448 

      cutting teeth 2452 

      cutting with angular cutters 2452 2454 

      disk 2446 

      double angle cutter 2454 

      friction 2446 2448 

      friction coefficients 2448 

      magnetic 2449 

      positive 2451 

      power capacity of 2447 

      saw tooth 2453 

      single angle cutter 2453 

      slipping 2450 

      wrapped spring 2450 

CNC  1279 

      back boring 1298 

      canned cycles 1295 

      Cartesian coordinate system 1279 

      computer based programming 1282 

      contouring 1300 

      coordinate geometry 1279 

      depth of thread 1302 

      features 1283 

      fixed cycles 1295 

      G address 1284 

      G codes 1284 

      holes 1294 

      indexable threading insert 1302 

      lathes 1288 1302 

      M codes 1287 
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CNC (Cont.) 

      manual data input (MDI) 1283 

      manual programming 1281 

      MDI, manual data input mode 1307 

      multiple repetitive cycles 1300 

      multi-start threads 1305 

      N Address 1284 

      O address 1284 

      offsets 1292 

      parametric programming 1306 

      peck depth 1296 

      program structure 1284 

      programming 

 ABS 1312 

 absolute 1287 

 arc radius 1290 

 block number N 1284 

 branching 1313 

 circular interpolation 1290 

 comments and messages 1284 

 computer 1282 

 cutter radius compensation 1293 

 cutter radius offset 1293 

 defining a plane 1290 

 equidistant toolpath 1293 

 F-address 1288 

 feed rate override 1289 

 FIX 1311 

 fixed cycles 1295 

 FUP 1312 

 G00 1290 

 G01 1290 

 G02, G03 1290 

 G17, G18, G19 1290 
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CNC (Cont.) 

 G20, G21 1287 

 G32, G76 multi start threads 1305 

 G32, G76 threading 1304 

 G33, G34 threading 1304 

 G41, G42 1289 1293 

 G43, G44 1293 

 G50 1288 

 G54 - G59 1292 

 G65 prep command 1307 

 G70, G76 1300 

 G71, G73 rules 1302 

 G73 1302 

 G73 fixed cycle 1296 

 G74 fixed cycle 1297 

 G76 

 one cycle 1304 

 two cycle 1305 

 G76 fixed cycle 1298 

 G80 fixed cycle cancellation 1299 

 G81 fixed cycle 1295 

 G82 fixed cycle 1296 

 G83 fixed cycle 1296 

 G84 fixed cycle 1297 

 G85 fixed cycle 1297 

 G86 fixed cycle 1298 

 G87 fixed cycle 1298 

 G88 fixed cycle 1299 

 G89 fixed cycle 1299 

 G90, G91 1287 

 G93 1289 

 G94,G95 1288 

 G96, G97 1288 

 G96, G97, spindle speed 1302 
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CNC (Cont.) 

      programming 

 helical interpolation 1292 

 IJK vector 1290 

 incremental 1287 

 inverse time feed rate 1289 

 lathes 1288 1302 

 linear interpolation 1290 

 long hand threading 1304 

 looping 1313 

 machining holes 1294 

 macros 1282 1305 

 # symbol 1307 

 ABS 1312 

 arithmetic functions 1310 

 basic skill requirements 1307 

 boolean functions 1312 

 branching 1313 

 common applications 1307 

 common features 1307 

 defined variables 1308 

 determining if active 1307 

 examples of 1313 

 functions 1310 

 functions and constants 1308 

 G65 arguments 1308 

 G65 prep command 1307 

 G65, call command 1308 

 logical functions 1308 1312 

 looping 1313 

 MDI, manual data input mode 1307 

 miscellaneous functions 1312 

 rounding functions 1311 

 SQRT 1312 
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CNC (Cont.) 

 trigonometric functions 1310 

 variables 1308 

 common 1309 

 declarations 1309 

 global 1309 

 local 1309 

 system 1309 

 manual 1281 

 milling offsets 1292 

 modal command 1290 

 modal, G-codes 1284 

 modal, M-codes 1287 

 M03, M04 1287 

 M98, call subprogram 1305 

 M99, end subprogram 1305 

 parametric 1306 

 preparatory commands, G 1284 

 preset method 1293 

 program number O 1284 

 radius 1290 

 rapid motion 1290 

 repetitive commands 1300 

 ROUND 1311 

 S-address 1287 

 shop floor 1282 

 spindle function 1287 

 spindle override 1288 

 spindle rotation 1287 

      programming 

 SQRT 1312 

 subroutines 1305 

 T-address 1289 

 techniques 1305 
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CNC (Cont.) 

 thread cutting 1302 

 threading commands 1304 

 tool function 1289 

 tool length offset 1293 

 tool nose radius compensation 1289 

 lathes 1293 

 touch-off method 1293 

 units of measurement 1287 

 work offset 1292 

      rectangular coordinate system 1279 

      Shop floor programming 1282 

      shop floor programming 1282 

      single point threading 1302 

      spindle speed 

 cutting, peripheral, or surface 1288 

      subprograms 1305 

      subprograms, (subroutines) 1305 

      thread calcualtions 1302 

      thread cutting 1302 

      thread milling 1292 

      threading 

 commands 1304 

 infeed 1303 

 angular method 1303 

 compound 1303 

 flank 1303 

 modified angular method 1303 

 plunge method 1303 

 radial 1303 

 operations 1304 

      threading commands 1304 

      turning and boring 1300 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Cobalt alloys 1011 

      Cobaltchrom steel 496 

      elongation 392 

      hardness 392 

      tensile strength 392 

      yield strength 392 

Coefficient of 

      expansion 

 aluminum 376 

 cast iron 377 

 ceramics 389 

 common materials 375 

 copper alloys 376 

 ductile iron 377 

 plastics 390 

 thermoplastics 375 

 titanium alloys 377 

 various substances 375 

      friction 165 2459 

 rolling resistance 167 

 steel on various materials 166 

 various materials on metal 2448 

      heat radiation 375 

      heat transmission 375 

Cofactors of a matrix 124 

Coining 1346 

Cold-form tapping 2035 

Cold-work 

      tool steels 

 air hardening 453 

 chemical composition 453 

 heat treatment 453 

 oil hardening 452 

Collets 969 
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Colloidal suspension 1394 

Coloring metals 1506 

Columns 281 

      American Institute of Steel  

 Construction 285 287 

      American Railway Engineering  

 Association formulas 281 

      eccentrically loaded 282 

      Euler formula 282 

      J. B. Johnson formula 284 

      Rankine or Gordon formulas 281 283 

      steel pipe, allowable concentric loads 286 

Combination 19 

      drill and tap 2039 

      involute spline types 2263 

      shank, helix single end mills 819 

Combination die 1378 

Combined drills and countersinks 885 

Combined stress 211 

      normal stresses at right angles 211 

Common fractions 8 

Compensation, insert radius, NC 782 

Complex conjugate 18 

Complex or imaginary numbers 18 

Composite, checking of gears 2169 

Compound 

      angles 119 

      indexing 2080 

Compound die 1378 

Compression 

      in columns 281 

      springs 304 

Compression bending 1385 
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Compressive properties 

      ceramics 389 

      definitions 201 

      strength 

 ceramics 389 

 common non-metals 394 

 iron and steel 432 

 magnesium alloys 547 

 wood 386 

      strength, wood 386 

Concave arbor-type  

 milling cutters 827 

Concrete strength 394 

Conductance, thermal 2694 

Conductivity 

      electrical, of metals 1398 

      electrical, of plastics 572 

Cone 

      center of gravity 225 

      clutches 2448 

      frustum 

 center of gravity 225 

 of volume 84 

 polar moments of inertia 248 

 radius of gyration 230 

      polar moments of inertia 248 

      radius of gyration 230 

      volume 84 

Coned springs 350 

Conical pendulum 173 

Conjugate fractions 12 14 

Constants, fundamental 2660 

Constructional steels 1227 
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Contact 

      diameter 2126 2155 

      diameter, gearing 2155 

      ratio 2126 2156 

 face 2126 

 gearing 2156 

 total 2126 

      stress 2126 

      stresses, cams 2306 

Contamination of lubricants 2438 

Contents of tanks 68 

Continued fractions 11 

      use of as conjugates 13 

Convergents 11 

Conversion 

      acceleration 2698 

      acres to hectares 2675 

      bending moments 2689 

      Celsius to Fahrenheit temperatures 2695 

      centimeter to inch 2665 

      coordinate systems 43 

      cutting speed formulas 1015 

      density units 2684 

      energy units 2693 

      fahrenheit and celsius temperatures 2695 

      flow units 2682 

      force units 2688 

      fractional inch to millimeter 3 

      millimeter to fractional inch 3 

      moment and torque units 2689 

      moment of inertia units 2699 

      newton-meters into pound-inches 2689 

      numbers to powers-of-ten notation 15 

      pound-inches into newton-meters 2689 
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Conversion (Cont.) 

      power units 2693 

      pressure units 2688 

      section modulus units 2699 

      specific gravity 382 

      tables 

 angular measure 103 105 

 cutting speed and diameter to rpm 1016 1250 

 cutting speed formulas 2039 

 decimal multiples of SI units 2658 

 foot-pounds into Btu 2691 

 fractional inch to millimeter 2664 

 hardness 508 

 horsepower into kilowatts 2691 

 millimeter to fractional inch 2664 

      tables 

 pounds-force into newtons 2689 

 power and heat 2690 

 radians into degrees 103 105 

      thermal conductance 2694 

      torque units 2689 

      U.S.gallons into liters 2678 

      UK gallons into liters 2678 

      velocity units 2698 

      viscosity 2698 

      work units 2693 

Convex arbor-type milling cutters 827 

Coolants for 

      lapping 1277 

      machining 

 aluminum 1192 

 magnesium 1193 

 tool sharpening 1002 

 zinc alloys 1194 
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Coolants for (Cont.) 

      tapping 2039 

Coordinate system 43 

      converting to another 44 

Copolymers 553 

Copper 

      coloring 1506 

      lead bearings 2357 

      passivation 1506 

      plating 1510 

      wire 2606 

Copper and copper-base alloys 

      classification 514 

      coefficient of expansion 376 

      composition 515 

      copper-silicon alloys 528 

      copper-zinc-tin alloys 528 

 strength 394 

      density 376 

      die casting 1416 

      elongation 391 515 

      hardness 391 

      machinability 515 

      melting points 376 

      passivation 1506 1508 

      powdered metal alloys 393 

      specific heat 376 

      speeds, for drilling and reaming 1071 

 for turning and milling 1036 

      tensile strength 391 515 

      thermal conductivity 376 

      UNS number 514 

      yield strength 391 515 

Copper- and iron-base sintered bearings 2363 
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Copper-base powdered alloys 

      density 393 

      elongation 393 

      hardness 393 

      rupture strength 393 

      ultimate strength 393 

      yield strength 393 

Cordeaux thread 1987 

Core drills 888 

Corner-rounding milling cutters 812 827 

Corrosion-resisting alloys 415 418 513 529 

Cosecant 95 

Cosine law of 96 

Cost 

      cutting grinding 1154 

      feeds and speeds 1157 

      function 1147 

      minimum 1146 1148 1200 

      optimum 1148 

      regrinding 1155 

      tools with inserts 1155 

Cotangent 95 

Cotter pins, standard sizes 1746 1757 1760 

Cotters 2482 

Coulomb shear theory (plastics) 577 

Counterbores 

      cutters and guides 898 

      pilot 898 

      solid 898 

      three piece 898 

Counterboring 897 

Countersinks 851 903 

      combined with drills 884 

      machine 851 
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Countersunk head 

      cap screws 1680 

      rivets 1734 1736 1742 

 British Standard 1742 

      screw, British Standard 1676 

      screws 1644 1649 1672 

 British Standard 1672 

Couples of forces 156 

Couplings 

      connecting shafts 2443 

      double-cone 2444 

      fire-hose 1970 

      flexible 2445 

      hose 1969 

      interference fits 2444 

      knuckle joint 2446 

      safety flange 2443 

      shaft 302 

      single keys used as fixed 2265 

      slipping 2450 

      universal 2445 

Crane motors 2576 

Crater-resistant carbide tools 1010 

Creep  201 204 309 

      rupture 201 568 

Critical 

      slenderness ratio 282 

      speeds 197 

 formulas for 197 

 of rotating bodies and shafts 197 

      speeds of rotating shafts 302 

      temperatures, heat treatment 461 470 

 determining 473 
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Critical points of 

      decalescance 472 

      recalescance 472 

Croning shell mold process 1410 

Cross recesses 

      for machine screws 1652 

      for self-tapping screws 1704 

Cross section lining, ANSI Standard for  

    drawings 611 

Crossed helical gears 2125 

Crowned involute splines 2269 

Crushing strength, wood 385 

Cryogenic treatment, steel 505 

cSt (centistokes) 2425 

Cube, volume 82 

Cubes of wire diameters 347 

Cubic 

      boron nitride (CBN) 1012 1032 1034 1038

  1216 1234 1243 

 grinding wheels 1234 1243 

      conversions 2678 

      equations 34 

      measure 2678 

Cumulative fatigue damage 203 

Cupola malleable iron 1405 

Curve, normal distribution 1319 

Curved beams 275 

      stress correction factor 275 

Curved tooth files 988 

Cutoff  1338 

Cutoff or roughness sampling length 743 

Cut-off tools, circular dimensions 807 

Cutter 

      bevel gear, formed types 2185 
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Cutter (Cont.) 

      box-tool 1171 

      compensation, NC 782 

      helical gear, formed type 2204 

      internal gear 2170 

Cutting 

      abrasive 976 

      bevel gear teeth 2180 

      blades 795 

      clutch teeth 2452 

      costs grinding 1154 

      electric arc 1462 

      fluids 1182 

 application of to carbides 1187 

 aqueous solutions 1183 

 broaching 1185 

 carbides 1187 

 chlorinated oils 1183 

 magnesium 1185 1187 

 mineral oil 1185 

 selection 1183 

 soluble oils and compounds 1183 

 sulfurized oils 1183 1185 

 various alloys 1183 

      gas torch cutting 1462 1464 

      metals oxidizing flame 1462 

      roller chain sprocket teeth 2556 

      time for turning, boring and facing 1081 

      time per piece 1153 

Cutting fluids 

      for different materials 1184 

      for different operations 1184 

      for steel 1184 

Cutting forces 1139 
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Cutting plane irons 795 

Cutting speed 

      economic 1149 

      files and burs 990 

      lives 1161 

      optimum 1151 

Cutting speeds and feeds 1008 

      automatic screw machine 1171 

      bandsaw 1179 

      broaching 1073 

      chip thickness 1022 

      cutting speed calculations 1035 

      cutting tool materials 433 

      CVD diamond tools 1012 

      diamond tools 1011 

      drilling and turning titanium and titanium  

 alloys 1037 

      drilling, reaming, and threading 

 copper alloys 1071 

 ferrous cast metals 1067 

 glass 1064 

 light metals 1069 

 plain carbon and alloy steels 1060 

 stainless steels 1066 

 tool steels 1065 

      equivalent 

 chip thickness (ECT) 1022 

 rpm for given cutting speed 1016 

 rpm for given drill sizes and speed 1016 

      formulas for 1015 1035 

      honing 1272 

      metal cutting saws 1081 

      milling 1039 

 feeds for high-speed steel cutters 1053 
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Cutting speeds and feeds (Cont.) 

 ferrous cast metals 1051 

 plain carbon and alloy steels 1044 

 stainless steels 1049 

 titanium and titanium alloys 1037 

      planing 1081 

      reamers 1070 

      rpm for different speeds and  

 diameters 1017 

      shaping 1081 

      tapping 1071 2089 

      thread chasing 1071 

      tool 

 inserts 782 

 life 1013 

 adjusting 1034 1039 1042 1058 

 steels 1030 1048 1065 

      turning 

 copper alloys 1036 

 ferrous cast metals 1032 

 light metals 1037 

 stainless steels 1031 

 superalloys 1038 

 titanium and titanium alloys 1037 

 tool steels 1030 

 unusual materials 1081 

      twist drills 1070 

      work materials 1008 

Cutting tool grade 1058 

Cutting tools 757 

      angles 757 782 

      angular 

 milling 814 820 833 836

  846 
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Cutting tools (Cont.) 

      application codes, ISO 791 

      boring-bar 899 

      carbide grade selection 785 1010 

      carbon tool steels 1009 

      carbonitrides (cermets) 785 1011 

      cast nonferrous alloy 1011 

      cemented carbides 785 1009 

      ceramics 790 1011 

      checking relief and rake angles 838 842 

      chipbreaker 760 

      chucking reamers 846 

      clearance angles 838 843 

      coated carbides 1010 

      coatings 788 1010 

      crater-resistant carbides 1010 

      cubic boron nitride (CBN) 1012 1217  1234

  1243 

      CVD diamond 1012 

      diamond 793 1011 

 polycrystalline 793 1011 

      fluting, for reamers 845 

      grades 1010 

      grinding 835 

 checking rake and relief angle 841 

      high-speed steel 1009 

      indexable insert holder 759 

      indexable inserts 759 782 

      machining data 794 

      materials 779 785 1008 

 carbide ceramics 792 

 metals 

 compositions and properties 786 

 hardness 786 
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Cutting tools (Cont.) 

 rupture strength 786 

 structures 786 

 tungsten carbide 786 

 oxide ceramics 792 

 silicon nitride base 793 

 superhard 793 

      milling 808 

 hand of flute helix 811 

 side 811 

 staggered tooth 811 

      point configuration 766 

      radial relief, eccentric type 838 

      rake angles 838 

      rose chucking reamers 846 

      sharpening 997 

      single-point 757 

      specifications, ISO 790 

      spline 836 

      titanium carbides 790 1010 

      tool bit 759 

      tooth rest positions 843 

      trouble-shooting checklist 1014 

      T-slot cutters 812 

      tungsten carbide 779 785 1009 

      tungsten carbide 

 combined with other elements 788 

      wheels for sharpening milling cutters 835 

      Woodruff keyseat cutters 832 

Cutting, surface, peripheral speed 1288 

Cyanide hardening (cyaniding) 462 468 485 

Cycloid 2126 

      area 73 

      curves, area enclosed by 68 
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Cylinder 

      center of gravity 224 

      collapsing pressure 293 

      hollow 

 polar moment of inertia 246 

 radius of gyration 230 

 volume 84 

      plates and shells 288 

      polar moment of inertia 246 

      portion of volume 83 

      portion of, center of gravity 224 

      radius of gyration 229 

      strength to resist internal pressure 290 

      volume 83 

      working pressure vs. radius ratio 291 

Cylindrical 

      coordinates 45 

      tank, contents 68 

      to rectangular coordinates 45 

Cylindrical grinding 1251 

      automation in 1254 

      basic process data 1254 

      high speed 1254 

      machines 1251 

      operating data 1253 

      selection of grinding wheels 1219 1233 1243 1252 

      traverse and plunge grinding 1251 

      troubles 1255 

      workholding 1252 

Cylindrical roller bearings, symbols 2368 

D 

Damascus steel 399 

Dardelet thread 1987 
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Daylight savings time 2700 

Decalescence point in steel hardening 472 

Decibel 2700 

Decimal 

      fractions 10 

      inch into fraction inch 3 2664 

      multiples and submultiples of SI  

 units 2658 

Dedendum 2126 

Definitions 

      gear terms 2125 2173 

      spline terms 2253 2268 

      surface texture 735 

      surfaces of solid materials 733 

Deflection 

      beams 256 273 

      calculation 210 

      flat plates 288 

      shaft, linear 298 

      shaft, torsional 297 

      springs 

 compression and extension 321 

 torsion 339 

Degrees, expressed in radians 103 105 

Density 380 

      aluminum 376 

      cast iron 377 

      ceramics 389 

      copper alloys 376 

      copper-base powdered alloys 393 

      ideal 2660 

      iron-base powdered alloys 393 

      nickel alloys 377 

      plastics 390 
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Density (Cont.) 

      plastics materials 390 

      powdered metals 393 

      stainless steels 377 

      titanium alloys 377 

      tungsten-base powdered alloys 393 

      units conversion 2684 

      wood 387 

Department of Commerce 293 

Deposition rates (welding) 1439 

Depreciation 139 

      double declining balance method 139 

      property class and factors 140 

      statutory depreciation system 139 

      straight line method 139 

      sum of the years digit method 139 

Depth of cut 1013 

Depth of engagement 2253 

Derivatives of functions 35 

Design rules 

      for blanking and punching 1334 

      parts produced by bending 1335 

      parts produced by drawing 1336 

Detachable chains 2537 

Diameter factor 1202 

Diameter of circle enclosing smaller  

    circles 88 

Diameters for finished shafting 299 

Diametral pitch 

      definition 2126 

      equivalent 

 circular pitch and tooth  

 proportions 2134 

 metric modules and circular pitch 2220 
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Diametral pitch (Cont.) 

      knurls, (ANSI) Standard 991 

      system 2130 

Diamond 

      built up edge 795 

      concentration 1000 

      cratering 795 

      dust for lapping 1276 

      grinding wheels 1229 

      laps and lapping 1276 

      tool materials 793 1011 

      truing 1235 

      wheels 1000 1240 

 composition 1243 

 designation symbols 1240 

 diamond concentration 1000 

 feeds and speeds 1246 

 grades, grit sizes 1000 

 modifications 1243 

 operating guidelines for 1246 

 operations and handling 1246 

 selection of 1245 

 shapes of standard 1240 

 speeds and feeds 1246 

 terminology 1240 

 thread grinding 2053 

 work speeds 1246 

Di-Basic Acid Esters 2430 

Die 

      classification of 1378 

      combination 1378 

      compound 1378 

      effect of clearance 1342 

      Multiple-station 1378 
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Die (Cont.) 

      opening profile 1342 

      progressive 1379 

      sheet metal 

 bending allowances 1358 

 blank diameters for drawing 1355 

 diameter reductions in drawing 1357 

 stripper force 1343 

      single-station 1378 

      steel rule 1379 1381 

 cutting edges 1380 

 dimensions 1380 

 heat treatment 1382 

 stamping 1379 

      transfer 1379 

Die casting 

      alloys 1415 

      bearing metals 1417 

      design 1414 

      dies machines 1417 

      files 989 

      injection molding 1417 

      machining zinc alloy 1194 

      porosity 1414 

      skin effect 1415 

Dielectric strength 

      ceramics 389 

      plastics 390 

Diemaker’s reamers 834 

Dies and taps 

      combination drill and tap 2039 

      maximum pitches 2060 

      tap drill size 944 2029 

 Acme threads 944 
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Dies and taps (Cont.) 

 formula 2030 

 metric 2033 

 pipe 2038 

 Unified 2021 

Dies, threading, maximum pitches 2060 

Differential 

      indexing 2104 

      pulley 171 

Diffusion Bonding 1367 

Diffusion bonding 1365 1367 

Dimensioning and tolerancing, geometric 613 

Dimensions and tolerancing 2463 

Dip brazing 1431 

Disc spring 350 

      contact surfaces 351 354 

      forces and stresses 354 

      group classes 350 

      materials 351 

      nomenclature 350 

      stacking 352 

Disk 

      circular, radius of gyration 229 

      clutches 2446 

      method of measuring tapers 682 

      springs 344 

Displacement in ball and roller bearings,  

    allowance for axial 2382 

Distance across bolt circle 686 

Distance between two points 40 

Distribution curve, normal 1319 

Dividing 

      fractions and mixed numbers 9 

      head, angular position 833 
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Dividing (Cont.) 

      numbers written in powers-of-ten  

 notation 16 

Dolly bars for riveting 1734 

Double angle milling cutters 814 

Double V-belts 

        (see Belts and pulleys: double V-belts) 

Double-cone clamping couplings 2444 

Dovetail slides, measuring 682 

Dowel pins 1746 

      designation 1750 

      ductility 1750 

      hardened ground machine 1749 

      hardened ground production 1750 

      lengths and sizes 1750 

      metric 1746 

      shear strength 1750 

      unhardened ground 1751 

Drafting practices, ANSI Standard 609 

Draw-in bolt ends 965 

Drawing 

      ANSI Standard 

 line conventions 609 

 surface texture symbols 741 

 welding 1486 

      applying surface texture symbols 742 

      bisect angle 62 

      circle around square 64 

      circle around triangle 63 

      circular arc 63 

      data for gear blanks 2160 

      data for gears 2163 

      data for involute splines 2263 

      data for spur and helical gear 2163 
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Drawing (Cont.) 

      data, splines 2265 

      dies 

 blank diameters 1355 

 blanks for rectangular shells 1359 

      divide line into equal parts 61 

      drafting practices 609 

      ellipse 51 64 

      equilateral triangle 62 

      helix 65 

      hexagon around circle 64 

      hyperbola 65 

      involute 65 

      ISO 1302 747 

      metric dimensions on 744 

      parabola 65 

      parallel lines 62 

      perpendicular lines 61 

      scales of metric drawings 745 

      sheet metal 1353 

 cylinders 1355 

 cylindrical cup with flange 1355 

 cylindrical cup without flange 1354 

 deep 1353 

 drawability 1354 

 mechanics of 1353 

 wrinkling 1353 

 diameters of shell blanks 1355 

 force for first operation 1358 

 force for subsequent operations 1359 

 number of draws 1354 

 rectangular flanged shells 1360 

 rectangular parts 1359 

      sheet sizes 609 
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Drawing (Cont.) 

      specifying spur and helical gear data  

 on 2161 

      square around circle 64 

      symbols 

 ANSI Standard section lining 611 

 geometric 612 

 ISO 612 

 lines 610 

 materials 611 

      tangent to circle 63 

      tempering, steel 479 

      triangle around circle 63 

     45-degree angle 62 

     60-degree angle 62 

Dressing grinding wheels 1235 

Drilling 

      accuracy of drilled holes 896 

      automatic screw machine feeds and  

 speeds 1171 

      cutting speeds for 1170 

 ferrous cast metals 1067 

 light metals 1069 

 superalloys 1038 

 titanium and titanium alloys 1037 

 tool steels 1065 

      difficulties 1064 

      estimating thrust, torque, and power 1089 

      feed factors 1090 

      holes in glass 1064 

      holes, accuracy of 896 

      horsepower and thrust for 1089 

      machine, shaftless motor type 2574 

      spade 1074 
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Drills 

      accuracy of drilled holes 896 

      and countersink plain types 885 

      and countersinks, bell types 885 

      angle of cutting point 997 

      ANSI Standards 866 

      chucks, tapers 961 

      cobalt high-speed steel 897 

      combined drills and countersinks 884 

      commercial microdrills 1125 

      core, taper shank 886 

      counterbores 866 

      cutting speeds and equivalent rpm 1016 

      definitions of terms 866 

      diameter factors, thurst 1090 

      diameter factors, torque 1090 

      diameters of tap 2021 

      driver, collet type 890 

      driver, split sleeve 890 

      drivers 890 

      for taper pin reamers 1753 1756 

      grinding 997 

      jobbers length 868 

      length of point 889 

      letter sizes and gauge 891 

      metric, British Standard 886 

      nomenclature 866 

      screw machine drills 868 

      sharpening 998 

      sizes for tapping 2029 

 for Acme threads 944 

      sizes for tapping Acme threads 944 

      spade 1074 

      specifications 1754 
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Drills (Cont.) 

      steels for 896 

      straight shank 866 

      straight-shank drill sizes 

 core drills 888 

 letter 872 

 metric 868 

 number 868 

      straight-shank, taper-length, drill sizes 

 fractional 869 

 letter 872 

 metric 869 

 number 869 

 screw machine length 879 

      tangs for 878 

      tap and clearance hole sizes 2030 

      taper shank 866 

      taper-shank core drills 885 

      taper-shank drill sizes 

 fractional inch 880 

 metric 880 

      terms 866 

      twist 866 

      twisted 

      twisted 

 jobber series 894 

 parallel series 895 

      types 866 

Drives 

      nose key 953 

      screws 1701 1716 

      square, for portable tools 973 

      studs 1760 

      taper 952 
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Drunken thread 1987 

Dry measure 2679 

Dryseal pipe threads 1962 

      assembly limitations 1965 

      designations 1964 

      diameter pitch combinations 1965 

      fine taper 1965 

      limitation of assembly 1962 

      limits on crest and root 1962 

      pressure tight joints 1962 

      taps for 940 

      types 1962 

DST  2700 

Ductile 

      cast iron 1405 

      iron 432 1405 

Ductility 1333 

Duranickel, machining 1194 

Durometer tests 509 

Dynamic 

      balance 191 

      stresses 279 

Dynamic factor 2174 

Dynamic stresses 279 

Dynamic viscosity 2425 

Dynamometers 2456 

Dyne  2425 2656 

E 

Earth, composition of crust 384 

Eccentricity 2261 

Echols thread 1987 

Economic impact of lubrication 2423 

Economic tool-life 1149 
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ECT (equivalent chip thickness) 1022 

EDG (electrical discharge grinding) 1394 

EDM  1393 

      capacitor 1394 

      craters 1394 

      dielectric 

 filter 1394 

 fluid 1394 

 strength 1394 

      discharge channel 1394 

      dither 1394 

      duty cycle 1394 1397 

      electrical controls 1398 

      electrode 

 growth 1394 

 wear 1394 

      electrode materials 1399 

      electrode uses 1400 

      electro-forming 1394 

      electronic controls 1396 

      Farad 1394 

      flushing 1396 

      gap current 1394 

      gap voltage 1394 

      heat-affected zone 1397 

      ion 1394 

      ionization 1394 

      low-wear 1394 

      machine settings 1397 

      materials 1399 

 characteristics 1399 

 elctrode 1399 

      metal removal rates 1398 

      negative electrode 1394 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

EDM (Cont.) 

      no-wear 1394 

      overcut 1395 

      plasma 1395 

      plunge (sinker) method 

 electrode materials 1398 

 machine settings 1396 

 making electrodes 1401 

 metal removal rates 1398 

      positive electrode 1395 

      power parameters 1395 

      process 1395 

      quench 1395 

      recast layer 1395 1398 

      secondary discharge 1395 

      spark frequency 1397 

      spark in and out 1395 

      square wave 1395 

      stroke 1395 

      UV axis 1395 

      white layer 1395 

      wire 1403 

 drilling holes 1403 

 EDM 1395 

 guide 1395 

 speed 1395 

      wire electrode 1403 

      wire method 1393 

      workpiece materials 1398 

Effective 

      dimensions, splines 2253 2261 

      length of bolt 1525 

Efficiency 2127 

      influence of friction on 165 
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Efficiency (Cont.) 

      machine tool 1085 

      of lubrication filters 2442 

      riveted joints 1730 

Elastic 

      limit 200 

      limit, plastics 562 

      modulus 200 

 in shear (torsion) 200 

 spring materials 344 

 various materials 200 

      properties of material 394 

      region 200 1529 

 tightening fasteners in 1523 

Electric 

      arc, cutting metals 1462 

      fixture threads 1981 

      motor keys and keyseats 2477 

      socket and lamp base threads 1980 

Electrical fixture threads 1980 

      lamp base 1980 

      socket shell threads 1980 

Electrical network 127 

Electrical relationships 2699 

Electrode 

      diameter, sheet metal 1451 

      making 1401 

 machining graphite 1401 

      material 1399 

 brass 1400 

 copper 1400 

 copper-tungsten 1400 

 graphite 1400 

 steel 1400 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Electrode (Cont.) 

 zinc 1400 

      material selection 1401 

      uses on various materials 1400 

      wear 1401 

Electrodes (welding) 

      characteristics of standard types 1452 

 AWS E60XX 1449 

      current to use with 1438 1457 

      deposition rates 1435 1439 

      diameter to use 1434 1443 1451 

      selecting GTAW tungsten type 1455 

      wire, feed rates 1438 

Electrohydraulic forming 1371 

Electromagnetic forming 1370 

Electromagnetic metal forming 1370 

Electron beam diffusion bonding 1368 

Electropolishing 1512 

Elements, table of chemical 371 

Elevation reading displacements 1322 

Ellipse 48 51 

      area 75 

      drawing 51 64 

      eccentricity 48 

      foci 48 

      general equation 48 

      major axis 48 

      methods of drawing 64 

      minor axis 48 

      moment of inertia 238 

      radius of gyration 238 

      section modulus 238 

      segment, center of gravity 223 
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Ellipsoid 

      polar moment of inertia 247 

      radius of gyration 231 

      volume 85 

Elliptic gears 

      Gears and gearing elliptic 2211 

Elongation 

      alloy steel 1408 

      aluminum 391 

      aluminum alloys 534 

      carbon and alloy steels 424 

      carbon steel 1408 

      carbon steel rounds, squares, and  

 hexagons 422 

      cobalt alloys 392 

      copper alloys 391 515 

      copper-base powdered alloys 393 

      copper-beryllium alloys 529 

      copper-silicon alloys 528 

      high-strength, low-alloy steels 421 

      iron-base powdered alloys 393 

      magnesium alloys 547 

      measurement of bolts 1526 

      nickel alloys 392 548 

      plastics 390 

      powdered metals 393 

      ranges 1334 

      stainless steel 392 430 

      steels 391 1407 

      titanium alloys 550 

      tungsten-base powdered alloys 393 

Emery 

      grades 1505 

      grain numbers for polishing 1505 
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End mills 

      angles for milling teeth in 833 

      ANSI Standard 816 

      combination shanks for 818 

      high speed steel 819 

      plain and ball end 822 

      terminology of 815 

      with combination shank 819 

      with straight shanks 820 

      with taper shanks 821 

      with weldon shanks 816 818 822 

Endurance limit 201 2173 

      for spring materials 314 

Energy 181 1394 

      and momentum 179 

      kinetic 181 

      potential 182 

      units conversion 2693 

Engagement, length of thread 1536 

Engine lathe, change gears 2042 

Engineering economics 134 

Enlarged pinions 

      center-distance system for 2154 

      in helical gearing 2204 

      in spur gearing 2146 2154 

Epicyclic gearing 2211 

      bevel gear type 2212 

      ratios 2212 

Epicycloidal curves, areas 68 

Equations 

      cubic 34 

      line 41 

      quadratic 32 

      simultaneous 125 
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Equations (Cont.) 

      solution of 

 first degree with one unknown 32 

 first degree with two unknowns 32 

 numerical with one unknown 34 

 quadratic with one unknown 32 

      using Newton-Raphson method 34 

Equilateral triangle 95 

Equivalent chip thickness (ECT) 1022 

Equivalent pitch ratio 2127 

Equivalent uniform annual cost 142 

Erg  2656 

Etching and etching fluids 1505 

Euler’s formulas for columns 282 

Evaluating alternatives 140 

      benefit cost ratio 143 

      capitalized cost 141 

      equivalent uniform annual cost 142 

      net present value 140 

      payback period 143 

      rate of return 143 

Evaluation length 736 

Evaporation, latent heat of 372 

Everdur copper-silicon alloy 528 

Exbi  2658 

Expansion 

      chucking reamers 854 

      fits 631 

      hand reamers 856 

Explosive forming 1369 

Exponent 14 

External spline 2254 2263 

External spur gear 2125 
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Extrusion 

      applications 1422 

      for tubes 1422 

      of metals 1421 

      process 1421 

 cold 1421 

 hot 1421 

F 

Fabric, bonding 2582 

Facing cutting time for 1081 

Facing insert holder 770 

Factorial 19 110 

Factors 

      of numbers 20 

      prime number 20 

Factors of safety 204 

      machine columns 284 

      shafts 296 301 

      tubes subject to external pressure 294 

      wire rope 2619 

F-address, CNC programming 1288 

Failure 

      fatigue, modes of 203 

      fatigue, springs 314 

      of riveted joints 1730 

      of springs 348 

Fasteners 

      compressible washers 

 designation 1579 

 dimensional characteristics 1579 

 dimensions 1579 

 finish 1579 

 lot number 1579 
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Fasteners (Cont.) 

 materials 1579 

 performance 1579 

 symbols 1579 

 workmanship 1579 

      hardened steel beveled washers 1577 

 designation 1577 

 dimensional characteristics 1578 

 dimensional conformance 1578 

 dimensions 1577 

 finish 1577 

 materials 1577 

 mechanical properties 1577 

 slope 1578 

 symbols 1578 

 taper 1578 

 workmanship 1577 

      hardened steel flat washers 

 designation 1577 

 dimensional characteristics 1577 

 finish 1577 

 materials 1577 

 symbols 1577 

 tolerances 1576 

 workmanship 1577 

      hardened steel washers 1576 

 circular clipped washers 1576 

 flat washers 1576 

      heavy hex nuts 1573 

 corner fill 1574 

 countersink 1574 

 designation 1575 

 dimensional characteristics 1575 

 dimensional conformance 1575 
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Fasteners (Cont.) 

 grade symbols 1575 

 materials 1575 

 nut thickness 1575 

 overtapping 1575 

 proof load 1574 

 source symbols 1575 

 thickness 1574 

 thread gaging 1575 

 threads 1575 

 tops and bearing surfaces of nuts 1574 

 true position of tapped hole 1574 

 width across flats 1573 

 workmanship 1575 

      heavy hex structural bolts 1570 

      plastics 597 

      structural bolts 

 bearing surface 1572 

 body diameter 1570 

 bolt length 1572 

 designation 1570 

 dimensional characteristics 1573 

 finish 1570 

      structural bolts 

 grade symbols 1570 

 head height 1571 

 head taper 1572 

 height 1570 

 identification symbols 1573 

 length 1570 

 material 1573 

 materials 1570 

 thread length 1571 

 threads 1570 
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Fasteners (Cont.) 

 true position of head 1572 

 width across corners 1571 

 workmanship 1570 

      structural steel 1570 

Fasteners detecting counterfeit 1535 

Fatigue 

      combined with creep 204 

      contact 204 

      corrosion 204 

      cumulative damage 203 

      failure, modes of 203 

      influence of stress on 202 

      life factor involute splines 2268 

      low/high cycle 203 

      properties 201 

      S-N diagrams 201 203 

      springs 314 

      surface 204 

      thermal 203 

FCAW (flux-cored arc welding) 1442 

Feed 

      rates 

 centering tools 1171 

 for drilling 1171 

 for milling 1039 

 for turning 1026 

 hollow mills 1171 

 number of teeth 1167 

Feeds and speeds 1008 1078 1170 1179 

      grinding 1197 

      total costs 1157 

Feet 

      and inches into inches 2662 
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Feet (Cont.) 

      into meters 2674 

Feet per minute into rpm 1015 2039 

Fellows stub tooth gears 2137 

Ferrite 465 

Ferrous 

      cast metals, speeds 

 for drilling, reaming, and  

 threading 1067 

 for milling 1051 

 for turning 1032 

Fiber, vulcanized, strength of 394 

Fibers  553 

Files  1500 

      chain saw 989 

      characteristics 987 

      classes 987 

 American pattern 987 

      classes 

 curved tooth 987 

 machinist’s 987 

 mill or saw 987 

 rasp 987 

 Swiss pattern 987 

      coarseness of cut 

 bastard 987 

 coarse 987 

 second 987 

 smooth 987 

      cross section 987 

      curved tooth class 988 

      cut 

 double cut 987 

 double cut finishing 987 
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Files (Cont.) 

 rasp 987 

 single cut 987 

      cutting speeds 990 

      definitions of terms 986 

      flat 988 

      machinist’s class 988 

 flat 988 

 general purpose 988 

 half round 988 

 hand 988 

 knife 988 

 pillar 988 

 round 988 

 square 988 

 three square 988 

 warding 988 

 wood 988 

      mill or saw class 987 

 blunt hand saw 988 

 blunt mill 988 

 blunt triangular 988 

 cantsaw 987 

 crosscut 987 

 double ender 987 

 mill 987 

 taper saw 988 

 triangular saw 988 

 web saw 988 

      pillar 988 

      rasps 989 

      rifflers 989 

      rotary 989 

      round 988 
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Files (Cont.) 

      shear tooth 989 

      special purpose 989 

 aluminum rasp 989 

 brass file 989 

 chain saw 989 

 die casting 989 

 foundry 989 

 lead float 989 

 long angle lathe 989 

 shear tooth 989 

      square 988 

      Swiss pattern class 989 

      Swiss pattern class 

 blunt machine 989 

 die sinker 989 

 die sinker rifflers 989 

 needle 989 

 silversmiths rifflers 989 

      teeth, cut of 987 

      warding 988 

      wood 988 

Filler metals for brazing 1426 

Fillet 

      area 74 

      center of gravity 223 

      radius 2127 

Fillister head machine screws 1649 

Fillister head miniature screw 1657 

fillister head miniature screw 1653 

Film 

      lubricating transition 2421 

      thickness ratio 2420 
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Filter 

      efficiency, lubrication 2442 

      filtration ratio, B 2442 

Filtration 

      lubrication 2441 

      lubrication efficiency 2442 

Fine blanking 1343 

      tool dimensions 1345 

      V-projections in tools 1345 

Finishing, power brush 1500 

Fire hose connection 

      screw threads 1970 

Fire hose connection screw threads 

      ANSI Standard 1970 

      thread designation 1970 

      thread form 1970 

Fits  635 

      actual 635 

      and limits 

 graphical representation 638 

 tolerances designation 649 

      basic shaft fits 639 

      bilateral hole fits 639 

      British Standard 

 limits and fits 667 

 minimum and maximum clearances 666 

 tolerance limits 

 holes 665 

 shafts 665 

      clearance fits 653 657 

      cylindrical 

 allowances and tolerances for 628 

 ANSI Standard 634 

 British Standard 662 
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Fits (Cont.) 

 definitions 628 

 expansion 631 

 forced 629 646 

 metric ISO, British 662 

 metric radial, ball and roller bearing shaft  

 and housing 2382 

 preferred series 635 

 shrinkage 631 646 

      cylindrical 

 transition 640 645 

      drive 639 

      expansion 631 

      force 638 646 

 allowance 630 

 pressure in assembling 630 

      hole basis 

 British Standard 663 

 figure 651 

      hole system 635 

      interference 635 652 

      locational 638 

 clearance 638 643 

 interferance 648 

 interference 638 

 transition 638 645 

      metric clearance fits 653 657 

      metric interference fits 655 

      metric transition fits 655 

      running 638 641 

      shaft basis 

 British Standard 663 

 figure 651 

      shaft system 635 
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Fits (Cont.) 

      shrinkage 631 638 646 

 allowance 631 

      sliding 638 641 

      transition 635 652 

Flame 

      cutting of metals 1462 

      cutting torch 1463 

      hardening 487 

      spraying process 1516 

Flanged duct connections 1377 

Flanged housing bearings 2373 

Flank of tooth 2127 

Flat 

      belts rivets 1736 

      head cap screws 1680 1684 

      head machine screws 1644 1676 

      metal products,  

 preferred thicknesses 2610 

      plate 

 circular 290 

 square and rectangular 288 

 strengths 288 

 thin radius of gyration 228 

      stayed surfaces in boiler work,  

 strength 288 

Flat head miniature screw 1654 

Flexible 

      belts 2484 

      couplings 2445 

Flexural modulus, plastics 390 

Floor and bench stand grinding 1268 

Flow, units conversion 2682 
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Fluid maintenance 1190 

      biocide treatment 1190 

      personal protective clothing 1190 

      system service 1190 

Fluidized bed furnace 461 470 

Fluting cutters, reamers 845 

Fluxes 

      brazing 1426 

      soldering 1424 

Foot-pound 

      equivalents 2690 

      into British thermal units 2691 

Force  149 199 

      acceleration resulting from 179 

      addition and subtraction of 153 

      algebraic composition and resolution  

 of 156 

      algebraic solution 

 forces in same plane 157 

 forces not in same plane 161 

      and couples, work performed by 182 

      centrifugal 187 

 calculating 188 

      colinear 156 

      components of 153 156 

      composition 153 156 

      concurrent 156 

 components of single force 157 

      coplanar 156 

      couples of 155 

      differential pulley 171 

      disc springs 354 

      for moving body on horizontal plane 169 

      friction 179 
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Force (Cont.) 

      graphical representation 153 

      moment of 149 155 

      noncoplanar 156 

      normal component 179 

      of blow 183 

      of gravity 179 

      on inclined plane 168 

      parallel 154 

      parallelogram of 154 

      polygon of 154 

      pound 150 

      relationship to time 199 

      resolution of 153 156 

 into rectangular components 161 

      resultant 153 156 

 any number of concurrent forces 161 

 locating when components are  

 known 164 

 non-intersecting forces 159 

 non-parallel, non-intersecting forces 163 

 parallel forces 158 

 parallel forces not in same plane 162 

 single force and couple 158 

 three or more concurrent forces 157 

 two concurrent forces 157 

      screw 171 

      sheet metal work 1342 

      systems 153 

      toggle joint 172 

      units conversion 2688 

      work performed by 182 

Formed cutters for internal gears 2170 

Formica, machining 1195 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Forming 

      electrohydraulic 1371 

      electromagnetic 1370 

      explosive 1369 

      radial 1371 

      rubber pad 1364 

      stretch 1361 

      stretch-draw 1361 

      stretch-wrap 1361 

      superplastic 1365 

Forming tools 796 

      arrangement of 801 

      circular 799 

 constant for determining 801 

 corrected diameter 801 

 diameters of 801 

 with top rake 801 

      diameter 800 

      dimensions 797 

      feeds per revolution 801 807 1170 

      formula 799 

 Acme machine 799 

 Brown and Sharpe machine 799 

 Cleveland machine 799 

      screw machine dimensions 806 

      speeds for 801 807 

      straight 796 

 with rake 796 

Formulas 

      algebraic 31 

      area 70 

      column 

 American Railway Engineering  

 Association 281 
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Formulas (Cont.) 

 Euler 282 

 Johnson 282 

 Rankine or Gordon 281 

 straight-line 281 

      contour milling 2121 

      critical speeds 197 

      cutting speed 1015 

      derivative 35 

      dimensions of milled bevel gears 2181  2183 

      dimensions of SAE standard splines 2281 

      dimensions of standard spur gears 2131 

      distance across bolt circle 686 

      for helical gears 2195 2197 2203 2206 

      for module system gears 2217 2219 

      integral 35 

      internal gears 2171 

      linear motion, constant acceleration 175 

      pendulum 173 

      proportions of ANSI fine-pitch worms and  

 wormgears 2191 

      rearrangement of 30 

      rotary motion, constant acceleration 177 

      tooth parts, coarse pitch spur gear 2131 

      torque capacity of involute splines 2266 

      transposition 30 

      triangle 

 oblique 71 101 

      triangle 

 right 71 98 100 

      trigonometric 96 

      volume 82 

      work and power 186 

Fractional inch to millimeter conversion 3 2664 
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Fractional threads 2042 

Fractions 10 

      conjugate 12 

      continued 11 

 use of 13 

      mixed numbers 9 

Free 

      body diagram 179 

      cutting steels 412 

      wheeling clutches 2450 

Freezing mixtures 376 

French 

      metric screw threads 1920 

      thermal unit 2695 

      thread 1987 

Fretting damage 2270 

Friction 165 179 2420 

      brakes 2455 

      clutches 2446 2448 

      coefficient in gears 2174 

      coefficients 166 1531 2448 2455 

 bolts 1524 

 hexagon head bolt and nut 1530 

 nuts 1524 

 rolling resistance 167 

 static steel on various materials 166 

 torque 1530 

      effect on efficiency 165 

      fluid 2420 

      in brakes 2457 

      kinetic 2420 

      laws of 165 

      rolling 167 

      solid 2420 
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Friction (Cont.) 

      static 2420 

      wheels horsepower 2459 

      wheels, power transmission 2457 

Friction loss in bearings 2398 

Fuels, equivalent 2694 

Full film lubrication 2421 

Functions 

      derivatives 35 

      integration 35 

      involute 110 

      of angles graphic illustration 105 

      sevolute 110 

      trigonometric 95 106 

 tables of 106 

      versed cosine 110 

      versed sine 110 

Fundamental constants 2660 

Furnace brazing 1431 

Furnaces, steel heat-treating 461 469 501 

Fusion, latent heat of 372 

G 

G-address, CNC programming 1284 

Gage blocks 705 

      calibration and verification of  706 

      care of 705 

      precision 707 

 federal specifications for 707 

 inch sizes 707 

 metric sizes 708 

      sets 

 inch sizes 707 

 metric sizes 708 
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Gage blocks (Cont.) 

      wringing 706 

Gage tolerances 2012 

Gagemakers tolerances 661 

Gages 

      ANSI Unified thread 

 classification 2007 

 constants for computing  

 dimensions 2012 

 form 2009 2012 

 formulas for limits 2014 

 tolerances for plain gages 2012 

      hypodermic needle 2606 

      rods 2604 

      sheet metal 2608 

      sheet zinc 2608 

      thickness and diameter sizes, galvanized  

 sheet 2608 

      thread form 2010 

      tolerances 2010 

      tubing 2604 

      usage, ANSI Standard recommended 661 

      wire 347 2604 2606 

      zinc 2608 

Gaging methods and measuring  

    instruments 675 

Gallons 

      cylindrical tanks 68 

      in tank at given level 68 

      into cubic inches 2678 

      U.S. into liters 2678 2681 

Galvanized, (welding) 1434 

Gap-frame press 1388 
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Gas 

      carburizing 486 

      illuminating, specific gravity 381 

      metal arc welding (GMAW) 1434 

      specific gravity 381 

      specific heat 373 

      tungsten arc welding (GTAW) 1453 

Gear cutters, formed 

      involute 2144 2170 2205 

      milling cutters for 

 chain sprockets 829 

 14.5 deg pressure angles 828 

      number for bevel gears 2185 

Gear cutting 

      block or multiple indexing 2117 

      excess depth to obtain backlash 2166 

      formed cutter selection 2148 2185 2204 

      internal gears 2170 

Gearing materials 

      effect of alloying metals 2242 

 chrome-molybdenum 2243 

 chrome-nickel 2243 

 chrome-vanadium 2243 

 chromium 2242 

 manganese 2243 

 molybdenum 2243 

 nickel 2242 

 nickel-modybdenum 2243 

 vanadium 2243 

      forged and rolled 

 alloy steels 2241 

 carbon steels 2241 

      non metallic 2245 

 applications 2246 
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Gearing materials (Cont.) 

 bore sizes 2247 

 diametral pitch for given power 2247 

 diametral pitch for given torque 2248 

 keyway stresses 2247 

 mating gear 2246 

 power transmitting capacity 2246 

 preferred pitch 2247 

 safe working stress 2246 

 tooth form 2246 

      sintered materials 2243 

      steel castings 2242 

Gears and gearing 2195 

      active face width 2125 

      active spline length 2253 

      actual safety factor 2174 

      actual space width 2253 

      actual tooth thickness 2253 

      AGMA Standards 2164 2168 

      angular backlash 2163 

      arc 

 of action 2125 

 of approach 2125 

 of recession 2125 

 thickness of internal gear tooth 2170 

 thickness of pinion tooth 2170 

      axial 

 pitch 2125 

 plane 2125 

 thickness 2126 

      backlash 2163 2235 

 angular 2169 

 recommended 2165 

      bearing spacing and shaft stiffness 2180 
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Gears and gearing (Cont.) 

      bevel gears 2177 

      blanks 

 design of 2161 

 for fine pitch gears 2160 

      bottom land 2126 

      bronze and brass castings for 2243 

      bulk temperature thermal flash factor 2175 

      bushings for gears 2245 

      calculated safety factors 2174 

      calculating 

 dimensions of milled bevel gears 2183 

 replacement gear dimensions 2249 

 spur gear proportions 2131 

      case hardening steels for 2240 

      change gears, for lathe 2042 

      checking 

 gear sizes 2221 

 pressures 2169 

 spur gear sizes 2231 

      chordal measurement of teeth 2236 

      circular pitch system 2130 

      coefficient of 

 friction 2174 

      contact ratio factor 2156 2173 

      crossed helical 2125 

      deburring tooth profile 1500 

      design of bevel gear blanks 2179 

      diametral pitch 

 definition 2126 

 preferred 2136 

 system 2130 

      differential indexing ratio 2104 

      drawing 
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Gears and gearing (Cont.) 

 data for spur and helical gears 2163 

 information to be given on 2172 

      efficiency 2127 

      elasticity factor 2173 

      endurance limit 2174 

      enlarged pinion 

 fine-pitch 2150 

 meshing without backlash 2154 

 reduced dimensions to avoid  

 interference 2146 

      epicyclic 2211 

      equivalent pitch radius 2127 

      external spur gears 2125 

 dimensions for checking over  

 wires 2222 

      face advance 2127 

      Fellows stub tooth 2137 

      fillet radius 2127 

      fillet stress 2127 

      finishing gear milling cutters 2150 

      flank of tooth 2127 

      forged and rolled 

 alloy steels for gears 2241 

 carbon steels for gears 2241 

      formed cutters for bevel gears 2187 

      formulas 

 for helical gears 2195 2197 2203 2206 

 for module system gears 2217 2219 

 for spur gears 2131 2135 2137 

 given center distance and ratio 2137 2139 

 to mesh with enlarged pinion 2154 

      gear ratio, definition 2127 

      geometrical factor 2174 
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Gears and gearing (Cont.) 

      given center distance and ratio 2139 

      harder pinion 2241 

      heat treatment to permit machining 2240 

      helical 2125 2195 

      herringbone 2210 

      highest point of single tooth contact  

 (HPSTC) 2157 

      hypoid bevel gears 2125 2178 

      increasing pinion diameter to avoid  

 undercut or interference 2148 

      inspection of gears 2169 

      integral temperature criterion 2175 

      interference 2127 

      internal diameter 2127 

      internal gears 2127 2170 

 spur 2125 2170 

 dimensions between wires 2226 

      invention 2248 

      involute curve 2130 

      land 2127 

      lead 2127 

      length of action 2127 

      life factor 2173 

      line of action 2127 

      load distribution 2174 

      lowest point of single tooth contact  

 (LPSTC) 2127 2155 

      lubricant influence 2174 

 roughness, and speed 2173 

      lubrication film factor 2174 

      material quality 2173 

      materials for 2240 

 bevel gears 2190 
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Gears and gearing (Cont.) 

      maximum hob tip radius 2156 

      measuring 

 gear size over wires 2221 

 teeth 2147 

      methods of cutting internal gears 2170 

      metric module gear cutters 2148 

      module system 2217 

      module, definition 2127 

      mountings for bevel gears 2180 

      nomenclature of gear teeth 2129 

      non-metallic 604 2245 

      normal plane 2127 

      number of teeth 2127 

 to avoid undercutting 2154 

      outside diameter 2127 

      pin method of checking size 2221 

      pinions flanges composition 2245 

      pitch diameter 2130 

 obtained with diametral pitch  

 system 2130 

      pitch point 2127 

      plane of rotation 2127 

      planetary 2211 

      plastics gearing 604 

      pressure angle 2128 2135 

      profile checker settings 2158 

      rack 2128 

      ratchet gearing 2215 

      ratio, defined 2127 

      relative sizes of internal gear and  

 pinion 2170 

      replacement gear dimensions 2249 

      roll angle 2128 
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Gears and gearing (Cont.) 

      root diameter 2128 

      selection of involute gear milling  

 cutter 2148 

      shapers, root diameters of gears cut  

 on 2138 

      size factor 2173 

      size, checking 2221 

      specifications 2163 

      spur gear 2129 

 external 2125 

 internal 2125 2170 

      standard normal diametral pitches 2172 

      steels for 2240 2242 

      straight bevel 2125 

      surface condition factor 2174 

      tangent plane 2128 

      tangential force 2173 

      teeth invention 2248 

      terms used in gear specifications 2161 

      through hardening steels for 2240 

      tip relief 2128 

      tooth caliper, vernier 2147 

      tooth face 2128 

      tooth profile 

 deburring 1500 

 producing a radius 1500 

      tooth proportions 

 comparative sizes and shape of 2129 

 fine-pitch involute spur and helical  

 gears 2135 

 for enlarging fine-pitch pinions 2152 

      tooth stiffness constants 2174 

      tooth surface 2128 
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Gears and gearing (Cont.) 

      tooth thickness allowance for  

 shaving 2141 

      tooth-to-tooth composite error 2169 

      total composite error 2169 

      total face width 2128 

      transverse load distribution factor 2174 

      transverse plane 2128 

      trochoid curve 2128 

      true involute form diameter 2128 2157 

      undercut 2128 

 limit for hobbed involute gears 2157 

      Van Keuren wire diameter 2229 

      wear equalizing 2241 

      welding factor 2175 

      whole depth 2128 

      wire diameter 2229 

      work hardening factor 2173 

      working depth 2128 

      worm gears 2125 2191 

      zerol bevel 2125 

      zone factor 2173 

Gears, metric thread on inch lead screw 2044 

General purpose Acme threads 1921 

      data 1923 

      designation 1922 

      form 1921 1923 1930 

      formulas for diameters 1923 

      limiting dimensions 1922 1930 

      pitch diameter allowances 1923 

      thread form 1923 1930 

Generator shaft keys and keyseats 2477 

Geneva wheel 171 
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Geometric dimensioning and tolerancing 613 

      datum 

 feature 615 

      material removal required or  

 prohibited 741 

      mean line 735 

      relation of surface roughness to  

 tolerances 738 

Geometrical 

      constructions 61 

      dimensioning and tolerancing 613 

      progression 37 

      propositions 56 

      symbols for drawings 612 

      symbols, comparison of ANSI and  

 ISO 612 

German standard 

      gear tooth 2217 

      screw threads, metric 1920 

Gib-head keys 2475 

Gibi  2658 

Gleason system,  

 Zerol bevel gears 2178 

Glue, pattern 1412 

Glue, plastics 593 

GMAW 

      (gas metal arc welding) 1434 

      welding carbon steels 1437 

      welding stainless steel 1437 

GO and NOT GO gages 2271 

Gold, plating 1512 

Goodman diagram 202 

Gordon formula for columns 281 283 
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Grade markings on bolts and nuts 

      ASTM and SAE 1534 

      inch 1534 

      metric 1634 

Grams 

      into ounces, avoirdupois 2683 

      per cubic centimeter into pounds per cubic  

 inch 2685 

Granite parallel, high precision 719 

Granite rock-types and properties 709 

Granite, strength 394 

Graphical solution of force systems 153 

Graphite materials for bearings 2362 

Graphitic materials for bearings 2362 

Gravitational system of measurement 150 

Gravity 

      acceleration due to 150 

      center of, in various geometrical  

 figures 221 

      die casting process 1410 

      force of 179 

      specific 380 

 gases 381 

 liquids 381 

 various substances 381 

Gray cast iron 1404 

Grease 2420 2431 

      additves 2433 

      application 2435 

      classification 2433 

      consistency rating 2433 

      National Lubricating Grease Institute 2433 

      properties 2432 

Greek symbols and alphabet 2652 
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Green sand molding 1409 

Green wood, weight per cubic feet 387 

Grind 

      wheels 

 safe operating speeds 1248 

Grindability data 1205 1228 

Grindability of tool steels 1228 

Grinders spindles for portable 974 

Grinding 1216 

      abrasive belt grinding 1269 

      abrasives 1216 

      basic rules 1197 

      carbide materials, diamond wheel 1212 

      carbide tools 1000 

      cast iron 1209 

      centerless 1259 

      centerless grinding troubles 1260 

      ceramic materials, diamond wheel 1212 

      chip breakers 1002 

      cost 1215 

      cutting forces 1203 

      cutting time formula 1153 

      cutting torque 1203 

      cylindrical 1251 

      cylindrical grinding troubles 1255 

      data selection including wheel life 1204 

      data, wheel life selection 1204 

      diamond wheel 1000 1212 1240 

      ECT, grinding 1198 

      equivalent diameter factor 1202 

      feeds 1197 

      finishing 1205 

      floor and bench stand 1268 

      fluids 1183 
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Grinding (Cont.) 

      grindability groups 1205 

      grinding rules and data selection 1197 

      heat resistant alloys 1211 

      inconel 1211 

      internal centerless 1259 

      milling cutters 835 

      minimum cost conditions 1200 

      mounted wheels and points 976 

      offhand grinding 1268 

      optimization planning 1215 

      optimum grinding data for roughing 1200 

      planing tools 764 

      plunge 1251 

      portable grinding 1268 

      power 1203 

      procedure to determine data 1207 

      ratio 1197 

      relative grindability 1206 

      rene 1211 

      rpm, various speeds and diameters 1250 

      screw threads 2053 

      side feed, roughing and finishing 1205 

      silicon carbide wheels 1000 

      spark-out time 1202 

      specific metal removal rates 1202 

      speeds 1202 

      spindles for portable tools 972 

      stainless steels 1208 

      surface 1261 

      surface finish, Ra 1201 

      surface grinding troubles 1266 

      swing-frame 1268 

      terms and definitions 1206 
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Grinding (Cont.) 

      tool steels 1209 

      tools 

 carbide 1000 

 twist drills 997 

      traverse 1251 

      unhardened steels 1208 

      user calibration of recommendations 1213 

      vertical and angle spindles 972 

      wheel life 

 cost 1215 

 grinding data relationship 1199 

 grinding ratio 1197 

 life vs. cost 1215 

 relationships and optimum grinding  

 data 1199 

      wheel safety 1246 

 handling 1246 

 inspection 1246 

 machine conditions 1246 

 mounting 1246 

 portable grinders 1249 

 safe operating speeds 1248 

 speed conversion table 1250 

 speeds, maximum 1249 

 storage 1246 

      wheels 1216 1246 

 abrasive materials for 1216 

 angles for eccentric type radial relief  

 angles on milling cutters 840 

 bond properties 1217 1266 

 CBN 1217 1234 1243 

 cubic boron nitride 1216 1234 

 cutting fluids 1204 
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Grinding (Cont.) 

 diamond 793 

 truing of 1235 

 dressing and truing of 1235 

 eccentric type 840 

 faces, shapes of 1227 

 finishing 1205 

 grades 1217 

 handling 1247 

 inspection 1247 

      wheels 

 markings, standard 1218 

 mounted wheels and points 

 metric 978 

 mounting and safety 1246 

 radial relief angle 840 

 roughing 1205 

 safe operating speeds 1204 

 selection of 1204 1219 

 sequence of markings 1218 

 shapes and sizes, standard 1219 

 metric 1225 

 side feed 1205 

 silicate bonding process 1266 

 single point truing diamonds 1239 

 storage 1247 

 structure 1217 

 truing 

 diamond feeds 1238 

 diamond sizes 1238 

 dressing of 1235 

 vitrified 1266 

 wheel markings 1218 

      work speed 
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Grinding (Cont.) 

 and depth of cut selection 1198 

 in rough and finish grinding 1202 

Grooved drive studs 

      dimensions 1760 

      hole sizes 1760 

Grooved pins 1756 

      designation 1757 

      hole sizes 1757 

      lengths and sizes 1756 

      materials 1757 1759 

      properties 1759 

      requirements 1757 

      standard sizes 1759 

      type 1758 

Grooving and oil feeding of bearings 2325 

Grooving insert holder 770 

GTAW (gas tungsten arc welding) 1453 

Guerin process 1364 

Guide bearings 2317 2356 

Guldinus or Pappus rules 66 

Gutta percha, turning 1082 

Gyration, radius of 228 

      bar, small diameter 228 

      circular disk, thin 229 

      circular ring, thin flat 229 

      cone, frustum 230 

      cylinder, hollow 230 

      ellipsoid 231 

      flat plate, thin 228 

      hollow cylinder, thin 230 

      hollow sphere 231 

      paraboloid 231 

      parallelepiped 229 
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Gyration, radius of (Cont.) 

      parallelogram 228 

      prism, rectangular 230 

      ring 228 

      sphere, hollow 231 

      spherical shell, thin 231 

      thin flat plate 228 

H 

Half circle 

      moment of inertia 237 

      radius of gyration 237 

      section modulus 237 

Hand 

      expansion reamers 856 

      of flute helix 811 

      of milling cutter 809 

      reamers 844 

Hard facing 1464 

      austenitic high chromium irons 1465 

      austenitic manganese steels 1465 

      cobalt base alloys 1465 

      copper base alloys 1466 

      high speed steels 1464 

      materials 1464 

      nickel-chromium-boron alloys 1467 

Hard rubber, machining 1195 

Hardening 471 

      alloy steels 414 

      steel 461 470 473 

 flame 487 

 induction 487 

      temperatures 

 stainless steel 494 
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Hardening (Cont.) 

 tool steels 473 

      test methods 466 

      tool steels 435 

Hardmetals 785 

      carbonitride based 788 

      coated 790 

      ISO classifications 791 

      titanium carbide 787 

      tooling for wood and nonmetals 795 

      tungsten carbide 786 

Hardness 465 

      aluminum alloys 534 

      bearings 2321 

      ceramics 389 

      cobalt alloys 392 

      copper alloys 391 

      copper-base powdered alloys 393 

      heat-treated steels 422 

      iron-base powdered alloys 393 

      magnesium alloys 547 

      nickel alloys 392 

      number 

 Brinell 510 

 Rockwell 510 

 steel 1407 

      O-ring 2587 2589 

      plastics 390 

      powdered metal alloys 393 

      relation to tensile strength 509 

      scales 

 comparison 507 

      scales 

 Rockwell 506 
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Hardness (Cont.) 

 unhardness scales 510 

      stainless steel 392 

      steel 391 

 carbon and alloy 424 

 tool steels 446 448 455 458 

      testing 505 

 Brinell 505 

 conversion errors, causes 509 

 conversion tables 508 

 durometer 509 2590 

 Hultgren ball 505 509 

 Keep’s test 507 

 Mohs hardness scale 509 

 monotron 507 

 Rockwell 506 508 

 scleroscope 506 509 

 Turner’s sclerometer 509 

 Vickers 506 509 

      tungsten-base powdered alloys 393 

Hardness number conversion 1625 

Harmonic 174 

Harvey grip thread 1987 

HDL, Hydrodynamic Lubrication 2421 

Heat 

      absolute temperature and zero 2695 

      coefficients of radiation 375 

      coefficients of transmission 375 

      fahrenheit-celsius conversion 2695 

      freezing mixtures 376 

      ignition temperatures 376 

      latent 372 

      loss from uncovered steam pipes 373 

      mechanical equivalent 2695 
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Heat (Cont.) 

      power equivalents 2690 

      quantity measurement 2695 

      radiating capacity of bearings 2325 

      radiation coefficient 375 

      scales 2695 

      specific 372 

      temperature scales 2695 

      thermal energy 2695 

Heat treating furnace 

      fluidized bed furnace 471 

      oven or box 470 

      pit type 470 

      pot type 470 

      retort 470 

      vacuum furnace 470 

Heat treatment 461 

      alloy steel 491 

 carburizing temperatures 491 

 normalizing temperatures 491 

 tempering temperatures 491 

      carbon steels 490 

      molybdenum high speed steels 500 

      stainless steel 494 

 quenching medium 494 

 tempering temperatures 494 

      stainless steel temperatures 494 

      steel 407 461 473 1407 

 annealing 408 461 465 482 

 annealing temperatures 483 

 baths quenching 477 

 carburizing temperatures 484 490 

 case hardening 484 

 cleaning work after case hardening 486 
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Heat treatment (Cont.) 

 colors for tempering 480 

 cooling period 504 

 cooling subzero, to improve  

 properties 504 

 cyanide hardening 485 

 decalescence point 461 470 

 defects in hardening 475 

 flame hardening 487 

 furnaces 461 469 

 hardening baths 475 

 hardening temperatures 461 470 473 491 

 hardening, defects in 475 

 induction hardening 487 

 interrupted quenching 477 

 lead bath temperatures 475 

 liquid baths 474 

 nitriding 501 

 normalizing 408 482 484 

 temperatures 490 

 oil quenching 475 

 pack-hardening 485 

 pressure-spraying quenching 476 

 protective coatings for molybdenum  

 steels 500 

 quenching 498 

 temperatures 491 

 quenching baths 475 

 recalescence point 461 470 

 scale formation 475 

 spheroidizing 482 484 

 stabilizing dimensions 503 

 strength and hardness of AISI steels 424  

 stress relieving 408 
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Heat treatment (Cont.) 

 subzero treatments 504 

 surface hardening 489 

 tanks for quenching baths 477 

 tempering 464 479 

 temperatures 490 

 tempering period 504 

 time aging 503 

 water quenching 476 

Hectares into acres 2675 

Helical 

      end mills 821 

      gear, helix angle 2062 

      milling, change gears 2061 

      wire screw thread inserts 1716 

Helical coil insert 1614 

      block and spacer torque test 1618 

      breakaway toque 1623 

      coatings 1614 

      configuration 1614 

      dimensions 1614 

      maximum locking torque 1623 

      properties 1614 

      self locking toque 1623 

      torque test 1618 

      torque test spacer 1624 

Helical coil screw thread Inserts 

      chemical composition 1617 

      compatibility 1613 

      dimensions 1613 

      hardness 1625 

      helical coil insert 1614 

      insert length data 1617 

      inspection 1617 
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Helical coil screw thread Inserts (Cont.) 

      length selection 1624 

      material selection 1624 

      tapped hole 1613 

      taps 1625 

      threaded hole data 1615 

      tolerance classes 1613 

      types 1613 

Helical coil screw thread inserts 1613 

Helical gearing 2125 2195 

      addendum 2195 

 modifications 2173 

      backlash 2164 

      British Standard 2172 

      calculations 2195 

      center distance 2195 

 exact 2198 

 for enlarged 2207 

      change gears 2208 

      checking gear size 2230 2235 

      cutter for milling 2204 

      data on drawings 2163 

      direction of thrust 2195 

      enlarged fine-pitch pinions 2204 2206 

      feed rate change 2209 

      fine pitch teeth 2206 

      formulas 2195 2197 2203 2206 

      helical overlap 2127 

      helix angles 2196 2201 

      herringbone type 2210 

      hobbing 2208 2210 

      involute form milling cutter 2205 

      lead accuracy 2209 

      lead of tooth 2195 
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Helical gearing (Cont.) 

      machine 

 with differential 2209 

 without differential 2208 

      measurements using wires or balls 2235 

      milling the helical teeth 2205 

      minimum center distance 2201 2203 

      normal tooth thickness 2135 

      pitch diameter 2195 

      pitch of cutter 2196 

      replacement gear dimensions 2251 

      shafts 

 at right angles 2199 

 parallel 2197 

      shafts at right angle 2202 

      specifications 2161 

      spur gear replacement by helical  

 gears 2249 2251 

      thrust 2195 

      tooth proportions 2135 

      tooth thickness measurement 2235 

      troubleshooting 2210 

      wire diameter 2230 

Helical milling 

      development of helix 2061 

      helix angle 2062 

      lead of ahelix 2061 

Helical overlap 2127 

Helix  2061 

      angle 2062 2127 

      angle factor 2174 

      angles, screw threads 1844 

      constructing 65 

      end mills with welden shanks 817 
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Helix (Cont.) 

      lead and diameter 2077 

      lead and pitch radius 2078 

      lead angle 2062 

      lead for given angle 2073 

      measurement of angle 2061 

      number of tooth 2078 

Herringbone gearing 2210 

      failures 2210 

Hertz stress 2127 

Hertzian contact area 2421 

Hexagon 

      area 72 

      distance across corners 81 

      moment of inertia 236 

      radius of gyration 236 

      section modulus 236 

High-energy-rate metal forming 1369 

Highest point of single tooth contact  

    (HPSTC) 2127 2157 

High-speed steels 446 1009 

      annealing rehardening 498 

      as cutting tool materials 1009 

      cobalt 896 

      cobaltcrom 496 

      cooling period 504 

      cutters 838 

      drawing 498 

      hardening molybdenum 499 

      heat treatment 496 

 annealing 499 

 cutting efficiency 497 

 equipment 501 

 hardening temperatures 497 
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High-speed steels (Cont.) 

 preheating tungsten 496 

 quenching 

 molybdenum 500 

 tungsten 497 

 subzero treatment 505 

 tempering molybdenum 500 

 time for through hardening 497 

      molybdenum 446 451 499 

 hardening 499 

      quenching straightening 498 

      tempering 498 

      tool 448 

      tungsten 448 451 496 499 

      tungsten annealing 499 

High-strength, low-alloy (HSLA) steels 

      (see HSLA steels) 

Hob tip radius, maximum 2156 

Hobs 

      change gears for relieving 2046 

      roller chain sprocket 2555 

      tip radius, maximum 2156 

      worm gear 2191 

Hoisting chain and wire rope 2613 

Holders for NC, insert 766 782 

Hold-on or dolly bars for riveting 1734 

Hole circles 

      adapting equations for geometry 694 

      coordinates for 692 

      Type “A” 692 696 698 

      Type “B” 693 700 702 

Hole sizes, tapping 2031 

Holes 

      accuracy of drilled 896 
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Holes (Cont.) 

      difficulties in reaming 852 

      for riveted joints 1729 

      for tapping 2021 

      in glass, drilling 1064 

      sizes for self-tapping screws 1709 

Hollow 

      circle, moment of inertia 237 

      circle, radius of gyration 237 

      circle, section modulus 237 

      cylinder, radius of gyration 230 

      mills, feeds and speeds 1171 

      sphere, radius of gyration 231 

Homopolymers 553 

Honing process 1272 

      adjustments 1273 

      carbide tools 1002 

      rotative speeds in 1272 

      stock removal, rate of 1272 

      tolerances 1274 

Hooke’s law 561 

      plastics 555 

Horsepower 149 

      calculating by dynamometer 2457 

      chain transmission 2547 

      converted into kilowatts 2690 

      disk clutches 2447 

      drilling different materials 1089 

      dynamometer test 2456 

      electric motor 2573 

 ratings 2566 

      equivalents 2690 

      formulas 186 

      friction wheels 2457 
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Horsepower (Cont.) 

      gearing 2245 

      hour equivalents 2690 

      machining 1083 

      nonmetallic gears 2245 

      planing and shaping 1083 

      roller chains 2547 

      set-screw transmitting capacity 1699 

      shafting 295 

      spade drilling 1079 1089 

      torque equivalent 295 

      V-belt drives 2487 

Hose connection screw threads 1968 

      ANSI Standards 1968 

      basic dimension 1971 

      tolerances 1971 

Hot-working, tool steels for 449 

HSLA steels 400 

      application 420 

      chemical compositions 421 

      composition 420 

      elongation 421 

      formability 421 

      properties 420 

      tensile strength 421 

      toughness 421 

      weldability 421 

      yield strength 421 

Hunting tooth ratio 2194 

Hydrant screw thread 1970 

Hydraulic press 1389 

Hydrodynamic film lubrication 2421 

Hydroforming process 1364 
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Hydrometer, Baumé’s, and specific  

    gravity 381 

Hyperbola 

      area 75 

      area construction 65 

      eccentricity 54 

      foci 54 

      general equation 54 

      major and minor axis 54 

Hypocycloidal curves, areas 68 

Hypoid gears 2125 2176 2178 

      applications of 2179 

Hypotenuse 95 

Hysteresis 309 

I 

I-beam 

      aluminum 2603 

      standard structural steel 2598 

      structural 

 moment of inertia 2594 

 section modulus 2594 

 steel 2594 

 weight per foot 2594 

Idler gears 2105 

Ignition temperature 376 

Impact force of 183 

Impact strength, Izod 

      carbon and alloy steels 424 

      plastics 390 

Impulse 184 

      angular momentum 185 
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Inch 

      decimals of, into millimeters 2668 

      into centimeter and millimeter 2665 

      millimeters into decimals of 3 2664 2670 

Inclinable-frame press 1388 

Inclined plane 169 179 

      force for moving body on 169 

      forces on 168 

      motion on 179 

Inconel metals 548 

Index plates, one hole  

 moves of angular values 2087 

Indexable 

      carbide inserts 764 

      insert holder 

 boring 770 

 chamfering 770 

 end cutting edge angle 769 

 facing 770 

 grooving 770 

 identification system 765 767 

 insert shape 769 

 lead angle 769 

 NC 766 782 

 planing 770 

 plunge angle 770 

 rake angle 769 

 selection 769 

 shank sizes 767 

 shape 770 

 tracing 770 

 turning and backfacing 770 

 turning and facing 770 
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Indexing 

      angular 2086 

      block or multiple 2117 

      Brown and Sharpe milling machine 2107 

      compound 2080 

      compound gearing ratio 2105 

      differential 2104 

 ratio of gearing 2104 

      gear ratio finding 2105 

      head angular position for 

 milling end mills and angular  

 cutters 833 

      head worm wheel with 64 teeth 2119 

      hole circles 2079 

      milling machine 2079 

      movements 2081 2105 2119 

      number of holes 2079 

      ratio of gearing 2105 

      reamer teeth for irregular spacing 845 

      simple 2079 2107 

      simple and differential 2107 

      smaller angles 2103 

      tables 2117 

Indicator drop method 841 

Induction 

      annealing 489 

      brazing 1431 

      hardening 468 487 489 

 equipment 487 

 gear teeth 489 

      normalizing 489 

Inertia  149 

      electric motor 2574 

      moment of 233 
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Inertia (Cont.) 

 polar 244 

Injection mold design 585 

Injection molding 584 

      plastics 592 

Injection molding, metal 1417 

Insert configuration 1617 

Insert length data 1617 

Insert length selection 1624 

Insert radius compensation 782 

Inserts 

      hardmetal materials 785 

      holders for NC 766 782 

      indexable 764 782 

      radius compensation, NC 782 

      screw thread 1716 

      self-tapping screw 1716 

      throw away carbide 785 

Inspection methods 675 

Instrument maker’s thread system 1980 

Integration of functions 35 

Interest 134 

      compound 134 

      finding unknown rate 136 

      nominal vs. effective 135 

      simple 134 

Interference 2127 

Interference fit threads 1973 

      allowances 1977 

      British Standard 1637 

      change in diameter 1978 

      coarse threads 1977 

      design and application data 1974 

      designation symbols 1974 
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Interference fit threads (Cont.) 

      dimensions 1975 

      driving speed 1976 

      driving torque and length  

 of engagement relation 1977 

      engagement lengths 1976 

      interferences 1974 1976 

      lead and angle variations 1978 

      lubrication 1976 

      materials for 1976 

      profile 1973 

      spur gearing 2146 2148 

      surface roughness 1977 

      thread dimensions 1975 

      tolerances for pitch diameter 1977 

      torques 1976 

      variation in axial lead 1978 

Interferometer 714 732 1322 

Internal diameter 2127 

Internal gears 2127 

      spur 2125 2170 

International System (SI) units 2656 

Interpolation 121 

Interrupted quenching 476 

Inverse 

      and direct proportions combined 7 

      of a matrix 125 

      ratio or reciprocal 5 

Investment 

      casting 1418 

 design 1420 

 making procedure 1418 

 milling cutters 1421 

      materials 1419 
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Investment casting alloy 

      elongation 391 

      hardness 391 

      tensile strength 391 

      yield strength 391 

Involute 2127 

      constructing 65 

      curve properties 2131 

      curve, properties 2130 

      functions 110 

      gear cutters, formed type 2148 2170 

      serrations 2252 

      true form diameter in gears 2128 

Involute splines 2127 2252 2255 

      American National Standard 2252 

      application factor 2267 

      basic dimension 2258 

      basic rack profile 2277 

      bursting stress 2269 

      chamfers and fillets 2260 2277 

      circular pitch 2253 2258 

      classes of tolerances 2258 

      combinations 2263 

      combinations of types 2263 

      compressive stress at side teeth 2269 

      compressive stresses allowable 2268 

      crowning for misalignment 2269 

      diametral pitch 2254 

      dimensions, effective and actual 2273 2275 

      drawing data 2263 2265 

      effect of spline variations 2261 

      effective 

 and actual dimensions 2261 2271 

 clearance 2254 
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Involute splines (Cont.) 

 space width 2254 

 tooth thickness 2254 

 variation 2254 2276 

      fatigue life factor 2268 

      fillet 2254 

 chamfers 2260 2277 

 root splines 2254 2260 

      fit classes 2258 2273 2277 

      flat root splines 2254 2260 

      form circle 2255 

      form clearance 2255 

      form diameter 2255 

      formulas 2277 

 basic dimension 2257 2273 2275 

 2-pin measurement 2271 

      fretting damage 2270 

      inspection 

 methods 2270 

 types of gages 2271 

 with gages 2271 

      interchangeability 2263 

      internal splines 2255 2263 

      lead variations 2255 2261 

      length of engagement 2255 

      length of splines 2266 

      load distribution factors 2267 

      machining tolerance 2255 2277 

      major circle 2255 

      major diameter fit 2255 2258 

      manufacturing 2283 

      maximum 

 actual space width 2262 

 actual tooth thickness 2262 
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Involute splines (Cont.) 

 effective space width 2263 

 effective tooth thickness 2262 

      metric module 2272 

      milling cutter 836 

      minimum 

 actual space width 2262 

 actual tooth thickness 2262 

 effective space width 2262 

 effective tooth thickness 2263 

      minor circle 2255 

      minor diameter 2255 

      misalignment 2267 

      parallelism variation 2255 

      pin measurement of 2271 

      pitch 2255 

 circle 2255 

 diameter 2255 

 point 2255 

      pressure angle 2255 

      rack profiles 2276 

      reference dimensions 2263 2265 2277 

      shear stress 

 allowable 2268 

 at pitch diameter 2269 

 at the pitch diameter of teeth 2269 

 under roots of external teeth 2268 

      side fit 2258 

      sizes and lengths, estimating 2265 

      space width and tooth thickness  

 limits 2262 2273 

      stub pitch 2255 

      symbols 2255 2263 2273 

      tensile stresses allowable 2268 
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Involute splines (Cont.) 

      terms and definition 2253 2273 

      tolerances 2258 2273 2276 

      tolerances and variations 2276 

      tooth 

 numbers 2255 2258 

 proportions 2255 

 thickness limits 2262 2276 

 thickness modification 2276 

      torque capacity formulas 2266 

      total index variation 2255 

      total tolerance 2255 

      types and classes of fits 2258 

      variations 2261 2276 

 allowance 2255 2261 

 eccentricity 2261 

 effect of 2276 

 effect of profile 2261 

 lead 2261 

 types of 2253 2276 

      wear life factors, flexible splines 2268 

      width and tooth thickness 2276 

Iron 

      and copper-base sintered bearings 2364 

      castings 1404 

      coloring 1507 

      copper-base sintered bearings 2363 

Iron-base powdered alloys 393 

      density 393 

      elongation 393 

      hardness 393 

      rupture strength 393 

      ultimate strength 393 

      yield strength 393 
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I-section 

      moment of inertia 238 

      radius of gyration 238 

      section modulus 238 

ISO Standard 

      cleanliness code for lubrication 2439 

      drawing symbols, compared with  

 ANSI 612 

      geometric dimensioning and  

 tolerancing 613 

      metric 

 grade markings on bolts 1634 

 hexagon bolts, screws and nuts 1630 

 limits and fits, British Standard 662 

 thread 1901 1919 

 thread system, miniature screw  

 threads 1910 

      surface finish 747 

 profiles 750 

      surface parameter symbols 748 

      washers, compared with ANSI 1607 

ISO surface finish 747 

ISO VG - viscosity 2425 

Isosceles triangle 95 

Isothermal 

      quenching 479 

Izod impact strength 

      carbon and alloy steels 424 

      plastics 390 

J 

Jacobs tapers 961 

Jam nuts, standard 1539 1545 

      metric 1605 
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Jarno taper 948 959 

Jig 

      boring 

 lengths of chords 704 

Jobbers reamers 857 

      drills 868 

Johnson, J. B., column formula 284 

Joining plastics 593 

Joints 

      riveted 1729 

      toggle 172 

      universal 2445 

Journal bearing (see Bearings: journal) 

K 

Karat  2683 

Keep’s hardness test 507 

Kelvin, degrees 2695 

Key and spline sizes and lengths 2265 

Keying bearings 2319 

Keys and bits, hexagon and spline 1692 

Keys and keyseats 2460 

      alignment tolerances 2473 

      ANSI Standard 2460 

      chamfered keys 2477 2482 

      cotters 2481 

      depth control values 2473 

      depth of keyseat 2482 

      depths for milling keyseats 2482 

      effect on shaft strength 301 

      estimating key sizes 2265 

      filleted keyseats 2477 2482 

      fitting 2476 

      gib-head keys 2475 
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Keys and keyseats (Cont.) 

      keyseat milling cutters, Woodruff 832 

      keyseats, depth of 2473 2482 

      milling cutters and arbors 831 

      parallel and taper 2473 2476 

      plain 2475 

      rectangular parallel keys 2469 

      set screws for keys 2477 

      shaft diameter 2472 

      size vs. shaft diameter 2472 2482 

      strength considerations for shafts 301 

      tolerances 2475 2477 

      transmission chain 2542 

      woodruff keys and keyseats 2477 

Keys and keyways 

      designation 2460 2469 

      dimension of square and rectangular  

 parallel keys 2461 

      dimensions and tolerances 2467 

      dimensions and tolerancing 2463 

      keyways dimension 2463 

      keyways tolerances 2463 

      lengths and tolerances 2460 2466 

      materail 2469 

      material 2460 

      parallel keys dimensions 2465 

      parallel keys tolerances 2465 

      square and parallel keys 2461 

      square and rectangular type 2460 

      tolerances 2460 2469 

      woodruf 2469 

Kibi  2658 

Kilogram calorie 2695 
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Kilograms 

      into pounds 2683 

      per cubic meter into pounds per cubic  

 foot 2685 

      per square centimeter into pounds per  

 square inch 2687 

      per square meter into pounds per square  

 foot 2687 

      per square meter into pounds per square  

 inch 2687 

Kilometers into miles 2674 

Kilopascals into pounds per square inch 2687 

Kilowatt 

      hour equivalents 2690 

      into horsepower 2691 

      power required for machining 1083 

Kinematic viscosity 2425 

Kinematics and kinetics 149 

Kinetic energy 181 

Kingsbury thrust bearing 2338 

Kirchoff current law 127 

Kirchoff voltage law 127 

K-Monel, machining 1194 

Knee tools, speeds and feeds 1171 

Knees (see Right angle plate) 723 

Knoop hardness numbers 507 

Knuckle joints 2446 

      proportions 2446 

Knurls and knurling 991 

      automatic screw machines 1170 

      concave 995 

      diagonal teeth 991 

      diametral pitch knurls 991 

      dies marking 995 

Next Page



This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

INDEX OF INTERACTIVE EQUATIONS 
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A 

Air 

     Compressed, Velocity of 

 Escaping 3042 

     Density of 3032 

     Expansion and Compression 

 Adiabatic 3036 

 Isothermal 3036 

     Horsepower Required to 

 Compress 3037 

     Volume given Pressure and 

 Temperature 3035 

     Volume Transmitted through 

 Pipes 3041 

     Work Required to Compress 3036 

Angle 

     Conversion 

 Decimal to Degree-Minute- 

 Second 104 

 Degree-Minute-Second to 

 Decimal 104 

 Degree-Minute-Second to 

 Radian 103 

 Radian to Degree-Minute- 

 Second 103 

Area 

     Acute-angle Triangle 71 

     Circle 73 

     Circular Ring 74 
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Area (Cont.) 

     Circular Ring Sector 74 

     Cycloid 73 

     Ellipse 75 

     Hyperbola 75 

     Obtuse-angle Triangle 71 

     Parabola 74 

     Parallelogram 70 

     Rectangle 70 

     Regular Polygon 72 

     Right-angle Triangle 71 

     Spandrel or Fillet 74 

     Square 70 

     Trapezium 72 

     Trapezoid 71 

B 

Beam 

     Both Ends Overhanging Supports 

 Load at any Point Between 259 

 Single Overhanging Load 260 

 Symmetrical Overhanging Load 260 

 Symmetrical, Uniform Load 258 

 Unsymmetrical, Uniform Load 259 

     Combined Stresses 

 Direct Compression and Bending 

 Cantilever, Circular 212 

 Cantilever, Rectangular 212 

 Circular Beam or Shaft 213 

 Rectangular 213 

 Direct Compression and Torsion 

 Circular Beam or Shaft 213 

 Direct Compression, Offset Link 214 

 Direct Tension and Bending 
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Beam (Cont.) 

 Cantilever, Circular 212 

 Cantilever, Rectangular 213 

 Circular Beam or Shaft 213 

 Rectangular 213 

 Direct Tension and Torsion 

 Circular Shaft 214 

 Direct Tension, Offset Link 214 

     Continuous, Two Equal Spans 

 Equal Loads at Center of Each 266 

 Uniform Loads 266 

     Continuous, Two Unequal Spans 

 Unequal Loads at any Point 267 

 Unequal Uniform Loads 265 

     Design Example 217 

     Fixed at Both Ends 

 Load at any Point 264 

 Load at Center 264 

 Uniform Load 265 

     Fixed at One End 

 Free but Guided at the Other 

 Load at Free End 263 

 Uniform Load 263 

 Intermediate Load 261 

 Load at Other End 261 268 

 Supported at the Other 

 Load at any Point 262 

 Load at Center 262 

 Uniform Load 263 

 Uniform Load 261 268 

     Supported at Both Ends 

 Load at Any Point 257 

 Load at Center 257 

 Single Load in Middle 268 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Beam (Cont.) 

 Single Unsymmetrical Load 268 

 Two Symmetrical Loads 258 268 

 Uniform Load 257 269 

 Uniform Load Part of Length 

 Deflection 268 

     Three Dimensional Stresses 216 

Bearings 

     Journal Bearing 2336 

     Thrust 

 Flat Plate Type 2342 

 Step Type 2346 

 Tapered Land Type 2349 

 Tilting Pad Type 2354 

Broaching 

     Pitch of Teeth 982 

C 

Center of Gravity 

     Circle Sector 223 

     Circular Arc 222 

     Circular Segment 222 

     Cone 225 

     Cylinder 224 

     Frustum of Cone 225 

     Frustum of Pyramid 225 

     Half of a Hollow Sphere 226 

     Parabola 224 

     Paraboloid 226 

     Part of Circle Ring 223 

     Pyramid 225 

     Spandrel or Fillet 223 

     Spherical Sector 226 

     Spherical Segment 226 
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Center of Gravity (Cont.) 

     Trapezoid 222 

     Triangle 221 

     Two Bodies 225 

     Wedge 226 

Circles and Squares with Equal Area 80 

Circular Segment Formulas 73 

Cold Form Tapping 2035 

Column 

     Eccentrically Loaded 283 

     Euler’s Formulas 283 

     Rankine’s Formulas 283 

Combined Stresses 

     Direct Compression and Bending 

 Cantilever Beam 

 Circular 212 

 Rectangular 212 

     Direct Compression and Bending 

 Circular Beam or Shaft 213 

 Rectangular Beam 213 

     Direct Compression and Torsion 

 Circular Beam or Shaft 213 

     Direct Compression, Offset Link 214 

     Direct Tension and Bending 

 Cantilever Beam 

 Circular 212 

 Rectangular 213 

 Circular Beam or Shaft 213 

 Rectangular Beam 213 

     Direct Tension and Torsion 

 Circular Shaft 214 

     Direct Tension, Offset Link 214 

Complex Numbers 

     Addition 18 
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Complex Numbers (Cont.) 

     Division 19 

     Multiplication 19 

Contents of Cylinderical Tank 69 

Conversion 

     Complex Number to Polar Form 18 

     Coordinates 

 Cylindrical to Rectangular 45 

 Polar to Rectangular 18 44 

 Rectangular to Polar 44 

 Rectangular to Spherical 45 

 Spherical to Rectangular 45 

     Cutting Speed to RPM 1015 

 Letter Drill Sizes 1016 

 Numbered Drill Sizes 1016 

     RPM to Cutting Speed 1015 

     Specific Gravity to Density 380 

     Temperature 2695 

Critical Speed Formulas 198 

Cubic Equation 34 

Cutting Speed 

     Convert from RPM 1015 

     Convert to RPM 1015 

 Letter Drill Sizes 1016 

 Numbered Drill Sizes 1016 

Cylinder Subject to Internal Pressure 291 

D 

Density of Wood 387 

Diameter of Circle  

 Enclosing N Circles 91 

Distance Across Squares and Hexagons 81 

Distance Between Two Points 40 
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Drilling 

     Tap Drill Size 2035 

 Metric 2030 

 Unified 2030 

     Thrust, Torque, and Power Required 

 Inch 1090 

 Metric 1090 

     Thrust, Torque, and Power Required 

 Spade Drills 1079 

E 

Economic Analysis 

     Annuity to Gradient 138 

     Depreciation 139 

     Future Value to Annuity 138 

     Future Value to Gradient 138 

     Net Present Value 140 

     Present Value to Annuity 138 

     Present Value to Future Value 138 

     Present Value to Gradient 138 

F 

Factorial of a Number 19 

Find Equation of Circle Given Point 46 

Finding Depth of Keyseat 2473 2482 

Flat Belts and Pulleys 

     Belt Lengths 2484 

     Length of Belt Traversing Three 

 Pulleys 2486 

     Pulley Diameters and Speeds 2485 

     Pulley Diameters in Compound 

 Drive 2485 

     Speed of Pulley in Compound Drive 2486 
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Force System Solution 

     Components of Single Force 157 

     Resolving Single Force into 

 Rectangular Components 161 

     Resultant of 

 Any Number of Concurrent 

 Forces 161 

 Non-intersecting Forces 159 

 Non-parallel Forces Not Meeting at a 

 Common Point 163 

 Parallel Forces Not in Same 

 Plane 162 

 Three or More Forces 157 

 Two Concurrent Forces 157 

G 

Gears 

     Calculating Dimensions of 

 Bevel 

 Circular Thickness, Circular 

 Addendum 2189 

 Examples 2187 

 Formulas for Milled Gears 2183 

 14.5 and 20 Degree Full Depth 2250 

     Calculating Dimensions of 

 Helical 

 Fellows 20 Degree Stub 2251 

 Fine Pitch Tooth Proportions 2135 

 14.5 and 20 Degree Full Depth 2251 

 20 Degree Stub 2251 

 Spur 

 Fellows 20 Degree Stub 2249 

 Fine Pitch Tooth Proportions 2135 

 Outside and Root Diameters 2138 
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Gears (Cont.) 

 Standard Dimensions 2131 

 14.5 and 20 Degree Full Depth 2249 

 14.5 Degree Involute Full Depth 

 Tooth Parts 2137 

 20 Degree Involute Full Depth 

 Tooth Parts 2137 

 20 Degree Stub 2249 

     Helical Gearing 2195 

 Shafts at Right Angles 

 Center Distance Approximate 2199 

 Center Distance Exact 2200 

 Shafts Parallel 

 Center Distance Approximate 2197 

 Center Distance Exact 2198 

     Spur Gear Design 2158 

 Center Distance 2141 

 Center Distance for No 

 Backlash 2155 

 Chordal Addendum 2145 

 Chordal Thickness 2145 

 Example 2140 

     Worm Gearing 2192 

H 

Hardness 

     Brinell, Calculate from Indentation 505 

     Tensile Strength Equivalent to 

 Brinell 509 

Hole Circle Coordinates 

     Type A 

 Origin At Center 692 

 Origin At XY 693 

     Type B 
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Hole Circle Coordinates (Cont.) 

 Origin At Center 693 

 Origin At XY 694 

Hydraulic Cylinder Force 3422 

L 

Length, Mm to Inch 2665 

M 

Machining 

     Cutting Speed to Utilize Max Power 

 Milling 1088 

 Turning 1088 

     Power Required 

 Turning 1087 

Matrix 

     Addition 122 

     Determinant 123 

     Inverse 125 

     Multiplication 123 

     Solution of Simultaneous 

 Equations 126 

     Transpose 123 

Measurement Over Pins 

     Checking Radius of Arc 

 Concave 688 

 Convex 688 

     Checking V-groove 686 

     Distance across Bolt Circle 686 

     Dovetail Slides 682 

Measuring Screw Threads 

     Acme Thread 1999 2002 

     American National Standard Unified 
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Measuring Screw Threads (Cont.) 

 Thread 1995 

     British Association Screw Thread 1995 

     British Standard and Whitworth Screw 

 Thread 1995 

     Buckingham Exact Involute 

 Helicoid 1999 

     Constants for Measuring American 

 Standard and Whitworth Screw 

 Threads 1996 

     International Standard Screw 

 Thread 1995 

     Lowenherz Screw Thread 1995 

     Sharp V-Thread Screw Thread 1995 

     Whitworth Thread 1998 

     Wire Diameters 1996 

     Wire Diameters for Checking Pitch 

 Diameter 1992 

Moment of Inertia 

     Circle 237 

     Circular Ring 237 

     C-Section 240 

     Elliptical Section 238 

     Half Circular Section 237 

     Hexagon 236 

     Hollow Circular Section 238 

     Hollow Elliptical Section 238 

     Hollow Rectangle 235 

     Hollow Square 234 

     I-Section 238 

     L-Section 242 

     Polar Area 

 Circle 245 

     Polar Area 
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Moment of Inertia (Cont.) 

 Circular Section with Hexagon 

 Hole 245 

 Circular Section with Square 

 Hole 245 

 Hexagon 245 

 Hollow Circular Section 245 

 Inverted Triangle 245 

 Rectangle 245 

 Square 245 

     Polar Mass 

 Cone 248 

 Cylinder 246 

 Ellipsoid 247 

 Frustum of Cone 248 

 Hollow Cylinder 246 

 Paraboloid 247 

 Prism 246 

 Pyramid 246 

 Sphere 246 

 Spherical Sector 247 

 Spherical Segment 247 

 Torus 247 

     Rectangle 235 

     Square 234 

     Trapezium 236 

     Triangle 236 

     T-Section 241 

     X-Section 243 

     Z-Section 243 

P 

Packing of Circles in Circles 89 

Packing of Circles in Rectangles 93 
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Polygon Shafts 

     Four-sided 2282 

     Three-sided 2282 

Prismoidal Formula for Volume 66 

R 

Radius of Gyration 

     Bar of Small Diameter 228 

     Bar of Small Diameter Bent 

 Circular 228 

     Cone 230 

     Cylinder 229 

     Ellipsoid and Paraboloid 231 

     Frustum of Cone 230 

     Hollow Cylinder 230 

     Hollow Sphere and Thin Spherical 

 Shell 231 

     Parallelepiped 229 

     Parallelogram 228 

     Rectangular Prism 230 

     Sphere 231 

     Thin Circular Section 229 

     Thin Hollow Cylinder 230 

     Thin, Flat Circular Ring 229 

Ratio of Volumes 87 

Rearrangement of Formulas 30 

Replacement Icon 682 

S 

Screw Threads 

     Internal Metric Thread - M Profile 

 Limiting Dimensions 1893 1895 

     Pitch and Threads per Inch 1989 
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Screw Threads (Cont.) 

     Unified Miniature Screw Threads 1861 

     Unified Screw Threads Dimension 1817 

Shaft 

     Design of a Transmission Shaft 300 

     Design of Transmission Shafting 299 

     Diameter to Transmit Torque 

 (FPS) 295 

     Diameter to Transmit Torque 

 (MKS) 296 

     Torsional Deflection of 297 

Sheet Metal 

     Allowance for Bends 1347 1351 

Simple Mechanism 

     Inclined Plane Wedge 169 

Solution 

     Cubic Equation 34 

     First Degree Equation, Two 

 Unknowns 32 

     Quadratic Equation 32 

Specific Gravity 

     Conversion to Density 380 

Spline 

     Basic Dimensions 2257 

     Dimensions and Tolerances 2275 

Spring 

     Closed and Ground End 318 

     Open or Plain End 

 Ends Ground 318 

 Ends not Ground 318 

     Round Wire Spring Formula 318 

     Square Wire Spring Formula 318 

     Squared or Closed End, Ends not 

 Ground 318 
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T 

Tap Drill 

     Cold Form Thread 2035 

     Metric Thread 2030 

     Unified Thread 2030 

Taper 

     Angle given Diameter and Length 684 

     Angle given Taper 684 

     Center Distance given Diameter and 

 Angle 685 

     Center Distance given Diameter and 

 Taper 685 

     Center Distance given Taper Measured 

 from One Side 685 

     Diameter of Disk in Contact with 

 Another Disk 685 

     Measuring with V-block 681 

     Taper at Right Angle to One Side 685 

     Taper given Angle 684 

     Taper given Diameter and Length 684 

Temperature 

     Adjusting Lengths for Changes of 378 

     Length Change Due to 379 

     Radius of Ring Change Due to 378 

Temperature Conversion 2695 

Threads 

     Acme 

 Shear Area 1923 

 Stress Area 1923 

     TPI-Pitch Conversion 1811 

Triangle 

     Obtuse 

 One Side, Two Angles 101 
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Triangle (Cont.) 

 Three Sides Known 102 

 Two Sides and Angle Opposite One 

 Side Known 102 

 Two Sides, Angle Between 101 

 Two Sides, Angle Opposite 102 

     Right 

 Hypotenuse and Angle Known 98 

 Side and Angle Known 98 

 Side and Hypotenuse Known 98 

 Two Sides Known 98 

Trigonometric Functions 

     Involute and Sevolute Functions 110 

     Table Values 106 

     Versed Sine and Versed Cosine 110 

V 

Volume 

     Barrel 87 

     Cone 84 

     Cube 82 

     Cylinder 83 

     Ellipsoid 85 

     Frustrum of Cone 84 

     Frustrum of Pyramid 83 

     Hollow Cylinder 84 

     Hollow Sphere 86 

     Paraboloid 86 

     Paraboloidal Segment 87 

     Portion of Cylinder 83 

     Prism 82 

     Pyramid 82 

     Sphere 85 

     Spherical Sector 85 
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Volume (Cont.) 

     Spherical Segment 85 

     Spherical Wedge 86 

     Spherical Zone 86 

     Square Prism 82 

     Torus 87 

     Wedge 83 

W 

Water 

     Velocity of, in Pipes 3028 

Weight, Ounce to Pound 2683 

Whitworth Threads 

     Basic Dimensions 1954 

     Tolerances 1953 

Wind Chill Temperature 2700 
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Index Terms Links 

A 

ABS 

      chemical resistance to various  

 materials 576 

      coefficient of expansion 375 

      density 390 

      mechanical properties 390 

      safe bending stress 606 

      specific gravity 380 390 

      speeds and feeds for drilling 601 

Absolute zero 3033 

Acetal  375 390 551 574

  576 587 601 606 

      chemical resistance to various  

 materials 576 

      coefficient of expansion 375 

      density 390 

      mechanical properties 390 

      safe bending stress 606 

      specific gravity 390 

      speeds and feeds for drilling 601 

Acetic acid 

      specific gravity 381 

      specific heat 373 

Acetyl 

      density 390 

      mechanical properties 390 

      specific gravity 390 
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Acetylene 

      specific gravity 381 

Acrylic 375 380 390 551

  574 587 601 

      coefficient of expansion 375 

      density 390 

      mechanical properties 390 

      polishing 604 

      specific gravity 380 390 

      speeds and feeds for drilling 601 

Acrylite 

      polishing 604 

Actinium 

      element properties 371 

Air 

      atmospheric pressure 3032 

      composition 3032 

      density 3032 

 at various pressures and  

 temperatures 3034 

      density-temperature relationship 3032 

      expansion and compression 3035 

      pressure-temperature-volume 

 relationship 3035 

      specific gravity 381 

      specific heat 373 

      weight of 3033 

Alcohol 

      boiling point 372 

      latent heat of evaporation 372 

      specific gravity 381 

      specific heat 373 

      wood 

 boiling point 372 
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Alcohol vapor 

      specific gravity 381 

Alder 

      machinability of 388 

      weight of 387 

Alloy steels 

      chemical composition 415 

Alloys 

      aluminum 

 casting, AA number 

 A356.0 535 

 A357.0 534 536 

 A444.0 534 536 

 B443.0 534 

 C355.0 534 

 201.0 534 

 204.0 534 

 208.0 534 

 222.0 534 

 242.0 534 

 295.0 534 

 296.0 536 

 308.0 534 536 

 319.0 534 

 328.0 534 

 332.0 534 536 

 333.0 534 536 

 336.0 534 536 

 354.0 535 

 355.0 534 

 356.0 534 

 357.0 534 536 

 359.0 536 

 443.0 534 
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Alloys (Cont.) 

 512.0 534 

 513.0 534 536 

      aluminum 

 514.0 534 

 520.0 534 

 535.0 535 

 705.0 534 

 707.0 534 

 710.0 534 

 711.0 534 536 

 712.0 534 

 713.0 535 

 771.0 535 

 850.0 534 

 851.0 534 

 852.0 535 

 elastic properties 394 

 investment casting alloys 

 A354 391 

 A356 391 

 A357 391 

 C355 391 

 D712 (40E) 391 

 KO-1 391 

 Precedent 71 391 

 RR-350 391 

 355 391 

 356 391 

 wrought, AA number 

 Alclad 2014 539 

 Alclad 3003 540 

 Alclad 3004 540 

 Alclad 6061 541 
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wrought, AA number (Cont.) 

 Alclad 7075 542 

 1050 537 

 1060 537 539 

 1100 537 539 

 1145 537 

 1175 537 

 1200 537 

 1230 537 

 1235 537 

 1345 537 

 1350 537 539 542 

 2011 376 537 539 

 2014 539 

 2017 376 537 539 

 2018 537 539 

 2024 376 394 537 539 

 2025 537 539 

 2036 537 539 

 2117 537 539 

 2124 537 

 2218 537 539 

 2219 537 539 

 2319 537 

 2618 537 

 3003 376 538 540 

 3004 538 540 

 3005 538 

 3105 540 

      aluminum 

 4032 538 540 

 4043 538 

 4045 538 

 4047 538 
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aluminum (Cont.) 

 4145 538 

 5005 538 540 

 5050 538 540 

 5052 376 538 540 

 5056 538 540 

 5083 538 540 

 5086 376 538 541 

 5154 541 

 5183 538 

 5252 538 541 

 5254 538 541 

 5356 538 

 5454 541 

 5456 538 541 

 5457 538 541 

 5554 538 

 5556 538 

 5652 538 541 

 5654 538 

 5657 541 

 6003 538 

 6005 538 

 6053 538 

 6061 376 394 538 541 

 6063 541 

 6066 538 542 

 6070 538 542 

 6101 538 542 

 6105 538 

 6151 538 

 6201 538 

 6253 538 

 6262 538 542 
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aluminum (Cont.) 

 6351 538 542 

 6463 538 542 

 7005 538 

 7008 538 

 7049 538 542 

 7050 538 542 

 7072 538 

 7075 376 538 542 

 7108 538 

 7178 538 542 

 8017 538 

 8030 538 

 8176 542 

 8177 538 

 2011 376 

 2017 376 

 2024 376 

 2024-T4 

 elastic properties 394 

 3003 376 

 5052 376 

 5086 376 

      aluminum 

 6061 376 

 6061-T6 

 elastic properties 394 7075 376 

      bearing strength 

 magnesium alloys 547 

      chemical composition 

 alloy steels 415 

 carbon steels 415 

 copper alloys 515 

 everdur 528 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

aluminum (Cont.) 

 titanium alloys 550 

      cobalt-base 

 investment casting alloys 

 cobalt 21 392 

 cobalt 25 392 

 cobalt 31 392 

 cobalt 36 392 

 F75 392 

 N-155 392 

      compressive strength 

 magnesium alloys 547 

      copper 

 alloy name (UNS number) 

 aluminum brass, arsenical (C68700) 526 1036 1071 

 aluminum bronze, D (C61400) 525 1036 1071 

 architectural bronze (C38500) 523 1036 1071 

 beryllium Cu 

 (C17000) 521 1036 1071 

 (C17200) 376 521 1036 1071 

 (C17300) 376 521 

 (C17500) 521 1036 1071 

 (C17510) 521 

 brass 

 catridge 70% (C26000) 376 

 extra-high-leaded (C35600) 376 

 free machining (C36000) 376 

 high-leaded (C35300) 376 

 naval (C46400) 376 

 red, 85% (C23000) 376 

 yellow (C27000) 376 

 bronze 

 aluminum 11% A (C62400) 376 

 aluminum 9% A (C62300) 376 
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aluminum (Cont.) 

 commercial, 90% (C22000) 376 

 nickel aluminum (C63000) 376 

 phosphor 5% A (C51000) 376 

 phosphor, free cutting (C54400) 376 

 cadmium Cu 

 (C16200) 521 

 (C16210) 521 

 deoxidized (C14300) 520 

 deoxidized (C14310) 520 

 cartridge brass 

 70% (C26000) 376 522 1036 1071 

      copper 

 70% (C26100) 522 

 70% (C26130) 522 

 70% (C26200) 522 

 chromium Cu 

 (C18200) 376 521 

 (C18400) 521 

 (C18500) 521 

 commercial bronze, 90%  

 (C22000) 376 522 1036 1071 

 Cu nickel 

 10% (C70600) 527 1036 1071 

 20% (C71000) 527 

 30% (C71500) 527 1036 1071 

 5% (C70400) 526 

 Cu- nickel- phosphorus- tellurium  

 (C19100) 521 

 Cu-nickel-phosphorus (C19000) 521 

 forging brass (C37700) 523 1036 1071 

 free machining Cu (C14500) 376 

 free-cutting brass (C36000) 376 523 1036 1071 

 gilding, 95% (C21000) 522 1036 1071 
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aluminum (Cont.) 

 inhibited admiralty 

 (C44300) 524 1036 1071 

 (C44400) 524 

 (C44500) 524 1036 1071 

 jewelry bronze, 87.5% (C22600) 522 1036 1071 

 leaded brass 

 (C33500) 523 1036 1071 

 (C34000) 523 1036 1071 

 (C34200) 523 1036 1071 

 (C35000) 523 

 (C35300) 376 523 1036 1071 

 (C35600) 376 523 1036 1071 

 tube (C33000) 376 522 

 tube (C33200) 523 1036 1071 

 leaded commercial bronze 

 (C31400) 522 1036 1071 

 nickel-bearing (C31600) 522 

 leaded Cu 

 (C18700) 376 521 

 leaded naval brass (C48500) 1036 1071 

 low brass 80% 522 1036 1071 

 manganese brass (C66700) 526 

 manganese bronze, A (C67500) 526 1036 1071 

 Muntz metal 

 free-cutting (C37000) 523 1036 1071 

 leaded (C36500) 376 523 1036 1071 

 leaded (C36800) 523 1036 1071 

 60% (C28000) 376 522 1036 1071 

 naval brass 

 (C46400) 376 524 

 (C46700) 524 

 leaded (C48500) 524 
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aluminum (Cont.) 

      copper 

 medium-leaded (C48200) 524 

 nickel silver 

 55-18 (C77000) 527 1036 1071 

 65-10 (C74500) 527 1036 1071 

 65-12 (C75700) 527 1036 1071 

 65-15 (C75400) 527 1036 1071 

 65-18 (C75200) 527 1036 1071 

 oxygen-free 

 (C10200) 519 1036 1071 

 electronic (C10100) 519 

 extra-low phosphorus (C10300) 519 

 low phosphorus (C10800) 519 

 silver-bearing 

 (C10400) 519 

 (C10500) 519 

 (C10700) 519 

 phosphor bronze 

 1.25% E (C50500 ) 524 

 10% D (C52400) 525 1036 1071 

 5% A (C51000) 376 524 1036 1071 

 8% C (C52100) 525 1036 1071 

 phosphorus deoxidized Cu 

 arsenical (C14200) 520 

 high residual phosphorus 

 (C12200) 520 1036 1071 

 low residual phosphorus 

 (C12000) 520 

 (C12100) 520 

 red brass, 85% (C23000) 376 522 1036 1071 

 silicon bronze 

 high, A (C65500) 526 1036 1071 

 low, B (C65100) 526 1036 1071 
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aluminum (Cont.) 

 silicon red brass (C69400) 526 

 sulfur bearing 

 (C14700) 520 

 (C14710) 520 

 (C14720) 520 

 tellurium bearing 

 (C14500) 376 520 

 (C14510) 520 

 (C14520 ) 520 

 tough pitch 

 electrolytic (C11000) 376 519 1036 1071 

 fire refined, with silver 

 (C12500) 520 

 (C12700) 520 

 (C12800) 520 

 (C12900) 520 

 (C13000) 520 

 silver-bearing 

 (C11300) 519 

 (C11400) 519 

 (C11500) 519 

 (C11600) 519 

 yellow brass 

      copper 

 (C26800) 522 1036 1071 

 (C27000) 376 522 

 zirconium Cu (C15000) 520 

 beryllium copper 

 elastic properties 394 

 brass 

 elastic properties 

 cast 394 

 70-30 394 
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aluminum (Cont.) 

 low-leaded, tube (C33000) 376 

 bronze 

 elastic properties 394 

 manganese 376 

 elastic properties 394 

 investment casting alloys 

 beryllium Cu 

 10C (820) 391 

 165C (824) 391 

 20C (825) 391 

 275C (828) 391 

 brass 

 red 391 

 silicon 391 

 yellow leaded (854) 391 

 bronze 

 aluminum, C (954) 391 

 aluminum, D (955) 391 

 manganese, A 391 

 manganese, C 391 

 silicon 391 

 tin 391 

 chrome copper 391 

 copper (pure) 391 

 manganese bronze 376 

 nickel silver 

 elastic properties 394 

 nickel-silver 376 

 phosphor bronze 

 elastic properties 394 

 tensile strength 395 

 powder metal alloys 

 CNZ-1818 393 
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 copper (pure) 393 

 CTG-1001 393 

 CTG-1004 393 

 CZP-3002 393 

 UNS number (alloy name) 

 C10100 (oxygen-free  

 electronic) 519 

 C10200 (oxygen-free Cu) 519 1036 1071 

 C10300 (oxygen-free, extra-low  

  phosphorus) 519 

 C10400 (oxygen-free, silver-bearing) 519 

 C10500 (oxygen-free, silver-bearing) 519 

 C10700 (oxygen-free, silver-bearing) 519 

      copper 

 C10800 (oxygen-free, low  

 phosphorus) 519 

 C11000 (electrolytic tough pitch Cu) 376 519 1036 1071 

 C11000 (electrolytic tough pitch) 376 

 C11300 (silver-bearing tough pitch Cu) 519 

 C11400 (silver-bearing tough pitch Cu) 519 

 C11500 (silver-bearing tough pitch Cu) 519 

 C11600 (silver-bearing tough pitch Cu) 519 

 C12000 (phosphorus deoxidized Cu,  

 low residual phosphorus) 520 

 C12100 (phosphorus deoxidized Cu,  

 low residual phosphorus) 520 

 C12200 (phosphorus deoxidized Cu,  

 high residual phosphorus) 520 1036 1071 

 C12500 (fire-refined tough  

  pitch with silver) 520 

 C12700 (fire-refined tough  

  pitch with silver) 520 
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 C12800 (fire-refined tough  

  pitch with  silver) 520 

 C12900 (fire-refined tough  

  pitch with silver) 520 

 C13000 (fire-refined tough  

  pitch with silver) 520 

 C14200 (phosphorus deoxidized  

  Cu, arsenical) 520 

 C14300 (cadmium Cu,  

 deoxidized) 520 

 C14310 (cadmium Cu,  

 deoxidized) 520 

 C14500 (free machining Cu) 376 

 C14500 (tellurium bearing) 376 520 

 C14510 (tellurium bearing) 520 

 C14520 (tellurium bearing) 520 

 C14700 (sulfur bearing) 520 

 C14710 (sulfur bearing) 520 

 C14720 (sulfur bearing) 520 

 C15000 (zirconium Cu) 520 

 C15500 520 

 C15715 520 

 C15720 520 

 C15760 521 

 C16200 (cadmium Cu) 521 

 C16210 (cadmium Cu) 521 

 C16500 521 

 C17000 (beryllium Cu) 521 1036 1071 

 C17200 (beryllium Cu) 376 521 1036 1071 

 C17300 (beryllium Cu) 376 521 

 C17500 (beryllium Cu) 521 1036 1071 

      copper 

 C17510 (beryllium Cu) 521 
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 C18200 (chromium Cu) 376 521 

 C18400 (chromium Cu) 521 

 C18500 (chromium Cu) 521 

 C18700 (leaded copper) 376 521 

 C18700 (leaded Cu) 376 

 C19000 (Cu-nickel-phosphorus) 521 

 C19100 (Cu- nickel- phosphorus-  

 tellurium) 521 

 C19200 521 

 C19400 522 

 C19500 522 

 C21000 (gilding, 95%) 522 1036 1071 

 C22000 (commercial bronze, 90%) 376 522 1036 1071 

 C22600 (jewelry bronze, 87.5%) 522 1036 1071 

 C23000 (red brass, 85%) 376 522 1036 1071 

 C24000 (low brass, 80%) 522 1036 1071 

 C26000 (cartridge brass, 70%) 376 522 1036 1071 

 C26100 (cartridge brass, 70%) 522 

 C26130 (cartridge brass, 70%) 522 

 C26200 (cartridge brass, 70%) 522 

 C26800 (yellow brass) 522 1036 1071 

 C27000 (yellow brass) 376 522 

 C28000 (Muntz metal, 60%) 376 522 1036 1071 

 C31400 (leaded commercial bronze) 522 1036 1071 

 C31600 (leaded commercial bronze,  

 nickel-bearing) 522 

 C33000 (low-leaded brass tube) 376 522 

 C33200 (high-leaded brass tube) 523 1036 1071 

 C33500 (low-leaded brass) 523 1036 1071 

 C34000 (medium-leaded brass) 523 1036 1071 

 C34200 (high-leaded brass) 523 1036 1071 

 C35000 (medium-leaded brass) 523 

 C35300 (high-leaded brass) 376 523 1036 1071 
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 C35600 (extra-high-leaded brass) 376 523 1036 1071 

 C36000 (free machining brass) 376 

 C36000 (free-cutting brass) 376 523 1036 1071 

 C36500 (leaded Muntz metal) 376 523 1036 1071 

 C36800 (leaded Muntz metal) 523 1036 1071 

      copper 

 C37000 (free-cutting Muntz metal) 523 1036 1071 

 C37700 (forging brass) 523 1036 1071 

 C38500 (architectural bronze) 523 1036 1071 

 C40500 523 

 C40800 523 

 C41100 523 

 C41300 523 

 C41500 524 

 C42200 524 

 C42500 524 

 C43000 524 

 C43400 524 

 C43500 524 

 C44300 (inhibited admiralty) 524 1036 1071 

 C44400 (inhibited admiralty) 524 

 C44500 (inhibited admiralty) 524 1036 1071 

 C46400 (naval brass) 376 524 

 C46700 (naval brass) 524 

 C48200 (naval brass, medium- 

 leaded) 524 

 C48500 (leaded naval brass) 1036 1071 

 C48500 (naval brass, leaded) 524 

 C50500 (phosphor bronze, 1.25% E) 524 

 C51000 (phosphor bronze, 5% A) 376 524 1036 1071 

 C51100 524 

 C52100 (phosphor bronze, 8% C) 525 1036 1071 

 C52400 (phosphor bronze, 10% D) 525 1036 1071 
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 C54400 376 525 1036 1071 

 C54400 (free cutting phos. 

 bronze) 376 

 C60800 525 

 C61000 525 

 C61300 525 

 C61400 (aluminum bronze, D) 525 1036 1071 

 C61500 525 

 C61800 525 

 C61900 525 

 C62300 376 525 

 C62300 (aluminum bronze, 9%) 376 

 C62400 376 525 

 C62400 (aluminum bronze, 11%) 376 

 C62500 525 

 C63000 376 525 

 C63000 (Ni-Al bronze) 376 

 C63200 525 

 C63600 526 

 C63800 526 

      copper 

 C64200 514 526 

 C65100 (low-silicon bronze, B) 526 1036 1071 

 C65500 (high-silicon bronze, A) 526 1036 1071 

 C66700 (manganese brass) 526 

 C67400 526 

 C67500 (manganese bronze, A) 526 1036 1071 

 C68700 (aluminum brass, arsenical) 526 1036 1071 

 C68800 526 

 C69000 526 

 C69400 (silicon red brass) 526 

 C70400 (Cu nickel, 5%) 526 

 C70600 (Cu nickel, 10%) 527 1036 1071 
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 C71000 (Cu nickel, 20%) 527 

 C71500 (Cu nickel, 30%) 527 1036 1071 

 C72200 527 

 C72500 527 

 C73500 527 

 C74500 (nickel silver, 65-10) 527 1036 1071 

 C75200 (nickel silver, 65-18) 527 1036 1071 

 C75400 (nickel silver, 65-15) 527 1036 1071 

 C75700 (nickel silver, 65-12) 527 1036 1071 

 C76390 527 

 C77000 (nickel silver, 55-18) 527 1036 1071 

 C78200 527 

 C80100 515 

 C80300 515 

 C80500 515 

 C80700 515 

 C80900 515 

 C81100 515 

 C81300 515 

 C81400 515 

 C81500 515 

 C81700 515 

 C81800 515 

 C82000 515 

 C82100 515 

 C82200 515 

 C82400 515 

 C82500 515 

 C82600 515 

 C82700 515 

 C82800 515 

 C83300 516 

 C83400 516 
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 C83600 516 

 C83800 516 

 C84200 516 

      copper 

 C84400 516 

 C84500 516 

 C84800 516 

 C85200 516 

 C85400 516 

 C85500 516 

 C85700 516 

 C85800 516 

 C86100 516 

 C86200 516 

 C86300 516 

 C86400 516 

 C86500 516 

 C86700 516 

 C86800 516 

 C87200 516 

 C87400 516 

 C87500 517 

 C87600 517 

 C87800 517 

 C87900 517 

 C90200 517 

 C90300 517 

 C90500 517 

 C90700 517 

 C90900 517 

 C91000 517 

 C91100 517 

 C91300 517 
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 C91600 517 

 C91700 517 

 C92200 517 

 C92300 517 

 C92500 517 

 C92600 517 

 C92700 517 

 C92800 517 

 C92900 517 

 C93200 517 

 C93400 517 

 C93500 517 

 C93700 517 

 C93800 517 

 C93900 517 

 C94300 517 

 C94400 517 

 C94500 517 

 C94700 518 

 C94800 518 

 C95200 518 

 C95300 518 

 C95400 518 

 C95500 518 

 C95600 518 

 C95700 518 

 C95800 518 

 C96200 518 

 C96300 518 

      copper 

 C96400 518 

 C96600 518 

 C97300 518 
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 C97400 518 

 C97600 518 

 C97800 518 

 C99300 518 

 C99400 518 

 C99500 518 

 C99700 518 

 C99750 518 

      copper-beryllium 

 10 529 

 165 529 

 25 529 

 35 529 

 50 529 

      copper-silicon (Everdur) 

 637 528 

 651 528 

 655 528 

 6552 528 

 661 528 

      elongation 

 aluminum alloys 539 

 everdur 528 

 magnesium alloys 547 

 titanium alloys 550 

      endurance limit 

 aluminum alloys 539 

      hardness 

 magnesium alloys 547 

      iron base 

 elastic properties 

 cast 394 

 ductile 394 
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 grey cast 394 

 malleable 394 

 powder metal alloys 

 FC-0208 393 

 FC-0508 393 

 FC-0800 393 

 FC-2008 393 

 FC-2015 393 

 FL-4605 393 

 FL-4608 393 

 FN-0005 393 

 FN-0200 393 

 FN-0205 393 

 FN-0208 393 

 FN-0405 393 

 FN-0408 393 

 FX-2008 393 

 F-0000 393 

 F-0008 393 

      magnesium 

 casting, pressure die cast 

 AM60A 546 

 AM60B 546 

 AS41A 546 

 AZ91A 546 

 AZ91B 546 

 AZ91D 546 

 casting, sand and permanent mold 

 AM100A 546 

 AZ63A 546 

 AZ81A 546 

 AZ91C 546 

 AZ91E 546 
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 AZ92A 546 

 EZ33A 546 

 HK31A 546 

 HZ32A 546 

 K1A 546 

 QE22A 546 

 QH21A 546 

 WE54A 546 

 ZE41A 546 

 ZE63A 546 

 ZH62A 546 

 ZK51A 546 

 ZK61A 546 

 elastic properties 394 

 extrusion 

 AZ10A 546 

 AZ31B 546 

 AZ31C 546 

 AZ61A 546 

 AZ80A 546 

 HM31A 546 

 M1A 546 

 ZK40A 546 

 ZK60A 546 

 sheet and plate 

 AZ31B 546 

 AZ31C 546 

 HK31A 546 

 HM21A 546 

      nickel 

 Inconel 

 elastic properties 394 

 Monel metal 
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 elastic properties 394 

      nickel-base 

 alloy name (UNS number) 

 commercially pure Ni (N02200) 549 

 hastelloy 

 hastelloy B (N10001) 549 

 hastelloy C-22 377 

 hastelloy C-276 (N10276) 377 549 

 hastelloy W (N10004) 549 

 hastelloy X (N06002) 549 

 IN 100 (N13100) 549 

 incoloy 

 incoloy 800 (N08800) 549 

 incoloy 825 (N08825) 549 

 incoloy 901 (N09901) 549 

      nickel-base 

 inconel 

 inconel X-750 (N07750) 549 

 inconel 600 (N06600) 549 

 inconel 625 (N06625) 549 

 inconel 718 377 

 Monel 377 

 Monel K500 (N05500) 377 549 

 Monel R405 377 

 Monel 400 (N04400) 377 549 

 nichrome (N06003) 549 

 nickel 200 (N02200) 377 549 

 nickel 201 (N02201) 377 

 nickel 205 (N02205) 377 

 RA 333 (N06333) 549 

 udimet (N07500) 549 

 waspalloy (N07001) 549 

 investment casting alloys 
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 Alloy B 392 

 Alloy C 392 

 Alloy X 392 

 Inconel 

 In 600 392 

 In 625 392 

 Invar (Fe-Ni alloy) 392 

 Monel 

 E 392 

 M-35 392 

 RH 392 

 S 392 

 410 392 

 specific heat 377 

      shearing strength 

 aluminum alloys 539 

 magnesium alloys 547 

      stainless steel 

 AFC-77 1031 1050 

 AF-71 1031 1050 

 AISI (SAE) Number 

 ... (51430F) 494 

 201 (30201) 1031 1049 1066 

 202 (30202) 1031 1049 1066 

 203EZ () 1031 1049 1066 

 301 (30301) 1031 1049 1066 

 302 (30302) 432 1031 1049 1066 

 303 (30303) 1031 1049 1066 

 303MA () 1031 1049 1066 

 303Pb (30303) 1031 1049 1066 

 304 (30304) 1031 1049 1066 

 305 (30305) 1031 1049 1066 

 310 (30310) 1031 1049 1066 
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 316 (30316) 1031 1049 1066 

 317 (30317) 1031 1049 

 321 (30321) 432 1031 1049 1066 

 347 (30347) 432 1031 1049 1066 

 410 (51410) 494 1031 1049 1066 

 414 (51414) 494 1031 1050 1066 

 416 (51416) 494 1031 1049 1066 

 420 (51420) 432 1031 1049 1066 

      stainless steel 

 430 (51430) 432 494 1031 1049

  1066 

 431 (51431) 494 1031 1050 1066 

 440A (51440A) 1031 1050 1066 

 440B (51440B) 1031 1050 1066 

 440C (51440C) 1031 1050 1066 

 442 (51442) 494 1031 1049 

 446 (51446) 432 494 1031 1049 

 455 (51455) 1031 1050 1066 

 501 (51501) 432 494 1031 1049

  1066 

 AISI (SAE) number 

 ... (51409) 419 495 

 ... (51416F) 419 

 ... (51420F) 419 495 

 ... (51430F) 419 495 

 ... (51434) 495 

 ... (51436) 495 

 ... (51440F) 419 495 

 201 (30201) 406 415 418 430

  494 

 202 (30202) 406 416 418 430

  494 
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 301 (30301) 406 415 418 430

  493 

 302 (30302) 406 416 418 430

  494 

 303 (30303) 406 416 430 494 

 303 (30330) 494 

 304 (30304) 406 416 418 430

  494 

 305 (30305) 406 416 430 494 

 310 (30310) 406 416 418 430

  494 

 316 (30316) 406 416 419 430

  494 

 317 (30317) 406 417 419 430

  494 

 321 (30321) 406 417 419 430

  494 

 325 (30325) 419 494 

 347 (30347) 406 417 419 430

  493 

 410 (51410) 407 417 419 430

  495 

 414 (51414) 407 417 419 431

  495 

 416 (51416) 407 417 430 495 

 420 (51420) 407 417 431 495 

 430 (51430) 406 417 431 495 

 431 (51431) 407 417 419 495 

 440A (51440A) 407 418 431 495 

 440B (51440B) 407 418 431 495 

 440C (51440C) 407 418 431 495 

 442 (51442) 406 418 495 

 446 (51446) 406 418 431 495 
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 501 (51501) 407 418 431 495 

 AISI (UNS) Number 

 201 (S20100) 1031 1049 1066 

 202 (S20200) 1031 1049 1066 

 203EZ (S20300) 1031 1049 1066 

 301 (S30100) 1031 1049 1066 

 302 (S30200) 1031 1049 1066 

 302B (S30215) 1031 1049 1066 

      stainless steel 

 303 (S30300) 1031 1049 1066 

 303MA () 1031 1049 1066 

 303Pb (S30300) 1031 1049 1066 

 303Se (S30323) 1031 1049 1066 

 304 (S30400) 1031 1049 1066 

 304L (S30403) 1031 1049 1066 

 305 (S30500) 1031 1049 1066 

 308 (S30800) 1031 1049 1066 

 309 (S30309) 1031 1049 1066 

 309 (S30900) 1031 1049 1066 

 309S (S30908) 1031 1049 1066 

 310 (S31000) 1031 1049 1066 

 310S (S31008) 1031 1049 1066 

 314 (S31400) 1031 1049 1066 

 316 (S31600) 1031 1049 1066 

 316L (S31603) 1031 1049 

 317 (S31700) 1031 1049 

 321 (S32100) 1031 1049 1066 

 330 (N08330) 1031 1049 

 347 (S34700) 1031 1049 1066 

 348 (S34800) 1031 1049 1066 

 403 (S40300) 1031 1049 1066 

 405 (S40500) 1031 1049 1066 

 409 (S40900) 1031 1049 1066 
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 410 (S41000) 1031 1049 1066 

 414 (S41400) 1031 1050 1066 

 416 (S41600) 1031 1049 1066 

 416Se (S41623) 1031 1049 1066 

 420 (S42000) 1031 1049 1066 

 420F (S42020) 1031 1049 1066 

 420FSe () 1031 1049 1066 

 429 (S42900) 1031 1049 1066 

 430 (S43000) 1031 1049 1066 

 430F (S43020) 1031 1049 1066 

 430FSe (S43023) 1031 1049 1066 

 431 (S43100) 1031 1050 1066 

 434 (S43400) 1031 1049 1066 

 436 (S43600) 1031 1049 

 440A (S44002) 1031 1050 1066 

 440B (S44003) 1031 1050 1066 

 440C (S44004) 1031 1050 1066 

 440F (S44020) 1031 1049 1066 

 442 (S44200) 1031 1049 

 446 (S44600) 1031 1049 

 455 (S45500) 1031 1050 1066 

 501 (S50100) 1031 1049 1066 

 502 (S50200) 1031 1049 

 AISI (UNS) number 

 201 (S20100) 406 415 430 494 

 201 (S20200) 406 416 

 201 (S20500) 406 416 

 202 (S20200) 406 416 430 494 

 205 (S20500) 406 416 

 301 (S30100) 377 406 415 430

  494 

 302 (S30200) 377 406 416 430

  494 
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 302B (S30215) 377 406 416 430 

 303 (S30300) 377 406 416 430

 494 

 303Se (S30323) 377 406 416 430 

      stainless steel 

 304 (S30400) 377 406 416 430

  494 

 304Cu (S30430) 377 406 416 

 304L (S30403) 406 416 430 

 304N (S30451) 406 416 

 305 (S30500) 377 406 416 430

  494 

 308 (S30800) 377 406 416 430 

 309 (S30309) 406 416 418 430

  494 

 309 (S30900) 377 406 416 430

  494 

 309S (S30908) 377 406 416 430 

 310 (S31000) 377 406 416 430

  494 

 310S (S31008) 377 406 416 430 

 314 (S31400) 406 416 430 

 316 (S31600) 377 406 416 430

  494 

 316F (S31620) 406 416 

 316L (S31603) 406 416 430 

 316N (S31651) 406 416 

 317 (S31700) 377 406 417 430

  494 

 317L (S31703) 377 406 417 

 321 (S32100) 377 406 417 430

  494 

 329 (S32900) 406 417 
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 330 (N08330) 406 417 

 347 (S34700) 377 406 417 430

  494 

 347 (S34800) 377 

 348 (S34800) 406 417 430 

 384 (S38400) 377 406 417 

 403 (S40300) 377 407 417 430 

 405 (S40500) 377 406 417 431 

 409 (S40900) 406 417 

 410 (S41000) 377 407 417 430

  495 

 414 (S41400) 377 407 417 431

  495 

 416 (S41600) 377 407 417 430

  495 

 416Se (S41623) 377 407 417 430 

 420 (S42000) 377 407 417 431

  495 

 420F (S42020) 377 407 417 431 

 422 (S42200) 377 407 417 

 429 (S42900) 377 406 417 

 430 (S43000) 377 406 417 431

  495 

 430F (S43020) 377 406 417 431 

 430FSe (S43023) 377 406 417 431 

 431 (S43100) 407 417 495 

 434 (S43400) 406 417 

 436 (S43600) 377 406 418 

 440A (S44002) 377 407 418 431

  495 

 440B (S44003) 377 407 418 431

  495 
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 440C (S44004) 377 407 418 431

  495 

 440F (S44020) 431 

 442 (S44200) 406 418 495 

 446 (S44600) 377 406 418 431

  495 

 501 (S50100) 377 407 418 431

  495 

 502 (S50200) 377 407 418 431 

 alloy, AISI-SAE (UNS) number 

      stainless steel 

 30615 () 409 

 30705 () 410 

 30805 () 409 

 30905 () 409 

 51210 () 410 

 51710 () 410 

 AM-350 1031 1050 

 AM-355 1031 1050 

 AM-362 1031 1050 

 elastic properties 18-8 394 

 HNM 1031 1050 1066 

 investment casting alloys 

 austenitic 

 CF-16F 392 

 CF-20 392 

 CF-3 392 

 CF-3M 392 

 CF-8 392 

 CF-8C 392 

 CF-8M 392 

 CH-20 392 

 CK-20 392 
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 CN-7M 392 

 IC 316F 392 

 IC 321 392 

 hardenable 

 Am-355 392 

 CA-15 392 

 CA-40 392 

 CD-4M Cu 392 

 IC 15-5 392 

 IC 17-4 392 

 IC 416 392 

 IC 431 392 

 powder metal alloys 

 SS-303N1 393 

 SS-304N1 393 

 SS-316L 393 

 SS-410 393 

 Stainless W 1031 1050 1066 

 15-5PH 1031 1050 

 17-14CuMo 1031 1050 

 17-7PH 1031 1050 

 18-8 

 tensile strength 395 

      steel 

 alloy, AISI-SAE (UNS) number 

 E4340 (G43406) 400 404 

 E50100 (501) 415 

 E51100 (G51986) 400 405 

 E51100 (G52986) 415 

 E52100 (G52986) 400 405 409 415

  432 493 1028 1046 

  1062 1085 

 10B46 (G10461) 403 
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 1045 (G10450) 402 411 423 432

  1027 1045 1060 

 10956 () 410 

      steel 

 1320 (G13200) 409 414 491 

 1330 (G13300) 400 404 414 427

  432 493 1028 1046

  1053 1062 1085 

 1335 (G13350) 400 404 415 493 

  1028 1046 1062 1085 

 1340 (G13400) 400 404 415 425 

  427 493 1028 1046

  1053 1062 1085 

 1345 (G13450) 400 404 1028 1046

  1062 

 2317 (G23170) 409 414 491 

 2330 (G23300) 409 415 493 

 2340 (G23400) 409 415 493 

 2345 (G23450) 409 415 493 

 2512 (G25120) 491 

 2515 (G25150) 409 414 

 2517 (G25170) 491 

 30905 () 409 

 3115 (G31150) 409 414 491 

 3120 (G31200) 409 414 491 

 3130 (G31300) 409 415 493 

 3135 (G31350) 409 414 493 

 3140 (G31400) 409 415 425 432 

 3145 (G31450) 409 415 493 

 3150 (G31500) 409 415 493 

 3240 (G32400) 409 

 3310 (G33100) 409 414 432 491 

 3316 (G33160) 491 
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 4012 (G40120) 1028 1046 1053 1061 

 4023 (G40230) 400 404 409 414

  432 1028 1046 1053

  1061 1085 

 4024 (G40240) 400 404 414 1028

  1046 1061 1085 

 4027 (G40270) 400 404 409 414

  1053 1085 

 4028 (G40280) 400 404 414 1028

  1046 1061 1085 

 4032 (G40320) 409 414 491 1028

  1046 1053 1062 1085 

 4037 (G40370) 400 404 415 427

  493 1028 1046 1053

  1062 1085 

 4042 (G40420) 409 415 427 493

  1028 1046 1062 1085 

 4047 (G40470) 400 404 415 493

  1028 1046 1062 1085 

 4053 (G40530) 493 

 4063 (G40630) 409 414 493 

 4068 (G40680) 493 

 41L30 (G41403) 1028 1046 1061 

 41L40 (G41404) 405 1028 1046 1061 

 41L47() 1028 1046 1061 

      steel 

 41L50 (G41405) 1028 1046 1061 

 4118 (G41180) 400 404 1028 1046

  1053 1061 

 4119 (G41190) 409 414 491 

 4125 (G41250) 409 491 
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 4130 (G41300) 400 404 415 425 

  427 432 493 1028

  1046 1053 1062 1085 

 4135 (G41350) 1028 1046 1062 

 4137 (G41370) 400 404 414 493

  1028 1046 1062 1085 

 4140 (G41400) 400 404 409 414

  425 427 493 1027

  1045 1053 1061 1085 

 4142 (G41420) 400 404 1028 1046

  1062 1085 

 4145 (G41450) 400 404 414 493

  1028 1046 1062 1085 

 4147 (G13300) 400 

 4147 (G41470) 404 1028 1046 1062

  1085 

 4150 (G41500) 400 404 415 425

  427 493 1027 1045

  1053 1061 1085 

 4161 (G41610) 400 404 1028 1046

  1062 

 43L47 () 1028 1046 1061 

 4317 (G43170) 492 

 4320 (G43200) 400 404 409 414

  425 492 1028 1046

  1053 1061 1085 

 4337 (G43370) 1028 1046 1062 

 4340 (G43400) 400 404 409 415

  425 427 432 493

  1028 1046 1053 1062

  1085 

 4419 (G44190) 1028 1046 1061 

 4422 (G44220) 1028 1046 1053 1061 
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 4427 (G44270) 1028 1046 1053 1061 

 4608 (G46080) 492 

 4615 (G46150) 400 404 409 414

  1028 1046 1053 1061

  1085 

 4620 (G46200) 400 404 409 414

  425 1028 1046 1053

  1061 1085 

 4621 (G46210) 492 1028 1046 1061 

 4626 (G46260) 400 404 1028 1046 

  1053 1061 1085 

 4640 (G46400) 409 415 432 493

  1085 

 4718 (G47180) 1028 1046 1053 1061 

 4720 (G47200) 400 404 1028 1046 

  1061 

 4812 (G48120) 492 

      steel 

 4815 (G48150) 400 404 409 414

  1028 1046 1061 1085 

 4817 (G48170) 400 404 414 1028 

  1046 1061 1085 

 4820 (G48200) 400 404 409 414

  425 432 492 1028

  1046 1053 1061 1085 

 50B44 (G50441) 400 405 1028 1046

  1062 

 50B46 (G50461) 400 405 428 1028

  1046 1062 

 50B50 (G50501) 400 405 1028 1046

  1062 

 50B60 (G50601) 400 405 428 1028

  1046 1053 1062 
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 50100 () 493 

 5045 (G50450) 493 

 5046 (G50460) 428 493 

 5050 (G51500) 404 409 414 425

  428 432 1028 1046

  1062 1085 

 51B60 (G51601) 400 405 428 1028 

  1046 1053 1062 

 51L32 () 1028 1046 1061 

 51100 (G51986) 493 

 5115 (G51150) 492 

 5117 (G51170) 400 404 1028 1046

  1061 

 5120 (G51200) 400 404 414 492 

  1028 1046 1053 1061

  1085 

 5130 (G51300) 400 404 415 428

  493 1028 1046 1053

  1062 1085 

 5132 (G51320) 400 404 415 493

  1028 1046 1062 1085 

 51335 () 409 

 5135 (G51350) 400 404 415 493

  1085 

 5140 (G51400) 400 404 409 415

  425 428 1028 1046

  1062 1085 

 5145 (G51450) 493 1028 1046 1062

  1085 

 5147 (G51470) 493 1028 1046 1062 

 5150 (G51500) 400 

 5152 (G51520) 493 

 5155 (G51550) 400 404 
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 5160 (G51600) 400 404 425 428

  1028 1046 1062 

 51710 () 409 

 6118 (G51986) 405 1028 1046 1053

  1061 1085 

 6118 (G61180) 400 

 6150 (G52986) 405 409 415 425

  428 432 493 1028

  1046 1053 1062 1085 

 6150 (G61500) 400 

 6421 () 1029 1047 1062 

      steel 

 6422 () 1029 1047 1062 

 6424 () 1029 1047 1062 

 6427 () 1029 1047 1062 

 6428 () 1029 1047 1062 

 6430 () 1029 1047 1062 

 6432 () 1029 1047 1062 

 6434 () 1029 1047 1062 

 6436 () 1029 1047 1062 

 6442 () 1029 1047 1062 

 81B45 (G81451) 400 405 428 1028 

  1046 1053 1062 

 8115 (G81150) 1028 1046 1053 1061 

 86B45 (G86451) 429 

 86L20 () 1028 1046 1061 

 86L40 () 1028 1046 1061 

 8615 (G86150) 400 405 414 492

  1028 1046 1061 1085 

 8617 (G86170) 400 405 414 1028

  1046 1061 1085 
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 8620 (G86200) 400 405 414 425

  1028 1046 1053 1061

  1085 

 8622 (G86220) 400 405 414 1028

  1046 1061 1085 

 8625 (G86250) 400 405 492 1028

  1046 1061 1085 

 8627 (G86270) 400 405 493 1028

  1046 1053 1061 

 8630 (G86300) 400 405 415 425

  429 1028 1046 1053

  1062 1085 

 8632 (G86320) 493 

 8635 (G86350) 493 1028 1046 1062 

 8637 (G86370) 400 405 415 1028

  1046 1062 1085 

 8640 (G86400) 400 405 415 429

  1028 1046 1053 1062

  1085 

 8641 (G86410) 493 

 8642 (G86420) 400 405 415 493 

  1028 1046 1062 1085 

 8645 (G86450) 400 405 415 1028

  1046 1062 1085 

 8650 (G86500) 425 429 

 8653 (G86530) 493 

 8655 (G86550) 400 405 415 493

  1028 1046 1062 

 8660 (G86600) 429 493 1028 1046

  1053 1062 

 8720 (G87200) 400 405 414 492

  1028 1046 1053 1061

  1085 
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 8735 (G87350) 493 

 8740 (G87400) 400 405 415 425

  429 432 493 1028

  1046 1053 1062 1085 

 8745 (G87450) 493 

 8750 (G87500) 493 

 8822 (G88220) 400 405 1028 1046

  1053 1061 

      steel 

 9254 (G92540) 493 1028 1046 1062 

 9255 (G92550) 425 429 1028 1046

  1062 

 9260 (G92600) 400 405 409 415

  429 1028 1046 1062 

 9262 (G92620) 493 1028 1046 1062 

 9310 (G93100) 425 492 

 9317 (G93170) 492 

 94B17 (G94171) 400 405 1028 1046

  1061 

 94B30 (G94301) 400 405 429 1053 

 9437 (G94370) 493 

 9440 (G94400) 493 

 9442 (G94420) 493 

 9747 (G97470) 493 

 9840 (G98400) 493 

 9845 (G98450) 493 

 9850 (G98500) 415 493 

 elastic properties 394 

 cast 394 

 cold-rolled 394 

 elongation 424 

 hardness bhn 424 

 high speed 
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 cobalt 

 18-4-14 504 

 cobalt-molybdenum-tungsten, 6-6-2-8 442 

 cobalt-tungsten 

 14-4-2-5 442 

 18-4-1-5 442 

 18-4-2-12 442 

 18-4-2-8 442 

 molybdenum, 8-2-1 442 

 molybdenum-tungsten 

 6-6-2 442 

 6-6-3 442 

 6-6-4 442 

 tungsten 

 18-4-1 442 448 496 499

  504 

 18-4-2 442 

 18-4-3 442 

 high-strength, low alloy, SAE number 

 942X 420 

 945A 420 

 945C 420 

 945X 420 

 950A 420 

 950B 420 

 950C 420 

 950D 420 

 950X 420 

 955X 420 

 960X 420 

 965X 420 

 970X 420 

      steel 
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 980X 420 

 impact strength 424 

 investment casting alloys 

 IC 1010 391 

 IC 1020 391 

 IC 1030 391 

 IC 1035 391 

 IC 1045 391 

 IC 1050 391 

 IC 1060 391 

 IC 1090 391 

 IC 1722AS 392 

 IC 2345 391 

 IC 4130 391 

 IC 4140 391 

 IC 4150 391 

 IC 4330 391 

 IC 4340 391 

 IC 4620 391 

 IC 52100 392 

 IC 6150 391 

 IC 8620 391 

 IC 8630 391 

 IC 8640 391 

 IC 8665 392 

 IC 8730 392 

 IC 8740 391 

 plain carbon, AISI-SAE (UNS) number 

 10L45 (G10454) 403 

 1005 402 

 1005 (G10050) 400 

 1006 402 410 1026 1044

  1053 1060 
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 1006 (G10060) 400 

 1008 402 409 1026 1044

  1060 

 1008 (G10080) 400 

 1009(G) 1026 1044 1060 1010

  402 409 1026 1044

  1060 

 1010 (G10100) 400 490 1012 1026

  1044 1060 

 1012 (G10120) 400 1015 402 409

  424 1026 1044 1060 

 1015 (G10150) 400 1016 402 411

  1026 1044 1060 

 1016 (G10160) 400 

 1017 (G10170) 400 402 411 1026

  1044 1060 

 1018 (G10180) 400 402 411 422

  1026 1044 1060 

 1019 (G10190) 400 402 411 1026

  1044 1060 

 1020 (G10200) 400 402 409 424

  1026 1044 1060 

 1021 (G10210) 400 402 411 1026

  1044 1060 

 1022 (G10220) 400 402 409 411

  424 490 1026 1044

  1060 

      steel 

 1023 (G10230) 400 402 411 1026 

  1044 1060 

 1024 (G10240) 409 411 490 1026

  1044 1060 
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 1025 (G10250) 400 402 411 422

  432 491 1026 1044

  1060 

 1026 (G10260) 400 402 411 1026

  1044 1060 

 1027 (G10270) 1027 1045 1060 

 1029 (G10290) 400 402 

 1030 (G10300) 400 402 409 424

  426 490 1027 1045 

  1053 1060 

 1033 (G10330) 411 491 1027 1045

  1053 1060 

 1034 (G10340) 411 

 1035 (G10350) 400 402 409 422

  491 1027 1045 1060 

 1036 (G10360) 409 411 491 1027

  1045 1060 

 1037 (G10370) 400 402 1027 1045

  1060 

 1038 (G10380) 400 402 411 491

  1027 1045 1060 

 1039 (G10390) 400 402 411 1027

  1045 1060 

 1040 (G10400) 400 402 409 422

  424 426 491 1027

  1045 1060 

 1041 (G10410) 411 491 1027 1045 

  1060 

 1042 (G10420) 400 411 491 1027

  1045 1060 

 1043 (G10430) 400 402 411 1027

  1045 1060 

 1044 (G10440) 400 402 
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 1045 (G10450) 400 432 1027 1045

  1060 

 1046 (G10460) 400 402 411 1027

  1045 1060 

 1048 (G10480) 1027 1045 1060 

 1049 (G10490) 400 1027 1045 1060 

 1050 (G10500) 400 402 411 423

  426 491 1027 1045

  1060 

 1052 (G10520) 411 491 1027 1045

  1060 

 1053 (G10530) 400 402 

 1055 (G10550) 400 402 410 412

  491 1027 1045 1061 

 1059 (G10590) 400 402 

 1060 (G10600) 400 402 409 412

  424 426 491 1027

  1045 1061 

 1064 (G10640) 1027 1045 1061 

 1065 (G10640) 1027 1045 1061 

 1066 (G10660) 410 412 

      steel 

 1070 (G10700) 400 402 409 412

  1027 1045 1061 

 1074 (G10740) 491 1027 1045 1061 

 1078 (G10780) 400 402 412 491

  1027 1045 1061 

 1080 (G10800) 400 402 409 412

  424 426 491 1027

  1045 1061 

 1084 (G10840) 400 402 1027 1045

  1061 

 1085 (G10850) 409 412 
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 1086 (G10860) 400 402 412 1027

  1045 1061 

 1090 (G10900) 400 402 410 412

  491 1027 1045 1061 

 1095 (G10950) 400 402 409 412

  424 426 432 491

  1027 1045 1053 1061 

 11L17 () 1008 1026 1044 1060 

 11L18 () 1026 1044 1060 

 1108 (G11080) 1026 1044 1060 1085 

 1109 (G11090) 413 490 1026 1044

  1060 1085 

 1110 (G11100) 400 403 1085 

 1111 (G11110) 409 412 490 

 1112 (G11120) 410 412 432 490 

 1113 (G11130) 409 412 490 

 1114 (G11140) 413 

 1115 (G11150) 410 413 1026 1044

  1060 1085 

 1116 (G11160) 413 1085 

 1117 (G11170) 400 413 1026 1044

  1060 1085 

 1118 (G11180) 400 403 409 413

  422 424 1008 1026

  1044 1060 1085 

 1119 (G11190) 413 1085 

 1120 (G11200) 413 490 1026 1044

  1060 1085 

 1126 (G11260) 413 490 1026 1044

  1060 1085 

 1132 (G11320) 409 413 491 1026

  1044 1060 1085 
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 1137 (G11370) 400 403 409 413

  423 426 491 1026

  1044 1060 1085 

 1138 (G11380) 491 

 1139 (G11390) 400 403 1026 1044

  1060 1085 

 1140 (G11400) 400 403 413 422

  491 1026 1044 1060

  1085 

 1141 (G11410) 400 403 413 423

  427 491 1085 

 1144 (G11440) 400 403 413 423

  427 491 1026 1044

  1060 1085 

 1145 (G11450) 409 413 423 491

  1085 

      steel 

 1146 (G11460) 400 403 413 423

  1026 1044 1060 1085 

 1151 (G11510) 400 403 413 423

  491 1026 1044 1060

  1085 

 12L13 () 1026 1044 1060 

 12L14 (G12144) 400 403 1026 1044

  1060 

 12L15 (G12154) 403 

 1211 (G12110) 400 403 1026 1044

  1060 

 1212 (G12120) 400 403 432 1026

  1044 1060 

 1213 (G12130) 400 403 1026 1044

  1060 
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 1215 (G12150) 400 403 1026 1044

  1060 

 1513 (G15130) 400 403 1026 1044

  1053 1060 

 1522 (G15220) 400 403 1053 

 1524 (G15240) 400 403 1027 1045

  1053 1060 

 1526 (G15260) 400 403 1027 1045

  1060 

 1527 (G15270) 400 403 1027 1045

  1060 

 1541 (G15410) 400 403 1027 1045

  1060 

 1548 (G15480) 400 403 1027 1045

  1061 

 1551 (G15510) 400 403 1027 1045

  1061 

 1552 (G15520) 400 403 1027 1045

  1061 

 1561 (G15610) 400 403 1027 1045

  1061 

 1566 (G15660) 400 403 1027 1045

  1053 1061 

 tensile strength 422 424 

 tool, AISI (UNS) number 

 A10 (T30110) 400 454 1030 1048

  1065 

 A2 (T30102) 400 443 445 453

  1030 1048 1065 

 A3 (T30103) 400 454 1030 1048

  1065 

 A4 (T30104) 400 454 1030 1048

  1065 
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 A5 (T30105) 400 

 A6 (T30106) 400 445 453 1030

  1048 1065 

 A7 (T30107) 400 454 1030 1048

  1065 

 A8 (T30108) 400 454 1030 1048

  1065 

 A9 (T30109) 400 454 1030 1048

  1065 

 CA2 (T90102) 400 

 CD2 (T90402) 400 

      steel 

 CD5 (T90405) 400 

 CH12 (T90812) 400 

 CH13 (T90813) 400 

 CO1 (T91501) 400 

 CS5 (T91905) 400 

 D2 (T30402) 400 436 443 452

  454 1030 1048 1065 

 D3 (T30403) 400 436 452 454

  1030 1048 1065 

 D4 (T30404) 400 454 1030 1048

  1065 

 D5 (T30405) 400 436 454 1030

  1048 1065 

 D7 (T30407) 400 436 443 454

  1030 1048 1065 

 F1 (T60601) 400 456 

 F2 (T60602) 400 456 

 H10 (T20810) 400 444 450 1030

  1048 1065 

 H11 (T20811) 400 445 449 1030

  1048 1065 
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 H12 (T20812) 400 450 1030 1048

  1065 

 H13 (T20813) 400 445 450 1030

  1048 1065 

 H14 (T20814) 400 450 1030 1048

  1065 

 H19 (T20819) 400 444 450 1030

  1048 1065 

 H20 (T20820) 444 451 

 H21 (T20821) 400 445 450 1030

  1048 1065 

 H22 (T20822) 400 444 450 1030

  1048 1065 

 H23 (T20823) 400 450 1030 1048

  1065 

 H24 (T20824) 400 450 1030 1048

  1065 

 H25 (T20825) 400 450 1030 1048

  1065 

 H26 (T20826) 400 444 450 1030

  1048 1065 

 H41 (T20841) 400 436 450 1030

  1048 1065 

 H42 (T20842) 400 436 450 1030

  1048 1065 

 H43 (T20843) 400 436 444 450

  452 1030 1048 1065 

 L2 (T61202) 400 456 1030 1048

  1065 

 L3 (T61203) 400 456 1030 1048

  1065 

 L6 (T61206) 400 445 456 1030

  1048 1065 
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 M1 (T11301) 400 436 445 1030

  1048 1065 

 M10 (T11310) 400 436 446 1030

  1048 1065 

 M15 (T11315) 436 

      steel 

 M2 (T11302) 400 436 443 1030

  1048 1065 

 M21 (T11321) 445 

 M25 (T11325) 445 

 M3 (...) 436 443 1030 1048

  1065 

 M30 (T11330) 400 447 1030 1048

  1065 

 M3-1 (T11313) 400 447 1030 1048

  1065 

 M3-2 (T11323) 400 447 1030 1048

  1065 

 M33 (T11333) 400 447 1030 1048

  1065 

 M34 (T11334) 400 447 1030 1048

  1065 

 M36 (T11336) 400 436 447 1030

  1048 1065 

 M4 (T11304) 400 436 444 447

  1030 1048 1065 

 M41 (T11341) 400 447 1030 1048

  1065 

 M42 (T11342) 400 444 446 1030

  1048 1065 

 M43 (T11343) 400 436 447 1030

  1048 1065 
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 M44 (T11344) 400 444 447 1030

  1048 1065 

 M46 (T11346) 400 447 1030 1048

  1065 

 M47 (T11347) 400 447 1030 1048

  1065 

 M6 (T11306) 400 447 1030 1048

  1065 

 M7 (T11307) 400 436 446 1030

  1048 1065 

 M8 (T11308) 436 

 O1 (T31501) 400 445 453 1030

  1048 1065 

 O2 (T31502) 400 453 1030 1048

  1065 

 O6 (T31506) 400 453 1030 1048

  1065 

 O7 (T31507) 400 454 1030 1048

  1065 

 P2 (T51602) 400 445 456 1030

  1048 1065 

 P20 (T51620) 400 445 456 1048

  1065 

 P21 (T51621) 400 456 1030 1048

  1065 

 P3 (T51603) 400 455 1030 1048

  1065 

 P4 (T51604) 400 445 455 1030

  1048 1065 

 P5 (T51605) 400 456 1030 1048

  1065 

      steel 
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 P6 (T51606) 400 456 1030 1048

  1065 

 S1 (T41901) 400 444 455 1030

  1048 1065 

 S2 (T41902) 400 455 1030 1048

  1065 

 S4 (T41904) 400 

 S5 (T41905) 400 455 1030 1048

  1065 

 S6 (T41906) 400 1030 1048 1065 

 S7 (T41907) 400 445 456 1030

  1048 1065 

 T1 (T12001) 400 436 443 448

  451 1030 1048 1065 

 T15 (T12015) 400 436 443 448

  1009 1030 1048 1065 

 T2 (T12002) 400 436 448 1030

  1048 1065 

 T3 (T12003) 436 

 T4 (T12004) 400 448 

 T5 (T12005) 400 436 444 448 

  1030 1048 1065 

 T6 (T12006) 400 436 448 1030

  1048 1065 

 T8 (T12008) 400 448 1030 1048

  1065 

 W1 (T72301) 400 445 458 1030

  1048 1065 

 W2 (T72302) 400 445 458 1030

  1048 1065 

 W5 (T72305) 400 458 1030 1048

  1065 

 yield strength 422 424 
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      tensile strength 

 aluminum alloys 535 539 

 everdur 528 

 magnesium alloys 547 

 titanium alloys 550 

      titanium 

 alpha alloys 

 5 Al, 2.5 Sn 377 550 

 alpha-beta alloys 

 10 V, 2 Fe, 3 Al 550 

 3 Al, 2.5 V 550 

 6 Al, 2 Sn, 4 Zr, 6 Mo 550 

 6 Al, 4 V 550 

 6 Al, 4 V (low O2) 550 

 6 Al, 6 V, 2 Sn 550 

 7 Al, 4 Mo 550 

 8 Mn 377 550 

 beta alloys 

 111.5 Mo, 6 Zr, 4.5 Sn 550 

 13 V, 11 Cr, 3 Al 550 

 8 Mo, 8 V, 2 Fe, 3 Al 550 

 commercially pure 377 

 98.9 Ti 550 

 99.0 Ti 394 550 

 99.1 Ti 550 

 99.2 Ti 550 

      titanium 

 99.5 Ti 550 

 elastic properties 

 Ti-8Al-1Mo-1V 394 

 99.0 Ti 394 

 near alpha alloys 

 11 Sn, 1 Mo, 2.25 Al, 5.0 Zr, 1 Mo, 0.2 Si 550 
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 5 Al, 5 Sn, 2 Zr, 2 Mo, 0.25 Si 550 

 6 Al, 2 Nb, 1 Ta, 1 Mo 550 

 6 Al, 2 Sn, 1.5 Zr, 1 Mo, 0.35 Bi, 0.1 Si 550 

 6 Al, 2 Sn, 4 Zr, 2 Mo 550 

 8 Al, 1 Mo, 1 V 394 550 

      tungsten 

 powder metal alloys 

 90W, 6Ni, 4Cu 393 

 90W, 7Ni, 3Cu 393 

 92.5W, Bal. Ni, Fe, and Mo 393 

 92.5W, 5.25Ni, 2.25Cu 393 

 93W, Bal. Ni, Fe, and Mo 393 

 95W, 3.5Ni, 1.5Cu 393 

 95W, 3.5Ni, 1.5Fe 393 

 97W, 2.1Ni, 0.9Fe 393 

      UNS numbering system 

 aluminum alloys 398 

 cast iron 398 

 cast steel 398 

 copper alloys 398 

 low-melting metals 398 

 miscellaneous nonferrous metals 398 

 miscellaneous steels and ferrous 398 

 nickel-base alloys 398 

 precious metals 398 

 rare- earth and earth-like metals,  

 alloys 398 

 reactive and refractory metals,  

 alloys 398 

 specified mechanical property  

 steels 398 

 stainless steel alloys 398 

 tool steels, wrought and cast 398 
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 welding filler metals 398 

 zinc-base alloys 398 

      yield strength 

 everdur 528 

 magnesium alloys 547 

      zinc 

 elastic properties 

 cast 394 

 wrought 394 

Alumina silicate 

      density 389 

      mechanical properties 389 

Aluminum 

      cast 

 specific gravity 380 

      chemical resistance to various  

 materials 576 

      coefficient of expansion 375 

      coefficient of heat transmission 375 

      density 376 

      element properties 371 

      melting point 376 

      specific heat 373 376 

      wrought 

 specific gravity 380 

Aluminum alloys 

      casting, AA number 

 A356.0 535 

 A357.0 534 536 

 A444.0 534 536 

 B443.0 534 

 C355.0 534 

 201.0 534 
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 204.0 534 

 208.0 534 

 222.0 534 

 242.0 534 

 295.0 534 

 296.0 536 

 308.0 534 536 

 319.0 534 

 328.0 534 

 332.0 534 536 

 333.0 534 536 

 336.0 534 536 

 354.0 535 

 355.0 534 

 356.0 534 

 357.0 534 536 

 359.0 536 

 443.0 534 

 512.0 534 

 513.0 534 536 

 514.0 534 

 520.0 534 

 535.0 535 

 705.0 534 

 707.0 534 

 710.0 534 

 711.0 534 536 

 712.0 534 

 713.0 535 

 771.0 535 

 850.0 534 

 851.0 534 

 852.0 535 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Aluminum alloys (Cont.) 

      coefficient of expansion 376 

      density 376 

      elastic properties 394 

      elongation 535 539 

      endurance limit 539 

      investment casting alloys 

 A354 391 

 A356 391 

 A357 391 

 C355 391 

 D712 (40E) 391 

      investment casting alloys 

 KO-1 391 

 Precedent 71 391 

 RR-350 391 

 355 391 

 356 391 

      melting point 376 

      shearing strength 539 

      tensile strength 534 539 

      thermal conductivity and  

 conductance 376 

      ultimate strength 535 539 

      UNS numbering system 398 

      wrought, AA number 

 Alclad 2014 539 

 Alclad 3003 540 

 Alclad 3004 540 

 Alclad 6061 541 

 Alclad 7075 542 

 1050 537 

 1060 537 539 

 1100 537 539 
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      wrought, AA number (Cont.) 

 1145 537 

 1175 537 

 1200 537 

 1230 537 

 1235 537 

 1345 537 

 1350 537 539 542 

 2011 376 537 539 

 2014 537 539 

 2017 376 537 539 

 2018 537 539 

 2024 376 394 537 539 

 2025 537 539 

 2036 537 539 

 2117 537 539 

 2124 537 

 2218 537 539 

 2219 537 539 

 2319 537 

 2618 537 

 3003 376 538 540 

 3004 538 540 

 3005 538 

 3105 540 

 4032 538 540 

 4043 538 

 4045 538 

 4047 538 

 4145 538 

 5005 538 540 

 5050 538 540 

 5052 376 538 540 
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      wrought, AA number (Cont.) 

 5056 538 540 

 5083 538 540 

 5086 376 538 541 

 5154 541 

 5183 538 

      wrought, AA number 

 5252 538 541 

 5254 538 541 

 5356 538 

 5454 541 

 5456 538 541 

 5457 538 541 

 5554 538 

 5556 538 

 5652 538 541 

 5654 538 

 5657 541 

 6003 538 

 6005 538 

 6053 538 

 6061 376 394 538 541 

 6063 541 

 6066 538 542 

 6070 538 542 

 6101 538 542 

 6105 538 

 6151 538 

 6201 538 

 6253 538 

 6262 538 542 

 6351 538 542 

 6463 538 542 
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      wrought, AA number (Cont.) 

 7005 538 

 7008 538 

 7049 538 542 

 7050 538 542 

 7072 538 

 7075 376 538 542 

 7108 538 

 7178 538 542 

 8017 538 

 8030 538 

 8176 542 

 8177 538 

      yield strength 535 539 

      2011 376 

      2017 376 

      2024 376 

      3003 376 

      5052 376 

      5086 376 

      6061 376 

      6061-T6 

 elastic properties 394 7075 376 

Aluminum bronze 

      specific gravity 380 

Aluminum oxide 

      for polishing plastics 604 

Aluminum silicate 

      density 389 

      mechanical properties 389 

Al2O3 (Alumina) 

      density 389 

      mechanical properties 389 
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Americium 

      element properties 371 

Ammonia 

      boiling point 372 

      latent heat of evaporation 372 

      specific gravity 381 

      specific heat 373 

Ammonium nitrate (NH4NO3) 

      in freezing mixtures 376 

Amosite 

      thermal conductivity and  

 conductance 374 

AMS 2404C 1511 

AMS 2405B 1511 

AMS 2433B 1511 

Aniline 

      boiling point 372 

Antimony 

      coefficient of heat transmission 375 

      element properties 371 

      specific heat 373 

Argon 

      element properties 371 

Arsenic 

      element properties 371 

Asbestos 

      specific gravity 380 

Asbestos cement 

      thermal conductivity and  

 conductance 374 

Asbestos paper 

      thermal conductivity and  

 conductance 374 
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Ash 

      machinability of 388 

      weight of 387 

Aspen 

      machinability of 388 

      weight of 387 

Asphalt roll 

      thermal conductivity and  

 conductance 374 

Asphaltum 

      specific gravity 380 

Astatine 

      element properties 371 

Atomic number and weight 371 

Atomic symbol, elements 371 

Azdel 

      density 390 

      mechanical properties 390 

      specific gravity 390 

B 

Barium 

      element properties 371 

Basswood 

      machinability of 388 

      mechanical properties 386 

      weight of 387 

Beech 

      machinability of 388 

      weight of 387 

      weight per cord 386 

Beeswax 

      latent heat of fusion 372 
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Bending stress 

      safe 

 various plastics 606 

Benzine 

      boiling point 372 

      specific gravity 381 

      specific heat 373 

Berkelium 

      element properties 371 

Beryllium 

      element properties 371 

Birch 

      machinability of 388 

      weight of 387 

Bismuth 

      element properties 371 

      latent heat of fusion 372 

Bisulfide of carbon 

      ignition temperature 376 

Block 

      thermal conductivity and conductance 

 cinder 374 

 concrete 374 

Board foot 

      weight of wood per 386 

Boiling points 

      various substances 372 

Borax  500 

      specific gravity 380 

Boric acid 500 

Boron 

      element properties 371 

Brass 

      coefficient of expansion 375 
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Brass (Cont.) 

      red 

 coefficient of heat transmission 375 

      specific heat 373 

      yellow 

 coefficient of heat transmission 375 

Brick 

      coefficient of expansion 375 

      specific gravity 380 

      thermal conductivity and conductance 

 common 374 

 face 374 

      ultimate strength 394 

Brickwork 

      specific gravity 380 

      specific heat 373 

      ultimate strength 394 

Brine  457 476 484 

      quenching 477 491 

Bromine 

      boiling point 372 

      element properties 371 

      specific gravity 381 

Bronze 

      coefficient of expansion 375 

      commercial90% 376 

      strength, effect of temperature on 395 

Bulk modulus 394 

C 

Cadmium 

      element properties 371 

      specific heat 373 
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Calcium 

      element properties 371 

Calcium chloride (CaCl2) 

      in freezing mixtures 376 

Californium 

      element properties 371 

Carbide 602 

Carbolic acid 

      specific gravity 381 

Carbon 

      element properties 371 

Carbon bisulfide 

      boiling point 372 

      ignition temperature 376 

      latent heat of evaporation 372 

Carbon dioxide 

      specific gravity 381 

Carbon disulfide 

      specific gravity 381 

Carbon monoxide 

      specific gravity 381 

Carbon steels 

      chemical composition 415 

Carbonic acid 

      specific heat 373 

Carbonic oxide 

      specific heat 373 

Cast iron 

      ASTM A48 432 

      coefficient of expansion 377 

      cutting tools materials for 459 

      density 377 

      hardness 507 510 

      induction hardening 488 
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Cast iron (Cont.) 

      influence of temperature on strength 395 

      latent heat of fusion 372 

      malleablizing 463 

      melting point 377 

      specific gravity 380 

      strength data for 432 

      strength, effect of temperature on 395 

      thermal conductivity and  

 conductance 377 

      UNS numbering system 398 

Cast steel 

      coefficient of expansion 377 

      density 377 

      melting point 377 

      thermal conductivity and  

 conductance 377 

Cast steels 

      UNS numbering system 398 

Cedar 

      mechanical properties 386 

      weight of 387 

      weight per board foot 386 

Cellulose 

      thermal conductivity and  

 conductance 374 

Cement 

      Portland 

 coefficient of expansion 375 

 ultimate strength 394 

      specific gravity 380 

      thermal conductivity and  

 conductance 374 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Ceramics 

      coefficient of expansion 389 

      compressive strength 389 

      density 389 

      dielectric strength 389 

      flexural strength 389 

      Mohs’s hardness 389 

      tensile strength 389 

      thermal conductivity 389 

Cerium 

      element properties 371 

Cesium 

      element properties 371 

Chalk 

      specific gravity 380 

      specific heat 373 

Charcoal 380 

      ignition temperature 376 

      specific heat 373 

Chemical composition 

      copper alloys 519 

      nickel 549 

Chemical compositions 

      aluminum alloys 534 

      magnesium alloys 546 

Cherry 

      machinability of 388 

      weight of 387 

Chestnut 

      machinability of 388 

      weight of 387 

      weight per board foot 386 

      weight per cord 386 

Chlorinated PVC (CPVC) 380 390 551 
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Chlorine 

      element properties 371 

      specific gravity 381 

      specific heat 373 

Chloroform 

      boiling point 372 

      specific heat 373 

Chromium 

      element properties 371 

Coal 

      specific gravity 380 

      specific heat 373 

Cobalt 

      element properties 371 

Cobalt-base alloys 

      investment casting alloys 

 cobalt 21 392 

 cobalt 25 392 

 cobalt 31 392 

 cobalt 36 392 

 F75 392 

 N-155 392 

Coefficient of expansion 375 389 551 578 

      ABS 375 

      acetal 375 

      acrylic 375 

      aluminum 375 

      aluminum alloys 376 

      brass 375 

      brick 375 

      bronze 375 

      cast iron 377 

      cast steel 377 
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Coefficient of expansion (Cont.) 

      cement 

 Portland 375 

      ceramics 389 

      concrete 375 

      copper 375 

      copper alloys 376 

      ductile iron 377 

      ebonite 375 

      epoxy 375 

      glass 375 

 hard 375 

 thermometer 375 

      granite 375 

      magnesium 375 

      malleable iron 377 

      marble 375 

      masonry 375 

      nickel-base alloys 377 

      nylon 375 

      pipe 3028 

      plaster 375 

      plastics 390 

      polycarbonate 375 

      polyethylene 375 

      polypropylene 375 

      porcelain 375 

      quartz 375 

      sandstone 375 

      slate 375 

      stainless steel alloys 377 

      steel 375 

      thermoplastic polyester 375 

      titanium alloys 377 
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Coefficient of expansion (Cont.) 

      wood 

 pine 375 

      zinc 375 

Coefficient of friction 551 578 

Coefficient of heat transmission 

      aluminum 375 

      antimony 375 

      brass 

 red 375 

 yellow 375 

      copper 375 

      german silver 375 

      iron 375 

      lead 375 

      mercury 375 

      silver 375 

      steel 

 hard 375 

 soft 375 

      tin  375 

      zinc 375 

Coefficient of radiation 

      copper 375 

      glass 375 

      iron 375 

 cast 375 

 tinned and polished 375 

      oil  375 

      sand 

 fine 375 

      sawdust 375 

      silver 

 polished 375 
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Coefficient of radiation (Cont.) 

      tin  375 

      water 375 

Coke 

      specific heat 373 

Compression modulus 566 

Concrete 

      coefficient of expansion 375 

      Portland 

 ultimate strength 394 

      poured 

 thermal conductivity and  

 conductance 374 

      specific gravity 380 

Copper 

      coefficient of expansion 375 

      coefficient of heat transmission 375 

      density 376 

      element properties 371 

      melting point 376 

      polished 

 coefficient of radiation 375 

      specific heat 373 376 

      strength, effect of temperature on 395 

Copper alloys 

      alloy name (UNS number) 

 aluminum brass, arsenical  

 (C68700) 526 1036 1071 

 aluminum bronze, D (C61400) 525 1036 1071 

 architectural bronze (C38500) 523 1036 1071 

 beryllium Cu 

 (C17000) 521 1036 1071 

 (C17200) 376 521 1036 1071 

 (C17300) 376 521 
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Copper alloys (Cont.) 

 (C17500) 521 1036 1071 

 (C17510) 521 

 C17200 376 

 C17300 376 

 brass 

 catridge 70% (C26000) 376 

 extra-high-leaded (C35600) 376 

 free machining (C36000) 376 

 high-leaded (C35300) 376 

 low-leaded, tube (C33000) 376 

 naval (C46400) 376 

 red, 85% (C23000) 376 

 yellow (C27000) 376 

 bronze 

 aluminum 11% A (C62400) 376 

 aluminum 9% A (C62300) 376 

 commercial, 90% (C22000) 376 

 nickel aluminum (C63000) 376 

 phosphor 5% A (C51000) 376 

 phosphor, free cutting (C54400) 376 

 cadmium Cu 

 (C16200) 521 

 (C16210) 521 

 deoxidized (C14300) 520 

 deoxidized (C14310) 520 

 cartridge brass 

 70% (C26000) 376 522 1036 1071 

 70% (C26100) 522 

 70% (C26130) 522 

 70% (C26200) 522 

 chromium Cu 

 (C18200) 376 521 

 (C18400) 521 
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Copper alloys (Cont.) 

 (C18500) 521 

 commercial bronze, 90%  

 (C22000) 376 522 1036 1071 

 Cu nickel 

 10% (C70600) 527 1036 1071 

 20% (C71000) 527 

 30% (C71500) 527 1036 1071 

 5% (C70400) 526 

 Cu- nickel- phosphorus- tellurium  

 (C19100) 521 

      alloy name (UNS number) 

 Cu-nickel-phosphorus (C19000) 521 

 forging brass (C37700) 523 1036 1071 

 free machining Cu (C14500) 376 

 free-cutting brass (C36000) 376 523 1036 1071 

 gilding, 95% (C21000) 522 1036 1071 

 inhibited admiralty 

 (C44300) 524 1036 1071 

 (C44400) 524 

 (C44500) 524 1036 1071 

 jewelry bronze, 87.5% (C22600) 522 1036 1071 

 leaded brass 

 (C33500) 523 1036 1071 

 (C34000) 523 1036 1071 

 (C34200) 523 1036 1071 

 (C35000) 523 

 (C35300) 376 523 1036 1071 

 (C35600) 376 523 1036 1071 

 tube (C33000) 376 522 

 tube (C33200) 523 1036 1071 

 leaded commercial bronze 

 (C31400) 522 1036 1071 

 nickel-bearing (C31600) 522 
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Copper alloys (Cont.) 

 leaded Cu 

 (C18700) 376 521 

 low brass, 80% 522 1036 1071 

 manganese brass (C66700) 526 

 manganese bronze, A (C67500) 526 1036 1071 

 Muntz metal 

 free-cutting (C37000) 523 1036 1071 

 leaded (C36500) 376 523 1036 1071 

 leaded (C36800) 523 1036 1071 

 60% (C28000) 376 522 1036 1071 

 naval brass 

 (C46400) 376 524 

 (C46700) 524 

 leaded (C48500) 524 1036 1071 

 medium-leaded (C48200) 524 

 nickel silver 

 55-18 (C77000) 527 1036 1071 

 65-10 (C74500) 527 1036 1071 

 65-12 (C75700) 527 1036 1071 

 65-15 (C75400) 527 1036 1071 

 65-18 (C75200) 527 1036 1071 

 oxygen-free 

 (C10200) 519 1036 1071 

 electronic (C10100) 519 

 extra-low phosphorus (C10300) 519 

 low phosphorus (C10800) 519 

 silver-bearing 

 (C10400) 519 

 (C10500) 519 

 (C10700) 519 

 phosphor bronze 

      alloy name (UNS number) 

 1.25% E (C50500 ) 524 
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Copper alloys (Cont.) 

 10% D (C52400) 525 1036 1071 

 5% A (C51000) 376 524 1036 1071 

 8% C (C52100) 525 1036 1071 

 phosphorus deoxidized Cu 

 arsenical (C14200) 520 

 high residual phosphorus 

 (C12200) 520 1036 1071 

 low residual phosphorus 

 (C12000) 520 

 (C12100) 520 

 red brass, 85% (C23000) 376 522 1036 1071 

 silicon bronze 

 high, A (C65500) 526 1036 1071 

 low, B (C65100) 526 1036 1071 

 silicon red brass (C69400) 526 

 sulfur bearing 

 (C14700) 520 

 (C14710) 520 

 (C14720) 520 

 tellurium bearing 

 (C14500) 376 520 

 (C14510) 520 

 (C14520 ) 520 

 tough pitch 

 electrolytic (C11000) 376 519 1036 1071 

 fire refined, with silver 

 (C12500) 520 

 (C12700) 520 

 (C12800) 520 

 (C12900) 520 

 (C13000) 520 

 silver-bearing 

 (C11300) 519 
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Copper alloys (Cont.) 

 (C11400) 519 

 (C11500) 519 

 (C11600) 519 

 yellow brass 

 (C26800) 522 1036 1071 

 (C27000) 376 522 

 zirconium Cu (C15000) 520 

      beryllium copper 

 elastic properties 394 

      brass 

 elastic properties 

 cast 394 

 70-30 394 

      bronze 

 elastic properties 394 

 manganese 376 

      chemical compositions 519 

      coefficient of expansion 376 

      density 376 

      elastic properties 394 

      elongation 515 519 

      investment casting alloys 

 beryllium Cu 

 10C (820) 391 

 165C (824) 391 

 20C (825) 391 

 275C (828) 391 

 brass 

 red 391 

 silicon 391 

 yellow leaded (854) 391 

 bronze 

 aluminum, C (954) 391 
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Copper alloys (Cont.) 

 aluminum, D (955) 391 

 manganese, A 391 

 manganese, C 391 

 silicon 391 

 tin 391 

 chrome copper 391 

 copper (pure) 391 

      machinability 515 519 

      manganese bronze 376 

      melting point 376 

      nickel silver 

 elastic properties 394 

      nickel-silver 376 

      phosphor bronze 

 elastic properties 394 

 wire 

 tensile strength 395 

      powder metal alloys 

 CNZ-1818 393 

 copper (pure) 393 

 CTG-1001 393 

 CTG-1004 393 

 CZP-3002 393 

      tensile strength 515 519 

      thermal conductivity and  

 conductance 376 

      UNS number (alloy name) 

 C10100 (oxygen-free electronic) 519 

 C10200 (oxygen-free Cu) 519 1036 1071 

 C10300 (oxygen-free, extra-low  

 phosphorus) 519 

 C10400 (oxygen-free, silver- 

 bearing) 519 
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Copper alloys (Cont.) 

 C10500 (oxygen-free, silver- 

 bearing) 519 

 C10700 (oxygen-free, silver- 

 bearing) 519 

 C10800 (oxygen-free, low  

 phosphorus) 519 

 C11000 (electrolytic tough pitch) 376 519 1036 1071 

 C11300 (silver-bearing tough  

 pitch) 519 

 C11400 (silver-bearing tough  

 pitch) 519 

 UNS number (alloy name) 

 C11500 (silver-bearing tough  

 pitch) 519 

 C11600 (silver-bearing tough  

 pitch) 519 

 C12000 (phosphorus deoxidized Cu,  

 low residual phosphorus) 520 

 C12100 (phosphorus deoxidized Cu,  

 low residual phosphorus) 520 

 C12200 (phosphorus deoxidized Cu,  

 high residual phosphorus) 520 1036 1071 

 C12500 (fire-refined tough pitch with  

 silver) 520 

 C12700 (fire-refined tough pitch with  

 silver) 520 

 C12800 (fire-refined tough pitch with  

 silver) 520 

 C12900 (fire-refined tough pitch with  

 silver) 520 

 C13000 (fire-refined tough pitch with  

 silver) 520 
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Copper alloys (Cont.) 

 C14200 (phosphorus deoxidized Cu,  

 arsenical) 520 

 C14300 (cadmium Cu, deoxidized) 520 

 C14310 (cadmium Cu, deoxidized) 520 

 C14500 (free machining Cu) 376 

 C14500 (tellurium bearing) 376 520 

 C14510 (tellurium bearing) 520 

 C14520 (tellurium bearing) 520 

 C14700 (sulfur bearing) 520 

 C14710 (sulfur bearing) 520 

 C14720 (sulfur bearing) 520 

 C15000 (zirconium Cu) 520 

 C15500 520 

 C15715 520 

 C15720 520 

 C15760 521 

 C16200 (cadmium Cu) 521 

 C16210 (cadmium Cu) 521 

 C16500 521 

 C17000 (beryllium Cu) 521 1036 1071 

 C17200 (beryllium Cu) 376 521 1036 1071 

 C17300 (beryllium Cu) 376 521 

 C17500 (beryllium Cu) 521 1036 1071 

 C17510 (beryllium Cu) 521 

 C18200 (chromium Cu) 376 521 

 C18400 (chromium Cu) 521 

 C18500 (chromium Cu) 521 

 C18700 (leaded copper) 376 521 

 C18700 (leaded Cu) 376 

 C19000 (Cu-nickel-phosphorus) 521 

 C19100 (Cu- nickel- phosphorus-  

 tellurium alloy) 521 

 C19200 521 
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Copper alloys (Cont.) 

 C19400 522 

      UNS number (alloy name) 

 C19500 522 

 C21000 (gilding, 95%) 522 1036 1071 

 C22000 (commercial bronze, 90%) 376 522 1036 1071 

 C22600 (jewelry bronze, 87.5%) 522 1036 1071 

 C23000 (red brass, 85%) 376 522 1036 1071 

 C24000 (low brass, 80%) 522 1036 1071 

 C26000 (cartridge brass 70%) 376 522 1036 1071 

 C26100 (cartridge brass, 70%) 522 

 C26130 (cartridge brass, 70%) 522 

 C26200 (cartridge brass, 70%) 522 

 C26800 (yellow brass) 522 1036 1071 

 C27000 (yellow brass) 376 522 

 C28000 (Muntz metal 60%) 376 522 1036 1071 

 C31400 (leaded commercial  

 bronze) 522 1036 1071 

 C31600 (leaded commercial bronze,  

 nickel-bearing) 522 

 C33000 (low-leaded brass tube) 376 522 

 C33200 (high-leaded brass tube) 523 1036 1071 

 C33500 (low-leaded brass) 523 1036 1071 

 C34000 (medium-leaded brass) 523 1036 1071 

 C34200 (high-leaded brass) 523 1036 1071 

 C35000 (medium-leaded brass) 523 

 C35300 (high-leaded brass) 376 523 1036 1071 

 C35600 (extra-high-leaded brass) 376 523 1036 1071 

 C36000 (free machining brass) 376 

 C36000 (free-cutting brass) 376 523 1036 1071 

 C36500 (leaded Muntz metal) 376 523 1036 1071 

 C36800 (leaded Muntz metal) 523 1036 1071 

 C37000 (free-cutting Muntz  

 metal) 523 1036 1071 
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Copper alloys (Cont.) 

 C37700 (forging brass) 523 1036 1071 

 C38500 (architectural bronze) 523 1036 1071 

 C40500 523 

 C40800 523 

 C41100 523 

 C41300 523 

 C41500 524 

 C42200 524 

 C42500 524 

 C43000 524 

      UNS number (alloy name) 

 C43400 524 

 C43500 524 

 C44300 (inhibited admiralty) 524 1036 1071 

 C44400 (inhibited admiralty) 524 

 C44500 (inhibited admiralty) 524 1036 1071 

 C46400 (naval brass) 376 524 

 C46700 (naval brass) 524 

 C48200 (naval brass, medium-leaded) 524 

 C48500 (leaded naval brass) 524 1036 1071 

 C50500 (phosphor bronze, 1.25% E) 524 

 C51000 (phosphor bronze, 5% A) 376 524 1036 1071 

 C51100 524 

 C52100 (phosphor bronze, 8% C) 525 1036 1071 

 C52400 (phosphor bronze, 10% D) 525 1036 1071 

 C54400 376 525 1036 1071 

 C54400 (free cutting phos. bronze) 376 

 C60800 525 

 C61000 525 

 C61300 525 

 C61400 (aluminum bronze, D) 525 1036 1071 

 C61500 525 

 C61800 525 
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Copper alloys (Cont.) 

 C61900 525 

 C62300 376 525 

 C62300 (aluminum bronze, 9%) 376 

 C62400 376 525 

 C62400 (aluminum bronze, 11%) 376 

 C62500 525 

 C63000 376 525 

 C63000 (Ni-Al bronze) 376 

 C63200 525 

 C63600 526 

 C63800 526 

 C64200 514 526 

 C65100 (low-silicon bronze, B) 526 1036 1071 

 C65500 (high-silicon bronze, A) 526 1036 1071 

 C66700 (manganese brass) 526 

 C67400 526 

 C67500 (manganese bronze, A) 526 1036 1071 

 C68700 (aluminum brass,  

 arsenical) 526 1036 1071 

 C68800 526 

 C69000 526 

 C69400 (silicon red brass) 526 

 C70400 (Cu nickel, 5%) 526 

      UNS number (alloy name) 

 C70600 (Cu nickel, 10%) 527 1036 1071 

 C71000 (Cu nickel, 20%) 527 

 C71500 (Cu nickel, 30%) 527 1036 1071 

 C72200 527 

 C72500 527 

 C73500 527 

 C74500 (nickel silver, 65-10) 527 1036 1071 

 C75200 (nickel silver, 65-18) 527 1036 1071 

 C75400 (nickel silver, 65-15) 527 1036 1071 
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Copper alloys (Cont.) 

 C75700 (nickel silver, 65-12) 527 1036 1071 

 C76390 527 

 C77000 (nickel silver, 55-18) 527 1036 1071 

 C78200 527 

 C80100 515 

 C80300 515 

 C80500 515 

 C80700 515 

 C80900 515 

 C81100 515 

 C81300 515 

 C81400 515 

 C81500 515 

 C81700 515 

 C81800 515 

 C82000 515 

 C82100 515 

 C82200 515 

 C82400 515 

 C82500 515 

 C82600 515 

 C82700 515 

 C82800 515 

 C83300 516 

 C83400 516 

 C83600 516 

 C83800 516 

 C84200 516 

 C84400 516 

 C84500 516 

 C84800 516 

 C85200 516 

 C85400 516 
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Copper alloys (Cont.) 

 C85500 516 

 C85700 516 

 C85800 516 

 C86100 516 

 C86200 516 

 C86300 516 

 C86400 516 

 C86500 516 

 C86700 516 

 C86800 516 

      UNS number (alloy name) 

 C87200 516 

 C87400 516 

 C87500 517 

 C87600 517 

 C87800 517 

 C87900 517 

 C90200 517 

 C90300 517 

 C90500 517 

 C90700 517 

 C90900 517 

 C91000 517 

 C91100 517 

 C91300 517 

 C91600 517 

 C91700 517 

 C92200 517 

 C92300 517 

 C92500 517 

 C92600 517 

 C92700 517 

 C92800 517 
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Copper alloys (Cont.) 

 C92900 517 

 C93200 517 

 C93400 517 

 C93500 517 

 C93700 517 

 C93800 517 

 C93900 517 

 C94300 517 

 C94400 517 

 C94500 517 

 C94700 518 

 C94800 518 

 C95200 518 

 C95300 518 

 C95400 518 

 C95500 518 

 C95600 518 

 C95700 518 

 C95800 518 

 C96200 518 

 C96300 518 

 C96400 518 

 C96600 518 

 C97300 518 

 C97400 518 

 C97600 518 

 C97800 518 

 C99300 518 

 C99400 518 

 C99500 518 

 C99700 518 

 C99750 518 

      UNS numbering system 398 
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Copper alloys (Cont.) 

      yield strength 515 519 

Copper-beryllium alloys 

      tensile strength 529 

      yield strength 529 

      10  529 

      165 529 

      25  529 

      35  529 

      50  529 

Copper-silicon alloys (Everdur) 

      637 528 

      651 528 

      655 528 

      6552 528 

      661 528 

Copper-zinc-tin alloys 

      tensile strength 528 

Cord 

      weight per wood in 386 

Cordierite (2MgO·2Al2O3·5SiO2) 

      density 389 

      mechanical properties 389 

Corrosion resistance 

      salt water 

 stainless steel 419 

Corundum 

      specific heat 373 

Cotton-seed oil 

      specific gravity 381 

Cottonwood 

      machinability of 388 

      weight of 387 
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CPVC 

      density 390 

      mechanical properties 390 

      specific gravity 380 390 

CPVC (chlorinated PVC) 380 390 551 

Curium 

      element properties 371 

Cypress 

      weight of 387 

      weight per board foot 386 

C18900 521 

D 

Density 

      air  3032 

 at various pressures and temperatures 3034 

      aluminum alloys 376 

      cast iron 377 

      cast steel 377 

      ceramics 389 

      copper alloys 376 

      ductile iron 377 

      iron 

 cast 377 

 ductile 377 

 malleable 377 

      malleable iron 377 

      nickel-base alloys 377 

      plastics 390 

      stainless steel alloys 377 

      Steel 

 cast 377 

      titanium alloys 377 

      various metals 376 
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Density (Cont.) 

      water 3026 3028 

Dielectric constant 

      nylon 6/6 574 

Dielectric strength 

      ceramics 389 

      plastics 390 

Douglas Fir 

      mechanical properties 386 

Douglas fir 

      weight of 387 

Ductile iron 

      A536 377 

      coefficient of expansion 377 

      density 377 

      investment casting alloys 

 ferritic 392 

 pearlitic 392 

      Melting point 377 

      thermal conductivity and  

 conductance 377 

Dysprosium 

      element properties 371 

E 

Earth 

      specific gravity 380 

Ebonite 

      coefficient of expansion 375 

Einsteinium 

      element properties 371 

Element 

      atomic number and weight 371 

      melting point 371 
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Element (Cont.) 

      symbol 371 

Elm 

      machinability of 388 

      weight of 387 

      weight per cord 386 

Elongation 

      investment casting alloys 391 

Emery 

      specific gravity 380 

Epoxy 

      coefficient of expansion 375 

Erbium 

      element properties 371 

Ether 

      boiling point 372 

      latent heat of evaporation 372 

      specific heat 373 

      vapor 

 specific gravity 381 

Ether, sulfuric 

      specific gravity 381 

Ethylene 

      specific gravity 381 

      specific heat 373 

Europium 

      element properties 371 

Everdur 

      chemical composition 528 

      elongation 528 

      tensile strength 528 

      yield strength 528 

Everdur (copper-silicon) alloys 

      637 528 
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Everdur (copper-silicon) alloys (Cont.) 

      651 528 

      655 528 

      6552 528 

      661 528 

F 

Felt 

      thermal conductivity and  

 conductance 374 

Fermium 

      element properties 371 

Fe3O4 3018 

Fiber glass sheet 

      density 390 

      mechanical properties 390 

      specific gravity 390 

Fiberglass 551 

Fir 

      mechanical properties 386 

      weight of 387 

      weight per board foot 386 

Flexural modulus 574 587 

      plastics 390 

Flexural strength 

      ceramics 389 

Fluoric acid 

      specific gravity 381 

Fluorine 

      element properties 371 

Forsterite (2MgO·SiO2) 

      density 389 

      mechanical properties 389 
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Francium 

      element properties 371 

Freezing mixtures 376 

        ammonium nitrate (NH4NO3) 376 

        calcium chloride (CaCl2) 

      potassium hydrate (KOH) 376 376 

        sal ammoniac (NH4Cl) 

      salt, common 376 

Friction, coefficient of 551 578 

Fusel oil 

      specific heat 373 

G 

Gadolinium 

      element properties 371 

Gallium 

      element properties 371 

Gas 

      specific heat 373 

Gasoline 

      specific gravity 381 

German silver 

      coefficient of heat transmission 375 

Germanium 

      element properties 371 

Glass 

      coefficient of expansion 375 

      coefficient of radiation 375 

      elastic properties 394 

      hard 

 coefficient of expansion 375 

      specific gravity 380 

      specific heat 373 

      thermal conductivity and  
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Glass (Cont.) 

 conductance 374 

      thermometer 

 coefficient of expansion 375 

Glass ceramic (machinable) 

      elastic properties 394 

Glass ceramic, machinable 

      density 389 

      mechanical properties 389 

Glass mica 

      density 389 

      mechanical properties 389 

Gold 

      element properties 371 

      specific gravity 380 

      specific heat 373 

Granite 

      coefficient of expansion 375 

      specific gravity 380 

      ultimate strength 394 

Graphite 

      specific heat 373 

Gravel 

      specific gravity 380 

Gum 

      weight of 387 

Gun cotton 

      ignition temperature 376 

Gypsum 

      specific gravity 380 

H 

Hackberry 

      machinability of 388 
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Hafnium 

      element properties 371 

Hardness 

      plastics 390 

Helium 

      element properties 371 

Hemlock 

      mechanical properties 386 

      weight of 387 

      weight per board foot 386 

Hickory 

      machinability of 388 

      weight of 387 

Holmium 

      element properties 371 

Honeylocust 

      weight of 387 

Hydrochloric acid 

      specific gravity 381 

Hydrofluoric acid 

      specific gravity 381 

Hydrogen 

      element properties 371 

      specific gravity 381 

      specific heat 373 

I 

Ice 

      latent heat of fusion 372 

      specific gravity 380 

      specific heat 373 

Ignition temperature 

      bisulfide of carbon 376 

      charcoal 376 
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Ignition temperature (Cont.) 

      dry wood 

 oak 376 

 pine 376 

      gun cotton 376 

      nitro-glycerine 376 

      phosphorus 

 amorphous 376 

 transparent 376 

      rifle powder 376 

Illuminating gas 

      specific gravity 381 

Indium 

      element properties 371 

Iodine 

      element properties 371 

Iridium 

      element properties 371 

Iron 

      cast 

 coefficient of radiation 375 

 density 377 

 latent heat of fusion 372 

 melting point 377 

 specific gravity 380 

 specific heat 373 377 

 strength, effect of temperature on 395 

 UNS numbering system 398 

      coefficient of heat transmission 375 

      coefficient of radiation 375 

      ductile 

 density 377 

 investment casting alloys 

 ferritic 392 
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Iron (Cont.) 

 pearlitic 392 

 melting point 377 

 specific heat 377 

      elastic properties 

 cast 394 

 ductile 394 

 grey cast 394 

 malleable 394 

      element properties 371 

      investment casting alloys 1.2% Si 392 

      malleable 

 density 377 

 melting point 377 

 specific heat 377 

      powder metal alloys 

 FC-0208 393 

 FC-0508 393 

 FC-0800 393 

 FC-2008 393 

 FC-2015 393 

 FL-4605 393 

 FL-4608 393 

 FN-0005 393 

 FN-0200 393 

 FN-0205 393 

 FN-0208 393 

 FN-0405 393 

 FN-0408 393 

 FX-2008 393 

 F-0000 393 

 F-0008 393 

      sheet, polished 

 coefficient of radiation 375 
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Iron (Cont.) 

      specific gravity 380 

      specific heat 373 

      wrought 

 specific heat 373 

 strength, effect of temperature on 395 

Iron slag 

      specific gravity 380 

Izod impact 

      plastics 390 

K 

Kerosene 

      specific gravity 381 

      specific heat 373 

Krypton 

      element properties 371 

L 

Lanthanum 

      element properties 371 

Larch 

      weight of 387 

Latent heat 

      of evaporation 372 

      of fusion 372 

Lava 

      density 389 

      mechanical properties 389 

Lawrencium 

      element properties 371 

Lead 

      coefficient of heat transmission 375 
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Lead (Cont.) 

      elastic properties 394 

      element properties 371 

      latent heat of fusion 372 

      specific gravity 380 

      specific heat 373 

Lime 

      thermal conductivity and  

 conductance 374 

Limestone 

      specific gravity 380 

      specific heat 373 

      ultimate strength 394 

Linseed oil 

      boiling point 372 

      specific gravity 381 

Liquid crystal polymer 

      chemical resistance to various  

 materials 576 

Lithium 

      element properties 371 

Locust 

      weight of 387 

Lodestone 3018 

Lutetium 

      element properties 371 

M 

Magnesia 

      specific heat 373 

      thermal conductivity and  

 conductance 374 

Magnesium 

      coefficient of expansion 375 
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Magnesium (Cont.) 

      elastic properties 394 

      element properties 371 

Magnesium alloys 

      bearing strength 547 

      casting, pressure die cast 

 AM60A 546 

 AM60B 546 

 AS41A 546 

 AZ91A 546 

 AZ91B 546 

 AZ91D 546 

      casting, sand and permanent mold 

 AM100A 546 

 AZ63A 546 

 AZ81A 546 

 AZ91C 546 

 AZ91E 546 

 AZ92A 546 

 EZ33A 546 

 HK31A 546 

 HZ32A 546 

 K1A 546 

 QE22A 546 

 QH21A 546 

 WE54A 546 

 ZE41A 546 

 ZE63A 546 

 ZH62A 546 

 ZK51A 546 

 ZK61A 546 

      compressive strength 547 

      elastic properties 394 

      elongation 547 
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Magnesium (Cont.) 

      extrusion 

 AZ10A 546 

 AZ31B 546 

 AZ31C 546 

 AZ61A 546 

 AZ80A 546 

 HM31A 546 

 M1A 546 

 ZK40A 546 

 ZK60A 546 

      hardness 547 

      shear strength 547 

      sheet and plate 

 AZ31B 546 

 AZ31C 546 

 HK31A 546 

 HM21A 546 

      tensile strength 547 

      yield strength 547 

Magnetite 3018 

Magnolia 

      machinability of 388 

Malleable iron 

      A220 377 

      coefficient of expansion 377 

      density 377 

      melting point 377 

      thermal conductivity and  

 conductance 377 

Manganese 

      element properties 371 

Maple 

      machinability of 388 
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Maple (Cont.) 

      weight of 387 

      weight per cord 386 

Marble 

      coefficient of expansion 375 

      specific gravity 380 

      specific heat 373 

Marsh gas 

      specific gravity 381 

Masonry 

      brick 

 coefficient of expansion 375 

 specific heat 373 

      specific gravity 380 

Maximum operating temperature 

      plastics 390 

MB 

      wire 

 tensile strength 

 hard-drawn 395 

 oil tempered 395 

Mechanical properties 

      elongation 

 alloy steel 424 

 aluminum alloys 535 

 copper alloys 515 519 

 investment casting alloys 391 

 nickel 549 

      hardness no. 

 alloy steel 424 

      impact strength 

 alloy steel 424 

      machinability 

 copper alloys 515 
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Mechanical properties (Cont.) 

      machinablity 

 copper alloys 519 

      tensile strength 

 alloy steel 424 

 cold drawn steel 422 

 copper alloys 515 519 

 investment casting alloys 391 

 nickel 549 

      ultimate strength 

 aluminum alloys 535 539 

      Wood 

 compressive strength 386 

 shearing strength 386 

 tensile strength 386 

      wood 

 compressive strength 385 

 density 387 

 machinability 387 

      wood 

 maximum crushing strength 385 

 maximum load in bending 385 

 modulus of rupture 385 

 shearing strength 386 

 tensile strength 386 

 work to max load 386 

      yield strength 

 alloy steel 424 

 aluminum alloys 535 539 

 cold drawn steel 422 

 copper alloys 515 519 

 copper-beryllium alloys 529 

 investment casting alloys 391 

 nickel 549 
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Melting point 

      aluminum alloys 376 

      cast iron 377 

      cast steel 377 

      copper alloys 376 

      ductile iron 377 

      elements 371 

      iron 

 cast 377 

 ductile 377 

 malleable 377 

      malleable iron 377 

      nickel-base alloys 377 

      stainless steel alloys 377 

      steel 

 cast 377 

      titanium alloys 377 

Mendelevium 

      element properties 371 

Merchanical properties 

      tensile strength 

 copper-beryllium alloys 529 

Mercury 

      boiling point 372 

      coefficient of heat transmission 375 

      element properties 371 

      specific gravity 380 

      specific heat 373 

Mercury vapor 

      specific gravity 381 

MgO·SiO2 (Steatite) 

      density 389 

      mechanical properties 389 
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Mica 

      specific gravity 380 

Mineral fiber 

      thermal conductivity and conductance 374 

Mineral fiber cement 

      thermal conductivity and conductance 374 

Mineral oil 

      quenching baths 475 

      specific gravity 381 

      tempering in 481 

Modulus of elasticity 394 432 513 558

  561 565 575 578

  600 

Modulus of rigidity, G 432 

Modulus of rupture 

      wood 385 

Moh’s hardness 

      ceramics 389 

Molybdenum 

      elastic properties 394 

      element properties 371 

Mortar 

      specific gravity 380 

      thermal conductivity and  

 conductance 374 

Muriatic acid 

      specific gravity 381 

Music wire 

      tensile strength 395 

N 

Naphtha 

      specific gravity 381 

      specific heat 373 
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Napthaline 

      boiling point 372 

Neodymium 

      element properties 371 

Neon 

      element properties 371 

Neptunium 

      element properties 371 

Nickel 

      element properties 371 

      specific gravity 380 

      specific heat 373 

Nickel alloys 

      chemical composition 549 

      elongation 549 

      Inconel 

 elastic properties 394 

      Monel metal 

 elastic properties 394 

      tensile strength 549 

      yield strength 549 

Nickel steel 

      elastic properties 394 

Nickel-base alloys 

      alloy name (UNS number) 

 hastelloy 

 hastelloy C-22 377 

 hastelloy C-276 377 

 inconel 

 inconel 718 377 

 Monel 377 

      alloy name (UNS number) 

 Monel K500 (N05500) 377 

 Monel R405 377 
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Nickel-base alloys (Cont.) 

 Monel 400 (N05500) 377 

 nickel 200 (N02200) 377 

 nickel 201 (N02201) 377 

 nickel 205 (N02205) 377 

      coefficient of expansion 377 

      density 377 

      investment casting alloys 

 Alloy B 392 

 Alloy C 392 

 Alloy X 392 

 Inconel 

 In 600 392 

 In 625 392 

 Invar (Fe-Ni alloy) 392 

 Monel 

 E 392 

 M-35 392 

 RH 392 

 S 392 

 410 392 

      melting point 377 

      nickel alloys 377 

      specific heat 377 

      thermal conductivity and  

 conductance 377 

      UNS numbering system 398 

Niobium 

      element properties 371 

Nitric acid 

      boiling point 372 

      specific gravity 381 

Nitric oxide 

      specific gravity 381 
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Nitrogen 

      element properties 371 

      specific gravity 381 

      specific heat 373 

Nitro-glycerine 

      ignition temperature 376 

Nitrous oxide 

      specific gravity 381 

Nobelium 

      element properties 371 

Nylon  375 380 390 551

  574 576 587 601

  606 

      coefficient of expansion 375 

      density 390 

      family characteristics 551 

      glass reinforced 

 coefficient of expansion 375 

 milling 602 

      mechanical properties 390 

      nylon6/6 

 chemical resistance to various materials 576 

 dielectric constant 574 

      nylon 6/6 

 flow characteristics 588 

 speeds and feeds for drilling 601 

      safe bending stress 606 

      specific gravity 380 390 

      wall thickness for molding 587 

O 

Oak 

      machinability of 388 

      weight of 387 
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Oak (Cont.) 

      weight per board foot 386 

      weight per cord 386 

Oil 

      coefficient of radiation 375 

      linseed 

 boiling point 372 

 specific gravity 381 

      machine 

 specific heat 373 

      mineral 

 quenching baths 475 

 specific gravity 381 

 tempering in 481 

      olive 

 specific gravity 381 

 specific heat 373 

      petroleum 

 specific gravity 381 

      quenching 476 484 489 493 

  501 

      quenching baths 

 mineral 475 

      rape 

 specific gravity 381 

      saponifiable 481 

      tempering 481 

      turpentine 

 boiling point 372 

 specific gravity 381 

      whale 

 specific gravity 381 

Olive oil 

      specific gravity 381 
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Osmium 

      element properties 371 

Oxygen 

      element properties 371 

      specific gravity 381 

      specific heat 373 

P 

Palladium 

      element properties 371 

Palm oil 

      specific gravity 381 

Paraffine 

      latent heat of fusion 372 

PBT 

      chemical resistance to various  

 materials 576 

Pecan 

      machinability of 388 

PEEK(polyetherether-ketone) 551 

Percent elongation 

      plastics 390 

Perlite 

      thermal conductivity and  

 conductance 374 

PET 

      chemical resistance to various  

 materials 576 

      density 390 

      mechanical properties 390 

      specific gravity 390 

PET (polyethylene-terephthalate) 390 551 576 

Petroleum oil 

      specific gravity 381 
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Phenolic 551 602 

Phenolics 

      density 390 

      mechanical properties 390 

      specific gravity 390 

Phosphoric acid 

      specific gravity 381 

Phosphorus 

      element properties 371 

      ignition temperature 

 amorphous 376 

 transparent 376 

      latent heat of fusion 372 

      specific gravity 380 

      specific heat 373 

Pine 

      mechanical properties 386 

      weight of 387 

      weight per board foot 386 

      weight per cord 386 

Pipe 

      gallons of water per foot 3029 

      thermal expansion of 3029 

Plaster 

      coefficient of expansion 375 

      thermal conductivity and  

 conductance 374 

Plaster of Paris 

      specific gravity 380 

Plastics 

      coefficient of expansion 390 

      density 390 

      dielectric strength 390 

      flexural modulus 390 
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Plastics (Cont.) 

      hardness 390 

      Izod impact 390 

      maximum operating temperature 390 

      percent elongation 390 

      sawing, speeds and numbers of teeth 602 

      specific gravity 390 

      speeds and feeds for drilling 601 

      tensile modulus 390 

Platinum 

      element properties 371 

      specific gravity 380 

      specific heat 373 

Plexiglass 

      polishing 604 

Plutonium 

      element properties 371 

Plywood 

      thermal conductivity and  

 conductance 374 

Poisson’s ratio 394 558 562 

Polonium 

      element properties 371 

Polyarylate 

      chemical resistance to various  

 materials 576 

Polycarbonate 375 380 390 551

  574 576 587 601

  606 

      chemical resistance to various  

 materials 576 

      coefficient of expansion 375 

      density 390 

      mechanical properties 390 
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Polycarbonate (Cont.) 

      safe bending stress 606 

      specific gravity 380 390 

      speeds and feeds for drilling 601 

Polyester 

      safe bending stress 606 

      speeds and feeds for drilling 601 

Polyester elastomer 

      chemical resistance to various  

 materials 576 

Polyetherimide 

      density 390 

      mechanical properties 390 

      specific gravity 390 

Polyethylene 

      coefficient of expansion 375 

      density 390 

      mechanical properties 390 

      specific gravity 380 390 

      speeds and feeds for drilling 601 

Polyethylene-terephthalate (PET) 390 551 576 

Polyimide 

      milling 602 

Polymer 

      liquid, for prototypes 603 

Polymethylpentene 

      density 390 

      mechanical properties 390 

      specific gravity 390 

Polymid 

      density 390 

      mechanical properties 390 

      specific gravity 390 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Polyphenylene oxide 

      chemical resistance to various  

 materials 576 

Polyphenylene sulfide 

      chemical resistance to various  

 materials 576 

      density 390 

      mechanical properties 390 

      specific gravity 390 

Polypropylene 375 380 390 551

  574 576 587 601 

      chemical resistance to various  

 materials 576 

      coefficient of expansion 375 

      density 390 

      mechanical properties 390 

      specific gravity 380 390 

      speeds and feeds for drilling 601 

Polystyrene 

      speeds and feeds for drilling 601 

      thermal conductivity and conductance 

 beaded 374 

 rigid 374 

Polysulfone 390 551 574 576

  587 

      chemical resistance to various  

 materials 576 

      density 390 

      mechanical properties 390 

      specific gravity 390 

Polytetrafluoroethylene 

      speeds and feeds for drilling 601 

Polytetrafluoro-ethylene (PTFE) 380 390 551 
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Polyurethane 380 390 551 587

  606 

      density 390 

      mechanical properties 390 

      safe bending stress 606 

      specific gravity 380 390 

Polyvinyl chloride 

      speeds and feeds for drilling 601 

Polyvinyl chloride (PVC) 390 551 587 601

  3029 

Polyvinylidene-fluoride (PVDF) 390 551  3029 

Poplar 

      machinability of 388 

      weight of 387 

      weight per cord 386 

Porcelain 

      coefficient of expansion 375 

Potassium 

      element properties 371 

Potassium hydrate (KOH) 

      in freezing mixtures 376 

Praseodymium 

      element properties 371 

Pressure 

      barometric 3032 

Promethium 

      element properties 371 

Protactinium 

      element properties 371 

PTFE 

      density 390 

      mechanical properties 390 

      specific gravity 380 390 

PTFE (polytetrafluoro-ethylene) 380 390 551 
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PVC 

      density 390 

      mechanical properties 390 

      specific gravity 390 

PVC (polyvinyl chloride) 390 551 587 601

  3029 

PVDF 

      density 390 

      mechanical properties 390 

      specific gravity 390 

PVDF (polyvinylidene-fluoride) 390 551 3029 

Q 

Quartz 

      coefficient of expansion 375 

      specific gravity 380 

      specific heat 373 

Quenching 

      brine 457 476 484 491 

      caustic solution 493 

      oil  476 484 489 493

  501 

      salt 476 478 

      tanks for 477 

      water 407 411 413 429

  437 439 455 466

  468 476 484 489

  491 493 543 

      water-polymer 466 

R 

Radium 

      element properties 371 
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Radon 

      element properties 371 

Rape oil 

      specific gravity 381 

Redwood 

      mechanical properties 386 

      weight of 387 

Rhenium 

      element properties 371 

Rhodium 

      element properties 371 

Rifle powder 

      ignition temperature 376 

Roofing 

      thermal conductivity and  

 conductance 374 

Rouge 

      for polishing plastics 604 

Rubber, rigid foam 

      thermal conductivity and  

 conductance 374 

Rubidium 

      element properties 371 

Ruthenium 

      element properties 371 

S 

Sal ammoniac (NH4Cl) 

      in freezing mixtures 376 

Salt 

      freezing mixtures 376 

      quenching 476 478 

      specific gravity 380 
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Samarium 

      element properties 371 

Sand 

      fine 

 coefficient of radiation 375 

      specific gravity 380 

      specific heat 373 

      thermal conductivity and  

 conductance 374 

Sandstone 

      coefficient of expansion 375 

      specific gravity 380 

      ultimate strength 394 

Saturated brine 

      boiling point 372 

Sawdust 

      coefficient of radiation 375 

Scandium 

      element properties 371 

Selenium 

      element properties 371 

Shear modulus 394 432 564 

Shingle 

      asbestos cement 

 thermal conductivity and  

 conductance 374 

      asphalt 

 thermal conductivity and  

 conductance 374 

      wood 

 thermal conductivity and  

 conductance 374 

Siding 

      metal 
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Siding (Cont.) 

 thermal conductivity and  

 conductance 374 

Silica 

      for polishing plastics 604 

      specific heat 373 

Silica aerogel 

      thermal conductivity and  

 conductance 374 

Silica foam 

      density 389 

      mechanical properties 389 

Silicon 

      element properties 371 

Silicon carbide 

      for polishing plastics 604 

Silicone 

      milling 602 

Silver 

      coefficient of heat transmission 375 

      element properties 371 

      latent heat of fusion 372 

      polished 

 coefficient of radiation 375 

      specific gravity 380 

      specific heat 373 

Slate 

      coefficient of expansion 375 

      specific gravity 380 

      ultimate strength 394 

Soapstone 

      specific gravity 380 

Soda 

      specific heat 373 
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Sodium 

      element properties 371 

Specific gravity 380 

      Baumé’s hydrometer conversion 382 

      gasses 381 

      plastics 390 

      various liquids 381 

      various substances 380 

      water 380 

Specific heat 372 

 cast steel 377 

      copper alloys 376 

      iron 

 cast 377 

 ductile 377 

 malleable 377 

      of gasses 373 

      stainless steel alloys 377 

      titanium alloys 377 

      various metals 376 

      various substances 373 

      various woods 373 

Speeds and feeds 

      plastics 

 drilling 600 

 milling 602 

 sawing 602 

 tapping and threading 601 

      plastics 

 turning and cutting off 600 

Spruce 

      mechanical properties 386 

      weight of 387 

      weight per board foot 386 
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Stainless steel 

      alloy, AISI-SAE (UNS) number 

 30615 () 409 

 30705 () 410 

 30805 () 409 

 30905 () 409 

 51210 () 410 

 51710 () 410 

      UNS numbering system 398 316 

 chemical resistance to various  

 materials 576 

Stainless steel alloys 

      AISI (SAE) Number 

 ... (51430F) 494 

 201 (30201) 1031 1049 1066 

 202 (30202) 1031 1049 1066 

 203EZ () 1031 1049 1066 

 301 (30301) 1031 1049 1066 

 302 (30302) 432 1031 1049 1066 

 303 (30303) 1031 1049 1066 

 303MA () 1031 1049 1066 

 303Pb () 1031 1049 1066 

 304 (30304) 1031 1049 1066 

 305 (30305) 1031 1049 1066 

 310 (30310) 1031 1049 1066 

 316 (30316) 1031 1049 1066 

 317 (30317) 1031 1049 

 321 (30321) 432 1031 1049 1066 

 347 (30347) 432 1031 1049 1066 

 410 (51410) 494 1031 1049 1066 

 414 (51414) 494 1031 1050 1066 

 416 (51416) 494 1031 1049 1066 

 420 (51420) 432 1031 1049 1066 
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Stainless steel alloys (Cont.) 

 430 (51430) 432 494 1031 1049

  1066 

 431 (51431) 494 1031 1050 1066 

 440A (51440A) 1031 1050 1066 

 440B (51440B) 1031 1050 1066 

 440C (51440C) 1031 1050 1066 

 442 (51442) 494 1031 1049 

 446 (51446) 432 494 1031 1049 

 455 () 1031 1050 1066 

 501 (51501) 432 494 1031 1049

  1066 

      AISI (SAE) number 

 ... (51409) 419 495 

 ... (51416F) 419 

 ... (51420F) 419 495 

 ... (51430F) 419 495 

 ... (51434) 495 

 ... (51436) 495 

 ... (51440F) 419 495 

      AISI (SAE) number 

 201 (30201) 406 415 418 430

  494 

 202 (30202) 406 416 418 430

  494 

 301 (30301) 406 415 418 430

  493 

 302 (30302) 406 416 418 430

  494 

 303 (30303) 406 416 430 494 

 303(30330) 494 

 304 (30304) 406 416 418 430

  494 

 305 (30305) 406 416 430 494 
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Stainless steel alloys (Cont.) 

 310 (30310) 406 416 418 430

  494 

 316 (30316) 406 416 419 430

  494 

 317 (30317) 406 417 419 430

  494 

 321 (30321) 406 417 419 430

  494 

 325 (30325) 419 494 

 347 (30347) 406 417 419 430

  493 

 410 (51410) 407 417 419 430

  495 

 414 (51414) 407 417 419 431

  495 

 416 (51416) 407 417 430 495 

 420 (51420) 407 417 431 495 

 430 (51430) 406 417 431 495 

 431 (51431) 407 417 419 495 

 440A (51440A) 407 418 431 495 

 440B (51440B) 407 418 431 495 

 440C (51440C) 407 418 431 495 

 442 (51442) 406 418 495 

 446 (51446) 406 418 431 495 

 501 (51501) 407 418 431 495 

      AISI (UNS) Number 

 201 (S20100) 1031 1049 1066 

 202 (S20200) 1031 1049 1066 

 203EZ () 1031 1049 1066 

 301 (S30100) 1031 1049 1066 

 302 (S30200) 1031 1049 1066 

 302B (S30215) 1031 1049 1066 

 303 (S30300) 1031 1049 1066 
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Stainless steel alloys (Cont.) 

 303MA () 1031 1049 1066 

 303Pb () 1031 1049 1066 

 303Se (S30323) 1031 1049 1066 

 304 (S30400) 1031 1049 1066 

 304L (S30403) 1031 1049 1066 

 305 (S30500) 1031 1049 1066 

 308 (S30800) 1031 1049 1066 

 309 (S30309) 1031 1049 1066 

 309 (S30900) 1031 1049 1066 

 309S (S30908) 1031 1049 1066 

 310 (S31000) 1031 1049 1066 

 310S (S31008) 1031 1049 1066 

 314 (S31400) 1031 1049 1066 

 316 (S31600) 1031 1049 1066 

 316L (S31603) 1031 1049 

 317 (S31700) 1031 1049 

 321 (S32100) 1031 1049 1066 

 330 (N08330) 1031 1049 

 347 (S34700) 1031 1049 1066 

 348 (S34800) 1031 1049 1066 

 403 (S40300) 1031 1049 1066 

      AISI (UNS) Number 

 405 (S40500) 1031 1049 1066 

 409 (S40900) 1031 1049 1066 

 410 (S41000) 1031 1049 1066 

 414 (S41400) 1031 1050 1066 

 416 (S41600) 1031 1049 1066 

 416Se (S41623) 1031 1049 1066 

 420 (S42000) 1031 1049 1066 

 420F (S42020) 1031 1049 1066 

 420FSe () 1031 1049 1066 

 429 (S42900) 1031 1049 1066 

 430 (S43000) 1031 1049 1066 
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 430F (S43020) 1031 1049 

 430FSe (S43023) 1031 1049 1066 

 431 (S43100) 1031 1050 1066 

 434 (S43400) 1031 1049 1066 

 436 (S43600) 1031 1049 

 440A (S44002) 1031 1050 1066 

 440B (S44003) 1031 1050 1066 

 440C (S44004) 1031 1050 1066 

 440FSe () 1031 1049 1066 

 442 (S44200) 1031 1049 

 446 (S44600) 1031 1049 

 455 (S45500) 1031 1050 1066 

 501 (S50100) 1031 1049 1066 

 502 (S50200) 1031 1049 

      AISI (UNS) number 

 201 (S20100) 406 415 430 494 

 201 (S20200) 406 416 

 201 (S20500) 406 416 

 202 (S20200) 406 416 430 494 

 205 (S20500) 406 416 

 301 (S30100) 377 406 415 430

  494 

 302 (S30200) 377 406 416 430

  494 

 302B (S30215) 377 406 416 430 

 303 (S30300) 377 406 416 430

  494 

 303Se (S30323) 377 406 416 430 

 304 (S30400) 377 406 416 430

  494 

 304Cu (S30430) 377 406 416 

 304L (S30403) 406 416 430 

 304N (S30451) 406 416 
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 305 (S30500) 377 406 416 430

  494 

 308 (S30800) 377 406 416 430 

 309 (S30309) 406 416 418 430

  494 

 309 (S30900) 377 406 416 430

  494 

 309S (S30908) 377 406 416 430 

 310 (S31000) 377 406 416 430

  494 

 310S (S31008) 377 406 416 430 

 314 (S31400) 406 416 430 

 316 (S31600) 377 406 416 430

  494 

 316F (S31620) 406 416 

 316L (S31603) 406 416 430 

 316N (S31651) 406 416 

 317 (S31700) 377 406 417 430

  494 

 317 (S31703) 377 

 317L (S31703) 406 417 

      AISI (UNS) number 

 321 (S32100) 377 406 417 430

  494 

 329 (S32900) 406 417 

 330 (N08330) 406 417 

 347 (S34700) 377 406 417 430

  494 

 348 (S34800) 377 406 417 430 

 384 (S38400) 377 406 417 

 403 (S40300) 377 407 417 430 

 405 (S40500) 377 406 417 431 

 409 (S40900) 406 417 
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 410 (S41000) 377 407 417 430

  495 

 414 (S41400) 377 407 417 431

  495 

 416 (S41600) 377 407 417 430

  495 

 416Se (S41623) 377 407 417 430 

 420 (S42000) 377 407 417 431

  495 

 420F (S42020) 377 407 417 431 

 422 (S42200) 377 407 417 

 429 (S42900) 377 406 417 

 430 (S43000) 377 406 417 431

  495 

 430F (S43020) 377 406 417 431 

 430FSe (S43023) 406 417 431 

 430Se (S43023) 377 

 431 (S43100) 407 417 495 

 434 (S43400) 406 417 

 436 (S43600) 377 406 418 

 440A (S44002) 377 407 418 431

  495 

 440B (S44003) 377 407 418 431

  495 

 440C (S44004) 377 407 418 431

  495 

 440F (S44020) 431 

 442 (S44200) 406 418 495 

 446 (S44600) 377 406 418 431

  495 

 501 (S50100) 377 407 418 431

  495 

 502 (S50200) 377 407 418 431 
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      coefficient of expansion 377 

      density 377 

      elastic properties 

 18-8 394 

      investment casting alloys 

 austenitic 

 CF-16F 392 

 CF-20 392 

 CF-3 392 

 CF-3M 392 

 CF-8 392 

 CF-8C 392 

 CF-8M 392 

 CH-20 392 

 CK-20 392 

 CN-7M 392 

 IC 316F 392 

 IC 321 392 

 hardenable 

 Am-355 392 

 CA-15 392 

 CA-40 392 

 CD-4M Cu 392 

 IC 15-5 392 

 IC 17-4 392 

      investment casting alloys 

 IC 416 392 

 IC 431 392 

      melting point 377 

      powder metal alloys 

 SS-303N1 393 

 SS-304N1 393 

 SS-316L 393 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Stainless steel alloys (Cont.) 

 SS-410 393 

      specific heat 377 

      thermal conductivity and  

 conductance 377 

      15-5PH 1031 1050 

      17-4PH 1031 1050 

      17-7PH 1031 1050 

      18-8 

 wire 

 tensile strength 395 

Steam 

      specific heat 373 

Steel 

      alloy, AISI-SAE (UNS) number 

 E4340 (G43406) 400 404 

 E50100 (501) 415 

 E51100 (G51986) 400 405 

 E51100 (G52986) 415 

 E52100 (G52986) 400 405 409 415

  432 493 1028 1046

  1062 1085 

 10B46 (G10461) 403 

 1045 (G10450) 402 411 423 432

  1027 1045 1060 

 10956 () 410 

 1108 (G11080) 1026 1044 1060 1085 

 1320 (G13200) 409 414 491 

 1330 (G13300) 400 404 414 427

  432 493 1028 1046

  1053 1062 1085 

 1335 (G13350) 400 404 415 493

  1028 1046 1062 1085 
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 1340 (G13400) 400 404 415 425

  427 493 1028 1046

  1053 1062 1085 

 1345 (G13450) 400 404 1028 1046

  1062 

 2317 (G23170) 409 414 491 

 2330 (G23300) 409 415 493 

 2340 (G23400) 409 415 493 

 2512 (G25120) 491 

 2515 (G25150) 409 414 

 2517 (G25170) 491 

 30905 () 409 

 3115 (G31150) 409 414 491 

 3120 (G31200) 409 414 491 

 3130 (G31300) 409 415 493 

 3135 (G31350) 409 414 493 

 3140 (G31400) 409 415 425 432 

 3141 (G31410) 409 415 493 

 3145 (G31450) 409 415 493 

 alloy, AISI-SAE (UNS) number 

 3150 (G31500) 409 415 493 

 3240 (G32400) 409 

 3310 (G33100) 409 414 432 491 

 3316 (G33160) 491 

 4012 (G40120) 1028 1046 1053 1061 

 4017 (G40170) 491 

 4023 (G40230) 400 404 409 414

  432 1028 1046 1053

  1061 1085 

 4024 (G40240) 400 404 414 1028

  1046 1061 1085 

 4027 (G40270) 400 404 409 414

  1053 1085 
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 4028 (G40280) 400 404 414 1028

  1046 1061 1085 

 4032 (G40320) 409 414 491 1028

  1046 1053 1062 1085 

 4037 (G40370) 400 404 415 427

  493 1028 1046 1053

  1062 1085 

 4042 (G40420) 409 415 427 493

  1028 1046 1062 1085 

 4047 (G40470) 400 404 415 493

  1028 1046 1062 1085 

 4053 (G40530) 493 

 4063 (G40630) 409 414 493 

 4068 (G40680) 493 

 41L30 (G41403) 1028 1046 1061 

 41L40 (G41404) 405 1028 1046 1061 

 41L47 () 1028 1046 1061 

 41L50 (G41405) 1028 1046 1061 

 4118 (G41180) 400 404 1028 1046

  1053 1061 

 4119 (G41190) 409 414 491 

 4125 (G41250) 409 491 

 4130 (G41300) 400 404 415 425

  427 432 493 1028

  1046 1053 1062 1085 

 4135 (G41350) 1028 1046 1062 

 4137 (G41370) 400 404 414 493

  1028 1046 1062 1085 

 4140 (G41400) 400 404 409 414

  425 427 493 1027

  1045 1053 1061 1085 

 4142 (G41420) 400 404 1028 1046

  1062 1085 
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 4145 (G41450) 400 404 414 493

  1028 1046 1062 1085 

 4147 (G13300) 400 

 4147 (G41470) 404 1028 1046 1062

  1085 

 4150 (G41500) 400 404 415 425

  427 493 1027 1045

  1053 1061 1085 

 4161 (G41610) 400 404 1028 1046

  1062 

 43L47 () 1028 1046 1061 

 4317 (G43170) 492 

      alloy, AISI-SAE (UNS) number 

 4320 (G43200) 400 404 409 414

  425 492 1028 1046

  1053 1061 1085 

 4337 (G43370) 1028 1046 1062 

 4340 (G43400) 400 404 409 415

  425 427 432 493

  1028 1046 1053 1062

  1085 

 4419 (G44190) 1028 1046 1061 

 4422 (G44220) 1028 1046 1053 1061 

 4427 (G44270) 1028 1046 1053 1061 

 4608 (G46080) 492 

 4615 (G46150) 400 404 409 414

  1028 1046 1053 1061

  1085 

 4620 (G46200) 400 404 409 414

  425 1028 1046 1053

  1061 1085 

 4621 (G46210) 492 1028 1046 1061 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Steel (Cont.) 

 4626 (G46260) 400 404 1028 1046

  1053 1061 1085 

 4640 (G46400) 409 415 432 493

  1085 

 4718 (G47180) 1028 1046 1061 

 4720 (G47200) 400 404 1028 1046

  1053 1061 

 4812 (G48120) 492 

 4815 (G48150) 400 404 409 414

  1028 1046 1061 1085 

 4817 (G48170) 400 404 414 1028

  1046 1061 1085 

 4820 (G48200) 400 404 409 414

  425 432 492 1028

  1046 1053 1061 1085 

 50B44 (G50441) 400 405 1028 1046

  1062 

 50B46 (G50461) 400 405 428 1028

  1046 1062 

 50B50 (G50501) 400 405 1028 1046

  1062 

 50B60 (G50601) 400 405 428 1028

  1046 1053 1062 

 50100 () 493 

 5045 (G50450) 493 

 5046 (G50460) 428 493 

 5050 (G51500) 404 409 414 425

  428 432 1028 1046

  1062 1085 

 51B60 (G51601) 400 405 428 1028

  1046 1053 1062 

 51100 (G51986) 493 

 5115 (G51150) 492 
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 5117 (G51170) 400 404 1028 1046

  1061 

 5120 (G51200) 400 404 414 492

  1028 1046 1053 1061

  1085 

 5130 (G51300) 400 404 415 428

  493 1028 1046 1053

  1062 1085 

 5132 (G51320) 400 404 415 493

  1028 1046 1062 1085 

      alloy, AISI-SAE (UNS) number 

 51335 () 409 

 5135 (G51350) 400 404 415 493

  1085 

 5140 (G51400) 400 404 409 415

  425 428 1028 1046

  1062 1085 

 5145 (G51450) 493 1028 1046 1062

  1085 

 5147 (G51470) 493 1028 1046 1062 

 5150 (G51500) 400 

 5152 (G51520) 493 

 5155 (G51550) 400 404 

 5160 (G51600) 400 404 425 428

  1028 1046 1062 

 51710 () 409 

 6118 (G51986) 405 1028 1046 1053

  1061 1085 

 6118 (G61180) 400 

 6150 (G52986) 405 409 415 425

  428 432 493 1028

  1046 1053 1062 1085 

 6150 (G61500) 400 
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 6421 () 1029 1047 1062 

 6422 () 1029 1047 1062 

 6424 () 1029 1047 1062 

 6427 () 1029 1047 1062 

 6428 () 1029 1047 1062 

 6430 () 1029 1047 1062 

 6432 () 1029 1047 1062 

 6434 () 1029 1047 1062 

 6436 () 1029 1047 1062 

 6442 () 1029 1047 1062 

 81B45 (G81451) 400 405 428 1028

  1046 1053 1062 

 8115 (G81150) 1028 1046 1053 1061 

 86B45 (G86451) 429 

 86L20 () 1028 1046 1061 

 86L40 () 1028 1046 1061 

 8615 (G86150) 400 405 414 492

  1028 1046 1061 1085 

 8617 (G86170) 400 405 414 1028

  1046 1061 1085 

 8620 (G86200) 400 405 414 425

  1028 1046 1053 1061

  1085 

 8622 (G86220) 400 405 414 1028

  1046 1061 1085 

 8625 (G86250) 400 405 492 1028

  1046 1061 1085 

 8627 (G86270) 400 405 493 1028

  1046 1053 1061 

 8630 (G86300) 400 405 415 425

  429 1028 1046 1053

  1062 1085 

 8632 (G86320) 493 
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 8635 (G86350) 493 1028 1046 1062 

 8637 (G86370) 400 405 415 1028

  1046 1062 1085 

 8640 (G86400) 400 405 415 429

  1028 1046 1053 1062

  1085 

 8641 (G86410) 415 493 

      alloy, AISI-SAE (UNS) number 

 8642 (G86420) 400 405 415 493 

  1028 1046 1062 1085 

 8645 (G86450) 400 405 415 1028 

  1046 1062 1085 

 8650 (G86500) 425 429 

 8653 (G86530) 493 

 8655 (G86550) 400 405 415 493

  1028 1046 1062 

 8660 (G86600) 429 493 1028 1046

  1053 1062 

 8720 (G87200) 400 405 414 492

  1028 1046 1053 1061

  1085 

 8735 (G87350) 493 

 8740 (G87400) 400 405 415 425

  429 432 493 1028

  1046 1053 1062 1085 

 8745 (G87450) 493 

 8750 (G87500) 493 

 8822 (G88220) 400 405 1028 1046

  1053 1061 

 9254 (G92540) 493 1028 1046 1062 

 9255 (G92550) 425 429 1028 1046

  1062 
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 9260 (G92600) 400 405 409 415

  429 1028 1046 1062 

 9262 (G92620) 493 1028 1046 1062 

 9310 (G93100) 425 492 

 9317 (G93170) 492 

 94B17 (G94171) 400 405 1028 1046

  1061 

 94B30 (G94301) 400 405 429 1053 

 9437 (G94370) 493 

 9440 (G94400) 493 

 9442 (G94420) 493 

 9747 (G97470) 493 

 9840 (G98400) 493 

 9845 (G98450) 493 

 9850 (G98500) 415 493 

      carbon 

 chemical resistance to various  

 materials 576 

      cast 

 density 377 

 melting point 377 

 specific heat 377 

 UNS numbering system 398 

      castings 

 strength, effect of temperature on 395 

      coefficient of expansion 375 

      hard 

 coefficient of heat transmission 375 

      high speed 

 cobalt 

 18-4-14 504 

 cobalt-molybdenum-tungsten, 6-6-2-8 442 

 cobalt-tungsten 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Steel (Cont.) 

 14-4-2-5 442 

      high speed 

 18-4-1-5 442 

 18-4-2-12 442 

 18-4-2-8 442 

 molybdenum, 8-2-1 442 

 molybdenum-tungsten 

 6-6-2 442 

 6-6-3 442 

 6-6-4 442 

 tungsten 

 18-4-1 442 448 496 499

  504 

 18-4-2 442 

 18-4-3 442 

      high-strength, low alloy, SAE number 

 942X 420 

 945A 420 

 945C 420 

 945X 420 

 950A 420 

 950B 420 

 950C 420 

 950D 420 

 950X 420 

 955X 420 

 960X 420 

 965X 420 

 970X 420 

 980X 420 

      investment casting alloys 

 IC 1010 391 

 IC 1020 391 
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 IC 1030 391 

 IC 1035 391 

 IC 1045 391 

 IC 1050 391 

 IC 1060 391 

 IC 1090 391 

 IC 1722AS 392 

 IC 2345 391 

 IC 4130 391 

 IC 4140 391 

 IC 4150 391 

 IC 4330 391 

 IC 4340 391 

 IC 4620 391 

 IC 52100 392 

 IC 6150 391 

 IC 8620 391 

 IC 8630 391 

 IC 8640 391 

 IC 8665 392 

 IC 8730 392 

 IC 8740 391 

      plain carbon, AISI-SAE (UNS) number 

 10L45 (G10454) 403 

 1005 (G10050) 400 402 

 1006 (G) 402 410 1026 1044

  1053 1060 

 1006 (G10060) 400 

 plain carbon, AISI-SAE (UNS) number 

 1008 (G) 402 409 1026 1044

  1060 

 1008 (G10080) 400 

 1009 (G) 1026 1044 1060 
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 1010 (G) 402 409 1026 1044

  1060 

 1010 (G10100) 400 490 

 1012 (G) 1026 1044 1060 

 1012 (G10120) 400 

 1015 (G) 402 409 424 1026

  1044 1060 

 1015 (G10150) 400 

 1016 (G) 402 411 1026 1044

  1060 

 1016 (G10160) 400 

 1017 (G10170) 400 402 411 1026

  1044 1060 

 1018 (G10180) 400 402 411 422

  1026 1044 1060 

 1019 (G10190) 400 402 411 1026

  1044 1060 

 1020 (G10200) 400 402 409 424

  1026 1044 1060 

 1021 (G10210) 400 402 411 1026

  1044 1060 

 1022 (G10220) 400 402 409 411

  424 490 1026 1044

  1060 

 1023 (G10230) 400 402 411 1026

  1044 1060 

 1024 (G10240) 409 411 490 1026

  1044 1060 

 1025 (G10250) 400 402 411 422

  432 491 1026 1044

  1060 

 1026 (G10260) 400 402 411 1026

  1044 1060 
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 1027(G10270) 1027 1045 1060 

 1029 (G10290) 400 402 

 1030 (G10300) 400 402 409 424

  426 490 1027 1045

  1053 1060 

 1033 (G10330) 411 491 1027 1045

  1053 1060 

 1034 (G10340) 411 

 1035 (G10350) 400 402 409 422

  491 1027 1045 1060 

 1036 (G10360) 409 411 491 1027

  1045 1060 

 1037 (G10370) 400 402 1027 1045

  1060 

 1038 (G10380) 400 402 411 491

  1027 1045 1060 

 1039 (G10390) 400 402 411 1027

  1045 1060 

 1040 (G10400) 400 402 409 422

  424 426 491 1027

  1045 1060 

 1041 (G10410) 411 491 1027 1045

  1060 

 plain carbon, AISI-SAE (UNS) number 

 1042 (G10420) 400 491 1027 1045

  1060 

 1043 (G10430) 400 402 411 1027

  1045 1060 

 1044 (G10440) 400 402 

 1045 (G10450) 400 432 1027 1045

  1060 

 1046 (G10460) 400 402 411 1027

  1045 1060 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Steel (Cont.) 

 1048 (G10480) 1027 1045 1060 

 1049 (G10490) 400 1027 1045 1060 

 1050 (G10500) 400 402 411 423

  426 491 1027 1045

  1060 

 1052 (G10520) 411 491 1027 1045

  1060 

 1053 (G10530) 400 402 

 1055 (G10550) 400 402 410 412

  491 1027 1045 1061 

 1059 (G10590) 400 402 

 1060 (G10600) 400 402 409 412

  424 426 491 1027

  1045 1061 

 1064 (G10640) 1027 1045 1061 

 1065 (G10640) 1027 1045 1061 

 1066 (G10660) 410 412 

 1070 (G10700) 400 402 409 412

  1027 1045 1061 

 1074 (G10740) 491 1027 1045 1061 

 1078 (G10780) 400 402 412 491

  1027 1045 1061 

 1080 (G10800) 400 402 409 412

  424 426 491 1027

  1045 1061 

 1084 (G10840) 400 402 1027 1045

  1061 

 1085 (G10850) 409 412 

 1086 (G10860) 400 402 412 1027

  1045 1061 

 1090 (G10900) 400 402 410 412

  491 1027 1045 1061 
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 1095 (G10950) 400 402 409 412

  424 426 432 491

  1027 1045 1053 1061 

 11L17 () 1008 1026 1044 1060 

 11L18 () 1026 1044 1060 

 1109 (G11090) 413 1026 1044 1060

  1085 

 1110 (G11100) 400 403 1085 

 1111 (G11110) 409 412 490 

 1112 (G11120) 410 412 432 490 

 1113 (G11130) 409 412 490 

 1114 (G11140) 413 

 1115 (G11150) 410 413 1026 1044

  1060 1085 

 1116 (G11160) 413 1085 

 1117 (G11170) 400 413 1026 1044

  1060 1085 

 1118 (G11180) 400 403 409 413

  422 424 1008 1026

  1044 1060 1085 

 1119 (G11190) 413 1085 

 plain carbon, AISI-SAE (UNS) number 

 1120 (G11200) 413 490 1026 1044

  1060 1085 

 1126 (G11260) 413 490 1026 1044

  1060 1085 

 1132 (G11320) 409 413 491 1026

  1044 1060 1085 

 1137 (G11370) 400 403 409 413

  423 426 491 1026

  1044 1060 1085 

 1138 (G11380) 491 
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 1139 (G11390) 400 403 1026 1044

  1060 1085 

 1140 (G11400) 400 403 413 422

  491 1026 1044 1060

  1085 

 1141 (G11410) 400 403 413 423

  427 491 1085 

 1144 (G11440) 400 403 413 423

  427 491 1026 1044

  1060 1085 

 1145 (G11450) 409 413 423 491

  1085 

 1146 (G11460) 400 403 413 423

  1026 1044 1060 1085 

 1151 (G11510) 400 403 413 423

  491 1026 1044 1060

  1085 

 12L13 () 1026 1044 1060 

 12L14 (G12144) 400 403 1026 1044

  1060 

 12L15 (G12154) 403 

 1211 (G12110) 400 403 1026 1044

  1060 

 1212 (G12120) 400 403 432 1026 

  1044 1060 

 1213 (G12130) 400 403 1026 1044

  1060 

 1215 (G12150) 400 403 1026 1044

  1060 

 1513 (G15130) 400 403 

 1514 (G15140) 1026 1044 1060 

 1522 (G15220) 400 403 1053 
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 1524 (G15240) 400 403 1027 1045

  1053 1060 

 1526 (G15260) 400 403 1027 1045

  1060 

 1527 (G15270) 400 403 1027 1045

  1060 

 1541 (G15410) 400 403 1027 1045

  1060 

 1548 (G15480) 400 403 1027 1045

  1061 

 1551 (G15510) 400 403 1027 1045

  1061 

 1552 (G15520) 400 403 1027 1045

  1061 

 1561 (G15610) 400 403 1027 1045

  1061 

 1566 (G15660) 400 403 1027 1045

  1053 1061 

      soft 

 coefficient of heat transmission 375 

      specific gravity 380 

      specific heat 

 high carbon 373 

 mild 373 

      structural 

 strength, effect of temperature on 395 

      tool, AISI (UNS) number 

 A10 (T30110) 400 454 1030 1048 

  1065 

 A2 (T30102) 400 443 445 453

  1030 1048 1065 

 A3 (T30103) 400 454 1030 1048

  1065 
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 A4 (T30104) 400 454 1030 1048

  1065 

 A5 (T30105) 400 

 A6 (T30106) 400 445 453 1030

  1048 1065 

 A7 (T30107) 400 432 454 1030

  1048 1065 

 A8 (T30108) 400 454 1030 1048

  1065 

 A9 (T30109) 400 454 1030 1048

  1065 

 CA2 (T90102) 400 

 CD2 (T90402) 400 

 CD5 (T90405) 400 

 CH12 (T90812) 400 

 CH13 (T90813) 400 

 CO1 (T91501) 400 

 CS5 (T91905) 400 

 D2 (T30402) 400 436 443 452

  454 1030 1048 1065 

 D3 (T30403) 400 436 452 454

  1030 1048 1065 

 D4 (T30404) 400 454 1030 1048

  1065 

 D5 (T30405) 400 436 454 1030

  1048 1065 

 D7 (T30407) 400 436 443 454

  1030 1048 1065 

 F1 (T60601) 400 456 

 F2 (T60602) 400 456 

 H10 (T20810) 400 444 450 1030 

  1048 1065 
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 H11 (T20811) 400 445 449 1030

  1048 1065 

 H12 (T20812) 400 450 1030 1048

  1065 

 H13 (T20813) 400 445 450 1030

  1048 1065 

 H14 (T20814) 400 450 1030 1048 

  1065 

 H19 (T20819) 400 444 450 1030

 1048 1065 

 H20 (T20820) 444 451 

 H21 (T20821) 400 445 450 1030

  1048 1065 

      tool, AISI (UNS) number 

 H22 (T20822) 400 444 450 1030 

  1048 1065 

 H23 (T20823) 400 450 1030 1048

  1065 

 H24 (T20824) 400 450 1030 1048

  1065 

 H25 (T20825) 400 450 1030 1048

  1065 

 H26 (T20826) 400 444 450 1030

  1048 1065 

 H41 (T20841) 400 436 450 1030

  1048 1065 

 H42 (T20842) 400 436 450 1030

  1048 1065 

 H43 (T20843) 400 436 444 450

  452 1030 1048 1065 

 L2 (T61202) 400 456 1030 1048

  1065 
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Steel (Cont.) 

 L3 (T61203) 400 456 1030 1048

  1065 

 L6 (T61206) 400 445 456 1030

  1048 1065 

 M1 (T11301) 400 436 445 1030

  1048 1065 

 M10 (T11310) 400 436 446 1030

  1048 1065 

 M15 (T11315) 436 

 M2 (T11302) 400 436 443 1030

  1048 1065 

 M21 (T11321) 445 

 M25 (T11325) 445 

 M3 (...) 436 443 1030 1048

  1065 

 M30 (T11330) 400 447 1030 1048

  1065 

 M3-1 (T11313) 400 447 1030 1048

  1065 

 M3-2 (T11323) 400 447 1030 1048

  1065 

 M33 (T11333) 400 447 1030 1048

  1065 

 M34 (T11334) 400 447 1030 1048

  1065 

 M36 (T11336) 400 436 447 1030

  1048 1065 

 M4 (T11304) 400 436 444 447

  1030 1048 1065 

 M41 (T11341) 400 447 1030 1048

  1065 

 M42 (T11342) 400 444 446 1030

  1048 1065 
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Steel (Cont.) 

 M43 (T11343) 400 436 447 1030

  1048 1065 

 M44 (T11344) 400 444 447 1030

  1048 1065 

 M46 (T11346) 400 447 1030 1048

  1065 

      tool, AISI (UNS) number 

 M47 (T11347) 400 447 1030 1048 

  1065 

 M6 (T11306) 400 447 1030 1048

  1065 

 M7 (T11307) 400 436 446 1030

  1048 1065 

 M8 (T11308) 436 

 O1 (T31501) 400 445 453 1030

  1048 1065 

 O2 (T31502) 400 453 1030 1048

  1065 

 O6 (T31506) 400 453 1030 1048

  1065 

 O7 (T31507) 400 454 1030 1048

  1065 

 P2 (T51602) 400 445 456 1030

  1048 1065 

 P20 (T51620) 400 445 456 1048

  1065 

 P21 (T51621) 400 456 1030 1048

  1065 

 P3 (T51603) 400 455 1030 1048

  1065 

 P4 (T51604) 400 445 455 1030

  1048 1065 
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Steel (Cont.) 

 P5 (T51605) 400 456 1030 1048

  1065 

 P6 (T51606) 400 456 1030 1048

  1065 

 S1 (T41901) 400 444 455 1030

  1048 1065 

 S2 (T41902) 400 455 1030 1048

  1065 

 S4 (T41904) 400 

 S5 (T41905) 400 455 1030 1048

  1065 

 S6 (T41906) 400 1030 1048 1065 

 S7 (T41907) 400 445 456 1030

  1048 1065 

 T1 (T12001) 400 436 443 448

  451 1030 1048 1065 

 T15 (T12015) 400 436 443 448

  1009 1030 1048 1065 

 T2 (T12002) 400 436 448 1030

  1048 1065 

 T3 (T12003) 436 

 T4 (T12004) 400 448 

 T5 (T12005) 400 436 444 448

  1030 1048 1065 

 T6 (T12006) 400 436 448 1030

  1048 1065 

 T8 (T12008) 400 448 1030 1048

  1065 

 W1 (T72301) 400 445 458 1030

  1048 1065 

 W2 (T72302) 400 445 458 1030

  1048 1065 
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Steel (Cont.) 

 W5 (T72305) 400 458 1030 1048

  1065 

Steel alloys 

      elastic properties 394 

 cast 394 

 cold-rolled 394 

Steel castings 

      strength, effect of temperature on 395 

Stone 

      specific heat 373 

Strontium 

      element properties 371 

Structural steel 

      strength, effect of temperature on 395 

Stucco 

      thermal conductivity and  

 conductance 374 

Sulfur 

      boiling point 372 

      element properties 371 

      latent heat of fusion 372 

      specific gravity 380 

      specific heat 373 

Sulfur dioxide 

      latent heat of evaporation 372 

      specific gravity 381 

Sulfuric acid 

      boiling point 372 

      specific gravity 381 

      specific heat 373 

Sweetgum 

      machinability of 388 
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Sycamore 

      machinability of 388 

      weight of 387 

T 

Tamarack 

      weight of 387 

Tanoak 

      machinability of 388 

Tantalum 

      element properties 371 

Tar 

      specific gravity 380 

Technetium 

      element properties 371 

Tellurium 

      element properties 371 

Temperature 

      absolute 3033 

      Rankine 3032 

Tempering oil 481 

      specific gravity 481 

Tensile modulus 394 432 513 558 

  561 565 575 578

  600 

      plastics 390 

Tensile strength 

      ceramics 389 

      copper-zinc-tin alloys 528 

      investment casting alloys 391 

      wire 395 

Terbium 

      element properties 371 
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Textile 

      thermal conductivity and  

 conductance 374 

Thallium 

      element properties 371 

Thermal conductivity 

      ceramics 389 

      various metals 376 

Thermal conductivity and conductance 

      aluminum alloys 376 

      amosite 374 

      asbestos cement 374 

      asbestos paper 374 

      asphalt roll 374 

      block 

 cinder 374 

 concrete 374 

      brick 

 common 374 

 face 374 

      cast iron 377 

      cast steel 377 

      cellulose 374 

      cement 374 

      concrete (poured) 374 

      copper alloys 376 

      ductile iron 377 

      felt 374 

      glass 374 

      lime or sand 374 

      magnesia 374 

      malleable iron 377 

      mineral fiber 374 

      mineral fiber cement 374 
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Thermal conductivity and  

 conductance (Cont.) 

      mortar 374 

      nickel-base alloys 377 

      perlite 374 

      plaster 374 

      plywood 374 

      polystyrene 

 beaded 374 

 rigid 374 

      roofing 374 

      rubber, rigid foam 374 

      shingle 

 asbestos cement 374 

 asphalt 374 

 wood 374 

      siding 

 metal 374 

 wood, medium density 374 

      silica aerogel 374 

      stainless steel alloys 377 

      stucco 374 

      textile 374 

      tile 374 

      titanium alloys 377 

      vermiculite 374 

      wall tile 374 

      wood felt 374 

      wood subfloor 374 

Thermal expansion, coefficient of 375 389 551 578 

Thermoplastic polyester 

      coefficient of expansion 375 

Thermoplastic Polyester (PBT) 

      chemical resistance to various materials 576 
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Thermoplastic polyester (PET) 

      chemical resistance to various  

 materials 576 

Thorium 

      element properties 371 

Thulium 

      element properties 371 

Tile 

      specific gravity 380 

      thermal conductivity and  

 conductance 374 

Tin 

      coefficient of heat transmission 375 

      element properties 371 

      latent heat of fusion 372 

      polished 

 coefficient of radiation 375 

      specific heat 373 

TiO2 (Titania) 

      density 389 

      mechanical properties 389 

Titanium 

      element properties 371 

Titanium alloys 

      alpha alloys 

 5 Al, 2.5 Sn 377 550 

      alpha-beta alloys 

 10 V, 2 Fe, 3 Al 550 

 3 Al, 2.5 V 550 

 6 Al, 2 Sn, 2 Zr, 2 Mo, 2 Cr, 0.25 Si 550 

 6 Al, 2 Sn, 4 Zr, 6 Mo 550 

 6 Al, 4 V 550 

 6 Al, 4 V (low O2) 550 

 6 Al, 6 V, 2 Sn 550 
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Titanium alloys (Cont.) 

 7 Al, 4 Mo 550 

 8 Mn 377 550 

      beta alloys 

 11.5 Mo, 6 Zr, 4.5 Sn 550 

 13 V, 11 Cr, 3 Al 550 

 3 Al, 8 V, 6 Cr, 4 Mo,4 Zr 550 

 8 Mo, 8 V, 2 Fe, 3 Al 550 

      chemical composition 550 

      coefficient of expansion 377 

      commercially pure 377 

 98.9 Ti 550 

      commercially pure 

 99.0 Ti 394 550 

 99.1 Ti 550 

 99.2 Ti 550 

 99.5 Ti 550 

      density 377 

      elastic properties 

 Ti-8Al-1Mo-1V 394 

 99.0 Ti 394 

      elongation 550 

      melting point 377 

      near alpha alloys 

 11 Sn, 1 Mo, 2.25 Al, 5.0 Zr, 1 Mo, 0.2 Si 550 

 5 Al, 5 Sn, 2 Zr, 2 Mo, 0.25 Si 550 

 6 Al, 2 Nb, 1 Ta, 1 Mo 550 

 6 Al, 2 Sn, 1.5 Zr, 1 Mo, 0.35 Bi, 0.1 Si 550 

 6 Al, 2 Sn, 4 Zr, 2 Mo 550 

 8 Al, 1 Mo, 1 V 394 550 

      specific heat 377 

      thermal conductivity and  

 conductance 377 

      titanium alloys 377 
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Titanium alloys tensile strength 550 

Tool steels 

      C2 

 for milling plastics 602 

      for milling plastics 602 

      molybdenum high-speed steel 

 for tapping and threading plastics 601 

      M1 

 for tapping and threading plastics 601 

      M10 

 for tapping and threading plastics 601 

      M2 

 for milling plastics 602 

      M3 

 for milling plastics 602 

      M33 

 for drilling plastics 600 

      M41 

 for drilling plastics 600 

      M47 

 for drilling plastics 600 

      M7 

 for milling plastics 602 

 for tapping and threading plastics 601 

      T15 

 for drilling plastics 600 

 for milling plastics 602 

      UNS numbering system 

 wrought and cast 398 

      water hardening 437 

Trap rock 

      specific gravity 380 

      ultimate strength 394 
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Tripoli 

      for polishing plastics 604 

Tungsten 

      element properties 371 

Tungsten alloys 

      powder metal alloys 

 90W, 6Ni, 4Cu 393 

 90W, 7Ni, 3Cu 393 

 92.5W, Bal. Ni, Fe, and Mo 393 

 92.5W, 5.25Ni, 2.25Cu 393 

 93W, Bal. Ni, Fe, and Mo 393 

 95W, 3.5Ni, 1.5Cu 393 

 95W, 3.5Ni, 1.5Fe 393 

 97W, 2.1Ni, 0.9Fe 393 

Tupelo 

      machinability of 388 

Turpentine 

      latent heat of evaporation 372 

      oil of 

 boiling point 372 

 specific gravity 381 

      specific heat 373 

U 

Ultimate strength 

      brick 394 

      brickwork 394 

      cement 

 Portland 394 

      concrete 

 Portland 394 

      granite 394 

      limestone 394 

      sandstone 394 
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Ultimate strength (Cont.) 

      slate 394 

      trap rock 394 

      vulcanized fiber 394 

Unnilhexium 

      element properties 371 

Unnilnonium 

      element properties 371 

Unniloctium 

      element properties 371 

Unnilpentium 

      element properties 371 

Unnilquadium 

      element properties 371 

Unnilseptium 

      element properties 371 

Uranium 

      element properties 371 

V 

Vanadium 

      element properties 371 

Vermiculite 

      thermal conductivity and conductance 374 

Vinegar 

      specific gravity 381 

Vulcanized fiber 

      ultimate strength 394 

W 

Wall tile 

      thermal conductivity and  

 conductance 374 
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Walnut 

      machinability of 388 

      weight of 387 

Water 

      boiling point 372 3026 3028 

      coefficient of radiation 375 

      compressibility 3026 3028 

      density 3026 3028 

      latent heat of evaporation 372 

      pressure-head relationship 3026 3028 

      quenching 407 411 413 429

  437 439 455 466

  468 476 484 489

  491 493 543 

      salt 419 

      specific gravity 380 

      specific heat 373 

      vapor 

 specific gravity 381 

      volume at various temperatures 3027 

Water, sea 

      boiling point 372 

      specific gravity 381 

Whale oil 

      specific gravity 381 

White metal 

      specific gravity 380 

Willow 

      machinability of 388 

Wire 

      tensile strength 

 chrome silicon 395 

 Cr-V alloy 395 

 MB 
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Wire (Cont.) 

 hard-drawn 395 

 oil tempered 395 

 music wire 395 

 phosphor bronze 395 

 stainless steel 

 18-8 395 

Wood 

      fir 

 specific heat 373 

      machinability of 388 

      mechanical properties 386 

      medium density 

 thermal conductivity and  

 conductance 374 

      oak 

 ignition temperature 376 

 specific heat 373 

      pine 

 coefficient of expansion 375 

 ignition temperature 376 

 specific heat 373 

      subfloor 

 thermal conductivity and  

 conductance 374 

      thermal conductivity and conductance 

 plywood 374 

      weight of 386 

      weight per board foot 386 

      weight per cord 386 

Wood felt 

      thermal conductivity and  

 conductance 374 
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Wrought iron 

      strength, effect of temperature on 395 

X 

Xenon 

      element properties 371 

Y 

Yield  549 

Yield strength 

      investment casting alloys 391 

Young’s modulus 394 432 513 558 

  561 565 575 578

  600 

Ytterbium 

      element properties 371 

Yttrium 

      element properties 371 

Z 

Zinc 

      coefficient of expansion 375 

      coefficient of heat transmission 375 

      element properties 371 

      latent heat of fusion 372 

      specific gravity 380 

      specific heat 373 

Zinc alloys 

      elastic properties 

 cast 394 

 wrought 394 

Zinc-base alloys 

      UNS numbering system 398 
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Zirconium 

      element properties 371 

Zirconium phosphate 

      density 389 

      mechanical properties 389 

Z-nickel 

      elastic properties 394 

ZrO2 

      density 389 

      mechanical properties 389 

ZrO2·SiO2 (Zircon) 

      density 389 

      mechanical properties 389 
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INDEX OF STANDARDS 

Index Terms Links 

A 

Aerospace Industries Association Standard 

      NAS 911 3158 

      NAS 912 3158 

      NAS 913 3158 

      NAS 914 3158 

      NAS 960 3158 

      NAS 963 3158 

      NAS 970 3158 

      NAS 971 3158 

      NAS 978 3158 

      NAS 990 3158 

      NAS 993 3158 

      NAS 994 3158 

      NAS 995 3158 

Aerospace Standard 

      AS3215 1790 

      AS3216 1790 

      AS3217 1790 

      AS3218 1790 

      AS3219 1790 

AGMA Standard 

    330.01 2181 

    370.01 2193 

    390.03 2165 

    112.05 2128 

    115.01 2128 

    116.01 2128 

    202.03 2181 
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AGMA Standard (Cont.) 

    208.03 2181 

    209.04 2181 

    390.03a 607 

Alloys 

      babbitt, ASTM B23 2358 

      bearing and bushing 

 SAE J459c 2357 

 SAE J460e 2357 

 sintered bronze 

 ASTM B438-83a 2363 

 sintered iron 

 ASTM B439-83 2363 

 white metal, ASTM B23 2358 

Aluminum 

      alloys for electroplating 

 ASTM B253 1511 

      anodic coatings for 

 MIL-A-8625F 1508 1512 

American National Standard 

      AFBMA/AFBMA Standard 

 Std 7 2383 2385 

 Std 9 2404 2414 

 Std 10 3360 3363 

 Std 11 2409 2414 

 Std 20 2375 

 Std 8.2 2394 

 Std 18.1 2381 2388 

 Std 18.2 2381 2387 

 Std 24.1 2380 

 Std 24.2 2379 

      ANSI Standard 

 ANSI B32.1 2609 

 B1.1 972 1552 1554 1813 
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American National Standard (Cont.) 

 B1.3 2009 

 B1.5 1921 1939 

 B1.7 1983 

 B1.9 1946 1950 2007 

 B1.11 1982 

 B1.12 1973 

 B4.1 634 636 640 648

  2385 

 B4.2 648 650 653 662

  673 2610 

 B5.18 962 964 

 B6.9 2191 

 B7.1 972 1247 1249 1259

  1271 

 B47.1 2013 

 B74.2 976 1219 1225 1227 

 B74.3 1240 1244 

 B74.13 1218 1243 

 B92.1 2256 2262 2264 2273 

  2274 

 B94.2 852 861 

 B94.33 3127 3130 

 B94.35 887 890 

 B17.1 2472 2475 

 B17.2 2478 

 B18.3 1600 

 B18.17 1791 

 B27.6 1790 

 B27.7 1763 1768 1770 

 B1.20.3 1962 1964 

 B1.20.4 1964 

 B1.20.5 1964 

 B18.1.2 1734 1736 
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American National Standard (Cont.) 

 B18.2.1 1538 

 B18.2.2 1538 1556 

 B18.6.1 1801 

 B18.6.3 1643 

      ANSI Standard 

 B18.6.4 1701 1703 1708 1716 

 B18.8.1 1747 

 B18.22.1 1562 1565 

 B18.2.3.1M 1581 

 B18.2.3.2M 1581 1583 1585 

 B18.2.3.3M 1581 1584 

 B18.2.3.4M 1585 

 B18.2.3.5M 1581 1585 1592 

 B18.2.3.6M 1581 1585 1591 

 B18.2.3.7M 1581 1590 

 B18.2.3.8M 1581 1586 1594 

 B18.2.3.9M 1585 

 B18.2.4.1M 1581 1599 1602 

 B18.2.4.2M 1581 1599 1602 

 B18.2.4.3M 1581 1599 

 B18.2.4.4M 1581 1599 1601 1603 

 B18.2.4.5M 1599 1605 

 B18.2.4.6M 1581 1599 1605 

 B1.20.6M 1964 

 B18.3.1M 1583 

 B18.6.7M 1643 

 B18.16.1M 1603 

 B18.16.3M 1581 1599 1604 

 B1.3M 1899 

 B1.13M 1885 

 B1.13M 1603 

 B1.18M 1878 

 B4.4M 661 
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American National Standard (Cont.) 

 B32.4M 673 

 B92.2M 2252 2272 2279 

 B94.55M 1013 

 B94.11M 866 

 B18.22M 1581 1607 

 B27.7M 1790 

 B27.8M 1790 

 B107.4 972 

 B212.1 764 772 775 899 

  903 

 B212.3 782 

 B212.4 765 

 B212.5 767 

 B212.12 765 

 X3.37 3190 

 Y10.4 2655 

 Y14.2M 611 3213 

 Y14.5M 968 1324 

 Y14.36M  740 

 Z17.1 672 

 Z136.1 1490 

      ANSI/AGMA 2005 2181 

      ANSI/CAM-I 101 3157 

      ANSI/EIA Standard 

 408 3157 

 431 3157 

 441 3157 

 449 3157 

 484 3157 

 494 3157 

      ANSI/EIA Standard 

 423-A 3157 

 491-A 3157 
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American National Standard (Cont.) 

 227-A 3157 

 358-B 3157 

 267-B 3157 

 232-D 3157 

 RS 274-D 3157 3166 3169 3171

  3174 3190 

      ANSI/RMA Standard 

 IP-20 2495 

 IP-21 2502 

 IP-22 2489 

 IP-23 2510 

 IP-24 2528 2530 

 IP-25 2518 

 IP-26 2513 2516 

      ASME and ANSI/ASME Standard 

 ANSI/ASME B94.9 904 

 ANSI/ASME B32.100 2611 

 ANSI/ASME B32.3M 2610 

 B1.1 1813 1843 1856 

 B1.2 1969 1994 2007 2010

  2012 2014 

 B1.5 944 1921 1924 1927

  1931 1933 

 B1.8 1922 1928 1939 1943 

 B1.12 1973 1975 

 B1.15 1900 

 B5.50 967 3157 

 B5.54 3157 

 B5.10 887 951 960 

 B5.15 2279 

 B46.1 733 737 

 B94.6 991 993 

 B94.19 809 831 
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American National Standard (Cont.) 

 B18.3 1598 1682 1688 1692 

 B18.5 1551 1590 

 B1.20.1 1957 

 B1.20.7 1968 1970 

 B46.3.1 733 

 B18.1.1 1734 1739 

 B18.2.1 1538 1626 

 B18.2.2 1538 1545 1556 1626 

 B18.6.2 1680 1687 1690 

 B18.8.2 1749 1756 

 B18.21.1 1565 

 B18.2.3.4M 1589 

 B18.2.3.5M 1592 

 B18.2.3.9M 1588 

 B18.5.2.2M 1589 1593 

 B89.1.12M 3157 

 B18.1.3M 1736 

 B18.3.1M 1594 1598 1600 

 B18.6.5M 1704 1716 

 B18.6.7M 1652 1658 

 B18.16.3M 1606 

      ASME and ANSI/ASME Standard 

 B18.21.2M 1565 

 B1.3M 1813 1856 1978 

 B1.7M 1807 1813 

 B1.30M 1900 

 B1.13M 1878 1880 1885 1889

  1899 1903 

 B1.21M 1878 1900 

 B5.1M 1726 

 B36.10M 3397 

 B92.2M 2279 
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American National Standard 

      ASME and ANSI/ASME Standard (Cont.) 

 B94.11M 868 876 878 885

  888 

 B29.1M 2537 2541 2551 2554

  2558 

 B29.3M 2538 

 Y14.2M 610 

 Y14.5M 612 741 

 Y10.3M-1984 2655 

      AWS Standard 

 ANSI/AWS 2.4 1431 1479 1485 

      SAE Standard 

 ANSI/SAE 

 AS568A 2587 

 MA4030  1790 

 MA4035  1790 

 MA4036 1790 

 MA4016  1790 

 MA4017  1790 

 MA4020  1790 

 MA4021  1790 

 MA4029  1790 

American Standards Association 

      ASA B1.1 1813 

      ASA B1.6 1983 

      ASA B1.10 1858 2032 

      ASA B1.12 1634 

      ASA B5.38 973 

      ASA B17.1 299 

      ASA B18.2 1538 1556 

      ASA B18.2.1 1538 

      ASA B17c 299 

ANSI  2655 
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ANSI Technical Report 

      ANSI B11 TR2 1189 1191 

ANSI/ASME B18.15-1995, R2003 3455 

ASTM Standard 

      A31 1734 

      A307 1534 1541 

      A325 1534 1592 

      A354 1534 1542 

      A449 1534 1542 

      A490 1534 1592 

      A502 1734 

      A131 1734 

      A152 1734 

      A255 466 

       A563M 1601 1603 

       A574M 1592 

      ASTM A743 1409 

      ASTM A220 1405 

      ASTM A297 1408 

      ASTM B32 1425 

      ASTM B633 1515 

      ASTM B253 1511 

      B438 2363 

      B439 2363 

      B23-83 2358 

      D1043 565 

      E18 3363 

      E140 509 3363 

      E1497 1189 

      E1687 1189 

      F568 1592 

      F594 1540 

       F467M 1603 

       F837M 1593 
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B 

Belts 

      synchronous 

 ANSI/RMA IP-24 2528 2530 

      V 

 drives using double-V 

 ANSI/RMA IP-21 2502 

 drives using multiple 

 ANSI/RMA IP-20 2495 

 drives using narrow multiple 

 ANSI/RMA IP-22 2489 

 drives using variable-speed 2518 

 light duty 

 ANSI/RMA IP-23 2510 

 ribbed 

 ANSI/RMA IP-26 2513 

Bolts 

      British Association BS 57 1667 

      finished hexagon 

 ASA B18.2.1 1538 

      heavy hex 

 ANSI B18.2.3.6M 1581 1585 1591 

      heavy hex, structural 

 ANSI B18.2.3.7M 1581 1590 

      heavy hexagon, Unified, UNC and UNF  

 thread, black 

 BS 1769 1538 1626 

      hex 

 ANSI B18.2.3.5M 1581 1585 1592 

 ANSI/ASME B18.2.3.5M 1592 

      hexagon, ISO, black 

 BS 4190 1626 2034 
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Bolts (Cont.) 

      machine 

 BSW and BSF thread 

 BS 450 1667 1676 1679 

      precision hexagon 

 BSW and BSF thread 

 BS 1083 1626 1628 

 ISO, BS 3692 1626 1630 

      precision hexagon 

 Unified, UNC and UNF thread 

 BS 1768 1538 1626 

      round head (inch) 

 ANSI/ASME B18.5 1551 

 ANSI/ASME B18.5.2.2M 1589 1593 

      square and hex (inch) 

 ANSI B18.2.1 1538 

 ANSI/ASME B18.2.1 1538 1626 

 ASA B18.2 1538 1556 

 Unified, UNC and UNF thread, black 

 BS 2708 1626 

British Standard 

      BS 45 1979 

      BS 46 3386 3388 

      BS 57 1667 

      BS 84 1626 1955 

      BS 93 1626 1982 

       BS 21 1965 

      BS 308 2172 

      BS 3027 2172 

      BS 328 890 

      BS 3382 1634 1667 

      BS 3550 2279 

       BS 3643 1635 1667 1910 1915

  1918 1919 
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British Standard (Cont.) 

       BS 3692 1626 1630 2034 

      BS 3696 2172 

      BS 4084 1863 

       BS 4168 1694 2034 

       BS 4183 1666 1669 1673 1675

  2034 

      BS 4186 2034 

       BS 4190 1626 2034 

       BS 4235 3382 

      BS 436 2172 

       BS 4320 1640 

       BS 4464 1638 

      BS 450 1667 1676 1679 

      BS 4620 1742 

      BS 545 2172 

       BS 6186 2279 

      BS 641 1744 

      BS 721 2172 

      BS 821 2172 

      BS 970 3382 

      BS 978 2172 

      BS 1083 1626 1628 

      BS 1157 1955 2033 

      BS 1387 1966 

      BS 1449 1640 

      BS 1580 1626 

      BS 1657 1945 

      BS 1768 1538 1626 

      BS 1769 1538 1626 

      BS 1981 1676 1678 

      BS 1916 1748 

      BS 2059 2278 

      BS 235 2172 
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British Standard (Cont.) 

      BS 2519 2172 

      BS 2693 1626 1634 1637 

      BS 275 1742 1745 

       BS 2779 1965 

      BS 2870 1640 

      BS 2827 1667 

       BS 4500 662 3383 

      BS 6104 1694 

      BS 6105 1694 

       BS 1807 2172 

      BS 2708 1626 

      PD 3376 2172 

      PD 6457 2173 

       PD 6481 674 

C 

Castings 

      corrosion resistant, ASTM A743 1409 

Copper 

      rolled and alloys, sheet, strip, and foil 

 BS 2870 1640 

D 

Deutsches Institut fur Normung 

      DIN 471 1790 

      DIN 472 1790 

      DIN 5417 1790 

      DIN 6799 1790 

      DIN 7993 1790 

       DIN 867 2217 

      DIN 984 1790 

      DIN 103 1903 1909 
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Deutsches Institut fur Normung (Cont.) 

      LN 471 1790 

      LN 472 1790 

      LN 6799 1790 

Diamond and CBN 

      specification for shapes and sizes 

 ANSI B74.3 1240 1244 

Dimensioning and tolerancing 

       ANSI Y14.5M 968 1324 

       ANSI/ASME Y14.5M 612 741 

Drawing 

      engineering practice BS 308 2172 

      line conventions and lettering 

 ANSI Y14.2M 610 3213 

      method of indicating surface texture 

 ISO 1302 751 

      surface texture symbols 

 ANSI Y14.36M 740 

      symbols 

 welding, brazing, and nondestructive  

 testing 

 ANSI/AWS A2.4 1431 1479 1485 

E 

Electronic Industries Association Standard 

      EIA AB3-D 3157 

      EIA Bulletin 12 3157 

F 

Fasteners 

      clearance holes for bolts and screws 

 ISO 273 2034 



Index Terms Links 

 

This page  has be e n re fo rmatte d by Kno ve l to  pro vide  e asie r navigatio n. 

Fasteners (Cont.) 

      corrosion-resistant stainless steel 

 BS 6105 1694 

      externally threaded 

 mechanical and material requirements 

 SAE J429 1534 1542 

 SAE J995 1535 

 SAE J1199 1592 

      grade designation 

 SAE J429 1534 

 SAE J995 1535 

 SAE J1199 1592 

      hexagon, width across flats 

 ISO R272 1634 

      mechanical properties 

 BS 6104 1694 

 ISO 898 1899 

      O-rings, ANSI/SAE AS568A 2587 

      o-rings, ANSI/SAE AS568A 2587 

      threaded 

 general rules for tightening 

 JIS B 1083 1528 

Federal Specification 

      GGG-G-15A 3118 

      GGG-G-15B 3118 

      GGG-G-15C 707 3118 

      RR-R-571a 3437 3440 

Federal specification 

      gage blocks, inch  

 and metric sizes 707 

Flat metal products 

      preferred sizes 

 ANSI/A 2610 
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G 

Gage blanks, ANSI B47.1 2013 

Gage blocks 

      GGG-G-15A 3118 

      GGG-G-15B 3118 

      inch and metric 

 GGG-G-15C 707 3118 

Gears 

      basic rack, ISO 53 2172 

      bevel, machine cut, BS 545 2172 

      classifIcation and inspection 

 AGMA 390.03 2165 

      cylindrical, ISO 54 2172 

      design 

 bevel 

 AGMA 330.01 2181 

 AGMA 208.03 2181 

 AGMA 209.04 2181 

 ANSI/AGMA 2005 2181 

 face gears, AGMA 202.03 2181 

 fine pitch, AGMA 370.01 2193 

 worm gear, fine pitch 

 ANSI B6.9 2191 

      double circular arc type 

 PD 3376 2172 

      fine pitch, BS 978 2172 

      for traction, BS 235 2172 

      for turbines and similar drives 

 BS 1807 2172 

      geometry 

 AGMA 115.01 

 Basic Gear Geometry 2128 

      glossary of terms, BS 2519 2172 
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Gears (Cont.) 

      iron castings for BS 821 2172 

      master, BS 3696 2172 

      nomenclature, terms definitions, symbols  

 and abbreviations 

 AGMA 112.05 2128 

 AGMA 116.01 2128 

      spur and helical 

 BS 436 2172 

 guide to addendum modifications 

 PD 6457 2173 

      tooth proportions 

 coarse-pitch involute spur 

 USAS B6.1 2131 2135 2146 2149 

 fine-pitch involute spur and helical 

 USAS B6.7 2135 2138 2150 2206 

 Involute, DIN 867 2217 

      worm BS 721 2172 

      worm dimensions, BS 3027 2172 

Grinding wheels 

      abrasive wheels, use, care, and protection 

 ANSI B7.1 972 1247 1249 1259

  1271 

      markings for identifying 

 ANSI B74.13 1218 

      shapes, sizes and identification 

 ANSI B74.2 1219 

H 

Hardness, metallic 

      conversion tables for ASTM E140 3363 

      test methods, ASTM E18 3363 

Hexagon wrench keys 

       BS 4168 1694 2034 
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I 

Iron 

      pearlitic malleable, ASTM A220 1405 

ISO 3098-2 747 

ISO metric screw threads 

      BS 3643 1667 

ISO Standard 

      ISO 53 2172 

      ISO 54 2172 

      ISO 68 1808 1878 1883 

      ISO 3592 3158 

       ISO 4032 1599 

       ISO 4033 1599 

       ISO 4035 1599 

       ISO 4156 2272 

       ISO 4161 1599 

      ISO 4336 3158 

      ISO 4343 3158 

       ISO 4762 1583 

      ISO 841 3158 

       ISO 887 1607 

      ISO 898 1899 

       ISO 965 1885 1889 1903 

      ISO 230 3158 

       ISO 261 1900 

       ISO 273 2034 

      ISO 2972 3158 

      ISO 6983/1 3174 

      ISO 6983/2 3174 

      ISO 6983/3 3174 

      ISO 8038-1 1983 

      ISO 1302 751 

      ISO 230-2 1322 
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ISO Standard (Cont.) 

      ISO 2806 3158 

       ISO 2904 1903 

      ISO DR 911 1634 

      ISO DR 947 1634 

      ISO DR 950 1634 

      ISO DR 952 1634 

      ISO DR 987 1634 

      ISO R773 3382 

      ISO R774 3382 

      ISO R861 1583 

       ISO R272 1634 

       ISO R288 1634 

      ISO TC/600 2174 

      ISO TR 6132 3158 

       ISO/TC2/WG6/N47 1607 

J 

Japanese Industrial Standard 

      JIS B 6336 1322 

      JIS B 6338 1322 

       JIS B 1083 1528 

      JIS B 6201 1322 

K 

Keys and keyseats 

      ANSI B17.1 2472 2475 

      ASA B17.1 299 

      metric, BS 4235 3382 

      USAS B17.1 299 

      Woodruff 

 ANSI B17.2 2478 

 BS 46 3386 3388 
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L 

Lasers, safe use of, ANSI Z136.1 1490 

Letter symbols 

      heat and thermodynamics 

 ANSI Y10.4 2655 

      mechanics and time-related 

 ANSI/ASME Y10.3M-1984 2655 

Limits and fits 

      for engineering, BS 1916 1748 

      ISO 

 BS 4500 662 

 Metric, BS 3643 1635 1667 

 metric, BS 4500 3383 

      preferred 

 cylindrical ANSI B4.1 634 636 640 648

  2385 

 metric 

 ANSI B4.2 648 650 653 662

  673 2610 

M 

Metalworking fluids 

      mist control consideration 

 ANSI B11 TR2 1189 1191 

      respiratory protection 

 NIOSH 1987a 1191 

 NIOSH 1987b 1191 

      virgin base oils 

 carcinogenic potential 

 ASTM E1687 1189 

      water miscible 

 standard practive for safe use 

 ASTM E1497 1189 
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Military Standard or  

 Specification 

      DOD-P-16232-F 1514 

      MIL-A-8625F 1508 1512 

      MIL-C-14550B 1510 

      MIL-C-13924C 1509 

      MIL-C-14538C 1508 

      MIL-C-8837B 1515 

      MIL-C-5541E 1509 

      MIL-F-495E 1509 

      MIL-G-45204C 1512 

      MIL-L-46010D 1512 

      MIL-M-45202C 1510 

      MIL-M-3171C 1510 

      MIL-P-81728AT 1510 

      MIL-P-45209B 1513 

      MIL-R-21248 1789 

      MIL-R-27426 1772 1774 1776 1778 

  1790 

      MIL-R-46085B 1514 

      MIL-R-21248B 1790 

      MIL-T-10727C 1515 

      MS 3215 1785 

      MS 16624 1780 

      MS 16632 1783 

      MS 16633 1784 

      QQ-C-320B 1509 

      QQ-N-290A 1513 

      QQ-P-416F 1509 

      QQ-P-35C 1513 

      QQ-S-365D 1514 

      TT-C-490D 1513 
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N 

National Electrical Manufacturers  

    Association Standard 

      NEMA 1A1 3158 

National Fire Protection Association 

      NFPA 1963 1971 

      NFPA No. 194 1970 

National Institute of Safety and Health 

      NIOSH 1987a 1191 

      NIOSH 1987b 1191 

National Machine Tool Builders Association  

    Standard, NMTBA 3158 

Numerical control 

      ASCII 3157 

      axis and motion nomenclature 3157 

      binary input format 

 ANSI/EIA 494 3157 

      computerized (CNC), specification for 

 NAS 995 3158 

      coordinate measuring machines 

 methods for performance evaluation 

 ANSI/ASME B89.1.12M 3157 

      coordinate system and motion  

 nomenclature, ISO 841 3158 

      data interface 

 asynchronous, ANSI/EIA 491-A 3157 

 parallel, ANSI/EIA 408 3157 

 serial 

 ANSI/EIA 449 3157 

 ANSI/EIA 232-D 3157 

      dimensional measuring interface standard 

 ANSI/CAM-I 101 3157 
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Numerical control (Cont.) 

      direct numerical control system 

 NAS 993 3158 

      electrical and mechanical interface for  

 DNC and NC, ANSI/EIA 484 3157 

      electrical interface between machine tool  

 and control, ANSI/EIA 431 3157 

      industrial automation systems 

 output file structure and language  

 format, ISO 3592 3158 

 post processor commands 

 ISO 4343 3158 

 vocabulary, ISO 2806 3158 

      industrial cell controller, classification  

 and selection 

 NEMA 1A1 3158 

      interface signals between NC unit and  

 electrical equipment 

 ISO 4336 3158 

      machine tools 

 test code, ISO 230 3158 

 tool holders, NAS 970 3158 

      machines 

 composite filament tape laying 

 NAS 990 3158 

 drilling, NAS 960 3158 

 glossary of terms 

 EIA AB3-D 3157 

 horizontal boring, drilling, and milling 

 NAS 914 3158 

 milling 

 adaptive control system, NAS 994 3158 

 profiling and contouring, NAS 913 3158 

 spar, NAS 912 3158 
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Numerical control (Cont.) 

 precision measuring/inspection 

 NAS 971 3158 

 vertical and horizontal jig boring 

 NAS 963 3158 

      machining centers 

 methods for performance evaluation 

 ANSI/ASME B5.54 3157 

 NAS 978 3158 

      milling machines 

 skin/profile, NAS 911 3158 

      one-inch perforated tape 

 ANSI/EIA 227-A 3157 

      operator interface function 

 ANSI/EIA 441 3157 

      programming 

 program format and definition of  

 address words 

 ISO TR 6132 3158 

      programming language 

 ANSI/EIA RS 274-D 3157 

      symbols ISO 2972 3158 

Numerical control machines 

      program format and address words 

 ISO 6983/1 3174 

 ISO 6983/2 3174 

 ISO 6983/3 3174 

      programming language 

 ANSI/EIA RS 274-D 3166 3169 3171 3174

  3190 

 APT, ANSI X3.37 3190 

Nuts 

      British Association BS 57 1667 
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Nuts (Cont.) 

      crown (blind, acorn) 

 SAE J483a 1549 

      heavy hex 

 ANSI B18.2.4.6M 1581 1599 1605 

      heavy hexagon 

 Unified, UNC and UNF thread, black 

 BS 1769 1538 1626 

      hex 

 flange 

 ANSI B18.2.4.4M 1581 1599 1601 1603 

 jam 

 ANSI B18.2.4.5M 1599 1605 

 slotted 

 ANSI B18.2.4.3M 1581 1599 

 style 1 

 ANSI B18.2.4.1M 1581 1599 1602 

 style 2 

 ANSI B18.2.4.2M 1581 1599 1602 

      hexagon high SAE J482a 1550 

      hexagon with flange 

 ISO 4161 1599 

      hexagon, ISO, black 

 BS 4190 1626 2034 

      hexagon, thin, ISO 4035 1599 

      machine 

 BS 4183 1666 1669 1673 2034 

 BS 1981 1676 1678 

 BSW and BSF thread 

 BS 450 1667 1676 1679 

      machine screw 

 ANSI B18.6.3 1643 

      nonferrous specification for 

 ASTM F467M 1603 
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Nuts (Cont.) 

      precision hexagon 

 BSW and BSF thread 

 BS 1083 1626 1628 

 ISO BS 3692 1626 1630 

 Unified, UNC and UNF thread 

 BS 1768 1538 1626 

      prevailing-torque, hex and hex flange 

 ANSI B18.16.1M 1603 

 ANSI B18.16.3M 1581 1599 1604 

 ANSI/ASME B18.16.3M 1606 

      slotted and castle ISO R288 1634 

      square and hex (inch) 

 ANSI B18.2.2 1538 1556 

 ANSI/ASME B18.2.2 1538 1545 1556 1626 

 ASA B18.2 1538 1556 

 Unified, UNC and UNF thread, black 

 BS 2708 1626 

      style 1 ISO 4032 1599 

      style 2 ISO 4033 1599 

      wing ANSI B18.17 1791 

P 

Pins 

      clevis and cotter 

 ANSI B18.8.1 1747 

      taper, BS 46 3386 3388 

      taper, dowel, straight, grooved and spring  

 (inch) 

 ANSI/ASME B18.8.2 1749 1756 

Pipe 

      wrought steel, welded and seamless 

 ANSI/ASME B36.10M 3397 
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Plating standard 

      black chrome, MIL-C-14538C 1508 

      black oxide, MIL-C-13924C 1509 

      cadmium, QQ-P-416F 1509 

      chemical films, MIL-C-5541E 1509 

      chemical finish, black 

 MIL-F-495E 1509 

      chrome, QQ-C-320B 1509 

      copper, MIL-C-14550B 1510 

      gold, MIL-G-45204C 1512 

      lubricant, solid film 

 MIL-L-46010D 1512 

      magnesium anodic 

 MIL-M-45202C 1510 

      magnesium process 

 MIL-M-3171C 1510 

      nickel, QQ-N-290A 1513 

      palladium, MIL-P-45209B 1513 

      passivate, QQ-P-35C 1513 

      phosphate, heavy 

 DOD-P-16232-F 1514 

      phosphate, light, TT-C-490D 1513 

      rhodium, MIL-R-46085B 1514 

      silver, QQ-S-365D 1514 

      tin lead, MIL-P-81728AT 1510 

      tin, MIL-T-10727C 1515 

      vacuum deposited cadmium 

 MIL-C-8837B 1515 

Power transmission 

      roller chains and sprockets, double-pitch 

 ANSI/ASME B29.3M 2538 

      roller chains, attachments, and sprockets 

 ANSI/ASME B29.1M 2537 2541 2551 2554

  2558 
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Preferred 

      limits and fits 

 cylindrical, ANSI B4.1 634 636 640 648

  2385 

 metric 

 ANSI B4.2 648 650 653 662 

  673 2610 

      numbers 

 ANSI Z17.1 672 

 PD 6481 674 

      sizes 

 flat metal products 

 ANSI/ASME B32.100 2611 

 ANSI/ASME B32.3M 2610 

 PD 6481 674 

 round, square, rectangle, and hexagon  

 metal products 

 ANSI B32.4M 673 

      thickness 

 uncoated thin flat metals 

 ANSI B32.1 2609 

Public Law 101-592 1538 

R 

Retaining rings 

      aerospace 

 internal, LN 472 1790 

 shafts LN 471 1790 

       ANSI B27.7 1763 1768 1770 

      for bearings with ring groove 

 DIN 5417 1790 

      internal DIN 472 1790 

      internal spring type DIN 984 1790 

      reinforced external, MA4030 1790 
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Retaining rings (Cont.) 

      round wire, snap type 

 DIN 7993 1790 

      shafts DIN 471 1790 

      spiral 

 dimensional limits 

 AS3219 1790 

 external 

 AS3216 1790 

 AS3218 1790 

 MA4016 1790 

 internal 

 AS3215 1790 

 AS3217 1790 

 MA4017 1790 

 MIL-R-27426 1772 1774 1776 1778

  1790 

 uniform section 

 ANSI B27.6 1790 

 MA4035 1790 

      tapered 

 external MA4020 1790 

 internal MA4021 1790 

 internal, beveled 

 MA4029 1790 

      tapered and reduced cross section 

 ANSI B27.7M 1790 

 ANSI B27.8M 1790 

      tapered and reduced section type 

 MIL-R-21248 1789 

      tapered width,  

 uniform thickness 

 MA4035 1790 
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Retaining washers 

      aerospace lock, for shafts 

 LN 6799 1790 

Rivets 

      dimensions 

 BS 275 1742 1745 

      general engineering 

 BS 4620 1742 

      large 

 ANSI B18.1.2 1734 1736 

      small dimensions BS 641 1744 

      small solid 

 ANSI/ASME B18.1.1 1734 1739 

 ANSI/ASME B18.1.3M 1736 

      steel, ASTM A31 1734 

S 

SAE Standard 

      SAE J406 466 

      SAE J429 1534 1542 

      SAE J501 3396 

      SAE J995 1535 1540 

       SAE J1199 1592 

      SAE J482a 1550 

      SAE J483a 1549 

      SAE J459c 2357 

      SAE J460e 2357 

Screws 

      British Association BS 57 1667 

      heavy hex 

 ANSI B18.2.3.3M 1581 1584 

      heavy hex, flange 

 ANSI B18.2.3.9M 1585 

 ANSI/ASME B18.2.3.4M 1589 
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Screws 

      heavy hex, flange (Cont.) 

 ANSI/ASME B18.2.3.9M 1588 

      heavy, Unified, UNC and UNF thread,  

 black 

 BS 1769 1538 1626 

      hex 

 cap 

 ANSI B18.2.3.1M 1581 

 flange 

 ANSI B18.2.3.4M 1585 

 ANSI/ASME B18.2.3.4M 1589 

 formed 

 ANSI B18.2.3.2M 1581 1583 1585 

 lag 

 ANSI B18.2.3.8M 1581 1586 1594 

      hex lag 

 ANSI/ASME B18.2.1 1544 

      hexagon head cap 

 ASA B18.2.1 1538 

      ISO, black, BS 4190 1626 2034 

      machine 

 ANSI B18.6.3 1643 

      machine 

 ANSI B18.6.7M 1643 

 ANSI/ASME B18.6.7M 1652 1658 

 BS 4183 1666 1669 1673 2034 

 BS 1981 1676 1678 

 BSW and BSF thread 

 BS 450 1667 1676 1679 

 pressed, British Association and  

 Whitworth thread 

 BS 2827 1667 
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Screws (Cont.) 

      metallic drive 

 ANSI B18.6.4 1701 1703 1708 1716 

      metric 

 hex cap 

 ANSI B18.2.3.1M 1581 

      precision, BSW and BSF thread 

 BS 1083 1626 1628 

      precision, ISO 

 BS 3692 1626 1630 

      precision, Unified, UNC and UNF thread 

 BS 1768 1538 1626 

      set 

 ANSI B18.3 1600 

 ANSI B18.3.1M 1583 

 ANSI/ASME B18.3 1682 1688 1692 

 ANSI/ASME B18.3.1M 1594 1598 1600 

 slotted headles 1680 1687 1690 

 square head 

 ANSI/ASME B18.6.2 1680 1687 1690 

      shoulder 

 ANSI B18.3 1600 

 ANSI B18.3.1M 1583 

 ANSI/ASME B18.3 1598 1682 1688 1692 

 ANSI/ASME B18.3.1M 1594 1598 1600 

      slotted head cap 

 ANSI/ASME B18.6.2 1680 1687 1690 

      socket BS 4168 1694 2034 

      socket head cap 

 ANSI B18.3 1600 

 ANSI B18.3.1M 1583 

 ANSI/ASME B18.3 1598 1682 1688 1692 

 ANSI/ASME B18.3.1M 1594 1598 1600 
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Screws (Cont.) 

      socket head cap, hex 

 ISO 4762 1583 

      square and hex (inch) 

 ANSI B18.2.1 1538 

      square and hex (inch) 

 ANSI/ASME B18.2.1 1538 1626 

      tapping 

 ANSI B18.6.4 1701 1703 1708 1716 

      tapping, thread forming and thread  

 tapping 

 ANSI/ASME B18.6.5M 1704 1716 

      thread forming and cutting 

 ANSI B18.6.4 1701 1703 1708 1716 

      thumb and wing 

 ANSI B18.17 1791 

      Unified, UNC and UNF thread, black 

 BS 2708 1626 

      wing 

 ANSI B18.17 1791 

      wood, ANSI B18.6.1 1801 

Shaft ends, SAE J501 3396 

Solder, ASTM B32 1425 

Spark plugs, BS 45 1979 

Splines 

      involute 

 ANSI B92.1 2256 2262 2264 2273 

 BS 3550 2279 

 metric module 

 ANSI B92.2M 2252 2272 2279 

 BS 6186 2279 

 ISO 4156 2272 

      straight sided and serrations 

 BS 2059 2278 
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Stainless steel 

      corrosion-resistant for fasteners 

 BS 6105 1694 

      for nuts ASTM F594 1540 

      for socket head cap screws 

 ASTM F837M 1593 

Steel 

      alloy 

 for nuts 

 ASTM A563M 1601 1603 

 for socket-head cap screws 

 ASTM A574M 1592 

 quenched and tempered 

 for bolts, studs and external threaded  

 fasteners 

 ASTM A354 1534 1542 

      carbon 

 for bolts and studs 

 ASTM A307 1534 1541 

 for nuts 

 ASTM A563M 1601 1603 

      castings 

 heat resistant, ASTM A297 1408 

      for rivets and pressure vessels 

 ASTM A31 1734 

      hardenability 

 method for determining 

 ASTM A255 466 

 SAE J406 466 

      heat treated 

 for structural bolts 

 ASTM A325 1534 

 ASTM A490 1534 

 ASTM A325M 1592 
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Steel 

      heat treated (Cont.) 

 ASTM A490M 1592 

      plate, sheet, and strip 

 British Standard 

 BS 1449B 1640 

      quenched and tempered 

 for bolts and studs 

 ASTM A449 1534 1542 

      structural, for ships 

 ASTM A131 1734 

      tube, BS 1387 1966 

      wrought, BS 970 3382 

Studs, screwed 

      BS 2693 1626 1634 1637 

Surface texture 

      roughness, waviness and lay 

 ANSI/ASME B46.1 733 737 

T 

Threads 

      Acme 

 ANSI B1.5 1921 1939 

 ANSI/ASME B1.5 944 1921 1924 1927

  1931 1933 1938 

      Acme, stub 

 ANSI/ASME B1.8 1922 1928 1939 1943 

      British Association, BS 93 1626 1982 

      buttress 

 ANSI B1.9 1946 1950 2007 

 BS 1657 1945 

      calculating and rounding dimensions 

 ANSI/ASME B1.30M 1900 
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Threads (Cont.) 

      class 5 interference-fit 

 ASA B1.12 1634 

      electroplated coating for 

 BS 3382 1634 1667 

      gaging and gaging systems 

 ANSI B1.3 2009 

 ANSI B1.3M 1899 

 ANSI/ASME B1.3M 1813 1856 1978 

      general purpose, basic profile 

 ISO 68 1808 1878 1883 

      Interference fit 

 ANSI B1.12 1973 

 ANSI/ASME B1.12 1973 1976 

      ISO metric 

 BS 3643 1635 1667 1910 1915 

  1918 

      metric 

 ANSI B1.13M 1603 

 general purpose tolerances 

 ISO 965 1885 1889 1903 

 general purpose, ISO 261 1900 

 M profile 

 ANSI B1.13M 1885 

 ANSI B1.18M 1878 

 ANSI/ASME B1.13M 1878 1880 1885 1889 

  1899 1903 

 ANSI/ASME B1.21M 1878 1900 

 M profile B1.18M 1878 

 trapezoidal 

 DIN 103 1903 1909 

 ISO 2904 1903 
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Threads (Cont.) 

      microscope objective 

 ANSI B1.11 1982 

 ISO 8038-1 1983 

      nomenclature ANSI B1.7 1983 

      nomenclature, definitions, and letter  

 symbols for 

 ANSI/ASME B1.7M 1807 1813 

      pipe 

 dryseal 

 ANSI B1.20.3 1962 1964 

 ANSI B1.20.4 1964 

 gaging 

 ANSI B1.20.5 1964 

 ANSI B1.20.6M 1964 

 general purpose 

 ANSI/ASME B1.20.1 1957 

 not pressure tight 

 BS 2779 1965 

 pressure tight 

 BS 21 1965 

      UN and UNR 

 ANSI B1.1 972 1552 1554 

      Unified 

 ANSI B1.1 972 1552 1554 1813 

 ANSI/ASME B1.1 1813 1843 1856 

 ANSI/ASME B1.12 1975 1978 

 ASA B1.1 1813 

 BS 1580 1626 

 gaging 

 ANSI/ASME B1.2 1994 2007 2010 2012

  2014 

 ANSI/ASME B1.20.1 1957 

 ANSI/ASME B1.20.7 1969 
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Threads 

      Unified (Cont.) 

 miniature, ASA B1.10 1858 2032 

 UNJ 

 ANSI/ASME B1.15 1900 

 BS 4084 1863 

      Whitworth 

 BS 84 1626 1955 

 truncated, ASA B1.6 1983 

Thumb screws 

      ANSI B18.17 1791 

Tolerances 

      gagemaker ANSI B4.4M 661 

Tools and tooling 

      cutting 

 indexable inserts 

 ANSI B212.4 765 

      drill sizes for tapping 

 BS 1157 1955 2033 

      drills 

 BS 328 890 

 driver, split-sleve, collet type 

 ANSI B94.35 887 890 

 twist 

 ANSI/ASME B94.11M 866 868 876 878

  885 888 

      driving and spindle ends 

 portable hand, air and air electric tools 

 ANSI B107.4 972 

      holders 

 indexable insert 

 ANSI B212.3 782 

 ANSI B212.5 767 
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Tools and tooling 

      jig bushings (Cont.) 

 ANSI B94.33 3127 3130 

      knurling 

 ANSI/ASME B94.6 991 993 

      machine tapers 

 ANSI/ASME B5.10 887 951 960 

      machine tools 

 accuracy, work and position 

 VDI/DGQ 3441 1321 

 determination of accuracy and  

 repeatability 

 ISO 230-2 1322 

 running and rigidity tests 

 JIS B 6201 1322 

      machining center 

 test conditions, JIS B 6336 1322 

 V flange tool shanks 

 ANSI/ASME B5.50 967 3157 

      milling 

 cutters 

 ANSI/ASME B94.19 809 831 

 end mills 

 ANSI/ASME B94.19 809 831 

 machine spindle noses 

 ANSI B5.18 962 964 

      reamers 

 ANSI B94.2 852 861 

 BS 328 890 

      single-point 

 carbide blanks, brazed and solid 

 ANSI B212.1 772 775 899 

 ANSI B212.12 764 
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Tools and tooling (Cont.) 

      spindles 

 portable tool, tapered and threaded 

 ASA B5.38 973 

      tool life testing, ANSI B94.55M 1013 

      turning tools ANSI B212.12 765 

Transmission shafting design ASA B17c 299 

T-slots, bolts, nuts and tongues 

       ANSI/ASME B5.1M 1726 

U 

USA Standard 

      USAS B6.1 2131 2135 2146 2149 

      USAS B6.7 2135 2138 2150 2206 

      USAS B17.1 299 

V 

Verein Deutscher Ingenieure 

      VDI/DGQ 3441 1321 

W 

Washers 

      general purpose, BS 4320 1640 

      lock 

 ANSI/ASME B18.21.1 1565 

 ANSI/ASME B18.21.2M 1565 

      plain 

 ANSI B18.22.1 1562 1565 

 ANSI B18.22M 1581 1607 

 ISO 887 1607 

 ISO/TC2/WG6/N47 1607 

      spring BS 4464 1638 
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Wing nuts and screws 

      ANSI B18.17 1791 

Z 

Zinc 

      electrodeposited coatings on iron and steel 

 ASTM B633 1515 
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